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The need for accuracy must be weighed against 
the need for finality… 
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ȆİȡȓȜȘȥȘ 

 
ȂʌȠȡȠȪȞΝ ĲĮΝ İȝʌİȚȡȚțȐΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ ȦȢΝ ȝȑıȠΝ ȖȚĮΝ ĲȘȞΝ

İʌȓȜȣıȘΝ ĲȠȣΝ ʌȡȠȕȜȒȝĮĲȠȢΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ ʌİʌĲȚįȓȦȞλΝ ȂʌȠȡİȓΝ İȚįȚțȩĲİȡĮΝ ĲȠΝ

CHARMM forcefield ȝİΝ ĲȘȞΝ įȚȩȡșȦıȘΝ CMAP ȞĮΝ ĮȞĮʌĮȡȐȖİȚΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ

ʌȡȠıįȚȠȡȚıșİȓıĮΝ įȠȝȒΝ ĲȘȢΝ γ10-ȑȜȚțĮȢΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣΝ INYWLAHAKAG; Ȉİ 

ʌȡȠıʌȐșİȚĮΝ ĮʌȐȞĲȘıȘȢ ıĲĮΝ İȡȦĲȒȝĮĲĮΝ ĮȣĲȐ,Ν ʌȡĮȖȝĮĲȠʌȠȚȒıĮȝİΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȚȢ  

ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣέΝ ǾΝ ȝȓĮΝ ĮȞĮĳȑȡİĲĮȚΝ ȦȢΝ 'folding',  ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ıĲȠȣȢΝ γβίȀΝ

țĮȚΝįȚȒȡțİıİΝ1έγ ȝs  İȞȫΝΝȘΝȐȜȜȘΝȦȢΝ'native' ,ΝȑȖȚȞİΝıĲȠȣȢΝβθγȀΝțĮȚΝȘΝįȚȐȡțİȚȐΝĲȘȢΝȒĲĮȞΝ

0.4 ȝsέΝǾΝĮȡȤȚțȒΝįȠȝȒΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ'folding'  İȓȞĮȚΝȘΝʌȜȒȡȦȢΝİțĲİĲĮȝȑȞȘ,ΝİȞȫΝĲȘȢΝ

'native' İȓȞĮȚΝ ĲȠΝ ȝȠȞĲȑȜȠΝ 1Ν ĲȘȢΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘȢΝ ȝİΝ NMR įȠȝȒȢΝ

(țĮĲĮȤȫȡȘıȘΝ βDXβΝ ĲȘȢΝ PDB,Ν įȠȝȒΝ γ10-ȑȜȚțĮȢ)έΝ ȀĮȚΝ ȠȚΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝȝİΝȤȡȒıȘΝĲȠȣΝʌȡȠȖȡȐȝȝĮĲȠȢΝ ζρεDΝțĮȚΝĲȘȞΝȕȠȒșİȚĮΝĲȠȣΝ VMD , 

ıİΝ ζpTΝ ensemble,Ν ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ʌİȡȚȠįȚțȑȢΝ ȠȡȚĮțȑȢΝ ıȣȞșȒțİȢ,Ν įȚĮȜȪĲȘΝ Ȟİȡȩ,Ν

ıȣȖțȑȞĲȡȦıȘΝ ȚȩȞĲȦȞΝ ȚıȠįȪȞĮȝȘΝ ȝİΝ 1ίίmM țĮȚΝ forcefieldΝ ĲȠΝ σώρRεεΝ ȝİΝ ĲȘΝ

įȚȩȡșȦıȘΝ CMAP. ǾΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ İʌȚĲİȪȤșȘțİ ȝİΝ ĲȘȞΝ ȕȠȒșİȚĮΝ ĲȦȞΝ

ʌȡȠȖȡĮȝȝȐĲȦȞΝCARMA țĮȚΝSTRIDEέΝȀĮȚΝȠȚΝįȪȠΝʌȡȠıȠȝȠȚȫıİȚȢΝȑįİȚȟĮȞΝĲȘȞΝĮįȣȞĮȝȓĮΝ

ĲȠȣΝıȣȖțİțȡȚȝȑȞȠȣ įȣȞĮȝȚțȠȪΝʌİįȓȠȣ ȖȚĮΝĮȞĮʌĮȡĮȖȦȖȒΝĲȘȢΝįȠȝȒȢΝĲȘȢΝγ10-ȑȜȚțĮȢΝțĮȚΝ

ĲȘȞΝıĮĳȒΝʌȡȠĲȓȝȘıȒΝĲȠȣȢ ȖȚĮ Į-İȜȚțȠİȚįȒΝįȠȝȒέ ȍıĲȩıȠ,ΝȠȚΝʌȡȠıȠȝȠȚȫıİȚȢΝıȣȞȑțȜȚȞĮȞΝ

ȝİĲĮȟȪΝĲȠȣȢΝțĮȚΝȕȡȑșȘțĮȞΝıİΝıȣȝĳȦȞȓĮΝȝİΝĲĮΝʌİȚȡĮȝĮĲȚțȐΝįİįȠȝȑȞĮΝıİΝȩĲȚ ĮĳȠȡȐΝĲȘȞΝ

ıĲĮșİȡȩĲȘĲĮΝ įȚĮȝȩȡĳȦıȘȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ β-ζΝ țĮȚΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȠȣΝ C-ĲİȜȚțȠȪΝ

ȐțȡȠȣΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣέ ǹʌȩΝ ĲĮΝ įİįȠȝȑȞĮΝ ȝĮȢΝ ıȣȝʌİȡĮȓȞȠȣȝİΝ ȩĲȚΝ ĲȠΝ

ȤȡȘıȚȝȠʌȠȚȘșȑȞΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ȝİΝ ĲȘȞΝ ıȣȖțİțȡȚȝȑȞȘΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘΝ įİȞΝ ȑȤİȚΝ

ȝİȖȐȜİȢΝʌȚșĮȞȩĲȘĲİȢΝȞĮΝıȣȞĲİȜȑıİȚΝıĲȘȞ İʌȓȜȣıȘΝĲȠȣΝʌȡȠȕȜȒȝĮĲȠȢΝĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ

ĲȦȞΝʌİʌĲȚįȓȦȞέ 
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Abstract 

Is it possible that the use of empirical forcefield can be the answer to the peptide 

folding problem? Specifically: is the CHARMM forcefield with CMAP correction 

capable of reproducing the experimentally determined structure of 310-helix of the 

undecamer peptide INYWLAKAKAG? In an attempt to answer these questions, we 

have performed two simulations, namely 'folding'  and 'native' . The first one has been 

performed at 320K for a duration of 1.3 ȝs and the last one, at 283K with a total 

simulation time of 0.4 ȝs. The initial conformation of the 'folding'  simulation is the 

fully extended conformation of the peptide, whilst the 'native'  one has started from the 

model 1 of the experimentally determined by NMR structure (PDB entry: 2DX2, 

conformation of 310-helix). Both simulations have been performed using the NAMD 

program, the assistance of VMD, under NpT conditions, using periodic boundary 

conditions, ion concentration of 100mM and  forcefield the CHARMM with CMAP 

correction. The trajectory analysis has been accomplished using CARMA and STRIDE. 

Both simulations have shown the weakness of the specified forcefield for the 

reproduction of the 310-helix and its bias towards Į-helices. Nevertheless, our 

simulations have converged on Į-helices and they have come to an agreement with the 

experimental data on the stability of the residues 2-6 and on the C-terminal mobility. 

We conclude that the forcefield under discussion, with the current parameterization will 

not contribute substantially to the solution of the peptide folding problem. 
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ȆȡȩȜȠȖȠȢ 

ȂȚĮΝİȞįȚĮĳȑȡȠȣıĮ țĮȚΝıȤİĲȚțȐΝıʌȐȞȚĮΝįİȣĲİȡȠĲĮȖȒȢΝįȠȝȒ İȞȩȢΝʌİʌĲȚįȓȠȣ,ΝįȠȝȒ 

310-ȑȜȚțĮȢ,ΝȒĲĮȞΝȘΝĮĳȠȡȝȒΝȖȚĮ ĲȘȞΝʌĮȡȠȪıĮΝİȡȖĮıȓĮέΝǾΝįȠȝȒΝĮȣĲȒΝȒĲĮȞΝȘΝȂȠȪıĮ,ΝʌȠȣΝ

ȝĮȢΝİȞȑʌȞİȣıİΝȖȚĮΝȞĮΝİȜȑȖȟȠȣȝİΝĲĮΝİȝʌİȚȡȚțȐΝįȣȞĮȝȚțȐΝʌİįȓĮ,ΝȩʌȦȢΝȘΝȝȠȪıĮ ȀĮȜȜȚȩʌȘ 

İȞȑʌȞİİΝ ĲȠȣȢ ȡĮȥȦįȠȪȢΝ ıĲȠ ȞĮ İțĳȡȐıȠȣȞΝ țĮȚΝ ȞĮΝ țĮĲĮĳȑȡȠȣȞΝ ȞĮΝ ȝİĲĮĳȑȡȠȣȞΝ ıĲȠΝ

țȠȚȞȩΝĲȠȣȢΝĲȘȞΝȠȣıȓĮΝțĮȚΝĲȠΝıȣȞĮȓıșȘȝĮ ĲȦȞΝĮıȝȐĲȦȞΝĲȠȣȢέΝOȚΝȆȣșĮȖȩȡİȚȠȚ ĳȚȜȩıȠĳȠȚΝ 

șİȦȡȠȪıĮȞΝ ȩĲȚΝ ȠȚ ȂȠȪıİȢ įȓȞȠȣȞ ĲȘȞ ʌȡȩıȕĮıȘΝ ıĲȘȞΝ ȖȞȫıȘΝ ȖȚĮΝ ĲȠȞΝ țȩıȝȠΝ țĮȚΝ ĲȠΝ

ıȪȝʌĮȞ ʌȠȣΝ ȝĮȢΝ ʌİȡȚȕȐȜȜİȚέΝ EȝİȓȢΝ – ĮȚȫȞİȢΝ ȝİĲȐ- șİȦȡȠȪȝİ ȩĲȚΝ ȘΝ ȝİȜȑĲȘ ĲȘȢΝ įȠȝȒȢΝ

ĮȣĲȒȢ,ΝĲȘȢΝįȚțȒȢΝȝĮȢ ȂȠȪıĮȢ,ΝȑȤİȚΝʌȚșĮȞȩĲȘĲİȢ ȞĮΝʌȡȠıĳȑȡİȚΝȑȞĮȞΝțȩțțȠΝȖȞȫıȘȢΝıĲȠΝ

İȣȡȪĲİȡȠΝ ʌȡȩȕȜȘȝĮ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞ. ǾΝ įȚțȒΝ ȝĮȢΝ ĮȞĮȗȒĲȘıȘΝ ȖȚĮΝ 

įȠȝȒ,ΝįİȞΝȑȖȚȞİΝıİΝțȐʌȠȚȠȞ ǵȜȣȝʌȠ,ΝĮȜȜȐΝıĲȘȞΝprotein data bank (PDB – İĳȩıȠȞ ıĲȠȞΝ

ĲȡȑȤȠȞĲĮΝ ĮȚȫȞĮ, ȣʌȐȡȤȠȣȞΝ ȕȐıİȚȢΝ įİįȠȝȑȞȦȞ,Ν ȠȚΝ ȠʌȠȓİȢ ȑȤȠȣȞΝ țĮĲĮȤȦȡȘȝȑȞİȢΝ

ʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıșİȓıİȢΝįȠȝȑȢΝȝĮțȡȠȝȠȡȓȦȞ)έΝ 

ȅΝĮȣĲȠıțȠʌȩȢ ȒĲĮȞΝȞĮΝțȐȞȠȣȝİΝĲȘȞΝįȚʌȜȦȝĮĲȚțȒΝȝĮȢΝİȡȖĮıȓĮέΝȍȢΝȝȑıȠΝȖȚĮΝĲȘȞΝ

İʌȓĲİȣȟȘΝ ĮȣĲȠȪΝ ĲȠȣΝ ıțȠʌȠȪΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ ĲȘȞΝ ʌȡȠıȑȖȖȚıȘΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ

ȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝ İȞȩȢΝȝȚțȡȠȪΝıİΝȝȑȖİșȠȢΝțĮȚΝİȞįȚĮĳȑȡȠȞĲȠȢΝıȣıĲȒȝĮĲȠȢ,ΝȝİΝȤȡȒıȘΝ

İȝʌİȚȡȚțȫȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞ. ǹȞĮȗȘĲȫȞĲĮȢΝ ıĲȘȞΝ PDB İȞįȚĮĳȑȡȠȣıĮ ȖȚĮΝ İȝȐȢΝ

țĮĲĮȤȫȡȘıȘΝ țĮȚΝ ĲĮȣĲȩȤȡȠȞĮΝ įȠȝȒΝ ȝİΝ ȝȚțȡȩΝ ĮȡȚșȝȩΝ țĮĲĮȜȠȓʌȦȞΝ (ȖȚĮΝ İʌȓĲİȣȟȘΝ

ȚțĮȞȠʌȠȚȘĲȚțȠȪΝ ȤȡȩȞȠȣΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ıĲȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ ȠȜȠțȜȒȡȦıȘȢΝ ȝȚĮȢΝ

įȚʌȜȦȝĮĲȚțȒȢΝİȡȖĮıȓĮȢ),ΝİʌȚȜȑȟĮȝİ Įʌȩ ĲȡİȓȢΝ finalist,ΝĲȘȞΝβDXβέΝǹȣĲȒΝĮȞĲȚıĲȠȚȤİȓΝıĲȠΝ

İȞįİțĮʌİʌĲȓįȚȠΝ INYWLAHAKAG ,Ν İȓȞĮȚΝ ĲȡȠʌȠʌȠȚȘȝȑȞȠΝ ĲȝȒȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1ί1-

111 ĲȘȢΝĮ-ȜĮțĲĮȜȕȠȣȝȓȞȘȢ,ΝȑȤİȚΝįİΝįȠȝȒΝ310-ȑȜȚțĮȢέ ǹȣĲȩΝĲȠΝʌİʌĲȓįȚȠΝȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ

ȖȚĮΝ ȞĮΝ İȜȑȖȟȠȣȝİΝ ĲĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ ĲȘȢΝ İʌȚȜȠȖȒȢΝ ȝĮȢΝ țĮȚΝ ȞĮΝ ĮʌĮȞĲȒıȠȣȝİΝ ıİΝ

İȡȦĲȒȝĮĲĮ,Ν ȖȚĮΝ ĲȘȞΝ ĮʌȠțȐȜȣȥȘΝ ĲȦȞΝ ȠʌȠȓȦȞΝ șĮΝ ʌȡȑʌİȚ, ȠΝ ȑȤȦȞΝ ĲȘȞΝ șȑȜȘıȘ,Ν ĲȘȞΝ

ȣʌȠȝȠȞȒ țĮȚΝĲȠΝțȠȣȡȐȖȚȠ, ȞĮΝĮȞĮĲȡȑȟİȚ ıĲĮΝİʌȩȝİȞĮΝțİĳȐȜĮȚĮ… 

ȈĲȘȞΝ ĬİȠȖȠȞȓĮΝ ĲȠȣΝ ǾıȚȩįȠȣ,Ν ȠȚΝ ȂȠȪıİȢΝ ıȣȤȞȐΝ ʌĮȡĮʌȠȚȠȪıĮȞΝ ĲȘȞΝ ĮȜȒșİȚĮέΝ

ǼȝİȓȢ ȩȝȦȢ, ȕĮıȚıĲȒțĮȝİΝ ıĲȠȣȢΝ (ĮȚĲȚȠțȡĮĲȚțȠȪȢ)Ν ĳȣıȚțȠȪȢ ȞȩȝȠȣȢΝ țĮȚΝ ȩȤȚΝ ıİΝ

ĳȚȜȠıȠĳȚțȑȢΝȚįİȠȜȠȖȓİȢ. ȀĮȚΝİțΝĲȠȣΝİțȕȐȞĲȠȢΝțȡȓȞȠȞĲİȢ,ΝșİȦȡȠȪȝİΝȩĲȚΝȘΝȂȠȪıĮΝȝĮȢ,ΝȘΝ

2DX2,ΝıȣȞȐįİȚΝȝİΝĲȘȞΝȐʌȠȥȘΝʌİȡȓ ȂȠȣıȫȞ, ĲȦȞΝȆȣșĮȖȠȡȓȦȞΝĳȚȜȠıȩĳȦȞέ  
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Hofstadter’s law:                    
It always takes longer than you expect, even when you take into account Hofstadter’s law.  

 
 
 

ȆȡȦĲİȧȞȚțȒΝĮȞĮįȓʌȜȦıȘΝİȓȞĮȚΝȘΝįȚİȡȖĮıȓĮΝİțİȓȞȘΝțĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝĲȘȢΝȠʌȠȓĮȢΝ

ȝȓĮΝʌȠȜȣʌİʌĲȚįȚțȒΝĮȜȣıȓįĮΝĮȞĮįȚʌȜȫȞİĲĮȚΝıĲȘȞΝȤĮȡĮțĲȘȡȚıĲȚțȒΝĲȡȚıįȚȐıĲĮĲȘΝĳȣıȚțȒ , 

ȕȚȠȜȠȖȚțȐΝ İȞİȡȖȒΝ įȠȝȒΝ ĲȘȢέ ȉĮΝ ȞİȠıȣȞĲİșȑȞĲĮΝ ıĲȠΝ ȡȚȕȩıȦȝĮΝ ʌȠȜȣʌİʌĲȓįȚĮ,Ν ıĲȠȣȢΝ

ȗȦȞĲĮȞȠȪȢΝȠȡȖĮȞȚıȝȠȪȢ,ΝĮȞĮįȚʌȜȫȞȠȞĲĮȚΝĲİȜȚțȐΝıĲȘȞΝĳȣıȚțȒΝȝȠȡĳȒΝĲȠȣȢ,ΝȝİΝȒΝȤȦȡȓȢΝ

ȕȠȒșİȚĮΝ ȐȜȜȦȞΝ ʌȡȦĲİȧȞȫȞέ ȀĮĲȐΝ ĲȘȞΝ in vitro ĮȞĮįȓʌȜȦıȘΝ ȘΝ ʌȡȦĲİǸȞȘΝ ȜĮȝȕȐȞİȚΝ Ν ĲȘȞΝ

ȜİȚĲȠȣȡȖȚțȒΝ ĲȘȢΝ įȠȝȒ,Ν ȩĲĮȞΝ ȠȚΝ ıȣȞșȒțİȢΝ ĲȠΝ İʌȚĲȡȑʌȠȣȞ,Ν ĮʌȩΝ ȑȞĮΝ ĲȣȤĮȓȠΝ ıʌİȓȡĮȝĮΝ

(random coil)έΝ ȉȠΝ ĲİȜİȣĲĮȓȠΝ ȝʌȠȡİȓΝ ȞĮΝ ȠȡȚıĲİȓΝ ȦȢΝ ıĲĮĲȚıĲȚțȒΝ țĮĲĮȞȠȝȒΝ ȩȜȦȞΝ ĲȦȞΝ

ʌȚșĮȞȫȞΝįȚĮȝȠȡĳȫıİȦȞΝĲȠȣΝʌȜȘșȣıȝȠȪΝĲȠȣΝȝĮțȡȠȝȠȡȓȠȣ [1].  



2 

 

ǹʌȩΝ ĲȠΝ 1ιζ1,Ν Ƞ Christian Anfinsen [2,3] ȝİΝ ĲĮΝ ʌİȚȡȐȝĮĲȐΝ ĲȠȣΝ ʌȐȞȦΝ ıĲȘȞΝ

ĮȞĮįȓʌȜȦıȘΝ ĲȘȢΝ ȡȚȕȠȞȠȣțȜİȐıȘȢΝ ȑįİȚȟİ ȩĲȚ, ĲȠȣȜȐȤȚıĲȠȞΝ ȖȚĮΝ ȝȚțȡȑȢΝ ıĳĮȚȡȚțȑȢΝ

ʌȡȦĲİǸȞİȢ, ȘΝ ʌȡȦĲȠĲĮȖȒȢΝ įȠȝȒΝ İȓȞĮȚΝ ĮȣĲȒΝ ʌȠȣΝ țĮșȠȡȓȗİȚΝ ĲȘȞΝ ĲȡȚĲȠĲĮȖȒΝ (ıİΝ

șİȡȝȠțȡĮıȓİȢΝțĮȚΝțĮĲĮıĲȐıİȚȢΝĲȠȣΝįȚĮȜȪĲȘΝțȠȞĲȐΝıĲȠΝĳȣıȚȠȜȠȖȚțȩΝȖȚĮΝĲȘȞΝʌȡȦĲİǸȞȘΝ

ʌİȡȚȕȐȜȜȠȞ) țĮȚΝ ȩĲȚΝ Ș ĳȣıȚțȒΝ (native)Ν įȚĮȝȩȡĳȦıȘΝ ĲȘȢΝ ʌȡȦĲİǸȞȘȢΝ șĮΝ ʌȡȑʌİȚΝ ȞĮΝ

ĮȞĲȚıĲȠȚȤİȓΝıİΝıĲİȡİȠįȚȐĲĮȟȘΝİȜȐȤȚıĲȘȢΝİȜİȪșİȡȘȢΝİȞȑȡȖİȚĮȢέ  

ȆȡȫĲȠȢΝ ȠΝ Levinthal [4,5] ʌȡȩĲİȚȞİΝ ȩĲȚΝ șĮΝ ʌȡȑʌİȚΝ ȞĮΝ ȣʌȐȡȤȠȣȞΝ ıĮĳȫȢ 

țĮșȠȡȚıȝȑȞĮΝ ȝȠȞȠʌȐĲȚĮΝ țĮĲȐΝ ĲȘȞΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢ,Ν İĳȩıȠȞΝ įİȞΝ ȝʌȠȡİȓΝ ȞĮΝ

įȚțĮȚȠȜȠȖȘșİȓΝ ȤȡȠȞȚțȐΝ ȘΝ ĮȞĮįȓʌȜȦıȘΝ ȝȚĮȢΝ ʌȡȦĲİǸȞȘȢΝ ȝİΝ ĲȘȞΝ ĮȞĮȗȒĲȘıȘΝ ȩȜȦȞΝ ĲȦȞΝ

ʌȚșĮȞȫȞΝ ıĲİȡİȠįȚĮĲȐȟİȦȞΝ ȝȑȤȡȚΝ ȞĮΝ ȕȡİșİȓΝ ĲȠΝ ȠȜȚțȩΝ İȞİȡȖİȚĮțȩΝ İȜȐȤȚıĲȩΝ ĲȘȢέΝ ǾΝ

įȚĮįȚțĮıȓĮΝ ĮȞĮįȓʌȜȦıȘȢΝ șĮΝ ʌȡȑʌİȚΝ ȞĮΝ İȓȞĮȚΝ İĳȚțĲȒΝ ĲȩıȠΝ șİȡȝȠįȣȞĮȝȚțȐ,Ν ȩıȠΝ țĮȚΝ

țȚȞȘĲȚțȐΝ(ıİΝțȜȓȝĮțĮΝĲȐȟȘȢΝĲȠȣΝȕȚȠȜȠȖȚțȠȪΝȤȡȩȞȠȣΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢ)έ 

 

1έ1έ ȂȠȞĲȑȜĮ ĮȞĮįȓʌȜȦıȘȢ ʌȡȦĲİȧȞȫȞέ  

ǹȡțİĲȐΝȝȠȞĲȑȜĮΝȑȤȠȣȞΝ ʌȡȠĲĮșİȓΝ [6,7,8] -ȝİĲȐΝĲȘȞΝįȚĮĲȪʌȦıȘΝĲȠȣΝ İȡȦĲȒȝĮĲȠȢΝ

ĲȠȣΝLevinthal- ıȤİĲȚțȐΝȝİΝĲȠȞΝĲȡȩʌȠΝ ĮȞĮįȓʌȜȦıȘȢΝĲȦȞΝ ʌȡȦĲİȧȞȫȞέΝȀĮȞȑȞĮΝȩȝȦȢΝĮʌȩΝ

ĮȣĲȐ įİȞΝ ȝʌȠȡİȓΝ ȞĮΝ İȟȘȖȒıİȚΝ ĲȘȞΝ ĮȞĮįȓʌȜȦıȘ ȩȜȦȞΝ ĮȞİȟĮȚȡȑĲȦȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞέ 

ȀȐʌȠȚĮΝ ȝȠȞĲȑȜĮΝ İȟİĲȐȗȠȣȞΝ ĲȠΝ șȑȝĮΝ ĮʌȩΝ ĲȘȞΝ șİȡȝȠįȣȞĮȝȚțȒΝ ĲȠȣΝ ʌȜİȣȡȐ,Ν

ʌȡȠıʌĮșȫȞĲĮȢΝȞĮ  ʌȡȠȕȜȑȥȠȣȞΝĲȘȞΝĳȣıȚțȒΝįȠȝȒΝȝȚĮȢΝʌȡȦĲİǸȞȘȢΝĮʌȩΝĲȘȞΝĮȜȜȘȜȠȣȤȓĮΝ

ĲȘȢέΝ ǱȜȜĮΝ ȝȠȞĲȑȜĮΝ ȝİȜİĲȠȪȞΝ ĲȘȞ įȣȞĮȝȚțȒΝ ĲȘȢ ĮȞĮįȓʌȜȦıȘȢ, İȟİĲȐȗȠȞĲĮȢΝ ĲȠΝ

ȝȘȤĮȞȚıȝȩΝĮȞĮįȓʌȜȦıȘȢ ĮʌȠįȚĮĲĮȖȝȑȞȦȞ ʌȡȦĲİȧȞȫȞ in vitro [9,10]. 

ȆȠȜȜȑȢ ȝȚțȡȑȢ ȝȠȞȠȝİȡİȓȢΝ ʌȡȦĲİǸȞİȢΝ ĮȞĮįȚʌȜȫȞȠȞĲĮȚΝ ȝİΝ ĮʌȜȒΝ țȚȞȘĲȚțȒΝ įȪȠΝ

ıĲĮįȓȦȞΝ (two-state kinetics), ȝİΝ ȝİȖȐȜȘΝ ȦıĲȩıȠΝ ȤȡȠȞȚțȒΝ įȚĮțȪȝĮȞıȘΝ ĲȦȞΝ ȡȣșȝȫȞΝ

ĮȞĮįȓʌȜȦıȘȢΝ (ĮʌȩΝ İțĮĲȠȝȝȣȡȚȠıĲȐΝ ĲȠȣΝ įİȣĲİȡȠȜȑʌĲȠȣΝ ȑȦȢΝ țĮȚΝ įİȣĲİȡȩȜİʌĲĮ)έΝ ǹȣĲȩΝ

įİȓȤȞİȚΝ ȩĲȚΝ ȘΝ ȪʌĮȡȟȘΝ İȞįȚĮȝȑıȦȞΝ (intermediates) įİȞΝ İȓȞĮȚΝ ʌȡȠĮʌĮȚĲȠȪȝİȞȘΝ ȖȚĮΝ ĲȘȞΝ

ȖȡȒȖȠȡȘΝțĮȚΝĮʌȠĲİȜİıȝĮĲȚțȒΝĮȞĮįȓʌȜȦıȘΝțĮȚΝȩĲȚΝİȓȞĮȚΝʌȚșĮȞȩȞ ȞĮΝȣʌȐȡȤȠȣȞΝțȚȞȘĲȚțȑȢΝ

ʌĮȖȓįİȢ,ΝȠȚΝȠʌȠȓİȢ İʌȚȕȡĮįȪȞȠȣȞΝĲȘȞΝįȚĮįȚțĮıȓĮΝ[11,1β].  

ȅΝĲȡȩʌȠȢΝĮȞĮįȓʌȜȦıȘȢΝȝİȡȚțȫȞ ʌȡȦĲİȧȞȫȞ ĳĮȓȞİĲĮȚΝȞĮΝ ĮțȠȜȠȣșİȓΝ ĲȠΝȝȠȞĲȑȜȠΝ

‘diffusion-collision’ [13,14], ĲȠΝ ȠʌȠȓȠ ȝİȜİĲȐΝ ĲȘȞΝ ĮȞĮįȓʌȜȦıȘΝ ĮʌȩΝ ĲȘȞΝ ʌȜİȣȡȐΝ ĲȘȢΝ
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țȚȞȘĲȚțȒȢέΝȈȪȝĳȦȞĮΝȝİΝĲȠΝȝȠȞĲȑȜȠ ĮȣĲȩ,ΝȠȚΝʌȡȦĲİǸȞİȢ  șİȦȡȠȪȞĲĮȚ ȦȢΝĮʌȠĲİȜȠȪȝİȞİȢΝ

ĮʌȩΝʌȠȜȜȑȢΝıĲȠȚȤİȚȫįİȚȢ ȝȚțȡȠİʌȚțȡȐĲİȚİȢ,ΝțȐșİΝȝȓĮ İțΝĲȦȞΝȠʌȠȓȦȞ İȓȞĮȚΝĮȡțİĲȐΝȝȚțȡȒ, 

ȫıĲİΝȞĮΝȝʌȠȡİȓΝȞĮΝȜȐȕİȚ ıİ ıȪȞĲȠȝȠΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮΝ (ıİΝıȪȖțȡȚıȘΝȝİΝĲȘȞΝțȜȓȝĮțĮΝ

ȤȡȩȞȠȣΝʌȠȣΝȤȡİȚȐȗİĲĮȚΝȠȜȩțȜȘȡȘΝȘΝʌȡȦĲİǸȞȘ)ΝȩȜİȢΝĲȚȢΝʌȚșĮȞȑȢΝįȚĮȝȠȡĳȫıİȚȢΝ[η]έ  

ȉȠΝȝȠȞĲȑȜȠΝ‘hydrophobic collapse’ ʌİȡȚȖȡȐĳİȚΝĲȠΝĮȡȤȚțȩ, ʌȠȜȪΝȖȡȒȖȠȡȠΝıĲȐįȚȠΝ

ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢ ıĳĮȚȡȚțȫȞΝ ʌȡȦĲİȧȞȫȞΝ [1ε,1ζ], ȠĳİȓȜİĲĮȚΝ ıİ ȣįȡȩĳȠȕİȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ țĮȚΝ ȑȤİȚΝ ȦȢΝ ĮʌȠĲȑȜİıȝĮΝ ĲȠȞΝ ıȤȘȝĮĲȚıȝȩΝ ĲȘȢΝ İȪʌȜĮıĲȘȢΝ ıĳĮȓȡĮȢΝ 

(molten globule state) [17]έΝ ǾΝ İȪʌȜĮıĲȘΝ ıĳĮȓȡĮΝ ȝʌȠȡİȓΝ ȞĮΝ șİȦȡȘșİȓΝ ȦȢΝ ıȪȞȠȜȠ 

ʌĮȡĮʌȜȒıȚȦȞΝ įȠȝȫȞ, ȠȚΝ ȠʌȠȓİȢΝ ȝİĲĮĲȡȑʌȠȞĲĮȚΝ ĲĮȤȪĲĮĲĮΝ ȘΝ ȝȓĮΝ ıĲȘȞΝ ȐȜȜȘ,Ν ȑȤİȚΝ įİΝ

ıȤȘȝĮĲȚıĲİȓΝ ĲȠΝ ȝİȖĮȜȪĲİȡȠΝ ȝȑȡȠȢΝ ĲȘȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢ,Ν ȤȦȡȓȢΝ ȩȝȦȢΝ ȞĮΝ ȑȤȠȣȞΝ

İțįȘȜȦșİȓΝȩȜİȢΝȠȚΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝĲȘȢΝĳȣıȚțȒȢΝțĮĲȐıĲĮıȘȢ. 

ȈȪȝĳȦȞĮΝ ȝİΝ ȑȞĮΝ ȐȜȜȠΝ ȝȠȞĲȑȜȠ, ĮȣĲȩΝ ĲȠȣΝ ȝȘȤĮȞȚıȝȠȪΝ İȝʌȣȡȒȞȦıȘȢΝ [18] 

(nucleation-like pathway) ĮȡȤȚțȐ, țĮĲȐΝĲȘȞΝįȚĮįȚțĮıȓĮΝĮȞĮįȓʌȜȦıȘȢ, įȘȝȚȠȣȡȖİȓĲĮȚΝȑȞĮΝ

ıȪȝʌȜİȖȝĮΝ (cluster), ĲȠΝ ȠʌȠȓȠΝ ʌİȡȚȜĮȝȕȐȞİȚ țĮĲȐȜȠȚʌĮΝ ıİΝ ĳȣıȚțȒΝ įȚĮȝȩȡĳȦıȘέΝ ȉȠΝ

ıȪȝʌȜİȖȝĮ ĮȣĲȩ ıĲȘȞΝıȣȞȑȤİȚĮΝĮȣȟȐȞİĲĮȚ, țĮșȫȢ ʌȡȠıĲȓșİȞĲĮȚΝțĮȚΝĲĮΝțĮĲȐȜȠȚʌĮΝĮʌȩΝ

ĲĮΝȝȘΝĮȞĮįȚʌȜȦȝȑȞĮΝĲȝȒȝĮĲĮΝĲȘȢΝʌȡȦĲİǸȞȘȢέ 

ȂȓĮΝ ȞȑĮΝ șİȦȡȓĮΝ ȖȚĮΝ ĲȘȞΝ țȚȞȘĲȚțȒΝ ĲȘȢΝ ʌȡȦĲİȧȞȚțȒȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ȑȤİȚΝ

ĮȞĲȚțĮĲĮıĲȒıİȚΝ ĲĮΝ ĲİȜİȣĲĮȓĮΝ ȤȡȩȞȚĮΝ ĲȘȞΝ ʌĮȜȚȐΝ ȚįȑĮΝ ĲȦȞΝ ȝȠȞȠʌĮĲȚȫȞΝ ĮȞĮįȓʌȜȦıȘȢ, 

İȚıȐȖȠȞĲĮȢΝ ĲȠȣȢΝ ȩȡȠȣȢΝ ĲȦȞΝ ĲȠʌȓȦȞΝ İȞȑȡȖİȚĮȢΝ (energy landscapes)Ν țĮȚΝ ȤȦȞȚȫȞΝ

ĮȞĮįȓʌȜȦıȘȢΝ(folding funnels)έΝǾΝȞȑĮΝĮȣĲȒΝȐʌȠȥȘΝįȘȝȚȠȣȡȖȒșȘțİΝȝİΝĲȘȞΝȕȠȒșİȚĮΝĲȘȢΝ

ıĲĮĲȚıĲȚțȒȢΝ ȝȘȤĮȞȚțȒȢ,Ν įİįȠȝȑȞȘȢΝ ĲȘȢΝ ʌȡȠȕȐıȚȝȘȢΝ ıİΝ ĮĲȠȝȚțȩΝ İʌȓʌİįȠΝ ʌȜȘȡȠĳȠȡȓĮȢ 

ʌİȡȓΝĲȘȢΝįȠȝȒȢΝĲȘȢΝʌȡȦĲİǸȞȘȢέΝ ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȘȞΝȝİĲĮĳȠȡȐΝĲȦȞΝĲȠʌȓȦȞΝİȞȑȡȖİȚĮȢ,Ν

ȘΝ ʌȡȦĲİȧȞȚțȒΝ ĮȞĮįȓʌȜȦıȘΝ ʌĮȡȠȝȠȚȐȗİĲĮȚΝ ȝİΝ ĲȘȞΝ ȡȠȒΝ ȞİȡȠȪΝ ĮʌȩΝ ĲȘȞΝ țȠȡȣĳȒΝ İȞȩȢΝ

ȕȠȣȞȠȪΝ ȝİΝ ĮȞȫȝĮȜİȢΝ ʌȜĮȖȚȑȢΝ țĮȚ ȩȤȚΝ ȝİΝ ĲȘȞΝ ȡȠȒΝ ĲȠȣΝ ȞİȡȠȪΝ ıİΝ ȑȞĮΝ ȝȩȞȠΝ ĮȣȜȐțȚέΝ ǾΝ

șİȦȡȓĮΝ ĮȣĲȒ,Ν įȓȞİȚ ȑȝĳĮıȘΝ ıĲȘȞΝ ȠȝĮįȠʌȠȓȘıȘΝ (ensemble)Ν ĲȦȞΝ įȚĮȝȠȡĳȫıİȦȞΝ ĲȦȞΝ

İȞįȚȐȝİıȦȞΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ȝİΝ ĲȘȞΝ ĲĮȣĲȩȤȡȠȞȘ ʌĮȡȠȣıȓĮΝ ʌȠȜȜĮʌȜȫȞΝ ȝȠȞȠʌĮĲȚȫȞ 

ĮȞĮįȓʌȜȦıȘȢ [19]. ǵȜĮΝ ĲĮΝ ȝȠȞĲȑȜĮΝ ʌȠȣΝ İȓȤĮȞΝ ʌȡȠĲĮșİȓΝ ıĲȠΝ ʌĮȡİȜșȩȞΝ ȝʌȠȡȠȪȞΝ ȞĮΝ

ıȤȘȝĮĲȠʌȠȚȘșȠȪȞΝȕȐıİȚΝĲȘȢΝĲȡȑȤȠȣıĮȢΝȐʌȠȥȘȢΝĲȦȞΝĲȠʌȓȦȞΝ İȞȑȡȖİȚĮȢέΝ ǼʌȚʌȜȑȠȞΝİȓȞĮȚΝ

įȣȞĮĲȒΝțĮȚΝȘΝĮʌİȚțȩȞȚıȘΝĲȠȣΝȝȠȞĲȑȜȠȣΝĮȞĮįȓʌȜȦıȘȢΝȝİȖȐȜȦȞΝʌȡȦĲİȧȞȫȞ,ΝȠȚΝȠʌȠȓİȢ įİȞΝ

ȣʌȐțȠȣĮȞΝ ıİΝ țȐʌȠȚȠΝ ĮʌȩΝ ĲĮΝ ʌȡȠȘȖȠȪȝİȞĮΝ ȝȠȞĲȑȜĮέΝ ȅȚΝ İȚțȩȞİȢ 1.1-1.6 [20,21] 

ĮʌİȚțȠȞȓȗȠȣȞΝĲȚȢΝįȚĮĳȠȡİĲȚțȑȢΝȩȥİȚȢΝĲȘȢΝșİȦȡȓĮȢΝĲȠȣΝĲȠʌȓȦȞΝİȞȑȡȖİȚĮȢέ  
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ǼȚțȩȞĮ 1.1: Golf-coarse 

ȉȠΝĲȠʌȓȠΝ‘ȖȒʌİįȠΝĲȠȣΝgolf’ΝĲȠȣΝLevinthal,ΝȩʌȠȣΝ
N ȘΝ ĳȣıȚțȒΝ (native)Ν įȚĮȝȩȡĳȦıȘέΝ ǾΝ
ʌȠȜȣʌİʌĲȚįȚțȒΝ ĮȜȣıȓįĮΝ ĮȞĮȗȘĲİȓΝ ĲȣȤĮȓĮΝ ĲȘȞΝ
ĳȣıȚțȒ țĮĲȐıĲĮıȘΝıİΝȠȜȩțȜȘȡȘΝĲȘȞΝİʌȚĳȐȞİȚĮΝ
ĲȠȣΝ ȖȘʌȑįȠȣέΝ ǻȪıțȠȜȘΝ ȘΝ ʌȡȩȕȜİȥȘΝ ĲȘȢΝ
įȚȐȡțİȚĮȢ ĲȘȢΝĮȞĮįȓʌȜȦıȘȢέ 

 

 

ǼȚțȩȞĮ 1.2: Grooved golf course 

ǹʌİȚțȩȞȚıȘΝ ʌȡȠĲİȚȞȩȝİȞȘȢΝ ȜȪıȘȢΝ ĲȠȣΝ
ʌȡȠȕȜȒȝĮĲȠȢΝĲȘȢΝǼȚțȩȞĮȢΝ1έΝǹȣĲȒ ĲȘȢΝʌȚșĮȞȒȢΝ
ȪʌĮȡȟȘȢΝ ȝȠȞȠʌĮĲȚȠȪΝ ıĲȘȞΝ ĲȣȤĮȓĮΝ ĮȞĮȗȒĲȘıȘΝ
ĲȘȢΝ ĳȣıȚțȒȢΝ țĮĲȐıĲĮıȘȢέ TȠΝ ȝȠȞȠʌȐĲȚΝ ȠįȘȖİȓΝ
ĲȘȞΝ įȠȝȒΝ ĮʌȩΝ ȝȚĮΝ ĲȣȤĮȓĮΝ ȝȘΝ ĳȣıȚțȒΝ
įȚĮȝȩȡĳȦıȘΝ ıĲȘȞΝ ĳȣıȚțȒ,Ν ȝİΝ ıȣȞȑʌİȚĮΝ ĲȠȞΝ
ʌİȡȚȠȡȚıȝȩΝ ĲȘȢΝ ĮȞĮȗȒĲȘıȘȢΝ țĮȚΝ ĮʌȠĲȑȜİıȝĮΝ
ĲȘȞΝıȣȞĲȠȝȩĲİȡȘΝĮȞĮįȓʌȜȦıȘ. 

 

 

 

ǼȚțȩȞĮ 1.3: Smooth funnel    

ǼȚțȩȞĮΝİȞȩȢΝ ȚįĮȞȚțȠȪΝĲȠʌȓȠȣΝȤȦȞȚȠȪέΝǾΝȠȝĮȜȒΝ
ȝİȓȦıȘΝ ĲȘȢ İȜİȪșİȡȘȢ İȞȑȡȖİȚĮȢΝ ĲȠȣΝ ȝȠȡȓȠȣΝ
ȝİȚȫȞİȚΝ ĲȠȞΝ ĮȡȚșȝȩ ĲȦȞΝ ʌȚșĮȞȫȞΝ
įȚĮȝȠȡĳȫıİȦȞέ 

 

 

 

ǼȚțȩȞĮ 1.4: Moat Landscape 

ǹʌİȚțȩȞȚıȘΝ ĲȠȣΝ ĲȡȩʌȠȣΝ ȝİΝ ĲȠȞΝ ȠʌȠȓȠΝ ȝȓĮΝ
ʌȡȦĲİǸȞȘΝ ȝʌȠȡİȓΝ ȞĮΝ ĮȞĮįȚʌȜȫȞİĲĮȚΝ ȖȡȒȖȠȡĮΝ
(fast-folding)ΝȝȑıȦΝĲȠȣΝȝȠȞȠʌĮĲȚȠȪΝǹΝțĮȚΝȝȚĮȢΝ
ʌȚȠΝĮȡȖȒȢΝ(slow-folding)ΝįȚİȡȖĮıȓĮȢΝǺ,ΝȘΝȠʌȠȓĮ 
ʌİȡȚȜĮȝȕȐȞİȚΝȝȓĮΝțȚȞȘĲȚțȒΝʌĮȖȓįĮ-ĲȐĳȡȠέ 
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ǼȚțȩȞĮ 1.5: Champagne Glass Landscape 

ȈĲȘȞΝİȚțȩȞĮΝĮȣĲȒΝĳĮȓȞİĲĮȚΝʌȫȢΝȘΝİȞĲȡȠʌȓĮΝĲȘȢΝ
įȚĮȝȩȡĳȦıȘȢΝ ȝʌȠȡİȓΝ ȞĮΝ įȘȝȚȠȣȡȖİȓΝ ĳȡȐȖȝĮΝ
ıĲȘȞΝ ʌİȡĮȚĲȑȡȦ ȝİȓȦıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ
İȞȑȡȖİȚĮȢέ ȂİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ ȘΝ ĮȜȣıȓįĮΝ
ʌĮȖȚįİȪİĲĮȚΝ ıĲȠΝ İʌȓʌİįȠΝ ȤȦȡȓȢΝ ȞĮΝ ȝʌȠȡİȓΝ ȞĮΝ
ĳĲȐıİȚΝȖȡȒȖȠȡĮ ıĲȘȞΝĳȣıȚțȒΝĲȘȢΝȝȠȡĳȒέ 

 

 

ǼȚțȩȞĮ 1.6: Bumpy bowl 

ǲȞĮΝ ĮȞȫȝĮȜȠΝ ĲȠʌȓȠΝ İȞȑȡȖİȚĮȢΝ ȝİΝ ʌȠȜȜȑȢΝ
țȚȞȘĲȚțȑȢΝ ʌĮȖȓįİȢ,Ν İȞİȡȖİȚĮțȠȪȢΝ ĳȡĮȖȝȠȪȢΝ țĮȚΝ
ȝİȡȚțȐΝıĲİȞȐΝȝȠȞȠʌȐĲȚĮΝʌȡȠȢΝĲȘȞΝįȚĮįȡȠȝȒΝȖȚĮΝ
ĲȘȞΝ ĳȣıȚțȒΝ ȃΝ țĮĲȐıĲĮıȘέΝ Ǿ ĮȞĮįȓʌȜȦıȘ 
ȝʌȠȡİȓΝȞĮ ĮțȠȜȠȣșİȓ ʌȠȜȜĮʌȜȐ ȝȠȞȠʌȐĲȚĮέ 

 

 

ǹȟȓȗİȚΝ ȞĮΝ ıȘȝİȚȦșİȓΝ ȩĲȚ,Ν ĮțȩȝĮΝ țĮȚΝ ȝİΝ ĲȘȞΝ șİȦȡȓĮΝ ʌİȡȓΝ ĲȠʌȓȦȞΝ İȞȑȡȖİȚĮȢΝ țĮȚΝ

ʌĮȡȐΝ ȩȜİȢΝ ĲȚȢΝ șİȦȡȘĲȚțȑȢΝ țĮȚΝ ʌİȚȡĮȝĮĲȚțȑȢΝ ʌȡȠıʌȐșİȚİȢ, įİȞΝ ȝʌȠȡİȓΝ ȞĮΝ įȠșİȓΝ

ȜİʌĲȠȝİȡȒȢΝ ʌİȡȚȖȡĮĳȒΝ ĲȠȣΝ ȝȘȤĮȞȚıȝȠȪΝ ȝİΝ ĲȠȞΝ ȠʌȠȓȠΝ ĮȞĮįȚʌȜȫȞȠȞĲĮȚΝ ȩȜİȢΝ ȠȚΝ

ʌȡȦĲİǸȞİȢέΝ ĬĮΝ ȝʌȠȡȠȪıİΝ țȐʌȠȚȠȢΝ ȞĮΝ ʌİȚΝ ȩĲȚΝ ĲȠΝ ʌȡȩȕȜȘȝĮΝ İȓȞĮȚΝ įȚĲĲȩΝ țĮȚΝ ȩĲȚΝ ĮĳȠȡȐ , 

ĲȩıȠΝ ĲȘȞΝ ʌȡȩȕȜİȥȘΝ ĲȘȢΝ ĲȡȚıįȚȐıĲĮĲȘȢΝ įȠȝȒȢΝ ȝȚĮȢΝ ʌȡȦĲİǸȞȘȢ įİįȠȝȑȞȘȢΝ ĲȘȢ 

ĮȜȜȘȜȠȣȤȓĮȢ ĲȘȢ,ΝȩıȠΝțĮȚΝĲȘȞΝțȚȞȘĲȚțȒΝțĮȚΝĲȘȞΝįȣȞĮȝȚțȒΝĲȘȢΝįȚĮįȚțĮıȓĮȢΝĮȞĮįȓʌȜȦıȘȢέΝ

ȉȠΝʌȡȫĲȠΝĲȝȒȝĮΝĲȠȣΝʌȡȠȕȜȒȝĮĲȠȢΝȜȪȞİĲĮȚΝțĮĲȐΝțȐʌȠȚȠȞΝĲȡȩʌȠΝȝİΝȑȝȝİıİȢΝȝİșȩįȠȣȢ,Ν

ȩʌȦȢΝĲȠΝ threading țĮȚΝĲȠΝ homology modeling,Ν ȘΝİʌȓȜȣıȘ ȩȝȦȢΝĲȠȣΝįİȪĲİȡȠȣΝıțȑȜȠȣȢ 

İȓȞĮȚΝĮȣĲȒΝʌȠȣΝșĮΝȑȜȣȞİΝȠȡȚıĲȚțȐΝĲȠΝʌȡȩȕȜȘȝĮΝ[19]. 
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1έ2έ ȂȑșȠįȠȚ ȝİȜȑĲȘȢ ĮȞĮįȓʌȜȦıȘȢ ʌȡȦĲİȧȞȫȞέ 

ȈĲȘȞΝ ʌȡȠıʌȐșİȚĮΝ ȖȚĮΝ ĲȘȞΝ țĮĲĮȞȩȘıȘΝ ĲȘȢΝ įȚĮįȚțĮıȓĮȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ

ʌȡȦĲİȧȞȫȞΝ ȑȤİȚΝ ȝİȜİĲȘșİȓΝ ȝİȖȐȜȠȢΝ ĮȡȚșȝȩȢΝ ʌȡȦĲİȧȞȫȞΝ ȝİΝ ĲȘȞΝ ȤȡȒıȘΝ ʌȠȜȜȫȞΝ

įȚĮĳȠȡİĲȚțȫȞΝ ȝİșȩįȦȞΝ (ȝİĲȐΝ ĲȘȞΝ ʌȡȫĲȘΝ ȤȡȠȞȠȜȠȖȚțȐΝ ʌİȚȡĮȝĮĲȚțȒΝ ȝȑșȠįȠΝ ĲȠȣΝ

Anfinsen)έΝǹȞĮĳȠȡȚțȐ,ΝțȐʌȠȚİȢΝĮʌȩΝĲȚȢΝȝİșȩįȠȣȢΝĮȣĲȑȢΝİȓȞĮȚκΝǾΝȘȜİțĲȡȠĳȩȡȘıȘΝ(urea-

gradient-gel-electrophoresis), ȘΝȠʌȠȓĮ  ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝȖȚĮΝĲȘȞΝȝİȜȑĲȘΝĲȦȞΝȝİĲĮȕȠȜȫȞΝ

ĲȘȢΝ įȚĮȝȩȡĳȦıȘȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ ıİΝ ıȣȞșȒțİȢΝ ĮʌȠįȚȐĲĮȟȘȢ [22,23,24],Ν ȘΝ ȤȡȒıȘΝ ĲȘȢΝ

ȝİșȩįȠȣΝ ĲȠȣΝ țȣțȜȚțȠȪΝ įȚȤȡȦȧıȝȠȪΝ (Circular Dichroism)Ν Ν ȖȚĮΝ ĲȘȞΝ įȚİȡİȪȞȘıȘΝ ĲȘȢΝ

įİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝʌȡȦĲİȧȞȫȞ [25],ΝȘΝįȚĮįȚțĮıȓĮΝĲȠȣΝequilibrium unfolding ȝİΝĲȘȞΝ

ȠʌȠȓĮΝțĮșȠȡȓȗİĲĮȚΝȘ ıĲĮșİȡȩĲȘĲĮΝįȚĮȝȩȡĳȦıȘȢΝĲȠȣΝȝȠȡȓȠȣΝȝİΝĮȜȜĮȖȒ ĲȦȞΝıȣȞșȘțȫȞΝ

ĲȠȣΝʌİȡȚȕȐȜȜȠȞĲȩȢΝĲȠȣ [26], ȘΝȝȑșȠįȠȢ differential scanning calorimetry-DSC [27],Ν ȘΝ

ȠʌȠȓĮΝȝİȜİĲȐΝĲȚȢΝȝİĲĮȕȠȜȑȢΝĲȦȞΝșİȡȝȠįȣȞĮȝȚțȫȞΝʌĮȡĮȝȑĲȡȦȞΝĲȘȢΝʌȡȦĲİǸȞȘȢΝțĮĲȐΝĲȘΝ

ȝİĲȠȣıȓȦıȒΝĲȘȢ ȜȩȖȦΝșİȡȝȩĲȘĲĮȢ [28]. 

ȈȘȝĮȞĲȚțȒΝ ȜİʌĲȠȝİȡİȚĮțȒΝ ȖȞȫıȘΝ ĲȘȢΝ ĲȡȚıįȚȐıĲĮĲȘȢΝ įȠȝȒȢΝ ĲȦȞΝ ȕȚȠȜȠȖȚțȫȞΝ

ȝĮțȡȠȝȠȡȓȦȞΝıİΝ ĮĲȠȝȚțȩΝİʌȓʌİįȠΝȑȤİȚΝȜȘĳșİȓΝȝİΝĲĮΝįİįȠȝȑȞĮΝʌİȡȓșȜĮıȘȢΝ ĮțĲȓȞȦȞΝ ȋΝ

ĮʌȩΝ țȡȣıĲȐȜȜȠȣȢΝ ʌȡȦĲİȧȞȫȞΝ țĮșȫȢΝ țĮȚΝ ȝİΝ ĲȘȞΝ ȝȑșȠįȠ ĲȠȣ ʌȣȡȘȞȚțȠȪΝ ȝĮȖȞȘĲȚțȠȪΝ

ıȣȞĲȠȞȚıȝȠȪΝ(nuclear magnetic resonance, NMR), ȘΝȠʌȠȓĮ İĳĮȡȝȩȗİĲĮȚΝıİΝįȚĮȜȪȝĮĲĮΝ

ʌȡȦĲİȧȞȫȞέΝ Ν ǾΝ ȝȑșȠįȠȢΝ NMR (İțȝİĲĮȜȜİȣȩȝİȞȘ ĲȘȞΝ ȚįȚȩĲȘĲĮΝ ĲȠȣΝ spin ĲȦȞΝ ʌȣȡȒȞȦȞΝ

ĲȦȞΝĮĲȩȝȦȞ), įİȞΝʌĮȡȐȖİȚΝİȓįȦȜȠΝĲȘȢΝįȠȝȒȢΝĲȘȢΝʌȡȦĲİǸȞȘȢ,ΝĮȜȜȐΝįȓȞİȚΝȐĳșȠȞȘΝįȠȝȚțȒΝ

ʌȜȘȡȠĳȠȡȓĮΝ (ȩʌȦȢΝ ʌİȡȚȠȡȚıȝȠȪȢΝ ĮʌȠıĲȐıİȦȞΝ ĮȞȐȝİıĮΝ ıĲĮΝ ȐĲȠȝĮ)Ν ĮʌȩΝ ĲȘȞΝ ȠʌȠȓĮΝ

ĲİȜȚțȐΝțĮșȠȡȓȗİĲĮȚΝȘΝĲȡȚıįȚȐıĲĮĲȘΝįȠȝȒ. ȆİȡȚȜȘʌĲȚțȐΝĲĮΝȕȒȝĮĲĮΝțĮșȠȡȚıȝȠȪΝįȠȝȒȢΝȝİΝ

NMR İȓȞĮȚκΝ ʌȡȠİĲȠȚȝĮıȓĮΝ ĲȠȣΝ įȚĮȜȪȝĮĲȠȢΝ ĲȘȢΝ ʌȡȦĲİǸȞȘȢ,Ν ȝİĲȡȒıİȚȢΝ NMR,Ν ĮȞȐșİıȘΝ

ĲȦȞΝ ıȘȝȐĲȦȞΝ NMR ıİΝ ȝİȝȠȞȦȝȑȞĮΝ ȐĲȠȝĮ,Ν ıȣȜȜȠȖȒΝ ĲȦȞΝ ʌİȡȚȠȡȚıȝȫȞΝ įȚĮȝȩȡĳȦıȘȢΝ

(conformational constraints),Ν ȩʌȦȢΝ ĲȚȢΝ Ν ĮʌȠıĲȐıİȚȢΝ ȝİĲĮȟȪΝ ĮĲȩȝȦȞΝ ȣįȡȠȖȩȞȠȣΝ țĮȚΝ

ĲȑȜȠȢ,ΝțĮșȠȡȚıȝȩȢΝĲȘȢΝĲȡȚıįȚȐıĲĮĲȘȢΝįȠȝȒȢΝȕȐıİȚΝĲȦȞΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚȗȩȝİȞȦȞΝ

ʌİȡȚȠȡȚıȝȫȞΝįȚĮȝȩȡĳȦıȘȢέΝǾΝȝȑșȠįȠȢΝĮȣĲȒΝȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝİȣȡȪĲĮĲĮΝĲĮΝĲİȜİȣĲĮȓĮΝβεΝ

ȤȡȩȞȚĮΝ ȖȚĮΝ ʌȡȠıįȚȠȡȚıȝȠȪȢ įȠȝȫȞΝ ȕȚȠȜȠȖȚțȫȞΝ ȝĮțȡȠȝȠȡȓȦȞ [29]. ȍıĲȩıȠΝ İȓȞĮȚΝ

įȪıțȠȜȠΝȞĮ ʌȡȠıįȚȠȡȚıĲİȓ įȠȝȒΝȝİ ȝȠȡȚĮțȩΝȕȐȡȠȢΝȝİȖĮȜȪĲİȡȠΝĲȦȞΝγί-35 kDa, ȖİȖȠȞȩȢΝ

ʌȠȣΝȠĳİȓȜİĲĮȚΝıİΝįȪȠΝȜȩȖȠȣȢέ ȅΝȑȞĮȢ ȜȩȖȠȢΝİȓȞĮȚ ȩĲȚΝıĲĮΝȝİȖĮȜȪĲİȡĮΝȝȩȡȚĮΝĲȠΝıȒȝĮΝ

įİȞΝȣʌȠȤȦȡİȓΝĮʌȩĲȠȝĮ țĮȚΝȑȤİȚΝȝȚțȡȩĲİȡȠΝİȞįȚȐȝİıȠΝȤȡȩȞȠΝȘȡİȝȓĮȢ, ȝİΝĮʌȠĲȑȜİıȝĮΝĲĮΝ

ȝİȖȐȜȠȣ ʌȜȐĲȠȣȢΝ ıȒȝĮĲĮ,Ν ʌȠȣΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚ ȞĮΝ ĮȜȜȘȜİʌȚțĮȜȪʌĲȠȞĲĮȚ țĮȚΝ ȞĮ 
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įȘȝȚȠȣȡȖİȓĲĮȚΝ ȑĲıȚΝ ʌȡȩȕȜȘȝĮΝ ıĲȘȞΝ ĮȞȐșİıȘΝ ĲȠȣΝ țȐșİΝ ıȒȝĮĲȠȢΝ ıĲȠΝ ıȦıĲȩΝ ȐĲȠȝȠέΝ ȅΝ

įİȪĲİȡȠȢΝ ȠĳİȓȜİĲĮȚΝ ıĲȠΝ ȩĲȚΝ țȐșİΝ İȞİȡȖȩȢΝ ʌȣȡȒȞĮȢΝ NMR įȓȞİȚΝ İȟĮĲȠȝȚțİȣȝȑȞȠΝ ıȒȝĮΝ

(resonance line),ΝĲȠΝȠʌȠȓȠΝʌȡȑʌİȚΝıĲȘȞΝıȣȞȑȤİȚĮΝȞĮΝĮȞĮȜȣșİȓΝȝİΝʌȠȜȣįȚȐıĲĮĲİȢΝĲİȤȞȚțȑȢΝ

NMR., ʌȡȐȖȝĮ ʌȠȣ ȖȓȞİĲĮȚΝʌȚȠΝįȪıțȠȜȠΝȖȚĮΝȝİȖĮȜȪĲİȡİȢΝȝȠȡȚĮțȑȢΝįȠȝȑȢέΝȅȚΝįȪȠΝĮȣĲȠȓΝ

ĲİȤȞȚțȠȓΝ ĳȡĮȖȝȠȓΝ șȑĲȠȣȞ,Ν ʌȡĮțĲȚțȐ,Ν ȩȡȚȠΝ ıĲȠΝ ȝȑȖİșȠȢΝ ĲȦȞΝ ȝȠȡȓȦȞ,Ν ʌȠȣΝ ȝʌȠȡȠȪȞΝ ȞĮ 

ȝİȜİĲȘșȠȪȞΝ ȝİΝ ĲȘΝ ȝȑșȠįȠΝ ĮȣĲȒ [γί]έΝ ȈȒȝİȡĮ,Ν ȦıĲȩıȠ, ĲȠΝ ȩȡȚȠΝ ĲȦȞΝ 35 kDa ȖȚĮΝ ĲȠȞΝ

ʌȡȠıįȚȠȡȚıȝȩΝįȠȝȫȞΝʌȡȦĲİȧȞȫȞΝȑȤİȚΝĮȣȟȘșİȓ ıȘȝĮȞĲȚțȐ [31,32].   

ȉȑȜȠȢ,ΝȝİΝĲȘȞΝȤȡȒıȘΝȣʌȠȜȠȖȚıĲȚțȫȞΝȝİșȩįȦȞΝʌȡȠıʌĮșȠȪȝİΝȞĮΝĮʌĮȞĲȒıȠȣȝİΝıİΝ

ȝİȖȐȜȠΝ İȪȡȠȢΝ ıȪȞșİĲȦȞΝ İȡȦĲȘȝȐĲȦȞΝ ĮȞȐȜȠȖȦȞΝ ĲȘȢΝ ʌȠȜȣʌȜȠțȩĲȘĲĮȢΝ ĲȦȞΝ ȓįȚȦȞΝ ĲȦȞΝ

ȕȚȠȜȠȖȚțȫȞΝıȣıĲȘȝȐĲȦȞέΝȅȚΝȣʌȠȜȠȖȚıĲȚțȑȢΝʌȡȠıİȖȖȓıİȚȢΝȤȡİȚȐȗȠȞĲĮȚΝȖȚĮΝȞĮΝȖİȝȓıȠȣȞΝ

ĲĮΝțİȞȐΝĲȦȞΝʌİȚȡĮȝĮĲȚțȐ ʌȡȠıįȚȠȡȚȗȩȝİȞȦȞΝȝİΝĲȠȣȢΝĮȞȦĲȑȡȦΝĮȞĮĳİȡȩȝİȞȠȣȢΝĲȡȩʌȠȣȢΝ

įȠȝȫȞΝțĮȚΝȖȚĮΝȞĮΝȠȚțȠįȠȝȒıȠȣȞΝțĮȜȪĲİȡĮΝȝȠȞĲȑȜĮΝțĮȚΝșİȦȡȓİȢ, ȠȚΝȠʌȠȓİȢΝȞĮΝȝʌȠȡȠȪȞΝ

ȞĮΝ țȐȞȠȣȞΝ İȜȑȖȟȚȝȘΝ ʌȡȩȕȜİȥȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ȝĮțȡȠȝȠȡȓȦȞ. ȅΝ įȚțĮȚȠȜȠȖȘȝȑȞȠȢΝΝ

İȞșȠȣıȚĮıȝȩȢΝ ȖȚĮΝ ĲȘȞ ȕȚȠȜȠȖȓĮ in silico ȠĳİȓȜİĲĮȚΝ ĲȩıȠΝ ıĲȘ ȕİȜĲȓȦıȘΝ ĲȦȞΝ

ʌİȚȡĮȝĮĲȚțȫȞΝĲİȤȞȚțȫȞΝȠȚΝȠʌȠȓİȢΝİʌȚĲȡȑʌȠȣȞ ȞĮΝĮȞĮȜȣșȠȪȞΝȣʌȠȜȠȖȚıĲȚțȐΝʌȠȜȣıȪȞșİĲİȢΝ

įȠȝȑȢ,Ν ȩıȠ țĮȚΝ ıĲȘȞΝ ĲĮȣĲȩȤȡȠȞȘΝ ĮȞȐʌĲȣȟȘΝ ȞȑȦȞΝ ȝȠȞĲȑȜȦȞΝ țĮȚΝ ĮȜȖȠȡȓșȝȦȞΝ ȖȚĮΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȓȦȞέΝ ǼʌȚʌȜȑȠȞΝ ȘΝ ĮȣȟĮȞȩȝİȞȘΝ ĲĮȤȪĲȘĲĮΝ ĲȦȞΝ ȣʌȠȜȠȖȚıĲȫȞ,Ν ȠȚΝ

ʌĮȡȐȜȜȘȜȠȚΝ İʌİȟİȡȖĮıĲȑȢ,Ν ĮȜȜȐΝ țĮȚΝ ȘΝ ıȣȞİȡȖĮıȓĮΝ ȝİĲĮȟȪΝ ʌȡȠȖȡĮȝȝĮĲȚıĲȫȞΝ țĮȚΝ

ȝȘȤĮȞȚțȫȞΝ ȣʌȠȜȠȖȚıĲȫȞΝ ȝİΝ ȕȚȠȜȩȖȠȣȢ,Ν ĳȣıȚțȠȪȢΝ țĮȚΝ ȝĮșȘȝĮĲȚțȠȪȢΝ țĮșȚıĲȠȪȞ ĲȘȞΝ

ıȣȞİȚıĳȠȡȐΝ ĲȦȞ ȣʌȠȜȠȖȚıĲȚțȫȞ ȝİșȩįȦȞ ȚįȚĮȓĲİȡĮΝ İȜʌȚįȠĳȩȡȠ ʌȡȠıȑȖȖȚıȘΝ ıĲȘȞΝ

ʌȡȠıʌȐșİȚĮΝİʌȓȜȣıȘȢΝ ĲȦȞΝȐȜȣĲȦȞΝȝȑȤȡȚΝıȒȝİȡĮΝʌȡȠȕȜȘȝȐĲȦȞΝĲȘȢΝȕȚȠȜȠȖȓĮȢέΝȈİΝĮȣĲȩΝ

ıȣȞİȚıĳȑȡİȚΝ țĮȚΝ ȘΝ İȜİȪșİȡȘΝ įȚĮțȓȞȘıȘΝ ĲȘȢΝ ʌȜȘȡȠĳȠȡȓĮȢΝ ȝȑıȦΝ įȚĮįȚțĲȪȠȣΝ țĮȚΝ ȘΝΝ

ȪʌĮȡȟȘΝ ʌȠȜȜȫȞΝ İȜİȪșİȡĮΝ ʌȡȠıȕȐıȚȝȦȞΝ ȕȐıİȦȞΝ įİįȠȝȑȞȦȞΝ țĮȚΝ ĮȣĲȠȝĮĲȠʌȠȚȘȝȑȞȦȞΝ

İȡȖĮȜİȓȦȞΝĮȞȐȜȣıȘȢ [33].  

 

1έ3έ ȆİʌĲȓįȚȠ Ȓ  ʌȡȦĲİǸȞȘν  

ǵıȠΝȝȚțȡȩĲİȡȘΝİȓȞĮȚΝȝȚĮΝʌȡȦĲİǸȞȘΝĲȩıȠΝȝȚțȡȩĲİȡȘΝİȓȞĮȚΝȘΝʌȠȜȣʌȜȠțȩĲȘĲȐΝĲȘȢΝ

țĮȚΝĲȩıȠΝȜȚȖȩĲİȡȠΝįȪıțȠȜȘΝȘΝȝİȜȑĲȘΝĲȘȢέΝȂȓĮΝʌȡȦĲİǸȞȘΝΝĮʌȠĲİȜȠȪȝİȞȘΝĮʌȩΝȝȚțȡȩĲİȡȠΝ

ĮȡȚșȝȩΝ ĮȝȚȞȠȟȚțȫȞΝ țĮĲĮȜȠȓʌȦȞΝ ȑȤİȚΝ (ıȤİįȩȞΝ ʌȐȞĲĮ)Ν ȝȚțȡȩĲİȡȠΝ ĮȡȚșȝȩΝ ȠȝȠȚȠʌȠȜȚțȫȞΝ

įİıȝȫȞΝțĮȚΝ ΝȝȚțȡȩĲİȡȠ ĮȡȚșȝȩΝĮĲȩȝȦȞΝıĲȠΝȝȩȡȚȩΝ ĲȘȢΝțĮȚΝıȣȞİʌȫȢΝȝȚțȡȩĲİȡȠΝ ĮȡȚșȝȩΝ
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ĳȣıȚȠȜȠȖȚțȫȞΝ ĲȡȩʌȦȞΝ ĲĮȜȐȞĲȦıȘȢΝ (normal modes,Ν ȕĮıȚțȫȞΝ ȝȠȡȚĮțȫȞΝ țȚȞȒıİȦȞ). ȅΝ

ĮȡȚșȝȩȢΝ ĲȦȞΝ normal modes ȖȚĮΝ ʌȡȦĲİǸȞȘΝ ȃΝ ĮĲȩȝȦȞΝ İȓȞĮȚΝ γȃ-ζκΝ γΝ ȕĮșȝȠȓΝ İȜİȣșİȡȓĮȢΝ

ĮȞȐΝ ȐĲȠȝȠΝ ȝİȓȠȞΝ ζΝ (γΝ translational  țĮȚΝ γΝ rotational)Ν ȕĮșȝȠȪȢΝ İȜİȣșİȡȓĮȢΝ ĲȠȣΝ ȝȠȡȓȠȣΝ

ıȣȞȠȜȚțȐέΝ ǾΝ ĲĮȜȐȞĲİȣıȘΝ ȠȝȠȚȠʌȠȜȚțȐΝ ıȣȞįİįİȝȑȞȦȞΝ ĮĲȩȝȦȞΝ İȟĮȡĲȐĲĮȚΝ ĮʌȩΝ ĲȠΝ İȓįȠȢΝ

țĮȚΝ ĲȠȞΝ ĮȡȚșȝȩΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ʌȠȣΝ ıȣȝȝİĲȑȤȠȣȞΝ țĮȚΝ ȝʌȠȡİȓΝ ȞĮΝ İȓȞĮȚΝ ȝȠȡĳȒȢΝ ȑțĲĮıȘȢ 

(stretching),ΝțȐȝȥȘȢΝ(bending)ΝȒΝıĲȡȑȥȘȢΝ(torsional) ĮȜȜȐΝțĮȚΝıȣȞįȣĮıȝȩȢΝĲȦȞΝĲȡȚȫȞέΝ

ǼȓȞĮȚΝ ȜȠȚʌȩȞΝ ʌȡȠĳĮȞȑȢΝ ȩĲȚΝ ȝȚțȡȩĲİȡȠΝ ȝȩȡȚȠΝ șĮΝ ȑȤİȚΝ ȝȚțȡȩĲİȡȠΝ ĮȡȚșȝȩΝ ĲȑĲȠȚȦȞΝ

įȠȞȒıİȦȞέΝǹȜȜȐΝȝȓĮΝȝȚțȡȩĲİȡȘΝʌȡȦĲİǸȞȘΝșĮΝȑȤİȚΝțĮȚΝȝȚțȡȩĲİȡȠΝĮȡȚșȝȩΝĮĲȩȝȦȞΝʌȠȣΝșĮΝ

ȝʌȠȡȠȪȞΝ ȞĮΝ ĮȜȜȘȜİʌȚįȡȠȪȞΝ ȝȘΝ ȠȝȠȚȠʌȠȜȚțȐΝ ȣʌȩΝ țĮĲȐȜȜȘȜİȢΝ ıȣȞșȒțİȢΝ ȝİΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ Van der Waals, ȘȜİțĲȡȠıĲĮĲȚțȑȢ,ΝĮțȩȝĮΝțĮȚΝȝİΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣ. 

ȈȣȝʌİȡĮıȝĮĲȚțȐΝ İȓȞĮȚΝ ĮʌȜȠȪıĲİȡȘΝȘΝ İȝʌİȡȚıĲĮĲȦȝȑȞȘΝȝİȜȑĲȘΝȝȚțȡȫȞΝ ʌİʌĲȚįȓȦȞΝĮʌȩΝ

ĮȣĲȒΝĲȦȞΝȝİȖĮȜȪĲİȡȦȞΝʌȡȦĲİȧȞȫȞέ 

ȆȩĲİΝ ȩȝȦȢΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȠȪȝİΝ ĲȠȞΝ ȩȡȠΝ ʌİʌĲȓįȚȠΝ țĮȚΝ ʌȩĲİΝ ĮȣĲȩȞΝ ĲȘȢΝ

ʌȡȦĲİǸȞȘȢλΝȈİ ȝȓĮΝĮʌȜȒ ĮȞĮȗȒĲȘıȘΝıĲȠΝįȚĮįȓțĲȣȠΝȕȡȓıțȠȣȝİκ  

 ‘ȆİʌĲȓįȚȠκΝ ȂȩȡȚȠΝ ʌȠȣΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ įȪȠΝ ȒΝ ʌİȡȚııȩĲİȡĮΝ ĮȝȚȞȠȟȑĮέΝ ȉĮΝΝ

ʌİʌĲȓįȚĮΝ İȓȞĮȚΝ ȝȚțȡȩĲİȡĮΝ ĮʌȩΝ ĲȚȢΝ ʌȡȦĲİǸȞİȢ,Ν ʌȠȣΝ İȓȞĮȚΝ İʌȓıȘȢΝ ĮȜȣıȓįİȢΝ

ĮȝȚȞȠȟȑȦȞέΝ ȂȩȡȚĮΝ ĮȡțİĲȐΝ ȝȚțȡȐΝ ʌȠȣΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ıȣȞĲİșȠȪȞΝ ȤȘȝȚțȐΝ ĮʌȩΝ ĲĮΝ

ĮȝȚȞȠȟȑĮΝ ĲȠȣȢΝ ȠȞȠȝȐȗȠȞĲĮȚΝ țĮĲȐΝ ıȪȝȕĮıȘΝ ʌİʌĲȓįȚĮΝ țĮȚΝ ȩȤȚΝ ʌȡȦĲİǸȞİȢέΝ ǾΝ

įȚĮȤȦȡȚıĲȚțȒΝȖȡĮȝȝȒΝȕȡȓıțİĲĮȚΝʌİȡȓʌȠȣΝıĲĮΝείΝĮȝȚȞȠȟȑĮ’_[34]. 

 ‘ȆİʌĲȓįȚĮΝ ȝİΝ ĮȜȣıȓįİȢΝ ĮʌȠĲİȜȠȪȝİȞİȢΝ ĮʌȩΝ ʌİȡȚııȩĲİȡİȢΝ ĮʌȩΝ ȜȓȖİȢΝ įȦįİțȐįİȢ 

(!)ΝĮȝȚȞȠȟȑȦȞΝȠȞȠȝȐȗȠȞĲĮȚΝʌȡȦĲİǸȞİȢ’ [35]. 

 ‘ȆȠȜȣʌİʌĲȓįȚȠκΝ ȑȞĮΝ ʌİʌĲȓįȚȠΝ ʌȠȣΝ ʌİȡȚȑȤİȚΝ 1ίΝ ȑȦȢΝ ʌİȡȚııȩĲİȡĮΝ ĮʌȩΝ 1ίίΝ

ĮȝȚȞȠȟȑĮέΝȉĮΝʌİʌĲȓįȚĮΝİȓȞĮȚΝȝȚțȡȠȪΝȝȒțȠȣȢΝĮȜȣıȓįİȢΝĮʌȩΝİȞȦȝȑȞĮΝȝİĲĮȟȪΝĲȠȣȢΝ

ĮȝȚȞȠȟȑĮ. ǹȞΝȣʌȐȡȤȠȣȞΝȝȩȞȠΝįȪȠΝĮȝȚȞȠȟȑĮΝĲȠΝʌİʌĲȓįȚȠΝȠȞȠȝȐȗİĲĮȚΝįȚʌİʌĲȓįȚȠέΝ

ȅȝȠȓȦȢΝȣʌȐȡȤȠȣȞΝĲȡȚʌİʌĲȓįȚĮ,ΝĲİĲȡĮʌİʌĲȓįȚĮΝțȜʌέΝǹȞΝȠΝĮȡȚșȝȩȢΝĲȦȞΝĮȝȚȞȠȟȑȦȞΝ

ĲȘȢΝ ĮȜȣıȓįĮȢΝ ĳĲȐȞİȚΝ ĲȠȞΝ ĮȡȚșȝȩΝ įȑțĮ ȒΝ țȐʌȠȣΝ İțİȓΝ (!)Ν ȘΝ ĮȜȣıȓįĮΝ șİȦȡİȓĲĮȚΝ

ʌȠȜȣʌİʌĲȓįȚȠ,Ν İȞȫΝ ĲĮΝ ȝİȖĮȜȪĲİȡĮΝ ʌȠȜȣʌİʌĲȓįȚĮΝ ȠȞȠȝȐȗȠȞĲĮȚΝ ʌȡȦĲİǸȞİȢέ  ǻİȞΝ

ȣʌȐȡȤİȚΝ țĮșȠȡȚıȝȑȞȠΝ ȝȑȖİșȠȢΝ ıĲȠΝ ȠʌȠȓȠΝ ȑȞĮΝ ȝİȖȐȜȠΝ ʌȠȜȣʌİʌĲȓįȚȠΝ ȖȓȞİĲĮȚΝ ȝȓĮΝ

ȝȚțȡȒΝ ʌȡȦĲİǸȞȘ,Ν ĮȜȜȐΝ ȖİȞȚțȐΝ ĲĮΝ ʌȠȜȣʌİʌĲȓįȚĮΝ ȑȤȠȣȞΝ ȝȠȡȚĮțȩΝ ȕȐȡȠȢΝ ȜȓȖȦȞΝ

ȤȚȜȚȐįȦȞΝ İȞȫΝ ȠȚΝ ʌȡȦĲİǸȞİȢΝ įİțȐįȦȞΝ ȤȚȜȚȐįȦȞέΝ ǹȞȐȜȠȖĮΝ ȝİΝ ĲȠΝ İȓįȠȢΝ ĲȠȣΝ
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İȝʌȜİțȩȝİȞȠȣΝ ĮȝȚȞȠȟȑȠȢ,Ν İʌĲȐΝ ȝİΝ įȑțĮΝ țĮĲȐȜȠȚʌĮΝ ʌȡȠıșȑĲȠȣȞΝ ʌİȡȓʌȠȣΝ 1ίίίΝ

ıĲȠΝȝȠȡȚĮțȩΝȕȐȡȠȢ’ [36]. 

 ‘ǲȞĮΝʌİʌĲȓįȚȠΝİȓȞĮȚΝȝȓĮΝȝȚțȡȠȪΝȝȒțȠȣȢΝʌȠȜȣȝİȡȒȢΝĮȜȣıȓįĮ,ΝȘΝȠʌȠȓĮΝĮʌȠĲİȜİȓĲĮȚΝ

ĮʌȩΝİȞȦȝȑȞĮ ȝİĲĮȟȪΝĲȠȣȢΝȝȩȡȚĮΝĮȝȚȞȠȟȑȦȞ’ [37]. 

 ‘ȅȚΝ ʌȡȦĲİǸȞİȢΝ İȓȞĮȚΝ ʌȠȜȣʌİʌĲȚįȚțȐΝ ȝȩȡȚĮ,Ν ĲĮΝ ȠʌȠȓĮΝ ĮʌȠĲİȜȠȪȞĲĮȚΝ ĮʌȩΝ

ʌȠȜȜĮʌȜȑȢΝ ʌȠȜȣʌİʌĲȚįȚțȑȢΝ ȣʌȠȝȠȞȐįİȢΝ țĮșİȝȓĮΝ ĮʌȩΝ ĲȚȢΝ ȠʌȠȓİȢΝ ʌİȡȚȑȤİȚΝ İȚįȚțȒΝ

ĮțȠȜȠȣșȓĮΝĮʌȩΝĲĮΝββΝĮȝȚȞȠȟȑĮ,ΝʌȠȣΝʌĮȡȐȖȠȣȞΝʌȡȦĲİǸȞİȢΝ(proteinogenic amino 

acids) [38],ΝĲĮΝȠʌȠȓĮΝțȦįȚțȠʌȠȚȠȪȞĲĮȚΝĮʌȩΝĲȠȞΝȖİȞİĲȚțȩΝțȫįȚțĮέΝȅΝįȚĮȤȦȡȚıȝȩȢΝ

İȓȞĮȚΝ ȩĲȚΝ ĲĮΝ ʌİʌĲȓįȚĮΝ İȓȞĮȚΝ ȝȚțȡȠȪΝ ȝȒțȠȣȢ,Ν İȞȫΝ ĲĮΝ ʌȠȜȣʌİʌĲȓįȚĮΝ ȝİȖȐȜȠȣέΝ

ȊʌȐȡȤȠȣȞΝ țȐʌȠȚİȢΝ ıȣȝȕȐıİȚȢΝ ȖȚĮΝ ĲȠȞΝ įȚĮȤȦȡȚıȝȩΝ ĲȦȞΝ įȪȠΝ ȩȡȦȞ,Ν ʌȠȣΝ ȩȝȦȢΝ

ʌİȡȚȑȤȠȣȞΝ ʌȠȜȜȑȢΝ ĮıȐĳİȚİȢέΝ ȂȓĮΝ ıȪȝȕĮıȘΝ İȓȞĮȚΝ ȩĲȚΝ ĮȣĲȐ,Ν ĲȦȞΝ ȠʌȠȓȦȞΝ ȘΝ

ʌȠȜȣʌİʌĲȚįȚțȒΝĮȜȣıȓįĮΝİȓȞĮȚΝĮȡțİĲȐΝȝȚțȡȒΝȫıĲİΝȞĮΝȝʌȠȡİȓΝȞĮΝıȣȞĲİșİȓΝȤȘȝȚțȐΝ

ĮʌȩΝĲĮΝ ĮȝȚȞȠȟȑĮΝĲȘȢ,ΝȠȞȠȝȐȗȠȞĲĮȚΝʌİʌĲȓįȚĮΝțĮȚΝȩȤȚΝʌȡȦĲİǸȞİȢέΝȍıĲȩıȠΝȝİΝĲȘȞΝ

ĮȞȐʌĲȣȟȘΝ ĲȘȢΝ ĲİȤȞȠȜȠȖȓĮȢΝ ıȒȝİȡĮΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ıȣȞĲİșȠȪȞΝ ʌİʌĲȓįȚĮΝ

ĮʌȠĲİȜȠȪȝİȞĮΝ ĮʌȩΝ İțĮĲȠȞĲȐįİȢΝ ĮȝȚȞȠȟȑĮ,Ν ĮțȩȝȘΝ țĮȚΝ ȠȜȩțȜȘȡİȢΝ ʌȡȦĲİǸȞİȢΝ

ȩʌȦȢΝ ȘΝ ȠȣȕȚțȚĲȓȞȘέΝ ȂİΝ ĲȘȞΝ ȤȡȒıȘΝ įİΝ ĲȘȢΝ ĲİȤȞȚțȒȢΝ ȖȚĮΝ įȘȝȚȠȣȡȖȓĮΝ ȝİȖȐȜȦȞΝ

ʌİʌĲȚįȓȦȞΝĮʌȩΝįȪȠΝȒΝʌİȡȚııȩĲİȡĮΝʌİʌĲȓįȚĮΝȝİΝȝȘΝʌȡȠıĲĮĲİȣȝȑȞĮΝȐțȡĮΝ(native 

chemical ligation),Ν įİȞΝ ȣʌȐȡȤİȚΝ șİȦȡȘĲȚțȐΝ ʌİȡȚȠȡȚıȝȩȢΝ ıĲȠΝ ȝȑȖİșȠȢΝ ĲȠȣΝ

ıȣȞĲȚșȑȝİȞȠȣΝʌȠȜȣʌİʌĲȚįȓȠȣ,ΝȠʌȩĲİΝȘΝıȪȝȕĮıȘΝĮȣĲȒΝįİȞΝȝʌȠȡİȓΝȞĮΝ ȑȤİȚΝʌȜȑȠȞΝ

İĳĮȡȝȠȖȒέΝ ȂȓĮΝ ȐȜȜȘΝ ıȪȝȕĮıȘΝ șȑĲİȚΝ ĮȞİʌȓıȘȝĮΝ ĲȠΝ ȩȡȚȠΝ ĲȦȞΝ ʌİȡȓʌȠȣΝ είΝ

țĮĲĮȜȠȓʌȦȞ,Ν İȞȫΝ țĮĲȐΝ ȐȜȜȠȣȢΝ ȠΝ ĮȡȚșȝȩȢΝ ĮȣĲȩȢΝ İȓȞĮȚΝ ĮțȩȝĮΝ ȝȚțȡȩĲİȡȠȢέΝ ȅΝ

įȚĮȤȦȡȚıȝȩȢΝ ĮȣĲȩȢΝ İȓȞĮȚΝ țĮĲȐΝ țȐʌȠȚȠȞΝ ĲȡȩʌȠΝ ĮȣșĮȓȡİĲȠȢέΝ ȂİȖȐȜĮΝ ʌİʌĲȓįȚĮΝ

ȩʌȦȢΝ ĲĮΝ ȕ-ĮȝȣȜȠİȚįȒΝ ȝʌȠȡȠȪȞΝ ȞĮΝ șİȦȡȘșȠȪȞΝ ʌȡȦĲİǸȞİȢΝ țĮȚΝ ȝȚțȡȑȢΝ ʌȡȦĲİǸȞİȢΝ

ȩʌȦȢΝȘΝȚȞıȠȣȜȓȞȘΝȝʌȠȡȠȪȞΝȞĮΝșİȦȡȘșȠȪȞΝʌİʌĲȓįȚĮ’ [39]. 

ȂİĲȐΝ ȜȠȚʌȩȞΝ ĮʌȩΝ ĮȣĲȩΝ ĲȠΝ ıȣȞȠȞșȪȜİȣȝĮΝ ĮıĮĳȫȞΝ ȠȡȚıȝȫȞΝ țȐȞĮȝİΝ ȝȚĮΝ

ĮȞĮȗȒĲȘıȘΝıĲȘȞΝPDB [40] ȖȚĮΝȞĮΝįȠȪȝİΝİțİȓΝʌȦȢΝȤȡȘıȚȝȠʌȠȚȠȪȞΝĲȠȣȢΝȩȡȠȣȢΝ‘ʌİʌĲȓįȚȠ’Ν

țĮȚΝ‘ʌȡȦĲİǸȞȘ’έΝ ΝȈĲȘȞΝĮʌȜȒΝĮȞĮȗȒĲȘıȘΝĲȦȞΝįȠȝȫȞΝĲȘȢΝPDB ȝİΝĲȠȞΝȩȡȠΝ‘peptide’ΝįȓȞİȚΝ

ζδββιΝįȠȝȑȢ,ΝȝİΝΝĲȠȞΝȩȡȠΝ‘polypeptide’Νζβίη1ΝțĮȚΝȝİΝΝĲȠȞΝȩȡȠΝ‘protein’ΝζβίβδΝĮʌȩΝĲȚȢΝ

ζδββιΝ țĮĲĮȤȦȡȘȝȑȞİȢΝ įȠȝȑȢ [41],Ν İȞȫΝ ıĲȘȞΝ ĮȞĮȗȒĲȘıȘΝ ȖȚĮΝ ‘not peptide’Ν ʌĮȓȡȞȠȣȝİΝ

βίθηΝ ıȣȞȠȜȚțȐΝ țĮĲĮȤȦȡȒıİȚȢ,Ν ʌȠȣΝ ʌİȡȚȑȤȠȣȞΝ țȣȡȓȦȢΝ ȞȠȣțȜİǸțȐΝ ȠȟȑĮΝ ĮȜȜȐ țĮȚΝ

ʌȠȜȣıĮțȤĮȡȓĲİȢέΝȈĲȘȞΝĮʌȜȒΝİʌȓıȘȢΝĮȞĮȗȒĲȘıȘΝȖȚĮΝ‘peptide and not polypeptide’ΝȘΝPDB 

ȝĮȢΝ įȓȞİȚΝ η1Ν įȠȝȑȢΝ ȝİΝ ĲĮΝ ĮȝȚȞȠȟȑĮ,Ν ʌȠȣΝ ʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝ ıİΝ ĮȣĲȑȢΝ ȞĮΝ İȓȞĮȚΝ
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ĲȡȠʌȠʌȠȚȘȝȑȞĮΝ țĮȚΝ ȩȤȚΝ ıĲȘȞΝ ȝȠȡĳȒΝ ʌȠȣΝ ȝİĲĮĳȡȐȗȠȞĲĮȚΝ ıȪȝĳȦȞĮΝ ȝİΝ ĲȠȞΝ ȖİȞİĲȚțȩΝ

țȫįȚțĮέΝȈĲȘȞΝadvanced ĮȞĮȗȒĲȘıȘΝȖȚĮΝΝ‘protein and not peptide’ΝΝįȓȞİȚΝ1βε1ΝįȠȝȑȢ,ΝİȞȫΝ

ȖȚĮΝ Ν ‘peptide and not protein’Ν1γζιΝțĮȚΝȖȚĮΝ‘protein and not polypeptide’Ν1γίεΝįȠȝȑȢΝ

ʌȠȣΝ ʌİȡȚȜĮȝȕȐȞȠȣȞΝ țȣȡȓȦȢΝ ȖȜȣțȠʌİʌĲȓįȚĮέΝ ȉȑȜȠȢΝ ĮțȩȝĮΝ țĮȚΝ ıĲȘȞΝ ĮıĮĳȒΝ ĮȞĮȗȒĲȘıȘΝ

ȖȚĮΝ ‘protein and polyptetide and not peptide’Ν įȓȞİȚΝ ĲİȜȚțȐΝ 1δ1βΝ ʌȡȦĲİȧȞȚțȑȢΝ įȠȝȑȢΝ ıİΝ

ıȪȝʌȜȠțĮΝțȣȡȓȦȢΝȝİΝȞȠȣțȜİȧțȐΝȠȟȑĮέ  

ĭĮȓȞİĲĮȚΝȜȠȚʌȩȞΝȩĲȚΝȠȪĲİΝıĲȘȞΝPDB ȣʌȐȡȤİȚΝıĮĳȒȢΝįȚĮȤȦȡȚıȝȩȢΝĮȞȐȝİıĮΝıĲȠȣȢΝ

ȩȡȠȣȢΝ ʌİʌĲȓįȚȠ,Ν ʌȠȜȣʌİʌĲȓįȚȠΝ țĮȚΝ ʌȡȦĲİǸȞȘέΝ ȈȣȝʌİȡĮȓȞȠȣȝİΝ ȩĲȚ ȠȚΝ ȩȡȠȚΝ ĮȣĲȠȓΝ İȓȞĮȚΝ

ĮʌȜȐΝ keywords țĮȚ ȣʌȐȡȤȠȣȞ ıĲȚȢΝ ʌİȡȚııȩĲİȡİȢΝ ʌȡȦĲİȧȞȚțȒȢΝ ĳȪıİȦȢΝ țĮĲĮȤȦȡȒıİȚȢέΝ

ĭĮȓȞİĲĮȚΝİʌȓıȘȢ, ȩĲȚΝįİȞΝȑȤİȚΝıİΝĲİȜȚțȒΝĮȞȐȜȣıȘΝıȘȝĮıȓĮΝʌȦȢΝĮțȡȚȕȫȢΝĮʌȠțĮȜİȓΝțĮȞİȓȢΝ

ĲȠΝȝȩȡȚȠ,ΝĮȡțİȓΝȞĮΝĮȞĮĳȑȡİȚΝĲȠȞΝĮȡȚșȝȩΝĲȦȞΝțĮĲĮȜȠȓʌȦȞ,ΝȩĲĮȞΝĮȣĲȩΝĮʌĮȚĲİȓĲĮȚέΝΝȅΝȩȡȠȢΝ

ʌȡȦĲİǸȞȘΝȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝțȪȡȚĮΝȖȚĮΝȝİȖȐȜȠȣΝȝȒțȠȣȢΝĮȜȣıȓįİȢΝțĮȚΝıȤİįȩȞΝʌȐȞĲĮΝȖȚĮΝĲȚȢΝ

ĳȣıȚțȐΝ ȣʌȐȡȤȠȣıİȢΝ ʌȡȦĲİǸȞİȢΝ (ȖȚĮΝ ĲȘȞΝ ĲȚĲȓȞȘΝ ĲȦȞΝ γδγείΝ țĮĲĮȜȠȓʌȦȞΝ įİȞΝ șĮΝ

ȤȡȘıȚȝȠʌȠȚȒıİȚΝțĮȞİȓȢΝĲȠȞΝȩȡȠΝʌİʌĲȓįȚȠ,ΝĮȜȜȐΝȖȚĮΝĲȘȞΝȕĮȗȠʌȡİıȓȞȘΝĲȦȞΝιΝİȓȞĮȚΝįȩțȚȝȠȢΝ

țĮȚΝĮȣĲȩȢΝȠΝΝȩȡȠȢ)έΝǵĲĮȞΝțȐʌȠȚȠȢΝĮıȤȠȜİȓĲĮȚΝȝİΝĲĮΝİʌȓʌİįĮΝΝȝȚĮȢΝĳȣıȚțȐΝİȣȡȚıțȩȝİȞȘȢΝ

ıĲȠΝ ȠȡȖĮȞȚıȝȩΝ ʌȡȦĲİǸȞȘȢΝ ȦȢΝ ȝȑıȠȣΝ įȚȐȖȞȦıȘȢΝ ĮıșİȞİȚȫȞΝ (İȞįȠțȡȚȞȠȜȠȖȓĮΝ - 

ȝȚțȡȠȕȚȠȜȠȖȓĮ)ΝȤȡȘıȚȝȠʌȠȚİȓΝĲȠȞΝȩȡȠΝʌȡȦĲİǸȞȘΝ(İȞĮȜȜĮțĲȚțȐΝʌİʌĲȚįȚțȒΝȠȡȝȩȞȘ)έΝΝǵĲĮȞΝ

ȩȝȦȢΝįȓįİĲĮȚΝȚįȚĮȓĲİȡȘΝȑȝĳĮıȘΝıĲȘȞΝʌȡȦĲİǸȞȘΝĮȣĲȒΝțĮșİĮȣĲȒΝ(ʌȤΝȖȚĮΝĮȞȐȜȣıȘΝįȠȝȒȢ)Ν

țĮȚΝ ȝȑȤȡȚΝ țȐʌȠȚȠȣΝ ‘ȜȠȖȚțȠȪ’Ν ĮȡȚșȝȠȪΝ țĮĲĮȜȠȓʌȦȞΝ ʌȡȠĲȚȝȐĲĮȚΝ ȠΝ ȩȡȠȢΝ ʌİʌĲȓįȚȠΝ ȒΝ

ʌȠȜȣʌİʌĲȓįȚȠέΝ ȉȠȞΝ ȩȡȠΝ ʌİʌĲȓįȚȠΝ ȤȡȘıȚȝȠʌȠȚȠȪȝİΝ țĮȚΝ ıĲȘȞΝ ʌĮȡȠȪıĮΝ İȡȖĮıȓĮΝ ȖȚĮΝ ĲȠΝ

İȞįİțĮʌİʌĲȓįȚȠΝȝĮȢΝĮȜȜȘȜȠȣȤȓĮȢΝINYWLAHAKAG.  

 

1έ4 ȋȡȒıȘ ʌİʌĲȚįȓȦȞ ıĲȠ protein folding.  

ǹʌȩΝ ĲȘȞΝ ıĲȚȖȝȒ,Ν ʌȠȣΝ ĮȞĮȖȞȦȡȓıĲȘțİΝ ȩĲȚΝ ȠȚΝ ʌȡȦĲİǸȞİȢΝ ıĲȘȞΝ ĳȣıȚțȒΝ ĲȠȣȢΝ

įȚĮȝȩȡĳȦıȘΝĮʌȠĲİȜȠȪȞĲĮȚΝțȪȡȚĮΝĮʌȩΝıĲȠȚȤİȓĮΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝȠȚΝșİȦȡȓİȢΝȖȚĮΝĲȘȞΝ

ĮȞĮįȓʌȜȦıȘΝĲȦȞΝʌȡȦĲİȧȞȫȞΝȐȡȤȚıĮȞΝȞĮΝȤȡȘıȚȝȠʌȠȚȠȪȞΝĮȣĲȐΝĲĮΝıĲȠȚȤİȓĮΝȦȢΝıȘȝĮȞĲȚțȑȢΝ

įȠȝȚțȑȢΝ ȝȠȞȐįİȢΝ ʌȡȠȢΝ ȝİȜȑĲȘέΝ ȉĮΝ ʌİʌĲȓįȚĮΝ ȑȤȠȣȞΝ įȚĮįȡĮȝĮĲȓıİȚΝ țİȞĲȡȚțȩΝ ȡȩȜȠΝ ıĲȘȞΝ

įȚĮıĮĳȒȞȚıȘΝ ĲȦȞΝ ʌĮȡĮȖȩȞĲȦȞ,Ν ȠȚΝ ȠʌȠȓȠȚΝ ıĲĮșİȡȠʌȠȚȠȪȞΝ ĲĮΝ ȝİȝȠȞȦȝȑȞĮΝ ıĲȠȚȤİȓĮΝ

įİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝțĮȚΝʌȜȑȠȞΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝȖȚĮΝĲȘȞΝȝİȜȑĲȘΝȣȥȘȜȩĲİȡȦȞΝȕĮșȝȫȞΝ

ȠȡȖȐȞȦıȘȢέΝ ȅΝ ȑȜİȖȤȠȢΝ ĲȘȢΝ įȚĮȝȩȡĳȦıȘȢΝ ĲȦȞΝ ʌİʌĲȚįȓȦȞΝ ȑȤİȚΝ ȖȓȞİȚΝ ıȘȝĮȞĲȚțȩΝ ʌİįȓȠΝ
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ȝİȜȑĲȘȢΝ ȝİĲȐΝ ĲȘȞΝ ĮȞĮȖȞȫȡȚıȘΝ ĲȠȣΝ țİȞĲȡȚțȠȪΝ ȡȩȜȠȣΝ ĲȘȢΝ ȜĮȞșĮıȝȑȞȘȢΝ Ν ĮȞĮįȓʌȜȦıȘȢΝ

ĲȦȞΝʌȡȦĲİȧȞȫȞΝ(misfolding)ΝıİΝʌȠȜȜȑȢΝĮıșȑȞİȚİȢΝ[42]. 

ȅΝ ȜȩȖȠȢΝ ȖȚĮΝ ĲȠȞΝ ȠʌȠȓȠΝ ʌȡȠĲȚȝȫȞĲĮȚΝ ĲĮΝ ʌİʌĲȓįȚĮΝ –ȑȞĮȞĲȚΝ ĲȦȞΝ ȝİȖĮȜȪĲİȡȦȞΝ

ʌȡȦĲİȧȞȫȞ- ıĲȠΝ ȗȒĲȘȝĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ İȓȞĮȚΝ ʌȡȠĳĮȞȒȢΝ (İʌȚʌȜȑȠȞΝ ȑȤİȚΝ ĮȞĮĳİȡșİȓΝ

ıĲȘȞΝʌȡȠȘȖȠȪȝİȞȘΝʌĮȡȐȖȡĮĳȠ)έΝǾΝʌȡȠȑȜİȣıȘΝĲȦȞΝʌİʌĲȚįȓȦȞΝțĮȚΝȠΝĲȡȩʌȠȢΝȝİΝĲȠȞΝȠʌȠȓȠΝ

ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ĮȣĲȐΝ Ν ʌȠȚțȓȜİȚέΝ ǵıȠΝ ĮĳȠȡȐΝ ĲȘȞΝ ʌȡȠȑȜİȣıȘ,Ν ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ İȓĲİΝ

ȝȠȞĲȑȜĮΝ ĳȣıȚțȫȞΝ ʌİʌĲȚįȓȦȞ_[43,44],Ν İȓĲİΝ ʌİʌĲȓįȚĮΝ ĲĮΝ ȠʌȠȓĮΝ İȓȞĮȚΝ ȝȚțȡȐΝ ĲȝȒȝĮĲĮΝ

ĳȣıȚțȐΝ ȣʌĮȡȤȩȞĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ (ĮȣĲȠȪıȚĮ [45]Ν ȒΝ ĲȡȠʌȠʌȠȚȘȝȑȞĮ [46,47]),Ν İȓĲİΝ

ıȣȞșİĲȚțȐΝʌİʌĲȓįȚĮ [48].  ǾΝ  įİΝʌȡȠıȑȖȖȚıȘΝȝİΝĲȘȞΝȠʌȠȓĮΝĮȣĲȐΝİȟİĲȐȗȠȞĲĮȚΝȝʌȠȡİȓΝȞĮΝ

İȓȞĮȚΝİȓĲİΝșİȦȡȘĲȚțȒ--[49,50], İȓĲİ ʌİȚȡĮȝĮĲȚțȒ--[46,47,51,52,53,54], İȓĲİΝȣʌȠȜȠȖȚıĲȚțȒ 

[48,55,56,57,58,59]έΝȀĮȚΝȘΝʌȜİȣȡȐΝĮʌȩΝĲȘȞΝȠʌȠȓĮΝİȟİĲȐȗİĲĮȚΝ ȘΝțȐșİΝʌĮȡȐȝİĲȡȠȢ,ΝʌȠȣΝ

ʌȚșĮȞȫȢΝ ıȣȞİȚıĳȑȡİȚΝ ıĲȠȞΝ ĲȡȩʌȠΝ ĮȞĮįȓʌȜȦıȘȢ,Ν (ȩʌȦȢΝ ĳĮȓȞİĲĮȚΝ ĮʌȩΝ ĲȠΝ ıȪȞȠȜȠΝ ĲȦȞΝ

ĮȞĮĳȠȡȫȞΝĲȘȢΝʌĮȡĮȖȡȐĳȠȣΝĮȣĲȒȢ),ΝʌȠȚțȓȜİȚέ 

ǾΝțĮĲĮȞȩȘıȘΝĲȘȢΝıȣȝʌİȡȚĳȠȡȐȢΝĲȦȞΝʌİʌĲȚįȓȦȞΝ- ȦȢΝșȡĮȣıȝȐĲȦȞΝʌȡȦĲİȧȞȫȞΝ-ıİΝ

ȣįĮĲȚțȐΝ įȚĮȜȪȝĮĲĮΝ ȑȤİȚΝ ȤȡȘıȚȝȠʌȠȚȘșİȓΝ ȖȚĮΝ ĲȘȞΝ ȝİȜȑĲȘΝ ĲȦȞΝ ĮȡȤȚțȫȞΝ ıĲĮįȓȦȞΝ ĲȘȢΝ

ʌȡȦĲİȧȞȚțȒȢΝ ĮȞĮįȓʌȜȦıȘȢ [60]έΝ ǼțĲİĲĮȝȑȞİȢΝ șİȦȡȘĲȚțȑȢΝ țĮȚΝ ʌİȚȡĮȝĮĲȚțȑȢΝ İȡȖĮıȓİȢΝΝ

ȑȤȠȣȞΝįȘȝȠıȚİȣĲİȓΝȖȚĮΝĲȠȞΝĲȡȩʌȠΝįȘȝȚȠȣȡȖȓĮȢΝΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝıİΝʌİʌĲȓįȚĮΝțĮȚΝΝ

ȞȑİȢΝĲİȤȞȚțȑȢΝʌȡȠȑțȣȥĮȞΝĮʌȩΝĲȚȢΝȝİȜȑĲİȢΝĮȣĲȑȢ [44]έΝǲȤİȚΝįİȚȤșİȓΝĲȡȩʌȠȢΝĮȞĮįȓʌȜȦıȘȢΝ

įȚȝİȡȫȞΝʌȡȦĲİȧȞȫȞΝȝİΝĲȘȞΝȤȡȒıȘΝʌİʌĲȚįȓȦȞ_[61]έΝȂİȖȐȜȘΝȕĮȡȪĲȘĲĮΝȑȤİȚΝįȠșİȓΝțĮȚΝıĲȠΝ

șȑȝĮΝ ĲȘȢΝ ıĲĮșİȡȠʌȠȓȘıȘȢΝ İȞįȚȐȝİıȦȞΝ įȠȝȫȞΝ țĮȚΝ ĲȠȣΝ ȡȩȜȠȣΝ ĲȦȞΝ ȣįȡȩĳȠȕȦȞΝ

ĮȜȜȘȜİʌȚįȡȐıİȦȞΝıĲȠȞΝ ĮȞĮįȓʌȜȦıȘΝĲȦȞΝʌȡȦĲİȧȞȫȞ, ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝʌȐȞĲĮΝʌİʌĲȓįȚĮΝ

[62,63]έΝǼȝʌİȡȚıĲĮĲȦȝȑȞİȢΝȝİȜȑĲİȢΝȑȤȠȣȞΝȖȓȞİȚΝȝİΝıțȠʌȩΝĲȘȞΝʌȡȩȕȜİȥȘΝĲȘȢΝİʌȓįȡĮıȘȢΝ

ȝİȝȠȞȦȝȑȞȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ıĲȘȞΝ įȣȞĮȝȚțȒΝ ĮȞĮįȓʌȜȦıȘȢ [60],Ν ĲȠȞΝ ȑȜİȖȤȠΝ ĲȘȢΝ

ıȣȞİȚıĳȠȡȐȢΝ ĲȦȞΝ ȖİĳȣȡȫȞΝ ȐȜĮĲȠȢ ıĲȘȞΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ [64],Ν ĲȘȞΝ

ʌĮȡĮĲȒȡȘıȘΝĲȘȢΝİʌȓįȡĮıȘȢΝĲȠȣΝįȚĮȜȪĲȘΝțĮȚΝĲȠȣΝpH ıĲȘȞΝįȚĮįȚțĮıȓĮΝĮȞĮįȓʌȜȦıȘȢ [62]. 

ȉĮΝ ʌİʌĲȓįȚĮΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ İȣȡȪĲĮĲĮΝ țĮȚΝ ȖȚĮΝ ȣʌȠȜȠȖȚıĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȖȚĮΝ ĲȘȞΝ ȝİȜȑĲȘΝ ‘ʌȡȠĲȚȝȒıİȦȞ’ įȚĮȝȩȡĳȦıȘȢΝ ĲȠȣȢΝ [60],Ν ȖȚĮΝ ĲȘȞΝ

ʌȡȩȕȜİȥȘΝ ĲȘȢΝ įȠȝȒȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ ȝİΝ ȣʌȠȜȠȖȚıĲȚțȑȢΝ ȝİșȩįȠȣȢ [65]Ν țĮȚΝ ȖȚĮΝ ĲȠȞΝ

țĮșȠȡȚıȝȩΝĲȘȢΝįȠȝȒȢΝĲȦȞΝ İȞįȚȐȝİıȦȞΝįȚĮȝȠȡĳȫıİȦȞΝĲȘȢΝʌȠȡİȓĮȢΝĮȞĮįȓʌȜȦıȘȢ [66]. 

ǹțȩȝĮΝ Ν țĮȚΝ ȖȚĮΝ ĲȠȞΝ ȑȜİȖȤȠΝ țĮȚΝ ĲȘȞΝ ȕİȜĲȓȦıȘΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞ,Ν ĲĮΝ ȠʌȠȓĮ 

ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ıĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢ, ĲĮΝ ʌİʌĲȓįȚĮΝ ȑȤȠȣȞΝ

ʌȡȦĲĮȖȦȞȚıĲȚțȩΝȡȩȜȠΝ[67].  
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1έηέ  Ȇİȡȓ 310 ȑȜȚțĮȢέ 

To ĲȡȓĮΝ ȝİΝ ĲȑııİȡĮΝ ĲȠȚȢΝ İțĮĲȩΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ıİΝ țȡȣıĲĮȜȜȚțȑȢΝ įȠȝȑȢΝ

ʌȡȦĲİȧȞȫȞΝȑȤȠȣȞΝįȠȝȒΝγ10-ȑȜȚțĮȢΝ[ζθ,ζι]έΝȈȪȝĳȦȞĮΝȝİΝĲȠΝʌȠıȠıĲȩΝĮȣĲȩΝȠȚΝγ10-ȑȜȚțİȢΝ

țĮĲĮȜĮȝȕȐȞȠȣȞΝ ĲȘȞΝ ĲȑĲĮȡĲȘΝ șȑıȘΝ ĲȦȞΝ ʌȜȑȠȞΝ ıȣȞȘșȚıȝȑȞȦȞΝ įȚĮȝȠȡĳȫıİȦȞΝ

įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ıĲȚȢΝ ʌȡȦĲİǸȞİȢΝ (ȝİĲȐΝ ĲȘȞ Į-ȑȜȚțĮ,Ν ĲȘȞΝ ȕ-ʌĲȣȤȦĲȒΝ įȠȝȒΝ țĮȚΝ ĲȚȢΝ

ıĲȡȠĳȑȢΝ (reverse turns))έΝ ȅȚΝ ʌİȡȚııȩĲİȡİȢΝ γ10-ȑȜȚțİȢΝ İȓȞĮȚΝ ȝȚțȡȠȪΝ ȝȒțȠȣȢΝ Ν (γ-4 

țĮĲĮȜȠȓʌȦȞ)Ν ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠȞΝ ȝȑıȠΝ ȩȡȠΝ ĲȦȞΝ 1ίΝ țĮĲĮȜȠȓʌȦȞΝ ĲȦȞΝ Į-İȜȓțȦȞ [68], 

ıȣȞĮȞĲȫȞĲĮȚ įİ ıȣȞȒșȦȢΝıĲĮΝN țĮȚΝC-ĲİȜȚțȐΝȐțȡĮΝĲȦȞΝĮ-İȜȓțȦȞΝ[70,68]. ȉȠΝγβΣΝĲȦȞΝ

İȜȓțȦȞΝıĲȚȢΝțȡȣıĲĮȜȜȚțȑȢΝįȠȝȑȢΝȑȤİȚΝȕȡİșİȓΝȞĮΝȑȤȠȣȞΝĲȪʌȠȣΝγ10 ȣįȡȠȖȠȞȠįİıȝȠȪȢΝΝıĲȠΝ

N-ĲİȜȚțȩΝȐțȡȠΝĲȠȣȢΝțĮȚΝγδΣΝıĲȠΝC-ĲİȜȚțȩ [70]. ȅΝȝȚțȡȩȢΝĮȡȚșȝȩȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĲȘȢΝ

310-ȑȜȚțĮȢΝ ȝʌȠȡİȓΝ ȞĮΝ įȚțĮȚȠȜȠȖȘșİȓΝ ȝİĲȐΝ ĲȘȞΝ ʌĮȡĮĲȒȡȘıȘΝ țĮĲȐΝ ĲȘȞΝ ȠʌȠȓĮΝ ȠΝ ĮȡȚșȝȩȢΝ

ĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĮȞȐΝıĲȡȠĳȒΝĲȦȞΝγ10-İȜȓțȦȞΝȝİȚȫȞİĲĮȚ -  ĮȣȟĮȞȠȝȑȞȠȣΝĲȠȣΝȝȒțȠȣȢΝĲȘȢΝ

ȑȜȚțĮȢΝ -  ȠʌȩĲİΝ ĮȣĲȒΝ ȖȓȞİĲĮȚΝ ȜİʌĲȩĲİȡȘΝ țĮȚΝ ȝĮțȡȪĲİȡȘ. ǹȣĲȩΝ ȑȤİȚΝ ȦȢΝ ĮʌȠĲȑȜİıȝĮΝ ȠΝ

ȠȡȚıȝȩȢΝĲȘȢΝȑȜȚțĮȢΝĮȣĲȒȢΝ(ȩıȠΝĮĳȠȡȐΝĲȠȞΝĮȡȚșȝȩΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĮȞȐΝıĲȡȠĳȒΝțĮȚΝĲȚȢΝ

įȓİįȡİȢ)ΝΝȞĮΝȝȘȞΝȚıȤȪİȚΝıĲȘȞ ȞȑĮΝĮȣĲȒΝȜİʌĲȩĲİȡȘΝȝȠȡĳȒΝĲȘȢΝȑȜȚțĮȢΝ[η1]έ 

ȉȠΝȩȞȠȝĮΝΝĲȘȢΝγ10-ȑȜȚțĮȢΝȠĳİȓȜİĲĮȚΝıĲȘȞΝȪʌĮȡȟȘΝĲȡȚȫȞΝțĮĲĮȜȠȓʌȦȞΝĮȞȐΝıĲȡȠĳȒΝ

țĮȚΝ ĲȦȞΝ įȑțĮΝ ĮĲȩȝȦȞΝ ʌȠȣΝ ʌİȡȚțȜİȓȠȞĲĮȚΝ ıĲȠȞΝ įĮțĲȪȜȚȠΝ ʌȠȣΝ įȘȝȚȠȣȡȖİȓĲĮȚΝ ĮʌȩΝ țȐșİΝ

įİıȝȩΝȣįȡȠȖȩȞȠȣ (ȝİΝĲȘȞΝȓįȚĮΝȠȞȠȝĮĲȠȜȠȖȓĮΝȘΝĮ-ȑȜȚțĮΝȠȞȠȝȐȗİĲĮȚΝγέζ13)έΝȅȚΝγ10-ȑȜȚțİȢΝ

İȓȞĮȚΝ įİȟȚȩıĲȡȠĳİȢΝ țĮȚΝ ĲȠΝ țȐșİΝ țĮĲȐȜȠȚʌȠΝ ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ ıĲȡȠĳȒΝ 1βίȠ ĲȘȢΝ ȑȜȚțĮȢέΝ ǾΝ

ĮțĲȓȞĮΝĲȘȢΝ Ν İȓȞĮȚΝ1έιΝÅΝțĮȚΝ ȘΝ ĮȟȠȞȚțȒΝĮʌȩıĲĮıȘΝ ĮȞȐΝ CĮ (translation)ΝβέίΝÅέΝȂİΝĲȠȞΝ

ĮȡȚșȝȩΝ ĲȦȞΝ γΝ țĮĲĮȜȠȓʌȦȞΝ ĮȞȐΝ ıĲȡȠĳȒ,Ν ĲȠΝ ȕȒȝĮΝ ĲȘȢΝ ȑȜȚțĮȢΝ İȓȞĮȚΝ ζΝ ÅΝ (ǾΝ ĮȞĲȓıĲȠȚȤȘΝ

ȖİȦȝİĲȡȓĮΝĲȘȢΝĮΝȑȜȚțĮȢΝİȓȞĮȚκΝĮțĲȓȞĮΝβέγΝÅ,ΝȝİĲĮĲȩʌȚıȘΝ1έεΝÅΝțĮȚΝȕȒȝĮΝεέδΝÅ,ΝİĳȩıȠȞΝ

ıĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĮȣĲȒΝ ȑȤȠȣȝİΝ γέζΝ țĮĲȐȜȠȚʌĮΝ ĮȞȐΝ ıĲȡȠĳȒ)έΝ ǻİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ

įȘȝȚȠȣȡȖȠȪȞĲĮȚΝĮȞȐȝİıĮΝıĲȠΝțĮȡȕȠȞȣȜȚțȩΝȠȟȣȖȩȞȠΝİȞȩȢΝțĮĲĮȜȠȓʌȠȣΝțĮȚΝĲȠΝȣįȡȠȖȩȞȠΝ

ĲȘȢΝ ȚȝȚȞȠȝȐįĮȢΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝʌȠȣΝȕȡȓıțİĲĮȚΝĲȡȓĮΝțĮĲȐȜȠȚʌĮΝȝİĲȐ,ΝıĲȘȞΝʌȡȦĲȠĲĮȖȒΝ

įȠȝȒΝ(ıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝĮΝ ȑȜȚțĮȢΝȑȤȠȣȝİΝ i ȝİΝ i+δ)έΝīȚĮΝĲĮΝʌİȡȚııȩĲİȡĮΝțĮĲȐȜȠȚʌĮΝ

ʌȠȣΝıȣȝȝİĲȑȤȠȣȞΝıĲȘȞΝįȘȝȚȠȣȡȖȓĮΝĲȘȢΝγ10-ȑȜȚțĮȢΝ ΝȠȚΝțȣȡȓĮȡȤİȢΝįȓİįȡİȢΝĳΝțĮȚΝȥΝİȓȞĮȚΝ

ĮȞĲȓıĲȠȚȤĮΝ -διΝ țĮȚΝ -βζΝ (İȞȫΝ ĲȘȢΝ Į-ȑȜȚțĮȢΝ -εθΝ țĮȚΝ -δηΝ ĮȞĲȓıĲȠȚȤĮ)έΝ ǼʌİȚįȒΝ ȠȚΝ

ĮȗȚȝȠȣșȚĮțȑȢΝ șȑıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ıȣȝʌȓʌĲȠȣȞΝ țĮȚΝ ȠȚΝ CĮ ȕȡȓıțȠȞĲĮȚΝ ıĲȚȢΝ

țȠȡȣĳȑȢΝ ĲȠȣΝ ȓįȚȠȣΝ ĲȡȚȖȫȞȠȣΝ (ıİΝ ʌȡȠȕȠȜȒ)  įȘȝȚȠȣȡȖİȓĲĮȚΝ įȚȐĲĮȟȘΝ ʌȠȣΝ įİȞΝ İȓȞĮȚΝ

İȞİȡȖİȚĮțȐΝıĲĮșİȡȒ,ΝȜȩȖȦΝıĲİȡİȠȤȘȝȚțȫȞΝʌĮȡİȝʌȠįȓıİȦȞΝĲȦȞΝĮĲȩȝȦȞΝĲȦȞΝʌȜİȣȡȚțȫȞΝ
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ĮȜȣıȓįȦȞέΝǼʌȚʌȜȑȠȞΝȠȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣ,ΝʌȠȣΝįȘȝȚȠȣȡȖȠȪȞĲĮȚΝĮȞȐȝİıĮΝıĲĮΝțĮĲȐȜȠȚʌĮΝ

i țĮȚΝi+γ,ΝįȘȝȚȠȣȡȖȠȪȞΝįȚȐĲĮȟȘ,ΝȘΝȠʌȠȓĮ įİȞΝĮȞĲȚıĲȠȚȤİȓΝıİΝİȞİȡȖİȚĮțȩΝİȜȐȤȚıĲȠ,ΝȜȩȖȦΝ

ĲȘȢΝȝȘΝİȣșȣȖȡȐȝȝȚıȘȢΝĲȦȞΝįȚʌȩȜȦȞΝĲȦȞΝȣįȡȠȖȠȞȠįİıȝȫȞΝ(ıĲȚȢΝĮΝȑȜȚțİȢΝȘΝȝȘΝȪʌĮȡȟȘΝ

ĮțİȡĮȓȦȞΝ țĮĲĮȜȠȓʌȦȞΝ İȜĮȤȚıĲȠʌȠȚİȓΝ ĲȘȞΝ ıĲİȡİȠȤȘȝȚțȒΝ ʌĮȡİȝʌȩįȚıȘΝ țĮȚΝ ȠȚΝ įİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣΝİȓȞĮȚΝİȣșȣȖȡĮȝȝȚıȝȑȞȠȚ)έ 

ȆĮȡĮĲȘȡȒșȘțĮȞΝ įȚĮĳȠȡȑȢΝ ıĲȠΝ İȓįȠȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ʌȠȣΝ ıȣȝȝİĲȑȤȠȣȞΝ ıĲȘȞΝ

įȘȝȚȠȣȡȖȓĮΝ ĲȘȢΝ γ10-ȑȜȚțĮȢΝ (ĲȠΝ ĮıʌĮȡĲȚțȩ,Ν ȖȚĮΝ ʌĮȡȐįİȚȖȝĮ,Ν Ν ıȣȞĮȞĲȐĲĮȚΝ ȝİΝ įȚʌȜȐıȚĮΝ

ıȣȤȞȩĲȘĲĮΝΝıĲȠΝȃ-ĲİȜȚțȩΝȐțȡȠΝĲȘȢΝγ10 ĮʌȩΝȩĲȚΝıĲȠΝȓįȚȠΝȐțȡȠΝĲȘȢΝĮ)έΝǼȝĳĮȞȒȢΝİȓȞĮȚΝțĮȚΝ

ȘΝ įȚĮĳȠȡİĲȚțȒΝ țĮĲĮȞȠȝȒΝ ĲȦȞΝ ȣįȡȩĳȠȕȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ĮȞȐȝİıĮΝ ıĲȚȢΝ įȪȠΝ ȑȜȚțİȢΝ ȝİΝ

ĮʌȠĲȑȜİıȝĮΝ ȞĮΝ ıȣȞĮȞĲȐȝİΝ ıȣȤȞȐΝ Ν ĮȝĳȚʌĮșİȓȢΝ γ10. ȅȚΝ ĲȠʌȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ʌȠȣΝ

ıĲĮșİȡȠʌȠȚȠȪȞΝ ĲȘȞΝ γ10-ȑȜȚțĮΝ ȠĳİȓȜȠȞĲĮȚΝ ĲȩıȠΝ ıĲȠΝ İȓįȠȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ʌȠȣΝ

ĮʌĮȞĲȫȞĲĮȚΝ ıȣȞȒșȦȢΝ ıİΝ ĮȣĲȒȞ,Ν ȩıȠΝ țĮȚΝ ıĲȘȞΝ ȪʌĮȡȟȘΝ ȝȚțȡȠ-İʌȚțȡĮĲİȚȫȞ,Ν ȩʌȠȣΝ ȠȚΝ

ĲȡȚĲȠĲĮȖİȓȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝĮȞĲȚțĮșȚıĲȠȪȞΝĲȚȢΝĲȠʌȚțȑȢέΝǲȤİȚΝİʌȓıȘȢΝʌĮȡĮĲȘȡȘșİȓΝȩĲȚΝȘΝ

ĮȞĮįȓʌȜȦıȘΝʌȡȠȢΝĮ-ȑȜȚțĮΝȝʌȠȡİȓΝȞĮΝȖȓȞİĲĮȚΝȝȑıȦΝİȞįȚȐȝİıȦȞΝıĲȡȠĳȫȞΝ(reverse-turn) 

țĮȚΝγ10-İȜȓțȦȞΝ [72]έΝȀĮȚΝıİΝ ĮʌȠȝȠȞȦȝȑȞĮΝʌİʌĲȓįȚĮΝ ȘΝγ10 İȓȞĮȚΝ ΝʌȚșĮȞȩΝ İȞįȚȐȝİıȠΝĲȘȢΝ

įȘȝȚȠȣȡȖȓĮȢΝ ĲȘȢΝ Į-ȑȜȚțĮȢΝ [73], İĳȩıȠȞΝ įİȞΝ ȣʌȐȡȤȠȣȞΝ ȝȘΝ İʌȚĲȡİʌȩȝİȞİȢΝ ʌİȡȚȠȤȑȢΝ

ĮȞȐȝİıĮΝıĲȚȢΝįȪȠΝĮȣĲȑȢΝȑȜȚțİȢΝıĲȠΝįȚȐȖȡĮȝȝĮΝRamachadran țĮȚΝȑȞĮΝʌİʌĲȓįȚȠΝȝʌȠȡİȓΝȞĮΝ

ȝİĲĮĲȡȑʌİĲĮȚΝĮʌȩΝĲȘȞΝȝȓĮΝįȠȝȒΝıĲȘȞΝȐȜȜȘΝ[74]. 

 

1.6.  ȆȡȠȑȜİȣıȘ ĲȠȣ İȞįİțĮʌİʌĲȚįȓȠȣ ĲȘȢ ʌĮȡȠȪıĮȢ İȡȖĮıȓĮȢέ  

ȉȠΝ ʌİʌĲȓįȚȠΝ ĲȦȞΝ ȑȞįİțĮΝ țĮĲĮȜȠȓʌȦȞ,Ν ĲȠΝ ȠʌȠȓȠΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ ıĲȚȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝĮȢ,Ν ĮȜȜȘȜȠȣȤȓĮȢΝ INYWLAHAKAG ,Ν ĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝ ĲȡȠʌȠʌȠȚȘȝȑȞȠΝ

ĲȝȒȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1ί1-111Ν ĲȘȢΝ Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ (a-LA)έΝ ǾΝ Ν a-LA ıȣȞĲȓșİĲĮȚΝ

ȝȩȞȠΝ ıĲȠȣȢΝ ȖĮȜĮțĲȠĳȩȡȠȣȢΝ ĮįȑȞİȢΝ ĲȦȞΝ șȘȜĮıĲȚțȫȞΝ țĮȚ ȝĮȗȓΝ ȝİΝ ĲȘȞΝ ȕ-1,4 

ȖȜȣțȠȗȣȜȠĲȡĮȞĳİȡȐıȘ, ıȤȘȝĮĲȓȗİȚΝĲȘȞΝıȣȞșİĲȐıȘΝĲȘȢΝȜĮțĲȩȗȘȢέΝ ǾΝa-LA ʌȡȠȐȖİȚΝĲȘȞΝ

ıȪȞįİıȘΝ ĲȘȢΝ ȖȜȣțȩȗȘȢΝ ıĲȠΝ ıȪȝʌȜȠțȠ, įȚİȣțȠȜȪȞȠȞĲĮȢΝ ȝİΝ ĮȣĲȩȞΝ ĲȠȞΝ ĲȡȩʌȠΝ ĲȘȞΝ

ȕȚȠıȪȞșİıȘΝĲȘȢΝȜĮțĲȩȗȘȢέΝȉȠ ȖȠȞȓįȚȠΝĲȘȢΝĮ-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝİȓȞĮȚΝȣȥȘȜȐΝıȣȞĲȘȡȘȝȑȞȠΝ

ıĲĮΝ șȘȜĮıĲȚțȐέΝ ǹȣĲȩΝ ĲȘȢΝ ĮȞșȡȫʌȚȞȘȢΝ Ν Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ ȑȤİȚΝ ȝȑȖİșȠȢΝ βεηεΝ ȕȐıİȦȞΝ

țĮȚΝ ʌİȡȚȜĮȝȕȐȞİȚΝ εΝ ȚȞĲȡȩȞȚĮΝ țĮȚΝ δΝ İȟȩȞȚĮΝ țĮȚΝ țȦįȚțȠʌȠȚİȓΝ ȖȚĮΝ ʌȡȦĲİǸȞȘΝ 1βγΝ

țĮĲĮȜȠȓʌȦȞ [75].  ǻȠȝȚțȐ,ΝȘΝʌȡȦĲİǸȞȘ,ΝıĲȘȞΝĳȣıȚțȒΝĲȘȢΝįȚĮȝȩȡĳȦıȘΝĮʌȠĲİȜİȓĲĮȚΝĮʌȩΝ
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ȝȚĮΝ İʌȚțȡȐĲİȚĮΝ țȣȡȓȦȢΝ İȜȚțȠİȚįȒ,Ν ȘΝ ȠʌȠȓĮΝ  įȘȝȚȠȣȡȖİȓĲĮȚΝ ĮʌȩΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ 1-γιΝ țĮȚΝ

81-1βγΝțĮȚΝȝȓĮΝȕ-İʌȚțȡȐĲİȚĮΝ(sheet/coil) ,ΝȘΝȠʌȠȓĮ ʌİȡȚȜĮȝȕȐȞİȚΝĲĮΝȣʌȩȜȠȚʌĮΝțĮĲȐȜȠȚʌĮΝ

ĲȠȣΝȝȠȡȓȠȣ [47],ΝȩʌȦȢΝĳĮȓȞİĲĮȚΝıĲȘȞΝǼȚțȩȞĮΝ1.7.  

 

  

 
ǼȚțȩȞĮ 1.7: ǻȚȐȖȡĮȝȝĮΝ ȝİΝ MolScript ĲȘȢΝ
țȡȣıĲĮȜȜȚțȒȢΝ ȝȠȡĳȒȢΝ ĲȘȢΝ ĮȞșȡȫʌȚȞȘȢΝ a-
LA έΝ ǾΝ Į-İʌȚțȡȐĲİȚĮΝ İȓȞĮȚΝ ȜİȣțȒ,Ν ȘΝ ȕ-
İʌȚțȡȐĲİȚĮΝ ıțȚĮıȝȑȞȘΝ țĮȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ
101-111Ν ĲȘȢΝ ʌİȡȚȠȤȒȢΝ D İȓȞĮȚΝ ȝĮȪȡĮΝ țĮȚΝ
ıȤȘȝĮĲȓȗȠȣȞΝĮ-ȑȜȚțĮέΝȂȓĮΝȝȚțȡȒΝγ10-ȑȜȚțĮΝ
ȣʌȐȡȤİȚΝıĲȠΝC-ĲİȜȚțȩΝȐțȡȠέ 
 
 
ǹȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝĲȠȣȢΝΝΝ
Demarest, Hua & Raleigh (1999). 

 

ǾΝ ʌİȡȚȠȤȒΝ 1ί1-111Ν ĲȠȣΝ ȝȠȡȓȠȣΝ ȑȤİȚΝ ĮȜȜȘȜȠȣȤȓĮΝ IDYWLAHKALC țĮȚΝ

ʌȡȠȑȡȤİĲĮȚΝ ĮʌȩΝ įȪȠΝ įȚĮĳȠȡİĲȚțȐΝ İȟȩȞȚĮέΝ ǹʌȩΝ ĲȠΝ ĲȡȓĲȠΝ İȟȩȞȚȠΝ ĲȠȣΝ ȖȠȞȚįȓȠȣΝ ĲȘȢΝ Į-

ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝʌȡȠȑȡȤȠȞĲĮȚΝĲĮΝțĮĲȐȜȠȚʌĮΝ IDYW țĮȚΝĮʌȩΝĲȠΝĲȑĲĮȡĲȠΝĲĮΝ LAHKALC 

[75]. ȉȠΝ ĲȝȒȝĮΝ ĮȣĲȩΝ ȜĮȝȕȐȞİȚΝ ʌȠȜȪΝ įȚĮĳȠȡİĲȚțȑȢΝ įȚĮȝȠȡĳȫıİȚȢΝ ıĲȚȢΝ țȡȣıĲĮȜȜȚțȑȢΝ

įȠȝȑȢΝ ȣȥȘȜȠȪΝ țĮȚΝ ȤĮȝȘȜȠȪΝ pH. ȈĲȘȞΝ țȡȣıĲĮȜȜȚțȒΝ įȠȝȒΝ ĲȦȞΝ γηȠ C,Ν ıİΝ pH ζέεΝ ĲȦȞΝ

Harata țĮȚΝMuraki (ʌȠȣΝįİȞΝİȓȞĮȚΝțĮĲĮȤȦȡȘȝȑȞȘΝıĲȘȞΝPDB)  ĲĮΝțĮĲȐȜȠȚʌĮΝǹ1ίζΝȑȦȢΝ

C111Ν ȜĮȝȕȐȞȠȣȞΝ įȚĮȝȩȡĳȦıȘΝ ȑȜȚțĮȢΝ ȝİΝ ĲȘȞΝ H1ίηΝ ȞĮΝ İȓȞĮȚΝ șĮȝȝȑȞȘΝ țȐĲȦΝ ĮʌȩΝ ĲȘȞΝ

İʌȚĳȐȞİȚĮΝ ĲȠȣΝ ȝȠȡȓȠȣΝ țĮȚΝ ȞĮΝ ĮȜȜȘȜİʌȚįȡȐΝ ȝİΝ ĲȘȞΝ țĮȡȕȠȟȣȜȠȝȐįĮΝ ĲȠȣΝ EβεέΝ ǾΝ įȠȝȒΝ

ĮȣĲȒΝĲȠȣΝpH ζέεΝĲȦȞΝγηȠC (γ1ίȀ)ΝșİȦȡİȓĲĮȚΝȘΝĳȣıȚțȒέΝȈĲȘȞΝțȡȣıĲĮȜȜȚțȒΝįȠȝȒΝĲȦȞΝ

βθζȀΝ ıİΝ pH δέβΝ (įȠȝȒΝ ĲȦȞΝ Harata țĮȚΝ Muraki,Ν țĮĲĮȤȦȡȘȝȑȞȘΝ ıĲȘȞΝ PDB ȝİΝ țȦįȚțȩΝ

1B9O [76]),Ν ĲĮΝ țĮĲȐȜȠȚʌĮΝ ǹ1ίζΝ ȑȦȢΝ C111Ν įȘȝȚȠȣȡȖȠȪȞΝ loop,Ν ĮȣĲȒΝ įİΝ ȘΝ ʌİȡȚȠȤȒΝ

İțĲȓșİĲĮȚΝʌİȡȚııȩĲİȡȠΝıĲȠȞΝįȚĮȜȪĲȘΝĮʌȩΝĲȘȞΝĮȞĲȓıĲȠȚȤȘΝʌİȡȚȠȤȒΝĲȘȢΝįȠȝȒȢ ĲȘȢΝȣȥȘȜȒȢΝ

șİȡȝȠțȡĮıȓĮȢέ ȂİΝ ĲȚȢΝ įȪȠΝ ĮȣĲȑȢΝ įȠȝȑȢΝ (ĲȘȢΝ șİȦȡȠȪȝİȞȘȢΝ ĳȣıȚțȒȢΝ įȠȝȒȢΝ ĲȘȢΝ

ĮȞșȡȫʌȚȞȘȢΝ Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ ĲȘȢΝ ȣȥȘȜȒȢΝ șİȡȝȠțȡĮıȓĮȢΝ țĮȚΝ ĲȘȢΝ įȠȝȒȢΝ ĲȠȣΝ ȓįȚȠȣΝ

ȝȠȡȓȠȣΝĲȘȢΝȤĮȝȘȜȒȢ),ΝȠȚΝHarata țĮȚΝ Muraki [77] ȑįİȚȟĮȞΝĲȘȞΝȝİȖȐȜȘΝįȚĮțȪȝĮȞıȘΝĲȘȢΝ

įȠȝȒȢΝ ĲȠȣΝ ȝȠȡȓȠȣ,Ν ȚįȚĮȓĲİȡĮ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ W104-C111Ν țĮȚΝ ĲȘȞΝ ȝİĲȐʌĲȦıȘΝ ȑȜȚțĮȢ- 

ȕȡȩȤȠȣ,Ν ȜȩȖȦΝĲȠʌȚțȫȞΝĮȜȜȘȜİʌȚįȡȐıİȦȞ,ΝıĲȘȞΝa-La.   
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ȈİΝ ĮȞĮȗȒĲȘıȘΝ įȠȝȚțȫȞΝ ȝȠȞĲȑȜȦȞΝ Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ  ȐȜȜȦȞΝ șȘȜĮıĲȚțȫȞ [78] 

ȕȡȓıțȠȣȝİ ıĲȘȞΝPDB,ΝĲȚȢΝțȡȣıĲĮȜȜȚțȑȢΝįȠȝȑȢΝΝĲȘȢΝa-La ȝİΝțĮĲĮȤȦȡȒıİȚȢΝ1HFX, 1HFY 

țĮȚΝ1HFZ.  

Ǿ 1HFX  įȠȝȒΝ ĲȦȞΝ 1βγΝ țĮĲĮȜȠȓʌȦȞΝ ĲȘȢΝ Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ (ǼȚțȩȞĮΝ 1.8)  

ʌȡȠȑȡȤİĲĮȚΝ ĮʌȩΝ ĲȠΝ șȘȜĮıĲȚțȩΝ Cavia porrcellus (guinea pig)Ν țĮȚΝ ȑȤİȚΝ ʌȡȠıįȚȠȡȚıĲİȓΝ

ıĲȠȣȢΝ βιθȀΝ țĮȚ pH 4.6έΝ ȉĮ țĮĲȐȜȠȚʌĮΝ 1ί1-1ίεΝ ȑȤȠȣȞΝ įȚĮȝȩȡĳȦıȘΝ Į-ȑȜȚțĮȢΝ țĮȚΝ ĲĮΝ

ȣʌȩȜȠȚʌĮΝ1ίζ-111  ıȤȘȝĮĲȓȗȠȣȞΝıĲȡȠĳȒΝ (turn-like)έΝǾΝĮȜȜȘȜȠȣȤȓĮΝĲȘȢΝıĲĮΝțĮĲȐȜȠȚʌĮΝ

101-111ΝİȓȞĮȚΝʌĮȡȩȝȠȚĮΝȝİΝĲȘȞΝĮȞșȡȫʌȚȞȘΝȝİΝĲȘȞΝįȚĮĳȠȡȐΝȝȓĮȢΝʌȡȠȜȓȞȘȢΝĮȞĲȓΝĮȜĮȞȓȞȘȢΝ

ıĲȘȞΝșȑıȘΝ1ίιΝ(ĮȜȜȘȜȠȣȤȓĮΝIDYWLAHKPLC).  

ǾΝ įȠȝȒΝ 1HFY (ǼȚțȩȞĮΝ 1.ι)Ν ȝİΝ 1βίΝ țĮĲȐȜȠȚʌĮΝ ʌȡȠȑȡȤİĲĮȚΝ ĮʌȩΝ ĲȘȞΝ Į-

ȜĮțĲĮȜȕȠȣȝȓȞȘΝ ĲȘȢΝ țĮĲıȓțĮȢΝ (Capra hircus),Ν ȑȤİȚΝ ʌȡȠıįȚȠȡȚıĲİȓΝ ıĲȠȣȢΝ Ν βιθK ıİΝ pH 

δέεέΝǾΝĮȜȜȘȜȠȣȤȓĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ί1-111ΝİȓȞĮȚΝIDYWLAHKALC ,ΝȠȜȩȚįȚĮΝȝİΝĮȣĲȒȞΝ

ĲȘȢΝĮȞșȡȫʌȚȞȘȢέΝǺȜȑʌȠȣȝİΝĲĮΝțĮĲȐȜȠȚʌĮΝ1ί1-1ίγΝțĮȚΝ1ίθ-111ΝȝİΝȝȠȡĳȒΝȑȜȚțĮȢέΝ 

ȈĲȘȞΝ Ν 1HFZ țȡȣıĲĮȜȜȚțȒΝ įȠȝȒΝ ĲȘȢΝ a-La ĲȘȢΝ ĮȖİȜȐįĮȢΝ (Bos Taurus, ǼȚțȩȞĮΝ

1.1ί),Ν ȝİΝ ĮȜȜȘȜȠȣȤȓĮΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ 1ί1-111Ν ĲȘȞ INYWLAHKALC, ʌȠȣΝ

ʌȡȠıįȚȠȡȓıĲȘțİΝ ıĲȠȣȢΝ βιθK ıİΝ pH 8, ȕȜȑʌȠȣȝİΝ ȩĲȚΝ ĲĮΝ ȝȩȞĮΝ țĮĲȐȜȠȚʌĮΝ ʌȠȣΝ įİȞΝ

ıȣȝȝİĲȑȤȠȣȞΝıİΝȑȜȚțĮΝİȓȞĮȚΝĲĮΝ1ίδΝțĮȚ 111.   

ȈĲȚȢΝ ĲȡİȓȢ İʌȩȝİȞİȢΝ İȚțȩȞİȢΝ ĮʌİȚțȠȞȓȗİĲĮȚ, ȝİΝ ĲȘȞΝ ȕȠȒșİȚĮΝ ĲȠȣΝ rasmol [79] ĲȠΝ

ĲȝȒȝĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞ 101-111 ĲȦȞΝțȡȣıĲĮȜȜȚțȫȞΝįȠȝȫȞΝĲȘȢΝĮ-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ ĲȦȞΝ

įȚĮĳȠȡİĲȚțȫȞΝ șȘȜĮıĲȚțȫȞ,Ν ʌȠȣΝ ĮȞĮĳȑȡșȘțĮȞΝ ĮȞȦĲȑȡȦΝ (țĮĲĮȤȦȡȒıİȚȢ 1HFX, 1HFY 

țĮȚΝ1HFZ țĮȚΝ1B9O). 
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ǼȚțȩȞĮ 1.8:  
ȉȝȒȝĮΝ ĲȦȞΝ ȑȞįİțĮΝ țĮĲĮȜȠȓʌȦȞΝ 1ί1-111 
ĲȘȢΝ țĮĲĮȤȦȡȘȝȑȞȘȢΝ ȝİΝ țȦįȚțȩΝ 1HFX 
įȠȝȒȢΝ ĲȘȢΝ PDBέΝ ȉȠΝ C-ĲİȜȚțȩΝ ȐțȡȠΝ
ĮʌİȚțȠȞȓȗİĲĮȚΝ ıĲȠΝ ʌȐȞȦΝ ĲȝȒȝĮΝ ĲȘȢΝ
İȚțȩȞĮȢ. 
ǻİȟȚȐΝ ĮʌȩΝĲȘȞΝįȠȝȒΝȕȜȑʌȠȣȝİΝĲȠΝ guinea 
pig,ΝĲȠȣΝȠʌȠȓȠȣΝİȣȖİȞȚțȒΝʌȡȠıĳȠȡȐΝİȓȞĮȚΝ
ȘΝa-La ĲȘȢΝĮȞȦĲȑȡȦΝțĮĲĮȤȫȡȘıȘȢ. 
 
 
 

 

 

ǼȚțȩȞĮ 1.9: 
ȈĲȘȞΝ țĮĲĮȤȦȡȘȝȑȞȘΝ ȝİΝ țȦįȚțȩΝ 1HFY 
įȠȝȒΝ ĲȘȢΝ Ν PDB ĲȘȢΝ a-La ĲȘȢΝ țĮĲıȓțĮȢΝ
ȕȜȑʌȠȣȝİ ĲȠΝĲȝȒȝĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ί1-
111Ν ȝİΝ ĲȠΝ C-ĲİȜȚțȩΝ ȐțȡȠ įİȟȚȐέΝ ǹțȩȝĮΝ
ʌȚȠΝ įİȟȚȐΝ ȕȜȑʌȠȣȝİΝ ĲȘȞΝ  țĮĲıȓțĮ, ĲȘȢΝ
ȠʌȠȓĮȢΝȘΝa-La įİȞΝĮʌİȚțȠȞȓȗİĲĮȚέ 
 
 
 
 
 

 

 

 

ǼȚțȩȞĮ 1.10: 
ǹȡȚıĲİȡȐκΝ ĲȠΝ ĲȝȒȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ
101-111ΝĲȘȢΝțĮĲĮȤȫȡȚıȘȢΝ1HFZ ĲȘȢΝa-
La ĲȘȢΝ ĮȖİȜȐįĮȢ. ȉȠ C –ĲİȜȚțȩΝ ȐțȡȠΝ
İȓȞĮȚ țȐĲȦ.   
ȀȑȞĲȡȠκΝ İʌȐȞȦΝ ȘΝ ĮȖİȜȐįĮ,Ν ʌȠȣΝ ȖİȜȐ: 
țȐĲȦ ȝȓĮΝʌȚȠΝıȠȕĮȡȒΝĮȖİȜȐįĮ. 
 
 
 
 

 
 

  

ǼȚțȩȞĮ 1.11:  
ǾΝțĮĲĮȤȫȡȘıȘΝ1B9O ĲȘȢΝĮȞșȡȫʌȚȞȘȢΝΝa-La, ȝİ ĮȜȜȘȜȠȣȤȓĮ IDYWLAHKALC. 
ǹȡȚıĲİȡȐκΝȉȠΝĲȝȒȝĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ί1-111 ȝİΝĲȘȞΝC-ĲİȜȚțȒΝțȣıĲİǸȞȘΝİʌȐȞȦέ 
ȀȑȞĲȡȠκΝǾ įȠȝȒ,ΝȩʌȦȢΝʌȡȠıįȚȠȡȓıĲȘțİΝțȡȣıĲĮȜȜȠȖȡĮĳȚțȐΝıĲȠȣȢΝβθζȀΝțĮȚ pH 4.2 
ǻİȟȚȐκΝȉȣȤĮȓȠȢΝİțʌȡȩıȦʌȠȢΝĲȠȣΝİȓįȠȣȢΝHomo sapiens sapiens. 
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ǹʌȩΝĲȚȢΝʌĮȡĮʌȐȞȦΝ İȚțȩȞİȢ,ΝʌĮȡĮĲȘȡȠȪȝİΝĲȘȞΝʌȠȚțȚȜȓĮΝĲȦȞΝįȚĮȝȠȡĳȫıİȦȞΝĲȠȣΝ

ĲȝȒȝĮĲȠȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ί1ΝȑȦȢΝ111ΝĲȘȢΝʌȡȠİȡȤȩȝİȞȘȢΝĮʌȩΝįȚĮĳȠȡİĲȚțȐΝșȘȜĮıĲȚțȐΝ

Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ ȝİΝ ıĮĳȒΝ ȝİȞΝ İȜȚțȠİȚįȒΝ įȚĮȝȩȡĳȦıȘ,Ν ĮȜȜȐΝ įȘȝȚȠȣȡȖȠȪȝİȞȘΝ ĮʌȩΝ

įȚĮĳȠȡİĲȚțȐΝțĮĲȐȜȠȚʌĮέΝȈȣȖțȡȓȞȠȞĲĮȢΝĲȘȞΝįȠȝȒΝĲȘȢΝĮȜȜȘȜȠȣȤȓĮȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ί1-

111ΝĲȘȢΝa-La ĲȘȢΝțĮĲıȓțĮȢΝțĮȚΝĲȠȣΝĮȞșȡȫʌȠȣΝĲȦȞΝǼȚțȩȞȦȞΝ1.ιΝțĮȚΝ1.11 (ȠȚΝȠʌȠȓİȢ,ΝıĲȠΝ

ĲȝȒȝĮΝĮȣĲȩΝĲȦȞΝțĮĲĮȜȠȓʌȦȞ ȑȤȠȣȞΝ ȓįȚĮΝĮțȡȚȕȫȢΝĮȜȜȘȜȠȣȤȓĮ țĮȚΝȑȤȠȣȞΝʌȡȠıįȚȠȡȚıĲİȓΝ

țĮȚΝ ȠȚΝ įȪȠΝ ıİΝ ȤĮȝȘȜȩΝ pH) ʌĮȡĮĲȘȡȠȪȝİΝ ıȘȝĮȞĲȚțȑȢΝ įȚĮĳȠȡȑȢ,Ν İȞȫΝ ıȘȝĮȞĲȚțȒΝ

ȠȝȠȚȩĲȘĲĮΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ ȠȚΝ ĮȞĲȓıĲȠȚȤİȢΝ įȠȝȑȢΝ ĲȠȣΝ guinea pig țĮȚΝ ĲȠȣΝ ĮȞșȡȫʌȠȣ 

(ǼȚțȩȞİȢΝθΝțĮȚΝ11)ΝĮȞΝțĮȚ įȚĮĳȑȡȠȣȞΝıİΝȝȓĮΝʌȡȠȜȓȞȘέ 

 ȉȠΝ ĲȝȒȝĮΝ 1ί1-111Ν ĮʌȠĲİȜİȓΝ ȚįȚĮȓĲİȡĮΝ İȞįȚĮĳȑȡȠȣıĮΝ ʌİȡȚȠȤȒΝ ĲȠȣΝ ȝȠȡȓȠȣ, 

İȟĮȚĲȓĮȢΝĲȠȣΝıȘȝĮȞĲȚțȠȪΝȡȩȜȠȣ,ΝʌȠȣΝįȚĮįȡĮȝĮĲȓȗİȚΝıĲȘȞΝıĲĮșİȡȠʌȠȓȘıȘΝĲȘȢΝİȪʌȜĮıĲȘȢΝ

ıĳĮȓȡĮȢέ ȉȠΝ ĮȣĲȩΝ ĲȝȒȝĮΝ ĮȣĲȩΝ ĲȘȢΝ Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ ıȣȞĲȑșȘțİΝ ȤȘȝȚțȐ,Ν ȖȚĮΝ

įȚİȡİȪȞȘıȘΝĲȦȞΝĲȐıİȦȞΝįȚĮȝȩȡĳȦıȘȢΝĲȠȣΝıȣȖțİțȡȚȝȑȞȠȣΝĲȝȒȝĮĲȠȢέΝǹȞĲȚțĮĲĮıĲȐșȘțİΝ

ȘΝțȣıĲİǸȞȘΝȝİΝĮȜĮȞȓȞȘΝțĮȚΝʌȡȠıĲȑșȘțĮȞΝʌȡȠıĲĮĲİȣȝȑȞĮΝȐțȡĮΝ(N-ĲİȜȚțȒΝĮțİĲȣȜȠȝȐįĮΝ

țĮȚΝ C-ĲİȜȚțȒΝ ĮȝȚȞȠȝȐįĮ). ȈȣȞĲȑșȘțİΝ ȝİΝ ĮȣĲȩȞΝ ĲȠȞΝ ĲȡȩʌȠΝ ĲȠΝ İȞįİțĮʌİʌĲȓįȚȠΝ Ac-

IDYWLAHKALA- NHβΝ(țĮĲĮȤȫȡȘıȘΝPDB: 1CB3).  ǼȡİȣȞȒșȘțİΝȘΝįȠȝȒΝĲȠȣΝʌİʌĲȚįȓȠȣΝ

ĲȩıȠΝıİΝȣįĮĲȚțȩΝįȚȐȜȣȝĮ,ΝȩıȠΝțĮȚΝıİΝįȚȐȜȣȝĮΝıİΝγίΣΝTFE ȝİΝȤȡȒıȘΝCD  țĮȚΝMNRέΝȉȠΝ

ĲİȜȚțȩΝĮʌȠĲȑȜİıȝĮΝȒĲĮȞΝȞĮΝȜȘĳșȠȪȞΝįȪȠΝΝįȚĮĳȠȡİĲȚțȑȢΝȝȘΝĳȣıȚțȑȢΝįȠȝȑȢέΝǾΝįȠȝȒΝıĲȠΝ

ȣįĮĲȚțȩΝįȚȐȜȣȝĮΝ(ĮȣĲȒ,ΝʌȠȣΝȝĮȢΝİȞįȚĮĳȑȡİȚ)ΝȜĮȝȕȐȞİȚΝįȚĮȝȩȡĳȦıȘ,ΝʌȠȣΝȝȠȚȐȗİȚΝȝİΝγ10 

ȑȜȚțĮέΝ ȆĮȡĮĲȘȡȒșȘțĮȞΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ĮȞȐȝİıĮΝ ıĲȠΝ țĮȡȕȠȞȣȜȚțȩΝ ȠȟȣȖȩȞȠΝ ĲȘȢΝ

Y1ίγΝ țĮȚΝ ıĲȠΝ ĮȝȚįȚțȩΝ ʌȡȦĲȩȞȚȠΝ ĲȘȢΝ ǹ1ίζ,Ν ȩʌȦȢΝ İʌȓıȘȢΝ ȝİĲĮȟȪΝ W1ίδΝ Ν țĮȚΝ H1ίηέΝ ǾΝ

įȠȝȒΝ ĳȐȞȘțİΝ ȞĮΝ ıĲĮșİȡȠʌȠȚİȓĲĮȚΝ ĮʌȩΝ ȝȘΝ ĳȣıȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ

ĮȜȣıȓįȦȞ țĮȚΝıȣȖțİțȡȚȝȑȞĮΝ ĮʌȩΝĲȘȞΝ ĮȜȜȘȜİʌȓįȡĮıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ I101, Y103 țĮȚ 

W1ίδΝ țĮȚΝ ĮȣĲȒȞΝ ĮȞȐȝİıĮΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ Y1ίγΝ țĮȚΝ ώ1ίηέ ǾΝ įȠȝȒΝ ĮȣĲȒΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ1ί1-1ίηΝİȓȞĮȚΝȚįȚĮȓĲİȡĮΝȝȘΝĳȣıȚțȒ,ΝĮȜȜȐΝțĮȜȐΝįȚĮȝȠȡĳȦȝȑȞȘ,ΝĮʌȠĲȑȜİıȝĮΝ

ĲȦȞΝ ĲȠʌȚțȫȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞ,Ν įȚĮĳȑȡİȚ įİ ıȘȝĮȞĲȚțȐΝ ĮʌȩΝ ĲȘȞΝ ĳȣıȚțȒΝ įȚĮȝȩȡĳȦıȘΝ

ĲȠȣΝĲȝȒȝĮĲȠȢΝ1ί1-1ίηΝĲȘȢΝΝa-LA [47](ǼȚțȩȞĮΝ1.12). 
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(A)               (B) 

 

 
(C)  

ǼȚțȩȞĮ 1.12:  
(ǹ)Ν ǻȚȐȖȡĮȝȝĮΝ țȠȡįȑȜĮȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1ί1-
111Ν ĲȘȢΝ țȡȣıĲĮȜȜȚțȒȢΝ įȠȝȒȢΝ ȣȥȘȜȠȪΝ pH ĲȘȢΝΝ
ĮȞșȡȫʌȚȞȘȢΝa-La ĲȘȢΝĳȣıȚțȒȢΝįȚĮȝȩȡĳȦıȘȢέ  
(Ǻ)Ν ǻȚȐȖȡĮȝȝĮΝ țȠȡįȑȜĮȢΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣ,Ν
ʌȠȣΝ țĮĲĮȤȦȡȒșȘțİΝ ĲİȜȚțȐΝ ȦȢΝ 1CBγέΝ ĭĮȓȞȠȞĲĮȚΝ
ȠȚΝ ȝȘΝ ĳȣıȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ
ȠȝȐįȦȞ,ΝʌȠȣΝĮȞĮĳȑȡșȘțĮȞΝıĲȠΝțİȓȝİȞȠέ 
(C) To ȝȠȞĲȑȜȠΝ1ΝĲȘȢΝʌȡȠıįȚȠȡȚıșİȓıȘȢΝȝİΝNMR 
įȠȝȒȢ,Ν ĲȘȢΝ 1CB3 ȝİΝ ĲȠΝ rasmolέΝ ȈĲȘȞΝ ȑȜȚțĮΝ
ıȣȝȝİĲȑȤȠȣȞΝĲĮΝțĮĲȐȜȠȚʌĮΝW4, L5, AζΝțĮȚΝH7. 

 

ǾΝ ĲȠʌȚțȒΝ įȠȝȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȝȚȝİȓĲĮȚΝ ĲȝȒȝĮΝ ĲȘȢΝ įȠȝȒȢ,Ν ʌȠȣΝ

įȘȝȚȠȣȡȖİȓĲĮȚΝıİΝĮȣĲȒȞΝĲȘȞΝʌİȡȚȠȤȒΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĲȠȣΝȠȜȩțȜȘȡȠȣΝȝȠȡȓȠȣΝĲȘȢΝa-LA   

ıĲȘȞΝ țĮĲȐıĲĮıȘΝ ĲȘȢΝ İȪʌȜĮıĲȘȢΝ ıĳĮȓȡĮȢέΝ ȉȠΝ ĮʌȠĲȑȜİıȝĮΝ ĲȘȢΝ ȝİȜȑĲȘȢΝ įȚĮȝȩȡĳȦıȘȢΝ

ĮȣĲȠȪΝ ĲȠȣΝ ĮʌȠȝȠȞȦȝȑȞȠȣΝ ʌİʌĲȚįȓȠȣΝ İȓȞĮȚΝ ȑȞĮΝ țĮȜȩΝ ʌĮȡȐįİȚȖȝĮ,Ν ĲȠΝ ȠʌȠȓȠ ıȣȞȘȖȠȡİȓΝ

ıĲȘȞΝ ȣʌȩșİıȘΝ ȩĲȚΝ ȘΝ įȠȝȒΝ ĲȘȢΝ İȪʌȜĮıĲȘȢΝ ıĳĮȓȡĮȢΝ İʌȐȖİĲĮȚΝ ĮʌȩΝ ĲȠʌȚțȑȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢέ 

ȉȠΝ İȞįİțĮʌİʌĲȓįȚȠΝ ĮȣĲȩΝ İʌȚȜȑȤĲȘțİΝ ĮʌȩΝ ĲȠȣȢΝ Araki țĮȚΝ Tamura [46],Ν ȖȚĮΝ ȞĮΝ

ȝİȜİĲȘșİȓΝ ȘΝ İʌȓįȡĮıȘΝ ȝȘΝ ĲȠʌȚțȫȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞΝ (ʌȠȣΝ șĮΝ ʌȡȠȑțȣʌĲĮȞΝ ȝİΝ ȝȓĮΝ

ʌȡȠıșȒțȘΝ İʌĲȐΝ İʌȚʌȜȑȠȞΝ țĮĲĮȜȠȓʌȦȞΝ ıĲȠΝ C-ĲİȜȚțȩΝ ȐțȡȠ)Ν ȣʌȠșȑĲȠȞĲĮȢΝ ȩĲȚΝ ȠȚΝ ȝȘΝ

ĲȠʌȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢ,ΝʌȠȣΝșĮΝʌȡȠȑțȣʌĲĮȞΝĮʌȩΝĲȘȞΝʌȡȠıșȒțȘΝĲȦȞΝİʌĲȐΝțĮĲĮȜȠȓʌȦȞΝ

șĮΝ ĮʌȠıĲĮșİȡȠʌȠȚȠȪıĮȞΝ ĲȘȞΝ įȠȝȒΝ ĲȠȣΝ TP țĮȚΝ șĮΝ ȝİĲȑĲȡİʌĮȞΝ ĲȘȞΝ įȠȝȒΝ ıİΝ ȕ-hairpin. 

īȚĮΝ ĲȘȞΝ ȝİȜȑĲȘΝ ĮȣĲȒΝ ĲȠΝ ĮȡȤȚțȩΝ İȞįİțĮʌİʌĲȓįȚȠΝ ĲȘȢΝ țĮĲĮȤȫȡȘıȘȢΝ 1CB3 ĲȘȢΝ PDB  

ĲȡȠʌȠʌȠȚȒșȘțİέΝȉȠΝĮıʌĮȡĲȚțȩΝĲȘȢΝșȑıȘȢΝβΝ ĮȞĲȚțĮĲĮıĲȐșȘțİΝ ĮʌȩΝ ĮıʌĮȡĮȖȓȞȘ,ΝȖȚĮΝȞĮΝ

ʌĮȡİȝʌȠįȚıĲİȓΝ ȘΝ ʌȚșĮȞȒΝ İȣĮȚıșȘıȓĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ıİΝ ĮȜȜĮȖȑȢΝ pHέΝ ǼʌȚʌȜȑȠȞΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝ θ-11 (KALA)Ν ĲȠȣΝ C-ĲİȜȚțȠȪΝ ȐțȡȠȣΝ ĮȞĲȚțĮĲĮıĲȐșȘțĮȞΝ ȝİΝ ĲȠΝ ĲȘȞΝ

ĮȜȜȘȜȠȣȤȓĮΝ AKAG ,Ν ȘΝ ȠʌȠȓĮΝ ȑȤİȚΝ ĲȘȞΝ ȚțĮȞȩĲȘĲĮΝ ȞĮΝ ʌĮȓȡȞİȚΝ ıĲĮșİȡȒΝ įȚĮȝȩȡĳȦıȘΝ

ıĲȡȠĳȒȢΝ ıİΝ ȝİȡȚțȐΝ ȝȚțȡȐΝ ʌİʌĲȓįȚĮ,Ν ȝİΝ ĲȘȞΝ ȜȠȖȚțȒΝ ȩĲȚΝ ȘΝ ĮȜȜȘȜȠȣȤȓĮΝ ıĲȡȠĳȒȢΝ

įȚĮįȡĮȝĮĲȓȗİȚΝıȘȝĮȞĲȚțȩΝȡȩȜȠΝıĲȘȞΝĮȞĮįȓʌȜȦıȘΝȖȚĮΝ ȕ-hairpinέΝȈȤİįȚȐıĲȘțİΝȝİΝĮȣĲȩȞΝ

ĲȠȞΝĲȡȩʌȠΝĲȠΝİȞįİțĮʌİʌĲȓįȚȠΝINYWLAHAKAG ,ΝʌȠȣΝȠȞȠȝȐıĲȘțİΝTP (Target Peptide). 

ǹȣĲȩΝıȣȞĲȑșȘțİΝȤȘȝȚțȐ,ΝİȡİȣȞȒșȘțİΝȘΝįİȣĲİȡȠĲĮȖȒȢΝįȠȝȒΝĲȠȣΝȝİΝCD,ΝĮʌȠĲȚȝȒșȘțİΝȘΝ

ȝȠȞȠȝİȡȒȢΝ ĲȠȣΝ ȠȞĲȩĲȘĲĮΝ ȝİΝ NMR,Ν ȣʌȠȜȠȖȓıĲȘțİΝ ȘΝ įȠȝȒΝ ĲȠȣΝ ȝİΝ NMR țĮȚΝ

țĮĲĮȤȦȡȒșȘțİΝ ıĲȘȞΝ PDB ȦȢΝ Ν βDXβΝ (ǼȚțȩȞĮΝ 1.1γ)έΝ ǾΝ įȠȝȒΝ ĲȠȣΝ İȓȞĮȚΝ İȜȚțȠİȚįȒȢΝ țĮȚΝ
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ȝȐȜȚıĲĮΝγ10 ȑȜȚțĮ,ΝʌȠȣΝȩʌȦȢΝțĮȚΝĲȠȣΝĮȡȤȚțȠȪΝʌİʌĲȚįȓȠȣ,ΝĮȣĲȠȪΝĲȘȢΝțĮĲĮȤȫȡȘıȘȢΝ1CB3, 

ȘΝįİΝȑȜȚțȐΝĲȠȣΝıȤȘȝĮĲȓȗİĲĮȚΝĮʌȩΝĲĮΝțĮĲȐȜȠȚʌĮΝβ-7.  

 

 

 
ǼȚțȩȞĮ 1.13:   
ȉȠΝ ȝȠȞĲȑȜȠΝ 1Ν ĲȘȢΝ ȣʌȠȜȠȖȚıșİȓıȘȢΝ NMR įȠȝȒȢΝ βDXβέΝ ǾΝ
șİȡȝȠțȡĮıȓĮΝ ĲȠȣΝ ʌİȚȡȐȝĮĲȠȢΝ ȒĲĮȞΝ βθγȀ,Ν ĲȠΝ pH δέεΝ țĮȚΝ ȘΝ
ȚȠȞȚțȒΝ ȚıȤȪȢΝ ĲȠȣΝ įȚĮȜȪȝĮĲȠȢΝ ζέεmMέΝ ǻİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ
įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ ȝİĲĮȟȪΝ țĮĲĮȜȠȓʌȦȞΝ N2-L5, Y3-A6, W4-
HηέΝ ȅȚΝ Ν ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĲȦȞΝ Y3, WδΝ țĮȚΝ H7 
ĮȜȜȘȜİʌȚįȡȠȪȞ,Ν ıĲĮșİȡȠʌȠȚȫȞĲĮȢΝ ĲȘȞΝ įȚĮȝȩȡĳȦıȘΝ ĲȘȢΝ γ10 
ȑȜȚțĮȢέ ȉȠΝC-ĲİȜȚțȩΝȐțȡȠ İȓȞĮȚΝțȐĲȦέ 

 

ȈȤİįȚȐıĲȘțĮȞΝ εΝ İʌȚʌȜȑȠȞΝ ʌİʌĲȓįȚĮΝ (DPs –Design Peptides)Ν ȝİΝ ʌȡȠıșȒțȘΝ ηΝ

țĮĲĮȜȠȓʌȦȞΝ ʌĮȡȩȝȠȚĮȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ ıĲȠΝ C-ĲİȜȚțȩΝ ȐțȡȠΝ ĲȠȣΝ TP,Ν ȣʌȠșȑĲȠȞĲĮȢΝ ȩĲȚΝ ȠȚΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝĲȦȞΝ ĮĲȩȝȦȞΝĲȦȞΝİʌȚʌȜȑȠȞΝİʌĲȐΝțĮĲĮȜȠȓʌȦȞΝȝİΝĲĮΝȐĲȠȝĮΝĲȘȢΝ TP,ΝșĮΝ

ȒĲĮȞΝȚțĮȞȑȢΝȞĮΝĮʌȠıĲĮșİȡȠʌȠȚȒıȠȣȞΝĲȘȞΝİȜȚțȠİȚįȒΝįȠȝȒέΝȅȚΝįȠȝȑȢΝĲȠȣȢΝȣʌȠȜȠȖȓıĲȘțĮȞΝ

ȝİΝNMR ıİΝįȚȐȜȣȝĮΝ ȚȠȞȚțȒȢΝ ȚıȤȪȠȢΝζέεΝmM,ΝıĲȠȣȢΝβθγȀΝțĮȚΝıİΝpH δέεέΝȉĮΝĲȡȓĮΝĮʌȩΝ

ĮȣĲȐΝĲĮΝDPs įȚĮȝȩȡĳȦıĮȞΝʌȜȘșȣıȝȠȪȢΝĲȩıȠΝȝİΝĮ,Ν ȩıȠΝțĮȚΝȝİΝȕΝįȚĮȝȩȡĳȦıȘ,ΝİȞȫΝĲĮΝ

ȣʌȩȜȠȚʌĮΝįȪȠ ĮʌȠĲİȜȠȪȞĲĮȞΝ ĮʌȩΝʌȜȘșȣıȝȩΝĮʌȠțȜİȚıĲȚțȐΝ İȜȚțȠİȚįȠȪȢΝįȠȝȒȢέΝȉȠΝ DP5 

İȓȤİΝĲȠȞΝȝİȖĮȜȪĲİȡȠΝ ĮȡȚșȝȩΝNOEs,ΝʌȠȣΝıȣȝĳȦȞȠȪıİΝȝİΝĲȘȞΝȪʌĮȡȟȘΝįȪȠΝȝȠȞȠȝİȡȫȞ,Ν

İȟȓıȠȣΝıĲĮșİȡȫȞΝʌȜȘșȣıȝȫȞΝįȠȝȫȞκΝİȞȩȢΝʌȜȘșȣıȝȠȪΝıĲĮșİȡȒȢΝİȜȚțȠİȚįȠȪȢΝįȠȝȒȢΝțĮȚΝ

İȞȩȢΝʌȜȘșȣıȝȠȪΝıĲĮșİȡȒȢΝȕ-įȠȝȒȢέΝǾ ȑȜȚțĮΝĲȘȢΝDPεΝ İȓȞĮȚΝ Į-ȑȜȚțĮ,ΝʌȠȣΝįİȓȤȞİȚΝȩĲȚΝ ȘΝ

İȜȚțȠİȚįȒȢΝ įȠȝȒΝ ĲȠȣΝ TP ĲİȜȚțȐΝ ıĲĮșİȡȠʌȠȚȒșȘțİΝ ʌİȡȚııȩĲİȡȠΝ ȝİΝ ĲȘȞΝ ʌȡȠıșȒțȘΝ ĲȦȞΝ

İʌĲȐΝ İʌȚʌȜȑȠȞΝ țĮĲĮȜȠȓʌȦȞέΝ ȅȚΝ ȣʌȠȜȠȖȚıșİȓıİȢΝ ȝİΝ NMR įȠȝȑȢΝ ĲȦȞΝ įȪȠΝ ʌȜȘșȣıȝȫȞΝ

țĮĲĮȤȦȡȒșȘțĮȞΝıĲȘȞΝPDB ȝİΝțȦįȚțȠȪȢΝβDXγΝțĮȚΝβDXδέΝǾΝʌȡȫĲȘΝĮȞĲȚıĲȠȚȤİȓΝıĲȘȞΝ

İȜȚțȠİȚįȒΝ įȚĮȝȩȡĳȦıȘΝ (DP5_conformation 1)Ν țĮȚΝ ȘΝ įİȪĲİȡȘΝ ıĲȘȞΝ ĲȪʌȠȣΝ ȕ-įȠȝȒΝ

(DP5_conformation β)έΝȉĮΝȝȠȞĲȑȜĮΝ1ΝĲȦȞΝįȪȠΝįȠȝȫȞΝĮʌİȚțȠȞȓȗȠȞĲĮȚΝıĲȘȞΝǼȚțȩȞĮΝ1.14, 

ȦȢΝcartoons ȝİΝĲȠΝrasmol. 

  

ǼȚțȩȞĮ 1.14: ȉȠΝįİțĮȠțĲĮʌİʌĲȓįȚȠΝΝDPεέΝǹȡȚıĲİȡȐΝȘ 2DXγΝțĮȚΝįİȟȚȐΝȘΝβDX4. 
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ȉȠΝ İȞįİțĮʌİʌĲȓįȚȠΝ INYWLAHAKAG (ĲȠΝ TP ĲȘȢΝ ǼȚțȩȞĮȢΝ 1.1γ)Ν İʌȚȜȑȟĮȝİΝ ȞĮΝ

ȝİȜİĲȒıȠȣȝİ İʌȚĲİȜȫȞĲĮȢΝ įȪȠΝ ĮȞİȟȐȡĲȘĲİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȠΝʌȡȩȖȡĮȝȝĮΝNAMD [80], ĲȘΝȕȠȒșİȚĮ ĲȠȣΝVMD [81] țĮȚΝΝįȣȞĮȝȚțȐΝ

ʌİįȓĮΝĲĮΝCHARMM [82] ȖȚĮ ȞĮΝİȡİȣȞȒıȠȣȝİΝĮĳİȞȩȢΝĲȘȞΝįȣȞĮĲȩĲȘĲĮΝĲȦȞΝıȪȖȤȡȠȞȦȞΝ

įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ ȞĮΝ įȚĮĲȘȡȒıȠȣȞΝ ĲȘȞΝ ȩȤȚΝ ȚįȚĮȓĲİȡĮΝ ıĲĮșİȡȒΝ įȠȝȒΝ ĲȘȢΝ γ10-ȑȜȚțĮȢ,Ν

ĮĳİĲȑȡȠȣΝĲȘȞΝȚțĮȞȩĲȘĲȐΝĲȠȣȢΝȞĮΝįȘȝȚȠȣȡȖȒıȠȣȞΝĲȘȞΝıʌȐȞȚĮΝĮȣĲȒΝȑȜȚțĮΝȝİΝĮȡȤȚțȒΝįȠȝȒΝ

ĲİȜİȓȦȢΝİțĲİĲĮȝȑȞȘΝįȚĮȝȩȡĳȦıȘΝțĮȚΝĲȑȜȠȢ ȖȚĮ ȞĮΝĮȞĮȜȪıȠȣȝİΝĲĮΝįȠȝȚțȐΝȝȠȞĲȑȜĮΝĲȦȞΝ

ʌȡȠıȠȝȠȚȫıİȫȞΝ ȝĮȢΝ țĮȚΝ ȞĮΝ ıȣȖțȡȓȞȠȣȝİΝ ĲĮΝ įİįȠȝȑȞĮ,Ν ĲĮΝ ȠʌȠȓĮΝ șĮΝ ȜȐȕȠȣȝİ, ȝİΝ ĲĮΝ

ʌİȚȡĮȝĮĲȚțȐΝįİįȠȝȑȞĮΝĲȠȣΝNMR țĮȚΝȝİΝĲȚȢΝțĮĲĮȤȦȡȘȝȑȞİȢΝıĲȘȞΝPDB įȠȝȑȢέ 
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ȀİĳȐȜĮȚȠ 2Ƞ 

 

 

ȂȠȡȚĮțȩȢ ȝȠȞĲİȜȚıȝȩȢ  
țĮȚ ʌȡȠıȠȝȠȚȫıİȚȢ ȝȠȡȚĮțȒȢ įȣȞĮȝȚțȒȢέ 

 

 

The purpose of models is not to fit the data but to sharpen the questions. 
Samuel Karlin. 

 

 ȂȠȡȚĮțȩȢΝ ȝȠȞĲİȜȚıȝȩȢΝ (molecular modeling)Ν İȓȞĮȚΝ ȘΝ İʌȚıĲȒȝȘΝ țĮȚΝ ĲȑȤȞȘΝ ĲȘȢΝ

ȝİȜȑĲȘȢ ĲȘȢΝȝȠȡȚĮțȒȢΝįȠȝȒȢΝțĮȚΝȜİȚĲȠȣȡȖȓĮȢΝȝȑıȦΝ țĮĲĮıțİȣȒȢΝȝȠȞĲȑȜȦȞΝțĮȚΝȤȡȒıȘȢΝ

ȝİșȩįȦȞΝȕĮıȚȗȩȝİȞȦȞΝıİΝȣʌȠȜȠȖȚıĲȑȢέΝǾΝțĮĲĮıțİȣȒΝȝȠȞĲȑȜȦȞΝȝʌȠȡİȓΝȞĮΝ İȓȞĮȚΝĮʌȜȒΝ

țĮȚΝ ȞĮΝ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚΝ ȝİΝ ʌȜĮıĲȚțȐΝ ʌȠȜȪȤȡȦȝĮΝ ıĳĮȚȡȚțȐΝ țȠȝȝȐĲȚĮ,Ν ĲĮΝ ȠʌȠȓĮ 

įȘȜȫȞȠȣȞΝĲĮΝȐĲȠȝĮΝțĮȚΝȝİΝ(ȒΝȤȦȡȓȢ)ΝȡĮȕįȩȝȠȡĳĮΝĲȝȒȝĮĲĮ, ĲĮ ȠʌȠȓĮ įȘȜȫȞȠȣȞΝĲȠȣȢΝ

įİıȝȠȪȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĮĲȩȝȦȞέΝ ȂʌȠȡİȓΝ ȞĮΝ İȓȞĮȚΝ ıțİȜİĲȚțȐΝ ȝȠȞĲȑȜĮ,Ν ȩʌȦȢΝ ĮȣĲȐΝ Ν ĲȠȣΝ

DNA ĲȦȞΝ Crick țĮȚΝ Watson țĮȚΝ ĲȘȢΝ ȝȣȠıĳĮȚȡȓȞȘȢΝ ĲȠȣΝ KendrewέΝ ȂʌȠȡİȓΝ ĮțȩȝĮΝ ȞĮΝ
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ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ʌȠȜȣİįȡȚțȐ (ıȣȞȘșȑıĲİȡȠΝ ȖȚĮΝ Ν ĮȞȩȡȖĮȞĮΝ ıĲİȡİȐ)Ν ȒΝ ȖȚĮΝ ʌȠȜȪʌȜȠțĮΝ

ȝȠȞĲȑȜĮΝ(ȩʌȦȢΝĲĮΝȝȠȞĲȑȜĮΝȝĮțȡȠȝȠȡȓȦȞΝĲȠȣΝNicholson)έΝīȚĮΝĲȘȞΝțĮĲĮıțİȣȒΝȝȠȞĲȑȜȦȞ 

İțȝİĲĮȜȜİȣȩȝĮıĲİΝ ıȒȝİȡĮΝ țĮȚΝ ĲĮ ȞȑĮȢΝ ĲİȤȞȠȜȠȖȓĮȢ, İȜİȖȤȩȝİȞĮΝ ĮʌȩΝ ȣʌȠȜȠȖȚıĲȑȢ,Ν

ȝȘȤĮȞȒȝĮĲĮ,Ν ĲĮΝ ȠʌȠȓĮ įȘȝȚȠȣȡȖȠȪȞ ȝİΝ ĮȣĲȠȝĮĲȠʌȠȚȘȝȑȞȠΝ ĲȡȩʌȠ ıȣȝʌĮȖȒΝ ȝȠȞĲȑȜĮΝ

ʌȠȜȪʌȜȠțȦȞΝȝȠȡȓȦȞΝ(ȝȑșȠįȠȢΝrapid prototyping –įȘȝȚȠȣȡȖȓĮΝȝȠȞĲȑȜȦȞΝĮʌȠĲİȜȠȪȝİȞȦȞΝ

ĮʌȩΝʌȠȜȜȐΝıĲȡȫȝĮĲĮΝȝİΝĲİȤȞȠȜȠȖȓĮΝadditive manufacturing).  ǼʌȚʌȜȑȠȞ,ΝȝİΝȤȡȒıȘΝlaser 

ȖȚĮΝ İȖȤȐȡĮȟȘ,Ν ȝʌȠȡȠȪȝİΝ ȞĮΝ įȘȝȚȠȣȡȖȠȪȝİΝ ȝȠȞĲȑȜĮΝ ȝȠȡȓȦȞΝ ȝȑıĮΝ ıİΝ ȖȣĮȜȓΝ (ȝȑșȠįȠȢΝ

subsurface laser engraving)έΝ ȉȑȜȠȢΝ ȣʌȐȡȤİȚΝ țĮȚΝ ȠΝ ȝȠȡȚĮțȩȢΝ ȝȠȞĲİȜȚıȝȩȢΝ ȖȚĮΝ ĲȘȞΝ

įȘȝȚȠȣȡȖȓĮΝȝȠȞĲȑȜȦȞΝĲȡȚȫȞΝįȚĮıĲȐıİȦȞΝȝİΝĲȘȞΝȕȠȒșİȚĮΝȣʌȠȜȠȖȚıĲȫȞΝțĮȚΝȠʌĲȚțȠʌȠȓȘıȘΝ

ĲȦȞΝȝȠȞĲȑȜȦȞΝĮȣĲȫȞΝȝİΝȤȡȒıȘΝȝȠȡȚĮțȫȞΝȖȡĮĳȚțȫȞέ 

ȅΝȝȠȡȚĮțȩȢΝȝȠȞĲİȜȚıȝȩȢΝȝİΝĲȘȞΝȕȠȒșİȚĮΝȣʌȠȜȠȖȚıĲȫȞΝʌİȡȚȜĮȝȕȐȞİȚΝȝİșȩįȠȣȢΝ

țȕĮȞĲȚțȒȢΝȝȘȤĮȞȚțȒȢΝ(ab initio țĮȚΝsemi-empirical),ΝȝȠȡȚĮțȒȢΝ(İȝʌİȚȡȚțȒȢ)ΝȝȘȤĮȞȚțȒȢΝ

țĮȚΝ ʌȠȜȜȑȢΝ ȐȜȜİȢΝ įȚĮįȚțĮıȓİȢΝ (ȂȠȡȚĮțȒȢΝ ǻȣȞĮȝȚțȒȢ,Ν Monte Carlo, free energy țĮȚΝ

solvation  methods, SAR (structure/activity relationship),ΝȤȡȒıȘΝȤȘȝȚțȒȢΝțĮȚΝȕȚȠȤȘȝȚțȒȢΝ

ʌȜȘȡȠĳȠȡȓĮȢΝ țĮȚΝ ʌȜȘȡȠĳȠȡȓĮȢΝ ĮʌȠșȘțİȣȝȑȞȘȢΝ ıİΝ ȕȐıİȚȢΝ įİįȠȝȑȞȦȞ)έΝ ǹțȩȝĮΝ țĮȚΝ ĲȠΝ

ĮʌȠĲȑȜİıȝĮΝ ĲȘȢΝ İʌİȟİȡȖĮıȓĮȢΝ ĲȘȢΝ ʌȜȘȡȠĳȠȡȓĮȢΝ ʌȠȣΝ ʌȡȠȑȡȤİĲĮȚΝ ĮʌȩΝ NMR țĮȚΝ ĲĮΝ

İȓįȦȜĮΝĲȘȢΝțȡȣıĲĮȜȜȠȖȡĮĳȓĮΝĮțĲȓȞȦȞΝȋΝșĮΝȝʌȠȡȠȪıĮȞΝȞĮΝșİȦȡȘșȠȪȞΝİȓįȠȢΝȝȠȡȚĮțȠȪΝ

ȝȠȞĲİȜȚıȝȠȪ [33].  

 ȅȚΝ ȡȓȗİȢΝ ĲȠȣΝ ȝȠȡȚĮțȠȪΝ ȝȠȞĲİȜȚıȝȠȪΝ įȘȝȚȠȣȡȖȒșȘțĮȞΝ ȝİΝ ĲȘȞΝ ȚįȑĮΝ ȩĲȚΝ ȘΝ

ȖİȦȝİĲȡȓĮΝĲȠȣΝȝȠȡȓȠȣ,ΝȘΝİȞȑȡȖİȚĮΝțĮȚΝʌȠȜȜȑȢΝĮʌȩΝĲȚȢΝȚįȚȩĲȘĲİȢΝĲȠȣΝȝȠȡȓȠȣΝȝʌȠȡȠȪȞΝȞĮΝ

ȣʌȠȜȠȖȚıĲȠȪȞΝĮʌȩΝȝȘȤĮȞȚțȐΝȝȠȞĲȑȜĮ,ΝʌȠȣΝȣʌȩțİȚȞĲĮȚΝıİΝĳȣıȚțȑȢΝįȣȞȐȝİȚȢέΝǲȞĮΝȝȩȡȚȠΝ

ĮȞĮʌĮȡȚıĲȐĲĮȚΝ ȦȢΝȑȞĮΝȝȘȤĮȞȚțȩΝıȪıĲȘȝĮ,ΝĲȠȣΝȠʌȠȓȠȣΝĲĮΝıȦȝĮĲȓįȚĮΝ –ĲĮΝȐĲȠȝĮ- İȓȞĮȚΝ

ıȣȞįİȝȑȞĮΝ ȝİĲĮȟȪΝ ĲȠȣȢΝ ȝİΝ İȜĮĲȒȡȚĮΝ –ĲȠȣȢΝ įİıȝȠȪȢέΝ ȉȠΝ ȝȩȡȚȠΝ ıĲȘȞΝ ıȣȞȑȤİȚĮΝ

ʌİȡȚıĲȡȑĳİĲĮȚ,ΝįȠȞİȓĲĮȚΝțĮȚΝȝİĲĮĲȠʌȓȗİĲĮȚ,ΝȦȢΝıȣȞȠȜȚțȒΝ ĮȞĲȓįȡĮıȘΝıĲȚȢΝİȞįȠȝȠȡȚĮțȑȢΝ

țĮȚΝ įȚĮȝȠȡȚĮțȑȢΝ įȣȞȐȝİȚȢ,Ν ʌȠȣΝ İȞİȡȖȠȪȞΝ ıİΝ ĮȣĲȩέΝ ȅȚΝ įȣȞȐȝİȚȢΝ ĮȣĲȑȢΝ İțĳȡȐȗȠȞĲĮȚΝ ȦȢΝ

ȐșȡȠȚıȝĮΝĲȦȞΝĮȡȝȠȞȚțȫȞΝİțĳȡȐıİȦȞΝ(șİȦȡȫȞĲĮȢΝȩĲȚΝȚıȤȪİȚΝȠΝȞȩȝȠȢΝĲȠȣΝHooke)ΝȖȚĮΝĲȚȢΝ

įȚĮțȣȝȐȞıİȚȢΝĲȠȣΝȝȒțȠȣȢΝțĮȚΝĲȘȢΝȖȦȞȓĮȢΝĲȦȞΝįİıȝȫȞ,ΝȦȢΝĮȡȝȠȞȚțȑȢΝȒΝĲȡȚȖȦȞȠȝİĲȡȚțȑȢ  

İțĳȡȐıİȚȢΝ ȖȚĮΝ ĲȘȞΝ ȡȠʌȒΝ ʌȠȣΝ ȣʌȠȜȠȖȓȗİĲĮȚΝ ȖȚĮΝ ĲȘȞΝ ʌİȡȚıĲȡȠĳȒΝ ĲȝȘȝȐĲȦȞΝ ĲȠȣΝ ȝȠȡȓȠȣΝ

ȖȪȡȦΝĮʌȩΝįİıȝȠȪȢ,ΝʌȠȣΝİȞȫȞȠȣȞΝĲĮΝĲȝȒȝĮĲĮΝĮȣĲȐΝțĮȚΝĲȑȜȠȢΝİțĳȡȐȗȠȞĲĮȚΝțĮȚΝȖȚĮΝĲȚȢΝȝȘΝ

įİıȝȚțȑȢΝ (įȣȞȐȝİȚȢΝ van der Waals ȝİΝ ĲȘȞΝ ȝȠȡĳȒΝ įȣȞĮȝȚțȠȪΝ 1β-6 Lennard-Jones țĮȚΝ

ȘȜİțĲȡȠıĲĮĲȚțȑȢ)έΝȆİȡȚııȩĲİȡĮΝȖȚĮΝĲȘȞΝȤȡȒıȘΝĲȠȣΝȝȘȤĮȞȚțȠȪ ȝȠȞĲȑȜȠȣ ĲȘȢΝȂȠȡȚĮțȒȢΝ



23 

 

ȂȘȤĮȞȚțȒȢΝ ıĲȚȢΝȣʌȠȜȠȖȚıĲȚțȑȢΝʌȡȠıȠȝȠȚȫıİȚȢΝĮțȠȜȠȣșİȓΝʌĮȡĮțȐĲȦέΝȆȡȫĲĮ,ΝȩȝȦȢ,ΝșĮΝ

ĮȞĮĳȑȡȠȣȝİΝȚıĲȠȡȚțȐΝıĲȠȚȤİȓĮΝȖȚĮΝĲȚȢΝȣʌȠȜȠȖȚıĲȚțȑȢΝʌȡȠıȠȝȠȚȫıİȚȢέ  

 

2έ1 ȊʌȠȜȠȖȚıĲȚțȑȢ ʌȡȠıȠȝȠȚȫıİȚȢ (computer simulations). 

 ǾΝȚıĲȠȡȓĮΝĲȦȞΝȣʌȠȜȠȖȚıĲȚțȫȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȑȤİȚΝȦȢΝİȟȒȢκΝȀĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝ

ĲȠȣΝįİȪĲİȡȠȣΝʌĮȖțȩıȝȚȠȣΝʌȠȜȑȝȠȣΝțĮȚΝĮȝȑıȦȢΝȝİĲȐ,ΝİȓȤİΝĮȞĮʌĲȣȤșİȓΝȘΝĲİȤȞȠȜȠȖȓĮΝȖȚĮΝ

įȘȝȚȠȣȡȖȓĮΝȣʌȠȜȠȖȚıĲȚțȫȞΝȝȘȤĮȞȫȞΝȖȚĮΝȞĮ ȝʌȠȡȠȪȞΝĮȣĲȑȢΝȞĮΝİțĲİȜȠȪȞΝʌȠȜȪʌȜȠțȠȣȢΝ

ȣʌȠȜȠȖȚıȝȠȪȢ, ȝİΝĲİȜȚțȩΝıțȠʌȩΝĲȘȞΝĮȞȐʌĲȣȟȘΝʌȣȡȘȞȚțȫȞΝȩʌȜȦȞΝțĮșȫȢΝțĮȚΝĲȘȞ ȤȡȒıȘΝ

ĲȠȣȢΝȖȚĮΝĮʌȠțȡȣʌĲȠȖȡȐĳȘıȘ (code breaking)έΝȈĲȚȢΝĮȡȤȑȢΝĲȘȢΝįİțĮİĲȓĮȢΝĲȠȣΝ’είΝĮȣĲȠȓΝȠȚΝ

ȣʌȠȜȠȖȚıĲȑȢΝȑȖȚȞĮȞΝįȚĮșȑıȚȝȠȚΝțĮȚΝȖȚĮΝȝȘΝıĲȡĮĲȚȦĲȚțȠȪȢΝıțȠʌȠȪȢέΝȉȩĲİΝȐȡȤȚıİΝȘΝȤȡȒıȘΝ

ĲȠȣȢΝ ȖȚĮ ĲȘȞ ʌȡĮȖȝĮĲȠʌȠȓȘıȘΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȜȚȖȩĲİȡȠΝ ȒΝ ʌİȡȚııȩĲİȡȠΝ ʌȠȜȪʌȜȠțȦȞΝ

ıȣıĲȘȝȐĲȦȞέΝȀĮȚΝȠΝȜȩȖȠȢΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝȖȚ’ΝĮȣĲȩȞΝĲȠȞΝıțȠʌȩΝȒĲĮȞΝĮʌȜȐΝȖȚĮΝ

ȞĮΝİțĲȚȝȘșİȓΝȘΝ‘ȜȠȖȚțȒ’ΝțĮȚΝĲĮΝȩȡȚĮΝĲȦȞΝȚțĮȞȠĲȒĲȦȞΝĲȦȞΝȣʌȠȜȠȖȚıĲȫȞΝ[θγ]έ 

 ȆȡȚȞΝĮʌȩΝĲȘȞΝİʌȠȤȒΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞ,ΝȘΝʌȡȠıʌȐșİȚĮΝȖȚĮΝĲȘȞΝʌȡȩȕȜİȥȘΝĲȦȞΝ

ȚįȚȠĲȒĲȦȞΝ ĲȦȞΝ ʌȠȜȪʌȜȠțȦȞΝ ıȣıĲȘȝȐĲȦȞΝ ȕĮıȚȗȩĲĮȞΝ ıĲȚȢΝ ʌȡȠıİȖȖȚıĲȚțȑȢΝ șİȦȡȓİȢΝ

(approximate theories). ǻİįȠȝȑȞȘȢΝ ȚțĮȞȠʌȠȚȘĲȚțȒȢΝ (ȩȤȚΝ ȩȝȦȢΝ ʌȜȒȡȠȣȢ)Ν Ν ʌȜȘȡȠĳȠȡȓĮȢΝ

ȖȚĮΝ ĲȚȢΝ İȞįȠȝȠȡȚĮțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢ,Ν ȠȚΝ șİȦȡȓİȢΝ ĮȣĲȑȢΝ įȓȞȠȣȞΝ ȝȚĮΝ ȖİȞȚțȒΝ İțĲȓȝȘıȘΝ

ĲȦȞΝ ȚįȚȠĲȒĲȦȞΝ ĲȠȣΝ ȣʌȩΝ İȟȑĲĮıȘΝ ȣȜȚțȠȪέΝ ȉȠΝ ȖİȖȠȞȩȢΝ ĲȘȢΝ ʌİȡȚȠȡȚıȝȑȞȘȢΝ ȖȞȫıȘȢΝ ȩȜȦȞΝ

ĲȦȞΝ İȞįȠȝȠȡȚĮțȫȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞ,Ν ĮțȩȝĮΝ țĮȚΝ ȖȚĮΝ ıȤİĲȚțȐΝ ĮʌȜȐΝ ȝȩȡȚĮ,Ν ĮʌȠĲİȜİȓΝ

ʌȡȩȕȜȘȝĮΝȩĲĮȞΝșȑȜȠȣȝİΝȞĮΝİȜȑȖȟȠȣȝİΝΝĲȘȞΝİȖțȣȡȩĲȘĲĮΝȝȚĮȢΝıȣȖțİțȡȚȝȑȞȘȢΝșİȦȡȓĮȢΝȝİΝ

ʌİȓȡĮȝĮέΝ ǹȞΝ ȘΝ șİȦȡȓĮΝ țĮȚΝ ĲȠΝ ʌİȓȡĮȝĮΝ įİȞΝ İȓȞĮȚΝ ıȪȝĳȦȞĮΝ ĲȩĲİΝ İȓȞĮȚΝ ʌȚșĮȞȩΝ İȓĲİΝ ȘΝ

șİȦȡȓĮΝ ȞĮΝ ȝȘȞΝ İȓȞĮȚΝ ıȦıĲȒ İȓĲİΝ ȞĮΝ ȝȘȞΝ ȑȤȠȣȝİΝ ȣʌȠȜȠȖȓıİȚΝ ıȦıĲȐΝ ĲȚȢΝ İȞįȠȝȠȡȚĮțȑȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ıĲȠΝ ʌİȓȡĮȝĮΝ İȓĲİΝ ȞĮΝ ıȣȝȕĮȓȞȠȣȞΝ țĮȚΝ ĲĮΝ įȪȠΝ ĮȣĲȐΝ ȝĮȗȓέΝ ȂİΝ ĲȚȢΝ

ȣʌȠȜȠȖȚıĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ıȣȖțȡȓȞȠȣȝİΝ ĲȚȢΝ ȚįȚȩĲȘĲİȢΝ İȞȩȢΝ

ȣʌȠȜȠȖȚıĲȚțȠȪΝ ȝȠȡȚĮțȠȪΝ ıȣıĲȒȝĮĲȠȢΝ ĮʌİȣșİȓĮȢΝ ȝİΝ ĮȣĲȑȢΝ ĲȠȣΝ ʌİȚȡĮȝĮĲȚțȠȪΝ

ıȣıĲȒȝĮĲȠȢέΝ ǹȞΝ įȚĮĳȦȞȠȪȞ, ĲȩĲİΝ ĲȠΝ ȣʌȠȜȠȖȚıĲȚțȩΝ ȝȠȞĲȑȜȠΝ İȓȞĮȚΝ ĮȞİʌĮȡțȑȢΝ țĮȚΝ

ȤȡİȚȐȗİĲĮȚΝ ȕİȜĲȓȦıȘέΝ ǹțȩȝĮΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ıȣȖțȡȓȞȠȣȝİΝ ĲȠΝ ĮʌȠĲȑȜİıȝĮΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝĲȠȣΝįİįȠȝȑȞȠȣΝȝȠȡȚĮțȠȪΝıȣıĲȒȝĮĲȠȢΝȝİΝĲȚȢΝʌȡȠȕȜȑȥİȚȢΝȖȚĮΝĲȠΝȝȠȞĲȑȜȠΝ

ĮȣĲȩΝĲȦȞΝĮȞĮȜȣĲȚțȫȞΝʌȡȠıİȖȖȚıĲȚțȫȞΝșİȦȡȚȫȞέΝǹȞΝıİΝ ĮȣĲȒȞΝĲȘȞΝ ʌİȡȓʌĲȦıȘΝȣʌȐȡȤİȚΝ

įȚĮĳȦȞȓĮΝ șİȦȡȓĮȢΝ țĮȚΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ĲȩĲİΝ ȘΝ șİȦȡȓĮΝ ȑȤİȚΝ ĲȠΝ ʌȡȩȕȜȘȝĮέΝ ȈİΝ ĮȣĲȒȞΝ ĲȘȞΝ
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ʌİȡȓʌĲȦıȘΝȘΝȣʌȠȜȠȖȚıĲȚțȒΝʌȡȠıȠȝȠȓȦıȘΝİȓȞĮȚΝĲȠΝʌİȓȡĮȝĮ ĲȠΝȠʌȠȓȠ İȜȑȖȤİȚΝĲȘȞΝșİȦȡȓĮΝ

(computer experiment)έΝ ȂİΝ ĮȣĲȩȞΝ ĲȠȞΝ ĲȡȩʌȠΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ȕİȜĲȚȫıȠȣȝİΝ ȣʌȐȡȤȠȣıİȢΝ

șİȦȡȓİȢΝțĮȚΝȞĮΝ ĮȜȜȐȟȠȣȝİΝĲȠȞΝĲȡȩʌȠΝȝİΝĲȠȞΝȠʌȠȓȠΝțĮĲĮıțİȣȐȗȠȣȝİΝ ĲȚȢ ȞȑİȢέΝȈȒȝİȡĮΝ

ıʌȐȞȚĮΝ ȝȚĮΝ șİȦȡȓĮΝ İĳĮȡȝȩȗİĲĮȚΝ ıĲȠȞΝ ĮȜȘșȚȞȩΝ țȩıȝȠΝ ĮȞΝ ʌȡȚȞΝ įİȞΝ ȑȤİȚΝ İȜİȖȤșİȓΝ ȝİΝ

ȣʌȠȜȠȖȚıĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢέΝ ĬĮΝ ʌȡȑʌİȚΝ ȕȑȕĮȚĮ,Ν ȞĮΝ ȜĮȝȕȐȞİĲĮȚΝ ȣʌȩȥȘΝ ȩĲȚΝ ĲĮΝ

įİįȠȝȑȞĮΝ ȝİΝ ĲĮΝ ȠʌȠȓĮΝ ĲȡȠĳȠįȠĲȠȪȝİΝ ĲȠȣȢΝ ȣʌȠȜȠȖȚıĲȑȢΝ ȖȚĮΝ ĲȘȞΝ įȚİȟĮȖȦȖȒΝ ĲȦȞΝ

ȣʌȠȜȠȖȚıĲȚțȫȞΝ ʌİȚȡĮȝȐĲȦȞ ȝʌȠȡİȓΝ ȞĮΝ ȑȤȠȣȞΝ ıĲĮĲȚıĲȚțȐΝ ȜȐșȘ,Ν ȩʌȦȢΝ ĲȑĲȠȚĮΝ ȜȐșȘΝ

ȣʌȐȡȤȠȣȞΝțĮȚΝıĲĮΝĮȜȘșȚȞȐΝʌİȚȡȐȝĮĲĮέΝȀĮȚΝİʌȚʌȜȑȠȞ,ΝȩʌȦȢΝțĮȚΝıĲĮΝĮȜȘșȚȞȐΝʌİȚȡȐȝĮĲĮ,Ν

șĮΝʌȡȑʌİȚΝȞĮΝİȟȐȖȠȣȝİΝĲİȜȚțȐΝĲȘΝıȘȝĮȞĲȚțȒΝʌȜȘȡȠĳȠȡȓĮΝ[θγ]έ 

ǵĲĮȞ ȠȚΝ ȣʌȠȜȠȖȚıĲȑȢΝ ȑȖȚȞĮȞΝ ĲİȜȚțȐΝ įȚĮșȑıȚȝȠȚΝ ȖȚĮΝ ȝȘΝ ʌȠȜİȝȚțȠȪȢΝ ıțȠʌȠȪȢ,Ν

ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞ ĮȡȤȚțȐΝ ȖȚĮΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ĲȦȞΝ dense liquidsέΝ ǾΝ ʌȡȫĲȘΝ

ʌȡȠıȠȝȠȓȦıȘΝ İȞȩȢΝ ȣȖȡȠȪΝ ȑȖȚȞİΝ ĮʌȩΝ ĲȠȣȢΝ Metropolis, Rosenbluth, Rosenbluth, Teller 

and Teller ıĲȠȣȢΝȣʌȠȜȠȖȚıĲȑȢΝMANIAC ıĲȠΝLos Alamos İȚıȐȖȠȞĲĮȢΝĲȘȞΝȝȑșȠįȠΝMonte 

Carlo [θδ]έΝ ǾΝ ȠȞȠȝĮıȓĮΝ ‘ʌȡȠıȠȝȠȚȫıİȚȢΝ Monte CarloǯΝ İȓȤİΝ İʌȚȞȠȘșİȓΝ ȞȦȡȓĲİȡĮΝ ĮʌȩΝ

ĲȠȣȢΝMetropolis țĮȚΝUlam [85], İʌİȚįȒΝıĲȘȞΝȝȑșȠįȠΝĮȣĲȒΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝțĮĲȐΝțȩȡȠȞΝ

ĲȣȤĮȓȠȚΝ (ʌĮȡĮȖȩȝİȞȠȚΝĮʌȩΝȣʌȠȜȠȖȚıĲȑȢ)ΝĮȡȚșȝȠȓέΝȉȠΝ ȓįȚȠΝʌİȡȓʌȠȣΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮΝȠȚΝ

Fermi, Pasta țĮȚΝ Ulam [θζ]Ν ʌĮȡȠȣıȓĮıĮȞΝ ĲȘȞΝ ȝİȜȑĲȘΝ ĲȘȢΝ įȣȞĮȝȚțȒȢΝ ȝȘΝ ĮȡȝȠȞȚțȠȪΝ

(anharmonic)Ν ȝȠȞȠįȚȐıĲĮĲȠȣΝ țȡȣıĲȐȜȜȠȣέΝ ǾΝ ʌȡȫĲȘΝ ĮȟȚȠʌȡİʌȒȢΝ ʌȡȠıȠȝȠȓȦıȘΝ

ȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝ(Molecular Dynamic simulation,  MD simulation)ΝĮȞĮĳȑȡİĲĮȚΝĲȠΝ

1ιεζΝ ĮʌȩΝ ĲȠȣȢΝ Alder țĮȚΝ Wainwright [87],Ν ȠȚΝ ȠʌȠȓȠȚ ȝİȜȑĲȘıĮȞΝ ĲȘȞΝ įȣȞĮȝȚțȒΝ ĲȘȢΝ

ıȣȞĮȡȝȠȜȩȖȘıȘȢΝ ĲȦȞΝ ıțȜȘȡȫȞΝ ıĳĮȚȡȫȞΝ (hard spheres). ǾΝ ʌȡȫĲȘΝ ʌȡȠıȠȝȠȓȦıȘΝ ȝİΝ

ȝȠȞĲȑȜȠΝʌȡĮȖȝĮĲȚțȩ ȣȜȚțȩΝįȘȝȠıȚİȪĲȘțİΝĲȠΝ1ιζίΝĮʌȩΝĲȘȞΝȠȝȐįĮΝĲȠȣΝ Vineyard [88], Ș 

ȠʌȠȓĮ ȝİȜȑĲȘıİΝĲȘȞΝįȣȞĮȝȚțȒΝĲȘȢΝțĮĲĮıĲȡȠĳȒȢΝĮʌȩΝȡĮįȚİȞȑȡȖİȚĮ,ΝİȞȫΝĲĮΝʌȡȦĲİȓĮΝıĲȘȞΝ

ʌȡȠıȠȝȠȓȦıȘΝ ʌȡĮȖȝĮĲȚțȠȪΝ ȣȖȡȠȪ ȑȤȠȣȞΝ ȠȚΝ Rahman at Argonne [θι]έΝ ǾΝ ʌȡȫĲȘΝ

ʌȡȠıȠȝȠȓȦıȘΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ıİΝ ʌȡȦĲİǸȞȘΝ ĮȞĮĳȑȡİĲĮȚΝ ĲȠΝ 1ιηηΝ ĮʌȩΝ ĲȠȣȢΝ

McCammon, Gelin țĮȚΝ Karplus țĮȚΝ ĮĳȠȡȐΝ ĲȠȞΝ ĮȞĮıĲȠȜȑĮΝ ʌȡȦĲİĮıȫȞΝ ıİȡȓȞȘȢΝ BPTI 

[90] (Bovine Pancreatic Trypsine Inhibitor, ʌȡȦĲİǸȞȘΝ είίΝ ĮĲȩȝȦȞ, ȝİ įȚȐȡțİȚĮΝ

ʌȡȠıȠȝȠȓȦıȘȢΝȝȩȜȚȢΝιέβΝps). ǾΝȝİșȠįȠȜȠȖȓĮΝĲȦȞΝȣʌȠȜȠȖȚıĲȚțȫȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȑȤİȚΝ

ĮȞĮʌĲȣȤșİȓΝĮʌȩΝĲȩĲİΝțȪȡȚĮΝȜȩȖȦΝĲȘȢΝȕİȜĲȓȦıȘȢΝĲȘȢΝĲİȤȞȠȜȠȖȓĮȢΝĲȦȞΝȣʌȠȜȠȖȚıĲȫȞ,ΝİȞȫΝ

ȠȚΝȕĮıȚțȠȓΝĮȜȖȩȡȚșȝȠȚΝĲȦȞΝMC țĮȚΝMD įİȞΝȑȤȠȣȞΝĮȜȜȐȟİȚΝıȘȝĮȞĲȚțȐΝĮʌȩΝĲȠΝ1ιείέ 

ǾΝʌȜȑȠȞΝțȠȚȞȒΝİĳĮȡȝȠȖȒΝĲȦȞΝȣʌȠȜȠȖȚıĲȚțȫȞΝʌȡȠıȠȝȠȚȫıİȦȞΝİȓȞĮȚΝȘ ʌȡȩȕȜİȥȘΝ

ĲȦȞΝȚįȚȠĲȒĲȦȞΝțĮȚΝĲȘȢΝıȣȝʌİȡȚĳȠȡȐȢΝĲȦȞΝȣȜȚțȫȞΝțȐĲȦΝĮʌȩΝıȣȖțİțȡȚȝȑȞİȢΝıȣȞșȒțİȢέΝǾΝ
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ȤȡȘıȚȝȩĲȘĲĮΝĲȑĲȠȚȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȝʌȠȡİȓΝȞĮΝȝȘȞΝİȓȞĮȚΝİțΝʌȡȫĲȘȢΝȩȥİȦȢΝʌȡȠĳĮȞȒȢέΝ

īȚĮΝʌĮȡȐįİȚȖȝĮΝİȓȞĮȚΝʌȠȜȪΝʌȚȠΝİȪțȠȜȠΝȞĮΝȝİĲȡȒıİȚΝțĮȞİȓȢΝĲȠΝıȘȝİȓȠΝʌȒȟȘȢΝĲȠȣΝȞİȡȠȪΝ

ĮʌȩΝĲȠΝȞĮΝĲȠΝİȟȐȖİȚΝȣʌȠȜȠȖȚıĲȚțȐΝȝİΝʌȡȠıȠȝȠȚȫıİȚȢέΝȉȠΝȗȒĲȘȝĮΝİȓȞĮȚΝȩĲȚΝİȓȞĮȚΝİȪțȠȜȠΝ

ȞĮΝ ȝİĲȡȘșİȓΝ ĲȠΝ ıȘȝİȓȠΝ ʌȒȟȘȢΝ ĲȠȣΝ ȞİȡȠȪΝ ıİΝ ʌȓİıȘΝ ȝȓĮȢΝ ĮĲȝȩıĳĮȚȡĮȢ,Ν ĮȜȜȐΝ ʌȠȜȪΝ

įȪıțȠȜȠΝ ȑȦȢΝ ĮįȪȞĮĲȠΝ țĮȚΝ ıȓȖȠȣȡĮΝ įĮʌĮȞȘȡȩΝ ȞĮΝ ȝİĲȡȘșȠȪȞΝ ȠȚΝ ȚįȚȩĲȘĲİȢΝ İȞȩȢΝ

ʌȡĮȖȝĮĲȚțȠȪΝ ȣȜȚțȠȪΝ ıİΝ ʌȠȜȪΝ ȣȥȘȜȑȢΝ ʌȚȑıİȚȢΝ ȒΝ șİȡȝȠțȡĮıȓİȢέΝ ȂİΝ ĲȠȣȢΝ ȣʌȠȜȠȖȚıĲȑȢΝ

ȝʌȠȡȠȪȝİΝȞĮΝʌȡȠıȠȝȠȚȫıȠȣȝİΝȑȞĮΝıȪıĲȘȝĮΝıİΝȠʌȠȚĮįȒʌȠĲİΝ(ıȤİįȩȞ)ΝșİȡȝȠțȡĮıȓĮΝ ȒΝ

ʌȓİıȘέΝ ǼʌȚʌȜȑȠȞΝ ȝİΝ ȣʌȠȜȠȖȚıĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌȡȠȕȜȑȥȠȣȝİΝ ĮțȩȝĮΝ

țĮȚΝ ȚįȚȩĲȘĲİȢΝ ȣȜȚțȫȞΝ ʌȠȣΝ ĮțȩȝĮΝ įİȞΝ ȑȤȠȣȞ ĮțȩȝĮΝ țĮĲĮıțİȣĮıĲİȓέ ȉȑȜȠȢ,Ν ȠȚΝ

ȣʌȠȜȠȖȚıĲȚțȑȢΝʌȡȠıȠȝȠȚȫıİȚȢΝȝʌȠȡȠȪȞΝȞĮΝȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝĮʌȜȐΝțĮȚΝȦȢΝİȟİȡİȣȞȘĲȚțȩΝ

İȡȖĮȜİȓȠΝ ʌȠȣΝ ȝʌȠȡİȓΝ ȞĮΝ ʌȡȠıĳȑȡİȚΝ ĮȟȚȩȜȠȖȘΝ ʌȜȘȡȠĳȠȡȓĮΝ ȖȚĮΝ ĲȘȞΝ țĮĲĮȞȩȘıȘΝ ĲȦȞΝ

ȕȚȠȜȠȖȚțȫȞΝįȚİȡȖĮıȚȫȞΝ[θγ]έ 

 

2έ2έ ȂȠȡȚĮțȒ ȂȘȤĮȞȚțȒ & ʌȡȠıȠȝȠȚȫıİȚȢ ȝȠȡȚĮțȒȢ ǻȣȞĮȝȚțȒȢέ 

ǾΝ ȂȠȡȚĮțȒΝ ȂȘȤĮȞȚțȒΝ (ȝȑșȠįȠȢΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ ȒΝ ĲȘȢΝ įȣȞĮȝȚțȒȢΝ

İȞȑȡȖİȚĮȢ)ΝȕĮıȓȗİĲĮȚΝıĲȘȞΝĮȡȤȒΝțĮĲȐΝĲȘȞΝȠʌȠȓĮΝĲȠΝȐșȡȠȚıȝĮΝĲȦȞΝĳȣıȚțȫȞΝįȣȞȐȝİȦȞ, ȠȚΝ

ȠʌȠȓİȢΝ İʌİȞİȡȖȠȪȞ ıİΝ ȑȞĮΝ ȝȩȡȚȠ, ȝʌȠȡİȓΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȘșİȓΝ ȖȚĮΝ ȞĮΝ ʌİȡȚȖȡȐȥİȚΝ ĲȘȞΝ

ȖİȦȝİĲȡȓĮΝ țĮȚΝ ĲȘȞΝ İȞȑȡȖİȚĮΝ ĲȠȣΝ ȝȠȡȓȠȣΝ ĮȣĲȠȪ,Ν ȘΝ ĲİȜȚțȒΝ įİΝ įȚĮȝȩȡĳȦıȒΝ ĲȠȣΝ ȝȠȡȓȠȣΝ

ĮȣĲȠȪΝıĲȠȞΝȤȫȡȠ İȓȞĮȚΝĮȣĲȒΝĲȘȢΝİȜȐȤȚıĲȘȢΝȠȜȚțȒȢΝİıȦĲİȡȚțȒȢΝİȞȑȡȖİȚĮȢέΝΝǲȞĮΝıȪıĲȘȝĮΝ

ȝȠȡȓȦȞ, ȦȢ țȜĮııȚțȩΝ ıȪıĲȘȝĮΝ ĲȘȢΝ ȝȠȡȚĮțȒȢΝ ȝȘȤĮȞȚțȒȢ,Ν ȑȤİȚΝ ĮȞĮĳİȡșİȓΝ ıİΝ

ʌȡȠȘȖȠȪȝİȞȘΝ ʌĮȡȐȖȡĮĳȠέ Ǿ ȝȠȡȚĮțȒΝ ȝȘȤĮȞȚțȒΝ ĮʌĮȚĲİȓΝ ĲȘȞΝ țĮĲĮıțİȣȒΝ ȝȓĮȢΝ

ıȣȞȐȡĲȘıȘȢ,ΝȘΝȠʌȠȓĮΝșĮ ʌİȡȚȖȡȐĳİȚΝĲȘȞΝįȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝĮȣĲȠȪ ȦȢΝ

ʌȡȠȢΝĲȚȢΝșȑıİȚȢΝ (țĮȚΝıȣȞİʌȫȢΝțĮȚΝĲȚȢΝĮʌȠıĲȐıİȚȢ)ΝĲȦȞΝĮĲȩȝȦȞ,ΝʌȠȣΝĲȠΝĮʌĮȡĲȓȗȠȣȞέΝȅȚΝ

ĮĲȠȝȚțȑȢΝșȑıİȚȢΝȜĮȝȕȐȞȠȞĲĮȚΝĮʌȩΝʌİȚȡĮȝĮĲȚțȐΝįİįȠȝȑȞĮέ  

ȅȚΝĮȡȤȑȢΝıĲȚȢΝȠʌȠȓİȢΝȕĮıȓȗİĲĮȚΝȘΝȝȠȡȚĮțȒΝįȣȞĮȝȚțȒΝİȓȞĮȚΝĲȡİȓȢέΝǾΝʌȡȫĲȘΝİȓȞĮȚΝȘΝ

ȕĮıȚțȒΝșİȡȝȠįȣȞĮȝȚțȒΝȣʌȩșİıȘ,ΝțĮĲȐΝĲȘȞΝȠʌȠȓĮΝȑȞĮΝıȪıĲȘȝĮΝȠįȘȖİȓĲĮȚΝĮȣșȩȡȝȘĲĮΝıİΝ

țĮĲȐıĲĮıȘΝȤĮȝȘȜȩĲİȡȘȢΝİȜİȪșİȡȘȢΝİȞȑȡȖİȚĮȢέΝǾΝʌȡȠıșİĲȚțȩĲȘĲĮΝĲȦȞΝįȣȞĮȝȚțȫȞΝİȓȞĮȚΝ

ȘΝ įİȪĲİȡȘΝ ĮȡȤȒέΝ ȅȚΝ įȣȞȐȝİȚȢ,Ν ȠȚΝ ȠʌȠȓİȢ İʌİȞİȡȖȠȪȞΝ ıĲĮΝ ȐĲȠȝĮΝ İțĳȡȐȗȠȞĲĮȚΝ ȦȢΝ

ȐșȡȠȚıȝĮΝĲȦȞΝįİıȝȚțȫȞΝțĮȚΝĲȦȞΝȝȘΝįİıȝȚțȫȞΝįȣȞȐȝİȦȞέΝǾΝĲȡȓĲȘΝĮȡȤȒΝİȓȞĮȚΝĮȣĲȒΝĲȘȢΝ

įȣȞĮĲȩĲȘĲĮȢΝ ȝİĲĮȕȓȕĮıȘȢΝ ĲȦȞΝ ȣʌȠȜȠȖȚıșȑȞĲȦȞΝ Įʌȩ ĮʌȜȑȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢ 
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įȣȞĮȝȚțȫȞ ıİΝȐȜȜĮΝʌȠȜȣʌȜȠțȩĲİȡĮΝȝȩȡȚĮ,Ν ĲĮΝȠʌȠȓĮ ȩȝȦȢ ĮʌȠĲİȜȠȪȞĲĮȚ ĮʌȩΝĲȚȢΝ ȓįȚİȢΝ

ȤȘȝȚțȑȢΝȣʌȠȝȠȞȐįİȢ,ΝİȚıȐȖȠȞĲĮȢΝȝİΝĮȣĲȩΝĲȠȞΝĲȡȩʌȠΝĲȘȞΝȑȞȞȠȚĮΝĲȠȣΝĲȪʌȠȣΝĮĲȩȝȠȣΝ(atom 

type)έΝȅΝĲȪʌȠȢΝĮĲȩȝȠȣΝĮʌİȚțȠȞȓȗİȚΝĲȠΝʌİȡȚȕȐȜȜȠȞΝĲȠȣΝțȐșİΝĮĲȩȝȠȣΝ[γγ]έ 

ǾΝȂȠȡȚĮțȒΝǻȣȞĮȝȚțȒΝİʌȚĲȡȑʌİȚΝĲȘȞΝĮȜȜȘȜİʌȓįȡĮıȘΝ ΝĲȦȞΝ ĮĲȩȝȦȞΝİȞȩȢΝȝȠȡȓȠȣΝ

ȖȚĮΝȝȓĮΝȤȡȠȞȚțȒΝʌİȡȓȠįȠΝțĮȚΝʌȡȠȕȜȑʌİȚΝĲȘȞΝȝȠȡȚĮțȒΝțȓȞȘıȘΝıİΝ ĮĲȠȝȚțȩΝ İʌȓʌİįȠΝ țĮĲȐΝ

ĲȘȞ įȚȐȡțİȚĮΝ ĮȣĲȒȢΝ ĲȘȢΝ ʌİȡȚȩįȠȣέΝ ȂİΝ ĲȘȞΝ ȣʌȠȜȠȖȚıĲȚțȒΝ ȝȑșȠįȠΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ

ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȣʌȠȜȠȖȓȗİĲĮȚΝ ȘΝ ıȣȝʌİȡȚĳȠȡȐΝ İȞȩȢΝ ȝȠȡȚĮțȠȪΝ ıȣıĲȒȝĮĲȠȢΝ

ıȣȞĮȡĲȒıİȚΝĲȠȣΝȤȡȩȞȠȣΝʌĮȡȑȤȠȞĲĮȢΝȜİʌĲȠȝİȡȒΝʌȜȘȡȠĳȠȡȓĮΝȖȚĮΝĲȚȢΝįȚĮțȣȝȐȞıİȚȢΝțĮȚΝĲȚȢΝ

ĮȜȜĮȖȑȢΝįȚĮȝȩȡĳȦıȘȢΝĲȠȣΝȣʌȩΝʌȡȠıȠȝȠȓȦıȘΝȝȠȡȓȠȣέΝ 

ǾΝ ȝȑșȠįȠȢΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȕĮıȓȗİĲĮȚΝ ıĲȠȞΝ įİȪĲİȡȠΝ

ȞȩȝȠΝĲȘȢΝțȓȞȘıȘȢΝĲȠȣΝȃİȪĲȦȞĮΝ(țȜĮııȚțȒΝȝȘȤĮȞȚțȒ)έΝȈȪȝĳȦȞĮΝȝİΝĮȣĲȩȞΝȝʌȠȡȠȪȝİΝȞĮΝ

ʌȡȠȕȜȑȥȠȣȝİΝ ĲȘȞΝ İʌȚĲȐȤȣȞıȘΝ İȞȩȢΝ ĮȞĲȚțİȚȝȑȞȠȣ,Ν įİįȠȝȑȞȘȢΝ ĲȘȢΝ ȝȐȗĮȢΝ ĲȠȣΝ țĮȚΝ ĲȘȢΝ

ıȣȞȠȜȚțȒȢΝ įȪȞĮȝȘȢΝ ȘΝ ȠʌȠȓĮ İĳĮȡȝȩȗİĲĮȚΝ ıİΝ ĮȣĲȩέΝ ȅΝ ȞȩȝȠȢΝ ĮȣĲȩȢΝ İțĳȡȐȗİĲĮȚΝ ȝİΝ ĲȘȞΝ

İȟȓıȦıȘΝ F=m.a,Ν ȩʌȠȣΝ F İȓȞĮȚΝ ȘΝ ıȣȞȠȜȚțȒΝ įȪȞĮȝȘΝ (įȘȜΝ ĲȠΝ ȐșȡȠȚıȝĮΝ ĲȦȞΝ ĮȞȣıȝȐĲȦȞΝ

ĲȦȞΝ İĳĮȡȝȠȗȩȝİȞȦȞΝ ıĲȠΝ ıȫȝĮΝ įȣȞȐȝİȦȞ), m İȓȞĮȚΝ ȘΝ ȝȐȗĮΝ ĲȠȣΝ ıȫȝĮĲȠȢΝ țĮȚΝ a ȘΝ

İʌȚĲȐȤȣȞıȒΝ ĲȠȣέΝ ȉȠΝ ȠȜȠțȜȒȡȦȝĮΝ ĲȘȢΝ ĮȞȦĲȑȡȦΝ İȟȓıȦıȘȢΝ ĲȘȢΝ țȓȞȘıȘȢΝ ʌĮȡȐȖİȚΝ ȑȞĮΝ

ĲȡȠȤȚĮțȩΝ(trajectory), ĲȠΝȠʌȠȓȠΝ ʌİȡȚȖȡȐĳİȚΝĲȚȢΝșȑıİȚȢ,ΝĲȚȢΝĲĮȤȪĲȘĲİȢΝțĮȚΝĲȚȢΝİʌȚĲĮȤȪȞıİȚȢΝ

ĲȦȞΝıȦȝĮĲȚįȓȦȞΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝıİΝȩȜȘΝĲȘȞΝįȚȐȡțİȚĮΝĲȠȣΝȤȡȩȞȠȣΝʌȡȠıȠȝȠȓȦıȘȢέΝǹʌȩΝ

ĮȣĲȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ ȝʌȠȡȠȪȞΝ ȞĮΝ țĮșȠȡȚıĲȠȪȞΝ ȠȚΝ ȝȑıİȢΝ ĲȚȝȑȢΝ ʌȠȜȜȫȞΝ ȚįȚȠĲȒĲȦȞΝ ĲȠȣΝ

ıȣıĲȒȝĮĲȠȢέΝȈĲȘȞΝțȜĮııȚțȒΝȝȘȤĮȞȚțȒΝȚıȤȪİȚΝȘΝĮȚĲȚȠțȡĮĲȓĮΝ(determinismus)έΝǼĳȩıȠȞΝȠȚΝ

șȑıİȚȢΝ țĮȚΝ ȠȚΝ ĲĮȤȪĲȘĲİȢΝ ȩȜȦȞΝ ĲȦȞΝ ĮĲȩȝȦȞΝ İȓȞĮȚΝ ȖȞȦıĲȑȢ, Ș țĮĲȐıĲĮıȘΝ ĲȠȣΝ

ĮʌĮȡĲȚȗȩȝİȞȠȣΝ ĮʌȩΝ ĮȣĲȐΝ ĲĮΝ ȐĲȠȝĮΝ ıȣıĲȒȝĮĲȠȢΝ ȝʌȠȡİȓΝ ȞĮΝ ʌȡȠȕȜİĳșİȓΝ İʌĮțȡȚȕȫȢΝ ıİΝ

ȠʌȠȚĮįȒʌȠĲİΝȝİȜȜȠȞĲȚțȒΝȤȡȠȞȚțȒΝıĲȚȖȝȒέΝȀĮȚΝȘΝȤȡȠȞȚțȒΝıĲȚȖȝȒΝȝʌȠȡİȓΝȞĮΝțĮșȠȡȚıĲİȓ,Ν

İĳȩıȠȞΝȠΝȤȡȩȞȠȢΝıĲȘȞΝțȜĮııȚțȒΝȝȘȤĮȞȚțȒΝİȓȞĮȚ ĮʌȩȜȣĲȠȢέ 

 

2.3έ ȈĲĮĲȚıĲȚțȒ ȝȘȤĮȞȚțȒ (statistical mechanics).  

 ǵʌȦȢΝ ĮȞĮĳȑȡĮȝİΝ ʌȡȠȘȖȠȣȝȑȞȦȢ,Ν ȠȚ ȣʌȠȜȠȖȚıĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝĮȢΝ

İʌȚĲȡȑʌȠȣȞΝ ȞĮΝ ȝİȜİĲȒıȠȣȝİΝ ĲȚȢΝ ȚįȚȩĲȘĲİȢΝ İȞȩȢΝ ıȣıĲȒȝĮĲȠȢΝ ʌȠȜȜȫȞΝ ıȦȝĮĲȚįȓȦȞέΝ

ȍıĲȩıȠΝ ΝĮȣĲȑȢ, įİȞΝȝʌȠȡȠȪȞΝȞĮΝȝİĲȡȒıȠȣȞΝȐȝİıĮΝȩȜİȢΝĲȚȢΝ ȚįȚȩĲȘĲİȢΝĲȠȣΝıȣıĲȒȝĮĲȠȢέΝ
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ȅȣıȚĮıĲȚțȐ,Ν ȠȚΝ ʌİȡȚııȩĲİȡİȢΝ ĮʌȩΝ ĲȚȢΝ ʌȠıȩĲȘĲİȢΝ ʌȠȣΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ȝİĲȡȘșȠȪȞΝ ȝİΝ ĲȘȞΝ

ȣʌȠȜȠȖȚıĲȚțȒΝ ʌȡȠıȠȝȠȓȦıȘΝ įİȞΝ ĮȞĲĮʌȠțȡȓȞȠȞĲĮȚΝ ıİΝ ĮȣĲȑȢΝ ʌȠȣΝ ȝİĲȡȠȪȞĲĮȚΝ ıĲĮΝ

ʌȡĮȖȝĮĲȚțȐΝ ʌİȚȡȐȝĮĲĮέΝ īȚĮΝ ʌĮȡȐįİȚȖȝĮ,Ν ȝİΝ ȝȚĮΝ ʌȡȠıȠȝȠȓȦıȘΝ ĲȠȣΝ ȣȖȡȠȪΝ ȞİȡȠȪΝ

ȝʌȠȡȠȪȝİΝȞĮΝȝİĲȡȒıȠȣȝİΝĲȚȢΝıĲȚȖȝȚĮȓİȢΝșȑıİȚȢΝțĮȚΝĲȚȢΝĲĮȤȪĲȘĲİȢΝȩȜȦȞΝĲȦȞΝĮĲȩȝȦȞΝĲȠȣΝ

ȣȖȡȠȪέΝ ǹȣĲȒΝ ȩȝȦȢΝ ȘΝ ʌȜȘȡȠĳȠȡȓĮΝ įİȞΝ ȝʌȠȡİȓΝ ȞĮΝ ıȣȖțȡȚșİȓΝ ȝİΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮΝ

İĳȩıȠȞΝ țĮȞȑȞĮΝ ʌİȓȡĮȝĮΝ įİȞΝ ȝʌȠȡİȓΝ ȞĮΝ ȝĮȢΝ įȫıİȚΝ ĲȑĲȠȚĮΝ ıĲȠȚȤİȓĮέΝ ȈİΝ ȑȞĮΝ ʌİȓȡĮȝĮΝ

ȝİĲȡȐȝİΝ ĲȘȞΝ ȝȑıȘΝ ĲȚȝȒ ȝȚĮȢΝ ȚįȚȩĲȘĲĮȢΝ ĲȠȣΝ ıȣȞȩȜȠȣΝ ĲȦȞΝ ıȦȝĮĲȚįȓȦȞ,Ν ĲĮΝ ȠʌȠȓĮΝ

ĮʌĮȡĲȓȗȠȣȞΝ ĲȠ ȣʌȩΝ İȟȑĲĮıȘΝ ȣȜȚțȩΝ țĮȚΝ ȖȚĮΝ ĲȠΝ ıȪȞȠȜȠΝ ĲȘȢΝ ȤȡȠȞȚțȒȢΝ įȚȐȡțİȚĮȢΝ ĲȠȣΝ

ʌİȚȡȐȝĮĲȠȢέΝ ǹȞΝ șȑȜȠȣȝİΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȒıȠȣȝİΝ ĲĮΝ įİįȠȝȑȞĮΝ ĲȦȞΝ ȣʌȠȜȠȖȚıĲȚțȫȞΝ

ʌȡȠıȠȝȠȚȫıİȦȞΝΝȦȢΝıȣȝʌȜȘȡȦȝĮĲȚțȐΝĲȠȣΝʌİȚȡȐȝĮĲȠȢΝșĮΝʌȡȑʌİȚΝȞĮΝȝİĲĮĲȡȑȥȠȣȝİΝĲȘȞΝ

ȝȚțȡȠıțȠʌȚțȒΝʌȜȘȡȠĳȠȡȓĮ,ΝĲȘȞΝȠʌȠȓĮ ĮȣĲȐΝʌĮȡȐȖȠȣȞΝ(ĮĲȠȝȚțȑȢΝșȑıİȚȢΝțĮȚΝĲĮȤȪĲȘĲİȢ)Ν

ıİΝȝĮțȡȠıțȠʌȚțȐΝʌĮȡĮĲȘȡȠȪȝİȞĮΝȝİΝĲȠΝʌİȓȡĮȝĮΝįİįȠȝȑȞĮΝ(ʌȓİıȘ,ΝİȞȑȡȖİȚĮΝțȜʌ)έΝǹȣĲȩΝ

ĲȠΝİʌȚĲȣȖȤȐȞȠȣȝİΝȝİΝĲȘȞΝıĲĮĲȚıĲȚțȒΝȝȘȤĮȞȚțȒέΝǾΝıĲĮĲȚıĲȚțȒΝȝȘȤĮȞȚțȒΝʌĮȡȑȤİȚΝĮțȡȚȕİȓȢΝ

ȝĮșȘȝĮĲȚțȑȢΝ ıȣȞĮȡĲȒıİȚȢ,Ν ȠȚ ȠʌȠȓİȢ ıȣıȤİĲȓȗȠȣȞΝ ĲȚȢΝ ȝĮțȡȠıțȠʌȚțȑȢΝ ȚįȚȩĲȘĲİȢΝ ȝİΝ ĲȘȞΝ

țĮĲĮȞȠȝȒΝ țĮȚΝ ĲȘȞΝ țȓȞȘıȘΝ ĲȦȞΝ ĮĲȩȝȦȞΝ (țĮȚΝ ȝȠȡȓȦȞ)Ν İȞȩȢΝ ıȣıĲȒȝĮĲȠȢΝ ȃ-ıȦȝĮĲȚįȓȦȞ,Ν

İȞȫΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ʌĮȡȑȤȠȣȞΝ ĲȠΝ ȝȑıȠΝ ȖȚĮΝ ĲȘȞΝ İʌȓȜȣıȘΝ ĲȘȢΝ

İȟȓıȦıȘȢΝ ĲȘȢ țȓȞȘıȘȢΝ ĲȦȞΝ ıȦȝĮĲȚįȓȦȞΝ țĮȚΝ ĲȘȞ İțĲȓȝȘıȘΝ ĮȣĲȫȞΝ ĲȦȞΝ ȝĮșȘȝĮĲȚțȫȞΝ

ĲȪʌȦȞέ ȂİΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ȝİȜİĲȘșȠȪȞΝ ĲȩıȠΝ ȠȚΝ

șİȡȝȠįȣȞĮȝȚțȑȢΝ ȚįȚȩĲȘĲİȢΝ ȩıȠΝ țĮȚΝ İȟĮȡĲȫȝİȞĮΝ ĮʌȩΝ ĲȠȞΝ ȤȡȩȞȠΝ țȚȞȘĲȚțȐΝ ĳĮȚȞȩȝİȞĮΝ

[91,92]. 

 ǾΝșİȡȝȠįȣȞĮȝȚțȒΝțĮĲȐıĲĮıȘΝ İȞȩȢΝıȣıĲȒȝĮĲȠȢΝțĮșȠȡȓȗİĲĮȚΝĮʌȩΝȝȚțȡȩ ĮȡȚșȝȩΝ

ʌĮȡĮȝȑĲȡȦȞ,Ν ȩʌȦȢΝ ȘΝ șİȡȝȠțȡĮıȓĮ,Ν ȘΝ ʌȓİıȘΝ țĮȚΝ ȠΝ ĮȡȚșȝȩȢΝ ĲȦȞΝ ıȦȝĮĲȚįȓȦȞΝ (ĮĲȩȝȦȞ)Ν

ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ ǱȜȜİȢΝ șİȡȝȠįȣȞĮȝȚțȑȢΝ ȚįȚȩĲȘĲİȢΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ʌĮȡĮȤșȠȪȞΝ ĮʌȩΝ ĲȚȢΝ

țĮĲĮıĲĮĲȚțȑȢΝ țĮȚΝ ĮʌȩΝ ȐȜȜİȢΝ ȕĮıȚțȑȢΝ șİȡȝȠįȣȞĮȝȚțȑȢΝ İȟȚıȫıİȚȢέΝ ȅȚΝ șİȡȝȠįȣȞĮȝȚțȑȢΝ

ĮȣĲȑȢΝȝİĲĮȕȜȘĲȑȢΝ(state variables)ΝȩʌȦȢΝİȓȞĮȚΝȘΝİȜİȪșİȡȘΝİȞȑȡȖİȚĮΝGibbs,ΝȘΝİȞșĮȜʌȓĮ,ΝȘΝ

İȞĲȡȠʌȓĮΝțĮȚΝȐȜȜİȢ,ΝʌİȡȚȖȡȐĳȠȣȞΝĲȘȞΝıĲȚȖȝȚĮȓĮΝțĮĲȐıĲĮıȘΝİȞȩȢΝıȣıĲȒȝĮĲȠȢΝțĮȚΝİȓȞĮȚΝ

ĮȞİȟȐȡĲȘĲİȢΝ ĮʌȩΝ ĲȠΝ ȝȠȞȠʌȐĲȚΝ ʌȠȣΝ ĮțȠȜȠȪșȘıİΝ ĲȠΝ ıȪıĲȘȝĮΝ ȖȚĮΝ ȞĮΝ ĳĲȐıİȚΝ ıĲȘȞΝ

țĮĲȐıĲĮıȘΝ ĮȣĲȒέΝ ǺȐıİȚΝ ĲȘȢΝ șİȡȝȠįȣȞĮȝȚțȒȢΝ ȣʌȩșİıȘȢ, ȑȞĮΝ ĳȣıȚțȩΝ ıȪıĲȘȝĮΝ

ȝİĲĮȕȐȜȜİĲĮȚΝ ȝİΝ ĲȠȞΝ ȤȡȩȞȠΝ țĮĲİȣșȣȞȩȝİȞȠΝ ıİΝ țĮĲȐıĲĮıȘΝ ȝȚțȡȩĲİȡȘȢΝ İȜİȪșİȡȘȢΝ

İȞȑȡȖİȚĮȢέΝ ǾΝ șİȡȝȠįȣȞĮȝȚțȒΝ ʌİȡȚȖȡȐĳİȚΝ ĲȘȞΝ țȚȞȘĲȒȡȚĮΝ įȪȞĮȝȘΝ ȖȚĮΝ ĲȚȢΝ ȤȘȝȚțȑȢΝ

įȚİȡȖĮıȓİȢ,ΝİȞȫΝȘΝțȚȞȘĲȚțȒΝĲȠȞΝȝȘȤĮȞȚıȝȩΝȝİΝĲȠȞΝȠʌȠȓȠΝȖȓȞȠȞĲĮȚΝĮȣĲȑȢέ 
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 ǾΝȝȘȤĮȞȚțȒΝȒΝȝȚțȡȠıțȠʌȚțȒΝțĮĲȐıĲĮıȘΝİȞȩȢΝıȣıĲȒȝĮĲȠȢΝțĮșȠȡȓȗİĲĮȚΝĮʌȩΝĲȘȞΝ

șȑıȘΝq țĮȚΝĲȘȞΝȠȡȝȒΝp ĲȠȣΝțȐșİΝĮĲȩȝȠȣΝʌȠȣΝĮʌĮȡĲȓȗİȚΝĲȠΝıȪıĲȘȝĮέ ȉĮΝp țĮȚ q ȝʌȠȡȠȪȞΝ

ȞĮΝșİȦȡȘșȠȪȞΝȦȢ ıȣȞĲİĲĮȖȝȑȞİȢΝ İȞȩȢΝʌȠȜȣįȚȐıĲĮĲȠȣΝȤȫȡȠȣ,Ν ĲȠȣ phase space. ǹȣĲȩȢ 

İȓȞĮȚΝȠΝȤȫȡȠȢΝȝȑıĮΝıĲȠȞΝȠʌȠȓȠΝĮȞĲȚʌȡȠıȦʌİȪȠȞĲĮȚΝȩȜİȢΝȠȚΝʌȚșĮȞȑȢΝțĮĲĮıĲȐıİȚȢΝİȞȩȢΝ

ıȣıĲȒȝĮĲȠȢ,Ν ȝİΝ țȐșİΝ ʌȚșĮȞȒΝ țĮĲȐıĲĮıȘΝ (ȝȚțȡoțĮĲȐıĲĮıȘ - microstate) ȞĮΝ

ĮȞĲȚʌȡȠıȦʌİȪİĲĮȚΝ ıİΝ ȑȞĮΝ ȝȠȞĮįȚțȩΝ ıȘȝİȓȠΝ ĲȠȣΝ phase spaceέΝ ǵȜİȢΝ ȠȚΝ ʌȚșĮȞȑȢΝ ĮȣĲȑȢΝ

țĮĲĮıĲȐıİȚȢΝĲȦȞΝp țĮȚΝq ıİΝıȣȞȐȡĲȘıȘΝȝİΝĲȠȞ ȤȡȩȞȠ, įȓȞȠȣȞΝĲĮΝįȚĮȖȡȐȝȝĮĲĮΝĳȐıİȦȞΝ

(phase diagrams). ȀĮȚΝ ĲĮΝ ĲİȜİȣĲĮȓĮΝ (ıİΝ ȝĮțȡȠıțȠʌȚțȩΝ İʌȓʌİįȠ)Ν ȝĮȢΝ įİȓȤȞȠȣȞΝ ĲȚȢΝ

ʌİȡȚȠȤȑȢΝ ĲȦȞΝ șİȡȝȠįȣȞĮȝȚțȫȞΝ ĳȐıİȦȞΝ (ʌȓİıȘ,Ν șİȡȝȠțȡĮıȓĮ)έΝ īȚĮΝ ȑȞĮΝ ıȪıĲȘȝĮΝ ȃΝ

ıȦȝĮĲȚįȓȦȞΝȠΝȤȫȡȠȢΝĮȣĲȩȢΝȑȤİȚΝζȃΝįȚĮıĲȐıİȚȢέΝǲȞĮΝȝȠȞĮįȚțȩΝıȘȝİȓȠΝĮȣĲȠȪΝĲȠȣΝȤȫȡȠȣΝ

ʌİȡȚȖȡȐĳİȚΝĲȘȞΝțĮĲȐıĲĮıȘΝȩȜȠȣΝĲȠȣΝıȣıĲȒȝĮĲȠȢέΝȉȠΝıȪȞȠȜȠΝĲȦȞΝıȘȝİȓȦȞΝĲȠȣΝ phase 

space ʌȠȣΝ ȚțĮȞȠʌȠȚİȓΝ ĲȚȢΝ ıȣȞșȒțİȢΝ ȝȓĮȢΝ ıȣȖțİțȡȚȝȑȞȘȢΝ șİȡȝȠįȣȞĮȝȚțȒȢΝ țĮĲȐıĲĮıȘȢΝ

ȠȞȠȝȐȗİĲĮȚΝensembleέΝǲȞĮΝensemble İȓȞĮȚΝĲȠΝıȪȞȠȜȠΝȩȜȦȞΝĲȦȞΝȝȚțȡȠțĮĲĮıĲȐıİȦȞ,ΝȠȚΝ

ȠʌȠȓİȢ ȝʌȠȡȠȪȞΝ ȞĮΝ ȑȤȠȣȞΝ įȚĮĳȠȡİĲȚțȑȢΝ ȝȚțȡȠıțȠʌȚțȑȢΝ țĮĲĮıĲȐıİȚȢ, ȑȤȠȣȞ ȩȝȦȢ 

ȠȜȩȚįȚĮΝ ȝĮțȡȠıțȠʌȚțȒΝ ȒΝ șİȡȝȠįȣȞĮȝȚțȒΝ țĮĲȐıĲĮıȘέΝ ǾΝ ȑȞȞȠȚĮΝ ĲȠȣΝ ensemble İȓȞĮȚΝ

İȣȡİıĲȚțȒΝ(İȪȜȠȖȘΝțĮȚΝįȚĮĳȦĲȚıĲȚțȒ,ΝȩȤȚΝȩȝȦȢΝĮȣıĲȘȡȐΝșİȝİȜȚȦȝȑȞȘ)ΝțĮȚΝȘΝȚįȑĮΝİȓȞĮȚΝ

ȞĮΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ȣʌȠȜȠȖȓȗȠȣȝİΝ ĲĮΝ ȝȘΝ İȟĮȡĲȫȝİȞĮΝ ĮʌȩΝ ĲȠȞΝ ȤȡȩȞȠΝ İȟȑȜȚȟȘȢΝ ĲȠȣΝ

ıȣıĲȒȝĮĲȠȢΝ ȝĮțȡȠıțȠʌȚțȐΝ ʌĮȡĮĲȘȡȠȪȝİȞĮΝ ȝİΝ ĲȠȞΝ ȣʌȠȜȠȖȚıȝȩΝ ĲȦȞΝ ȝȑıȦȞΝ ĲȚȝȫȞέΝ

ȊʌȐȡȤȠȣȞΝįȚȐĳȠȡĮΝensemble ȝİΝįȚĮĳȠȡİĲȚțȐΝȤĮȡĮțĲȘȡȚıĲȚțȐκΝȉȠΝȚıȠȕĮȡȑȢΝ– ȚıȩșİȡȝȠΝ

ensemble (NpT)ΝȤĮȡĮțĲȘȡȓȗİĲĮȚΝĮʌȩΝıȣȖțİțȡȚȝȑȞȠΝĮȡȚșȝȩΝĮĲȩȝȦȞΝN,ΝıĲĮșİȡȒΝʌȓİıȘΝP 

țĮȚΝ ıĲĮșİȡȒΝ șİȡȝȠțȡĮıȓĮΝ T, ĲȠΝ microcanonical ensemble (NVE) ĮʌȩΝ ıȣȖțİțȡȚȝȑȞȠΝ

ĮȡȚșȝȩΝ ĮĲȩȝȦȞΝ ȃ,Ν ıĲĮșİȡȩΝ ȩȖțȠΝ V țĮȚΝ ıĲĮșİȡȒΝ İȞȑȡȖİȚĮΝ EέΝ ȉȠΝ canonical ensemble 

(NVT)Ν ȤĮȡĮțĲȘȡȓȗİĲĮȚΝ İʌȓıȘȢΝ ĮʌȩΝ ıĲĮșİȡȩΝ ĮȡȚșȝȩΝ ĮĲȩȝȦȞΝ N țĮȚ ıĲĮșİȡȩΝ ȩȖțȠΝ V, 

ĮȜȜȐ țĮȚΝĮʌȩΝıĲĮșİȡȒΝșİȡȝȠțȡĮıȓĮΝTέΝȉȑȜȠȢΝȣʌȐȡȤİȚΝțĮȚΝĲȠΝGrand canonical ensemble 

(mVT) ĲȠȣ ȠʌȠȓȠȣΝȘΝșİȡȝȠįȣȞĮȝȚțȒ țĮĲȐıĲĮıȘΝȑȤİȚΝȦȢΝȤĮȡĮțĲȘȡȚıĲȚțȐΝıȣȖțİțȡȚȝȑȞȠΝ

ȤȘȝȚțȩΝ įȣȞĮȝȚțȩΝ m,Ν ıĲĮșİȡȩΝ ȩȖțȠΝ V țĮȚΝ ıĲĮșİȡȒΝ șİȡȝȠțȡĮıȓĮΝ T. ǿįĮȞȚțȐ,Ν ȝȓĮΝ

ʌȡȠıȠȝȠȓȦıȘΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝįȘȝȚȠȣȡȖİȓΝȝȓĮΝĮțȠȜȠȣșȓĮΝıȘȝİȓȦȞΝıĲȠΝphase space 

ıİΝıȣȞȐȡĲȘıȘΝȝİΝĲȠȞΝȤȡȩȞȠΝȝİΝĲĮΝıȘȝİȓĮΝĮȣĲȐΝȞĮΝĮȞȒțȠȣȞΝıĲȠΝ ȓįȚȠΝ ensemble țĮȚΝȞĮΝ

ĮȞĲȚıĲȠȚȤȠȪȞΝıİΝįȚĮĳȠȡİĲȚțȑȢΝįȚĮȝȠȡĳȫıİȚȢΝĲȠȣΝȣʌȩΝʌȡȠıȠȝȠȓȦıȘΝıȣıĲȒȝĮĲȠȢέ 
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2.4. ǻȣȞĮȝȚțȐ ʌİįȓĮ (force fields). 

ȅȚΝ ȝȑșȠįȠȚΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ (ȝȑșȠįȠȚΝ ȝȠȡȚĮțȒȢΝ ȝȘȤĮȞȚțȒȢ)Ν ĮȖȞȠȠȪȞΝ ĲȚȢΝ

țȚȞȒıİȚȢΝĲȦȞΝȘȜİțĲȡȠȞȓȦȞΝțĮȚΝȣʌȠȜȠȖȓȗȠȣȞΝĲȘȞΝİȞȑȡȖİȚĮΝĲȠȣΝȣʌȩΝİȟȑĲĮıȘΝıȣıĲȒȝĮĲȠȢ, 

ȦȢΝ ıȣȞȐȡĲȘıȘΝ ĲȦȞΝ șȑıİȦȞ ĲȦȞΝ ʌȣȡȒȞȦȞ ȝȩȞȠ. ǵĲĮȞΝ ȝȚȜȐȝİΝ ȖȚĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ

(forcefields),ΝİȞȞȠȠȪȝİΝĲȘȞΝȝȠȡĳȒΝĲȘȢΝİȟȓıȦıȘȢΝțĮȚΝĲȠΝıȪȞȠȜȠΝĲȦȞΝʌĮȡĮȝȑĲȡȦȞ,ΝʌȠȣΝ

ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȖȚĮΝ ȞĮΝ ʌİȡȚȖȡȐȥȠȣȞΝ ĲȘȞΝ įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮΝ İȞȩȢΝ ıȣıĲȒȝĮĲȠȢΝ

ıȦȝĮĲȚįȓȦȞ,Ν ıȣȞȒșȦȢΝ ĮĲȩȝȦȞέΝ ǵʌȦȢΝ ĮȞĮĳȑȡĮȝİΝ ıİΝ ʌȡȠȘȖȠȪȝİȞȠΝ țİĳȐȜĮȚȠ, ȘΝ

įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮΝ İȞȩȢΝ ıȣıĲȒȝĮĲȠȢΝ ĮĲȩȝȦȞΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ĲȠΝ ȐșȡȠȚıȝĮΝ ĲȘȢΝ

įȣȞĮȝȚțȒȢΝ İȞȑȡȖİȚĮȢΝ ĲȦȞΝ įİıȝȚțȫȞΝ țĮȚΝ ĲȦȞΝ ȝȘΝ įİıȝȚțȫȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞέΝ ȀȐșİΝ

forcefield ȤȡȘıȚȝȠʌȠȚİȓΝ ʌĮȡȩȝȠȚĮΝ İȟȓıȦıȘΝ ȖȚĮΝ ĲȘȞΝ įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮέΝ ǾΝ ȝȠȡĳȒΝ ĲȘȢΝ

İȟȓıȦıȘȢΝ ĲȘȢΝ įȣȞĮȝȚțȒȢΝ İȞȑȡȖİȚĮȢ,Ν ĲȠȣ CHARMMββΝ ĮʌȠįȓįİĲĮȚΝ ȝİ ĲȘȞ İȟȓıȦıȘ, Ș 

ȠʌȠȓĮ ĮțȠȜȠȣșİȓκ 

 

ȅΝ ʌȡȫĲȠȢΝ ȩȡȠȢΝ ĲȘȢΝ İȟȓıȦıȘȢ ĲȘȢΝ İȞȑȡȖİȚĮȢΝ ĮĳȠȡȐΝ ĲȘȞΝ įȚȐĲĮıȘΝ ĲȦȞΝ įİıȝȫȞΝ

ĮȞȐȝİıĮΝ ıİΝ įȪȠΝ ȐĲȠȝĮ,Ν ȠΝ įİȪĲİȡȠȢΝ İțĲȚȝȐΝ ĲȚȢΝ ȖȦȞȓİȢΝ ĲȦȞΝ įİıȝȫȞ,Ν ȠΝ ĲȡȓĲȠȢΝ ȩȡȠȢ ĲȚȢΝ

įȓİįȡİȢ,ΝȠΝĲȑĲĮȡĲȠȢΝĲȚȢΝ impropers ȖȚĮΝĲȘȞΝ İʌȚʌİįȩĲȘĲĮέ ȅΝʌȑȝʌĲȠȢΝȩȡȠȢΝĲȘȢΝ İȟȓıȦıȘȢ 

(ȩȡȠȢΝUrey-Bradley)ΝĮĳȠȡȐΝĲȘȞΝțȐȝȥȘΝĲȦȞΝȖȦȞȚȫȞ. ȅȚΝįȪȠΝĲİȜİȣĲĮȓȠȚΝȩȡȠȚΝ ĮĳȠȡȠȪȞΝ

ĲȚȢΝ ȝȘΝ įİıȝȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢκΝ ǾΝ İȞȑȡȖİȚĮΝ van der Waals ȣʌȠȜȠȖȓȗİĲĮȚΝ ȝİΝ ĲȠΝ

įȣȞĮȝȚțȩΝ1β-6 Lennard-Jones țĮȚΝȘΝȘȜİțĲȡȠıĲĮĲȚțȒΝİȞȑȡȖİȚĮΝȝİΝĲȠΝįȣȞĮȝȚțȩΝCoulomb 

[93].  

īȚĮΝ ĲȘȞΝ ıȦıĲȒΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘΝ İȞȩȢΝ forcefield țĮȚΝ İȟĮȚĲȓĮȢΝ ĲȠȣΝ ȝİȖȐȜȠȣΝ

ĮȡȚșȝȠȪ ĲȦȞ ʌĮȡĮȝȑĲȡȦȞ, ĮʌĮȚĲİȓĲĮȚΝ ȝİȖȐȜȘΝ ʌȡȠıʌȐșİȚĮ. ǹțȩȝĮΝ țĮȚΝ ȘΝ ʌȡȠıșȒțȘΝ

ȜȓȖȦȞΝ İʌȚʌȜȑȠȞΝ ʌĮȡĮȝȑĲȡȦȞΝ ıİΝ ȑȞĮΝ ȣʌȐȡȤȠȞΝ forcefield ȝİΝ ıțȠʌȩΝ ĲȘȞΝ ȝȠȞĲİȜȠʌȠȓȘıȘΝ

ȞȑĮȢΝ ĲȐȟȘȢΝ ȝȠȡȓȦȞ, İȓȞĮȚΝ įȪıțȠȜȘΝ țĮȚΝ ȤȡȠȞȠȕȩȡĮΝ įȚĮįȚțĮıȓĮέ ȂȩȞȠ,Ν ȩȝȦȢ,Ν ȝİΝ ĲȘȞΝ

ıȦıĲȒΝʌĮȡĮȝİĲȡȠʌȠȓȘıȘΝșĮΝȝʌȠȡȑıȠȣȞΝȞĮΝȖȓȞȠȣȞΝĮȟȚȩʌȚıĲİȢΝʌȡȠȕȜȑȥİȚȢΝȖȚĮΝĲȘȞΝįȠȝȒ. 
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 ǵȜĮΝ ĲĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ ȕĮıȓȗȠȞĲĮȚΝ ıİΝ ʌȠȜȣȐȡȚșȝİȢΝ ʌȡȠıİȖȖȓıİȚȢΝ ʌȠȣΝ

ʌȡȠȑȡȤȠȞĲĮȚΝ ĮʌȩΝ įȚȐĳȠȡȘȢΝ ȝȠȡĳȒȢΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮέΝ īȚĮΝ ĲȠȞΝ ȜȩȖȠΝ ĮȣĲȩȞΝ

ȠȞȠȝȐȗȠȞĲĮȚΝ ‘İȝʌİȚȡȚțȐ’έΝ ȂİȜȑĲİȢΝ ʌȡȦĲİȧȞȫȞΝ țĮȚΝ ȐȜȜȦȞΝ ȕȚȠȜȠȖȚțȫȞΝ ȝĮțȡȠȝȠȡȓȦȞΝ

țȣȡȚĮȡȤȠȪȞĲĮȚΝ ĮʌȩΝ ʌȡȠıİȖȖȓıİȚȢΝ ȕĮıȚȗȩȝİȞİȢ ıİΝ İȝʌİȚȡȚțȐΝ įȣȞĮȝȚțȐΝ ʌİįȓĮέΝ ȈİΝ

ıȣȞȑʌİȚĮΝ ȝİΝ ĲȠȞΝ ĮȣȟĮȞȩȝİȞȠΝ ĮȡȚșȝȩΝ ĲȦȞΝ ȝİȜİĲȫȞΝ İȓȞĮȚΝ țĮȚΝ ȠΝ ȝİȖȐȜȠȢΝ ĮȡȚșȝȩȢΝ ĲȦȞΝ

İȝʌİȚȡȚțȫȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ ȖȚĮΝ ʌȡȦĲİǸȞİȢέΝ ȊʌȐȡȤȠȣȞΝ ʌȠȜȜȐΝ İȝʌİȚȡȚțȐΝ įȣȞĮȝȚțȐΝ

ʌİįȓĮ, ĲĮΝȠʌȠȓĮΝıȤİįȚȐıĲȘțĮȞΝȖȚĮΝįȚĮĳȠȡİĲȚțȑȢΝȤȡȒıİȚȢέΝǻİȞΝȣʌȐȡȤİȚΝȑȞĮΝȠȚțȠȣȝİȞȚțȩ 

forcefield ȝİΝįȣȞĮĲȩĲȘĲĮΝİĳĮȡȝȠȖȒȢΝıİΝȠʌȠȚȠįȒʌȠĲİΝȝȩȡȚȠέΝ ȅȞȠȝĮıĲȚțȐ,ΝțȐʌȠȚĮΝĮʌȩΝ

ĲĮΝ İȣȡȑȠȢΝ ȤȡȘıȚȝȠʌȠȚȠȪȝİȞĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ İȓȞĮȚκΝ ĲȠΝ AMBER (Assisted Model 

Building and Energy Refinement), ĲȠΝ ȠʌȠȓȠΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȖȚĮΝ ʌȡȦĲİǸȞİȢΝ [ιδ]Ν țĮȚΝ

DNA [95], Ĳo OPLS [96,97] (Optimized Potential for Liquid Simulations),Ν ĲȠΝ

GROMOS [98,99,100], ĲȠΝECEPP [101] țĮȚΝĲȠΝTINKER [102,103] țĮȚΝĲȠΝCHARMM 

(Chemistry HARvard Molecular Mechanics) [104], ĲȠΝȠʌȠȓȠΝȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝĲȩıȠΝȖȚĮΝ

ȝȚțȡȐΝȝȩȡȚĮ,ΝȩıȠΝțĮȚΝȖȚĮΝȝĮțȡȠȝȩȡȚĮ. 

ǹȞ țĮȚ ĲĮ ĮȞȦĲȑȡȦ įȣȞĮȝȚțȐ ʌİįȓĮ ȑȤȠȣȞΝ İĳĮȡȝȠıĲİȓΝ İʌȚĲȣȤȫȢΝ ıİΝ ȝİȖȐȜȠΝ

ĮȡȚșȝȩΝ ʌȡȦĲİȧȞȫȞ,Ν ȣʌȐȡȤȠȣȞΝ İȞįȠȖİȞİȓȢΝ ʌİȡȚȠȡȚıȝȠȓ,Ν ȩıȠΝ ĮĳȠȡȐΝ ĲȘȞΝ ĮțȡȓȕİȚȐΝ ĲȠȣȢέΝ

īȚĮΝʌĮȡȐįİȚȖȝĮ ıİ ʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝȝİΝĲȘȞΝȤȡȒıȘΝĲȠȣΝ CHARMM 

İȓȤİΝȖȓȞİȚΝİȝĳĮȞȒȢΝȘΝȪʌĮȡȟȘΝʌ-ȑȜȚțĮȢΝıİΝʌİʌĲȓįȚĮΝıİΝįȚȐȜȣȝĮ, ȘΝȠʌȠȓĮΝȩȝȦȢΝȠĳİȚȜȩĲĮȞΝ

ıĲȘȞΝ ĲȐıȘΝ ȖȚĮΝ ʌ-ȑȜȚțİȢΝ ĲȠȣΝ ıȣȖțİțȡȚȝȑȞȠȣΝ įȣȞĮȝȚțȠȪΝ ʌİįȓȠȣ. ȈİΝ ȝȚțȡȐΝ ȝȩȡȚĮΝ ȑȤİȚΝ

ĳĮȞİȓΝ ȘΝ ĮįȣȞĮȝȓĮΝ ĮȣĲȠȪΝ ĲȠȣΝ įȣȞĮȝȚțȠȪΝ ʌİįȓȠȣΝ țĮȚΝ ȖȚĮΝ ĲȘȞ ĮȞĮʌĮȡĮȖȦȖȒΝ ĲȦȞΝ

İȞİȡȖİȚĮțȫȞΝ įİįȠȝȑȞȦȞΝ ĲȘȢΝ țȕĮȞĲȚțȒȢΝ ȝȘȤĮȞȚțȒȢΝ ıİΝ įȚʌİʌĲȓįȚĮΝ țĮȚΝ ĲİĲȡĮʌİʌĲȓįȚĮΝ

ĮȜĮȞȓȞȘȢ,Ν țȐȞȠȞĲĮȢΝ ʌȡȠĳĮȞȒΝ ĲȘȞΝ ĮȞȐȖțȘΝ ȖȚĮΝ ĲȘΝ ȕİȜĲȓȦıȘΝ ĲȘȢΝ ıȣȝʌİȡȚĳȠȡȐȢΝ ĲȠȣΝ

ıțİȜİĲȠȪ ĲȦȞΝʌİʌĲȚįȓȦȞ,ΝȩʌȦȢΝĮȣĲȒΝİȓȤİΝĮʌȠįȠșİȓ ĮʌȩΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠ.  

Ǿ ȕİȜĲȓȦıȘ ĲȦȞ įȣȞĮȝȚțȫȞ ʌİįȓȦȞ İȓȞĮȚ ĮțȩȝĮΝȝȚĮ ıȣȞİȤȚȗȩȝİȞȘΝʌȡȠıʌȐșİȚĮ, 

ȘΝ ȠʌȠȓĮΝ țĮșȓıĲĮĲĮȚΝ ĮȞĮȖțĮȓĮΝ İȟĮȚĲȓĮȢΝ ĲȠȣΝ ıȣȞİȤȫȢΝ ĮȣȟĮȞȩȝİȞȠȣΝ ĮȡȚșȝȠȪΝ ĲȦȞΝ

ʌİȚȡĮȝĮĲȚțȫȞΝ įİįȠȝȑȞȦȞΝ țĮȚΝ ĮȣĲȫȞΝ ĲȘȢΝ țȕĮȞĲȚțȒȢΝ ȝȘȤĮȞȚțȒȢ, įİįȠȝȑȞȦȞ ĲĮΝ ȠʌȠȓĮΝ

ĮĳȠȡȠȪȞΝĲĮΝıȣıĲȒȝĮĲĮ ȖȚĮΝĲĮΝȠʌȠȓĮ ȑȤȠȣȞΝıȤİįȚĮıĲİȓΝĲĮΝİțȐıĲȠĲİΝȤȡȘıȚȝȠʌȠȚȠȪȝİȞĮΝ

įȣȞĮȝȚțȐΝʌİįȓĮ [105].    
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ȆȡȠıȠȝȠȚȫıİȚȢ. 

 
 
 
 

Time is defined so that motion looks simple. 
John Archibald Wheeler. 

 

ȅȚΝʌȡȠıȠȝȠȚȫıİȚȢ,ΝĲĮΝįİįȠȝȑȞĮΝĲȦȞΝȠʌȠȓȦȞΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝȖȚĮΝĲȘȞΝİʌȓĲİȣȟȘΝ

ĲȠȣΝıĲȩȤȠȣΝĲȘȢΝʌĮȡȠȪıĮȢΝİȡȖĮıȓĮȢ, İȓȞĮȚΝįȪȠέΝǾΝĮȞĮĳİȡȩȝİȞȘΝȦȢΝ'folding',  ĲȘȢΝȠʌȠȓĮȢΝ

ȘΝ ĮȡȤȚțȒΝ įȠȝȒ ȒĲĮȞΝ ȘΝ İțĲİĲĮȝȑȞȘΝ ȝȠȡĳȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ INYWLAHAKAG țĮȚΝ

ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ıĲȠȣȢΝ γβίȀΝ țĮȚΝ ȘΝ ĮȞĮĳİȡȩȝİȞȘΝ ȦȢΝ 'native'  ȝİΝ ĮȡȤȚțȒΝ įȠȝȒΝ γ10-

ȑȜȚțĮȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝĲȘȢΝȓįȚĮȢΝĮȜȜȘȜȠȣȤȓĮȢΝțĮȚΝĲȘ șİȡȝȠțȡĮıȓĮΝțĮĲȐΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝ

ıĲȠȣȢΝ βθγȀ. ȀĮȚΝ ȠȚΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞ ȝİΝ ȤȡȒıȘΝ ĲȠȣΝ
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ʌȡȠȖȡȐȝȝĮĲȠȢΝ ζρεD [106], ıİΝ ζpTΝ ensemble,Ν ȝİΝ ȤȡȒıȘΝ ʌİȡȚȠįȚțȫȞΝ ȠȡȚĮțȫȞΝ

ıȣȞșȘțȫȞ, įȚĮȜȪĲȘΝȞİȡȩ,ΝıȣȖțȑȞĲȡȦıȘΝȚȩȞĲȦȞΝ ȚıȠįȪȞĮȝȘΝȝİΝ1ίίmM țĮȚΝ forcefieldΝĲȠΝ

CHARMM. ȉĮΝ ʌĮȡĮȤșȑȞĲĮΝ ĲȡȠȤȚĮțȐ ĲȦȞΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȖȚĮΝ

ıȪȖțȡȚıȘ,ΝʌȚșĮȞȒΝıȪȖțȜȚıȘΝțĮȚΝʌİȡĮȚĲȑȡȦΝĮȞȐȜȣıȘέ  

 

3.1.  ǹʌĮȚĲȠȪȝİȞĮ ĮȡȤİȓĮ ȖȚĮ ʌȡȠıȠȝȠȓȦıȘ ȝȠȡȚĮțȒȢ įȣȞĮȝȚțȒȢέ 

ȅȚΝ ʌȜȘȡȠĳȠȡȓİȢ,Ν ȠȚΝ ȠʌȠȓİȢΝ ĮȞĮĳȑȡȠȞĲĮȚΝ ıĲȠΝ țİĳȐȜĮȚȠΝ ĮȣĲȩΝ ĮĳȠȡȠȪȞΝ ĲȚȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢ,Ν ȠȚΝ ȠʌȠȓİȢΝ İʌȚĲİȪȤșȘțĮȞΝ ȝİΝ ȤȡȒıȘΝ ĲȠȣΝ

ʌȡȠȖȡȐȝȝĮĲȠȢΝ NAMD, ĲȘȞΝ ȕȠȒșİȚĮΝ ĲȠȣΝ VMD [107] țĮȚΝ ĲȘȞΝ ȤȡȒıȘΝ ĲȠȣΝ CHARMM 

forcefield [104] ȝİΝ ĲȘΝ įȚȩȡșȦıȘΝ CMAP [105]. ǹȣĲȩΝ įİȞΝ ıȘȝĮȓȞİȚΝ ȩĲȚΝ ȖȚĮΝ ĲȚȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝİΝ ȤȡȒıȘΝ ȐȜȜȦȞΝ ʌȡȠȖȡĮȝȝȐĲȦȞΝ țĮȚΝ ȐȜȜȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ

(forcefield) ȘΝ įȚĮįȚțĮıȓĮΝ İȓȞĮȚΝ ĲİȜİȓȦȢΝ įȚĮĳȠȡİĲȚțȒ,Ν ĮȜȜȐΝ ȩĲȚΝ șĮΝ ĮȞĮĳȑȡȠȣȝİΝ

ĮʌȠțȜİȚıĲȚțȐΝĲȘΝįȚĮįȚțĮıȓĮ,ΝʌȠȣΝĮțȠȜȠȣșȒıĮȝİ ıĲȘȞΝʌĮȡȠȪıĮΝİȡȖĮıȓĮέΝ 

īȚĮΝ ĲȘȞΝ ĮȡȤȚțȒΝ ʌȡȠİĲȠȚȝĮıȓĮΝ ȤȡİȚȐȗİĲĮȚΝ ȑȞĮΝ ĮȡȤİȓȠΝ ĲȘȢΝ ȕȐıȘȢΝ įİįȠȝȑȞȦȞΝ

įȠȝȫȞΝ ȕȚȠȜȠȖȚțȫȞΝ ȝĮțȡȠȝȠȡȓȦȞΝ protein data bank (ĮȡȤİȓȠΝ έpdb)έΝ ȈĲȠΝ ĮȡȤİȓȠΝ ĮȣĲȩΝ

ȕȡȓıțȠȞĲĮȚΝĮʌȠșȘțİȣȝȑȞİȢ,ΝİțĲȩȢΝȐȜȜȦȞ,ΝȠȚΝıȣȞĲİĲĮȖȝȑȞİȢΝĲȦȞΝĮĲȩȝȦȞΝĲȠȣΝʌİʌĲȚįȓȠȣ,Ν

ʌȜȘȡȠĳȠȡȓĮΝ ȘΝ ȠʌȠȓĮΝ ȝĮȗȓΝ ȝİΝ ĲȠΝ ȩȞȠȝĮΝ ĲȠȣΝ țĮĲĮȜȠȓʌȠȣΝ țĮȚΝ ĲȠΝ ȩȞȠȝĮΝ ĲȠȣΝ ĮĲȩȝȠȣ,Ν

ĮʌĮȚĲİȓĲĮȚΝȖȚĮΝĲȘȞΝʌȡȠİĲȠȚȝĮıȓĮΝĲȠȣΝıȣıĲȒȝĮĲȠȢέΝȋȡİȚȐȗİĲĮȚΝĮțȩȝĮΝțĮȚΝȑȞĮΝĮȡȤİȓȠΝȝİΝ

ĲȠȞΝȤȐȡĲȘΝĲȠʌȠȜȠȖȓĮȢΝĲȠȣΝCHARMM , ĲȠΝȠʌȠȓȠ țĮșȠȡȓȗİȚΝĲȠȞΝĲȪʌȠ,ΝĲȘȞΝȝȐȗĮΝțĮȚΝĲȠΝ

ĳȠȡĲȓȠΝțȐșİΝĮĲȩȝȠȣΝĲȠȣΝțȐșİΝțĮĲĮȜȠȓʌȠȣΝțĮȚΝʌĮȡȑȤİȚΝʌȜȘȡȠĳȠȡȓĮΝȖȚĮΝĲȘȞΝȠȝȠȚȠʌȠȜȚțȒΝ

ıȪȞįİıȘΝ ĮȞȐȝİıĮΝ ıĲĮΝ ȐĲȠȝĮέΝ ȉȠ CHARMM forcefield topology file, ĲȠ ȠʌȠȓȠ 

ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ (ȑȝȝİıĮΝ ȝİΝ ĲȠΝ VMD)Ν İȓȞĮȚΝ ĲȠΝ top_all22_prot.inpέΝ ȉȠΝ ĮȡȤİȓȠΝ ĮȣĲȩΝ

ȝĮȗȓΝȝİΝĲȠΝέpdb ȤȡİȚȐȗȠȞĲĮȚΝȖȚĮΝĲȘȞΝįȘȝȚȠȣȡȖȓĮΝĲȠȣΝĮȡȤİȓȠȣΝprotein structure file (.psf.). 

ȈĲȠΝ ʌĮȡĮȖȩȝİȞȠΝ ĮȡȤİȓȠΝ (έpsf) ȕȡȓıțİĲĮȚΝ ĮʌȠșȘțİȣȝȑȞȘΝ ʌȜȘȡȠĳȠȡȓĮ,Ν ȘΝ ȠʌȠȓĮΝ

ıȤİĲȓȗİĲĮȚΝ ȝİΝ ĲȘȞΝ įȠȝȒΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ ȋȦȡȓȗİĲĮȚΝ ıİΝ ȑȟȚΝ İȞȩĲȘĲİȢέΝ ȈĲȘȞΝ ʌȡȫĲȘΝ

ĮȞĮĳȑȡȠȞĲĮȚΝĲĮΝȐĲȠȝĮΝĲȠȣΝıȣıĲȒȝĮĲȠȢ,ΝıĲȘȞΝįİȪĲİȡȘΝȠȚΝȠȝȠȚȠʌȠȜȚțȠȓΝįİıȝȠȓΝȝİĲĮȟȪΝ

ĲȦȞΝĮĲȩȝȦȞΝ(ĲȑııİȡĮΝȗİȪȖȘΝĮȞȐΝȖȡĮȝȝȒ),ΝıĲȘȞΝĲȡȓĲȘΝȠȚΝȖȦȞȓİȢ,ΝĲȚȢΝȠʌȠȓİȢ ıȤȘȝĮĲȓȗȠȣȞΝ

ĲȡȓĮΝıȣȞįİįİȝȑȞĮΝȐĲȠȝĮΝ(ĲȡİȓȢΝĲȡȚȐįİȢΝĮĲȩȝȦȞΝĮȞȐΝȖȡĮȝȝȒ)έΝȈĲȘȞΝĲȑĲĮȡĲȘ,ΝĲȘȞΝʌȑȝʌĲȘΝ

țĮȚΝ ĲȘȞΝ ĲİȜİȣĲĮȓĮΝ ĮʌȩΝ ĲȚȢΝ ȑȟȚΝ İȞȩĲȘĲİȢ,Ν ȘΝ țĮĲĮȤȫȡȘıȘΝ ȖȓȞİĲĮȚΝ ȝİΝ įȪȠΝ ĲİĲȡȐįİȢΝ ĮȞȐΝ
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ȖȡĮȝȝȒέΝǾΝĲȑĲĮȡĲȘΝ ĮĳȠȡȐΝĲȚȢΝįȓİįȡİȢΝȖȦȞȓİȢ,Ν ȘΝʌȑȝʌĲȘΝĲȚȢΝ (ĲȪʌȠȣΝįȓİįȡȘȢ)Ν improper 

ȖȦȞȓİȢΝ Ν (ȖȚĮΝ ȞĮΝ İȝʌȠįȓȗİĲĮȚΝ ȘΝ ʌĮȡĮȝȩȡĳȦıȘΝ ȝİĲĮȟȪΝ İȞȩȢΝ ĮĲȩȝȠȣΝ țĮȚΝ ȐȜȜȦȞ ĲȡȚȫȞ 

ȠȝȠȚȠʌȠȜȚțȐΝ ıȣȞįİįİȝȑȞȦȞ)Ν țĮȚ ȘΝ ȑțĲȘΝ İȞȩĲȘĲĮΝ įȓȞİȚΝ ĲȚȢΝ ʌĮȡİȝȕĮȜȜȩȝİȞİȢΝ ĲȚȝȑȢΝ ȖȚĮΝ

ĲȠȞΝȤȐȡĲȘΝįȚȩȡșȦıȘȢΝĲȘȢΝİȞȑȡȖİȚĮȢΝĲȠȣΝbackbone (CMAP)έΝǼȝİȓȢΝįȘȝȚȠȣȡȖȒıĮȝİΝȑȞĮΝ

X-PLOR formatted CHARMM .psf ĮȡȤİȓȠ ȝİΝĲȠΝVMD (ȤȡȒıȘΝĲȠȣΝPSFGEN [108]),ΝĲȠΝ

ȠʌȠȓȠΝȤȡȘıȚȝȠʌȠȚİȓΝĲȠΝNAMD ȝĮȗȓΝȝİΝĲȠΝCHARMM parameter file. 

ȉȠΝ ĮȡȤİȓȠΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘȢΝ ĲȠȣΝ forcefield (parameter file - İȝİȓȢΝ

ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ ĲȠΝ par_all22_prot.inp,Ν ĲȪʌȠȣΝ CHARMM ȝİΝ CMAP)Ν ʌİȡȚȑȤİȚΝ ĲȚȢΝ

ĮʌĮȡĮȓĲȘĲİȢΝʌĮȡĮȝȑĲȡȠȣȢΝ ȖȚĮΝĲȠȞΝȣʌȠȜȠȖȚıȝȩΝĲȘȢΝ İȞȑȡȖİȚĮȢΝĲȠȣΝȝȠȡȓȠȣΝȝİΝįİįȠȝȑȞĮΝ

ĲĮΝ ĮȡȤİȓĮΝ įȠȝȒȢΝ (έpsf)Ν țĮȚΝ ıȣȞĲİĲĮȖȝȑȞȦȞΝ (έpdb)έΝ ȉȠΝ ĮȡȤİȓȠΝ ĮȣĲȩΝ ĲȦȞΝ ʌĮȡĮȝȑĲȡȦȞΝ

İȓȞĮȚΝıĲİȞȐΝıȣȞįİįİȝȑȞȠΝȝİΝĲȠΝĮȞĲȓıĲȠȚȤȠΝĲȘȢΝĲȠʌȠȜȠȖȓĮȢΝțĮȚΝįȚĮȞȑȝȠȞĲĮȚΝȝĮȗȓ,ΝĲĮΝįİΝ

ȠȞȩȝĮĲȐΝ ĲȠȣȢΝ ȝȠȚȐȗȠȣȞέΝ ȉȠ CHARMM parameter file ĮʌȠĲȚȝȐΝ įȣȞȐȝİȚȢΝ țĮȚΝ ĲȚȢΝ

İȞȑȡȖİȚİȢ,Ν ĲȩıȠΝ ĲȚȢΝ ȠȝȠȚȠʌȠȜȚțȑȢ,Ν ȠȚΝ ȠʌȠȓİȢΝ ĮĳȠȡȠȪȞΝ įİıȝȠȪȢ,Ν ȖȦȞȓİȢ,Ν įȓİįȡİȢ,Ν

impropers, ȩıȠΝ țĮȚΝ ĲȚȢΝ ȝȘΝ įİıȝȚțȑȢέΝ ȉȠΝ ȝİȡȚțȩΝ ĳȠȡĲȓȠΝ ĲȠȣΝ țȐșİΝ ĮĲȩȝȠȣ,Ν ʌȠȣΝ İȓȞĮȚΝ

įȚĮțȡȚĲȩΝ ȖȚĮΝ țȐșİΝ ĲȪʌȠΝ ĮĲȩȝȠȣΝ (atom type),Ν ȠȡȓȗİĲĮȚΝ ıĲȠΝ ĮȡȤİȓȠΝ ĲȠʌȠȜȠȖȓĮȢΝ

(top_all22_prot.inp)Ν țĮȚΝ ıĲȠΝ ĮȡȤİȓȠΝ įȠȝȒȢΝ (έpsf)έΝ ȈĲȠΝ ĮȡȤİȓȠΝ ĲȘȢΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘȢΝ

ȦıĲȩıȠ,Ν ĲȡȠʌȠʌȠȚȠȪȞĲĮȚΝ ȠȚΝ ȘȜİțĲȡȠıĲĮĲȚțȑȢΝ įȣȞȐȝİȚȢΝ ĮȞȐȝİıĮΝ ıİΝ ȐĲȠȝĮ,Ν ʌȠȣΝ

įȚĮȤȦȡȓȗȠȞĲĮȚΝĮʌȩΝĲȡİȓȢΝįİıȝȠȪȢΝ(ȤȡȘıȚȝȠʌȠȚȠȪȝİΝĲȘȞΝĲĮțĲȚțȒΝscale1-4 exclusion)έΝȉȠΝ

ĮȡȤİȓȠΝʌĮȡĮȝİĲȡȠʌȠȓȘıȘȢ,ΝĲȠΝȠʌȠȓȠ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝʌİȡȚȑȤİȚΝțĮȚΝĲȘȞΝįȚȩȡșȦıȘΝȝİΝĲȠΝ

ȩȞȠȝĮΝ CMAPέΝ ȉȠΝ CMAP  (correction energy map)Ν ȕİȜĲȚȫȞİȚΝ ĲȘΝ ıȣȝʌİȡȚĳȠȡȐΝ ĲȠȣΝ

ıțİȜİĲȠȪ țĮȚΝįȓȞİȚΝʌȚȠΝıȦıĲȐΝĲȘȞΝįȣȞĮȝȚțȒΝıȣȝʌİȡȚĳȠȡȐΝĲȠȣΝʌİʌĲȚįȓȠȣέ 

ȉȑȜȠȢΝ ȤȡİȚȐȗİĲĮȚΝ ĲȠΝ ĮȡȤİȓȠΝ ʌȠȣΝ ȜȑİȚΝ ıĲȠΝ NAMD ʌȦȢΝ ĮțȡȚȕȫȢΝ ȞĮΝ ĲȡȑȟİȚΝ ȘΝ

ʌȡȠıȠȝȠȓȦıȘέΝǹȣĲȩΝĲȠΝĮȡȤİȓȠΝįȚĮȝȩȡĳȦıȘȢ  (configuration file)ΝİȓȞĮȚΝĲȠΝέnamd fileέΝȉȠΝ

.namd file țĮșȠȡȓȗİȚΝ ĲĮΝ ĮȡȤİȓĮΝ ʌȠȣΝ ʌİȡȚȑȤȠȣȞΝ ĲȘȞΝ ȝȠȡȚĮțȒΝ įȠȝȒΝ țĮȚΝ ĲȚȢΝ ĮȡȤȚțȑȢΝ

ıȣȞĲİĲĮȖȝȑȞİȢΝ(structure-coordinates),ΝĲȘȞΝșİȡȝȠțȡĮıȓĮΝ ĲȠȣΝıȣıĲȒȝĮĲȠȢ,ΝĲȠΝȕȒȝĮΝȖȚĮΝ

ĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝ(by default 1fs),ΝĲĮΝȠȞȩȝĮĲĮΝĲȦȞΝʌĮȡĮȖȩȝİȞȦȞΝĮȡȤİȓȦȞΝțĮȚΝĲȠΝȕȒȝĮΝ

ȝİΝ ĲȠΝ ȠʌȠȓȠΝ ȖȡȐĳȠȞĲĮȚΝ ĲĮΝ ĮȡȤİȓȠΝ ĮȣĲȐέΝ ǼʌȚʌȜȑȠȞΝ țĮșȠȡȓȗİȚΝ ĲȠ ĮȡȤİȓȠΝ

ʌĮȡĮȝİĲȡȠʌȠȓȘıȘȢ, ĲȠ ȠʌȠȓȠ șĮΝȤȡȘıȚȝȠʌȠȚȘșİȓ, țĮșȫȢ țĮȚΝĲȠȞΝĲȡȩʌȠΝȤİȚȡȚıȝȠȪΝĲȦȞΝ

ĮȜȜȘȜİʌȚįȡȐıİȦȞΝ ĲȦȞΝ ĮĲȩȝȦȞέΝ ȈĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢ,Ν ʌȠȣΝ ȑȖȚȞĮȞ,Ν ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ

ʌİȡȚȠįȚțȑȢΝ ȠȡȚĮțȑȢΝ ıȣȞșȒțİȢΝ (periodic boundary conditions)Ν țĮȚΝ ȘΝ ȝȑșȠįȠȢΝ Ν particle-

mesh Ewald ȖȚĮΝ ĲȠȞΝ ȣʌȠȜȠȖȚıȝȩΝ ĲȦȞΝ ȘȜİțĲȡȠıĲĮĲȚțȫȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞΝ ȝİȖȐȜȠȣΝ

ȕİȜȘȞİțȠȪȢΝıĲȠΝʌİȡȚȠįȚțȩΝĮȣĲȩΝıȪıĲȘȝĮΝ(PME full electrostatics)έΝȅȚΝʌȡȠıȠȝȠȚȫıİȚȢΝ
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ȑȖȚȞĮȞΝ ıİΝ ıĲĮșİȡȒΝ ʌȓİıȘέΝ ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ıİΝ ıĲĮșİȡȒΝ ʌȓİıȘΝ ĮʌĮȚĲȠȪȞΝ ĲȘȞΝ ȪʌĮȡȟȘΝ

ʌİȡȚȠįȚțȫȞΝıȣȞșȘțȫȞέΝǾΝʌȓİıȘΝȡȣșȝȓȗİĲĮȚΝȝİΝįȣȞĮȝȚțȒΝʌȡȠıĮȡȝȠȖȒΝĲȠȣΝȝİȖȑșȠȣȢΝĲȘȢΝ

ıĲȠȚȤİȚȫįȠȣȢΝ țȣȥİȜȓįĮȢΝ (unit cell)Ν ȝİ ĲȠΝ ȞĮΝ ĮȜȜȐȗİȚΝ ĲȘȞΝ țȜȓȝĮțĮΝ (rescaling)Ν ȩȜȦȞΝ

(ıȤİįȩȞ)Ν ĲȦȞΝ ĮĲȠȝȚțȫȞΝ ıȣȞĲİĲĮȖȝȑȞȦȞΝ țĮĲȐ ĲȘȞΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȅȚΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝıİΝıĲĮșİȡȒΝʌȓİıȘΝȝİΝĲȠΝNAMD ȖȓȞȠȞĲĮȚΝȝİΝȤȡȒıȘΝĲȘȢΝĲȡȠʌȠʌȠȚȘȝȑȞȘȢΝ

ȝİșȩįȠȣΝ Nosé-Hoover,Ν ȝİΝ ĲȘȞΝ ȠʌȠȓĮΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȘΝ įȣȞĮȝȚțȒΝ Langevin ȖȚĮΝ ĲȠȞΝ

ȑȜİȖȤȠΝ ĲȦȞΝ įȚĮțȣȝȐȞıİȦȞΝ ıĲȠΝ ȕĮȡȩȝİĲȡȠέΝ ǾΝ įȣȞĮȝȚțȒΝ Langevin (ıĲȠȤĮıĲȚțȒΝ

įȣȞĮȝȚțȒ,Ν İȞĮȜȜĮțĲȚțȒΝ ĲȘȢΝ ȃİȣĲȫȞİȚĮȢ)Ν İʌȚįȚȫțİȚΝ ȞĮΝ ʌȡȠıȠȝȠȚȫıİȚΝ ĲȘȞΝ ȪʌĮȡȟȘΝ

įȚĮȝȠȡȚĮțȫȞΝıȣȖțȡȠȪıİȦȞΝțĮȚΝȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝȖȚĮΝĲȠȞΝȑȜİȖȤȠΝĲȘȢΝșİȡȝȠțȡĮıȓĮȢΝțĮȚΝ

ȖȚĮΝ ĲȘȞΝ İʌȚĲȐȤȣȞıȘΝ ĲȘȢΝ įȣȞĮȝȚțȒȢΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ īȚĮΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ıİΝ NpT 

ensemble ȝİΝĲȠΝNAMD, ȘΝȝȑșȠįȠȢΝĲȠȣΝʌȚıĲȠȞȚȠȪΝĲȦȞΝNosé-Hoover ıȣȞįȣȐȗİĲĮȚΝʌȐȞĲĮΝ

ȝİΝĲȘȞΝȝȑșȠįȠΝİȜȑȖȤȠȣΝĲȘȢΝșİȡȝȠțȡĮıȓĮȢΝĲȘȢΝįȣȞĮȝȚțȒȢΝLangevin.  

 

3έ2έ ȉĮ ıĲȐįȚĮ ȖȚĮ ĲȘȞ ʌȡȠİĲȠȚȝĮıȓĮ ĲȠȣ ıȣıĲȒȝĮĲȠȢέ 

ȉȠΝʌȡȫĲȠΝıĲȐįȚȠ,ΝĲȠΝȠʌȠȓȠ ʌȡȑʌİȚΝȞĮΝȠȜȠțȜȘȡȦșİȓΝ ʌȡȚȞΝȠȣıȚĮıĲȚțȐΝ ĮȡȤȓıİȚΝ ȘΝ

ʌȡȠıȠȝȠȓȦıȘΝİȓȞĮȚΝĮȣĲȩ ĲȠΝȠʌȠȓȠΝȠȞȠȝȐȗȠȣȝİΝʌȡȠİĲȠȚȝĮıȓĮΝĲȠȣΝıȣıĲȒȝĮĲȠȢ (system 

preparation).  ȀĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝĮȣĲȠȪΝĲȠȣΝıĲĮįȓȠȣΝįȘȝȚȠȣȡȖȠȪȝİΝĲĮΝĮȡȤİȓĮΝέpdb έțĮȚΝ

.psf, ĲĮΝ ȠʌȠȓĮΝ șĮΝ ȤȡȘıȚȝȠʌȠȚȒıȠȣȝİΝ ıĲȠΝ ĮȝȑıȦȢΝ İʌȩȝİȞȠΝ ıĲȐįȚȠέΝ ĭȠȡĲȫȞȠȣȝİΝ ĲȠΝ

ĮȡȤȚțȩΝ έpdb ĮȡȤİȓȠ ıĲȠΝ ʌȡȩȖȡĮȝȝĮΝ VMD țĮȚΝ ȤȡȘıȚȝȠʌȠȚȠȪȝİΝ ĲȠȞΝ ĮȣĲȩȝĮĲȠΝ

țĮĲĮıțİȣĮıĲȒΝpsf (ȝȑıȦΝextensions-modeling)έΝȂȑıȦΝĲȠȣΝ VMD ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ (ȦȢΝ

default)Ν ĲȠΝ ĮȡȤİȓȠΝ ĲȠʌȠȜȠȖȓĮȢΝ ĲȠȣΝ CHARMM (top_all22_prot.inp). ȉȠΝ ĮʌȠĲȑȜİıȝĮΝ

İȓȞĮȚΝ ȞĮΝ įȘȝȚȠȣȡȖȘșȠȪȞΝ ĲȡȓĮΝ ĮȡȤİȓĮΝ ȝİΝ țĮĲĮȜȒȟİȚȢΝ autopsf.pdb, autopsf.psf țĮȚ 

autopsf.logέΝ ȉȠΝ ĮȡȤİȓȠΝ έlog ȑȤİȚΝ įİįȠȝȑȞĮΝ ȖȚĮΝ ĲȘȞΝ ʌȠȡİȓĮΝ ĲȘȢΝ įȚĮįȚțĮıȓĮȢ,Ν İȞȫΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲĮΝ ȐȜȜĮΝ įȪȠΝ ĮȡȤİȓĮΝ (ĲĮΝ ȠʌȠȓĮΝ ʌİȡȚȑȤȠȣȞΝ ĲȘȞΝ ʌȜȘȡȠĳȠȡȓĮΝ ȖȚĮΝ ĲȚȢΝ

ıȣȞĲİĲĮȖȝȑȞİȢΝĲȦȞΝ ĮĲȩȝȦȞΝțĮȚΝĲȠȞΝĲȡȩʌȠΝıȪȞįİıȘȢΝĲȦȞΝ ĮĲȩȝȦȞΝȝİĲĮȟȪΝĲȠȣȢ)ΝțĮȚΝȝİΝ

ĲȘȞΝȕȠȒșİȚĮΝĲȠȣΝVMD, ʌȡȠıșȑĲȠȣȝİΝĲĮΝȞİȡȐΝ(įȘȝȚȠȣȡȖȠȪȝİΝĲȠΝsolvation box įȓȞȠȞĲĮȢΝ

ĲȚȢΝİʌȚșȣȝȘĲȑȢΝįȚĮıĲȐıİȚȢΝȖȚĮΝĲȘȞΝıĲȠȚȤİȚȫįȘΝțȣȥİȜȓįĮ)έΝǹʌȩΝĮȣĲȩΝĲȠΝȕȒȝĮΝʌĮȡȐȖȠȞĲĮȚΝ

ĲȡȓĮΝ İʌȓıȘȢΝ ĮȡȤİȓĮ,Ν ĲĮΝ solvate.pdb, solvate.psf țĮȚΝ solvate.logέΝ īȚĮΝ ȝȓĮΝ ĮțȩȝĮΝ ĳȠȡȐΝ

ĳȠȡĲȫȞȠȣȝİΝıĲȠΝVMD ĲĮΝįȪȠΝʌȡȫĲĮΝsolvate ĮȡȤİȓĮΝȖȚĮΝȞĮΝʌȡȠıșȑıȠȣȝİΝȚȩȞĲĮΝȞĮĲȡȓȠȣΝ

țĮȚΝȤȜȦȡȓȠȣΝȖȚĮ ĲİȜȚțȒΝȚȠȞĲȚțȒΝıȣȖțȑȞĲȡȦıȘΝ1ίίmM țĮȚΝİȟȠȣįİĲȑȡȦıȘΝĲȦȞΝĳȠȡĲȓȦȞέΝ

ȉĮΝİȟĮȖȩȝİȞĮΝĮȡȤİȓĮΝĮʌȩΝĮȣĲȒΝĲȘȞΝįȚĮįȚțĮıȓĮ,ΝĲĮΝ ionized.pdb țĮȚΝionized.psf İȓȞĮȚΝĲĮΝ
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ĮʌĮȚĲȠȪȝİȞĮΝ Ν įİįȠȝȑȞĮΝ ȖȚĮΝ ĲȠΝ İʌȩȝİȞȠΝ ıĲȐįȚȠ,Ν İȞȫΝ ʌĮȡȐȖİĲĮȚΝ țĮȚΝ ȑȞĮΝ ĮȡȤİȓȠΝ έlog  

(ionized.log). ǼȜȑȖȤȠȞĲĮȢΝ ĲĮΝ έlog ȝʌȠȡȠȪȝİΝ ȞĮΝ ȕȜȑʌȠȣȝİΝ ĮȞΝ ȘΝ įȘȝȚȠȣȡȖȓĮΝ ĲȦȞΝ

İʌȚșȣȝȘĲȫȞΝĮȡȤİȓȦȞΝȑȤİȚΝȖȓȞİȚΝıȦıĲȐέ 

ȉĮΝ ȝȩȡȚĮΝ ȞİȡȠȪΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ ȖȚĮΝ solvation țĮȚΝ ıĲĮΝ įȪȠΝ ıȣıĲȒȝĮĲĮΝ

İȓȞĮȚΝĲȡȠʌȠʌȠȚȘȝȑȞĮΝȝȠȞĲȑȜĮΝȞİȡȠȪΝĲȪʌȠȣΝTIP3 (TIP3P)έΝȈİΝĮȣĲȐΝĲȠΝȝȩȡȚȠΝĲȠȣΝȞİȡȠȪΝ

İȓȞĮȚΝ ȐțĮȝʌĲȠΝ țĮȚΝ ȜĮȝȕȐȞȠȞĲĮȚΝ ȣʌȩȥȘΝ ȝȩȞȠΝ ȠȚΝ ȝȘΝ įİıȝȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĲȦȞΝ

ĮĲȩȝȦȞΝĲȠȣέΝȅȚΝȘȜİțĲȡȠıĲĮĲȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝȝȠȞĲİȜȠʌȠȚȠȪȞĲĮȚΝȝİΝĲȠȞΝ ȞȩȝȠΝĲȠȣΝ

Coulomb țĮȚΝ ȠȚΝ įȣȞȐȝİȚȢΝ įȚĮıʌȠȡȐȢΝ țĮȚΝ ĮʌȫșȘıȘȢΝ ȝİΝ ĲȘȞΝ ȤȡȒıȘΝ ĲȠȣΝ įȣȞĮȝȚțȠȪΝ

Lennard-Jones. ȈİΝțȐșİΝȐĲȠȝȠΝĲȠȣΝȝȠȞĲȑȜȠȣΝĮȣĲȠȪ ĲȦȞΝĲȡȚȫȞΝıȘȝİȓȦȞΝ(ȝİΝĲȡȓĮΝıȘȝİȓĮΝ

ĮȜȜȘȜİʌȓįȡĮıȘȢ,ΝȩıĮΝțĮȚΝĲĮΝȐĲȠȝĮΝĲȠȣΝȞİȡȠȪ)Ν ȑȤİȚΝĮȞĮĲİșİȓ ȑȞĮΝıȘȝİȚĮțȩΝĳȠȡĲȓȠ,ΝĲȠΝ

įİΝȐĲȠȝȠΝĲȠȣΝȠȟȣȖȩȞȠȣΝȑȤİȚ İʌȚʌȜȑȠȞΝĲȚȢΝʌĮȡĮȝȑĲȡȠȣȢΝLennard-JonesέΝǾΝȖİȦȝİĲȡȓĮΝĲȠȣΝ

ȝȠȡȓȠȣΝĲȠȣΝĲȪʌȠȣΝTIPγΝİȓȞĮȚΝȘΝʌĮȡĮĲȘȡȠȪȝİȞȘΝțĮȚΝıĲȠΝȝȩȡȚȠΝĲȠȣΝȞİȡȠȪΝ(ȖȦȞȓĮΝH-O-H 

104.5Ƞ). 

ȉȠΝ İʌȩȝİȞȠΝ ıĲȐįȚȠΝ İȓȞĮȚΝ ĲȠΝ ʌȡȫĲȠΝ ʌȡĮȖȝĮĲȚțȩΝ ȕȒȝĮΝ ĲȘȢΝ ʌȡȠİĲȠȚȝĮıȓĮȢΝ ĲȠȣΝ

ıȣıĲȒȝĮĲȠȢΝ ȖȚĮΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ țĮȚΝ ʌİȡȚȜĮȝȕȐȞİȚΝ ĲȘȞΝ

İȜĮȤȚıĲȠʌȠȓȘıȘΝĲȘȢΝİȞȑȡȖİȚȐȢΝĲȠȣΝ(energy minimization)ΝțĮȚΝĲȘȞΝıĲĮįȚĮțȒΝșȑȡȝĮȞıȘΝ

(heating)έΝīȚĮΝĲȘȞΝȠȜȠțȜȒȡȦıȘΝĮȣĲȠȪΝĲȠȣΝıĲĮįȓȠȣΝȤȡİȚȐȗȠȞĲĮȚΝĲĮΝĮȡȤİȓĮΝ ionized.pdb, 

ionized.psf,Ν ĲĮΝ ȠʌȠȓĮΝ įȘȝȚȠȣȡȖȒıĮȝİΝ ȝİΝ ĲȘȞΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ ʌȡȠİĲȠȚȝĮıȓĮȢΝ ĲȠȣΝ

ıȣıĲȒȝĮĲȠȢέΝ ȋȡİȚȐȗİĲĮȚΝ İʌȓıȘȢΝ ĲȠΝ par_all22_prot.inp (ĲȠΝ ĮȡȤİȓȠΝ ȝİΝ ĲȚȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ

ĲȠȣΝ CHARMM force field),Ν țĮșȫȢΝ țĮȚΝ configuration file (ĲȠΝ heat.namd),Ν ĲȠΝ ȠʌȠȓȠΝ

ĲȡȠʌȠʌȠȚȠȪȝİΝ țĮĲȐȜȜȘȜĮΝ ȖȚĮΝ ĲĮΝ įİįȠȝȑȞĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȉȠΝ ȓįȚȠΝ ĮȡȤİȓȠΝ

įȚĮȝȩȡĳȦıȘȢΝʌİȡȚȑȤİȚΝĲȘȞΝʌȜȘȡȠĳȠȡȓĮΝțĮȚΝȖȚĮΝĲȘȞΝșȑȡȝĮȞıȘΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝȝȑȤȡȚΝĲȘȞΝ

İʌȚșȣȝȘĲȒΝ șİȡȝȠțȡĮıȓĮέ ȉȠΝ NAMD įȚĮȕȐȗİȚΝ ĮȣĲȩΝ ĲȠΝ ĮȡȤİȓȠΝ (heat.namd) 

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲĮΝĮȡȤİȓĮΝ ionized.pdb țĮȚΝ ionized.psfέΝȅȚΝʌĮȡȐȝİĲȡȠȚΝĲȠȣΝ forcefield 

(ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĮĲȩȝȦȞ-ĮĲȩȝȦȞ)Ν įȚĮȕȐȗȠȞĲĮȚΝ İʌȓıȘȢΝ ĮʌȩΝ ĲȠΝ heat.namdέΝ ȉĮΝ

ʌĮȡĮȖȩȝİȞĮΝ ĮȡȤİȓĮΝ (heat_out țĮȚΝ restart)Ν țĮĲĮȖȡȐĳȠȞĲĮȚΝ ıİΝ ȑȞĮΝ țĮĲȐȜȠȖȠ,Ν ȩʌȦȢΝ

įȘȜȫȞİĲĮȚΝİʌȓıȘȢΝıĲȠΝscript ĲȠȣΝheat.namdέΝǹʌȩΝĲȘȞΝįȚĮįȚțĮıȓĮΝĲȠȣΝheating ʌĮȡȐȖİĲĮȚΝ

İʌȓıȘȢΝ ȑȞĮΝ ĲȡȠȤȚĮțȩΝ (έdcd),Ν ĲȠΝ ȠʌȠȓȠΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ȠʌĲȚțȠʌȠȚȒıȠȣȝİΝ ȝİΝ ĲȘȞΝ ȤȡȒıȘΝ

țĮĲȐȜȜȘȜȠȣΝʌȡȠȖȡȐȝȝĮĲȠȢΝ(ʌȤΝȝİΝCARMA [108]). 

ȉȠΝĲȡȓĲȠΝțĮȚΝĲİȜİȣĲĮȓȠΝıĲȐįȚȠΝİȓȞĮȚΝĮȣĲȩΝĲȘȢΝıȣȜȜȠȖȒȢΝĲȦȞΝįİįȠȝȑȞȦȞέΝǼȓȞĮȚΝĲȠΝ

ʌȜȑȠȞΝ ȤȡȠȞȠȕȩȡȠΝ ıĲȐįȚȠΝ ĲȘȢΝ ȩȜȘȢΝ įȚĮįȚțĮıȓĮȢέΝ ȉĮΝ ĮȡȤİȓĮΝ ʌȠȣΝ ȤȡİȚȐȗİĲĮȚΝ ĲȠΝ NAMD 
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İȓȞĮȚΝĲĮΝionized.pdb țĮȚΝionized.psf țĮȚΝĲĮΝʌĮȡĮȖȩȝİȞĮΝĮʌȩΝĲȘȞΝįȚĮįȚțĮıȓĮΝĲȠȣΝheating 

(heat_out.coor, heat_out.vel heat_out.xsc, ĲĮ ȠʌȠȓĮ įȓȞȠȣȞΝ ĲȚȢΝ ıȣȞĲİĲĮȖȝȑȞİȢ,Ν ĲȚȢΝ

ĲĮȤȪĲȘĲİȢΝ ĲȦȞΝ ĮĲȩȝȦȞΝ țĮȚΝ ĲȚȢΝ įȚĮıĲȐıİȚȢΝ ĲȘȢΝ ıĲȠȚȤİȚȫįȠȣȢΝ țȣȥİȜȓįĮȢ, ĮȞĲȓıĲȠȚȤĮ). 

ȋȡİȚȐȗİĲĮȚΝ ĮțȩȝȘΝ ĲȠΝ ĮȡȤİȓȠΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘȢΝ (par_all22_prot.inp)Ν țĮȚΝ ĲȠΝ script 

equi.namd,Ν ıĲȠΝ ȠʌȠȓȠΝ ĲȠʌȠșİĲȠȪȝİΝ ĲĮΝ ĮȞȦĲȑȡȦΝ įİįȠȝȑȞĮΝ ȖȚĮΝ ȞĮΝ įȚĮȕĮıĲȠȪȞΝ ĮʌȩΝ ĲȠΝ

NAMD έΝ ȂİĲȐΝ ĲȠΝ ĲȑȜȠȢΝ ĲȠȣΝ ıĲĮįȓȠȣΝ ĮȣĲȠȪΝ ʌĮȓȡȞȠȣȝİΝ ĲȠΝ ıȣȞȠȜȚțȩΝ ĲȡȠȤȚĮțȩΝ

(trajectory), ĲȠΝȠʌȠȓȠ įİȓȤȞİȚΝĲȘȞΝĲȡȠȤȚȐΝʌȠȣΝįȚȑȖȡĮȥİΝțȐșİΝȐĲȠȝȠΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝʌȠȣΝ

ʌȡȠıȠȝȠȚȫıĮȝİ țĮȚ ıİΝ ȩȜȘΝ ĲȘȞΝ įȚȐȡțİȚĮΝ ĲȠȣ ȤȡȩȞȠȣΝ Ν ʌȡȠıȠȝȠȓȦıȘȢ,Ν ȝİΝ ĲȘȞΝ ȝȠȡĳȒΝ

İȞȩȢΝ(ȝİȖȐȜȠȣ)ΝĮȡȤİȓȠȣΝέdcdέΝǹȣĲȩΝĲȠΝįȣĮįȚțȩΝĮȡȤİȓȠΝȝİΝĲȠΝĮȞĲȓıĲȠȚȤȩΝĲȠȣΝĮȡȤİȓȠΝέpsf, 

İȓȞĮȚΝ ĮȣĲȐΝ ĲĮ ȠʌȠȓĮ ȤȡȘıȚȝȠʌȠȚȠȪȝİ ıĲȚȢΝ ĮȞĮȜȪıİȚȢΝ ȝĮȢέ ȂʌȠȡȠȪȝİΝ İʌȓıȘȢΝ ȞĮΝ

ȝİȜİĲȒıȠȣȝİΝĲȠΝʌĮȡĮȖȩȝİȞȠΝĮȡȤİȓȠΝ LOG ȖȚĮΝȜȒȥȘΝİʌȚʌȜȑȠȞΝʌȜȘȡȠĳȠȡȓĮȢΝȩıȠΝĮĳȠȡȐΝ

ĲȠȞΝĲȡȩʌȠΝȝİΝĲȠȞΝȠʌȠȓȠΝȑȖȚȞİΝȘΝįȚĮįȚțĮıȓĮΝĲȘȢΝıȣȜȜȠȖȒȢΝĲȦȞΝįİįȠȝȑȞȦȞέ 

 

3έ3έ ȆȡȠıȠȝȠȓȦıȘ ĲȘȢ 'folding'.  

3έ3έ1έ ȆȡȠİĲȠȚȝĮıȓĮ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȘȢ 'folding'.  

īȚĮΝ ĲȘȞΝ įȘȝȚȠȣȡȖȓĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ  'folding' ĮȡȤȚțȐΝ

įȘȝȚȠȣȡȖȒıĮȝİΝ ĲȠΝ İȞįİțĮʌİʌĲȓįȚȠΝ ĮȜȜȘȜȠȣȤȓĮȢΝ IζYWδρώρKρύΝ ȝİΝ ĲȘȞΝ ȤȡȒıȘΝ ĲȠȣΝ

ʌȡȠȖȡȐȝȝĮĲȠȢΝ RIςηSηεE [109] ĲȠΝ ȠʌȠȓȠΝ ʌĮȡȐȖİȚΝ İȚțȠȞȚțȐΝ ʌİʌĲȓįȚĮΝ țĮȚΝ

įȘȝȚȠȣȡȖȒıĮȝİΝ ȑȞĮΝ ĮȡȤİȓȠΝ ȝİΝ ĲȠΝ İȞįİțĮʌİʌĲȓįȚȠΝ ıİΝ İțĲİĲĮȝȑȞȘΝ ȝȠȡĳȒΝ ȤȦȡȓȢΝ ĲĮΝ

ȣįȡȠȖȩȞĮΝ(extendedέrib).  ȈĲȘȞΝıȣȞȑȤİȚĮΝȤȡȘıȚȝȠʌȠȚȒıĮȝİΝĲȠΝʌȡȩȖȡĮȝȝĮΝRIςηSηεEΝ

țĮȚΝʌȒȡĮȝİΝĲȠΝĮȞĲȓıĲȠȚȤȠΝȝİΝĲȠΝέrib ĮȡȤİȓȠ,ΝĲȠΝextendedέpdbέ 

ȈĲȠΝĮȡȤİȓȠΝextendedέpdbΝʌȠȣΝȜȐȕĮȝİ, ĮȞĲȚțĮĲĮıĲȒıĮȝİΝĲȘȞΝ ȚıĲȚįȓȞȘΝHSE (ĲȘȞΝ

default ȚıĲȚįȓȞȘΝ ĲȠȣΝ RIBOSOME ĲȦȞΝ 1ηΝ ĮĲȩȝȦȞ)Ν ȝİΝ ώSθ,Ν İʌİȚįȒΝ ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ

ȖȓȞİĲĮȚΝ ıİΝ ȤĮȝȘȜȩΝ pώ,Ν ȩʌȠȣΝ ȘΝ ȚıĲȚįȓȞȘΝ İȓȞĮȚΝ ʌȜȒȡȦȢΝ ʌȡȦĲȠȞȚȦȝȑȞȘέΝ ǹʌȩΝ ĲȠΝ

ĲȡȠʌȠʌȠȚȘȝȑȞȠΝ ĮȡȤİȓȠΝ extendedέpdbΝ ȕȜȑʌȠȣȝİΝ ȩĲȚΝ ĲȠΝ ȝȩȡȚȠΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝIζYWδρώρKρύ,ΝȠΝıȣȞȠȜȚțȩȢΝĮȡȚșȝȩȢΝĲȦȞΝĮĲȩȝȦȞΝĲȠȣΝİȓȞĮȚΝ Ν1ίηΝțĮȚΝ ȘΝ

ȚıĲȚįȓȞȘΝİȓȞĮȚΝıĲȘȞΝȝȠȡĳȒΝώSθέ 

ȈĲȘȞΝ ıȣȞȑȤİȚĮΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ ĲȠȞΝ automatic psfΝ builderΝ ĲȠȣΝ VεDΝ (ȝİΝ

įİįȠȝȑȞȠΝ ĲȠΝ ĲȡȠʌȠʌȠȚȘȝȑȞȠΝ ĮȡȤİȓȠΝ έpdb)Ν țĮȚΝ ʌȒȡĮȝİΝ ĲȡȓĮΝ ȞȑĮΝ ĮȡȤİȓĮΝ (έpsf,Ν έpdbΝ țĮȚΝ
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έlog)έΝǹʌȩΝĲĮΝȞȑĮΝĮȡȤİȓĮΝȕȜȑʌȠȣȝİΝȩĲȚΝĲȫȡĮΝȑȤȠȣȝİΝ1ηηΝȐĲȠȝĮΝ(țĮȚΝȩȜĮΝĲȠΝȣįȡȠȖȩȞĮ)Ν

ıĲȠΝʌİʌĲȓįȚȠΝĲȦȞΝȑȞįİțĮΝțĮĲĮȜȠȓʌȦȞ,ΝĲȠȣΝȠʌȠȓȠȣΝȘΝĮȜȣıȓįĮΝȠȞȠȝȐıĲȘțİΝθ1έ  

ȀĮĲȩʌȚȞΝȤȡȘıȚȝȠʌȠȚȒıĮȝİΝțĮȚΝʌȐȜȚΝĲȠΝVεDΝȖȚĮΝĲȘȞΝİȞȣįȐĲȦıȘΝ(solvation)ΝĲȠȣΝ

ıȣıĲȒȝĮĲȠȢέΝȂİΝĲȘȞΝİȚıĮȖȦȖȒΝĲȦȞΝȞȑȦȞΝĮȡȤİȓȦȞΝέpsfΝțĮȚΝέpdb,ΝΝįȘȝȚȠȣȡȖȒıĮȝİΝĲĮΝįȪȠΝ

ĮȡȤİȓĮΝ solvateέpsfΝ țĮȚΝ solvateέpdbΝ (extentions- modeling- addΝ solvationΝ boxΝ țĮȚΝ ȝİĲȐΝ

ĮʌȩΝrotateΝto minimize volume,ΝboundaryΝ1έθÅΝțĮȚΝįȚĮıĲȐıİȚȢΝıĲȠȚȤİȚȫįȠȣȢΝțȣȥİȜȓįĮȢΝ

ζί*ζί*ζίΝ Å3)έΝ ǹʌȩΝĲĮΝįȪȠΝsolvate ĮȡȤİȓĮΝȕȜȑʌȠȣȝİΝȩĲȚΝ ȑȤȠȣȝİΝįȪȠΝsegment: P1ΝĲȠȣΝ

ʌİʌĲȚįȓȠȣΝȝİΝ11ΝțĮĲȐȜȠȚʌĮΝțĮȚΝ1ηηΝȐĲȠȝĮΝțĮȚΝWT1ΝĲȠȣΝȞİȡȠȪΝȝİΝβίγββΝȐĲȠȝĮ,ΝȝİΝȑȞĮΝ

ıȪȞȠȜȠΝĮĲȩȝȦȞΝβίδιιέΝ 

ǹțȠȜȠȣșİȓ,ΝʌȐȜȚΝȝİΝĲȠΝVεD,ΝȘΝʌȡȠıșȒțȘΝȚȩȞĲȦȞΝȖȚĮΝıȣȖțȑȞĲȡȦıȘΝ1ίίmM ȖȚĮΝ

ĲȘȞΝİȟȠȣįİĲȑȡȦıȘΝĲȠȣΝıȣȞȠȜȚțȠȪΝĳȠȡĲȓȠȣΝĲȠȣΝıȣıĲȒȝĮĲȠȢέΝȆȒȡĮȝİΝĲȠΝΝionizedέpdbΝțĮȚΝ

ĲȠΝ ionizedέpsfέΝ ȉȫȡĮ ıĲȠΝ ıȪıĲȘȝȐΝ ȝĮȢΝ ȑȤȠȣȝİΝ ıȣȞȠȜȚțȐΝ βίδηεΝ ȐĲȠȝĮΝ ıİΝ ĲȡȓĮΝ

segments. ȉȠΝP1ΝĲȠȣΝʌİʌĲȚįȓȠȣΝĲȦȞΝ11ΝțĮĲĮȜȠȓʌȦȞΝȝİΝ1ηηΝȐĲȠȝĮ,ΝĲȠΝWT1ΝĲȠȣΝȞİȡȠȪΝȝİΝ

βίβθζΝȐĲȠȝĮΝțĮȚΝΝĲȠΝION ȝİΝ1βΝȐĲȠȝĮΝ(1θι-1ηη)ΝĮʌȩΝĲĮΝȠʌȠȓĮΝĲĮΝεΝİȓȞĮȚΝȞȐĲȡȚĮΝ(SOD) 

țĮȚΝĲĮΝηΝȤȜȫȡȚĮΝ(CLA).  

ǹțȠȜȠȣșȫȞĲĮȢΝĲȘȞΝıİȚȡȐΝĮȣĲȒΝʌȠȣΝ ĮȞĮĳȑȡșȘțİΝĲİȜİȓȦıİΝȘΝʌȡȠİĲȠȚȝĮıȓĮΝĲȠȣΝ

ıȣıĲȒȝĮĲȠȢΝ ȖȚĮΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ĲȘȢΝ 'folding'.  ȉȠΝ ʌȡȠȠȡȚȗȩȝİȞȠΝ ȖȚĮΝ ĲȘȞΝ

ʌȡȠıȠȝȠȓȦıȘΝ ıȪıĲȘȝĮΝ (ȩʌȦȢΝ įİȓȤȞȠȣȞΝ ĲĮΝ ĮȡȤİȓĮΝ ionizedέpdbΝ țĮȚΝ ionizedέpsf,Ν ĲȦȞΝ

ȠʌȠȓȦȞΝ ȘΝ įȘȝȚȠȣȡȖȓĮΝ ȒĲĮȞΝ țĮȚΝ ȠΝ ıțȠʌȩȢΝ ĲȘȢΝ ʌȡȠİĲȠȚȝĮıȓĮȢ)Ν ȝİΝ įȚĮıĲȐıİȚȢΝ ĲȘȢΝ

țȣȥİȜȓįĮȢΝİȓȞĮȚΝζί*ζί*ζίΝÅ3 İȓȞĮȚΝȑĲȠȚȝȠΝȖȚĮΝĲȠΝİʌȩȝİȞȠΝıĲȐįȚȠέ 

3έ3έ2έ ǼȜĮȤȚıĲȠʌȠȓȘıȘ ĲȘȢ İȞȑȡȖİȚĮȢ țĮȚ ıĲĮįȚĮțȒ șȑȡȝĮȞıȘ ĲȘȢ 'folding '. 

īȚĮΝĲȘȞΝʌȡĮȖȝĮĲȠʌȠȓȘıȘΝĲȠȣΝıĲĮįȓȠȣΝĮȣĲȠȪΝ(energy minimization țĮȚΝ heating 

ȝİΝ ĲȠΝ ʌȡȩȖȡĮȝȝĮΝ NAMD)Ν ȤȡİȚȐȗȠȞĲĮȚΝ ĲĮΝ ĮȡȤİȓĮΝ ionizedέpdb,Ν ionizedέpsfΝ (ĲĮΝ ȠʌȠȓĮΝ

įȘȝȚȠȣȡȖȒıĮȝİΝ ȝİΝ ĲȘȞΝ ʌȡȠİĲȠȚȝĮıȓĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢ),Ν ĲȠΝ par_allββ_protέinp,Ν (ĲȠΝ

ĮȡȤİȓȠΝ ȝİΝ ĲȚȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ ĲȠȣΝ σώρRεεΝ forcefield)Ν țĮȚΝ ȑȞĮΝ țĮĲȐȜȠȖȠ,Ν ȩʌȠȣΝ șĮΝ

ȖȡȐĳȠȞĲĮȚΝ ĲĮΝ ʌĮȡĮȖȩȝİȞĮΝ ĮȡȤİȓĮ,Ν ȩʌȦȢΝ țĮșȠȡȓȗİĲĮȚΝ ıĲȠΝ ĮȡȤİȓȠΝ įȚĮȝȩȡĳȦıȘȢΝ ĲȠΝ

heatέnamdέΝ ȈĲȠΝ ĮȡȤİȓȠΝ ĮȣĲȩΝ ĮȜȜȐȗȠȣȝİΝ țȐʌȠȚİȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ (įȚĮıĲȐıİȚȢΝ țȣȥİȜȓįĮȢΝΝ

ειέε*ειέε*ειέεΝÅ3,ΝΝșİȡȝȠțȡĮıȓĮκΝγβίȀ)έΝȈĲȘȞΝıȣȞȑȤİȚĮΝȕȐȗȠȣȝİΝĲȠΝNAMD ȞĮΝĲȡȑȟİȚΝ

țĮȚΝ ĮʌȩΝ ĲĮΝ ʌĮȡĮȤșȑȞĲĮΝ ĮȡȤİȓĮΝ ȤȡȘıȚȝȠʌȠȚȠȪȝİΝ ĲĮΝ heat_outέcoor,Ν heat_outέvelΝ țĮȚΝ

heat_outέxscΝ ȖȚĮΝ ĲȠΝ İʌȩȝİȞȠΝ ıĲȐįȚȠέΝ ǹȣĲȐΝ įȓȞȠȣȞΝ ĲȚȢΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ ĲȦȞΝ ĮĲȩȝȦȞ,Ν ĲȚȢΝ
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ĲĮȤȪĲȘĲİȢΝĲȦȞΝĮĲȩȝȦȞΝțĮȚΝĲȚȢΝįȚĮıĲȐıİȚȢΝĲȘȢΝțȣȥİȜȓįĮȢΝĮȞĲȓıĲȠȚȤĮΝțĮȚΝțĮȜȠȪȞĲĮȚΝĮʌȩΝ

ĲȠΝscript ĲȠȣΝNAMD ĲȘȢΝĳȐıȘȢΝʌĮȡĮȖȦȖȒȢΝ(ĲȠΝequi.namd)έΝȉĮΝ1γεΝ frames ĲȠȣΝ έdcd, 

ʌȠȣΝ ʌĮȡȒȤșȘıĮȞ,Ν ȝʌȠȡȠȪȝİΝ ȞĮΝ ĲĮΝ ʌĮȡĮțȠȜȠȣșȒıȠȣȝİΝ ȝİΝ țȐʌȠȚȠΝ ʌȡȩȖȡĮȝȝĮΝ

ȠʌĲȚțȠʌȠȓȘıȘȢΝ(carma, VMD). 

3έ3έ3έ ȆĮȡĮȖȦȖȒ įİįȠȝȑȞȦȞ ĲȘȢ 'folding '. 

ȉȡȠʌȠʌȠȚȠȪȝİΝ ĲȠΝ script equi.namdέΝ ȆȡȠıșȑĲȠȣȝİΝ ıİΝ ĮȣĲȩΝ ĲĮΝ ĮȡȤİȓĮ,Ν ʌȠȣΝ

įȘȝȚȠȣȡȖȒșȘțĮȞΝ ĮʌȩΝ ĲȠΝ ʌȡȠȘȖȠȪȝİȞȠΝ ȕȒȝĮΝ ĲȠȣΝ heating ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ

(heat_outέcoor,Ν heat_outέvelΝ țĮȚΝ heat_outέxsc),Ν ȡȣșȝȓȗȠȣȝİΝ ĲȚȢΝ ıȣȤȞȩĲȘĲİȢΝ İȖȖȡĮĳȒȢΝ

ĲȦȞΝĮȡȤİȓȦȞΝʌȠȣΝșĮΝʌĮȡȐȖȠȞĲĮȚ,ΝįȘȜȫȞȠȣȝİΝĲȠΝȕȒȝĮΝʌȡȠıȠȝȠȓȦıȘȢΝ(βfs)ΝțĮȚΝȕȐȗȠȣȝİΝ

ĲȘȞΝșİȡȝȠțȡĮıȓĮΝıĲȠȣȢΝγβίȀέΝȋȡİȚĮȗȩȝĮıĲİΝĲĮΝionizedέpdb țĮȚΝionizedέpsf,ΝĲȠΝĮȡȤİȓȠΝ

ȝİΝĲȚȢΝʌĮȡĮȝȑĲȡȠȣȢ,ΝĲȠΝpar_all22_prot.inp ĲȠȣΝCHARMM țĮȚΝȑȞĮȞΝțİȞȩΝțĮĲȐȜȠȖȠΝȖȚĮΝ

ĲȘȞΝİȖȖȡĮĳȒΝĲȦȞΝʌĮȡĮȖȩȝİȞȦȞΝĮȡȤİȓȦȞέΝǺȐȗȠȣȝİΝĲȠΝʌȡȩȖȡĮȝȝĮΝNAMD ȞĮΝĲȡȑȟİȚΝıİΝδΝ

ʌȣȡȒȞİȢΝȖȚĮΝείίίίίίίίΝΝȕȒȝĮĲĮΝȖȚĮΝĲȘȞΝʌĮȡĮȖȦȖȒΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝȀĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝ

ĲȘȢΝʌĮȡĮȖȦȖȒȢΝĲȠȣΝέdcd ȕȜȑʌȠȣȝİΝ(ȝİΝĲȠΝcarma)ΝȩĲȚΝĲȠΝʌİʌĲȓįȚȠΝĮȞĮįȚʌȜȫșȘțİΝĮȡțİĲȐΝ

țĮȚΝ ȩĲȚΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ȝİȚȫıȠȣȝİΝ ĲĮΝ ȞİȡȐΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ȖȚĮΝ ȞĮΝ ʌȡȠıȠȝȠȚȫȞİĲĮȚΝ ĲȠΝ

ıȪıĲȘȝĮΝȖȡȘȖȠȡȩĲİȡĮέΝȈĲĮȝĮĲȐȝİΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝȖȚĮΝȞĮΝȝİȚȫıȠȣȝİΝĲĮΝȞİȡȐέΝǲȤȠȣȞΝ

ʌĮȡĮȤșİȓΝΝıȣȞȠȜȚțȐΝγεδεΝframes ıĲȠΝέdcd ĮȡȤİȓȠέ 

3έ3έ4έ ȂİȚȫıİȚȢ ȞİȡȫȞ țĮȚ ıĲȠȤĮıĲȚțȐ ĳĮȚȞȩȝİȞĮέ 

ȋȡȘıȚȝȠʌȠȚȒıĮȝİΝ ĲȠΝ frame 347θΝ ĲȠȣΝ equi_out.dcd țĮȚΝ įȘȝȚȠȣȡȖȒıĮȝİΝ ĲȠΝ

ĮȞĲȓıĲȠȚȤȠΝ έpdb ĮȡȤİȓȠΝ ȝİΝ ĲȠΝ ʌȡȩȖȡĮȝȝĮΝ carmaέΝ ǼʌĮȞĮȜȐȕĮȝİΝ ĲȘȞΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ

ʌȡȠİĲȠȚȝĮıȓĮȢΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ȝİΝ ĮȡȤȚțȩΝ ĲȠΝ γδηθ_ frame.pdb țĮȚΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ

įȚĮıĲȐıİȚȢΝ țȣȥİȜȓįĮȢΝ εί*εί*είΝ Å3έΝ ȂİΝ ĲȠΝ ĲȑȜȠȢΝ ĲȘȢΝ ʌȡȠİĲȠȚȝĮıȓĮȢΝ ʌȒȡĮȝİΝ ĲȠΝ ȞȑȠΝ

ionized.pdb țĮȚΝĲȠΝĮȞĲȓıĲȠȚȤȩΝĲȠȣΝ ionized.psf ȝİΝ11678 ȐĲȠȝĮ,ΝİțΝĲȦȞΝȠʌȠȓȦȞΝĲĮΝ1ηηΝ

ĲȠȣΝʌİʌĲȚįȓȠȣ,Ν11διγΝȞİȡȐΝțĮȚΝθΝ ȚȩȞĲĮΝ(γΝSOD țĮȚΝεΝCLA)έΝȈȣȞİȤȓıĮȝİΝȝİΝĲȠΝheating 

țĮȚΝ ĲȠΝ production run ȑȦȢΝ ȩĲȠȣΝ ȝȓĮΝ ĮʌȡȩȕȜİʌĲȘ įȚĮțȠʌȒΝ ȡİȪȝĮĲȠȢΝ ĮʌȩΝ ĲȘȞΝ ǻǼǾΝ

įȚȑțȠȥİΝĲȘȞΝȡȠȒΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝǼȓȤĮȞΝȒįȘΝʌĮȡĮȤșİȓΝ1γίζίδΝframes.  

ǼʌİȚįȒΝ‘ȠȣįȑȞΝțĮțȩȞΝĮȝȚȖȑȢΝțĮȜȠȪ’,ΝȘΝĮʌȡȩȕȜİʌĲȘΝ ĮȣĲȒΝįȚĮțȠʌȒΝİȜȒĳșȘΝıĮȞΝ

İȣțĮȚȡȓĮΝ ȖȚĮΝ ȝȚĮΝ ʌİȡĮȚĲȑȡȦΝ ȝİȓȦıȘΝ ĲȦȞΝ ȝȠȡȓȦȞΝ ȞİȡȠȪΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢ,Ν İĳȩıȠȞΝ ĲȠΝ

ʌİʌĲȓįȚȠ İȓȤİΝȒįȘΝĮȞĮįȚʌȜȦșİȓΝʌȠȜȪέΝ ȂİĲĮĲȡȑʌȠȞĲĮȢΝĲȠΝĲİȜİȣĲĮȓȠΝțĮĲĮȖȡĮĳȑȞΝ frame 

ĲȠȣΝ dcd ıİΝ έpdb țĮȚΝ ȝİΝ ȤȡȒıȘΝ ʌȐȜȚΝ ĲȠȣΝ VMD ,Ν İĲȠȚȝȐıĮȝİΝ ȑȞĮΝ ȞȑȠΝ ıȪıĲȘȝĮέΝ
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ȋȡȘıȚȝȠʌȠȚȒıĮȝİΝ įȚĮıĲȐıİȚȢΝ țȠȣĲȚȠȪΝ δί*δί*δίΝ Å3 țĮȚΝ ĲĮΝ ĲİȜȚțȐΝ ionized.pdb țĮȚΝ

ionized.psf,Ν ʌȠȣΝ ʌȒȡĮȝİΝ ĮʌȠĲİȜȠȪȞĲȠ ĮʌȩΝ ζγεβΝ ȐĲȠȝĮκΝ 1ηηΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν ζ1η1Ν ĲȠȣΝ

ȞİȡȠȪΝțĮȚΝĲȑııİȡĮΝ ȚȩȞĲĮΝ(1SOD țĮȚΝγCLA)έΝǼʌĮȞĮȜȐȕĮȝİΝĲȘȞΝįȚĮįȚțĮıȓĮΝĲȠȣΝheating 

țĮȚΝ ȕȐȜĮȝİΝ ʌȐȜȚΝ ĲȠΝ NAMD ȞĮΝ ĲȡȑȟİȚέΝ ǹȣĲȒΝ ȒĲĮȞΝ ȘΝ įİȪĲİȡȘΝ țĮȚΝ ĲİȜİȣĲĮȓĮΝ ȝİȓȦıȘΝ

ȞİȡȫȞΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝĲȘȢΝ'folding'.  

ȀĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝĲȦȞΝȝȘȞȫȞΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝĮțȠȜȠȪșȘıĮȞΝĲȑııİȡȚȢΝĮțȩȝĮΝ

įȚĮțȠʌȑȢΝ ȡİȪȝĮĲȠȢΝ ȝİΝ ȚıȐȡȚșȝİȢΝ įȚĮțȠʌȑȢΝ țĮȚΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȫȞΝ ȝĮȢέΝ ȈĲȘȞΝ

ĲİȜİȣĲĮȓĮ,ΝĮʌȠĳĮıȓıĮȝİΝȞĮΝıĲĮȝĮĲȒıȠȣȝİΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝȖȚĮΝʌȐȞĲĮ,ΝİĳȩıȠȞΝİȓȤĮȝİΝ

ıȣȞȠȜȚțȐΝʌȡȠıȠȝȠȚȫıİȚΝĲȠΝıȪıĲȘȝĮΝȖȚĮΝ1έγΝʌİȡȓʌȠȣΝȝs. 

3έ3έηέ ȉȠ ĲȡȠȤȚĮțȩ ĲȘȢ 'folding'.  

ȈȣȞȠȜȚțȐΝʌȒȡĮȝİΝηΝdcd ĮȡȤİȓĮΝĮʌȩΝĲȚȢΝĳȐıİȚȢΝʌĮȡĮȖȦȖȒȢκΝγεδζΝframes ĮʌȩΝĲȘȞΝ

ĮȡȤȚțȒΝ ʌȡȠıȠȝȠȓȦıȘΝĲȦȞΝβίδηεΝĮĲȩȝȦȞ,Ν1γζίδΝ frames ĮʌȩΝ ĮȣĲȒΝĲȦȞΝ11ζηθΝĮĲȩȝȦȞΝ

țĮȚΝ δδεί1θ,Ν βδδβθ,Ν 1θιγβη,Ν γηεγγ1Ν țĮȚΝ βγζεζγΝ frames ĮʌȩΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ĲȦȞΝ

ζγεβΝĮĲȩȝȦȞέΝīȚĮΝțȐșİΝȑȞĮΝĮʌȩΝĲĮΝĮȞȦĲȑȡȦΝέdcd ĮȡȤİȓĮΝțĮȚΝȝİΝĲȠΝĮȞĲȓıĲȠȚȤȠΝέpsf ĲȠȣȢ,Ν

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝ ʌȡȩȖȡĮȝȝĮΝ CARMA ʌĮȓȡȞȠȣȝİΝ ĲĮΝ İʌĲȐΝ έdcd ĮȡȤİȓĮΝ (ȝİΝ ĲĮΝ

ĲȡȠȤȚĮțȐΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ȝȩȞȠ)Ν țĮȚΝ ĲĮΝ ĮȞĲȓıĲȠȚȤȐΝ ĲȠȣȢΝ έpsf (țĮȚΝ ȩȤȚΝ ȝȩȞȠ)έ ǹĳȠȪΝ ĲĮΝ

ȝİĲȠȞȠȝȐıȠȣȝİ,Ν ĲĮΝ ȝİĲĮĳȑȡȠȣȝİΝ ıİΝ ȑȞĮȞΝ țĮĲȐȜȠȖȠΝ țĮȚΝ ĲĮΝ ıȣȞİȞȫȞȠȣȝİΝ ȝİΝ ĲȠΝ

ʌȡȩȖȡĮȝȝĮΝ catdcdέΝ ȉȠΝ ĮȡȤİȓȠΝ έdcd ĲȦȞΝ 1ζβ1ίγθΝ frames ʌȠȣΝ ʌĮȡȐȖİĲĮȚΝ ĮʌȩΝ ĲȘȞΝ

ıȣȞȑȞȦıȘ,ΝȝİĲȐΝĮʌȩΝȑȞĮΝĲİȜȚțȩΝ fitting țĮȚΝȝȓĮΝȝİĲȠȞȠȝĮıȓĮΝ(ıİΝ folding.dcd)Ν İȓȞĮȚΝĲȠΝ

ĮȡȤİȓȠΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ĲȡȠȤȚĮțȠȪΝ ĲȠȣΝ ĮȡȤȚțȐΝ İțĲİĲĮȝȑȞȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣ,Ν ʌȠȣΝ șĮΝ

ȤȡȘıȚȝȠʌȠȚȘșİȓΝȖȚĮΝĮȞȐȜȣıȘΝțĮȚΝĮȞĲȚıĲȠȚȤİȓΝıİΝȤȡȩȞȠΝʌȡȠıȠȝȠȓȦıȘȢΝ1έγΝȝs.  

 

3.4.ȆȡȠıȠȝȠȓȦıȘ ĲȘȢ 'native'.  

3έ4έ1έ ȆȡȠİĲȠȚȝĮıȓĮ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȘȢ 'native'. 

ȉȠΝʌȡȫĲȠΝȕȒȝĮΝȖȚĮΝĲȘȞΝʌȡȠİĲȠȚȝĮıȓĮΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝȖȚĮΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝĲȘȢΝ

'native' İȓȞĮȚΝ įȚĮĳȠȡİĲȚțȩέΝ ȈĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĮȣĲȒΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ĲȠΝ ȝȠȞĲȑȜȠΝ 1Ν ĲȘȢΝ

țĮĲĮȤȫȡȘıȘȢΝβDXβΝĲȘȢΝθDςΝȦȢΝĮȡȤȚțȩΝĮȡȤİȓȠΝέpdb. ȉĮΝȕȒȝĮĲĮ, ĮȝȑıȦȢ ȝİĲȐ, İȓȞĮȚΝĲĮΝ

ȓįȚĮ: ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝ VεD, ĲȑșȘțĮȞΝ ʌİȡȚȠįȚțȑȢΝ ȠȡȚĮțȑȢΝ ıȣȞșȒțİȢΝ țĮȚΝ
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ʌȡȠıĲȑșȘțĮȞ ȞİȡȐΝ țĮȚΝ ȚȩȞĲĮΝ ıĲȘȞΝ ȓįȚĮΝ ĲİȜȚțȒΝ ıȣȖțȑȞĲȡȦıȘΝ ĲȦȞΝ 1ίίmMέΝ ȉİȜȚțȐΝ

ʌĮȡȒȤșȘıĮȞΝ ĲĮΝ ĮȡȤİȓĮΝ ionizedέpdbΝ țĮȚΝ ionizedέpsfΝ ʌȠȣΝ șĮΝ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ ȖȚĮΝ ĲȘȞΝ

ʌȡȠıȠȝȠȓȦıȘΝ ʌȠȣΝ ȠȞȠȝȐȗȠȣȝİΝ 'native' . ȉȠ ionized.pdbΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ εθιίΝ ȐĲȠȝĮέΝ

ǹʌȩΝĮȣĲȐΝ ĲĮΝ1ηηΝ ĮȞȒțȠȣȞΝıĲȠΝʌİʌĲȓįȚȠΝ(segidΝθ1ΝȝİΝĮȜȜȘȜȠȣȤȓĮΝĲȦȞΝ11ΝțĮĲĮȜȠȓʌȦȞΝ

(IζYWδρώρKρύ),ΝȣʌȐȡȤİȚΝ ȑȞĮΝ ȚȩȞΝȞĮĲȡȓȠȣΝ țĮȚΝĲȡȓĮΝ ȚȩȞĲĮΝȤȜȦȡȓȠȣΝ(segment ION) 

țĮȚΝĲĮΝȣʌȩȜȠȚʌĮΝεηίιΝİȓȞĮȚΝȞİȡȐΝ(segment WT1). 

3έ4έ2έ ǼȜĮȤȚıĲȠʌȠȓȘıȘ ĲȘȢ İȞȑȡȖİȚĮȢ țĮȚ ıĲĮįȚĮțȒ șȑȡȝĮȞıȘ ĲȘȢ'native'. 

ȆȒȡĮȝİΝĲĮΝĮȡȤİȓĮΝionizedέpdbΝțĮȚΝionizedέpsfΝʌȠȣΝįȘȝȚȠȣȡȖȒıĮȝİΝțĮșȫȢΝțĮȚΝĲȠΝ

ĮȡȤİȓȠΝ ȝİΝ ĲȚȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ ĲȠȣΝ σώρRεεΝ forceΝ fieldΝ (par_allββ_protέinp)έΝ

ǻȘȝȚȠȣȡȖȒıĮȝİΝțĮȚΝȑȞĮΝțĮĲȐȜȠȖȠΝȖȚĮΝĲȘȞΝİȖȖȡĮĳȒΝĲȦȞΝįİįȠȝȑȞȦȞΝțĮȚΝȝİĲĮĲȡȑȥĮȝİΝĲȠΝ

ĮȡȤİȓȠΝ įȚĮȝȩȡĳȦıȘȢΝ heatέnamd,Ν șȑĲȠȞĲĮȢΝ șİȡȝȠțȡĮıȓĮ-ıĲȩȤȠΝ βθγȀΝ țĮȚΝ įȚĮıĲȐıİȚȢΝ

țȣȥİȜȓįĮȢ δί*δί*δίΝ Å3. ȈĲȘȞΝ ıȣȞȑȤİȚĮΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ ĲȠΝ NAMD ȕȐȗȠȞĲĮȢΝ ĲȠΝ

ʌȡȩȖȡĮȝȝĮΝȞĮΝĲȡȑȟİȚΝıİΝδΝʌȣȡȒȞİȢέΝȂİĲȐΝĲȠΝĲȑȜȠȢΝĲȠȣΝʌȡȠȖȡȐȝȝĮĲȠȢΝʌȒȡĮȝİΝĲȠ ĮȡȤİȓȠΝ

ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ (έdcd)Ν ȝİΝ 130 frames,Ν ĲĮΝ ĮȡȤİȓĮΝ heat_outέcoorΝ ,Ν heat_outέvel țĮȚΝ

heat_out.xsc,ΝʌȠȣΝșĮΝȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝıĲȠΝİʌȩȝİȞȠΝıĲȐįȚȠΝțĮșȫȢΝțĮȚΝĲĮΝĮȡȤİȓĮΝrestart. 

  3έ4έ3έ ȆĮȡĮȖȦȖȒ įİįȠȝȑȞȦȞ ĲȘȢ 'native'. 

ȋȡİȚĮȗȩȝĮıĲİΝĲĮΝĮȡȤİȓĮΝ ionized.pdb, ionized.psf, heat_out.coor , heat_out.vel , 

heat_out.xsc, par_all22_prot.inp, equi.namdέΝ ΝǻȘȝȚȠȣȡȖȠȪȝİΝțĮȚΝĲȠȞΝțĮĲȐȜȠȖȠΝȖȚĮΝĲȘȞΝ

İȖȖȡĮĳȒΝĲȦȞΝʌĮȡĮȖȩȝİȞȦȞΝĮȡȤİȓȦȞέΝȋȡȘıȚȝȠʌȠȚȠȪȝİΝĲȠΝNAMD ȖȚĮΝĲȘȞΝʌĮȡĮȖȦȖȒΝĲȠȣΝ

ĲȡȠȤȚĮțȠȪέΝȈĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝʌĮȡĮȖȦȖȒȢΝĲȡȠȤȚĮțȠȪΝĲȘȢ native' ȝȩȞȠΝȝȓĮΝįȚĮțȠʌȒΝĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝıȣȞȑȕȘΝİȟĮȚĲȓĮȢΝΝįȚĮțȠʌȒȢΝȡİȪȝĮĲȠȢέΝǻİȞΝȑȖȚȞİΝțĮȝȓĮΝȝİȓȦıȘΝȞİȡȫȞέΝǾΝ

ʌȡȫĲȘΝʌȡȠıȠȝȠȓȦıȘΝʌĮȡȒȖĮȖİΝĮȡȤİȓȠΝέdcd ȝİΝβδεδιβΝframesΝțĮȚΝȘΝįİȪĲİȡȘΝȝİΝβζίθγηΝ

frames. 

3έ4έ4έ ȉȠ ĲȡȠȤȚĮțȩ ĲȘȢ 'native'. 

ǵʌȦȢΝțĮȚΝıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝ 'folding'  ıȣȖȤȦȞİȪıĮȝİΝĲĮΝέdcd ȖȚĮΝȞĮΝʌȐȡȠȣȝİΝ

ĲȠΝ ıȣȞȠȜȚțȩΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȈĲȘȞΝ ʌİȡȓʌĲȦıȘ, ȩȝȦȢ, ĲȘȢΝ 'native'  

ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝțĮȚΝĲȠΝĮȡȤȚțȩΝĲȡȠȤȚĮțȩ,ΝʌȠȣΝʌȡȠȒȜșİΝĮʌȩΝĲȠΝ heatingέΝǲĲıȚΝİȓȤĮȝİΝĲȠΝ

heat_out.dcd ĲȦȞΝ1γίΝ frames, to equi_out.dcd ĲȘȢΝʌȡȫĲȘȢΝproduction run ĲȦȞΝβδεδιβΝ

frames țĮȚΝ ĲȠΝ equi_out.dcd ĲȘȢΝ įİȪĲİȡȘȢΝ ĲȦȞΝ βζίθγηΝ framesέΝ ǹĳȠȪΝ ĮĳĮȚȡȑıĮȝİΝ ĲĮΝ



41 

 

ȞİȡȐΝțĮȚΝĲĮΝ ȚȩȞĲĮΝĮʌȩΝĲȠΝțĮșȑȞĮΝ έdcd ȝİΝĲȠΝcarma,Ν ĲĮΝȝİĲȠȞȠȝȐıĮȝİ,ΝĲĮΝȝİĲĮĳȑȡĮȝİΝ

ıĲȠΝ ȓįȚȠΝdirectory țĮȚΝĲĮΝıȣȞİȞȫıĮȝİΝȝİΝcatdcd. ȆĮȡȒȤșȘΝĲȠΝĮȡȤİȓȠΝ έdcd ȝİΝ506452 

frames,ΝʌȠȣΝȝİĲȐΝĮʌȩΝȑȞĮΝ fitting ĲȠΝȠȞȠȝȐıĮȝİΝnative.dcdέΝǹȣĲȩΝĮȞĲȚıĲȠȚȤİȓΝıİΝȤȡȩȞȠ 

ʌȡȠıȠȝȠȓȦıȘȢΝίέδΝȝsέΝȉȠΝıȤİĲȚțȩΝ έpsf ĲȦȞΝ1ηηΝĮĲȩȝȦȞΝĲȘȢΝ 'native' ĲȠΝȝİĲȠȞȠȝȐıĮȝİΝ

ıİΝpept.psf. 
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ȀİĳȐȜĮȚȠ 4Ƞ 
 

 

 

 

 

ǹȞȐȜȣıȘ ʌȡȠıȠȝȠȚȫıİȦȞ. 
 

 

It is a pollster’s maxim that the truth lies not in any one poll  
but at the center of gravity of several polls. 

Michael R. Kagay, New York Times. 
 

 

 ǵʌȦȢΝ ĮȞĮĳȑȡșȘțİΝ ıĲȠΝ ʌȡȠȘȖȠȪȝİȞȠΝ țİĳȐȜĮȚȠ, ȘΝ İȡȖĮıȓĮΝ ĮȣĲȒΝ

İʌȚțİȞĲȡȫȞİĲĮȚΝ ıĲȘȞΝ ĮȞȐȜȣıȘΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ĲȠȣΝ

İȞįİțĮʌİʌĲȚįȓȠȣ INYWLAHAKAG. ǾΝ ĮȞĮĳİȡȩȝİȞȘ ȦȢΝ 'native'  ʌȡȠıȠȝȠȓȦıȘΝ ĲȦȞΝ

βθγȀ ȝİ ĮȡȤȚțȒΝ įȠȝȒΝ ĲȠΝ ȝȠȞĲȑȜȠΝ 1Ν ĲȘȢΝ țĮĲĮȤȫȡȘıȘȢΝ ĲȘȢΝ θDςΝ ȝİΝ țȦįȚțȩΝ 2DX2 

ʌĮȡȒȖĮȖİΝ506452 frames țĮȚΝįȚȒȡțİıİΝίέδ ȝs. ǾΝʌȡȠıȠȝȠȓȦıȘ ‘folding’ ĲȦȞΝ320K ȝİΝ

ĮȡȤȚțȒΝ įȠȝȒΝ ĲȘȞΝ İțĲİĲĮȝȑȞȘ ȝȠȡĳȒ ĲȠȣΝ ʌİʌĲȚįȓȠȣ, ȘΝ ȠʌȠȓĮΝ įȘȝȚȠȣȡȖȒșȘțİΝ ȝİΝ ĲȘȞΝ
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ȕȠȒșİȚĮΝĲȠȣΝʌȡȠȖȡȐȝȝĮĲȠȢ RIBOSOME, ʌĮȡȒȖĮȖİ 1621038 frames țĮȚΝȘΝįȚȐȡțİȚȐΝĲȘȢΝ

ȒĲĮȞΝ1έγΝȝs. 

 ǾΝʌĮȡȠȣıȓĮıȘΝĲȘȢΝ ĮȞȐȜȣıȘȢΝĲȦȞΝĲȡȠȤȚĮțȫȞΝıĲȠΝʌĮȡȩȞΝțİĳȐȜĮȚȠΝȖȓȞİĲĮȚΝȝİΝ

ĲȘȞ İȟȒȢΝıİȚȡȐκ 

 ǹʌİȚțȩȞȚıȘΝıĲȚȖȝȚȩĲȣʌȦȞΝĲȦȞΝįȪȠΝĲȡȠȤȚĮțȫȞ, ıİΝĲĮțĲȐΝȤȡȠȞȚțȐΝįȚĮıĲȒȝĮĲĮέ 

 ǹȞȐȜȣıȘΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ'native' . 

 ǹȞȐȜȣıȘΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ‘folding’. 

 ȈȪȖțȡȚıȘΝĲȦȞΝįȪȠΝʌȡȠıȠȝȠȚȫıİȦȞΝ('native'  țĮȚΝ‘folding’) ĮȡȤȚțȐΝȝİĲĮȟȪΝĲȠȣȢΝ 

țĮȚΝ ıĲȘȞΝ ıȣȞȑȤİȚĮΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıșȑȞĲĮΝ ȝİΝ NMR įȠȝȚțȐΝ

ȝȠȞĲȑȜĮ,ΝΝĲȩıȠΝĲȘȢΝβDXβ,ΝȩıȠΝțĮȚΝĲȘȢΝıĲİȞȐΝıȣıȤİĲȚȗȩȝİȞȘȢΝįȠȝȒȢ,ΝĲȘȢΝ1CB3 

(ĮȜȜȘȜȠȣȤȓĮΝ IDYWLAHKALA )έΝ ȀĮȚΝ ȠȚΝ įȪȠΝ ĮȞĮĳİȡȩȝİȞİȢΝ țĮĲĮȤȦȡȒıİȚȢΝ ĲȘȢΝ

PDB (ǼȚțȩȞĮΝδέ1)ΝȑȤȠȣȞΝįȠȝȒΝγ10-ȑȜȚțĮȢέ 

 

ǼȚțȩȞĮ 4έ1: ǹʌİȚțȩȞȚıȘΝȝİΝrasmol ĲȦȞΝįȠȝȫȞΝĲȦȞΝįȪȠΝțĮĲĮȤȦȡȒıİȦȞΝĲȘȢΝPDB. ȉȠΝȃ-
ĲİȜȚțȩΝȐțȡȠΝĮʌİȚțȠȞȓȗİĲĮȚΝıĲȠΝțȐĲȦΝĲȝȒȝĮΝĲȘȢΝİȚțȩȞĮȢέΝΝǹκΝȉĮΝγίΝȝȠȞĲȑȜĮΝĲȘȢΝ1CB3. 
ǺκΝ ȉĮΝ 1ίΝ ȝȠȞĲȑȜĮΝ ĲȘȢΝ 2DX2. īκΝ ȉȠΝ ĮȡȤȚțȩΝ ȝȠȞĲȑȜȠΝ ĲȘȢΝ 'native' ʌȡȠıȠȝȠȓȦıȘȢΝ
(ȝȠȞĲȑȜȠΝ1ΝĲȘȢΝ2DX2). 
 

 ǹʌȩΝĲĮΝĮʌȠĲİȜȑıȝĮĲĮΝʌȠȣΝʌȒȡĮȝİΝĮʌȩΝĲȚȢΝĮȞĮȜȪıİȚȢΝĲȦȞΝĲȡȠȤȚĮțȫȞΝțĮȚΝĲȦȞΝ

įȪȠΝʌȡȠıȠȝȠȚȫıİȦȞΝʌĮȡĮĲȘȡȒșȘțİΝȩĲȚκ 

 ȉȠΝ ĲȝȒȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 2-7 ʌĮȡȠȣıȚȐȗİȚΝ ĮȟȚȠıȘȝİȓȦĲȘΝ ıĲĮșİȡȩĲȘĲĮΝ ıİΝ

ĮȞĲȓșİıȘΝȝİΝĲȠΝC-ĲİȜȚțȩΝȐțȡȠΝĲȠȣΝİȞįİțĮʌİʌĲȚįȓȠȣ,ΝĲȠΝȠʌȠȓȠΝĳĮȓȞİĲĮȚΝȚįȚĮȓĲİȡĮΝ
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ȣʌİȡțȚȞȘĲȚțȩέΝ ǾΝ ʌĮȡĮĲȒȡȘıȘΝ ĮȣĲȒΝ ıȣȞȐįİȚΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮΝ ʌȠȣΝ

ʌȡȠȑțȣȥĮȞΝțĮĲȐΝĲȠȞΝʌȡȠıįȚȠȡȚıȝȩΝĲȦȞΝįȠȝȫȞΝĲȦȞΝβDXβΝțĮȚΝ1CB3.  

 ȉȠΝ ıĲĮșİȡȩΝ ĲȝȒȝĮΝ ĲȦȞΝ İʌĲȐΝ ʌȡȫĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ĲȦȞΝ

ʌȡȠıȠȝȠȚȫıİȦȞΝȑȤİȚΝȝİȞΝ İȜȚțȠİȚįȒΝįȠȝȒ,ΝĮȜȜȐΝȘΝįȠȝȒΝĮȣĲȒΝ İȓȞĮȚΝĮ-ȑȜȚțĮΝțĮȚΝ

ȩȤȚΝγ10,ΝȩʌȦȢΝĮȣĲȒΝĲȦȞΝʌİȚȡĮȝĮĲȚțȫȞΝȝȠȞĲȑȜȦȞέ 

  ȈĲĮΝĲȡȠȤȚĮțȐΝʌĮȡĮĲȘȡȠȪȝİΝȝȚțȡȒȢΝįȚȐȡțİȚĮȢΝįȠȝȑȢΝγ10-ȑȜȚțĮȢΝıİΝįȚĮĳȠȡİĲȚțȐΝ

ȤȡȠȞȚțȐΝ įȚĮıĲȒȝĮĲĮΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞέ ȅȚΝ ȑȜȚțİȢΝ ȩȝȦȢΝ ĮȣĲȑȢ įȚĮȜȪȠȞĲĮȚΝ

ȖȡȒȖȠȡĮΝ țĮȚΝ ĮȞĲȚțĮșȚıĲȫȞĲĮȚΝ ĮʌȩΝ ĲȘȞΝ ıĲĮșİȡȒ (ıİΝ ȩĲȚΝ ĮĳȠȡȐΝ ĲȠΝ forcefield) 

įȠȝȒΝĲȘȢΝĮ-ȑȜȚțĮȢέΝȉȠΝȖİȖȠȞȩȢΝĮȣĲȩ,ΝıȣȝĳȦȞİȓΝȝİΝįȘȝȠıȚİȣȝȑȞİȢΝȝİȜȑĲİȢΝʌİȡȓΝ

ĲȘȢΝγ10 ȦȢΝİȞįȚȐȝİıȠȣΝĲȘȢΝĮ-ȑȜȚțĮȢΝ[ηγ,ηδ]έΝǾΝıĲĮșİȡȩĲȘĲĮ, ȩȝȦȢ,ΝĲȘȢΝĮ-ȑȜȚțĮȢΝ

ĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝıİΝʌȠıȠıĲȩΝȝİȖĮȜȪĲİȡȠΝĲȠȣΝείΣ,  ĮʌȠțȜȓȞİȚΝıȘȝĮȞĲȚțȐΝ

ĮʌȩΝĲȠΝʌȠıȠıĲȩΝĲȠȣΝʌİȡȓʌȠȣΝβίΣΝĲȘȢΝĮ-ȑȜȚțĮȢ, ĲȠΝȠʌȠȓȠΝȕȡȑșȘțİΝȦȢΝįȠȝȚțȩȢΝ

ʌȜȘșȣıȝȩȢΝıĲȠΝʌİʌĲȓįȚȠ,ΝțĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝ ĲȘȢΝʌİȚȡĮȝĮĲȚțȠȪΝțĮșȠȡȚıȝȠȪΝĲȘȢΝ

įȠȝȒȢΝĲȠȣΝȝİΝNMR [46]. 

ȈȣȝʌİȡȐıȝĮĲĮ,ΝĲĮΝȠʌȠȓĮ İȟȒȤșȘıĮȞΝİȓȞĮȚκ 

 ǻİȞΝȝʌȩȡİıİ ĲȠΝCHARMM forcefield ȞĮΝĮȞĮʌĮȡȐȖİȚΝĲȘȞΝγ10-ȑȜȚțĮ,ΝȟİțȚȞȫȞĲĮȢΝ

ȝİΝĮȡȤȚțȒΝįȠȝȒΝĲȘȞΝİțĲİĲĮȝȑȞȘΝȝȠȡĳȒΝĲȠȣΝʌİʌĲȚįȓȠȣέ  

 ǻİȞΝțĮĲȐĳİȡİΝĲȠΝCHARMM forcefield ȞĮΝįȚĮĲȘȡȒıİȚΝĲȘȞΝįȠȝȒΝĲȘȢΝγ10-ȑȜȚțĮȢ,Ν

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝȦȢΝĮȡȤȚțȒΝįȠȝȒΝĲȘȞΝγ10-ȑȜȚțĮΝĲȘȢΝțĮĲĮȤȫȡȘıȘȢΝβDX2. 

 ȉȠΝ CHARMM forcefield ȑįİȚȟİΝ ȖȚĮΝ ȝȓĮΝ ĮțȩȝĮΝ ĳȠȡȐΝ ĲȘȞΝ ĲȐıȘΝ ĲȠȣΝ ȖȚĮΝ

įȘȝȚȠȣȡȖȓĮΝĮ-ȑȜȚțĮȢΝțĮȚΝĲȘȞΝ(ĮĳȪıȚțȘ)ΝıĲĮșİȡȠʌȠȓȘıȒΝĲȘȢέ 

 ȉȩıȠΝ Ș țȚȞȘĲȚțȩĲȘĲĮΝ ĲȠȣΝ C-ĲİȜȚțȠȪΝ ȐțȡȠȣΝ ȩıȠΝ țĮȚΝ ȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ

įȚĮȝȩȡĳȦıȘȢΝ ĲȠȣΝ N-ĲİȜȚțȠȪ,Ν ȑȤȠȣȞΝ ĮȞĮʌĮȡĮȤșİȓΝ ĮʌȩΝ ĲȠΝ ĮȞȦĲȑȡȦΝ įȣȞĮȝȚțȩΝ

ʌİįȓȠ, ıİΝıȣȝĳȦȞȓĮΝȝİΝĲĮΝʌİȚȡĮȝĮĲȚțȐΝįİįȠȝȑȞĮέ 

 ǾΝĮȜȜȘȜİʌȓįȡĮıȘΝĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝTyr3, Trp4 țĮȚΝHis7 

İȓȞĮȚΝİȝĳĮȞȒȢΝıİΝıȘȝĮȞĲȚțȩΝʌȠıȠıĲȩΝĲȠȣΝțȣȡȓĮȡȤȠȣΝcluster ĲȠȣΝĲȡȠȤȚĮțȠȪΝțĮȚΝ

ıİΝıȣȝĳȦȞȓĮΝȝİΝĲĮΝʌİȚȡĮȝĮĲȚțȐΝįİįȠȝȑȞĮΝĲȘȢΝ1CB3 țĮĲĮȤȫȡȘıȘȢέ 

 ȊʌȒȡȟİΝıȘȝĮȞĲȚțȒΝıȪȖțȜȚıȘΝĲȦȞΝįȪȠΝʌȡȠıȠȝȠȚȫıİȫȞΝȝĮȢέ  

 ǹȜȜȐΝțĮȜȪĲİȡĮΝȞĮΝʌȐȡȠȣȝİΝĲȘȞΝȚıĲȠȡȓĮΝĮʌȩΝĲȘȞΝĮȡȤȒ…  

  



45 

 

 4.1.  ȈĲȚȖȝȚȩĲȣʌĮ įȚĮįȠȤȚțȫȞ įȠȝȫȞ ĲȦȞ įȪȠ ĲȡȠȤȚĮțȫȞέ 

 ȍȢΝ ʌȡȫĲȘΝ ʌȜȘȡȠĳȠȡȓĮΝ ʌİȡȓΝ ĲȘȢΝ ʌȠȚțȚȜȓĮȢΝ (ȒΝ ȩȤȚ)Ν ĲȦȞΝ įȠȝȫȞΝ ĮʌȩΝ ĲȚȢΝ ȠʌȠȓİȢΝ

ȑȤİȚΝʌİȡȐıİȚΝĲȠΝʌİʌĲȓįȚȠΝțĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝĲȠȣΝȤȡȩȞȠȣΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞ,ΝʌĮȓȡȞȠȣȝİΝ

ĲĮΝıĲȚȖȝȚȩĲȣʌĮΝĲȦȞΝįȚĮįȠȤȚțȫȞΝįȠȝȫȞΝĲȦȞΝǼȚțȩȞȦȞ 4.2 țĮȚΝ4.3. 

 

ǼȚțȩȞĮ 4έ2: ȈĲȚȖȝȚȩĲȣʌĮΝ ĮʌȩΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ Ν ‘folding’έΝ ȅȚΝ įȚĮįȠȤȚțȑȢ įȠȝȑȢΝ
ĮʌȑȤȠȣȞΝ ȝİĲĮȟȪΝ ĲȠȣȢΝ γηέ1 ns. ȉȠΝ ȃ-ĲİȜȚțȠΝ ȐțȡȠΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ȕȡȓıțİĲĮȚ İʌȐȞȦ. ȉȠΝ
ʌȡȫĲȠΝframe (t=0) İȓȞĮȚΝĲȠΝĲİȜİȣĲĮȓȠΝĲȠȣΝheating. 

 

 ǾΝ ǼȚțȩȞĮΝ 4.2 ĮʌİȚțȠȞȓȗİȚ γεΝ ȤȡȠȞȚțȐΝ ȓıȘȢΝ ĮʌȩıĲĮıȘȢ ıĲȚȖȝȚȩĲȣʌĮΝ

(țĮĲĮȖİȖȡĮȝȝȑȞĮΝĮʌİȣșİȓĮȢΝĮʌȩΝĲȠΝĲȡȠȤȚĮțȩΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ)ΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ

ĲȘȢΝ‘folding’έΝǵʌȦȢΝİȓȞĮȚΝİȝĳĮȞȑȢΝĮʌȩΝĮȣĲȒȞΝĲȘȞΝİȚțȩȞĮ,ΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȦȞΝʌİȡȓʌȠȣΝ

~1έγΝȝsΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢ,ΝĲȠΝʌİʌĲȓįȚȠΝʌİȡȞȐİȚΝĮʌȩΝįȚĮįȠȤȚțȠȪȢΝțȪțȜȠȣȢΝĮȞĮįȓʌȜȦıȘȢΝ

țĮȚΝ ĮʌȠįȚȐĲĮȟȘȢέΝ īȚĮΝ ʌĮȡȐįİȚȖȝĮ,Ν ĮʌȩΝ ĲȘȞΝ ĮȡȤȚțȒΝ İțĲİĲĮȝȑȞȘ ȝȠȡĳȒ,Ν ĲȠΝ ʌİʌĲȓįȚȠΝ
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ʌİȡȞȐİȚΝ ıİΝ ȝȚĮΝ ıȤİįȩȞΝ ĮʌȠțȜİȚıĲȚțȐΝ İȜȚțȠİȚįȒΝ įȠȝȒΝ ȝȑıĮΝ ıİΝ ȝȩȜȚȢΝ įȣȠΝ ıĲȚȖȝȚȩĲȣʌĮΝ

(ıĲȘΝįȠȝȒΝʌȠȣΝĮȞĲȚıĲȠȚȤİȓΝıĲĮΝηδns)έΝǹȣĲȒΝȘΝİȜȚțȠİȚįȒȢΝįȠȝȒΝĮʌȠįȚĮĲȐııİĲĮȚΝıĲĮ 148 

nsΝ (ȝİΝ ȕȐıȘΝ ʌȐȞĲĮ ĲĮΝ ıĲȚȖȝȚȩĲȣʌĮ)Ν țĮȚΝ İʌĮȞİȝĳĮȞȓȗİĲĮȚΝ ıĲĮΝ 1θζΝ ns,Ν ĮțȠȜȠȣșİȓΝ įİΝ

ĮȞĲȚıĲȠȓȤȠȣȢΝ țȪțȜȠȣȢΝ ĮʌȠįȚȐĲĮȟȘȢΝ țĮȚΝ ĮȞĮįȚȐĲĮȟȘȢΝ ıĲĮΝ δίθ,Ν ηδβΝ țĮȚΝ 1ββεΝ nsέΝ

ǻİįȠȝȑȞȠȣΝ ȩĲȚΝ ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ȑȞĮΝ İȞįİțĮʌİʌĲȓįȚȠΝ țĮȚΝ ȩĲȚΝ ĮȣĲȒΝ ȘΝ ʌȡȠıȠȝȠȓȦıȘ  

ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ıĲȠȣȢΝ γβίȀΝ (δηΝ ȕĮșȝȠȪȢΝ ȀİȜıȓȠȣ),Ν ĲȠΝ ʌİʌĲȓįȚȠΝ ĳĮȓȞİĲĮȚΝ ȝȐȜȜȠȞΝ

ĮȟȚȠıȘȝİȓȦĲĮΝıĲĮșİȡȩέ 

 

ǼȚțȩȞĮ 4έ3: ȈĲȚȖȝȚȩĲȣʌĮΝĮʌȩΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝ 'native'. ȅȚΝįȚĮįȠȤȚțȑȢ įȠȝȑȢΝĮʌȑȤȠȣȞΝ
ȝİĲĮȟȪΝĲȠȣȢΝ13.5 ns. ȉȠΝC-ĲİȜȚțȩΝȐțȡȠΝĲȠȣΝʌİʌĲȚįȓȠȣΝȕȡȓıțİĲĮȚΝİʌȐȞȦέΝ 
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 ȈĲȘȞΝǼȚțȩȞĮΝ4.3 ȕȜȑʌȠȣȝİ γίΝȤȡȠȞȚțȐΝȚıĮʌȑȤȠȞĲĮΝțĮĲȐΝ1γ.εΝnsΝıĲȚȖȝȚȩĲȣʌĮ,Ν

ĲĮΝ ȠʌȠȓĮΝ ȑȤȠȣȞΝ țĮĲĮȖȡĮĳİȓΝ ĮʌȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝΝ

'native’. ȈĲȘȞΝʌİȡȓʌĲȦıȘΝ ĮȣĲȒΝȖȞȦȡȓȗȠȣȝİΝȩĲȚΝĲȠΝʌȡȫĲȠΝıĲȚȖȝȚȩĲȣʌȠΝ ĮʌİȚțȠȞȓȗİȚΝĲȘȞΝ

ĮȡȤȚțȒΝ 310-ȑȜȚțĮέΝȆĮȡĮĲȘȡȠȪȝİΝȩĲȚΝȘΝİȜȚțȠİȚįȒȢΝįȚĮȝȩȡĳȦıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝβΝȑȦȢΝηΝ

ʌĮȡĮȝȑȞİȚΝ țĮșȩȜȘΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν ĮȜȜȐΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȤȐȞİĲĮȚΝ ȘΝ

įȚĮȝȩȡĳȦıȘΝĲȘȢΝγ10-ȑȜȚțĮȢΝ ĮȝȑıȦȢΝȝİĲȐΝĲȠΝʌȡȫĲȠΝıĲȚȖȝȚȩĲȣʌȠέΝǼȝĳĮȞȒȢΝİȓȞĮȚΝțĮȚΝ ȘΝ

țȚȞȘĲȚțȩĲȘĲĮΝĲȠȣΝC-ĲİȜȚțȠȪΝȐțȡȠȣΝĲȠȣΝʌİʌĲȚįȓȠȣέ 

 ǹʌȩΝ ĲĮΝ ıĲȚȖȝȚȩĲȣʌĮ țĮȚΝ ĲȦȞΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȦȞ,Ν ȖȓȞİĲĮȚΝ İȝĳĮȞȒȢΝ  Ș 

ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ įȠȝȒȢΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣΝ ıĲȠΝ ĲȝȒȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ β-ηΝ țĮȚΝ Ș 

țȚȞȘĲȚțȩĲȘĲĮΝ ĲȠȣΝ C-ĲİȜȚțȠȪΝ ĲȝȒȝĮĲȠȢΝ ĲȦȞΝ ĲİııȐȡȦȞΝ țĮĲĮȜȠȓʌȦȞέΝ ǵıȠȞΝ ĮĳȠȡȐΝ ĲȠΝ

țĮĲȐȜȠȚʌȠΝ 1,Ν ĮȣĲȩΝ įİȓȤȞİȚΝ ȞĮΝ ȑȤİȚΝ ıĲĮșİȡȩĲİȡȘΝ įȚĮȝȩȡĳȦıȘΝ ıĲĮΝ ıĲȚȖȝȚȩĲȣʌĮΝ ĲȘȢΝ

‘folding’, ȜĮȝȕȐȞȠȞĲĮȢΝȣʌȩȥȘΝĲȩıȠΝĲȘȞΝįȚĮĳȠȡȐΝșİȡȝȠțȡĮıȓĮȢ,ΝȩıȠΝțĮȚΝĲȘȞΝįȚȐȡțİȚĮΝ

ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ 

ȂİΝĲȚȢΝİȚțȩȞİȢΝĮʌȩΝĲĮΝıĲȚȖȝȚȩĲȣʌĮΝʌĮȓȡȞȠȣȝİΝȝȓĮΝȖİȞȚțȒΝȚįȑĮΝȖȚĮΝĲȚȢΝįȠȝȑȢ,ΝʌȠȣΝ

ȑȤİȚΝȜȐȕİȚΝĲȠΝʌİʌĲȓįȚȠ,ΝĮȜȜȐΝțĮȞȑȞĮΝĮıĳĮȜȑȢΝıȣȝʌȑȡĮıȝĮΝįİȞΝȝʌȠȡİȓΝȞĮΝİȟĮȤșİȓΝȝȩȞȠΝ

ĮʌȩΝĮȣĲȑȢέΝ ǼȝİȓȢΝ ȑȤȠȣȝİΝȦȢΝįİįȠȝȑȞĮΝĲĮΝ ĮȡȤİȓĮΝĲȦȞΝįȪȠΝĲȡȠȤȚĮțȫȞΝ(ĲȘȢΝ 'native’ țĮȚΝ

ĲȘȢΝ‘folding’)έΝȀȐșİΝȑȞĮΝĮʌȩΝĮȣĲȐΝʌİȡȚȑȤİȚΝĲȘȞΝʌȜȘȡȠĳȠȡȓĮΝȖȚĮΝĲȚȢΝıȣȞĲİĲĮȖȝȑȞİȢΝĲȠȣΝ

țĮșİȞȩȢ ĮĲȩȝȠȣΝ ĮʌȩΝ ĲĮΝ 1ηηΝ ıİΝ είζδεβΝ ȤȡȠȞȚțȑȢΝ ıĲȚȖȝȑȢΝ ȖȚĮΝ ĲȘȞΝ 'native’ țĮȚΝ ıİΝ

1ζβ1ίγθΝȤȡȠȞȚțȑȢΝıĲȚȖȝȑȢΝȖȚĮΝĲȘȞΝ‘folding’. īȚĮΝĲȘȞ ıȣȜȜȠȖȒ ȠȣıȚĮıĲȚțȒȢΝʌȜȘȡȠĳȠȡȓĮȢΝ

țĮȚΝ ȐȞĲȜȘıȘΝ įİįȠȝȑȞȦȞ,Ν ĲĮΝ ȠʌȠȓĮΝ ȞĮΝ ȝʌȠȡȠȪȝİ ȞĮΝ İȡȝȘȞİȪıȠȣȝİ, ĮʌĮȚĲİȓĲĮȚΝ

ȠȝĮįȠʌȠȓȘıȘΝĲȦȞΝįİįȠȝȑȞȦȞΝțĮȚΝıİȚȡȐΝĮȞĮȜȪıİȦȞ,ΝȘΝȠʌȠȓĮΝĮțȠȜȠȣșİȓέ  

 

4.2. ǹȞȐȜȣıȘ ĲȠȣ ĲȡȠȤȚĮțȠȪ ĲȘȢ 'native’. 

4.2.1. ǹȞȐȜȣıȘ ıİ țȪȡȚİȢ ıȣȞȚıĲȫıİȢ ȝİ ȤȡȒıȘ İıȦĲİȡȚțȫȞ ıȣȞĲİĲĮȖȝȑȞȦȞέ  

ǹȡȤȚțȐΝ ȠȝĮįȠʌȠȚȠȪȝİ ĲĮΝ įİįȠȝȑȞĮΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ ĲȘȢΝ 'native’ İțĲİȜȫȞĲĮȢΝ

ĮȞȐȜȣıȘΝ ıİΝ țȪȡȚİȢΝ ıȣȞȚıĲȫıİȢΝ țĮȚΝ ıĲȠȞΝ ȤȫȡȠΝ ĲȦȞΝ įȓİįȡȦȞΝ ȖȦȞȚȫȞΝ (dPCA), ȝİΝ ĲȘȞΝ

ȤȡȒıȘΝ ĲȠȣΝ ʌȡȠȖȡȐȝȝĮĲȠȢ CARMA. ȆȡĮȖȝĮĲȠʌȠȚȠȪȝİΝ įȪȠΝ ĲȑĲȠȚİȢΝ ĮȞĮȜȪıİȚȢ. ǾΝ ȝȓĮΝ

ĮȞȐȜȣıȘΝ ĮĳȠȡȐΝ ĲȚȢΝ įȓİįȡİȢΝ ĲȠȣΝ ıȣȞȩȜȠȣ ĲȦȞ țĮĲĮȜȠȓʌȦȞΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣέΝ ǾΝ

įİȪĲİȡȘΝ ȑȤİȚΝ ȖȓȞİȚΝ ȝİΝ ȤȡȒıȘΝ ĲȦȞ įȓİįȡȦȞ ĲȦȞ țĮĲĮȜȠȓʌȦȞΝ 1Ν ȑȦȢΝ țĮȚΝ η,Ν ȖȚĮΝ ĲĮΝ ȠʌȠȓĮΝ
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ĮĳİȞȩȢΝȑȤȠȣȝİΝʌĮȡĮĲȘȡȒıİȚ İțΝʌȡȫĲȘȢΝȩȥİȦȢΝ(ĮʌȩΝĲȘȞΝǼȚțȩȞĮΝδέγ)Ν ȝȚĮΝıĲĮșİȡȩĲȘĲĮΝ

įȚĮȝȩȡĳȦıȘȢΝ țĮȚΝ ĮĳİĲȑȡȠȣΝ ȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĮȣĲȒΝ ȑȤİȚΝ ĳĮȞİȓΝ țĮȚΝ ʌİȚȡĮȝĮĲȚțȐΝ [46,47]. 

ǹʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ĮȣĲȒΝ ıİΝ ȠȝȐįİȢΝ (cluster analysis) ʌĮȓȡȞȠȣȝİΝ ĲȘȞΝ ǼȚțȩȞĮΝ δέδ,Ν ʌȠȣΝ

ĮțȠȜȠȣșİȓκ 

 

 

ǼȚțȩȞĮ 4έ4μ ǼȚțȩȞİȢΝ ĮʌȩΝ ĲȘȞΝ dihedral PCA. ǹȡȚıĲİȡȐκΝ ǼȞȞȑĮ cluster ĲȘȢΝ 'native'  ȝİΝ
ȤȡȒıȘΝȩȜȦȞΝĲȦȞΝįȓİįȡȦȞέΝǻİȟȚȐκΝȉȑııİȡĮΝ  cluster ĲȘȢΝ 'native'  ȩĲĮȞΝȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ
ĲĮΝțĮĲȐȜȠȚʌĮΝ1-7. 
 
 
 

ǹʌȩΝĲĮΝįİįȠȝȑȞĮΝĲȘȢΝĮȞȐȜȣıȘȢΝțĮȚΝĮʌȩΝĲȘȞ ǼȚțȩȞĮΝδέδ,ΝȕȜȑʌȠȣȝİΝȩĲȚΝ  ȝİΝĲȘȞΝ

ȠȝĮįȠʌȠȓȘıȘ ʌȠȣΝ ȑțĮȞİ ĲȠΝ CARMA, įȘȝȚȠȣȡȖȒșȘțĮȞΝ İȞȞȑĮΝ cluster ȝİΝ ȤȡȒıȘΝ ȩȜȦȞΝ

ĲȦȞΝįȓİįȡȦȞΝțĮȚΝĲȑııİȡĮΝcluster ȝİΝȤȡȒıȘ ĲȦȞΝįȓİįȡȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7. 

ǹʌȩΝĲĮΝ1γεηζηΝ frames,  ĲĮΝȠʌȠȓĮΝĲȠΝcarma ĮʌȑįȦıİΝıİΝcluster (ʌȠıȠıĲȩΝβηΣΝ

ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ĲȡȠȤȚĮțȠȪ), ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ȩȜİȢΝ ĲȚȢΝ įȓİįȡİȢ,Ν ĲȠΝ γ1έδΣΝ  (42633 

frames)ΝĮȞȒțȠȣȞΝıĲȠΝțȣȡȓĮȡȤȠΝcluster țĮȚΝβθέζΣ  (38797 frames)ΝıĲȠΝĮȝȑıȦȢ İʌȩȝİȞȠέΝ 

ǹʌȩΝĲĮΝ1ίεδγδΝframes ĲȦȞΝcluster, ȝİΝȤȡȒıȘΝĲȦȞΝįȓİįȡȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7 

(β1ΣΝĲȠȣΝĲȡȠȤȚĮțȠȪ),ΝĲȠΝθβΣΝ(θζεζβΝframes)ΝĮȞȒțȠȣȞΝıĲȠΝțȣȡȓĮȡȤȠΝcluster.  

ǾΝĮȞȦĲȑȡȦΝȠȝĮįȠʌȠȓȘıȘ İȓȞĮȚΝțĮȜȒΝȑȞįİȚȟȘΝȖȚĮΝĲȘȞΝıĲĮșİȡȩĲȘĲĮΝĲȠȣΝıțİȜİĲȠȪΝ

ĲȠȣΝʌİʌĲȚįȓȠȣΝȩıȠΝĮĳȠȡȐ ĲĮΝʌȡȫĲĮ İʌĲȐΝțĮĲĮȜȠȓʌȦȞ,ΝİȞȫΝĳĮȓȞİĲĮȚΝȘΝİȣȝİĲĮȕȜȘĲȩĲȘĲĮΝ

ĲȦȞΝİʌȩȝİȞȦȞΝĲİııȐȡȦȞΝțĮĲĮȜȠȓʌȦȞέΝ 



49 

 

īȚĮΝȞĮΝȠʌĲȚțȠʌȠȚȒıȠȣȝİΝĲĮΝįȠȝȚțȐΝȝȠȞĲȑȜĮ,ΝĲĮΝȠʌȠȓĮ ȠȝĮįȠʌȠȚȒșȘțĮȞΝıĲĮΝįȪȠΝ

ȝİȖĮȜȪĲİȡĮΝcluster ıĲȘȞΝʌİȡȓʌĲȦıȘΝȤȡȒıȘȢΝȩȜȦȞΝĲȦȞΝįȓİįȡȦȞ,ΝțȐȞȠȣȝİΝȣʌȑȡșİıȘΝĲȦȞΝ

įȠȝȫȞΝ ĲȦȞΝ įȪȠΝ ȝİȖĮȜȪĲİȡȦȞΝ cluster țĮȚΝ ȝİΝ ȤȡȒıȘΝ ıĲĮșİȡȒȢ ȤȡȦȝĮĲȚțȒȢ țȜȓȝĮțĮȢ 

(ȝʌȜİΝȖȚĮΝȝȚțȡȐΝrmsf țĮȚΝțȩțțȚȞȠΝȖȚĮΝȝİȖȐȜĮ),ΝʌĮȓȡȞȠȣȝİΝĲȘȞΝǼȚțȩȞĮΝδέεέ 

 

ǼȚțȩȞĮ 4έη: 

ȊʌİȡșȑıİȚȢΝĲȦȞΝįȠȝȫȞ ĲȦȞΝįȪȠΝcluster,ΝʌȠȣΝ
ĮʌȠįȩșȘțĮȞΝĮʌȩΝĲȠΝcarma ȝİΝĲȘȞΝĮȞȐȜȣıȘΝıİΝ
țȪȡȚİȢΝ ıȣȞȚıĲȫıİȢΝ țĮȚΝ ȝİΝ ȤȡȒıȘΝ ȩȜȦȞΝ ĲȦȞΝ
įȓİįȡȦȞ ȖȦȞȚȫȞέ 
 
ǹȡȚıĲİȡȐκΝ ȉȠΝ țȣȡȓĮȡȤȠΝ cluster ĲȘȢΝ 'native' .  
ǻİȟȚȐκΝȉȠΝįİȪĲİȡȠΝcluster ĲȘȢΝ'native'.  

 

ǺȜȑʌȠȣȝİΝĲȠΝțȣȡȓĮȡȤȠΝcluster ȝİΝİȜȚțȠİȚįȒΝĲȘȞΝįȚĮȝȩȡĳȦıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝβ-

η,Ν İȞȫΝ ıĲȠΝ įİȪĲİȡȠΝ cluster ʌĮȡĮĲȘȡȠȪȝİΝ ĲȠΝ ĮȣȟȘȝȑȞȠΝ ȝȒțȠȢΝ ĲȘȢΝ ȑȜȚțĮȢ,Ν ĲȠΝ ȠʌȠȓȠΝ

İʌİțĲİȓȞİĲĮȚΝțĮĲȐΝȑȞĮΝțĮĲȐȜȠȚʌȠΝʌȡȠȢΝĲȘȞΝ C-ĲİȜȚțȒΝʌİȡȚȠȤȒέΝȆĮȡĮĲȘȡȫȞĲĮȢΝțĮȚΝʌȐȜȚΝ

ĲĮΝıĲȚȖȝȚȩĲȣʌĮΝĲȘȢΝǼȚțȩȞĮȢΝδέγ, ȖȓȞİĲĮȚΝĮȞĲȚȜȘʌĲȒΝĮȣĲȒΝȘΝΝȝİȖĮȜȪĲİȡȠȣΝȝȒțȠȣȢΝȑȜȚțĮΝ

ıİΝ țȐʌȠȚĮΝ ĮʌȩΝ ĮȣĲȐέ ȀĮȝȓĮΝ ĮʌȩΝ ĲȚȢΝ ĮȞȦĲȑȡȦΝ ȑȜȚțİȢΝ įİȞΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȑȤİȚΝ

ȤĮȡĮțĲȘȡȚıĲȚțȐΝγ10-ȑȜȚțĮȢέ 

ǵıȠΝ ȖȚĮΝ ĲȚȢΝ ȠȝĮįȠʌȠȚȘȝȑȞİȢΝ įȠȝȑȢΝ ĲȠȣΝ țȣȡȓĮȡȤȠȣΝ cluster ıĲȘȞΝ ʌİȡȓʌĲȦıȘΝ

ȤȡȒıȘȢΝĲȦȞΝįȓİįȡȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7, ĮȣĲȑȢ ĮʌİȚțȠȞȓȗȠȞĲĮȚΝıĲȘȞΝǼȚțȩȞĮΝδέζέ 

 

ǼȚțȩȞĮ 4έθ: 

ȊʌİȡșȑıİȚȢΝĲȦȞΝįȠȝȫȞ ĲȠȣΝțȣȡȓĮȡȤȠȣΝ(θίΣ)Ν
cluster ĲȘȢΝ 'native' , ȝİĲȐΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ıİΝ
țȪȡȚİȢΝ ıȣȞȚıĲȫıİȢΝ ȝİΝ ĲȘȞΝ ȤȡȒıȘΝ ĲȠȣΝ
ʌȡȠȖȡȐȝȝĮĲȠȢΝ carma țĮȚΝȝİΝȤȡȒıȘΝȝȩȞȠΝĲȦȞΝ
įȓİįȡȦȞΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1Ν ȑȦȢΝ țĮȚΝ ηΝ ĲȠȣΝ
ʌİʌĲȚįȓȠȣέ 

 

ȉȠΝțȣȡȓĮȡȤȠΝcluster İȓȞĮȚΝ  İȜȚțȠİȚįȑȢΝıĲȠΝN-ĲİȜȚțȩΝȐțȡȠΝĲȠȣ,ΝʌİȡȚȜĮȝȕȐȞȠȞĲĮȢΝ

ıĲȘȞΝȑȜȚțĮΝĲĮΝțĮĲȐȜȠȚʌĮΝ2-7. ȀĮȚΝĮȣĲȒΝȘΝȑȜȚțĮΝįİȞΝȝȠȚȐȗİȚΝȖȚĮΝγ10.  
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4έ2έ2έ ǹȞȐșİıȘ įİȣĲİȡȠĲĮȖȠȪȢ įȠȝȒȢ – țĮĲĮȞȠȝȒ ĲȦȞ cluster. 

ȋȡȘıȚȝȠʌȠȚȠȪȝİΝĲȠΝʌȡȩȖȡĮȝȝĮΝĮȞȐșİıȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝΝįȠȝȒȢΝSTRIDE [110]  

ȖȚĮΝȞĮΝįȠȪȝİΝĲȚΝİȓįȠȣȢΝįİȣĲİȡȠĲĮȖȒΝįȠȝȒΝĮȞĮșȑĲİȚΝĮȣĲȩ,ΝıĲĮΝțĮĲȐȜȠȚʌĮΝĲȠȣΝʌİʌĲȚįȓȠȣΝ

țĮĲȐΝĲȘȞΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ'native' έΝȈĲȘȞΝİʌȩȝİȞȘΝǼȚțȩȞĮΝδέη,ΝȠʌĲȚțȠʌȠȚİȓĲĮȚΝ

ȤȡȦȝĮĲȚțȐΝȘΝĮȞȐșİıȘΝĮȣĲȒέ  

 

ǼȚțȩȞĮ 4έιμ ȋȡȦȝĮĲȚțȒΝĮʌİȚțȩȞȚıȘΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝĲȘȞΝȠʌȠȓĮΝ ĮȞĮșȑĲİȚΝĲȠΝ
ʌȡȩȖȡĮȝȝĮΝSTRIDE,ΝȝİΝȕȐıȘΝĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ'native'.  
 
 

ǹʌȩΝ ĲȘȞΝ ĮȞȦĲȑȡȦΝ İȚțȩȞĮΝ ȕȜȑʌȠȣȝİΝ ȩĲȚΝ ȠȚΝ țĮĲĮȖİȖȡĮȝȝȑȞİȢΝ įȠȝȑȢΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝĲȘȢΝ 'native'  țȣȡȚĮȡȤȠȪȞĲĮȚΝĮʌȩΝĮ-ȑȜȚțĮΝ(ȝȦȕ)ΝıĲȘΝN-ĲİȜȚțȒ ʌİȡȚȠȤȒΝıİΝ

ȩȜȠΝıȤİįȩȞΝĲȠΝȤȡȩȞȠΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ ȉȠΝC-ĲİȜȚțȩΝȐțȡȠΝıʌȐȗİȚΝĲȘȞΝȝȠȞȠĲȠȞȓĮΝĲȘȢΝ

ıĲĮșİȡȩĲȘĲĮȢΝĲȘȢΝN-ĲİȜȚțȒȢΝʌİȡȚȠȤȒȢ,ΝİȣȡȚıțȩȝİȞȠΝȖȚĮΝȝİȖȐȜȠΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮ, İȓĲİΝ

ıİΝțĮĲȐıĲĮıȘΝrandom coil (Ȝİȣțȩ),ΝİȓĲİΝıİΝΝįȚĮȝȩȡĳȦıȘΝıĲȡȠĳȒȢΝ(ıȚȑȜ),ΝȜĮȝȕȐȞİȚΝįİΝ

įȚĮȝȩȡĳȦıȘΝĮ-ȑȜȚțĮȢΝ(ȝȦȕ)ΝȖȚĮΝȝȚțȡȐΝȤȡȠȞȚțȐΝįȚĮıĲȒȝĮĲĮ,Ν ĲĮΝȠʌȠȓĮ,ΝȩȝȦȢ, įİȞΝİȓȞĮȚΝ

ȚțĮȞȠʌȠȚȘĲȚțȠȪΝȤȡȩȞȠȣ  (ȒΝȚțĮȞȠʌȠȚȘĲȚțȠȪΝĮȡȚșȝȠȪΝframes) ȖȚĮΝȞĮΝİȞĲĮȤșȠȪȞΝıİΝcluster 

ĮʌȩΝ ĲȠΝ carma,Ν ȩʌȦȢΝ İȓįĮȝİΝ ıĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ dPCA ȝİΝ ȤȡȒıȘΝ ȩȜȦȞΝ ĲȦȞΝ įȓİįȡȦȞΝ

ȖȦȞȚȫȞ (cluster 2, ǼȚțȩȞĮΝ δέε). ȈʌȠȡĮįȚțȐ,Ν ȘΝ ʌİȡȚȠȤȒΝ ĲȦȞΝ ʌȡȫĲȦȞΝ ζ-ηΝ țĮĲĮȜȠȓʌȦȞΝ

ʌĮȓȡȞİȚΝʌȠȜȪΝȝȚțȡȒȢΝįȚȐȡțİȚĮȢΝįȚĮȝȩȡĳȦıȘΝγ10-ȑȜȚțĮȢΝ (țȩțțȚȞȠΝ– įİȞΝİȓȞĮȚΝĮȡțȠȪȞĲȦȢΝ

ȠȡĮĲȩ)έ ĭĮȓȞİĲĮȚΝȩĲȚ ȘΝʌȡȠıȠȝȠȓȦıȘΝįİȞ įȚĮĲȒȡȘıİΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒΝĲȘȢΝγ10-ȑȜȚțĮȢέέ 

ȈĲȘȞΝǼȚțȩȞĮΝδέθ ȕȜȑʌȠȣȝİΝĲȘȞΝțĮĲĮȞȠȝȒΝĲȦȞΝĲȡȚȫȞΝʌȡȫĲȦȞΝcluster ĲȘȢΝ'native' , 

ȝİΝȤȡȒıȘΝȩȜȦȞΝĲȦȞΝįȓİįȡȦȞΝȖȦȞȚȫȞ. ǾΝțĮĲĮȞȠȝȒΝĲȦȞΝcluster įȓȞİȚΝʌȜȘȡȠĳȠȡȓĮΝȖȚĮΝĲȚȢΝ

ıȣȤȞȩĲȘĲİȢΝİʌĮȞİȝĳȐȞȚıȘȢΝĲȦȞΝȠȝĮįȠʌȠȚȘȝȑȞȦȞΝįȠȝȫȞ țĮșȩȜȘΝĲȘȞΝȤȡȠȞȚțȒΝįȚȐȡțİȚĮΝ

ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝȈĲȘȞΝıȣȖțİțȡȚȝȑȞȘΝʌİȡȓʌĲȦıȘΝȝʌȠȡİȓΝ ȞĮΝȝĮȢΝįȫıİȚΝİʌȚʌȜȑȠȞΝĲȘȞΝ

ʌȜȘȡȠĳȠȡȓĮΝ ȖȚĮΝ ĲȘȞΝ ʌĮȡȠȣıȓĮΝ ȒΝ ȩȤȚΝ ĲȘȢΝ įȠȝȒȢΝ ĲȘȢΝ 310-ȑȜȚțĮȢ,Ν ȝİΝ įİįȠȝȑȞȠΝ ȩĲȚΝ ĲȠΝ

ĮȡȤȚțȩΝ ȝȠȞĲȑȜȠΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ĮȣĲȒȢΝ ȒĲĮȞΝ ĮțȡȚȕȫȢΝ ĮȣĲȩȢΝ ȠΝ ĲȪʌȠȢΝ ȑȜȚțĮȢέΝ ȈĲȘȞΝ
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ĮȡȚıĲİȡȒΝʌȜİȣȡȐΝĲȘȢΝǼȚțȩȞĮȢΝδέθ,ΝĮʌİȚțȠȞȓȗİĲĮȚΝȖȡĮĳȚțȐΝȘΝʌĮȡȠȣıȓĮΝĲȠȣΝțȐșİΝcluster 

ıĲȘȞΝ ȤȡȠȞȚțȒΝ įȚȐȡțİȚĮΝ ĲȦȞΝ ίέδΝ ȝs ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ ıĲȘȞΝ įİȟȚȐΝ ʌȜİȣȡȐΝ ȝȓĮΝ

ȝİȖȑșȣȞıȘΝİȞȩȢΝȝȚțȡȠȪΝĲȝȒȝĮĲȠȢΝĲȘȢΝįİȟȚȐȢΝİȚțȩȞĮȢ, ȘΝȠʌȠȓĮΝĮȞĲȚıĲȠȚȤİȓΝıĲȠΝįȚȐıĲȘȝĮΝ

ĲȦȞΝ δίΝ ȑȦȢΝ 1δίΝ ns ĲȠȣΝ ȤȡȩȞȠȣΝ ʌȡȠıȠȝȠȓȦıȘȢέ ǾΝ ȝİȖȑșȣȞıȘΝ ĮȣĲȒΝ įİȓȤȞİȚΝ ȩĲȚΝ įİȞΝ

ȣʌȐȡȤİȚΝ ĮȜȜȘȜȠİʌȚțȐȜȣȥȘΝ ĲȦȞΝ cluster, ȩʌȦȢΝ İțΝ ʌȡȫĲȘȢΝ ȩȥİȦȢΝ ȝʌȠȡİȓΝ ȞĮΝ ȣʌȠșȑıİȚΝ

țĮȞİȓȢ,ΝĮȜȜȐΝȖȡȒȖȠȡȘΝȝİĲĮĳȠȡȐΝĲȘȢΝįȠȝȒȢΝĮʌȩΝĲȘȞΝȝȓĮΝȠȝȐįĮΝįȠȝȫȞΝıĲȘȞΝȐȜȜȘέΝ  

  

ǼȚțȩȞĮ 4.8: ǹȡȚıĲİȡȐ: ȘΝʌĮȡȠȣıȓĮΝĲȠȣΝțĮșİȞȩȢΝĮʌȩΝĲĮΝĲȡȓĮΝʌȡȫĲĮΝcluster ĲȘȢΝ'native' 
ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠȞΝ ıȣȞȠȜȚțȩΝ ȤȡȩȞȠΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ǻİȟȚȐ: ȝȓĮΝ ȝİȖȑșȣȞıȘΝ ĲȘȢΝ ʌİȡȚȠȤȒȢ 
ĲȦȞΝδί-140 ns. 
 
 
 ȆĮȡĮĲȘȡȠȪȝİΝ ȩĲȚΝ ȘΝ ʌİȡȚȠȤȒ,Ν ȘΝ ȠʌȠȓĮΝ ĮȞȒțİȚΝ ıĲȠȞΝ ĮȡȤȚțȩΝ ȤȡȩȞȠΝ ĲȘȢΝΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ įİȞΝ ĮȞȒțİȚΝ ıİΝ țȐʌȠȚȠΝ ĮʌȩΝ ĮȣĲȐΝ ĲĮΝ ȝİȖȐȜĮΝ cluster. ǻİįȠȝȑȞȘȢΝ ĲȘȢΝ

ĮȡȤȚțȒȢΝįȠȝȒȢΝγ10-ȑȜȚțĮȢ,ΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȒıĮȝİ,ΝȑȤȠȣȝİΝʌȜȑȠȞΝıĮĳİȓȢΝİȞįİȓȟİȚȢΝȖȚĮΝĲȘȞΝ

ĮʌȠĲȣȤȓĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝĲȘȢΝ'native'  ıĲȘȞ ĮȞĮʌĮȡĮȖȦȖȒ ĲȘȢΝıʌȐȞȚĮȢΝĮȣĲȒȢΝȑȜȚțĮȢέΝ 

 4.2.3. ȆȓȞĮțİȢ RεSD țĮȚ ĮȞȐȜȣıȒ ĲȠȣȢέ  

ǾΝǼȚțȩȞĮΝ4.9 İȓȞĮȚΝȝȚĮΝȑȖȤȡȦȝȘΝĮȞĮʌĮȡȐıĲĮıȘΝĲȦȞΝĲȚȝȫȞΝĲȦȞΝRεSDΝȝİĲĮȟȪΝ

ȩȜȦȞΝĲȦȞΝʌȚșĮȞȫȞΝıȣȞįȣĮıȝȫȞΝĲȦȞΝįȠȝȫȞΝĲȠȣΝʌİʌĲȚįȓȠȣΝțĮȚΝȝİΝȤȡȒıȘΝȝȩȞȠΝĲȦȞΝ  CĮ 

ĮĲȩȝȦȞ, ȩʌȦȢΝ ȑȤȠȣȞΝ țĮĲĮȖȡĮĳİȓΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'native' . ȉȠΝ

İȪȡȠȢΝĲȦȞΝʌĮȡĮĲȘȡȠȪȝİȞȦȞΝĲȚȝȫȞΝĮʌİȚțȠȞȓȗİĲĮȚΝȤȡȦȝĮĲȚțȐ,ΝȝİΝĲȚȢΝȝȚțȡȑȢΝĲȚȝȑȢΝRMSD 

(ıİΝÅ) ȞĮΝ  ĮȞĲȚıĲȠȚȤȠȪȞΝıİΝȤȡȫȝĮ ıțȠȪȡȠȣΝȝʌȜİ,ΝĲȚȢΝȝİȖĮȜȪĲİȡİȢΝıİΝȤȡȫȝĮ ıțȠȪȡȠȣΝ

țȩțțȚȞȠȣΝțĮȚΝĲȚȢΝİȞįȚȐȝİıİȢΝ(ĮʌȩΝȝȚțȡȩĲİȡİȢΝıİΝȝİȖĮȜȪĲİȡİȢΝĲȚȝȑȢ)ΝıİΝʌȡȐıȚȞȠ,ΝțȓĲȡȚȞȠΝ

țĮȚΝʌȠȡĲȠțĮȜȓέ ȅȚΝĲȚȝȑȢΝĲȘȢΝțȪȡȚĮȢΝįȚĮȖȦȞȓȠȣΝİȓȞĮȚΝȝȘįİȞȚțȑȢ,ΝİĳȩıȠȞΝĮȞĲȚıĲȠȚȤȠȪȞ ıİΝ
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RMSD ĮȞȐȝİıĮΝ ıİΝ țȐșİΝ įȠȝȒΝ ȝİΝ ĲȠȞΝ İĮȣĲȩΝ ĲȘȢ,Ν ĲȠΝ įİΝ ȤȡȫȝĮΝ ĲȘȢΝ įȚĮȖȦȞȓȠȣΝ ĮȣĲȒȢΝ

ĮʌİȚțȠȞȓȗİĲĮȚΝȦȢΝȝĮȪȡȠέ 

  
ǼȚțȩȞĮ 4έλμ ȆȓȞĮțİȢ RεSDΝȝİΝȤȡȒıȘΝĲȦȞ ıȣȞĲİĲĮȖȝȑȞȦȞΝĲȦȞΝCĮ ĮĲȩȝȦȞ ĲȘȢΝ'native' . 
ǹȡȚıĲİȡȐκΝȆȓȞĮțĮȢΝȝİΝȤȡȒıȘΝȩȜȦȞΝĲȦȞΝCĮΝĮĲȩȝȦȞΝțĮȚΝȝȑȖȚıĲȘΝĲȚȝȒΝεέγβΝÅ.  
ǻİȟȚȐκΝȆȓȞĮțĮȢΝȝİΝȤȡȒıȘΝĲȦȞΝCĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-8.ȉȠΝİȪȡȠȢΝĲȦȞΝRMSD țȣȝĮȓȞİĲĮȚΝ
ĮʌȩΝίέίίΝÅΝȑȦȢΝβέιγΝÅ. 
 
 ȈĲȠȞΝĮȡȚıĲİȡȩΝʌȓȞĮțĮΝʌĮȡĮĲȘȡȠȪȝİΝțȐʌȠȚĮ İʌĮȞĮȜĮȝȕĮȞȩȝİȞĮΝıțȠȪȡĮΝȝʌȜİΝ

ĲȝȒȝĮĲĮ,Ν ʌȠȣΝ ĮȞĲȚıĲȠȚȤȠȪȞ,Ν ȩʌȦȢΝ ȑȤȠȣȝİΝ ĮȞĮĳȑȡİȚ,Ν ıİΝ ȝȚțȡȐΝ RMSD,Ν ȜȓȖĮΝ İțΝ ĲȦȞΝ

ȠʌȠȓȦȞ ıȣȞįȑȠȞĲĮȚΝĲȩıȠΝȠȡȚȗȩȞĲȚĮΝȩıȠΝțĮȚΝțȐșİĲĮΝȝİΝȝʌȜİΝĲȝȒȝĮĲĮέΝǹȣĲȩΝįİȓȤȞİȚΝȩĲȚΝ

ĲȠΝ ʌİʌĲȓįȚȠΝ ıȤȘȝĮĲȓȗİȚΝ ʌȠȚțȚȜȓĮΝ įȠȝȫȞΝ ıİΝ įȚĮĳȠȡİĲȚțȑȢΝ ĳȐıİȚȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ . 

ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȘȞΝȕȠȒșİȚĮΝĲȘȢΝǼȚțȩȞĮȢΝδέθ,ΝȕȜȑʌȠȣȝİΝĲȘȞΝțĮĲĮȞȠȝȒΝĲȠȣΝțȣȡȓĮȡȤȠȣΝ

cluster ıĲȠȞΝ ȤȡȩȞȠΝ ĮʌȩΝ είΝ ȑȦȢΝ 1ίίΝ ns țĮȚΝ ĮʌȩΝ γίίns ȑȦȢΝ ĲȑȜȠȣȢΝ ȤȡȩȞȠȣΝ țĮȚΝ ĲȠȣΝ

įİȪĲİȡȠȣΝcluster ıĲȘȞΝțİȞĲȡȚțȒΝʌİȡȚȠȤȒΝĲȦȞΝ1ίί-300ns. 

 ȁȩȖȦΝĲȘȢΝİȣțȚȞȘıȓĮȢΝĲȠȣΝσ-ĲİȜȚțȠȪΝȐțȡȠȣ,ΝȘΝȠʌȠȓĮΝȑȤİȚΝʌĮȡĮĲȘȡȘșİȓ (ĮʌȩΝĲȚȢΝ

ǼȚțȩȞİȢΝδέγ,Νδέε,Νδέζ țĮȚΝĮʌȩΝĲȘȞΝȪʌĮȡȟȘΝĲȠȣΝİȞȩȢΝțȣȡȓĮȡȤȠȣΝ(θίΣ)Νcluster ĲȘȢΝdPCA 

ĮȞȐȜȣıȘȢΝ ȝİΝ ĲȚȢΝ įȓİįȡİȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1-7),Ν ȣʌȠȜȠȖȓıĮȝİ ĲȠȞΝ ȓįȚȠΝ ʌȓȞĮțĮΝ RεSD, 

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĮȣĲȒΝ ĲȘΝ ĳȠȡȐ ĲȚȢΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ ĲȠȣΝ ıțİȜİĲȠȪΝ ȝȩȞȠΝ ĲȦȞ ȠțĲȫΝ N-

ĲİȜȚțȫȞ țĮĲĮȜȠȓʌȦȞ. ȈĲȠȞΝʌȓȞĮțĮ ĮȣĲȩȞ,ΝȠΝȠʌȠȓȠȢΝĮʌİȚțȠȞȓȗİĲĮȚΝıĲȘȞΝįİȟȚȐΝʌȜİȣȡȐΝĲȘȢΝ

ǼȚțȩȞĮȢΝ δέιΝ ĳĮȓȞİĲĮȚΝ ȩĲȚ, ȝİĲȐΝ ĲȘȞΝ İȟĮȓȡİıȘΝ ĲȦȞΝ C-ĲİȜȚțȦȞΝ țĮĲĮȜȠȓʌȦȞ,Ν ȠΝ ʌȓȞĮțĮȢΝ

țȣȡȚĮȡȤİȓĲĮȚΝĮʌȩΝȝȚțȡȑȢ ĲȚȝȑȢΝRεSD (ıțȠȪȡȠΝȝʌȜİΝțĮȚΝȝİΝȝȑȖȚıĲȠΝRMSD ĲĮΝΝβέιγΝÅέ 
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4.2.4. RMSD Įʌȩ ĲȘȞ ʌİȚȡĮȝĮĲȚțȐ ʌȡȠıįȚȠȡȚıȝȑȞȘ įȠȝȒέ 

 ȈĲȘȞ ǼȚțȩȞĮΝ δέ1ί ȕȜȑʌȠȣȝİΝ ĲȘȞΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȦȞΝ RεSDΝ ĲȦȞΝ CĮΝ

ĮĲȩȝȦȞ ȦȢΝ ʌȡȠȢΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ ȝİΝ ζεRΝ įȠȝȒ (ȝȠȞĲȑȜȠΝ 1Ν ĲȘȢΝ

2DX2), ȘΝȠʌȠȓĮΝĲȣȤĮȓȞİȚΝȞĮΝİȓȞĮȚΝțĮȚΝĲȠΝʌȡȫĲȠΝframe ĲȘȢΝʌĮȡȠȪıĮȢΝʌȡȠıȠȝȠȓȦıȘȢέ 

  

ǼȚțȩȞĮ 4έ1ίμ īȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȦȞΝ RMSD (Å) ĮʌȩΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ
ʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒ ȦȢΝʌȡȠȢΝĲȠȞΝıȣȞȠȜȚțȩΝȤȡȩȞȠΝʌȡȠıȠȝȠȓȦıȘȢΝ(ns). 
ǹȡȚıĲİȡȐκ ȂİΝȩȜĮΝĲĮΝCĮΝȐĲȠȝĮέΝǻİȟȚȐκ ȂİΝĲĮΝCĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7. 

 

 ȆĮȡĮĲȘȡȠȪȝİΝ ĮʌȩΝ ĲȘȞΝ İȚțȩȞĮΝ ĮȡȚıĲİȡȐ,Ν ȩĲȚΝ ĮʌȩΝ ĲȘȞΝ ĮȡȤȒΝ ĮțȩȝĮΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ ıȤİįȩȞΝ ıİΝ ȩȜȘΝ ĲȘȞΝ įȚȐȡțİȚȐΝ ĲȘȢΝ ĲĮΝ RεSDΝ ĮʌȩΝ ĲȘȞΝ ĮȡȤȚțȒΝ įȠȝȒΝ

İȓȞĮȚΝȝİȖȐȜĮ,  țȣȝĮȚȞȩȝİȞĮΝıĲȠΝįȚȐıĲȘȝĮΝĲȦȞΝβ ȝİΝδΝ ΝÅ,ΝȩĲĮȞΝȤȡȘıȚȝȠʌȠȚȠȪȝİΝȩȜĮΝĲĮΝ

CĮΝȐĲȠȝĮέΝǹȣĲȩΝįİȓȤȞİȚΝȩĲȚΝȘΝĮȡȤȚțȒΝįȠȝȒΝĲȘȢΝγ10-ȑȜȚțĮȢ,ΝʌȠȜȪΝȖȡȒȖȠȡĮΝȝİĲȐΝĲȘȞΝĮȡȤȒΝ

ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν ĮȜȜȐȗİȚΝ įȠȝȒΝ țĮȚΝ įİȞΝ İʌĮȞȑȡȤİĲĮȚΝ ıİΝ ĮȣĲȒΝ ıİΝ ȩȜȠΝ ĲȠΝ İʌȩȝİȞȠΝ

ȤȡȠȞȚțȩΝįȚȐıĲȘȝĮέΝǲȤȠȞĲĮȢ, ʌȜȑȠȞ, ȦȢΝįİįȠȝȑȞȘ ĲȘȞΝțȣȡȓĮȡȤȘΝįȠȝȒΝĲȘȢΝĮ-ȑȜȚțĮȢΝĲȘȢΝ

'native'   (ǼȚțȩȞĮΝδέη) ıȣȝʌİȡĮȓȞȠȣȝİΝ(țĮȚΝʌȐȜȚ)ΝȩĲȚΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝįİȞΝțĮĲȐĳİȡİΝȞĮΝ

įȚĮĲȘȡȒıİȚ ĲȘȞΝ ĮȡȤȚțȒΝ 310-ȑȜȚțĮέΝ ȂİĲȐΝ ĲȘȞΝ İȟĮȓȡİıȘΝ ĲȦȞΝ ĲİȜİȣĲĮȓȦȞΝ ĲİııȐȡȦȞΝ

țĮĲĮȜȠȓʌȦȞ,ΝȩʌȦȢΝĳĮȓȞİĲĮȚΝįİȟȚȐΝıĲȘȞΝǼȚțȩȞĮ 4.10, ĲĮΝRMSD ȝİȚȫȞȠȞĲĮȚΝıİΝĲȚȝȑȢ ȠȚΝ

ȠʌȠȓİȢΝ țȣȝĮȓȞȠȞĲĮȚΝ ĮʌȩΝ 1Ν ȑȦȢΝ γΝ ÅέΝ ǾΝ ȝİȓȦıȘΝ ĮȣĲȒΝ įİȓȤȞİȚΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȘȢΝ C-

ĲİȜȚțȒȢΝʌİȡȚȠȤȒȢ,ΝȘΝȠʌȠȓĮΝȩĲĮȞΝİȟĮȚȡİșİȓ,ΝȑȤİȚ ȦȢΝĮʌȠĲȑȜİıȝĮΝĲȘȞΝȝİȓȦıȘΝĲȘȢΝʌȠȚțȚȜȓĮȢΝ

ĲȦȞΝįȚĮȝȠȡĳȫıİȦȞΝĲȠȣΝʌİʌĲȚįȓȠȣέ ȂİΝıȪȞșİıȘΝĲȦȞ ǼȚțȩȞȦȞΝ4.7, δέιΝțĮȚΝδέ1ί,ΝȑȤȠȣȝİΝ

ĮțȩȝĮΝțĮȜȪĲİȡȘΝĮʌİȚțȩȞȚıȘΝĲȘȢΝțĮĲȐıĲĮıȘȢΝ(ǼȚțȩȞĮΝδέ11). 
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ǼȚțȩȞĮ 4έ11μ ȈȪȞșİıȘΝİȚțȩȞȦȞΝ4.7, δέιΝțĮȚΝδέ1ίέ ǹȡȚıĲİȡȐκΝȈĲȒȜȘΝįȚĮȖȡĮȝȝȐĲȦȞΝʌȠȣΝ
ĮĳȠȡȠȪȞΝȩȜĮΝĲĮΝțĮĲȐȜȠȚʌĮ (ĮʌȩΝİʌȐȞȦΝʌȡȠȢΝțȐĲȦΝıȣȝȝİĲȑȤȠȣȞκΝȩȜĮΝĲĮΝȐĲȠȝĮ,ΝĲĮΝCĮ,Ν
ĲĮ ȐĲȠȝĮΝĲȠȣΝıțİȜİĲȠȪ)έΝǻİȟȚȐκΝǹȞĲȓıĲȠȚȤȘΝıĲȒȜȘΝʌȠȣΝĮĳȠȡȐΝĲĮΝțĮĲȐȜȠȚʌĮΝ1-7. 

 ǹȞİȟȐȡĲȘĲĮΝ ĮʌȩΝ ĲȚȢΝ ĮʌȩȜȣĲİȢΝ ĲȚȝȑȢΝ ĲȦȞΝ RMSD,Ν ıĲȘȞΝ ĮȞȦĲȑȡȦΝ İȚțȩȞĮΝ

ĳĮȓȞİĲĮȚΝ ȩĲȚΝ ıĲȘȞΝ ʌİȡȓʌĲȦıȘ ʌȠȣΝ ĮĳȠȡȐΝ țĮȚΝ ĲĮΝ ȑȞįİțĮΝ țĮĲȐȜȠȚʌĮ, ȣʌȐȡȤİȚΝ ȝİȖȐȜȘΝ

ʌȠȚțȚȜȓĮΝįȚĮȝȠȡĳȫıİȦȞΝĲȠȣΝʌİʌĲȚįȓȠȣΝıȣȞȠȜȚțȐ İȞȫ, ȝİĲȐΝĲȘȞΝİȟĮȓȡİıȘΝĲȠȣΝC-ĲİȜȚțȠȪΝ

ȐțȡȠȣ,Ν ʌĮȡĮĲȘȡİȓĲĮȚΝ ȝȓĮΝ ıĲĮșİȡȩĲȘĲĮΝ ȩıȠΝ ĮĳȠȡȐΝ ĲȚȢΝ İʌĮȞĮȜĮȝȕĮȞȩȝİȞİȢΝ įȠȝȑȢ,Ν ĲȚȢΝ

ȠʌȠȓİȢΝ İʌȚıțȑʌĲȠȞĲĮȚΝ ĲĮΝ ʌȡȫĲĮΝ ηΝ țĮĲȐȜȠȚʌĮΝ țĮșȫȢΝ țĮȚΝ ĲȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ ȖȚĮΝ ĲȠΝ

ȠʌȠȓȠΝʌĮȡĮȝȑȞȠȣȞΝȠȚΝįȠȝȑȢΝĮȣĲȑȢέ 

 ȈİΝ ıȤȑıȘΝ ȝİΝ ĲȘΝ įİȣĲİȡȠĲĮȖȒΝ įȠȝȒΝ ĲȘȢΝ ʌİȡȓʌĲȦıȘȢΝ ĮȡȚıĲİȡȐ,Ν ȠȚΝ ȝȚțȡȩĲİȡİȢΝ

ĲȚȝȑȢΝRMSD ȜĮȝȕȐȞȠȞĲĮȚΝȩĲĮȞΝȘΝįȠȝȒΝʌĮȓȡȞİȚΝįȚĮȝȩȡĳȦıȘΝĮ-ȑȜȚțĮȢΝțĮȚΝıĲȠΝC-ĲİȜȚțȩΝ

ȐțȡȠ (ıĲĮΝ γίίΝ țĮȚΝ ıĲĮΝ γθίΝ ns) țĮȚΝ ȠȚΝ ĮȝȑıȦȢΝ ȝİȖĮȜȪĲİȡİȢΝ ȩĲĮȞΝ ĲȠΝ C-ĲİȜȚțȩΝ ȑȤİȚΝ

įȚĮȝȩȡĳȦıȘΝıĲȡȠĳȒȢ. ȂİΝĲȘȞΝİʌȚʌȜȑȠȞΝȕȠȒșİȚĮΝĲȘȢΝǼȚțȩȞĮȢΝδέθΝıȣȝʌİȡĮȓȞȠȣȝİΝȩĲȚΝȘΝ

țİȞĲȡȚțȒΝ ȝʌȜİΝ ʌİȡȚȠȤȒΝ (ʌȠȣΝ ĮȞĲȚıĲȠȚȤİȓ ıİΝ ȤȡȩȞȠΝ 1ίίΝ ȑȦȢΝ βείΝ ns)Ν ĮʌȠįȓįİĲĮȚΝ ıĲȠΝ
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įİȪĲİȡȠΝ cluster ĲȘȢΝ ȝİȖĮȜȪĲİȡȘȢΝ Į-ȑȜȚțĮȢ,Ν ıȣȝʌȑȡĮıȝĮ ĲȠΝ ȠʌȠȓȠΝ ıȣȝĳȦȞİȓΝ ȝİΝ ĲȘȞΝ

ĮȞȐșİıȘΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĮʌȩΝ ĲȠΝ STRIDEέΝ ǼʌȚʌȜȑȠȞΝ (ĮʌȩΝ ĲȘȞΝ ȓįȚĮ ǼȚțȩȞĮΝ δέθ),Ν

ıȣȝʌİȡĮȓȞȠȣȝİΝ ȩĲȚΝ ĲȠΝ țȪȡȚȠΝ cluster İȝĳĮȞȓȗİĲĮȚΝ ȝİĲȐΝ ĲĮΝ ʌȡȫĲĮΝ εί ns țĮȚΝ

İʌĮȞİȝĳĮȞȓȗİĲĮȚΝ țȐʌȠȚİȢΝ ĳȠȡȑȢΝ ȝȑȤȡȚΝ ĲĮΝ 1ίίΝ ns, ıĲȘΝ ıȣȞȑȤİȚĮΝ İȟĮĳĮȞȓȗİĲĮȚΝ ȖȚĮΝ ĲĮΝ

İʌȩȝİȞĮΝβίίΝns țĮȚΝİʌĮȞİȝĳĮȞȚȗȩȝİȞȠΝȖȪȡȦΝıĲĮΝγίί ns, ȣĳȓıĲĮĲĮȚ ĲĮțĲȚțȐ ȝȑȤȡȚΝĲȠȣΝ

ĲȑȜȠȣȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέ ǹȟȓȗİȚΝ ȞĮΝ ıȘȝİȚȦșİȓΝ ȩĲȚΝ ĲȠΝ cluster 1 İȞĮȜȜȐııİĲĮȚΝ ȝİΝ ĲȠΝ

cluster γ,ΝıİΝȩȜȘΝĲȘȞΝįȚȐȡțİȚĮΝĲȘȢΝʌĮȡȠȣıȓĮȢΝțĮȚΝĲȦȞΝįȪȠέΝȉȠΝȖİȖȠȞȩȢΝĮȣĲȩΝįİȞΝȑȡȤİĲĮȚΝ

ıİΝ ĮȞĲȓșİıȘΝ ȝİΝ ĲȠȞΝ ʌȓȞĮțĮΝ RMSD ĲȘȢΝ İȚțȩȞĮȢΝ ĮȡȚıĲİȡȐ,Ν ȩʌȠȣΝ İȓȞĮȚΝ İȝĳĮȞȒȢΝ ȘΝ

ʌĮȡȠȣıȓĮΝįȪȠΝțȣȡȓȦȢΝȠȝȐįȦȞΝįȠȝȫȞέ 

 ǵıȠ ĮĳȠȡȐΝ ĲȘȞΝ įİȣĲİȡȠĲĮȖȒΝ įȠȝȒΝ ĲȘȢΝ ʌİȡȓʌĲȦıȘȢΝ ȤȦȡȓȢΝ ĲĮΝ ĲİȜİȣĲĮȓĮΝ

țĮĲȐȜȠȚʌĮΝ (ǼȚțȩȞĮΝ δέ11,Ν įİȟȚȐ),Ν ĲȠΝ ȑȞĮΝ ĲȑĲĮȡĲȠΝ ĲȦȞΝ frames ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ ȑȤİȚΝ

ĮʌȠįȠșİȓΝ ıİΝ cluster, İțΝ ĲȦȞΝ ȠʌȠȓȦȞΝ ĲȠΝ θίΣΝ ĮȞȒțİȚΝ ıĲȠΝ țȣȡȓĮȡȤȠ. ĭĮȓȞİĲĮȚΝ ȩĲȚΝ ĲȠΝ

țȣȡȓĮȡȤȠΝcluster İȓȞĮȚΝ ĮȣĲȩ,ΝʌȠȣΝĮȞĲȚıĲȠȚȤİȓΝıİΝȝȚțȡȐΝRMSD, ȘΝįİΝįȠȝȒΝĲȠȣΝȞĮΝİȓȞĮȚΝ

ĮȣĲȒΝțĮĲȐΝĲȘȞΝȠʌȠȓĮΝțĮȚΝĲȠΝįİȪĲİȡȠΝțĮĲȐȜȠȚʌȠΝĮȞȒțİȚΝıĲȘȞΝȑȜȚțĮ. 

ǼȓȞĮȚΝΝİȝĳĮȞȒȢΝȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȠȣΝC-ĲİȜȚțȠȪΝȐțȡȠȣ,ΝȩıȠΝĮĳȠȡȐΝĲĮΝCĮΝȐĲȠȝĮέΝ

īȚĮΝ ȞĮΝ ĲȘȞΝ ʌȠıȠĲȚțȠʌȠȚȒıȠȣȝİΝ įȘȝȚȠȣȡȖȠȪȝİΝ ĲȘȞΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ ǼȚțȩȞĮȢΝ

4.12. 

 

 

 

ǼȚțȩȞĮ 4έ12μ  

īȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȠȣΝ İȪȡȠȣȢΝ ĲȦȞΝ
įȚĮțȣȝȐȞıİȦȞΝ ıİΝ Å țĮșİȞȩȢΝ CĮΝ ĮĲȩȝȠȣΝ
ĲȠȣΝİȞįİțĮʌİʌĲȚįȓȠȣΝțĮșȩȜȘΝĲȘȞΝįȚȐȡțİȚĮΝ
ĲȠȣΝĲȡȠȤȚĮțȠȪ ĲȘȢΝ'native' . 

  ǼȓȞĮȚΝİȝĳĮȞȒȢΝȘΝıȤİįȩȞΝĮȝİȜȘĲȑĮΝțȚȞȘĲȚțȩĲȘĲĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝβ,Νγ,Νδ,ΝεΝțĮȚΝ

ζ,ΝȘΝʌȠȜȪΝȝȚțȡȒΝįȚĮțȪȝĮȞıȘΝĲȦȞΝ1ΝțĮȚΝηΝțĮȚΝ ȘΝĮȣȟĮȞȩȝİȞȘΝįȚĮțȪȝĮȞıȘΝ ĲȦȞΝCĮΝĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝθ-11ΝıİΝıȣȞȐȡĲȘıȘΝȝİΝĲȘȞΝĮʌȩıĲĮıȒΝĲȠȣȢΝĮʌȩ ĲȠΝC-ĲİȜȚțȩΝȐțȡȠέ  
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4.3. ǹȞȐȜȣıȘ ĲȠȣ ĲȡȠȤȚĮțȠȪ ĲȘȢ ‘folding’. 

 4.3.1. ǹȞȐȜȣıȘ ıİ țȪȡȚİȢ ıȣȞȚıĲȫıİȢ ȝİ ȤȡȒıȘ İıȦĲİȡȚțȫȞ ıȣȞĲİĲĮȖȝȑȞȦȞέ  

ǹȡȤȚțȐ,ΝȩʌȦȢΝțĮȚΝıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝ 'native’, ȠȝĮįȠʌȠȚȠȪȝİΝĲĮΝįİįȠȝȑȞĮΝĲȠȣΝ

ĲȡȠȤȚĮțȠȪΝĲȘȢΝ‘folding’, İțĲİȜȫȞĲĮȢΝĮȞȐȜȣıȘΝıİΝțȪȡȚİȢΝıȣȞȚıĲȫıİȢΝțĮȚΝıĲȠȞΝȤȫȡȠΝĲȦȞΝ

įȓİįȡȦȞΝȖȦȞȚȫȞ (dPCA), ȝİΝĲȘȞΝȤȡȒıȘΝĲȠȣΝʌȡȠȖȡȐȝȝĮĲȠȢΝ  carmaέΝȆȡĮȖȝĮĲȠʌȠȚȠȪȝİ,Ν

İʌȓıȘȢ,ΝįȪȠΝĲȑĲȠȚİȢΝĮȞĮȜȪıİȚȢ. ǾΝȝȓĮΝĮȞȐȜȣıȘΝȖȓȞİĲĮȚΝȖȚĮΝĲȠΝıȪȞȠȜȠΝ ĲȦȞΝįȓİįȡȦȞ ĲȠȣΝ

İȞįİțĮʌİʌĲȚįȓȠȣΝțĮȚΝȘΝįİȪĲİȡȘΝȝİΝȤȡȒıȘΝĲȦȞΝįȓİįȡȦȞ ĲȦȞΝıĲĮșİȡȫȞΝțĮĲĮȜȠȓʌȦȞΝ1ΝȑȦȢΝ

țĮȚΝηέΝǹʌȩΝĲȘȞΝĮȞȐȜȣıȘΝĮȣĲȒΝıİΝȠȝȐįİȢΝ(cluster analysis) ʌĮȓȡȞȠȣȝİΝĲȘȞΝǼȚțȩȞĮ 4.13, 

ʌȠȣΝĮțȠȜȠȣșİȓκ 

 

ǼȚțȩȞĮ 4.13: ǼȚțȩȞİȢΝ ĮʌȩΝ ĲȘȞΝ dihedral PCA. ǹȡȚıĲİȡȐκΝ ȉĮΝ ĲȑııİȡĮΝ cluster ĲȘȢΝ
‘folding’ ȝİΝ ȤȡȒıȘΝ ȩȜȦȞΝ ĲȦȞΝ įȓİįȡȦȞέΝ ǻİȟȚȐκέΝ ǲȞĮΝ ȝȠȞĮįȚțȩΝ țȣȡȓĮȡȤȠΝ cluster, ȝİΝ
ȤȡȒıȘΝĲȦȞΝįȓİįȡȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7. 

ȅΝ ĮȡȚșȝȩȢΝ ĲȦȞΝ frames,Ν ĲĮΝ ȠʌȠȓĮΝ ĮʌȠįȩșȘțĮȞΝ ĮʌȩΝ ĲȠΝ CARMA ıĲĮΝ ĲȑııİȡĮ 

cluster, ȝİΝȤȡȒıȘΝȩȜȦȞΝĲȦȞΝįȓİįȡȦȞΝİȓȞĮȚΝγη1θθγΝ(ĮʌȩΝĲĮΝ1ζβ1ίγθ),ΝʌȠıȠıĲȩΝβγΣέΝȉȠ 

εεΣΝ ĮȣĲȫȞΝ (βίδδεθ frames) ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲȠΝ țȣȡȓĮȡȤȠΝ cluster, ȝİΝ ĲĮΝ İʌȩȝİȞĮΝ ȞĮΝ

ĮȞĲȚıĲȠȚȤȠȪȞΝıİΝʌȠıȠıĲȐΝβζΣ,Ν1ίΣΝțĮȚΝιΣέ 

ȂİΝ ȣʌȑȡșİıȘΝ ĲȦȞΝ įȠȝȫȞΝ ĲȠȣΝ ȝȠȞĮįȚțȠȪΝ cluster ȝİΝ ȤȡȒıȘΝ ĲȦȞΝ įȓİįȡȦȞΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ 1-7 țĮȚΝ ȝİΝ ĲȘȞΝ ȕȠȒșİȚĮΝ ĲȠȣΝ rasmol, ʌĮȓȡȞȠȣȝİΝ ĲȘȞΝ ǼȚțȩȞĮΝ 4.14,Ν ʌȠȣ 

ĮțȠȜȠȣșİȓκ 



57 

 

 

ǼȚțȩȞĮ 4.14:  

ȊʌȑȡșİıȘΝ 920 įȠȝȫȞΝ ĲȠȣΝ țȣȡȓĮȡȤȠȣΝ cluster ȝİΝ
ȤȡȒıȘΝ ĲȦȞΝ įȓİįȡȦȞΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1-7 țĮȚΝ
ĮʌİȚțȩȞȚıȘΝ ȝȩȞȠΝ ĲȦȞΝ CĮΝ ĮĲȩȝȦȞ. ǾΝ ȤȡȦȝĮĲȚțȒΝ
țȜȓȝĮțĮΝ İȓȞĮȚΝ ĮȞȐȜȠȖȘΝ ȝİΝ ĲȚȢΝ ĲȚȝȑȢΝ rmsf ıİΝ
ȤȡȦȝĮĲȚțȩ ĳȐıȝĮ İȪȡȠȣȢ,Ν țȣȝĮȚȞȩȝİȞȠȣΝ ĮʌȩΝ ĲȠΝ
ȤȡȫȝĮ ȝʌȜİΝ(ȖȚĮΝĲȚȢΝȝȚțȡȩĲİȡİȢΝ ĲȚȝȑȢΝrmsf ȑȦȢΝĲȠΝ
țȩțțȚȞȠΝ(ȖȚĮΝĲȚȢΝȝİȖĮȜȪĲİȡİȢ)έΝǾΝȣʌȑȡșİıȘΝȑȖȚȞİΝ
ȝİΝĲȘȞΝȤȡȒıȘΝĲȦȞΝCĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝβ-6). 

ǼȓȞĮȚΝ İȝĳĮȞȒȢΝ ȘΝ İȜȚțȠİȚįȒȢΝ įȚĮȝȩȡĳȦıȘ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1-ηΝ țĮȚΝ ȘΝ ȑȞĲȠȞȘΝ

țȚȞȘĲȚțȩĲȘĲĮΝĲȘȢΝC-ĲİȜȚțȒȢΝʌİȡȚȠȤȒȢΝĲȦȞΝĲİııȐȡȦȞΝțĮĲĮȜȠȓʌȦȞέΝȈĲȘȞΝʌİȡȓʌĲȦıȘΝĮȣĲȒΝ

ĲȘȢΝ‘folding’,ΝȘΝȑȜȚțĮΝįİȞΝİʌİțĲİȓȞİĲĮȚΝʌȡȠȢΝĲĮΝțĮĲȐȜȠȚʌĮΝθΝțĮȚΝι,ΝȩʌȦȢΝıȣȝȕĮȓȞİȚΝıĲȘȞΝ

ĮȞĲȓıĲȠȚȤȘΝ ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ 'native' έΝ ǻİįȠȝȑȞȘȢΝ ĲȘȢΝ ȣȥȘȜȒȢΝ șİȡȝȠțȡĮıȓĮȢΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ‘folding’, ȝȚĮΝʌȚșĮȞȒΝİȡȝȘȞİȓĮΝİȓȞĮȚΝȩĲȚ ȘΝȝİȖĮȜȪĲİȡȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȦȞΝ

ĮĲȩȝȦȞΝ ıĲȘȞΝ ıȣȖțİțȡȚȝȑȞȘΝ ʌȡȠıȠȝȠȓȦıȘ, İȝʌȩįȚıİΝ ĲȠΝ ȝȩȡȚȠΝ ȞĮΝ İȖțȜȦȕȚıĲİȓΝ ıİΝ

įȚĮȝȩȡĳȦıȘΝ ȝİȖĮȜȪĲİȡȠȣΝ ȝȒțȠȣȢΝ ȑȜȚțĮȢ,Ν ȩʌȦȢΝ șĮΝ ȝʌȠȡȠȪıİΝ ȞĮΝ ȑȤİȚΝ ıȣȝȕİȓΝ ıĲȘȞΝ

ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ 'native' . īȚĮΝ ȞĮΝ İȜȑȖȟȠȣȝİΝ ĲȘȞΝ ʌȚșĮȞȩĲȘĲĮ ĮȣĲȒ,Ν İĲȠȚȝȐȗȠȣȝİΝ ĲȘȞΝ

ǼȚțȩȞĮ 4.15,ΝıĲȘȞΝȠʌȠȓĮΝĳĮȓȞİĲĮȚΝȘΝțĮĲĮȞȠȝȒΝĲȦȞΝĲİııȐȡȦȞΝcluster ȝİΝĲȘȞΝȤȡȒıȘΝȩȜȦȞΝ

ĲȦȞΝ įȓİįȡȦȞ țĮȚΝ ȘΝ țĮĲĮȞȠȝȒΝ ĲȠȣΝ ȝȠȞĮįȚțȠȪΝ cluster ıĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ ȤȡȒıȘȢΝ ĲȦȞΝ

įȓİįȡȦȞ ĲȦȞΝ1-7. 

  

ǼȚțȩȞĮ 4έ1ημ īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȘȢΝʌĮȡȠȣıȓĮȢΝĲȦȞΝcluster ıİΝıȤȑıȘΝȝİΝĲȠȞΝıȣȞȠȜȚțȩΝ
ȤȡȩȞȠΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ĲȦȞΝ 1βζβΝ ns. ǹȡȚıĲİȡȐκΝ ĲĮΝ ĲȑııİȡĮΝ cluster ĲȘȢ ‘folding’ ȝİΝ
ȤȡȒıȘΝ ȩȜȦȞΝ ĲȦȞΝ įȓİįȡȦȞΝ ȖȦȞȚȫȞέΝ ǻİȟȚȐκΝ ĲȠΝ ȝȠȞĮįȚțȩΝ cluster ȝİΝ ȤȡȒıȘΝ ĲȦȞΝ įȓİįȡȦȞΝ
ĲȦȞΝ1-ηΝțĮĲĮȜȠȓʌȦȞέ 
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ǼʌȚȕİȕĮȚȫȞİĲĮȚΝȘΝʌĮȡȠȣıȓĮΝĲȠȣΝțȣȡȓĮȡȤȠȣΝcluster ıİΝȠȜȩțȜȘȡȘΝĲȘȞΝȤȡȠȞȚțȒΝįȚȐȡțİȚĮΝ

ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝȩıȠΝĮĳȠȡȐΝĲȚȢΝįȓİįȡİȢΝ1-ηΝțĮȚ ȘΝȖȡȒȖȠȡȘΝİȞĮȜȜĮȖȒΝ ĲȦȞΝĲİııȐȡȦȞ 

cluster ĲȘȢΝįȠȝȒȢ ıĲȘȞΝʌİȡȓʌĲȦıȘΝȩȜȦȞΝĲȦȞΝįȓİįȡȦȞέ ǾΝȣȥȘȜȒΝșİȡȝȠțȡĮıȓĮΝȝʌȠȡİȓΝȞĮΝ

įȚțĮȚȠȜȠȖȒıİȚΝĲȘȞΝİȞĮȜȜĮȖȒΝĲȦȞΝįȠȝȫȞ,ΝıȣȞȘȖȠȡİȓ įİΝıİΝĮȣĲȩΝțĮȚΝȘΝĮȞĲȓıĲȠȚȤȘΝǼȚțȩȞĮΝ

δέθΝĲȘȢΝ'native' . 

4.3έ2έ ǹȞȐșİıȘ įİȣĲİȡȠĲĮȖȠȪȢ įȠȝȒȢέ 

ȂİΝ ĲȠΝ ȓįȚȠΝ ʌȡȩȖȡĮȝȝĮ,Ν ĲȠΝ STRIDE,Ν ĲȠΝ ȠʌȠȓȠΝ ȤȡȘıȚȝȠʌȠȚȒıĮȝİΝ țĮȚΝ ıĲȘȞΝ

ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ 'native', ʌĮȓȡȞȠȣȝİΝ ĲȘȞΝ ȤȡȦȝĮĲȚțȒΝ ĮʌİȚțȩȞȚıȘΝ ĲȘȢΝ ĮȞȐșİıȘȢΝ

įİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ ıĲȘȞΝǼȚțȩȞĮΝδέ1ζ,ΝȘΝȠʌȠȓĮΝĮțȠȜȠȣșİȓκ 

 

ǼȚțȩȞĮ 4.16: ȋȡȦȝĮĲȚțȒΝĮʌİȚțȩȞȚıȘΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝĲȘȞΝȠʌȠȓĮΝĮȞĮșȑĲİȚΝĲȠΝ
ʌȡȩȖȡĮȝȝĮΝSTRIDE,ΝȝİΝȕȐıȘΝĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ‘folding’. 

ȀĮȚΝ ıĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ ‘folding’,Ν ʌĮȡĮĲȘȡȠȪȝİΝ ȩĲȚΝ ȠȚΝ įȠȝȑȢΝ țȣȡȚĮȡȤȠȪȞĲĮȚΝ

ĮʌȩΝ Į-ȑȜȚțĮΝ (ȝȦȕ)Ν ıĲȘΝ N-ĲİȜȚțȒΝ ʌİȡȚȠȤȒΝ ıĲȠΝ ȝİȖĮȜȪĲİȡȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢέΝȍıĲȩıȠΝȘΝȑȜȚțĮΝĮȣĲȒΝİȞĮȜȜȐııİĲĮȚΝȖȚĮΝȝȚțȡȐΝȤȡȠȞȚțȐΝįȚĮıĲȒȝĮĲĮΝȝİΝ

įȚĮȝȩȡĳȦıȘΝıĲȡȠĳȒȢ,ΝȖİȖȠȞȩȢΝĲȠΝȠʌȠȓȠΝįİȞΝʌĮȡĮĲȘȡİȓĲĮȚΝıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝ 'native' . 

ȉȠΝ C-ĲİȜȚțȩΝ ȐțȡȠΝ ȜĮȝȕȐȞİȚΝ ıȣȤȞȩĲİȡĮΝ įȚĮȝȩȡĳȦıȘΝ ȑȜȚțĮȢ,Ν ȦıĲȩıȠΝ ĮȣĲȒΝ įİȞΝ

ĮʌȠįȓįİĲĮȚΝ ıĲȠΝ țȣȡȓĮȡȤȠ cluster. ȆĮȡĮĲȘȡİȓĲĮȚΝ țĮȚΝ ȑȞĮΝ İʌȚʌȜȑȠȞΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ

(ʌȜȘȞΝĲȠȣΝĮȡȤȚțȠȪ),ΝȖȪȡȦΝĮʌȩΝĲȠΝȤȡȩȞȠΝĲȦȞΝβήγΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢ,ΝȩʌȠȣΝĲȠΝʌİʌĲȓįȚȠΝ

įȚĮĲȘȡİȓΝıĲĮșİȡȒΝĲȘȞ įȚĮȝȩȡĳȦıȘΝıĲȡȠĳȒȢέ ȈʌȠȡĮįȚțȐ,ΝȘΝʌİȡȚȠȤȒΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝδ-7 

ʌĮȓȡȞİȚΝ ȝȓĮ,Ν ʌȠȜȪΝ ȝȚțȡȒȢΝ įȚȐȡțİȚĮȢ,Ν įȚĮȝȩȡĳȦıȘΝ 310-ȑȜȚțĮȢέ ȅȪĲİ ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ

‘folding’ ȝʌȩȡİıİΝȞĮΝĮȞĮʌĮȡȐȖİȚΝįȠȝȒΝγ10-ȑȜȚțĮȢ,ΝȖİȖȠȞȩȢΝĮʌȩΝĲȠΝȠʌȠȓȠΝĳĮȓȞİĲĮȚΝțĮȚΝ

ʌȐȜȚ,ΝȘΝĲȐıȘΝĲȠȣΝCHARMM forcefield ȖȚĮΝĮ-ȑȜȚțİȢέ 
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4.3.3. ȆȓȞĮțİȢ RεSD țĮȚ ĮȞȐȜȣıȒ ĲȠȣȢέ  

 ȈĲȘȞΝ İʌȩȝİȞȘΝ İȚțȩȞĮ (ǼȚțȩȞĮΝ 4.17) ȕȜȑʌȠȣȝİ ȑȖȤȡȦȝȘΝ ĮȞĮʌĮȡȐıĲĮıȘΝ ĲȦȞΝ

ĲȚȝȫȞΝĲȦȞΝRεSDΝȝİĲĮȟȪΝȩȜȦȞΝĲȦȞΝʌȚșĮȞȫȞΝıȣȞįȣĮıȝȫȞΝĲȦȞΝįȠȝȫȞΝĲȠȣΝʌİʌĲȚįȓȠȣΝțĮȚΝ

ȝİΝ ȤȡȒıȘΝ ȩȜȦȞΝ ĲȦȞΝ CĮ ĮĲȩȝȦȞ (ĮȡȚıĲİȡȐ) țĮȚΝ ĲȦȞΝ CĮΝ 1-ηΝ (įİȟȚȐ), ȩʌȦȢΝ ȑȤȠȣȞΝ

țĮĲĮȖȡĮĳİȓΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ‘folding’ ʌȡȠıȠȝȠȓȦıȘȢ. ȉȠΝ İȪȡȠȢΝ ĲȦȞΝ

ʌĮȡĮĲȘȡȠȪȝİȞȦȞΝ ĲȚȝȫȞΝ ĮʌİȚțȠȞȓȗİĲĮȚΝ ȤȡȦȝĮĲȚțȐ,Ν ȝİΝ ĲȠȞΝ ȓįȚȠΝ ĲȡȩʌȠ,Ν ȩʌȦȢΝ țĮȚΝ ıĲȘȞΝ

ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ 'native' , ȝİ ȝȚțȡȑȢΝ ĲȚȝȑȢΝ RMSD (ıİΝ Å)Ν ȞĮΝ  ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ ȤȡȫȝĮ 

ıțȠȪȡȠȣΝȝʌȜİ țĮȚΝĲȚȢΝȝİȖĮȜȪĲİȡİȢΝıİΝȤȡȫȝĮ ıțȠȪȡȠȣΝțȩțțȚȞȠȣέ ȅȚΝ ʌĮȡĮĲȘȡȠȪȝİȞİȢΝ

ĲȚȝȑȢΝ ȑȤȠȣȞΝ İȪȡȠȢΝ ʌȠȣΝ țȣȝĮȓȞİĲĮȚΝ ĮʌȩΝ ίέίίΝ ȝȑȤȡȚΝ ζέιεÅ ıĲȘȞΝ İȚțȩȞĮΝ ĮȡȚıĲİȡȐ, 

ȝȑȖȚıĲȠȣ įİ,ΝRMSD εέγδÅΝıĲȘȞΝİȚțȩȞĮΝįİȟȚȐέ 

  

ǼȚțȩȞĮ 4.17:  ǹȡȚıĲİȡȐκΝ ȆȓȞĮțĮȢΝ RεSDΝ ĲȘȢΝ 'folding'  ʌȡȠıȠȝȠȓȦıȘȢΝ ȝİΝ ȤȡȒıȘΝ ĲȦȞ 
ıȣȞĲİĲĮȖȝȑȞȦȞΝ ȩȜȦȞΝ ĲȦȞΝ CĮ ĮĲȩȝȦȞΝ țĮȚΝ ȝȑȖȚıĲȠΝ RMSD ζέιεÅέ ǻİȟȚȐκΝ ǴįȚȠȣΝ ĲȪʌȠȣΝ
ʌȓȞĮțĮȢ,ΝĲȘȢΝ ȓįȚĮȢ ʌȡȠıȠȝȠȓȦıȘȢ, ȝİΝȤȡȒıȘΝĲȦȞΝ ΝıȣȞĲİĲĮȖȝȑȞȦȞΝ ĲȦȞΝİʌĲȐΝȃ-ĲİȜȚțȦȞΝ
CĮ ĮĲȩȝȦȞΝțĮȚΝΝȝȑȖȚıĲȠΝRMSD  εέγδΝÅέ 
  

 ȈĲȠȞΝʌȓȞĮțĮΝĮȡȚıĲİȡȐ, ʌĮȡĮĲȘȡȠȪȝİΝʌȠȜȜȐΝİʌĮȞĮȜĮȝȕĮȞȩȝİȞĮΝıțȠȪȡĮΝȝʌȜİΝ

ĲȝȒȝĮĲĮ,ΝʌȠȣΝĮȞĲȚıĲȠȚȤȠȪȞ,ΝȩʌȦȢΝȑȤȠȣȝİΝĮȞĮĳȑȡİȚ,ΝıİΝȝȚțȡȐΝ RMSDέΝǼʌȚʌȜȑȠȞΝʌȠȜȜȐΝ

ıțȠȪȡĮΝ ȝʌȜİΝ ĲȝȒȝĮĲĮΝ ĲȘȢΝ țİȞĲȡȚțȒȢΝ įȚĮȖȦȞȓȠȣΝ ıȣȞįȑȠȞĲĮȚΝ ĲȩıȠΝ ȠȡȚȗȩȞĲȚĮΝ ȩıȠΝ țĮȚΝ

țȐșİĲĮΝȝİΝȝʌȜİΝĲȝȒȝĮĲĮέΝǹȣĲȩΝįİȓȤȞİȚΝȩĲȚΝĲȠΝʌİʌĲȓįȚȠΝıȤȘȝĮĲȓȗİȚΝʌĮȡȩȝȠȚİȢΝįȠȝȑȢΝΝıİΝ

įȚĮĳȠȡİĲȚțȑȢΝ ĳȐıİȚȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέ ȉȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝ ĮȣĲȐΝ ĲĮΝ ȝʌȜİΝ ĲȝȒȝĮĲĮΝ

įȚĮȤȦȡȓȗȠȞĲĮȚΝΝĮʌȩΝĲȚȢΝțȓĲȡȚȞİȢΝ- țȩțțȚȞİȢΝʌİȡȚȠȤȑȢΝȝİȖĮȜȪĲİȡȠȣΝRMSD  įȘȜȫȞİȚΝȩĲȚΝȠȚΝ

ʌĮȡȩȝȠȚİȢΝ ĮȣĲȑȢΝ įȠȝȑȢΝ ʌȡȠțȪʌĲȠȣȞΝ ĮʌȩΝ ȖİȖȠȞȩĲĮΝ İʌĮȞĮȜĮȝȕĮȞȩȝİȞȘȢΝ ĮʌȠįȚȐĲĮȟȘȢΝ



60 

 

țĮȚΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ǾΝ ĮȞȐȜȣıȘΝ ĮȣĲȒΝ ıȣȝĳȦȞİȓΝ țĮȚΝ ȝİΝ ĲĮΝ ĮȡȤȚțȐΝ

ıȣȝʌİȡȐıȝĮĲĮΝ ĮʌȩΝ ĲĮΝ ıĲȚȖȝȚȩĲȣʌĮΝ ĲȘȢΝ ǼȚțȩȞĮȢΝ δέβ,Ν ȩʌȠȣΝ İʌȓıȘȢΝ ȑȤȠȣȝİΝ ıȣȞĮȞĲȒıİȚΝ

ʌĮȡȩȝȠȚİȢΝįȠȝȑȢΝıİΝįȚĮĳȠȡİĲȚțȐΝıĲȚȖȝȚȩĲȣʌĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ  

 ȁȩȖȦΝ ĲȘȢ İȣțȚȞȘıȓĮȢΝ ĲȠȣΝ C-ĲİȜȚțȠȪΝ ȐțȡȠȣ țĮȚΝ ĲȘȢΝ įȘȝȚȠȣȡȖȓĮȢΝ ĲȠȣΝ

İȡȦĲȒȝĮĲȠȢΝ țĮĲȐΝ ʌȩıȠΝ ĲĮΝ ȖİȖȠȞȩĲĮΝ ĮȞĮįȓʌȜȦıȘȢΝ – ĮʌȠįȚȐĲĮȟȘȢΝ Ν ĲȘȢΝ İȚțȩȞĮȢΝ δέ1η 

İʌȘȡİȐȗȠȞĲĮȚΝĮʌȩΝĲȘȞΝʌĮȡȠȣıȓĮΝĲȠȣ ȣʌİȡțȚȞȘĲȚțȠȪΝσ-ĲİȜȚțȠȣΝȐțȡȠȣ,ΝȣʌȠȜȠȖȓıĮȝİΝĲȠȞΝ

ʌȓȞĮțĮΝRεSDΝĲȘȢΝ ǼȚțȩȞĮȢ 4.17 įİȟȚȐ,ΝȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝȝȩȞȠΝĲȚȢΝıȣȞĲİĲĮȖȝȑȞİȢΝĲȦȞΝ

İʌĲȐΝN-ĲİȜȚțȫȞ CĮΝĮĲȩȝȦȞέΝǹȣĲȒΝĲȘΝĳȠȡȐΝĲȠΝȝȑȖȚıĲȠΝʌĮȡĮĲȘȡȠȪȝİȞȠΝRεSDΝȑȤİȚΝĲȚȝȒΝ

5.34 Å țĮȚΝĳĮȓȞİĲĮȚ ȩĲȚ, İȟĮȚȡȫȞĲĮȢΝĲĮΝσ-ĲİȜȚțȐΝțĮĲȐȜȠȚʌĮ,ΝȠΝʌȓȞĮțĮȢΝțĮĲĮȜĮȝȕȐȞİĲĮȚΝ

ıȤİįȩȞΝȠȜȠțȜȘȡȦĲȚțȐΝĮʌȩΝʌȠȜȪΝȝȚțȡȑȢΝĲȚȝȑȢΝRεSDΝ(ȝʌȜİΝıțȠȪȡȠ). 

 ǼʌİȚįȒΝ ȠΝ ĮȞȦĲȑȡȦΝ ʌȓȞĮțĮȢΝ țȣȡȚĮȡȤİȓĲĮȚΝ ĮʌȩΝ ȝȚțȡȑȢΝ ĲȚȝȑȢΝ RMSD (ȩĲĮȞΝ

ȑȤȠȣȝİΝȦȢΝȝȑȖȚıĲȠΝĲĮΝεέγδΝÅ)ΝțĮȚΝȖȚĮΝȞĮΝȑȤȠȣȝİΝıĮĳȑıĲİȡȘΝȤȡȦȝĮĲȚțȒΝĮʌİȚțȩȞȚıȘΝĲȘȢΝ

įȚĮțȪȝĮȞıȘȢΝĲȦȞΝ RMSD,Ν ΝțĮĲĮıțİȣȐȗȠȣȝİΝĲȠȞΝ ȓįȚȠΝʌȓȞĮțĮΝȝİΝȝȑȖȚıĲȠΝĲĮΝβέίίΝ ÅέΝ ȅΝ

ʌȓȞĮțĮȢΝĮȣĲȩȢΝĮʌİȚțȠȞȓȗİĲĮȚΝıĲȠΝĮȡȚıĲİȡȩΝȝȑȡȠȢΝĲȘȢΝǼȚțȩȞĮȢ 4.18.  īȚĮΝȞĮΝȝʌȠȡȑıȠȣȝİΝ

ȞĮΝ ıȣȖțȡȓȞȠȣȝİΝ ȤȡȦȝĮĲȚțȐΝ (İĳȩıȠȞΝ ĲȠΝ ȤȡȫȝĮΝ ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ ĲȚȝȑȢΝ RMSD)Ν ĲȠȣȢΝ įȪȠΝ

ʌȓȞĮțİȢΝ ĲȘȢΝ İȚțȩȞĮȢ 4.17,  ȣʌȠȜȠȖȓȗȠȣȝİΝ țĮȚΝ ĲȠȞΝ ĮȡȚıĲİȡȐΝ İȣȡȚıțȩȝİȞȠΝ (ĮȣĲȩȞΝ ȝİΝ

ȤȡȒıȘΝ ȩȜȦȞΝ ĲȦȞ CĮ ĮĲȩȝȦȞ), ȝİΝ ȝȑȖȚıĲȠΝ RεSDΝ ĲĮΝ βέίίÅέΝ ȅΝ ʌȓȞĮțĮȢΝ ĮȣĲȩȢΝ

ĮʌİȚțȠȞȓȗİĲĮȚΝıĲȠΝįİȟȓΝȝȑȡȠȢΝĲȘȢΝǼȚțȩȞĮȢ 4.18.  

  
ǼȚțȩȞĮ 4.18: ǹȡȚıĲİȡȐκΝ ȆȓȞĮțĮȢΝ RεSDΝ ĲȘȢΝ 'folding'  ʌȡȠıȠȝȠȓȦıȘȢΝ ȝİΝ ĲȚȢΝ
ıȣȞĲİĲĮȖȝȑȞİȢΝ ĲȦȞΝ İʌĲȐ ȃ-ĲİȜȚțȦȞ CĮ ĮĲȩȝȦȞΝ țĮȚΝ ȝȑȖȚıĲȠΝ RMSD βέίίΝ Åέ ǻİȟȚȐκΝ
ȆȓȞĮțĮȢΝRεSDΝĲȘȢΝ 'folding'  ʌȡȠıȠȝȠȓȦıȘȢΝȝİΝȤȡȒıȘΝĲȦȞ ıȣȞĲİĲĮȖȝȑȞȦȞΝȩȜȦȞΝĲȦȞΝ
CĮΝĮĲȩȝȦȞΝțĮȚΝȝȑȖȚıĲȠΝRMSD βέίίΝÅέ 
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ȆĮȡĮĲȘȡȠȪȝİ,ΝıĲȠΝĮȡȚıĲİȡȩΝȝȑȡȠȢΝĲȠȣΝ ĮȞȦĲȑȡȦΝʌȓȞĮțĮ, ȩĲȚΝĲĮΝ İʌĲȐΝ ȃ-ĲİȜȚțȐΝ

țĮĲȐȜȠȚʌĮΝ ıȣȞİȤȓȗȠȣȞΝ ȞĮΝ įȚĮĲȘȡȠȪȞΝ ıĲĮșİȡȒΝ ĲȘȞΝ įȚĮȝȩȡĳȦıȒΝ ĲȠȣȢΝ ıİΝ ıȘȝĮȞĲȚțȩΝ

ʌȠıȠıĲȩΝ ĲȦȞΝ frames ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ (ȩıȠΝ ĮĳȠȡȐΝ ʌȐȞĲĮΝ ĲĮΝ CĮΝ Ν ȐĲȠȝȐ)έ ǵıȠΝ ȖȚĮΝ ĲȠȞΝ

ʌȓȞĮțĮΝįİȟȚȐΝ,ΝʌĮȡĮĲȘȡȠȪȝİΝȩĲȚΝĮȣĲȩȢΝțȣȡȚĮȡȤİȓĲĮȚΝʌȜȑȠȞΝĮʌȩΝȝİȖȐȜĮΝRεSDΝ(ȝİȖȐȜĮΝ

ȖȚĮΝĲȠΝİȪȡȠȢΝίέίίΝȑȦȢΝβέίίΝΝÅ)ΝέΝĭĮȓȞİĲĮȚΝȩĲȚΝțĮȚΝıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝ 'folding'   ȩĲȚΝĲĮΝ

İʌȚʌȜȑȠȞ CĮΝ ȐĲȠȝĮΝ ĲȠȣΝ İȣțȓȞȘĲȠȣΝ σ-ĲİȜȚțȠȪΝ ȐțȡȠȣΝ (ĲȘȢΝ ρKρύ),Ν İʌȘȡİȐȗȠȣȞΝ

ıȘȝĮȞĲȚțȐΝ ĲȘȞΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ įȠȝȒȢΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣΝ țĮĲȐΝ ĲȘȞΝ įȚȐȡțİȚĮΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢ. īȚĮΝ ȞĮΝ įȠȪȝİΝ ĲȘȞΝ įȚĮțȪȝĮȞıȘ ĲȠȣΝ țĮșİȞȩȢΝ İțΝ ĲȦȞΝ CĮΝ ĮĲȩȝȦȞΝ ĲȦȞΝ

ȑȞįİțĮ țĮĲĮȜȠȓʌȦȞ țĮșȩȜȘΝ ĲȘȞΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν įȘȝȚȠȣȡȖȒıĮȝİΝ ĲȘȞΝ

ȖȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȘȢΝǼȚțȩȞĮȢ 4.19. 

 

ǼȚțȩȞĮ 4.19:  

īȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ įȚĮțȪȝĮȞıȘȢΝ ȖȪȡȦΝ
ĮʌȩΝĲȘȞΝȝȑıȘΝșȑıȘΝĲȠȣΝțȐșİΝCĮΝĮĲȩȝȠȣΝĲȠȣΝ
țȣȡȓĮȡȤȠȣΝcluster, țĮĲȐΝĲȠΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮΝ
ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȆĮȡĮĲȘȡİȓĲĮȚΝ ȘΝ ʌȠȜȪΝ
ȝȚțȡȒΝ įȚĮțȪȝĮȞıȘΝ ĲȦȞΝ CĮΝ ĮĲȩȝȦȞΝ ĲȦȞΝ
țĮĲĮȜȠȓʌȦȞΝ β-η,Ν ȘΝ ȝȚțȡȒ įȚĮțȪȝĮȞıȘΝ ĲȦȞΝ 1Ν
țĮȚΝ θΝ țĮȚΝ ȘΝ ȝİȖȐȜȘΝ įȚĮțȪȝĮȞıȘΝ ĲȦȞΝ
țĮĲĮȜȠȓʌȦȞΝĲȠȣΝC-ĲİȜȚțȠȪΝȐțȡȠȣέ 

  

 ȂȑȤȡȚΝĲȫȡĮΝȑȤȠȣȝİΝȤȡȘıȚȝȠʌȠȚȒıİȚΝıĲȠȣȢΝȣʌȠȜȠȖȚıȝȠȪȢΝȝĮȢΝȝȩȞȠΝĲĮΝȑȞįİțĮΝ

CĮΝȐĲȠȝĮΝĮʌȩΝĲĮΝ1ηηΝıȣȞȠȜȚțȐΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȓȠȣέΝīȚĮΝȞĮΝįȠȪȝİΝ ĲȘȞΝİʌȓįȡĮıȘΝĲȦȞΝ

ȣʌȩȜȠȚʌȦȞΝĮĲȩȝȦȞΝĲȠȣΝȝȠȡȓȠȣΝ(ʌȜȘȞΝĲȦȞΝȣįȡȠȖȩȞȦȞ)ΝıĲȘȞΝıĲĮșİȡȩĲȘĲĮΝ ȒΝțĮȜȪĲİȡĮΝ

ĮʌȠıĲĮșİȡȠʌȠȓȘıȒΝĲȠȣ,ΝȣʌȠȜȠȖȓȗȠȣȝİΝįȪȠΝțĮȚȞȠȪȡȖȚȠȣȢΝʌȓȞĮțİȢ RMSD ıĲȠȣȢΝȠʌȠȓȠȣȢ 

ıȣȞȣʌȠȜȠȖȓȗȠȣȝİΝțĮȚΝ ĲȚȢΝșȑıİȚȢΝĲȦȞΝ ȕĮȡȑȦȞΝĮĲȩȝȦȞέΝ ȈĲȠȞΝʌȓȞĮțĮ,ΝʌȠȣΝĮʌİȚțȠȞȓȗİĲĮȚΝ

ĮȡȚıĲİȡȐΝıĲȘȞΝǼȚțȩȞĮ 4.20,  ȑȤȠȣȞΝıȣȞȣʌȠȜȠȖȚıĲİȓΝȠȚΝıȣȞĲİĲĮȖȝȑȞİȢΝȩȜȦȞΝĲȦȞΝȕĮȡȑȦȞΝ

ĮĲȩȝȦȞέΝ ȈĲȠȞΝ ʌȓȞĮțĮ,Ν ʌȠȣΝ ȕȡȓıțİĲĮȚΝ įİȟȚȐΝ ıĲȘȞΝ ȓįȚĮΝ İȚțȩȞĮΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ĲĮΝ

ȕĮȡȑĮΝȐĲȠȝĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7.  
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ǼȚțȩȞĮ 4.20: ǹȡȚıĲİȡȐκ ȆȓȞĮțĮȢΝ RεSDΝ ĲȘȢΝ 'folding'  ʌȡȠıȠȝȠȓȦıȘȢΝ ȝİΝ ȤȡȒıȘΝ ĲȦȞΝ
ıȣȞĲİĲĮȖȝȑȞȦȞΝȩȜȦȞΝĲȦȞΝȕĮȡȑȦȞΝĮĲȩȝȦȞΝȝİ ȝȑȖȚıĲȠΝRMSD ηέθιΝ ÅέΝǻİȟȚȐκΝȆȓȞĮțĮȢΝ
RεSDΝ ĲȘȢΝ 'folding'  ʌȡȠıȠȝȠȓȦıȘȢΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȚȢΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ ȩȜȦȞΝ ĲȦȞΝ
ȕĮȡȑȦȞΝĮĲȩȝȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-ηΝțĮȚΝȝȑȖȚıĲȠΝRMSD 6.93. 
  

 ȈĲȠȞΝ ĮȡȚıĲİȡȩΝ ʌȓȞĮțĮΝ ĲȘȢΝ İȚțȩȞĮȢΝ ĮȣĲȒȢ,Ν ʌĮȡĮĲȘȡȠȪȝİΝ ĲȘȞΝ ĮȣȟȘȝȑȞȘΝ

țȚȞȘĲȚțȩĲȘĲĮΝĲȠȣΝȝȠȡȓȠȣ,ΝʌȠȣΝĳĮȓȞİĲĮȚΝĮʌȩΝĲȚȢΝȝİȖĮȜȪĲİȡİȢΝĲȚȝȑȢΝ RMSD (țȓĲȡȚȞĮΝțĮȚΝ

țȩțțȚȞĮΝ ȤȡȫȝĮĲĮΝ ĮțȩȝĮΝ țĮȚΝ ȝİΝ ȝȑȖȚıĲȠΝ ĲĮΝ ηέθΝ Å)έΝ ȈİΝ ȖİȞȚțȑȢΝ ȖȡĮȝȝȑȢΝ ĮȣĲȩΝ İȓȞĮȚΝ

ĮȞĮȝİȞȩȝİȞȠΝțĮȚΝįİȓȤȞİȚΝĲȠΝʌȫȢΝȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȦȞΝʌȜİȣȡȚțȫȞΝĮȣĲȫȞ ȠȝȐįȦȞΝȝİȚȫȞİȚΝ

ıȘȝĮȞĲȚțȐΝĲȘȞΝıĲĮșİȡȩĲȘĲĮΝĲȘȢΝįȚĮȝȩȡĳȦıȘȢΝĲȠȣΝȝȠȡȓȠȣΝıĲȘȞΝįȚȐȡțİȚĮΝĲȦȞΝ1βζβΝ ns. 

ȍıĲȩıȠΝ ʌĮȡĮĲȘȡȠȪȝİΝ ĮțȩȝĮΝ ĲȠȞΝ ȚțĮȞȠʌȠȚȘĲȚțȩΝ ĮȡȚșȝȩΝ İʌĮȞĮȜȒȥİȦȞΝ ʌĮȡȩȝȠȚĮȢΝ

įȚĮȝȩȡĳȦıȘȢΝ țĮĲȐΝ ĲȘȞΝ įȚȐȡțİȚĮΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ȤȡȩȞȠȣΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέ  ȈĲȠȞ 

ʌȓȞĮțĮΝ įİȟȚȐ,Ν ȕȜȑʌȠȣȝİΝ ĲȘȞΝ İʌȓįȡĮıȘΝ ĲȦȞΝ ȕĮȡȑȦȞΝ ĮĲȩȝȦȞΝ ĲȦȞΝ ĲİȜİȣĲĮȓȦȞΝ

ȣʌİȡțȚȞȘĲȚțȫȞ C-ĲİȜȚțȫȞΝ țĮĲĮȜȠȓʌȦȞ. ȆĮȡĮĲȘȡȠȪȝİΝ ıȘȝĮȞĲȚțȒΝ ȝİȓȦıȘΝ ĲȦȞΝ

įȚĮȝȠȡĳȫıİȦȞΝ ĲȘȢΝ įȠȝȒȢΝ țĮĲȐΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘ,Ν ȩĲĮȞΝ İȟĮȚȡİșȠȪȞΝ ĲĮΝ ȕĮȡȑĮΝ ȐĲȠȝĮΝ

ĲȦȞΝĲİȜİȣĲĮȓȦȞΝĲİııȐȡȦȞΝțĮĲĮȜȠȓʌȦȞέ 

 

 4έ3έ4έ RεSD Įʌȩ ĲȠ ʌȜȘıȚȑıĲİȡȠ ıĲȘ ȝȑıȘ įȠȝȒ frame ĲȘȢ ‘folding’. 

ȈĲȘȞΝİʌȩȝİȞȘΝ İȚțȩȞĮΝ4.21 ȕȜȑʌȠȣȝİΝĲȘȞΝįȠȝȒ,Ν ȘΝȠʌȠȓĮΝ ĮȞĲȚıĲȠȚȤİȓΝıĲȠΝ frame 

δίδιδεΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'folding'  țĮȚΝ ĲȠΝ ȠʌȠȓȠΝ İȓȞĮȚΝ ĲȠΝ frame ȝİΝ ĲȠΝ ȝȚțȡȩĲİȡȠΝ

RMSD ĮʌȩΝ ĲȘȞΝ ȣʌȠȜȠȖȚıșİȓıĮΝ ȝȑıȘΝ įȠȝȒΝ ĮȣĲȒȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ǾΝ ȝȑıȘΝ įȠȝȒΝ

ȣʌȠȜȠȖȓıĲȘțİΝĮʌȩΝĲȠΝțȣȡȓĮȡȤȠΝcluster ĲȘȢΝĮȞȐȜȣıȘȢΝdPCA. 
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ǼȚțȩȞĮ 4έ21:  ǾΝ ʌȜȑȠȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'folding'  ıİΝ
ıĲİȡİȠıțȠʌȚțȒΝĮʌİȚțȩȞȚıȘέ 

ȈĲȚȢΝ įȪȠΝ İʌȩȝİȞİȢΝ İȚțȩȞİȢΝ (ǼȚțȩȞĮ 4.22 țĮȚΝ δέβγ),Ν ʌȠȣΝ ĮțȠȜȠȣșȠȪȞ ȕȜȑʌȠȣȝİΝ

ĲȘȞΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ ĮʌȩțȜȚıȘȢΝ ĲȠȣΝ țȐșİΝ frame ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'folding' 

ĮʌȩΝĲȘȞΝʌȜȘıȚȑıĲİȡȘΝıĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒ ĲȘȢΝǼȚțȩȞĮȢΝδέβ1,Νıİ ıȣȞȐȡĲȘıȘΝȝİΝ

ĲȠȞΝıȣȞȠȜȚțȩΝȤȡȩȞȠΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢ,ΝĲȩıȠΝȝİΝĲȘȞΝȤȡȒıȘΝȩȜȦȞΝĲȦȞΝCĮ,ΝȩıȠΝțĮȚΝȝİΝ

ȤȡȒıȘΝĲȦȞΝCĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7 țĮșȫȢΝțĮȚΝĲȠȣȢΝĮȞĲȓıĲȠȚȤȠȣȢΝʌȓȞĮțİȢΝRMSD. 

  

ǼȚțȩȞĮ 4έ22μ RMSD ȩȜȦȞΝĲȦȞΝįȠȝȫȞΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝĮʌȩΝĲȘȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ
įȠȝȒΝĲȘȢΝ'folding' έΝǹȡȚıĲİȡȐκΝȝİΝȩȜĮΝĲĮΝCĮέΝǻİȟȚȐκΝȝİΝĲĮΝCĮΝ1-7. 
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ǼȚțȩȞĮ 4έ23: ǹʌİȚțȩȞȚıȘ ĲȦȞΝ ʌȚȞȐțȦȞΝ RMSD ĲȘȢΝ ǼȚțȩȞĮȢΝ δέ1ηΝ ıİΝ ıȪȞșİıȘΝ ȝİΝ ĲĮΝ
RMSD ĮʌȩΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȘȢΝ ‘folding’ ĲȘȢΝǼȚțȩȞĮȢΝδέβ1έΝǹȡȚıĲİȡȐ: ȝİΝ
ȩȜĮΝĲĮΝCĮέΝǻİȟȚȐ: ȝİΝĲĮΝCĮΝĲȦȞΝ1-7 țĮȚΝİʌȐȞȦΝȘΝțĮĲĮȞȠȝȒΝĲȠȣΝțȣȡȓĮȡȤȠȣΝcluster. 

ȈĲȘȞΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘ,Ν ĮȡȚıĲİȡȐ ıĲȘȞΝ ǼȚțȩȞĮΝ δέβγ, ĳĮȓȞİĲĮȚ ȘΝ ȖȡȒȖȠȡȘΝ

İȞĮȜȜĮȖȒΝ ĲȦȞΝ įȚĮȝȠȡĳȫıİȦȞΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν ȝİΝ ĲĮΝ ıȤİĲȚțȐΝ ȝȚțȡȐΝ RMSD ȞĮΝ

țȣȡȚĮȡȤȠȪȞΝ ıİΝ ȝİȖȐȜȠΝ ʌȠıȠıĲȩΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ȤȡȩȞȠȣέΝ ȆĮȡĮĲȘȡİȓĲĮȚΝ Ș ĮȞȐȜȠȖȘΝ

ĮȣȟȠȝİȓȦıȘΝ ĲȦȞΝ RMSD ĲȠȣΝ ʌȓȞĮțĮΝ țĮȚ ĲȦȞΝ RMSD ĮʌȩΝ ĲȠΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȩΝ frame 

ĲȘȢ ȝȑıȘȢΝ įȠȝȒȢ. ȈĲȠΝ įİȟȓΝ ĲȝȒȝĮΝ ĲȘȢΝ ǼȚțȩȞĮȢΝ δέβγ,Ν ȩʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝ 1-η,Ν ȣʌȐȡȤİȚΝ ıȤİįȩȞΝ ıİΝ ȩȜȠΝ ĲȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ȝȚĮΝ

ıȤİįȩȞΝĮʌȩȜȣĲȘΝțȣȡȚĮȡȤȓĮΝĲȦȞΝȝȚțȡȫȞΝRMSDέΝǹȣĲȒ,ΝİʌȓıȘȢΝȕȡȓıțİĲĮȚΝıİΝĮȞĮȜȠȖȓĮΝȝİΝ

ĲȠΝ ȖȡȐĳȘȝĮΝ ĲȦȞΝ RMSD ĮʌȩΝ ĲȠΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȩΝ frame ĲȘȢΝ ȝȑıȘȢΝ įȠȝȒȢ. ȅȚΝ 

İȜȐȤȚıĲİȢΝ ȤȡȠȞȚțȑȢΝ ıĲȚȖȝȑȢ, țĮĲȐΝ ĲȚȢΝ ȠʌȠȓİȢ ȠȚΝ ĲȚȝȑȢ RMSD İȓȞĮȚΝ ıȤİĲȚțȐΝ ȝİȖȐȜİȢ, 

ĮȞĲȚıĲȠȚȤȠȪȞΝıİΝ ĮȣĲȑȢ,ΝțĮĲȐΝĲȚȢΝȠʌȠȓİȢΝȠȚΝįȚĮȝȠȡĳȫıİȚȢΝĲȠȣΝ ȝȠȡȓȠȣ įİȞΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ

ıĲȠΝțȣȡȓĮȡȤȠΝ(țĮȚΝȝȠȞĮįȚțȩ)Νcluster ĲȘȢΝdPCA ȝİΝȤȡȒıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1-7. 
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4έ4έ ȈȪȖțȡȚıȘ ĲȦȞ įȪȠ ʌȡȠıȠȝȠȚȫıİȦȞέ 

4.4.1. RεSD ĲȘȢ 'native' Įʌȩ ĲȘ ‘ȝȑıȘ įȠȝȒ’ ĲȘȢ ‘folding’. 

 ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȠȞΝȩȡȠΝ‘ȝȑıȘΝįȠȝȒ’ ıĲȘȞΝʌĮȡȠȪıĮΝʌĮȡȐȖȡĮĳȠ,ΝİȞȞȠȠȪȝİΝ

ĲȠΝframe,ΝĲȠΝȠʌȠȓȠΝȑȤİȚΝĲȠΝȝȚțȡȩĲİȡȠΝRMSD ĮʌȩΝĲȘȞΝʌȡĮȖȝĮĲȚțȒΝȝȑıȘΝįȠȝȒέ ǹȣĲȩΝĲȠΝ

frame 404945 ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ 'folding' , ĲȠΝȠʌȠȓȠΝĮʌİȚțȠȞȓȗİĲĮȚΝȝİΝĲȠΝ rasmol ıĲȘȞΝ

ǼȚțȩȞĮΝδέβ1,ΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝȖȚĮΝĲȠȣȢΝȣʌȠȜȠȖȚıȝȠȪȢΝĲȦȞ RMSD ĲȠȣΝțȐșİΝ frame ĲȠȣΝ

ĲȡȠȤȚĮțȠȪΝĲȘȢΝ 'native’ Įʌȩ ĮȣĲȩ,ΝĲȘȢ ‘ȝȑıȘȢ įȠȝȒȢ’ΝĲȘȢΝ 'folding' ,ΝĲȩıȠΝȝİΝȩȜĮΝĲĮΝCĮ,Ν

ȩıȠΝțĮȚΝȝİΝĲĮΝCĮΝ1-ηέΝȈĲȘȞΝǼȚțȩȞĮΝδέβδΝĮʌİȚțȠȞȓȗȠȞĲĮȚΝȠȚΝįȪȠΝȖȡĮĳȚțȑȢΝʌĮȡĮıĲȐıİȚȢ  

ĲȦȞΝ RMSD ȩȜȦȞΝ ĲȦȞΝ įȠȝȫȞΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'native’ ĮʌȩΝ ĲȘȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ

įȠȝȒΝĲȘȢΝ'folding'.  

  

ǼȚțȩȞĮ 4έ24: RMSD ȩȜȦȞΝ ĲȦȞΝ įȠȝȫȞΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'native’ ĮʌȩΝ ĲȘȞΝ
ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȘȢΝ'folding' έΝǹȡȚıĲİȡȐκΝȝİΝȩȜĮΝĲĮΝCĮέΝǻİȟȚȐκΝȝİΝĲĮΝCĮΝ1-7. 

 

ȈĲȘȞΝ ǼȚțȩȞĮΝ δέβεΝ ȘΝ ȠʌȠȓĮ ĮțȠȜȠȣșİȓ,Ν ĮʌİȚțȠȞȓȗİĲĮȚΝ ȘΝ ĮȞȦĲȑȡȦΝ İȣȡȚıțȩȝİȞȘΝ

İȚțȩȞĮΝ țĮȚΝ İʌȚʌȜȑȠȞΝ ʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝ țĮȚΝ ȠȚΝ ȑȖȤȡȦȝȠȚΝ ʌȓȞĮțİȢΝ RMSD ĮȞȐȝİıĮΝ ıİΝ

ȩȜȠȣȢΝĲȠȣȢΝʌȚșĮȞȠȪȢΝıȣȞįȣĮıȝȠȪȢΝĲȦȞΝįȠȝȫȞ,ΝĲȚȢΝȠʌȠȓİȢΝȑȜĮȕİΝĲȠΝʌİʌĲȓįȚȠΝțĮĲȐΝĲȘȞΝ

įȚȐȡțİȚĮΝĲȘȢΝ'native’. 
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ǼȚțȩȞĮ 4έ25: ǹʌİȚțȩȞȚıȘ ĲȠȣΝʌȓȞĮțĮΝRMSD ĲȘȢΝ 'native’ țĮȚΝRMSD ĲȘȢΝ 'native’ ĮʌȩΝ
ĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȘȢΝ‘folding’ țĮĲȐΝĲȠȞΝȤȡȩȞȠΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝǹȡȚıĲİȡȐΝ
ȝİΝȩȜĮΝĲĮΝCĮ, įİȟȚȐΝȝİΝĲĮΝCĮΝĲȦȞΝ1-7. 

ǾΝĮȡȤȚțȒΝȝİȖȐȜȘΝĮʌȩțȜȚıȘΝįȚțĮȚȠȜȠȖİȓĲĮȚΝĮʌȩΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒΝγ10-ȑȜȚțĮȢΝĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ 'native’ . ȉȠΝʌȡȫĲȠΝcluster ĲȘȢΝ'native’ ȝİΝȩȜĮΝĲĮΝCĮ, ȑȤİȚΝĲĮΝȝȚțȡȩĲİȡĮΝ

RMSD,ΝİȞȫΝĲȠΝįİȪĲİȡȠΝcluster ȑȤİȚΝĮʌȩΝĲĮΝȝİȖĮȜȪĲİȡĮΝRMSD ȦȢΝʌȡȠȢΝĲȘȞΝ‘ȝȑıȘΝįȠȝȒΝ

ĲȘȢΝΝ‘folding’έΝȉȠ ȖİȖȠȞȩȢΝĮȣĲȩΝȝʌȠȡİȓΝȞĮΝĮȚĲȚȠȜȠȖȘșİȓΝįİįȠȝȑȞȘȢΝĲȘȢΝįȠȝȒȢΝĮ-ȑȜȚțĮȢΝ

ıĲĮΝ țĮĲȐȜȠȚʌĮ 3-θΝ ĲȘȢΝ ‘ȝȑıȘȢΝ įȠȝȒȢ’ țĮȚΝ ĲȘȢΝ įȚĮȝȩȡĳȦıȘȢΝ ĲȦȞΝ ĲİııȐȡȦȞΝ ĲİȜȚțȫȞΝ

țĮĲĮȜȠȓʌȦȞΝĲȘȢ. ȉȠΝcluster 1 İȓȞĮȚΝĮ-ȑȜȚțĮΝıĲĮΝβ-ηΝȝİΝȑȞĲȠȞȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȠȣΝʌȡȫĲȠȣΝ

N-ĲİȜȚțȠȪΝțĮĲĮȜȠȓʌȠȣ,ΝȝȚțȡȒΝțȚȞȘĲȚțȩĲȘĲĮΝĲȠȣΝȩȖįȠȠȣΝțĮȚΝʌĮȡȩȝȠȚĮΝįȚĮȝȩȡĳȦıȘΝȝİΝ

ĲȘȞΝȝȑıȘΝįȠȝȒΝĲȘȢΝ‘folding’ ıĲĮΝțĮĲȐȜȠȚʌĮΝι-11έΝȉȠΝcluster 2 ȑȤİȚΝĮ-ȑȜȚțĮΝıĲĮΝβ-θΝțĮȚΝ

ȝȚțȡȒΝțȚȞȘĲȚțȩĲȘĲĮΝıĲȠΝțĮĲȐȜȠȚʌȠΝ1έΝǾΝȝȚțȡȒΝĮȣĲȒΝțȚȞȘĲȚțȩĲȘĲĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ΝțĮȚΝ

βΝ ĲȠȣΝ cluster 2 ȝĮȗȓΝ ȝİΝ ĲȘȞΝ ȝİȖȐȜȘΝ įȚĮĳȠȡȐΝ ıĲȘȞΝ įȚĮȝȩȡĳȦıȘΝ ĲȦȞΝ ĲİȜİȣĲĮȓȦȞΝ

ĲİııȐȡȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ĮʌȩΝ ĮȣĲȒΝ ĲȘȢΝ ‘ȝȑıȘȢΝ įȠȝȒȢ’Ν ĲȘȢΝ ‘folding’, ȝʌȠȡİȓ ȞĮΝ

įȚțĮȚȠȜȠȖȒıİȚΝĮȣĲȐΝĲĮΝȝİȖȐȜĮΝRMSD.  
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ĭĮȓȞİĲĮȚΝ İʌȓıȘȢΝ ȩĲȚΝ Ν ĲĮΝ țĮĲȐȜȠȚʌĮΝ 1-ηΝ İʌȚıțȑʌĲȠȞĲĮȚΝ ĲȘȞΝ ʌȜȘıȚȑıĲİȡȘΝ ıĲȘȞΝ

ȝȑıȘΝįȠȝȒΝĲȘȢΝ‘folding’ ıĲȠȞΝȝȚıȩ ʌİȡȓʌȠȣΝȤȡȩȞȠΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢ, İȞȫΝĲȠΝțȣȡȓĮȡȤȠ 

cluster ĲȘȢΝ 'native’ ȝİΝ ĲĮΝ 1-7, ȑȤİȚΝ ĲĮΝ ȝİȖĮȜȪĲİȡĮΝ RMSD ĮʌȩΝ ĲȘȞΝ ‘ȝȑıȘΝ įȠȝȒ’Ν ĲȘȢΝ

‘folding’έΝǵĲĮȞΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝȩȜĮΝĲĮΝCĮ,ΝȘΝʌȡȠıȠȝȠȓȦıȘΝ ʌȜȘıȚȐȗİȚΝĲȘȞΝįȠȝȒΝ

țĮĲȐΝ ĲȠΝ ȑȞĮΝ ĲȡȓĲȠΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ȤȡȩȞȠȣέΝ ĬĮΝ ȝʌȠȡȠȪıĮȝİΝ ȞĮΝ ʌȠȪȝİΝ ȩĲȚΝ ȠȚΝ įȪȠΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ('native’ țĮȚ  ‘folding’)ΝıȣȖțȜȓȞȠȣȞέ 

 4.4.2. RMSD  ĲȘȢ 'folding' Įʌȩ ĲȘȞ ʌİȚȡĮȝĮĲȚțȐ ʌȡȠıįȚȠȡȚıȝȑȞȘ įȠȝȒέ 

 ȈĲȘȞΝİȚțȩȞĮΝδ.26 (ĮȡȚıĲİȡȐ), ȑȤȠȣȝİΝįȘȝȚȠȣȡȖȒıİȚΝȖȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȦȞΝ

RεSDΝĲȦȞΝCĮ,ΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1Ν– ηΝĲȠȣΝĲȡȠȤȚĮțȠȪΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ‘folding’, ȦȢΝ

ʌȡȠȢΝĲȘȞΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘΝȝİΝζεRΝįȠȝȒ (ĲȘȞΝȠʌȠȓĮΝȑȤȠȣȝİΝʌȡȠıșȑıİȚΝȦȢΝ

ʌȡȫĲȠΝframe),ΝıİΝıȣȞȐȡĲȘıȘΝȝİΝĲȠȞΝȤȡȩȞȠΝʌȡȠıȠȝȠȓȦıȘȢ,ΝĲĮΝ1βζβΝ nsέΝȆĮȡĮĲȘȡȠȪȝİΝ

ȩĲȚΝ ĮʌȩΝ ĲȘȞΝ ĮȡȤȒΝ ĮțȩȝĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ ıȤİįȩȞΝ ıİΝ ȩȜȘΝ ĲȘȞΝ įȚȐȡțİȚȐΝ ĲȘȢΝ ĲĮΝ

RεSDΝ ĮʌȩΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒΝ (ȝȠȞĲȑȜȠΝ 1Ν ĲȘȢΝ 2DX2), İȓȞĮȚΝ

ıȘȝĮȞĲȚțȐΝȝİȖȐȜĮ,ΝΝțȣȝĮȚȞȩȝİȞĮΝıĲȠΝįȚȐıĲȘȝĮΝĲȦȞΝγΝȝİΝδΝΝÅ,ΝΝȣʌȐȡȤİȚΝįİΝȝİȓȦıȒΝĲȠȣȢΝ

- ȝȚțȡȒȢΝȤȡȠȞȚțȒȢΝįȚȐȡțİȚĮȢΝ– ıĲȘȞΝʌİȡȚȠȤȒΝĲȦȞΝεί, 400, 52ί,Νηεί,Νθεί,Ν11ίίΝțĮȚΝ1βίίΝ

ns. ǲȤȠȞĲĮȢΝ İʌȚʌȜȑȠȞΝ ĲĮΝ įİįȠȝȑȞĮΝ ĮʌȩΝ ĲȠȞΝ ĮȞĲȓıĲȠȚȤȠΝ ʌȓȞĮțĮΝ RεSDΝ ĲȠȣΝ įİȟȚȠȪΝ

ĲȝȒȝĮĲȠȢΝ ĲȘȢΝ ǼȚțȩȞĮȢΝ δέ17 țĮȚΝ ȖȚĮΝ ȞĮΝ ĮȚĲȚȠȜȠȖȒıȠȣȝİΝ ĲĮ ȝİȖȐȜĮΝ RεSD, 

ĲȠʌȠșİĲȒıĮȝİΝ ĲȠȞΝ ʌȓȞĮțĮ ĮȣĲȩ,Ν țȐĲȦΝ ĮțȡȚȕȫȢΝ ĮʌȩΝ ĲȘȞΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ

ĮȡȚıĲİȡȒȢΝİȚțȩȞĮȢΝέΝȉȠ ĮʌȠĲȑȜİıȝĮΝĮʌİȚțȠȞȓȗİĲĮȚΝįİȟȚȐΝıĲȘΝțȐĲȦșȚΝǼȚțȩȞĮΝδέβζέ  
 

  

ǼȚțȩȞĮ 4.26: ǹȡȚıĲİȡȐκ īȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȦȞΝ RMSD (Å) ĮʌȩΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ
ʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒ ȦȢΝʌȡȠȢΝĲȠȞΝıȣȞȠȜȚțȩΝȤȡȩȞȠΝʌȡȠıȠȝȠȓȦıȘȢΝ(ns)ΝȝİΝȤȡȒıȘΝĲȦȞΝ
CĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞ 1-7. ǻİȟȚȐκ ǾΝĮȞĮĳİȡȩȝİȞȘΝıĲȠΝțİȓȝİȞȠΝıȪȞșİıȘΝİȚțȩȞȦȞ.  
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 ȆĮȡĮĲȘȡȠȪȝİΝȩĲȚΝȠȚΝȝȚțȡȑȢΝĲȚȝȑȢΝĲȦȞΝRεSDΝĮȞĲȚıĲȠȚȤȠȪȞΝıĲĮΝıȘȝİȓĮΝİțİȓȞĮΝ

ĲȠȣΝʌȓȞĮțĮ,ΝȩʌȠȣΝȘΝįȠȝȒΝʌĮȓȡȞİȚΝĲȘȞΝȜȚȖȩĲİȡȠΝıĲĮșİȡȒΝįȠȝȒΝĲȘȢ,ΝİȞȫΝȠȚΝȝİȖȐȜİȢΝĲȚȝȑȢΝ

RεSDΝ ıĲȘȞΝ ʌȜȑȠȞΝ ıĲĮșİȡȒΝ įȚĮȝȩȡĳȦıȘΝ ʌȠȣΝ ʌĮȡĮĲȘȡȠȪȝİΝ İʌĮȞİȚȜȘȝȝȑȞĮΝ țĮĲȐΝ ĲȘȞΝ

įȚȐȡțİȚĮΝıȤİįȩȞΝȠȜȩțȜȘȡȘȢΝΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ  

 ĬİȦȡȠȪȝİΝ ĮȞĮȝİȞȩȝİȞȘΝ ĲȘȞΝ ĮȡȤȚțȒΝ ȝİȖȐȜȘΝ ĮʌȩțȜȚıȘΝ ĲȠȣΝ ȖȡĮĳȒȝĮĲȠȢ,Ν

İĳȩıȠȞΝȑȤȠȣȝİΝȣʌȠȜȠȖȓıİȚΝĲȠΝRMSD ĮʌȩΝĲȠΝȝȠȞĲȑȜȠΝ1ΝĲȘȢΝ310-İȜȚțĮȢ,  İȞȫΝĲȠΝʌȡȫĲȠΝ

frame ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȘȞΝ (ıȤİįȩȞ)Ν ʌȜȒȡȦȢΝ İțĲİĲĮȝȑȞȘΝ įȚĮȝȩȡĳȦıȘΝ

ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȂİĲȐΝ ĲȘȞΝ ĮȡȤȚțȒΝ ȝİȖȐȜȘΝ ĲȚȝȒΝ RMSD șĮΝ ʌİȡȚȝȑȞĮȝİΝ ıĲȘȞΝ ıȣȞȑȤİȚĮΝ

ıȘȝĮȞĲȚțȒΝȝİȓȦıȒΝĲȘȢΝțĮșȫȢΝĲȠΝʌİʌĲȓįȚȠΝʌĮȓȡȞİȚΝĲȘȞΝİȜȚțȠİȚįȒΝıĲĮșİȡȒΝįȠȝȒΝĲȠȣΝıĲĮΝ

įȚȐĳȠȡĮΝ ıĲȐįȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ǹȜȜȐ ȝȓĮΝ İȜȚțȠİȚįȒȢΝ įȠȝȒ,Ν ȩʌȦȢΝ ȖȞȦȡȓȗȠȣȝİ,Ν

ȝʌȠȡİȓΝ ȞĮΝ İȓȞĮȚΝ İȓĲİΝ Į-ȑȜȚțĮΝ İȓĲİΝ γ10 İȓĲİΝ ʌ-ȑȜȚțĮΝ țĮȚΝ țȐșİΝ ȝȓĮΝ ĮʌȩΝ ĮȣĲȑȢΝ ȑȤİȚΝ

įȚĮĳȠȡİĲȚțȑȢΝ ĳΝ țĮȚΝ ȥΝ ȖȦȞȓİȢΝ ıİΝ įȚĮįȠȤȚțȐΝ țĮĲȐȜȠȚʌĮ,Ν ȐȜȜȠΝ ĮȡȚșȝȩΝ țĮĲĮȜȠȓʌȦȞΝ ĮȞȐΝ

ıĲȡȠĳȒ, įȚĮĳȑȡȠȣȞΝ įİΝ țĮȚΝ ıĲȘȞΝ ıȣȤȞȩĲȘĲĮΝ įȘȝȚȠȣȡȖȓĮȢΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣέΝ ǻȘȜĮįȒ,Ν

ĮțȩȝĮΝ țĮȚΝ ȝİΝ ĲȘȞΝ ȓįȚĮΝ ʌȡȦĲȠĲĮȖȒΝ ĮȜȜȘȜȠȣȤȓĮΝ įȚĮĳȠȡİĲȚțȠȓΝ ĲȪʌȠȚΝ ȑȜȚțĮȢΝ ȑȤȠȣȞΝ ȐȜȜȘΝ

įȚĮȝȩȡĳȦıȘέΝ ǾΝ ĳȣıȚțȒΝ įȠȝȒΝ ĲȘȢΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘȢΝ įȠȝȒȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ

İȓȞĮȚΝ γ10-ȑȜȚțĮέΝ ǾΝ ıĲĮșİȡȒΝ įȠȝȒ,Ν ʌȠȣΝ ʌĮȓȡȞȠȣȝİΝ ĮʌȩΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ İȓȞĮȚΝ ȝİȞΝ

İȜȚțȠİȚįȒȢ,Ν ĮȜȜȐΝ İȓȞĮȚΝ Į-ȑȜȚțĮέ ȀĮȚΝ ȝȩȞȠΝ ȩĲĮȞΝ ĮȣĲȒΝ ĮʌȠıĲĮșİȡȠʌȠȚİȓĲĮȚ,Ν ʌȜȘıȚȐȗİȚΝ

ʌİȡȚııȩĲİȡȠΝıİΝįȠȝȒΝʌȠȣΝȑȤİȚΝʌĮȡȩȝȠȚĮΝȤĮȡĮțĲȘȡȚıĲȚțȐΝȝİΝγ10 ȑȜȚțĮέΝΝǲĲıȚΝȝʌȠȡȠȪȝİΝ

ȞĮΝĮȚĲȚȠȜȠȖȒıȠȣȝİΝĲȚȢΝȝİȖȐȜİȢΝĲȚȝȑȢΝRMSD,ΝʌȠȣΝʌĮȡĮĲȘȡȠȪȝİΝıİΝȩȜȘΝĲȘȞΝįȚȐȡțİȚĮΝĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢέ 

 ǹȞΝȤȡȘıȚȝȠʌȠȚȒıȠȣȝİΝȩȜĮΝĲĮΝCĮΝȐĲȠȝĮΝıĲȘȞΝȖȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝʌĮȓȡȞȠȣȝİΝ

ĮțȩȝĮΝȝİȖĮȜȪĲİȡİȢΝĲȚȝȑȢΝRMSD,ΝȦıĲȩıȠΝĲȩıȠΝȠȚΝȝȑȖȚıĲİȢΝȩıȠΝțĮȚΝȠȚΝİȜȐȤȚıĲİȢΝĲȚȝȑȢΝ

ʌĮȡȠȣıȚȐȗȠȣȞΝıȣȞȑʌİȚĮΝıĲȠȣȢΝĮȞĲȓıĲȠȚȤȠȣȢ ȤȡȩȞȠȣȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ(ǼȚțȩȞĮΝδέβη)έ 
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ǼȚțȩȞĮ 4έ2ιμ īȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȦȞΝ RMSD  (Å) ĮʌȩΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ
ʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒ ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ Ν ‘folding’, ȦȢΝʌȡȠȢΝĲȠȞΝıȣȞȠȜȚțȩΝȤȡȩȞȠ ĲȘȢ 
ʌȡȠıȠȝȠȓȦıȘȢΝ(ns)ΝȝİΝȤȡȒıȘΝȩȜȦȞΝĲȦȞΝCĮέΝ 

 

 4.4.3. ȊįȡȠįȣȞĮȝȚțȒ ĮțĲȓȞĮ ĲȠȣ ʌİʌĲȚįȓȠȣ ıĲȚȢ ‘folding’ țĮȚ 'native’. 

 ȅΝ ȣʌȠȜȠȖȚıȝȩȢΝ ĲȘȢΝ ȣįȡȠįȣȞĮȝȚțȒȢΝ ĮțĲȓȞĮȢΝ țĮȚΝ ıĲȘȞΝ ‘folding’ țĮȚΝ ıĲȘȞ 

'native’, ȑȖȚȞİ ȜĮȝȕȐȞȠȞĲĮȢΝȣʌȩȥȘΝȝȩȞȠΝĲĮΝȕĮȡȑĮΝȐĲȠȝĮΝțĮȚΝȖȚĮΝȠȜȩțȜȘȡȘΝĲȘȞΝȤȡȠȞȚțȒΝ

įȚȐȡțİȚĮΝĲȦȞΝįȪȠΝʌȡȠıȠȝȠȚȫıİȦȞέΝ 

 īȚĮΝțȐșİΝȝȓĮΝʌȡȠıȠȝȠȓȦıȘΝȘΝȣįȡȠįȣȞĮȝȚțȒΝĮțĲȓȞĮΝȣʌȠȜȠȖȓıĲȘțİ İȚȢΝįȚʌȜȠȪȞέΝ

ȅΝ ȑȞĮȢΝ ȣʌȠȜȠȖȚıȝȩȢΝ ĮĳȠȡȠȪıİΝ ĲȠΝ ıȪȞȠȜȠΝ ĲȦȞΝ ȕĮȡȑȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮȚΝ ȠΝ

įİȪĲİȡȠȢΝ ĲĮΝ ȕĮȡȑĮΝ ȐĲȠȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1-ηέΝ ȈĲȚȢΝ ȖȡĮĳȚțȑȢΝ ʌĮȡĮıĲȐıİȚȢΝ ĲȘȢΝ

İʌȩȝİȞȘȢΝ İȚțȩȞĮȢΝ (ǼȚțȩȞĮΝ δέβθ)Ν ĮʌİȚțȠȞȓȗİĲĮȚΝ ȤȡȦȝĮĲȚțȐΝ ȘΝ ʌȡȫĲȘΝ ʌİȡȓʌĲȦıȘΝ ȝİΝ

țȩțțȚȞȠΝȤȡȫȝĮΝțĮȚΝȘΝįİȪĲİȡȘΝȝİΝȝĮȪȡȠέ 
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ǼȚțȩȞĮ 4έ2κμ ȅȚΝȣįȡȠįȣȞĮȝȚțȑȢΝĮțĲȓȞİȢΝĲȠȣΝʌİʌĲȚįȓȠȣ  

 ǺȜȑʌȠȣȝİΝȩĲȚΝĲȠΝȝȩȡȚȠΝıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝ‘folding’ İȓȞĮȚΝȜȚȖȩĲİȡȠΝıȣȝʌĮȖȑȢΝ

ĮʌȩΝ ĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĲȘȢΝ 'native’έΝ ǹȣĲȒΝ ȘΝ ĮȞȠȚțĲȩĲİȡȘΝ įȚĮȝȩȡĳȦıȘ ȝʌȠȡİȓΝ ȞĮΝ

ĮȚĲȚȠȜȠȖȘșİȓΝ ȜȩȖȦΝ İȞĲȠȞȩĲİȡȘȢΝ țȚȞȘĲȚțȩĲȘĲĮȢΝ ĲȠȣΝ ȝȠȡȓȠȣΝ İȟĮȚĲȓĮȢΝ ĲȘȢΝ ȣȥȘȜȩĲİȡȘȢΝ

șİȡȝȠțȡĮıȓĮȢΝ ĲȘȢΝ ‘folding’ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȈȘȝĮȞĲȚțȩΝ ȡȩȜȠΝ ʌĮȓȗİȚΝ țĮȚΝ ȘΝ ĮȡȤȚțȒΝ

İțĲİĲĮȝȑȞȘΝ ȝȠȡĳȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮȚΝ ȘΝ ȠʌȠȓĮΝ İȓȞĮȚΝ İȝĳĮȞȒȢΝ ıĲȠȞΝ ĮȡȤȚțȩ ȤȡȩȞȠΝ ĲȘȢ 

ʌȡȠıȠȝȠȓȦıȘȢέΝ ǹȣĲȒ,Ν İʌĮȞĮȜĮȝȕȐȞİĲĮȚ țĮȚΝ ıĲȠȞΝ ȤȡȩȞȠΝ ĲȦȞΝ δίίns țĮȚΝ ȕȡȓıțİĲĮȚΝ ıİΝ

ıȣȝĳȦȞȓĮΝȝİΝĲȚȢΝȝİȖĮȜȪĲİȡİȢΝĮʌȠțȜȓıİȚȢΝRMSD,ΝȠȚΝȠʌȠȓİȢΝʌĮȡĮĲȘȡȒșȘțĮȞΝıİΝȩȜİȢΝĲȚȢΝ

ĮȞĮȜȪıİȚȢΝĲȘȢΝ‘folding’ ʌȡȠıȠȝȠȓȦıȘȢέΝ 

 

4.5. ǹȜȜȘȜİʌȚįȡȐıİȚȢ ʌȜİȣȡȚțȫȞ ȠȝȐįȦȞ. 

ȈĲȘȞ țĮĲĮȤȫȡȘıȘ 1CB3 ĲȘȢΝPDB ȑȤİȚΝʌĮȡĮĲȘȡȘșİȓ ȘΝĮȜȜȘȜİʌȓįȡĮıȘΝĮȞȐȝİıĮΝ

ıĲȚȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ĲȘȢΝ Y103, W104 țĮȚ H107. ĬȑȜȠȞĲĮȢΝ ȞĮΝ

İȜȑȖȟȠȣȝİ,ΝĮȞΝĮȣĲȒΝȘΝĮȜȜȘȜİʌȓįȡĮıȘ,ΝȘΝȠʌȠȓĮΝįİȞΝȣĳȓıĲĮĲĮȚΝıĲȘȞΝĳȣıȚțȒΝȝȠȡĳȒΝĲȘȢΝĮ-

ȜĮțĲĮȜȕȠȣȝȓȞȘȢ,ΝȑȤİȚΝĮȞĮʌĮȡĮȤșİȓΝ ĮʌȩΝĲȠ CHARMM forcefield ȝİΝCMAP correction 

ıĲȠΝİȞįİțĮʌİʌĲȓįȚȩΝȝĮȢ,ΝİʌȚĲİȜȠȪȝİΝȝȓĮΝİʌȚʌȜȑȠȞΝĮȞȐȜȣıȘΝıİΝțȪȡȚİȢΝıȣȞȚıĲȫıİȢ,ΝĮȣĲȒΝ

ĲȘΝĳȠȡȐΝıĲȠȞΝȤȫȡȠΝĲȦȞΝțĮȡĲİıȚĮȞȫȞ ıȣȞĲİĲĮȖȝȑȞȦȞέ ȋȡȘıȚȝȠʌȠȚȠȪȝİΝĲȠΝĮȡȤİȓȠΝĲȠȣΝ

ĲȡȠȤȚĮțȠȪΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ 'folding' ,ΝıĲȠΝȠʌȠȓȠΝȑȤȠȣȞΝȤȡȘıȚȝȠʌȠȚȘșİȓΝȖȚĮΝȣʌȑȡșİıȘΝ

ĲĮΝ CĮΝ ȐĲȠȝĮΝ β-η,Ν ȘΝ įİΝ ĮȞȐȜȣıȒΝ ȝĮȢΝ ȖȓȞİĲĮȚΝ ȝİΝ ȤȡȒıȘΝ ĲȦȞΝ ȕĮȡȑȦȞΝ ĮĲȩȝȦȞΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝγ,δΝțĮȚΝηΝ(ȠȞȠȝĮıĲȚțȐΝTyr, Trp  țĮȚΝHis).  
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ǹʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ĮȣĲȒ,Ν ĮʌȠįȓįȠȞĲĮȚΝ ĮʌȩΝ ĲȠΝ CARMA 420982 frames ıİΝ 11 

cluster, ȝİΝ ĲȠΝ ʌȡȫĲȠΝ ȞĮΝ ʌİȡȚȜĮȝȕȐȞİȚΝ 1ζίζηδΝ frames țĮȚΝ ĲȠΝ įİȪĲİȡȠΝ βεδιβ1. ȂİΝ

ȣʌȑȡșİıȘΝĲȦȞΝįȠȝȫȞΝĲȠȣΝʌȡȫĲȠȣΝcluster țĮȚΝȝİΝĲȘȞΝȤȡȒıȘΝĲȠȣΝrasmol,ΝʌĮȓȡȞȠȣȝİΝĲȘȞΝ

İʌȩȝİȞȘΝİȚțȩȞĮέ 

 

ǼȚțȩȞĮ 4έ2λμ ȈĲİȡİȠıțȠʌȚțȒΝĮʌİȚțȩȞȚıȘΝĲȠȣΝʌȡȫĲȠȣΝcluster ĲȘȢΝcPCA ĮȞȐȜȣıȘȢ ĲȘȢΝ 
'folding' ȝİΝĲĮΝțĮĲȐȜȠȚʌĮΝγ,δΝțĮȚΝηΝȞĮΝĮʌİȚțȠȞȓȗȠȞĲĮȚΝıİΝȤȡȫȝĮΝʌȠȡĲȠțĮȜȓέ  

 ȂİΝ ȣʌȑȡșİıȘΝ ĲȦȞΝ įȠȝȫȞΝ ĲȠȣΝ įİȪĲİȡȠȣΝ cluster țĮȚΝ ʌȐȜȚΝ ȝİΝ ĲȘȞΝ ȕȠȒșİȚĮΝ ĲȠȣΝ

rasmol, ʌĮȓȡȞȠȣȝİΝĲȘȞΝİȚțȩȞĮ,ΝʌȠȣΝĮțȠȜȠȣșİȓκ 

 

ǼȚțȩȞĮ 4έ3ίμ ȈĲİȡİȠıțȠʌȚțȒΝĮʌİȚțȩȞȚıȘΝĲȠȣΝįİȪĲİȡȠȣΝcluster ĲȘȢΝcPCA ĮȞȐȜȣıȘȢ ĲȘȢ 
'folding' ȝİΝĲĮΝțĮĲȐȜȠȚʌĮΝγ,δΝțĮȚΝηΝıİΝȤȡȫȝĮΝȡȠȗέ 
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 ǹʌȩΝ ĲȚȢΝ ĮȞȦĲȑȡȦΝ İȚțȩȞİȢΝ ȝʌȠȡİȓΝ ȞĮΝ ʌĮȡĮĲȘȡȘșİȓΝ ȩĲȚΝ ȘΝ His7 ȜĮȝȕȐȞİȚΝ

įȚĮĳȠȡİĲȚțȑȢΝįȚĮȝȠȡĳȫıİȚȢΝıĲĮΝįȪȠΝcluster. ǼȟĮȚĲȓĮȢΝĲȠȣΝ ʌȠȜȪΝȝİȖĮȜȪĲİȡȠȣΝ ĮȡȚșȝȠȪΝ

ĲȦȞΝ frames ĲȠȣΝ įİȪĲİȡȠȣΝ cluster, ʌȡȠĲȚȝȐĲĮȚΝ ȘΝ ȤȡȒıȘΝ ĮȣĲȠȪ,Ν ȖȚĮΝ ȝȓĮΝ İʌȚʌȜȑȠȞΝ

ȠȝĮįȠʌȠȓȘıȘ, ȝİΝȤȡȒıȘΝȝȩȞȠΝĲȦȞΝȕĮȡȑȦȞΝĮĲȩȝȦȞΝĲȘȢΝHis7έΝǾΝȞȑĮΝcPCA ĮȞȐȜȣıȘΝȝİΝ

ĲȘȞΝ ȤȡȒıȘΝ ʌȐȞĲĮΝ ĲȠȣΝ CARMA,Ν ȑȤİȚΝ ĮʌȠĲȑȜİıȝĮΝ ȞĮΝ ĮʌȠįȠșȠȪȞΝ ıȣȞȠȜȚțȐΝ ıİΝ cluster 

85496 frames (ĮʌȩΝĲĮΝβεδιβ1),ΝİțΝĲȦȞΝȠʌȠȓȦȞΝĲȠΝʌȡȫĲȠΝʌİȡȚȜĮȝȕȐȞİȚΝβιιγβΝ frames 

țĮȚΝĲȠΝįİȪĲİȡȠΝδθίεηέΝǹʌȩΝĲȠΝțȐșİΝȑȞĮΝcluster, İʌȚȜȑȖȠȣȝİΝĲȠΝ frame, ĲȠΝȠʌȠȓȠΝİȓȞĮȚΝĲȠΝ

ʌȜȑȠȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȩΝĲȘȢΝȝȑıȘȢΝįȠȝȒȢΝĲȠȣΝțĮșİȞȩȢ (ǼȚțȩȞĮΝδέγ1). 

 
   

ǼȚțȩȞĮ 4έ31μ ǻȚĮȖȡȐȝȝĮĲĮΝcartoon ȝİΝrasmolέΝȂİΝʌȠȡĲȠțĮȜȓΝțĮȚΝȡȠȗ,ΝĲĮΝʌȜȘıȚȑıĲİȡĮΝ
ıĲȘȞΝ ȝȑıȘΝ įȠȝȒΝ frames ĲȠȣΝ ʌȡȫĲȠȣΝ țĮȚΝ ĲȠȣΝ įİȪĲİȡȠȣΝ cluster ĮȞĲȓıĲȠȚȤĮ,Ν ĲȘȢΝ
ʌȡȠıȠȝȠȓȦıȘȢΝ 'folding' . ȆȡȐıȚȞȠκΝȉȠΝȝȠȞĲȑȜȠΝ1ΝĲȘȢΝ1CB3. ȂʌȜİκΝȉȠΝȝȠȞĲȑȜȠΝ1ΝĲȘȢΝ
2DX2. 

 ȈĲĮΝ ĮȞȦĲȑȡȦΝ įȚĮȖȡȐȝȝĮĲĮΝ ĮȞĲȚțĮșȚıĲȫȞĲĮȢΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ,δΝ țĮȚΝ ηΝ ȝİΝ

ball&sticks,ΝʌĮȓȡȞȠȣȝİΝĲȘȞΝİʌȩȝİȞȘΝİȚțȩȞĮέ 

 
   

ǼȚțȩȞĮ 4έ32μ  ǾΝǼȚțȩȞĮΝ4.31 ȝİΝĮȞĲȚțĮĲȐıĲĮıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝTyr3, Trp4 țĮȚΝHis7 
ȝİΝball&sticks. ȉȠΝC-ĲİȜȚțȩΝĮʌİȚțȠȞȓȗİĲĮȚΝİʌȐȞȦέ 
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 ȅȚΝ İȚțȩȞİȢΝ ĮʌİȚțȠȞȓȗȠȣȞΝ ĲȘȞΝ TrpδΝ ıĲȘȞΝ įİȟȚȐΝ ʌȜİȣȡȐέΝ ǾΝ Tyr3 İȓȞĮȚΝ ıİΝ țȐĲȦΝ

ĮȡȚıĲİȡȐ,ΝİȞȫΝȘΝHis7 İȝĳĮȞȓȗİĲĮȚΝıİΝįȚĮĳȠȡİĲȚțȒΝșȑıȘΝ(ıȤİĲȚțȐΝȝİΝĲĮΝWδΝțĮȚ Y3). ǾΝ

ıȤİĲȚțȒΝșȑıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝγΝțĮȚΝδΝİȓȞĮȚΝʌĮȡȩȝȠȚĮΝțĮȚΝıĲȚȢΝĲȑııİȡȚȢΝįȠȝȑȢέ  

ȈĲȘȞΝʌȠȡĲȠțĮȜȓΝįȠȝȒΝĳĮȓȞİĲĮȚΝȐĲȠȝĮΝĲȠȣΝįĮțĲȣȜȓȠȣΝĲȘȢΝ His ȞĮΝȕȡȓıțȠȞĲĮȚΝıİΝ

ĮțĲȓȞĮΝ van der Waals ȝİΝ ȐĲȠȝĮΝ ĲȘȢΝ TyrέΝ ȈĲȘȞΝ ȡȠȗΝ įȠȝȒΝ įİȞΝ ĳĮȓȞİĲĮȚΝ țȐʌȠȚĮΝ

ĮȜȜȘȜİʌȓįȡĮıȘΝ ĮȞȐȝİıĮΝ ıĲȚȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĲȦȞΝ ĲȡȚȫȞΝ ĮȣĲȫȞΝ țĮĲĮȜȠȓʌȦȞ,Ν ȩʌȦȢΝ

ıȣȝȕĮȓȞİȚΝțĮȚΝıĲȘ įȠȝȒΝĲȘȢΝ2DX2 (ȝʌȜİ)Ν,ıİΝĮȞĲȓșİıȘΝȝİΝĲȘΝįȠȝȒΝĲȘȢΝ1CB3 (ʌȡȐıȚȞȘ), 

ȩʌȠȣΝȘΝȣʌȩΝıȣȗȒĲȘıȘΝĮȜȜȘȜİʌȓįȡĮıȘΝİȓȞĮȚΝİȝĳĮȞȒȢέΝ  

ǼȓȞĮȚΝ ĮȟȚȠıȘȝİȓȦĲȘΝ ȘΝ ȠȝȠȚȩĲȘĲĮΝ ĲȦȞΝ įȠȝȫȞΝ ĲȠȣΝ cluster 1 ȝİΝ ĲȘȞΝ 1CBγ,Ν ȩıȠΝ

ĮĳȠȡȐΝĲȩıȠΝĲȠΝȝȒțȠȢΝĲȘȢΝȑȜȚțĮȢΝ(ȩȤȚΝȩȝȦȢΝĲȠΝİȓįȠȢΝĲȘȢΝĲİȜİȣĲĮȓĮȢ),ΝȩıȠΝțĮȚΝĲȘȞΝʌȚșĮȞȒΝ

ĮȜȜȘȜİʌȓįȡĮıȘΝĲȦȞΝĲȡȚȫȞΝțĮĲĮȜȠȓʌȦȞΝγ,δΝțĮȚΝη,ΝȩʌȦȢΝĮȟȚȩȜȠȖȘΝİȓȞĮȚΝțĮȚΝȘΝȠȝȠȚȩĲȘĲĮΝ

ĲȦȞΝįȠȝȫȞΝĲȠȣΝcluster 2 țĮȚΝĲȘȢΝ2DX2,ΝȖȚĮΝĲȠȣȢΝȓįȚȠȣȢΝĮțȡȚȕȫȢΝȜȩȖȠȣȢέΝ 
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ȀİĳȐȜĮȚȠ 5Ƞ 
 

 

 

 

ȈȣȗȒĲȘıȘ 
 

 

Every sentence I utter must be understood not as an affirmation but as a question.  
Niels Bohr. 

 
 

ȂİΝĲȘȞΝȠȜȠțȜȒȡȦıȘΝĲȦȞΝ ĮȞĮȜȪıİȦȞΝĲȦȞΝįİįȠȝȑȞȦȞΝĲȦȞΝįȪȠΝʌȡȠıȠȝȠȚȫıİȦȞΝ

ȑȤȠȣȝİ įİȓȟİȚΝĲȘȞΝĮįȣȞĮȝȓĮΝĲȠȣΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝCHARMM ȝİΝĲȘΝįȚȩȡșȦıȘΝCMAP 

ȞĮΝĮȞĮʌĮȡȐȖİȚΝĲȘȞΝįȠȝȒΝĲȘȢΝ310-ȑȜȚțĮȢΝĮʌȩΝĲȘȞΝĮȡȤȚțȒΝİțĲİĲĮȝȑȞȘΝįȠȝȒΝĲȠȣΝʌİʌĲȚįȓȠȣΝ

INYWLAHAKAG ıĲȘȞ ʌİȡȓʌĲȦıȘΝ ĲȘȢ ʌȡȠıȠȝȠȓȦıȘȢ ‘folding’,Ν țĮșȫȢΝ țĮȚΝ ĲȘȞΝ

ĮįȣȞĮȝȓĮΝ ĲȠȣΝ ȞĮΝ įȚĮĲȘȡȒıİȚΝ ĲȘȞΝ ĮȡȤȚțȒΝ γ10-ȑȜȚțĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ 'native' . ǲȖȚȞİΝ

İȝĳĮȞȒȢ ȘΝ ĲȐıȘΝ įȘȝȚȠȣȡȖȓĮȢΝ Į-ȑȜȚțĮȢΝ ĮʌȩΝ ĲȠΝ ıȣȖțİțȡȚȝȑȞȠΝ forcefield,Ν ȦıĲȩıȠΝ įİȞΝ

ʌĮȡĮĲȘȡȒșȘțİΝįȠȝȒΝʌ-ȑȜȚțĮȢΝıİΝțĮȝȓĮΝĮʌȩΝĲȚȢΝįȪȠΝʌȡȠıȠȝȠȚȫıİȚȢ,ΝȖİȖȠȞȩȢΝʌȠȣΝʌȚșĮȞȐΝ

ȠĳİȓȜİĲĮȚΝ ıĲȘΝ ȕİȜĲȚȦȝȑȞȘΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘΝ ȘΝ ȠʌȠȓĮΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ĲȘΝ įȚȩȡșȦıȘΝ
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CMAP. ȆĮȡĮĲȘȡȒșȘțİ ȘΝ ıȪȖțȜȚıȘΝ ĲȦȞΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ıİΝ ȩĲȚΝ ĮĳȠȡȐΝ ĲȘȞΝ

țȚȞȘĲȚțȩĲȘĲĮΝ ĲȘȢΝ C-ĲİȜȚțȒȢ ȠȣȡȐȢΝ țĮȚΝ ȘΝ ȝȚțȡȒΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ β-7, 

ȖİȖȠȞȩȢ ĲȠΝ ȠʌȠȓȠΝ ȕȡȓıțİĲĮȚΝ ıİΝ ıȣȝĳȦȞȓĮΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮέ ȅȚΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞ,Ν ʌȠȣΝ ȑȤȠȣȞΝ ʌĮȡĮĲȘȡȘșİȓΝ ʌİȚȡĮȝĮĲȚțȐΝ

ĮʌȠįȩșȘțİΝȝİȡȚțȐΝ ĮʌȩΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠ,Ν ĮʌȠıʌĮıȝĮĲȚțȐΝıİΝțȐʌȠȚĮΝcluster ĲȦȞΝįȪȠΝ

ʌȡȠıȠȝȠȚȫıİȦȞέΝ ǼȝĳĮȞȒȢΝ ȒĲĮȞΝ ȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ Į-İȜȚțȠİȚįȠȪȢΝ įȚĮȝȩȡĳȦıȘȢ țĮȚΝ

ıĲȚȢΝįȪȠΝʌȡȠıȠȝȠȚȫıİȚȢ,ΝȘΝȠʌȠȓĮ ȩȝȦȢΝįİȞΝȕȡȓıțİĲĮȚΝıİΝıȣȝĳȦȞȓĮΝȝİΝĲĮΝʌİȚȡĮȝĮĲȚțȐΝ

įİįȠȝȑȞĮ ĲȦȞΝțĮĲĮȤȦȡȘȝȑȞȦȞΝıĲȘȞΝPDB įȠȝȫȞέΝ 

ǹȞ șȑȜĮȝİ ȞĮ ȣʌİȡĮıʌȚıĲȠȪȝİ ĲȠ įȣȞĮȝȚțȩ ʌİįȓȠ, ʌȠȣ ȤȡȘıȚȝȠʌȠȚȒıĮȝİ șĮ 

ȝʌȠȡȠȪıĮȝİ ȞĮ ĲȠ įȚțĮȚȠȜȠȖȒıȠȣȝİ ȖȚĮ ĲȘȞ ĲȐıȘ ĲȠȣΝȖȚĮΝįȘȝȚȠȣȡȖȓĮ Į-ȑȜȚțĮȢ [111] ȝİΝ

ĲȘȞΝȜȠȖȚțȒΝĲȘȢΝșİȡȝȠįȣȞĮȝȚțȐΝıĲĮșİȡȩĲİȡȘȢΝįȠȝȒȢΝĲȘȢ ȑȜȚțĮȢΝĮȣĲȒȢΝĮʌȩΝĮȣĲȒΝĲȘȢΝγ10. 

ĬĮ ȝʌȠȡȠȪıĮȝİ ȞĮ ʌȠȪȝİ ȩĲȚ Ș ʌĮȡĮȝİĲȡȠʌȠȓȘıȘ İȓȞĮȚ ĲȩıȠ ıȦıĲȒ, ȫıĲİ ĲȠΝįȣȞĮȝȚțȩΝ

ʌİįȓȠΝ ȞĮ įȘȝȚȠȣȡȖİȓ șİȡȝȠįȣȞĮȝȚțȐ ıĲĮșİȡȑȢ įȠȝȑȢ țĮȚ ȩȤȚ įȠȝȑȢ ĮȝĳȚıȕȘĲȠȪȝİȞȘȢΝ

ıĲĮșİȡȩĲȘĲĮȢ,ΝȩʌȦȢΝȠȚΝγ10-ȑȜȚțİȢ, ȖȚĮΝĲȚȢΝȠʌȠȓİȢΝșĮΝʌȡȑʌİȚΝȞĮΝİʌȚıȘȝȐȞȠȣȝİΝȩĲȚΝȠȪĲİΝȘΝ

ȓįȚĮΝȘΝĳȪıȘΝȑȤİȚΝĲȘȞΝĲȐıȘΝȞĮΝĲȚȢΝįȘȝȚȠȣȡȖİȓέ 

ȈĲȘΝıȣȞȑȤİȚĮΝĲȠȣΝȡȩȜȠȣΝȝĮȢ,ΝȦȢΝįȚțȘȖȩȡȠȣΝĲȠȣΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝ CHARMM 

ȝİΝCMAP correction,ΝȝʌȠȡȠȪȝİΝȞĮΝʌȡȠıșȑıȠȣȝİΝĲȘȞΝȚțĮȞȠʌȠȚȘĲȚțȒΝıȪȖțȜȚıȘΝĲȦȞΝįȪȠΝ

ʌȡȠıȠȝȠȚȫıİȦȞ, ĮȞΝ țĮȚ ĮȣĲȑȢ ȑȖȚȞĮȞΝ ıİΝ ʌȠȜȪΝ įȚĮĳȠȡİĲȚțȑȢΝ șİȡȝȠțȡĮıȓİȢΝ țĮȚΝ ȝİΝ

įȚĮĳȠȡİĲȚțȑȢΝ ĮȡȤȚțȑȢΝ įȠȝȑȢέ ǹȞ Ș șİȡȝȠțȡĮıȓĮ ȒĲĮȞ 37Ƞ C (310K) șĮΝ ʌĮȓȡȞĮȝİΝ

įȚĮĳȠȡİĲȚțȩΝ İȓįȠȢ ȑȜȚțĮȢλΝ ǼʌȚʌȜȑȠȞ ȞĮ ʌȡȠıșȑıȠȣȝİ ȩĲȚ ȘΝ ȝȘĲȡȚțȒΝ ʌȡȦĲİǸȞȘ ĲȠȣΝ

İȞįİțĮʌİʌĲȚįȓȠȣΝ ʌȠȣΝȤȡȘıȚȝȠʌȠȚȒıĮȝİ,ΝȘΝĮ-ȜĮțĲĮȜȕȠȣȝȓȞȘ,  įİȞΝȑȤİȚΝįȠȝȒΝγ10-ȑȜȚțĮȢ,Ν

ȩȤȚΝĲȠȣȜȐȤȚıĲȠȞΝıĲȠΝĲȝȒȝĮ ĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ1ί1-111,ΝȩʌȠȣΝİȓȞĮȚΝıĮĳȫȢΝĮ-İȜȚțȠİȚįȒȢ,Ν

ȩʌȦȢΝțĮȚΝĲȠΝʌİʌĲȓįȚȠΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝțĮȚΝıȣȞİʌȫȢΝȠȚΝʌȡȠıȠȝȠȚȫıİȚȢΝıȣȖțȜȓȞȠȣȞΝ

ȝİΝ ĲȘȞΝ ĳȣıȚțȒΝ įȠȝȒΝ ĲȠȣΝ ĲȝȒȝĮĲȠȢΝ 1ί1-111Ν ĲȘȢΝ Į-ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ țĮȚΝ ȩȤȚΝ ȝİΝ ĲȘȞΝ

ʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıșİȓıĮέΝȆȠȚȩȞΝșĮΝʌȡȑʌİȚΝȞĮΝʌȚıĲȑȥȠȣȝİκΝĲȘȞΝĳȪıȘΝȒΝĲȠΝįȠȝȚțȩΝ

ȝȠȞĲȑȜȠΝĲȘȢΝPDB;  

ȀĮȚΝ ıȣȞİȤȓȗȠȞĲĮȢΝ ȦȢΝ įȚțȘȖȩȡȠȚκΝ ȉȠΝ ĲȝȒȝĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ 1ί1-111Ν ĲȘȢΝ Į-

ȜĮțĲĮȜȕȠȣȝȓȞȘȢΝ İȓȞĮȚΝ ĲȩıȠΝ įȚĮĳȠȡİĲȚțȒȢΝ ĳȣıȚțȒȢΝ įȚĮȝȩȡĳȦıȘȢΝ ıİΝ țȐșİΝ șȘȜĮıĲȚțȩ,Ν

ʌȠȣΝĮțȩȝĮΝțĮȚ ȝİΝĲȘȞΝȓįȚĮΝĮțȡȚȕȫȢΝĮȜȜȘȜȠȣȤȓĮΝ(ȕȜέΝțĮĲĮȤȦȡȒıİȚȢ 1HFY țĮȚ1B9O ĲȘȢΝ

PDB) ȜĮȝȕȐȞİȚΝ ĲȩıȠΝ įȚĮĳȠȡİĲȚțȑȢΝ įȠȝȑȢΝ ıĲĮΝ įȚĮĳȠȡİĲȚțȐΝ șȘȜĮıĲȚțȐΝ ıĲȘȞΝ

ĮȞĮįȚʌȜȦȝȑȞȘΝĲȠȣΝįȚĮȝȩȡĳȦıȘέΝīȚĮĲȓ ȜȠȚʌȩȞ ȞĮΝȝȘΝȜȐȕȠȣȝİΝȣʌȩȥȘΝȩĲȚΝĲȠ CHARMM 
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ʌȡȠıȠȝȠȚȫȞİȚΝ ĲȘΝ ĳȪıȘΝ țĮȚΝ ı’Ν ĮȣĲȩ,Ν İĳȩıȠȞΝ țĮĲȐĳİȡİΝ ȞĮΝ ȝȠȞĲİȜȠʌȠȚȒıİȚΝ ĲȩıȠΝ

ȝȠȞĮįȚțȐΝĲȘȞΝʌȠȜȣȝȠȡĳȚțȩĲȘĲĮΝĲȠȣΝĲȝȒȝĮĲȠȢΝĮȣĲȠȪ; 

ȂȒʌȦȢΝĳĲĮȓİȚ ȘΝʌȡȦĲȠȞȚȦȝȑȞȘΝ ȚıĲȚįȓȞȘ,ΝʌȠȣΝįİȞΝİʌȑĲȡİȥİΝıĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝ

ȞĮΝ įȘȝȚȠȣȡȖȒıİȚΝ įȠȝȚțȐΝ ȝȠȞĲȑȜĮΝ ıȪȝĳȦȞĮΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐλΝ ȂȒʌȦȢΝ ĮȞΝ

ȤȡȘıȚȝȠʌȠȚȠȪıĮȝİΝĮıʌĮȡĲȚțȩΝıĲȘȞΝșȑıȘΝβΝțĮȚΝȩȤȚΝĮıʌĮȡĮȖȓȞȘΝșĮΝȝĮȢΝȑįȚȞİΝĮțȩȝĮΝțĮȚΝ

ıİΝ ĮȣĲȑȢΝ ĲȚȢΝ șİȡȝȠțȡĮıȓİȢ 310-ȑȜȚțĮλΝ [72] ȂȒʌȦȢΝ ĳĲĮȓİȚ ĲȠΝ ȓįȚȠΝ ĲȠΝ ʌİȚȡĮȝĮĲȚțȐΝ

țĮșȠȡȚıȝȑȞȠΝ ȝȠȞĲȑȜȠΝ İĳȩıȠȞΝ ȣʌȐȡȤİȚΝ ȘΝ ȣʌȠȥȓĮΝ ȩĲȚΝ įİȞΝ ĮʌȠįȩșȘțĮȞ ıȦıĲȐΝ ȠȚΝ

ʌİȡȚȠȡȚıȝȠȓ ĮʌȠıĲȐıİȦȞΝ ĲȠȣΝ NMR ıĲȠΝ ȝȠȞĲȑȜȠΝ ĲȘȢΝ PDB; [46] țĮȚΝ ĮȞΝ ĮʌȠįȩșȘțİΝ

ıȦıĲȐΝ ĲȠΝ ȝȠȞĲȑȜȠΝ ȝȒʌȦȢΝ Ș 310-ȑȜȚțĮΝ ĮȣĲȒΝ ȜİȚĲȠȣȡȖİȓΝ ĮʌȜȐΝ ȦȢΝ ĲȠΝ İȞįȚȐȝİıȠΝ ĲȘȢΝ

ıĲĮșİȡȒȢΝ Į-ȑȜȚțĮȢ; [72,73] ǼȟȐȜȜȠȣ ĲȠ βίΣΝ ĲȠȣΝ ʌȜȘșȣıȝȠȪΝ ĲȠȣΝ İȞįİțĮʌİʌĲȚįȓȠȣΝ

ȑįİȚȟİΝ țĮĲȐΝ ĲȘȞΝ įȚȐȡțİȚĮΝ țĮșȠȡȚıȝȠȪΝ ĲȘȢΝ įȠȝȒȢΝ ĲȠȣΝ ȝİΝ NMR, ȩĲȚ ȑȤİȚΝ ʌİȡȚȠȡȚıȝȠȪȢΝ

ĮʌȠıĲȐıİȦȞ,ΝȠȚΝȠʌȠȓİȢΝıȣȞȐįȠȣȞΝȝİΝĮ-ȑȜȚțĮΝ[δζ]έ 

ȀĮȚΝ ȦȢΝ įȚțȘȖȩȡȠȚΝ İʌȓΝ ʌĲȦȝȐĲȦȞΝ ʌĮĲȫȞĲĮȢ, ʌȡȠıșȑĲȠȣȝİκΝ ȃĮȚ,Ν ĲȠΝ ȤȡȠȞȚțȩΝ

įȚȐıĲȘȝĮΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞ ĮʌȠįİȓȤșȘțİ ȚțĮȞȠʌȠȚȘĲȚțȩέΝǹȣĲȩΝįİȞΝĲȠΝĮȝĳȚıȕȘĲȠȪȝİέΝ

ȂȒʌȦȢΝ ȩȝȦȢΝ ȘΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ įİȞΝ ȑȖȚȞİΝ ıȦıĲȐλΝ ȂȒʌȦȢΝ ȑʌȡİʌİΝ ȞĮΝ

ĮȞĮșȑıȠȣȝİΝ ĲȘȞΝ įİȣĲİȡȠĲĮȖȒΝ įȠȝȒΝ țĮȚΝ ȞĮΝ ĮȞĮȜȪıȠȣȝİΝ ĲĮΝ ĲȡȠȤȚĮțȐΝ țĮȚΝ ȝİΝ ȐȜȜĮΝ

ʌȡȠȖȡȐȝȝĮĲĮλΝǼȓȞĮȚΝıĲȡĮȕȩȢΝȠΝȖȚĮȜȩȢΝȒΝıĲȡĮȕȐΝĮȡȝİȞȓȗȠȣȝİλΝ 

īȚĮΝȞĮΝȝȘΝȝĮțȡȘȖȠȡȠȪȝİΝıĲĮȝĮĲȐȝİΝİįȫέΝĬĮΝȝʌȠȡȠȪıĮȝİΝȞĮΝȕȡȠȪȝİΝțĮȚΝȐȜȜĮΝ

ĮıȒȝĮȞĲĮ İȜĮĳȡȣȞĲȚțȐΝȖȚĮΝĲȘȞΝĮįȣȞĮȝȓĮΝĲȠȣΝıȣȖțİțȡȚȝȑȞȠȣ įȣȞĮȝȚțȠȪΝʌİįȓȠȣΝıİΝȩĲȚΝ

ĮĳȠȡȐΝ ĲȘȞΝ ȚțĮȞȩĲȘĲĮΝ ĮȞĮʌĮȡĮȖȦȖȒȢΝ γ10-ȑȜȚțĮȢέΝ ȉȠΝ ʌȡȩȕȜȘȝĮ ȩȝȦȢ įİȞΝ İȓȞĮȚΝ ĲȠΝ

ıȣȖțİțȡȚȝȑȞȠΝįȣȞĮȝȚțȩΝʌİįȓȠέΝȉȠΝʌȡȩȕȜȘȝĮΝİȓȞĮȚΝȘΝİȪȡİıȘΝĲȠȣΝȝȑıȠȣΝ(ȣʌȠȜȠȖȚıĲȚțȑȢ 

ȝȑșȠįȠȚ;) țĮȚΝ ĲȠȣΝ ĲȡȩʌȠȣ (ab initio ȝȑșȠįȠȚ, ȓıȦȢλ)Ν ȝȑıȦ ĲȦȞ ȠʌȠȓȦȞ șĮΝ țĮĲĮıĲİȓ 

įȣȞĮĲȒΝȘΝİʌȓȜȣıȘΝĲȠȣΝʌȡȠȕȜȒȝĮĲȠȢΝĲȘȢ ĮȞĮįȓʌȜȦıȘȢΝĲȦȞΝʌİʌĲȚįȓȦȞ. 

ȀȜİȓȞȠȞĲĮȢ șĮ ȣʌİȞșȣȝȓıȠȣȝİ ĲȘȞ ȡȒıȘ ĲȠȣ Bohr ĲȘȞ ȠʌȠȓĮΝ ĮȞĮĳȑȡĮȝİΝıĲȘȞΝ

ĮȡȤȒΝ ĲȠȣ ʌĮȡȩȞĲȠȢ țİĳĮȜĮȓȠȣ: Every sentence I utter must be understood not as an 

affirmation but as a question țĮȚ șĮ ĲȠȜȝȒıȠȣȝİ ȞĮ ʌȡȠıșȑıȠȣȝİ ĲȘȞ ĳȡȐıȘ: . .and a 

question as a question and not a rhetorical one…      



77 

 

ǺȚȕȜȚȠȖȡĮĳȓĮ 

 

 [1]  Baldwin RL, Zimm BH (2000) Are denatured proteins ever random coils? PNAS 
97: 12391- 12392. 

[2] Anfinsen CB, Haber E, Sela M, White FH (1961) The kinetics of formation of 
native ribonuclease during oxidation of the reduced polypeptide chain. Proc Natl Acad 
Sci U S A: 47: 1309– 1314. 
 
[3] Haber E, Anfinsen CB (1962) Side-chain Interactions Governing the Pairing of 
Half-cystine residues in Ribonuclease.  J. Biol. Chem. 237: 1839- 1844. 
 
[4] Levinthal C (1969) Are there pathways for protein folding? J. Chim. Physique  65: 
44- 45. 

[5] Zwanzig R, Szabo A, Bagchi B (1992)  Levinthal's paradox. Proc. Nail. Acad. Sci. 
USA 89: 20- 22. 

[6] Bergasa-Caceres F, Ronneberg A, Rabitz H (1999). Sequential Collapse Model for 
Protein Folding Pathways. J. Phys. Chem. B 44: 9749– 9758 

[7] Beck X, Allen C (2001) Diffusion-collision model calculations of protein folding. 
Thesis (PhD), pp. 915.  
 
[8] Chan  HS, Bromberg S, Dill K (1995) Models of cooperativity in protein folding. 
Biol Sci 1323: 61- 70. 

[9] Vasilkoski Z, Weaver D (2004) Diffusion–collision model algorithms for protein 
folding kinetics.  Journal of Computational Chemistry 2: 1101-1107. 

[10] Leopold PE, Montal M, Onuchic JN (1992) Protein folding funnels: a kinetic 
approach to the sequence-structure relationship PNAS 18: 8721- 8725. 

[11] Jackson SE (1998) How do small single-domain proteins fold? 4: 81- 91.   

[12] Kim PS, Baldwin RL (1990)  Intermediates in the Folding Reactions of Small 
Proteins. Annu. Rev. Biochem (59): 631-660. 

[13] Karplus M, Weaver D (1979) Diffusion–collision model for protein folding 
Biopolymers. 18: 1421- 1437. 

[14] Karplus M, Weaver D (1994) The Protein Society Protein folding dynamics: The 
diffusion-collision model and experimental data Protein Science 3: 650- 668. 

[15] Arai M, Kuwajima K. (1996). Rapid formation of a molten globule intermediate in 
refolding of alpha-lactalbumin. Fold Des 1: 275-287. 
 



78 

 

[16] Agashe VR, Shastry MC, Udgaonkar JB. (1995). Initial hydrophobic collapse in 
the folding of barstar. Nature 377: 754-757. 
 
[17] Ohgushi M, Wada A (1983). "'Molten-globule state': a compact form of globular 
proteins with mobile side-chains." FEBS Lett. 164: 21– 24.  
 
[18] Djikaev YS, Ruckenstein E (2007) Model for the Nucleation Mechanism of Protein 
Folding   J. Phys. Chem. B. 111:886–897.   

[19] Karlus M (1997) The Levinthal paradox: yesterday and today. Elsevier 2: 69- 75.  
 
[20] Dill K, Chan SH (1997) From Levinthal to pathways to funnels. Nature Structural 
Biology 4:1. 
 
[21] Dill K, Chan SH (1998) Protein Folding in the Landscape Perspective: Chevron 
Plots and Non-Arrhenius Kinetics, Proteins: Structure, Function, and Genetics 301: 2- 
33. 
 
[22] France RM, Grossman SH(1996) Denaturation and urea gradient gel 
electrophoresis of arginine kinase: evidence for a collapsed-state conformation. Arch 
Biochem Biophys 326: 93-99. 
 
[23] Goldenberg DP (2001) Transverse urea-gradient gel electrophoresis. Curr Protoc 
Protein Sci 7: 7.4.  
 
[24] Kalnine NN, Schachman HK (2002) Quantitative urea gradient gel electrophoresis 
for studies of dissociation and unfolding of oligomeric proteins. Bioph. Chem 101-102: 
133- 144.  
 
[25] Greenfield NJ (2006). Using circular Dichroism spectra to estimate protein 
secondary structure. Nature protocols 6: 2876– 2890.  
 
[26] Pace CN, Hermans J (1975) "The Stability of Globular Proteins", CRC Critical 
Reviews in Biochemistry. 3:1-43.  
 
[27] Pungor E (1995) A Practical Guide to Instrumental Analysis. Florida: Boca Raton. 
pp. 181–191. 

[28] O'Neill MJ (1964)  The Analysis of a Temperature-Controlled Scanning 
Calorimeter. Anal. Chem. 36: 1238– 1245. 

[29] Wider G (2000) Structure determination of biological macromolecules in solution 
using NMR spectroscopy. BioTechniques 29: 1278- 1294. 

[30] Hongtao Y (1999) Extending the size limit of protein nuclear magnetic resonance. 
Proc. Natl. Acad. Sci. 96: 332- 334. 
 



79 

 

[31] Garrett DS, Seok YJ, Peterkofsky A, Gronenborn AM, Clore GM (1999) Solution 
structure of the 40000 M phosphoryl transfer complex between the N-terminal domain 
of enzyme I and HPr. Nat. Sruct. Biol. 6: 166- 173. 

[32] Mueller GA, Choy WY, Yang D, Forman-Kay JD, Venters RA, Kay LE (2000) 
Global folds of proteins with low densities of NOEs using dipolar couplings: 
application to the 370-residue maltodextrin binding protein. J.Mol.Biol 300: 197- 112. 
 
[33] Schlick, T (2002) Molecular Modeling and Simulation: An Interdisciplinary Guide. 
Springer-Verlag, New York. 
 
[34] "Peptide Definition - Medical Dictionary Definitions of Popular Medical Terms 
Easily Defined on MedTerms." Web. 23 Mar. 2010. 
<http://www.medterms.com/script/main/art.asp?articlekey=24643>. 
 
[35] "Peptide: Definition from Answers.com." Answers.com: Wiki Q&A Combined 
with Free Online Dictionary, Thesaurus, and Encyclopedias. Web. 23 Mar. 2010. 
<http://www.answers.com/topic/peptide>. 
 
[36] "Peptide - Definition of Peptide by the Free Online Dictionary, Thesaurus and 
Encyclopedia." Dictionary, Encyclopedia and Thesaurus - The Free Dictionary. Web. 
23 Mar. 2010. <http://www.thefreedictionary.com/peptide>. 
 
[37] "Peptide Definition - Definition of Peptide." Chemistry - Periodic Table, Chemistry 
Projects, and Chemistry Homework Help. Web. 23 Mar. 2010. 
<http://chemistry.about.com/od/chemistryglossary/g/peptide-definition.htm>. 
 
[38] "Proteinogenic Amino Acid." Wikipedia, the Free Encyclopedia. Web. 23 Mar. 
2010. <http://en.wikipedia.org/wiki/Proteinogenic_amino_acid>.  

[39] "Peptide." Wikipedia, the Free Encyclopedia. Web. 23 Mar. 2010. 
<http://en.wikipedia.org/wiki/Peptide>. 
 
[40] Bernstein FC, Koetzle TF, Williams GJB, Meyer Jr EF, Brice MD, Rodgers JR, 
Kennard O, Shimanouchi T, Tasumi  M (1977) The Protein Data Bank: a computer-
based archival file for macromolecular structures. J. Mol. Biol. 112: 535-542.  
 
[41] "RCSB Protein Data Bank." Web. 23 Mar. 2010. 
<http://www.pdb.org/pdb/home/home.do>.     

[42] Osterhout JJ (2005) Understanding protein folding through peptide models. Protein 
Pept Lett 12: 159- 164. 

[43] Rizo J, Gierasch M (1992) Constrained Peptides: Models of Bioactive Peptides and 
Protein Substructures. Annual Review of Biochemistry 61: 387-  416. 

[44] Suenaga A, Narumi T,  Futatsugi  N, Yanai R, Ohno Y, Okimoto N, Taiji M (2007) 
Folding dynamics of 10-residue b-hairpin peptide chignolin. Chemistry 2:  591- 598.   



80 

 

[45] Thomas A, Deshaves S, Decaffmever M, Van Eyck MH, Charloteaux B, Brasseur 
R (2006). Prediction of peptide structure: how far are we? Proteins 65: 889-897.  

[46] Araki M, Tamura A (2007) Transformation of an alpha-helix peptide into a beta-
hairpin induced by addition of a fragment results in creation of a coexisting state. 
Proteins 66: 860-868. 

[47] Demarest SJ, Hua Y, Raleigh DP (1999) Local interactions drive the formation of 
nonnative structure in the denatured state of human alpha-lactalbumin: a high resolution 
structural characterization of a peptide model in aqueous solution. Biochemistry 38:  
7380-  7387. 

[48] Gnanakaran S, Garcia AE (2005) Helix-coil transition of alanine peptides in water: 
Force field dependence on the folded and unfolded structures. Proteins  59: 773-  782. 

[49] Leopld P, Montal M, Onuchic N (1992) Protein folding funnels: A kinetic 
approach to the sequence-structure relationship. Analytical theory of probability flow. 
Biophysics (89): 8721-8725. 

[50] Onuchic HN (1997) Theory of protein folding: The Energy Landscape Perspective. 
Physical Chemistry 48:  545-  600. 

[51] Montalvo G, Waegele MM, Shandler S, Gai F, DeGrado WF (2010) Infrared 
signature and folding dynamics of a helical beta-peptide. J Am Chem Soc 132: 5616- 
5618. 

[52] Lin Z, Kornfeld J, Machler M, van Gunsteren WF (2010) Prediction of folding 
equilibria of differently substituted peptides using one-step perturbation. J Am Chem 
Soc 132: 7276- 7278. 

[53] Mohammed OF, Jas GS, Lin MM, Zewail AH (2009) Primary peptide folding 
dynamics observed with ultrafast temperature jump Angew Chem Int Ed Engl 48: 5628- 
5632. 

[54] Greenfield NJ (2006) Analysis of the kinetics of folding of proteins and peptides 
using circular dichroism Nat Protoc 1: 2891- 2899. 

[55] Jiang X, Chen C, Xiao Y (2010) Improvements of network approach for analysis of 
the folding free-energy surface of peptides and proteins. J Comput Chem 31: 2502- 
2509. 

[56] Khandogin J, Brooks CL 3rd (2007) Linking folding with aggregation in 
Alzheimer's betaamyloid peptides. Proc Natl Acad Sci U S A 104: 16880- 16885.  

[57] Morra G, Meli M, Colombo G (2008) Molecular dynamics simulations of proteins 
and peptides: from folding to drug design. Curr Protein Pept Sci. 9: 181-196. 

[58] Thorpe IF, Zhou J, Voth GA (2008) Peptide folding using multiscale coarse-
grained models. J. Phys Chem B 112: 13079-13090. 



81 

 

[59] Khandogin J, Brooks CL (2007) Linking folding with aggregation in Alzheimer's 
betaamyloid peptides. Proc Natl Acad Sci U S A 104: 16880-1 6885. 

[60] Gooding E, Ramajo AP, Wang J, Palmer C, Fouts E, Volk M (2005). The effects of 
individual amino acids on the fast folding dynamics of helical peptides. Chem.Commun 
5985- 5987. 
 
[61] Trinkl S,Glockshuber R, Jaenicke R (1994). Dimerization of beta B2-crystallin: the 
role of the linker peptide and the N- and C-terminal extensions. Protein Sci. 3: 1392–
1400. 
 
[62] Ramajo AP, Petty S, Volk M (2006). Fast folding dynamics of Į-helical peptides – 
Effect of solvent additives and pH. Chem Physics 323: 11- 20. 

[63] Dyson HJ,  Wright   PE (1993) Peptide conformation and protein folding. Current 
Opinion in Structural Biology 3: 60- 65. 

[64] Wimley W,  Gawrisch K, Creamers T, White S (1996). Direct measurement of salt-
bridge solvation energies using a peptide model system: Implications for protein 
stability Biochemistry 93: 2985- 2990. 

[65] Ho BK, Dill KA (2006) Folding Very Short Peptides Using Molecular Dynamics. 
PLoS Comput Biol 2: 27. 
 
[66] Oas TG, Kim PS (1988). A peptide model of a protein folding intermediate. Nature 
336: 42-  48. 
 
[67] Gnanakaran S, Nymeyer H, Portman J, Sanbonmatsu KY, Garcia AE (2003) 
Peptide folding simulations. Curr Opin Struct Biol 13: 168- 174. 

[68] Barlow,D.J. and Thornton,J.M. (1988) J. Mol. Biol  201: 601– 619 

[69] Karpen,M.E., DeHaseth,P.L. and Neet,K.E. (1992) Protein Sci. 1: 1333– 1342. 

[70] Baker,E.N. and Hubbard,R.E. (1984) Prog. Biophys. Mol. Biol. 44:  97– 179. 

[71] Enkhbayar P, Hikichi K, Osaki M, Kretsinger RH, Matsushima N (2006) 3(10)-
helices in proteins are parahelices. Proteins 64: 691-699. 

[72] Karpen M, De Haseth PL, Neet KE (1992) Differences in the amino acid 
distributions of 310-helices and Į-helices. The Protein Society 1:1333-1342. 

[73] Millhauser GL (1995) Views of Helical Peptides: A Proposal for the Position of 
310-Helix along the Thermodynamic Folding Pathway. Biochemistry 34: 3873– 3877. 

[74] Toniolo C, Benedetti E (1991) The polypeptide 310-helix. Trends Biochem Sci 16: 
350- 353. 



82 

 

[75] Hall L, Emery DC, Davies MS, Parker D, Craig RK (1987) Organization and 
sequence of the human a-lactalbumin gene. Biochem. J. 242: 735- 742. 
 
[76] Harata  K, Abe Y, Muraki M (1999) Crystallographic evaluation of internal motion 
of human alpha-lactalbumin refined by full-matrix least-squares method. J.Mol.Biol. 
287:  347- 358. 

[77] Permyakov EA (2005) Į-lactalbumin. Nova Science Publishers, New York, pp 18-
19. 

[78] Pike CWA, Brew K, Acharya KR (1996) Crystal structures of guinea-pig, goat and 
bovine Į-lactalbumin highlight the enhanced conformational flexibility of regions that 
are significant for its action in lactose synthase. Structue 4: 691- 703. 

[79] Sayle R, Milner-White EJ (1995) "RasMol: Biomolecular graphics for all". Trends 
in Biochemical Sciences 20: 374 
 
[80] Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E,  Chipot C,  
Skeel RD, Kale L, and Schulten K (2005) Scalable molecular dynamics with NAMD. 
Journal of Computational Chemistry 26: 1781- 1802 

[81] Humphrey W, Dalke A, Schulten K (1996) VMD - Visual Molecular Dynamics. J 
Molec Graphics 14: 33- 38. 

[82] Brookw BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S, Karplus M 
(1983)  CHARMM: A Program for Macromolecular Energy, Minimization, and 
Dynamics Calculations.  J Comp Chem 4: 187- 217.  
 
[83] Frenkel D, Smit B (2000) Understanding Molecular Simulation. Academic Press 
pp 1- 6. 

[84] Metropolis N, Rosenbluth AW, Rosenbluth MN, Teller AN, Teller E (1953) 
Equation of state calculations by fast computing machines. J Chem Phys 21: 1087- 
1092. 

[85] Metropolis N (1987) The beginning of the Monte Carlo method. Los Alamos 
Science 12: 125- 130. 

[86] Fermi E, Pasta JG, Ulam SM (1955) Studies of non-linear problems. LASL Report 
LA-1940. 

[87] Alder BJ, Wainwright TE (1958) Molecular dynamics by electronic computers. 
Proc of the Int Symp on Statistical Mechanical Theory of Transport Processes, 
Interscience Wiley, New York: pp. 97-131. 

[88] Gibson JB, Goland AN, Milgram M, Vineyard GH (1960) Dynamics of radiation 
damage. Phys Rev 120: 1229- 1253. 



83 

 

[89] Rahman A (1964) Correlation in the motion of atom in liquid argon. Phys Rev 136: 
405- 411. 

[90] McCammon JA, Gelin BR, Karplus M (1977) Molecular Dynamics Study of the 
Bovine Pancreatic Trypsin Inhibitor. Nature 267: 585-89.  

[91] Chandler D (1987) Introduction to Modern Statistical Mechanics. Oxford 
University Press. New York. 

[92] "Statistical Mechanics." Swiss EMBnet Node Server. Web. 12 Jul. 2010. 
<http://www.ch.embnet.org/MD_tutorial/>. 

[93] MacKerell et al, Karplus M (1998) All-atom empirical potential for molecular 
modeling and dynamics studies of proteins.  J Phys Chem 102:3586-3616. 

[94]  Ponder JW, Case DA (2003) Force fields for protein simulations. Adv. Prot. 
Chem. 66: 27- 85. 

[95] Cheatham TE, Young MA (2001) Molecular dynamics simulation of nucleic acids: 
Successes, limitations and promise. Biopolymers 56: 232- 256. 

[96]  Jorgensen W, Maxwell DS,  Tirado-Rives J (1996) Development and Testing of 
the OPLS All-Atom Force Field on Conformational Energetics and Properties of 
Organic Liquids.  J Am Chem Soc 118: 11225– 11236. 

[97] Kaminski G,  Friesner RA, Tirado-Rives J, Jorgensen WL (2001) Evaluation and 
Reparametrization of the OPLS-AA Force Field for Proteins via Comparison with 
Accurate Quantum Chemical Calculations on Peptides. Phys. Chem. B 105: 6474– 
6487. 

[98] van Gunsteren WF, Berendsen, HJC  (1987) Groningen Molecular Simulation 
(GROMOS) Library Manual; BIOMOS bv, University of Groningen, Groningen. 
 
[99] van Gunsteren W F,  Billeter SR,  Eising AA.; Hunenberger PH, Kruger P, Mark 
AE, Scott WRP, Ttroni IG (1996) Biomolecular Simulation: The GROMOS96 Manual 
and User Guide; BIOMOS bv, Zurich. 

[100] Arnautova Ȋǹ, Anna Jagielska ǹ, Scheraga Ǿǹ (2006) A New Force Field 
(ECEPP-05) for Peptides, Proteins, and Organic Molecules. J. Phys Chem B 110 (10), 
pp 5025–5044. 

[101] Nemethy G, Gibson KD, Palmer KA,  Yoon CN,  Paterlini G,  Zagari A, Rumsey 
S,  Scheraga HAJ (1992) Energy parameters in polypeptides. X. Improved geometrical 
parameters and nonbonded interactions for use in the ECEPP/3 algorithm, with 
application to proline-containing peptides, J. Phys. Chem. 96: 6472-6484.  

[102] Ren P, Ponder JW (2002) Consistent treatment of inter- and intramolecular 
polarization in molecular mechanics calculations. J Comp  Chem Vol 23: 1497- 1506. 
 



84 

 

[103] "Tinker: a tool for designing data-centric sensor networks" (2006) Elson J, Parker 
A. New York NY USA pp:350 – 357. 

[104] MacKerell AD, et al, Karplus M (1998) All-atom empirical potential for 
molecular modeling and dynamics studies of proteins. J Phys Chem 102: 3586-3616. 

[105] Mackerell AD, Feig M, Brooks CL (2004) Extending the Treatment of Backbone 
Energetics in Protein Force Fields: Limitations of Gas-Phase Quantum Mechanics in 
Reproducing Protein Conformational Distributions in Molecular Dynamics Simulations. 
J  Comp  Chem. Vol 25:11. 
 
[106] Kale L, Skeel R, Bhandarkar M, Brunner R, Gursoy A, Krawetz N, Phillips J, 
Shinozaki A,Varadarajan K, Schulten K (1999) NAMD2: Greater scalability for parallel 
molecular dynamics. J Comput Phys 151: 283-312. 
 
[107] Humphrey W, Dalke A, Schulten K (1996) VMD - Visual Molecular Dynamics. J 
Molec Graphics 14: 33-38. 
 
[108] Glykos NM (2006) Carma: a molecular dynamics analysis program. J Comp 
Chem 27: 1765- 1768.  
 
[109] Srinivasan, Raj. "RIBOSOME - PROGRAM TO BUILD COORDINATES FOR 
PEPTIDES FROM SEQUENCE." RoseLab Home Page. Web. 28 May 2010. 
<http://www.roselab.jhu.edu/~raj/Manuals/ribosome.html>.  
 
[110] Heinig M, Frishman D (2004) STRIDE: a Web server for secondary structure 
assignment from known atomic coordinates of proteins. Nucl Acids Res 32:W500-2. 
 
[111] Freddolino PL, Park S, Roux B, Schulten K (2009)Force Field Bias in Protein 
Folding Simulations. Bioph J 96: 3772-3780 
 


