
How	  Long	  Does	  it	  Take	  a	  Protein	  to	  Fold?	  

Levinthal	  Paradox	   An	  Order-‐of-‐Magnitude	  Argument	  
	  
Consider	  a	  60	  residue	  protein:	  
Assume	  10	  conformers/amino	  acid	  in	  the	  
unfolded	  state:	  

à 1060	  non-‐na9ve	  configura9ons	  
	  
Assume	  10-‐11	  seconds	  per	  configura9on	  

à 1049	  seconds	  to	  search	  all	  
configura9ons.	  (1042	  years)	  

	  
A	  very	  long	  +me	  to	  find	  the	  folded	  state.	  

The	  number	  of	  non-‐na9ve	  configura9ons	  
outnumber	  na9ve	  configura9on(s)	  by	  such	  
a	  large	  amount,	  that	  proteins	  will	  cannot	  
fold	  on	  a	  reasonable	  9me	  scale,	  if	  the	  
search	  in	  configura9on	  space	  is	  unbiased.	  
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Experimental	  Measurements	  indicate	  milliseconds	  to	  seconds	  

Single	  Molecule	  Measurements	  can	  dis4nguish	  the	  Na4ve	  from	  
Unfolded	  States	  by	  FRET	  



How	  Long	  
Does	  it	  Take	  
a	  Protein	  to	  
Fold?	  

Microfluidic	  Mixer:	  
Protein	  denatured	  in	  4	  M	  GdmCl	  
Rapidly	  diluted	  with	  buffer	  to	  start	  folding	  
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The	  number	  of	  non-‐na9ve	  configura9ons	  
outnumber	  na9ve	  configura9on(s)	  by	  such	  
a	  large	  amount,	  that	  proteins	  will	  cannot	  
fold	  on	  a	  reasonable	  9me	  scale,	  if	  the	  
search	  in	  configura+on	  space	  is	  unbiased.	  

Conclusion:	  The	  search	  of	  configura4on	  
space	  is	  not	  unbiased.	  

Protein	  Folding	  Funnel	  



Folding	  Model	  derived	  from	  simulaIon	  and	  experiment	  

Wolynes,	  Onuchic	  &	  Thirumalai	  1995	  Science	  267:1619	  

Horizontal	  Scale:	  
	  Entropy	  (number	  of	  configura9ons)	  

	  
VerIcal	  Scales:	  

	  1.	  Energies	  of	  the	  configura9on	  
	  2.	  Extent	  of	  structure	  forma9on:	  

a.  Q	  =	  frac9on	  of	  na9ve	  state	  
contact	  formed	  

b.  A	  =	  number	  of	  na9ve	  state	  
bond	  angles	  formed	  

	  
DisInct	  Structural	  States/Folding	  
Stages:	  

	  1.	  Unfolded	  
	  2.	  Molten	  Globule	  
	  3.	  Transi9on	  State/Glass	  Transi9on	  
	  4.	  Discrete	  folding	  intermediates	  
	  5.	  Na9ve	  structure	  
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