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Abstract	
  
	
  

Tropomyosin	
  determinants	
  for	
  actin	
  binding	
  have	
  not	
  been	
  identified	
  completely	
  and	
  

the	
  nature	
  and	
  position	
  of	
   residues	
   involved	
   in	
   thin	
   filament	
  dynamics	
  has	
  not	
  been	
  

established.	
  To	
  date	
  a	
  number	
  of	
  Tropomyosin	
  mutations	
  have	
  been	
  linked	
  to	
  several	
  

muscle	
   diseases	
   including	
   cardiomyopathies	
   and	
   skeletal	
  muscle	
  myopathies.	
   In	
   this	
  

thesis,	
   we	
   aimed	
   to	
   investigate	
   the	
   following	
   tropomyosin	
  mutations	
   R90G,	
   E163K,	
  

R167G,	
   E240K,	
   R244G	
   and	
  M281I	
   which	
   have	
   been	
   shown	
   to	
   cause	
   several	
   severe	
  

skeletal	
   muscle	
   myopathies.	
   We	
   used	
   various	
   structural,	
   biochemical	
   and	
   kinetic	
  

methods	
   to	
   assess	
   the	
   impact	
   of	
   these	
   mutations	
   on	
   tropomyosin	
   structure	
   and	
  

biochemical	
   properties.	
   Fluorescence	
   emission	
   spectroscopy,	
   and	
   transient	
   kinetics	
  

were	
  used	
  to	
  assess	
  the	
  effect	
  of	
  these	
  mutations	
  on	
  the	
  equilibrium	
  distribution	
  and	
  

kinetics	
   of	
   transitions	
   between	
   different	
   thin	
   filament	
   regulatory	
   states.	
  Overall	
   the	
  

data	
  demonstrated	
   that:	
  1)	
  all	
   tropomyosin	
  mutations	
  except	
   (E163K,	
  E240K,	
  M281I	
  

and	
  R90GR167G)	
  affected	
   the	
   thermal	
   stability	
  of	
   tropomyosin	
  but	
  not	
   the	
  a-­‐helical	
  

coiled	
   coil	
   structure.	
   2)	
   The	
   size	
   of	
   the	
   cooperative	
   unit	
   n	
   was	
   reduced	
   by	
   all	
  

tropomyosin	
  mutations.	
  	
  3)	
  Tropomyosin	
  mutations	
  did	
  not	
  affect	
  the	
  proportion	
  of	
  thin	
  

filaments	
  in	
  the	
  blocked	
  state	
  (at	
   low	
  Ca2+).	
  4)	
  Tropomyosin	
  mutations	
  did	
  affect	
  the	
  

maximum	
  observed	
  rate	
  constant	
  of	
  thin	
  filament	
  transition	
  between	
  the	
  ON	
  and	
  OFF	
  

states.	
  5)	
  Several	
  tropomyosin	
  mutations	
  have	
  affected	
  tropomyosin-­‐troponin	
  binding	
  

affinity	
  but	
  none	
  of	
  the	
  mutations	
  had	
  any	
  effect	
  on	
  the	
  actin	
  binding	
  affinity.	
  	
  

Overall	
   these	
  results	
  provide	
   insight	
   into	
  the	
  mechanism	
  by	
  which	
  tropomyosin	
  bind	
  

actin	
   and	
   troponin,	
   tropomyosin	
   related	
   thin	
   filament	
   cooperativity	
   and	
   allosteric	
  

transitions.	
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  Abbreviation	
  

ADP	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Adenosine	
  diphosphate	
  	
  

ATP	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Adenosine	
  Triphosphate	
  	
  

CD	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Circular	
  Dichroism	
  	
  

CFTD	
   Congenital	
  Fibre	
  Type	
  Disproportion	
  

cTnC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  cardiac	
  Troponin	
  C	
  	
  

cTnI	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  cardiac	
  Troponin	
  I	
  	
  

cTnT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  cardiac	
  Troponin	
  T	
  	
  

DCM	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dilated	
  Cardiomyopathy	
  	
  

DNA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Deoxyribonucleic	
  Acid	
  	
  

DTT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dithiothreitol 	
  

EDTA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ethylene	
  diamine	
  tetra-­‐acetic	
  acid	
  	
  

EGTA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ethylene	
  glycol	
  tetra	
  acetic	
  acid	
  	
  

F-­‐actin	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  filamentous	
  actin	
  	
  

G-­‐actin	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Globular	
  actin 	
  

HCM	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Hypertrophic	
  Cardiomyopathy	
  	
  

IPTG	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  IsoPropyl-­‐beta-­‐d-­‐ThioGalactopyranoside	
  	
  

KB	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  equilibrium	
  constant	
  between	
  blocked	
  and	
  closed	
  states	
  

	
  KT	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  equilibrium	
  constant	
  between	
  closed	
  and	
  open	
  states	
  	
  

LB	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Luria-­‐Bertani 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LVNC	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Left	
  Ventricular	
  Non-­‐Compaction	
  

MOPS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  3-­‐(n-­‐Morpholino)	
  Propanesulfonic	
  Acid	
  	
  

n	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  size	
  of	
  the	
  cooperative	
  unit	
  	
  

nH	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Hill’s	
  coefficient 	
 

NM	
   	
   Nemalin	
  Myopathy	
  

NMR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Nuclear	
  Magnetic	
  Resonance	
  	
  

PCR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Polymerase	
  Chain	
  Reaction	
  	
  

PIA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  N-­‐(1-­‐pyrenyl)-­‐iodoacetamide	
  	
  

Pi	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  inorganic	
  phosphate	
  	
  

PIPES	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Piperazine-­‐1,4-­‐Bis-­‐2-­‐Ethanesulfonic	
  Acid	
  	
  

PMSF	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Phenylmethanesulfonyl	
  Fluoride	
  	
  

S1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Myosin	
  subfragment	
  1	
  	
  

SDS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Sodium	
  Dodecyl	
  Sulfate	
  	
  

SR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Sarcoplasmic	
  Reticulum	
  	
  

TCA	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Trichloroacetic	
  acid	
  	
  

Tpm	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tropomyosin	
   	
  

Tn	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Troponin	
   	
  

	
  

Units/Symbols	
   	
  

A	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Absorption	
  	
  



v	
  

	
  	
  

Å	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Angström	
  (1	
  Å	
  =	
  1x10
-­‐10	
  

m)	
  	
  

bp	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  base	
  pairs	
  	
  

g	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  gram	
   	
  

h	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hour	
   	
  

kb	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  kilobase	
  	
  

kDa	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  kilo	
  Dalton	
  	
  

l	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  litre	
  	
  

M	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  molar	
  	
  

min	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  minute	
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  milli	
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°C	
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OD	
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  density 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  per	
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  volume	
  to	
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w/v	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  weight	
  per	
  volume 	
  

ε	
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1   Chapter	
  1	
  
	
  

	
  

	
  

Introduction	
  
	
   	
  



	
  

	
   	
  

2	
  

1.1   Introduction	
  
	
  

Muscle	
  contraction	
  drives	
  a	
  wide	
  range	
  of	
  physiological	
  functions	
  including	
  locomotion,	
  

all	
   types	
   of	
   body	
   or	
   body	
   parts	
   movement,	
   respiration,	
   blood	
   circulation,	
   blood	
  

pressure,	
  digestion,	
  urination	
  and	
  childbirth.	
  These	
  functions	
  are	
  achieved	
  by	
  various	
  

types	
   of	
  muscles	
   including	
   skeletal	
  muscle,	
   cardiac	
  muscle	
   and	
   smooth	
  muscle.	
   The	
  

importance	
  of	
  muscle	
  contraction	
  is	
  clearly	
  illustrated	
  by	
  a	
  vast	
  number	
  of	
  diseases	
  that	
  

are	
   triggered	
   by	
  malfunction	
   of	
   various	
   components	
   of	
   muscles.	
   	
   The	
   human	
   body	
  

contains	
  different	
   types	
  of	
  muscles	
  which	
  are	
  expressed	
   in	
  different	
  organs.	
  Skeletal	
  

muscles	
   are	
   attached	
   to	
   the	
   human	
   skeleton	
   by	
   tendons	
   and	
   are	
   responsible	
   for	
  

powerful	
  and	
  rapid	
  contractions.	
  There	
  are	
  different	
  types	
  of	
  skeletal	
  muscle	
  depending	
  

on	
   the	
   speed	
   of	
   their	
   contractions	
   (fast	
   and	
   slow	
   skeletal	
  muscles).	
   Cardiac	
  muscle	
  

forms	
  the	
  wall	
  of	
  the	
  chambers	
  of	
  the	
  heart	
  and	
  its	
  contraction	
  is	
  responsible	
  for	
  the	
  

pumping	
  of	
  oxygenated	
  blood	
  into	
  the	
  circulation.	
  Smooth	
  muscle	
  is	
  found	
  in	
  the	
  walls	
  

of	
   various	
   hollow	
   tubes	
   and	
   organs	
   such	
   as	
   the	
   stomach	
   and	
   blood	
   vessels.	
   Its	
  

contraction	
   is	
   responsible	
   for	
   pushing	
   around	
   the	
   material	
   inside	
   these	
   tubes.	
   In	
  

addition	
  to	
  the	
  processes	
  described	
  above,	
  various	
  biological	
  processes	
  inside	
  the	
  cell	
  

are	
  driven	
  by	
  cellular	
  components	
  similar	
  to	
  those	
  that	
  drive	
  muscle	
  contraction.	
  These	
  

cellular	
   processes	
   are	
   responsible	
   for	
   whole	
   cell	
   motility	
   and	
   contribute	
   to	
   various	
  

motile	
  functions	
  inside	
  cells.	
  

	
  

1.1.1   The	
  structure	
  and	
  components	
  of	
  striated	
  muscle	
  

In	
  the	
  human	
  body,	
  skeletal	
  muscle	
  represents	
  the	
  largest	
  tissue	
  accounting	
  for	
  almost	
  

40%	
  of	
  the	
  body	
  weight.	
  Under	
  the	
  microscope,	
  the	
  skeletal	
  muscle	
  exhibits	
  a	
  distinctive	
  

pattern	
  of	
  banding	
  due	
  to	
  the	
  arrangements	
  in	
  the	
  cytoplasm	
  of	
  subcellular	
  structures	
  

that	
  are	
  displayed	
  regularly	
  and	
  give	
  skeletal	
  muscle	
  a	
  striated	
  pattern	
  (Huxley,	
  1953).	
  

The	
  basic	
  unit	
  of	
  the	
  skeletal	
  muscle	
  is	
  a	
  muscle	
  fibre	
  or	
  myofibril	
  which	
  has	
  a	
  diameter	
  

of	
  1-­‐2	
  µm.	
  each	
  muscle	
  fibre	
  is	
  a	
  single	
  multinucleated	
  cell	
  and	
  contains	
  thousands	
  of	
  

contractile	
  structures	
  called:	
  myofibrils	
  arranged	
  side	
  by	
  side.	
  The	
  myofibril	
  that	
  makes	
  

up	
  a	
  muscle	
  cell,	
  contains	
  repeating	
  units	
  responsible	
  for	
  the	
  striations	
  observed	
  under	
  

light	
  microscope	
  called	
  sarcomeres.	
  Sarcomeres	
  are	
  units	
  repeated	
  every	
  2.3	
  μm	
  (Berg	
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et	
  al.,	
  2007,	
  Alberts	
  et	
  al.,	
  2015).	
  In	
  addition	
  to	
  the	
  large	
  number	
  of	
  contractile	
  fibres	
  

(directly	
   responsible	
   for	
   muscle	
   contraction)	
   muscle	
   fibres	
   contains	
   several	
   other	
  

cellular	
  structures	
  needed	
  for	
  triggering	
  contraction	
  and	
  providing	
  the	
  required	
  energy.	
  

Mitochondria,	
   glycogen	
   and	
   fats	
   are	
   providing	
   the	
   energy	
   needed	
   to	
   power	
   the	
  

contractions	
  while	
   a	
   network	
   of	
   sacs,	
   tubules	
   and	
   channels	
   called	
   the	
   sarcoplasmic	
  

reticulum	
  and	
   transverse	
   tubules	
   stores	
   the	
  calcium	
   ions.	
  The	
  calcium	
   is	
   released	
   to	
  

initiates	
  the	
  muscle	
  contraction	
  when	
  is	
  required.	
  

	
  

1.1.2   The	
  sarcoplasmic	
  reticulum:	
  The	
  calcium	
  store	
  

The	
  activation	
  of	
  muscle	
  is	
  driven	
  by	
  electrical	
  and	
  or	
  hormonal	
  signals	
  depending	
  on	
  

the	
  type	
  of	
  muscle.	
  These	
  signals	
   lead	
  to	
  muscle	
  excitation.	
  The	
  excitation	
  process	
   is	
  

coupled	
  to	
  contraction	
  by	
  a	
  process	
  called	
  excitation-­‐contraction	
  coupling	
  that	
  converts	
  

the	
   excitation	
   signal	
   to	
   a	
   chemical	
   stimulus	
   (calcium)	
   which	
   diffuses	
   between	
   the	
  

contractile	
  elements	
  and	
  activates	
  them.	
  

	
  

The	
   cellular	
   structures	
   responsible	
   of	
   excitation-­‐contraction	
   coupling,	
   are	
   the	
  

sarcoplasmic	
   reticulum	
   (SR)	
   and	
   transverse	
   tubules	
   (T-­‐tubules).	
   The	
   T-­‐tubules	
   are	
   a	
  

network	
  of	
  rings	
  that	
  runs	
  across	
  the	
  muscle	
  fibres	
  and	
  connects	
  the	
  myofibrils	
  to	
  the	
  

exterior	
  of	
  muscle	
  fibres.	
  	
  The	
  sarcoplasmic	
  reticulum	
  is	
  a	
  complex	
  network	
  of	
  chambers	
  

limited	
   by	
   membranes	
   that	
   surrounds	
   the	
   myofibrils.	
   The	
   main	
   functions	
   of	
  

sarcoplasmic	
   reticulum	
  are	
  calcium	
  storage,	
  calcium	
  release	
   following	
  excitation	
  and	
  

calcium	
  reuptake	
  once	
  the	
  excitation	
  has	
  completed.	
  The	
  calcium	
  is	
  stored	
  at	
  the	
  ends	
  

of	
  the	
  sarcoplasmic	
  reticulum	
  precisely	
  in	
  the	
  terminal	
  cisternae	
  which	
  are	
  in	
  contact	
  

with	
  T-­‐tubules.	
  In	
  many	
  vertebrates,	
  two	
  cisternae	
  are	
  connected	
  to	
  each	
  T	
  tubule	
  on	
  

opposite	
  sides	
  and	
  form	
  a	
  complex	
  involved	
  in	
  excitation-­‐contraction	
  coupling	
  called:	
  

the	
  triad	
  (Ayasinghe	
  and	
  Launikonis,	
  2013;	
  Lamboley	
  et	
  al.,	
  2014).	
  The	
  T-­‐tubule	
  system	
  

is	
  responsible	
  for	
  the	
  conduction	
  of	
  the	
  action	
  potential	
  that	
  arrives	
  to	
  the	
  muscle	
  fibre	
  

membrane.	
  The	
  T	
   tubule	
   is	
  adjacent	
  with	
   the	
   terminal	
  cisternae	
  of	
   the	
  sarcoplasmic	
  

reticulum.	
  The	
  conduction	
  of	
  the	
  action	
  potential	
  and	
  the	
  subsequent	
  depolarisation	
  of	
  

the	
   sarcolemma	
  and	
   transverse	
   tubules	
   leads	
   to	
   the	
   release	
  of	
   calcium	
  by	
  a	
  voltage	
  

sensor	
  subunit	
  of	
  the	
  dihydropyridine	
  receptors	
  and/or	
  further	
  release	
  large	
  amounts	
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of	
  calcium	
  into	
  the	
  cytoplasmic	
  medium	
  (Rebbeck	
  et	
  al.,	
  2014).	
  The	
  released	
  calcium	
  

then	
  binds	
  a	
  specialised	
  protein	
  which	
  then	
  initiates	
  a	
  series	
  of	
  molecular	
  changes	
  that	
  

leads	
  to	
  the	
  activation	
  of	
  muscle	
  contraction	
  (Lamboley	
  et	
  al.,	
  2014).	
  

	
  

1.1.3   The	
  contractile	
  unit:	
  the	
  sarcomere	
  

The	
  muscle	
  fibres	
  are	
  made	
  of	
  bundles	
  of	
  myofibrils	
  considered	
  to	
  be	
  the	
  building	
  blocks	
  

of	
   the	
  muscles.	
  Each	
  myofibril	
   is	
  1-­‐2	
  µm	
  in	
  diameter	
  and	
  extends	
  all	
  over	
   the	
  whole	
  

length	
   of	
   the	
   muscle	
   fibre.	
   Longitudinal	
   sections	
   of	
   muscle	
   observed	
   under	
   light	
  

microscope	
  revealed	
  alternating	
  bands	
  of	
  low	
  and	
  high	
  density	
  that	
  were	
  named	
  I	
  bands	
  

and	
  A	
  bands	
  respectively.	
  In	
  the	
  centre	
  of	
  the	
  I	
  band	
  there	
  is	
  a	
  prominent	
  dense	
  line	
  

named	
  the	
  Z	
  line	
  while	
  in	
  the	
  centre	
  of	
  the	
  A	
  band	
  there	
  is	
  a	
  prominent	
  line	
  named	
  the	
  

M	
  line.	
  The	
  A	
  band	
  contain	
  one	
  group	
  of	
  myofilaments	
  named	
  thick	
  filaments.	
  They	
  are	
  

about	
  14-­‐16	
  nm	
  in	
  diameter.	
  The	
  I	
  band	
  contains	
  another	
  type	
  of	
  filaments	
  named	
  thin	
  

filaments.	
  They	
  are	
  about	
  6-­‐8	
  nm	
  in	
  diameter	
  (Geoffrey,	
  2013).	
  The	
  area	
  between	
  two	
  

Z	
   lines	
  has	
  been	
  named	
  a	
  sarcomere.	
   In	
  skeletal	
  and	
  cardiac	
  muscles,	
  the	
  sarcomere	
  

represents	
  the	
  basic	
  contractile	
  unit	
  (Clark	
  et	
  al.,	
  2002).	
  The	
  sarcomere	
  is	
  about	
  2.3	
  µm	
  

long	
  and	
  exists	
  in	
  every	
  myofibril	
  which	
  is	
  organised	
  as	
  a	
  chain	
  of	
  contractile	
  units.	
  The	
  

highly-­‐organised	
  structure	
  of	
  the	
  sarcomere	
  is	
  responsible	
  for	
  the	
  striated	
  appearance	
  

of	
   striated	
   muscle	
   and	
   plays	
   an	
   important	
   role	
   in	
   the	
   proper	
   generation	
   and	
  

transmission	
  of	
   force	
  from	
  the	
  microscopic	
   force	
  generators	
   (contractile	
  proteins)	
   to	
  

the	
  macroscopic	
  level	
  (contraction	
  at	
  the	
  level	
  of	
  whole	
  muscle).	
  The	
  Z	
  line	
  is	
  the	
  area	
  

where	
   the	
   thin	
   filaments	
   are	
   attached	
  while	
   the	
  M	
   line	
   is	
   the	
   area	
  where	
   the	
   thick	
  

filaments	
  are	
  anchored	
  at	
  (Geoffrey,	
  2013).	
  Vast	
  arrays	
  of	
  proteins	
  are	
  involved	
  in	
  the	
  

very	
  well	
  defined	
  architecture	
  of	
  the	
  sarcomeres.	
  For	
  instance,	
  the	
  giant	
  protein	
  Titin	
  

extends	
   from	
   the	
   Z	
   line	
   to	
   the	
   M	
   line	
   (half	
   a	
   sarcomere	
   and	
   is	
   believed	
   to	
   play	
   a	
  

fundamental	
   role	
   in	
   muscle	
   biology	
   from	
   the	
   sarcomeric	
   organisation	
   to	
   muscle	
  

elasticity	
   and	
   possibly	
   linking	
   force	
   generation	
   to	
   gene	
   expression).	
   Various	
   actin	
  

binding	
  proteins	
   form	
  the	
  Z	
   line	
  and	
  crosslinking	
   in	
  anti-­‐parallel	
  with	
  actin	
   filaments	
  

from	
  two	
  adjacent	
  sarcomeres.	
  Another	
  interesting	
  protein	
  is	
  Nebulin	
  which,	
  thought	
  

to	
  be	
  the	
  key	
  protein	
  regulating	
  the	
  length	
  of	
  myofilaments	
  in	
  the	
  I	
  band	
  (Lange	
  et	
  al.,	
  

2006).	
   Early	
   microscopic	
   studies	
   showed	
   that	
   the	
   myofibril	
   is	
   made	
   of	
   an	
   array	
   of	
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protein	
  filaments	
  or	
  myofilaments	
  arranged	
  in	
  a	
  well	
  organised	
  manner.	
  There	
  are	
  two	
  

types	
  of	
  myofilaments:	
  Thick	
  filaments	
  which	
  are	
  14-­‐16	
  nm	
  in	
  diameter	
  and	
  extend	
  from	
  

the	
  M	
  line	
  to	
  the	
  centre	
  of	
  the	
  A	
  band.	
  Thin	
  filaments	
  are	
  6-­‐8	
  nm	
  in	
  diameter	
  and	
  extend	
  

from	
  the	
  Z	
  line	
  toward	
  the	
  M	
  line	
  covering	
  the	
  A	
  band	
  (figure	
  1.1).	
  

	
  

Figure	
  1.1:	
  skeletal	
  muscle	
  structure	
  

The	
  figure	
  illustrates	
  a	
  cross	
  section	
  of	
  the	
  muscle	
  components.	
  (A)	
  The	
  muscle	
  consists	
  
of	
  a	
  large	
  number	
  of	
  muscle	
  fibres	
  surrounded	
  by	
  connective	
  tissue.	
  (B)	
  The	
  muscle	
  fires	
  
are	
  also	
  consisting	
  of	
  myofibril.	
  	
  (C)	
  Each	
  myofibril	
  is	
  divided	
  into	
  Dark	
  A	
  band	
  and	
  Light	
  
I	
  band.	
  These	
  bands	
  are	
  consisting	
  of	
  thick	
  and	
  thin	
  filaments.	
  (D)	
  The	
  main	
  component	
  
of	
  thick	
  filament	
  is	
  myosin	
  and	
  Actin	
  is	
  the	
  component	
  of	
  thin	
  filament.	
  Thin	
  filament	
  is	
  
also	
  composed	
  of	
  tropomyosin	
  and	
  troponin	
  adopted	
  from	
  (Raven,	
  2013).	
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1.1.4  Myosin	
  is	
  the	
  thick	
  filaments	
  motor	
  protein	
  	
  

Thick	
   filaments	
   are	
   fundamental	
   components	
   of	
   the	
   contractile	
   machinery	
   in	
   the	
  

muscle.	
   They	
   are	
   primarily	
  made	
   from	
   a	
   protein	
   named	
  myosin	
   (Craig	
   and	
   Padrón,	
  

2004).	
  Thick	
  filaments	
  in	
  striated	
  muscle	
  are	
  bipolar	
  structure	
  with	
  a	
  rod	
  in	
  the	
  middle	
  

made	
  from	
  their	
  tails	
  in	
  an	
  antiparallel	
  fashion	
  and	
  parallel	
  heads	
  at	
  the	
  two	
  ends.	
  The	
  

thick	
  filaments	
  are	
  attached	
  to	
  each	
  other	
  by	
  cytoskeletal	
  bridges	
  connected	
  to	
  the	
  M	
  

line	
  (Huxley,	
  1963;	
  Craig	
  and	
  Woodhead,	
  2006).	
  	
  

Myosin	
   is	
   the	
  major	
   component	
   of	
   thick	
   filament	
   and	
   is	
   composed	
   of	
   two	
   identical	
  

heavy	
  chains	
  (about	
  220	
  kDa	
  each)	
  and	
  two	
  essential	
  light	
  chains	
  (about	
  17	
  kDa)	
  and	
  

two	
  regulatory	
  light	
  chains	
  (about	
  20	
  kDa)	
  (lowey	
  et	
  al.,	
  1993;	
  Trybus,	
  1994;	
  Szczesna,	
  

2003;	
  Kazmierczak	
  et	
  al.,	
  2009).	
  The	
  heavy	
  chain	
  can	
  be	
  further	
  subdivided	
  into	
  three	
  

parts:	
  subfragment	
  1	
  (S1),	
  subfragment	
  2	
  (S2)	
  and	
  light	
  meromyosin	
  (LMM).	
  The	
  LMM	
  

is	
  located	
  at	
  the	
  C-­‐terminal	
  of	
  the	
  heavy	
  chain	
  and	
  is	
  100%	
  made	
  of	
  an	
  α-­‐helical	
  coiled	
  

coil	
   (the	
   same	
   structure	
   is	
   found	
   in	
   the	
   tropomyosin	
  molecule	
   and	
  explained	
   in	
   the	
  

corresponding	
  section).	
  The	
  N-­‐terminal	
  part	
  of	
  myosin	
   is	
  made	
  of	
  a	
  globular	
  domain	
  

called	
   the	
   myosin	
   head	
   and	
   represents	
   the	
   motor	
   domain	
   of	
   the	
   myosin	
   molecule	
  

containing	
  the	
  ATP	
  binding	
  site,	
  the	
  actin	
  binding	
  site	
  and	
  the	
  region	
  responsible	
  for	
  the	
  

power	
  stroke.	
  The	
  globular	
  head	
  can	
  be	
  further	
  subdivided	
  into	
  three	
  domains:	
  The	
  N-­‐

terminal	
  domain	
  (25	
  kDa),	
  the	
  C-­‐terminal	
  domain	
  (20	
  kDa)	
  and	
  the	
  central	
  domain	
  (50	
  

kDa)	
  (Rayment	
  et	
  al.,	
  1993;	
  Geeves	
  and	
  Holmes,	
  2005;	
  Sellers	
  and	
  Knight,	
  2007).	
  

	
  

A	
  crystal	
  structure	
  of	
  the	
  myosin	
  head	
  was	
  obtained	
  be	
  Rayment	
  and	
  co-­‐workers	
  in	
  1993	
  

(Rayment	
  et	
  al.,	
  1993).	
  The	
  crystal	
  structure	
  revealed	
  several	
  features	
  that	
  allowed	
  a	
  

deep	
  understanding	
  of	
  the	
  mechanism	
  of	
  muscle	
  contraction.	
  It	
  showed	
  that	
  the	
  myosin	
  

head	
  is	
  an	
  asymmetric	
  molecule	
  that	
  consists	
  of	
  a	
  globular	
  motor	
  domain	
  and	
  a	
  long	
  tail	
  

(Raymant	
  et	
  al.,	
  1993).	
  The	
  globular	
  motor	
  domain	
  contains	
  the	
  actin	
  binding	
  site	
  and	
  

the	
  catalytic	
  site	
  where	
  ATP	
  binds	
  and	
  hydrolysed.	
  The	
  actin	
  and	
  ATP	
  binding	
  sites	
  are	
  

on	
  opposite	
  sides	
  of	
  the	
  myosin	
  head.	
  The	
  tail	
  is	
  made	
  of	
  a	
  long	
  alpha-­‐helix	
  where	
  both	
  

the	
  essential	
  and	
  the	
  regulatory	
  light	
  chains	
  are	
  bound.	
  This	
  region	
  was	
  later	
  named	
  as	
  

the	
  lever	
  arm	
  which	
  is	
  linked	
  to	
  the	
  actin	
  and	
  nucleotide	
  binding	
  sites	
  by	
  a	
  region	
  named	
  

the	
  converter	
  domain	
  (figure	
  1.2)	
  (Tyska	
  and	
  Warshaw,	
  2002).	
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Several	
  crystallographic	
  studies	
  had	
  been	
  made	
  using	
  myosin	
  from	
  different	
  tissues	
  and	
  

with	
  different	
  nucleotide	
  bound	
  at	
  the	
  catalytic	
  sites.	
  Models	
  of	
  these	
  structures	
  are:	
  

truncated	
   Dictyostelium	
   myosin	
   II	
   (Smith	
   and	
   Rayment,	
   1996),	
   truncated	
   chicken	
  

smooth	
  muscle	
  myosin	
   II	
   (two	
   forms)	
   (Dominguez	
  et	
  al.,	
  1998)	
  and	
  scallop	
  adductor	
  

myosin	
   (Houdusse	
  et	
  al.,	
  2000).	
  These	
  studies	
  demonstrated	
   that	
  myosin	
  head	
   from	
  

these	
   species	
   have	
   a	
   similar	
   structure	
   and	
   that	
   the	
   nature	
   of	
   the	
   nucleotide	
   that	
  

occupies	
  the	
  catalytic	
  site	
  induced	
  a	
  substantial	
  change	
  in	
  the	
  position	
  of	
  the	
  lever	
  arm	
  

in	
  relation	
  to	
  the	
  globular	
  part.	
  The	
  observed	
  rotation	
  of	
  the	
  lever	
  arm	
  is	
  led	
  by	
  a	
  60ᵒ	
  

rotation	
  of	
  the	
  converter	
  domain.	
  Other	
  important	
  structures	
  such	
  as	
  the	
  relay	
  helix,	
  

switch	
   1	
   and	
   2	
   were	
   also	
   slightly	
   different	
   (Smith	
   and	
   Rayment,	
   1996;	
   Geeves	
   and	
  

Holmes,	
  1999).	
  

	
  

	
  
Figure	
  1.2:	
  A	
  ribbon	
  representation	
  of	
  the	
  myosin	
  II	
  sub-­‐fragment	
  1	
  

The	
  figure	
  shows	
  the	
  N-­‐terminal	
  in	
  Green	
  and	
  in	
  Red	
  the	
  upper	
  and	
  lower	
  domains.	
  In	
  
Blue	
  the	
  C-­‐terminal.	
  The	
  Cyan	
  colour	
  represents	
  the	
  regulatory	
  light	
  chain.	
  In	
  Purple	
  the	
  
essential	
  light	
  chain.	
  The	
  lever	
  arm	
  and	
  the	
  motor	
  domain	
  is	
  separated	
  by	
  the	
  converter	
  
region	
  (Tyska	
  and	
  Warshaw,	
  2002).	
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1.1.5   Thin	
  filaments	
  are	
  primarily	
  made	
  of	
  actin	
  

Thin	
   filaments	
   are	
   the	
   second	
   important	
   component	
   of	
  muscles.	
   Thin	
   filaments	
   are	
  

around	
  6-­‐8	
  nm	
  diameter	
  and	
  are	
  formed	
  by	
  several	
  polymerized	
  actin	
  monomers.	
  Thin	
  

filaments	
  also	
  consist	
  of	
  two	
  important	
  proteins:	
  tropomyosin	
  and	
  troponin	
  (Devine	
  and	
  

Somlyo,	
  1971;	
  Hooper	
  et	
  al.,	
  2008).	
  Actin	
  is	
  ubiquitous	
  and	
  an	
  essential	
  protein	
  for	
  so	
  

many	
  cellular	
  functions.	
  Actin	
  isoforms	
  are	
  derived	
  from	
  six	
  different	
  genes	
  and	
  is	
  one	
  

of	
  the	
  most	
  conserved	
  amongst	
  all	
  proteins	
  (Kabsch	
  and	
  Vandekerckhove,	
  1992).	
  Four	
  

genes	
  code	
  for	
  muscle	
  actin	
  isoforms	
  including:	
  Alpha	
  skeletal	
  muscle	
  actin	
  present	
  in	
  

skeletal	
  muscle	
  (100%)	
  and	
  in	
  cardiac	
  muscle	
  (about	
  20%	
  of	
  cardiac	
  actin),	
  alpha	
  cardiac	
  

muscle	
  actin	
  present	
  in	
  cardiac	
  muscle	
  (80%),	
  alpha	
  smooth	
  and	
  gamma	
  smooth	
  muscle	
  

actin	
  present	
  exclusively	
   in	
   smooth	
  muscles.	
  The	
  other	
   two	
  genes	
   (beta	
  and	
  gamma	
  

cytoskeletal)	
  code	
  for	
  non-­‐muscle	
  actins	
  (Perrin	
  and	
  Ervasti,	
  2010).	
  

Actin	
  can	
  exist	
  in	
  two	
  forms	
  monomeric	
  or	
  Globular	
  G-­‐actin	
  and	
  Filamentous	
  or	
  F-­‐actin.	
  

Monomeric	
  actin	
   is	
  a	
  42	
  kDa	
  protein	
  made	
  of	
  375	
  amino	
  acids.	
  Upon	
  polymerization	
  

actin	
  monomers	
  form	
  a	
  helical	
  polymer	
  (Holmes	
  et	
  al.,	
  1990).	
  	
  

	
  

Since	
  actin	
  is	
  playing	
  a	
  fundamental	
  role	
  in	
  muscle	
  and	
  in	
  the	
  cytoskeleton,	
  a	
  huge	
  effort	
  

was	
  dedicated	
  to	
  determine	
  its	
  three-­‐dimensional	
  structure.	
  This	
  was	
  very	
  challenging	
  

since	
  obtaining	
  the	
  crystals	
  required	
  for	
  crystallographic	
  studies	
  involves	
  the	
  addition	
  

of	
  salt,	
  and	
  actin	
  in	
  the	
  presence	
  of	
  salt	
  polymerises	
  to	
  form	
  long	
  unequal	
  filaments	
  of	
  

actin	
  (which	
  cannot	
  be	
  crystallised).	
  Therefore,	
  it	
  was	
  necessary	
  to	
  induce	
  the	
  formation	
  

of	
  actin	
  crystals	
   in	
  the	
  presence	
  of	
  other	
  proteins,	
  small	
  molecules	
  or	
  modified	
  actin	
  

that	
  does	
  not	
  polymerise.	
  Kabsch	
  and	
  his	
  collaborators	
  were	
  the	
  first	
  to	
  determine	
  the	
  

crystal	
  structure	
  of	
  G-­‐actin	
  with	
  bovine	
  pancreatic	
  DNase	
  I	
  in	
  the	
  presence	
  of	
  ATP	
  at	
  a	
  

resolution	
  of	
  2.8	
  Å	
  (Kabsch	
  et	
  al.,	
  1990).	
  This	
  study	
  showed	
  that	
  actin	
  has	
  a	
  small	
  domain	
  

(also	
  called	
  the	
  outer	
  domain)	
  divided	
  into	
  subdomains	
  1	
  and	
  2	
  and	
  a	
  large	
  domain	
  (also	
  

called	
  the	
  inner	
  domain)	
  divided	
  into	
  subdomains	
  3	
  and	
  4	
  (Figure	
  1.3).	
  The	
  inner	
  and	
  

outer	
  domains	
  are	
  separated	
  with	
  a	
  cleft	
  that	
  contains	
  nucleotide	
  and	
  divalent	
  cation	
  

binding	
  sites.	
  The	
  movement	
  of	
  the	
  cleft	
  with	
  its	
  bound	
  nucleotide	
  is	
  limited	
  due	
  to	
  the	
  

hinge	
  joins	
  the	
  two	
  domains.	
  Between	
  these	
  two	
  domains	
  there	
  is	
  a	
  region	
  that	
  works	
  

as	
  a	
  hinge	
  between	
  them	
  (residue	
  Lys336	
  located	
  in	
  a	
  loop	
  and	
  Gln137-­‐Ser145	
  in	
  the	
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linker	
  helix).	
  Between	
  the	
  two	
  domains	
  1	
  and	
  3,	
  the	
  lower	
  cleft	
  is	
  predominantly	
  lined	
  

up	
   with	
   hydrophobic	
   residues	
   (Oda	
   et	
   al.,	
   2009;	
   Fujii	
   et	
   al.,	
   2010).	
   Subdomain	
   one	
  

contains	
  the	
  N	
  and	
  C-­‐terminals	
  of	
  the	
  actin	
  that	
  have	
  been	
  predicted	
  to	
  be	
  close	
  to	
  each	
  

other;	
  it	
  also	
  contains	
  the	
  myosin	
  head	
  binding	
  sites	
  (Holmes	
  et	
  al.,	
  1990).	
  The	
  crystal	
  

structure	
  of	
  G-­‐actin	
  complexed	
  with	
  fragments	
  of	
  gelsolin,	
  profilin	
  or	
  modified	
  G-­‐actin	
  

showed	
  all	
  similar	
  structures	
  to	
  the	
  G-­‐actin-­‐DNase	
  I	
  structure.	
  

	
  

	
  
Figure	
  1.3:	
  Structure	
  of	
  G-­‐actin	
  

The	
  diagram	
  illustrates	
  the	
  four	
  subdomains	
  of	
  actin	
  monomer.	
  In	
  purple	
  subdomain	
  1,	
  
in	
  Green	
  subdomain	
  2,	
   in	
  Green	
  which	
   include	
   the	
  DNase	
   I	
  binding,	
   subdomain	
  3	
   in	
  
Yellow	
   and	
   the	
   Red	
   is	
   subdomain	
   4.	
   	
   TMR	
   is	
   Tetramethylrhodamine-­‐5-­‐maleimide.	
  
(Kabsch	
  et	
  al.,	
  1990).	
  	
  
	
   	
  



	
  

	
   	
  

10	
  

Under	
  physiological	
  salt	
  concentrations,	
  globular	
  G-­‐actin	
  can	
  spontaneously	
  polymerise	
  

into	
  the	
  filamentous	
  form	
  (F-­‐actin)	
  that	
  forms	
  the	
  backbone	
  of	
  the	
  muscle	
  thin	
  filaments	
  

(figure	
  1.4).	
  Both	
  myosin	
  heads	
  (the	
  molecular	
  motor)	
  and	
  tropomyosin-­‐troponin	
  (the	
  

regulatory	
   proteins)	
   are	
   interacting	
   with	
   this	
   form	
   of	
   actin,	
   and	
   consequently	
  

determining	
  the	
  structure	
  of	
  the	
  actin	
  filaments	
  is	
  required	
  for	
  a	
  full	
  understanding	
  of	
  

the	
  mechanism	
  of	
  muscle	
  contraction	
  and	
  its	
  regulation.	
  F-­‐actin	
  cannot	
  be	
  crystallised	
  

but	
  its	
  structure	
  can	
  be	
  studied	
  by	
  electron	
  microscopic	
  studies	
  and	
  three-­‐dimensional	
  

reconstructions.	
  A	
  model	
  for	
  the	
  actin	
  filament	
  (F-­‐actin)	
  was	
  derived	
  from	
  the	
  atomic	
  

structure	
   of	
   the	
   actin	
  monomers	
   (Holmes	
  et	
   al.,	
   1990).	
  More	
   recently,	
   Fujii	
   and	
   his	
  

colleagues	
  have	
  visualised	
  the	
  secondary	
  structure	
  of	
  the	
  F-­‐actin	
  filament	
  using	
  cryo-­‐

electron	
  microscopy	
  at	
  6.6	
  Å	
  resolution.	
  The	
  model	
  showed	
  that	
  the	
  actin	
  filaments	
  are	
  

made	
   of	
   a	
   double	
   strand	
   of	
   actin	
   monomers	
   where	
   each	
  monomer	
   contacts	
   three	
  

monomers	
  (one	
  above,	
  one	
  below,	
  and	
  2	
  on	
  the	
  opposite	
  strand).	
  Actin	
  monomers	
  are	
  

organised	
  as	
  a	
  right-­‐handed	
  helix	
  with	
  a	
  pitch	
  of	
  72	
  nm.	
  In	
  the	
  direction	
  of	
  the	
  filament	
  

axis	
  along	
  the	
  two-­‐start	
  long-­‐pitch	
  helix,	
  a	
  stronger	
  bonding	
  between	
  molecules	
  takes	
  

place	
  between	
  neighbouring	
  actin	
  molecules	
  (Fujii	
  et	
  al.,	
  2010).	
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Figure	
  1.4:	
  Cartoon	
  Structure	
  of	
  F-­‐actin	
  geometry	
  formation	
  

The	
  cartoon	
  structure	
  shows	
  the	
  arrangement	
  of	
  actin	
  monomers	
  to	
  form	
  F-­‐actin.	
  The	
  
structure	
  is	
  formed	
  by	
  monomers	
  spaced	
  by	
  5.5	
  nm	
  adopted	
  from	
  (Holmes	
  et	
  al.,	
  1990;	
  
Lorenz	
  et	
  al.,	
  1993).	
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1.2   Thin	
  Filament	
  associated	
  proteins	
  

The	
  actin	
   filament	
   is	
  decorated	
  with	
  a	
  number	
  of	
  actin	
  binding	
  proteins	
   that	
  plays	
  a	
  

fundamental	
  role	
  in	
  the	
  calcium	
  dependent	
  regulation	
  of	
  muscle	
  contraction.	
  I	
  will	
  focus	
  

on	
  two	
  protein	
  complexes,	
  the	
  tropomyosin	
  dimer	
  and	
  the	
  troponin	
  complex	
  that	
  are	
  

bound	
   to	
   actin	
   filament	
   every	
   seven	
   actin	
   monomers	
   and	
   represents	
   the	
  

macromolecular	
   complex	
   that	
   regulate	
   the	
   interaction	
   between	
   the	
   key	
   contractile	
  

proteins	
  actin	
  and	
  myosin.	
  Troponin	
  and	
  tropomyosin	
  together	
  with	
  actin	
  monomers	
  

are	
   considered	
  as	
   the	
  major	
   components	
  of	
   thin	
   filaments.	
  However,	
   there	
   are	
   two	
  

other	
  proteins	
  that	
  interacting	
  with	
  the	
  thin	
  filaments:	
  Tropomodulin	
  and	
  Nebulin	
  but	
  

are	
   less	
  abundant	
  and	
  are	
  not	
   required	
   for	
   the	
   regulatory	
  process	
   (at	
   least	
   in	
  vitro).	
  

Since	
  this	
  thesis	
   is	
  dedicated	
  to	
  tropomyosin,	
  we	
  will	
  briefly	
   introduce	
  tropomodulin	
  

because	
   it	
  binds	
  both	
   tropomyosin	
  and	
  actin	
  and	
  caps	
   the	
   thin	
   filaments	
   (Engel	
  and	
  

Franzini-­‐Armstrong,	
  2004).	
  

	
  

1.2.1   The	
  Troponin	
  complex	
  

Troponin	
   has	
   been	
   recognised	
   as	
   a	
   key	
   regulatory	
   protein	
   that	
   mediates	
   calcium	
  

dependent	
   regulation	
   in	
   striated	
  muscle	
   in	
   the	
   late	
  1960s	
   (Gergely,	
   1968).	
   Troponin	
  

binds	
  actin	
  with	
  a	
  high	
  affinity	
  and	
  a	
  stoichiometry	
  of	
  1	
  troponin	
  per	
  7	
  actin	
  monomers.	
  

It	
  was	
  demonstrated	
  that	
  troponin	
  is	
  a	
  complex	
  made	
  of	
  3	
  different	
  proteins	
  that	
  are	
  

coded	
  by	
  different	
  genes	
  and	
  display	
  completely	
  different	
  biochemical	
  properties.	
  The	
  

three	
  subunits	
  are:	
  troponin	
  C,	
  troponin	
  I	
  and	
  troponin	
  T.	
  The	
  main	
  role	
  of	
  the	
  troponin	
  

complex	
  (CIT)	
  is	
  to	
  regulate	
  the	
  motor	
  function	
  of	
  the	
  actomyosin	
  complex	
  following	
  a	
  

change	
   in	
   intracellular	
   calcium	
   concentration.	
   At	
   low	
   calcium,	
   troponin	
   inhibits	
   the	
  

actomyosin	
  ability	
   to	
  hydrolyse	
  ATP	
  and	
   the	
   subsequent	
  power	
   stroke	
  while	
  at	
  high	
  

calcium	
  it	
  activates	
  the	
  actomyosin	
  chemomechanical	
  function.	
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1.2.1.1  Troponin	
  C	
  
TnC	
  is	
  the	
  Ca2+	
  binding	
  subunit	
  of	
  the	
  troponin	
  complex.	
  Troponin	
  C	
  is	
  expressed	
  as	
  two	
  

isoforms	
  in	
  vertebrates,	
  the	
  fast-­‐skeletal	
  muscle	
  isoform	
  and	
  the	
  slow	
  skeletal	
  muscle	
  

(and	
   cardiac	
  muscle)	
   isoform.	
  All	
   isoforms	
  are	
  18	
   kDa	
  acidic	
  proteins	
  of	
   around	
  161	
  

residues.	
   The	
   structure	
   of	
   TnC	
   has	
   been	
   intensively	
   studied	
   by	
   various	
   structural	
  

methods	
  including	
  crystallography	
  and	
  nuclear	
  magnetic	
  spectroscopy.	
  These	
  studies	
  

established	
  that	
  all	
  examined	
  troponin	
  isoforms	
  have	
  overall	
  similar	
  shapes.	
  Troponin	
  C	
  

is	
   dumbbell	
   shaped	
  and	
   is	
   about	
   76	
  Å	
   long.	
   It	
   is	
   composed	
  of	
   two	
  domains:	
   The	
  N-­‐

terminal	
   domain	
   and	
   the	
   C-­‐terminal	
   domain	
   which	
   are	
   attached	
   by	
   a	
   central	
   helix	
  

(figure	
   1.5).	
   TnC	
   has	
   four	
   metal	
   binding	
   sites	
   that	
   can	
   be	
   occupied	
   by	
   calcium	
   or	
  

magnesium.	
  The	
  N-­‐terminal	
  domain	
  has	
  2	
  calcium	
  binding	
  sites	
  (designated	
  sites	
  I	
  and	
  

II)	
   and	
   is	
   the	
   domain	
   responsible	
   for	
   calcium	
   dependent	
   regulation	
   of	
   muscle	
  

contractions.	
  The	
  metal	
  binding	
  sites	
  in	
  this	
  domain	
  have	
  high	
  calcium	
  selectivity	
  but	
  

lower	
  binding	
  affinity	
  and	
  the	
  structure	
  of	
  this	
  domain	
  is	
  different	
  between	
  the	
  cardiac	
  

and	
  skeletal	
  muscle.	
  The	
  cardiac	
  variant	
  (cTnC)	
  has	
  only	
  one	
  calcium	
  binding	
  site	
  (site	
  

II)	
  while	
  the	
  skeletal	
  variant	
  (skTnC)	
  has	
  two	
  calcium	
  binding	
  sites	
  (site	
  I	
  and	
  II)	
  (van	
  Eerd	
  

and	
  Takahashi,	
   1975).	
   The	
  C-­‐terminal	
  domain	
  also	
   contains	
   two	
  metal	
   binding	
   sites.	
  

These	
   sites	
   comprise	
   two	
  high	
   affinity	
   binding	
   sites	
   for	
   both	
   Ca2+	
   and	
  Mg2+	
   and	
   are	
  

believed	
   to	
   play	
   a	
   structural	
   role.	
   The	
   first	
   X-­‐ray	
   crystal	
   structure	
   of	
   the	
   TnC	
   was	
  

determined	
  for	
  skeletal	
  TnC	
  (Herzberg,	
  1985;	
  Herzberg,	
  1986).	
  These	
  studies	
  showed	
  

that	
  troponin	
  C	
  is	
  made	
  of	
  9	
  helices:	
  helix	
  N	
  spans	
  residues	
  5-­‐11,	
  helix	
  A	
  spans	
  residues	
  

14-­‐27,	
  helix	
  B	
  spans	
  residues	
  41-­‐46,	
  helix	
  C	
  spans	
  residues	
  54-­‐63,	
  helix	
  D	
  spans	
  residues	
  

75-­‐86,	
   helix	
   E	
   spans	
   residues	
   95-­‐105,	
   helix	
   F	
   span	
   residues	
   116-­‐124,	
   helix	
   G	
   span	
  

residues	
  131-­‐141,	
  helix	
  H	
   span	
   residues	
  151-­‐158.	
  These	
  helices	
  are	
  grouped	
   in	
  pairs	
  

connected	
   by	
   a	
   loop	
   that	
   form	
   the	
   well-­‐known	
   motif:	
   helix-­‐loop-­‐helix	
   which	
   is	
   a	
  

characteristic	
   form	
  of	
  many	
   calcium	
  binding	
   proteins.	
   These	
   studies	
   established	
   the	
  

mechanism	
   of	
   calcium	
   binding	
   and	
   the	
   subsequent	
   conformational	
   change.	
   They	
  

showed	
  that	
  calcium	
  binding	
  to	
  the	
  regulatory	
  domain	
   induces	
  an	
  opening	
   in	
   the	
  N-­‐

terminal	
  domain	
  (‘closed’	
  to	
  ‘open’	
  transition	
  model)	
  (Gagne,	
  1995;	
  Slupsky,1995).	
  This	
  

model	
  suggests	
  that	
  the	
  B	
  and	
  C	
  helices	
  are	
  folded	
  down	
  in	
  parallel	
  to	
  the	
  central	
  helix	
  

in	
  the	
  (close)	
  calcium	
  free	
  state	
  while	
  in	
  the	
  presence	
  of	
  calcium	
  this	
  configuration	
  is	
  



	
  

	
   	
  

14	
  

altered	
   and	
   the	
   B	
   and	
   C	
   helices	
   become	
  perpendicular.	
   The	
   binding	
   of	
   calcium	
   also	
  

induces	
   an	
   opening	
   of	
   a	
   hydrophobic	
   site	
   or	
   pocket	
   where	
   TnI	
   binds.	
   The	
   main	
  

difference	
  between	
  the	
  NMR	
  and	
  crystal	
  structure	
  is	
  in	
  the	
  linker	
  connecting	
  the	
  N-­‐lobe	
  

to	
   the	
   C-­‐lobe	
   which	
   appeared	
   to	
   be	
   unstructured	
   and	
   flexible	
   in	
   the	
   NMR	
   derived	
  

structure	
  but	
  α-­‐helical	
  in	
  the	
  crystal	
  structure	
  (Putkey,	
  1989;	
  Spyracopoulos,	
  1997).	
  The	
  

role	
  of	
  calcium	
  binding	
  to	
  troponin	
  C	
  is	
  to	
  trigger	
  a	
  cascade	
  of	
  conformational	
  changes	
  

in	
  the	
  other	
  subunits	
  TnI	
  and	
  TnT	
  which	
  are	
  communicating	
  with	
  tropomyosin	
  which	
  

lead	
  to	
  actin–myosin	
  binding,	
  actin	
  activation	
  of	
  the	
  myosin	
  head	
  ATPase	
  and	
  the	
  power	
  

stroke	
  (Slupsky	
  and	
  Sykes,	
  1995).	
  
	
  

	
  
Figure	
  1.5:	
  A	
  ribbon	
  diagram	
  of	
  the	
  TnC	
  structure	
  

The	
  TnC	
  composed	
  of	
  two	
  helix	
  loops	
  (EF	
  hand)	
  connected	
  by	
  a	
  linker.	
  The	
  domains	
  are	
  
labelled	
  from	
  I-­‐IV	
  (Houdusse	
  et	
  al.,	
  1997).	
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1.2.1.2  Troponin	
  I	
  	
  
TnI	
  is	
  the	
  subunit	
  of	
  the	
  troponin	
  complex	
  responsible	
  for	
  inhibiting	
  the	
  activity	
  of	
  the	
  

actomyosin	
  ATPase	
  and	
  holds	
  the	
  troponin	
  complex	
  bound	
  to	
  the	
  actin.	
  TnI	
  is	
  expressed	
  

as	
   three	
   different	
   isoforms	
   that	
   are	
  muscle	
   specific:	
   cardiac,	
   fast	
   skeletal	
   and	
   slow	
  

skeletal	
  muscle	
  isoforms	
  (Sadayappan	
  et	
  al.,	
  2008).	
  In	
  skeletal	
  muscle	
  TnI	
  is	
  about	
  24	
  

kDa	
   and	
   is	
  made	
  of	
   195	
   residues	
  while	
   cardiac	
   TnI	
   is	
  made	
  of	
   210	
   residues.	
   The	
  N-­‐

terminus,	
  depending	
  on	
  the	
  species,	
  has	
  a	
  unique	
  extension	
  ranging	
  from	
  30-­‐33	
  amino	
  

acids.	
  The	
  N-­‐terminal	
  part	
  of	
  cardiac	
  TnI	
  has	
  two	
  Protein	
  Kinase	
  A	
  (PKA)	
  phosphorylation	
  

sites.	
  Earlier	
  proteolytic	
  studies	
  of	
  the	
  skeletal	
  muscle	
  isoform	
  showed	
  that	
  the	
  protein	
  

can	
  be	
  divided	
  into	
  four	
  regions.	
  The	
  IT	
  arm	
  named	
  so	
  due	
  its	
  importance	
  in	
  troponin	
  T	
  

binding.	
  The	
   inhibitory	
  peptide	
  spanning	
  residues	
  96-­‐117	
  which	
   is	
  essential	
   for	
  acto-­‐

myosin	
   inhibition	
   (Syska,	
   1976).	
   The	
   switch	
   peptide	
   (cardiac	
   150-­‐160)	
   which	
   lies	
  

upstream	
   of	
   the	
   inhibitory	
   peptide,	
   is	
   believed	
   to	
   play	
   an	
   important	
   role	
   in	
   the	
  

activation	
  of	
  muscle	
  contraction.	
  The	
  C	
  terminal	
  part	
  of	
  TnI	
   is	
  unstructured	
  and	
  very	
  

mobile.	
  The	
  interaction	
  of	
  TnI	
  with	
  other	
  subunits	
  of	
  troponin	
  (TnC	
  and	
  TnT)	
  and	
  with	
  

actin	
  is	
  ruled	
  by	
  several	
  well-­‐defined	
  peptides	
  of	
  TnI	
  and	
  these	
  regions	
  plays	
  a	
  major	
  

role	
  in	
  the	
  biochemical	
  function	
  of	
  TnI.	
  There	
  is	
  a	
  substantial	
  interest	
  in	
  determining	
  the	
  

structure	
  of	
  TnI.	
  However	
  isolated	
  TnI	
  has	
  tendency	
  to	
  aggregate	
  and	
  this	
  makes	
  the	
  

crystallisation	
  of	
   this	
  protein	
  very	
  difficult.	
  Partial	
  crystal	
  structures	
  of	
  a	
   fragment	
  of	
  

both	
   skeletal	
   muscle	
   and	
   cardiac	
   TnI	
   reconstituted	
   with	
   TnC	
   and	
   TnT	
   have	
   been	
  

determined	
  (Takeda	
  et	
  al.,	
  2003).	
  The	
  study	
  showed	
  several	
  helices	
  including	
  TnI	
  H1,	
  

H2,	
  H3	
  and	
  H4.	
  An	
  NMR	
  study	
  has	
  shown	
  that	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium	
  

the	
   “mobile	
   domain”	
   which	
   comprises	
   of	
   α-­‐helices	
   and	
   two	
   antiparallel	
   β-­‐strands	
  

adopts	
  a	
  solid	
  structure	
  and	
  flips	
  independently	
  of	
  the	
  rest	
  of	
  the	
  complex	
  (Murakami,	
  

2005).	
   A	
   later	
   study	
   confirmed	
   the	
   presence	
   of	
   this	
   structure	
   in	
   the	
   C-­‐domain	
   but	
  

disputed	
  the	
  effect	
  of	
  calcium	
  (Blumenschein,	
  2006).	
  Overall	
  the	
  main	
  function	
  of	
  TnI	
  is	
  

driven	
  by	
   its	
   binding	
   to	
   actin	
   in	
   the	
   absence	
  of	
   calcium	
   (responsible	
   for	
   actomyosin	
  

inhibition)	
  and	
  the	
  dissociation	
  from	
  actin	
  leading	
  to	
  bind	
  troponin	
  C	
  after	
  calcium	
  binds	
  

troponin	
  C.	
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1.2.1.3  Troponin	
  T	
  
TnT	
  is	
  the	
  third	
  subunit	
  of	
  the	
  troponin	
  complex.	
  Troponin	
  T	
  is	
  expressed	
  from	
  three	
  

genes	
  in	
  vertebrates	
  which	
  are	
  also	
  muscle	
  specific:	
  slow	
  skeletal	
  muscle,	
  fast	
  skeletal	
  

muscle	
  and	
  cardiac	
  muscle	
  genes.	
  In	
  addition,	
  TnT	
  is	
  subjected	
  to	
  substantial	
  alternative	
  

splicing	
   which	
   leads	
   to	
   the	
   expression	
   of	
   several	
   TnT	
   isoforms.	
   For	
   instance,	
   TnT	
  

expressed	
  in	
  the	
  heart	
  has	
  four	
  isoforms,	
  one	
  is	
  expressed	
  in	
  adult	
  while	
  the	
  other	
  three	
  

isoforms	
  are	
  expressed	
  in	
  the	
  foetus	
  (Anderso	
  et	
  al.,	
  1995).	
  Fast	
  skeletal	
  muscle	
  TnT	
  is	
  

composed	
  of	
  259	
  residues	
  with	
  a	
  large	
  number	
  of	
  charged	
  residues.	
  The	
  N-­‐terminus	
  is	
  

composed	
  of	
  residues	
  1-­‐59	
  and	
  is	
  enriched	
  with	
  negatively	
  charged	
  amino	
  acids	
  while	
  

the	
  C-­‐terminus	
  contains	
  mainly	
  positively	
  charged	
  residues.	
  The	
  consequence	
  of	
  these	
  

differences	
  in	
  the	
  charge	
  of	
  the	
  two	
  TnT	
  regions	
  is	
  leading	
  to	
  the	
  tendency	
  of	
  TnT	
  to	
  

aggregate	
  at	
  physiological	
  salt	
  concentration.	
  Electron	
  microscopy	
  studies	
  showed	
  that	
  

TnT	
   form	
  a	
   rod	
  with	
  a	
   length	
  of	
   17	
  nm	
  and	
   located	
   in	
   the	
  groove	
  of	
   the	
  actin	
  helix	
  

together	
  with	
   tropomyosin	
   (Perry,	
  1998).	
   	
  Biochemical	
   studies	
  have	
   shown	
   that	
  TnT	
  

binds	
   TnC,	
   TnI	
   and	
   tropomyosin	
   (Perry,	
   1998).	
   The	
   N-­‐terminal	
   of	
   TnT	
   binds	
   at	
   the	
  

overlap	
   area	
   of	
   the	
   tropomyosin	
   (Gordon	
   et	
   al.,	
   2000).	
   The	
   binding	
   of	
   calcium	
  

strengthens	
  the	
  interaction	
  of	
  C-­‐terminal	
  part	
  of	
  TnT	
  and	
  TnC	
  and	
  weakens	
  the	
  binding	
  

to	
  tropomyosin.	
  Under	
  proteolytic	
  conditions	
  the	
  TnT	
  produces	
  two	
  fragments:	
  TnT1	
  

and	
  TnT2.	
  TnT1	
  is	
  located	
  at	
  the	
  N-­‐terminal	
  region	
  which	
  composed	
  of	
  residues	
  1-­‐158	
  

and	
  is	
  responsible	
  for	
  strong	
  binding	
  with	
  tropomyosin.	
  The	
  rest	
  of	
  TnT	
  corresponds	
  to	
  

the	
  TnT2	
  which	
  is	
  believed	
  to	
  bind	
  TnC	
  and	
  TnI	
  (Ohtsuki	
  and	
  Nagano,	
  1982).	
  	
  

The	
   TnT	
   interaction	
   with	
   TnI	
   involves	
   several	
   segments	
   including	
   residues	
   152-­‐175,	
  

residues	
  176-­‐230	
  and	
  residues	
  202-­‐259	
  (Jha	
  et	
  al.,	
  1996).	
  This	
  interaction	
  is	
  thought	
  to	
  

be	
   at	
   residues	
   41-­‐96	
   of	
   TnI	
   (Chong	
   and	
   Hodges,	
   1982).	
   A	
   partial	
   structure	
   of	
   TnT	
  

complexed	
  with	
  TnC	
  and	
  parts	
  of	
  TnI	
  showed	
  that	
  the	
  TnT	
  region	
  of	
  the	
  IT	
  arm	
  has	
  two	
  

α-­‐helices	
  at	
  residues	
  155-­‐205	
  and	
  205-­‐255.	
  These	
  segments	
  were	
  proposed	
  to	
  form	
  a	
  

triple	
   coiled-­‐coil	
   structure	
   with	
   TnI	
   and	
   tropomyosin	
   (Stefancsik	
   et	
   al.,	
   1998).	
   The	
  

segments	
  of	
  TnT	
  responsible	
  for	
  TnC	
  binding	
  are	
  corresponding	
  to	
  residues	
  159-­‐259	
  or	
  

176-­‐230	
   (Leszyk	
   et	
   al.,	
   1988).	
   These	
   interactions	
   include	
   TnC	
   N-­‐terminal	
   globular	
  

domain	
  and	
  central	
  helix	
  (Farah	
  and	
  Reinach,	
  1995).	
  TnT	
  plays	
  two	
  major	
  roles;	
  the	
  first	
  



	
  

	
   	
  

17	
  

role	
   is	
   a	
   scaffolding	
   role	
   in	
   which	
   TnT	
   connects	
   the	
   other	
   subunits	
   of	
   the	
   troponin	
  

complex	
  (TnC	
  and	
  TnI).	
  The	
  second	
  major	
  role	
  is	
  in	
  the	
  mediation	
  of	
  the	
  calcium	
  induced	
  

effect	
  on	
  TnC	
  and	
  TnI	
  to	
  tropomyosin	
  and	
  the	
  thin	
  filament.	
  

	
  

1.2.1.4  Troponin	
  complex	
  

Calcium	
  regulation	
  of	
  muscle	
  contraction	
  depends	
  on	
  the	
  presence	
  of	
  all	
  three	
  subunits	
  

folded	
   in	
   a	
   complex	
   that	
   senses	
   the	
   presence	
   of	
   calcium	
   in	
   the	
   cytoplasm	
   and	
  

communicates	
  with	
  that	
  through	
  a	
  set	
  of	
  elegant	
  allosteric	
  transitions	
  to	
  the	
  rest	
  of	
  the	
  

actin	
  filament	
  (actin	
  and	
  tropomyosin).	
  A	
  functional	
  troponin	
  complex	
  has	
  to	
  be	
  folded	
  

in	
  an	
  intertwined	
  trimer	
  made	
  of	
  TnC,	
  TnI	
  and	
  TnT	
  in	
  a	
  1:1:1	
  stoichiometry	
  (figure	
  1.6).	
  

The	
  three	
  subunits	
  need	
  to	
  be	
  refolded	
  together	
  from	
  an	
  unfolded	
  state	
  to	
  provide	
  the	
  

native	
  form	
  of	
  troponin.	
  

X-­‐ray	
   crystallography	
   allowed	
   the	
  determination	
  of	
   the	
   crystal	
   structure	
   of	
   the	
   core	
  

domain	
   of	
   human	
   cardiac	
   troponin	
   saturated	
   with	
   calcium	
   at	
   a	
   2.61	
   A°	
   resolution	
  

(Takeda	
  et	
  al.,	
   2003).	
  The	
  crystallised	
  protein	
  complex	
   included	
  only	
  parts	
  of	
   the	
  Tn	
  

complex	
  including	
  TnC	
  residues	
  1-­‐161,	
  TnI	
  residues	
  31–163	
  and	
  a	
  short	
  segment	
  of	
  TnT	
  

(residues	
  183–288).	
  This	
  structure	
  has	
  shown	
  that	
  the	
  troponin	
  complex	
  is	
  composed	
  

of	
  various	
  domains.	
  The	
  regulatory	
  head	
  contains	
  primarily	
  TnC	
  bound	
  to	
  the	
  regulatory	
  

elements	
  of	
  TnI	
  in	
  an	
  anti-­‐parallel	
  manner.	
  TnI	
  binds	
  through	
  the	
  N-­‐terminal	
  part	
  of	
  H1	
  

helix	
   (residues	
   29-­‐65)	
   to	
   the	
   C-­‐lobe	
   of	
   TnC	
   through	
   hydrophobic	
   interactions	
   and	
  

through	
  residues	
  147-­‐163	
  (also	
  known	
  as	
  the	
  switch	
  peptide)	
  to	
  a	
  hydrophobic	
  patch	
  of	
  

NcTnC	
  and	
  assumes	
  more	
  compact	
  shape.	
  The	
  IT	
  arm	
  is	
  made	
  of	
  2	
  helices	
  from	
  TnI	
  (the	
  

C-­‐	
   terminal	
   part	
   of	
   the	
   H1	
   α-­‐helix	
   (residue	
   66-­‐79)	
   and	
   H2	
   α-­‐helix	
   (residue	
   90-­‐135)	
  

connected	
  by	
   a	
   short	
   linker	
   and	
   two	
  helices	
   from	
  TnT	
  H1	
   (residue	
  204-­‐220)	
   and	
  H2	
  

(residue	
   226-­‐271)	
   that	
   come	
   together.	
   All	
   these	
   domains	
   are	
   connected	
   by	
   flexible	
  

linkers	
  which	
  make	
  the	
  troponin	
  molecule	
  very	
  flexible.	
  One	
  such	
  region	
  of	
  TnI	
  is	
  the	
  

inhibitory	
  domain	
  which	
  span	
  residues	
  95-­‐105	
  in	
  the	
  skeletal	
  muscle	
   isoform	
  (137	
  to	
  

148	
  in	
  the	
  cardiac	
  isoform).	
  It	
  is	
  a	
  key	
  region	
  of	
  cTnI	
  because	
  it	
  binds	
  strongly	
  with	
  actin	
  

in	
   the	
   absence	
   of	
   calcium	
   ion	
   and	
   inhibits	
   the	
   actomyosin	
   ATPase.	
   This	
   inhibitory	
  

peptide	
   has	
   not	
   been	
   visualised	
   in	
   the	
   core	
   crystal	
   structure	
   of	
   cTn	
   complex	
   and	
   is	
  

assumed	
   to	
   be	
   unstructured	
   (Takeda	
   et	
   al.,	
   2003).	
   Overall	
   troponin	
   flexibility	
   is	
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considered	
  essential	
  for	
  the	
  allosteric	
  transitions	
  that	
  take	
  place	
  during	
  activation	
  and	
  

inhibition	
   of	
   thin	
   filaments.	
   A	
   crystal	
   structure	
   of	
   skeletal	
  muscle	
   troponin	
  was	
   also	
  

determined	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium	
  by	
  Vinogradova	
  (Vinogradova	
  et	
  al.,	
  

2005).	
  The	
  structure	
  of	
  skeletal	
  muscle	
  troponin	
  is	
  comparable	
  to	
  the	
  cardiac	
  isoform	
  

structure	
  although	
  there	
  are	
  few	
  differences.	
  The	
  skeletal	
  muscle	
  isoform	
  showed	
  that	
  

in	
   the	
   presence	
   of	
   calcium	
   the	
   inhibitory	
   peptide	
   (TnI	
   104-­‐115)	
   bound	
   to	
   TnC	
   had	
  

exhibited	
   a	
  well-­‐ordered	
   loop	
  unlike	
   in	
   the	
   cardiac	
   isoform.	
   The	
   central	
   linker	
   (D/E)	
  

shows	
   a	
   rigid	
   helix	
   in	
   the	
   skeletal	
   muscle	
   isoform	
   while	
   it	
   is	
   melted	
   in	
   the	
   cardiac	
  

isoform.	
  

	
  
Figure	
  1.6:	
  Troponin	
  complex	
  structure	
  of	
  Tn52KB	
  molecule	
  

The	
  figure	
  illustrates	
  troponin	
  core	
  domains	
  in	
  the	
  crystal	
  structure.	
  The	
  Red	
  colour	
  is	
  
TnC,	
  Yellow	
  colour	
  is	
  TnT	
  and	
  TnI	
  is	
  in	
  Cyan	
  colour.	
  The	
  dark	
  blue	
  is	
  the	
  two	
  stretches	
  of	
  
TnC-­‐binding	
  sites.	
  The	
  black	
  spheres	
  are	
  calcium	
  ions.	
  The	
  helices	
  of	
  TnI	
  and	
  TnT	
  are	
  
indicated	
  in	
  numbers	
  while	
  letters	
  indicate	
  the	
  TnC	
  helices.	
  Adopted	
  from	
  (Takeda	
  et	
  
al.,	
  2003).	
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1.2.2   Tropomodulin	
  

Tropomodulin	
  was	
  firstly	
  detected	
  as	
  a	
  Tpm-­‐binding	
  protein	
  with	
  a	
  molecular	
  mass	
  of	
  

40	
  kDa	
  in	
  the	
  erythrocyte	
  membrane	
  (Fowler	
  1987;	
  Sung	
  et	
  al.,	
  1992).	
  The	
  Tpmod	
  has	
  

four	
  isoforms	
  (Tpmod	
  1	
  or	
  E-­‐Tpmod,	
  Tpmod2	
  or	
  N-­‐Tpmod,	
  Tpmod3	
  or	
  U-­‐Tpmod	
  and	
  

Tpmod4	
   or	
   Sk-­‐Tpmod).	
   Tropomodulin	
   is	
   a	
   crucial	
   protein	
   in	
   the	
   actin	
   filament	
  

macromolecular	
  complex.	
  The	
  key	
  function	
  of	
  tropomodulin	
  is	
  to	
  inhibit	
  polymerisation	
  

and	
  depolymerisation	
  of	
  actin	
  filaments,	
  caps	
  the	
  pointed	
  end	
  of	
  these	
  filaments	
  and	
  

consequently	
  optimizes	
  the	
  length	
  of	
  thin	
  filaments	
  (figure	
  1.7).	
  Tpmod	
  1	
  consists	
  of	
  

two	
  distinct	
  structural	
  domains,	
  the	
  globular	
  C-­‐terminal	
  domain	
  and	
  an	
  unstructured,	
  

highly	
  disordered	
  N-­‐terminal	
  domain	
   (Kostyukova	
  et	
  al.,	
   2000,	
  2001;	
  Fujisawa	
  et	
  al.,	
  

2001;	
  Krieger	
  et	
  al.,	
  2002).	
  The	
  N-­‐terminal	
  has	
  one	
  Tpm-­‐dependent	
  actin	
  capping	
  site	
  

and	
  two	
  Tpm	
  binding	
  sites	
  (Fowler	
  et	
  al.,	
  2003;	
  Greenfield	
  et	
  al.,	
  2005;	
  Kostyukova	
  et	
  

al.,	
   2005,	
   2006).	
   The	
   C-­‐terminal	
   consists	
   of	
   a	
   Tpm-­‐independent	
   actin-­‐binding	
   site.	
  

During	
  capping,	
  the	
  tropomodulin	
  binds	
  two	
  Tpm	
  molecules	
  and	
  one	
  actin	
  monomer.	
  

The	
   importance	
  of	
   tropomodulin	
   is	
  based	
  on	
   its	
   interaction	
  with	
  Tpm	
  (Colpan	
  et	
  al.,	
  

2013).	
  

	
  

	
  
Figure	
  1.7:	
  A	
  cartoon	
  of	
  thin	
  filaments	
  displaying	
  Tropomodulin	
  position.	
  

The	
  structure	
  shows	
  a	
  representation	
  of	
  Tropomodulin	
  (green)	
  position	
  on	
  thin	
  filament	
  
which	
  binds	
  two	
  tropomyosin	
  molecules	
   (Orange)	
  and	
  one	
  actin	
   (Blue).	
  The	
  diagram	
  
was	
  edited	
  from	
  Mudry	
  et	
  al.,	
  2003.	
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1.3   The	
  mechanism	
  of	
  striated	
  muscle	
  contraction	
  

Myosin	
   heads	
   projecting	
   from	
   the	
   thick	
   filaments	
   represent	
   the	
  motor	
   elements	
   of	
  

muscle.	
   Their	
   interaction	
   with	
   actin	
   monomers	
   in	
   the	
   backbone	
   of	
   thin	
   filaments	
  

releases	
  the	
  energy	
  stored	
  during	
  ATP	
  hydrolysis	
  and	
  lead	
  to	
  muscle	
  contraction.	
  The	
  

mechanism	
  of	
  this	
  process	
  has	
  been	
  intensively	
  studied	
  over	
  more	
  than	
  five	
  decades.	
  

Huxley	
  proposed	
  the	
  sliding	
  filament	
  model	
  to	
  explain	
  muscle	
  contraction.	
  In	
  the	
  1950s,	
  

the	
  study	
  by	
  Huxley	
   found	
   that	
   the	
   (A)	
  band	
  containing	
   the	
   thick	
   filament	
   remained	
  

constant	
  during	
  contraction	
  while	
  the	
  (I)	
  band	
  which	
  is	
  mainly	
  made	
  with	
  actin	
  became	
  

shorter	
  (Huxley,	
  1953).	
  The	
  model	
  suggests	
  that	
  actin	
  and	
  myosin	
  filaments	
  slide	
  past	
  

each	
  other	
  during	
  muscle	
  contraction.	
  It	
  was	
  later	
  shown	
  that	
  filament	
  sliding	
  was	
  due	
  

to	
   an	
   ATP	
   dependent	
   cyclic	
   interaction	
   between	
   the	
   myosin	
   head	
   projecting	
   from	
  

myosin	
  filament	
  and	
  actin	
  filament	
  (Lymn	
  and	
  Taylor,	
  1971;	
  Eisenberg	
  and	
  Hill,	
  1985).	
  	
  

When	
  ATP	
  is	
  made	
  available	
  to	
  an	
  existing	
  actin–myosin	
  (cross-­‐bridge)	
  a	
  series	
  of	
  events	
  

occur	
  which	
  result	
  into	
  the	
  force	
  generation.	
  The	
  myosin	
  hydrolyses	
  ATP	
  and	
  produces	
  

ADP	
  and	
  Pi	
  and	
  the	
  energy	
  liberated	
  from	
  this	
  reaction	
  is	
  stored	
  in	
  the	
  myosin	
  head	
  as	
  

a	
  conformational	
  change.	
  Cross-­‐bridge	
  binding	
  to	
  actin	
  results	
   in	
  swinging	
  of	
  myosin	
  

head	
   and	
   liberation	
   of	
   the	
   stored	
   energy	
   during	
   the	
   so-­‐called	
   power	
   stroke.	
   This	
   is	
  

initiated	
  by	
  the	
  release	
  of	
  Pi	
  and	
  lead	
  to	
  myosin	
  pulling	
  actin	
  filament	
  resulting	
  in	
  thin	
  

filaments	
  sliding	
  past	
  the	
  thick	
  filaments.	
  ADP	
  is	
  released	
  at	
  the	
  end	
  of	
  the	
  power	
  stroke	
  

and	
  myosin	
  remains	
  bound	
  to	
  actin	
  in	
  rigor	
  ready	
  for	
  another	
  crossbridge	
  cycle	
  (Lymn	
  

and	
  Taylor,	
  1971;	
  Eisenberg	
  and	
  Hill,	
  1985).	
  Subsequently	
  several	
   studies	
   found	
  that	
  

during	
  the	
  cross-­‐bridge	
  cycle	
  an	
  intramolecular	
  conformational	
  change	
  cause’s	
  relative	
  

displacement	
  within	
  the	
  myosin	
  head	
  (Cooke	
  et	
  al.,	
  1984).	
  The	
  structural	
  studies	
  of	
  the	
  

myosin	
   head	
   by	
   crystallography	
   suggested	
   that	
   the	
   change	
   in	
   conformation	
   of	
   the	
  

myosin	
  head	
  is	
  primarily	
  due	
  to	
  a	
  change	
  in	
  the	
  position	
  of	
  the	
  long	
  helix	
  in	
  the	
  tail	
  of	
  

the	
  myosin	
  head.	
  This	
  part	
  acts	
  as	
  a	
  lever	
  arm	
  amplifying	
  small	
  conformational	
  change	
  

driven	
   by	
   ATP	
   hydrolysis	
   or	
   actin	
   binding	
   in	
   their	
   respective	
   sites	
   into	
   a	
   large	
  

displacement	
  at	
  the	
  distal	
  end	
  of	
  the	
  neck	
  region	
  by	
  3-­‐4	
  nm	
  (Whittaker	
  et	
  al.,	
  1995;	
  

Spudich	
  et	
  al.,	
  1995).	
  The	
  swinging	
  motion	
  of	
  the	
  tail	
  of	
  myosin	
  head	
  is	
  due	
  to	
  a	
  set	
  of	
  

structural	
   changes	
   communicated	
  between	
   the	
  nucleotide	
   site	
  and	
   the	
   lever	
  arm	
  as	
  

shown	
   from	
   crystallographic	
   studies	
   of	
   myosin	
   complexed	
   with	
   ATP	
   and	
   ADP-­‐Pi	
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(Houdusse	
  et	
  al.,	
  2000).	
  Several	
  structural	
  elements	
  including	
  the	
  relay	
  helix,	
  the	
  switch-­‐

1	
  element	
  (SW1),	
  the	
  switch-­‐2	
  element	
  (SW2)	
  and	
  the	
  converter	
  region	
  change	
  position	
  

by	
  a	
  small	
  amount	
  depending	
  on	
  the	
  presence	
  or	
  absence	
  of	
  the	
  γ-­‐Pi	
  in	
  the	
  nucleotide	
  

binding	
  pocket.	
  This	
  small	
  movement	
  leads	
  to	
  a	
  large	
  translation	
  of	
  the	
  myosin	
  tail	
  due	
  

to	
  amplification	
  by	
  the	
  lever	
  arm	
  (Geeves	
  and	
  Holmes,	
  1999).	
  

	
  

1.3.1   The	
  role	
  of	
  actin	
  in	
  thin	
  filament	
  in	
  the	
  power	
  stroke	
  

Actin	
   represents	
   the	
   second	
   filament	
   involved	
   in	
   force	
   generation	
   and	
   muscle	
  

shortening	
  by	
  the	
  sarcomere.	
  Actin	
  plays	
  several	
  roles	
  in	
  this	
  process.	
  The	
  first	
  role	
  is	
  a	
  

scaffolding	
  role	
  that	
  allows	
  the	
  myosin	
  crossbridge	
  to	
  attach	
  and	
  pull	
  the	
  actin	
  filament	
  

following	
  the	
  conformational	
  change	
  described	
  above.	
  The	
  second	
  role	
  is	
  the	
  activation	
  

of	
   ADP	
   and	
   Pi	
   release	
   from	
   the	
   myosin	
   catalytic	
   site.	
   In	
   the	
   absence	
   of	
   actin,	
   ATP	
  

hydrolysis	
  products	
  are	
  stuck	
  in	
  the	
  myosin	
  catalytic	
  site	
  and	
  their	
  release	
  is	
  very	
  slow	
  

(around	
  0.1	
   S-­‐1).	
  Upon	
  binding	
   to	
   actin,	
   the	
   release	
   of	
  ADP	
   and	
  Pi	
   is	
   accelerated	
  by	
  

several	
   order	
   of	
   magnitudes	
   (Trentham	
   et	
   al.,	
   1976;	
   Geeves,	
   1991;	
   Bagshaw	
   and	
  

Trentham,	
  1974).	
  

The	
  actomyosin	
  ATPase	
  cycle	
  can	
  be	
  started	
  from	
  the	
  actin-­‐myosin	
  rigor	
  complex	
  (A.M).	
  

In	
  this	
  stage,	
  the	
  actin	
  binding	
  cleft	
  is	
  closed	
  and	
  both	
  sides	
  of	
  this	
  cleft	
  make	
  connection	
  

with	
  actin.	
  ATP	
  binding	
  induces	
  the	
  dissociation	
  of	
  actin	
  from	
  myosin.	
  The	
  binding	
  of	
  

ATP	
  occurs	
  at	
   the	
  nucleotide	
  binding	
  pocket	
   (catalytic	
  site).	
  The	
  dissociation	
  of	
  actin	
  

occurs	
   due	
   to	
   the	
   opening	
   of	
   the	
   major	
   cleft	
   (the	
   actin	
   binding	
   cleft).	
   The	
   ATP	
   is	
  

hydrolysed	
  to	
  form	
  the	
  stable	
  M-­‐ADP-­‐Pi	
  complex.	
  Binding	
  of	
  the	
  M-­‐ADP-­‐Pi	
  complex	
  to	
  

actin	
   triggers	
   a	
   structural	
   change	
   in	
   the	
   actin	
   binding	
   cleft	
   that	
   destabilises	
   the	
  

nucleotide	
   site.	
   This	
   leads	
   to	
   the	
   opening	
   of	
   the	
   nucleotide	
   binding	
   pocket	
   and	
   the	
  

release	
  of	
  Pi	
  first	
  and	
  ADP.	
  Consequently,	
  ADP	
  and	
  Pi	
  are	
  released	
  much	
  faster	
  from	
  the	
  

actin-­‐M-­‐ADP-­‐Pi	
  complex	
  than	
  from	
  M-­‐ADP-­‐Pi.	
  This	
  activation	
  of	
  the	
  myosin	
  ATPase	
  is	
  

crucial	
  for	
  the	
  generation	
  of	
  rapid	
  contraction	
  by	
  muscle	
  (figure	
  1.8)	
  (Geeves,	
  1991).	
  

For	
  all	
  muscles,	
  contraction	
  is	
  a	
  regulated	
  process.	
  Regulation	
  is	
  achieved	
  by	
  a	
  change	
  

in	
  the	
  concentration	
  of	
  a	
  universal	
  secondary	
  messenger,	
  Ca2+.	
  However,	
  regulation	
  can	
  

take	
  place	
  either	
  at	
  the	
   level	
  of	
  myosin	
  (smooth	
  muscle	
  and	
  non-­‐muscle	
  actomyosin	
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based	
  systems)	
  or	
  actin	
  (Striated	
  muscles).	
  In	
  striated	
  muscles,	
  actin	
  represents	
  the	
  site	
  

of	
  regulation	
  of	
  contraction	
  by	
  calcium.	
  

	
  

	
  
Figure	
   1.8:	
   A	
   schematic	
   diagram	
   of	
   the	
   ATP	
   binding	
   to	
   myosin	
   head	
   and	
   force	
  
generation	
  

The	
  ATP-­‐driven	
  actin-­‐myosin	
  mechanical	
  cycle.	
  Step	
  1:	
  myosin	
  dissociates	
   from	
  actin	
  
once	
  ATP	
  bound.	
  	
  Step2:	
  ATP	
  hydrolysis	
  and	
  recovery	
  stroke.	
  Step	
  3:	
  actin	
  rebinding.	
  
Step	
  4:	
  force	
  generation	
  and	
  the	
  sliding	
  movement.	
  Step	
  5	
  and	
  6:	
  the	
  nucleotide	
  opens	
  
lead	
  to	
  ADP	
  release.	
  Adopted	
  from	
  (Geeves,	
  2016).	
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1.4   The	
  molecular	
  basis	
  of	
  regulation	
  of	
  striated	
  muscle	
  contraction	
  

1.4.1   Regulation	
  of	
  muscle	
  contraction	
  

1.4.1.1  Role	
  of	
  Ca2+	
  
In	
   striated	
   muscles,	
   contraction	
   is	
   controlled	
   by	
   calcium	
   release/uptake	
   by	
   the	
  

sarcoplasmic	
  reticulum	
  in	
  response	
  to	
  changes	
  in	
  membrane	
  action	
  potential.	
  Calcium	
  

concentration	
  changes	
  are	
  relatively	
  modest	
  from	
  around	
  0.1	
  micromolar	
  at	
  rest	
  to	
  few	
  

micro	
  molars	
  upon	
  calcium	
  release	
  from	
  the	
  sarcoplasmic	
  reticulum.	
  The	
  relationship	
  

between	
   calcium	
   concentration	
   and	
   muscle	
   activation	
   is	
   sigmoidal	
   allowing	
   full	
  

activation	
   to	
   take	
   place	
   over	
   this	
   narrow	
   change	
   in	
   calcium	
   concentration.	
   When	
  

calcium	
  is	
  liberated,	
  it	
  diffuses	
  in	
  the	
  cytoplasm	
  and	
  binds	
  to	
  its	
  receptors	
  (for	
  example	
  

calcium	
  binding	
   sites	
  on	
  TnC).	
  Calcium	
  binds	
   to	
  TnC	
   triggers	
  a	
   set	
  of	
   conformational	
  

changes	
  on	
  thin	
  filament	
  that	
  ultimately	
  lead	
  to	
  the	
  activation	
  of	
  muscle	
  (as	
  measured	
  

by	
  change	
  in	
  actomyosin	
  ATPase	
  or	
  force)	
  (Gordon	
  et	
  al.,	
  2000).	
  The	
  sigmoidal	
  shape	
  

that	
  characterises	
  the	
  calcium	
  sensitivity	
  curve	
  is	
  a	
  signature	
  of	
  cooperative	
  allosteric	
  

behaviour.	
   This	
   behaviour	
   implies	
   cooperation	
   between	
   subunits	
   of	
   a	
   multimeric	
  

macromolecular	
   complex	
   following	
   initial	
   activation.	
   This	
   has	
  been	
  explained	
  by	
   the	
  

existence	
  of	
  two	
  conformations.	
  An	
  OFF	
  conformation	
  that	
  has	
  a	
  low	
  biological	
  activity	
  

and	
  an	
  ON	
  conformation	
  that	
  has	
  a	
  high	
  biological	
  activity.	
  

	
  

1.4.1.2  Thin	
  filament	
  switches	
  between	
  ON	
  and	
  OFF	
  state	
  

Early	
  biochemical	
  studies	
  showed	
  that	
  Ca2+	
  regulation	
  of	
  thin	
  filament	
  is	
  allosteric	
  since	
  

Ca2+	
   binds	
   to	
   troponin	
   C	
   and	
   controls	
  myosin	
   head	
   binding	
   to	
   actin	
  monomer	
   (the	
  

regulation	
  taking	
  place	
  is	
  a	
  long	
  distance	
  from	
  the	
  substrate	
  binding	
  site)	
  (Lehrer	
  and	
  

Morris,	
   1982).	
   Furthermore,	
   myosin	
   binding	
   experiments	
   showed	
   cooperative	
  

behaviour	
  suggesting	
  that	
  actin	
  containing	
  thin	
  filaments	
  can	
  exist	
  in	
  two	
  states	
  with	
  

different	
  biochemical	
  properties	
  (Hill,	
  1980).	
  An	
  OFF	
  state	
  that	
  prevails	
  in	
  low	
  calcium	
  

concentration,	
  has	
  a	
  low	
  affinity	
  for	
  myosin	
  heads	
  (binds	
  only	
  weakly	
  to	
  myosin	
  heads,	
  

K1),	
  a	
  low	
  actomyosin	
  ATPase,	
  a	
  low	
  force	
  generation	
  and	
  motility	
  properties.	
  The	
  ON	
  

state	
   exists	
   in	
   the	
   presence	
   of	
   calcium,	
   has	
   a	
   high	
   affinity	
   for	
  myosin	
   heads	
   (binds	
  

initially	
  weakly	
  to	
  myosin	
  heads	
  (K1)	
  which	
  then	
  isomerise	
  to	
  the	
  strong	
  binding	
  state	
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(K2),	
  a	
  high	
  actomyosin	
  ATPase	
  and	
  high	
  force	
  and	
  motility	
  (figure	
  1.9).	
  It	
  was	
  suggested	
  

that	
  thin	
  filaments	
  can	
  be	
  divided	
  into	
  cooperative	
  units	
  that	
  can	
  switch	
  between	
  the	
  

ON	
   and	
   the	
   OFF	
   states.	
   The	
   ON-­‐OFF	
   transition	
   is	
   characterised	
   by	
   an	
   equilibrium	
  

constant	
  KT.	
  Each	
  cooperative	
  unit	
  is	
  made	
  of	
  seven	
  actin	
  monomers,	
  one	
  tropomyosin	
  

molecule	
  and	
  one	
  troponin	
  complex	
  (with	
  the	
  three	
  subunits	
  I,	
  T	
  and	
  C).	
  The	
  transition	
  

between	
  the	
  ON	
  and	
  OFF	
  state	
  is	
  controlled	
  by	
  allosteric	
  effectors	
  that	
  favours	
  one	
  state	
  

over	
  the	
  other.	
  The	
  cooperative-­‐allosteric	
  behaviour	
  displayed	
  by	
  muscle	
  thin	
  filaments	
  

is	
   comparable	
   to	
   various	
   cooperative-­‐allosteric	
   systems	
   found	
   in	
   biology	
   such	
   as	
  

haemoglobin.	
  

	
  

	
  
Figure	
  1.9:	
  Schematic	
  diagram	
  of	
  the	
  thin	
  filament	
  switching	
  between	
  two	
  states	
  (OFF	
  
and	
  ON).	
  

The	
  Circles	
  show	
  several	
  actin	
  monomers	
  from	
  an	
  actin	
  filament.	
  The	
  red	
  triangle	
  show	
  
myosin	
  heads.	
  K1	
  is	
  the	
  equilibrium	
  constant	
  of	
  the	
  isomerisation	
  reaction	
  from	
  myosin	
  
weak	
  binding	
  to	
  myosin	
  strong	
  binding	
  to	
  actin	
  filaments.	
  
	
  
	
  
	
  
Structural	
   studies	
  were	
  performed	
   to	
  determine	
   the	
   structural	
  basis	
   for	
   the	
  ON-­‐OFF	
  

transition.	
   X-­‐ray	
   diffraction	
   pattern	
   from	
  muscle	
   under	
   an	
   activation	
   and	
   relaxation	
  

conditions	
  suggested	
  a	
  shift	
  in	
  the	
  position	
  of	
  tropomyosin	
  when	
  the	
  muscle	
  is	
  activated	
  

(Kraft	
  et	
  al.,	
  1999).	
  Three-­‐dimensional	
  reconstruction	
  of	
  electron	
  micrographs	
  showed	
  

that	
  Ca2+	
  dependent	
  shifts	
  in	
  position	
  of	
  Tpm	
  on	
  thin	
  filaments	
  isolated	
  from	
  vertebrate	
  

muscle	
   or	
   actin	
   filaments	
   reconstituted	
   with	
   actin	
   and	
   tropomyosin	
   and	
   the	
  

tropomyosin	
   occupies	
   two	
   positions	
   on	
   the	
   surface	
   of	
   actin.	
   In	
   the	
   OFF	
   state,	
  

tropomyosin	
  is	
  located	
  towards	
  the	
  outer	
  region	
  of	
  the	
  actin	
  filament	
  in	
  a	
  position	
  that	
  

obstructs	
  the	
  interactions	
  between	
  actin	
  and	
  myosin.	
  Upon	
  Ca2+	
  binding	
  to	
  troponin,	
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tropomyosin	
  moves	
   towards	
   the	
   grove	
   of	
   the	
   actin	
   filament	
   uncovering	
   the	
  myosin	
  

binding	
  sites	
  on	
  the	
  surface	
  of	
  actin	
  filaments	
  (figure	
  1.10)	
  (Lehman	
  et	
  al.,	
  1994,	
  1995).	
  

	
  
	
  

	
  
Figure	
  1.10:	
  Schematic	
  diagram	
  of	
  the	
  Tropomyosin	
  switching	
  between	
  the	
  two	
  states	
  
(OFF	
  and	
  ON).	
  

The	
  diagram	
  illustrates	
  the	
  position	
  of	
  Tpm	
  on	
  actin	
  filament.	
  In	
  the	
  absence	
  of	
  
calcium,	
  the	
  Tpm	
  blocks	
  the	
  myosin	
  binding	
  sites	
  on	
  actin.	
  In	
  the	
  presence	
  of	
  calcium	
  
Tpm	
  moves	
  from	
  the	
  groove	
  of	
  actin	
  and	
  the	
  myosin	
  binding	
  sites	
  on	
  actin	
  are	
  
exposed	
  (Red).	
  (The	
  figure	
  adopted	
  from	
  Lodish	
  and	
  Harvey,	
  2003). 
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1.4.1.3  Thin	
  filament	
  switching	
  between	
  three	
  states	
  

The	
   two	
   states	
  model	
   described	
   above	
   is	
   able	
   to	
   account	
   for	
   several	
   properties	
   of	
  

muscle;	
   however,	
   it	
   was	
   not	
   possible	
   to	
   explain	
   the	
   obtained	
   data	
   for	
   the	
   binding	
  

kinetics	
  of	
  myosin	
  heads	
  to	
  the	
  thin	
  filaments	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium.	
  

A	
  three	
  state	
  model	
  was	
  proposed	
  by	
  Geeves	
  and	
  his	
  colleagues	
  to	
  explain	
  the	
  kinetic	
  

data	
  (McKillop	
  and	
  Geeves,	
  1993).	
  In	
  this	
  model,	
  the	
  thin	
  filament	
  acts	
  as	
  a	
  cooperative	
  

allosteric	
  system	
  that	
  switches	
  between	
  three	
  states.	
  A)	
  Blocked	
  state	
  where	
  myosin	
  

heads	
  binding	
  is	
  prevented,	
  B)	
  Closed	
  state	
  in	
  which	
  myosin	
  heads	
  can	
  attach	
  to	
  the	
  thin	
  

filaments	
  but	
  only	
  in	
  a	
  weakly	
  bound	
  conformation	
  and	
  C)	
  Open	
  state,	
  which	
  allows	
  the	
  

isomerisation	
  of	
  myosin	
  heads	
  to	
  the	
  strong	
  binding	
  state.	
  The	
  transition	
  to	
  the	
  open	
  

state	
  is	
  the	
  event	
  associated	
  with	
  the	
  activation	
  of	
  the	
  myosin	
  ATPase	
  and	
  generation	
  

of	
   force.	
   In	
   this	
   model,	
   the	
   equilibrium	
   between	
   the	
   Blocked	
   and	
   the	
   Closed	
   state	
  

(defined	
  by	
   KB)	
   is	
   under	
   the	
   sole	
   control	
   of	
   Ca2+	
  while	
   the	
   equilibrium	
  between	
   the	
  

closed	
  and	
  open	
  (defined	
  by	
  KT)	
  is	
  controlled	
  by	
  myosin	
  strong	
  binding	
  and	
  Ca2+.	
  A	
  study	
  

from	
  the	
  same	
  laboratory	
  showed	
  that	
  the	
  Blocked	
  state	
  is	
  about	
  66%	
  in	
  skeletal	
  muscle	
  

and	
   50%	
   in	
   cardiac	
   muscle	
   (Maytum	
   et	
   al.,	
   2003).	
   A	
   study	
   had	
   refined	
   the	
   three-­‐

dimensional	
  reconstructions	
  of	
  thin	
  filaments	
  in	
  the	
  Blocked,	
  Closed	
  and	
  Open	
  states	
  

have	
  shown	
  that	
  the	
  OFF	
  state	
  can	
  be	
  separated	
  into	
  two	
  structural	
  states	
  (Blocked	
  and	
  

Closed	
   states)	
   in	
   which	
   tropomyosin	
   position	
   is	
   different.	
   In	
   the	
   Blocked	
   state	
  

tropomyosin	
   covers	
   the	
   majority	
   of	
   myosin	
   binding	
   sites	
   while	
   in	
   the	
   Closed	
   state	
  

tropomyosin	
  is	
  located	
  closer	
  to	
  the	
  thin	
  filament	
  axis	
  covering	
  actin	
  residues	
  involved	
  

in	
  myosin	
  strong	
  binding	
  but	
  uncovering	
  actin	
  residues	
  involved	
  in	
  myosin	
  weak	
  binding	
  

(Lehman	
  et	
  al.,	
  2000;	
  Lehman	
  and	
  Craig,	
  2008).	
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1.5   Tropomyosin	
  

1.5.1   History	
  and	
  discovery	
  
Tropomyosin	
   is	
   widely	
   distributed	
   protein	
   in	
   all	
   cells	
   and	
   muscles.	
   Tropomyosin	
   is	
  

always	
  co-­‐localised	
  with	
  actin	
  filaments	
  where	
  it	
  regulates	
  their	
  function	
  (Gunning	
  et	
  

al.,	
  2008).	
  Tropomyosin	
  is	
  one	
  of	
  the	
  first	
  muscle	
  proteins	
  discovered	
  (after	
  actin	
  and	
  

myosin).	
   In	
  1946,	
  Baily	
  treated	
  myofibrils	
  with	
  organic	
  solvents	
  that	
  caused	
  selective	
  

denaturation	
  of	
  myosin,	
   and	
   identified	
   tropomyosin	
  as	
  an	
   important	
  muscle	
  protein	
  

(Bailey,	
  1946).	
  The	
  protein	
  was	
  named	
  Tropomyosin	
  since	
  its	
  amino	
  acid	
  composition	
  

and	
  physical	
  properties	
  appeared	
  to	
  be	
  similar	
  to	
  myosin.	
  In	
  particular,	
  the	
  change	
  in	
  

the	
  ionic	
  strength	
  affects	
  the	
  viscosity	
  of	
  tropomyosin	
  solution	
  similarly	
  to	
  myosin.	
  At	
  

low	
  ionic	
  strength,	
  Tpm	
  is	
  highly	
  viscous,	
  and	
  this	
  was	
  shown	
  by	
  electron	
  microscopy	
  to	
  

be	
   due	
   to	
   the	
   formation	
   of	
   long	
   fibrils	
   of	
   20-­‐30	
   nm	
   diameter.	
   Increasing	
   the	
   ionic	
  

strength	
  of	
  the	
  solution	
  leads	
  to	
  the	
  dissolution	
  of	
  these	
  fibrils.	
  The	
  fibrils	
  formed	
  at	
  low	
  

ionic	
  strength	
  are	
  due	
  to	
  the	
  polymerisation	
  of	
  tropomyosin	
  molecules	
  while	
  high	
  ionic	
  

strength	
   induces	
   their	
   depolymerisation.	
   The	
   usage	
   of	
   hydrodynamic	
   studies	
   of	
  

tropomyosin	
   in	
   the	
   absence	
   and	
   presence	
   of	
   denaturing	
   agents	
   did	
   help	
   Bailey	
   to	
  

conclude	
   to	
   describe	
   the	
   tropomyosin	
   as	
   a	
   dimeric	
   protein.	
   The	
   tropomyosin	
  

interactions	
  with	
  actin	
  was	
  also	
  established	
  in	
  the	
  late	
  1950s	
  (Corsi	
  and	
  Perry,	
  1958).	
  

Overall,	
   the	
  main	
   properties	
   of	
   tropomyosin	
  were	
   quickly	
   established	
   soon	
   after	
   its	
  

discovery;	
  however,	
  60	
  years	
   later	
   the	
  mechanism	
  of	
  action	
  and	
  cellular	
   function	
  of	
  

tropomyosin	
  are	
  not	
  yet	
  fully	
  understood.	
  

	
  

1.5.2   Gene	
  structure	
  
In	
  mammalians,	
   tropomyosin	
  proteins	
   are	
   the	
  products	
  of	
   four	
   genes:	
   Tpm1,	
  Tpm2,	
  

Tpm3	
  and	
  Tpm4.	
  Furthermore,	
  each	
  gene	
  can	
  be	
  expressed	
  by	
  alternative	
  promoters	
  

and	
  is	
  subject	
  to	
  alternative	
  splicing,	
  which	
  gives	
  rise	
  to	
  over	
  20	
  isoforms	
  of	
  tropomyosin	
  

in	
   humans	
   (Figure	
   1.11).	
  Most	
   of	
   these	
   isoforms	
   are	
   expressed	
   in	
   various	
   cells	
   and	
  

various	
  stages	
  of	
  development	
  and	
  only	
  few	
  are	
  expressed	
  in	
  muscle.	
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1.5.2.1  Tpm1	
  gene	
  

The	
   most	
   complexed	
   mammalian	
   tropomyosin	
   gene	
   is	
   the	
   α-­‐tropomyosin	
   (α-­‐Tpm)	
  

gene,	
   which	
   was	
   first	
   studied	
   in	
   a	
   rat	
   genomic	
   clones’	
   analysis	
   (Ruizopazo	
   and	
  

Nadalginard,	
  1987.,	
  Miller	
  et	
  al.,	
  1990).	
  The	
  α-­‐Tpm	
  gene	
  in	
  humans	
  is	
  similar	
  in	
  structure	
  

to	
  that	
   in	
  mice,	
  spanning	
  27	
  kb	
  and	
  29	
  kb,	
  respectively.	
  Tpm1	
  gene	
  uses	
  one	
  of	
  two	
  

promoters	
  and	
  contains	
  15	
  exons	
  and	
  is	
  29	
  kb	
  in	
  size.	
  Five	
  exons	
  (exons	
  3,	
  4,	
  5,	
  7	
  and	
  8)	
  

are	
  expressed	
  in	
  all	
  isoforms	
  while	
  the	
  other	
  exons	
  (1a,	
  1b,	
  2a,	
  2b,	
  6a,	
  6b,	
  9a,	
  9b,	
  9c	
  and	
  

9d)	
   are	
   alternatively	
   spliced	
   exons	
   resulting	
   in	
   different	
   N-­‐terminal	
   and	
   C-­‐terminals	
  

parts.	
  In	
  addition,	
  there	
  are	
  two	
  mutually	
  exclusive	
  exons	
  (2a/2b	
  and	
  6a/6b).	
  The	
  α-­‐Tpm	
  

is	
  present	
  in	
  the	
  skeletal	
  muscle	
  (Tpm	
  skα),	
  the	
  smooth	
  muscle	
  (Tpm	
  smα)	
  and	
  the	
  non-­‐

muscle	
   (Tpm2,	
   Tpm3,	
   Tpm5α	
   and	
   Tpm5β),	
   including	
   three	
   brain-­‐specific	
   isoforms	
  

(TpmBr1,	
  TpmBr2	
  and	
  TpmBr3)	
  (Lees-­‐Miller	
  et	
  al.,	
  1990a;	
  Lin	
  et	
  al.,	
  2008;	
  Vrhovski	
  et	
  

al.,	
  2008).	
  

	
  

1.5.2.2  Tpm2	
  gene	
  

The	
   β-­‐tropomyosin	
   (β-­‐Tpm)	
   gene	
   contains	
   a	
   single	
   promoter,	
   spans	
   11	
   exons	
   and	
  

depending	
  on	
  the	
  source,	
  is	
  between	
  8	
  and	
  10	
  kb.	
  Tpm2	
  has	
  a	
  unique	
  internal	
  mutually	
  

exclusive	
  exon	
  (6a:6b)	
  and	
  two	
  different	
  C-­‐terminal	
  exons	
  (9a/9d).	
  The	
  skeletal	
  β-­‐Tpm	
  

isoform	
  and	
  the	
  smooth	
  muscle	
  β-­‐Tpm	
   isoforms	
  each	
  of	
  which	
  have	
   two	
  284	
  amino	
  

acids	
  Tpm	
  proteins	
  produced	
  by	
  the	
  β-­‐Tpm	
  gene	
  (MacLeod	
  et	
  al.,	
  1985;	
  Helfman	
  et	
  al.,	
  

1986).	
  Tpm2	
  codes	
  for	
  tropomyosin	
  isoform	
  presents	
  in	
  skeletal	
  and	
  smooth	
  muscles	
  

and	
  a	
  cytoskeletal	
  isoform	
  Tpm1	
  (Lin	
  et	
  al.,	
  2008).	
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1.5.2.3  Tpm3	
  gene	
  

The	
  ϒ-­‐Tropomyosin	
  (ϒ-­‐Tpm)	
  gene	
  was	
  named	
  ‘Tpm	
  30	
  nm’	
  after	
  first	
  being	
  described	
  in	
  

humans,	
  which	
  spans	
  42	
  kb.	
  It	
  has	
  two	
  promoters	
  and	
  contains	
  14	
  exons	
  and	
  is	
  subject	
  

to	
  substantial	
  alternative	
  splicing,	
  it	
  has	
  four	
  C-­‐termini	
  and	
  a	
  single	
  mutually	
  exclusive	
  

internal	
   exon	
   (6a:6b)	
   (Clayton	
  et	
   al.,	
   1988).	
   The	
   tropomyosin	
   expressed	
   in	
   the	
   slow	
  

twitch	
  of	
  skeletal	
  muscle	
  and	
  several	
  low	
  molecular	
  weights	
  cytoskeletal	
  tropomyosins	
  

is	
  the	
  ϒ-­‐Tpm	
  gene	
  which	
  encodes	
  284	
  amino	
  acids	
  residues.	
  The	
  case	
  is	
  different	
  in	
  rats	
  

and	
  mice,	
  whereas	
  the	
  former	
  produces	
  at	
  least	
  ten	
  cytoskeletal	
  isoforms	
  that	
  range	
  

from	
  177	
  to	
  248	
  amino	
  acids,	
  while	
  the	
  latter	
  produces	
  at	
  least	
  11	
  cytoskeletal	
  isoforms	
  

(Dufour	
  et	
  al.,	
  1998).	
  Tpm3	
  codes	
  for	
  several	
  cytoskeletal	
  tropomyosin	
  isoforms	
  and	
  for	
  

the	
  slow	
  twitch	
  skeletal	
  muscle	
  isoform.	
  

	
  

1.5.2.4  Tpm4	
  gene	
  

	
  

Tpm4	
  is	
  unlike	
  the	
  other	
  Tpm	
  genes	
  in	
  which	
  it	
  is	
  not	
  alternatively	
  spliced	
  in	
  rats	
  and	
  

mice.	
  Tpm4	
  spans	
  between	
  16	
  and	
  18	
  kb	
  of	
  DNA	
  and	
  contains	
  8	
  exons	
  and	
  codes	
  for	
  a	
  

non-­‐muscle	
  isoforms	
  (Lees-­‐Miller	
  et	
  al.,	
  1990b).	
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Figure	
  1.11:	
  Tpm	
  gene	
  map	
  

The	
   gene	
   structure	
   of	
   mammalian	
   Tpm	
   genes.	
   Every	
   isoform	
   where	
   exons	
   are	
  
represented	
  by	
  boxes	
  and	
  introns	
  are	
  represented	
  by	
  lines	
  (graph	
  was	
  modified	
  based	
  
on	
  Guuning	
  et	
  al.,	
  2008;	
  Lin	
  et	
  al.,	
  2008;	
  Vrhovski	
  et	
  al.,	
  2008).	
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1.5.3   Tropomyosin	
  protein	
  structure	
  

Tpm	
   can	
   be	
   divided	
   into	
   two	
   groups	
   depending	
   on	
   its	
   number	
   of	
   residues:	
   1)	
   Tpm	
  

containing	
   around	
   284	
   residues,	
   called	
   high	
   molecular	
   weight	
   (HMW),	
   and	
   2)	
   Tpm	
  

containing	
  around	
  240	
  residues	
  called	
  low	
  molecular	
  weight	
  (LMW).	
  All	
  muscles	
  Tpm	
  

are	
  HMW,	
  whereas	
  non-­‐muscles	
  Tpm	
  are	
  both	
  HMW	
  and	
  LMW	
  (Gunning	
  et	
  al.,	
  2008).	
  

Tropomyosin	
   forms	
   crystals	
   easily;	
   however,	
   they	
  have	
  a	
  high	
   content	
  of	
  water	
   and	
  

cannot	
   generate	
   a	
   diffraction	
   pattern	
   of	
   sufficient	
   quality	
   for	
   a	
   high-­‐resolution	
  

structure.	
   Nevertheless,	
   the	
   diffraction	
   pattern	
   obtained	
   from	
   these	
   crystalline	
  

structures	
  allowed	
  the	
  determination	
  of	
  the	
  structure	
  of	
  tropomyosin	
  as	
  a	
  left	
  handed	
  

coiled	
  coil	
  made	
  from	
  two	
  right	
  handed	
  alpha-­‐helices.	
  This	
  structure	
  could	
  be	
  achieved	
  

by	
  Crick’s	
  structure	
  prediction	
  for	
  coiled	
  coil	
  protein	
  that	
  a	
  repetition	
  of	
  a	
  heptad	
  motif	
  

in	
  which	
  the	
  first	
  and	
  fourth	
  amino	
  acids	
  are	
  hydrophobic	
  and	
  located	
  on	
  one	
  side	
  of	
  

the	
   alpha-­‐helix	
   which	
   allow	
   the	
   two	
   helices	
   to	
   dimerise.	
   Crick	
   (1953)	
   called	
   the	
  

interactions	
  between	
  residues	
  (a)	
  and	
  (d)	
  the	
  “knobs	
  into	
  holes”	
  due	
  to	
  the	
  interface	
  of	
  

the	
  two	
  helices	
  and	
  each	
  residue	
  was	
  localised	
  in	
  a	
  cavity	
  formed	
  by	
  three	
  residues	
  from	
  

the	
  other	
  helix.	
  

The	
  determination	
  of	
  the	
  amino	
  acid	
  sequence	
  of	
  Tpm	
  from	
  a	
  rabbit	
  skeletal	
  muscle	
  

was	
   achieved	
   by	
   Johnson	
   and	
   Smillie	
   (1975).	
   The	
   sequence	
   of	
   tropomyosin	
   showed	
  

periodic	
  arrangements	
  of	
  hydrophobic	
  amino	
  acids	
  within	
  the	
  polypeptide	
  chain	
  and	
  

largely	
  agreed	
  with	
  the	
  prediction	
  made	
  by	
  Crick	
  (1953).	
  Tropomyosin	
  consists	
  of	
  284	
  

residues	
  extended	
  to	
  α-­‐helix	
  that	
  assemble	
  into	
  a	
  dimeric	
  coiled	
  coil	
  (figure	
  1.12).	
  The	
  

sequence	
  shows	
  a	
  repeating	
  heptad	
  motif	
  (residues	
  in	
  a	
  seven	
  amino	
  acid	
  repeats	
  are	
  

labelled	
  abcdefg,	
  figure	
  1.12)	
  with	
  an	
  amphipathic	
  character.	
  For	
  each	
  repeat	
  residues	
  

a	
  and	
  d	
  are	
  polar	
  and	
  packed	
  together	
  to	
  form	
  the	
  hydrophobic	
  core	
  of	
  the	
  coiled	
  coil.	
  

The	
  coiled	
  coil	
   is	
  further	
  stabilized	
  by	
  electrostatic	
   interactions	
  between	
  the	
  charged	
  

residues	
  in	
  position	
  e	
  and	
  g.	
  The	
  amino	
  acids	
  in	
  position	
  b,	
  c	
  and	
  f	
  are	
  exposed	
  and	
  are	
  

likely	
  involved	
  in	
  the	
  interactions	
  with	
  actin	
  and	
  possibly	
  troponin.	
  Crick’s	
  model	
  did	
  not	
  

exclude	
   the	
   prospect	
   of	
   a	
   chain	
   shift	
   relative	
   to	
   helices	
   for	
   the	
   number	
   of	
   residues	
  

multiplied	
  by	
  seven;	
  consequently,	
  it	
  remained	
  unclear	
  whether	
  the	
  Tpm	
  chains	
  were	
  

in	
  register	
  or	
  not.	
  A	
  study	
  showed	
  that	
  disulphide	
  bonds	
  formed	
  between	
  cysteine	
  190	
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from	
  each	
  chain	
  (Lehrer,	
  1975).	
  This	
  study	
  confirmed	
  that	
  Tpm	
  chains	
  are	
  parallel	
  and	
  

in	
  ‘register’.	
  

	
  

	
  
Figure	
   1.12:	
   Tpm1	
   sequence	
   displayed	
   to	
   visualise	
   the	
   position	
   of	
   residues	
   in	
   the	
  
heptad	
  motif	
  and	
  tropomyosin	
  tertiary	
  coiled	
  coil	
  structure.	
  

(A)	
  Shows	
  Tpm1	
  amino	
  acids	
  sequence	
  and	
  the	
  seven	
  heptad	
  repeats.	
  (B)	
  Shows	
  the	
  
coiled	
  coil	
  of	
  Tpm	
  and	
  the	
  N-­‐terminus	
  and	
  C-­‐terminus	
  (Whitby	
  and	
  Phillips,	
  2000).  

.	
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1.5.4   Characteristic	
  features	
  of	
  tropomyosin	
  structure	
  

A	
   high	
   resolution	
   structure	
   of	
   Tpm	
   (1-­‐2A)	
   has	
   not	
   yet	
   been	
   determined	
   due	
   to	
   the	
  

difficulty	
   to	
   obtain	
   high	
   quality	
   crystals.	
   However,	
   several	
   research	
   groups	
   have	
  

determined	
  the	
  atomic	
  structure	
  of	
  several	
  fragments	
  of	
  skeletal	
  muscle	
  α-­‐Tpm	
  at	
  gigh	
  

resolution	
  (Whitby	
  and	
  Phillips,	
  2000).	
  In	
  solution,	
  Tpm	
  forms	
  high	
  quality	
  crystals	
  and	
  

para-­‐crystals,	
  also	
  called	
  Bailey	
  crystals.	
  These	
  para-­‐crystals	
  have	
  a	
  high	
  solvent	
  content	
  

(>	
  90	
  %)	
  and	
  are	
  characterized	
  by	
  a	
  blurred	
  X-­‐ray	
  diffraction	
  pattern.	
  Crystals	
  at	
  7	
  Å	
  

resolution	
  were	
  used	
  to	
  determine	
  information	
  about	
  the	
  general	
  form	
  and	
  package	
  of	
  

individual	
   molecules	
   (Whitby	
   and	
   Phillips,	
   2000).	
   Since	
   Tpm	
   produces	
   a	
   variety	
   of	
  

crystalline	
  and	
  paracrystalline	
  forms,	
  it	
  is	
  thought	
  to	
  be	
  that	
  Tpm	
  molecule	
  exhibits	
  high	
  

conformational	
  mobility	
  and	
  is	
  not	
  a	
  pure	
  coiled-­‐coil	
  α-­‐helix.	
  A	
  high	
  resolution	
  structure	
  

for	
  the	
  N-­‐terminal	
  fragment	
  of	
  chicken	
  skeletal	
  muscle	
  α-­‐Tpm	
  has	
  been	
  obtained	
  and	
  

had	
  shown	
  that	
  the	
  hydrophobic	
  core	
  contained	
  two	
  Alanine	
  clusters.	
  In	
  the	
  region	
  of	
  

residues	
  15–36	
  of	
  the	
  N-­‐terminal	
  fragment,	
  a	
  characteristic	
  feature	
  was	
  noted	
  in	
  which	
  

the	
  distance	
  between	
  the	
  two	
  Tpm	
  chains	
  was	
  shortened	
  to	
  8	
  Å,	
  while	
  the	
  inter-­‐chain	
  

distance	
  was	
   9.5–10	
  Å.	
  Moreover,	
  within	
   the	
   region	
   coinciding	
  with	
   the	
  Ala	
   cluster,	
  

there	
  was	
  an	
  axial	
  shift	
  of	
  about	
  1	
  Å	
   in	
  the	
  Tpm	
  chains	
  relatively	
  to	
  each	
  other.	
  The	
  

chains	
  shift	
  showed	
  that	
  the	
  Tpm	
  molecule	
  is	
  bending	
  in	
  the	
  place	
  of	
  the	
  Ala	
  clusters	
  

(on	
   average	
   by	
   6°)	
   (Brown	
   et	
   al.,	
   2001).	
   In	
   2005,	
   a	
   high	
   resolution	
   structure	
   was	
  

obtained	
   for	
   the	
   central	
   part	
   (89-­‐208)	
   of	
   the	
   rat	
   α-­‐Tpm.	
   This	
   redion	
   is	
   of	
   interest	
  

because	
  of	
  its	
  significant	
  instability	
  (Brown	
  et	
  al.,	
  2005).	
  The	
  results	
  were	
  in	
  agreement	
  

with	
  previous	
  findings	
  (Brown	
  et	
  al.,	
  2001).	
   In	
  the	
  tropomyosin	
  stretch	
  residues	
  150-­‐

160,	
  is	
  present	
  another	
  set	
  of	
  Ala	
  clusters	
  which	
  allows	
  for	
  the	
  bending	
  of	
  the	
  molecule	
  

due	
  to	
  local	
  shortening	
  of	
  the	
  double	
  helix	
  radius.	
  It	
  was	
  also	
  noted	
  that	
  the	
  alternating	
  

of	
  canonical	
  residues	
  with	
  a	
  large	
  hydrophobic	
  residue	
  (e.g.	
  Met127	
  and	
  Met141)	
  with	
  

Ala	
  clusters	
  in	
  position	
  d	
  (Ala102,	
  Ala109,	
  and	
  Ala116)	
  and	
  in	
  position	
  a	
  (Ala134).	
  The	
  

alternation	
  of	
  these	
  residues	
  resulted	
  into	
  the	
  formation	
  of	
  cavities	
  in	
  the	
  hydrophobic	
  

core	
  of	
  the	
  central	
  part	
  of	
  the	
  Tpm	
  molecule.	
  The	
  presence	
  of	
  these	
  cavities	
  is	
  correlated	
  

to	
   the	
   bending.	
  Maeda’s	
   group	
  has	
   also	
   analysed	
   the	
   C-­‐terminal	
   fragment	
   of	
   rabbit	
  

skeletal	
  muscle	
  α-­‐Tpm	
  and	
  confirmed	
  the	
  earlier	
  findings	
  (Nitanai	
  et	
  al.,	
  2007;	
  Minakata	
  

et	
  al.,	
  2008).	
  	
  Overall,	
  their	
  studies	
  demonstrated	
  the	
  presence	
  of	
  occasional	
  breaks	
  in	
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the	
  canonical	
  heptad,	
  which	
  cause	
  a	
  bend	
  in	
  the	
  otherwise	
  straight	
  helix.	
  This	
  enables	
  

tropomyosin	
  to	
  wrap	
  around	
  the	
  actin	
  double	
  helix.	
  There	
  are	
  also	
  two	
  global	
  bend	
  at	
  

two	
  points	
   in	
   the	
   sequence	
   (D137	
  and	
  E218).	
  Moore	
  et	
  al.,	
   studied	
   the	
  bend	
  at	
   the	
  

conserved	
  D137	
  and	
  found	
  that	
  it	
  destabilises	
  the	
  α-­‐helical	
  structure	
  and	
  increases	
  the	
  

flexibility	
   in	
   this	
   region	
   (Moore	
   et	
   al.,	
   2001).	
   Further	
   deviations	
   from	
   the	
   canonical	
  

hydrophobic	
  core	
  motif	
  (presence	
  of	
  Ser,	
  Thr,	
  Cys,	
  Gln	
  and	
  Lys	
  in	
  positions	
  a	
  or	
  d)	
  caused	
  

an	
   increase	
   segmental	
   flexibility	
   which	
   is	
   necessary	
   for	
   the	
   change	
   in	
   the	
   actin-­‐

tropomyosin	
  conformation	
  during	
  the	
  activation	
  and	
  relaxation	
  of	
  muscle	
  (Kwok	
  et	
  al.,	
  

2004).	
  

	
  

In	
   thin	
   filaments,	
   tropomyosin	
   forms	
   a	
   continuous	
   strand	
   due	
   to	
   nine	
   amino	
   acids	
  

overlap	
  of	
  the	
  N	
  and	
  C	
  termini	
  of	
  adjacent	
  proteins.	
  In	
  this	
  region,	
  the	
  four	
  chains	
  form	
  

a	
  quadruple	
  helix	
   that	
  maintains	
   the	
  rigidity	
  of	
   the	
  coiled-­‐coil	
   region.	
  A	
  study	
  of	
   the	
  

overlap	
  complex	
  of	
  Tpm	
  showed	
  that	
  there	
  was	
  an	
  insertion	
  of	
  11	
  residues	
  of	
  the	
  N-­‐

terminal	
  of	
  one	
  coiled	
  coil	
  into	
  the	
  resulting	
  cleft	
  of	
  the	
  chains	
  of	
  the	
  C-­‐terminal	
  of	
  the	
  

adjacent	
  coiled	
  coil	
  (Greenfield	
  et	
  al.,	
  2006).	
  Moreover,	
  this	
  study	
  showed	
  a	
  rotation	
  of	
  

the	
   plane	
   N-­‐terminal	
   coiled	
   coil	
   with	
   90°	
   relative	
   to	
   the	
   plane	
   of	
   the	
   C-­‐terminal	
  

(Greenfield	
  et	
  al.,	
  2006).	
  

	
  

1.5.5   Tropomyosin	
  acetylation	
  

The	
  most	
  important	
  post-­‐translational	
  modifications	
  that	
  takes	
  place	
  on	
  tropomyosin	
  is	
  

the	
  N-­‐terminal	
   acetylation.	
   Initially,	
   several	
   studies	
   have	
   shown	
   that	
   in	
   skeletal	
   and	
  

smooth	
   muscles	
   the	
   Tpm	
   high	
   affinity	
   binding	
   with	
   actin	
   requires	
   an	
   N-­‐terminal	
  

acetylation	
   (Hitchcock-­‐DeGregori	
   and	
   Heald,	
   1987;	
   Monteiro	
   et	
   al.,	
   1994).	
   In	
   the	
  

absence	
  of	
   troponin	
  and	
   lack	
  of	
   acetylation	
  of	
   skeletal	
  muscle	
   Tpm,	
   actin	
  binding	
   is	
  

inhibited	
  (Urbancikova	
  and	
  Hitchcock-­‐DeGregori,	
  1994).	
  Skeletal	
  muscle	
  tropomyosin	
  

acetylation	
  occurs	
  at	
  the	
  N-­‐terminal	
  Methionine	
  which	
  was	
  shown	
  to	
  be	
  critical	
  for	
  end-­‐

to-­‐end	
   interaction	
   and	
   cooperativity	
   of	
   tropomyosin	
   binding	
   to	
   actin	
   (Hitchcock-­‐

DeGregori	
  and	
  Heald,	
  1987;	
  Heald	
  and	
  Hitchcock-­‐	
  DeGregori,	
  1988).	
  The	
  N-­‐terminal	
  and	
  

C-­‐terminal	
  parts	
  of	
  tropomyosin	
  are	
  crucial	
  for	
  tropomyosin	
  polymerisation	
  and	
  binding	
  

to	
  actin.	
  It	
  has	
  been	
  reported	
  that	
  the	
  reduction	
  in	
  actin	
  affinity	
  induced	
  by	
  the	
  absence	
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of	
  acetylation	
  was	
  caused	
  by	
  the	
  disruption	
  of	
  the	
  structure	
  of	
  the	
  N-­‐terminal	
  and	
  C-­‐

terminal	
   (Cho	
   et	
   al.,	
   1990;	
   Urbancikova	
   and	
   Hitchcock-­‐DeGregori,	
   1994).	
   It	
   was	
  

suggested	
  that	
  acetylation	
  stabilizes	
   the	
   formation	
  of	
   the	
  coiled-­‐coil	
   structure	
   in	
   the	
  

junction	
  between	
  two	
  adjacent	
  tropomyosin	
  molecules	
  (Greenfield	
  et	
  al.,	
  1994).	
  A	
  study	
  

compared	
  the	
  actin	
  binding	
  of	
  tropomyosin	
  molecules	
  expressed	
  as	
  a	
  fusion	
  and	
  non-­‐

fusion	
   proteins.	
   The	
   fusion	
   Tpm	
   proteins	
   with	
   addition	
   of	
   80	
   amino	
   acids	
   showed	
  

normal	
  binding	
  to	
  the	
  actin	
  (Hitchcock-­‐DeGregori	
  and	
  Heald,	
  1987).	
  It	
  has	
  been	
  shown	
  

that	
  for	
  bacterially	
  expressed	
  tropomyosin	
  (lacking	
  the	
  acetylation),	
  the	
  addition	
  of	
  di	
  

or	
  tri	
  peptides	
  at	
  the	
  N-­‐terminal	
  did	
  mimic	
  the	
  acetylation	
  of	
  Methionine	
  and	
  produced	
  

a	
  protein	
  able	
  to	
  bind	
  actin	
  and	
  polymerised	
  easily	
  (Monteiro	
  et	
  al.,	
  1994).	
  However,	
  

this	
  effect	
  is	
  altered	
  in	
  different	
  isoforms	
  of	
  tropomyosin.	
  For	
  instance,	
  the	
  actin	
  binding	
  

affinity	
   showed	
   an	
   eight-­‐fold	
   reduction	
   for	
   non-­‐acetylated	
   β	
   Tpm	
   and	
   a	
   forty-­‐fold	
  

reduction	
   for	
   non-­‐acetylated	
   α	
   Tpm	
   (Coulton	
   et	
   al.,	
   2006).	
   Bacterially	
   systems	
  

expressing	
  Tpms	
  are	
  lacking	
  the	
  N-­‐terminal	
  acetylation.	
  Therefore,	
  addition	
  of	
  a	
  di-­‐	
  or	
  

tripeptide	
  at	
  the	
  N-­‐terminus	
  mimics	
  the	
  N-­‐acetyl	
  group	
  of	
  muscles	
  Tpm	
  and	
  enhances	
  

the	
  actin	
  Tpm	
  binding	
  (Monteiro	
  et	
  al.,	
  1994).	
  

	
  

1.5.6   Tropomyosin	
  dynamics	
  

The	
   interaction	
   of	
   Tpm	
   with	
   other	
   thin	
   filaments	
   proteins	
   is	
   dependent	
   on	
   Tpm	
  

dynamics	
  (Li	
  et	
  al.,	
  2009).	
  Tpm	
  dynamics	
  can	
  be	
  classified	
  as	
  internal	
  dynamic	
  motions	
  

and	
  global	
  dynamics	
  as	
  reviewed	
  by	
  El-­‐mezgueldi	
  (2014).	
  Several	
  research	
  groups	
  have	
  

studied	
   tropomyosin	
   dynamics	
   using	
   a	
   wide	
   range	
   of	
   experiments,	
   including	
  

fluorescence	
   spectroscopy,	
   NMR	
   spectroscopy,	
   mutagenesis,	
   atomic	
   force	
  

spectroscopy	
   and	
  molecular	
   dynamics	
   simulations	
   (Barua	
  et	
   al.,	
   2013;	
   Brown	
  et	
   al.,	
  

2001;	
  Greenfield	
  et	
  al.,	
  2001,	
  2006;	
  Ischii	
  and	
  Lehrer,	
  1991;	
  Lehrer	
  and	
  Qian,	
  1990;	
  Li	
  et	
  

al.,	
  2009,	
  2010;	
  Sousa	
  et	
  al.,	
  2010).	
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Studies	
  using	
  hydrogen	
  exchange	
  have	
  confirmed	
  that	
  20	
  %	
  of	
  Tpm	
  was	
  immobile	
  which	
  

means	
  that	
  the	
  tropomyosin	
  is	
  a	
  highly	
  dynamic	
  molecule	
  (Sanders	
  et	
  al.,	
  1988).	
  The	
  

presences	
  of	
  multiple	
  transitions	
  in	
  the	
  unfolding	
  domains	
  of	
  the	
  Tpm	
  molecule	
  were	
  

found	
  during	
  the	
  denaturation	
  of	
  Tpm	
  by	
  heat	
  or	
  by	
  chemotropic	
  agents	
  (Ishii	
  et	
  al.,	
  

1992).	
   The	
   excimer	
   fluorescence	
   in	
   pyrene-­‐Tpm	
   at	
   the	
   interface	
   of	
   the	
   two	
   chains	
  

around	
   Cys	
   190	
   was	
   suggested	
   to	
   be	
   caused	
   by	
   local	
   unfolding	
   of	
   the	
   coiled	
   coil	
  

(Graceffa	
  and	
  Lehrer,	
  1980).	
  The	
  ability	
  of	
  Tpm	
  to	
  bend	
  in	
  opposite	
  directions	
  in	
  the	
  axis	
  

of	
  the	
  coiled	
  coil	
  is	
  believed	
  to	
  be	
  due	
  to	
  the	
  Ala	
  clusters,	
  which	
  increases	
  flexibility.	
  The	
  

Tpm	
  molecule	
  can	
  have	
  as	
  many	
  as	
  128	
  bent	
  conformations	
  of	
  equal	
  energy	
  due	
  to	
  the	
  

presence	
  of	
  Ala	
  clusters	
   (Brown	
  et	
  al.,	
  2001).	
   In	
   the	
  middle	
  part	
  of	
   the	
   tropomyosin	
  

molecule	
  precisely	
  at	
  position	
  d	
  in	
  the	
  heptad	
  repeat,	
  a	
  polar	
  and	
  negatively	
  charged	
  

amino	
  acid	
  (Asp-­‐137)	
  is	
  found.	
  This	
  induces	
  instability	
  of	
  Tpm	
  at	
  this	
  residue	
  as	
  shown	
  

by	
  tryptic	
  cleavage	
  at	
  Arg-­‐133	
  and	
  Ala-­‐134	
  (Sumida	
  et	
  al.,	
  2008).	
  A	
  slight	
   increase	
   in	
  

local	
  flexibility	
  was	
  seen	
  in	
  a	
  molecular	
  dynamics	
  simulation	
  where	
  Asp-­‐137	
  mutated	
  to	
  

a	
  canonical	
  Leu	
  (Nirody	
  et	
  al.,	
  2010).	
  A	
  decrease	
  in	
  the	
  end-­‐to-­‐end	
  angle	
  of	
  the	
  Tpm	
  rod	
  

resulted	
   from	
   this	
   single	
   amino	
   acid	
   mutation,	
   which	
   indicated	
   that	
   the	
   Tpm	
   rod	
  

straightened	
  or	
  there	
  was	
  a	
  decrease	
  of	
  the	
  Tpm	
  curvature	
  (Moore	
  et	
  al.,	
  2011).	
  The	
  

consequences	
  of	
  Asp-­‐137	
  presence	
  is	
  to	
  destabilize	
  the	
  middle	
  region	
  of	
  Tpm	
  and	
  to	
  

induce	
  the	
  flexibility	
  of	
  Tpm	
  to	
  move	
  over	
  actin.	
  Also,	
  the	
  presence	
  of	
  non-­‐canonical	
  

amino	
   acid	
   Gly-­‐126	
   increases	
   the	
   tryptic	
   digestion	
   at	
   Arg-­‐133	
   and	
   decreases	
   the	
  

temperature	
  required	
  to	
  induce	
  the	
  unfolding	
  of	
  Tpm	
  (Nevzorov	
  et	
  al.,	
  2011).	
  Glu-­‐218	
  

in	
   position	
   (a)	
   in	
   the	
   heptad	
   repeat	
   increases	
   the	
   flexibility	
   of	
   the	
   coiled	
   coil	
   and	
  

introduced	
  a	
  bend	
  that	
  was	
  non-­‐canonical	
  (Nitanai	
  et	
  al.,	
  2007)	
  

	
  

1.5.7   Tropomyosin	
  interactions	
  with	
  actin	
  

Tropomyosin	
   binds	
   actin	
   and	
   this	
   interaction	
   plays	
   a	
   key	
   role	
   in	
   the	
   cooperative	
  

allosteric	
  activation	
  and	
  inhibition	
  of	
  muscle	
  contraction	
  also	
  plays	
  a	
  cellular	
  role	
  in	
  the	
  

cytoskeleton.	
  The	
  details	
  of	
  this	
  cooperative	
  allosteric	
  mechanism	
  of	
  regulation	
  dictate	
  

the	
  physiological	
  behaviour	
  of	
  striated	
  muscle	
  and	
  its	
  alteration	
  is	
  likely	
  to	
  compromise	
  

muscle	
  performance.	
  The	
  key	
  binding	
  of	
  tropomyosin	
  interactions	
  is	
  with	
  actin.	
  Early	
  

studies	
  have	
  shown	
  that	
  tropomyosin	
  is	
  not	
  a	
  typical	
  actin	
  binding	
  protein.	
  Individual	
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tropomyosin	
  molecules	
  have	
  a	
  very	
  low	
  affinity	
  for	
  actin	
  (104	
  M-­‐1)	
  (Wegner,	
  1980).	
  This	
  

binding	
  affinity	
  only	
  becomes	
  higher	
  when	
  tropomyosin	
  molecules	
  are	
  joined	
  (Wegner,	
  

1979,	
  1980).	
  This	
  highlights	
  the	
  critical	
  role	
  played	
  by	
  the	
  N-­‐terminal	
  acetylation	
  and	
  

the	
  head	
   to	
   tail	
   interactions	
  between	
  adjacent	
   tropomyosin	
  molecules	
   in	
  binding	
   to	
  

actin.	
   Tropomyosin-­‐actin	
   binding	
   curves	
   are	
   sigmoidal	
   pointing	
   to	
   the	
   cooperative	
  

nature	
  of	
  this	
  interaction.	
  The	
  cooperativity	
  of	
  tropomyosin	
  binding	
  to	
  actin	
  is	
  thought	
  

to	
  be	
  due	
  at	
  least	
  in	
  part	
  to	
  the	
  end-­‐end	
  interactions	
  between	
  adjacent	
  tropomyosin	
  

molecules.	
  

	
  

	
  
Figure	
  1.13:	
  the	
  cooperativity	
  of	
  tropomyosin	
  to	
  actin	
  filament	
  

Best	
  fit	
  curves	
  for	
  different	
  parameter	
  of	
  cooperativity	
  (Y=1	
  no	
  cooperativity,	
  Y=4:	
  low	
  
level	
   cooperativity	
  and	
  best	
   fit	
   curve	
   is	
  obtained	
  with	
  Y=84.	
  y	
   is	
   the	
   fold	
   increase	
   in	
  
affinity.	
  Figure	
  obtained	
  from	
  Hill	
  et	
  al.,1992.	
  

	
  
	
  
Binding	
  of	
  tropomyosin	
  to	
  actin	
  is	
  also	
  very	
  salt	
  dependent	
  being	
  very	
  weak	
  at	
  low	
  ionic	
  

strength	
  (less	
  than	
  20	
  mM	
  KCl	
  and	
  1	
  mM	
  MgCl2)	
  and	
  tight	
  at	
  (100	
  mM	
  KCl	
  and	
  4	
  mM	
  

MgCl2)	
  (Eaton	
  et	
  al.,	
  1975).	
  Due	
  to	
  the	
  stoichiometry	
  of	
  tropomyosin-­‐actin	
  interaction,	
  

the	
  Tpm	
  can	
  occupies	
  two	
  positions	
  on	
  the	
  surface	
  of	
  actin	
  filaments.	
  McLachan	
  and	
  

stewart	
  (1975)	
  proposed	
  the	
  existence	
  of	
  14	
  actin	
  binding	
  motifs	
  of	
  19-­‐20	
  residues	
  in	
  

tropomyosin	
  which	
  are	
  divided	
  into	
  alternating	
  α	
  and	
  β	
  bands.	
  The	
  α	
  and	
  β-­‐bands	
  were	
  

proposed	
  to	
  represent	
  actin	
  binding	
  sites	
  for	
  two	
  different	
  thin	
  filament	
  states	
  (ON	
  and	
  

OFF	
  states).	
  The	
  α-­‐bands	
  form	
  an	
  interface	
  with	
  actin	
  in	
  the	
  absence	
  of	
  Ca2+	
  (OFF	
  state)	
  

92 Tropomyosin

polymerization-disrupting.21,22 (2) Similarly, troponin promotes the polymerization of (normal) 
tropomyosin23,24 and in what might seem to be a corresponding effect, troponin strengthens 
tropomyosin-actin binding. However, linear lattice analysis suggests this effect is due to an increase 
in Ko.17 Despite the tendency of troponin to polymerize tropomyosin, the cooperativity parameter 
y does not increase when troponin is added. (3) Finally, the value of y does not decrease when 

Figure 3. Cooperative binding of tropomyosin to actin. Direct (top) and Scatchard (bottom) 
plots of cardiac tropomyosin binding to actin. Best fit curves are with y = 84. The other curves, 
not matching the data, show the pattern that would be found with lower levels of cooperativ-
ity and with an unchanged value for the product yKo, which is the apparent binding constant 
when cooperativity is high.
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whilst	
  in	
  the	
  presence	
  of	
  Ca2+	
  (ON	
  state),	
  tropomyosin	
  rolls	
  90°	
  so	
  that	
  the	
  β-­‐bands	
  form	
  

an	
  interface	
  with	
  actin.	
  An	
  additional	
  peculiarity	
  in	
  tropomyosin	
  binding	
  to	
  actin	
  is	
  that	
  

the	
  radius	
  of	
  Tpm	
  binding	
  to	
  actin	
  was	
  consistently	
  found	
  to	
  be	
  about	
  38–42	
  Å	
  from	
  the	
  

actin	
   filament	
   axis	
   (Xu	
   et	
   al.,	
   1999;	
   Narita	
   et	
   al.,	
   2001).	
   This	
   is	
   much	
   bigger	
   than	
  

traditional	
  protein-­‐protein	
  interaction	
  distances	
  (few	
  1-­‐5	
  Å).	
  Tropomyosin	
  appears	
  to	
  

make	
  only	
  a	
  few	
  contacts	
  with	
  actin	
  monomers	
  and	
  both	
  the	
  super-­‐helical	
  pre-­‐shaping	
  

of	
  the	
  tropomyosin	
  polymer	
  and	
  electrostatic	
  interactions	
  play	
  a	
  huge	
  role	
  in	
  its	
  binding	
  

to	
  actin	
  and	
  that	
  has	
  been	
  termed	
  ‘Gestalt	
  binding’	
  by	
  (Holmes	
  and	
  Lehman,	
  2008).	
  

	
  
	
  

	
  
	
  

Figure	
  1.14:	
  Sequence	
  of	
  skeletal	
  muscle	
  a-­‐tropomyosin	
  

The	
   figure	
   is	
   showing	
   the	
   location	
   of	
   alpha	
   and	
   beta	
   bands	
   in	
   Tpm	
   sequence	
  
corresponding	
  to	
  tropomyosin	
  binding	
  in	
  ON	
  and	
  OFF	
  state.	
  	
  
	
  
	
  
Furthermore,	
   Tpm	
   position	
   on	
   the	
   surface	
   of	
   actin	
   is	
   affected	
   by	
   several	
   allosteric	
  

effectors	
  such	
  Ca2+,	
  troponin,	
  myosin	
  head	
  (Greenfield	
  et	
  al.,	
  2002;	
  Singh	
  and	
  Hitchcock-­‐

DeGregori,	
   2003,	
   2006).	
   X-­‐ray	
   diffraction	
   patterns	
   obtained	
   from	
  muscle	
   fibres	
   and	
  

early	
  electron	
  microscopy	
  and	
  image	
  reconstruction	
  achieved	
  with	
  reconstituted	
  thin	
  

filaments,	
   suggested	
   that	
   tropomyosin	
  only	
   occupies	
   two	
  distinct	
   positions	
   (ON	
  and	
  

OFF).	
  However,	
  it	
  is	
  now	
  believed	
  that	
  these	
  studies	
  had	
  several	
  limitations.	
  The	
  fibres	
  

Alpha bands Beta bands

MDAIKKK
abcdefg

MQMLKLDKENALDRAEQAEA DKKAAEDRSKQLEDELVSL 
abcdefgabcdefgabcdef gabcdefgabcdefgabcd

QKKLKGTEDELDKYSEALKD AQEKLELAEKKATDAEADV
efgabcdefgabcdefgabc defgabcdefgabcdefga

ASLNRRIQLVEEELDRAQER LATALQKLEEAEKAADESER
bcdefgabcdefgabcdefg abcdefgabcdefgabcdef

GMKVIESRAQKDEEKMEIQE IQLKEAKHIAEDADRKYEE
gabcdefgabcdefgabcde fgabcdefgabcdefgabc

VARKLVIIESDLERAEERAE LSEGKCAELEEELKTVTNNL
defgabcdefgabcdefgab cdefgabcdefgabcdefga

KSLEAQAEKYSQKEDRYEEE IKVLSDKLKEAETRAEFAE
bcdefgabcdefgabcdefg abcdefgabcdefgabcde

RSVTKLEKSIDDLEDELYAQ KLKYKAISEELDHALNDMTSI
fgabcdefgabcdefgabcd efgabcdefgabcdefgabcd
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used	
   in	
   the	
   X-­‐ray	
   studies	
   contain	
   both	
   troponin	
   and	
   nebulin	
   and	
   the	
   position	
   of	
  

tropomyosin	
  is	
  not	
  unambiguous.	
  The	
  early	
  electron	
  microscopic	
  studies	
  had	
  only	
  a	
  20	
  

-­‐30	
  Å	
  resolution.	
  More	
  recent	
  higher	
  resolution	
  cryo-­‐electron-­‐microscopic	
  studies	
  were	
  

able	
  to	
  visualise	
  three	
  positions	
  of	
  tropomyosin	
  on	
  the	
  surface	
  of	
  the	
  actin	
  filament.	
  

These	
  positions	
  correspond	
  to	
  the	
  Blocked,	
  Closed	
  and	
  Open	
  state	
  identified	
  by	
  kinetic	
  

and	
  binding	
  studies	
  (Lehman	
  et	
  al.,	
  2013).	
  All	
  structural	
  investigations	
  have	
  indicated	
  

that	
  tropomyosin	
  changes	
  position	
  from	
  the	
  outer	
  domain	
  of	
  actin	
  (over	
  subdomain1)	
  

covering	
  most	
  of	
  actin	
  residues	
  involved	
  in	
  myosin	
  binding	
  to	
  a	
  position	
  on	
  the	
  inner	
  

domain	
   of	
   actin	
   where	
   it	
   does	
   not	
   cover	
   myosin	
   binding	
   sites	
   (Over	
   subdomain	
   4)	
  

(Brown	
  et	
  al.,	
  2005;	
  Li	
  et	
  al.,	
  2011).	
  	
  

	
  

	
  
Figure	
   1.15:	
   Tropomyosin	
   models	
   binding	
   with	
   actin	
   and	
   movements	
   on	
   actin	
  
filament.	
  

In	
  A)	
  a	
  representation	
  of	
  the	
  Tpm	
  (green	
  strips)	
  is	
  interacting	
  with	
  subdomains	
  1	
  and	
  2	
  
in	
  the	
  OFF	
  state	
  while	
  it	
  moves	
  to	
  subdomain	
  3	
  and	
  4	
  in	
  the	
  ON	
  state.	
  Pink,	
  green	
  and	
  
blue	
   dots	
   represent	
   actin	
   residues	
   involved	
   in	
   myosin	
   head	
   binding.	
   (B)	
   Shows	
   the	
  
movement	
  of	
  Tpm	
  on	
  actin	
  filament	
  from	
  Blocked	
  to	
  Closed	
  to	
  Open	
  and	
  the	
  exposition	
  
of	
  myosin	
  binding	
  sites	
  on	
  actin.	
  Original	
  structures	
  adopted	
  from	
  (Kabsch	
  et	
  al.,	
  1990;	
  
Brown	
  et	
  al.,	
  2005).	
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The	
  mechanism	
  of	
  Tpm	
  movement	
  over	
  actin	
  is	
  still	
  intensely	
  debated.	
  Several	
  research	
  

groups	
  proposed	
  that	
  Tpm	
  simply	
  slides	
  over	
  the	
  actin	
  surface	
  with	
  no	
  major	
  changes	
  

in	
  its	
  configuration	
  (Behrmann	
  et	
  al.,	
  2012;	
  Lehman	
  et	
  al.,	
  2013).	
  Other	
  have	
  proposed	
  

a	
  rolling	
  mechanism,	
  in	
  which	
  there	
  is	
  an	
  axial	
  rotation	
  of	
  the	
  Tpm	
  chain	
  about	
  its	
  axis	
  

(Bacchiocchi	
   and	
   Lehrer	
   2002;	
   Holthauzen	
   et	
   al.,	
   2004).	
   Studies	
   have	
   showed	
   two	
  

energy	
  minima	
  between	
  single	
  tropomyosin	
  molecules	
  and	
  the	
  F-­‐actin	
  filament	
  after	
  

map	
  calculation.	
  The	
  calculations	
  of	
  these	
  two	
  minima	
  showed	
  that	
  each	
  of	
  which	
   is	
  

positioned	
  over	
  a	
  distinct	
  but	
  relatively	
  shallow	
  energy	
  basin.	
  The	
  study	
  illustrates	
  two	
  

atomic	
  models	
  of	
  the	
  thin	
  filament	
  and	
  the	
  tropomyosin	
  position	
  is	
   in	
  parallel	
  to	
  the	
  

filament	
  axis	
  and	
  is	
  translated	
  longitudinally	
  by	
  24	
  Å	
  up	
  and	
  down	
  F-­‐actin	
  (Rynkiewicz	
  

et	
   al.,	
   2015).	
   The	
   findings	
   came	
   in	
   agreement	
   with	
   EM-­‐reconstructions	
   of	
   actin-­‐

tropomyosin	
  (Li	
  et	
  al.,	
  2011;	
  von	
  der	
  Ecken	
  et	
  al.,	
  2014;	
  and	
  Rynkiewicz	
  et	
  al.,	
  2015).	
  

	
  
1.5.8   Tropomyosin	
  interactions	
  with	
  troponin	
  

The	
  second	
  most	
  important	
  partner	
  of	
  tropomyosin	
  in	
  muscle	
  is	
  the	
  troponin	
  complex.	
  

While	
   tropomyosin	
   is	
  ubiquitous,	
   the	
   troponin	
   complex	
   is	
  only	
  expressed	
   in	
   striated	
  

muscle	
  (with	
  isoforms	
  specific	
  to	
  the	
  different	
  types	
  of	
  striated	
  muscle).	
  This	
  imply	
  that	
  

the	
   interaction	
   of	
   tropomyosin	
   with	
   troponin	
   is	
   particularly	
   important	
   in	
   the	
   Ca2+	
  

dependent	
   regulation	
   of	
   muscle	
   contraction.	
   The	
   interaction	
   of	
   tropomyosin	
   with	
  

troponin	
  has	
  two	
  main	
  roles.	
  The	
  first	
  one	
  is	
  to	
  link	
  the	
  site	
  of	
  Ca2+	
  dependent	
  allosteric	
  

regulation	
  to	
  the	
  actin	
  filament	
  while	
  the	
  second	
  is	
  to	
  keep	
  the	
  distribution	
  of	
  these	
  

Ca2+	
  sites	
  regular	
  along	
  the	
  entire	
  actin	
  filament.	
  On	
  the	
  other	
  hand,	
  troponin	
  increases	
  

the	
   affinity	
   of	
   tropomyosin	
   to	
   actin	
   filaments.	
   The	
   interaction	
   of	
   troponin	
   with	
  

tropomyosin	
  is	
  mediated	
  primarily	
  by	
  the	
  TnT	
  subunit.	
  As	
  discussed	
  above	
  troponin	
  T	
  

has	
   two	
   regions	
   T1	
   and	
   T2.	
   Two	
   troponin	
   T	
   regions	
   have	
   been	
   postulated	
   as	
  

tropomyosin	
  binding	
  sites:	
  the	
  first	
  is	
  at	
  troponin	
  residues	
  1-­‐158	
  (T1	
  segment)	
  while	
  the	
  

second	
  is	
  at	
  residues	
  159-­‐259	
  located	
  close	
  to	
  the	
  C-­‐terminal	
  end	
  (T2	
  segment)	
  (Figure	
  

1.16).	
  It	
  has	
  been	
  found	
  that	
  after	
  removing	
  residues	
  70-­‐150	
  the	
  interaction	
  of	
  troponin	
  

T	
  with	
  tropomyosin	
  is	
  significantly	
  reduced	
  implying	
  that	
  this	
  region	
  of	
  troponin	
  T	
  is	
  an	
  

important	
  tropomyosin	
  binding	
  site	
  (Fisher	
  et	
  al.,	
  1995).	
  The	
  site	
  within	
  residues	
  70-­‐150	
  

is	
  possibly	
   the	
  main	
  Ca2+	
  independent	
  site	
  of	
   the	
  TnT-­‐tropomyosin	
   interaction	
  and	
   is	
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therefore	
  not	
  involved	
  in	
  the	
  Ca2+	
  dependent	
  allosteric	
  transition.	
  The	
  interaction	
  at	
  this	
  

site	
  helps	
  keep	
  the	
  troponin	
  complex	
  always	
  attached	
  to	
  the	
  thin	
  filament.	
  It	
  has	
  been	
  

proposed	
  that	
  a	
  triple	
  coiled	
  coil	
  is	
  formed	
  between	
  this	
  region	
  of	
  TnT	
  and	
  tropomyosin	
  

which	
   is	
   stabilized	
   by	
   hydrophobic	
   interactions	
   (Perry,	
   1998).	
   This	
   TnT	
   segment	
   is	
  

thought	
   to	
  bind	
  at	
   the	
  C-­‐terminus	
  of	
   the	
   tropomyosin	
  dimer	
   (258-­‐284)	
  and	
  possibly	
  

extends	
  over	
  the	
  junction	
  with	
  the	
  adjacent	
  tropomyosin	
  molecule	
  (Mak	
  and	
  smillie,	
  

1981).	
  The	
  interaction	
  of	
  the	
  second	
  site	
  (TnT	
  residues	
  159-­‐259)	
  is	
  Ca2+	
  dependent	
  and	
  

involves	
  in	
  the	
  tropomyosin	
  region	
  around	
  Cys-­‐190	
  of	
  tropomyosin	
  possibly	
  189-­‐213.	
  

(Pearlstone	
  and	
  Smillie,	
  1983;	
  Filatov	
  et	
  al.,	
  1999).	
  

	
  

	
  
Figure	
  1.16:	
  A	
  schematic	
  representation	
  of	
  tropomyosin	
  interaction	
  with	
  Troponin	
  T	
  

The	
  figure	
  shows	
  tropomyosin	
  coiled	
  coil	
  and	
  numbers	
  of	
  amino	
  acids.	
  The	
  blue	
  box	
  
represents	
  the	
  TnT	
  segments	
  binding	
  T1	
  and	
  T2	
  with	
  tropomyosin.	
  The	
  interaction	
  of	
  
the	
  two	
  segments	
  with	
  Tpm	
  is	
  from	
  150-­‐284.	
  (Whitby	
  and	
  Phillips,	
  2000).	
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1.5.9   Tropomyosin	
  function	
  	
  

Early	
  Studies	
  of	
  the	
  function	
  of	
  thin	
  filaments	
  components	
  showed	
  that	
  in	
  the	
  absence	
  

of	
  tropomyosin,	
  the	
  thin	
  filament	
  activation	
  of	
  myosin	
  head	
  ATPase	
  was	
  hyperbolic	
  and	
  

follows	
  simple	
  Michaels	
  Menten	
  kinetics.	
  In	
  the	
  presence	
  of	
  tropomyosin,	
  the	
  effects	
  of	
  

thin	
   filaments	
  became	
  cooperative	
  with	
  or	
  without	
  the	
  troponin.	
  These	
  experiments	
  

demonstrated	
   that	
   the	
   first	
   function	
  of	
   tropomyosin	
   in	
   thin	
   filament	
   is	
   to	
   introduce	
  

cooperativity	
  (Lehrer	
  and	
  Morries,	
  1982;	
  Lehrer	
  and	
  Geeves,	
  1998)	
  (figure	
  1.17).	
  

	
  

	
  
Figure	
  1.17:	
  The	
  tropomyosin	
  cooperativity	
  on	
  thin	
  filament.	
  

A)	
   Shows	
   the	
   effect	
   of	
   presence	
   and	
   absence	
   of	
   tropomyosin	
   on	
   thin	
   filament	
  
cooperativity.	
   B)	
   Shows	
   the	
   importance	
  of	
   tropomyosin	
  polymerisation	
   to	
   introduce	
  
cooperativity	
  to	
  thin	
  filament	
  and	
  that	
  is	
  based	
  on	
  the	
  interaction	
  and	
  acetylation	
  of	
  the	
  
tropomyosin	
  molecules.	
  Figures	
  adopted	
  from	
  (Lehrer	
  and	
  Morries,	
  1982;	
  Orzechowski	
  
et	
  al.,	
  2014).	
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Cooperativity	
  is	
  defined	
  as	
  an	
  increase	
  in	
  the	
  affinity	
  of	
  a	
  ligand	
  in	
  a	
  multimeric	
  complex	
  

as	
   the	
   occupancy	
   of	
   the	
   different	
   sites	
   increases.	
   Traditionally,	
   cooperativity	
   was	
  

studied	
   in	
  oxygen	
  binding	
  to	
  haemoglobin,	
  haemoglobin	
   is	
  however	
  a	
  simple	
  system	
  

where	
  each	
   isolated	
   independent	
   tetramer	
  acts	
  as	
  a	
  unit.	
  Thin	
   filaments	
  are	
  a	
  more	
  

complex	
  system	
  since	
  it	
  is	
  a	
  continuous	
  system	
  with	
  hundreds	
  of	
  monomers	
  in	
  a	
  single	
  

filament	
   (Boussouf	
  and	
  Geeves,	
  2007).	
   Furthermore,	
   in	
   thin	
   filament	
  each	
  Tpm	
  only	
  

interacts	
  with	
  one	
  strand	
  of	
  the	
  actin	
  filament	
  (out	
  of	
  the	
  2	
  strands).	
  The	
  head	
  to	
  tail	
  

interaction	
  is	
  thought	
  to	
  remain	
  even	
  when	
  the	
  local	
  position	
  of	
  Tpm	
  on	
  the	
  surface	
  of	
  

actin	
  changes.	
  The	
  determinants	
  of	
  thin	
  filament	
  cooperativity	
  are	
  not	
  well	
  understood.	
  

Hill	
  (1980)	
  proposed	
  that	
  the	
  nearest	
  neighbour	
  Tpm-­‐Tn	
  interactions	
  are	
  the	
  origin	
  of	
  

thin	
  filament	
  cooperativity	
   (Hill	
  et	
  al.,	
  1980).	
  Others	
  have	
  separated	
  short	
  range	
  and	
  

long-­‐range	
  cooperativity.	
  	
  The	
  3-­‐state	
  model	
  proposed	
  by	
  McKillop	
  and	
  Geeves	
  (1993)	
  

did	
  not	
  require	
  longer-­‐range	
  cooperativity	
  and	
  the	
  cooperativity	
  was	
  discussed	
  in	
  the	
  

context	
  of	
  a	
  single	
  isolated	
  structural	
  unit	
  of	
  (7	
  actin:	
  1	
  Tpm:1	
  Tn)	
  (McKillop	
  and	
  Geeves,	
  

1993).	
   The	
   cooperativity	
   in	
   these	
   cases	
   were	
   attributed	
   to	
   tropomyosin	
   global	
  

repositioning	
   over	
   the	
   myosin	
   binding	
   sites	
   on	
   actin	
   (Poole	
   et	
   al.,	
   2006).	
   The	
  

tropomyosin	
  stiffness	
  allows	
  the	
  translocation	
  of	
  the	
  Ca2+	
  binding	
  to	
  troponin	
  and/or	
  

myosin	
  binding	
  to	
  actin	
  signals	
  up	
  and	
  down	
  the	
  thin	
  filament.	
  Tropomyosin	
  is	
  trapped	
  

in	
  one	
  or	
  another	
  regulatory	
  position	
  on	
  thin	
  filaments	
  when	
  Ca2+	
  frees	
  Tn	
  and	
  myosin	
  

head	
  binds	
  actin.	
  Therefore,	
  the	
  propagated	
  repositioning	
  of	
  semi-­‐rigid	
  tropomyosin	
  on	
  

actin	
  under	
  the	
  influence	
  of	
  troponin	
  and	
  myosin	
  will	
  defines	
  the	
  simple	
  cooperative	
  

on-­‐off	
   switching	
  mechanism	
   (Holmes	
   and	
   Lehman,	
   2008).	
   The	
   cooperative	
   unit	
  n	
   is	
  

defined	
  by	
  the	
  average	
  number	
  of	
  actin	
  sites	
  activated	
  by	
  the	
  binding	
  of	
  a	
  single	
  myosin	
  

head	
  to	
  an	
  actin	
  filament.	
  The	
  continuous	
  Tpm-­‐Tpm	
  strand	
  along	
  the	
  surface	
  of	
  actin	
  

and	
  actin-­‐actin	
  contacts	
  are	
  likely	
  the	
  determinants	
  of	
  long-­‐range	
  cooperativity.	
  Overall,	
  

tropomyosin	
   is	
   considered	
   as	
   fundamental	
   protein	
   for	
   the	
   cooperativity	
   allosteric	
  

regulator	
  of	
  muscle	
  contraction	
  (Lehrer,	
  2011).	
  

	
  
Other	
  determinants	
  of	
  cooperativity	
  are	
  Ca2+	
  binding	
  to	
  troponin	
  and	
  myosin	
  binding	
  to	
  

actin.	
  Skeletal	
  muscle	
  TnC	
  has	
  4	
  Ca2+	
  binding	
  sites	
  and	
  the	
  cooperativity	
  of	
  Ca2+	
  binding	
  

to	
  thin	
  filaments	
  may	
  contribute	
  to	
  thin	
  filament	
  cooperativity	
  (Moore	
  et	
  al.,	
  2011).	
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1.5.10  	
  Tropomyosin	
  in	
  disease	
  

Mutations	
   in	
   three	
   tropomyosin	
   genes	
   (Tpm1,	
   Tpm2	
   and	
   Tpm3)	
   (fast	
   skeletal	
   α-­‐

tropomyosin,	
   skeletal	
   muscle	
   b-­‐tropomyosin	
   and	
   skeletal	
   muscle	
   g-­‐tropomyosin	
  

isoforms)	
  have	
  been	
  implicated	
  in	
  several	
  cardiac	
  and	
  skeletal	
  muscle	
  genetic	
  diseases.	
  

Mutations	
  in	
  α-­‐tropomyosin	
  have	
  been	
  described	
  in	
  genetic	
  hypertrophic	
  (HCM)	
  and	
  

dilated	
  (DCM)	
  cardiomyopathies.	
  HCM	
  is	
  a	
  disease	
  characterised	
  by	
  increased	
  thickness	
  

of	
  the	
  wall	
  of	
  the	
  ventricles	
  (Fig	
  1.18)	
  and	
  is	
  associated	
  with	
  a	
  high	
  risk	
  of	
  sudden	
  death.	
  

DCM	
  is	
  a	
  cardiac	
  disease	
  characterised	
  by	
  an	
   increase	
  of	
  the	
  volume	
  of	
  the	
  ventricle	
  

DCM	
  leads	
  to	
  heart	
  failure	
  and	
  is	
  life	
  threatening.	
  

	
  

Several	
   mutations	
   in	
   α-­‐tropomyosin	
   were	
   described	
   in	
   genetic	
   hypertrophic	
  

cardiomyopathies	
   including	
   A22S,	
   D58H,	
   E62Q,	
   A63V,	
   K70T,	
   V95A,	
   A107T,	
   I172T,	
  

D175N;	
   E180G,	
   E180V,	
   L185R,	
   S215L,	
   M281T	
   and	
   I284V	
   (Thierfelder	
   at	
   al.,	
   1994,	
  

Wernicke	
   at	
   al.,	
   1999).	
   The	
   impact	
   of	
   these	
   mutations	
   on	
   tropomyosin	
   structure,	
  

interactions	
  with	
   actin	
   and	
   troponin,	
   and	
   functional	
   properties	
   such	
   as	
   cooperative	
  

allosteric	
   regulation	
   of	
   actomyosin	
   ATPase	
   activity	
   and	
   in	
   vitro	
   motility	
   have	
   been	
  

intensively	
   studied.	
   The	
   results	
   showed	
   that,	
   in	
   general,	
   these	
  mutations	
   led	
   to	
   an	
  

increase	
   in	
   thin	
   filament	
   calcium	
   sensitivity	
   compared	
   to	
   wild	
   type	
   tropomyosin	
  

(Bottellini	
   at	
   al.,	
   1998).	
   Some	
   but	
   not	
   all	
   mutations	
   displayed	
   a	
   slight	
   impact	
   on	
  

tropomyosin	
  structure	
  as	
  measured	
  by	
  thermal	
  stability	
  assays.	
  For	
  instance,	
  mutation	
  

Asp175Asn	
   showed	
   no	
   significant	
   effect	
   on	
   the	
   thermal	
   denaturation	
   with	
   F-­‐actin	
  

bound	
  Tpm	
  while	
  E180G	
  has	
  decreased	
  the	
  thermal	
  denaturation	
  with	
  F-­‐actin	
  bound	
  

Tpm	
  (Kremneva	
  et	
  al.,	
  2004).	
  A	
  pathophysiological	
  interpretation	
  of	
  this	
  effect	
  was	
  put	
  

forward.	
  It	
  was	
  suggested	
  that	
  in	
  the	
  case	
  of	
  the	
  common	
  cold	
  or	
  intensive	
  muscular	
  

activity	
  when	
   temperature	
   in	
   the	
   heart	
   increases	
   by	
   only	
   a	
   few	
   degrees	
   the	
   E180G	
  

mutation	
  begins	
  to	
  dissociate	
  from	
  the	
  actin	
  filament	
  surface	
  and	
  denature	
  (Nevzorov	
  

et	
  al.,	
  2008).	
  Another	
  study	
  on	
  cardiomyopathy	
  associated	
  mutations	
  in	
  tropomyosin	
  

(E180G,	
  E180V,	
  L185R	
  and	
  I172T)	
  showed	
  several	
  differences	
  in	
  tropomyosin	
  structure	
  

and	
   function	
   (Matyushenko	
   et	
   al.,	
   2016).	
   The	
   C-­‐terminal	
   thermal	
   stability	
   has	
   been	
  

reduced	
  by	
  all	
  these	
  mutations.	
  The	
  in	
  vitro	
  motility	
  assay	
  revealed	
  an	
  increase	
  in	
  thin	
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filament	
  calcium	
  sensitivity	
  and	
  the	
  velocity	
  of	
  thin	
  filament	
  movement	
  over	
  myosin	
  by	
  

tropomyosin	
  mutations	
  E180G,	
  E180V,	
  L185R	
  (Matyushenko	
  et	
  al.,	
  2016).	
  A	
  study	
  on	
  

both	
  DCM	
  (E40K	
  and	
  E54K)	
  and	
  HCM	
  mutations	
  (D175N	
  and	
  E180G)	
  showed	
  that	
  these	
  

mutations	
   affected	
   the	
   sliding	
   velocity	
   of	
   actin	
   filament	
   movement	
   in	
   the	
   in	
   vitro	
  

motility	
  assay	
  (Kopylova	
  et	
  al.,	
  2016).	
  This	
  study	
  showed	
  that	
  tropomyosin	
  mutations	
  

D175N	
   and	
   E180G	
   increased	
   both	
   thin	
   filament	
   calcium	
   sensitivity	
   and	
   their	
   sliding	
  

velocity.	
  For	
  Tpm	
  E54K,	
  the	
  sliding	
  velocity	
  increased	
  but	
  the	
  calcium	
  sensitivity	
  was	
  not	
  

affected.	
  Tpm	
  E40K	
  showed	
  a	
  reduction	
  in	
  calcium	
  sensitivity	
  and	
  thin	
  filament	
  sliding	
  

velocity	
   (Kopylova	
  et	
  al.,	
  2016).	
  Overall	
   these	
  studies	
  demonstrate	
   that	
   tropomyosin	
  

aminoacid	
  mutations	
  affect	
  tropomyosin	
  function.	
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Figure	
   1.18:	
   cross-­‐sections	
   of	
   hearts	
   obtained	
   from	
   normal	
   people	
   and	
   patients	
  
suffering	
  from	
  HCM	
  or	
  DCM.	
  

The	
  figure	
  displays	
  changes	
  in	
  the	
  heart	
  chambers	
  morphology	
  between	
  Normal	
  heart	
  
(B)	
  HCM	
  hearts	
  (A)	
  and	
  DCM	
  hearts	
  (C)	
  (Seidman	
  and	
  Seidman,	
  2001).	
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Congenital	
  skeletal	
  muscle	
  myopathies	
  are	
  neuromuscular	
  disorders	
  characterized	
  by	
  

hypotonia	
  and	
  non-­‐progressive	
  or	
  slowly	
  progressive	
  skeletal	
  muscle	
  weakness.	
  These	
  

myopathies	
  have	
  clinical	
   features	
   including	
  floppiness	
  at	
  birth,	
  slender	
  body	
  habitus,	
  

and	
  high-­‐arched	
  palate	
  and	
  respiratory	
  impairment.	
  Recently,	
  it	
  has	
  been	
  shown	
  that	
  

there	
   are	
   more	
   than	
   140	
   mutations	
   associated	
   with	
   various	
   congenital	
   skeletal	
  

myopathies	
  in	
  actin,	
  myosin,	
  Tpm	
  and	
  Tn.	
  Examples	
  of	
  congenital	
  skeletal	
  myopathies	
  

associated	
  with	
  these	
  mutations,	
  are	
  Congenital	
  Fibre-­‐Type	
  Disproportion	
  (CFTD),	
  rod-­‐

core	
  myopathy,	
  intranuclear	
  rod	
  myopathy,	
  distal	
  myopathy,	
  distal	
  arthrogryposis,	
  cap	
  

disease,	
   actin	
   myopathy,	
   nemaline	
   myopathy	
   (Ochala,	
   2008).	
   The	
   first	
   mutation	
  

identified	
   in	
  Tpm3	
   (slow	
   skeletal	
  α-­‐tropomyosin)	
  was	
  a	
   case	
  of	
  nemaline	
  myopathy,	
  

however	
   recently	
   many	
   more	
   mutations	
   have	
   been	
   identified	
   both	
   in	
   Tpm2	
   (β-­‐

tropomyosin,	
   nemaline	
   and	
   cap	
   myopathy)	
   and	
   in	
   Tpm3	
   where	
   there	
   is	
   a	
   strong	
  

association	
  with	
  (CFTD).	
  Cap	
  disease	
  and	
  distal	
  arthrogryposis	
  are	
  caused	
  by	
  mutation	
  

in	
  Tpm2	
  while	
  CFTD	
  is	
  caused	
  by	
  mutation	
  in	
  Tpm3.	
  Moreover,	
  NM	
  myopathy	
  is	
  caused	
  

by	
  mutations	
   in	
  both	
  Tpm2	
  and	
  Tpm3.	
  Some	
  of	
  these	
  mutations	
  are	
  shown	
  in	
  figure	
  

1.20	
  and	
  include	
  mutations	
  (E41K,	
  E117K	
  and	
  Q147P)	
  in	
  β-­‐tropomyosin	
  and	
  mutations	
  

(A4V,	
  R91P,	
  R167G,	
  R167C,	
  R167H,	
  L100M	
  and	
  R245G)	
  in	
  ɣ-­‐tropomyosin.	
  (Lehtokari	
  et	
  

al.,	
  2008;	
  Nowak	
  et	
  al.,	
  1999;	
  Tajsharghi	
  et	
  al.,	
  2007).	
  

Recent	
   studies	
   on	
   tropomyosin	
   mutations	
   have	
   investigated	
   the	
   effect	
   of	
   these	
  

mutations	
  on	
  tropomyosin	
  function	
  and	
  structure.	
  A	
  study	
  has	
  found	
  that	
  the	
  calcium	
  

dependent	
  actomyosin	
  ATPase	
  was	
  affected	
  by	
  R167H	
  and	
  K168E	
  on	
  Tpm1.1.	
  R167H	
  

mutation	
  increased	
  the	
  fraction	
  of	
  actin	
  monomers	
  in	
  the	
  ON	
  state	
  in	
  the	
  presence	
  of	
  

troponin	
  and	
  calcium.	
  This	
  effect	
  led	
  to	
  a	
  decrease	
  in	
  the	
  myosin	
  head	
  binding	
  to	
  actin.	
  

In	
   contrast	
  K168E	
  decreased	
   the	
  number	
  of	
  actin	
  monomers	
   switched	
  ON	
  while	
   the	
  

fraction	
  of	
  myosin	
  head	
  bound	
  to	
  actin	
  was	
  increased	
  (Borovikov	
  et	
  al.,	
  2017).	
  A	
  study	
  

using	
  fluorescence	
  polarisation	
  has	
  investigated	
  the	
  effect	
  of	
  R167H,	
  R167G	
  and	
  K168E	
  

on	
  the	
  azimuthal	
  movement	
  of	
  Tpm	
  on	
  actin	
  during	
  the	
  actomyosin	
  crossbridge	
  cycle.	
  

This	
  study	
  showed	
  an	
  increase	
  in	
  the	
  proportion	
  of	
  actin	
  monomers	
  in	
  the	
  ON	
  state	
  and	
  

an	
  increase	
  in	
  the	
  amount	
  of	
  myosin	
  heads	
  strongly	
  bound	
  to	
  actin	
  by	
  R167G	
  and	
  K168E.	
  

In	
  contrast	
  R167H	
  reduced	
  thin	
  filament	
  switching	
  to	
  the	
  ON	
  state	
  and	
  myosin	
  head	
  

strong	
  binding	
  (Borovikov	
  et	
  al.,	
  2016).	
  In	
  is	
  interesting	
  to	
  note	
  that	
  mutation	
  of	
  R167	
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to	
  two	
  different	
  aminoacids,	
  G	
  or	
  H,	
  gave	
  opposite	
  effects.	
  Another	
  study	
  has	
  found	
  

that	
  seven	
  substitutions	
  (L99M,	
  A155T,	
  R167G,	
  R167C,	
  R167H,	
  K168E	
  1nd	
  R244G)	
  have	
  

decreased	
   the	
   calcium	
   dependent	
   ATPase	
   and	
   thermal	
   stability	
   and	
   the	
   troponin	
  

binding	
  affinity	
  (Robaszkiewicz	
  et	
  al.,	
  2015).	
  

 
 

 
	
  

Figure	
  1.19:	
  	
  Patients	
  with	
  muscle	
  myopathies.	
  

A.	
  11	
  years	
  old	
  boy	
  with	
  unusual	
  chest	
  deformity	
  and	
  weakness	
  of	
  neck	
  muscles	
  and	
  
also	
  facial	
  weakness	
  (from	
  Lehtokari	
  et	
  al.	
  (2008)	
  European	
  Journal	
  of	
  Human	
  Genetics	
  
(2008)	
  16,	
  1055–1061).	
  B	
  Upper	
  limb	
  hypotrophy	
  in	
  a	
  patient	
  with	
  nemaline	
  myopathy	
  
(from	
  Olive	
  et	
  al.	
  (2010)	
  muscle	
  Nerve,	
  42,	
  901-­‐907).	
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Table	
  1.1:	
  A	
  list	
  of	
  diseases	
  causing	
  mutations	
  in	
  Tropomyosin	
  (modified	
  form	
  
Redwood	
  and	
  Robinson,	
  2013)	
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1.6   Research	
  project	
  
Tropomyosin	
  plays	
  a	
  fundamental	
  role	
  in	
  the	
  regulation	
  of	
  actin	
  filaments	
  in	
  both	
  the	
  

actin	
  cytoskeleton	
  and	
  muscle	
  contraction.	
  Tropomyosin	
  interaction	
  with	
  actin	
  is	
  at	
  the	
  

heart	
  of	
  its	
  function.	
  Although,	
  it	
  has	
  been	
  subject	
  of	
  intensive	
  investigations	
  but	
  it	
  is	
  

still	
  not	
  well	
  understood.	
  The	
  main	
  reason	
  is	
  inherent	
  to	
  the	
  way	
  tropomyosin	
  binds	
  to	
  

actin.	
  The	
  Tpm	
  molecule	
  covers	
  7	
  actin	
  monomers	
  and	
  is	
  thought	
  have	
  seven	
  equivalent	
  

sites.	
  If	
  tropomyosin	
  binds	
  at	
  three	
  different	
  positions	
  on	
  the	
  surface	
  of	
  actin,	
  then	
  it	
  

means	
   that	
   there	
   may	
   be	
   21	
   state	
   specific	
   actin	
   binding	
   sites	
   on	
   the	
   tropomyosin	
  

molecule.	
   Characterisation	
   of	
   these	
   sites	
   and	
   their	
   implication	
   in	
   the	
  

activation/inhibition	
  of	
  muscle	
  contraction	
  is	
  highly	
  desirable.	
  

The	
  aim	
  of	
  this	
  project	
  was	
  to	
  analyse	
  the	
  effect	
  of	
  several	
  tropomyosin	
  mutations	
  on	
  

tropomyosin	
   structure,	
   binding	
   to	
   actin	
   and	
   troponin,	
   cooperative	
   behaviour,	
   and	
  

allosteric	
   transitions.	
   The	
   mutations	
   investigated	
   are:	
   R90G,	
   E163K,	
   R167G,	
   E240K,	
  

R244G	
  and	
  M281I.	
  

	
  

1.6.1   Tropomyosin	
  mutations:	
   rational	
   for	
   their	
   design	
   and	
   impact	
   on	
  

tropomyosin	
  coiled	
  coil	
  structure.	
  

	
  

A	
  sequence	
  comparison	
  was	
  performed	
  to	
  assess	
  the	
  conservation	
  of	
  these	
  amino	
  acids	
  

in	
  various	
  tropomyosin	
  isoforms	
  in	
  various	
  species.	
  4	
  out	
  of	
  the	
  6	
  mutated	
  amino	
  acids	
  

(R90,	
  R167,	
  E240	
  and	
  R244)	
  were	
  fully	
  conserved	
  in	
  all	
  isoforms	
  and	
  species	
  analysed	
  

(figure	
  1.21).	
  The	
  E163	
  and	
  M281	
  were	
  not	
  as	
  well	
  conserved	
  although	
  they	
  showed	
  

conservative	
   substitution	
   (substitution	
   to	
   an	
   amino	
   acid	
   with	
   the	
   same	
   chemical	
  

property	
  negatively	
  charged	
  E	
  to	
  D	
  or	
  hydrophobic	
  M	
  to	
  I).	
  The	
  conservation	
  of	
  these	
  

amino	
  acids	
  emphasizes	
  their	
  importance	
  in	
  the	
  Tpm	
  function.	
  In	
  addition,	
  it	
  has	
  been	
  

previously	
  suggested	
  that	
  R90,	
  R167	
  and	
  R244	
  on	
  Tpm	
  are	
  interacting	
  with	
  actin	
  (Barua	
  

et	
  al.,	
  2011;	
  Li	
  et	
  al.,	
  2011).	
  Consequently,	
  mutating	
  these	
  amino	
  acids	
  to	
  an	
  amino	
  acid	
  

with	
   different	
   chemical	
   properties	
   (R	
   to	
  G	
   or	
   E	
   to	
   K)	
   is	
   likely	
   to	
   affect	
   tropomyosin	
  

biochemical	
  properties.	
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Figure	
  1.20	
  A	
  sequence	
  logo	
  of	
  tropomyosin.	
  

The	
   figure	
   shows	
   the	
   conservative	
   amino	
   acids	
   (Red	
   boxes)	
   among	
   the	
   three	
   Tpms	
  
genes	
   (Tpm1,	
  tpm2	
  and	
  Tpm3).	
  The	
  figure	
  was	
  obtained	
  by	
  Weblogo3	
  program.	
  The	
  
choice	
  of	
  different	
  isoforms	
  was	
  considered	
  and	
  based	
  on	
  different	
  species	
  to	
  insure	
  
validity	
  of	
  comparison	
  between	
  the	
  sequences.	
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Figure:	
  1.21	
  Sequence	
  comparison	
  of	
  different	
  tropomyosin	
  isoforms	
  (Tpm	
  sequence	
  
1-­‐123)	
  

The	
  figure	
  shows	
  the	
  conservative	
  amino	
  acids	
  among	
  the	
  three	
  Tpms	
  genes	
  (Tpm1,	
  
tpm2	
  and	
  Tpm3).	
  The	
  figure	
  was	
  obtained	
  by	
  Jalview	
  program.	
  The	
  choice	
  of	
  different	
  
isoforms	
  was	
  considered	
  and	
  based	
  on	
  different	
  species	
  to	
  insure	
  validity	
  of	
  comparison	
  
between	
  the	
  sequences.	
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Figure:	
  1.22	
  Sequence	
  comparison	
  of	
  different	
  tropomyosin	
  isoforms	
  (Tpm	
  sequence	
  
124-­‐252)	
  

The	
  figure	
  shows	
  the	
  conservative	
  amino	
  acids	
  among	
  the	
  three	
  Tpms	
  (Tpm1,	
  tpm2	
  and	
  
Tpm3).	
  The	
  figure	
  was	
  obtained	
  by	
  Jalview	
  program.	
  The	
  choice	
  of	
  different	
  isoforms	
  
was	
  considered	
  and	
  based	
  on	
  different	
  species	
  to	
  insure	
  validity	
  of	
  comparison	
  between	
  
the	
  sequences.	
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Figure:	
  1.23	
  Sequence	
  comparison	
  of	
  different	
  tropomyosin	
  isoforms	
  (Tpm	
  sequence	
  
219-­‐284)	
  

The	
  figure	
  shows	
  the	
  conservative	
  amino	
  acids	
  among	
  the	
  three	
  Tpms	
  (Tpm1,	
  tpm2	
  and	
  
Tpm3).	
  The	
  figure	
  was	
  obtained	
  by	
  Jalview	
  program.	
  The	
  choice	
  of	
  different	
  isoforms	
  
was	
  considered	
  and	
  based	
  on	
  different	
  species	
  to	
  insure	
  validity	
  of	
  comparison	
  between	
  
the	
  sequences.	
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1.6.2   Aims	
  and	
  hypothesis.	
  

	
  

At	
  the	
  start	
  of	
  this	
  work	
  several	
  reports	
  pinpointed	
  actin	
  binding	
  determinants	
  within	
  

tropomyosin	
  in	
  the	
  absence	
  of	
  troponin-­‐Ca2+.	
  However,	
  these	
  studies	
  failed	
  to	
  define	
  

precisely	
  tropomyosin	
  amino	
  acids	
  involved	
  in	
  actin	
  binding	
  in	
  the	
  different	
  regulatory	
  

states	
   and	
   also	
   used	
   tropomyosin	
   expressed	
   using	
   E.coli	
   (characterized	
   by	
   reduced	
  

cooperativity).	
  They	
  suggested	
  a	
  critical	
  ionic	
  interaction	
  of	
  tropomyosin	
  R90,	
  R167	
  and	
  

R244	
  with	
  actin.	
  Interestingly,	
  R167	
  is	
  a	
  mutational	
  hot	
  spot	
  in	
  several	
  skeletal	
  muscle	
  

myopathies	
  with	
  3	
  charge	
  neutralizing	
  mutations.	
  	
  

	
  

The	
  aim	
  of	
  this	
  project	
  was	
  to	
  analyse	
  the	
  effect	
  of	
  several	
  tropomyosin	
  mutations	
  on	
  

tropomyosin	
   structure,	
   binding	
   to	
   actin	
   and	
   troponin,	
   cooperative	
   behaviour,	
   and	
  

allosteric	
   transitions.	
   The	
   mutations	
   investigated	
   are:	
   R90G,	
   E163K,	
   R167G,	
   E240K,	
  

R244G	
  and	
  M281I.	
  These	
  mutations	
  were	
  selected	
  for	
  two	
  reasons:	
  i)	
  they	
  were	
  found	
  

to	
  be	
  highly	
  conserved	
  between	
  different	
  tropomyosin	
  isoforms.	
  ii)	
  they	
  are	
  implicated	
  

in	
  several	
  skeletal	
  muscle	
  myopathies.	
  	
  Both	
  of	
  these	
  points	
  suggest	
  that	
  these	
  residues	
  

play	
  a	
  great	
  role	
  in	
  tropomyosin	
  function.	
  In	
  addition,	
  we	
  generated	
  double	
  and	
  triple	
  

amino	
   acid	
   mutations	
   (R90GR167G,	
   R167GR244G,	
   R90GR244G,	
   E163KE240K,	
  

R90GR167GR244G).	
  Although	
  the	
  mutations	
  used	
  in	
  this	
  project	
  were	
  found	
  in	
  Tpm3	
  

gene,	
  the	
  construct	
  used	
  were	
  based	
  on	
  Tpm1	
  because	
  it	
  has	
  been	
  intensively	
  studied	
  

and	
  it	
  was	
  available	
  in	
  the	
  lab.	
  

	
   	
  

R90,	
  R167	
  and	
  R244	
  are	
  located	
  in	
  tropomyosin	
  α-­‐bands	
  thought	
  to	
  interact	
  with	
  actin	
  

in	
  the	
  OFF	
  state.	
  It	
  was	
  hypothesized	
  that	
  mutations	
  R90G,	
  R167G	
  and	
  R244G	
  are	
  likely	
  

to	
  disrupt	
  tropomyosin	
  binding	
  to	
  actin	
  in	
  the	
  blocked	
  state	
  (OFF	
  state).	
  Tpm	
  E163	
  and	
  

E240	
   are	
   in	
   the	
   β-­‐band	
   and	
   we	
   hypothesize	
   that	
   these	
   residues	
   are	
   critical	
   for	
  

tropomyosin	
   binding	
   in	
   the	
   open	
   state.	
   Residue	
   M281	
   is	
   located	
   at	
   the	
   end	
   Tpm	
  

sequence	
   and	
   might	
   affect	
   the	
   end-­‐to-­‐end	
   polymerisation	
   of	
   Tpm	
   molecules.	
   We	
  

hypothesised	
   that	
   M281I	
   mutation	
   may	
   affect	
   actin	
   binding	
   by	
   compromising	
  

tropomyosin	
  end-­‐end	
  interaction.	
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The	
  importance	
  of	
  end-­‐to-­‐end	
  interactions	
  involved	
  in	
  cooperativity	
  depends	
  upon	
  N-­‐

terminal	
  acetylation.	
  There	
  are	
  reports	
  suggested	
  that	
  the	
  Ala-­‐Ser	
  N-­‐terminal	
  extension	
  

which	
   has	
   been	
   widely	
   used	
   as	
   a	
   substitute	
   for	
   N-­‐terminal	
   acetylation	
   with	
   E.coli	
  

expression,	
   produces	
   reduction	
   in	
   cooperativity	
   and	
   perhaps	
   other	
   abnormalities.	
  

Therefore,	
  we	
  initially	
  planned	
  to	
  express	
  tropomyosin	
  using	
  the	
  baculovirus-­‐Sf9	
  system	
  

and	
  study	
  several	
  tropomyosin	
  mutants	
  expressed	
  in	
  this	
  system.	
  However,	
  as	
  our	
  first	
  

result	
  chapter	
  (chapter	
  3)	
  indicates,	
  obtaining	
  tropomyosin	
  fully	
  acetylated	
  using	
  this	
  

expression	
  system	
  was	
  challenging.	
  We	
  decided	
  to	
  revert	
  to	
  the	
  bacterial	
  expression	
  

with	
  an	
  alanine-­‐serine	
  di-­‐peptide	
  N-­‐terminal	
  extension	
  to	
  all	
  the	
  tropomysin	
  mutants.	
  

The	
   biophysical	
   characterisation	
   of	
   these	
  mutant	
   tropomyosin	
   produced	
   in	
   E.coli	
   is	
  

described	
  in	
  Chapters	
  4	
  and	
  5.	
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2   Chapter	
  2	
  
	
  

Materials	
  and	
  

methods	
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2.1   Preparation	
  of	
  tissue	
  purified	
  proteins	
  
Myosin	
  subfragment-­‐1	
   (S1),	
  skeletal	
   troponin	
  and	
  F-­‐actin	
  were	
  prepared	
  from	
  rabbit	
  

skeletal	
  muscle.	
  Human	
  skeletal	
  tropomyosin	
  was	
  expressed	
  in	
  Escherichia	
  coli	
  system.	
  	
  

2.1.1   Preparation	
  and	
  expression	
  of	
  skeletal	
  tropomyosin	
  

Wild-­‐type	
   human	
   tropomyosin	
   cDNAs	
  were	
   obtained	
   as	
   a	
   gift	
   from	
  Dr	
   C.	
   Redwood	
  

(University	
  of	
  Oxford,	
  UK).	
  The	
  PCR	
  overlapping	
  technique	
  was	
  used	
  using	
  the	
  cDNA	
  to	
  

produce	
  the	
  human	
  skeletal	
  tropomyosin	
  mutants	
  (R90G,	
  E163K,	
  R167G,	
  E240K,	
  R244G,	
  

M281I,	
   R90G/R167G,	
   R90G/R244G,	
   R17G/R244G,	
   E163K/E240K	
   and	
  

R90G/R167G/R244G).	
  The	
  vector	
  (PLEICS-­‐05)	
  was	
  used	
  to	
  clone	
  the	
  products	
  and	
  the	
  

overlap	
  extension	
  PCR	
  was	
  carried	
  out	
  by	
  Dr	
  Xiaowen	
  Yang	
  at	
  the	
  University	
  of	
  Leicester.	
  

All	
   tropomyosin	
   in	
   this	
   project	
   were	
   recombinant	
   proteins	
   with	
   Als-­‐Ser	
   extensions	
  

(Monteiro	
  et	
  al.,	
   1994).	
   The	
  Escherichia	
   coli	
   strain	
  BL21	
   (DE3)	
  plys	
  was	
  used	
   for	
   the	
  

overexpression	
  of	
  Tpm	
  constructs.	
  The	
  Tpm	
  proteins	
  were	
  verified	
  by	
  sequencing	
  prior	
  

to	
  expression	
  and	
  reconstitution	
  (PNACL,	
  University	
  of	
  Leicester).	
  	
  

The	
   transfected	
   cells	
   were	
   grown	
   at	
   37°C	
   in	
   LB	
   broth	
   medium	
   and	
   at	
   the	
   late	
  

exponential	
  phase	
  when	
  the	
  OD	
  reached	
  0.6-­‐0.9	
  at	
  600	
  nm	
  the	
  cells	
  were	
  induced	
  using	
  

the	
   IPTG	
   (isopropyl-­‐1-­‐thio-­‐ß-­‐D-­‐galactopyranoside)	
   and	
   the	
   expression	
   level	
   was	
  

checked	
  using	
  SDS	
  gel	
  (Figure	
  2.1).	
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Figure:	
  2.1:	
  SDS	
  page	
  of	
  Test	
  expression	
  

The	
  gel	
  shows	
  the	
  protein	
  marker	
  and	
  the	
  un-­‐induced	
  lane	
  which	
  shows	
  homogenate	
  
of	
  the	
  cells	
  before	
  adding	
  IPTG.	
  While	
  the	
  induced	
  lane	
  shows	
  homogenate	
  of	
  cells	
  after	
  
adding	
  IPTG	
  which	
  shows	
  the	
  tropomyosin	
  expression.	
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Figure	
  2.2:	
  Expression	
  vector	
  of	
  hsTpm	
  (pLEICS-­‐05)	
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2.1.2   Plasmids	
  mini	
  preps	
  

The	
  JM109	
  cells	
  were	
  used	
  to	
  purify	
  the	
  tropomyosin	
  WT	
  and	
  mutations	
  by	
  following	
  

the	
  protocol	
  of	
  Wizard®	
  Plus	
  Miniprep	
  kit	
  (Promega).	
  The	
  procedure	
  was	
  carried	
  out	
  

after	
  growing	
  5-­‐10	
  ml	
  cell	
  culture	
  overnight.	
  Cells	
  were	
  spun	
  down	
  at	
  13,000	
  rpm	
  for	
  5	
  

minutes	
  at	
  room	
  temperature	
  and	
  supernatant	
  was	
  discarded.	
  Pellet	
  was	
  dissolved	
  in	
  

various	
  buffers	
  as	
  described	
  in	
  the	
  protocol	
  provided.	
  At	
  the	
  end	
  of	
  the	
  procedure	
  the	
  

DNA	
  product	
  concentration	
  was	
  checked	
  by	
  Nano	
  drop	
  and	
  stored	
  in	
  the	
  -­‐80°C.	
  

2.1.3   Transformation	
  

All	
   tropomyosin	
  cDNAs	
  were	
  grown	
   in	
  BL21	
  (DE3)	
  Plys	
  cells.	
  The	
  transformation	
  was	
  

carried	
  out	
  using	
  10-­‐20	
  μl	
  of	
  competent	
  cells	
  added	
  to	
  1μl	
  of	
  DNA	
  construct	
  and	
  the	
  

tube	
  was	
  gently	
  flicked	
  to	
  mix	
  the	
  cells	
  and	
  incubated	
  in	
  ice	
  for	
  30	
  minutes.	
  The	
  cells	
  

were	
  heat	
  shocked	
  for	
  60	
  seconds	
  at	
  42°C	
  and	
  directly	
  the	
  tube	
  was	
  placed	
  back	
  in	
  ice	
  

for	
  2	
  minutes.	
  The	
  cells	
  received	
  200	
  μl	
  of	
  fresh	
  LB	
  media	
  and	
  incubated	
  at	
  37°C	
  for	
  60	
  

minutes	
  with	
  shacking	
  at	
  220	
  rpm.	
  The	
  200	
  μl	
  cells	
  then	
  were	
  spread	
  on	
  LB	
  agar	
  with	
  

the	
  desired	
  antibiotic	
  and	
  incubated	
  overnight	
  at	
  37°C.	
  	
  

2.2   Protein	
  purification	
  from	
  tissue	
  

Skeletal	
  muscle	
  contractile	
  proteins:	
  actin,	
  troponin,	
  tropomyosin,	
  myosin,	
  and	
  myosin	
  

subfragmnet-­‐1	
  (S1)	
  were	
  purified	
  from	
  rabbit	
  skeletal	
  muscle.	
  	
  

2.2.1   Skeletal	
  muscle	
  protein	
  purification	
  

2.2.1.1  Skeletal	
  myosin	
  preparation	
  

The	
  method	
  of	
  Margossian	
  and	
  Lowey	
  was	
  used	
  to	
  prepare	
  muscle	
  myosin	
  (Margossian	
  

and	
  Lowey,	
  1982).	
  The	
  rabbits	
  were	
  gift	
  from	
  Dr	
  Kieran	
  E	
  Brack	
  university	
  of	
  Leicester.	
  

The	
  muscle	
  of	
  the	
  back	
  and	
  legs	
  of	
  the	
  rabbits	
  were	
  removed	
  and	
  placed	
  in	
  4°C	
  water	
  

then	
   the	
   muscles	
   were	
   minced	
   and	
   weighed.	
   The	
   muscles	
   were	
   stirred	
   with	
   three	
  

volumes	
  of	
  Guba-­‐Straub	
  buffer	
   (0.3	
  M	
  KCl,	
  1	
  mM	
  EDTA,	
  0.1	
  M	
  K2HPO4	
   ,	
  and	
  0.05	
  M	
  

KH2PO4)	
  for	
  15	
  minutes	
  at	
  4°C.	
  The	
  solution	
  was	
  centrifuged	
  at	
  5,000	
  rpm,	
  using	
  SLC	
  

6000	
  rotor	
  for	
  20	
  minutes.	
  The	
  supernatant	
  was	
  used	
  for	
  myosin	
  preparation	
  while	
  the	
  

pellet	
  was	
  containing	
  the	
  acetone	
  powder	
  for	
  the	
  actin	
  preparation.	
  The	
  supernatant	
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filtered	
   through	
  nylon	
  mesh	
   then	
  14	
  volumes	
  of	
  cold	
  water	
  were	
  added	
  slowly	
  with	
  

continuous	
   stirring	
   to	
  precipitate	
   the	
  myosin.	
   The	
  mixture	
   left	
   overnight	
   in	
   the	
   cold	
  

room	
  without	
  disturbance	
  for	
  myosin	
  to	
  sediment.	
  Next	
  day	
  the	
  top	
  layer	
  was	
  siphoned	
  

and	
  the	
  sediment	
  solution	
  was	
  spun	
  down	
  at	
  5,000	
  rpm,	
  using	
  SLC	
  6000	
  rotor	
  for	
  about	
  

10	
  minutes.	
   The	
  myosin	
  was	
   in	
   pellet	
   so	
   it	
  was	
  weighed	
   and	
   then	
  dissolved	
   in	
   0.25	
  

volumes	
  of	
   (3	
  M	
  KCl,	
  30	
  mM	
   imidazole,	
  pH	
  7.0)	
  and	
   left	
  overnight.	
  Adding	
  an	
  equal	
  

volume	
  of	
  cold	
  water	
  with	
  stirring	
  precipitated	
  the	
  actomyosin,	
  then	
  it	
  was	
  spun	
  down	
  

at	
  5,000	
  rpm,	
  using	
  SLC	
  6000	
  rotor	
  for	
  about	
  10	
  minutes.	
  However,	
   if	
  the	
  size	
  of	
  the	
  

pellet	
  was	
  bigger	
  than	
  an	
  extra	
  cycle	
  of	
  precipitation	
  is	
  needed.	
  The	
  pellet	
  was	
  dissolved	
  

in	
  1.5	
  volumes	
  of	
  30	
  mM	
  imidazole,	
  pH	
  7.0,	
  3	
  M	
  KCl,	
  2.5	
  mM	
  DTT	
  then,	
  dialyzed	
  at	
  4°C	
  

overnight	
  until	
  it	
  is	
  completely	
  dissolved.	
  The	
  Myosin	
  concentration	
  was	
  determined	
  by	
  

the	
  standard	
  coefficient	
  and	
  the	
  myosin	
  was	
  diluted	
  in	
  an	
  equal	
  volume	
  of	
  glycerol	
  and	
  

was	
  stored	
  at	
  -­‐20	
  °C.	
  

2.2.1.2  Skeletal	
  myosin	
  sub-­‐fragment-­‐1	
  (S1)	
  preparation	
  

The	
  myosin	
   subfragment-­‐1	
  purified	
   from	
  myosin	
  based	
  on	
   the	
  method	
  described	
  by	
  

Weeds	
  and	
  Taylor	
  (Weeds	
  and	
  Taylor,	
  1975).	
  By	
  using	
  cold	
  water	
  the	
  myosin	
  stock	
  in	
  

glycerol	
  was	
  diluted	
  in	
  20	
  volumes	
  and	
  was	
  manually	
  stirred	
  till	
  the	
  solution	
  became	
  

cloudy.	
  The	
  Myosin	
  was	
  spun	
  down	
  for	
  10	
  minutes	
  at	
  13,000	
  rpm,	
  using	
  SLA	
  1500	
  rotor.	
  

The	
  pellet	
  was	
  dissolved	
  at	
  about	
  10	
  mg/ml	
  myosin	
  concentration	
  using	
  0.6	
  M	
  NaCl	
  and	
  

dialysed	
  versus	
  (120	
  mM	
  NaCl,	
  20	
  mM	
  NaH2PO4,	
  and	
  1	
  mM	
  EDTA,	
  pH	
  7.0)	
  overnight.	
  

The	
   myosin	
   digestion	
   was	
   carried	
   out	
   by	
   incubating	
   the	
   myosin	
   solution	
   with	
   0.05	
  

mg/ml	
  chymotrypsin	
  at	
  25°C	
  for	
  10	
  minutes.	
  The	
  reaction	
  was	
  stopped	
  by	
  adding	
  0.1	
  

mM	
  PMSF	
  (PMSF	
  stock	
  was	
  in	
  ethanol	
  so	
  it	
  was	
  diluted	
  in	
  2	
  ml	
  of	
  water)	
  with	
  an	
  addition	
  

of	
  cocktail	
  protease	
  inhibitor	
  tablets	
  (1	
  tablet	
  for	
  50	
  ml	
  myosin	
  solution).	
  The	
  myosin	
  

was	
  dialysed	
  versus	
  (5	
  mM	
  MOPS	
  pH	
  7.0,	
  5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  0.1	
  mM	
  PMSF).	
  

To	
  precipitate	
  the	
  light	
  meromyosin	
  the	
  myosin	
  was	
  centrifuged	
  at	
  20,000	
  rpm,	
  using	
  

SS34	
   rotor	
   for	
   20	
  minutes.	
   The	
   S1,	
  which	
  was	
   in	
   the	
   supernatant,	
  was	
   filtered	
   then	
  

loaded	
  onto	
  ion-­‐exchange	
  column	
  (Q-­‐Sepharose	
  column),	
  which	
  had	
  been	
  equilibrated	
  

with	
  dialysis	
  buffer	
  (5	
  mM	
  MOPS	
  pH	
  7.0,	
  5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  0.1	
  mM	
  PMSF).	
  

The	
  column	
  was	
  washed	
  with	
  three	
  column	
  volumes	
  and	
  then	
  using	
  0.5	
  L	
  gradient	
  of	
  0-­‐
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250	
  mM	
  NaCl	
  eluted	
  the	
  S1.	
  The	
  fractions	
  were	
  collected	
  at	
  10	
  ml/tube	
  and	
  monitored	
  

the	
  OD	
  at	
  280	
  nm.	
  The	
  S1	
  purity	
  was	
  checked	
  by	
  15%	
  SDS-­‐PAGE.	
  The	
  pure	
  S1	
  fractions	
  

were	
  pooled	
  and	
  brought	
  to	
  65%	
  ammonium	
  sulphate	
  which	
  was	
  added	
  slowly	
  over	
  60	
  

minutes	
  with	
  continuous	
  stirring	
  at	
  4°C.	
  	
  Using	
  SLA	
  1500	
  rotor	
  the	
  S1	
  solution	
  was	
  spun	
  

down	
  at	
  13,000	
  rpm	
  for	
  10	
  minutes.	
  The	
  pellets	
  were	
  dissolved	
  and	
  dialysed	
  in	
  ATPase	
  

high	
  salt	
  buffer	
  (140	
  mM	
  KCl,	
  10	
  mM	
  MOPS	
  pH	
  7.2,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  

mM	
   NaN3)	
   overnight.	
   The	
   S1	
   concentration	
   was	
   determined	
   by	
   using	
   extinction	
  

coefficient	
  A1%	
  of	
  6.4	
  at	
  OD	
  280	
  nm.	
  The	
  liquid	
  nitrogen	
  was	
  used	
  to	
  instantly	
  freeze	
  S1	
  

and	
  then	
  stored	
  at	
  -­‐80	
  °C.	
  

	
  
Figure	
   2.3:	
   the	
   purification	
   of	
   skeletal	
   myosin	
   subfragment-­‐1(S1)	
   by	
   using	
   Q-­‐
sepharose	
  column.	
  

(A)	
  is	
  the	
  chart	
  recorder	
  of	
  the	
  absorbance	
  at	
  280	
  nm.	
  (B)	
  Is	
  the	
  SDS-­‐PAGE	
  analysis	
  of	
  
the	
  fractions	
  by	
  using	
  15%	
  SDS	
  page.	
  Numbers	
  along	
  the	
  top	
  correspond	
  to	
  the	
  fraction	
  
numbers	
  that	
  related	
  to	
  A.	
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2.2.1.3  Preparation	
  of	
  skeletal	
  acetone	
  powder	
  
The	
  first	
  pellet	
  of	
  (2.3.1.1	
  skeletal	
  myosin	
  preparation)	
  was	
  used	
  to	
  prepare	
  the	
  acetone	
  

powder	
  (Pardee	
  and	
  Spaudich	
  1982).	
  Different	
  buffers	
  were	
  used	
  to	
  wash	
  the	
  pellet	
  and	
  

stirred	
  in	
  each	
  wash	
  then	
  filtered	
  through	
  a	
  fine	
  nylon	
  mesh,	
  and	
  finally	
  squeezed	
  as	
  dry	
  

as	
  possible.	
  The	
  washes	
  procedures	
  were	
  as	
  following:	
  ten	
  volumes	
  of	
  cold	
  water	
  at	
  4	
  

°C	
  for	
  two	
  times,	
  four	
  volumes	
  of	
  0.4	
  %	
  NaHCO3	
  at	
  4	
  °C	
  only	
  once,	
  lastly	
  four	
  volumes	
  

of	
  cold	
  acetone	
  for	
  four	
  times.	
  The	
  acetone	
  powder	
  was	
  left	
  in	
  the	
  fume	
  hood	
  to	
  dry	
  

overnight	
  at	
  room	
  temperature	
  then	
  the	
  powder	
  was	
  weighed	
  and	
  stored	
  at	
  -­‐20	
  °C.	
  	
  

2.2.1.4  Preparation	
  of	
  skeletal	
  F-­‐actin.	
  
The	
  skeletal	
  F-­‐actin	
  was	
  prepared	
  from	
  rabbit	
  muscle	
  acetone	
  powder	
  using	
  the	
  method	
  

of	
  Spudich	
  and	
  Watt	
  (Spudich	
  and	
  Watt,	
  1971).	
  So,	
  100	
  ml	
  of	
  cold	
  G-­‐actin	
  buffer	
  (2	
  mM	
  

Tris-­‐HCl	
  pH	
  8.0,	
  0.2	
  mM	
  ATP,	
  0.1	
  mM	
  CaCl2,	
  0.5	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3)	
  was	
  added	
  

to	
  5	
  g	
  of	
  acetone	
  powder	
  and	
  stirred	
  for	
  20	
  minutes	
  at	
  4	
  °C	
  then	
  it	
  was	
  spun	
  down	
  at	
  

18,000	
   rpm,	
   using	
   SS34	
   rotor	
   for	
   20	
  minutes.	
   The	
   supernatant	
  was	
   filtered	
   through	
  

nylon	
  mesh	
  and	
  the	
  pellets	
  were	
  re-­‐extracted	
  by	
  another	
  100	
  ml	
  G-­‐actin	
  buffer.	
  The	
  

two	
  supernatants	
  were	
  collected	
  and	
  polymerized	
  by	
  using	
  0.1	
  volumes	
  of	
  10x	
  KME	
  

buffer	
  (100	
  mM	
  Tris-­‐	
  HCl	
  pH	
  8.0,	
  500	
  mM	
  KCl,	
  25	
  mM	
  MgCl2,	
  10	
  mM	
  EGTA,	
  and	
  10	
  mM	
  

NaN3).	
  Then,	
  the	
  polymerization	
  method	
  was	
  done	
  by	
  incubating	
  in	
  water	
  bath	
  at	
  30°C	
  

for	
  1	
  hour.	
  The	
  F-­‐actin	
  solution	
  was	
  brought	
  to	
  0.8	
  M	
  KCl	
  and	
  kept	
  manually	
  stirred	
  for	
  

about	
  10	
  minutes.	
  The	
  F-­‐actin	
  was	
  spun	
  down	
  at	
  42,000	
  rpm,	
  using	
  T-­‐1250	
  rotor	
  for	
  2	
  

hours.	
  The	
  F-­‐actin	
  pellets	
  were	
  washed	
  and	
  soaked	
  in	
  ATPase	
  buffer.	
  The	
  concentration	
  

was	
  determined	
  and	
  stored	
  at	
  4°C.	
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2.2.1.5  Preparation	
  of	
  skeletal	
  F-­‐actin	
  Pyrene	
  
The	
  method	
  of	
  Kouyama	
  and	
  Mihashi	
  was	
  used	
  to	
  label	
  the	
  Cys-­‐374	
  of	
  skeletal	
  F-­‐actin	
  

with	
  N-­‐(1-­‐pyrenyl)-­‐iodoacetamide	
  PIA	
  (Kouyama	
  and	
  Mihashi,	
  1981).	
  The	
  F-­‐actin	
  was	
  

prepared	
  as	
  described	
  in	
  section	
  2.3.2.1	
  to	
  purify	
  the	
  F-­‐actin,	
  however;	
  the	
  pellets	
  were	
  

soaked	
   in	
   labelling	
  buffer	
   (25	
  mM	
  Tris-­‐HCl	
  pH	
  7.5,	
  100	
  mM	
  KCl,	
  2	
  mM	
  MgCl2,	
  3	
  mM	
  

NaN3,	
  and	
  0.3	
  mM	
  ATP).	
  Next	
  day	
  the	
  pellets	
  were	
  dissolved	
  and	
  dialysed	
  at	
  1	
  mg/ml	
  

against	
  same	
  labelling	
  buffer	
  overnight.	
  7	
  moles	
  of	
  N-­‐(1-­‐pyrenyl)	
  iodoacetamide	
  were	
  

added	
  per	
  1	
  mol	
  of	
  F-­‐actin	
  and	
  gently	
  mixed	
  in	
  dark	
  at	
  room	
  temperature	
  for	
  3	
  hours.	
  

The	
   mixture	
   was	
   spun	
   down	
   using	
   SS34	
   rotor	
   at	
   10,000	
   rpm,	
   for	
   10	
   minutes	
   then	
  

supernatant	
  was	
  spun	
  down	
  at	
  42,000	
  rpm,	
  using	
  T-­‐1250	
  rotor	
  for	
  two	
  hours.	
  The	
  G-­‐

buffer	
   was	
   used	
   to	
   soak	
   the	
   pellets	
   overnight;	
   then	
   next	
   day	
   the	
   pellets	
   were	
   re-­‐

suspended	
  and	
  dialysed	
   in	
  G-­‐buffer	
   (at	
  5-­‐5.5	
  mg/ml)	
   for	
  48	
  hours.	
  The	
  N-­‐(1-­‐pyrenyl)	
  

iodoacetamide	
  G-­‐actin	
  was	
  spun	
  down	
  at	
  42,000	
  rpm,	
  using	
  T-­‐1250	
  rotor	
  for	
  two	
  hours	
  

and	
  the	
  supernatant	
  was	
  filtered	
  and	
  loaded	
  onto	
  gel	
  filtration	
  column	
  (Sepharyl	
  S200	
  

or	
  S300)	
  that	
  had	
  been	
  equilibrated	
  with	
  G-­‐buffer.	
  Fractions	
  of	
  4	
  ml	
  were	
  collected	
  and	
  

monitored	
  at	
  290	
  nm.	
  The	
  purity	
  of	
  N-­‐(1-­‐	
  pyrenyl)	
  iodoacetamide	
  G-­‐actin	
  was	
  checked	
  

by	
  15%	
  SDS	
  gel	
  and	
  the	
  pure	
  fractions	
  were	
  pooled.	
  The	
  mixture	
  was	
  polymerised	
  by	
  

0.1	
  volume	
  of	
  10x	
  KME	
  buffer,	
  and	
  incubated	
  at	
  30	
  °C	
  for	
  60	
  minutes.	
  	
  

The	
  PIA	
  F-­‐actin	
  was	
  spun	
  down	
  at	
  42,000	
  rpm,	
  using	
  T-­‐1250	
  rotor	
  for	
  two	
  hours.	
  The	
  

pellets	
  soaked	
  and	
  re-­‐suspended	
  in	
  ATPase	
  buffer.	
  The	
  degree	
  of	
  pyrene	
  labelling	
  was	
  

determined	
  by	
  comparing	
  the	
  actin	
  concentration	
  at	
  290	
  ((A290-­‐	
  (A344*0.127))	
  *	
  38.5	
  

μM/OD	
  with	
  the	
  concentration	
  of	
  pyrene	
  label	
  at	
  344	
  (A344*45.5	
  μM/OD).	
  The	
  labelling	
  

ratio	
  was	
  between	
  85-­‐95%.	
  The	
  N-­‐(1-­‐pyrenyl)	
   iodoacetamide	
  labelled	
  skeletal	
  F-­‐actin	
  

was	
  stored	
  at	
  4	
  ͦC.	
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Figure	
  2.4:	
  The	
  SDS-­‐PAGE	
  analysis	
  of	
  N-­‐(1-­‐pyrenyl)-­‐iodoacetamide-­‐labelled	
  skeletal	
  F-­‐
actin	
  by	
  using	
  15%	
  SDS	
  gel.	
  

The	
  numbers	
  along	
  the	
  top	
  correspond	
  to	
  the	
  fraction	
  numbers	
  that	
  related	
  to	
  PIA-­‐actin	
  
purified	
  over	
  gel	
  filtration.	
  
	
  

2.2.1.6  Skeletal	
  troponin	
  preparation	
  
The	
  method	
  of	
  Potter	
  was	
  used	
  to	
  extract	
  the	
  troponin	
  complex	
  from	
  rabbit	
  skeletal	
  

muscle	
  acetone	
  powder	
  (Potter,	
  1982).	
  15	
  g	
  of	
  rabbit	
  skeletal	
  muscle	
  acetone	
  powder	
  

was	
  extracted	
  in	
  20	
  volumes	
  of	
  extraction	
  buffer	
  by	
  continuous	
  stirring	
  overnight	
  at	
  4	
  

°C	
  (1	
  M	
  KCl,	
  20	
  mM	
  TES	
  pH	
  7	
  and	
  15	
  mM	
  β–	
  mercaptoethanol).	
  The	
  suspension	
  was	
  

centrifuged	
   at	
   14,000	
   rpm	
   for	
   20	
   minutes	
   at	
   4	
   °C	
   using	
   a	
   SLA	
   3000	
   rotor.	
   The	
  

supernatant	
  was	
  adjusted	
  to	
  pH	
  8.0	
  with	
  1	
  M	
  potassium	
  hydroxide	
  and	
  brought	
  to	
  30%	
  

ammonium	
  sulphate	
  saturation	
  (167	
  g/L)	
  with	
  slowly	
  adding	
  over	
  1	
  hour	
  at	
  4	
  °C	
  with	
  a	
  

continuous	
  gentle	
  stirring.	
  The	
  pH	
  was	
  maintained	
  between	
  7	
  and	
  8	
  during	
  addition	
  of	
  

ammonium	
  sulphate.	
  The	
  mixture	
  was	
  spun	
  down	
  at	
  12,000	
  rpm	
  for	
  20	
  minutes	
  at	
  4	
  °C	
  

using	
   a	
   SLA	
  1500	
   rotor.	
   The	
  30%	
   supernatant	
  was	
   then	
  brought	
   to	
   50%	
  ammonium	
  

sulphate	
  saturation	
  (73	
  g/L	
  added)	
  that	
  was	
  gently	
  added	
  over	
  1	
  hour	
  to	
  precipitate	
  the	
  

troponin	
  complex.	
  The	
  mixture	
  was	
  spun	
  down	
  at	
  12,000	
  rpm	
  for	
  20	
  minutes	
  at	
  4	
  °C	
  

using	
  a	
  SLA	
  1500	
  rotor.	
  The	
  50%	
  supernatant	
  was	
  kept	
  for	
  tropomyosin	
  preparation	
  and	
  

the	
  pellet	
  was	
  dissolved	
   in	
  ATPase	
  buffer	
   (10	
  mM	
  MOPS	
  pH	
  7,	
  50	
  mM	
  KCl,	
   3.5	
  mM	
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MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3)	
  and	
  dialysed	
  extensively	
  against	
  two	
  litres	
  of	
  the	
  

same	
  ATPase	
  buffer	
  overnight.	
  The	
  troponin	
  complex	
  was	
  spun	
  down	
  at	
  10,000	
  rpm	
  for	
  

10	
   minutes	
   at	
   4°C,	
   and	
   then	
   it	
   was	
   loaded	
   onto	
   a	
   DEAE	
   column,	
   which	
   had	
   been	
  

equilibrated	
  with	
  the	
  same	
  dialysis	
  buffer.	
  The	
  column	
  was	
  washed	
  and	
  applying	
  a	
  linear	
  

gradient	
  of	
  50-­‐600	
  mM	
  KCl	
  to	
  elute	
  the	
  troponin.	
  The	
  troponin	
  was	
  collected	
  in	
  6	
  ml	
  

fractions	
  and	
  monitored	
  at	
  280	
  nm.	
  15	
  %	
  SDS	
  gel	
  was	
  run	
  to	
  check	
  the	
  purity	
  and	
  the	
  

fractions	
  with	
  pure	
  skeletal	
  Tn	
  were	
  pooled,	
  concentrated	
  and	
  stored	
  at	
  -­‐80	
  °C.	
  	
  

	
  
Figure	
  2.5:	
  15%	
  SDS	
  of	
  skeletal	
  troponin	
  purification.	
  

The	
  15	
  %	
  SDS	
  Gel	
  shows	
  the	
  purification	
  of	
  skeletal	
  troponin	
  using	
  the	
  DEAE	
  column.	
  
The	
  numbers	
  at	
  the	
  top	
  represent	
  the	
  Load	
  and	
  fraction	
  tubes.	
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2.2.1.7  Purification	
  of	
  skeletal	
  tropomyosin	
  

To	
   extract	
   the	
   tropomyosin	
   the	
   50%	
   supernatant	
   in	
   (2.1.3.7	
   Skeletal	
   Troponin	
  

Preparation)	
  was	
  brought	
  up	
  to	
  65%	
  saturated	
  ammonium	
  sulphate.	
  With	
  a	
  continuous	
  

gentle	
  stirring	
  the	
  ammonium	
  sulphate	
  was	
  added	
  slowly	
  over	
  1	
  hour	
  at	
  4	
  °C.	
  The	
  new	
  

solution	
  was	
  spun	
  down	
  to	
  precipitate	
  the	
  tropomyosin	
  at	
  12,000	
  rpm	
  for	
  20	
  minutes	
  

at	
  4	
  °C.	
  The	
  65%	
  pellet	
  was	
  dissolved	
  and	
  dialysed	
  overnight	
  in	
  (10	
  mM	
  MOPS	
  pH	
  7.2,	
  

50	
  mM	
  KCl,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3).	
  The	
  tropomyosin	
  crude	
  was	
  

spun	
  down	
  at	
  18,000	
  rpm	
  for	
  10	
  minutes	
  at	
  4	
  °C,	
  and	
  then	
  it	
  was	
  loaded	
  onto	
  a	
  DEAE	
  

column,	
  which	
  had	
  been	
  equilibrated	
  with	
  the	
  same	
  dialysis	
  buffer.	
  The	
  column	
  was	
  

washed	
  and	
  the	
  elution	
  was	
  by	
  applying	
  a	
  linear	
  gradient	
  of	
  50-­‐500	
  mM	
  KCl	
  and	
  5	
  ml	
  

fractions	
   were	
   collected	
   and	
  monitored	
   at	
   280	
   nm.	
   The	
   purity	
   of	
   tropomyosin	
   was	
  

checked	
   by	
   12%	
   SDS	
   gel,	
   figure	
   2.6.	
   Using	
   65%	
   ammonium	
   sulphate,	
   the	
   pure	
  

tropomyosin	
  fractions	
  were	
  pooled	
  and	
  concentrated	
  and	
  added	
  stirred	
  gently	
  over	
  1	
  

hour	
  at	
  4	
  °C.	
  The	
  65%	
  pellet	
  was	
  dissolved	
  and	
  dialysed	
  in	
  minimum	
  volume	
  of	
  high	
  salt	
  

ATPase	
  buffer	
  overnight.	
  The	
  pure	
  concentrated	
  tropomyosin	
  was	
  spun	
  down	
  at	
  10,000	
  

rpm	
  for	
  10	
  minutes	
  at	
  4	
  °C	
  then	
  the	
  concentration	
  was	
  determined	
  and	
  the	
  protein	
  was	
  

stored	
  at	
  -­‐80	
  °C.	
  

	
  
Figure	
  2.6:	
  12%	
  SDS	
  gel	
  of	
  skeletal	
  tissue	
  purified	
  tropomyosin.	
  

The	
  12%	
  SDS	
  Gel	
  shows	
  the	
  purification	
  of	
  skeletal	
  tropomyosin	
  using	
  the	
  DEAE	
  column.	
  
The	
  numbers	
  represent	
  the	
  fractions	
  of	
  tropomyosin.	
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2.2.1.8  Preparation	
   of	
   N-­‐(1-­‐pyrenyl)	
   iodoacetamide-­‐labelled	
  

tropomyosin	
  

Based	
  the	
  method	
  of	
  Lehrer	
  and	
  Morris,	
  the	
  skeletal	
  tropomyosin	
  was	
  labelled	
  with	
  N-­‐

(1-­‐pyrenyl)	
  iodoacetamide	
  (PIA)	
  (Geeves	
  and	
  Lehrer,	
  1994).	
  Native	
  skeletal	
  tropomyosin	
  

was	
   reduced	
   at	
   40	
   °C	
   for	
   twenty	
   minutes	
   with	
   DTT	
   (50	
   mM)	
   to	
   denature	
   the	
  

tropomyosin.	
  The	
  tropomyosin	
  was	
  dialysed	
  at	
  3	
  mg/ml	
  against	
  5	
  M	
  GuHCl,	
  30	
  mM	
  MES	
  

pH	
  7.5,	
  0.6	
  mM	
  EDTA	
  overnight.	
  Next	
  day	
  seven	
  folds’	
  molar	
  excess	
  of	
  PIA	
  were	
  added	
  

to	
  the	
  tropomyosin	
  for	
  2-­‐3	
  hours	
  at	
  room	
  temperature	
  and	
  the	
  reaction	
  was	
  stopped	
  

by	
  adding	
  20	
  mM	
  DTT.	
  The	
   labelled	
  tropomyosin	
  was	
  spun	
  down	
  at	
  13,000	
  rpm	
  in	
  a	
  

bench	
  centrifuge	
  for	
  5	
  minutes	
  at	
  room	
  temperature	
  to	
  remove	
  the	
  un-­‐dissolved	
  PIA.	
  

The	
  PIA-­‐tropomyosin	
  was	
  re-­‐natured	
  by	
  dialysing	
  against	
  renaturing	
  buffer	
  (1	
  M	
  NaCl,	
  

5	
  mM	
  MOPS	
  pH	
  7.5,	
  1	
  mM	
  EDTA).	
  Then	
  the	
  tropomyosin	
  was	
  dialysed	
  against	
  ATPase	
  

buffer	
  (10	
  mM	
  MOPS	
  pH	
  7,	
  50	
  mM	
  KCl,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3).	
  

The	
  solution	
  was	
  spun	
  down	
  at	
  12,000	
  rpm	
  for	
  10	
  minutes	
  at	
  4°C	
  using	
  a	
  SS34	
  rotor.	
  

The	
   concentration	
   of	
   Tm	
   was	
   determined	
   by	
   the	
   Lowry	
   method	
   and	
   pyrene	
   was	
  

determined	
  by	
  using	
  45.5	
  μM	
  /OD	
  at	
  344	
  nm	
  (Kouyama	
  and	
  Mihashi,	
  1981).	
  The	
  degree	
  

of	
  labelling	
  should	
  typically	
  be	
  in	
  the	
  range	
  1.8-­‐2.2	
  pyrene	
  to	
  Tpm.	
  	
  

	
   	
  



	
  

	
   	
  

70	
  

2.3   General	
  methods	
  

2.3.1   Determination	
  of	
  protein	
  concentration	
  

The	
  proteins	
  concentrations	
  were	
  determined	
  using	
  spectrophotometer	
  (Varian	
  Cary	
  

50	
   spectrophotometer).	
   Absorption	
   A1%	
   extinction	
   coefficients	
   were	
   used	
   for	
   each	
  

protein	
  after	
  samples	
  were	
  scanned	
  from	
  250	
  nm	
  to	
  350	
  nm	
  (Table	
  2.1).	
  	
  

	
  

Table	
  2.1:	
  Extinction	
  coefficients	
  

Protein	
   A1%	
  Extinction	
  coefficient	
  at	
  280	
  nm	
  

actin	
   11.5	
  

Skeletal	
  tropomyosin	
   3.3	
  

Skeletal	
  troponin	
   13.0	
  

myosin	
   5.4	
  

Skeletal	
  Myosin	
  subgragment-­‐1	
   7.9	
  

	
  

2.3.2   Polyacrylamide	
  gel	
  electrophoresis	
  

The	
  proteins	
  were	
  determined	
  by	
  using	
  electrophoresis	
  containing	
  a	
  12%	
  separating	
  gel	
  

with	
  a	
  4%	
  stacking	
  gel.	
  The	
  2X	
  SDS	
  sample	
  buffer	
  (20	
  mM	
  Tris-­‐HCl	
  pH	
  8,	
  5%	
  SDS,	
  10%	
  

mercaptoethanol,	
  20%	
  ethanol,	
  and	
  0.02%	
  bromophenol	
  blue)	
  was	
  used	
  to	
  dilute	
  the	
  

protein	
  sample	
  by	
  adding	
  equal	
  volumes	
  then	
  boiled	
  for	
  3-­‐5	
  minutes	
  before	
   loading.	
  

The	
  Biorad	
  minigel	
  system	
  was	
  used	
  to	
  run	
  the	
  gels	
  at	
  40-­‐50	
  mA	
  and	
  200	
  V	
  until	
  the	
  dye	
  

reached	
  the	
  end	
  of	
  the	
  gel.	
  At	
  the	
  end	
  of	
  the	
  run	
  the	
  gels	
  were	
  taken	
  out	
  and	
  washed	
  

with	
  water	
  and	
  stained	
  with	
  instant	
  blue	
  ready	
  satin	
  for	
  about	
  10-­‐20	
  minutes.	
  The	
  gels	
  

were	
  then	
  de-­‐stained	
  in	
  several	
  changes	
  of	
  fresh	
  water	
  until	
  the	
  background	
  was	
  clear.	
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2.3.3   Co-­‐sedimentation	
  assay	
  

Co-­‐sedimentation	
  was	
  carried	
  out	
  using	
  F-­‐actin	
  (12	
  μM)	
  with	
  the	
  skeletal	
  tropomyosin	
  

mutations	
  and	
  wild	
  type	
  (2.5	
  μM).	
  F-­‐actin	
  and	
  the	
  mutants	
  were	
  mixed	
  and	
  incubated	
  

for	
  an	
  hour	
  with	
  AMSB	
  buffer	
  (10	
  mM	
  Mops,	
  0.5	
  mM	
  DTT,	
  3.5	
  mM	
  MgCl2,	
  0.5mM	
  NaN3	
  

and	
  50	
  mM	
  KCL	
  at	
  pH	
  7.2)	
  to	
  make	
  the	
  volume	
  up	
  to	
  200	
  μl.	
  Following	
  incubation,	
  the	
  

samples	
  were	
  spun	
  at	
  85000	
  rpm	
  at	
  4°C	
  using	
  an	
  ultra-­‐centrifuge	
  TLA100	
  for	
  40	
  minutes,	
  

leading	
   to	
   the	
   formation	
  of	
   pellets.	
   The	
   supernatants	
  were	
  pipetted	
   into	
   Eppendorf	
  

tubes	
  then	
  sample	
  buffer	
  was	
  added	
  to	
  the	
  supernatants	
  and	
  pellets	
  and	
  left	
  overnight	
  

in	
  the	
  4	
  °C	
  to	
  allow	
  denaturation.	
  In	
  the	
  following	
  day,	
  the	
  pellets	
  were	
  dissolved	
  and	
  

pipetted	
   into	
   Eppendorf	
   tubes	
   to	
   which	
   sample	
   buffer	
   was	
   added	
   to	
   make	
   a	
   final	
  

volume	
  of	
  300	
  μl.	
  All	
  samples	
  of	
  tropomyosin	
  mutations	
  with	
  or	
  without	
  F-­‐actin,	
  as	
  well	
  

as	
  F-­‐actin	
  alone	
  were	
  then	
  heated	
  at	
  95°C	
  for	
  4	
  minutes.	
  Samples	
  of	
  the	
  Tpm	
  mutants	
  

alone	
  were	
  also	
  prepared	
  in	
  the	
  same	
  manner,	
  for	
  comparisons.	
  After	
  the	
  separation,	
  

samples	
  from	
  the	
  pellets	
  and	
  supernatants	
  were	
  then	
  analysed	
  on	
  a	
  12%	
  SDS-­‐PAGE	
  with	
  

P7702S	
  protein	
  marker.	
  	
  

2.3.4   Determination	
  of	
  Actomyosin	
  Mg2+	
  ATPase	
  Activity	
  

The	
   actomyosin	
   ATPase	
  was	
   done	
   by	
  mixing	
   and	
   incubating	
   actin,	
   tropomyosin	
   and	
  

troponin	
  in	
  a	
  final	
  volume	
  90	
  μl	
  in	
  ATPAse	
  AOSB	
  buffer	
  (10	
  mM	
  Mops,	
  0.5	
  mM	
  DTT,	
  3.5	
  

mM	
  MgCl2	
  and	
  0.5mM	
  NaN3	
  at	
  pH	
  7.2).	
  The	
  S1	
  only	
  was	
  used	
  as	
  blank.	
  The	
  reaction	
  

was	
  initiated	
  by	
  adding	
  10	
  μl	
  of	
  100	
  mM	
  MgATP	
  at	
  time	
  intervals	
  of	
  7	
  minutes	
  in	
  total	
  

at	
  37	
  °C.	
  After	
  the	
  7	
  minutes,	
  precisely,	
  the	
  reaction	
  was	
  stopped	
  by	
  adding	
  0.5	
  ml	
  of	
  

10%	
  Trichloroacetic	
  acid	
  (TCA)	
  to	
  give	
  a	
  final	
  volume	
  of	
  600	
  μl.	
  The	
  reaction	
  tube	
  was	
  

spun	
  down	
  at	
  13,000	
  rpm	
  for	
  5	
  minutes	
  to	
  remove	
  un	
  wanted	
  binding	
  then,	
  500	
  μl	
  of	
  

the	
   supernatant	
  was	
   taken	
  and	
  pipetted	
   in	
  a	
   test	
   tube.	
   The	
  method	
  of	
   Taussky	
  and	
  

Schorr	
  was	
  used	
  to	
  determine	
  the	
  free	
   inorganic	
  phosphate	
  (Pi)	
   (Taussky	
  and	
  Schorr	
  

1953).	
   Each	
   tube	
   received	
   1	
  ml	
   of	
   1%	
   ammonium	
  molybdate	
   (in	
   0.5	
  M	
   H2So4)	
   and	
  

vortexed.	
  Then,	
  0.5	
  ml	
  of	
  freshly	
  prepared	
  10	
  g	
  FeSo4	
  dissolved	
  in	
  25	
  ml	
  0.5	
  M	
  H2So4	
  

was	
  added	
  and	
  vortexed.	
  The	
  mixture	
  was	
  incubated	
  for	
  5	
  minutes	
  to	
  develop	
  a	
  blue	
  

colour.	
  Alongside	
  the	
  experiment	
  a	
  set	
  of	
  standards	
  containing	
  0,	
  65	
  nmole,	
  130	
  nmoles,	
  

195	
  nmoles	
  and	
  260	
  nmoles	
  of	
  inorganic	
  phosphate	
  were	
  processed.	
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Using	
  the	
  spectrophotometer	
  at	
  700	
  nm,	
  the	
  concentration	
  of	
  inorganic	
  phosphate	
  was	
  

determined	
  for	
  all	
  samples	
  and	
  standard	
  buffers.	
  The	
  blank	
  buffer	
  used	
  contained	
  zero	
  

nmoles	
  of	
  inorganic	
  phosphate.	
  The	
  equation	
  below	
  was	
  used	
  to	
  work	
  out	
  the	
  optical	
  

density	
  per	
  nmole	
  of	
  Pi.	
  	
  

[(OD700	
  for	
  100	
  μl	
  of	
  Pi/65	
  nmoles	
  of	
  Pi)	
  +	
  (OD700	
  for	
  200	
  μl	
  of	
  Pi/130	
  nmoles	
  of	
  Pi)	
  +	
  

(OD700	
  for	
  300	
  μl	
  of	
  Pi/195	
  nmoles	
  of	
  Pi)	
  +	
  (OD700	
  for	
  400	
  μl	
  of	
  Pi/260	
  nmoles	
  of	
  Pi)]	
  /	
  

4]	
  

A	
  control	
  with	
  S1	
  only	
  in	
  the	
  absence	
  of	
  actin	
  was	
  carried	
  out	
  for	
  every	
  ATPase	
  reaction.	
  

The	
   OD	
   that	
   obtained	
   from	
   the	
   control	
   was	
   subtracted	
   from	
   the	
   acto-­‐S1	
   OD.	
   The	
  

amount	
   of	
   Pi	
   produced	
   from	
   the	
   acto-­‐S1	
  ATPase	
  was	
   determined	
   by	
   the	
   difference	
  

divided	
  by	
  the	
  average	
  OD	
  per	
  nmole	
  of	
  Pi.	
  This	
  measurement	
  was	
  done	
  on	
  0.5	
  ml	
  since	
  

the	
   actual	
   volume	
   was	
   0.6	
   ml	
   and	
   a	
   correction	
   volume	
   6/5	
   must	
   be	
   taken.	
   So,	
   to	
  

calculate	
  the	
  amount	
  of	
  Pi	
  produced	
  from	
  ATP	
  hydrolysis	
  the	
  Pi	
  nmoles	
  was	
  divided	
  by	
  

the	
  total	
  reaction	
  time.	
  The	
  ATPase	
  rate	
  (equation	
  below)	
  was	
  expressed	
  as	
  nmoles	
  of	
  

Pi	
  per	
  second.	
  	
  

ATPase	
  rate	
  =	
  (nmoles	
  of	
  Pi	
  produced)/	
  ((6/5)	
  X	
  reaction	
  time).	
  

	
  

2.3.5   Circular	
  Dichroism	
  

Circular	
  Dichroism	
  Spectrometer	
  Chirascan	
  was	
  used	
  with	
  a	
  cell	
  path	
  length	
  of	
  0.1	
  cm	
  

at	
   25	
   ͦC	
   in	
   10	
  mM	
   sodium	
   phosphate,	
   pH	
   7.0	
   and	
   0.3	
  M	
   NaF	
   solution.	
   The	
   spectra	
  

recorded	
  ranged	
  between	
  190-­‐250	
  nm	
  in	
  the	
  far	
  UV	
  region	
  with	
  a	
  bandwidth	
  of	
  1	
  nm	
  

at	
  a	
  resolution	
  of	
  1	
  nm	
  and	
  baseline	
  corrected.	
  Tropomyosin	
  wild	
  type	
  and	
  tropomyosin	
  

mutants’	
   concentrations	
   used	
  were	
   5	
   μM.	
   Thermal	
   stability	
  measurements	
   forward	
  

were	
  made	
  by	
  following	
  the	
  molar	
  ellipticity	
  of	
  tropomyosin	
  at	
  222	
  nm	
  as	
  a	
  function	
  of	
  

temperature	
  in	
  buffer	
  containing	
  0.3	
  M	
  NaF,	
  10	
  mM	
  sodium	
  phosphate,	
  pH	
  7.0.	
  Data	
  

were	
  obtained	
  at	
  1.0	
  °C	
  intervals	
  from	
  15	
  to	
  80	
  °C	
  using	
  a	
  protein	
  concentration	
  of	
  5	
  

μM.	
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2.3.6   Trypsin	
  digestion	
  
The	
  trypsin	
  digestion	
  was	
  performed	
  on	
  the	
  WT	
  Tpm	
  and	
  mutants	
  based	
  on	
  method	
  

used	
  by	
  Ly	
  and	
  his	
  colleagues	
  (Ly	
  and	
  Lehrer,	
  2012).	
  The	
  experiment	
  was	
  performed	
  in	
  

presence	
  and	
  absence	
  of	
  actin.	
  In	
  the	
  presence	
  of	
  actin,	
  the	
  Tpm	
  concentration	
  used	
  

was	
  0.3	
  mg/ml	
  mixed	
  with	
  1.5	
  mg/ml	
  actin	
  (excess	
  of	
  actin)	
  treated	
  with	
  0.003	
  mg/mL	
  

trypsin	
  (lot	
  STBC8587V	
  SIGMA)	
  in	
  a	
  buffer	
  contains	
  (10	
  mM	
  HEPES	
  buffer	
  (pH	
  7.5),	
  0.1	
  

M	
  NaCl,	
  5	
  mM	
  MgCl2,	
  and	
  10	
  mM	
  β-­‐mercaptoethanol)	
  at	
  26	
  °C.	
  For	
  Tpm	
  alone,	
  a	
  0.5	
  

mg/mL	
  Tpm	
  treated	
  with	
  0.001	
  mg/	
  mL	
  trypsin.	
  All	
  experiments	
  were	
  performed	
  on	
  

time	
  course	
  (0,	
  0.30,	
  1,	
  2,	
  3,	
  4,	
  5,	
  10,	
  30	
  and	
  60	
  minutes)	
  and	
  the	
  reaction	
  was	
  stopped	
  

by	
  pre-­‐heated	
  SDS	
  sample	
  buffer	
  at	
  90	
  °C.	
  The	
  sample	
  were	
  analysed	
  on	
  12%	
  SDS	
  gel	
  

and	
  stained.	
  

	
  

2.4   Enzymatic	
  kinetics	
  

2.4.1   Transient	
  State	
  Kinetic	
  Measurements	
  

	
  

For	
  all	
  transient	
  kinetic	
  measurements,	
  we	
  used	
  the	
  Hi-­‐tech	
  Scientific	
  SF61	
  stopped	
  flow	
  

apparatus	
  equipped	
  with	
  a	
  100	
  watt	
  Xe/Hg	
  lamp.	
  For	
  the	
  interpretation	
  and	
  analysis	
  of	
  

the	
  kinetic	
  data	
  we	
  used	
  KinetAsyst	
  software	
  package.	
  To	
  select	
  the	
  desired	
  excitation	
  

wavelength	
  the	
  signal	
  the	
  manual	
  set	
  up	
  was	
  used	
  and	
  the	
  photomultiplier	
  voltage	
  was	
  

used	
  to	
  maximize	
  the	
  signal.	
  The	
  Acquire	
  Control	
  Panel	
  was	
  used	
  to	
  adjust	
  the	
  running	
  

time	
  and	
  the	
  channels.	
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2.4.1.1  Measurement	
  of	
  equilibrium	
  constant	
  between	
  the	
  blocked	
  and	
  

closed	
  states.	
  

	
  

The	
  transition	
  between	
  the	
  blocked	
  and	
  close	
  state	
  was	
  done	
  by	
  following	
  the	
  kinetic	
  

of	
  binding	
  (actin-­‐PIA:Tpm:Tn)	
  (in	
  the	
  ratio	
  of	
  7:1:1)	
  binding	
  to	
  S1	
  in	
  the	
  presence	
  and	
  

absence	
  of	
  calcium.	
  A	
  large	
  excess	
  of	
  actin-­‐PIA	
  was	
  rapidly	
  mixed	
  with	
  small	
  amount	
  of	
  

S1	
  (Head	
  et	
  al.,	
  1995).	
  The	
  364	
  nm	
  wavelength	
  was	
  used	
  for	
  the	
  excitation	
  of	
  the	
  pyrene	
  

iodoacetamide	
  fluorescence	
  and	
  the	
  400	
  nm	
  cut-­‐off	
   filter	
   (GG400	
  filter)	
  was	
  used	
  to	
  

monitor	
  the	
  emission	
  of	
  fluorescence.	
  The	
  experiment	
  was	
  performed	
  in	
  ATPase	
  buffer	
  

(10	
  mM	
  Mops,	
  pH	
  7.2,	
  140	
  mM	
  KCl,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  1	
  mM	
  NaN3)	
  at	
  25	
  °C	
  and	
  

6	
  to	
  8	
  transients	
  were	
  collected	
  and	
  averaged.	
  	
  The	
  Fit	
  Control	
  Panel	
  of	
  the	
  Fit	
  asystant	
  

was	
  used	
  for	
  the	
  average	
  of	
  these	
  transients	
  which	
  was	
  then	
  fitted	
  to	
  one	
  exponential	
  

equation	
  by	
  a	
  nonlinear	
  least	
  square	
  curve	
  fit.	
  To	
  determine	
  the	
  value	
  of	
  the	
  equilibrium	
  

constant	
  between	
  blocked	
  and	
  closed	
  states	
  (KB)	
  the	
  following	
  equation	
  linking	
  the	
  ratio	
  

of	
  the	
  observed	
  rate	
  constant	
  for	
  myosin	
  head	
  binding	
  to	
  thin	
  filament	
  (In	
  the	
  presence	
  

or	
  absence	
  of	
  calcium)	
  over	
  the	
  observed	
  rate	
  constant	
  of	
  myosin	
  head	
  binding	
  to	
  actin	
  

alone	
  to	
  KB:	
  	
  

kobs	
  (+	
  or	
  –	
  Ca
2+)/	
  kobs	
  (actin	
  alone)	
  =	
  KB/	
  (1+KB)	
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2.4.1.2  Determination	
   of	
   the	
  maximum	
   rate	
   constant	
   of	
   the	
   transition	
  

between	
  the	
  ON	
  and	
  OFF	
  states.	
  

The	
  kinetics	
  of	
  the	
  ON/OFF	
  state	
  change	
  of	
  actin+Tpm-­‐PIA*	
  filaments	
  was	
  monitored	
  

by	
  the	
  excimer	
  fluorescence	
  of	
  PIA-­‐tropomyosin	
  (Tpm*)	
  (Lehrer	
  and	
  Geeves	
  1998).	
  The	
  

excitation	
   at	
   364	
  nm	
  was	
  used	
   for	
   the	
  pyrene	
   iodoacetamide	
   fluorescence	
   (labelled	
  

Tpm)	
  and	
  the	
  455	
  nm	
  cut-­‐off	
  filter	
  was	
  used	
  for	
  the	
  emission	
  of	
  excimer	
  fluorescence.	
  

The	
  UG5	
  filter	
  (light	
  over	
  400	
  nm	
  to	
  cut	
  off)	
  was	
  used	
  for	
  Light	
  scattering.	
  The	
  buffer	
  

used	
  to	
  carry	
  out	
  the	
  measurements	
  was	
  (10	
  mM	
  Mops,	
  pH	
  7.2,	
  140	
  mM	
  KCl,	
  5	
  mM	
  

MgCl2,	
  1	
  mM	
  DTT,	
  1	
  mM	
  NaN3)	
  at	
  20	
  ͦC.	
  The	
  actin-­‐Tpm*	
  were	
  premixed	
  and	
  incubated	
  

for	
  60	
  minutes	
  in	
  a	
  ratio	
  of	
  (6:1).	
  The	
  ATP	
  concentration	
  varied	
  from	
  20	
  µM	
  up	
  to	
  2	
  mM.	
  

Then,	
  an	
  average	
  of	
  6	
   to	
  10	
   transients	
  were	
  collected	
  and	
   fitted	
   to	
  one	
  exponential	
  

equation	
  by	
  a	
  non-­‐linear	
   least	
   square	
  curve	
   fit	
  using	
   the	
  Fit	
  Control	
  Panel	
  of	
   the	
  Fit	
  

Asystant.	
  The	
  values	
  were	
  then	
  calculated	
  by	
  hyperbolic	
   formula	
  as	
  described	
   in	
  the	
  

figure	
  legend.	
  

	
  

2.4.2   	
  Determination	
  of	
  the	
  equilibrium	
  binding	
  constant	
  of	
  tropomyosin	
  

to	
  troponin	
  using	
  steady	
  state	
  fluorescence.	
  

	
  

The	
  change	
  in	
  the	
  excimer	
  fluorescence	
  was	
  used	
  to	
  measure	
  the	
  binding	
  of	
  troponin	
  

to	
  PIA-­‐Tpm	
  to	
  calculate	
  KD.	
  In	
  this	
  experiment,	
  the	
  Tpm	
  concentration	
  was	
  2	
  µM	
  titrated	
  

with	
  increasing	
  troponin	
  concentration	
  from	
  0-­‐7	
  µM	
  in	
  2	
  ml	
  of	
  AMSB	
  (10	
  mM	
  MOPS	
  pH	
  

7,	
  50	
  mM	
  KCl,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3)	
  at	
  25	
   ͦ	
  C.	
  The	
  correction	
  

volume	
  was	
  applied	
  to	
  adopt	
  the	
  change	
  of	
  volume	
  due	
  the	
  adding	
  of	
  troponin.	
  The	
  

curves	
  were	
  plotted	
  as	
  a	
  function	
  of	
  the	
  troponin	
  concentration	
  and	
  hyperbola	
  equation	
  

was	
  applied	
  to	
  calculate	
  the	
  Tn	
  bound	
  to	
  Tpm	
  (KD).	
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3   Chapter	
  3	
  
	
  

Structural	
  and	
  functional	
  

characterization	
  of	
  

tropomyosin3	
  mutations	
  

expressed	
  in	
  Baculovirus-­‐Sf9	
  

insect	
  cells	
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3.1   Introduction	
  
Mutations	
  in	
  genes	
  that	
  encode	
  proteins	
  in	
  thin	
  filaments	
  of	
  the	
  muscle	
  sarcomere	
  were	
  

found	
  to	
  cause	
  several	
  congenital	
  muscle	
  diseases	
  and	
  disorders.	
  A	
  number	
  of	
  clinical	
  

features	
   including	
   hypotonia,	
   non-­‐or	
   slowly	
   progressive	
   muscle	
   weakness,	
   slender	
  

build,	
  predominant	
   involvement	
  of	
   the	
  proximal	
  muscles,	
  bulbar	
  muscle	
  weaknesses	
  

are	
  shared	
  by,	
  nemaline	
  myopathy,	
  cap	
  disease	
  and	
  congenital	
  fiber	
  type	
  disproportion.	
  

Mutations	
   in	
  Tpm2	
  and	
  Tpm3	
  were	
   found	
   in	
  at	
   least	
   three	
  different	
   skeletal	
  muscle	
  

diseases	
  (Lehtokari	
  et	
  al.,	
  2008;	
  Nowak	
  et	
  al.,1999;	
  Tajsharghi	
  et	
  al.,	
  2007).	
  Cap	
  disease	
  

and	
   distal	
   arthrogryposis	
   are	
   caused	
   by	
  mutation	
   in	
   Tpm2	
  while	
   CFTD	
   is	
   caused	
   by	
  

mutation	
  in	
  Tpm3	
  and	
  NM	
  myopathy	
  is	
  caused	
  by	
  mutations	
  in	
  both	
  Tpm2	
  and	
  Tpm3.	
  

Since	
  these	
  myopathies	
  are	
  caused	
  by	
  mutations	
  in	
  a	
  number	
  of	
  thin	
  filament	
  associated	
  

genes	
  and	
  in	
  particular	
  Tpn,	
  they	
  may	
  eventually	
  provide	
   insight	
   into	
  the	
  function	
  of	
  

different	
  Tpms	
  and	
  different	
  regions	
  of	
  Tpm	
  proteins	
  (Kee	
  and	
  Hardeman,	
  2008).	
  

An	
   important	
   structural	
   property	
   of	
   tropomyosin	
   is	
   the	
   end-­‐to-­‐end	
   (Head	
   to	
   tail)	
  

interactions.	
  This	
   interaction	
  between	
  the	
  N-­‐terminal	
  of	
  one	
  tropomyosin	
  and	
  the	
  C-­‐

terminal	
  of	
  the	
  adjacent	
  tropomyosin	
  plays	
  a	
  critical	
  role	
  in	
  tropomyosin	
  binding	
  to	
  actin	
  

and	
   the	
   cooperativity	
   conferred	
   by	
   tropomyosin	
   to	
   thin	
   filaments.	
   Tropomyosin	
   is	
  

subject	
  to	
  N-­‐terminal	
  acetylation	
  and	
  this	
  acetylation	
  is	
  believed	
  to	
  be	
  critical	
  for	
  the	
  

head	
  to	
  tail	
  interactions.	
  To	
  obtain	
  tropomyosin	
  mutant	
  proteins,	
  an	
  expression	
  system	
  

that	
  maintain	
  acetylation	
  is	
  highly	
  desirable.	
  Many	
  laboratories	
  used	
  E.coli	
  expression	
  

systems	
  to	
  obtain	
  tropomyosin.	
  Proteins	
  expressed	
  in	
  E.coli	
  cannot	
  be	
  acetylated	
  since	
  

E.coli	
   does	
   not	
   possess	
   the	
   enzymes	
   required	
   for	
   acetylation.	
   However,	
   it	
   has	
   been	
  

shown	
   that	
   the	
   addition	
   of	
   an	
   Ala-­‐Ser-­‐	
   extension	
   at	
   the	
   N-­‐terminus	
   mimics	
   the	
  

acetylation	
  and	
  restores	
  the	
  end	
  to	
  end	
  interactions	
  (Monteiro	
  et	
  al.,	
  1994).	
  However,	
  

some	
  reports	
  have	
  disputed	
  this	
  and	
  suggested	
  that	
  this	
  Ala-­‐Ser-­‐Tpm	
  produces	
  reduced	
  

cooperativity	
  and	
  perhaps	
  other	
  abnormalities	
  (Coulton	
  et	
  al.,	
  2006).	
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We	
  have	
  decided	
  to	
  use	
  baculovirus	
  SF-­‐9	
  insect	
  cells	
  to	
  express	
  tropomyosin	
  mutants	
  

for	
  three	
  main	
  reasons:	
  firstly	
  the	
  insect	
  cells	
  have	
  an	
  advantage	
  in	
  which	
  the	
  produced	
  

protein	
  undergoes	
  acetylation	
  and	
  other	
  post-­‐translational	
  modification	
  while	
  the	
  E.coli	
  

host	
  expression	
  systems	
  does	
  not.	
  Secondly,	
  Baculovirus	
  can	
  be	
  grown	
  in	
  absence	
  of	
  

serum	
  and	
  can	
  be	
  culture	
  attached	
  or	
  in	
  suspension	
  in	
  the	
  host	
  insect	
  cells	
  which	
  gives	
  

a	
  very	
  efficient	
  method	
  for	
  producing	
  recombinant/mutated	
  proteins.	
  Thirdly,	
  the	
  host	
  

insect	
  cells	
  lack	
  tropomyosin	
  which	
  diminishes	
  the	
  possibility	
  of	
  the	
  contamination	
  with	
  

the	
  protein	
  of	
  interest.	
  In	
  this	
  chapter,	
  I	
  will	
  describe	
  my	
  attempt	
  to	
  set	
  up	
  a	
  baculovirus-­‐

SF-­‐9	
  insect	
  cell	
  expression	
  system	
  in	
  our	
  laboratory	
  and	
  use	
  it	
  to	
  express	
  tropomyosin	
  

mutants	
   in	
   sufficient	
   quantities.	
   I	
  will	
   also	
   present	
  my	
  data	
   on	
   the	
   effect	
   of	
   several	
  

mutations	
   in	
   Tpm3	
   associated	
   with	
   congenital	
   myopathies	
   on	
   its	
   biochemical	
   and	
  

structural	
  properties.	
  We	
  selected	
  the	
  following	
  mutations	
  A4V,	
  R90P,	
  L100M,	
  R167C,	
  

R167G,	
  K169E,	
  E240K,	
  and	
  R245G.	
  Several	
  of	
  these	
  mutations	
  are	
  at	
  a	
  site	
  believed	
  to	
  

interact	
   with	
   actin	
   R90,	
   R167,	
   K169,	
   E240	
   and	
   R245.	
   We	
   hypothesised	
   that	
   these	
  

mutations	
  will	
  reduce	
  tropomyosin	
  binding	
  to	
  actin.	
  Mutation	
  A4V	
  is	
  at	
  the	
  N-­‐terminal	
  

part	
  of	
  tropomyosin	
  involved	
  in	
  the	
  head	
  to	
  tail	
  interactions	
  and	
  we	
  hypothesised	
  that	
  

this	
  mutation	
  will	
  interfere	
  with	
  tropomyosin	
  end	
  to	
  end	
  interactions	
  and	
  consequently	
  

with	
  actin	
  binding.	
  L100M	
  is	
  a	
  mutation	
  likely	
  to	
  disrupt	
  the	
  structure	
  of	
  tropomyosin	
  

because	
  it	
  is	
  in	
  position	
  (a)	
  of	
  the	
  heptad-­‐peptide	
  which	
  is	
  present	
  in	
  the	
  core	
  of	
  the	
  

coiled	
  coil	
  and	
  it	
  is	
  important	
  for	
  its	
  stabilisation.	
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The	
  effect	
  of	
  these	
  mutations	
  on	
  the	
  ability	
  of	
  Tn	
  to	
  activate	
  and	
  inhibit	
  the	
  actomyosin	
  

ATPase	
  activity	
  in	
  the	
  presence	
  and	
  absence	
  of	
  Ca2+	
  was	
  assessed	
  respectively.	
  We	
  have	
  

also	
  analysed	
  the	
  effect	
  of	
  Tpm	
  mutations	
  on	
  the	
  cooperative	
  activation	
  of	
  (actin-­‐Tpm-­‐

Tn-­‐myosin)	
  ATPase	
  by	
  myosin	
  heads.	
  Co-­‐sedimentation	
  assays	
  were	
  used	
  to	
  test	
  the	
  

binding	
  of	
  Tpm	
  to	
  actin.	
  Additionally,	
  we	
   investigated	
   the	
   transition	
  of	
   thin	
   filament	
  

from	
   the	
   blocked	
   to	
   the	
   closed	
   state	
   by	
  measuring	
   the	
   equilibrium	
   constant	
   KB.	
   To	
  

monitor	
  the	
  impact	
  of	
  these	
  mutations	
  on	
  long	
  range	
  conformational	
  effect	
  we	
  followed	
  

trypsin	
  digestion	
  at	
  Arg133	
  in	
  the	
  presence	
  and	
  absence	
  of	
  actin	
  respectively.	
  	
  

Although	
  proteins	
  were	
  successfully	
  produced	
  and	
  used	
  in	
  a	
  variety	
  of	
  assays,	
  it	
  became	
  

clear	
   that	
  acetylation	
  of	
  Tpm	
  was	
  variable,	
   resulting	
   in	
  unreliable	
  data.	
  Cosequently,	
  

this	
   production	
  method	
  was	
  not	
  used	
   in	
   all	
   future	
  work.	
  Nevertheless,	
   the	
  data	
   are	
  

shown	
  and	
  conclusions	
  are	
  drawn	
  where	
  possible.	
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3.2   Results	
  

3.2.1   Expression	
  and	
  purification	
  
All	
  tropomyosin’s	
  were	
  expressed	
  and	
  purified	
  from	
  SF-­‐9	
  (Clonal	
  isolate	
  of	
  Spodoptera	
  

Frugiperda	
  SF21	
  cells)	
  insect	
  cell	
  cultures	
  expressing	
  Tpms	
  (A4V,	
  R90P,	
  L100M,	
  R167C,	
  

R167G,	
   K169E,	
   E240K,	
   and	
  R245G).	
  All	
   baculovirus	
   constructs	
  were	
   a	
   gift	
   from	
  Prof.	
  

Kristen	
  Nowak	
  (University	
  of	
  Western	
  Australia).	
  	
  

The	
  expression	
  and	
  purification	
  was	
  based	
  on	
  previous	
  methods	
  (Hitchcock-­‐DeGregori	
  

and	
  Heald,	
  1987;	
  Urbancikova	
  and	
  Hitchcock-­‐DeGregori,	
  1994;	
  Akkari	
  et	
  al.,	
  2002).	
  After	
  

cell	
   lysis	
   and	
   removal	
   of	
   debris,	
   crude	
   extraction	
   of	
   Tpm	
   was	
   done	
   by	
   ammonium	
  

sulphate	
  fractionation	
  from	
  0-­‐45%	
  and	
  then	
  from	
  45-­‐65%.	
  The	
  65%	
  pellet	
  was	
  dissolved	
  

and	
  dialysed	
  overnight	
  in	
  (10	
  mM	
  MOPS	
  pH	
  7.2,	
  50	
  mM	
  KCl,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  

and	
  1	
  mM	
  NaN3).	
  The	
  crude	
  tropomyosin	
  was	
  loaded	
  onto	
  a	
  DEAE	
  column,	
  which	
  had	
  

been	
  equilibrated	
  with	
  the	
  same	
  dialysis	
  buffer.	
  Absorption	
  measurement	
  at	
  280	
  nm	
  

was	
  used	
  to	
  monitor	
  the	
  various	
  DEAE	
  fractions	
  (Figuer	
  3.1	
  Panel	
  A).	
  During	
  the	
  wash,	
  

a	
  peak	
  was	
  eluted	
  and	
  analysed	
  by	
  gel	
  electrophoresis	
  which	
  showed	
  various	
  bands	
  that	
  

are	
  insect	
  cell	
  proteins	
  (Figuer	
  3.1	
  panel	
  B).	
  Once	
  the	
  flow	
  through	
  peak	
  was	
  back	
  to	
  

zero,	
  elution	
  of	
  the	
  proteins	
  bound	
  to	
  the	
  column	
  was	
  achieved	
  by	
  a	
  linear	
  gradient	
  of	
  

50-­‐500	
  mM	
  KCl	
  and	
  5	
  ml	
  fractions.	
  Absorption	
  measurement	
  was	
  used	
  to	
  monitor	
  the	
  

various	
  eluted	
  fractions	
  (Figuer	
  3.1	
  Panel	
  A).	
  Analysis	
  of	
  these	
  peak	
  was	
  carried	
  out	
  by	
  

gel	
   electrophoresis	
   which	
   showed	
   Tpm	
   as	
   the	
   main	
   band	
   but	
   also	
   several	
   other	
  

contaminant	
  bands	
  (Figuer	
  3.1	
  panel	
  B).	
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Figure	
  3.1:	
  Tropomyosin	
  purification	
  OD	
  spectra	
  and	
  12%	
  SDS	
  gel	
  

(A)	
  DEAE	
  elution	
  profile	
  using	
  absorbance	
  at	
  280	
  nm	
  (y	
  axis)	
  of	
  the	
  various	
  fractions	
  (x	
  
axis)	
  (B)	
  SDS	
  PAGE	
  analysis	
  of	
  the	
  various	
  fractions	
  (numbers	
  given	
  above	
  the	
  lanes)	
  of	
  
the	
  DEAE	
  column.	
  
	
  
	
  
	
  
3.2.2   	
  Effect	
  of	
  increasing	
  troponin	
  concentration	
  on	
  maximal	
  inhibition	
  

and	
  activation	
  of	
  the	
  actomyosin	
  ATPase	
  

The	
   tropomyosin	
   and	
   troponin	
   are	
   actomyosin	
   regulatory	
   proteins	
   in	
   a	
   calcium	
  

dependent	
  manner.	
  In	
  the	
  absence	
  of	
  Ca2+	
  the	
  Tpm-­‐Tn	
  complex	
  inhibits	
  the	
  actomyosin	
  

ATPase	
  while	
   in	
   the	
  presence	
  of	
  Ca2+,	
   the	
  Tn-­‐Tpm	
  complex	
  activates	
   the	
  actomyosin	
  

ATPase	
  above	
  the	
  activity	
  obtained	
  for	
  actin	
  alone	
  (Lehman	
  and	
  Craig,	
  2008).	
  This	
  assay	
  

was	
  conducted	
  to	
  observe	
  the	
  effect	
  of	
  mutations	
  on	
  Tpm-­‐Tn	
  induced	
  inhibition	
  and	
  

activation	
  of	
  actomyosin	
  ATPase	
  in	
  the	
  absence	
  and	
  presence	
  of	
  calcium.	
  Myosin	
  heads	
  

hydrolyses	
  ATP	
  into	
  ADP-­‐Pi	
  and	
  thin	
  filaments	
  activate	
  this	
  substantially.	
  The	
  inorganic	
  

Pi	
  production	
  can	
  be	
  monitored	
  by	
  a	
  colorimetric	
  method.	
  	
  

	
  

Activation	
  and	
  inhibition	
  of	
  myosin	
  ATPase	
  activity	
  rates	
  were	
  measured	
  using	
  actin	
  10	
  

µM	
  Tpm	
  2	
  µM,	
  S1	
  2	
  uM,	
  Tn	
  0-­‐3	
  µM,	
  0.5	
  mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA	
  in	
  AOSB	
  (10	
  mM	
  Mops,	
  

0.5	
  mM	
  DTT,	
  3.5	
  mM	
  MgCl2	
  and	
  0.5mM	
  NaN3	
  at	
  pH	
  7.2)	
  in	
  30	
  °C.	
  For	
  both	
  activation	
  

and	
   inhibition,	
   the	
   actomyosin	
   ATPase	
   activity	
   in	
   the	
   absence	
   of	
   Tn	
   is	
   used	
   as	
   the	
  

reference	
  level	
  and	
  is	
  set	
  at	
  100%.	
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This	
   experiment	
   was	
   done	
   for	
   the	
   WT	
   and	
   the	
   mutants	
   and	
   the	
   average	
   of	
   three	
  

experiments	
  was	
  plotted	
   in	
   (figure	
  3.2).	
   Tissue	
  purified	
   skeletal	
  muscle	
   tropomyosin	
  

was	
  used	
  as	
  a	
  control	
  in	
  parallel	
  with	
  WT	
  and	
  mutants.	
  Tissue	
  purified	
  skeletal	
  muscle	
  

tropomyosin	
  showed	
  activation	
  with	
   increasing	
  Tn	
  concentration	
   in	
  presence	
  of	
  Ca2+	
  

reaching	
   a	
   plateau	
   of	
   almost	
   100%	
   activation	
   (above	
   the	
   reference	
   level	
   of	
   actin	
  

activation	
  of	
  myosin	
  head	
  ATPase)	
  with	
  about	
  1	
  µM	
  Tn.	
  In	
  the	
  absence	
  of	
  Ca2+,	
  troponin	
  

induced	
  inhibition	
  of	
  the	
  actomyosin	
  ATPase	
  and	
  maximum	
  inhibition	
  was	
  obtained	
  at	
  

about	
   1	
   µM.	
   Analysis	
   of	
   the	
   baculovirus	
   Sf9	
   insect	
   cell	
   tropomyosin	
   wild	
   type	
   (No	
  

mutation)	
   (WT)	
  did	
   show	
  50	
  %	
  activation	
  above	
   the	
  actin	
   level.	
   This	
   is	
  only	
  half	
   the	
  

activation	
  observed	
  for	
  tissue	
  purified	
  tropomyosin.	
  Surprisingly,	
  the	
  WT	
  Tpm	
  showed	
  

no	
   inhibition	
   of	
   the	
   actomyosin	
   ATPase.	
   The	
   R245G	
   showed	
   good	
   activation	
   and	
  

inhibition	
  compared	
   to	
   the	
   tissue	
  purified	
  Tpm.	
  For	
  K169E	
  and	
  L100M	
  Tpm	
  mutants	
  

showed	
  activation	
  of	
  the	
  actomyosin	
  ATPase	
  similar	
  to	
  the	
  WT	
  and	
  much	
  less	
  than	
  the	
  

tissue	
  purified	
  tropomyosin.	
  The	
  inhibition	
  of	
  the	
  actomyosin	
  ATPase	
  was	
  similar	
  to	
  the	
  

tissue	
  purified	
  tropomyosin.	
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Figure	
  3.2:	
  Activation	
  and	
  Inhibition	
  of	
  myosin	
  ATPase	
  activity	
  

Effect	
  of	
  Tpm3	
  mutations	
  on	
  activation	
  and	
  inhibition	
  of	
  myosin	
  S1	
  ATPase	
  activity	
  by	
  
interaction	
  of	
  Tn	
  with	
  actin-­‐Tpm	
  complexes	
  in	
  the	
  presence	
  and	
  absence	
  of	
  Ca2+.	
  The	
  
blue	
   curve	
   represents	
   the	
   skeletal	
   Tpm	
   and	
   the	
   red	
   curve	
   represents	
   the	
   WT	
   and	
  
mutants.	
  Conditions	
  are:	
  actin	
  10	
  µM	
  Tpm	
  2	
  µM	
  S1	
  2	
  µM	
  and	
  Tn	
  0-­‐3	
  µM	
  0.5	
  mM	
  CaCl2	
  
and	
  1	
  mM	
  EGTA	
  in	
  AOSB	
  (10	
  mM	
  Mops,	
  0.5	
  mM	
  DTT,	
  3.5	
  mM	
  MgCl2	
  and	
  0.5mM	
  NaN3	
  
at	
  pH	
  7.2)	
  in	
  30	
  ͦC.	
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3.2.3   	
  Effect	
  of	
  Tropomyosin	
  mutations	
  on	
  the	
  cooperative	
  activation	
  of	
  

actin-­‐Tpm-­‐Tn-­‐myosin	
  ATPase	
  by	
  myosin	
  heads	
  

Lehrer	
  and	
  Morris	
  developed	
  an	
  actomyosin	
  ATPase	
  assay	
  capable	
  of	
   visualising	
   the	
  

cooperative	
   behaviour	
   of	
   muscle	
   thin	
   filaments	
   using	
   the	
   dependence	
   of	
   the	
   actin	
  

activation	
  of	
  myosin	
  ATPase	
  by	
  increasing	
  S1	
  concentrations.	
  The	
  curve	
  obtained	
  for	
  S1	
  

alone	
   represents	
   the	
   basal	
   ATP	
   hydrolysis	
   by	
  myosin	
   heads.	
   The	
   curve	
   obtained	
   for	
  

S1+actin	
  represents	
  the	
  actin	
  activation	
  of	
  myosin	
  heads	
  ATPase.	
  The	
  ATPase	
  obtained	
  

with	
  S1	
  myosin	
  head	
  and	
  actin	
   filament	
  alone	
   follows	
  a	
  hyperbolic	
   relationship	
  as	
  a	
  

function	
  of	
  myosin	
  head	
  concentration	
  because	
  they	
  follow	
  simple	
  Michaelis	
  menten	
  

enzyme	
  kinetics.	
  In	
  the	
  presence	
  of	
  tropomyosin,	
  the	
  curve	
  become	
  sigmoidal	
  in	
  both	
  

the	
  absence	
  and	
  presence	
  of	
  troponin	
  (with	
  or	
  without	
  Ca2+)	
  (Lehrer	
  and	
  Morris,	
  1982).	
  

The	
   experiment	
   in	
   (figure	
   3.3)	
   showed	
   a	
   slightly	
   sigmoidal	
   curve	
   for	
   tissue	
   purified	
  

skeletal	
   muscle	
   Tpm	
   (red	
   square)	
   in	
   the	
   presence	
   of	
   Tn-­‐Ca2+	
   and	
   inhibition	
   (red	
  

diamond)	
   in	
  the	
  presence	
  of	
  Tn	
  but	
  without	
  Ca2+.	
  Wild	
  type	
  Tpm	
  alone	
  was	
  showing	
  

activation	
  due	
   to	
   the	
  S1	
  binding	
  but	
  not	
  as	
  much	
  as	
   in	
   the	
  presence	
  of	
  Tn-­‐Ca2+	
   (red	
  

circle).	
  

We	
  analysed	
   several	
   tropomyosin	
  mutants	
  using	
   this	
  assay	
   including	
  Tpm	
  A4V,	
  Tpm	
  

R90P,	
  Tpm	
  R167G,	
  Tpm	
  R167C,	
  Tpm	
  K169E,	
  Tpm	
  E240K	
  and	
  Tpm	
  R245G.	
  The	
  following	
  

results	
  were	
  obtained.	
  1)	
  None	
  of	
  the	
  mutants	
  showed	
  any	
  sigmoidal	
  behaviour	
  for	
  Tpm	
  

alone	
  or	
  Tpm	
  with	
  Tn	
  (+/-­‐	
  Ca2+).	
  2)	
  All	
  the	
  Tpm	
  mutants	
  showed	
  less	
  activation	
  in	
  the	
  

presence	
  of	
  Tn-­‐Ca2+	
  than	
  for	
  tropomyosin	
  alone,	
  unlike	
  tissue	
  purified	
  Tpm.	
  3)	
  All	
  the	
  

mutants	
  inhibited	
  the	
  actomyosin	
  ATPase	
  similarly	
  to	
  the	
  tissue	
  purified	
  tropomyosin	
  

in	
  the	
  presence	
  of	
  Tn	
  and	
  absence	
  of	
  Ca2+.	
  4)	
  Tpm	
  A4V	
  and	
  Tpm	
  R90P	
  showed	
  slightly	
  

reduced	
  activation	
  of	
  the	
  actomyosin	
  ATPase	
  in	
  the	
  presence	
  of	
  Tn+Ca2+	
  in	
  comparison	
  

to	
  skeletal	
  muscle	
  Tpm.	
  	
  5)	
  Most	
  significantly	
  Tpm	
  R167G,	
  Tpm	
  R167C	
  and	
  TpmE240K	
  

showed	
  complete	
  loss	
  of	
  the	
  activation	
  of	
  the	
  actomyosin	
  ATPase	
  in	
  the	
  presence	
  of	
  Tn-­‐

Ca2+	
  (The	
  ATPase	
  obtained	
  was	
  at	
  the	
  same	
  level	
  as	
  inhibition).	
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Figure	
  3.3:	
  Effect	
  of	
  Tpm	
  mutations	
  on	
  the	
  S1	
  dependence	
  of	
  the	
  actomyosin	
  ATPase	
  

Thin	
  filament	
  activation	
  of	
  S1	
  ATPase	
  at	
  increasing	
  concentration	
  of	
  S1	
  in	
  the	
  presence	
  
and	
  absence	
  of	
  calcium.	
  The	
  Red	
  represents	
  the	
  Skeletal	
  Tpm	
  and	
  the	
  blue	
  represents	
  
the	
  mutations.	
  Activity	
  was	
  measured	
  in	
  the	
  presence	
  of	
  8	
  μM	
  skeletal	
  actin,	
  2	
  μM	
  Tpm,	
  
2	
  μM	
  Tn	
  and	
  0-­‐4	
  μM	
  skeletal	
  S1	
  at	
  30	
  °C	
  in	
  ATPase	
  low	
  salt	
  buffer	
  (10	
  mM	
  KCl,	
  10	
  mM	
  
MOPS	
  pH	
  7.2,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3).	
  In	
  the	
  presence	
  of	
  Tn,	
  the	
  
experiments	
  were	
  performed	
  either	
  in	
  the	
  presence	
  of	
  0.5	
  mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA.	
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3.2.4   	
  Effect	
   of	
   tropomyosin	
   mutations	
   on	
   actin	
   binding:	
   Co-­‐

sedimentation	
  

Tropomyosin	
  binding	
  to	
  actin	
  is	
  the	
  defining	
  property	
  of	
  tropomyosin	
  and	
  is	
  necessary	
  

for	
  its	
  ability	
  to	
  regulate	
  muscle	
  contraction	
  together	
  with	
  troponin.	
  In	
  order	
  to	
  analyse	
  

the	
  binding	
  of	
  tropomyosin	
  to	
  actin,	
  single	
  point	
  co-­‐sedimentation	
  experiments	
  were	
  

performed	
  to	
  determine	
  simply	
  if	
  Tpm	
  binds	
  actinor	
  not.	
  At	
  high	
  speed	
  centrifugation	
  

actin	
  filaments	
  form	
  a	
  pellet	
  that	
  will	
  also	
  contains	
  any	
  protein	
  that	
  has	
  the	
  ability	
  to	
  

bind	
  these	
  filaments.	
  If	
  the	
  protein	
  does	
  not	
  bind	
  actin	
  it	
  will	
  stay	
  in	
  the	
  supernatant.	
  

Analysis	
  of	
  the	
  supernatant	
  and	
  pellet	
  allows	
  the	
  determination	
  of	
  actin	
  binding	
  ability.	
  

Thin	
   filament	
   mixtures	
   were	
   premixed	
   at	
   a	
   ratio	
   of	
   14	
   Actin:2	
   Tpm	
   then	
   the	
   co-­‐

sedimentation	
  assay	
  was	
  done	
  as	
  described	
  previously	
  in	
  methods	
  section	
  (2.4.3).	
  The	
  

pellets	
  and	
  supernatants	
  were	
  analysed	
  using	
  12%	
  SDS-­‐gel.	
  Figure	
  3.4	
  shows	
  the	
  results.	
  

Actin	
  filaments	
  alone	
  were	
  used	
  as	
  a	
  control	
  and	
  in	
  which	
  most	
  actin	
  was	
  in	
  the	
  pellets.	
  

Tissu	
   purified	
   skeletal	
   muscle	
   Tpm	
   spun	
   alone	
   and	
   was	
   predominantly	
   in	
   the	
  

supernatant.	
  A	
  small	
  amount	
  was	
  observed	
  in	
  the	
  pellet	
  that	
  may	
  be	
  due	
  to	
  aggregation.	
  

In	
   the	
  presence	
  of	
  actin,	
   the	
  majority	
  was	
   in	
   the	
  pellet	
  with	
  actin	
  demonstrating	
  an	
  

interaction	
   between	
   actin	
   and	
   tissue	
   purified	
   skeletal	
   muscle	
   tropomyosin.	
   For	
   the	
  

various	
  Tpm	
  mutants	
  analysed	
  the	
  results	
  were	
  as	
  follow:	
  1)	
  Tpm	
  WT	
  and	
  Tpm	
  L100M	
  

showed	
  no	
  binding	
  to	
  actin.	
  These	
  two	
  proteins	
  were	
  found	
  in	
  the	
  supernatant	
  and	
  no	
  

proteins	
  were	
  found	
  in	
  the	
  pellet	
  with	
  actin	
  suggesting	
  that	
  these	
  Tpm	
  proteins	
  did	
  not	
  

bind	
  actin	
  filaments.	
  2).	
  Both	
  Tpm	
  K169E	
  and	
  Tpm	
  R245G	
  were	
  found	
  in	
  the	
  pellets	
  with	
  

actin	
  but	
  not	
  when	
  spun	
  alone	
  indicating	
  that	
  these	
  two	
  mutants	
  showed	
  binding	
  to	
  

actin	
  filaments.	
  However,	
  both	
  mutants	
  showed	
  a	
  reduction	
  in	
  the	
  binding	
  to	
  actin	
  since	
  

the	
  size	
  of	
  the	
  band	
  in	
  the	
  supernatant	
  of	
  (Actin+Tpm)	
  is	
  more	
  than	
  what	
  observed	
  for	
  

skeletal	
  muscle	
  tropomyosin.	
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Figure	
  3.4:	
  12%	
  SDS-­‐PAGE	
  for	
  WT	
  and	
  Tpm	
  mutations	
  co-­‐sedimentation	
  with	
  Actin	
  

From	
  left	
  to	
  right	
  pellets	
  (P)	
  and	
  supernatants	
  (S)	
  are	
  shown:	
  actin,	
  WT,	
  L100M,	
  R245G,	
  
K169E	
  and	
  Skeletal	
  Tpm.	
  Thin	
  filaments	
  were	
  reconstituted	
  by	
  incubating	
  12	
  μM	
  actin,	
  
2	
  μM	
  Tpm	
  in	
  10	
  mM	
  MOPS,	
  50	
  mM	
  KCl,	
  4	
  mM	
  MgCl2,	
  0.1	
  mM	
  CaCl2	
  and	
  1	
  mM	
  DTT	
  (pH	
  
7.2)	
  for	
  30	
  min	
  and	
  then	
  spun	
  down	
  for	
  400	
  minutes	
  at	
  85,000	
  rpm	
  at	
  4	
  C.	
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3.2.5   The	
   effect	
   of	
   mutations	
   on	
   the	
   structure	
   of	
   tropomyosin	
   using	
  

trypsin	
  digestion	
  essay	
  

Sumida	
  et	
  al	
  developed	
  an	
  assay	
  to	
  assess	
  the	
  impact	
  of	
  tropomyosin	
  mutations	
  on	
  the	
  

structure	
   and	
   long	
   range	
   conformational	
   change	
   in	
   tropomyosin	
   using	
   digestion	
   of	
  

tropomyosin	
  by	
  trypsin	
  at	
  Arg133	
  (Sumida	
  et	
  al.,	
  2008).	
  	
  We	
  performed	
  a	
  time	
  course	
  

of	
  Tpm	
  digestion	
  by	
  trypsin	
  for	
  all	
  Tpm	
  mutants	
  in	
  comparison	
  to	
  the	
  WT	
  as	
  a	
  control.	
  

The	
  stability	
  of	
  Tpm	
  will	
  affects	
  the	
  time	
  it	
  takes	
  for	
  trypsin	
  to	
  digest	
  the	
  protein.	
  	
  In	
  the	
  

absence	
  of	
  actin	
  WT	
  tropomyosin	
  did	
  not	
  display	
  any	
  digestion	
  after	
  1,	
  2	
  and	
  3	
  minutes	
  

of	
  addition	
  of	
  trypsin.	
  After	
  4	
  minutes	
  a	
  15	
  kDa	
  band	
  appeared	
  and	
  after	
  30	
  minutes	
  all	
  

Tpm	
  was	
  converted	
  to	
  two	
  bands	
  of	
  small	
  molecular	
  weights	
  10	
  and	
  15	
  kDa.	
  The	
  three	
  

mutations	
  L100M,	
  K169E	
  and	
  R245G	
  showed	
  more	
  resistance	
  to	
  trypsin	
  digestion	
  than	
  

the	
   WT.	
   The	
   native	
   Tpm	
   band	
   was	
   still	
   present	
   after	
   30	
   min	
   of	
   digestion	
   and	
   an	
  

intermediate	
  band	
  of	
   24	
   kDa	
  was	
  observed	
  much	
   later	
   in	
   the	
  digestion	
   time	
   course	
  

figure	
  (3.5).	
  

	
  

Since	
   actin	
   filaments	
   bind	
   tropomyosin	
   and	
   actin	
   filaments	
   are	
   resistant	
   to	
   tryptic	
  

digestion	
   (on	
   a	
   short	
   timescale),	
   we	
   presumed	
   that	
   addition	
   of	
   actin	
   filaments	
   will	
  

protect	
  tropomyosin	
  from	
  digestion	
  by	
  trypsin	
  and	
  will	
  change	
  the	
  pattern	
  of	
  digestion.	
  

Figure	
  (3.6)	
  shows	
  the	
  digestion	
  of	
  Tpm	
  in	
  the	
  presence	
  of	
  actin.	
  Panel	
  A	
  and	
  D	
  showed	
  

that	
  Tpm	
  WT	
  and	
  Tpm	
  L100M	
  were	
  completely	
  digested	
  at	
  30	
  min	
  and	
  no	
  native	
  Tpm	
  

band	
  was	
  visible	
  at	
  that	
  time.	
  Panels	
  B	
  and	
  C	
  showed	
  that	
  Tpm	
  K169E	
  and	
  Tpm	
  R245G	
  

showed	
  a	
  different	
  pattern	
  of	
  tryptic	
  digestion	
  in	
  the	
  presence	
  of	
  actin	
  filaments	
  to	
  the	
  

digestion	
   pattern	
   obtained	
   in	
   the	
   absence	
   of	
   actin	
   filaments.	
   The	
   native	
   band	
   was	
  

present	
  even	
  after	
  30	
  min	
  of	
  digestion	
  suggesting	
  the	
  presence	
  of	
  actin	
  filaments	
  has	
  

protected	
  these	
  Tpm	
  variants	
  from	
  digestion	
  by	
  trypsin.	
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Figure	
  3.5:	
  12%	
  SDS	
  page	
  results	
  of	
  chymotrypsin	
  digestion	
  of	
  Tpm	
  alone	
  

The	
  experiment	
  performed	
  for	
  Tpm	
  alone	
  and	
  concentration	
  used	
  was	
  0.6	
  mg/ml	
  Tpm	
  
with	
  0.003	
  mg/mL	
  trypsin	
  (lot	
  STBC8587V	
  SIGMA)	
  in	
  a	
  buffer	
  contains	
  (10	
  mM	
  HEPES	
  
buffer	
   (pH	
  7.5),	
  0.1	
  M	
  NaCl,	
  5	
  mM	
  MgCl2,	
  and	
  10	
  mM	
  β-­‐mercaptoethanol)	
  at	
  26	
  °C.	
  
Panel	
  (A)	
  shows	
  the	
  WT	
  and	
  numbers	
  illustrates	
  the	
  time	
  course.	
  Panel	
  (B)	
  shows	
  the	
  
R245G	
  and	
   the	
  numbers	
   illustrates	
   the	
   time	
   course.	
  Panel	
   (C)	
   shows	
   the	
  K169E	
  and	
  
numbers	
  illustrates	
  the	
  time	
  course.	
  Panel	
  (D)	
  shows	
  the	
  L100M	
  and	
  numbers	
  illustrates	
  
the	
  time	
  course.	
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Figure	
  3.6:	
  12%	
  SDS	
  page	
  results	
  chymotrypsin	
  digestion	
  of	
  Tpm	
  in	
  the	
  presence	
  of	
  
actin	
  filaments	
  

The	
  experiment	
  performed	
  in	
  the	
  presence	
  of	
  actin	
  and	
  Tpm	
  and	
  concentration	
  used	
  
was	
  0.3	
  mg/ml	
  Tpm	
  mixed	
  with	
  1.5	
  mg/ml	
  actin	
   (excess	
  of	
  actin)	
  treated	
  with	
  0.003	
  
mg/mL	
  trypsin	
  (lot	
  STBC8587V	
  SIGMA)	
  in	
  a	
  buffer	
  contains	
  (10	
  mM	
  HEPES	
  buffer	
  (pH	
  
7.5),	
  0.1	
  M	
  NaCl,	
  5	
  mM	
  MgCl2,	
  and	
  10	
  mM	
  β-­‐mercaptoethanol)	
  at	
  26	
  °C.	
  Panel	
  (A)	
  shows	
  
the	
  WT	
  with	
  actin	
  and	
  numbers	
  illustrates	
  the	
  time	
  course	
  of	
  digestion	
  in	
  minutes.	
  Panel	
  
(B)	
   shows	
   the	
   R245G	
   and	
   the	
   numbers	
   illustrates	
   the	
   time	
   course	
   of	
   digestion	
   in	
  
minutes.	
  Panel	
  (C)	
  shows	
  the	
  K169E	
  with	
  actin	
  and	
  numbers	
  illustrates	
  the	
  time	
  course	
  
of	
  digestion	
  in	
  minutes.	
  Panel	
  (D)	
  shows	
  the	
  L100M	
  with	
  actin	
  and	
  numbers	
  illustrates	
  
the	
  time	
  course	
  of	
  digestyion	
  in	
  minutes.	
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3.2.6   	
  Effect	
  of	
  Tpm	
  mutations	
  on	
   the	
   transition	
  between	
  blocked	
  and	
  

closed	
  states	
  (KB)	
  

The	
   transition	
   of	
   thin	
   filaments	
   between	
   the	
   three	
   states	
   of	
   thin	
   filament,	
   blocked,	
  

closed,	
  and	
  open	
  state	
   is	
  controlled	
  by	
  Tn	
  and	
  Tpm	
  proteins.	
  The	
  proportion	
  of	
   thin	
  

filament	
  in	
  the	
  closed	
  state	
  over	
  the	
  proportion	
  of	
  thin	
  filament	
  in	
  the	
  blocked	
  state	
  

defines	
  KB	
  (Head	
  et	
  al.,	
  1995).	
  The	
  kinetics	
  of	
  myosin	
  head	
  binding	
  to	
  thin	
  filaments	
  is	
  

different	
  between	
  the	
  closed	
  and	
  blocked	
  state.	
  Consequently,	
  to	
  measure	
  the	
  effect	
  

of	
  Tpm	
  mutations	
  on	
  the	
  equilibrium	
  constant	
  KB,	
  the	
  kinetics	
  of	
  myosin	
  head	
  binding	
  

to	
  thin	
  filaments	
  was	
  followed	
  at	
  low	
  Ca2+	
  (Blocked	
  state)	
  and	
  high	
  Ca2+	
  (closed	
  state).	
  

To	
  monitor	
  the	
  interaction	
  of	
  actin	
  with	
  myosin	
  head,	
  we	
  used	
  pyrene	
  iodoacetamide	
  

labelled	
  actin.	
  	
  

The	
   changes	
   in	
   the	
  emission	
   spectra	
   in	
   (Figure	
  3.7)	
   shows	
   the	
  pyrene	
   labelled	
   actin	
  

alone	
  (green	
  curve),	
  in	
  the	
  presence	
  of	
  S1	
  (1/10	
  of	
  actin)	
  (blue	
  curve)	
  and	
  after	
  addition	
  

of	
  ATP	
  to	
  dissociate	
  S1	
  (red	
  curve).	
  The	
  emission	
  spectra	
  of	
  actin	
  labelled	
  with	
  pyrene	
  

show	
  clear	
  peaks	
  at	
  388	
  nm,	
  405	
  nm	
  and	
  430	
  nm.	
  In	
  the	
  presence	
  of	
  S1,	
  the	
  fluorescence	
  

is	
   reduced	
   and	
   this	
   reduction	
   is	
   abolished	
   by	
   addition	
   of	
   ATP.	
   Thus,	
   the	
   monomer	
  

fluorescence	
  at	
  380	
  nm	
  can	
  be	
  used	
  as	
  a	
  signal	
  to	
  monitor	
  the	
  kinetics	
  of	
  myosin	
  head	
  

(S1)	
  binding	
  to	
  actin.	
  	
  

	
  

	
  
Figure	
  3.7:	
  The	
  fluorescence	
  spectra	
  of	
  Acti-­‐PIA	
  

The	
  figure	
  shows	
  the	
  changes	
  to	
  the	
  fluorescence	
  emission	
  spectra	
  of	
  PIA-­‐actin	
  after	
  
Tpm	
  and	
  S1	
  binding.	
  actin-­‐PIA	
  alone	
  (Red	
  curve),	
  with	
  Tpm	
  (Green	
  curve)	
  and	
  S1	
  (Blue	
  
curve).	
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The	
  dependence	
  of	
  the	
  observed	
  rate	
  constant	
  of	
  S1	
  binding	
  to	
  actin	
  (with	
  various	
  Tpm	
  

mutants	
  and	
  troponin	
  +/-­‐	
  Ca2+)	
  was	
  shown	
  in	
  (Figure	
  3.8).	
  KB	
  is	
  calculated	
  from	
  the	
  slope	
  

of	
  the	
   lines	
  describing	
  S1	
  binding	
  to	
  thin	
  filaments	
   in	
  comparison	
  to	
  actin	
  alone	
  (see	
  

Materials	
  and	
  Methods).	
  Table	
  1	
  summarises	
  the	
  KB	
  values.	
  

The	
  observed	
  rate	
  constant	
  obtained	
  for	
  actin	
  alone	
  and	
  actin*.Tpm.Tn	
  in	
  the	
  presence	
  

and	
  absence	
  of	
  calcium	
  was	
  shown	
  in	
  (figure	
  (3.8.A).	
  In	
  presence	
  of	
  Ca2+	
  tissue	
  purified	
  

Tpm	
  shows	
  a	
  linear	
  increase	
  in	
  the	
  observed	
  rate	
  constant	
  (kobs)	
  which	
  yields	
  a	
  KB	
  value	
  

1.44.	
  In	
  absence	
  of	
  Ca2+	
  the	
  KB	
  value	
  for	
  tissue	
  purified	
  Tpm	
  is	
  0.165.	
  The	
  A4V	
  mutation	
  

shows	
  a	
  linear	
  increase	
  in	
  the	
  observed	
  rate	
  constant	
  (kobs)	
  which	
  yields	
  a	
  KB	
  value	
  of	
  

7.036	
  in	
  the	
  presence	
  of	
  Ca2+	
  and	
  11562	
  in	
  absence	
  of	
  Ca2+.	
  The	
  results	
  in	
  the	
  absence	
  

of	
  Ca2+	
  are	
  very	
  surprising	
  and	
  suggest	
  that	
  this	
  mutation	
  may	
  have	
  abolished	
  the	
  ability	
  

of	
   Tn	
   in	
   the	
   absence	
   of	
   Ca2+	
   to	
   induce	
   the	
   blocked	
   state.	
   For	
   all	
   mutants,	
   the	
   kobs	
  

obtained	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium	
  were	
  linearly	
  proportional	
  to	
  the	
  actin	
  

concentration	
   over	
   the	
   range	
   1-­‐5	
   μM.	
   Figure	
   3.8.B,	
   3.8.C	
   and	
   3.8.D	
   shows	
   the	
  

dependence	
   of	
   the	
   observed	
   rate	
   constant	
   (kobs)	
   of	
   S1	
   binding	
   to	
   actin	
   on	
   actin	
  

concentration	
  for	
  R90P,	
  R167C	
  and	
  R167G.	
  In	
  the	
  absence	
  of	
  Ca2+,	
  KB	
  values	
  of	
  3.73	
  for	
  

Tpm	
  R90P,	
  1359.5	
  for	
  Tpm	
  R167C	
  and	
  2.73	
  for	
  Tpm	
  R167G	
  were	
  calculated.	
  	
  They	
  are	
  

all	
  much	
  higher	
  than	
  the	
  value	
  obtained	
  for	
  skeletal	
  TPM	
  (0.165)	
  indicating	
  that	
  these	
  

mutations	
  reduced	
  the	
  proportion	
  of	
  thin	
  filaments	
  in	
  the	
  blocked	
  state.	
  In	
  the	
  presence	
  

of	
  Ca2+,	
  KB	
  values	
  of	
  3.49	
  for	
  Tpm	
  R90P,	
  6.312	
  for	
  Tpm	
  R167C	
  and	
  1.13	
  for	
  Tpm	
  R167G	
  

were	
  calculated.	
  Figure	
  3.8.E,	
  3.9.F	
  and	
  3.9.G	
  shows	
  the	
  dependence	
  of	
  the	
  observed	
  

rate	
  constant	
  (kobs)	
  of	
  S1	
  binding	
  to	
  actin	
  on	
  actin	
  concentration	
  for	
  K169E,	
  E240K	
  and	
  

R245G.	
  For	
  all	
  curves	
  kobs	
  was	
  linearly	
  dependent	
  on	
  actin	
  concentration	
  as	
  for	
  skeletal	
  

Tpm.	
  In	
  the	
  absence	
  of	
  Ca2+,	
  KB	
  values	
  of	
  0.47	
  for	
  Tpm	
  K169E,	
  1.73	
  for	
  Tpm	
  E240K	
  and	
  

4.82	
  for	
  Tpm	
  R245G	
  were	
  calculated.	
  	
  They	
  are	
  all	
  much	
  higher	
  than	
  the	
  value	
  obtained	
  

for	
  skeletal	
  Tpm	
  (0.165)	
  indicating	
  that	
  these	
  mutations	
  reduced	
  the	
  proportion	
  of	
  thin	
  

filaments	
  in	
  the	
  blocked	
  state.	
  In	
  the	
  presence	
  of	
  Ca2+,	
  KB	
  values	
  of	
  1.002	
  for	
  Tpm	
  K169E,	
  

1.92	
  for	
  Tpm	
  E240K	
  and	
  6.95	
  for	
  Tpm	
  R245G	
  were	
  calculated.	
  All	
  calculations	
  of	
  KB	
  are	
  

listed	
  in	
  the	
  table	
  3.1	
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Figure	
  3.8:	
  Binding	
  kinetics	
  of	
  S1	
  to	
  thin	
  filaments	
  reconstituted	
  with	
  pyrene	
  labelled	
  
actin	
  filaments,	
  various	
  Tpm	
  mutants	
  and	
  Tn	
  with	
  and	
  without	
  calcium	
  

The	
   plots	
   display	
   the	
   dependence	
   of	
   the	
   observed	
   rate	
   of	
   S1	
   binding	
   on	
   the	
  
concentration	
  of	
  PIA-­‐labeled	
  actin.	
  The	
  binding	
  was	
  done	
  in	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  
pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.5	
  mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
  	
  (A)	
  Shows	
  the	
  
Kobs	
  for	
  actin-­‐PIA	
  alone	
  (black)	
  and	
  actin-­‐PIA	
  with	
  skeletal	
  Tpm-­‐Tn	
  in	
  presence	
  of	
  calcium	
  
(Red	
  square)	
  and	
  absence	
  of	
  calcium	
  (Red	
  circle).	
  The	
  results	
  for	
  all	
  Tpm	
  mutants	
  are	
  
shown	
  in	
  blue	
  using	
  square	
  for	
  the	
  presence	
  of	
  calcium	
  and	
  circles	
  for	
  the	
  absence	
  of	
  
calcium.	
  The	
   thin	
   filaments	
  were	
   reconstituted	
  with	
  actin-­‐Tn	
  and	
   the	
   following	
  Tpm	
  
mutants:	
  A4V	
  (panel	
  A),	
  R90P	
  (panel	
  B),	
  R167C	
  (panel	
  C),	
  R167G	
  (panel	
  D),	
  K169E	
  (panel	
  
E),	
  E240K	
  (panel	
  F),	
  R245G	
  (panel	
  G).	
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Table	
  3.1:	
  the	
  calculated	
  KB	
  values	
  of	
  Tpm3	
  mutants	
  in	
  the	
  absence	
  of	
  Ca2+	
  (EGTA	
  KB)	
  
and	
  the	
  presence	
  of	
  Ca2+	
  (CaCl2	
  KB).	
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3.3   Discussion	
  
The	
  aim	
  of	
  the	
  work	
  described	
  in	
  this	
  chapter	
  was	
  to	
  establish	
  a	
  baculovirus	
  Sf9	
  insect	
  

cell	
   expression	
   system	
   for	
   tropomyosin	
   3.	
   The	
   system	
   was	
   used	
   to	
   obtain	
   several	
  

tropomyosin	
  mutants	
  and	
   investigate	
  the	
  effect	
  of	
   these	
  mutations	
  on	
  the	
  structure	
  

and	
   biochemical	
   properties	
   of	
   tropomyosin	
   including	
   Tpm	
   stability	
   and	
   long	
   range	
  

conformational	
  change,	
  binding	
  to	
  actin,	
  cooperative	
  activation	
  and	
   inhibition	
  of	
  the	
  

actomyosin	
  ATPase	
  and	
  the	
  transition	
  between	
  the	
  blocked	
  and	
  closed	
  states.	
  

	
  

3.3.1   Expression	
  and	
  purification	
  of	
  Tpm3	
  using	
  Sf-­‐9	
  cells	
  

To	
   perform	
   the	
   experiments	
   described	
   in	
   this	
   chapter,	
   a	
   total	
   of	
   12	
   proteins	
   were	
  

prepared	
  (Actin,	
  S1	
  myosin	
  head,	
  skeletal	
  Tpm,	
  Skeletal	
  Tn,	
  WT	
  and	
  7	
  Tpm	
  mutants).	
  

Tpm	
  was	
  successfully	
  expressed	
  and	
  purified	
  from	
  a	
  baculovirus	
  Sf9	
  insect	
  cell	
  system.	
  

The	
  yield	
  was	
  about	
  2	
  mg	
  of	
  Tpm	
  variant	
  per	
  litre	
  of	
  culture.	
  Tpm	
  was	
  purified	
  although	
  

several	
  contaminations	
  persisted.	
  	
  

	
  

3.3.2   Effect	
  of	
  mutations	
  on	
  actomyosin	
  ATPase	
  steady	
  state	
  

The	
  effect	
  of	
  Tpm	
  3	
  mutations	
  on	
  the	
  actomyosin	
  ATPase	
  was	
  investigated	
  using	
  two	
  

different	
  experiments:	
  1)	
  using	
  varying	
  Troponin	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium	
  

and	
  2)	
  using	
  varying	
  S1	
  concentration.	
  

In	
  the	
  ATPase	
  experiments	
  varying	
  Troponin	
  (+/-­‐	
  Ca2+),	
  the	
  wild	
  type	
  did	
  show	
  reduced	
  

activation	
   and	
   no	
   inhibition	
   of	
   the	
   actomyosin	
   ATPase	
   in	
   comparison	
   to	
   the	
   tissue	
  

purified	
  Tpm.	
  This	
  is	
  unexpected	
  and	
  can	
  only	
  be	
  explained	
  by	
  a	
  lack	
  or	
  reduced	
  level	
  of	
  

acetylation.	
  The	
  R245G	
  showed	
  good	
  activation	
  and	
  inhibition	
  compared	
  to	
  the	
  tissue	
  

purified	
   Tpm	
   and	
   this	
   suggests	
   that	
   this	
   mutant	
   had	
   been	
   acetylated	
   and	
   that	
   the	
  

mutation	
  did	
  not	
  affect	
  the	
  ability	
  of	
  tropomyosin	
  to	
  activate	
  (In	
  the	
  presence	
  of	
  Tn-­‐

Ca2+)	
  or	
  inhibit	
  (In	
  the	
  presence	
  of	
  Tn	
  but	
  absence	
  of	
  Ca2+)	
  the	
  actomyosin	
  ATPase.	
  The	
  

K169E	
  and	
  L100M	
  Tpm	
  mutants	
  showed	
  an	
  inhibition	
  of	
  the	
  actomyosin	
  ATPase	
  similar	
  

to	
  the	
  tissue	
  purified	
  tropomyosin.	
  This	
  suggest	
  that	
  these	
  two	
  variants	
  are	
  acetylated	
  

fully	
  or	
  mostly.	
  The	
  two	
  mutants	
  showed	
  reduced	
  activation	
  of	
  the	
  actomyosin	
  ATPase	
  

in	
   comparison	
   to	
   the	
   tissue	
   purified	
   tropomyosin.	
   These	
   results	
   suggest	
   that	
   these	
  

mutations	
  may	
  interfere	
  with	
  the	
  switching	
  to	
  the	
  ON	
  state	
  responsible	
  for	
  activation.	
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In	
  the	
  ATPase	
  experiments	
  with	
  varying	
  S1	
  the	
  results	
  showed	
  that	
  none	
  of	
  the	
  mutants	
  

displayed	
   the	
   sigmoidal	
   behaviour	
   characteristic	
   of	
   Tpm.	
   This	
   point	
   to	
   abnormal	
  

cooperative	
   behaviour	
   of	
   Tpm.	
   All	
   the	
   Tpm	
   mutants	
   showed	
   less	
   activation	
   in	
   the	
  

presence	
  of	
  Tn-­‐Ca2+	
  than	
  for	
  tropomyosin	
  alone,	
  unlike	
  skeletal	
  muscle	
  Tpm	
  and	
  unlike	
  

the	
  experiment	
  done	
  at	
   low	
  S1	
   (previous	
  section,	
  varying	
  Tn).	
   It	
   is	
  not	
  clear	
   if	
   these	
  

effects	
  are	
  due	
  to	
  the	
  mutations	
  or	
  to	
  lack	
  or	
  incomplete	
  acetylation.	
  	
  

	
  

3.3.3   	
  Tropomyosin	
  binding	
  to	
  actin	
  

The	
   results	
   obtained	
   in	
   the	
   ATPase	
   experiments	
   were	
   somewhat	
   surprising	
   and	
  

suggested	
   that	
   the	
   Tpm	
   produced	
   using	
   Baculovirus	
   Sf9	
   insect	
   cells	
   were	
   not	
   fully	
  

acetylated	
   (and	
   for	
  WT	
  may	
  be	
  not	
  acetylated	
  at	
  all).	
  We	
  therefore	
  performed	
  actin	
  

binding	
   since	
   un-­‐acetylated	
   Tpm	
   will	
   not	
   bind	
   actin	
   in	
   the	
   absence	
   of	
   troponin.	
  

Surprisingly	
  two	
  Tpm	
  variants	
  (Tpm	
  WT	
  and	
  Tpm	
  L100M)	
  did	
  not	
  bind	
  actin	
  filaments.	
  

Both	
  Tpm	
  K169E	
  and	
  Tpm	
  R245G	
  bound	
  to	
  actin	
   filaments	
  although	
  their	
  binding	
  to	
  

actin	
  was	
  reduced.	
  It	
  is	
  possible	
  that	
  this	
  reduction	
  is	
  due	
  to	
  the	
  mutation	
  since	
  both	
  

K169E	
  and	
  R245G	
  are	
  believed	
  to	
  interact	
  with	
  actin.	
  However,	
  since	
  the	
  control	
  wild	
  

type	
  Tpm	
  did	
  not	
  bind	
  actin,	
  we	
   cannot	
   conclude	
   if	
   the	
  observed	
   reduction	
   in	
   actin	
  

binding	
  is	
  due	
  to	
  the	
  fact	
  that	
  these	
  Tpm	
  proteins	
  may	
  not	
  have	
  been	
  fully	
  acetylated	
  

and	
  that	
  the	
  reduction	
  in	
  binding	
  was	
  simply	
  due	
  to	
  a	
   lack	
  of	
  acetylation	
  or	
  that	
  the	
  

mutations	
  of	
  these	
  Tpm	
  residues	
  affected	
  the	
  ability	
  of	
  Tpm	
  to	
  bind	
  actin.	
  

	
  

3.3.4   	
  Long	
   range	
   effect	
   of	
   mutations	
   on	
   tropomyosin	
   structure	
   as	
  

assessed	
  by	
  tryptic	
  digestion.	
  

To	
  investigate	
  if	
  the	
  mutations	
  affected	
  the	
  stability	
  tropomyosin	
  the	
  trypsin	
  digestions	
  

were	
  performed.	
  The	
  wild	
  type	
  showed	
  less	
  resistant	
  compared	
  to	
  the	
  mutations	
  except	
  

the	
   R245G	
  which	
   showed	
  more	
   resistance	
   to	
   tryptic	
   digestion.	
   L100M	
   is	
   located	
   at	
  

position	
  (a)	
  of	
  the	
  heptad	
  repeat	
  which	
  is	
  at	
  the	
  interface	
  between	
  the	
  two	
  tropomyosin	
  

monomers	
   in	
   the	
  coiled	
  coil.	
  K169E	
   is	
   located	
  at	
  position	
   (g)	
   of	
   the	
  heptad	
  which	
   is	
  

involved	
  in	
  the	
  stabilization	
  of	
  the	
  coiled	
  coil	
  by	
  electrostatic	
  interaction.	
  The	
  assay	
  used	
  

is	
  aimed	
  at	
  analysing	
  at	
  the	
  long-­‐distance	
  effect	
  of	
  Tpm	
  mutations	
  on	
  the	
  Tpm	
  tryptic	
  

digestion	
   at	
   Arg-­‐133	
   (Ly	
   and	
   Lehrer,	
   2012).	
   The	
   stability	
   of	
   Tpm	
   will	
   affects	
   Tpm	
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digestion	
   by	
   trypsin.	
   The	
   three	
   mutations	
   L100M,	
   K169E	
   and	
   R245G	
   showed	
   more	
  

resistance	
  to	
  trypsin	
  digestion	
  than	
  the	
  WT.	
  These	
  experiments	
  suggest	
  difference	
  in	
  

the	
  stability	
  between	
  WT	
  and	
  the	
  3	
  mutants.	
  Tryptic	
  digestion	
  of	
  Tpm	
  in	
  the	
  presence	
  

of	
  actin	
  was	
  used	
  to	
  assess	
  Tpm	
  binding	
  to	
  actin.	
  Tpm	
  WT	
  and	
  Tpm	
  L100M	
  pattern	
  of	
  

tryptic	
  digestion	
  was	
  similar	
  to	
  the	
  one	
  obtained	
  in	
  the	
  absence	
  of	
  actin	
  suggesting	
  that	
  

both	
   WT	
   and	
   L100M	
   Tpm	
   variants	
   did	
   not	
   bind	
   actin	
   in	
   agreement	
   with	
   co-­‐

sedimentation	
   experiments.	
   K169E	
   and	
   Tpm	
   R245G	
   showed	
   a	
   different	
   pattern	
   of	
  

tryptic	
  digestion	
  in	
  the	
  presence	
  of	
  actin	
  filaments	
  to	
  the	
  digestion	
  pattern	
  obtained	
  in	
  

the	
   absence	
   of	
   actin	
   filaments	
   suggesting	
   that	
   these	
   Tpm	
   variants	
   did	
   bind	
   actin	
   in	
  

agreement	
  with	
  co-­‐sedimentation	
  experiments.	
  

	
  

3.3.5   	
  Effect	
  of	
  Tpm	
  variants	
  on	
  the	
  closed	
  to	
  blocked	
  transition	
  

The	
   transition	
  between	
   the	
  blocked	
  and	
  closed	
  state	
   is	
  an	
   important	
   step	
   in	
  muscle	
  

activation	
  and	
  relaxation.	
  A	
  mutant	
  that	
  reduces	
  the	
  proportion	
  of	
  the	
  blocked	
  state	
  for	
  

thin	
  filaments	
  in	
  the	
  absence	
  of	
  Ca2+,	
  will	
  affect	
  muscle	
  relaxation	
  while	
  a	
  mutation	
  that	
  

increases	
  the	
  proportion	
  of	
  the	
  blocked	
  state	
  in	
  the	
  presence	
  of	
  Ca2+	
  will	
  affect	
  muscle	
  

switching	
   to	
   the	
   active	
   state,	
   it	
   is	
   therefore	
   important	
   to	
   investigate	
   the	
   impact	
   of	
  

tropomyosin	
  mutation	
  on	
  this	
  transition.	
  We	
  used	
  the	
  assay	
  developed	
  by	
  Geeves	
  and	
  

Colleagues	
  (Criddle	
  and	
  Geeves,	
  1985)	
  in	
  which	
  the	
  kinetics	
  of	
  myosin	
  binding	
  to	
  pyrene	
  

labelled	
  actin	
  reconstituted	
  with	
  Tpm	
  and	
  Tn	
   is	
  compared	
  between	
  the	
  absence	
  and	
  

presence	
  of	
  Ca2+.	
  Most	
  mutations	
  increased	
  KB	
  in	
  the	
  absence	
  of	
  Ca2+	
  suggesting	
  that	
  

these	
  mutations	
  interfere	
  with	
  the	
  blocked	
  state.	
  

In	
   conclusion,	
   we	
   were	
   able	
   to	
   express	
   Tpm	
   and	
   various	
   Tpm	
   mutants	
   using	
   the	
  

Baculovirus	
  Sf-­‐9	
   insect	
  cell	
  system	
  of	
  expression.	
  However,	
  we	
  decided	
  to	
  stop	
  using	
  

this	
   method	
   for	
   obtaining	
   Tpm	
   mutants	
   and	
   use	
   the	
   traditional	
   method	
   of	
   E.coli	
  

expression	
  (with	
  the	
  Ala-­‐Ser	
  extension)	
   for	
  several	
   reasons:	
  1)	
  we	
  were	
  not	
  satisfied	
  

that	
  the	
  produced	
  Tpm	
  is	
  fully	
  acetylated.	
  2)	
  The	
  yield	
  obtained	
  of	
  2	
  mg/L	
  will	
  not	
  be	
  

sufficient	
  for	
  transient	
  kinetics	
   investigations.	
  3)	
  This	
  system	
  is	
  time	
  consuming	
  since	
  

the	
  time	
  for	
  this	
  expression	
  system	
  takes	
  (about	
  10	
  days)	
  and	
  the	
  effort	
  (price	
  of	
  the	
  

media,	
   maintenance	
   of	
   cell	
   culture	
   and	
   risk	
   of	
   contamination)	
   is	
   not	
   suitable	
   for	
  

biochemical	
  and	
  biophysical	
  investigations	
  that	
  will	
  require	
  lots	
  of	
  proteins.	
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4.1   Introduction	
  
Tropomyosin	
   is	
   an	
   important	
   component	
   of	
   thin	
   filaments.	
   Its	
   binding	
   to	
   actin	
   is	
  

fundamental	
  to	
  its	
  function.	
  Although	
  tropomyosin	
  has	
  been	
  investigated	
  for	
  over	
  50	
  

years,	
  its	
  mode	
  of	
  interaction	
  with	
  actin	
  is	
  not	
  yet	
  fully	
  understood.	
  In	
  addition,	
  a	
  large	
  

number	
  of	
  mutations	
  in	
  tropomyosin	
  has	
  been	
  associated	
  with	
  several	
  muscle	
  diseases.	
  

Hence	
  establishing	
  a	
   robust	
  expression	
  and	
  purification	
   system	
   is	
   critical	
   to	
  perform	
  

tropomyosin	
  structure-­‐function	
  studies.	
  In	
  the	
  previous	
  chapter,	
  we	
  demonstrated	
  the	
  

challenge	
   to	
  use	
  Baculovirus	
   Sf-­‐9	
   insect	
   cell	
   system	
  of	
   expression	
   to	
  express	
   a	
   large	
  

amount	
  of	
  large	
  number	
  of	
  tropomyosin	
  mutants.	
  Consequently,	
  we	
  decided	
  to	
  use	
  the	
  

traditional	
  method	
  of	
  E.coli	
  expression	
  system.	
  It	
  has	
  been	
  shown	
  that	
  the	
  addition	
  of	
  

di	
   or	
   tri	
   peptides	
   at	
   the	
   N-­‐terminal	
   did	
   mimic	
   the	
   acetylation	
   of	
   methionine	
   and	
  

produces	
  a	
  protein	
  able	
  to	
  bind	
  actin	
  and	
  polymerises	
  easily	
  (Monteiro	
  et	
  al.,	
  1994).	
  We	
  

decided	
  to	
  use	
  an	
  Ala-­‐Ser	
  dipeptide	
  extension	
  to	
  be	
  in	
  line	
  with	
  other	
  labs	
  who	
  studied	
  

tropomyosin	
  previously.	
  

Mutagenesis	
   studies	
   done	
   on	
   skeletal	
   muscle	
   α-­‐tropomyosin	
   were	
   performed	
   to	
  

investigate	
  the	
  role	
  of	
  the	
  internal	
  periodic	
  repeats.	
  These	
  studies	
  showed	
  a	
  10-­‐30	
  folds	
  

decrease	
   in	
   the	
  α-­‐tropomyosin	
   binding	
   to	
   actin	
  when	
  periods	
   2,	
   3,	
   4,	
   5	
   and	
  6	
  were	
  

deleted	
   (Hitchcock-­‐DeGregori	
   and	
  Varnell,	
   1990;	
  Hitchcock-­‐DeGregori	
   and	
  An,	
   1996;	
  

Hammell	
   and	
   Hitchcock-­‐DeGregori,	
   1997;	
   Hitchcock-­‐DeGregori	
   et	
   al.,	
   2002).	
   These	
  

studies	
  failed	
  to	
  identify	
  single	
  amino	
  acids	
  of	
  tropomyosin	
  that	
  represent	
  important	
  

determinants	
   of	
   actin	
   binding.	
   On	
   the	
   other	
   hand,	
   several	
   genetic	
   studies	
   have	
  

identified	
  several	
  tropomyosin	
  amino	
  acids	
  mutations	
  associated	
  with	
  severe	
  skeletal	
  

muscle	
  diseases	
  (Thierfelder	
  at	
  al.,	
  1994,	
  Wernicke	
  at	
  al.,	
  1999).	
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The	
   mutations	
   used	
   were	
   found	
   in	
   Tpm3	
   and	
   were	
   introduced	
   to	
   Tpm1	
   for	
   more	
  

understanding	
  of	
  the	
  effect	
  of	
  these	
  mutations	
  on	
  tropomyosin	
  function	
  and	
  structure.	
  

The	
   rational	
   choice	
   of	
   these	
   mutations	
   was	
   due	
   to	
   their	
   conservative	
   presence	
   in	
  

tropomyosin	
   sequence	
   between	
   different	
   isoforms.	
   The	
   following	
   mutations	
   were	
  

investigated	
  (R90G,	
  E163K,	
  R167G,	
  E240K,	
  R244G	
  and	
  M281I)	
  as	
  amino	
  acids	
  likely	
  to	
  

affect	
  tropomyosin	
  binding	
  to	
  actin	
  and	
  switching	
  between	
  the	
  three	
  states.	
  In	
  addition,	
  

we	
  hypothesised	
  that	
  for	
  those	
  mutations	
  likely	
  to	
  make	
  a	
  contact	
  with	
  the	
  same	
  actin	
  

amino	
  acid	
  on	
  the	
  various	
  actin	
  monomers	
  of	
  a	
  cooperative	
  unit	
  (R90,	
  R167	
  and	
  R244)	
  

double	
  or	
  triple	
  mutations	
  may	
  give	
  a	
  clearer	
  impact.	
  The	
  following	
  double	
  amino	
  acid	
  

mutants	
  were	
  designed	
  (R90GR167G,	
  R90GR244G,	
  R167GR244G	
  and	
  E163KE240K)	
  and	
  

a	
  triple	
  amino	
  acid	
  mutant	
  (R90GR167GR244G).	
  

	
  

The	
   aim	
   of	
   this	
   chapter	
   is	
   to	
   describe	
   the	
   cloning,	
   expression	
   and	
   purification	
   of	
  

tropomyosin	
  using	
  E.	
  coli	
  and	
  shows	
  that	
  recombinant	
  tropomyosin	
  can	
  be	
  obtained	
  in	
  

high	
  purity	
  and	
  sufficient	
  amount	
  to	
  characterise	
  large	
  number	
  of	
  mutations	
  by	
  number	
  

of	
  biochemical	
  and	
  biophysical	
  assays.	
  

	
  

The	
  mutations	
  were	
  analysed	
  structurally	
  and	
  functionally	
  using	
  different	
  techniques.	
  

Circular	
   dichroism	
  was	
   used	
   to	
   analyse	
   the	
   secondary	
   structure	
   of	
   the	
   tropomyosin	
  

variants	
   and	
   their	
   thermal	
   stability.	
   The	
  effect	
  of	
   the	
  mutations	
  on	
   the	
  ability	
  of	
   Tn	
  

complex	
   to	
   activate	
   and	
   inhibit	
   the	
   actomyosin	
   ATPase	
   activity	
   in	
   the	
   presence	
   or	
  

absence	
  of	
  Ca2+	
   respectively	
  was	
  analysed.	
  The	
   tryptic	
  assay	
  was	
  used	
   to	
  assess	
   the	
  

effect	
  of	
  the	
  mutations	
  on	
  rate	
  of	
  cleavage.	
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4.2   Results	
  

4.2.1   Cloning	
  and	
  Expression	
  of	
  tropomyosin	
  mutations	
  

The	
  DNA	
  construct	
  template	
  of	
  human	
  Tpm1	
  was	
  obtained	
  as	
  a	
  gift	
  from	
  Dr	
  C.	
  Redwood	
  

(University	
   of	
   Oxford,	
   UK).	
   All	
   WT	
   and	
   mutants	
   were	
   then	
   cloned	
   into	
   pLEIC05	
  

expression	
  vector	
  using	
  the	
  overlap	
  extension	
  PCR	
  method.	
  Two	
  sets	
  of	
  primers	
  were	
  

designed	
  and	
  ordered	
  from	
  Eurofins:	
  1)	
  the	
  WT	
  5’	
  and	
  3’	
  primers.	
  2)	
  A	
  set	
  of	
  2	
  primers	
  

(one	
  5’	
  and	
  one	
  3’)	
  for	
  each	
  of	
  the	
  following	
  single	
  amino	
  acid	
  mutants	
  (R90G,	
  E163K,	
  

R167G,	
  E240K,	
  R244G	
  and	
  M281I).	
  Then,	
  the	
  first	
  product	
  of	
  the	
  single	
  mutation	
  was	
  

used	
   as	
   a	
   template	
   to	
   introduce	
   the	
   double	
   amino	
   acid	
   mutants	
   (R90GR167G,	
  

R90GR244G,	
   R167GR244G	
  and	
   E163KE240K)	
   and	
   the	
  double	
  mutation	
   (R90GR167G)	
  

was	
  used	
  as	
  a	
  template	
  to	
  produce	
  the	
  triple	
  amino	
  acid	
  mutant	
  (R90GR167GR244G).	
  

The	
  results	
  of	
  the	
  PCR	
  are	
  shown	
  in	
  figure	
  4.1	
  on	
  an	
  agarose	
  gel	
  with	
  the	
  predicted	
  band	
  

around	
   892	
   bp.	
   The	
   sequence	
   of	
   the	
   Tpm	
   inserts	
   into	
   the	
   final	
   plasmids	
  were	
   then	
  

verified	
  using	
  DNA	
  sequencing.	
  

	
  	
  

	
  
Figure	
   4.1:	
   the	
   PCR	
   products	
   on	
   agarose	
   gel	
   for	
   the	
   various	
   constructs	
   of	
   Tpm1	
  
mutations	
  

The	
  DNA	
  ladder	
  shows	
  the	
  molecular	
  weight	
  of	
  the	
  bands	
  and	
  1000bp	
  as	
  close	
  band	
  to	
  
the	
  mutations	
  band.	
  The	
  bands	
  are	
  labelled	
  corresponding	
  to	
  the	
  mutation.	
  (Carried	
  out	
  
by	
  Dr.	
  Xiaowen	
  Yang	
  at	
  the	
  University	
  of	
  Leicester).	
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Once	
   the	
   Tpm	
   constructs	
   were	
   obtained	
   and	
   their	
   sequence	
   verified,	
   they	
   were	
  

expressed	
  in	
  E.coli	
  cells	
  and	
  purified	
  as	
  mentioned	
  in	
  section	
  (2.2.1.7).	
  Since	
  DEAE	
  based	
  

chromatography	
  did	
  not	
  give	
  a	
  good	
  purity	
  of	
  the	
  tropomyosin	
  mutants	
  (figure	
  4.2),	
  I	
  

decided	
  to	
  try	
  another	
  type	
  of	
  column,	
  a	
  Hydroxyapatite	
  CHT	
  column.	
  The	
  column	
  was	
  

washed	
   by	
   5	
  mM	
   PO4	
  buffer	
   overnight.	
   Then,	
   the	
   crude	
   sample	
  was	
   load	
   onto	
   the	
  

column	
  and	
  washed	
  then	
  eluted	
  by	
  increasing	
  the	
  concentration	
  from	
  5-­‐500	
  mM	
  PO4	
  

buffer.	
  Figure	
  4.3	
  shows	
  an	
  elution	
  profile	
  of	
  Tpm	
  from	
  a	
  CHT	
  column	
  and	
  analysed	
  by	
  

SDS	
  page	
  of	
  various	
  fractions.	
  The	
  gel	
  shows	
  that	
  fractions	
  23-­‐30	
  contains	
  substantial	
  

amount	
  of	
  highly	
  pure	
  Tpm.	
  	
  

	
  

	
  

	
  

	
  
Figure	
  4.2	
  The	
  OD	
  spectra	
  and	
  the	
  12	
  %	
  SDS	
  page	
  of	
  Tpm	
  using	
  DEAE	
  column	
  

The	
  first	
  graph	
  shows	
  the	
  spectra	
  of	
  the	
  DEAE	
  column	
  of	
  WT	
  of	
  Tpm1	
  after	
  washing	
  and	
  
applying	
  a	
  gradient	
  from	
  50	
  -­‐	
  500	
  mM	
  KCL	
  buffer.	
  The	
  samples	
  were	
  then	
  loaded	
  on	
  12	
  
%	
  SDS	
  gel	
  which	
  shows	
  the	
  marker	
  (M)	
  and	
  the	
  sample	
  before	
  loading	
  on	
  column	
  (L)	
  
and	
  the	
  (F)	
  stands	
  for	
  flow	
  through.	
  The	
  numbers	
  are	
  corresponding	
  for	
  the	
  fractions	
  of	
  
Tpm1.	
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Figure	
  4.3:	
  the	
  OD	
  spectra	
  and	
  the	
  12	
  %	
  SDS	
  page	
  of	
  Tpm	
  using	
  CHT	
  column	
  

The	
  first	
  graph	
  shows	
  the	
  spectra	
  of	
  the	
  CHT	
  column	
  of	
  WT	
  of	
  Tpm1	
  after	
  washing	
  and	
  
applying	
  a	
  gradient	
  from	
  5-­‐	
  500	
  mM	
  PO4	
  buffer.	
  The	
  samples	
  were	
  then	
  loaded	
  on	
  12	
  %	
  
SDS	
  gel	
  which	
  shows	
  the	
  marker	
  and	
  the	
  sample	
  before	
  loading	
  on	
  column	
  (L)	
  and	
  the	
  
numbers	
  are	
  corresponding	
  for	
  the	
  fractions	
  of	
  pure	
  Tpm1.	
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4.2.2   	
  Investigation	
   of	
   the	
   effect	
   of	
   tropomyosin	
   mutations	
   on	
   actin	
  

binding	
  by	
  Co-­‐sedimentation	
  

	
  

Tropomyosin	
  binding	
  to	
  actin	
  plays	
  a	
  key	
  role	
  in	
  the	
  allosteric	
  switching	
  of	
  thin	
  filaments	
  

and	
   modulation	
   of	
   actin-­‐myosin	
   interactions.	
   It	
   is	
   important	
   to	
   check	
   tropomyosin	
  

mutants	
   ability	
   to	
   bind	
   actin	
   before	
   performing	
   investigations	
   looking	
   at	
   the	
   thin	
  

filament	
   dynamics.	
   (Geeves	
   and	
   Lehrer,	
   1994).	
   A	
   single	
   point	
   was	
   used	
   just	
   for	
   a	
  

qualitative	
  investigation	
  of	
  the	
  ability	
  of	
  Tpm	
  to	
  bind	
  actin.	
  	
  

	
  

Co-­‐sedimentation	
  assay	
  was	
  done	
  where	
  12	
  µM	
  was	
  incubated	
  with	
  2	
  µM	
  Tpm	
  for	
  60	
  

minutes	
  then	
  spun	
  at	
  high	
  speed	
  (85,000	
  rpm)	
  for	
  1	
  hour.	
  The	
  supernatant	
  and	
  pellet	
  

were	
  loaded	
  on	
  12%	
  SDS	
  gel	
  and	
  analysed	
  after	
  staining.	
  The	
  excess	
  of	
  tropomyosin	
  is	
  

to	
   saturate	
   the	
   actin	
   filament	
   and	
   enhance	
   the	
   binding.	
   The	
  binding	
   to	
   actin	
  would	
  

confirm	
  that	
  the	
  Ala-­‐Ser	
  extension	
  is	
  sufficient	
  to	
  maintain	
  end	
  to	
  end	
  interactions	
  of	
  

Tpm	
  and	
   that	
   the	
  proteins	
  are	
  correctly	
  expressed	
  and	
  purified	
  Binding	
   to	
  actin	
   is	
  a	
  

prerequisite	
  for	
  subsequent	
  experiments	
  such	
  as	
  the	
  actomyosin	
  ATPase	
  and	
  transient	
  

kinetics	
  measurements.	
  

	
  

Figure	
  4.4	
  shows	
  that	
  all	
  the	
  Tpm	
  mutations	
  and	
  WT	
  proteins	
  were	
  soluble	
  and	
  when	
  

centrifuged	
   alone	
   they	
   were	
   present	
   in	
   the	
   supernatant	
   and	
   the	
   pellets	
   had	
   no	
  

tropomyosin.	
  In	
  contrast	
  in	
  the	
  presence	
  of	
  actin,	
  tropomyosin	
  was	
  found	
  in	
  the	
  pellets	
  

suggesting	
  that	
  all	
  Tpm	
  mutants	
  and	
  the	
  WT	
  did	
  bind	
  to	
  actin	
  and	
  No	
  change	
  was	
  seen	
  

as	
  a	
  result	
  of	
  the	
  mutation	
  on	
  actin	
  binding.	
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Figure	
   4.4:	
   SDS-­‐PAGE	
   analysis	
   of	
   the	
   results	
   of	
   the	
   co-­‐sedimentation	
   with	
   actin	
  
experiment.	
  

From	
  left	
  to	
  right	
  Supernatant	
  (S)	
  pellets	
  (P)	
  the	
  Red	
  (actin+Tm)	
  the	
  Black	
  (Tm	
  alone)	
  
are	
  shown:	
  actin,	
  wild	
  type,	
  R90G,	
  R167G,	
  E163K,	
  E240K,	
  R244G,	
  M281I,	
  R90G/R167G,	
  
R90G/R244G,	
   R167G/R244G,	
   E163K/E240K	
   and	
   R90GR167GR244G.	
   The	
   co-­‐
sedimentation	
  assay	
  was	
  done	
  by	
  mixing	
  12	
  μM	
  actin,	
  2	
  μM	
  Tm	
  in	
  10	
  mM	
  MOPS,	
  50	
  
mM	
  KCl,	
  4	
  mM	
  MgCl2,0.1	
  mM	
  CaCl2	
  and	
  1	
  mM	
  DTT	
  (pH	
  7.2)	
  for	
  60	
  min	
  and	
  then	
  spun	
  
down	
  for	
  40	
  minutes	
  at	
  85,000	
  rpm	
  at	
  4	
  °C.	
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4.2.3   	
  Effect	
  of	
  tropomyosin	
  mutations	
  on	
  tryptic	
  digestion	
  

Sumida	
  group	
  developed	
  an	
  assay	
  to	
  assess	
  the	
  impact	
  of	
  tropomyosin	
  mutations	
  on	
  

the	
  structure	
  and	
  long	
  range	
  conformational	
  change	
  in	
  tropomyosin	
  using	
  digestion	
  of	
  

tropomyosin	
  by	
  trypsin	
  at	
  Arg133	
  (Sumida	
  et	
  al.,	
  2008).	
  	
  We	
  performed	
  a	
  time	
  course	
  

of	
  Tpm	
  digestion	
  by	
  trypsin	
  for	
  all	
  Tpm	
  mutants	
  in	
  comparison	
  to	
  the	
  WT	
  as	
  a	
  control.	
  

The	
  stability	
  of	
  Tpm	
  will	
  affects	
  the	
  time	
  it	
  takes	
  for	
  trypsin	
  to	
  digest	
  the	
  protein.	
  	
  The	
  

method	
  was	
  performed	
  at	
  26	
  ͦC	
  with	
  different	
  time	
  points	
  in	
  a	
  buffer	
  contains	
  10	
  mM	
  

HEPES	
  buffer	
  (pH	
  7.5),	
  0.1	
  M	
  NaCl,	
  5	
  mM	
  MgCl2,	
  and	
  10	
  mM	
  β-­‐mercaptoethanol.	
  For	
  

Tpm	
  alone	
  the	
  concentration	
  of	
  Tpm	
  was	
  0.5	
  mg/ml	
  treated	
  with	
  0.001	
  mg/ml	
  trypsin	
  

while	
  in	
  the	
  presence	
  of	
  actin	
  the	
  0.3	
  mg/ml	
  Tpm	
  was	
  mixed	
  with	
  1.5	
  mg/ml	
  actin	
  in	
  

excess	
   in	
   the	
   same	
  buffer.	
   The	
   sample	
   then	
  were	
   loaded	
   on	
   12%	
   SDS-­‐page	
   gel	
   and	
  

analysed.	
  	
  

	
  

The	
  WT	
  in	
  (figure	
  4.5)	
  was	
  used	
  as	
  a	
  control	
  to	
  compare	
  the	
  stability	
  of	
  Tm	
  mutations	
  

using	
  trypsin	
  digestion.	
  The	
  WT	
  exhibit	
  two	
  bands	
  yielding	
  15	
  and	
  12	
  KDa	
  starting	
  from	
  

30	
  seconds	
  after	
  trypsin	
  addition	
  and	
  almost	
  90%	
  of	
  Tpm	
  was	
  digested	
  by	
  10	
  minutes.	
  

The	
  mutations	
  R90G	
  and	
  E163K	
  in	
  figure	
  4.5	
  showed	
  almost	
  similar	
  pattern	
  to	
  the	
  WT.	
  

However,	
  R167G	
  exhibited	
  three	
  bands	
  around	
  18	
  KDa,	
  15	
  KDa	
  and	
  12	
  KDa	
  which	
  then	
  

were	
  converted	
  later	
  to	
  the	
  12	
  kDa	
  as	
  for	
  the	
  wild	
  type.	
  The	
  E240K	
  and	
  R244G	
  showed	
  

similar	
  behaviour	
  to	
  the	
  WT	
  exhibiting	
  two	
  bands	
  at	
  15	
  KDa	
  and	
  12	
  KDa	
  from	
  about	
  5	
  

minutes	
   of	
   tryptic	
   digestion.	
   Tpm	
   mutations	
   M281I,	
   R90GR167G	
   (figure	
   4.5)	
   and	
  

R90GR244G,	
   R167GR244G	
   and	
   R90GR167GR244G	
   (figure	
   4.6)	
   displayed	
   the	
   same	
  

digestion	
  pattern	
  to	
  the	
  WT.	
  The	
  E163KE240K	
  digestion	
  produced	
  three	
  bands	
  of	
  18	
  

KDa,	
  15	
  KDa	
  and	
  12	
  KDa	
  like	
  the	
  R167G	
  Tpm	
  mutant	
  (4.6).	
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Figure	
  4.5:	
  12	
  %	
  SDS	
  gel	
  for	
  Tpm	
  trypsin	
  digestion	
  result	
  

The	
  figure	
  shows	
  the	
  12%	
  SDS	
  page	
  of	
  tropomyosin	
  0.5	
  mg	
  /ml	
  was	
  digested	
  with	
  0.2	
  
mg/ml	
   trypsin	
   in	
   10mM	
   HEPES	
   pH	
   7.5,	
   0.1	
   mM	
   NaCl,	
   5mM	
   MgCl2	
   and	
   10	
   mM	
   β	
  
mercaptoethanol	
  at	
  26C	
  with	
  time	
  interval.	
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Figure	
  4.6:	
  12	
  %	
  SDS	
  gel	
  for	
  Tpm	
  trypsin	
  digestion	
  result	
  

The	
  figure	
  shows	
  the	
  12%	
  SDS	
  page	
  of	
  tropomyosin	
  0.5	
  mg	
  /ml	
  was	
  digested	
  with	
  0.2	
  
mg/ml	
   trypsin	
   in	
   10mM	
   HEPES	
   pH	
   7.5,	
   0.1	
   mM	
   NaCl,	
   5mM	
   MgCl2	
   and	
   10	
   mM	
   β	
  
mercaptoethanol	
  at	
  26C	
  with	
  time	
  interval.	
  
	
  
The	
  presence	
  of	
  actin	
  in	
  excess	
  should	
  protect	
  the	
  Tpm	
  from	
  being	
  digested	
  by	
  trypsin.	
  

The	
  aim	
  of	
   this	
  experiment	
   is	
   to	
  test	
   the	
   long-­‐range	
  effect	
  of	
   the	
  mutations	
  on	
  Tpm	
  

digestion	
   by	
   trypsin	
   in	
   the	
   presence	
   of	
   actin.	
   The	
  WT	
   in	
   figure	
   4.7	
   showed	
   a	
   clear	
  

resistance	
  to	
  tryptic	
  digestion	
  in	
  the	
  presence	
  of	
  actin	
  as	
  Tpm	
  was	
  not	
  digested	
  up	
  to	
  

30	
  minutes	
  after	
  addition	
  of	
  trypsin	
  and	
  only	
  produced	
  a	
  faint	
  band	
  of	
  15	
  KDa	
   later.	
  

However,	
  TpmR90G,	
  TpmR167G	
  and	
  TpmE163K	
  showed	
  different	
  digestion	
  pattern	
  in	
  

which	
  the	
  Tpm	
  was	
  digested	
  into	
  three	
  bands	
  yielding	
  around	
  27	
  KDa,	
  15	
  KDa	
  and	
  12	
  

KDa.	
  The	
  results	
  obtained	
  with	
  mutations	
  E240K,	
  M281I	
  and	
  R90GR167G	
  (figure	
  4.7)	
  

and	
  R167GR244G,	
  E163KE240K	
  and	
  R90GR167GR244G	
  (figure	
  4.8)	
  exhibited	
  digestion	
  

product	
  bands	
  around	
  27	
  KDa,	
  15	
  KDa	
  and	
  12	
  KDa	
  in	
  contrast	
  to	
  the	
  results	
  obtained	
  in	
  

the	
  absence	
  of	
  actin	
  where	
  Tpm	
  was	
  not	
  digested.	
  	
  While	
  digestion	
  of	
  Tpm	
  R244G	
  gave	
  

rise	
  to	
  bands	
  around	
  27	
  KDa	
  and	
  12	
  KDa	
  (figure	
  4.7).	
  The	
  R90GR244G	
  did	
  show	
  similar	
  

behaviour	
  to	
  the	
  other	
  mutations	
  exhibiting	
  bands	
  yielding	
  around	
  27	
  KDa,	
  15	
  KDa	
  and	
  

12	
  KDa.	
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Figure	
  4.7:	
  12	
  %	
  SDS	
  Tpm-­‐Actin	
  trypsin	
  digestion	
  results	
  

The	
   figure	
   shows	
   the	
  12%	
  SDS	
  page	
  of	
   tropomyosin	
  0.3	
  mg	
  /ml	
  was	
  mixed	
  with	
  1.5	
  
mg/ml	
  actin	
  and	
  digested	
  with	
  0.5	
  mg/ml	
  trypsin	
  in	
  10mM	
  HEPES	
  pH	
  7.5,	
  0.1	
  mM	
  NaCl,	
  
5mM	
  MgCl2	
  and	
  10	
  mM	
  β	
  mercaptoethanol	
  at	
  26	
  ͦC	
  with	
  time	
  interval.	
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Figure	
  4.8:	
  12	
  %	
  SDS	
  Tpm-­‐Actin	
  trypsin	
  digestion	
  results	
  

The	
   figure	
   shows	
   the	
  12%	
  SDS	
  page	
  of	
   tropomyosin	
  0.3	
  mg	
  /ml	
  was	
  mixed	
  with	
  1.5	
  
mg/ml	
  actin	
  and	
  digested	
  with	
  0.5	
  mg/ml	
  trypsin	
  in	
  10mM	
  HEPES	
  pH	
  7.5,	
  0.1	
  mM	
  NaCl,	
  
5mM	
  MgCl2	
  and	
  10	
  mM	
  β	
  mercaptoethanol	
  at	
  26	
  ͦC	
  with	
  time	
  interval.	
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4.2.4   	
  Functional	
   investigations	
  of	
  the	
  effect	
  of	
  tropomyosin	
  mutations	
  

on	
  the	
  actomyosin	
  ATPase	
  

The	
  tropomyosin	
  and	
  troponin	
  are	
  actomyosin	
  regulatory	
  proteins	
  of	
  the	
  actomyosin	
  

ATPase	
  in	
  a	
  calcium	
  dependent	
  manner.	
  In	
  the	
  absence	
  of	
  Ca2+,	
  the	
  Tpm-­‐Tn	
  complex	
  

inhibits	
  the	
  actomyosin	
  ATPase	
  while	
   in	
  the	
  presence	
  of	
  Ca2+	
  the	
  Tpm-­‐Tn	
  complex	
   is	
  

able	
  to	
  activate	
  the	
  actomyosin	
  ATPase.	
  	
  

	
  

The	
   assays	
   were	
   conducted	
   to	
   observe	
   the	
   effect	
   of	
   mutations	
   on	
   Tpm	
   induced	
  

inhibition	
   and	
   activation	
   of	
   actomyosin	
   ATPase	
   in	
   the	
   presecnce	
   and	
   absence	
   of	
  

calcium.	
  

	
  

Activation	
  and	
  inhibition	
  of	
  myosin	
  ATPase	
  activity	
  rates	
  were	
  measured	
  using	
  10	
  µM	
  

actin,	
  2	
  µM	
  Tpm,	
  2	
  µM	
  S1,	
  Tn	
  0-­‐3	
  µM,	
  0.5	
  mM	
  CaCl2	
  and	
  1	
  mM	
  EGTA	
  in	
  AOSB	
  (10	
  mM	
  

Mops,	
   0.5	
  mM	
  DTT,	
   3.5	
  mM	
  MgCl2	
   and	
   0.5mM	
  NaN3	
   at	
   pH	
   7.2)	
   in	
   30	
   °C.	
   For	
   both	
  

activation	
  and	
  inhibition,	
  the	
  actomyosin	
  ATPase	
  activity	
  in	
  the	
  absence	
  of	
  Tn	
  was	
  used	
  

as	
  the	
  reference	
  level	
  and	
  is	
  set	
  at	
  100%.	
  	
  

	
  

This	
  experiment	
  was	
  done	
   for	
  Tpm	
  wild	
   type	
  and	
  mutants	
  and	
   the	
  average	
  of	
   three	
  

experiments	
  was	
  plotted	
  (figure	
  4.9).	
  Wild	
  type	
  tropomyosin	
  was	
  used	
  as	
  a	
  control.	
  The	
  

wild	
   type	
   tropomyosin	
   showed	
   an	
   activation	
  with	
   increasing	
   concentration	
   of	
   Tn	
   in	
  

presence	
  of	
  Ca2+	
  and	
  almost	
  50	
  %	
  activation	
  was	
  achieved	
  within	
  1.5	
  µM	
  Tn	
  (figure	
  4.9).	
  

On	
  the	
  other	
  hand,	
  in	
  the	
  absence	
  of	
  Ca2+,	
  wild	
  type	
  Tpm	
  showed	
  clear	
  inhibition	
  with	
  

increasing	
  Tn	
  concentration	
  (figure	
  4.9).	
  R90G	
  and	
  R167G	
  showed	
  lower	
  activation	
  but	
  

similar	
  inhibition	
  to	
  wild	
  type	
  Tpm	
  (figure	
  4.9).	
  E163K	
  showed	
  steady	
  low	
  activation	
  and	
  

but	
  no	
  inhibition.	
  E240K	
  showed	
  slightly	
  lower	
  activation	
  than	
  the	
  wild	
  type	
  but	
  showed	
  

less	
  inhibition	
  compared	
  to	
  the	
  wild	
  type.	
  R244G	
  and	
  M281I	
  displayed	
  a	
  defect	
  in	
  both	
  

activation	
  and	
  inhibition	
  compared	
  to	
  the	
  wild	
  type	
  (figure	
  4.10).	
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The	
  R90GR167G	
  are	
  located	
  within	
  the	
  same	
  region	
  in	
  the	
  repeated	
  heptad	
  (f)	
  position	
  

and	
  showed	
  low	
  activation	
  in	
  comparison	
  to	
  wild	
  type	
  (figure	
  4.11).	
  The	
  inhibition	
  for	
  

R90GR167G	
   seems	
   to	
   be	
   faster	
   at	
   the	
   initial	
   concentration	
   but	
   remains	
   steady	
  

afterword.	
  The	
  R90GR244G	
   is	
   showing	
  a	
  clear	
   reduction	
   in	
   the	
  activation	
  and	
   in	
   the	
  

inhibition.	
  The	
  R167GR244G,	
  E163KE240K	
  and	
  R90GR167GR244G	
  are	
  behaving	
  almost	
  

similarly	
  in	
  which	
  all	
  reduced	
  the	
  activation	
  compare	
  to	
  the	
  wild	
  type.	
  In	
  the	
  inhibition,	
  

all	
  three	
  mutations	
  showed	
  similar	
  behaviour	
  to	
  each	
  other	
  in	
  which	
  they	
  all	
  reduced	
  

the	
  inhibition	
  compared	
  to	
  the	
  wild	
  type.	
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Figure	
  4.9:	
  Activation	
  and	
  Inhibition	
  of	
  myosin	
  ATPase	
  activity	
  by	
  varying	
  Tn	
  

Effect	
  of	
  TPM1	
  mutations	
  on	
  activation	
  and	
  inhibition	
  of	
  myosin	
  S1	
  ATPase	
  activity	
  by	
  
interaction	
  of	
  Tn	
  with	
  actin-­‐Tpm	
  complexes	
  in	
  the	
  presence	
  and	
  absence	
  of	
  Ca2+.	
  The	
  
blue	
  columns	
  are	
  WT	
  while	
  Red	
  columns	
  are	
  mutations.	
  Conditions	
  actin	
  14	
  µM	
  TPM	
  3	
  
µM	
  S1	
  2	
  µM	
  and	
  Tn	
  0-­‐3	
  µM	
  0.5	
  mM	
  CaCl2	
  and	
  0.3	
  mM	
  EGTA	
  in	
  AOSB	
  (10	
  mM	
  Mops,	
  0.5	
  
mM	
  DTT,	
  3.5	
  mM	
  MgCl2	
  and	
  0.5mM	
  NaN3	
  at	
  pH	
  7.2)	
  in	
  30	
  ͦC.	
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Figure	
  4.10:	
  Activation	
  and	
  Inhibition	
  of	
  actomyosin	
  ATPase	
  activity	
  by	
  varying	
  Tn	
  for	
  
the	
  different	
  Tpm	
  variants.	
  

Effect	
  of	
  TPM1	
  mutations	
  on	
  activation	
  and	
  inhibition	
  of	
  myosin	
  S1	
  ATPase	
  activity	
  by	
  
interaction	
   of	
   Tn	
   with	
   actin-­‐Tpm	
   complexes	
   in	
   the	
   presence	
   and	
   absence	
   of	
   Ca2+.	
  
Conditions	
  actin	
  14	
  µM	
  TPM	
  3	
  µM	
  S1	
  2	
  µM	
  and	
  Tn	
  0-­‐3	
  µM	
  0.5	
  mM	
  CaCl2	
  and	
  0.3	
  mM	
  
EGTA	
  in	
  AOSB	
  (10	
  mM	
  Mops,	
  0.5	
  mM	
  DTT,	
  3.5	
  mM	
  MgCl2	
  and	
  0.5mM	
  NaN3	
  at	
  pH	
  7.2)	
  
in	
  30	
  ͦC.	
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Figure	
  4.11:	
  Activation	
  and	
  Inhibition	
  of	
  myosin	
  ATPase	
  activity	
  by	
  varying	
  Tn	
  

Effect	
  of	
  Tpm1	
  mutations	
  on	
  activation	
  and	
  inhibition	
  of	
  myosin	
  S1	
  ATPase	
  activity	
  by	
  
interaction	
   of	
   Tn	
   with	
   actin-­‐TPM	
   complexes	
   in	
   the	
   presence	
   and	
   absence	
   of	
   Ca2+.	
  
Conditions	
  actin	
  14	
  µM	
  TPM	
  3	
  µM	
  S1	
  2	
  µM	
  and	
  Tn	
  0-­‐3	
  µM	
  0.5	
  mM	
  CaCl2	
  and	
  0.3	
  mM	
  
EGTA	
  in	
  AOSB	
  (10	
  mM	
  Mops,	
  0.5	
  mM	
  DTT,	
  3.5	
  mM	
  MgCl2	
  and	
  0.5mM	
  NaN3	
  at	
  pH	
  7.2)	
  
in	
  30	
  ͦC.	
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To	
   summarise,	
   all	
   Tpm	
  mutations	
   except	
   (R90G,	
   E163K	
   and	
   E240K)	
   showed	
   a	
   clear	
  

reduction	
  in	
  the	
  activation	
  of	
  the	
  actomyosin	
  ATPase	
  in	
  the	
  presence	
  of	
  Ca2+	
  compared	
  

to	
  the	
  wild	
  type	
  Tpm	
  (figure	
  4.12,	
  top	
  panel).	
  On	
  the	
  other	
  hand,	
  all	
  mutations	
  except	
  

(R167G	
   and	
   E240K)	
   display	
   reduced	
   ability	
   to	
   inhibit	
   the	
   actin	
   activation	
   of	
  myosin	
  

ATPase	
   in	
   the	
  absence	
  of	
  Ca2+	
   compared	
   to	
   the	
  wild	
   type	
  Tpm	
   (figure	
  4.12,	
   bottom	
  

panel).	
  

	
  
Figure	
  4.12:	
  summary	
  of	
  Tpm	
  mutations	
  on	
  ATPase	
  

The	
  figure	
  shows	
  the	
  summary	
  of	
  the	
  effect	
  of	
  Tropomyosin	
  mutations	
  on	
  the	
  activation	
  
of	
  ATPase	
  in	
  presence	
  of	
  Ca2+	
  top.	
  While	
  the	
  inhibition	
  of	
  ATPase	
  in	
  presence	
  of	
  EGTA	
  
showed	
  in	
  the	
  bottom.	
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4.2.5   	
  Investigation	
  of	
   the	
  effect	
  of	
   the	
  effect	
  of	
  Tpm	
  mutations	
  on	
   its	
  

secondary	
  structure	
  using	
  Circular	
  dichroism	
  

The	
   secondary	
   structure	
   of	
   a	
   protein	
   can	
   be	
   evaluated	
   using	
   a	
   fast	
   and	
   accurate	
  

spectroscopic	
   method:	
   Circular	
   dichroism	
   (CD).	
   The	
   CD	
   measures	
   the	
   difference	
   of	
  

absorption	
  of	
  right	
  and	
  left	
  handed	
  circularly	
  polarized	
  light	
  (Greenfield,	
  2006).	
  The	
  CD	
  

method	
  allows	
  an	
  estimation	
  of	
  the	
  secondary	
  structure	
  of	
  proteins	
  and	
  establish	
  the	
  

proportion	
  of	
  α–helices,	
  β-­‐sheet	
  or	
  random	
  coil.	
  We	
  aimed	
  to	
  measure	
  the	
  effect	
  of	
  

Tpm	
  mutations	
  overall	
  Tpm	
  secondary	
  structure.	
  The	
  WT	
  was	
  used	
  as	
  a	
  reference	
  for	
  

comparison	
  with	
  the	
  mutants	
  that	
  may	
  induce	
  a	
  change	
  in	
  protein	
  structure.	
  	
  

	
  

The	
  CD	
  experiments	
  were	
  performed	
  using	
  Circular	
  Dichroism	
  Spectrometer	
  Chirascan	
  

with	
  a	
  cell	
  path	
  length	
  of	
  0.1	
  cm	
  at	
  25	ͦ
  C	
  in	
  10	
  mM	
  sodium	
  phosphate,	
  pH	
  7.0	
  and	
  0.3	
  M	
  

NaF	
  solution.	
  The	
  experiment	
  was	
  done	
  using	
  a	
  range	
  of	
  wavelengths	
  between	
  190-­‐260	
  

nm	
   in	
   the	
   far	
   UV	
   region	
   at	
   a	
   resolution	
   of	
   1	
   nm	
   and	
   speed	
   50	
   nm/minute	
   and	
   a	
  

bandwidth	
  1	
  nm.	
  Three	
  scans	
  were	
  averaged	
  for	
  the	
  all	
  Tpms	
  (wild	
  type	
  and	
  mutants)	
  

concentration	
  used	
  was	
  5	
  μM.	
  	
  

	
  

Tropomyosin	
  is	
  a	
  coiled	
  coil	
  composed	
  of	
  two	
  alpha	
  helices	
  and	
  its	
  CD	
  spectra	
  is	
  shown	
  

in	
   figure	
   (4.7).	
  The	
  WT	
  spectrum	
   is	
  a	
   replicate	
  of	
   the	
  typical	
  CD	
  spectra	
   for	
  a	
   typical	
  

100%	
  alpha	
  helical	
  protein	
  with	
  2	
  minima	
  at	
  208	
  nm	
  and	
  222	
  nm.	
  Therefore,	
  the	
  WT	
  

was	
   used	
   as	
   a	
   reference	
   to	
   compare	
   the	
   effect	
   of	
   Tpm	
  mutations	
   on	
   its	
   secondary	
  

structure.	
   All	
   mutations	
   showed	
   similar	
   spectra	
   compared	
   to	
   the	
   WT	
   spectrum.	
  

However,	
  there	
  were	
  differences	
  in	
  the	
  amplitude	
  of	
  the	
  CD	
  signal	
  most	
  likely	
  due	
  to	
  

the	
  variation	
  in	
  protein	
  concentrations.	
  The	
  spectra	
  were	
  then	
  analysed	
  by	
  a	
  CD	
  data	
  

analysis	
  software	
  to	
  estimate	
  the	
  percentage	
  of	
  secondary	
  structure	
  elements	
  which	
  

are	
  shown	
  in	
  table	
  (4.2).	
  The	
  outcomes	
  of	
  the	
  CD	
  spectra	
  confirmed	
  that	
  the	
  structure	
  

of	
  Tpm	
  was	
  not	
  substantially	
  affected	
  by	
  the	
  mutations.	
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Figure	
  4.13:	
  Circular	
  Dichroism	
  spectra	
  of	
  Tpm	
  WT	
  and	
  mutants	
  

CD	
  spectra	
  of	
  the	
  Tpm	
  using	
  the	
  different	
  Tpm	
  mutants	
  (Panel	
  AWT	
  and	
  R90G;	
  Panel	
  B	
  
WT	
   E163K;	
   Panel	
   C	
  WT	
   R167G,	
   and	
   Panel	
   D	
  WT	
   and	
   E240K)	
  were	
  measured	
   in	
   the	
  
presence	
   of	
   10	
  mM	
  NaH2PO4,	
   pH	
   7.0	
   and	
   0.3	
  M	
   NaF.	
   All	
   samples	
   were	
   used	
   at	
   a	
  
concentration	
  of	
  5μM.	
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Figure	
  4.14:	
  Circular	
  Dichroism	
  spectra	
  of	
  Tpm	
  WT	
  and	
  mutants	
  

CD	
  spectra	
  of	
  the	
  Tpm	
  using	
  the	
  different	
  Tpm	
  mutants	
  (Panel:	
  WT	
  and	
  M281I,;	
  Panel	
  B	
  
WT	
  and	
  R244G	
  ,;	
  Panel	
  C:	
  Wt	
  and	
  R90GR167G,	
  and	
  Panel	
  D:	
  WT	
  and	
  R90GR244G	
  )	
  were	
  
measured	
  in	
  the	
  presence	
  of	
  10	
  mM	
  NaH2PO4,	
  pH	
  7.0	
  and	
  0.3	
  M	
  NaF.	
  All	
  samples	
  were	
  
used	
  at	
  a	
  concentration	
  of	
  5	
  μM.	
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Figure	
  4.15:	
  Circular	
  Dichroism	
  spectra	
  of	
  Tpm	
  WT	
  and	
  mutants	
  

CD	
  spectra	
  of	
  the	
  Tpm	
  using	
  the	
  different	
  Tpm	
  mutants	
  (Panel	
  A:	
  WT	
  and	
  R167GR244G	
  
,	
  Panel	
  B:	
  WT	
  and	
  E163KE240K	
  and	
  Panel	
  C:	
  WT	
  and	
  R90GR167GR244G)	
  were	
  measured	
  
in	
  the	
  presence	
  of	
  10	
  mM	
  NaH2PO4,	
  pH	
  7.0	
  and	
  0.3	
  M	
  NaF.	
  All	
  samples	
  were	
  used	
  at	
  a	
  
concentration	
  of	
  5	
  μM.	
  
	
  
	
  
	
  
Table	
  4.1:	
  Estimation	
  of	
  alpha	
  helical	
  and	
  beta	
  strands	
  in	
  the	
  tropomyosin	
  secondary	
  
structure	
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The	
  change	
  in	
  molar	
  ellipticity	
  at	
  222	
  nm	
  induced	
  by	
  increasing	
  temperature	
  was	
  used	
  

to	
  measure	
  the	
  thermal	
  stability	
  of	
  tropomyosin	
  using	
  a	
  buffer	
  contains	
  0.3	
  M	
  NaF,	
  10	
  

mM	
  sodium	
  phosphate,	
  pH	
  7.0.	
  The	
  measurements	
  were	
  collected	
  at	
  1.0	
  °C	
  intervals	
  

between	
  15-­‐80	
  °C.	
  

	
  
The	
   normalised	
   plots	
   of	
   ellipticity	
   versus	
   temperature	
   were	
   used	
   to	
   evaluate	
   Tpm	
  

mutations	
  effect	
  on	
  the	
  temperature	
  induced	
  denaturation	
  and	
  the	
  denaturation	
  mid-­‐

point	
  temperatures	
  were	
  calculated	
  in	
  table	
  4.2.	
  The	
  unfolding	
  curve	
  midpoint	
  for	
  the	
  

WT	
  was	
  47.0	
  +-­‐	
  0.2.	
  	
  The	
  mutations	
  R90G	
  and	
  R167G	
  in	
  figure	
  4.7	
  showed	
  a	
  reduction	
  

in	
  the	
  unfolding	
  curve	
  midpoint	
  to	
  45.3	
  +-­‐	
  0.2	
  and	
  45.0	
  +-­‐	
  0.2	
  respectively	
  while	
  the	
  

E163K	
  showed	
  an	
  increase	
  in	
  the	
  unfolding	
  curve	
  midpoint	
  to	
  48.4	
  +-­‐	
  .02.	
  On	
  the	
  other	
  

hand,	
  TpmE240K,	
  R244G,	
  M281I	
  and	
  R90GR167G	
  mutants	
  showed	
  almost	
  similar	
  values	
  

47.3	
  +-­‐	
  0.02,	
  46.8	
  +-­‐	
  0.2,	
  46.9	
  +-­‐0.2	
  and	
  47.2	
  +-­‐	
  0.2	
  respectively	
  to	
  the	
  WT.	
  Mutations	
  

R90GR244G	
  and	
  R167GR244G	
  showed	
  clear	
  shift	
   in	
  the	
  curves	
  and	
  a	
  decrease	
  in	
  the	
  

unfolding	
   curve	
   midpoint	
   with	
   values	
   of	
   43.3	
   +-­‐	
   0.2	
   and	
   44.5	
   +-­‐	
   0.2.	
   The	
   last	
   two	
  

mutations	
  E163K	
  and	
  R90GR167GR244G	
  showed	
  also	
  a	
  reduction	
  in	
  the	
  the	
  unfolding	
  

curve	
  midpoint	
  with	
  values	
  of	
  46.0	
  +-­‐	
  0.2	
  and	
  46.5	
  +-­‐0.2	
  respectively.	
  Overall,	
  some	
  of	
  

the	
   mutations	
   did	
   show	
   an	
   impact	
   on	
   the	
   secondary	
   structure	
   thermal	
   stability	
  

compared	
  to	
  the	
  WT.	
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Figure	
  4.16:	
  Thermal	
  denaturation	
  of	
  Tpm	
  WT	
  and	
  mutants	
  

The	
  graph	
   illustrates	
  Thermal	
  denaturation	
   spectra	
  of	
   (A)	
  WT	
  and	
  R90G	
   (B)	
  WT	
  and	
  
E163K	
  (C)	
  WT	
  and	
  R167G	
  (D)	
  WT	
  and	
  E240K	
  (E)	
  WT	
  and	
  R244G	
  (F)	
  WT	
  and	
  M281I.	
  All	
  
samples	
  were	
  in	
  10	
  mM	
  NaH2PO4,	
  pH	
  7.0	
  and	
  0.3	
  M	
  NaF.	
  It	
  was	
  monitored	
  at	
  222	
  nm	
  
between	
  15-­‐80	
  °C	
  at	
  a	
  rate	
  of	
  1	
  °C/min.	
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Figure	
  4.17:	
  Thermal	
  denaturation	
  of	
  Tpm	
  WT	
  and	
  mutants	
  

The	
  graph	
  illustrates	
  Thermal	
  denaturation	
  spectra	
  of	
  (A)	
  WT	
  and	
  R90GR167G	
  (B)	
  WT	
  
and	
   R90GR244G	
   (C)	
   WT	
   and	
   R167GR244G	
   (D)	
   WT	
   and	
   E163KE240K	
   (E)	
   WT	
   and	
  
R90GR167GR244G.	
  All	
  samples	
  were	
  in	
  10	
  mM	
  NaH2PO4,	
  pH	
  7.0	
  and	
  0.3	
  M	
  NaF.	
  It	
  was	
  
monitored	
  at	
  222	
  nm	
  between	
  15-­‐80	
  °C	
  at	
  a	
  rate	
  of	
  1	
  °C/min.	
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Table	
  4.2:	
  Mid-­‐point	
  melting	
  temperatures	
  of	
  tropomyosin	
  mutations	
  

	
  
	
  
	
  
For	
  a	
  better	
  visualisation	
  of	
  the	
  impact	
  of	
  mutations	
  in	
  Tpm	
  on	
  the	
  thermal	
  unfolding,	
  

First-­‐derivative	
   graphs	
   were	
   generated	
   from	
   the	
   data	
   obtained	
   in	
   the	
   temperature	
  

dependence	
   experiments	
   (figure	
   4.18-­‐20).	
   It	
   can	
   be	
   seen	
   that	
   the	
  mutations	
   R90G,	
  

E163K,	
   E240K,	
  M281I	
   and	
  R90GR167G	
  are	
  not	
   different	
   compared	
   to	
   the	
  wild	
   type.	
  

However,	
   R167G,	
   R244G,	
   R90GR244G	
   and	
   R90GR167GR244G	
   did	
   show	
   a	
   clear	
  

difference	
   in	
   the	
   melting	
   point	
   which	
   shifted	
   the	
   curve	
   to	
   lower	
   temperature.	
  

Interestingly,	
  the	
  R167GR244G	
  and	
  E163KE240K	
  did	
  show	
  two	
  peaks,	
  the	
  first	
  one	
  at	
  

around	
   40	
   °C	
   and	
   the	
   second	
   one	
   at	
   around	
   54-­‐56	
   °C.	
   Each	
   peak	
   corresponds	
   to	
   a	
  

transition.	
  Wild	
  type	
  Tpm	
  and	
  Tpm	
  mutants	
  R90G,	
  E163K,	
  E240K,	
  M281I,	
  R167G,	
  R244G,	
  

R90GR244G	
   and	
   R90GR167GR244G	
   showed	
   a	
   single	
   unfolding	
   transition	
   while	
  

R167GR244G	
  and	
  E163KE240K	
  showed	
  two	
  unfolding	
  transitions.	
  This	
  show	
  that	
  the	
  

stability	
  of	
  Tpm	
  is	
  different	
  for	
  different	
  mutations.	
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Figure	
  4.18:	
  First-­‐	
  derivative	
  graphs	
  of	
  temperature	
  dependence	
  experiment	
  

The	
  figure	
  shows	
  the	
  First-­‐derivative	
  graphs	
  of	
  the	
  WT	
  and	
  the	
  mutations	
  using	
  the	
  data	
  
obtained	
  from	
  temperature	
  dependence.	
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Figure	
  4.19:	
  First-­‐	
  derivative	
  graphs	
  of	
  temperature	
  dependence	
  experiment.	
  

The	
  figure	
  shows	
  the	
  First-­‐derivative	
  graphs	
  of	
  the	
  WT	
  and	
  the	
  mutations	
  using	
  the	
  data	
  
obtained	
  from	
  temperature	
  dependence.	
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Figure	
  4.20:	
  First-­‐	
  derivative	
  graphs	
  of	
  temperature	
  dependence	
  experiment.	
  

The	
  figure	
  shows	
  the	
  First-­‐derivative	
  graphs	
  of	
  the	
  WT	
  and	
  the	
  mutations	
  using	
  the	
  data	
  
obtained	
  from	
  temperature	
  dependence.	
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4.3   Discussion	
  
The	
   aim	
   of	
   this	
   chapter	
   was	
   to	
   establish	
   a	
   reliable	
   method	
   for	
   the	
   expression	
   and	
  

purification	
  of	
  tropomyosin	
  mutants	
  capable	
  of	
  delivering	
  reasonable	
  amounts	
  of	
  highly	
  

pure	
   tropomyosin	
  mutants.	
  Another	
   aim	
  was	
   to	
   assess	
   their	
   secondary	
   structure	
  by	
  

circular	
  dichroism	
  and	
  their	
  function	
  by	
  an	
  actomyosin	
  ATPase	
  assay.	
  The	
  tropomyosin	
  

cDNA	
  was	
  cloned	
   into	
  the	
  pLEICS-­‐05	
  vector	
   (a	
  vector	
  designed	
  for	
  high	
  yield	
  protein	
  

expression)	
  with	
  addition	
  of	
  Ala–Ser	
  at	
  the	
  N-­‐terminus	
  to	
  mimic	
  the	
  acetylation.	
  We	
  

cloned	
  and	
  expressed	
  Tpm	
  wild	
  type	
  and	
  11	
  mutants.	
  The	
  tropomyosin	
  mutants	
  were	
  

purified	
  using	
  fractionation	
  by	
  ammonium	
  sulphate	
  and	
  two	
  different	
  chromatography	
  

steps	
  (DEAE	
  and	
  hydroxylapatite	
  CHT)	
  to	
  get	
  pure	
  protein	
  as	
  seen	
  in	
  figure	
  (4.3).	
  It	
  was	
  

possible	
  to	
  obtain	
  around	
  16-­‐20	
  mg	
  of	
  highly	
  purified	
  tropomyosin	
  from	
  2	
  litres	
  of	
  E.coli	
  

culture	
  for	
  each	
  of	
  the	
  Tpm	
  variants.	
  These	
  quantities	
  are	
  sufficient	
  for	
  biochemical	
  and	
  

biophysical	
   characterisation.	
   The	
   following	
   tropomyosin	
   single	
   amino	
   acid	
   mutants	
  

were	
   produced	
   (R90G,	
   E163K,	
   R167G,	
   E240K,	
   R244G	
   and	
   M281I).	
   We	
   have	
   also	
  

introduced	
  double	
  and	
  triple	
  mutations	
  to	
  the	
  Tpm	
  sequence	
  at	
  the	
  same	
  position	
  of	
  

heptad	
  repeat	
  (f)	
  (R90GR167G,	
  R90GR244G,	
  R167GR344G	
  and	
  R90GR167GR244G)	
  and	
  

at	
   (b)	
   (E163KE240K).	
  The	
  rationale	
   for	
   the	
  double	
  and	
  triple	
  mutants	
   is	
   to	
  disrupt	
  as	
  

many	
  individual	
  sites	
  as	
  possible	
  in	
  the	
  one	
  Tpm-­‐	
  seven	
  actin	
  monomers	
  binding	
  sites	
  

unites.	
  Also,	
  their	
  position	
  was	
  found	
  to	
  be	
  conservative	
  among	
  different	
  isoforms.	
  

the	
   actomyosin	
   ATPase	
   (although	
   with	
   some	
   differences	
   that	
   may	
   be	
   due	
   to	
   the	
  

mutations).	
  Thus,	
  we	
  can	
  characterise	
  fully	
  their	
  impact	
  on	
  the	
  biochemical,	
  kinetic	
  and	
  

functional	
  properties	
  of	
  tropomyosin.	
  

	
  

4.3.1   	
  Effect	
  of	
  Tpm1	
  mutations	
  on	
  the	
  structure	
  of	
  tropomyosin	
  

	
  

Circular	
  dichroism	
  was	
  used	
  to	
  determine	
  the	
  effect	
  of	
  the	
  mutation	
  on	
  tropomyosin	
  

secondary	
  structure.	
  The	
  spectra	
  of	
  all	
  proteins	
  showed	
  that	
  WT	
  and	
  all	
  other	
  mutants	
  

were	
  100%	
  α-­‐helical	
  suggesting	
  that	
  the	
  introduced	
  mutation	
  do	
  not	
  cause	
  any	
  gross	
  

change	
   to	
   the	
   helical	
   coiled	
   coil	
   structure	
   of	
   tropomyosin.	
   A	
   small	
   variation	
   in	
   the	
  

amplitude	
   of	
   the	
   spectra	
   is	
   likely	
   due	
   to	
   inaccuracy	
   of	
   measurements	
   of	
   protein	
  

concentrations.	
  The	
  CD	
  experiments	
   showed	
   that	
   several	
  Tom	
  mutants	
   changed	
   the	
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thermal	
   unfolding	
   mid	
   point	
   as	
   shown	
   clearly	
   in	
   the	
   first	
   derivative	
   graphs.	
   The	
  

mutations	
   which	
   were	
   substituted	
   from	
   Arginine,	
   a	
   polar	
   amino	
   acid,	
   to	
   glycine,	
   a	
  

nonpolar	
  (uncharged)	
  amino	
  acid	
  may	
  have	
  slightly	
  disturbed	
  the	
  stability	
  of	
  the	
  coiled	
  

coil	
  as	
  seen	
  by	
  the	
  small	
  decrease	
   in	
  the	
  mid	
  curve	
  melting	
  point.	
  A	
  decrease	
   in	
  the	
  

thermal	
   unfolding	
   mid	
   point	
   mutations	
   for	
   (R90G,	
   R167G,	
   R244G	
   R90GR244G	
   and	
  

R90GR167GR244G)	
  have	
  decreased	
  the	
  tropomyosin	
  stability.	
  

	
  

4.3.2   	
  Trypsin	
  digestion	
  
In	
   tropomyosin	
   heptad	
   repeat,	
   position	
   (a)	
   and	
   (d)	
   drive	
   inter-­‐helical	
   hydrophobic	
  

interactions	
  that	
  provide	
  stability	
  to	
  the	
  coiled	
  coil.	
  The	
  positions	
  are	
  primarily	
  occupied	
  

by	
  Leu,	
  Ala,	
  Leu,	
  Val,	
  Tyr,	
  and	
  Met.	
  However,	
  in	
  both	
  α	
  -­‐	
  and	
  β	
  –Tm	
  At	
  position	
  137	
  in	
  d	
  

position	
  an	
  alternative	
  Asp	
  is	
  present.	
  The	
  instability	
  of	
  Tpm	
  increased	
  because	
  of	
  the	
  

presence	
  of	
  Asp-­‐137	
  during	
  tryptic	
  cleavage	
  at	
  Arg-­‐133	
  (Sumida	
  et	
  al.,	
  2008).	
  A	
  slight	
  

increase	
  in	
  local	
  flexibility	
  was	
  seen	
  in	
  a	
  molecular	
  dynamics	
  simulation	
  where	
  Asp-­‐137	
  

mutated	
  to	
  a	
  canonical	
  Leu	
  (Nirody	
  et	
  al.,	
  2010).	
  

	
  

	
  

The	
   trypsin	
   digestions	
   occur	
   at	
   Arg-­‐133	
   (Ly	
   and	
   Lehrer,	
   2012).	
   The	
   experiment	
  was	
  

performed	
  in	
  presence	
  and	
  absence	
  of	
  Actin.	
  The	
  Tpm	
  mutants	
  showed	
  variations	
  in	
  

the	
  rate	
  and	
  pattern	
  of	
  cleavage	
  in	
  the	
  absence	
  of	
  actin	
  filaments	
  when	
  compared	
  to	
  

the	
  wild	
  type.	
  The	
  wild	
  type	
  showed	
  similar	
  pattern	
  of	
  cleavage	
  as	
  obtained	
  by	
  (Ly	
  and	
  

Lehrer,	
  2012)	
   (Conbversion	
  of	
  Tpm	
  to	
  ~	
  12-­‐15	
  kDa).	
  However,	
  some	
  of	
  the	
  mutation	
  

have	
  increased	
  the	
  rate	
  of	
  cleavage	
  like	
  (R90G	
  and	
  R167G)	
  and	
  the	
  latter	
  has	
  yielded	
  a	
  

band	
  ~	
  18	
  kDa.	
  The	
  distance	
  between	
  the	
  R167G	
  and	
  R133	
  is	
  about	
  34	
  residues	
  and	
  it	
  

consequently	
  the	
  observed	
  change	
  is	
  likely	
  due	
  to	
  long	
  range	
  change	
  in	
  conformation.	
  

It	
  is	
  possible	
  that	
  the	
  substituted	
  residue	
  from	
  a	
  large	
  positively	
  charged	
  aminoacid	
  to	
  

a	
  smaller	
  glycine	
  aminoacid	
  has	
  disturbed	
  the	
  stability	
  of	
  the	
  coiled	
  coil	
  and	
  affected	
  

the	
   local	
   structure	
   around	
   Arg	
   133.	
   This	
   change	
   is	
   not	
   always	
   the	
   same	
   since	
  

substitution	
  of	
  other	
  residues	
  at	
  other	
  locations	
  from	
  Glutamic	
  acid	
  to	
  Lysine	
  (acidic	
  to	
  

basic	
   amino	
   acid)	
   produced	
   a	
   different	
   effect	
   (a	
   decreased	
   rate	
   of	
   cleavage	
   which	
  

suggest	
  an	
  increased	
  stability).	
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The	
  presence	
  of	
  actin	
  was	
  to	
  protect	
  Tpm	
  from	
  cleavage	
  and	
  the	
  wild	
  type	
  showed	
  a	
  

much	
   stronger	
   resistance	
   to	
   cleavage	
   due	
   to	
   the	
   binding	
   to	
   actin.	
   However,	
   the	
  

mutation	
  R90G	
  and	
  R167G	
  were	
  the	
  least	
  protected	
  by	
  actin	
  and	
  that	
  led	
  to	
  fast	
  rate	
  of	
  

cleavage	
  compared	
  to	
  the	
  wild	
  type.	
  The	
  reason	
  could	
  be	
  a	
  reduction	
  in	
  interaction	
  with	
  

actin.	
  

	
  

4.3.3   	
  Effect	
  of	
  Tpm1	
  mutations	
  on	
  the	
  steady	
  state	
  actomyosin	
  ATPase	
  

	
  

To	
  determine	
  the	
  mutations’	
  effect	
  on	
  thin	
   filaments	
   functioning,	
   the	
  ATPase	
  assays	
  

were	
   carried	
   out	
   in	
   the	
   presence	
   of	
   troponin.	
   The	
   wild	
   type	
   has	
   showed	
   a	
   clear	
  

activation	
  and	
  inhibition	
  of	
  ATPase.	
  The	
  troponin	
  complex	
  mainly	
  binds	
  tropomyosin	
  by	
  

its	
  TnT	
  subunit.	
  All	
  tropomyosin	
  mutations	
  except	
  (R90G,	
  E163K	
  and	
  E240K)	
  affected	
  

the	
   activation	
   of	
   actomyosin	
   ATPase	
   and	
   reduced	
   it	
   to	
   the	
   level	
   of	
   actin.	
   Single	
  

mutations	
   (R167G	
   and	
   E240K)	
   did	
   not	
   affect	
   the	
   ability	
   of	
   Tpm-­‐Tn	
   to	
   inhibit	
   the	
  

actomyosin	
  ATPase	
   in	
   the	
   absence	
  of	
   Ca2+.	
  Double	
  mutation	
   E163KE240K	
   and	
   triple	
  

mutation	
  R90GR167GR244G	
  reduced	
  the	
  ability	
  of	
  the	
  tropomyosin-­‐troponin	
  complex	
  

to	
  inhibit	
  the	
  actomyosin	
  ATPase	
  in	
  the	
  absence	
  of	
  Ca2+.	
  The	
  mutations	
  likely	
  affected	
  

the	
  ATPase	
  due	
  to	
  their	
  location	
  which	
  may	
  have	
  interfered	
  with	
  TnT	
  binding	
  site.	
  These	
  

changes	
  in	
  activation	
  and/or	
  inhibition	
  of	
  the	
  actomyosin	
  ATPase	
  suggest	
  a	
  change	
  in	
  

the	
  allosteric	
  transitions	
  in	
  thin	
  filaments.	
  The	
  next	
  chapter	
  describes	
  the	
  effect	
  of	
  these	
  

mutations	
  on	
  thin	
  filament	
  dynamics.	
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5.1   Introduction	
  
	
  

The	
  majority	
  of	
  studies	
  on	
  tropomyosin	
  mutants	
  investigating	
  tropomyosin	
  structure-­‐

function	
  relationship	
  or	
  investigating	
  the	
  mechanism	
  of	
  disease	
  causing	
  mutations	
  had	
  

focused	
  on	
  steady	
  state	
  analysis	
  of	
  actin	
  binding	
  and	
  actomyosin	
  ATPase.	
  Our	
  approach	
  

is	
  to	
  investigate	
  the	
  impact	
  of	
  these	
  mutations	
  on	
  tropomyosin	
  stability	
  and	
  long	
  range	
  

communication	
  between	
  different	
  parts	
  of	
   tropomyosin,	
   the	
   transition	
  between	
   the	
  

different	
  thin	
  filament	
  states,	
  the	
  kinetics	
  of	
  switching,	
  the	
  size	
  of	
  the	
  cooperative	
  unit	
  

and	
  interaction	
  with	
  actin	
  and	
  troponin.	
  The	
  structure,	
  interaction	
  and	
  conformational	
  

changes	
  of	
   tropomyosin	
  are	
  essential	
   in	
   the	
  regulation	
  of	
  muscle	
  contraction	
   (Perry,	
  

2003).	
  The	
  Ca2+	
  induced	
  tropomyosin	
  dependent	
  transitions	
  in	
  muscle	
  thin	
  filament	
  are	
  

very	
   fine	
   examples	
   of	
   cooperative	
   allosteric	
   transitions	
   that	
   control	
   physiological	
  

processes.	
  It	
  is	
  well	
  established	
  that	
  muscle	
  thin	
  filaments	
  exist	
  in	
  three	
  states	
  and	
  that	
  

tropomyosin	
   plays	
   a	
   fundamental	
   role	
   in	
   the	
   switching	
   between	
   these	
   states	
   (El-­‐

Mezgueldi,	
  2014).	
  Thin	
   filament	
  dynamics	
  has	
  been	
   intensively	
  studied	
  using	
  various	
  

equilibrium	
  and	
  kinetic	
  approaches	
  (Alahyan	
  et	
  al.,	
  2006;	
  McKillop	
  and	
  Geeves	
  1993,	
  

Maytum	
  et	
  al.,	
  2003).	
  Consequently,	
  several	
  methods	
  to	
  study	
  thin	
  filament	
  dynamics	
  

have	
   been	
   developed	
   and	
   their	
   application	
   to	
   tropomyosin	
   mutations	
   will	
   be	
   very	
  

informative.	
  

	
  
The	
  cooperative	
  allosteric	
  transitions	
  in	
  thin	
  filaments	
  can	
  be	
  characterised	
  by	
  several	
  

parameters	
  including	
  the	
  size	
  of	
  the	
  cooperative	
  unit	
  (n)	
  and	
  the	
  equilibrium	
  constant	
  

of	
   transition	
   between	
   the	
   blocked	
   and	
   closed	
   state.	
   Thin	
   filament	
   cooperativity	
   is	
  

primarily	
  ruled	
  by	
  Tpm	
  molecules	
  covering	
  seven	
  actin	
  monomers	
  and	
  interacting	
  head	
  

to	
   tail	
   along	
   the	
   actin	
   filaments	
   (Lehrer,	
   1994).	
   The	
   size	
   of	
   cooperative	
   unit	
   is	
   the	
  

number	
   of	
   actin	
   monomers	
   activated	
   or	
   inhibited	
   simultaneously	
   by	
   tropomyosin	
  

movement	
   following	
   Ca2+	
   binding	
   to	
   TnC	
   or	
  myosin	
   head	
   binding	
   to	
   thin	
   filaments	
  

(Lehrer	
  et	
  al.,	
  1997).	
  KB	
  reflects	
  the	
  distribution	
  of	
  the	
  thin	
  filament	
  between	
  the	
  closed	
  

state	
   and	
   the	
   blocked	
   state	
   which	
   plays	
   a	
   vital	
   role	
   in	
   activation	
   and	
   relaxation	
   of	
  

muscle.	
  The	
  maximum	
  rate	
  of	
  switching,	
  the	
  interaction	
  of	
  tropomyosin	
  with	
  troponin	
  

and	
  long	
  range	
  conformational	
  communication	
  are	
  likely	
  to	
  play	
  an	
  important	
  role	
  in	
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thin	
  filament	
  regulation.	
  The	
  aim	
  of	
  this	
  chapter	
  is	
  to	
  investigate	
  the	
  impact	
  of	
  different	
  

Tpm	
  mutations	
  on	
  the	
  equilibrium	
  constant	
  between	
  the	
  blocked	
  and	
  closed	
  state	
  KB,	
  

the	
  size	
  of	
  the	
  cooperative	
  unit	
  n,	
  the	
  maximum	
  rate	
  of	
  the	
  the	
  transition	
  to	
  the	
  Off	
  

state	
  and	
  troponin	
  binding	
  affinity.	
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5.2   Results	
  

5.2.1   Effect	
   of	
   Tpm	
  mutations	
   on	
   the	
   transition	
   between	
   blocked	
   and	
  

closed	
  states	
  (KB)	
  

The	
  switch	
  to	
  the	
  blocked	
  state	
   in	
  the	
  absence	
  of	
  calcium	
  is	
  fundamental	
  for	
  muscle	
  

relaxation	
  while	
  the	
  switch	
  from	
  the	
  blocked	
  to	
  the	
  closed	
  states	
  is	
  important	
  during	
  

activation	
   by	
   calcium.	
   Therefore,	
   characterising	
   the	
   proportion	
   of	
   the	
   blocked	
   state	
  

(measured	
   by	
   the	
   equilibrium	
   constant	
   KB)	
   in	
   different	
   physiological	
   condition	
   is	
  

essential.	
  KB	
  is	
  measured	
  from	
  the	
  ratio	
  of	
  thin	
  filaments	
  in	
  the	
  closed	
  state	
  over	
  thin	
  

filaments	
  in	
  the	
  blocked	
  state.	
  KB	
  is	
  predicted	
  to	
  be	
  less	
  than	
  1	
  when	
  the	
  thin	
  filaments	
  

are	
  predominantly	
  in	
  the	
  blocked	
  state	
  (for	
  example	
  in	
  the	
  presence	
  of	
  Tn	
  and	
  absence	
  

of	
   Ca2+).	
   While	
   the	
   KB	
   is	
   expected	
   to	
   be	
   more	
   than	
   1	
   when	
   thin	
   filaments	
   are	
  

predominantly	
  in	
  the	
  closed	
  state	
  (for	
  example	
  in	
  the	
  presence	
  of	
  Tn	
  and	
  Ca2+).	
  The	
  KB	
  

was	
   calculated	
   separately	
   for	
   both	
   in	
   presence	
   and	
   absence	
   of	
   calcium	
   using	
   the	
  

following	
  formula	
  for	
  slope	
  obtained.	
  

	
  

𝑘𝑜𝑏𝑠(𝐸𝐺𝑇𝐴	
  𝑜𝑟	
  𝐶𝑎𝑙𝑐𝑖𝑢𝑚)
𝑘𝑜𝑏𝑠(𝐴𝑐𝑡𝑖𝑛	
  𝑎𝑙𝑜𝑛𝑒) =

𝐾𝐵
1 + 𝐾𝐵	
  

	
  

Re-­‐arranging	
  this	
  equation	
  gives	
  

	
  

𝐾𝐵 =
𝑘𝑜𝑏𝑠(𝐸𝐺𝑇𝐴	
  𝑜𝑟	
  𝐶𝑎𝑙𝑐𝑖𝑢𝑚)

(𝑘𝑜𝑏𝑠 𝑎𝑐𝑡𝑖𝑛	
  𝑎𝑙𝑜𝑛𝑒 − 𝑘𝑜𝑏𝑠(𝐸𝐺𝑇𝐴	
  𝑜𝑟	
  𝑐𝑎𝑙𝑐𝑖𝑢𝑚)	
  

	
  

The	
   transition	
   between	
   blocked	
   and	
   closed	
   states	
   can	
   be	
   monitored	
   by	
   the	
   large	
  

fluorescence	
  change	
  of	
  pyrene	
  iodoacetamide	
  labelled	
  actin	
  induced	
  by	
  myosin	
  head	
  

strong	
  binding	
  (Head	
  et	
  al.,	
  1995).	
  	
  

The	
   transients	
   of	
   myosin	
   heads	
   binding	
   to	
   thin	
   filament	
   reconstituted	
   with	
   pyrene	
  

iodoacetamida	
  labelled	
  actin	
  filaments	
  and	
  various	
  Tpm	
  mutants	
  are	
  plotted	
  in	
  figure	
  

5.1.	
   Each	
   graph	
   shows	
   the	
   transient	
   obtained	
   with	
   one	
   Tpm	
   mutant	
   (red	
   curve)	
  

compared	
   to	
   the	
   transient	
   obtained	
   with	
   WT	
   Tpm	
   (blue	
   curve).	
   R90G,	
   R90R167G,	
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R90GR244G	
  R167GR244G	
  and	
  E163KE240K	
  shows	
  a	
  faster	
  transient	
  compared	
  to	
  the	
  

WT	
   while	
   R167G	
   showed	
   slower	
   transient.	
   The	
   E163K,	
   E240K,	
   R244G	
  

R90GR167GR244G,	
  and	
  M281I	
  showed	
  almost	
  comparable	
  transient	
  to	
  the	
  WT.	
  	
  

	
  
	
  

	
  
Figure	
  5.1:	
  Transient	
  of	
  Binding	
  of	
  S1	
  to	
  PIA-­‐actin-­‐Tpm-­‐Tn	
  in	
  the	
  presence	
  of	
  calcium	
  
for	
  Tpm	
  mutations	
  

The	
  kinetic	
  spectra	
  trace	
  of	
  act-­‐PIA	
  binding	
  to	
  S1	
  in	
  the	
  presence	
  of	
  calcium	
  at	
  4	
  µM	
  
actin-­‐PIA.	
  Conditions:	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.2	
  
mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
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Figure	
  5.2:	
  Transient	
  of	
  Binding	
  of	
  S1	
  to	
  PIA-­‐actin-­‐Tpm-­‐Tn	
  in	
  the	
  presence	
  of	
  calcium	
  
for	
  Tpm	
  mutations	
  

The	
  kinetic	
  spectra	
  trace	
  of	
  act-­‐PIA	
  binding	
  to	
  S1	
  in	
  the	
  presence	
  of	
  calcium	
  at	
  4	
  µM	
  
actin-­‐PIA.	
  Conditions:	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.2	
  
mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
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On	
  the	
  other	
  hand,	
  the	
  mutations	
  in	
  the	
  absence	
  of	
  calcium	
  showed	
  different	
  behaviour	
  

compared	
  to	
  the	
  WT.	
  in	
  figure	
  5.3	
  the	
  mutations	
  R90G,	
  E163K,	
  R167G,	
  R244G,	
  M281I,	
  

R90GR244G,	
  R167GR244G	
  and	
  E240K	
  shows	
  faster	
  transients	
  compared	
  to	
  the	
  WT.	
  In	
  

contrast	
  R90GR167G	
  and	
  E163KE240K	
  showed	
  similar	
  traces	
  compared	
  to	
  the	
  WT.	
  	
  

	
  

	
  
Figure	
  5.3:	
  Transient	
  of	
  Binding	
  of	
  S1	
  to	
  PIA-­‐actin-­‐Tpm-­‐Tn	
  in	
  the	
  absence	
  of	
  calcium	
  
for	
  Tpm	
  mutations	
  

The	
  kinetic	
  spectra	
   trace	
  of	
  act-­‐PIA	
  binding	
  to	
  S1	
   in	
   the	
  absence	
  of	
  calcium	
  at	
  4	
  µM	
  
actin-­‐PIA.	
  Conditions:	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.2	
  
mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
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Figure	
  5.4:	
  Transient	
  of	
  Binding	
  of	
  S1	
  to	
  PIA-­‐actin-­‐Tpm-­‐Tn	
  in	
  the	
  absence	
  of	
  calcium	
  
for	
  Tpm	
  mutations	
  

The	
  kinetic	
  spectra	
   trace	
  of	
  act-­‐PIA	
  binding	
  to	
  S1	
   in	
   the	
  absence	
  of	
  calcium	
  at	
  4	
  µM	
  
actin-­‐PIA.	
  Conditions:	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.2	
  
mM	
  CaCl2	
  or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
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The	
  tropomyosin	
  plays	
  a	
  vital	
  role	
  on	
  the	
  transition	
  over	
  actin	
  monomers.	
  Therefore,	
  

the	
  mutations	
  may	
  affect	
  the	
  tropomyosin	
  transition	
  and	
  increase	
  or	
  decrease	
  KB	
  value.	
  	
  

Figure	
  (5.5)	
  shows	
  the	
  dependence	
  of	
  the	
  observed	
  rate	
  constant	
  of	
  S1	
  binding	
  to	
  actin	
  

(with	
  various	
  Tpm	
  mutants	
  and	
  troponin	
  and/or	
  Ca2+,	
  obtained	
  from	
  the	
  transients	
  in	
  

figure	
  4).	
  KB	
  was	
  calculated	
   from	
  the	
  slope	
  of	
   the	
   lines	
  describing	
  S1	
  binding	
   to	
   thin	
  

filaments	
   in	
   comparison	
   to	
   actin	
   alone	
   of	
   three	
   times	
   replicate	
   (see	
  Materials	
   and	
  

Methods).	
  Table	
  5.1	
  summarise	
  the	
  KB	
  values.	
  The	
  figure	
  (5.5	
  A)	
  shows	
  the	
  observed	
  

rate	
  constant	
  obtained	
  for	
  actin	
  alone	
  and	
  (actin+Tpm+Tn)	
  in	
  the	
  presence	
  and	
  absence	
  

of	
  calcium.	
  In	
  presence	
  of	
  Ca2+	
  the	
  WT	
  Tpm	
  shows	
  a	
  linear	
  increase	
  in	
  the	
  observed	
  rate	
  

constant	
   (kobs)	
   which	
   yields	
   a	
   KB	
   value	
   >1.0.	
   In	
   absence	
   of	
   Ca2+	
   the	
   skeletal	
   Tpm	
  

calculated	
  KB	
  value	
  is	
  0.2.	
  For	
  all	
  mutants,	
  the	
  kobs	
  obtained	
  for	
  actin	
  alone	
  as	
  well	
  as	
  in	
  

the	
   presence	
   and	
   absence	
   of	
   calcium	
   were	
   linearly	
   proportional	
   to	
   the	
   actin	
  

concentration	
  over	
  the	
  range	
  1-­‐10	
  μM.	
  Figure	
  5.5.B	
  and	
  5.5.C	
  showed	
  the	
  dependence	
  

of	
  the	
  observed	
  rate	
  constant	
  (kobs)	
  of	
  S1	
  binding	
  to	
  actin	
  on	
  actin	
  concentration	
  for	
  

R90G	
  and	
  R167G.	
  For	
  all	
  curves	
  kobs	
  was	
  linearly	
  dependent	
  on	
  actin	
  concentration	
  as	
  

for	
  WT	
  Tpm.	
   In	
   the	
  absence	
  of	
  Ca2+,	
  KB	
  values	
  of	
  0.3	
   for	
  Tpm	
  R90G	
  and	
  0.2	
   for	
  Tpm	
  

R167G	
  were	
  calculated.	
  	
  They	
  are	
  all	
  almost	
  similar	
  to	
  the	
  value	
  obtained	
  for	
  WT	
  Tpm	
  

(0.2).	
  In	
  the	
  presence	
  of	
  Ca2+,	
  a	
  KB	
  value	
  of	
  >1	
  was	
  obtained	
  for	
  R90G	
  and	
  R167G.	
  Figure	
  

5.5.D	
  shows	
  the	
  dependence	
  of	
  the	
  observed	
  rate	
  constant	
  (kobs)	
  of	
  S1	
  binding	
  to	
  actin	
  

on	
  actin	
  concentration	
  for	
  E163K.	
  	
  In	
  the	
  absence	
  of	
  Ca2+,	
  KB	
  values	
  of	
  0.9	
  slightly	
  lower	
  

than	
  WT.	
  In	
  the	
  presence	
  of	
  Ca2+,	
  a	
  KB	
  value	
  of	
  >1.0	
  was	
  calculated.	
  Figure	
  5.5.E,	
  5.5.F,	
  

5.5.G	
  and	
  5.5.H	
  shows	
  the	
  dependence	
  of	
  the	
  observed	
  rate	
  constant	
  (kobs)	
  of	
  S1	
  binding	
  

to	
   actin	
   on	
   actin	
   concentration	
   for	
   E240K,	
   R244G,	
   M281I	
   and	
   R90G/R167G.	
   In	
   the	
  

absence	
   of	
   Ca2+,	
   KB	
   values	
   of	
   0.2	
   for	
   E240K,	
   0.1	
   for	
   R244G,	
   0.2	
   for	
  M281I	
   and	
   0.2	
  

R90G/R244G	
   were	
   calculated.	
   In	
   the	
   presence	
   of	
   Ca2+,	
   KB	
   value	
   of	
   >1.0	
   for	
   E240K,	
  

R244G,	
   M281I	
   and	
   R90G/R244G	
   was	
   calculated.	
   Figure	
   5.6.I	
   and	
   5.6.L	
   shows	
   the	
  

dependence	
   of	
   the	
   observed	
   rate	
   constant	
   (kobs)	
   of	
   S1	
   binding	
   to	
   actin	
   on	
   actin	
  

concentration	
   for	
   R90G/R244G	
   and	
   R90G/R167G/R244G.	
   In	
   the	
   absence	
   of	
   Ca2+,	
   KB	
  

values	
  of	
  0.2	
  for	
  R90G/R244G	
  and	
  0.1	
  for	
  Tpm	
  R90G/R167G/R244G	
  were	
  calculated.	
  In	
  

the	
  presence	
  of	
  Ca2+,	
  KB	
  value	
  of	
  >1.0	
  for	
  R90G/R244G	
  and	
  R90G/R244G	
  was	
  calculated.	
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However,	
  figure	
  5.6.J	
  and	
  5.6.K	
  shows	
  the	
  dependence	
  of	
  the	
  observed	
  rate	
  constant	
  

(kobs)	
  of	
  S1	
  binding	
  to	
  actin	
  on	
  actin	
  concentration	
  for	
  R167G/R244G	
  and	
  E163K/E240K	
  

respectively.	
   In	
  the	
  absence	
  of	
  Ca2+,	
  KB	
  values	
  of	
  0.07	
  for	
  R167G/R244G	
  and	
  0.03	
  for	
  

E163K/E240K	
  showed	
  very	
  low	
  value	
  compared	
  to	
  the	
  WT.	
  In	
  the	
  presence	
  of	
  Ca2+,	
  the	
  

KB	
  value	
  of	
  >1.0	
  for	
  R167G/R244G	
  and	
  E163K/E240K	
  was	
  calculated.	
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Figure	
  5.5:	
  The	
  binding	
  of	
  S1	
  to	
  PIA-­‐actin	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium	
  for	
  
Tpm	
  mutations	
  

The	
   figure	
   shows	
   the	
  observed	
   rate	
  of	
  S1	
  binding	
  as	
  a	
   function	
  of	
  PIA-­‐labelled	
  actin	
  
concentration	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium.	
  It	
  illustrates	
  actin	
  alone	
  (Black)	
  
the	
   Tm	
  alone	
   (Blue)	
   in	
   the	
  presence	
  of	
   Ca2+	
   (Green)	
   and	
   the	
   absence	
  of	
   Ca2+	
   (Red).	
  
Conditions:	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.2	
  mM	
  CaCl2	
  
or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
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Figure	
  5.6:	
  The	
  binding	
  of	
  S1	
  to	
  PIA-­‐actin	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium	
  for	
  
Tpm	
  mutations	
  

The	
   figure	
   shows	
   the	
  observed	
   rate	
  of	
  S1	
  binding	
  as	
  a	
   function	
  of	
  PIA-­‐labelled	
  actin	
  
concentration	
  in	
  the	
  presence	
  and	
  absence	
  of	
  calcium.	
  It	
  illustrates	
  actin	
  alone	
  (Black)	
  
the	
   Tm	
  alone	
   (Blue)	
   in	
   the	
  presence	
  of	
   Ca2+	
   (Green)	
   and	
   the	
   absence	
  of	
   Ca2+	
   (Red).	
  
Conditions:	
  140	
  mM	
  KCl,	
  10	
  mM	
  Mops	
  pH	
  7.2,	
  4	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  0.2	
  mM	
  CaCl2	
  
or	
  1	
  mM	
  EGTA,	
  at	
  25	
  °C.	
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Table	
  5.1:	
  Summary	
  of	
   the	
  effect	
  of	
  Tpm	
  mutations	
  on	
  the	
  thin	
   filament	
  switching	
  
parameter	
  KB	
  (n2)	
  

Protein	
   K
B
	
  (CaCl

2
)	
   K

B
	
  (EGTA)	
  

WT	
   >	
  1.0	
   0.3	
  ±	
  0.01	
  
R90G	
   >	
  1.0	
   0.5	
  ±	
  0.02	
  
E163K	
   >	
  1.0	
   1.0	
  ±	
  0.03	
  
R167G	
   >	
  1.0	
   0.2	
  ±	
  0.01	
  
E240K	
   >	
  1.0	
   0.4	
  ±	
  0.03	
  
R244G	
   >	
  1.0	
   0.1	
  ±	
  0.009	
  
M281I	
   >	
  1.0	
   0.2	
  ±	
  0.01	
  

R90GR167G	
   >	
  1.0	
   0.2	
  ±	
  0.01	
  
R90GR244G	
   >	
  1.0	
   0.1	
  ±	
  0.005	
  
R167GR244G	
   >	
  1.0	
   0.09	
  ±	
  0.003	
  
E163KE240K	
   >	
  1.0	
   0.09	
  ±	
  0.01	
  

R90GR167GR244G	
   >	
  1.0	
   0.1	
  ±	
  0.005	
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5.2.2   Effect	
  of	
  Tpm	
  mutations	
  on	
  the	
  size	
  of	
  cooperative	
  unit	
  n	
  

The	
   role	
   of	
   Tpm	
   is	
   based	
   on	
   introducing	
   cooperativity	
   to	
   muscle	
   contraction	
   and	
  

relaxation	
  during	
  the	
  contractile	
  cycle.	
  This	
   is	
  derived	
  from	
  the	
  capability	
  of	
  the	
  Ca2+	
  

binding	
  and	
  dissociation	
  in	
  a	
  single	
  site	
  to	
  make	
  changes	
  to	
  many	
  actin	
  monomers.	
  The	
  

number	
  of	
  actin	
  monomers	
  that	
  can	
  simultaneously	
  switch	
  between	
  the	
  three	
  states	
  

defines	
   the	
  cooperative	
  unit.	
  The	
  cooperativity	
   is	
  due	
   to	
   the	
  ability	
  of	
  Tpm	
  to	
  cover	
  

many	
  actin	
  monomers	
  and	
  is	
  modulated	
  by	
  Tpm	
  flexibility	
  and	
  head	
  to	
  tail	
  interactions;	
  

both	
  of	
  which	
  are	
  affected	
  by	
  Tm	
  mutations	
  isoforms	
  and	
  TnT	
  interaction	
  (Geeves	
  and	
  

Lehrer,	
  1994).	
  	
  

Lehrer	
  and	
  Geeves	
  have	
  developed	
  a	
  method	
  to	
  measure	
  the	
  size	
  of	
  the	
  cooperative	
  

unit	
   for	
   studying	
   striated	
   muscle	
   Tpm	
   using	
   pyrene	
   labelled	
   tropomyosin.	
   Tpm	
   is	
  

labelled	
  with	
  N-­‐(1-­‐pyrenyl)-­‐iodoacetamide	
  at	
  Cys-­‐190	
  of	
  Tpm.	
  The	
  Pyrene	
  labelled	
  Tpm	
  

dimer	
  can	
  exhibit	
  an	
  excimer	
  fluorescence	
  that	
  increases	
  when	
  S1	
  binds	
  thin	
  filaments	
  

and	
   switch	
   them	
   to	
   the	
   ON	
   state	
   (Geeves	
   and	
   Lehrer,	
   1994).	
  Measuring	
  myosin-­‐S1	
  

association/dissociation	
   in	
   parallel	
   with	
   thin	
   filaments	
   ON-­‐OFF	
   transition	
   allow	
   the	
  

determination	
   of	
   the	
   size	
   of	
   cooperative	
   unit	
   n.	
   Mirza	
   and	
   his	
   collaborators	
   has	
  

identified	
  the	
  size	
  of	
  cooperativity	
  for	
  both	
  skeletal	
  and	
  cardiac	
  Tpm	
  with	
  7.0	
  ±	
  0.1	
  and	
  

10.7	
  ±	
  0.4	
  respectively	
  (Mirza	
  et	
  al.,	
  2007).	
  

The	
  aim	
  of	
  this	
  experiment	
  was	
  to	
  assess	
  the	
  effect	
  of	
  the	
  Tpm	
  mutation	
  on	
  the	
  size	
  of	
  

cooperativity	
  unit.	
  The	
  conformational	
  changes	
  associated	
  with	
  the	
  ON-­‐OFF	
  transition	
  

can	
  be	
  monitored	
  by	
  the	
  excimer	
  fluorescence	
  of	
  pyrene	
  iodoacetamide	
  labelled	
  Tpm	
  

while	
  the	
  binding	
  of	
  S1	
  to	
  actin	
  can	
  be	
  followed	
  by	
  light	
  scattering.	
  The	
  experiment	
  was	
  

performed	
  two	
  times	
  by	
  premixing	
  actin+Tpm*	
  in	
  a	
  molar	
  ratio	
  of	
  6:1	
  and	
  titrated	
  by	
  

step	
  wise	
  of	
  high	
  concentration	
  of	
  S1	
  (100	
  µM).	
  The	
  change	
  in	
  the	
  excimer	
  fluorescence	
  

and	
  light	
  scattering	
  were	
  followed	
  and	
  the	
  slope	
  of	
  both	
  was	
  used	
  to	
  calculate	
  the	
  size	
  

of	
  n	
  (table	
  5.2).	
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A	
  spectrum	
  of	
   the	
  PIA-­‐labelled	
  Tpm	
  (cys-­‐190)	
   is	
  shown	
   in	
   (Fig	
  5.7).	
  PIA-­‐labelled	
  Tpm	
  

exhibits	
  a	
  combination	
  of	
  monomer	
  peaks	
  at	
  385	
  nm	
  and	
  410	
  nm	
  and	
  excimer	
  peak	
  at	
  

480	
  nm.	
  Addition	
  of	
  myosin	
  S1	
  to	
  actin-­‐PIA-­‐Tpm	
  had	
  only	
  a	
  minor	
  effect	
  on	
  monomer	
  

fluorescence	
  but	
  increases	
  the	
  excimer	
  substantially.	
  This	
  is	
  reversed	
  by	
  the	
  addition	
  of	
  

Mg2+ATP	
  (figure	
  5.7).	
  	
  

	
  

	
  
Figure	
  5.7:	
  Excimer	
  fluorescence	
  spectra	
  of	
  PIA-­‐labelled	
  Tpm	
  (Tpm*)	
  

The	
   Red	
   spectrum	
   is	
   (Tpm*)	
   alone	
   and	
   the	
   Black	
   (Tpm*+actin)	
   and	
   the	
   Blue	
  
(Tpm*+Actin+S1)	
   the	
   Green	
   is	
   (Tpm*+Actin+S1+ATP).	
   the	
   experiment	
   performed	
   in	
  
presence	
  of	
  3μM	
  actin,	
  0.5	
  μM	
  Tpm*,	
  3	
  μM	
  S1,	
  1	
  mM	
  Mg2+ATP	
  in	
  buffer	
  containing	
  10	
  
mM	
  Mops	
  pH	
  7.2,	
  50	
  mM	
  KCl,	
  4	
  mM	
  MgCl2,	
  and	
  1	
  mM	
  DTT,	
  at	
  25	ͦ
  C.	
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In	
  S1	
  binding	
  kinetics,	
  the	
  excimer	
  fluorescence	
  signal	
  consists	
  of	
  two	
  components:	
  a	
  

fast	
  and	
  slow	
  and	
  the	
  data	
  are	
  fit	
  to	
  the	
  sum	
  of	
  two	
  exponentials.	
  The	
  observed	
  rate	
  of	
  

the	
  fast	
  signal	
  was	
  linearly	
  dependent	
  on	
  S1	
  concentration.	
  The	
  light	
  scattering	
  showed	
  

a	
  single	
  exponential	
  increase	
  when	
  S1	
  was	
  rapidly	
  mixed	
  with	
  (Tpm*+actin).	
  In	
  figure	
  

5.8	
  the	
  WT	
  light	
  scattering	
  slope	
  yielded	
  (1.0821)	
  and	
  the	
  excimer	
  fluorescence	
  slope	
  

yielded	
  (8.7978)	
  and	
  the	
  ratio	
  of	
  the	
  excimer	
  slope	
  over	
  the	
  light	
  scattering	
  slope	
  give	
  a	
  

value	
  of	
  8.05	
  ±	
  0.05	
  for	
  the	
  size	
  of	
  cooperative	
  unit.	
  The	
  obtained	
  value	
  is	
  in	
  agreement	
  

with	
  the	
  value	
  obtained	
  by	
  Lehrer	
  and	
  his	
  group	
  (n	
  values	
  8-­‐10)	
  (Geeves	
  et	
  al.,	
  1997).	
  

Tpm	
  mutants	
  R167G	
  and	
  R90GR167G	
  showed	
  almost	
  similar	
  n	
  value	
  of	
  4.9	
  ±	
  0.1	
  and	
  4.2	
  

±	
  0.2	
  respectively.	
  	
  These	
  mutations	
  have	
  a	
  reduction	
  in	
  the	
  size	
  of	
  cooperativity	
  value	
  

compared	
  to	
  the	
  WT.	
  The	
  lowest	
  value	
  of	
  n	
  was	
  observed	
  with	
  the	
  mutations	
  E163K,	
  

R244G,	
  R90GR244G	
  and	
  R167GR244G	
  with	
  3.6	
  ±	
  0.2,	
  3.3	
  ±	
  0.1,	
  3.3	
  ±	
  0.2,	
  and	
  2.8	
  ±	
  1.15.	
  

A	
  value	
  of	
  6.4	
  ±	
  0.4	
  was	
  obtained	
  for	
  Tpm	
  R90G.	
  The	
  size	
  of	
  cooperative	
  unit	
  seems	
  to	
  

be	
  affected	
  by	
  the	
  mutations	
  in	
  Tpm	
  and	
  reduced	
  the	
  value	
  obtained	
  compared	
  to	
  the	
  

WT	
  value.	
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Figure	
  5.8:	
  Determination	
  of	
  cooperative	
  unit	
  size	
  from	
  kinetics	
  of	
  binding	
  of	
  actin-­‐
tropomyosin	
  with	
  S-­‐1	
  

The	
  Red	
  line	
  represents	
  the	
  excimer	
  fluorescence	
  and	
  the	
  Blue	
  line	
  represents	
  the	
  light	
  
scattering	
  and	
  the	
  ratio	
  of	
  slope	
  of	
  both	
  give	
  the	
  n	
  value.	
  Pyrene-­‐tropomyosin-­‐	
  actin	
  
complex	
  was	
  performed	
  by	
  mixing	
  stock	
  solutions	
  to	
  final	
  concentrations	
  of	
  6	
  µM	
  actin,	
  
1	
  µM	
  Tropomyosin.	
  This	
  pyrene-­‐tropomyosin-­‐actin	
  complex	
  was	
  mixed	
  with	
  2.5-­‐10	
  µM	
  
S1	
  (final	
  concentration)	
  in	
  the	
  stopped-­‐flow	
  apparatus	
  in	
  140	
  mM	
  KCl,	
  20	
  mM	
  Mops	
  pH	
  
7.2,	
  4	
  mM	
  MgCl2,	
  0.2	
  mM	
  CaCl2,	
  and	
  1	
  mM	
  DTT,	
  at	
  20	
  ͦC.	
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Figure	
  5.9:	
  Determination	
  of	
  cooperative	
  unit	
  size	
  from	
  kinetics	
  of	
  binding	
  of	
  actin-­‐
tropomyosin	
  with	
  S-­‐1	
  

The	
  Red	
  line	
  represents	
  the	
  excimer	
  fluorescence	
  and	
  the	
  Blue	
  line	
  represents	
  the	
  light	
  
scattering	
  and	
  the	
  ratio	
  of	
  slope	
  of	
  both	
  give	
  the	
  n	
  value.	
  Pyrene-­‐tropomyosin-­‐	
  actin	
  
complex	
  was	
  performed	
  by	
  mixing	
  stock	
  solutions	
  to	
  final	
  concentrations	
  of	
  6	
  µM	
  actin,	
  
1	
  µM	
  Tropomyosin.	
  This	
  pyrene-­‐tropomyosin-­‐actin	
  complex	
  was	
  mixed	
  with	
  2.5-­‐10	
  µM	
  
S1	
  (final	
  concentration)	
  in	
  the	
  stopped-­‐flow	
  apparatus	
  in	
  140	
  mM	
  KCl,	
  20	
  mM	
  Mops	
  pH	
  
7.2,	
  4	
  mM	
  MgCl2,	
  0.2	
  mM	
  CaCl2,	
  and	
  1	
  mM	
  DTT,	
  at	
  20	
  ͦC.	
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Table	
  5.2:	
  Summary	
  of	
  the	
  effect	
  of	
  Tpm	
  mutations	
  on	
  the	
  size	
  of	
  cooperative	
  unit	
  n	
  

Protein	
   Size	
  of	
  n	
  

WT	
   8.05	
  ±	
  0.05	
  

R90G	
   6.4	
  ±	
  0.4	
  

E163K	
   3.6	
  ±	
  0.2	
  

R167G	
   4.9	
  ±	
  0.1	
  

E240K	
   5.8	
  ±	
  0.2	
  

R244G	
   3.3	
  ±	
  0.1	
  

M281I	
   5.7	
  ±	
  0.1	
  

R90GR167G	
   4.2	
  ±	
  0.2	
  

R90GR244G	
   3.3	
  ±	
  0.2	
  

R167GR244G	
   2.8	
  ±	
  1.15	
  

E163KE240K	
   4.2	
  ±	
  1.45	
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5.2.3   Effect	
  of	
  Tpm	
  mutations	
  on	
  ATP	
  induced	
  acto-­‐S1	
  dissociation	
  from	
  

thin	
  filament	
  (Maximum	
  OFF	
  rate)	
  

In	
  the	
  cross-­‐bridge	
  cycle	
  the	
  standard	
  step	
  of	
  muscle	
  contraction	
  is	
  controlled	
  by	
  the	
  

ATP	
   induced	
  dissociation	
  of	
   actomyosin-­‐S1.	
   The	
  observed	
   rate	
   is	
   linearly	
   dependent	
  

upon	
   the	
   concentration	
  of	
  ATP	
  over	
   the	
  measurable	
   range	
  as	
  described	
   in	
  different	
  

studies	
  (Lyme	
  and	
  Taylor,	
  1971).	
  

If	
  ATP	
  is	
  used	
  to	
  induce	
  acto-­‐S1	
  dissociation,	
  the	
  light	
  scattering	
  will	
  fall	
  as	
  ATP	
  binds	
  

and	
  dissociate	
  the	
  bound	
  S1	
  but	
  the	
  excimer	
  fluorescence	
  will	
  remain	
  in	
  the	
  ON	
  state	
  

as	
  long	
  there	
  are	
  myosin	
  heads	
  bound	
  to	
  a	
  cooperative	
  unit.	
  Once	
  the	
  last	
  myosin	
  head	
  

dissociates	
   from	
   the	
   cooperative	
   unit,	
   the	
   fluorescence	
   falls	
   rapidly	
   as	
   the	
   filament	
  

switches	
  to	
  the	
  OFF	
  state.	
  (Geeves	
  and	
  Lehre,	
  1994).	
  	
  

The	
  fall	
  in	
  fluorescence	
  of	
  pyrene	
  labelled	
  Tpm	
  (PIA	
  Tpm)	
  can	
  be	
  conveniently	
  used	
  to	
  

follow	
   the	
   transition	
   to	
   the	
   closed	
   state.	
   A	
   single	
   exponential	
   is	
   observed	
   for	
   this	
  

transition.	
  The	
  observed	
  rate	
  of	
  ON-­‐OFF	
  transition	
   increases	
  as	
   the	
  concentration	
  of	
  

ATP	
   increases	
  and	
  the	
  relationship	
  between	
  the	
  maximum	
  rate	
  constant	
   for	
  ON-­‐OFF	
  

transition	
  and	
  ATP	
  concentration	
  can	
  be	
  fit	
  to	
  a	
  hyperbolic	
  equation:	
  

(𝑘𝑜𝑏𝑠 = >?@ABCD	
  ∗[GHI]
KLMNOPQ

R 	
  S	
  [GHI]
).	
  

Figures	
   5.10	
   and	
   5.11	
   show	
   the	
   concentration	
   dependence	
   of	
   the	
   rate	
   of	
   ON-­‐OFF	
  

transition	
   observed	
   at	
   25	
   ͦC	
   when	
   actin:	
   S1:	
   PIA-­‐Tpm	
   (6:6:1).	
   The	
   hyperbolic	
   curves	
  

plateau	
  and	
  the	
  maximum	
  obtained	
  from	
  these	
  curves	
  correspond	
  to	
  the	
  maximum	
  rate	
  

constant	
  for	
  the	
  ON-­‐OFF	
  transition.	
  These	
  values	
  are	
  displayed	
  in	
  table	
  5.3.	
  The	
  WT	
  gave	
  

a	
  maximum	
  rate	
  constant	
  of	
  475.1	
  S-­‐1	
  while	
  the	
  R90G,	
  E240K,	
  R244G	
  R90GR167G	
  and	
  

M281I	
  showed	
  lower	
  maximum	
  ON-­‐OFF	
  rate	
  constant	
  in	
  the	
  range	
  170-­‐200	
  S-­‐1.	
  Other	
  

mutations	
  showed	
  almost	
  similar	
  rate	
  compared	
  to	
  the	
  WT	
  (range	
  350-­‐450	
  S-­‐1).	
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Figure	
  5.10:	
  maximum	
  OFF	
  rate	
  of	
  ATP	
  induced	
  acto-­‐S1	
  dissociation	
  

The	
  Red	
  curve	
  shows	
  the	
  WT	
  and	
  the	
  Blue	
  curve	
  represents	
  the	
  mutations.	
  The	
  rate	
  
obtained	
  for	
  both	
  WT	
  and	
  mutation	
  was	
  calculated	
  by	
  hyperbolic	
  formula.	
  The	
  buffer	
  
used	
  to	
  carry	
  out	
  the	
  measurements	
  was	
  (10	
  mM	
  Mops,	
  pH7.2,	
  140mMKCl,	
  5mMMgCl2,	
  
1mM	
   DTT,	
   1	
   mM	
   NaN3)	
   at	
   20	
   ͦC.	
   the	
   tables	
   are	
   the	
   values	
   obtained	
   by	
   hyperbolic	
  
equation.	
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Figure	
  5.11:	
  maximum	
  OFF	
  rate	
  of	
  ATP	
  induced	
  acto-­‐S1	
  dissociation	
  

The	
  red	
  curve	
  shows	
  the	
  WT	
  and	
  the	
  blue	
  curve	
  represents	
   the	
  mutations.	
  The	
  rate	
  
obtained	
  for	
  both	
  WT	
  and	
  mutation	
  was	
  calculated	
  by	
  hyperbolic	
   formul.	
  The	
  buffer	
  
used	
  to	
  carry	
  out	
  the	
  measurements	
  was	
  (10	
  mM	
  Mops,	
  pH7.2,	
  140mMKCl,	
  5mMMgCl2,	
  
1mM	
   DTT,	
   1	
   mM	
   NaN3)	
   at	
   20	
   ͦC.	
   the	
   tables	
   are	
   the	
   values	
   obtained	
   by	
   hyperbolic	
  
equation.	
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Table	
  5.3:	
  summary	
  of	
  maximum	
  OFF	
  rate	
  ATP	
  induced	
  acto-­‐S1	
  dissociation	
  

Protein	
   Maximum	
  OFF	
  rate	
  of	
  ATP	
  induced	
  acto-­‐S1	
  
dissociation	
  (S-­‐1)	
  

WT	
   475.1	
  

R90G	
   195.4	
  

R167G	
   472.8	
  

E163K	
   368	
  

E240K	
   161.4	
  

R244G	
   217.3	
  

M281I	
   160.6	
  

R90GR167G	
   173.7	
  

R90GR167GR244G	
   356.6	
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5.2.4   Effect	
  of	
  Tpm	
  mutations	
  on	
  Tropomyosin-­‐Troponin	
  affinity.	
  

	
  

The	
   fundamental	
   function	
   of	
   striated	
   muscle	
   is	
   through	
   contraction	
   and	
   force	
  

generation	
  which	
  are	
  tightly	
  regulated	
  by	
  Tropomyosin	
  and	
  Troponin.	
  The	
  contraction	
  

and	
   force	
   generation	
   are	
   based	
   on	
   the	
   ability	
   of	
  myosin	
   heads	
   sites	
   on	
   actin	
   to	
   be	
  

exposed	
  by	
  Tropomyosin	
  and	
  Troponin	
  (Gordon	
  et	
  al;	
  2000).	
  	
  

	
  

The	
   troponin	
   binding	
   to	
   tropomyosin	
   alone	
   was	
   analysed	
   to	
   assess	
   the	
   impact	
   of	
  

tropomyosin	
   mutations	
   on	
   interactions	
   with	
   troponin.	
   That	
   was	
   achieved	
   using	
   a	
  

titration	
  of	
  PIA-­‐Tpm	
  (2	
  µM)	
  with	
   increasing	
  concentration	
  of	
  Troponin	
   (0-­‐7	
  µM)	
   in	
  a	
  

fluorimeter.	
  All	
  binding	
  curves	
  were	
  hyperbolic	
  and	
  were	
  fit	
  to	
  a	
  hyperbola	
  to	
  extract	
  

the	
  Kd.	
  The	
  data	
  were	
  obtained	
  by	
  using	
  hyperbolic	
  equation:	
  

	
  

(𝑏𝑜𝑢𝑛𝑑 = U?VWXBCD	
  ∗[HW]
YX	
  S	
  [HW]

).	
  

	
  

Tpm	
  WT	
  binding	
  to	
  troponin	
  is	
  characterised	
  by	
  a	
  dissociation	
  constant	
  Kd	
  =	
  0.11x10-­‐5	
  

M	
  (table	
  5.4).	
  Remarkably	
  all	
  mutations	
  have	
  increased	
  the	
  affinity	
  of	
  tropomyosin	
  for	
  

troponin	
  by	
  2	
  folds.	
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Figure	
  5.12:	
  Tropomyosin-­‐Troponin	
  binding	
  curves	
  

The	
  Red	
  curve	
  shows	
  the	
  data	
  before	
  volume	
  correction	
  and	
  the	
  Blue	
  shows	
  the	
  best	
  
fitting	
   curve	
   after	
   volume	
   correction.	
   The	
   Tm	
   concentration	
  was	
  2	
  µM	
   titrated	
  with	
  
increasing	
  troponin	
  concentration	
  from	
  0-­‐7	
  µM	
  in	
  2	
  ml	
  of	
  AMSB	
  (10	
  mM	
  MOPS	
  pH	
  7,	
  50	
  
mM	
  KCl,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3)	
  at	
  25	
  ͦC.	
  The	
  curves	
  were	
  plotted	
  
as	
   a	
   function	
   of	
   the	
   troponin	
   concentration	
   and	
  hyperbola	
   equation	
  was	
   applied	
   to	
  
calculate	
  the	
  Tn	
  bound	
  to	
  Tm	
  (Kd).	
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Figure	
  5.13:	
  Tropomyosin-­‐Troponin	
  binding	
  curves	
  

The	
  Red	
  curve	
  shows	
  the	
  data	
  before	
  volume	
  correction	
  and	
  the	
  Blue	
  shows	
  the	
  best	
  
fitting	
   curve	
   after	
   volume	
   correction.	
   The	
   Tm	
   concentration	
  was	
  2	
  µM	
   titrated	
  with	
  
increasing	
  troponin	
  concentration	
  from	
  0-­‐7	
  µM	
  in	
  2	
  ml	
  of	
  AMSB	
  (10	
  mM	
  MOPS	
  pH	
  7,	
  50	
  
mM	
  KCl,	
  3.5	
  mM	
  MgCl2,	
  1	
  mM	
  DTT,	
  and	
  1	
  mM	
  NaN3)	
  at	
  25	
  ͦC.	
  The	
  curves	
  were	
  plotted	
  
as	
   a	
   function	
   of	
   the	
   troponin	
   concentration	
   and	
  hyperbola	
   equation	
  was	
   applied	
   to	
  
calculate	
  the	
  Tn	
  bound	
  to	
  Tm	
  (Kd).	
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Table	
  5.4:	
  Summary	
  of	
  the	
  tropomyosin	
  troponin	
  binding	
  constant	
  

Protein	
   Kd	
  10-­‐5	
  M	
  

WT	
   0.11	
  

R90G	
   0.05429	
  

E163K	
   0.04191	
  

R167G	
   0.06432	
  

E240K	
   0.05317	
  

R244G	
   0.05145	
  

M281I	
   0.07198	
  

R90GR167G	
   0.05924	
  

R90GR244G	
   0.05896	
  

R167GR244G	
   0.07024	
  

E163E240K	
   0.07488	
  

R90GR167GR244G	
   0.06302	
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5.3   Discussion	
  
	
  

Tropomyosin	
  plays	
  a	
  fundamental	
  role	
  in	
  the	
  regulation	
  of	
  muscle	
  contraction.	
  Calcium	
  

binding	
   to	
   troponin	
   induces	
   a	
   conformational	
   change	
   in	
   troponin	
   which	
   lead	
   to	
  

tropomyosin	
   movement	
   on	
   the	
   surface	
   of	
   actin	
   and	
   this	
   uncover	
   several	
   actin	
  

monomers	
  for	
  myosin	
  binding.	
  The	
  allosteric	
  transition	
  in	
  thin	
  filaments	
  play	
  a	
  major	
  

role	
  in	
  thin	
  filament	
  regulation	
  and	
  tropomyosin	
  is	
  a	
  key	
  player	
  in	
  these	
  transitions.	
  

	
  

The	
  aim	
  of	
  this	
  chapter	
  is	
  to	
  characterise	
  the	
  effect	
  of	
  tropomyosin	
  mutations	
  on	
  the	
  

transition	
  between	
  these	
  states	
  by	
  assessing	
  their	
   impact	
  on	
  several	
  parameters:	
  KB,	
  

size	
   of	
   n,	
   co-­‐sedimentation,	
   Maximum	
   Off	
   rate	
   constant,	
   trypsin	
   digestion	
   and	
  

tropomyosin	
  troponin	
  interaction.	
  	
  

	
  

5.3.1   Effect	
  of	
  tropomyosin	
  mutations	
  on	
  KB	
  

	
  

The	
   transition	
   between	
   blocked	
   and	
   closed	
   states	
   was	
   monitored	
   by	
   the	
   large	
  

fluorescence	
  change	
  of	
  PIA-­‐labelled	
  actin	
  upon	
  S1	
  myosin	
  heads	
  binding	
  (Head	
  et	
  al.,	
  

1995;	
  Alahyan	
  et	
  al.,	
  2006).	
  The	
  kinetics	
  of	
  S1	
  binding	
  to	
  PIA-­‐actin	
  was	
  followed	
  in	
  the	
  

presence	
  and	
  absence	
  of	
  calcium	
  and	
  the	
  ratio	
  between	
  the	
  two	
  defines	
  the	
  KB.	
  	
  The	
  

wild	
  type	
  did	
  show	
  similar	
  value	
  to	
  the	
  value	
  obtained	
  by	
  (Boussouf	
  and	
  Gevees	
  2007).	
  

However,	
  the	
  mutation	
  did	
  not	
  show	
  substantial	
  difference	
  in	
  the	
  value	
  obtained	
  except	
  

for	
   two	
  mutations	
   that	
   showed	
   lower	
   value	
   of	
   0.07	
   and	
   0.03	
   for	
   R167GR244G	
   and	
  

E163KE240K	
  respectively.	
  	
  

The	
  tropomyosin	
  binds	
  actin	
  in	
  electrostatic	
  way	
  at	
  two	
  positions	
  on	
  every	
  actin	
  aspartic	
  

acid	
  at	
  residue	
  25	
  and	
  a	
  cluster	
  of	
  basic	
  residues	
  (lysine	
  at	
  residues	
  326	
  and	
  237	
  and	
  

arginine	
   at	
   reside	
   147)	
   respectively	
   (Li	
   et	
   al.,	
   2011;	
   Barua	
   et	
   al.,	
   2011).	
   It	
   has	
   been	
  

suggested	
  that	
  R244	
  binds	
  Asp25	
  while	
  E240	
  binds	
  K326	
  on	
  actin	
  (Marston	
  et	
  al.,	
  2013;	
  

Barua	
  et	
  al.,	
  2012).	
  Therefore,	
  these	
  two	
  mutation	
  may	
  have	
  altered	
  the	
  binding	
  to	
  actin	
  

and	
  consequently	
  altered	
  the	
  KB.	
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5.3.2   The	
  mutations	
  have	
  reduced	
  the	
  size	
  of	
  cooperative	
  unit	
  

The	
   average	
   number	
   of	
   actin	
   monomers	
   that	
   can	
   be	
   switched	
   ON	
   or	
   OFF	
   is	
   the	
  

cooperative	
  unit	
  size,	
  n,	
  and	
  that	
  is	
  induced	
  by	
  the	
  binding	
  or	
  dissociation	
  of	
  a	
  single	
  

strong-­‐binding	
  myosin	
  head.	
  The	
  wild	
  type	
  size	
  of	
  n	
  value	
  is	
  similar	
  to	
  the	
  value	
  obtained	
  

in	
  the	
  literature	
  (Mahmooda	
  et	
  al.,	
  2007;	
  Bing	
  et	
  al.,	
  2000).	
  All	
  the	
  mutations	
  showed	
  a	
  

reduction	
  in	
  the	
  value	
  obtained	
  of	
  n.	
  At	
  the	
  moment,	
  it	
  is	
  not	
  clear	
  why	
  all	
  mutations	
  

affected	
  cooperativity.	
  	
  

	
  	
  

	
  

5.3.3   The	
  maximum	
  OFF	
  rate	
  constant.	
  

	
  

The	
   ATP	
   induced	
   S1	
   dissociation	
   measures	
   the	
   rate	
   of	
   last	
   S1	
   dissociate	
   from	
   thin	
  

filament	
  and	
  cause	
  rapid	
  fall	
  of	
   the	
  signal.	
  Different	
   factors	
  can	
  affect	
  the	
  rate	
  of	
  S1	
  

dissociation.	
  These	
   factors	
   include	
   temperature	
  and	
   ionic	
   strength	
  as	
   (Geeves	
  et	
  al.,	
  

1986)	
  has	
  reported.	
  Based	
  on	
  their	
  condition	
  it	
  was	
  reported	
  that	
  at	
  20	
  ᵒC	
  the	
  rate	
  of	
  

ATP	
  was	
  480	
  S-­‐1.	
  	
  

In	
  our	
  experiment,	
  the	
  test	
  was	
  done	
  in	
  a	
  temperature	
  25	
  ᵒC	
  and	
  the	
  rate	
  for	
  the	
  S1	
  

dissociation	
   with	
   wild	
   type	
   Tpm	
  was	
   475	
   S-­‐1.	
   All	
   the	
  mutations	
   except	
   R167G	
   have	
  

increased	
  the	
  rate	
  of	
  S1	
  dissociation	
  substantially.	
  This	
  increase	
  of	
  rate	
  might	
  be	
  due	
  to	
  

the	
  alteration	
  of	
  the	
  actin	
  binding	
  sites	
  with	
  tropomyosin	
  and	
  lead	
  to	
  rapid	
  dissociation	
  

of	
  S1.	
  	
  

	
  

5.3.4   Tropomyosin	
  troponin	
  binding	
  

All	
  mutations	
  increased	
  tropomyosin	
  affinity	
  for	
  troponin	
  although	
  by	
  a	
  modest	
  2	
  folds.	
  

The	
  measurement	
  done	
  here	
  are	
  in	
  the	
  absence	
  of	
  actin	
  and	
  this	
  change	
  in	
  affinity	
  is	
  

unlikely	
  to	
  affect	
  thin	
  filament	
  assembly	
  but	
  may	
  affect	
  some	
  of	
  the	
  regulatory	
  steps.	
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6.1   Introduction	
  
Tropomyosin	
   plays	
   a	
   fundamental	
   role	
   in	
   the	
   Ca2+	
   dependent	
   regulation	
   of	
   striated	
  

muscle	
   contraction.	
   These	
   functions	
   are	
  mediated	
   by	
   its	
   interaction	
   with	
   actin	
   and	
  

troponin.	
   Although,	
   tropomyosin	
   has	
   been	
   intensively	
   studied	
   for	
   50	
   years,	
   the	
  

molecular	
  basis	
  of	
  its	
  interaction	
  with	
  actin	
  remains	
  unexplained.	
  Several,	
  structural	
  and	
  

biochemical	
   studies	
   have	
   revealed	
   important	
   features	
   in	
   the	
   tropomyosin-­‐actin	
  

interaction	
  namely:	
  1)	
  Individual	
  tropomyosin	
  molecules	
  bind	
  weakly	
  to	
  actin.	
  2)	
  On	
  the	
  

surface	
  of	
  actin,	
  the	
  tropomyosin	
  forms	
  a	
  continuous	
  strand	
  that	
  binds	
  tightly	
  to	
  actin.	
  

3)	
  The	
  continuous	
  strand	
  of	
  tropomyosin	
  is	
  curved	
  and	
  forms	
  an	
  arc	
  whose	
  curvature	
  

matches	
  the	
  actin	
  filament	
  helical	
  shape.	
  4)	
  The	
  continuity	
  of	
  the	
  tropomyosin	
  cable	
  is	
  

due	
   to	
   the	
   end-­‐to-­‐end	
   interactions	
   between	
   adjacent	
  molecules	
   of	
   tropomyosin.	
   5)	
  

Tropomyosin	
  N-­‐terminal	
  acetylation	
  plays	
  a	
  critical	
  role	
  in	
  the	
  end-­‐to-­‐end	
  interactions	
  

and	
   hence	
   in	
   the	
   formation	
   of	
   the	
   continuous	
   strand	
   and	
   interaction	
  with	
   actin.	
   6)	
  

Tropomyosin	
   occupies	
   three	
   different	
   positions	
   on	
   the	
   surface	
   of	
   actin	
   that	
   have	
  

specific	
  biochemical	
  properties.	
  7)	
  The	
  movement	
  between	
  these	
  states	
  is	
  cooperative-­‐

allosteric	
  and	
   is	
   regulated	
  by	
   the	
   troponin	
  complex	
   interactions	
  with	
  both	
  actin	
  and	
  

tropomyosin.	
  However,	
   a	
  detailed	
  mechanism	
  of	
   tropomyosin	
   interaction	
  with	
  actin	
  

and	
   switching	
   between	
   the	
   various	
   biochemical	
   states	
   is	
   not	
   yet	
   available	
   and	
   is	
  

awaiting	
   the	
   precise	
   determination	
   of	
   tropomyosin	
   amino	
   acids	
   involved	
   in	
   binding	
  

actin	
  thin	
  filaments,	
  in	
  the	
  different	
  biochemical	
  states.	
  	
  

Tropomyosin	
   has	
   been	
   linked	
   to	
   several	
   cardiac	
   and	
   skeletal	
   muscle	
   diseases.	
  

Tropomyosin	
   mutations	
   have	
   been	
   identified	
   in	
   patients	
   with	
   hypertrophic	
  

cardiomyopathies,	
   dilated	
   cardiomyopathies,	
   skeletal	
   muscle	
   nemaline	
   myopathies,	
  

congenital	
  fibre-­‐type	
  disproportion	
  (CFTD),	
  distal	
  arthrogryposis	
  and	
  cap	
  myopathies.	
  

The	
  molecular	
  mechanism	
  by	
  which	
  these	
  mutations	
  lead	
  to	
  these	
  pathologies	
  is	
  not	
  

understood.	
  

Consequently,	
   understanding	
   the	
   nature	
   of	
   tropomyosin	
   interaction	
   with	
   actin	
   and	
  

troponin	
  and	
  the	
  impact	
  of	
  various	
  disease	
  associated	
  mutations	
  on	
  these	
  interactions	
  

and	
   on	
   tropomyosin	
   movement	
   between	
   the	
   various	
   regulatory	
   steps	
   is	
   of	
   great	
  

importance.	
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The	
  aim	
  of	
  this	
  project	
  was	
  to	
  characterise	
  the	
  impact	
  of	
  several	
  mutations	
  (found	
  in	
  

various	
   skeletal	
   muscle	
   diseases)	
   on	
   tropomyosin	
   secondary	
   structure,	
   actin	
   and	
  

troponin	
   binding	
   properties	
   and	
   actin-­‐tropomyosin-­‐troponin	
   switching	
   between	
  

different	
  regulatory	
  states.	
  We	
  also	
  used	
  double	
  and	
  triple	
  mutations	
  in	
  order	
  to	
  disrupt	
  

tropomyosin	
  interactions	
  more	
  severely.	
  

6.2   Expression	
  and	
  purification	
  of	
  tropomyosin	
  mutants.	
  

The	
  ideal	
  way	
  to	
  investigate	
  the	
  mutations	
  is	
  a	
  tissue	
  sample	
  from	
  normal	
  humans	
  and	
  

from	
   affected	
   patients	
   since	
   it	
   preserves	
   the	
   acetylation	
   status	
   in	
   vivo	
   isoforms	
  

distribution	
  and	
  dimerization	
  patterns.	
  However,	
  tissue	
  biopsies	
  are	
  no	
  more	
  than	
  50	
  

mg	
  (total	
  tissue)	
  and	
  can	
  only	
  be	
  obtained	
   in	
  exceptional	
  circumstances.	
   In	
  addition,	
  

biophysical	
   methods	
   such	
   as	
   stopped	
   flow	
   based	
   transient	
   kinetics,	
   fluorimetry,	
  

isothermal	
  calorimetry	
  require	
  a	
  substantial	
  amount	
  of	
  protein	
  (total	
  amount	
  of	
  protein	
  

needed	
  is	
  several	
  mg).	
  Therefore,	
  for	
  a	
  comprehensive	
  investigation	
  we	
  need	
  to	
  express	
  

a	
   recombinant	
   protein.	
   The	
   importance	
   of	
   end-­‐to-­‐end	
   interactions	
   involved	
   in	
  

cooperativity	
  depends	
  on	
  N-­‐terminal	
  acetylation.	
  Many	
  laboratories	
  have	
  used	
  an	
  N-­‐

terminal	
   addition	
   of	
   di-­‐peptide	
   Ala-­‐Ser	
   to	
   the	
   tropomyosin	
   protein	
   to	
  mimic	
   the	
  N-­‐

terminal	
  acetylation	
  produced	
  in	
  E.coli	
  expression	
  system	
  and	
  to	
  obtain	
  recombinant	
  

proteins.	
   However,	
   others	
   have	
   suggested	
   that	
   the	
   N-­‐terminal	
   extension	
   may	
   not	
  

reproduce	
   the	
   acetylation	
   modification	
   fully	
   and	
   may	
   produce	
   tropomyosin	
   with	
  

reduced	
   cooperativity	
   and	
   perhaps	
   other	
   abnormalities.	
   Therefore,	
   we	
   planned	
   to	
  

express	
   tropomyosin	
   using	
   the	
   baculovirus-­‐SF9	
   system	
   that	
   can	
   produce	
   acetylated	
  

proteins.	
  We	
  established	
   a	
   successful	
   expression	
   system	
  using	
   baculovirus-­‐SF9	
   cells.	
  

During	
  the	
  expression	
  and	
  purification	
  of	
  Tpm3	
  in	
  the	
  baculovirus	
  system	
  I	
  have	
  faced	
  

two	
  major	
  problems.	
  Firstly,	
  after	
  purification	
  I	
  obtained	
  around	
  2	
  mg	
  of	
  recombinant	
  

tropomyosin	
  per	
  litre	
  of	
  insect	
  cell	
  culture.	
  This	
  is	
  a	
  low	
  amount	
  for	
  transient	
  kinetics	
  

investigation,	
  however	
  since	
  tropomyosin	
  is	
  used	
  at	
  stoichiometry	
  of	
  a	
  tropomyosin	
  per	
  

7	
  actins;	
  enough	
  tropomyosin	
  to	
  perform	
  several	
  experiments	
  could	
  be	
  obtained	
  from	
  

2-­‐3	
  litres	
  of	
   insect	
  cells	
  culture.	
  Nevertheless,	
   it	
  was	
  time	
  consuming	
  to	
  carry	
  3	
  litres	
  

expression	
  for	
  several	
  mutants	
  and	
  we	
  had	
  to	
  use	
  incubators	
  which	
  were	
  not	
  dedicated	
  

for	
  insect	
  cells	
  which	
  increased	
  the	
  risk	
  of	
  contamination	
  of	
  our	
  cultures.	
  Secondly,	
  the	
  

Wild	
   type	
  was	
  not	
   fully	
  acetylated	
  and	
  consequently	
  did	
  not	
  bind	
  to	
  actin	
   in	
   the	
  co-­‐
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sedimentation	
  assay.	
  We	
  do	
  not	
  understand	
  why	
  the	
  Wild	
  type	
  tropomyosin	
  was	
  not	
  

acetylated	
   but	
   is	
   possible	
   that	
   the	
   insect	
   cells	
   acetylation	
  was	
   inappropriate	
   or	
   not	
  

sufficient.	
  Therefore,	
   it	
  was	
  essential	
   to	
  change	
   the	
  host	
   cell	
   system	
  to	
  obtain	
  more	
  

reliable	
  and	
  functional	
  Tpm	
  protein.	
  We	
  have	
  decided	
  to	
  switch	
  to	
  the	
  expression	
  of	
  

tropomyosin	
  mutants	
  with	
  an	
  Ala-­‐Ser	
  extension.	
  

	
  

	
  
6.3   Effect	
   of	
   tropomyosin	
  mutations	
   on	
   its	
   interaction	
  with	
   actin	
   and	
  

troponin.	
  

In	
   muscle,	
   the	
   thin	
   filaments	
   are	
   made	
   of	
   actin,	
   tropomyosin	
   and	
   troponin.	
  

Activation/inhibition	
  of	
  thin	
  filament	
  following	
  Ca2+	
  binding/dissociation	
  is	
  mediated	
  by	
  

a	
  set	
  of	
  elegant	
  allosteric	
  transitions	
  that	
  starts	
  at	
  the	
  Ca2+	
  binding	
  site	
  in	
  TnC	
  and	
  travels	
  

via	
  TnI,	
  TnT	
  and	
  Tpm	
  to	
  the	
  actin	
  filament	
  inducing	
  a	
  conformation	
  which	
  is	
  either	
  active	
  

(in	
  presence	
  of	
  Ca2+)	
  or	
  inactive	
  (in	
  absence	
  of	
  Ca2+).	
  Tropomyosin	
  interactions	
  with	
  both	
  

actin	
  and	
  troponin	
  are	
  key	
  to	
  these	
  allosteric	
  transitions.	
  Therefore,	
  it	
  is	
  important	
  to	
  

measure	
  the	
  impact	
  of	
  tropomyosin	
  mutations	
  on	
  these	
  interactions.	
  Co-­‐sedimentation	
  

experiments	
  showed	
  that	
  all	
  the	
  mutations	
  investigated	
  in	
  this	
  work	
  did	
  not	
  have	
  major	
  

impact	
  on	
  tropomyosin	
  interaction	
  with	
  actin.	
  However,	
  this	
  method	
  is	
  only	
  qualitative	
  

testing	
  the	
  ability	
  of	
  the	
  Tpm	
  to	
  bind	
  actin	
  (or	
  not)	
  and	
  does	
  not	
  measure	
  how	
  much	
  

tropomyosin	
  is	
  bound	
  to	
  actin	
  and	
  consequently	
  these	
  mutations	
  may	
  have	
  weakened	
  

the	
  affinity	
  of	
  actin	
  for	
  tropomyosin	
  but	
  we	
  could	
  not	
  see	
  this	
  in	
  our	
  qualitative	
  essay.	
  

Hence	
  it	
  will	
  be	
  desirable	
  to	
  perform	
  quantitative	
  binding	
  analysis	
  to	
  assess	
  the	
  impact	
  

of	
  these	
  tropomyosin	
  mutations	
  on	
  the	
  affinity	
  of	
  actin	
  for	
  tropomyosin.	
  Furthermore,	
  

it	
  appears	
  to	
  be	
  that	
  the	
  nature	
  of	
  interaction	
  between	
  actin	
  and	
  tropomyosin	
  is	
  more	
  

complex	
  involving	
  both	
  discrete	
  binding	
  sites	
  between	
  individual	
  actin	
  binding	
  sites	
  on	
  

tropomyosin	
   and	
   corresponding	
   actin	
   subunits	
   and	
   the	
   continuous	
   nature	
   of	
   the	
  

tropomyosin	
  strand	
  and	
  its	
  curved	
  shape.	
  Thus,	
  single	
  amino	
  acid	
  mutations	
  are	
  unlikely	
  

to	
  affect	
  tropomyosin	
  binding	
  to	
  actin	
  even	
  if	
  they	
  contribute	
  to	
  the	
  overall	
  affinity	
  of	
  

tropomyosin	
  binding	
  to	
  actin.	
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In	
   contrast,	
   our	
   troponin	
   binding	
  measurements	
   using	
   pyrene	
   labelled	
   tropomyosin	
  

revealed	
   that	
   all	
   mutations	
   increased	
   the	
   affinity	
   of	
   tropomyosin	
   for	
   troponin.	
   The	
  

dissociation	
  constant	
  was	
   increased	
  between	
  2-­‐4	
   folds.	
   It	
   is	
  not	
  apparent	
  how	
  these	
  

tropomyosin	
  mutations	
  improved	
  the	
  tropomyosin	
  affinity	
  for	
  the	
  troponin	
  complex	
  by	
  

2-­‐4	
  folds.	
  It	
  is	
  also	
  important	
  to	
  note	
  that	
  although	
  Tpm	
  R90	
  is	
  outside	
  troponin	
  binding	
  

site	
  on	
  tropomyosin,	
  it	
  still	
  increased	
  troponin	
  affinity.	
  This	
  could	
  be	
  explained	
  by	
  a	
  long-­‐

range	
  effect	
  of	
  R90G	
  mutation	
  on	
  the	
  Tpm	
  structure.	
  In	
  fact,	
  all	
  mutations	
  may	
  simply	
  

increase	
  tropomyosin	
  flexibility	
  and	
  allow	
  for	
  a	
  better	
  fit	
  of	
  the	
  sites	
  of	
  interaction.	
  

	
  

6.4   Effect	
  of	
  tropomyosin	
  mutations	
  on	
  thin	
  filament	
  dynamics	
  

	
  

The	
  previous	
  section	
  showed	
  that	
  all	
  the	
  tropomyosin	
  mutants	
  we	
  expressed	
  did	
  not	
  

abolish	
   or	
   drastically	
   reduce	
   actin	
   or	
   troponin	
   binding	
   and	
   this	
   paved	
   the	
   way	
   for	
  

investigating	
   the	
   impact	
   of	
   these	
   mutations	
   on	
   the	
   Ca2+	
   dependent	
   activation	
   and	
  

inhibition	
   of	
   the	
   actomyosin	
   ATPase	
   and	
   thin	
   filament	
   dynamics.	
   The	
   ATPase	
  

experiments	
   revealed	
   that	
   all	
   the	
   mutations	
   investigated	
   have	
   reduced	
   the	
   Ca2+	
  

dependent	
  activation	
  of	
  the	
  actomyosin	
  ATPases	
  Except	
  (R90G,	
  E163K	
  and	
  E20K).	
  This	
  

is	
  in	
  agreement	
  with	
  several	
  studies	
  that	
  showed	
  a	
  reduction	
  in	
  calcium	
  sensitivity	
  at	
  

R167	
   and	
   R244	
   also	
   in	
   the	
   Ca2+	
   dependent	
   activation	
   of	
   the	
   actomyosin	
   ATPase	
  

(Robaszkiewicz	
   et	
   al.,	
   2012;	
   Marston	
   et	
   al.,	
   2013;	
   Robaszkiewicz	
   et	
   al.,	
   2015).	
   In	
  

contrast,	
   the	
   actomyosin	
   ATPase	
   inhibition	
   induced	
   by	
   troponin-­‐tropomyosin	
   in	
   the	
  

absence	
  of	
  Ca2+	
  was	
  not	
  affected	
  by	
  R167	
  and	
  E240K	
  while	
  all	
  the	
  others	
  mutations	
  were	
  

not	
  inhibited.	
  The	
  findings	
  are	
  in	
  agreement	
  with	
  the	
  suggestion	
  that	
  tropomyosin	
  E163	
  

may	
  form	
  an	
  electrostatic	
  bond	
  with	
  Arg28	
  on	
  actin.	
   It	
  has	
  also	
  been	
  suggested	
  that	
  

tropomyosin	
  E240	
  may	
   interact	
  with	
  actin	
  K326;	
  however,	
   it	
   is	
  not	
  known	
  what	
  role	
  

does	
   this	
   interaction	
   is	
  playing	
   in	
   the	
   regulation	
  of	
   the	
  actomyosin	
  ATPase	
   (Li	
  et	
  al.,	
  

2010;	
  Barua	
  et	
  al.,	
  2012).	
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Tropomyosin	
   and	
   troponin	
   represent	
   the	
   protein	
   complex	
   responsible	
   for	
   the	
  

cooperative-­‐allosteric	
   transitions	
   in	
   thin	
   filaments	
   which	
   are	
   at	
   the	
   heart	
   of	
   the	
  

activation	
   and	
   inhibition	
   of	
   muscle	
   contraction.	
   Consequently,	
   characterising	
  

tropomyosin	
  residues	
  responsible	
  for	
  all	
  allostery	
  and	
  cooperativity	
  displayed	
  by	
  thin	
  

filaments	
  is	
  critical	
  for	
  understanding	
  the	
  molecular	
  basis	
  of	
  the	
  regulation	
  of	
  muscle	
  

contraction.	
  We	
  have	
  assessed	
  the	
  impact	
  of	
  all	
  10	
  mutants	
  on	
  the	
  equilibrium	
  constant	
  

for	
   the	
  transition	
  between	
  the	
  blocked	
  and	
  closed	
  states	
   (KB),	
  on	
  the	
  maximum	
  rate	
  

constant	
  for	
  the	
  ON-­‐OFF	
  transition	
  and	
  the	
  size	
  of	
  cooperative	
  unit	
  n.	
  One	
  important	
  

finding	
  is	
  that	
  all	
  our	
  mutants	
  decreased	
  the	
  size	
  of	
  the	
  cooperative	
  unit	
  from	
  a	
  value	
  

of	
  8	
  for	
  the	
  WT	
  to	
  a	
  value	
  between	
  3-­‐6.	
  That	
  means	
  that	
  these	
  mutations	
  interfere	
  with	
  

the	
  propagation	
  of	
  the	
  allosteric	
  signal	
  (from	
  8	
  actin	
  monomers	
  to	
  as	
  little	
  as	
  3-­‐4	
  actin	
  

monomers).	
  The	
  structural	
  basis	
  of	
  this	
  decrease	
  is	
  not	
  clear	
  but	
  it	
  may	
  be	
  possible	
  that	
  

for	
   mutations	
   R90G,	
   R167G	
   and	
   R244G	
   and	
   the	
   corresponding	
   double	
   and	
   triple	
  

mutants	
   a	
   change	
   from	
   an	
   Arginine	
   to	
   a	
   small	
   and	
   flexible	
   Glycine	
  may	
   reduce	
   the	
  

rigidity	
   of	
   the	
   tropomyosin	
   molecule.	
   In	
   contrast,	
   apart	
   from	
   E163K	
   no	
   mutation	
  

affected	
   the	
   equilibrium	
   constant	
   between	
   the	
   blocked	
   and	
   closed	
   states	
   (KB).	
   This	
  

support	
  the	
  finding	
  in	
  the	
  actomyosin	
  ATPase	
  in	
  which	
  these	
  mutations	
  did	
  not	
  alter	
  the	
  

ability	
  of	
  these	
  mutants	
  to	
  inhibit	
  the	
  actomyosin	
  ATPase.	
  For	
  E163K,	
  the	
  KB	
  value	
  in	
  the	
  

absence	
  of	
  calcium	
  was	
  increasing	
  from	
  0.2	
  for	
  the	
  WT	
  (80%	
  of	
  thin	
  filament	
  is	
  in	
  the	
  

blocked	
  state)	
  to	
  1.0	
  (45%	
  of	
  thin	
  filament	
  is	
  in	
  the	
  blocked	
  state).	
  This	
  suggests	
  that	
  

E163K	
  may	
  be	
  involved	
  in	
  stabilization	
  of	
  the	
  blocked	
  state.	
  This	
  is	
  in	
  agreement	
  with	
  

the	
  location	
  of	
  E163	
  in	
  the	
  beta-­‐band	
  which	
  thought	
  to	
  represent	
  binding	
  site	
  in	
  the	
  OFF	
  

state.	
  On	
  the	
  other	
  hand,	
  R90,	
  R167	
  and	
  R244	
  are	
  not	
  involved	
  in	
  the	
  formation	
  of	
  the	
  

blocked	
  state	
  which	
  is	
  in	
  agreement	
  with	
  their	
  location	
  in	
  the	
  alpha-­‐band	
  thought	
  to	
  be	
  

involved	
   in	
  binding	
   in	
   the	
  ON	
  state	
   (Holthauzen	
  et	
  al.	
   2004;	
  McLachlan	
  and	
  Stewart	
  

1976).	
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6.5   Implications	
  in	
  disease	
  mechanism	
  	
  

Genetic	
   studies	
   have	
   shown	
   that	
   several	
   types	
   of	
   cardiomyopathies	
   and	
   congenital	
  

skeletal	
  muscle	
  myopathies	
  (nemaline	
  myopathy,	
  cap	
  myopathy,	
  distal	
  arthrogryposis	
  

and	
   congenital	
   fibre-­‐type	
   disproportion)	
   are	
   caused	
   by	
   mutations	
   in	
   the	
   various	
  

tropomyosin	
  gene	
  (Tpm1,	
  Tpm2	
  and	
  Tpm3)	
  (Thierfelder	
  et	
  al.,	
  1994;	
  Yun	
  et	
  al.,	
  2015).	
  

There	
  is	
  a	
  huge	
  interest	
  in	
  the	
  field	
  in	
  unravelling	
  the	
  molecular	
  dysfunction	
  induced	
  by	
  

these	
  mutations	
  and	
  how	
  they	
  contribute	
  to	
  the	
  disease	
  onset	
  and	
  progression.	
  Up	
  to	
  

today	
  the	
  functional	
  investigations	
  carried	
  out	
  have	
  yet	
  to	
  establish	
  specific	
  functional	
  

changes	
  that	
  correlate	
  and	
  can	
  explain	
  the	
  various	
  disease	
  phenotypes.	
  For	
  instance,	
  

nemaline	
  myopathy	
  gives	
  both	
  loss	
  of	
  function	
  and	
  gain	
  of	
  function.	
  

Our	
   investigations	
   have	
   identified	
   several	
   structural	
   features	
   in	
   the	
   various	
   Tpm	
  

mutations	
  associated	
  with	
  diseases	
  (R90G,	
  E163K,	
  R167G,	
  E240K,	
  R244G)	
  including:	
  i)	
  

No	
   change	
   in	
   the	
   secondary	
   structure	
   by	
   CD.	
   ii)	
   A	
   change	
   in	
   tropomyosin	
   thermal	
  

stability.	
   iii)	
  A	
  change	
   in	
  the	
  pattern	
  of	
  tryptic	
  digestion	
  at	
  R133.	
  These	
  observations	
  

suggest	
   that	
   tropomyosin	
   helical	
   coiled	
   coil	
   structure	
   is	
   maintained	
   overall	
   but	
   the	
  

flexibility	
  of	
  this	
  chain	
  have	
  changed.	
  Furthermore,	
  our	
  functional	
  studies	
  revealed	
  that	
  

Tpm	
  mutations	
  did	
  not	
  induce	
  a	
  change	
  in	
  actin	
  binding	
  but	
  all	
  increased	
  the	
  affinity	
  of	
  

tropomyosin	
  to	
  troponin.	
  In	
  addition,	
  cooperativity	
  in	
  the	
  absence	
  of	
  Tn	
  has	
  decreased	
  

for	
   all	
   Tpm	
  mutants.	
   These	
   findings	
   suggest	
   that	
   Tpm	
  mutants	
   do	
  not	
   decrease	
   the	
  

incorporation	
  of	
  Tpm	
  in	
  thin	
  filaments	
  (since	
  actin	
  binding	
  is	
  not	
  affected	
  noticeably	
  and	
  

troponin	
  binding	
  is	
  strengthened)	
  and	
  consequently	
  the	
  mutants	
  on	
  Tpm	
  act	
  as	
  a	
  poison	
  

peptide	
  whichy	
  is	
  incorporated	
  in	
  thin	
  filaments	
  and	
  affect	
  their	
  function.	
  All	
  mutants	
  

except	
  E163K	
  had	
  little	
  effect	
  on	
  KB	
  which	
  suggest	
  that	
  these	
  mutations	
  do	
  not	
  seem	
  to	
  

affect	
  the	
  switching	
  of	
  the	
  thin	
  filament	
  to	
  the	
  blocked	
  state	
   in	
  the	
  absence	
  of	
  Ca2+.	
  	
  

E163K	
  did	
  however	
  affect	
  KB	
  in	
  the	
  absence	
  of	
  Ca2+	
  and	
  this	
  mutant	
  may	
  affect	
  muscle	
  

relaxation.	
  In	
  addition,	
  all	
  mutants	
  led	
  to	
  a	
  decrease	
  in	
  cooperatrivity.	
  Cooperativity	
  is	
  

an	
  important	
  determinant	
  of	
  both	
  muscle	
  activation	
  and	
  relaxation	
  and	
  so	
  a	
  decrease	
  

in	
   cooperativity	
   could	
   compromise	
   both	
   muscle	
   activation	
   and	
   relaxation	
   in	
   these	
  

patients.	
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In	
  agreement	
  with	
  these	
  findings,	
  another	
  laboratory	
  found	
  that	
  fibers	
  extracted	
  from	
  

patient	
  with	
  R167C	
  mutation	
  produced	
  reduced	
  force	
  (by	
  about	
  37%)	
  and	
  actomyosin	
  

ATPase	
  at	
  saturating	
  calcium	
  (Yun	
  et	
  al.,	
  2015).	
  In	
  addition,	
  an	
  animal	
  model	
  of	
  TpmM9R	
  

showed	
  muscle	
  weakness	
  (Corbett	
  et	
  al.,	
  2001).	
  

	
  

6.6   Conclusion	
  	
  
In	
   conclusion	
   our	
   studies	
   showed	
   that	
   obtaining	
   a	
   functional	
   fully	
   acetylated	
  

tropomyosin	
  using	
  eukaryotic	
   expression	
   system	
   remains	
   a	
   challenging	
   task	
   and	
   the	
  

expression	
  of	
  tropomyosin	
  with	
  an	
  Ala-­‐Ser	
  extension	
  in	
  E.coli	
  remains	
  the	
  most	
  viable	
  

way	
   to	
   obtain	
   a	
   sufficient	
   amount	
   of	
   pure	
   protein	
   for	
   biochemical	
   and	
   biophysical	
  

investigations.	
  Our	
  studies	
  of	
  the	
  6	
  single	
  amino	
  acids	
  substitution	
  have	
  confirmed	
  the	
  

complex	
  nature	
  of	
  actin-­‐tropomyosin-­‐troponin	
  interactions.	
  My	
  data	
  suggests	
  that	
  the	
  

flexibility	
  of	
  the	
  tropomyosin	
  chain	
  in	
  very	
  important	
  for	
  its	
  function	
  and	
  is	
  affected	
  by	
  

tropomyosin	
   primary	
   sequence.	
   Crucially,	
   we	
   have	
   demonstrated	
   that	
   tropomyosin	
  

cooperative	
  behaviour	
  is	
  very	
  sensitive	
  to	
  the	
  nature	
  of	
  amino	
  acid	
  at	
  position	
  90,	
  163,	
  

167,	
   240,	
   244	
   and	
   281.	
  We	
   have	
   also	
   demonstrated	
   that	
   E163	
   has	
   involved	
   in	
   the	
  

tropomyosin	
  interaction	
  with	
  actin	
  in	
  the	
  blocked	
  state.	
  These	
  findings	
  further	
  advance	
  

our	
  understanding	
  of	
  tropomyosin	
  structure-­‐function	
  relationship.	
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