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ȠįȘȖȒıİȚΝ ıĲȘȞΝ İȝĳȐȞȚıȘΝ ĮıșİȞİȚȫȞέΝ ȉȠΝ ʌİʌĲȓįȚȠΝ 1ǼίQΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ 1ιΝ

ĮȝȚȞȠȟȑĮΝ țĮȚΝ ĳȑȡİȚΝ ĲȘȞΝ ȝİĲĮȜȜĮȖȒΝ ȉλϊέΝ ȆİȚȡȐȝĮĲĮΝ σεRΝ țĮȚΝ

țȡȣıĲĮȜȜȠȖȡĮĳȓĮȢΝ ĮțĲȓȞȦȞΝ ȋΝ ȑȤȠȣȞΝ įİȓȟİȚΝ ȩĲȚΝ ĮʌȠțĲȐΝ įȠȝȒΝ ȕ-ĳȠȣȡțȑĲĮȢΝ țĮȚΝ

ȑȤİȚΝĲȘΝįȣȞĮĲȩĲȘĲĮΝȞĮΝĮȞĮįȚʌȜȫȞİĲĮȚΝĮȞİȟȐȡĲȘĲĮΝĮʌȩΝĲȠΝȣʌȩȜȠȚʌȠΝʌȡȦĲİȧȞȚțȩΝ

ĲȝȒȝĮΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢέΝ ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ Ν ȑȤȠȣȞΝ

ȤȡȘıȚȝȠʌȠȚȘșİȓΝ İțĲİȞȫȢΝ ȖȚĮΝ ĲȘΝ ȝİȜȑĲȘΝ ĲȘȢΝ ʌȡȦĲİȧȞȚțȒȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȚȢΝ

ĲİȜİȣĲĮȓİȢΝįİțĮİĲȓİȢέΝȉȠΝİȪȡȠȢΝĲȠȣΝȝİȖȑșȠȣȢΝĲȦȞΝıȣıĲȘȝȐĲȦȞΝțĮȚΝȠȚΝʌĮȡȐȝİĲȡȠȚΝ

ʌȠȣΝȑȤȠȣȞΝȤȡȘıȚȝȠʌȠȚȘșİȓΝʌȠȚțȓȜȜȠȣȞΝıİΝȝİȖȐȜȠΝȕĮșȝȩέ 

 

ȈĲȘȞΝ ʌĮȡȠȪıĮΝ ʌĲȣȤȚĮțȒΝ İȡȖĮıȓĮΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝİΝ

ĲȠΝʌİʌĲȓįȚȠΝ 1ǼίQ,ΝȣʌȩΝ ĲȚȢΝ ȓįȚİȢΝıȣȞșȒțİȢ,ΝĮȜȜȐΝȝİΝįȚĮĳȠȡİĲȚțȑȢΝʌĮȡĮȝȑĲȡȠȣȢΝ

ΧİȝʌİȚȡȚțȐΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ - forceΝ fieldsΨέΝ ȉĮΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮΝ

ıȣȖțȡȓȞȠȞĲĮȚΝȝİΝĲĮΝĲȡȠȤȚĮțȐΝʌȠȣΝʌȡȠȑțȣȥĮȞΝĮʌȩΝĲȡİȚȢΝʌȡȠıȠȝȠȚȫıİȚȢέΝǹʌȩΝĲȘΝ

ıȪȖțȡȚıȘΝʌȡȠȑțȣȥİΝʌȦȢΝĲĮΝįȣȞĮȝȚțȐΝʌİįȓĮΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝȝʌȠȡȠȪȞΝȞĮΝ

ĮʌȠįȫıȠȣȞΝ įȠȝȑȢΝ ʌȠȣΝ ʌȜȘıȚȐȗȠȣȞΝ ʌȠȜȪΝ ıĲȘΝ ĳȣıȚțȒΝ įȠȝȒέΝ ȈȪȝĳȦȞĮΝ ȝİΝ ĲĮΝ
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ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȦȞΝ ĮȞĮȜȪıİȦȞΝ ȝĮȢΝ ȠȚΝ įȪȠΝ ĮʌȩΝ ĲȚȢΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

ĮȞĮįȚʌȜȫșȘțĮȞΝ İʌȚĲȣȤȫȢΝ ıİΝ įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ȝȠȚȐȗȠȣȞΝ ȝİΝ ĲȘȞΝ ĳȣıȚțȒέΝ

ȍıĲȩıȠ,Ν įȚĮĳȑȡȠȣȞΝ ĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĮȜȜȐΝ țĮȚΝ ıĲȘȞΝ țȚȞȘĲȚțȒΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢέΝ ǾΝ ĲȡȓĲȘΝ ʌȡȠıȠȝȠȓȦıȘΝ ʌİȡȚȜĮȝȕȐȞİȚΝ ĲȘȞΝ ʌȡȦĲȦȞȚȠȝȑȞȘΝ

țĮĲȐıĲĮıȘΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȈİΝ ĮȣĲȒΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ įİȞΝ ȕȡȓıțȠȞĲĮȚΝ ıİΝ

ıȣȝĳȦȞȓĮΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮΝ țĮȚΝ țĮĲĮȜȒȖȠȣȞΝ ıİΝ ȝȓĮΝ İȞĮȜȜĮțĲȚțȒ,Ν

ȜȚȖȩĲİȡȠΝıĲĮșİȡȒΝįȚĮȝȩȡĳȦıȘέΝΝ 

 

ǾΝ ȝİȜȑĲȘΝ ĲȠȣΝ İȞİȡȖİȚĮțȠȪΝ ʌİįȓȠȣΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮȚΝ ĲȦȞΝ

ȖİȖȠȞȩĲȦȞΝĮȞĮįȓʌȜȦıȘȢΝıȣȝʌȜȘȡȫȞİȚΝĲĮΝțȚȞȘĲȚțȐΝįİįȠȝȑȞĮΝȖȚĮΝĲȠΝʌİʌĲȓįȚȠΝțĮȚΝ

șĮΝȝʌȠȡȠȪıİΝȞĮΝĮʌȠĲİȜİȓΝıȣȞȑȤİȚĮΝĲȘȢΝʌĮȡȠȪıĮȢΝʌĲȣȤȚĮțȒȢΝİȡȖĮıȓĮȢέΝΝ 
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Abstract  

 

One of the most charming and unresolved issues of the structural and 

biochemical community is the protein folding problem, which is the 

identification of processes that direct the formation of the physical structure of a 

protein in a few milliseconds. In this context, 1E0Q peptide was chosen as the 

study system, 1E0Q is mutation of the N-terminus of ubiquitin.  Ubiquitin,a 

protein of the utmost importance for proper cell function, is part of the 

proteasome and plays a major part in the process of ubiquitination. Such 

procedures play critical roles in the regulation of the cell cycle and are thus 

important targets for diseases that derive from their deregulation. The 1E0Q 

peptide comprises 17 amino acids and carries the single point mutation, T9D. 

According to NMR and X-ray crystallography experiments, the peptide acquires 

aΝȕ-hairpin structure and has the ability to fold independently from the rest of 

the protein.  

 

Molecular dynamics simulations have been used extensively in the past decade 

for the study of protein folding. They have been used in a wide range of systems, 

with many combinations of parameters. In the present thesis, we performed 

three molecular dynamics simulations using the 1E0Q peptide under the same 

conditions, but with different force fields. We compared the experimental 

structures with the structures predicted by our three independent folding 

simulations. According to our data, two of the used force fields successfully 

folded to the native structure. However, they differ on the predicted folding 

landscape and on the kinetics of the folding. The third simulation, concerning 

the protonated form of the peptide predicted an alternative, less stable, 

conformation of the peptide.  
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The study of the energy landscape of the peptide folding and folding events 

complementsΝ theΝ kineticΝ dataΝ forΝ theΝ 1ǼίQΝ peptideΝ andΝ canΝ beΝ includedΝ inΝ

further work for this issue. 
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ΚΕΦΑΛΑΙΟ   1 
 

 

In theory, all one needs to know in order to fold a protein into its biologically active shape is the 

sequence of its constituent amino acids. Why has nobody been able to put theory into practice? 

F.M. Richards 
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1έ1ΝȉȠΝʌȡȩȕȜȘȝĮΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝĲȦȞΝʌȡȦĲİȧȞȫȞ 
 

ȉȠΝ ʌȡȩȕȜȘȝĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ ĮʌȠĲİȜİȓΝ ĮȞĮȝĳȚıȕȒĲȘĲĮΝ ȑȞĮΝ

ĮʌȩΝĲĮΝįȘȝȠĳȚȜȑıĲİȡĮ,ΝȐȜȣĲĮΝʌȡȠȕȜȒȝĮĲĮΝĲȘȢΝıȪȖȤȡȠȞȘȢΝȂȠȡȚĮțȒȢΝǺȚȠȜȠȖȓĮȢέΝ

ȅΝĲȡȩʌȠȢΝȝİΝĲȠȞΝ ȠʌȠȓȠΝıȣȝȕȐȜİȚΝȘΝĮȝȚȞȠȟȚțȒΝĮȜȜȘȜȠȣȤȓĮΝȝȚĮȢΝʌȡȦĲİǸȞȘȢΝıĲȠȞΝ

țĮșȠȡȚıȝȩΝ ĲȘȢΝ ĲȡȚĲȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĲȘȢΝ ĮʌȠĲİȜİȓΝ ĲȠΝ ȖȞȦıĲȩΝ “ʌȡȩȕȜȘȝĮΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝʌȡȦĲİȧȞȫȞ”Ν ΧϊillΝ etΝ alέ,Ν βίίκΨέΝ ΝǾΝ İʌȓȜȣıȘΝ ĲȠȣΝʌȡȠȕȜȒȝĮĲȠȢΝ

ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ ĮʌȠĲİȜİȓΝ ʌȡȩțȜȘıȘΝ ĲȚȢΝ ĲİȜİȣĲĮȓİȢΝ įİțĮİĲȓİȢΝ

ȖȚĮΝ ĲȘȞΝ İʌȚıĲȘȝȠȞȚțȒΝ țȠȚȞȩĲȘĲĮΝ țĮȚΝ țĮĲĮĲȐııİĲĮȚΝ ıĲĮΝ ȝİȖĮȜȪĲİȡĮΝ ȐȜȣĲĮ 

ʌȡȠȕȜȒȝĮĲĮέΝΝ 

 

ȉȠΝ ʌȡȩȕȜȘȝĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĮȞȑțȣȥİΝ ȝȑıĮΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ʌȡȫĲȦȞΝ

ʌȡȦĲİȧȞȚțȫȞΝįȠȝȫȞΝıİΝĮĲȠȝȚțȩΝ İʌȓʌİįȠ,ΝțĮĲȐΝ ĲȘΝįİțĮİĲȓĮΝ ĲȠȣΝ ΥθίέΝȂʌȠȡİȓΝ ȞĮΝ

șİȦȡȘșİȓΝ “ĲȡȚıįȚȐıĲĮĲȠ”,Ν țĮșȫȢΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ĲȡȓĮΝ įȚĮĳȠȡİĲȚțȐΝ

ʌȡȠȕȜȒȝĮĲĮΝ-ıȣȞȚıĲȫıİȢέΝȉȠΝʌȡȫĲȠΝİȓȞĮȚΝȠΝțȫįȚțĮȢΝĮȞĮįȓʌȜȦıȘȢΝțĮȚΝȣʌȩțİȚĲĮȚΝ

ıĲȠȣȢΝ ȞȩȝȠȣȢΝ ĲȘȢΝ șİȡȝȠįȣȞĮȝȚțȒȢ,Ν įȘȜĮįȒΝ ĲȚȢΝ įȚĮȝȠȡȚĮțȑȢΝ įȣȞȐȝİȚȢΝ ʌȠȣΝ

țĮĲİȣșȪȞȠȣȞΝĲȘȞΝĮȞĮįȓʌȜȦıȘΝȝȚĮȢΝįİįȠȝȑȞȘȢΝĮȝȚȞȠȟȚțȒȢΝĮȜȜȘȜȠȣȤȓĮȢΝıĲȘΝįȠȝȒΝ

ĲȘȢέΝ ȉȠΝ įİȪĲİȡȠΝ țȠȝȝȐĲȚΝ ĲȠȣΝ ʌȡȠȕȜȒȝĮĲȠȢΝ ĮĳȠȡȐΝ ĲȘΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢΝ țĮȚΝʌȚȠΝıȣȖțİțȡȚȝȑȞĮΝ ĲȠȣȢΝ ȞȩȝȠȣȢΝ ĲȘȢΝțȚȞȘĲȚțȒȢΝʌȠȣΝįȚȑʌȠȣȞΝ ĲĮΝ

ȝȠȞȠʌȐĲȚĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ʌȠȣΝ ĮțȠȜȠȣșȠȪȞΝ ȠȚΝ ʌȡȦĲİǸȞİȢ,Ν ȫıĲİΝ ȞĮΝ

ĮȞĮįȚʌȜȦșȠȪȞΝ ȖȡȒȖȠȡĮέΝȉȑȜȠȢ,Ν ĲȠΝ ĲȡȓĲȠΝĮʌȠĲİȜİȓΝȝȚĮΝȣʌȠȜȠȖȚıĲȚțȒΝʌȡȩțȜȘıȘ,Ν

țĮȚΝİȓȞĮȚΝȘΝʌȡȩȕȜİȥȘΝĲȘȢΝĳȣıȚțȒȢΝįȠȝȒȢΝĮʌȩΝĲȘȞΝĮȝȚȞȠȟȚțȒΝĮȜȜȘȜȠȣȤȓĮέΝ 

 

ǾΝ șİȡȝȠįȣȞĮȝȚțȒΝ ȣʌȩșİıȘΝ ʌȠȣΝ įȚĮĲȪʌȦıİΝ ȠΝ ωhristianΝ χnfinsenΝ ȝĮȗȓΝ ȝİΝ ĲĮΝ

ʌİȚȡȐȝĮĲĮΝ ʌȠȣΝ ʌȡĮȖȝĮĲȠʌȠȓȘıİΝ ȝİΝ ĲȠȣȢΝ ıȣȞİȡȖȐĲİȢΝ ĲȠȣΝ ıĲȚȢΝ ȡȚȕȠȞȠȣțȜİȐıİȢΝ

ĮʌȠĲİȜȠȪȞΝ ȠȡȩıȘȝȠΝ ȖȚĮΝ ĲȘȞΝ İʌȚıĲȒȝȘΝ ȝĮȢ,Ν țĮșȫȢΝ ĲİțȝȘȡȓȦıİΝ ʌȦȢΝ ȘΝ ĳȣıȚțȒΝ

įȠȝȒΝ ȝȚĮȢΝ ʌȡȦĲİǸȞȘȢΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȘȞΝ șİȡȝȠįȣȞĮȝȚțȐΝ ıĲĮșİȡȒΝ įȠȝȒΝ țĮȚΝ

İȟĮȡĲȐĲĮȚΝ ȝȩȞȠΝ ĮʌȩΝ ĲȘȞΝ ĮȜȜȘȜȠȣȤȓĮΝ țĮȚΝ ĲȚȢΝ ıȣȞșȒțİȢΝ ĲȠȣΝ įȚĮȜȪȝĮĲȠȢΝ țĮȚΝ ȩȤȚΝ

ĮʌȩΝ ĲȘȞΝ ȠįȩΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ΧțȚȞȘĲȚțȒΨέΝ ǼʌȚʌȜȑȠȞΝ ıȣȝʌȑȡĮȞİΝ ʌȦȢΝ ȘΝ
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ĮȞĮįȓʌȜȦıȘΝ İȓȞĮȚΝ ĮȞİȟȐȡĲȘĲȘΝ ĲȘȢΝ ȪʌĮȡȟȘȢΝ ȡȚȕȠıȠȝȐĲȦȞ,Ν ʌȡȦĲİȧȞȫȞΝ ıȣȞȠįȫȞΝ

(chaperonesΨΝ țĮȚΝ ĲȠȣΝ ȚįȓȠȣΝ ĲȠȣΝ țȣĲĲȐȡȠȣΝ țĮȚΝ ȝʌȠȡİȓΝ țȐȜȜȚıĲĮΝ ȞĮΝ

ʌȡĮȖȝĮĲȠʌȠȚȘșİȓΝ inΝ vitroΝ ıİΝ įȠțȚȝĮıĲȚțȩΝ ıȦȜȒȞĮέΝȉȑȜȠȢΝ ĮʌȩΝ ĲȘȞΝ İȡȖĮıȓĮΝ ĲȠȣΝ

χnfinsenΝıȣȞİʌȐȖİĲĮȚΝĲȠΝİȟȒȢΝ μΝʌĮȡȩȜȠΝĲȘΝįȡȐıȘΝĲȘȢΝĳȣıȚțȒȢΝİʌȚȜȠȖȒȢΝıİΝȝȚĮΝ

ĮȜȜȘȜȠȣȤȓĮ,Ν ȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ țĮȚΝ ȘΝ țȚȞȘĲȚțȒΝ ĲȘȢΝ ȣʌȩțİȚȞĲĮȚΝ

ıĲȠȣȢΝȞȩȝȠȣȢΝĲȘȢΝĳȣıȚțȠȤȘȝİȓĮȢΝΧϊillΝetΝalέΝβίίκΨέΝΝ 

 

ǾΝȣʌȩșİıȘΝĲȠȣΝχnfinsenΝȑȡȤİĲĮȚΝıİΝıȪȖțȡȠȣıȘΝȝİΝĲȘȞΝȝİĲȑʌİȚĲĮΝʌĮȡĮįȠȤȒΝʌȦȢΝ

ȘΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĮțȠȜȠȣșİȓΝ țȐʌȠȚȠΝ țȣȡȓĮȡȤȠΝ ȝȠȞȠʌȐĲȚΝ ȒΝ

ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ʌĮȡȐȜȜȘȜĮΝ ȖİȖȠȞȩĲĮΝ ΧĮȜȜȘȜİʌȚįȡȐıİȚȢΨΝ ʌȠȣΝ ʌİȡȚȜĮȝȕȐȞȠȣȞΝ

ʌȠȜȜĮʌȜȐΝȝȠȞȠʌȐĲȚĮ,ΝΝİȓȞĮȚΝȖȞȦıĲȒΝȦȢΝ“ʌĮȡȐįȠȟȠΝĲȠȣΝδevinthal”έΝΝȅΝδevinthal,Ν

ĲȠΝ1λθκ,ΝȣʌȠıĲȒȡȚȟİΝʌȦȢΝ ΝİȐȞΝȝȓĮΝʌȡȦĲİǸȞȘΝİʌȚıțİĳșİȓ,ΝțĮĲȐΝĲȘȞΝĮȞĮįȓʌȜȦıȘΝ

ĲȘȢ,Ν ȩȜȠȣȢΝ ĲȠȣȢΝ ʌȚșĮȞȠȪȢΝ ıȣȞįȣĮıȝȠȪȢΝ ΧįȚĮȝȠȡĳȫıİȚȢΨΝ șĮΝ ȤȡİȚĮıĲİȓΝ ʌȠȜȪΝ

ȝİȖĮȜȪĲİȡȠΝ ȤȡȩȞȠΝ ȖȚĮΝ ȞĮΝ ĮȞĮįȚʌȜȦșİȓΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ İȜȐȤȚıĲĮΝ įİȣĲİȡȩȜİʌĲĮΝ

ıĲĮΝȠʌȠȓĮΝıȣȝȕĮȓȞİȚΝıĲȘȞΝʌȡĮȖȝĮĲȚțȩĲȘĲĮΝȘΝĮȞĮįȓʌȜȦıȘΝĲȘȢέΝĬİȫȡȘıİΝȜȠȚʌȩȞΝ

ʌȦȢΝĮȞΝȖȓȞȠȣȞΝțĮĲĮȞȠȘĲȠȓΝȠȚΝĳȣıȚțȠȓΝȝȘȤĮȞȚıȝȠȓΝĲȘȢΝʌȡȦĲİȧȞȚțȒȢΝĮȞĮįȓʌȜȦıȘȢ,Ν

șĮΝ İȓȞĮȚΝ įȣȞĮĲȩȢΝ ȠΝ ıȤİįȚĮıȝȩȢΝ Ν ĮȜȖȠȡȓșȝȦȞ,Ν ȠȚΝ ȠʌȠȓȠȚΝ șĮΝ ȝʌȠȡȠȪȞΝ ȞĮΝ

ʌȡȠȕȜȑȥȠȣȞΝĲȘΝĳȣıȚțȒΝįȠȝȒΝĮʌȩΝȝȚĮΝįİįȠȝȑȞȘΝĮȝȚȞȠȟȚțȒΝĮȜȜȘȜȠȣȤȓĮέΝ 

  

ǹʌȩΝ ĲȘȞΝ İʌȠȤȒΝ ĲȠȣΝχnfinsenΝ ȩȜȠΝ țĮȚΝ ʌİȡȚııȩĲİȡĮΝ İȡȦĲȒȝĮĲĮΝ ʌȜĮȚıȚȫȞȠȣȞΝ ĲȠΝ

țȪȡȚȠΝ İȡȫĲȘȝĮΝ ĲȘȢΝ ʌȡȦĲİȧȞȚțȒȢΝ ĮȞĮįȓʌȜȦıȘȢέΝ ȆȡȠȕȜȒȝĮĲĮΝ ȩʌȦȢΝ ȘΝ ȝȑĲȡȘıȘΝ

ȖİȖȠȞȩĲȦȞΝĮȞĮįȓʌȜȦıȘȢΝıİΝȤȡȠȞȚțȐΝįȚĮıĲȒȝĮĲĮΝȝȚțȡȩĲİȡĮΝĮʌȩΝȝİȡȚțȐΝȤȚȜȚȠıĲȐΝ

ĲȠȣΝ įİȣĲİȡȠȜȑʌĲȠȣΝ țĮșȫȢΝ țĮȚΝ ȘΝ ʌĮȡĮțȠȜȠȪșȘıȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ıİΝ

ȝİȝȠȞȦȝȑȞİȢΝĮȜȣıȓįİȢΝȝȠȞȠȝİȡȫȞΝĲĮȜȐȞȚȗĮȞΝİțİȓȞȘΝĲȘȞΝİʌȠȤȒΝĲȘȞΝİʌȚıĲȘȝȠȞȚțȒΝ

țȠȚȞȩĲȘĲĮέΝ ǾΝ ȑȜȜİȚȥȘΝ İȡȖĮȜİȓȦȞΝ ȖȚĮΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ ĮȞĮįȓʌȜȦıȘȢΝ ĮʌȠĲİȜİȓΝ

ʌĮȡİȜșȩȞ,Ν țĮșȫȢΝ ȣʌȐȡȤȠȣȞΝ įİțȐįİȢΝ ĲȡȩʌȠȚΝ ȖȚĮΝ ĲȘȞΝ İʌȓȜȣıȘΝ ĲȦȞΝ įȪȠΝ

ʌȡȠĮȞĮĳİȡșȑȞĲȦȞΝ ȗȘĲȘȝȐĲȦȞέΝ ȉİȤȞȚțȑȢΝ ȩʌȦȢΝ ĲȠΝ δaserΝ temperature-jump 

(Callender RH et al., 1λλκΨ,ΝȝȑșȠįȠȚΝȝİĲĮȜȜȐȟİȦȞΝʌȠȣΝĮʌȠįȓįȠȣȞΝʌȠıȩĲȘĲİȢΝʌȠȣΝ

ȠȞȠȝȐȗȠȞĲĮȚΝ ĲȚȝȑȢΝ ĳΝ ȒΝ ȥ,Ν ȖȚĮΝ ĲȘȞΝ ĲĮȣĲȠʌȠȓȘıȘΝ ĮȣĲȫȞΝ ĲȦȞΝ ĮȝȚȞȠȟȑȦȞΝ țĮȚΝ ĲȠȞΝ

ȑȜİȖȤȠΝĲȘȢΝĲĮȤȪĲȘĲĮȢΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝΧόershtΝχRΝetΝalέ,Νβίίζ,ΝKrantzΝψχΝetΝalέ, 
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2004, D.P Goldenberg, 1988, A.R FershtΝetΝalέ,Ν1λληΨ,ΝȘΝȝȑșȠįȠȢΝόRϋTΝȝȑıȦΝĲȘȢΝ

ȠʌȠȓĮȢΝ țĮșȓıĲĮĲĮȚΝ įȣȞĮĲȒΝ ȘΝ ʌĮȡĮțȠȜȠȪșȘıȘΝ ıȤȘȝĮĲȚıȝȠȪΝ ıȣȖțİțȡȚȝȑȞȦȞΝ

İʌĮĳȫȞΝΧψΝSchulerΝetΝalέ,ΝβίίβΨ,ΝȘΝȝȑșȠįȠȢΝĮȞĲĮȜȜĮȖȒȢΝȣįȡȠȖȩȞȠȣΝȝİΝĲȘȞΝȠʌȠȓĮΝ

ĳĮȓȞȠȞĲĮȚΝȖİȖȠȞȩĲĮΝįȠȝȚțȒȢΝĮȞĮįȓʌȜȦıȘȢΝΧεaityΝώΝetΝal,έΝβίίη,ΝεέεΝKrishna et 

al., 2004ΨέΝȂȑȤȡȚΝıȒȝİȡĮΝ ȑȤİȚΝ ʌȡĮȖȝĮĲȠʌȠȚȘșİȓΝ ĮȡțİĲȒΝ ʌȡȩȠįȠȢΝ ıĲȠΝ ʌİįȓȠΝ ĲȘȢΝ

ȝİȜȑĲȘȢΝ ĲȠȣΝ ȝȘȤĮȞȚıȝȠȪΝ ĮȞĮįȓʌȜȦıȘȢ,Ν ȩȤȚΝ ȝȩȞȠΝ ıİΝ ʌİȚȡĮȝĮĲȚțȩΝ İʌȓʌİįȠΝ ĮȜȜȐΝ

țĮȚΝıİΝșİȦȡȘĲȚțȩ,ΝȝİΝʌȠȜȜȐΝȝȠȞĲȑȜĮΝȞĮΝʌȡȠıʌĮșȠȪȞΝȞĮΝİȟȘȖȒıȠȣȞΝĲȠΝĳĮȚȞȩȝİȞȠΝ

ΧKέχΝϊillΝetΝalέ,ΝβίίκΨέΝȉĮΝțȣȡȚȩĲİȡĮΝİȟΝĮȣĲȫȞΝĮȞĮĳȑȡȠȞĲĮȚΝʌĮȡĮțȐĲȦέ 

 

Diffusion-collision model  

ȈİΝ ĮȣĲȩΝ ĲȠΝ ȝȠȞĲȑȜȠΝ ȘΝ ʌȡȦĲİǸȞȘ ĳĮȓȞİĲĮȚΝ ȞĮΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ʌȠȜȜȐΝ ĲȝȒȝĮĲĮΝ

Χ“elementaryΝmicrodomains”Ψ,ΝțĮșȑȞĮΝĮʌȩΝĲĮΝȠʌȠȓĮΝİȓȞĮȚΝĮȡțİĲȐΝȝȚțȡȩΝȫıĲİΝȞĮΝ

ȣȚȠșİĲİȓΝ ȩȜİȢΝ ĲȚȢΝ ʌȚșĮȞȑȢΝ įȚĮȝȠȡĳȫıİȚȢΝ țĮȚΝ ȞĮΝ ȝʌȠȡİȓΝ ȞĮΝ ĮȞĮįȚʌȜȦșİȓΝ ĮȡțİĲȐΝ

ȖȡȒȖȠȡĮΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠΝ ȤȡȩȞȠΝ ĮȞĮįȓʌȜȦıȘȢΝ ȠȜȩțȜȘȡȘȢΝ ĲȘȢΝ ʌȡȦĲİǸȞȘȢέΝ ǾΝ

ȪʌĮȡȟȘΝĲȦȞΝ“microdomains”ΝıĲȘȞΝĮȞĮįȚʌȜȠȪȝİȞȘΝʌȡȦĲİǸȞȘΝʌĮȡȑȤİȚΝȑȞĮȞΝĲȡȩʌȠΝ

ĮʌȠĳȣȖȒȢΝ ĲȘȢΝ ĮȞİȪȡİıȘȢΝ ȩȜȦȞΝ ĲȦȞΝ ʌȚșĮȞȫȞΝ İȞĮȜȜĮțĲȚțȫȞΝ įȚĮȝȠȡĳȫıİȦȞέΝȉĮΝ

“microdomains”Ν Ν įȚĮȤȑȠȞĲĮȚΝ ȣʌȩΝ ĲȘȞΝ İʌȓįȡĮıȘΝ İıȦĲİȡȚțȫȞΝ țĮȚΝ ĲȣȤĮȓȦȞΝ

İȟȦĲİȡȚțȫȞΝ įȣȞȐȝİȦȞΝ ȝȑȤȡȚΝ ȞĮΝ ıȣȖțȡȠȣıĲȠȪȞέΝ ǲĲıȚΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ

ȝİȖĮȜȪĲİȡĮΝ ıȣııȦȝĮĲȫȝĮĲĮΝ ĲĮΝ ȠʌȠȓĮΝ ȠȞȠȝȐȗȠȞĲĮȚΝ “subdomains”έΝ ǹȣĲȩΝ

ıȣȝȕĮȓȞİȚΝ ȩĲĮȞΝ ĲĮΝ microdomainsΝ ȑȤȠȣȞΝ ĮʌȠțĲȒıİȚΝ ıĲȠȚȤİȓĮΝ įİȣĲİȡȠĲĮȖȠȪȢΝ

įȠȝȒȢΝ țĮȚΝ ȘΝ ıȪȖțȡȠȣıȘΝ ȑȤİȚΝ țĮĲȐȜȜȘȜȠΝ ʌȡȠıĮȞĮĲȠȜȚıȝȩέΝ ȈĲĮįȚĮțȐΝ

ıȤȘȝĮĲȓȗİĲĮȚΝȠΝʌȡȦĲİȧȞȚțȩȢΝıțİȜİĲȩȢΝĲȘȢΝĳȣıȚțȒȢΝįȚĮȝȩȡĳȦıȘȢΝĲȘȢΝʌȡȦĲİǸȞȘȢέΝ

ȉȠΝ ĲİȜİȣĲĮȓȠΝıĲȐįȚȠΝ İȓȞĮȚΝ ȠΝĮțȡȚȕȒȢΝıȤȘȝĮĲȚıȝȩȢΝ ĲȘȢΝ ĲȡȚĲȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝʌȠȣΝ

ʌİȡȚȜĮȝȕȐȞİȚΝ ĲȠΝ ʌĮțİĲȐȡȚıȝĮΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ΧKarplusΝ ΤΝ Weaver,Ν

1λιλ,Ν1λλζΨέΝȅȡȚıȝȑȞİȢΝʌȡȦĲİǸȞİȢ,ΝȩʌȦȢΝĲĮΝİȜȚțȠİȚįȒΝįİȝȐĲȚĮ,ΝĮțȠȜȠȣșȠȪȞΝȑȞĮȞΝ

ʌĮȡȩȝȠȚȠΝ ĲȡȩʌȠΝ ĮȞĮįȓʌȜȦıȘȢ,Ν ʌȠȣΝ ȠȞȠȝȐȗİĲĮȚΝ hierarchicalΝ diffusion-collision 

modelέΝǾ įİȣĲİȡȠĲĮȖȒȢ įȠȝȒ ıȤȘȝĮĲȓȗİĲĮȚ ȝİ ȚİȡĮȡȤȚțȩ ĲȡȩʌȠ (JέA εcCammon 

et al., 1977, J.K Myers, 2001).   

Nucleation-condensation mechanism  
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ǹȣĲȩȢΝȠΝȝȘȤĮȞȚıȝȩȢΝʌȡȠĲȐșȘțİΝıĲĮΝȝȑıĮΝĲȘȢΝįİțĮİĲȓĮȢΝĲȠȣΝΥλίΝĮʌȩΝĲȠȞΝόershtΝ

ȝİĲȐΝĲĮΝʌİȚȡȐȝĮĲĮΝʌȠȣΝʌȡĮȖȝĮĲȠʌȠȓȘıİΝȝİΝĲȠȞΝĮȞĮıĲȠȜȑĮΝĲȘȢΝȤȣȝȠșȡȣȥȓȞȘȢΝβΝ

ΧωIβΨ,Ν ȝȚĮΝ ʌȡȦĲİǸȞȘΝ ʌȠȣΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ θζΝ ĮȝȚȞȠȟȑĮέΝ ȈİΝ ĮȣĲȩΝ ĲȠΝ ȝȠȞĲȑȜȠΝ

ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝȘΝ ȑȞȞȠȚĮΝ ĲȠȣΝʌȣȡȒȞĮΝȖȚĮΝ ȞĮΝʌİȡȚȖȡȐȥİȚΝ įȚȐȤȣĲİȢ,Ν İțĲİĲĮȝȑȞİȢ 

ʌİȡȚȠȤȑȢΝ ȠȚΝ ȠʌȠȓİȢΝ ʌĮȡĮĲȘȡȠȪȞĲĮȚΝ ıİΝ ȝİĲĮȕĮĲȚțȒΝ țĮĲȐıĲĮıȘΝ ΧtransitionΝ stateΨΝ

țĮȚΝȩȤȚΝȝȚĮΝțĮȜȠıȤȘȝĮĲȚıȝȑȞȘΝįȠȝȒΝȖȪȡȦΝĮʌȩΝĲȘȞΝȠʌȠȓĮΝįȚĮȝȠȡĳȫȞİĲĮȚΝȘΝįȠȝȒΝ

ĲȘȢΝ ʌȡȦĲİǸȞȘȢΝ ΧǹέRΝ όersht,Ν 1λλιΨέΝ ȉĮΝ ʌİȚȡȐȝĮĲĮΝ ʌȠȣΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ

įİȓȤȞȠȣȞΝʌȦȢΝȘΝįİȣĲİȡȠĲĮȖȒȢΝțĮȚΝĲȡȚĲȠĲĮȖȒȢΝįȠȝȒΝĲȘȢΝʌȡȦĲİǸȞȘȢΝıȤȘȝĮĲȓȗȠȞĲĮȚΝ

ĲĮȣĲȠȤȡȩȞȦȢΝ țĮȚΝ ȘΝ ȝȚĮΝ İȓȞĮȚΝ ıȣȞȑʌİȚĮΝ ĲȘȢΝ ȐȜȜȘȢ,Ν țĮșȫȢΝ ȠΝ ʌȣȡȒȞĮȢΝ ʌȠȣΝ

ıȤȘȝĮĲȓȗİĲĮȚΝ įİȞΝ ȝʌȠȡİȓΝ ȞĮΝ ıĲĮșİȡȠʌȠȚȘșİȓΝ ȤȦȡȓȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ȝİΝ

ĮʌȠȝĮțȡȣıȝȑȞĮΝ țĮĲȐȜȠȚʌĮέΝ ȅΝ ȝȘȤĮȞȚıȝȩȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ωIβΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ

ĮțȠȜȠȣșİȓΝĲȘȞΝțȚȞȘĲȚțȒΝįȪȠΝıĲĮįȓȦȞ,ΝİʌİȚįȒΝȣʌȐȡȤİȚΝȑȜȜİȚȥȘΝıĲĮșİȡȩĲȘĲĮȢΝıĲȠΝ

İȞįȚȐȝİıȠΝ ıĲȐįȚȠΝ ΧχέRΝ όershtΝ etΝ alέ,Ν 1λληΨέΝǱȜȜĮΝ ʌĮȡĮįİȓȖȝĮĲĮΝ ĮȞĮįȓʌȜȦıȘȢΝ

ʌȠȣΝ ĮțȠȜȠȣșȠȪȞΝ ĲȘȞΝ țȚȞȘĲȚțȒΝ įȪȠΝ ıĲĮįȓȦȞΝ İȓȞĮȚΝ ȠΝ ǿgύ-bindingΝ domainΝ ĲȘȢΝΝ

ʌȡȦĲİǸȞȘȢΝύΝĲȠȣΝıĲȡİʌĲȩțȠțțȠȣΝ ΧPέΝχlexanderΝetΝalέΝ1λλβΨ,ΝoΝSώγΝdomainΝĲȘȢΝ

ıʌİțĲȡȓȞȘȢΝ ΧχέRέΝ VigueraΝ etΝ alέ,Ν 1λλζΨ,Ν ȘΝ ʌȡȦĲİǸȞȘΝ ʌȡȩıįİıȘȢΝ ĲȠȣΝ Ν acylΝ

coenzymeΝ χΝ ΧǺέǺΝ KragelundΝ etΝ alέ,Ν 1λληΨ,Ν ȑȞĮΝ ĲȝȒȝĮΝ κίΝ țĮĲĮȜȠȓʌȦȞΝ ĲȠȣΝ

țĮĲĮıĲȠȜȑĮΝĲȠȣΝĳȐȖȠȣΝȜΝΧύέSέΝώuangΝetΝalέ,Ν1λληΨέΝ 

 

Funnel-Shaped energy landscapes 

ǾΝ ȝİȖȐȜȘΝ ʌȡȩțȜȘıȘΝ ıĲȠΝ ʌȡȩȕȜȘȝĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ İȓȞĮȚΝ ȘΝ ʌİȡȚȖȡĮĳȒΝ ĲȦȞΝ

ȝȣȡȚȐįȦȞΝ Ν įȚĮȝȠȡĳȫıİȦȞΝ ĮʌȩΝ ĲȚȢΝ ȠʌȠȓİȢΝ ʌİȡȞȐΝ ȘΝ ĮȝȚȞȠȟȚțȒΝ ĮȜȜȘȜȠȣȤȓĮΝ

ʌȡȠțİȚȝȑȞȠȣΝȞĮΝĳĲȐıİȚΝıĲȘΝĳȣıȚțȒΝĲȘȢΝįȠȝȒέΝȉĮΝĲİȜİȣĲĮȓĮΝȤȡȩȞȚĮΝĮȞĮʌĲȪȤșȘțİΝ

ĲȠΝ ȝȠȞĲȑȜȠΝ ĲȠȣΝ İȞİȡȖİȚĮțȠȪΝ ĲȠʌȓȠȣΝ ĲȠΝ ȠʌȠȓȠΝ țĮȜȪʌĲİȚΝ ĲȠΝ ĳȐıȝĮΝ ȩȜȦȞΝ ĲȦȞΝ

ʌȡȠȘȖȠȪȝİȞȦȞΝȝȠȞĲȑȜȦȞΝțĮȚΝĲȦȞΝİȟĮȚȡȑıİȦȞΝĲȠȣȢέΝȉȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝȝʌȠȡİȓΝ

ȞĮΝĮʌİȚțȠȞȚıĲİȓΝȦȢΝȝȚĮΝȤȠȐȞȘ,ΝıĲȘȞΝțȠȡȣĳȒΝĲȘȢΝȠʌȠȓĮȢΝĮȞĲȚıĲȠȚȤȠȪȞΝȠȚΝĮȡȤȚțȑȢΝ

ĮʌȠįȚĮĲĮȖȝȑȞİȢΝΧdenaturedΝstructureΨΝįȠȝȑȢΝȝȚĮȢΝʌȡȦĲİȧȞȚțȒȢΝĮȜȜȘȜȠȣȤȓĮȢέΝȅȚΝ

įȠȝȑȢΝ ĮȣĲȑȢΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ țĮĲĮıĲȐıİȚȢΝ ȣȥȘȜȒȢΝ İȞĲȡȠʌȓĮȢέΝ ǼȞΝ ıȣȞİȤİȓĮ,Ν

ȕȡȓıțȠȞĲĮȚΝ ȠȚΝ Ν įȠȝȑȢΝ ĮȞȐȝİıĮΝ ıĲȚȢΝ ĮʌȠįȚĮĲĮȖȝȑȞİȢΝ țĮȚΝ ĲȘΝ ĳȣıȚțȒΝ įȠȝȒ,Ν ʌȠȣΝ
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ĮȞĲȚıĲȠȚȤȠȪȞΝıİΝȤĮȝȘȜȩĲİȡȘȢΝİȞĲȡȠʌȓĮȢΝʌĮȡȠįȚțȑȢΝįȠȝȑȢέΝȈĲȠΝĲȑȜȠȢΝȕȡȓıțİĲĮȚΝȘΝ

ĳȣıȚțȒΝ įȠȝȒΝ ĲȘȢΝ ʌȡȦĲİȧȞȚțȒȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ ʌȠȣΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝ İȞİȡȖİȚĮțȩΝ

İȜȐȤȚıĲȠέΝ ȉȠΝ ȝȠȞĲȑȜȠΝ ĮȣĲȩΝ ʌȡȠĲİȓȞİȚΝ ʌȦȢΝ ıȣȞȣʌȐȡȤȠȣȞΝ ʌĮȡȐȜȜȘȜĮΝ

ȝȚțȡȠıțȠʌȚțȐΝȖİȖȠȞȩĲĮΝĮȞĮįȓʌȜȦıȘȢΝʌȠȣΝȝʌȠȡİȓΝȞĮΝȠįȘȖȒıȠȣȞΝıİΝįȚĮĳȠȡİĲȚțȑȢΝ

ȠįȠȪȢΝ ȝȑȤȡȚΝ ȞĮΝ ĮʌȠțĲȘșİȓΝ ȘΝ ĳȣıȚțȒΝ įȠȝȒέΝ ȂİΝ ĮʌȜȐΝ ȜȩȖȚĮ,Ν ȘΝ ȤȠȐȞȘΝ ʌȠȣΝ

ĮȞĲȚțĮĲȠʌĲȡȓȗİȚΝĲȠΝİȞİȡȖİȚĮțȩΝʌİįȓȠΝʌİȡȚȑȤİȚΝ“İȞİȡȖİȚĮțȐΝʌȘȖȐįȚĮ”ΝțĮșȑȞĮΝĮʌȩΝ

ĲĮΝȠʌȠȓĮΝĮȞĲȚıĲȠȚȤİȓΝıİΝțȐʌȠȚĮΝįȚĮȝȩȡĳȦıȘέΝ 

 

ǾΝ ȚįȑĮΝ ĲȠȣΝ İȞİȡȖİȚĮțȠȪΝʌİįȓȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ İȟȘȖȒıİȚΝ ĲȘȞΝ

ĮʌȠįȚȐĲĮȟȘΝ țĮȚΝ ĲȘȞΝ ȚıȠȡȡȠʌȓĮΝ ȝİĲĮȟȪΝ ĲȘȢΝ İȞĲȡȠʌȓĮȢΝ ȝİΝ ĲȚȢΝ įȣȞȐȝİȚȢΝ ʌȠȣΝ

țĮșȠįȘȖȠȪȞΝ ĲȘȞΝ ĮȞĮįȓʌȜȦıȘέΝ ȅȚΝ ʌȡȦĲİǸȞİȢΝ ĮʌȠįȚĮĲȐııȠȞĲĮȚΝ ıİΝ ȣȥȘȜȒΝ

șİȡȝȠțȡĮıȓĮ,Ν ȜȩȖȦΝ ĲȘȢΝ ȪʌĮȡȟȘȢΝ ʌȠȜȜȫȞΝ țĮĲĮıĲȐıİȦȞΝ ȣȥȘȜȒȢΝ İȞȑȡȖİȚĮȢΝ țĮȚΝ

ȜȚȖȩĲİȡȦȞΝ ȤĮȝȘȜȒȢΝ İȞȑȡȖİȚĮȢέΝǹȣĲȩΝ ıȘȝĮȓȞİȚΝ ʌȦȢΝ ȘΝ İȞȑȡȖİȚĮΝ įȚȠȤİĲİȪİĲĮȚΝ ĮʌȩΝ

ĲȘΝ ȝİĲȠȣıȚȦȝȑȞȘΝ țĮĲȐıĲĮıȘ,Ν ȝȑıĮΝ ĮʌȩΝ ĲȚȢΝ ȝİĲĮȕĮĲȚțȑȢΝ țĮĲĮıĲȐıİȚȢ,Ν ʌȡȠȢΝ ĲȘΝ

ĳȣıȚțȒΝ ΧϊillΝ etΝ alέ,Ν βίίκΨέΝ ΝǹȣĲȒΝ İȓȞĮȚΝ ȘΝ “ȞȑĮΝ ĮȞĲȓȜȘȥȘ”Ν ȖȚĮΝ ĲȘȞΝ ĮȞĮįȓʌȜȦıȘ,Ν

ĮȞĲȚțĮșȚıĲȐΝ ĲȘȞΝ ȐʌȠȥȘΝ ȩĲȚΝ ȘΝ ȝİĲȐȕĮıȘΝ ĮʌȩΝ ĲȘȞΝ ĮʌȠįȚĮĲĮȖȝȑȞȘΝ țĮĲȐıĲĮıȘΝ

ȖȓȞİĲĮȚΝȝȑıȦΝİȞȩȢΝȝȠȞȠʌĮĲȚȠȪΝʌȡȠȢΝĲȘΝĳȣıȚțȒΝțĮĲȐıĲĮıȘ,ΝȝİΝĲȘȞΝȐʌȠȥȘΝʌȦȢΝȘΝ

ȝİĲȐȕĮıȘΝ İȓȞĮȚΝ ȝȚĮΝ ʌĮȡȐȜȜȘȜȘΝ įȚĮįȚțĮıȓĮΝ ĲȠȣΝ ıȣȞȩȜȠȣΝ ĲȦȞΝ ȝȠȡȓȦȞΝ ȝȑıȦΝ

įȚĮĳȩȡȦȞΝ ȝȠȞȠʌĮĲȚȫȞέΝ ȈİΝ ȑȞĮΝ İȞİȡȖİȚĮțȩΝ ʌİįȓȠ,Ν ȘΝ ĮȞĮįȓʌȜȦıȘΝ ȝʌȠȡİȓΝ ȞĮΝ

ʌİȡȚȖȡĮĳİȓΝțĮȜȪĲİȡĮΝȦȢΝȑȞĮȢΝȩȖțȠȢΝȞİȡȠȪΝʌȠȣΝȡȑİȚΝıİΝȝȚĮΝʌȜĮȖȚȐ,ΝȝİΝĮțĮȞȩȞȚıĲȘΝ

ȝȠȡĳȒΝ țĮȚΝ ȝȑıȦΝ įȚĮĳȩȡȦȞΝ ȝȠȞȠʌĮĲȚȫȞΝ țĮȚΝ ȜȚȖȩĲİȡȠΝȦȢΝ ȑȞĮȢΝ ȩȖțȠȢΝ ȞİȡȠȪΝ ʌȠȣΝ

ȡȑİȚΝıİΝȑȞĮΝĮȣȜȐțȚΝΧϊillΝetΝalέ,Ν1λλιΨέΝΝ 

 

ǾΝ ıȤȘȝĮĲȚțȒΝ ĮʌİȚțȩȞȚıȘΝ İȞȩȢΝ “funnel”Ν ĮʌȠĲİȜİȓΝ ȤȡȒıȚȝȠΝ İȡȖĮȜİȓȠΝ ȖȚĮΝ ĲȘȞΝ

ıȪȞįİıȘΝ ĲȦȞΝ ȚįȚȠĲȒĲȦȞΝ ıĲĮĲȚıĲȚțȒȢΝ ȝȘȤĮȞȚțȒȢΝ țĮȚΝ ĲȘȢΝ țȚȞȘĲȚțȒȢΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢΝĲȦȞΝʌȡȦĲİȧȞȫȞέΝȈĲȘȞΝİȚțȩȞĮΝ1έ1ΝĳĮȓȞȠȞĲĮȚΝȠȡȚıȝȑȞİȢΝʌİȡȚʌĲȫıİȚȢΝ

ĮʌİȚțȩȞȚıȘȢέΝ 
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ǼȚțȩȞĮΝ1έ1Ν(ǹȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝϊillΝΤΝωhan,ΝσatureΝStructΝψiolέ,Ν1λλι) 

 

ǲȞĮȢΝĲȪʌȠȢΝĮʌİȚțȩȞȚıȘȢΝĲȦȞΝİȞİȡȖİȚĮțȫȞΝĲȠʌȓȦȞΝȤȡȘıȚȝȠʌȠȚİȓΝıĲȠȣȢΝȐȟȠȞİȢΝĲȘȞΝ

İȜİȪșİȡȘΝ İȞȑȡȖİȚĮΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠȣȢΝ ȕĮșȝȠȪȢΝ İȜİȣșİȡȓĮȢ,Ν ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ

ĮȞĲȚțĮĲȠʌĲȡȚıĲİȓΝ ȘΝ ʌȠȚțȚȜȓĮΝ țĮȚΝ ȘΝ ʌȣțȞȩĲȘĲĮΝ ĲȦȞΝ įȚĮȝȠȡĳȫıİȦȞέΝ ȍȢΝ “ȃ”Ν

ȠȡȓȗİĲĮȚΝ ȘΝ ĳȣıȚțȒΝ įȠȝȒΝ ıĲȠȞΝ ʌȣșȝȑȞĮΝ ĲȘȢΝ ȤȠȐȞȘȢΝ țĮȚΝ ĮȞĲȚțĮĲȠʌĲȡȓȗİȚΝ ĲȘȞΝ

İȜȐȤȚıĲȘΝ İȜİȪșİȡȘΝ İȞȑȡȖİȚĮέΝ ȈĲȠΝ ıȤȒȝĮΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚμΝ ΧaΨΝ ǲȞĮΝ ȠȝȠȚȩȝȠȡĳȠΝ

ĲȠʌȓȠΝ ΧsmoothΝ energyΝ landscapeΨΝ ȖȚĮΝ ȑȞĮΝ ĲĮȤȑȦȢ ĮȞĮįȚʌȜȠȪȝİȞȠΝȝȩȡȚȠ,Ν ΧbΨΝ ȑȞĮΝ

ĲȡĮȤȪΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ΧruggedΝ energyΝ landscapeΨ,Ν ĲȠΝ ȠʌȠȓȠΝ ʌİȡȚȑȤİȚΝ

İȞİȡȖİȚĮțȑȢΝ “ʌĮȖȓįİȢ”,Ν įȘȜĮįȒΝ ʌȠȜȜȠȪȢΝ ʌȣșȝȑȞİȢΝ ʌȠȣΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ

İȞįȚȐȝİıĮΝ ıĲȐįȚĮ,Ν ĮȜȜȐΝ țĮȚΝ ıĲȐįȚĮΝ ıĲĮΝ ȠʌȠȓĮΝ ȤȡİȚȐȗİĲĮȚΝ ʌİȡĮȚĲȑȡȦΝ İȞȑȡȖİȚĮΝ

ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ȣʌİȡʌȘįȘșİȓΝ ĲȠΝ İȞİȡȖİȚĮțȩΝ İȝʌȩįȚȠΝ țĮȚΝ ȞĮΝ ĮʌȠțĲȘșİȓΝ İȞΝ

ıȣȞİȤİȓĮΝȘΝĳȣıȚțȒΝįȠȝȒ,ΝΧcΨΝȑȞĮΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȠΝȠʌȠȓȠΝȠȞȠȝȐȗİĲĮȚΝ“ȖȒʌİįȠΝ

ĲȠȣΝ ȖțȠȜĳ”Ν ΧgolfΝ courseΨΝ țĮȚΝ ȘΝ ĮȞĮįȓʌȜȦıȘΝ ıİΝ ĮȣĲȩΝ țȣȡȚĮȡȤİȓĲĮȚΝ ĮʌȩΝ ĮȡȖȒ,Ν

ĲȣȤĮȓĮΝĮȞĮȗȒĲȘıȘΝıİΝȩȜȘΝĲȘȞΝİʌȚĳȐȞİȚȐΝĲȠȣ,ΝΧdΨΝȑȞĮΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝıĲȠΝȠʌȠȓȠΝ

ȘΝ ĮȞĮȗȒĲȘıȘΝ ĲȘȢΝ ĳȣıȚțȒȢΝ įȠȝȒȢΝ ʌȡȑʌİȚΝ ȞĮΝ ʌİȡȐıİȚΝ ĮʌȩΝ ȑȞĮΝ ȣʌȠȤȡİȦĲȚțȩΝ

İȞįȚȐȝİıȠΝıĲȐįȚȠΝΧmoatΝlandscapeΨέΝ 

 

ȈȣȝʌİȡĮȓȞȠȣȝİΝ ȜȠȚʌȩȞΝ ʌȦȢΝ ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ĮʌȠĲİȜȠȪȞΝ ȑȞĮΝ ȤȡȒıȚȝȠΝ

İȡȖĮȜİȓȠΝ țĮȚΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ʌĮȡȑȤȠȣȞΝ ĲȩıȠΝ ʌȠıȠĲȚțȐ,Ν ȩıȠΝ țĮȚΝ ʌȠȚȠĲȚțȐΝ

ĮʌȠĲİȜȑıȝĮĲĮέΝ ǲȞĮΝ ĮʌȩΝ ĲĮΝ ȜȓȖĮΝ țĮșȠȜȚțȐΝ ȤĮȡĮțĲȘȡȚıĲȚțȐ,Ν ʌȠȣΝ įȚȑʌȠȣȞΝ ĲȘȞΝ

țȚȞȘĲȚțȒΝĲȘȢΝʌȡȦĲİȧȞȚțȒȢΝĮȞĮįȓʌȜȦıȘȢΝțĮȚΝʌĮȡĮĲȘȡȒșȘțİΝȖȚĮΝʌȡȫĲȘΝĳȠȡȐΝĮʌȩΝ
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ĲȠȣȢΝPlaxco,ΝSimonsΝțĮȚΝψakerΝΧPSψΨ,ΝİȓȞĮȚΝĲȠΝȩĲȚΝȘΝĲĮȤȪĲȘĲĮΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝ

ȝȚĮȢΝ ʌȡȦĲİǸȞȘȢΝ ıȤİĲȓȗİĲĮȚΝ ȝİΝ ĲȚȢΝ ĲȠʌȠȜȠȖȚțȑȢΝ ȚįȚȩĲȘĲİȢΝ ĲȘȢΝ ĳȣıȚțȒȢΝ įȠȝȒȢέΝ

ȉĮȤȑȦȢΝ ĮȞĮįȚʌȜȠȪȝİȞĮΝ ȝȩȡȚĮΝ İȝĳĮȞȓȗȠȣȞΝ ıȣȤȞȩĲİȡĮΝ ĲȠʌȚțȒΝ įȠȝȒ,Ν ȩʌȦȢΝ ȠȚ 

ȑȜȚțİȢ,Ν İȞȫΝ ȕȡĮįȑȦȢΝ ĮȞĮįȚʌȜȠȪȝİȞĮΝ ȝȩȡȚĮΝ İȝĳĮȞȓȗȠȣȞΝ ıȣȤȞȩĲİȡĮΝ ȝȘ-ĲȠʌȚțȒΝ

įȠȝȒ,ΝȩʌȦȢΝĲĮΝȕ-ĳȪȜȜĮέΝȍıĲȩıȠ,ΝįİȞΝʌĮȪȠȣȞΝȞĮΝȣʌȐȡȤȠȣȞΝțĮȚΝİȟĮȚȡȑıİȚȢΝΝΧK.W 

PlaxcoΝ etΝ al,έΝ 1λλκΨέΝ Ν ȂİĲĮȖİȞȑıĲİȡĮΝ ȕȡȑșȘțİΝ ȩĲȚΝ ĲĮΝ ʌȠıȠıĲȐΝ ĮȞĮįȓʌȜȦıȘȢΝ

ıȣıȤİĲȓȗȠȞĲĮȚΝțĮȚΝȝİΝȐȜȜİȢΝĲȠʌȠȜȠȖȚțȑȢΝʌĮȡĮȝȑĲȡȠȣȢΝĲȘȢΝĳȣıȚțȒȢΝįȠȝȒȢ,ΝȩʌȦȢΝ

ĲȠΝȝȒțȠȢΝĲȘȢΝʌȡȦĲİȧȞȚțȒȢΝĮȜȣıȓįĮȢΝΧprotein’sΝeffectiveΝchainΝlengthΨ,ΝįȘȜĮįȒΝĲȠΝ

ȝȒțȠȢΝ ĲȘȢΝ ĮȝȚȞȠȟȚțȒȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ ĮĳĮȚȡȠȣȝȑȞȠȣΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ʌȠȣΝ

ȕȡȓıțȠȞĲĮȚΝıĲȚȢΝȑȜȚțİȢΝ ΧϊέσΝIvankovΝetΝ alέ,ΝβίίζΨ,ΝĲȠΝȝȒțȠȢΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝ

įȠȝȒȢΝ ΧJέTΝ ώuangΝ etΝ alέ,Ν βίίιΨ,Ν ȠȚΝ İʌĮĳȑȢΝ ʌȠȣΝ įȘȝȚȠȣȡȖİȓΝ țȐșİΝ țĮĲȐȜȠȚʌȠΝ ȝİΝ

ȐȜȜĮΝȝĮțȡȚȞȐΝțĮĲȐȜȠȚʌĮΝ ΧεέεΝύromihaΝetΝalέ,Νβίί1Ψ,ΝĲȠΝʌȠıȠıĲȩΝĲȦȞΝİʌĮĳȫȞΝ

ʌȠȣΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ ȝİĲĮȟȪΝ ĮʌȠȝĮțȡȣıȝȑȞȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ıĲȘȞΝ ĮȜȜȘȜȠȣȤȓĮΝ ΧδΝ

εirnyΝ etΝ alέ,Ν βίί1ΨέΝ ȆȜȑȠȞΝ ȣʌȐȡȤȠȣȞΝ ĮțȩȝĮΝ țĮȚΝ ȝȑșȠįȠȚΝ ʌȠȣΝ ʌȡȠȕȜȑʌȠȣȞΝ ĲȘȞΝ

ĲĮȤȪĲȘĲĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ İȞȩȢΝ ʌİʌĲȚįȓȠȣΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȘΝ ıȪıĲĮıȘΝ ĲȘȢΝΝ

ĮȝȚȞȠȟȚțȒȢΝ ĮȜȜȘȜȠȣȤȓĮȢ,Ν ȑȞĮΝ ĲȑĲȠȚȠΝ ʌĮȡȐįİȚȖȝĮΝ İȓȞĮȚΝ ĲȠΝ ʌȡȩȖȡĮȝȝĮΝ ότδϊ-

RATE (http://psfs.cbrc.jp/fold-rate ,ΝΝȂέȂΝύromihaΝetΝalέ,ΝβίίθΨέ 

 

ȅΝȝȘȤĮȞȚıȝȩȢΝzippingΝandΝassemblyΝΧǽǹΨ 
ȈȪȝĳȦȞĮΝȝİΝĲȠΝȝȘȤĮȞȚıȝȩΝĮȣĲȩ,ΝțĮĲȐΝĲĮΝĮȡȤȚțȐΝıĲȐįȚĮΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢ ΧĮʌȩΝ

picosecondsΝ ȝȑȤȡȚΝ nanosecondsΨΝ ȝȚțȡȐΝ ʌİʌĲȚįȚțȐΝ ĲȝȒȝĮĲĮΝ ĲȘȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ

ĮȞĮȗȘĲȠȪȞ,ΝțĮșȑȞĮΝȟİȤȦȡȚıĲȐ,ΝȝȚțȡȑȢ,ΝĲȠʌȚțȑȢΝįȠȝȑȢ,ΝȩʌȦȢΝȕ-ıĲȡȠĳȑȢ,ΝȕȡȩȖȤȠȣȢΝ

țĮȚΝİȜȚțȠİȚįİȓȢΝıĲȡȠĳȑȢέΝȅȡȚıȝȑȞİȢΝĮʌȩΝĮȣĲȑȢΝĲȚȢΝĲȠʌȚțȑȢΝįȠȝȑȢΝİȓȞĮȚΝȚțĮȞȑȢΝȞĮΝ

ʌĮȡĮȝİȓȞȠȣȞΝ ıĲĮșİȡȑȢΝ ȖȚĮΝ ȝİȖĮȜȪĲİȡȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ țĮȚΝ ȞĮΝ İʌİțĲĮșȠȪȞΝ

ΧzippingΨΝıİΝȝİȖĮȜȪĲİȡİȢΝțĮȚΝıĲĮșİȡȩĲİȡİȢΝįȠȝȑȢέΝȈİΝĮțȩȝȘΝȝİȖĮȜȪĲİȡĮΝȤȡȠȞȚțȐΝ

įȚĮıĲȒȝĮĲĮΝ ȠȝȐįİȢΝ ĲȑĲȠȚȦȞΝ İțĲİĲĮȝȑȞȦȞΝ įȠȝȫȞΝ ıȣȞĮȡȝȠȜȠȖȠȪȞĲĮȚΝ ıİΝ

ȝİȖĮȜȪĲİȡİȢΝ įȠȝȑȢΝ ʌȠȣΝ ȝȠȚȐȗȠȣȞΝ ʌİȡȚııȩĲİȡȠΝ ȝİΝ ĲȘΝ ĳȣıȚțȒΝ įȠȝȒΝ țĮȚΝ

ıĲĮșİȡȠʌȠȚȠȪȞĲĮȚέΝȅΝȝȘȤĮȞȚıȝȩȢΝǽǹΝΝȑȤİȚΝĮȡțİĲȐΝțȠȚȞȐ,ΝĮȜȜȐΝțĮȚΝįȚĮĳȠȡȑȢΝȝİΝ

ĲȠȣȢΝȝȘȤĮȞȚıȝȠȪȢΝʌȠȣΝʌȡȠĮȞĮĳȑȡșȘțĮȞΝΧϊillΝetΝalέ,ΝβίίιΨέΝΝΝ 

http://psfs.cbrc.jp/fold-rate
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ȉȠΝĲȡȓĲȠΝțȠȝȝȐĲȚΝĲȠȣΝʌȡȠȕȜȒȝĮĲȠȢΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢ,ΝįȘȜĮįȒΝĲȠΝȣʌȠȜȠȖȚıĲȚțȩΝ

țȠȝȝȐĲȚΝ ʌȠȣΝ ĮĳȠȡȐΝ ĲȘȞΝ ʌȡȩȕȜİȥȘΝ ĲȘȢΝ ĳȣıȚțȒȢΝ įȠȝȒȢΝ ĮʌȩΝ ȝȚĮΝ įİįȠȝȑȞȘΝ

ĮȝȚȞȠȟȚțȒΝĮȜȜȘȜȠȣȤȓĮ,ΝȟİțȓȞȘıİΝȞĮΝĮʌĮıȤȠȜİȓΝĲȘȞΝİʌȚıĲȘȝȠȞȚțȒΝțȠȚȞȩĲȘĲĮΝĮʌȩΝ

ʌȠȜȪΝ ȞȦȡȓȢέΝ ǹȡȤȚțȐΝ įȘȝȚȠȣȡȖȒșȘțĮȞΝ ʌȡȦĲİȧȞȚțȑȢΝ ȕȐıİȚȢΝ įİįȠȝȑȞȦȞΝ ʌȠȣΝ

ȤȡȘıȚȝȠʌȠȚȠȪıĮȞΝĮȜȖȠȡȓșȝȠȣȢΝʌȡȩȕȜİȥȘȢΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝ ΧȇέȊΝωhouΝ

etΝ alέ,Ν 1λιζ,Ν 1λικΨέΝ ȈĲȘΝ įİțĮİĲȓĮΝ ĲȠȣΝ ΥκίΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȖȚĮΝ ʌȡȫĲȘΝ ĳȠȡȐΝ

ȝȑșȠįȠȚΝ ȣʌȠȜȠȖȚıĲȚțȒȢΝ ĳȣıȚțȒȢ,Ν ȩʌȦȢΝ ĲĮΝ ĮĲȠȝȚțȐΝ įȣȞĮȝȚțȐΝ ʌİįȓĮ,Ν İȞȫΝ ıĲȚȢΝ

ĮȡȤȑȢΝĲȘȢΝįİțĮİĲȓĮȢΝĲȠȣΝΥλίΝıȘȝİȚȫșȘțİΝıȘȝĮȞĲȚțȒΝʌȡȩȠįȠȢΝıĲȘΝȤȡȒıȘΝȕȐıİȦȞΝ

įİįȠȝȑȞȦȞΝ țĮȚΝ ĮȜȖȠȡȓșȝȦȞΝ ĮȞȓȤȞİȣıȘȢΝ ȠȝȠȜȠȖȓĮȢΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ

ıȣȞĮȡȝȠȜȠȖȘșȠȪȞΝįȠȝȑȢΝĮʌȩΝȠȝȩȜȠȖİȢΝĮȜȜȘȜȠȣȤȓİȢΝțĮȚΝȞĮΝĮȞĮȖȞȦȡȚıșİȓΝȘΝįȠȝȒΝ

ȐȖȞȦıĲȦȞΝĮȜȜȘȜȠȣȤȚȫȞΝĮʌȩΝıȪȖțȡȚıȘΝȝİΝĲȡȚıįȚȐıĲĮĲİȢΝįȠȝȑȢΝʌȠȣΝʌİȡȚȑȤȠȞĲĮȚΝ

ıİΝȕȐıİȚȢΝįİįȠȝȑȞȦȞέΝΝ 

 

ȉȚΝ ıȘȝĮȓȞİȚ,Ν ȩȝȦȢ,Ν ʌȡȩȕȜİȥȘΝ ĲȘȢΝ ʌȡȦĲİȧȞȚțȒȢΝ įȠȝȒȢΝ ȝİΝ ȣʌȠȜȠȖȚıĲȚțȑȢΝ

ȝİșȩįȠȣȢνΝ ȈĲȠΝ İȡȫĲȘȝĮΝ ĮȣĲȩΝ șĮΝ ʌȡȠıʌĮșȒıȠȣȝİ,Ν ĮȡȤȚțȐ,Ν ȞĮΝ ĮʌĮȞĲȒıȠȣȝİΝ ȝİΝ

ȑȞĮΝ ʌĮȡȐįİȚȖȝĮέΝ ǲȤȠȞĲĮȢΝ ȝȚĮΝ ĮȝȚȞȠȟȚțȒΝ ĮȜȜȘȜȠȣȤȓĮΝ ΧʌȡȦĲȠĲĮȖȒȢΝ įȠȝȒΨΝ ȘΝ

ȠʌȠȓĮ,Ν ıİΝ ĳȣıȚȠȜȠȖȚțȑȢΝ ıȣȞșȒțİȢΝ șİȡȝȠțȡĮıȓĮȢΝ İȞĲȩȢΝ ȣįĮĲȚțȠȪΝ įȚĮȜȪȝĮĲȠȢ,Ν

ĮȞĲȚʌȡȠıȦʌİȪİȚΝȝȚĮΝȝȠȞȠȝİȡȒΝıĳĮȚȡȚțȒΝʌȡȦĲİǸȞȘΝȠΝıĲȩȤȠȢΝİȓȞĮȚΝȞĮ ȕȡȠȪȝİΝȩȜĮΝ

ĲĮΝ İȜȚțȠİȚįȒΝ țĮȚΝ ʌĲȣȤȦĲȐΝ ĲȝȒȝĮĲĮΝ ΧȑȜȚțİȢΝ țĮȚΝ ȕ-țȜȫȞȠȚΨ,Ν ȩȜĮΝ ĲĮΝ ȗİȪȖȘΝ ĲȦȞΝ

țȜȫȞȦȞΝʌȠȣΝıȤȘȝĮĲȓȗȠȣȞΝȕ-ĳȪȜȜĮ,Ν ȩȜȠȣȢΝ ĲȠȣȢΝįȚıȠȣȜĳȚįȚțȠȪȢΝįİıȝȠȪȢΝȝİĲĮȟȪΝ

ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ țȣıĲİǸȞȘȢ,Ν ȩȜȠȣȢΝ ĲȠȣȢΝ ȕȡȩȖȤȠȣȢΝ ʌȠȣΝ İȞȫȞȠȣȞΝ ĲĮΝ ıĲȠȚȤİȓĮΝ

įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ țĮȚΝ İȞΝ ĲȑȜİȚΝ ĲȘȞΝ ĲȡȚıįȚȐıĲĮĲȘΝ įȠȝȒΝ ĲȘȢΝ ĮȞĮįȚʌȜȦȝȑȞȘȢΝ

ʌȡȦĲİǸȞȘȢέΝΝ 

 

ǾΝ ʌȡȩȠįȠȢΝ ĲȦȞΝ ȣʌȠȜȠȖȚıĲȚțȫȞΝ ȝİșȩįȦȞΝ ʌȡȩȕȜİȥȘȢΝ ĲȡȚĲȠĲĮȖȠȪȢΝ įȠȝȒȢΝ

İțĲȚȝȐĲĮȚΝ ĮʌȩΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ ωχSPΝ ΧωriticalΝχssessmentΝ ofΝ ProteinΝ StructureΝ

PredictionΨΝ ʌȠȣΝ ȟİțȓȞȘıĮȞΝ ĲȠΝ 1λλζΝ ȝİΝ ĲȠΝωχSP1Ν țĮȚΝ ĳĲȐȞȠȣȞΝ ĲȚȢΝ ıȣȞȠȜȚțȐΝ 1ίΝ

İțįȠȤȑȢΝ ĲȠΝ 2012 (CASP10) (http://predictioncenter.org/ΨέΝ ȈĲȘȞ țȠȚȞȩĲȘĲĮΝ ĲȠȣΝ

ωχSPΝȠȚΝİȡİȣȞȘĲȚțȑȢΝȠȝȐįİȢΝİĳĮȡȝȩȗȠȣȞΝĲȚȢΝįȚțȑȢΝĲȠȣȢΝȝİșȩįȠȣȢΝʌȡȩȕȜİȥȘȢΝıİΝ

ĮȜȜȘȜȠȣȤȓİȢΝ ȖȚĮΝ ĲȚȢΝ ȠʌȠȓİȢΝ įİȞΝ İȓȞĮȚΝ ȖȞȦıĲȒΝ Ș ĳȣıȚțȒΝ įȠȝȒ,Ν ĮȜȜȐΝ ʌȡȩțİȚĲĮȚΝ

http://predictioncenter.org/
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ıȪȞĲȠȝĮΝȞĮΝįȘȝȠıȚİȣșİȓΝΧJέΝεoultΝetΝalέ,Ν1λλη,Νβίί1,Νβίίγ,Νβίίη,ΝΝJΝεoult,Ν1λλλΨΝέΝ 

ȅȚΝȣʌȠȜȠȖȚıĲȚțȑȢΝȝȑșȠįȠȚΝȖȚĮΝĲȘȞΝʌȡȩȕȜİȥȘΝĲȘȢΝįȠȝȒȢΝĲȦȞΝʌȡȦĲİȧȞȫȞΝȝʌȠȡȠȪȞΝ

ȞĮΝĲĮȟȚȞȠȝȘșȠȪȞΝıİΝĲȑııİȡȚȢΝȠȝȐįİȢΝμΝ 

 

ǹέΝωomparativeΝmodeling 

ǾΝȝȑșȠįȠȢΝĲȘȢΝıȣȖțȡȚĲȚțȒȢΝȝȠȞĲİȜȠʌȠȓȘıȘȢΝȕĮıȓȗİĲĮȚΝıĲȘΝĮȡȤȒΝʌȦȢΝȠȚΝțȠȞĲȚȞȑȢΝ

İȟİȜȚțĲȚțȐΝ ĮȜȜȘȜȠȣȤȓİȢΝ ȑȤȠȣȞΝ ʌĮȡȩȝȠȚĮΝ ĲȡȚıįȚȐıĲĮĲȘΝ įȠȝȒ,Ν įȘȜĮįȒΝ ʌȦȢΝ ȘΝ

ȠȝȠȜȠȖȓĮΝ ıĲȘȞΝ ĮȜȜȘȜȠȣȤȓĮΝ ȣʌȠįȘȜȫȞİȚΝ țĮȚΝ įȠȝȚțȒΝ ȠȝȠȜȠȖȓĮΝ ΧχέΝ SaliΝ etΝ alέ,Ν

1λλγΨέΝ ǵıȠΝ ȝİȖĮȜȪĲİȡȘΝ İȓȞĮȚΝ ȘΝ ȠȝȠȚȩĲȘĲĮΝ ĲȘȢ ĮȜȜȘȜȠȣȤȓĮȢ,Ν ĲȩıȠΝ ȝİȖĮȜȪĲİȡȘΝ

ȝʌȠȡİȓΝȞĮΝİȓȞĮȚΝțĮȚΝȘΝȠȝȠȚȩĲȘĲĮΝĲȘȢΝįȠȝȒȢέΝȈİΝĮȜȜȘȜȠȣȤȓİȢΝȝİΝȝİȖĮȜȪĲİȡȘΝĮʌȩΝ

ηίΣΝ ȠȝȠȜȠȖȓĮΝ ȘΝ ʌȡȩȕȜİȥȘΝ İȓȞĮȚΝ ʌȠȜȪΝ țĮȜȒέΝ ȈİΝ ĮȜȜȘȜȠȣȤȓİȢΝ ȝİΝ ȠȝȠȜȠȖȓĮΝ ĮʌȩΝ

γίΣΝ ȑȦȢΝ ηίΣΝ ȑȤİȚΝ įİȚȤșİȓΝ ʌȦȢΝ ĲȠΝ κίΣΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωaΝ ĮȞĮȝȑȞİĲĮȚΝ ȞĮΝ

ȕȡȓıțȠȞĲĮȚΝ ıİΝ ĮʌȩıĲĮıȘΝ γ,ηǹΝ ĮʌȩΝ ĲȘȞΝ ʌȡĮȖȝĮĲȚțȒΝ ĲȠȣȢΝ șȑıȘέΝ ǼȞȫΝ ıİΝ

ĮȜȜȘȜȠȣȤȓİȢΝȝİΝȜȚȖȩĲİȡȠΝĮʌȩΝγίΣΝȠȝȠȜȠȖȓĮΝȠȚΝʌȡȠȕȜȑȥİȚȢΝȝʌȠȡİȓΝȞĮΝʌİȡȚȑȤȠȣȞΝ

ıȘȝĮȞĲȚțȐΝȜȐșȘέΝ 

 

ǺέΝόoldΝrecognitionΝandΝthreading 

ǾΝ ȝȑșȠįȠȢΝ ĮȣĲȒΝ ȕĮıȓȗİĲĮȚΝ ıĲȘȞΝ ĮȡȤȒΝ ʌȦȢΝ ȠΝ ĮȡȚșȝȩȢΝ ĲȦȞΝ įȚĮĳȩȡȦȞΝ

ĮȞĮįȚʌȜȦȝȑȞȦȞΝ ʌȡȦĲİȧȞȚțȫȞΝ įȠȝȫȞΝ İȓȞĮȚΝ ıȘȝĮȞĲȚțȐΝ ȝȚțȡȩĲİȡȠȢΝ ĮʌȩΝ ĲȠȞΝ

ĮȡȚșȝȩΝĲȦȞΝĮȜȜȘȜȠȣȤȚȫȞΝʌȠȣΝʌĮȡȐȖȠȞĲĮȚΝĮʌȩΝĲĮΝʌȡȠȖȡȐȝȝĮĲĮΝĲȘȢΝȖȠȞȚįȚĮțȒȢΝ

ĮȜȜȘȜȠȪȤȚıȘȢέΝȅΝĮȡȚșȝȩȢΝĲȦȞΝįȚĮĳȩȡȦȞΝĮȞĮįȚʌȜȦȝȑȞȦȞΝįȠȝȫȞΝȑȤİȚΝ İțĲȚȝȘșİȓΝ

ȝİΝ ȕȐıȘΝ ĲȘȞΝ ȠȝĮįȠʌȠȓȘıȘΝ ĲȦȞΝ įȠȝȫȞ,Ν țĮĲĮĲİșİȚȝȑȞȦȞΝ ıĲȘȞΝ ʌȡȦĲİȧȞȚțȒΝ ȕȐıȘΝ

įȠȝȫȞ,Ν ıİΝ ȠȚțȠȖȑȞİȚİȢΝ ΧψermanΝ etΝ alέ,Ν βίίίΨέΝ ǾΝ ȝȑșȠįȠȢΝ Ν threadingΝ ȕĮıȓȗİĲĮȚΝ

ıĲȘȞΝ ʌȡȠıĮȡȝȠȖȒΝ ȝȚĮȢΝ ĮȜȜȘȜȠȣȤȓĮȢ-ıĲȩȤȠȣΝ ıİΝ ȝȚĮΝ ȖȞȦıĲȒΝ įȠȝȒΝ ȝȑıĮΝ ıİΝ ȝȚĮΝ

ȕȚȕȜȚȠșȒțȘΝʌȠȣΝʌİȡȚȑȤİȚΝįȠȝȑȢέΝǾΝȝȑșȠįȠȢΝĮȣĲȒΝİĳĮȡȝȩıĲȘțİΝȝİΝİʌȚĲȣȤȓĮΝĮʌȩΝ

ĲȠΝSkolnickΝțĮȚΝĲȠȣȢΝıȣȞİȡȖȐĲİȢΝĲȠȣΝıĲĮΝʌİȚȡȐȝĮĲĮΝΝωχSPη-7 (Skolnick et al., 

βίίγΨέΝ ȈİΝ ȝȚĮΝ ʌȚȠΝ ʌȡȩıĳĮĲȘΝ ʌȡȠıʌȐșİȚĮΝ ĲȠȣΝ ȠΝ SkolnickΝ ȤȡȘıȚȝȠʌȠȓȘıİΝ ȝȚĮΝ

İʌĮȞĮȜȘʌĲȚțȒΝʌȡȠıȑȖȖȚıȘΝıĲȘȞΝȠʌȠȓĮΝĮȡȤȚțȐΝıĲȠȚȤȓȗȠȞĲĮȚΝȘΝĮȜȜȘȜȠȣȤȓĮ-ıĲȩȤȠȢΝ

țĮȚΝ ȠȚΝ ȖȞȦıĲȑȢΝ įȠȝȑȢ,Ν ĮȖȞȠȫȞĲĮȢΝ ĲȠΝ ĲĮȓȡȚĮıȝĮΝ ĲȦȞΝ ĮȝȚȞȠȟȚțȫȞΝ
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ĮȜȜȘȜİʌȚįȡȐıİȦȞέΝ ȈİΝ ȝİĲĮȖİȞȑıĲİȡİȢΝ ıĲȠȚȤȓıİȚȢΝ ȜĮȝȕȐȞȠȞĲĮȚΝ ȣʌȩȥȚȞΝ

ʌȜȘȡȠĳȠȡȓİȢΝ ĮʌȩΝ ʌȡȠȘȖȠȪȝİȞİȢΝ ıĲȠȚȤȓıİȚȢΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ȕĮșȝȠȜȠȖȘșȠȪȞΝ ȠȚΝ

İȞȑȡȖİȚİȢΝĮʌȩΝĲȚȢΝĮȝȚȞȠȟȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝΧSkolnickΝetΝalέ,ΝβίίζΨΝέΝ 

 

īέΝΝόirstΝprinciplesΝmethodsΝwithΝdatabaseΝinformation, 

 ȠȚΝȠʌȠȓİȢΝʌİȡȚȜĮȝȕȐȞȠȣȞΝĲȚȢΝʌĮȡĮțȐĲȦΝȝİșȩįȠȣȢμ 

 

1. Fragment-based recombination methods,  

ȈĲȚȢΝȝİșȩįȠȣȢΝĮȞĮıȣȞįȣĮıȝȠȪΝȕĮıȚȗȩȝİȞȠȣΝıİΝșȡĮȪıȝĮĲĮΝȘΝțİȞĲȡȚțȒΝȚįȑĮΝİȓȞĮȚΝ

ȩĲȚΝ ȠȚΝ ĲȠʌȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢ,Ν ʌȠȣΝ İȟĮȡĲȫȞĲĮȚΝ ĮʌȩΝ ĲȘȞΝ ĮȜȜȘȜȠȣȤȓĮ,Ν

țĮĲİȣșȪȞȠȣȞ ĲȘȞΝ ĮȜȣıȓįĮΝ ȞĮΝ įȠțȚȝȐıİȚΝ ıȣȖțİțȡȚȝȑȞĮΝ ıȪȞȠȜĮΝ ĲȠʌȚțȫȞΝ

įȚĮȝȠȡĳȫıİȦȞ,Ν İȞȫΝ ȠȚΝ ȝȘ-ĲȠʌȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ʌȡȠĲȚȝȠȪȞΝ ȤĮȝȘȜȒȢΝ

İȞȑȡȖİȚĮȢΝįȚĮȝȠȡĳȫıİȚȢ,ΝȠȚΝ ȠʌȠȓİȢΝİȓȞĮȚΝıȣȝȕĮĲȑȢΝȝİΝĲȚȢΝʌȡȠĲȚȝȫȝİȞİȢΝĲȠʌȚțȑȢΝ

įȚĮȝȠȡĳȫıİȚȢΝΧbiasedΝlocalΝconformersΨέΝ 

 

βέΝǾybridΝmethods,  

ȈĲȚȢΝ ȣȕȡȚįȚțȑȢΝ ȝİșȩįȠȣȢΝ ĮȞĮʌĲȪȤșȘțĮȞΝ ʌȡȠıİȖȖȓıİȚȢΝ ʌȠȣΝ ıȣȞįȣȐȗȠȣȞΝ ĲȘȞΝ

ʌȠȜȜĮʌȜȒΝ ıȪȖțȡȚıȘΝ ĲȘȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ ΧmultipleΝ sequenceΝ comparisonΨ,Ν ĲȠΝ

threading,Ν ĲȘΝ ȕİȜĲȚıĲȠʌȠȓȘıȘΝ ȝİΝ ıȣȞĮȡĲȒıİȚȢΝ ȕĮșȝȠȜȩȖȘıȘȢΝ țĮȚΝ ĲȘȞΝ

ȠȝĮįȠʌȠȓȘıȘΝΧclusteringΨέΝǾΝȤȦȡȠįȚȐĲĮȟȘΝĲȘȢΝʌȡȦĲİȓȞȘȢΝʌİȡȚȖȡȐĳİĲĮȚΝĮʌȩΝȑȞĮΝ

ȝȠȞĲȑȜȠΝ ʌȜȑȖȝĮĲȠȢΝ ȝİΝ ĲȡȓĮΝ ȒΝ ȜȚȖȩĲİȡĮΝ ȐĲȠȝĮΝ ĮȞȐΝ țĮĲȐȜȠȚʌȠΝ ΧYέΝZhangΝ etΝ alέ,Ν

βίίγΝ ΨέΝ ȉȠΝ threadingΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȖȚĮΝ ȞĮΝ ʌĮȡȑȤİȚΝ ʌȜȘȡȠĳȠȡȓİȢΝ ȖȚĮΝ ĲȚȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ȝİȖȐȜȘȢΝ İȝȕȑȜİȚĮȢ,Ν ȝİĲĮȟȪΝ ĮʌȠȝĮțȡȣıȝȑȞȦȞΝ ʌȜİȣȡȚțȫȞΝ

ĮȜȣıȓįȦȞέΝ ȂİΝ ĲȘΝ ȤȡȒıȘΝ ĲȠȣΝ SPIωKϋR,Ν ȑȞĮΝ İȡȖĮȜİȓȠΝ ȖȚĮΝ ȠȝĮįȠʌȠȓȘıȘΝ

ʌȡȦĲİȧȞȚțȫȞΝ įȠȝȫȞΝ ʌȠȣΝ ʌĮȡȐȖȠȞĲĮȚΝ ĮʌȩΝ ȝȚĮΝ ʌȡȠıȠȝȠȓȦıȘ,Ν țĮȚΝ ȝİĲȐΝ ĮʌȩΝ

İʌȚȜȠȖȒΝ ĲȦȞΝ ʌȠȜȣʌȜȘșȑıĲİȡȦȞΝ ȠȝȐįȦȞ,Ν ȕȡȑșȘțİΝ ʌȦȢΝ ȠȚΝ įȚĮȝȠȡĳȫıİȚȢΝ ıĲȚȢΝ

ȠȝȐįİȢΝ ĮȣĲȑȢΝ ĲİȓȞȠȣȞΝ ʌİȡȚııȩĲİȡȠΝ ıĲȘΝ ĳȣıȚțȒΝ įȠȝȒ,Ν ĮʌȩΝ ȩĲȚΝ ȠȚΝ įȠȝȑȢΝ ȝİΝ ĲȘΝ

ȤĮȝȘȜȩĲİȡȘΝİȜİȪșİȡȘΝİȞȑȡȖİȚĮΝΧYέΝZhangΝetΝalέ,ΝβίίγΝΨέΝ 

γέΝ ȂȑșȠįȠȚΝ ʌȠȣΝ ıȣȞįȣȐȗȠȣȞΝ ʌȜȘȡȠĳȠȡȓİȢΝ ĮʌȩΝ ĲȘΝ įİȣĲİȡȠĲĮȖȒΝ įȠȝȒΝ țĮȚΝ
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İʌȚȜİȖȝȑȞȠȣȢΝ ʌİȡȚȠȡȚıȝȠȪȢΝ ĲȘȢΝ ĲȡȚĲȠĲĮȖȠȪȢΝ ȝİΝ ȕİȜĲȚıĲȠʌȠȓȘıȘΝ εonteΝ ωarloΝ

ΧεωΝ optimizationΨΝ ȒΝ ȠȜȚțȒΝ ĮȚĲȚȠțȡĮĲȚțȒΝ ȕİȜĲȚıĲȠʌȠȓȘıȘΝ Χdeterministic global 

optimization) (Adjiman et al., 1996, 1997, Androulakis et al., 1995. Floudas, 

2000, 2005. Floudas et al., 2005) .  

 

ǻέΝΝόirstΝprinciplesΝmethodsΝwithoutΝdatabaseΝinformation 

ȈĲȚȢΝ ȝİșȩįȠȣȢΝ ʌȠȣΝ įİȞΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȕȐıİȚȢΝ įİįȠȝȑȞȦȞ,Ν ȠΝ ıțȠʌȩȢΝ İȓȞĮȚΝ ȞĮΝ

ĲĮȣĲȠʌȠȚȘșİȓΝȘΝįȠȝȒΝȝȚĮȢΝʌȡȦĲİǸȞȘȢΝȝİΝĲȘΝȤĮȝȘȜȩĲİȡȘΝİȜİȪșİȡȘΝİȞȑȡȖİȚĮΝıĲȠΝ

ʌİȡȚȕȐȜȜȠȞΝ ĲȘȢΝ ,Ν ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ȝȩȞȠΝ ĲȠȣȢΝ ȞȩȝȠȣȢΝ ĲȘȢΝ ĳȣıȚțȒȢΝ țĮȚΝ ĲȘȞΝ

ĮȝȚȞȠȟȚțȒΝ ĲȘȢΝ ĮȜȜȘȜȠȣȤȓĮέΝǹȣĲȑȢΝ ȠȚΝ ȝȑșȠįȠȚΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ ȖȚĮΝ

ȠʌȠȚĮįȒʌȠĲİΝ ĮȜȜȘȜȠȣȤȓĮέΝȁȩȖȦΝ ĲȘȢΝ ȝİȖȐȜȘȢΝ ʌȠȚțȚȜȓĮȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞ-ıĲȩȤȦȞΝ

țĮȚΝ ĲȘȢΝ ĮįȣȞĮȝȓĮȢΝ ĲȘȢΝ ȤȡȒıȘȢΝ țȐʌȠȚĮȢΝ ȕȐıȘȢΝ įİįȠȝȑȞȦȞ,Ν țĮĲĮĲȐııȠȞĲĮȚΝ ıĲȚȢΝ

įȣıțȠȜȩĲİȡİȢΝȝİșȩįȠȣȢΝȖȚĮΝĲȘȞΝʌȡȩȖȞȦıȘΝĲȘȢΝįȠȝȒȢΝΧωέχέΝόloudas,ΝβίίιΨέΝ 

 

ȅȚΝ ȣʌȠȜȠȖȚıĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ İȓȞĮȚΝ ȑȞĮΝ physics-basedΝ İȡȖĮȜİȓȠΝ ȖȚĮΝ ĲȘȞΝ

ʌȡȩȕȜİȥȘΝ ĲȘȢΝ Ν įȠȝȒȢΝ țĮȚΝ ĲȘΝ ȝİȜȑĲȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢέΝ ȈĲȘΝ ȝȑșȠįȠΝ ĮȣĲȒΝ ĲȠΝ

ȝȑĲȡȠΝ ĲȘȢΝ İʌȚĲȣȤȓĮȢΝ İȓȞĮȚΝ ȘΝ țĮĲĮȞȩȘıȘΝ ĲȦȞΝ įȣȞȐȝİȦȞΝ țĮȚΝ ĲȘȢΝ įȣȞĮȝȚțȒȢΝ ʌȠȣΝ

įȚȑʌȠȣȞΝ ĲȘȢΝ ȚįȚȩĲȘĲİȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞέΝ ȅȚΝ İʌȚĲȣȤȓĮΝ ĲȦȞΝ ȝİșȩįȦȞΝ ĮȣĲȫȞΝ șĮΝ

İʌȚĲȡȑȥİȚΝ ĲȘȞΝ ȣʌȑȡȕĮıȘΝ ĲȦȞΝ ȠȡȓȦȞΝ ĲȘȢΝ ȕȚȠʌȜȘȡȠĳȠȡȚțȒȢ,Ν ıĲȘȞΝ ʌȡȩȕȜİȥȘΝ

ĮȜȜĮȖȫȞΝıĲȘΝįȚĮȝȩȡĳȦıȘ,ΝʌȠȣΝİȓȞĮȚΝıȘȝĮȞĲȚțȑȢΝȖȚĮΝĲȘȞΝĮȞĮțȐȜȣȥȘΝĳĮȡȝȐțȦȞΝ

ȝİΝ ȣʌȠȜȠȖȚıĲȚțȑȢΝ ȝİșȩįȠȣȢ,Ν ıĲȘȞΝ țĮĲĮȞȩȘıȘΝ ĲȦȞΝ ȝȘȤĮȞȚıȝȫȞΝ įȡȐıȘȢΝ ĲȦȞΝ

ʌȡȦĲİȧȞȫȞ,Ν ĲȘȢΝ țȓȞȘıȘȢ,Ν ĲȘȢΝ țĮĲȐȜȣıȘȢ,Ν ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ țĮȚΝ ȐȜȜȦȞΝ

țĮĲĮıĲȐıİȦȞΝ ʌȠȣΝ ĮʌĮȚĲȠȪȞΝ ʌİȡȚııȩĲİȡĮΝ ĮʌȩΝ ȝȚĮΝ ıĲĮĲȚțȒΝ ĳȣıȚțȒΝ įȠȝȒ,Ν ıĲȘȞΝ

țĮĲĮȞȩȘıȘΝ ĲȘȢΝ ĮʌȩțȡȚıȘȢΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ ıİΝ įȚĮȜȪĲİȢ,Ν pώ,Ν ȐȜĮĲĮ,Ν

ĮʌȠįȚĮĲĮțĲȚțȠȪȢΝ țĮȚΝ ȐȜȜȠȣȢΝ ʌĮȡȐȖȠȞĲİȢΝ țĮȚΝ ĲȑȜȠȢΝ ıĲȠΝ ıȤİįȚĮıȝȩΝ ıȣȞșİĲȚțȫȞΝ

ʌȡȦĲİȧȞȫȞΝ ΧϊillΝ etΝ alέ,Ν βίίκΨέΝ ȅȚΝ ȝȑșȠįȠȚΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȝȠȡȚĮțȒȢΝ

įȣȞĮȝȚțȒȢ,ΝʌȠȣΝİȓȞĮȚΝțĮȚΝĲȠΝĮȞĲȚțİȓȝİȞȠΝĲȘȢΝʌĮȡȠȪıĮȢΝʌĲȣȤȚĮțȒȢΝșĮΝıȣȗȘĲȘșȠȪȞΝ

İțĲİȞȑıĲİȡĮΝıĲĮΝțİĳȐȜĮȚĮΝβΝțĮȚΝγέΝΝ 
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1έβΝ ȅΝ ȡȩȜȠȢΝ ĲȦȞΝ ʌİʌĲȚįȓȦȞΝ ıĲȘΝ Ν ȝİȜȑĲȘΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢ 
 

ǾΝ ȑȞȦıȘΝ įȪȠΝ ĮȝȚȞȠȟȑȦȞΝ ȝȑıȦΝ ʌİʌĲȚįȚțȠȪΝ įİıȝȠȪ,Ν ȑȤİȚΝ ȦȢΝ ĮʌȠĲȑȜİıȝĮΝ ĲȘΝ

įȘȝȚȠȣȡȖȓĮΝ İȞȩȢΝ ʌİʌĲȚįȓȠȣΝ țĮȚΝ ıȣȖțİțȡȚȝȑȞĮΝ İȞȩȢΝ įȚʌİʌĲȚįȓȠȣέΝ ǾΝ ıȣȞİȤȒȢΝ

ʌȡȠıșȒțȘΝĮȝȚȞȠȟȑȦȞΝıĲȠΝțĮȡȕȠȟȣĲİȜȚțȩΝȐțȡȠΝȑȤİȚΝȦȢΝĮʌȠĲȑȜİıȝĮΝĲȘȞΝĮȪȟȘıȘΝ

ĲȠȣΝȝȒțȠȣȢΝ ĲȠȣΝʌİʌĲȚįȓȠȣέΝȂİΝ ĲȠȞΝ ĲȡȩʌȠΝĮȣĲȩΝ İȓȞĮȚΝ įȣȞĮĲȩΝ ȞĮΝįȘȝȚȠȣȡȖȘșȠȪȞΝ

ʌȠȜȣʌİʌĲȓįȚĮΝ ȒΝ ʌȡȦĲİǸȞİȢΝ ĮʌȠĲİȜȠȪȝİȞİȢΝ ĮʌȩΝ İțĮĲȠȞĲȐįİȢΝ ȑȦȢΝ ȤȚȜȚȐįİȢΝ

ĮȝȚȞȠȟȑĮέΝ ǾΝ ʌȠȜȣʌȜȠțȩĲȘĲĮ,Ν ıȣȞİʌȫȢ,Ν ȝȚĮȢΝ ȝİȖȐȜȘȢΝ ĮȝȚȞȠȟȚțȒȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ

ΧʌȡȦĲİǸȞȘΨΝ ȝʌȠȡİȓΝ ȞĮΝ ĮȞĲȚțĮĲĮıĲĮșİȓΝ ĮʌȩΝ ȝȚțȡȩĲİȡĮΝ ȝȠȞĲȑȜĮ,Ν ĲĮΝ ȠʌȠȓĮΝ İȓȞĮȚΝ

İȣțȠȜȩĲİȡȠΝȞĮΝȝİȜİĲȘșȠȪȞέΝǼĳȩıȠȞΝĲĮΝʌİʌĲȓįȚĮΝİȓȞĮȚΝȝȚțȡȩĲİȡĮΝıȣıĲȒȝĮĲĮΝĮʌȩΝ

ĲȚȢΝ ʌȡȦĲİǸȞİȢ,Ν įȘȝȚȠȣȡȖȠȪȞΝ ȜȚȖȩĲİȡİȢΝ İʌĮĳȑȢΝ țĮȚΝ Ν ȝİȚȫȞİĲĮȚΝ ĲȠΝ ȣʌȠȜȠȖȚıĲȚțȩΝ

țȩıĲȠȢΝĮȜȜȐΝțĮȚΝȠΝȣʌȠȜȠȖȚıĲȚțȩȢΝȤȡȩȞȠȢέ 

  

ȂȑıȦΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ıİΝ ʌİʌĲȓįȚĮΝ ȝʌȠȡȠȪȞΝ ȞĮΝ

ȤĮȡĮțĲȘȡȚıĲȠȪȞΝȘΝįȣȞĮȝȚțȒΝțĮȚΝȠȚΝȝȠȡȚĮțȠȓΝȝȘȤĮȞȚıȝȠȓΝĲȦȞΝĮȡȤȚțȫȞΝȖİȖȠȞȩĲȦȞΝ

ĲȘȢΝʌȡȦĲİȧȞȚțȒȢΝĮȞĮįȓʌȜȦıȘȢέ ǾΝĮȞĮįȓʌȜȦıȘΝĲȦȞΝʌİʌĲȚįȓȦȞΝʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚΝ

ıĲȘȞΝțȜȓȝĮțĮΝĲȦȞΝ nanosecondsέΝȈȣȞİʌȫȢΝ ĲĮΝʌİʌĲȓįȚĮΝ İȓȞĮȚΝȝȚĮΝțĮȜȒΝ İȣțĮȚȡȓĮΝ

ȖȚĮΝ ĲȘΝ ȖİĳȪȡȦıȘΝ șİȦȡȓĮȢΝ țĮȚΝ ʌȡȐȟȘȢΝ ΧSέΝ ύnanakaranΝ etΝ alέ,Ν βίίγΨέΝ īȚĮΝ

ʌĮȡȐįİȚȖȝĮΝȘΝįȠȣȜİȚȐΝĲȠȣΝSnowΝțĮȚΝĲȦȞΝıȣȞİȡȖĮĲȫȞΝĲȠȣΝİʌȚȕİȕĮȚȫȞİȚΝĮʌȩȜȣĲȘΝ

ĲĮȪĲȚıȘΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĮʌȠĲİȜİıȝȐĲȦȞΝ ĮʌȩΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ țĮȚΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ

ʌȠȣΝ ʌȡĮȖȝĮĲȠʌȠȓȘıĮȞΝ ıĲȘȞΝ ȝȚțȡȠ-ʌȡȦĲİǸȞȘΝ ǺǺǹηΝ ʌȠȣΝ ıȤİįȓĮıĮȞ,Ν

ʌȡȠıĳȑȡȠȞĲĮȢΝĲȘΝįȣȞĮĲȩĲȘĲĮΝȐȝİıȘȢΝıȪȖțȡȚıȘȢΝĮȞȐȝİıĮΝıĲȘȞΝ in vitro țĮȚΝĲȘȞΝ

in silico ʌȡȦĲİȧȞȚțȒΝĮȞĮįȓʌȜȦıȘΝΧωέϊΝSnowΝet al., 2002).  

 

ȅΝ ȤİȚȡȚıȝȩȢΝ ȤĮȡĮțĲȘȡȚıĲȚțȫȞΝ ȩʌȦȢΝ ȠΝ ıȤȘȝĮĲȚıȝȩȢΝ ȚȠȞĲȚțȫȞΝ įİıȝȫȞΝ țĮȚΝ

įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣ,Ν ȘΝ İȞȣįȐĲȦıȘΝ țĮȚΝ ȠΝ ıȤȘȝĮĲȚıȝȩȢΝ ȣįȡȩĳȠȕȠȣΝ ʌȣȡȒȞĮ,Ν ʌȠȣΝ

țĮșȠȡȓȗȠȣȞΝ ĲȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞ,Ν ĮʌȠĲİȜİȓΝ ʌȡȩțȜȘıȘΝ ȖȚĮΝ ĲȚȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝıİΝʌİʌĲȓįȚĮέΝǾΝțĮĲĮȞȩȘıȘΝĲȠȣΝȝȘȤĮȞȚıȝȠȪΝ
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ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ıİΝ ʌİʌĲȓįȚĮΝ țĮȚΝ ȝȚțȡȑȢΝ ʌȡȦĲİǸȞİȢΝ İʌȚĲĮȤȪȞșȘțİΝ ĮʌȩΝ ĲȡİȚȢΝ

ıȘȝĮȞĲȚțȑȢΝ İȟİȜȓȟİȚȢέΝ ȆȡȫĲȠȞ,Ν ȠΝ ıȤİįȚĮıȝȩȢΝ ȝȚțȡȫȞΝ ʌİʌĲȚįȓȦȞΝ ʌȠȣΝ ȝȚȝȠȪȞĲĮȚΝ

ĲȘȞΝʌȠȜȣʌȜȠțȩĲȘĲĮΝĲȦȞΝʌȡȦĲİȧȞȫȞ,ΝĮȜȜȐΝİȓȞĮȚΝȚțĮȞȠʌȠȚȘĲȚțȐΝȝȚțȡȐΝȑĲıȚΝȫıĲİΝ

ȞĮΝİʌȚĲȡȑʌİĲĮȚΝȘΝȜİʌĲȠȝİȡȒȢΝȝİȜȑĲȘΝĲȠȣȢΝ ΧϋέΝdeΝχlbaΝetΝalέ,Ν1λλλ,ΝεΝRamirez-

Alvarado et al., 2001, MT Pastor et al., 2002, JW Neidigh et al., 2002)έΝǻİȪĲİȡȠȞ,Ν

ȘΝ ĮȞȐʌĲȣȟȘΝ ȖȡȒȖȠȡȘȢΝ ΧnanosecondΨΝ time-resolvedΝ spectroscopyΝ ȖȚĮΝ ĲȘȞΝ

ʌİȚȡĮȝĮĲȚțȒΝȝİȜȑĲȘΝ ĲȘȢΝįȣȞĮȝȚțȒȢΝ ĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝʌİʌĲȚįȓȦȞΝıĲȘȞΝ ȓįȚĮΝ

ȤȡȠȞȚțȒΝțȜȓȝĮțĮΝȝİΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝΧWώΝWoodruff et al., 1996, V Munoz et 

al., 2997,  JC Crane et al., 2000, LJ Lapidus et al., 2000, S Sporlein  et al., 2002). 

ȀĮȚΝĲȡȓĲȠȞ,ΝȘΝĮȞȐʌĲȣȟȘΝțĮȚΝȘΝİĳĮȡȝȠȖȒΝĲȦȞΝĮȜȖȠȡȓșȝȦȞΝȖȚĮΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝ

ȑȤȠȣȞΝȕȠȘșȒıİȚΝȞĮΝȟİʌİȡĮıĲȠȪȞΝȠȚΝʌİȡȚȠȡȚıȝȠȓΝĲȘȢΝĮȞİʌĮȡțȠȪȢΝįİȚȖȝĮĲȠȜȘȥȓĮȢΝ

(insufficient sampling) (Y Sugita et al., 2000, MR Shirts et al., 2001)έΝȍıĲȩıȠΝȘΝ

ıȣȞİȤȒȢΝ ĮȞȐʌĲȣȟȘΝ țĮȚΝ ȕİȜĲȓȦıȘΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ Ν ıĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

İȓȞĮȚΝ ıȘȝĮȞĲȚțȒΝ ȫıĲİΝ ȞĮΝ İʌȚĲİȣȤșİȓΝ ȝİȖĮȜȪĲİȡȘΝ ıȣȝĳȦȞȓĮΝ ȝİĲĮȟȪΝ ĲȦȞΝ

ʌȡȠıȠȝȠȚȫıİȦȞΝțĮȚΝĲȦȞΝʌİȚȡĮȝȐĲȦȞΝΧSέΝύnanakaranΝetΝalέ,ΝβίίγΨέΝ 

 

 

ǼȚțȩȞĮΝ1έβΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝWέSΝώorneΝΤΝSέώέΝύellman,ΝχccountsΝ

of chemical research, 2008)  

ǼĲİȡȠȖİȞȒΝ foldamersΝ ʌȠȣΝ ĮʌȠĲİȜȠȪȞĲĮȚΝ ĮʌȩΝ Į- țĮȚΝ ȕ- ĮȝȚȞȠȟȚțȐΝ țĮĲȐȜȠȚʌĮέΝȅΝ

ıĲȩȤȠȢΝ ĲȘȢΝ İʌȚıĲȘȝȠȞȚțȒȢΝ țȠȚȞȩĲȘĲĮȢΝ İȓȞĮȚΝ ĮʌȩΝ ȝȚĮΝ ĮȝȚȞȠȟȚțȒΝ ĮȜȜȘȜȠȣȤȓĮΝ ȞĮΝ

țĮĲĮȞȠȒıȠȣȝİΝĲȘΝįİȣĲİȡȠĲĮȖȒΝțĮȚΝĲȡȚĲȠĲĮȖȒΝįȠȝȒΝȑĲıȚΝȫıĲİΝȞĮΝȝʌȠȡȑıȠȣȝİΝȞĮΝ

İȡȝȘȞİȪıȠȣȝİΝ ĲȘΝ ȜİȚĲȠȣȡȖȓĮΝ țĮȚΝ ȞĮΝ ĲȘΝ ȤȡȘıȚȝȠʌȠȚȒıȠȣȝİΝ ıĲȚȢΝ ȕȚȠȧĮĲȡȚțȑȢΝ

İĳĮȡȝȠȖȑȢέΝ 
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ȆȑȡĮΝ ĮʌȩΝ ĲȘȞΝ İʌĮȜȒșİȣıȘΝ ĲȦȞΝ ʌİȚȡĮȝȐĲȦȞΝ țĮȚΝ ĲȘȞΝ ȕİȜĲȓȦıȘΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ

ʌİįȓȦȞΝ Ν ĲĮΝ ʌİʌĲȓįȚĮΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ țĮȚΝ ıİΝ șİȡĮʌİȣĲȚțȠȪȢΝ ıțȠʌȠȪȢέΝ ȉĮΝ

ʌİʌĲȓįȚĮΝȩȝȦȢΝʌȠȣΝʌĮȡȐȖȠȞĲĮȚΝĳȣıȚȠȜȠȖȚțȐΝıĲȠȣȢΝȠȡȖĮȞȚıȝȠȪȢΝįİȞΝİȓȞĮȚΝțĮȜȠȓΝ

ȣʌȠȥȒĳȚȠȚΝ ȖȚĮ ĳȐȡȝĮțĮ,Ν ȜȩȖȦΝ ĲȘȢΝ ȤĮȝȘȜȒȢΝ ȕȚȠįȚĮșİıȚȝȩĲȘĲĮȢ,Ν ĲȘȢΝ

įȣȞĮĲȩĲȘĲĮȢΝĮȞȠıȠʌȠȓȘıȘȢΝțĮȚΝĲȘȢΝȤĮȝȘȜȒȢΝȝİĲĮȕȠȜȚțȒȢΝıĲĮșİȡȩĲȘĲĮȢΝinΝvivoΝ

(P.W Latham, 1999). 

 

ȆȡȩıĳĮĲİȢΝ ʌȡȠıʌȐșİȚİȢΝ İʌȚțİȞĲȡȫșȘțĮȞΝ ıĲȘΝ ȕİȜĲȓȦıȘΝ ĲȦȞΝ ȝİȚȠȞİțĲȘȝȐĲȦȞΝ

ĲȦȞΝ ĳȣıȚțȫȞΝ ʌİʌĲȚįȓȦȞΝ țĮȚΝ ıĲȘΝ įȘȝȚȠȣȡȖȓĮΝ ȝȘ-ĳȣıȚțȫȞΝ ȠȜȚȖȠȝİȡȫȞΝ ʌȠȣΝ

ȝȚȝȠȪȞĲĮȚΝ ĲĮΝ ʌİʌĲȓįȚĮέΝ Ν ȉĮΝ “peptidomimetics”Ν ȝʌȠȡȠȪȞΝ ȞĮΝ ȕĮıȚıĲȠȪȞΝ ıİΝ

ȠʌȠȚȠįȒʌȠĲİΝȠȜȚȖȠȝİȡȑȢΝʌȠȣΝȝȚȝİȓĲĮȚΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒΝȝȑıȦΝĲȡȠʌȠʌȠȓȘıȘȢΝĲȘȢέΝ

ȉĮΝ “peptidomimetics”Ν İȓȞĮȚΝ ıȣȤȞȐΝ ĮȞșİțĲȚțȐΝ ıİΝ ʌȡȦĲİȐıİȢ,Ν ȑȤȠȣȞΝ ȝİȚȦȝȑȞȘΝ

ĮȞȠıȠȖȠȞȚțȩĲȘĲĮ țĮȚΝ ȕİȜĲȚȦȝȑȞȘΝ ȕȚȠįȚĮșİıȚȝȩĲȘĲĮΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ ʌİʌĲȚįȚțȐΝ

ĮȞȐȜȠȖĮέΝ ǼțĲȩȢΝ ĮʌȩΝ ĲȘΝ ȝȓȝȘıȘΝ ĲȘȢΝ ĮȡȤȚțȒȢΝ įȠȝȒȢ,Ν ĲĮΝ ĮʌȠțĮȜȠȪȝİȞĮΝ

“foldamers”ΝĮʌȠĲİȜȠȪȞΝȣʌȠıȪȞȠȜȠΝĲȦȞΝ“peptidomimetics”ΝțĮȚΝİȝĳĮȞȓȗȠȣȞΝțĮȜȐΝ

țĮșȠȡȚıȝȑȞĮΝ ıĲȠȚȤİȓĮΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢ,Ν ȩʌȦȢΝ ȑȜȚțİȢ,Ν ıĲȡȠĳȑȢ,Ν țĮȚΝ ȝȚțȡȑȢΝ

įȠȝȑȢΝʌȠȣΝȝȠȚȐȗȠȣȞΝȝİΝĳȪȜȜĮΝΧİȚțȩȞĮΝ1έβΨΝΧJέχΝPatchΝetΝalέ,ΝβίίβΝΨέΝȉȠΝİȡȫĲȘȝĮΝ

İįȫΝİȓȞĮȚΝĮȞΝĮȣĲȐΝĲĮΝʌȠȜȣȝİȡȒΝȝʌȠȡȠȪȞΝȞĮΝİȟȣʌȘȡİĲȒıȠȣȞΝȜİȚĲȠȣȡȖȓİȢ,ΝȩʌȦȢΝȘΝ

țĮĲȐȜȣıȘ,Ν ȘΝ ĮȞĮȖȞȫȡȚıȘΝ țĮȚΝ ȐȜȜİȢΝ ĮȞȐȜȠȖİȢΝ ȝİΝ ĮȣĲȑȢΝ ʌȠȣΝ ȣʌȠıĲȘȡȓȗȠȣȞΝ ĲĮΝ

ĮȞĮįȚʌȜȦȝȑȞĮΝ ȕȚȠʌȠȜȣȝİȡȒέΝ īȚĮΝ ĲȠΝ ȜȩȖȠΝ ĮȣĲȩΝ ȝİȜİĲȐĲĮȚΝ ȘΝ įȠȝȒΝ ĲȠȣȢΝ țĮȚΝ ȘΝ

ȚțĮȞȩĲȘĲĮΝĲȠȣȢΝȞĮΝȣȚȠșİĲȠȪȞΝıȣȖțİțȡȚȝȑȞİȢΝįȚĮȝȠȡĳȫıİȚȢΝΧύellmanΝetΝalέ,βίίλΨέΝ 

 

ǲȞĮΝ ʌĮȡȐįİȚȖȝĮΝ ȝİΝ “foldamers”Ν ʌȠȣΝ ȑȤȠȣȞΝ ĳĮȡȝĮțİȣĲȚțȒΝ İĳĮȡȝȠȖȒΝ İȓȞĮȚΝ ĲĮΝ

ĮȞĲȚȝȚțȡȠȕȚĮțȐΝ ʌİʌĲȓįȚĮΝ ΧǹȂȇsΨ,Ν ĲĮΝ ȠʌȠȓĮΝ ʌĮȡȑȤȠȣȞΝ ʌȡȠıĲĮıȓĮΝ İȞĮȞĲȓȠȞΝ

ʌĮșȠȖȩȞȦȞΝ ȕĮțĲȘȡȓȦȞΝ țĮȚΝ ĮʌȠĲİȜȠȪȞΝ ıȘȝĮȞĲȚțȩΝ ĲȝȒȝĮΝ ĲȠȣΝ ĮȞȠıȠʌȠȚȘĲȚțȠȪΝ

ıȣıĲȒȝĮĲȠȢέΝȉĮΝǹȂȇsΝʌȠȣΝʌĮȡȐȖȠȞĲĮȚΝ ĮʌȩΝ ĲĮΝȡȚȕȠıȫȝĮĲĮΝ ȑȤȠȣȞΝȝȒțȠȢΝ1β-80 

țĮĲȐȜȠȚʌĮΝ țĮȚΝ ȣȚȠșİĲȠȪȞΝ įȚȐĳȠȡİȢΝ įȚĮȝȠȡĳȫıİȚȢ,Ν Į-ȑȜȚțİȢΝ țĮȚΝ ȕ-ĳȪȜȜĮΝ țέĮέΝ

ǲȞĮȢΝ ĲȡȩʌȠȢΝ ȖȚĮΝ ȞĮΝ ıȤİįȚĮıĲȠȪȞΝ ǹȂȇsΝ İȓȞĮȚΝ ȠΝ deΝ novoΝ ıȤİįȚĮıȝȩȢΝ ĲȠȣȢΝ ȝİΝ

coarse-grainedΝ ȝȠȞĲȑȜĮΝ țĮȚΝ ȘΝ ȤȡȒıȘΝ coarse-grainedΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȝȠȡȚĮțȒȢΝ

įȣȞĮȝȚțȒȢΝ ʌȠȣΝ ʌİȡȚȑȤȠȣȞΝ ĲȘȞΝ ĮȞĲȚȝȚțȡȠȕȚĮțȒΝ ȠȣıȓĮΝ ĮȜȜȐΝ țĮȚΝ ĲȘȞΝ țȣĲĲĮȡȚțȒΝ
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ȝİȝȕȡȐȞȘΝʌȡȠțİȚȝȑȞȠȣΝȞĮΝİȜİȖȤșȠȪȞΝȠȚΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝȝİĲĮȟȪΝĲȠȣȢ (GN Tew 

etΝ alέ,Ν βίίλΨέΝȂȚĮΝ įİȪĲİȡȘΝ ȝȑșȠįȠȢΝ ıȤİįȚĮıȝȠȪΝ “foldamers”Ν İȓȞĮȚΝ ȘΝ sequence-

based,Ν ıĲȘȞΝ ȠʌȠȓĮΝ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚΝ ıȣıĲȘȝĮĲȚțȒΝ ĲȡȠʌȠʌȠȓȘıȘΝ ĲȠȣΝ

ʌȡȦĲİȧȞȚțȠȪΝ ıțİȜİĲȠȪΝ ıĲȘȞΝ ʌİȡȚȠȤȒΝ įȑıȝİȣıȘȢΝ ȝȚĮȢΝ ʌȡȦĲİǸȞȘȢ,Ν ȝİΝ ĲȠȞΝ ĲȡȩʌȠΝ

ĮȣĲȩΝ ĲĮΝ foldamersΝ ȝʌȠȡȠȪȞΝ ȞĮΝ įİıȝİȣĲȠȪȞΝ ȚıȤȣȡȐΝ țĮȚΝ İʌȚȜİțĲȚțȐΝ ıİΝ ȝȚĮΝ

ʌȡȦĲİȧȞȚțȒΝİʌȚĳȐȞİȚĮ-ıĲȩȤȠΝΧWέSΝώorneΝetΝalέ,ΝβίίκΨέΝ 

 

ȊʌȐȡȤȠȣȞΝİʌȓıȘȢΝȕȐıİȚȢΝįİįȠȝȑȞȦȞΝʌȠȣΝıȤİĲȓȗȠȞĲĮȚΝȝİΝĮȞĲȚȝȚțȡȠȕȚĮțȐΝʌİʌĲȓįȚĮΝ

țĮȚΝĲȠΝıȤİįȚĮıȝȩΝĲȠȣȢέΝǾΝχPϊβΝʌİȡȚȑȤİȚΝ1ββκΝʌİʌĲȓįȚĮΝİțΝĲȦȞΝȠʌȠȓȦȞΝθηΝİȓȞĮȚΝ

ĮȞĲȚțĮȡțȚȞȚțȐ,Ν ιθΝ ĮȞĲȚȚȚțȐΝ ΧηγΝ ĮȞĲȓ-ǾǿVΨ,Ν γβιΝ ĮȞĲȚȝȣțȘĲȚĮıȚțȐΝ țĮȚΝ λζζΝ

ĮȞĲȚȕĮțĲȘȡȚįȚĮțȐέΝ ȂʌȠȡİȓΝ ȞĮΝ ʌĮȡȑȤİȚΝ ĮȞĮȗȒĲȘıȘΝ ıİΝ ȠȚțȠȖȑȞİȚİȢΝ ʌİʌĲȚįȓȦȞ,Ν

ʌȘȖȑȢΝ ʌİʌĲȚįȓȦȞ,Ν șȑıİȚȢΝ ʌȡȩıįİıȘȢΝ țĮșȫȢΝ țĮȚΝ ıĲĮĲȚıĲȚțȒΝ ĮȞȐȜȣıȘΝ ȖȚĮΝ ĲȘΝ

ıȪıĲĮıȘΝİȞȩȢΝʌİʌĲȚįȓȠȣ-ĳĮȡȝȐțȠȣΝΧhttpμήήapsέunmcέeduήχPήmain.php) (G Wang 

etΝalέ,ΝβίίλΨέΝǾΝPepψankΝİȓȞĮȚΝȝȚĮΝįİȪĲİȡȘΝȕȐıȘΝʌȠȣΝĮĳȠȡȐΝʌİʌĲȓįȚĮΝțĮȚΝʌĮȡȑȤİȚΝ

ĮȞĮȗȒĲȘıȘΝ ıİΝ ȣʌȐȡȤȠȞĲĮΝ ʌİʌĲȓįȚĮΝ ȝİΝ ȝȒțȠȢΝ ȝȚțȡȩĲİȡȠΝ ĲȦȞΝ βίΝ țĮĲĮȜȠȓʌȦȞΝ

(http://pepbank.mgh.harvard.edu/ ) (T Shtatland et al., 2007, T Duchrow et al., 

2009).  

 

ǲȞĮΝıȘȝĮȞĲȚțȩΝȝİȚȠȞȑțĲȘȝĮΝĲȠȣΝȣʌȠȜȠȖȚıĲȚțȠȪΝıȤİįȚĮıȝȠȪΝĲȦȞΝfoldamersΝİȓȞĮȚΝ

ĲȠΝ ȩĲȚΝ ȣʌȐȡȤİȚΝ ȑȜȜİȚȥȘΝ įȠȝȚțȫȞΝ įİįȠȝȑȞȦȞΝ ʌȠȣΝ șĮΝ İʌȚĲȡȑȥȠȣȞΝ ĲȘȞΝ

ʌĮȡĮȝİĲȡȠʌȠȓȘıȘΝ ĲȦȞΝ rotamerΝ ȕȚȕȜȚȠșȘțȫȞΝ țĮȚΝ ĲȦȞΝ İȞİȡȖİȚȫȞέΝ ȂȚĮΝ

ʌȡȠıʌȐșİȚĮΝ ȖȚĮΝ ĲȘΝ įȘȝȚȠȣȡȖȓĮΝ ȕȚȕȜȚȠșȘțȫȞΝ rotamersΝ ȑȖȚȞİΝ ĮʌȩΝ ĲȠȞΝ ScottΝ

ShandlerΝ țĮȚΝ ĲȠȣȢΝ ıȣȞİȡȖȐĲİȢΝ ĲȠȣέΝ ȅȚΝ ĲİȜİȣĲĮȓȠȚΝ İȡİȣȞȒıĮȞİΝ ĲȘȞΝ ȤȡȒıȘΝ ĲȘȢΝ

ȝȠȡȚĮțȒȢΝ ȝȘȤĮȞȚțȒȢΝ ȖȚĮΝ ĲȘȞΝ țĮĲĮıțİȣȒΝ ȕȚȕȜȚȠșȘțȫȞΝ ȝİΝ rotamersΝ ȖȚĮΝ ĲȠ 

ıțİȜİĲȩΝ ȝȘ-ĳȣıȚțȫȞΝ foldamersέΝ ȅȚΝ ʌĮȡȐȝİĲȡȠȚΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȖȚĮΝ ĲȠΝ

ȝȒțȠȢΝįİıȝȠȪΝțĮȚΝĲȚȢΝȖȦȞȓİȢΝȒĲĮȞΝĮȣĲȠȓΝĲȠȣΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝωώχRεεβι,ΝȝİΝ

ĲȡȠʌȠʌȠȚȒıİȚȢΝ ıĲȚȢΝ įȓİįȡİȢΝ ȖȦȞȓİȢΝ ĲȠȣΝ ıțİȜİĲȠȪέΝ ǼʌȚʌȜȑȠȞΝ ȩȜİȢΝ ȠȚΝ ʌȜİȣȡȚțȑȢΝ

ĮȜȣıȓįİȢΝ ĲȠʌȠșİĲȒșȘțĮȞΝ ıİΝ ȕ-ȠȝȠȖȜȣțȓȞȘΝ ȖȚĮΝ țȐșİΝ ȣʌȠȥȒĳȚȠΝ ȚțȡȓȦȝĮέΝ ȅȚΝ

ʌȜİȣȡȚțȑȢΝ ĮȜȣıȓįİȢΝ ĲȠʌȠșİĲȒșȘțĮȞΝ ıĲȘΝ șȑıȘΝω3 ĲȠȣΝ țİȞĲȡȚțȠȪΝ țĮĲĮȜȠȓʌȠȣΝ ıİ 

țȐșİΝȚțȡȓȦȝĮΝȖȚĮΝȞĮΝįȘȝȚȠȣȡȖȘșİȓΝȑȞĮΝδ-ȕ-ĮȝȚȞȠȟȪΝΧSέJΝShandlerΝetΝalέ,Νβί1ίΨέΝΝ 
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ȈȣȞȠȥȓȗȠȞĲĮȢ,Ν İȓȞĮȚΝ İȝĳĮȞȑȢΝ ȩĲȚΝ ȘΝ ȤȡȒıȘΝ ĲȦȞΝ ʌİʌĲȚįȓȦȞΝ ȑȤİȚΝ ȑȞĮΝ İȣȡȪΝ ĳȐıȝĮΝ

İĳĮȡȝȠȖȫȞΝ ıĲȘΝ ȕȚȠȜȠȖȓĮ,Ν ĲȘΝ ȕȚȠȤȘȝİȓĮ,Ν ĲȘΝ ĳȣıȚțȒ,Ν ĲȘΝ ȕȚȠʌȜȘȡȠĳȠȡȚțȒ,Ν ĲȘȞΝ

ȚĮĲȡȚțȒΝțĮȚΝȐȜȜȠȣȢΝİʌȚıĲȘȝȠȞȚțȠȪȢΝțȜȐįȠȣȢέΝȅȚΝȝİȜȑĲİȢΝıȣȞİȤȓȗȠȞĲĮȚ,ΝȑĲıȚΝȫıĲİΝ

ȞĮΝțĮĲĮȞȠȘșȠȪȞΝĮʌȩȜȣĲĮΝȠȚΝȝȘȤĮȞȚıȝȠȓΝĮȞĮįȓʌȜȦıȘȢΝțĮȚΝįȡȐıȘȢΝĲȦȞΝʌİʌĲȚįȓȦȞΝ

țĮȚΝ ĲȦȞΝ ʌȡȦĲİȧȞȫȞΝ țĮȚΝ ıĲȘΝ ıȣȞȑȤİȚĮΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ ıİΝ ʌİȡȚııȩĲİȡȠΝ

ʌȡĮțĲȚțȑȢΝİĳĮȡȝȠȖȑȢέΝ 
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1έγΝȈĲȩȤȠȢΝİȡȖĮıȓĮȢ 
 

ǲȤȠȞĲĮȢΝ ȜȐȕİȚΝ ȣʌȩȥȚȞΝ ȩȜİȢΝ ĲȚȢΝ ʌȡȠȘȖȠȪȝİȞİȢΝ ȝİȜȑĲİȢΝ ʌȠȣΝ ȑȤȠȣȞΝ

ʌȡĮȖȝĮĲȠʌȠȚȘșİȓΝ ȖȚĮΝ ĲȠΝ ʌİʌĲȓįȚȠΝ 1ϋίQΝ țĮȚΝ ȖȞȦȡȓȗȠȞĲĮȢΝ ʌȦȢΝ įİȞΝ ȑȤİȚΝ

ʌȡĮȖȝĮĲȠʌȠȚȘșİȓΝțĮȝȓĮΝİțĲİȞȒȢΝȝİȜȑĲȘΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝȕĮıȚıȝȑȞȘΝ

ıİΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ

χεψϋRΝλλSψΝțĮȚΝχεψϋR-Iδϊσ,ΝșȑĲȠȣȝİΝȦȢΝıĲȩȤȠΝ ĲȘȢΝʌĮȡȠȪıĮȢΝʌĲȣȤȚĮțȒȢΝ

İȡȖĮıȓĮȢΝĲȘȞΝİʌȓȜȣıȘΝĲȠȣΝʌȡȠȕȜȒȝĮĲȠȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝ1ǼίQΝȝİΝĲȘΝ

ȤȡȒıȘΝ physics-basedΝ ȝİșȩįȦȞΝ țĮȚΝ ĲȘΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ ĮʌȠĲİȜİıȝȐĲȦȞΝ ȝİΝ ĲȘȞΝ

ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒΝ țĮȚΝ ĲĮΝ İȣȡȒȝĮĲĮΝ ĲȦȞΝ ʌȡȠȘȖȠȣȝȑȞȦȞΝ

ȝİȜİĲȫȞέΝΝΝ 
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1έζΝǾΝʌȡȠȑȜİȣıȘΝĲȠȣΝʌİʌĲȚįȓȠȣΝ1ǼίQ 

 

ȉȠΝ ȣʌȩΝ ȝİȜȑĲȘΝ ʌİʌĲȓįȚȠ,Ν ĮʌȠĲİȜİȓΝ ȝȚĮΝ ȝİĲĮȜȜĮȖȝȑȞȘΝ ȝȠȡĳȒΝ ĲȠȣΝ ȃ-ĲİȜȚțȠȪΝ

įİțĮİʌĲȐ-ʌİʌĲȚįȓȠȣΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢέΝǾΝȠȣȕȚțȚĲȓȞȘΝ ΧİȚțȩȞĮΝ1έγΨΝ İȓȞĮȚΝȝȚĮΝȝȚțȡȒΝ

ʌȡȦĲİǸȞȘΝ ʌȠȣΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ιθΝ ĮȝȚȞȠȟȑĮΝ țĮȚΝ İțĳȡȐȗİĲĮȚΝ ĮʌȩΝ ĲȠΝ ĮȞșȡȫʌȚȞȠΝ

ȖȠȞȓįȚȠΝUbψ,ΝĲȠΝȠʌȠȓȠΝİįȡȐȗİĲĮȚΝıĲȘȞΝʌİȡȚȠȤȒΝ1ιp11έ1-17p12 (G.C. Webb et al., 

1λλίΨέΝ ȈĲȘȞΝ ʌȡĮȖȝĮĲȚțȩĲȘĲĮΝ ȘΝ ȠȚțȠȖȑȞİȚĮΝ ĲȦȞΝ ȖȠȞȚįȓȦȞΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢΝ

ȤȦȡȓȗİĲĮȚΝ ıİΝ įȪȠΝ ĲȪʌȠȣȢ,Ν ȠΝ ʌȡȫĲȠȢΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ İʌĮȞĮȜȒȥİȚȢΝ ȠȣȕȚțȚĲȓȞȘȢΝ

țĮȚΝ ȠȞȠȝȐȗİĲĮȚΝ “polyubiquitinΝ gene”Ν țĮȚΝ ȠΝ įİȪĲİȡȠȢΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ĲȘȞΝ

ȠȣȕȚțȓĲȞȘΝ ıȣȞįİįİȝȑȞȘΝ ȝİΝ ȝȚĮΝ ʌȡȦĲİȧȞȚțȒΝ ȠȣȡȐΝ țĮȚΝ ȠȞȠȝȐȗİĲĮȚΝ “ubiquitinΝ

fusionΝ gene”Ν ΧSchlesingerΝ andΝ ψond,Ν 1λκιΨέΝ ȈĲȠȞΝ ȐȞșȡȦʌȠΝ ȘΝ ȠȚțȠȖȑȞİȚĮΝ ĲȦȞΝ

ȖȠȞȚįȓȦȞΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢΝ ȤȦȡȓȗİĲĮȚΝ ıİΝ įȪȠΝ “ubiquitinΝ fusionΝ gene”Ν

ȣʌȠȠȚțȠȖȑȞİȚİȢ,Ν UbǹηβΝ țĮȚΝ Ubǹκί,Ν ıĲȚȢΝ ȠʌȠȓİȢΝ țȦįȚțȠʌȠȚİȓĲĮȚΝ ȘΝ ȠȣȕȚțȚĲȓȞȘΝ

ıȣȞįİįİȝȑȞȘΝ ȝİΝ ȝȚĮΝ ȠȣȡȐΝ ĮʌȠĲİȜȠȪȝİȞȘΝ ĮʌȩΝ ηβΝ țĮȚΝ κίΝ ĮȝȚȞȠȟȑĮΝ ĮȞĲȓıĲȠȚȤĮΝ

ΧδundΝ etΝ alέ,Ν 1λκηέΝ SalvesenΝ etΝ alέ,Ν 1λκιέΝ ψakerΝ 1λκκΨ,Ν țĮȚΝ įȪȠΝ “polyubiquitin 

gene”ΝȣʌȠȠȚțȠȖȑȞİȚİȢ,ΝUbψΝțĮȚΝUbω,ΝıĲȚȢΝȠʌȠȓİȢΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝĲȡİȚȢΝțĮȚΝ

İȞȞȑĮΝ țȦįȚțȑȢΝ ʌİȡȚȠȤȑȢΝ ĮȞĲȓıĲȠȚȤĮέΝ ȈĲĮΝ ĮȜȜȘȜȩȝȠȡĳĮΝ UbωΝ ȑȤȠȣȞΝ ȕȡİșİȓΝ

ʌİȡȚıĲĮıȚĮțȐΝ ȠțĲȫΝ ȒΝ İʌĲȐΝ țȦįȚțȑȢΝ ʌİȡȚȠȤȑȢΝ ΧWiborgΝ etΝ alέ,Ν 1λκη,Ν ψakerΝ andΝ

ψoardΝ 1λκιa,Ν 1λκλΨέΝ ǼʌȚʌȜȑȠȞΝ ıİΝ țȐșİΝ ȣʌȠȠȚțȠȖȑȞİȚĮ,Ν İțĲȩȢΝ ĲȘȢΝ Ubω,Ν ȑȤȠȣȞΝ

ȕȡİșİȓΝ țĮȚΝȥİȣįȠȖȠȞȓįȚĮΝ ΧWiborgΝ etΝ alέ,Ν 1λκη,ΝψakerΝ andΝψoardΝ 1λκιa,Ν 1λκιb,Ν

Baker 1988, Cowland et al., 1988 ).  
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ǼȚțȩȞĮΝ1έγΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝSophieΝϋέΝJacksonΝ,Νβίίθ)έΝ 

ȆĮȡȠȣıȓĮıȘΝĲȘȢΝĲȡȚıįȚȐıĲĮĲȘȢΝįȠȝȒȢΝĲȘȢΝȠȣȕȚțȚĲȓȞȘȢΝıİΝĮȞȐȜȣıȘΝ1έκΝχngstromsΝ

(1ubqέpdb)έΝ ȉȠΝ ȝȩȡȚȠΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢΝ İȓȞĮȚΝ ĮȡțİĲȐΝ ıȣȝʌĮȖȑȢΝ țĮșȫȢΝ ĲȠΝ κιΣΝ ĲȘȢΝ

ʌȠȜȣʌİʌĲȚįȚțȒȢΝ ĮȜȣıȓįĮȢΝ ıȣȝȝİĲȑȤİȚΝ ıĲȠΝ ıȤȘȝĮĲȚıȝȩΝ ıĲȠȚȤİȓȦȞΝ įİȣĲİȡȠĲĮȖȠȪȢΝ

įȠȝȒȢέΝȂİΝțȩțțȚȞȠΝȤȡȫȝĮΝĳĮȓȞİĲĮȚΝȘΝțȪȡȚĮΝĮ-ȑȜȚțĮΝțĮșȫȢ țĮȚΝȘΝγ10-ȑȜȚțĮ,ΝİȞȫΝȝİΝ

țȓĲȡȚȞȠΝ ȤȡȫȝĮΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ ʌȑȞĲİΝ ȕ-țȜȫȞȠȚ,Ν ȠȚΝ ȠʌȠȓȠȚΝ ıȤȘȝĮĲȓȗȠȣȞΝ ȑȞĮΝ ȕ-

ĳȪȜȜȠΝ ȝİΝ ʌĮȡȐȜȜȘȜȘΝ țĮȚΝ ĮȞĲȓ-ʌĮȡȐȜȜȘȜȘΝ įȚȐĲĮȟȘέΝĭĮȓȞȠȞĲĮȚΝ İʌȓıȘȢΝ ȠȚΝ ʌİȡȚȠȤȑȢΝ

ĲȦȞΝΝȕȡȩȤȦȞ,ΝʌȠȣΝȑȤȠȣȞΝıȤİįȚĮıĲİȓΝıİΝįȚȐĳȠȡİȢΝȝİȜȑĲİȢέΝΝ 

 

ȉĮΝ ĮȡȤȚțȐΝ 1ιΝ ĮȝȚȞȠȟȑĮ,Ν ĲȠȣΝȃ-ĲİȜȚțȠȪΝ ȐțȡȠȣ,Ν ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢΝ ıȤȘȝĮĲȓȗȠȣȞΝ ȕ- 

ĳȠȣȡțȑĲĮΝțĮȚΝȝİȜİĲȒșȘțĮȞ,ΝĮȞİȟȐȡĲȘĲĮΝĮʌȩΝĲȘȞΝʌȡȦĲİǸȞȘ,ΝȖȚĮΝʌȡȫĲȘΝĳȠȡȐΝĮʌȩΝ

ĲȘȞΝ İʌȚıĲȘȝȠȞȚțȒΝ ȠȝȐįĮΝ ĲȘȢΝ RέΝ ZerellaΝ ıĲĮΝ ĲȑȜȘΝ ĲȘȢΝ įİțĮİĲȓĮȢΝ ĲȠȣΝ ΥλίΝ ΧRέΝ

ZerellaΝ etΝ alέ,Ν 1λλλΨέΝ ǾΝ Ν RέΝ ZerellaΝ Ν țĮȚΝ ȠȚΝ ıȣȞİȡȖȐĲİȢ ĲȘȢΝ ʌȡĮȖȝĮĲȠʌȠȓȘıĮȞΝ

ʌİȚȡȐȝĮĲĮΝ Ǿ1 σεRΝ Ν ΧnucleusΝ magneticΝ resonanceΨΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ

ȤĮȡĮțĲȘȡȓıȠȣȞΝ ĲȘΝ įȠȝȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν țĮșȫȢΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌĮȓȗİȚΝ ıȘȝĮȞĲȚțȩΝ

ȡȩȜȠΝıĲĮΝĮȡȤȚțȐΝıĲȐįȚĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȘȢΝʌȡȦĲİǸȞȘȢέΝǾΝĳȣıȚțȒΝįȠȝȒΝ ĲȠȣΝ

įİțĮİʌĲȐ-ʌİʌĲȚįȓȠȣΝ ıĲȘȞΝ ʌȡȦĲİǸȞȘΝ İȓȞĮȚΝ ȝȚĮΝ ȕ-ĳȠȣȡțȑĲĮ,Ν ȩʌȦȢΝ ĳĮȓȞİĲĮȚΝ țĮȚΝ

ıĲȘȞΝ İȚțȩȞĮΝ 1έζέΝ ǹʌȩΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ ĲȠȣȢΝ ȕȡȑșȘțİΝ ʌȦȢΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ȑȤİȚΝ ĲȘȞΝ

ȚțĮȞȩĲȘĲĮΝ ȞĮΝ ĮȞĮįȚʌȜȫȞİĲĮȚΝ ĮȞİȟȐȡĲȘĲĮΝ ĮʌȩΝ ĲȘȞΝ ȣʌȩȜȠȚʌȘΝ ĮȝȚȞȠȟȚțȒΝ

ĮȜȜȘȜȠȣȤȓĮΝ țĮȚΝ țĮĲȐΝ ĲȘȞΝ Ν ĮȞĮįȓʌȜȦıȘΝ ĲȠȣ,Ν ıİΝ ȣįĮĲȚțȩΝ įȚȐȜȣȝĮ,Ν ȘΝ įȠȝȒΝ ĲȠȣΝ

ʌȜȘıȚȐȗİȚΝ ʌȠȜȪΝ ĲȘΝ ĳȣıȚțȒΝ įȠȝȒέΝ ȍıĲȩıȠΝ ȠȚΝ İʌĮĳȑȢΝ ʌȠȣΝ ıȤȘȝĮĲȓȗȠȣȞΝ ȠȚΝ

ʌȜİȣȡȚțȑȢΝ ĮȜȣıȓįİȢΝ ĲȠȣΝ ĮʌȠȝȠȞȦȝȑȞȠȣΝ ʌİʌĲȚįȓȠȣΝ Ν įȚĮĳȑȡȠȣȞΝ ĮʌȩΝ ĮȣĲȑȢΝ ĲȘȢΝ
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ĳȣıȚțȒȢΝ ĮȜȣıȓįĮȢέΝ ǵʌȦȢΝ İȓȞĮȚΝ ȖȞȦıĲȩΝ ȠȚΝ İʌĮĳȑȢΝ ʌȠȣΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ ĲȠʌȚțȐΝ

İʌȘȡİȐȗȠȣȞΝ țĮȚΝ İʌȘȡİȐȗȠȞĲĮȚΝ ĮʌȩΝ ĲȚȢΝ İʌĮĳȑȢΝ ʌȠȣΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ ȝİΝ

ĮʌȠȝĮțȡȣıȝȑȞĮΝ țĮĲȐȜȠȚʌĮΝ ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ıĲĮșİȡȠʌȠȚȘșİȓΝ ȘΝ ĳȣıȚțȒΝ įȠȝȒέΝ

ȍıĲȩıȠ,ΝȘΝȠȜȚțȒΝıȣȞȑȡȖİȚĮΝĲȦȞΝİʌĮĳȫȞΝįİȞΝĮʌȠĲİȜİȓΝĮʌȩȜȣĲȘΝʌȡȠȨʌȩșİıȘΝȖȚĮΝ

ĲȘȞΝ ĮȞĮįȓʌȜȦıȘ,Ν ȑĲıȚΝ İȓȞĮȚΝ ıȣȤȞȐΝ ĮȞȚȤȞİȪıȚȝȘΝ ȘΝ ĮȞĮįȓʌȜȦıȘΝ ĮʌȠȝȠȞȦȝȑȞȦȞΝ

ıĲȠȚȤİȓȦȞΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢέΝ ǹȣĲȒΝ ȘΝ ĮȞİȟȐȡĲȘĲȘΝ ĮȞĮįȓʌȜȦıȘΝ ȝʌȠȡİȓΝ ȞĮΝ

ʌĮȓȗİȚΝıȘȝĮȞĲȚțȩΝȒΝȣʌȠȕȠȘșȘĲȚțȩΝȡȩȜȠΝıĲȘȞΝĮȞĮįȓʌȜȦıȘΝȐȜȜȦȞΝıĲȠȚȤİȓȦȞΝĲȘȢΝ

ĳȣıȚțȒȢΝ ʌȡȦĲİǸȞȘȢΝ țĮȚΝ İȓȞĮȚΝ ʌȚșĮȞȩΝ ȞĮΝ țĮĲİȣșȪȞİȚΝ ʌȡȫȚȝĮΝ ȖİȖȠȞȩĲĮΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢέ 

 

 

ǼȚțȩȞĮΝ1έζΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝRέΝZerellaΝetΝal., 1999).  

ȈȤȘȝĮĲȚțȒΝĮȞĮʌĮȡȐıĲĮıȘΝĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢ,ΝʌȠȣΝıȤȘȝĮĲȓȗİȚΝĲȠΝȃ-ĲİȜȚțȩΝȐțȡȠΝĲȘȢΝ

ȠȣȕȚțȚĲȓȞȘȢΝ ıĲȘΝ ĳȣıȚțȒΝ įȠȝȒέΝȆĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ

ȕȡĮȤȚȩȞȦȞΝĲȘȢΝĳȠȣȡțȑĲĮȢ,ΝțĮșȫȢΝțĮȚΝȠΝʌȡȠıĮȞĮĲȠȜȚıȝȩȢΝĲȦȞΝʌȡȦĲȠȞȓȦȞΝωĮώΝ 

 

ǲȤȠȣȞΝ ʌȡĮȖȝĮĲȠʌȠȚȘșİȓ ĮȡțİĲȐΝ ʌİȚȡȐȝĮĲĮΝ ȝİΝ ʌİʌĲȚįȚțȐΝ ĲȝȒȝĮĲĮΝ ʌȠȣΝ

ıȤȘȝĮĲȓȗȠȣȞΝ Į-ȑȜȚțȑȢΝ țĮȚΝ ȕ-ıĲȡȠĳȑȢΝ ıİΝ įȚȐȜȣȝĮΝ ΧϊysonΝ etΝ alέ,Ν 1λκκ,Ν 1λλβέΝ

ScholtzΝ ΤΝ ψaldwin,Ν 1λλβΝ Ψ,Ν ĲĮΝ ȠʌȠȓĮΝ ȑȤȠȣȞΝ ĮʌȠįİȚȤșİȓΝ ʌȠȜȪĲȚȝĮΝ ȖȚĮΝ

ıȣıĲȘȝĮĲȚțȑȢΝ ȝİȜȑĲİȢΝ ĲȠȣΝ ȡȩȜȠȣΝ ĲȦȞΝ İʌȚȝȑȡȠȣȢΝ țĮĲĮȜȠȓʌȦȞΝ ıĲȘΝ įȚĮıĳȐȜȚıȘΝ

ĲȘȢ ıĲĮșİȡȠʌȠȓȘıȘȢΝ ĲȠȣȢέΝ ȈĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĲȦȞΝ ȕ-ĳȪȜȜȦȞΝ ȑȤȠȣȞΝ

ʌȡĮȖȝĮĲȠʌȠȚȘșİȓΝ ȜȚȖȩĲİȡİȢΝ ȝİȜȑĲİȢ,Ν ȦıĲȩıȠΝ İȓȞĮȚΝ İȝĳĮȞȑȢΝ ȩĲȚΝ ȠȡȚıȝȑȞİȢΝ ȕ-

ĳȠȣȡțȑĲİȢΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ĮȞĮįȚʌȜȦșȠȪȞΝ ĮȣĲȩȞȠȝĮ,Ν İȓĲİΝ ıİΝ ȣįĮĲȚțȩΝ įȚȐȜȣȝĮΝ İȓĲİΝ
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ʌĮȡȠȣıȓĮΝ ȠȡȖĮȞȚțȠȪΝ ıȣȞįȚĮȜȪĲȘ,Ν ĮʌȠțĲȫȞĲĮȢΝ įȠȝȑȢΝ ʌĮȡȩȝȠȚİȢΝ ȝİΝ ĲȘΝ ĳȣıȚțȒΝ

ΧωoxΝ etΝ alέ,Ν 1λλγέΝ ψlancoΝ etΝ alέ,Ν 1λλζa,Ν 1λλζbέΝ SearleΝ etΝ alέ,Ν 1λλη,Ν 1λλθΝ ΨέΝ ȈİΝ

ȝİȡȚțȑȢΝ ʌİȡȚʌĲȫıİȚȢΝ ȑȤİȚΝ įİȚȤșİȓΝ ĮȞĮįȓʌȜȦıȘΝ țĮȚΝ ıİΝ deΝ novoΝ ıȤİįȚĮıȝȑȞİȢΝ

ĳȠȣȡțȑĲİȢΝ ΧψlancoΝ etΝ alέ,Ν 1λλγέΝ ϊeΝχlbaΝ etΝ alέ,Ν 1λλθέΝ Ramirez-Alvarado et al., 

1996. Maynard et al., 1998).  

 

ǾΝ ȝİȜȑĲȘΝ ĲȠȣΝ įİțĮİʌĲȐ-ʌİʌĲȚįȓȠȣΝ ʌȡȠȑțȣȥİΝ ȪıĲİȡĮΝ ĮʌȩΝ ȝİȜȑĲȘΝ ȝİȖĮȜȪĲİȡȦȞΝ

ĲȝȘȝȐĲȦȞΝ ĲȠȣΝ ȝȠȡȓȠȣΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢέΝ ȆȚȠΝ ıȣȖțİțȡȚȝȑȞĮ,Ν ıİΝ ȑȞĮΝ įȚȐȜȣȝĮΝ

ȠȣȕȚțȚĲȓȞȘȢ,ΝıİΝpώΝβΝțĮȚΝĮȞĮȜȠȖȓĮΝȝİșĮȞȩȜȘ-ȞİȡȩΝγμ1,ΝȕȡȑșȘțİΝȞĮΝȣʌȐȡȤİȚΝȝȓĮΝΝ

ȝİȡȚțȫȢΝĮȞĮįȚʌȜȠȪȝİȞȘΝțĮĲȐıĲĮıȘΝʌȠȣΝȠȞȠȝȐıĲȘțİΝ“ǹ-state”,ΝıĲȘȞΝțĮĲȐıĲĮıȘΝ

ĮȣĲȒΝ ĲĮΝ ʌİȡȚııȩĲİȡĮΝ ĮʌȩΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ 1-γηΝ ΧıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȘȢΝ ĲȘȢΝ ȃ-

ĲİȜȚțȒȢΝĳȠȣȡțȑĲĮȢΝțĮȚΝĲȘȢΝțȪȡȚĮȢΝĮ-ȑȜȚțĮȢΨΝİȝĳĮȞȓȗȠȣȞΝΝωĮώΝȝİĲĮĲȠʌȓıİȚȢΝʌȠȣΝ

ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲȘΝ ĳȣıȚțȒΝ įȠȝȒΝ ΧώardingΝ etΝ alέ,Ν 1λλ1έΝ Stockman et al., 1993 ). 

ǼȞȫΝ ĲȠΝ ω-ĲİȜȚțȩΝ ȐțȡȠΝ ıĲȘȞΝ “ǹ-state”Ν ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ȝȘΝ ĳȣıȚțȒΝ İȜȚțȠİȚįȒȢΝ

įȠȝȒΝΧStockmanΝetΝalέ,Ν1λλγΨέΝȆȡȠțİȚȝȑȞȠȣΝȞĮΝĮȟȚȠȜȠȖȘșİȓΝȘΝȑțĲĮıȘ,ΝıĲȘȞΝȠʌȠȓĮΝ

ȠȚΝ ĳȣıȚțȠȪ-ĲȪʌȠȣΝ įȠȝȑȢΝ ĲȠȣΝ ȃ-ĲİȜȚțȠȪΝ ȐțȡȠȣΝ ȝʌȠȡİȓΝ ȞĮΝ İȓȞĮȚΝ

ĮȜȜȘȜȠİȟĮȡĲȫȝİȞİȢΝȖȚĮΝĲȘΝıĲĮșİȡȩĲȘĲȐΝĲȠȣȢΝȝİȜİĲȒșȘțĮȞΝıĲȚȢΝ ȓįȚİȢΝıȣȞșȒțİȢΝ

įȪȠΝʌİʌĲȚįȚțȐΝĲȝȒȝĮĲĮΝʌȠȣΝĮȞĲȚıĲȠȚȤȠȪȞΝıĲĮΝțĮĲȐȜȠȚʌĮΝ1-β1ΝțĮȚΝ1-γηέΝȀĮȚΝıĲȚȢΝ

įȪȠΝʌİȡȚʌĲȫıİȚȢ,ΝȠȚΝȤȘȝȚțȑȢΝȝİĲĮĲȠʌȓıİȚȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĲȘȢΝĳȠȣȡțȑĲĮȢΝȒĲĮȞΝ

ĲĮȣĲȩıȘȝİȢΝ ȝİΝ ĮȣĲȑȢΝ ĲȠȣΝ İȞıȦȝĮĲȦȝȑȞȠȣΝ ʌİʌĲȚįȓȠȣΝ ıĲȘȞΝ “ǹ-state”Ν ,Ν Ν ȖİȖȠȞȩȢΝ

ʌȠȣΝ ȣʌȠįȘȜȫȞİȚΝ ʌȦȢΝ ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ȑȞĮΝ ĮȣĲȩȞȠȝĮΝ ĮȞĮįȚʌȜȠȪȝİȞȠΝ ıĲȠȚȤİȓȠΝ ıİΝ

ĮȣĲȑȢΝĲȚȢΝıȣȞșȒțİȢΝ ΧωoxΝetΝalέ,Ν1λλγΝ ΨέΝȍıĲȩıȠ,ΝȣʌȩΝĮȝȚȖȫȢΝȣįĮĲȚțȑȢΝıȣȞșȒțİȢΝ

ȕȡȑșȘțĮȞΝ ıȘȝĮȞĲȚțȐΝ ȤĮȝȘȜȩĲİȡĮΝ İʌȓʌİįĮΝ ĮȞĮįȓʌȜȦıȘȢ,Ν ʌȡȠĳĮȞȫȢΝ İʌİȚįȒΝ ȘΝ

ʌĮȡȠȣıȓĮΝĮȜțȠȩȜȘȢ ıȣȝȕȐȜİȚΝıĲȘΝįȘȝȚȠȣȡȖȓĮΝįİıȝȫȞΝȣįȡȠȖȩȞȠȣέΝȆĮȡȩȜĮΝĮȣĲȐ,Ν

ȘΝ įȚĮĲȒȡȘıȘΝ ĮȣĲȒȢΝ ĲȘȢΝ ȝȚțȡȒȢΝ ʌȠıȩĲȘĲĮȢΝ ĳȣıȚțȠȪ-ĲȪʌȠȣΝ įȠȝȒȢΝ ıĲȠΝ ȞİȡȩΝ

ĮʌȠțĲȐΝ İȞįȚĮĳȑȡȠȞΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘȞΝ țĮĲĮȞȩȘıȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȘȢΝ

ʌȡȦĲİǸȞȘȢέΝ īȚĮΝ ĲȠΝ ȜȩȖȠΝ ĮȣĲȩΝ ȝİȜİĲȒșȘțİΝ ȝİΝ ʌİȡȚııȩĲİȡȘΝ ȜİʌĲȠȝȑȡİȚĮΝ ȘΝ

ıȣȝʌİȡȚĳȠȡȐΝ ĲȘȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ UΧ1-1ιΨΝ ĮʌȩΝ ĲȘȞΝ ȠȝȐįĮΝ ĲȘȢΝ

Zerella.      
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ǾΝȝİȜȑĲȘΝĲȠȣΝʌİʌĲȚįȓȠȣΝUΧ1-1ιΨΝȑįİȚȟİΝʌȦȢΝțȣȡȓĮȡȤȠΝȡȩȜȠΝıĲȘΝįȚĮȝȩȡĳȦıȘΝĲȘȢΝ

ĳȠȣȡțȑĲĮȢΝ ȑȤİȚΝ ȘΝ ıĲȡȠĳȒ,Ν țĮșȫȢΝ ĲĮΝ ȐțȡĮΝ ĲȘȢ,Ν ʌĮȡȩȜȠΝ ʌȠȣΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ

ʌȡȠĲȚȝȠȪȞΝ ĲȘΝ ȕ-įȠȝȒ,Ν įİȞΝ İȟĮıĳĮȜȓȗȠȣȞΝ ȚıȤȣȡȠȪȢΝ įİıȝȠȪȢΝ ȗİȣȖĮȡȫȝĮĲȠȢέΝ ȉȠΝ

ȝȩȞȠΝ ȗİȪȖȠȢΝĮȝȚȞȠȟȑȦȞΝʌȠȣΝıȣȞįȑİĲĮȚΝȝİΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝĳĮȓȞİĲĮȚΝ ȞĮΝ İȓȞĮȚΝ

ĲȠΝ Valη-Ile1γ,Ν ʌȑȡĮΝ ĮʌȩΝ ĮȣĲȩΝ įİȞΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȣʌȐȡȤİȚΝ țȐʌȠȚĮΝ ȐȜȜȘΝ ȚıȤȣȡȒΝ

ȑȞįİȚȟȘ,Ν ȩʌȦȢΝ įȚıȠȣȜĳȚįȚțȠȓΝ įİıȝȠȓΝ ȒΝ ĳȠȡĲȚıȝȑȞĮΝ ȗİȪȖȘ,Ν ʌȠȣΝ ȕȠȘșȠȪȞΝ ıĲȘΝ

ıĲĮșİȡȠʌȠȓȘıȘΝ ĲȘȢΝ ȕ-įȠȝȒȢΝ ΧRέΝ ZerellaΝ etΝ alέ,Ν 1λλλΨέΝ ȈĲȘΝ ĳȣıȚțȒΝ įȠȝȒΝ ĲȘȢΝ

ȠȣȕȚțȚĲȓȞȘȢΝ ȠΝ ĲȪʌȠȢΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ĮȣĲȒȢΝ İȓȞĮȚΝ ύ1Ν ȕ-bulgeέΝ ȅΝ ĲȪʌȠȢΝ ĮȣĲȩȢΝ

țȣȡȚĮȡȤİȓΝıĲȚȢΝȕ-ĳȠȣȡțȑĲİȢ,ΝȩʌȦȢΝȑȤȠȣȞΝįİȓȟİȚΝıĲĮĲȚıĲȚțȑȢΝȝİȜȑĲİȢΝțĮȚΝȝİȜȑĲİȢΝ

ıȤİįȚĮıȝȑȞȦȞΝʌİʌĲȚįȓȦȞΝΧSibandaΝțĮȚΝThornton,Ν1λλ1,ΝϊeΝχlbaΝetΝalέ,Ν1λλθΨέ 

 

ȆĮȡȩȜȠΝ ʌȠȣΝ ĲĮΝ įİįȠȝȑȞĮΝ ĲȦȞΝ ʌȡȠĮȞĮĳİȡșȑȞĲȦȞΝ ʌİȚȡĮȝȐĲȦȞΝ ȑįİȚȟĮȞΝ ʌȦȢΝ

ȣʌȐȡȤİȚΝ ıȘȝĮȞĲȚțȩȢΝ ȕĮșȝȩȢΝ ĮȞĮįȓʌȜȦıȘȢΝ țĮȚΝ ȘΝ įȠȝȒΝ ʌȠȣΝ ıȤȘȝĮĲȓȗİĲĮȚΝ İȓȞĮȚΝ

ĳȣıȚțȠȪ-ĲȪʌȠȣ,ΝĲȠΝʌİʌĲȓįȚȠΝUΧ1-1ιΨΝįİȞΝĮʌȑįȦıİΝİʌĮȡțȒΝįİįȠȝȑȞĮΝσεRΝȖȚĮΝȞĮΝ

ʌȡĮȖȝĮĲȠʌȠȚȘșİȓΝ ʌȜȒȡȘȢΝ įȠȝȚțȒΝ ĮȞȐȜȣıȘέΝ ȉĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȘȢΝ ȝİȜȑĲȘȢΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝUΧ1-1ιΨΝıĲȐșȘțĮȞΝĮĳȠȡȝȒΝȖȚĮΝʌİȡĮȚĲȑȡȦΝʌİȚȡȐȝĮĲĮ,ΝʌȡȠțİȚȝȑȞȠȣΝȞĮΝ

İȟĮțȡȚȕȦșİȓΝ ȘΝ ĮȚĲȓĮΝ ĲȘȢΝ ıĲĮșİȡȩĲȘĲĮȢΝ ĲȘȢΝ įȠȝȒȢΝ ĮȣĲȒȢέΝ ȈİΝ ʌȡȠȘȖȠȪȝİȞİȢΝ

İȡȖĮıȓİȢ,Ν ȝİΝ ȐȜȜĮΝ ȝİĲĮȜȜĮȖȝȑȞĮΝ ʌİʌĲȓįȚĮ,Ν ʌȡȠĲȐșȘțİΝ ʌȦȢΝ ȝİĲĮȜȜȐȟİȚȢΝ ıĲȘȞΝ

ĮȜȜȘȜȠȣȤȓĮΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ȡȣșȝȓıȠȣȞΝ ĲȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ

ĮȞĮįȚʌȜȦȝȑȞȘȢΝįȠȝȒȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝΧSearleΝetΝalέ,Ν1λληΨέΝȈİΝȝȚĮΝʌȡȠıʌȐșİȚĮΝȞĮΝ

İȡİȣȞȘșȠȪȞΝ İțĲİȞȑıĲİȡĮΝ ȠȚΝ İʌȚʌĲȫıİȚȢΝ ȝȚĮȢΝ ȝİĲȐȜȜĮȟȘȢΝ ıĲȘȞΝ ıĲȡȠĳȒΝ ȝȚĮȢΝ ȕ-

ĳȠȣȡțȑĲĮȢ,ΝįȘȝȚȠȣȡȖȒșȘțİΝĲȠΝʌİʌĲȓįȚȠΝUΧ1-1ιΨTλϊ,ΝĲȠΝȠʌȠȓȠΝĮʌȠĲİȜİȓΝțȠȞĲȚȞȩΝ

ĮȞȐȜȠȖȠΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ UΧ1-1ιΨέΝ ǾΝ ȝİĲĮȜȜĮȖȒΝ ȉλϊΝ ĮĳȠȡȐΝ ĲȘȞΝ ĮȞĲȚțĮĲȐıĲĮıȘΝ

ĲȠȣΝ İȞȐĲȠȣΝ ĮȝȚȞȠȟȑȦȢΝ ĮʌȩΝ ĮıʌĮȡĲȚțȩΝ ΧχspΨ,Ν ĮȞĲȓΝ ĲȘȢΝ șȡİȠȞȓȞȘȢΝ ΧThrΨΝ ʌȠȣΝ

ȕȡȓıțİĲĮȚΝ ıĲȘΝ ĳȣıȚțȒΝ ĮȜȣıȓįĮέΝ ǾΝ įȠȝȒΝ ĲȠȣΝ ȝİĲĮȜȜĮȖȝȑȞȠȣΝ ʌİʌĲȚįȓȠȣ,Ν UΧ1-

1ιΨTλϊ,ΝȑȤİȚΝțĮĲĮȤȦȡȘșİȓΝıĲȘȞΝProteinΝϊataΝψankΝȝİΝĲȠȞΝțȦįȚțȩΝ1ϋίQέΝ 

 

ȉȠΝ ʌİʌĲȓįȚȠΝ ʌĮȡĮıțİȣȐıĲȘțİΝ ıȣȞșİĲȚțȐΝ ıİΝ ıĲİȡİȐΝ ĳȐıȘΝ ıȣȞİȤȠȪȢΝ ȡȠȒȢ,Ν

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȘΝ ȝȑșȠįȠΝ όmoc-polyamideέΝ ǼʌȚʌȜȑȠȞΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ

σovaSynΝ KRΝ ȡȘĲȓȞȘΝ ıİΝ ʌĮȡĮıțİȣĮıĲȒ σovaSynΝ ωrystalέΝ ȉȠΝ ĮțĮĲȑȡȖĮıĲȠΝ
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ʌİʌĲȓįȚȠΝ įȚĮȜȪșȘțİΝ ıİΝ ηΣΝ ȠȟȚțȩΝ ȠȟȪΝ țĮȚΝ țĮșĮȡȓıĲȘțİΝ ıİΝ ıĲȒȜȘΝ WatersΝ

Deltapak reverse-phaseΝω1κ,ΝȖȚĮΝĲȘȞΝȑțȜȠȣıȘΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝίέ1ΣΝTόχήώβτΝ

țĮȚΝ ίέ1ΣΝTόχήacetonitrileέΝȉĮΝ ʌİȚȡȐȝĮĲĮΝσεRΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ȝİĲȐΝ ĮʌȩΝ

įȚȐȜȣıȘΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ıİΝ įȚȐȜȣȝĮΝ ĮȞĮȜȠȖȓĮȢΝ λώ2O:1D2τέΝ ȅȚΝ ıȣȖțİȞĲȡȫıİȚȢΝ

ĲȦȞΝ ʌİʌĲȚįȚțȫȞΝ įİȚȖȝȐĲȦȞΝ İȓȤĮȞΝ İȪȡȠȢΝ 1έί-βέίΝmεΝțĮȚΝ ĲȠΝ pώΝ ĲȠȣΝ įȚĮȜȪȝĮĲȠȢΝ

İȓȤİΝĲȚȝȒΝγέκέΝȉĮΝĮʌȠĲİȜȑıȝĮĲĮΝıȣȖțİȞĲȡȫșȘțĮȞΝțĮȚΝȠȚΝįȠȝȑȢΝȣʌȠȜȠȖȓıĲȘțĮȞΝȝİΝ

ĲȘΝ ȤȡȒıȘΝ ĲȠȣΝ ʌȡȠȖȡȐȝȝĮĲȠȢΝ X-PδτRΝ γέκΝ Χψrünger,Ν 1λλβΨέΝ ȈĲȘȞΝ ʌȡȦĲİȧȞȚțȒΝ

ȕȐıȘΝ įİįȠȝȑȞȦȞΝ ΧPϊψΨΝ țĮĲĮȤȦȡȒșȘțĮȞΝ ȠȚΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ βιΝ įȠȝȫȞ,Ν ȩʌȦȢΝ

ĳĮȓȞİĲĮȚΝțĮȚΝıĲȘȞΝİȚțȩȞĮΝ1έη,Ν Ν ȖȚĮΝĲȠΝʌİʌĲȓįȚȠΝUΧ1-1ιΨTλϊΝ ΧțȦįȚțȩȢΝĮȞĮĳȠȡȐȢΝ

1ǼίQΨέ 

  

 

ǼȚțȩȞĮΝ1έηΝ 

ȊʌȑȡșİıȘΝĲȠȣΝıțİȜİĲȠȪΝ (ω,Ντ,ΝσΝȐĲȠȝĮ)ΝĲȦȞΝβιΝıȣȖțȜȓȞȦȞΝįȠȝȫȞΝĲȠȣΝʌİʌĲȚįȓȠȣΝ

U(1-1ι)Tλϊ,Ν ʌȠȣΝ ȑȤȠȣȞΝ țĮĲĮĲİșİȓΝ ıĲȘȞΝ ʌȡȦĲİȧȞȚțȒΝ ȕȐıȘΝ įİįȠȝȑȞȦȞέΝ ȅΝ

ȤȡȦȝĮĲȚıȝȩȢΝ ȑȖȚȞİΝ țĮĲΥΝ ȐĲȠȝȠ,Ν ȝİΝ țȩțțȚȞȠΝ ȤȡȫȝĮΝ İȝĳĮȞȓȗȠȞĲĮȚΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ

ȠȟȣȖȩȞȠȣ,Ν ȝİΝ ȝʌȜİΝ ıțȠȪȡȠΝ ĲȠȣΝ ĮȗȫĲȠȣΝ țĮȚΝ ȝİΝ ıȚȑȜΝ ĲȠȣΝ ȐȞșȡĮțȠȢΝ (ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ

ȣįȡȠȖȩȞȠȣΝįİȞΝİȝĳĮȞȓȗȠȞĲĮȚΝıĲȘȞΝİȚțȩȞĮ)έΝȀȐșİΝĮȝȚȞȠȟȪΝĮȡȚșȝİȓĲĮȚέΝ 
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1έηΝǻȠȝȚțȒΝĮȞȐȜȣıȘΝĲȠȣΝʌİʌĲȚįȓȠȣΝ1ϋίQ 
 

ȉĮΝĮʌȠĲİȜȑıȝĮĲĮΝĮʌȩΝĲĮΝʌİȚȡȐȝĮĲĮΝώ1 σεRΝȖȚĮΝĲȠΝUΧ1-1ιΨTλϊΝȑįȦıĮȞΝĳȐıȝĮΝ

ȝİΝȝİȖĮȜȪĲİȡȘΝįȚĮıʌȠȡȐΝıİΝıȤȑıȘΝȝİΝ ĲȠΝUΧ1-1ιΨ,Ν țĮșȫȢΝ ĲȠΝ ΝUΧ1-1ιΨTλϊΝ İȓȞĮȚΝ

İȣįȚȐȜȣĲȠΝıĲȠΝȞİȡȩΝıİΝĲȚȝȑȢΝpώΝȝȚțȡȩĲİȡİȢΝĲȠȣΝζέίέΝǼʌȚʌȜȑȠȞΝȣʌȐȡȤȠȣȞΝıĮĳİȓȢΝ

İȞįİȓȟİȚȢΝȖȚĮΝȑȞĮΝȝİȖȐȜȠΝʌȜȘșȣıȝȩΝȕ-ĳȠȣȡțȑĲĮȢΝıĲȠΝĳȐıȝĮΝĲȠȣΝΝUΧ1-17)T9D.  

 

ȉȠΝ ʌİʌĲȓįȚȠΝ Ν UΧ1-1ιΨTλϊΝ ıȤȘȝĮĲȓȗİȚΝ įȠȝȒΝ ȕ-ĳȠȣȡțȑĲĮȢΝ ĮȖȡȓȠȣΝ ĲȪʌȠȣΝ ıĲȠΝ

įȚȐȜȣȝĮέΝǾΝįȠȝȒΝİȓȞĮȚΝțĮȜȐΝțĮșȠȡȚıȝȑȞȘ,ΝțĮșȫȢΝȠΝʌİʌĲȚįȚțȩȢΝıțİȜİĲȩȢΝΧȐĲȠȝĮ: 

σ,ΝωĮ,Νω,ΝτΨΝȑȤİȚΝrootΝmeanΝsquareΝdeviationΝΧRεSϊΨΝίέηλΝÅέΝȈĲĮΝĮʌȠȝȠȞȦȝȑȞĮΝ

ȐțȡĮΝΧțĮĲȐȜȠȚʌĮΝ1-ιΝțĮȚΝ11-1ιΨΝĲȠΝRεSϊΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝİȓȞĮȚΝίέζΝÅ,Ν

İȞȫΝ ĲȠΝ RεSϊΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ Χι-11) 

İȓȞĮȚΝ ίέβηΝÅέΝȅȚΝ ıȤİĲȚțȐΝ ȝȚțȡȑȢΝ ĲȚȝȑȢΝRεSϊΝ įİȞΝ ȑȡȤȠȞĲĮȚΝ ıİΝ ĮȞĲȓșİıȘΝ ȝİΝ ȝȚĮΝ

ʌİȡȚııȩĲİȡȠΝ įȣȞĮȝȚțȒΝ įȠȝȒ,Ν ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘΝ įȠȝȒΝ ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢΝ ıİΝ ȝȚĮΝ

ʌȡȦĲİǸȞȘέΝ ǼʌȓıȘȢΝ ȠȚΝ ȝİȖĮȜȪĲİȡȘȢΝ ȑțĲĮıȘȢΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ʌȠȣΝ

ʌĮȡĮĲȘȡȒșȘțĮȞΝıĲȠΝʌİʌĲȓįȚȠΝUΧ1-1ιΨTλϊΝıİΝıȤȑıȘΝȝİΝĲȠΝĮȞĲȓıĲȠȚȤȠΝĲȝȒȝĮΝĲȘȢΝ

ȠȣȕȚțȚĲȓȞȘȢ,Ν ıȣȞȐįȠȣȞΝ ȝİΝ ȝȚĮΝ ʌİȡȚııȩĲİȡȠΝ įȣȞĮȝȚțȒΝ ıȣȝʌİȡȚĳȠȡȐΝ ĲȠȣΝ UΧ1-

1ιΨTλϊέΝȂİΝĲȘΝįȠȝȒΝĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢΝıȣȝĳȦȞȠȪȞΝțĮȚΝȠȚΝĲȚȝȑȢΝĲȦȞΝĳήȥΝȖȦȞȚȫȞ,Ν

ȠȚΝȠʌȠȓİȢΝįİȞΝȕȡȓıțȠȞĲĮȚΝıİΝĮʌĮȖȠȡİȣȝȑȞİȢΝʌİȡȚȠȤȑȢΝĲȠȣΝRamachandranΝplotέΝȅȚΝ

ĮʌȠıĲȐıİȚȢΝțĮȚΝȘΝȖİȦȝİĲȡȓĮΝĲȦȞΝĮĲȩȝȦȞΝĲȠȣΝıțİȜİĲȠȪΝıȣȞȐįȠȣȞΝȝİΝĲȘȞΝȪʌĮȡȟȘΝ

ʌȑȞĲİΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠΝ ʌİʌĲȓįȚȠέΝ ȈȣȞİʌȫȢΝ İȓȞĮȚΝ ʌȚșĮȞȩȞΝ ĲȠΝ ȝȠĲȓȕȠΝ ĲȦȞΝ

įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ UΧ1-1ιΨTλϊΝ ȞĮΝ ıȣȝʌȓʌĲİȚΝ ȝİΝ İțİȓȞȠΝ ĲȠȣΝ

İȞıȦȝĮĲȦȝȑȞȠȣΝʌİʌĲȚįȓȠȣΝıĲȘȞΝȠȣȕȚțȚĲȓȞȘέΝΝΝΝΝΝΝΝΝΝΝΝΝ 

 

ȈĲȚȢΝββΝĮʌȩΝĲȚȢΝβιΝıȣȞȠȜȚțȐΝįȠȝȑȢΝȠȚΝĳήȥΝȖȦȞȓİȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞ,ΝıĲȚȢΝșȑıİȚȢΝi+1Ν

țĮȚΝ i+βΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ΧδeuκΝ andΝχspλΨ,Ν ĲĮȚȡȚȐȗȠȣȞΝ ʌİȡȚııȩĲİȡȠΝ ȝİΝ İțİȓȞİȢΝ ʌȠȣΝ

ĮȞĮȝȑȞȠȞĲĮȚΝ ȖȚĮΝ ĲȘȞΝ ĳȣıȚțȠȪ-ĲȪʌȠȣΝ typeΝ IΝ ıĲȡȠĳȒΝ ΧώutchinsonΝ etΝ Thornton,Ν

1λλζΨ,ΝʌĮȡȐΝȝİΝİțİȓȞİȢΝʌȠȣΝȤĮȡĮțĲȘȡȓȗȠȣȞΝțȐșİΝȐȜȜȠΝİȓįȠȢ ȕ-ıĲȡȠĳȒȢέΝȍıĲȩıȠΝȘΝ

ȥΝ Χi+βΨ,Ν ʌȠȣΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝ ȝİĲĮȜȜĮȖȝȑȞȠΝ țĮĲȐȜȠȚʌȠΝχspλΝ ĮʌȠțȜȓȞİȚΝ ĮʌȩΝ ĲȘȞΝ
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ȚįĮȞȚțȒΝ ĲȚȝȒΝ ĲȦȞΝ Ν ί°Ν țĮȚΝ ȕȡȓıțİĲĮȚΝ įȚĮȡțȫȢΝ ȖȪȡȦΝıĲȚȢΝ -γκ°έΝ ȈĲȚȢΝ ȣʌȩȜȠȚʌİȢΝ ηΝ

įȠȝȑȢΝ ȠȚΝ ĳήȥΝ ȖȦȞȓİȢΝ įİȞΝ ȕȡȓıțȠȞĲĮȚΝ 1ίίΣΝ ıĲȘȞΝ ʌȚȠΝ İȣȞȠȘȝȑȞȘΝ ʌİȡȚȠȤȒΝ ĲȠȣΝ

Ramachandran plot.  

 

ȆȑȡĮΝ ĮʌȩΝ ĲȘΝ įȚĮȝȩȡĳȦıȘΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ıțİȜİĲȠȪΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν ȑȤİȚΝ

ȤĮȡĮțĲȘȡȚıșİȓΝ ĮȡțİĲȐΝ țĮȜȐΝ țĮȚΝ ȘΝ įȚĮȝȩȡĳȦıȘΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞ,Ν

țȣȡȓȦȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ Ileγ,Ν Pheζ,Ν Valη,Ν δysθ,Ν Thr1β,Ν țĮȚΝ Thr1ζΝ έΝ ǱȜȜİȢΝ

ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ İȓȞĮȚΝ ȜȚȖȩĲİȡȠΝ țĮȜȐΝ țĮșȠȡȚıȝȑȞİȢ,Ν ȩʌȦȢΝ ĲȦȞΝ Thrι,Ν δeuκ,Ν

Ile1γ,Ν țĮȚΝ δeu1ηέΝ Ν ǾΝ ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȠȣΝ ȝİĲĮȜȜĮȖȝȑȞȠȣΝ țĮĲĮȜȠȓʌȠȣ,Ν χspλ,Ν

ĳĮȓȞİĲĮȚΝȞĮΝʌȡȠıįȓįİȚΝĮıȣȞȒșȚıĲȘΝıĲĮșİȡȩĲȘĲĮΝıĲȠΝʌİʌĲȓįȚȠ,ΝʌȚșĮȞȩȞΝĮʌȩΝĲȘȞΝ

ĮȜȜȘȜİʌȓįȡĮıȘΝ ȝİΝ ĲȘȞΝ δys11έΝ ǻİȞΝ ȣʌȐȡȤȠȣȞΝ ȩȝȦȢΝ ȚıȤȣȡȑȢΝ ĮʌȠįİȓȟİȚȢΝ ȖȚĮΝ

ȚȠȞĲȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ĲȦȞΝ Ν įȪȠΝ ĮȣĲȫȞΝ

țĮĲĮȜȠȓʌȦȞέΝ Ν ȅȚΝ ʌȜİȣȡȚțȑȢΝ ĮȜȣıȓįİȢΝ ĲȦȞΝ țĮȜȐΝ țĮșȠȡȚıȝȑȞȦȞΝ ĮȝȚȞȠȟȑȦȞΝ

ĮȜȜȘȜİʌȚįȡȠȪȞΝ ĲȠʌȚțȐ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ʌĮțİĲȐȡȠȞĲĮȚΝ İțĮĲȑȡȦșİȞΝ ĲȠȣΝ ıțİȜİĲȠȪΝ

ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȉĮΝ țĮĲȐȜȠȚʌĮΝ IleγΝ țĮȚΝ ValηΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌĮțİĲȐȡȠȞĲĮȚΝ ȝĮȗȓ,Ν

ĲĮȣĲȠȤȡȩȞȦȢΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ Ile1γΝ țĮȚΝ δeu1ηΝ ĮȜȜȘȜİʌȚįȡȠȪȞΝ ȝİΝ țȐʌȠȚȠΝ ĲȡȓĲȠΝ

ĮȜȜȐΝ țĮȚΝ ȝİΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ IleγΝ țĮȚΝValηΝ ȝȑıȦΝ įȣȞȐȝİȦȞΝWanΝ derΝWaalsέΝ Ν ȉĮΝ

įİįȠȝȑȞĮΝ įİȞΝ İȓȞĮȚΝ İʌĮȡțȒ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ țĮșȠȡȚıĲȠȪȞΝ ĮʌȩȜȣĲĮΝ ȠȚΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞέΝ ǹʌȩΝ ĲȘȞΝ ȐȜȜȘΝ İʌȚĳȐȞİȚĮΝ ĲȘȢΝ

ĳȠȣȡțȑĲĮȢΝ ȘΝ ȝİșȣȜȠȝȐįĮΝ ĲȘȢΝ Thr1ζΝ ʌĮțİĲȐȡİĲĮȚΝ ĮʌȑȞĮȞĲȚΝ ĮʌȩΝ ĲȠȞΝ įĮțĲȪȜȚȠΝ

ĲȘȢΝ Ν PheζΝ țĮȚΝ ȘΝ ȝİșȣȜȠȝȐįĮΝ ĲȘȢΝ Thr1βΝ įȘȝȚȠȣȡȖİȓΝ İʌĮĳȑȢΝ ȝİΝ ĲȚȢΝ ȠȝȐįİȢΝ

ȝİșȣȜİȞȓȠȣΝĲȘȢΝʌȜİȣȡȚțȒȢΝĮȜȣıȓįĮȢΝĲȘȢΝδysθΝΧǼȚțȩȞĮΝ1έθΨέΝΝΝ 
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ǼȚțȩȞĮΝ1έθΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝRέΝZerellaΝetΝalέΝβίίί) 

ȈȤȘȝĮĲȚțȒΝ ĮʌİȚțȩȞȚıȘΝ ĲȦȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞΝ ʌȠȣΝ ıȤȘȝĮĲȓȗȠȣȞΝ ĲȘȞΝ ȣįȡȩĳȚȜȘΝ

İʌȚĳȐȞİȚĮΝ ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢέΝǹέΝȆĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝσεRΝįȠȝȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝU(1-

1ι)TλϊέΝ ĭĮȓȞİĲĮȚΝ ȘΝ ĮȜȜȘȜİʌȓįȡĮıȘΝ ĲȠȣΝ įĮțĲȣȜȓȠȣΝ ĲȘȢΝ PheζΝ ȝİΝ ĲȘȞ ʌȜİȣȡȚțȒΝ

ȠȝȐįĮΝ ĲȘȢΝ Thr1ζ,Ν țĮșȫȢΝ țĮȚΝ ȘΝ ĮȜȜȘȜİʌȓįȡĮıȘΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ δysθΝ țĮȚΝ Thr1βέΝ ȈȘȝİȚȫȞİĲĮȚΝ İʌȓıȘȢΝ ȘΝ ĮʌȠȣıȓĮΝ ĮȜȜȘȜİʌȓįȡĮıȘȢΝ

ȝİĲĮȟȪΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝPheζΝțĮȚΝύlnβέΝ 

ǺέΝ ȆĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝ țȡȣıĲĮȜȜȚțȒΝ įȠȝȒΝ ĲȠȣΝ İȞıȦȝĮĲȦȝȑȞȠȣΝ ʌİʌĲȚįȓȠȣΝ ıĲȘȞΝ

ȠȣȕȚțȚĲȓȞȘ,Ν ȩʌȠȣΝ ȠȚΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ İȓȞĮȚΝ įȚĮĳȠȡİĲȚțȑȢέΝ

ȈĲȚȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ıȣȝȝİĲȐıȤȠȣȞΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ PheζΝ ȝİΝ Thr1β,Ν Thr1ζ,Ν țĮȚΝ

Gln2.  
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1έθΝǱȜȜİȢΝʌȡȠıȠȝȠȚȫıİȚȢΝΝȝİΝĲȠΝʌİʌĲȓįȚȠΝ1ǼίQ 
 

ȅȚΝʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ,ΝȩʌȦȢΝȑȤİȚΝʌȡȠĮȞĮĳİȡșİȓ,ΝĮʌȠĲİȜȠȪȞΝȑȞĮΝ

ȚıȤȣȡȩΝİȡȖĮȜİȓȠΝȖȚĮΝĲȘȞΝʌȡȩȕȜİȥȘΝĲȘȢΝįȠȝȒȢΝțĮȚΝĲȘΝȝİȜȑĲȘΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢέΝ

ȂȚĮΝʌȡȫĲȘΝʌȡȠıʌȐșİȚĮΝȖȚĮΝĲȘȞΝʌȡȩȕȜİȥȘΝĲȘȢΝįȠȝȒȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝ1ϋίQΝȑȖȚȞİΝ

ĮʌȩΝ ĲȘȞΝ İʌȚıĲȘȝȠȞȚțȒΝ ȠȝȐįĮΝĲȦȞΝSeokminΝShinΝ țĮȚΝYoungshangΝPakΝ ĲȠΝβίίγέΝ

ȈĲȘȞΝʌȡȠĮȞĮĳİȡșİȓıĮΝȝİȜȑĲȘΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝωώχRεε1λΝ

(all-atomΝbasedΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΨΝ ıİΝ ıȣȞįȣĮıȝȩΝ ȝİΝ ĲȠΝ ȝȠȞĲȑȜȠΝ İȞȣįȐĲȦıȘȢΝύψΝ

ΧύeneralizedΝψornΝimplicitΝsolventΝmodelΨέΝȈĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝĲȠȣȢΝĲĮΝȃΝțĮȚΝωΝ

ȐțȡĮΝĲȠȣΝʌİʌĲȚįȓȠȣΝİʌȚįȚȠȡșȫșȘțĮȞΝıȪȝĳȦȞĮΝȝİΝĲȘȞΝĲȣʌȚțȒΝȝȠȡĳȒΝσώ3
 +  țĮȚΝ

CO2
 - țĮȚΝ ȘΝ ĮȞĮįȓʌȜȦıȘΝ ȟİțȓȞȘıİΝ ĮʌȩΝ ʌȜȒȡȦȢΝ İțĲİĲĮȝȑȞȠΝ ʌİʌĲȓįȚȠέΝ īȚĮΝ ĲȠȞΝ

ȑȜİȖȤȠΝĲȘȢΝșİȡȝȠțȡĮıȓĮȢΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝȠΝșİȡȝȠıĲȐĲȘȢΝψerendsenΝțĮȚΝȖȚĮΝĲȘΝ

ȡȪșȝȚıȘΝĲȦȞΝĮʌȠıĲȐıİȦȞΝĲȦȞΝįİıȝȫȞΝʌȠȣΝıȤȘȝĮĲȓȗȠȞĲĮȚΝĮʌȩΝȕĮȡȑĮΝȐĲȠȝĮΝțĮȚΝ

ȣįȡȠȖȩȞĮΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝȠΝĮȜȖȩȡȚșȝȠȢΝSώχKϋέΝǼȞȫΝįİȞΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ

non-bondΝenergyΝcutoffsΝȖȚĮΝĲȠȞΝȣʌȠȜȠȖȚıȝȩΝĲȘȢΝʌȜȒȡȠȣȢΝİȞȑȡȖİȚĮȢΝİȞȣįȐĲȦıȘȢΝ

ύψέΝ ȈȣȞȠȜȚțȐΝ İȜȒĳșȘıĮȞΝ ȑȟȚΝ ĮȞİȟȐȡĲȘĲĮΝ ĲȡȠȤȚĮțȐΝ ıİΝ șİȡȝȠțȡĮıȓĮΝ γθίȀΝ ȝİΝ

ȤȡȠȞȚțȩΝȕȒȝĮΝĲȦȞΝίέ1ηΝfsΝȖȚĮΝ1ηέίΝnsέΝȈĲĮΝʌȑȞĲİΝĮʌȩΝĲĮΝȑȟȚΝĲȡȠȤȚĮțȐΝȘΝįȠȝȒΝĲȘȢΝ

ȕ-ĳȠȣȡțȑĲĮȢΝıȤȘȝĮĲȓıĲȘțİΝİȞĲȩȢΝĲȦȞΝȤȡȠȞȚțȫȞΝȠȡȓȦȞΝțĮȚΝȝİĲĮȟȪΝίέζΝ- ιέίΝnsέΝȉĮΝ

ĮʌȠĲİȜȑıȝĮĲĮΝ ȑįİȚȟĮȞΝ ʌȦȢΝ ȘΝ ʌȡȠȕȜİʌȩȝİȞȘΝ įȠȝȒΝ ȝİΝ ĲȘȞΝ İȜȐȤȚıĲȘΝ İȞȑȡȖİȚĮΝ

ıȣȝĳȦȞİȓΝ ĮʌȩȜȣĲĮΝ ȝİΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒΝ ĮʌȩΝ ĲȠΝ σεR,Ν

țĮșȫȢΝ ĲȠΝ RεSϊΝ ĲȦȞΝ įȪȠΝ ĮȣĲȫȞΝ įȠȝȫȞΝ İȓȞĮȚΝ 1,γθΝ ÅέΝ ȈĲȘȞΝ İȚțȩȞĮΝ 1έιΝ

ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȡȚıȝȑȞĮΝ ıĲȚȖȝȚȩĲȣʌĮΝ ĮʌȩΝ ĲĮΝ ĲȡȠȤȚĮțȐΝ ĲȘȢΝ ʌȡȠĮȞĮĳİȡșİȓıĮȢΝ

ȝİȜȑĲȘȢΝΧSέΝShinΝțĮȚΝYέΝPakΝetέΝal,ΝβίίβΨέΝ 
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ǼȚțȩȞĮΝ 1έιΝ (ĮȞĮʌĮȡȐȖİĲĮȚΝ ȐȞİȣΝ ĮįİȓĮȢΝ ĮʌȩΝ SeokminΝ ShinΝ țĮȚΝYoungshangΝ Pak,Ν

2002)  

ȆĮȡȠȣıȚȐȗİĲĮȚΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȩΝ ĲȡȠȤȚĮțȩΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ 1ǼίQέΝ ȅȚΝ ĲȚȝȑȢΝ

ĮȞĲȚʌȡȠıȦʌİȪȠȣȞΝĲȠΝȤȡȩȞȠΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝıİΝnsέΝȉȠΝω-ĲİȜȚțȩΝȐțȡȠΝȕȡȓıțİĲĮȚΝ

ĮʌȩΝĲȘȞΝĮȡȚıĲİȡȒΝʌȜİȣȡȐέΝΝ 

 

ǲȞĮΝȤȡȩȞȠΝ ĮȡȖȩĲİȡĮΝȘΝ ȠȝȐįĮΝĲȠȣΝWέΝδέΝ JorgensenΝʌȡĮȖȝĮĲȠʌȠȓȘıİΝȝȚĮΝıİȚȡȐΝ

ĮʌȩΝ ȠțĲȫΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ εonteΝ ωarloΝ ȟİțȚȞȫȞĲĮȢΝ ĮʌȩΝ ʌȜȒȡȦȢΝ İțĲİĲĮȝȑȞȘΝ

įȠȝȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ UΧ1-1ιΨTλϊ,Ν ıİΝ șİȡȝȠțȡĮıȓĮΝ γίγȀέΝ ȉȠΝ ʌȡȩȖȡĮȝȝĮΝ ʌȠȣΝ

ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ȒĲĮȞΝ ĲȠΝ εωPRτΝ ΧWέΝ δέΝ JorgensenΝ etΝ alέ,Ν βίίζ,Ν βίίηΨέΝ

ȊȚȠșİĲȒșȘțĮȞΝ țĮȞȠȞȚțȐΝ İʌȓʌİįĮΝ ʌȡȦĲȠȞȓȦıȘȢΝ ȖȚĮΝ pώΝ ιέίΝ ΧĮʌȠʌȡȦĲȠȞȚȦȝȑȞĮΝ

țĮȡȕȠȟȣȜȚțȐΝȠȟȑĮ,ΝʌȡȦĲȠȞȚȦȝȑȞİȢΝĮȝȓȞİȢΝțĮȚΝȖȠȣĮȞȚįȓȞİȢΨΝțĮȚΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝ

ĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝτPδS-χχΝΧWέΝδέΝJorgensenΝetΝalέ,Ν1λλθΨΝȖȚĮΝĲȘȞΝĮȟȚȠȜȩȖȘıȘΝ

ĲȘȢΝ įȣȞĮȝȚțȒȢΝ İȞȑȡȖİȚĮȢέΝ ǾΝ ȠȜȚțȒΝ įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮΝ ȣʌȠȜȠȖȓıșȘțİΝ ȤȦȡȓȢΝ

cutoffsΝȖȚĮΝĲȚȢΝȝȘΝįİıȝȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝțĮȚΝȝİΝĲȚȝȒΝ1ΝȖȚĮΝĲȘȞΝįȚȘȜİțĲȡȚțȒΝ

ıĲĮșİȡȐΝ ıĲȚȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ωoulombέΝǵȜİȢΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȠįȒȖȘıĮȞΝ ıİΝ

ıĲĮșİȡȒΝįȠȝȒΝȕ-ĳȠȣȡțȑĲĮȢέΝǼʌȚʌȜȑȠȞΝıİΝȩȜİȢΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝʌĮȡĮĲȘȡȒșȘțİΝ

ȝȚĮΝ ĲĮȤİȓĮΝ ȤĮȜȐȡȦıȘΝ ĲȘȢΝ İțĲİĲĮȝȑȞȘȢΝ įȠȝȒȢΝ ıİΝ ȝȚĮΝ ʌȚȠΝ ıȣȝʌĮȖȒ țĮĲȐıĲĮıȘΝ

ʌȠȣΝ ȤĮȡĮțĲȘȡȓȗİĲĮȚΝ ĮʌȩΝ ȑȞĮΝ ıȣȞİıĲȡĮȝȝȑȞȠΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩέΝ ȈĲȘȞΝ

ĮȞĮįȚʌȜȦȝȑȞȘΝțĮĲȐıĲĮıȘΝĲȠΝRεSϊΝĲȠȣΝĮȞĮįȚʌȜȠȪȝİȞȠȣΝʌİʌĲȚįȓȠȣΝțȣȝĮȓȞİĲĮȚΝ

ȝİĲĮȟȪΝβέηΝ– ηΝÅΝıİΝıȤȑıȘΝȝİΝĲȘȞΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒέΝ 
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ǾΝįȠȝȒΝ ʌȠȣΝ ȑȤİȚΝ ĲȘȞΝ ȤĮȝȘȜȩĲİȡȘΝ İȞȑȡȖİȚĮΝ İȓȞĮȚΝ İʌȓıȘȢΝ ȘΝ ʌȚȠΝ țȠȞĲȚȞȒ,Ν įȠȝȚțȐ,Ν

ıĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘ,Ν țĮșȫȢΝ ȑȤİȚΝ ĲȠȣȢΝ ıȦıĲȠȪȢΝ įİıȝȠȪȢΝ

ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ıțİȜİĲȠȪΝ Χεet1ΧτΨ-Val17(N), Lys11(O)-

ThrιΧσΨΝțĮȚΝĲĮΝȗİȪȖȘΝįİıȝȫȞΝȝİĲĮȟȪΝǿleγ-δeu1ηΝțĮȚΝValη-Ile1γΝΨΝțĮȚΝĲȠȞΝıȦıĲȩΝ

ĲȪʌȠΝ ıĲȡȠĳȒȢΝ ΧTypeΝ IΝ ȕ-turnΨέΝ ȈİΝ ȩȜİȢΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌĮȡĮĲȘȡȒșȘțİΝ ȘΝ

įȘȝȚȠȣȡȖȓĮΝ ıĲȡȠĳȒȢΝ ȝȩȞȠΝ ıĲȠΝ țȑȞĲȡȠΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν ıȘȝİȓȠΝ țȜİȚįȓΝ ȖȚĮΝ ĲȠȞΝ

ıȤȘȝĮĲȚıȝȩΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢ,Ν țĮȚΝ İʌȚʌȜȑȠȞΝ įİȞΝ ʌĮȡĮĲȘȡȒșȘțİΝ țĮȝȓĮΝ İȜȚțȠİȚįȒȢΝ

įȠȝȒέΝ ȈȘȝİȚȫȞİĲĮȚΝ İʌȓıȘȢΝ ȩĲȚΝ ĳȑȡİȚΝ ȚįȚĮȓĲİȡȠΝ İȞįȚĮĳȑȡȠȞΝ ȠΝ ȡȩȜȠȢΝ ĲȠȣΝ

țĮĲĮȜȠȓʌȠȣΝ ύly1ί,Ν ĲȠȣΝ ȠʌȠȓȠȣΝ ȘΝ İȣİȜȚȟȓĮΝ İȣșȪȞİĲĮȚΝ ȖȚĮΝ ĲȠȞΝ ıȤȘȝĮĲȚıȝȩΝ ĲȘȢΝ

ıĲȡȠĳȒȢΝıĲȘȞΝʌİȡȚȠȤȒΝĮȣĲȒέΝȈĲȘȞΝʌȡȫĲȘΝʌȡȠıȠȝȠȓȦıȘΝȘΝΝύly1ίΝȕȡȓıțİĲĮȚΝıĲȘȞΝ

ĲȑĲĮȡĲȘΝ șȑıȘΝ ıĲȘȞΝ ĮȜȜȘȜȠȣȤȓĮΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ΧȘΝ ıİȚȡȐΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ĲȘȢΝ

ıĲȡȠĳȒȢΝ İȓȞĮȚΝ Thrι-Leu8-Asp9-ύly1ίΨ,Ν ĮȜȜȐΝ șĮΝ ȝʌȠȡȠȪıİΝ țȐȜȜȚıĲĮΝ ĲȠΝ

ıȣȖțİțȡȚȝȑȞȠΝ țĮĲȐȜȠȚʌȠΝ ȞĮΝ ȕȡȓıțİĲĮȚΝ ıĲȘȞΝ ĲȡȓĲȘΝ șȑıȘΝ ȜȩȖȦΝ ĲȘȢΝ ʌȡȠĲȓȝȘıȘȢΝ

ʌȠȣΝ ȑȤİȚΝ ȖȚĮΝ ĮȣĲȒΝ ĲȘΝ șȑıȘΝ ıİΝ ȝȓĮΝ ȕ-ıĲȡȠĳȒέΝ ȈİΝ ĮȣĲȒΝ ĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ȠȚΝ įȪȠΝ

ĮȞĲȚʌĮȡĮĲȚșȑȝİȞİȢΝĮȜȣıȓįİȢΝșĮΝİȓȤĮȞΝȝİĲĮĲȠʌȚıĲİȓΝțĮĲȐΝȑȞĮΝțĮĲȐȜȠȚʌȠ, ʌȡȐȖȝĮΝ

ʌȠȣΝ Ν ʌȡȠĲȐșȘțİΝ ĮʌȩΝ ĲȘȞΝ ȠȝȐįĮΝ ĲȘȢΝ RέΝ Zerella,Ν ĮȜȜȐΝ įİȞΝ ʌĮȡĮĲȘȡȒșȘțİΝ ıĲĮΝ

ʌİȚȡȐȝĮĲĮΝσεRέΝȈĲȚȢΝİʌȩȝİȞİȢΝİʌĲȐΝʌȡȠıȠȝȠȚȫıİȚȢΝȘΝȤĮȝȘȜȩĲİȡȘΝİȞȑȡȖİȚĮΝĲȦȞΝ

įȠȝȫȞΝİȓȞĮȚΝȝİȖĮȜȪĲİȡȘΝțĮĲȐΝ1η-βίΝKcalΝıİΝıȤȑıȘΝȝİΝĲȘȞΝȤĮȝȘȜȩĲİȡȘΝİȞȑȡȖİȚĮΝ

ʌȠȣΝʌĮȡĮĲȘȡȒșȘțİΝıĲȘȞΝʌȡȫĲȘΝʌȡȠıȠȝȠȓȦıȘΝțĮȚΝȘΝύly1ίΝȕȡȓıțİĲĮȚΝıĲȘȞΝĲȡȓĲȘΝ

șȑıȘΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ΧĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ıİΝ ĮȣĲȑȢΝ ĲȚȢΝ įȠȝȑȢΝ İȓȞĮȚΝ δeuκ-

Asp9-Gly10-δys11Ν Ψ,Ν ʌȡȐȖȝĮΝ ʌȠȣΝ ıȘȝĮȓȞİȚΝ ʌȦȢΝ ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ TypeIIΝ ȕ-turn. 

ȈĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĮȣĲȒΝ ȠȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ ȕ-țȜȫȞȦȞΝ įİȞΝ

ıȣȝʌȓʌĲȠȣȞΝȝİΝĲȘΝĳȣıȚțȒΝįȠȝȒέΝ 

 

ȈĲȘȞΝ ʌȡȫĲȘΝ ʌȡȠıȠȝȠȓȦıȘΝ ʌȠȣΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ʌĮȡĮĲȘȡȒșȘțĮȞΝ İʌȓıȘȢΝ țĮȚΝ

ȠȚΝ ıȦıĲȑȢΝ Ν ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ĲȦȞΝ țĮȜȐΝ

ʌȡȠıįȚȠȡȚıȝȑȞȦȞΝ țĮĲĮȜȠȓʌȦȞ,Ν ıȪȝĳȦȞĮΝ ȝİΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ σεR,Ν ȠȚΝ ȠʌȠȓİȢΝ

ĮȞĮʌĮȡȚıĲȠȪȞΝĲȘΝıȣȝʌĮȖȒ įȠȝȒΝʌȠȣΝıȤȘȝĮĲȓȗİĲĮȚΝİțĮĲȑȡȦșİȞΝĲȠȣΝıțİȜİĲȠȪΝĲȠȣΝ

ʌİʌĲȚįȓȠȣέΝ ȈĲȚȢΝ ȣʌȩȜȠȚʌİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢ,Ν İȟĮȚĲȓĮȢΝ ĲȘȢΝ ĮȞĮıĲȡȠĳȒȢΝ ʌȠȣΝ

ʌĮȡȠȣıȚȐȗİȚΝ ȠΝ ȑȞĮȢΝ țȜȫȞȠȢΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢ,Ν ȠȚΝ įȠȝȑȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ



 

 

43 

 

İȓȞĮȚΝ İȞĲİȜȫȢΝ įȚĮĳȠȡİĲȚțȑȢΝ țĮȚΝ İʌȚʌȜȑȠȞΝ İȝĳĮȞȓȗȠȞĲĮȚΝ įȚȐĳȠȡİȢΝ ȝȘ-ĳȣıȚțȑȢΝ

İʌĮĳȑȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞέΝ ȈĲȘȞΝ İȚțȩȞĮΝ 1έκΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝ įȠȝȒΝ ĲȠȣΝ

ʌȡȫĲȠȣΝțȪțȜȠȣΝεωΝıĲȘȞΝȠʌȠȓĮΝĮȞĲȚıĲȠȚȤİȓΝȘΝȤĮȝȘȜȩĲİȡȘΝİȞȑȡȖİȚĮΝıİΝıȤȑıȘΝȝİΝ

ĲȘȞΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒΝΧWέΝδέΝJorgensenΝetΝalέ,ΝβίίζΨέΝ 

 

  

ǼȚțȩȞĮΝ1έκΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝWέΝδέΝJorgensenΝetΝalέ,Νβίίζ) 

ȊʌȑȡșİıȘΝ ĲȘȢΝ σεRΝ įȠȝȒȢΝ țĮȚΝ ĲȘȢΝ įȠȝȒȢΝ ȝİΝ ĲȘΝ ȤĮȝȘȜȩĲİȡȘΝ İȞȑȡȖİȚĮΝ ĮʌȩΝ ĲȘȞΝ

ʌȡȫĲȘΝ ʌȡȠıȠȝȠȓȦıȘΝ εωέΝ ȊʌȐȡȤİȚΝ ĮȟȚȠıȘȝİȓȦĲȘΝ ȠȝȠȚȩĲȘĲĮΝ ȝİĲĮȟȪΝ ĲȦȞΝ įȪȠΝ

įȠȝȫȞέΝȅΝĲȪʌȠȢΝıĲȡȠĳȒȢΝİȓȞĮȚΝțĮȚΝıĲȚȢΝįȪȠΝʌİȡȚʌĲȫıİȚȢΝTypeIΝȕ-turnέΝȅΝĮȡȚșȝȩȢΝ

țĮȚΝ ȘΝ șȑıİȚȢΝ ĲȦȞΝ ȣįȡȠȖȠȞȠįİıȝȫȞΝ İȓȞĮȚΝ ĲĮȣĲȩıȘȝİȢΝ ıĲȚȢΝ įȪȠΝ įȠȝȑȢΝ (įİȞΝ ȑȤȠȣȞΝ

ıȘȝİȚȦșİȓΝȠȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣ)έΝȉȠΝĮȝȚȞȠĲİȜȚțȩΝȐțȡȠΝȕȡȓıțİĲĮȚΝıĲȠȞΝțȐĲȦΝțȜȫȞȠέ 

 

ȉȑııİȡĮΝ ȤȡȩȞȚĮΝ ĮȡȖȩĲİȡĮΝ ȘΝ ȠȝȐįĮΝ ĲȠȣΝ SέΝ JangΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ReplicaΝΝ

Exchange Molecular Dynamics ΧRϋεϊΨΝ ȦȢΝ ȝȑșȠįȠΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν ȑȞĮΝ

ĲȡȠʌȠʌȠȚȘȝȑȞȠΝİȞİȡȖİȚĮțȩΝȝȠȞĲȑȜȠ,ΝȕĮıȚȗȩȝİȞȠΝıĲȠΝparamλλΝįȣȞĮȝȚțȩΝʌİįȓȠΝțĮȚΝ

ĲȠΝ ύψΝ ȝȠȞĲȑȜȠΝ İȞȣįȐĲȦıȘȢΝ ʌȡĮȖȝĮĲȠʌȠȓȘıĮȞΝ İțĲİĲĮȝȑȞİȢΝ abΝ initioΝ ȝİȜȑĲİȢΝ

ĮȞĮįȓʌȜȦıȘȢΝıİΝțĮȜȐΝȤĮȡĮțĲȘȡȚıȝȑȞĮΝʌİʌĲȓįȚĮΝȝİΝĮΝȒΝȕΝțȜȫȞȠȣȢ,ΝȝİĲĮȟȪΝĲȦȞΝ

ȠʌȠȓȦȞΝȝİȜİĲȒșȘțİΝțĮȚΝĲȠΝʌİʌĲȓįȚȠΝ1ϋίQέΝȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝ
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paramλλετϊγήύψSχΝ ΧSέΝ JangΝ etΝ alέ,Ν βίίιΨΝ țĮȚΝ ȟİțȚȞȫȞĲĮȢΝ ĮʌȩΝ ʌȜȒȡȦȢΝ

İțĲİĲĮȝȑȞȘΝįȠȝȒΝĲȠȣΝʌİʌĲȚįȓȠȣΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝʌȡȠıȠȝȠȚȫıİȚȢΝRϋεϊΝȝİΝ

16-1κΝ ĮȞĲȓȖȡĮĳĮΝ ΧıİΝ șİȡȝȠțȡĮıȓĮΝ βηί-θηίΝȀΨΝ ȖȚĮΝ ĲĮΝ ʌİʌĲȓįȚĮΝω-peptide, EK-

peptide,Ν 1ϋίQΝ țĮȚΝ ύψ1έΝ ȋȡȘıȚȝȠʌȠȚȒșȘțİΝ ȕȒȝĮΝ ĲȦȞΝ βέίΝ fsΝ ȝİΝ ĲȠȞΝ ĮȜȖȩȡȚșȝȠΝ

RATTLE ( BJ Palmer, 1993, H.C Andersen,Ν 1λκγΨΝ ȖȚĮΝ ĲȘΝ ȡȪșȝȚıȘΝ ĲȠȣΝ ȝȒțȠȣȢΝ

įİıȝȠȪΝ Ν ʌȠȣΝ ʌİȡȚȑȤİȚΝ ȐĲȠȝȠΝ ȣįȡȠȖȩȞȠȣέΝ ǾΝ ĮʌȠșȒțİȣıȘΝ țȐșİΝ ĲȡȠȤȚĮțȠȪΝ ȑȖȚȞİΝ

țȐșİΝ ηίίΝ fsέΝ ǼʌȚʌȜȑȠȞΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ cutoffΝ ĲȦȞΝ βζΝ ÅΝ ȖȚĮΝ ĲȚȢΝ ȝȘΝ įİıȝȚțȑȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ țĮȚΝ ȖȚĮΝ ĲȘȞΝ ύψΝ İȞȣįȐĲȦıȘέΝ ǵȜİȢΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

İțĲİȜȑıșȘțĮȞΝȝİΝĲȠΝʌĮțȑĲȠΝTIσKϋRΝΧJέΝWέΝPonder,ΝβίίγΨέΝ 

 

ȈĲȘȞΝ ʌȡȠĮȞĮĳİȡșİȓıĮΝ ȝİȜȑĲȘΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ıȣȞȠȜȚțȐΝ 1κΝ ĮȞĲȓȖȡĮĳĮΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ 1ϋίQΝ ıİΝ șİȡȝȠțȡĮıȓİȢΝ βθί-1ι1Ν ȀΝ țĮȚΝ ȠΝ ȤȡȩȞȠȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ

ΧRϋεϊΝ simulationΨΝ ĲȠȣΝ İțȐıĲȠĲİΝ ĮȞĲȚȖȡȐĳȠȣΝ ȒĲĮȞΝ 1ίΝ nsέΝ ȈĲȚȢΝ ʌȡȠȘȖȠȪȝİȞİȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȠȣΝ ĮȞĮĳȑȡșȘțĮȞΝ İȜȑȖȤșȘțİΝ ȘΝ ȚțĮȞȩĲȘĲĮΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝıİΝıȣȖțİțȡȚȝȑȞİȢΝıȣȞșȒțİȢ,ΝİȞȫΝıĲȘȞΝʌİȡȓʌĲȦıȘ ĮȣĲȒΝİȟİĲȐȗİĲĮȚΝȝİΝ

ȜİʌĲȠȝȑȡİȚĮΝȘΝİʌȚĳȐȞİȚĮΝĲȘȢΝİȜİȪșİȡȘȢΝİȞȑȡȖİȚĮȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝıİΝıȤȑıȘΝȝİΝĲȠΝ

ʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȠΝʌİʌĲȓįȚȠΝĮʌȩΝĲȠΝσεRέΝǹʌȩΝĲȠȞΝȤȡȩȞȠΝĲȦȞΝ1ίΝnsΝĲĮΝ

ĲİȜİȣĲĮȓĮΝιΝnsΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝȖȚĮΝĲȠȞΝȣʌȠȜȠȖȚıȝȩΝĲȘȢΝİȜİȪșİȡȘȢΝİȞȑȡȖİȚĮȢέΝ

ȉĮΝ țĮĲȐȜȠȚʌĮΝ ĲȠȣΝ ȣįȡȩĳȠȕȠȣΝ ʌȣȡȒȞĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ İȓȞĮȚΝ ĲĮΝ εϋT1,Ν Iδϋγ,Ν

PώϋζΝ ,ΝVχδη,ΝδϋUκ,Ν Iδϋ1γ,ΝδϋU1ηΝ țĮȚΝVχδ1ιέΝǻȘȝȚȠȣȡȖȒșȘțİΝ ȑȞĮȢΝ ȤȐȡĲȘȢΝ

İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ ΧİȚțȩȞĮΝ 1έλΨΝ ıĲȘȞΝ ȓįȚĮΝ șİȡȝȠțȡĮıȓĮΝ ʌȠȣΝ țĮșȠȡȓıĲȘțİΝ ȘΝ

σεRΝ įȠȝȒΝ ΧβιηΝ ȀΨέΝ ȈĲȠȣȢΝ ȐȟȠȞİȢΝ ĲȠȣΝ ıȤİįȚĮȖȡȐȝȝĮĲȠȢΝ ĮȞĮʌĮȡȓıĲĮĲĮȚΝ ȘΝ

ȖȣȡİȠıțȠʌțȒΝ ĮțĲȓȞĮΝ Ν [Rg ΧcoreΨ]Ν Ν ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠȞΝ ĮȡȚșȝȩΝ ĲȦȞΝ ĳȣıȚțȫȞΝ

ȣįȡȠȖȠȞȠįİıȝȫȞΝ ΧȃǾǺΨέΝ ȈĲȠΝ ȤȐȡĲȘΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȑȞĮΝ İȟĮȚȡİĲȚțȐΝ ĮʌȜȩΝ

ȤĮȡĮțĲȘȡȚıĲȚțȩ,ΝȝȩȞȠΝȝȓĮΝțȠȡȣĳȒΝȝİΝțȑȞĲȡȠΝĲȘȞΝĳȣıȚțȠȪ-ĲȪʌȠȣΝįȠȝȒΝʌȠȣΝȑȤİȚΝ

RεSϊΝ ıțİȜİĲȠȪΝ βέη-γέίΝ ÅέΝ ȈȣȞİʌȫȢΝ Ș İʌȚĳȐȞİȚĮΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ȣʌȠįȘȜȫȞİȚΝ ʌȦȢΝ ȘΝ ĮȞĮįȓʌȜȦıȘΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ 1ϋίQΝ ȖȓȞİĲĮȚΝ ıȤİįȩȞΝ ȤȦȡȓȢΝ

İȞİȡȖİȚĮțȐΝĳȡȐȖȝĮĲĮέΝǼʌȚʌȜȑȠȞ,ΝȘΝ ȜİʌĲȠȝİȡȒȢΝĮȞȐȜȣıȘΝ ĲȠȣΝRϋεϊΝĲȡȠȤȚĮțȠȪΝ

ʌȡȩĲİȚȞİΝĲȘȞΝʌȚșĮȞȩĲȘĲĮΝȘΝıȣȞȠȜȚțȒΝĮȞĮįȓʌȜȦıȘΝĲȠȣΝʌİʌĲȚįȓȠȣΝȞĮΝʌȡȠȤȦȡȐΝȝİΝ

ıȤİįȩȞΝ ĲĮȣĲȩȤȡȠȞȠΝ ıȤȘȝĮĲȚıȝȩΝ ĲȠȣΝ ȣįȡȩĳȠȕȠȣΝ ʌȣȡȒȞĮΝ țĮȚΝ ĲȦȞΝ
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ȣįȡȠȖȠȞȠįİıȝȫȞΝȝİĲĮȟȪΝĲȦȞΝįȪȠΝȕ-țȜȫȞȦȞΝΧSέΝJangΝetΝalέ,ΝβίίιΨέ 

 

ǼȚțȩȞĮΝ1έλΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝΝSέΝJangΝetΝalέ,Νβίίι) 

ȅΝ ȤȐȡĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ 1ϋίQΝ ıȣȞĮȡĲȒıİȚΝ ĲȘȢΝ ĮțĲȓȞĮȢΝ

ʌİȡȚıĲȡȠĳȒȢΝ ĲȠȣΝ ȣįȡȩĳȠȕȠȣΝ ʌȣȡȒȞĮΝ [Rg (core)]Ν țĮȚΝ ĲȠȣΝ ĮȡȚșȝȠȪΝ ĲȦȞΝ ĳȣıȚțȫȞΝ

ȣįȡȠȖȠȞȠįİıȝȫȞΝ(ȃǾǺ )ΝıİΝșİȡȝȠțȡĮıȓĮΝβιηȀέΝȅȚΝȚıȠȨȥİȓȢΝıȤİįȚȐȗȠȞĲĮȚΝȝİΝȕȒȝĮΝ

ίέγΝ kcalήmolέΝ ǾΝ įȠȝȒΝ ȝİΝ ĲȘȞΝ ȤĮȝȘȜȩĲİȡȘΝ İȜİȪșİȡȘΝ İȞȑȡȖİȚĮΝ İȓȞĮȚΝ ĲȠʌȠșİĲȘȝȑȞȘΝ

ıĲȠΝıȘȝİȓȠΝȃǾǺ,Rg (core) = (5.8, 8.7 χ)ΝέΝİʌȐȞȦΝįİȟȚȐΝĳĮȓȞİĲĮȚΝȘΝȣʌȑȡșİıȘΝȝİĲĮȟȪΝ

ĲȘȢΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒȢΝįȠȝȒȢΝ ĲȘȢΝʌȚȠΝıĲĮșİȡȒȢΝțĮĲȐıĲĮıȘȢΝ (ȝĮȪȡȠΝ ȤȡȫȝĮ)ΝȝİΝ

ĲȘȞΝσεRΝįȠȝȒΝ(ȖțȡȚΝȤȡȫȝĮ)έ 

 

ǾΝȓįȚĮΝİʌȚıĲȘȝȠȞȚțȒΝȠȝȐįĮΝıİΝȝȚĮΝʌȡȠıʌȐșİȚĮΝȕİȜĲȚıĲȠʌȠȓȘıȘȢΝĲȠȣΝįȣȞĮȝȚțȠȪΝ

ʌİįȓȠȣΝ Ν paramλλετϊγΝ ʌȡĮȖȝĮĲȠʌȠȓȘıİΝ ʌİȚȡȐȝĮĲĮΝ RϋεϊΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ țĮȚΝʌȐȜȚΝʌİʌĲȓįȚĮΝȝİĲĮȟȪΝ ĲȦȞΝ ȠʌȠȓȦȞΝ İȓȞĮȚΝțĮȚΝ ĲȠΝ 1ǼίQΝțĮȚΝ

țĮĲȑȜȘȟİΝıĲȘȞΝįȘȝȚȠȣȡȖȓĮΝĲȠȣΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝparamλλετϊηήύψSχέΝ 

 

ȅΝ ıȣȞȠȜȚțȩȢΝ ȤȡȩȞȠȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ȖȚĮΝ ĲȠΝ ʌİʌĲȓįȚȠΝ 1ϋίQΝ ĮȣĲȒΝ ĲȘΝ ĳȠȡȐΝ ȒĲĮȞΝ

κίns,Ν İțΝ ĲȦȞΝȠʌȠȓȦȞΝ ĲĮΝʌȡȫĲĮΝ1ίΝnsΝĮĳĮȚȡȑșȘțĮȞΝĮʌȩΝ ĲȠȣȢΝȣʌȠȜȠȖȚıȝȠȪȢέΝȉĮΝ

ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȘȢΝ įİȪĲİȡȘȢΝ ȝİȜȑĲȘȢΝ ıȣȝĳȦȞȠȪȞΝ ȝİΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȘȢΝ

ʌȡȫĲȘȢ,Ν țĮșȫȢΝ ȠΝ ȤȐȡĲȘȢΝ ʌȠȣΝ ʌİȡȚȖȡȐĳİȚΝ ĲȘȞΝ İȜİȪșİȡȘΝ İȞȑȡȖİȚĮΝ [ıȣȞĮȡĲȒıİȚΝ
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ĲȦȞΝȃǾǺ țĮȚΝRg ΧcoreΨ]ΝİȓȞĮȚΝȓįȚȠȢΝΧİȚțȩȞĮΝ1έ1ίΨέΝȍıĲȩıȠΝıİΝıȤȑıȘΝȝİΝĲȘȞΝσεRΝ

įȠȝȒΝĲȠΝĳȣıȚțȠȪ-ĲȪʌȠȣΝʌİʌĲȓįȚȠΝʌȠȣΝʌȡȠıįȚȠȡȓıĲȘțİΝıĲȘΝıȣȖțİțȡȚȝȑȞȘΝȝİȜȑĲȘΝ

İȓȞĮȚΝ ĮȡțİĲȐΝ ʌĮȡĮȝȠȡĳȦȝȑȞȠΝ ȜȩȖȦΝ ĲȘȢΝ ĲȐıȘȢΝ ȖȚĮΝ ʌȚȠΝ ıȣȝʌĮȖȒΝ ʌĮțİĲȐȡȚıȝĮΝ

ĲȦȞΝʌȜİȣȡȚțȫȞΝĮȜȣıȓįȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝIleγ,ΝValη,ΝIle1γΝțĮȚΝδeu1ηΝΧʌȚșĮȞȫȢΝ

ȠĳİȓȜİĲĮȚΝ ıİΝ ĲİȤȞȘĲȩΝ ȜȐșȠȢΝ ĲȠȣΝ ȝȠȞĲȑȜȠȣΝ İȞȣįȐĲȦıȘȢΝ ύψΨέΝ ǼʌȚʌȡȠıșȑĲȦȢ,Ν

ʌĮȡȩȜȠΝʌȠȣΝĲȠΝțĮĲȐȜȠȚʌȠΝύly1ίΝȕȡȓıțİĲĮȚΝıĲȘȞΝĲȑĲĮȡĲȘΝșȑıȘΝĲȘȢΝĮȜȜȘȜȠȣȤȓĮȢΝ

ĲȘȢΝ ıĲȡȠĳȒȢΝ ΧTypeIΝ ȕ-turnΨ,Ν ȠȚΝ ĳήȥΝ ĲȚȝȑȢΝ ȖȚĮΝ ĲȠΝ ıȣȖțİțȡȚȝȑȞȠΝ țĮĲȐȜȠȚʌȠΝ įİȞΝ

ȒĲĮȞΝȠȚΝĮȞĮȝİȞȩȝİȞİȢ,ΝıȣȖțȡȚĲȚțȐΝȝİΝĲȘȞΝσεRΝįȠȝȒέ 

    

 

 

 

 

 

 

ǼȚțȩȞĮΝ1έ1ίΝ(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝΝSέΝJangΝetΝalέ,Νβίίκ) 

(a)Ν ȅΝ ȤȐȡĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ 1ϋίQΝ ıȣȞĮȡĲȒıİȚΝ ĲȘȢΝ ĮțĲȓȞĮȢΝ

ʌİȡȚıĲȡȠĳȒȢΝ ĲȠȣΝ ȣįȡȩĳȠȕȠȣΝ ʌȣȡȒȞĮΝ [Rg (core)]Ν țĮȚΝ ĲȠȣΝ ĮȡȚșȝȠȪΝ ĲȦȞΝ ĳȣıȚțȫȞΝ

ȣįȡȠȖȠȞȠįİıȝȫȞΝ (ȃǾǺ )Ν ıİΝ șİȡȝȠțȡĮıȓĮΝ βιηȀέΝ ǾΝ įȠȝȒΝ ȝİΝ ĲȘȞΝ ȤĮȝȘȜȩĲİȡȘΝ

İȜİȪșİȡȘΝİȞȑȡȖİȚĮΝİȓȞĮȚΝĲȠʌȠșİĲȘȝȑȞȘΝıĲȠΝıȘȝİȓȠΝȃǾǺ,Rg (core)ΝοΝ(θΝ,ΝκέηΝÅ)έΝ(b)ΝǾΝ

ʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘΝσεRΝįȠȝȒΝ(ȖțȡȚΝȤȡȫȝĮ)ΝțĮȚΝȘΝįȠȝȒΝȝİΝĲȘȞΝİȜȐȤȚıĲȘΝ

İȜİȪșİȡȘΝ İȞȑȡȖİȚĮΝ (țȣĮȞȩΝ ȤȡȫȝĮ)Ν ĮȜȜȘȜİʌȚțĮȜȪʌĲȠȞĲĮȚέΝ ȉȠΝRεSϊΝ ĲȠȣΝ ıțİȜİĲȠȪΝ

İȓȞĮȚΝ βέίΝ ΝÅέΝȉĮΝțĮĲȐȜȠȚʌĮΝ ĲȠȣΝ ȣįȡȩĳȠȕȠȣΝʌȣȡȒȞĮΝȣʌȠįİȚțȞȪȠȞĲĮȚΝȝİΝ ȡĮȕįȠİȚįȒΝ

ĮȞĮʌĮȡȐıĲĮıȘέΝ 

 

ȆȚȠΝʌȡȩıĳĮĲĮΝȝȚĮΝȝİȜȑĲȘΝʌȠȣΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝĮʌȩΝĲȘȞΝȠȝȐįĮΝĲȘȢΝσέΝVaidehiΝ

İȓȤİΝ ȦȢΝ İʌȓțİȞĲȡȠΝ ĲȘΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ ȝİșȩįȦȞΝ constrainedΝmolecularΝ dynamicsΝ

țĮȚΝ all-atomΝ εϊΝ ,Ν ȖȚĮΝ ĲȠΝ țĮĲȐΝ ʌȩıȠΝ ȘΝ ĮȞĮȗȒĲȘıȘΝ įȚĮȝȠȡĳȫıİȦȞΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȘȞΝ ʌȡȫĲȘΝ ȝȑșȠįȠΝ ʌȠȣΝ İȓȞĮȚΝ ʌȚȠΝ ȕİȜĲȚȦȝȑȞȘΝ țĮȚΝ
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İȝʌȜȠȣĲȚıȝȑȞȘΝȝİΝĳȣıȚțȠȪ-ĲȪʌȠȣΝįȠȝȑȢΝıİΝıȤȑıȘΝȝİΝĲȘȞΝįİȪĲİȡȘΝΧσέΝVaidehiΝetΝ

alέ,Νβί11ΨέΝȈĲĮΝʌİȚȡȐȝĮĲȐΝĲȠȣȢΝıȣȝʌİȡȚȜȒĳșȘțİΝțĮȚΝȘΝȝİȜȑĲȘΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝ

ĲȠȣΝʌİʌĲȚįȓȠȣΝ1ϋίQέΝ 

 

ȂİΝĲȠΝʌİʌĲȓįȚȠΝ1ϋίQΝįȚİȞİȡȖȒșȘțĮȞΝ torsionalΝRϋεϊΝʌȡȠıȠȝȠȚȫıİȚȢΝȝİΝȠțĲȫΝ

ĮȞĲȓȖȡĮĳĮΝțĮȚΝ ȤȡȩȞȠΝʌȡȠıȠȝȠȓȦıȘȢΝβίΝnsΝĮȞȐΝĮȞĲȓȖȡĮĳȠ,Ν ȟİțȚȞȫȞĲĮȢΝĮʌȩΝȝȓĮΝ

İțĲİĲĮȝȑȞȘΝ įȠȝȒέΝ ȈȣȖțȡȚĲȚțȐΝ ȝİΝ ĲȘȞΝ σεRΝ įȠȝȒΝ ĲȠΝ RεSϊΝ ĲȠȣΝ ıțİȜİĲȠȪΝ ĲȘȢΝ

țĮȜȪĲİȡĮΝĮȞĮįȚʌȜȠȪȝİȞȘȢΝįȠȝȒȢΝ İȓȞĮȚΝ 1έηΝÅ,Ν İȞȫΝĲȠΝRεSϊΝȩȜȦȞΝ ĲȦȞΝĮĲȩȝȦȞΝ

İȓȞĮȚΝ βέκΝ ÅέΝ ȉĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĮȣĲȐΝ İȓȞĮȚΝ ıȣȝȕĮĲȐΝ ȝİΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȦȞΝ

ʌȡȠĮȞĮĳİȡșȑȞĲȦȞΝȝİȜİĲȫȞέΝǾΝȠȝȠȚȩĲȘĲĮΝȝİĲĮȟȪΝȝȚĮȢΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒȢΝįȠȝȒȢΝ

ĮʌȩΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ țĮȚΝ ĲȘȢΝ σεRΝ įȠȝȒȢΝ ĮȞĮʌĮȡȓıĲĮĲĮȚΝ țĮȚΝ ıĲȘȞΝ İȚțȩȞĮΝ

1έ11cέΝ ǼʌȚʌȜȑȠȞ,Ν ĮȞĮĳȑȡİĲĮȚΝ ʌȦȢΝ ĲȠΝ ȝȑıȠΝ RεSϊΝ ĲȠȣΝ ıțİȜİĲȠȪΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ

țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ĳȐıȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ İȓȞĮȚΝ βέβΝ ÅέΝ ȈİΝ

ĮȣĲȩΝ ĲȠΝ ıȘȝİȓȠΝ ĮȟȓȗİȚΝ ȞĮΝ ıȘȝİȚȦșİȓΝ ʌȦȢΝ ȘΝ ʌİȡȚȠȤȒΝ ĲȦȞΝ ȕ-țȜȫȞȦȞΝ İȓȤİΝ

ȤĮȝȘȜȩĲİȡİȢΝ įȚĮțȣȝȐȞıİȚȢΝ ıȣȖțȡȚĲȚțȐΝ ȝİΝ ĲȘȞΝ ʌİȡȚȠȤȒΝ ĲȘȢΝ ȕ-ıĲȡȠĳȒȢ,Ν ȝİΝ ȝȑıȠΝ

RεSϊΝıțİȜİĲȠȪΝ βέίΝÅΝ ȖȚĮΝ ĲȘȞΝ ʌİȡȚȠȤȒΝ ĲȦȞΝ țȜȫȞȦȞΝ ȑȞĮȞĲȚΝ ĲȦȞΝ βέθΝÅΝ ȖȚĮΝ ĲȘȞΝ

ıĲȡȠĳȒέΝ ǵʌȦȢΝ ĳĮȓȞİĲĮȚΝ țĮȚΝ ĮʌȩΝ ĲȘΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ İȚțȩȞȦȞΝ 1έ11aΝ țĮȚΝ 1έ11bΝ ȘΝ

įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮΝȝİȚȫȞİĲĮȚΝ țĮșȫȢΝȘΝ įȠȝȒΝʌȜȘıȚȐȗİȚΝ ıĲȘȞΝıĲȘΝĳȣıȚțȒέΝǹȣĲȩΝ

ıȘȝĮȓȞİȚΝ ʌȦȢΝ ȘΝ ıȣȞȐȡĲȘıȘΝ ĲȘȢΝ İȞȑȡȖİȚĮȢΝ İȓȞĮȚΝ İʌĮȡțȒȢΝ ȖȚĮΝ ĲȘȞΝ ĮȞĮįȓʌȜȦıȘΝ

ĮʌȜȫȞΝʌİʌĲȚįȓȦȞΝȝİΝconstrainedΝεϊΝΧσέΝVaidehiΝetΝalέ,Νβί11Ψέ 
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ǼȚțȩȞĮΝ1έ11Ν(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝΝσέΝVaidehiΝetΝalέ,Νβί11) 

(a)ΝīȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝRεSϊΝıİΝıȤȑıȘΝȝİΝĲȠΝȤȡȩȞȠ,Ν ȖȚĮΝĲȠΝĮȞĲȓȖȡĮĳȠΝĲȦȞΝ

RϋεϊΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ʌȠȣΝ ȑįȦıİΝ ĲȘΝ ĳȣıȚțȠȪ-ĲȪʌȠȣΝ įȠȝȒέΝ (b)Ν īȡĮĳȚțȒΝ

ʌĮȡȐıĲĮıȘΝĲȘȢΝįȣȞĮȝȚțȒȢΝİȞȑȡȖİȚĮȢΝıİΝıȤȑıȘΝȝİΝĲȠΝȤȡȩȞȠΝȖȚĮΝĲȠΝȓįȚȠΝʌİʌĲȓįȚȠέΝǾΝ

įȚĮțİțȠȝȝȑȞȘΝ ȖȡĮȝȝȒΝ ĮȞĮʌĮȡȚıĲȐΝ ĲȘȞΝ ĮȡȤȚțȒΝ įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮέΝ (c)Ν ȈȪȖțȡȚıȘΝ

ĲȘȢΝ σεRΝ įȠȝȒȢΝ (țȣĮȞȩΝ ȤȡȫȝĮ)Ν ȝİΝ ȝȚĮΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĮʌȩΝ ĲȘȞΝ

ʌȡȠıȠȝȠȓȦıȘέΝ 

 

ȆȑȡĮΝĮʌȩΝĲȠΝRεSϊΝĲĮȣĲȠʌȠȚȒșȘțİΝțĮȚΝȠΝıȦıĲȩȢΝĲȪʌȠȢΝıĲȡȠĳȒȢ,ΝıȪȝĳȦȞĮΝȝİΝ

ĲȘȞΝσεRΝįȠȝȒ,ΝȝİΝĲȘȞΝύly1ίΝıĲȘȞΝĲȑĲĮȡĲȘΝșȑıȘΝĲȘȢΝıĲȡȠĳȒȢΝΧtypeIΝȕ-turnΨέΝǾΝ

ȝȩȞȘΝĮʌȩțȜȚıȘΝĮʌȩΝĲȘȞΝσεRΝįȠȝȒΝȒĲĮȞΝȠΝįİıȝȩȢΝȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝδeu1ηΧτΨ-
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IleγΧσΨΝ ,Ν İȞȫΝ ȠȚΝ ȣʌȩȜȠȚʌȠȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıȣȝĳȦȞȠȪȞΝ ȝİΝ ĲĮΝ ʌȡȠȘȖȠȪȝİȞĮΝ

ʌİȚȡȐȝĮĲĮέΝȉȠΝȝȒțȠȢΝįİıȝȠȪΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝĮĳȠȡȐΝĲȠΝȝȑıȠΝȝȒțȠȢΝțĮĲȐΝĲĮΝ

ĲİȜİȣĲĮȓĮΝ1λnsέΝ ΝȈĲȠȞΝʌȓȞĮțĮΝ1έ1ΝȖȓȞİĲĮȚΝıȪȖțȡȚıȘΝĲȦȞΝįİıȝȫȞΝȣįȡȠȖȩȞȠȣΝĲȠȣΝ

ıțİȜİĲȠȪΝ ȝİĲĮȟȪΝ ĲȘȢΝ σεRΝ įȠȝȒȢΝ țĮȚΝ ĲȦȞΝ įȠȝȫȞΝ ĮʌȩΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢέΝ ǾΝ

ȝİȖȐȜȘΝ ĮʌȩțȜȚıȘΝ ĲȠȣΝ ȝȒțȠȣȢΝ įİıȝȠȪΝ ĲȠȣΝ ȗİȪȖȠȣȢΝ δeu1ηΧτΨ-IleγΧσΨΝ ȠĳİȓȜİĲĮȚΝ

ıĲȘΝıȣıĲȡȠĳȒΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝʌȠȣΝȕȡȓıțȠȞĲĮȚΝıĲĮΝȐțȡĮΝĲȦȞΝȕ-țȜȫȞȦȞέΝ 

 

 

ȆȓȞĮțĮȢΝ1έ1Ν(ĮȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝΝσέΝVaidehiΝet al., 2011) 

ȈȪȖțȡȚıȘΝ ĲȦȞΝ ĮʌȠıĲȐıİȦȞΝ ĲȦȞΝ ȣįȡȠȖȠȞȠįİıȝȫȞΝ ĲȠȣΝ ıțİȜİĲȠȪΝ ĲȘȢΝσεRΝįȠȝȒȢΝ

țĮȚΝȝİΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝȖȚĮΝĲȠΝʌİʌĲȓįȚȠΝ1ϋίQέΝ 

 

ȉȑȜȠȢΝıĲȘȞΝȝİȜȑĲȘΝĲȘȢΝȠȝȐįĮȢΝĲȘȢΝ ΝσέΝVaidehiΝȣʌȠıĲȘȡȓȗİĲĮȚΝʌȫȢΝȘΝĮȣȟȘȝȑȞȘΝ

ıĲĮșİȡȩĲȘĲĮΝĲȠȣΝʌİʌĲȚįȓȠȣΝ1ǼίQΝıȣȖțȡȚĲȚțȐΝȝİΝĲȘȞΝıĲĮșİȡȩĲȘĲĮΝĲȠȣΝĳȣıȚțȠȪΝ

ʌİʌĲȚįȓȠȣΝUΧ1-1ιΨΝȠĳİȓȜİĲĮȚΝıĲȠΝȚȠȞĲȚțȩΝȗİȪȖȠȢΝ ΧsaltΝbridgeΨΝʌȠȣΝįȘȝȚȠȣȡȖİȓĲĮȚΝ

ȝİĲĮȟȪΝ ĲȘȢΝ ȃǾ3
+ ȠȝȐįĮȢΝ ĲȘȢΝ δys11Ν țĮȚΝ ĲȠȣΝ ωττ- ĲȠȣΝ ȝİĲĮȜȜĮȖȝȑȞȠȣΝ

țĮĲĮȜȠȓʌȠȣΝχspλέΝǾΝĮȞȐȜȣıȘΝĲȠȣΝtorsionalΝεϊΝĲȡȠȤȚĮțȠȪΝȑįİȚȟİΝʌȦȢΝȘΝȝȑıȘΝȃΝ

– ȅΝĮʌȩıĲĮıȘΝȝİĲĮȟȪΝĲȦȞΝʌȜİȣȡȚțȫȞΝĮȜȣıȓįȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝδys11Ν– Asp9 

ȒĲĮȞΝ ʌİȡȓʌȠȣΝ βέκΝ ÅΝ ΧσέΝ VaidehiΝ etΝ alέ,Ν βί11Ψ,Ν ʌȡȐȖȝĮΝ ʌȠȣΝ ȣʌȠıĲȘȡȓȗİȚΝ ĲȘΝ

įȘȝȚȠȣȡȖȓĮΝȚȠȞĲȚțȠȪΝȗİȪȖȠȣȢέ 
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ΚΕΦΑΛΑΙΟ  2 

 

 

“One of the strongest motives that lead men to art and science is escape from everyday life with its 

painful crudity and hopeless dreariness, from the fetters of one's own ever-shifting desires. A finely 

tempered nature longs to escape from the personal life into the world of objective perception and 

thought” 

-Albert Einstein- 
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ǼȚıĮȖȦȖȒΝıĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢ ȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ 
 

ǾΝ ȝȠȡȚĮțȒΝ ȝȠȞĲİȜȠʌȠȓȘıȘΝ ΧmolecularΝ modelingΨΝ ıȣȞįȣȐȗİȚΝ ĲȘȞΝ İʌȚıĲȒȝȘΝ țĮȚΝ

ĲȘȞΝ ĲȑȤȞȘΝ ȝİΝ ıțȠʌȩΝ ĲȘȞΝ ĮʌȩįȠıȘΝ inΝ silicoΝ Ν ĲȦȞΝ ĮĲȠȝȚțȫȞΝ țĮȚΝ ȝȠȡȚĮțȫȞΝ

ĮȜȜȘȜİʌȚįȡȐıİȦȞΝ ʌȠȣΝ įȚȑʌȠȣȞΝ ĲȘȞΝ ȝȚțȡȠıțȠʌȚțȒΝ țĮȚΝ ȝĮțȡȠıțȠʌȚțȒΝ

ıȣȝʌİȡȚĳȠȡȐΝĲȦȞΝĳȣıȚțȫȞΝıȣıĲȘȝȐĲȦȞέΝǾΝıȪȞįİıȘΝĲȠȣΝȝĮțȡȠıțȠʌȚțȠȪΝțȩıȝȠȣΝ

ȝİΝ ĲȠΝ ȝȚțȡȠıțȠʌȚțȩ,Ν ʌȠȣΝ İȓȞĮȚΝ țĮȚΝ ȘΝ ȠȣıȓĮΝ ĲȠȣΝ ȝȠȡȚĮțȠȪΝ ȝȠȞĲİȜȚıȝȠȪ,Ν

İʌȚĲȣȖȤȐȞİĲĮȚΝ ȝȑıȦΝ ĲȘȢΝ șİȦȡȓĮȢΝ ĲȘȢΝ ıĲĮĲȚıĲȚțȒȢΝ ȝȘȤĮȞȚțȒȢΝ ΧMolecular 

Dynamics Simulation - Michel Cuendet - EMBL 2008).  

 

ȉĮΝ ȝȠȞĲȑȜĮΝ ʌȠȣΝ ʌȡȠțȪʌĲȠȣȞΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȖȚĮΝ ĲȘΝ ȝİȜȑĲȘΝ ĲȘȢΝ ȝȠȡȚĮțȒȢΝ

įȠȝȒȢΝ țĮȚΝ ȜİȚĲȠȣȡȖȓĮȢέΝ ȆȡȠțİȚȝȑȞȠȣΝ ȞĮΝ įȚİțʌİȡĮȚȦșİȓΝ ȘΝ ȝȠȡȚĮțȒΝ

ȝȠȞĲİȜȠʌȠȓȘıȘΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȣʌȠȜȠȖȚıĲȚțȐΝ İȡȖĮȜİȓĮΝ țĮȚΝ ʌȡȠȖȡȐȝȝĮĲĮΝ

ĮʌİȚțȩȞȚıȘȢέΝȈĲĮΝȣʌȠȜȠȖȚıĲȚțȐΝ İȡȖĮȜİȓĮΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝȝȑșȠįȠȚΝ ȩʌȦȢΝ ΝȘΝ

İȟΥΝĮȡȤȒȢΝ ΧabΝ initioΨΝțĮȚΝȘΝȒȝȚ-İȝʌİȚȡȚțȒΝ Χsemi-empiricalΨΝțȕĮȞĲȚțȒΝ ΝȝȘȤĮȞȚțȒ,ΝΝ

ȘΝ İȝʌİȚȡȚțȒΝ ΧȝȠȡȚĮțȒΨΝ ȝȘȤĮȞȚțȒΝ ΧempiricalΝmolecularΝmechanicsΨ,Ν Ν ȘΝ ȝȠȡȚĮțȒΝ

įȣȞĮȝȚțȒΝΧmolecularΝdynamicsΨ,ΝȠȚΝȝȑșȠįȠȚΝİȜİȪșİȡȘȢΝİȞȑȡȖİȚĮȢΝțĮȚΝİȞȣįȐĲȦıȘȢΝ

(free energy andΝsolvationΝmethodsΨΝțĮȚΝʌȠȜȜȑȢΝȐȜȜİȢΝțĮșȚİȡȦȝȑȞİȢΝĲİȤȞȚțȑȢΝΧTέΝ

Schlick, Molecular modeling and simulation, 2010).  
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βέ1ΝȂȠȡȚĮțȒΝȝȘȤĮȞȚțȒΝțĮȚΝįȣȞĮȝȚțȐΝʌİįȓĮ 
 

ȆĮȡȩȜȠΝ ʌȠȣΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ʌȠȜȜȑȢΝ įȚĮĳȠȡİĲȚțȑȢΝ ʌȡȠıİȖȖȓıİȚȢΝ ĲȘȢΝ

țȕĮȞĲȚțȒȢΝȝȘȤĮȞȚțȒȢ,ΝĮȡțİĲȐΝʌȡȠȕȜȒȝĮĲĮΝΝİȟĮțȠȜȠȣșȠȪȞΝȞĮΝȣĳȓıĲĮȞĲĮȚΝțĮȚΝįİȞΝ

ȝʌȠȡȠȪȞΝ ȞĮΝ ʌĮȡĮțĮȝĳșȠȪȞΝ ȒΝ ȞĮΝ ȜȣșȠȪȞέΝ ȈȣȞİʌȫȢΝ ȘΝ İʌȚıĲȘȝȠȞȚțȒΝ țȠȚȞȩĲȘĲĮΝ

ıĲȡȐĳȘțİΝʌȡȠȢΝȝȚĮΝİȞĮȜȜĮțĲȚțȒΝȜȪıȘ,ΝĲȚȢΝȝİșȩįȠȣȢΝĲȘȢΝȝȠȡȚĮțȒȢΝȝȘȤĮȞȚțȒȢέ 

 

ǾΝȝȠȡȚĮțȒΝȝȘȤĮȞȚțȒΝıȣȤȞȐΝĮȞĮĳȑȡİĲĮȚΝțĮȚΝȦȢΝȝȑșȠįȠȢΝįȣȞĮȝȚțȫȞΝʌİįȓȦȞΝΧforceΝ

fieldsΨΝ ȒΝ įȣȞĮȝȚțȒȢΝ İȞȑȡȖİȚĮȢΝ ΧpotentialΝ energyΨΝ țĮȚΝ ʌĮȡĮʌȑȝʌİȚΝ ıĲȘΝ ȤȡȒıȘΝ

ĮʌȜȫȞΝ ıȣȞĮȡĲȒıİȦȞΝ įȣȞĮȝȚțȠȪΝ țĮȚΝ İȞȑȡȖİȚĮȢΝ ȝİΝ ıĲȩȤȠΝ ĲȘȞΝ ĮȞĮʌĮȡȐıĲĮıȘΝ

ȝȠȡȚĮțȫȞΝ ıȣıĲȘȝȐĲȦȞέΝ ǾΝ ȝȠȡȚĮțȒΝ ȝȘȤĮȞȚțȒΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ İȣȡȑȦȢΝ ıİΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ,ΝĮȜȜȐΝȑȤİȚΝțĮȚΝȐȜȜİȢΝİĳĮȡȝȠȖȑȢ,ΝȩʌȦȢΝıĲȚȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝεonteΝωarloΝțĮȚΝıĲȘΝȕİȜĲȓȦıȘΝĲȘȢΝȝȠȡȚĮțȒȢΝįȠȝȒȢΝ ΧmolecularΝ

structureΝ refinementΨΝ ΧJέχΝεcωammonΝ andΝ SέχΝχdcock,Ν βίίθΨέΝ ȈĲȘȞΝ ȝȠȡȚĮțȒΝ

ȝȘȤĮȞȚțȒΝ ĲȠΝ ȝȩȡȚȠΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ȐĲȠȝĮ,Ν ʌȠȣΝ ıȣȞįȑȠȞĲĮȚΝ ȝİĲĮȟȪΝ ĲȠȣȢΝ ȝȑıȦ 

įİıȝȫȞ,Ν ȠȚΝ ȠʌȠȓȠȚΝ ȜİȚĲȠȣȡȖȠȪȞΝȦȢΝ İȜĮĲȒȡȚĮέΝȍȢΝ ĮʌȠĲȑȜİıȝĮΝ ĲȦȞΝ įȚĮȝȠȡȚĮțȫȞΝ

țĮȚΝİȞįȠȝȠȡȚĮțȫȞΝįȣȞȐȝİȦȞΝĲȠΝȝȩȡȚȠΝȝʌȠȡİȓΝȞĮΝįȚĮıĲȑȜȜİĲĮȚ,ΝȞĮΝțȐȝʌĲİĲĮȚΝțĮȚΝ

ȞĮΝ ʌİȡȚıĲȡȑĳİĲĮȚΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠȣȢΝ įİıȝȠȪȢέΝ ȅȚΝ İıȦĲİȡȚțȑȢΝ įȣȞȐȝİȚȢΝ

ʌİȡȚȖȡȐĳȠȞĲĮȚ,ΝıȣȞȒșȦȢ,ΝȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĮʌȜȑȢΝıȣȞĮȡĲȒıİȚȢ,ΝȖȚĮΝʌĮȡȐįİȚȖȝĮΝ

ȠȚΝįİıȝȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝʌİȡȚȖȡȐĳȠȞĲĮȚΝĮʌȩΝĲȠΝȞȩȝȠΝĲȠȣΝώooke,ΝİȞȫΝȠȚΝȝȘΝ

įİıȝȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝȝʌȠȡİȓΝȞĮΝʌİȡȚȖȡȐĳȠȞĲĮȚΝĮʌȩΝĲȠΝįȣȞĮȝȚțȩΝδennard-

JonesέΝ ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĮȣĲȐΝ ĲĮΝ ȝȠȞĲȑȜĮΝ țĮȚΝ ĲȚȢΝ İȟȚıȫıİȚȢΝ țȓȞȘıȘȢΝ ĲȠȣΝ

ȃİȪĲȦȞĮ,Ν ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ʌĮȡȐȖȠȣȞΝ ĲȘΝ

ȝİĲĮȕȠȜȒΝȝȚĮȢΝįȠȝȒȢΝıİΝıȣȞȐȡĲȘıȘΝȝİΝĲȠΝȤȡȩȞȠ,ΝįȘȜĮįȒΝĲȘΝșȑıȘ,ΝĲȘȞΝĲĮȤȪĲȘĲĮΝ

țĮȚΝ ĲȘȞΝ İʌȚĲȐȤȣȞıȘΝ ȩȜȦȞΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ȝȠȡȓȠȣΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝΧĲȡȠȤȚĮțȩΨέ 

 

īȚĮΝȑȞĮΝıȪıĲȘȝĮΝĲȠΝȠʌȠȓȠΝįȚȑʌİĲĮȚΝĮʌȩΝĲȠȣȢΝȞȩȝȠȣȢΝĲȠȣΝȃİȪĲȦȞĮΝțȐșİΝȐĲȠȝȠΝΧiΨΝ

ĮȞĲȚʌȡȠıȦʌİȪİĲĮȚΝĮʌȩΝȑȞĮΝıȘȝİȓȠ,ΝȝȐȗĮȢΝm,ΝȖȚĮΝĲȠΝȠʌȠȓȠΝȚıȤȪİȚΝȘΝİȟȓıȦıȘΝβέζΝ 
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(2.4) 

 

ȈĲȘȞΝİȟȓıȦıȘΝβέζΝĲȠΝʌȡȫĲȠΝȝȑȜȠȢΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȖȚȞȩȝİȞȠΝĲȘȢΝȝȐȗĮȢΝİʌȓΝĲȠΝ

įȚȐȞȣıȝĮΝĲȘȢΝ İʌȚĲȐȤȣȞıȘȢΝ țĮȚΝ ĲȠΝįİȪĲİȡȠΝȝȑȜȠȢΝĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝįȚȐȞȣıȝĮΝĲȘȢΝ

įȪȞĮȝȘȢΝ ʌȠȣΝ įȡĮΝ ıĲȠΝ ȐĲȠȝȠΝ iέΝ ǼȐȞΝ ıĲȘȞΝ İȟȓıȦıȘΝ ĮȣĲȒΝ ĲȠΝ įİȪĲİȡȠΝ ȝȑȜȠȢΝ

ʌĮȡĮȝȑȞİȚΝıĲĮșİȡȩΝĲȩĲİΝȘΝİȟȓıȦıȘΝʌİȡȚȖȡȐĳİȚΝȑȞĮΝĮʌȠȝȠȞȦȝȑȞȠΝıȪıĲȘȝĮ,ΝΝʌȠȣΝ

ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ ȝȚțȡȠțĮȞȠȞȚțȐΝ ıȪȞȠȜĮΝ ΧσVϋΝ ensemblesΨΝ ȝİΝ ıĲĮșİȡȩΝ ĮȡȚșȝȩΝ

ĮĲȩȝȦȞ,ΝȩȖțȠȣΝțĮȚΝİȞȑȡȖİȚĮȢέΝǼʌİȚįȒΝȩȝȦȢΝȘΝʌȡȦĲİȧȞȚțȒΝĮȞĮįȓʌȜȦıȘΝıȣȝȕĮȓȞİȚΝ

ıİΝ ʌİȡȚȕȐȜȜȠȞΝ ʌȠȣΝ İȝʌȜȑțİĲĮȚΝ țĮȚΝ ȘΝ șİȡȝȠțȡĮıȓĮΝ ȤȡİȚĮȗȩȝĮıĲİΝ țĮȞȠȞȚțȐΝ

ıȪȞȠȜĮΝΧσVTΝensemblesΨΝȝİΝıĲĮșİȡȩΝĮȡȚșȝȩΝĮĲȩȝȦȞΝȩȖțȠȣΝțĮȚΝșİȡȝȠțȡĮıȓĮȢΝȒΝΝ

ȚıȩșİȡȝĮ-ȚıȠȕĮȡȒΝıȪȞȠȜĮΝΧσPTΝensemblesΨΝȝİΝıĲĮșİȡȩΝĮȡȚșȝȩΝĮĲȩȝȦȞ,ΝʌȓİıȘȢΝ

țĮȚΝșİȡȝȠțȡĮıȓĮȢέΝǹȣĲȩΝȝʌȠȡİȓΝȞĮΝİʌȚĲİȣȤșİȓΝȝİĲĮȕȐȜȜȠȞĲĮȢΝĲȚȢΝĲĮȤȪĲȘĲİȢΝȑĲıȚΝ

ȫıĲİΝ ȞĮΝ ʌȡȠıĮȡȝȠıșİȓΝ ȘΝ țȚȞȘĲȚțȒΝ İȞȑȡȖİȚĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ıĲȘȞΝ İʌȚșȣȝȘĲȒΝ

șİȡȝȠțȡĮıȓĮΝΧH.A. Scheraga et al, 2008). 

 

ȉȡİȚȢΝ İȓȞĮȚΝ ȠȚΝ ȐȟȠȞİȢΝ ȖȪȡȦΝ ĮʌȩΝ ĲȠȣȢΝ ȠʌȠȓȠȣȢΝ ʌİȡȚıĲȡȑĳİĲĮȚΝ ȘΝ șİȦȡȓĮΝ ĲȘȢΝ

ȝȠȡȚĮțȒȢΝ ȝȘȤĮȞȚțȒȢέΝ ȅΝ ʌȡȫĲȠȢΝ ĮĳȠȡȐΝ ĲȘΝ șİȡȝȠįȣȞĮȝȚțȒ,Ν ȠΝ įİȪĲİȡȠȢΝ ĲȘȞΝ

ʌȡȠıșİĲȚțȩĲȘĲĮΝțĮȚΝȠΝĲȡȓĲȠȢΝĲȘΝȝİĲĮȕȓȕĮıȘέ 

 

ǾΝȣʌȩșİıȘΝĲȘȢΝșİȡȝȠįȣȞĮȝȚțȒȢΝΧThermodynamicΝώypothesisΨ,ΝįȘȜȫȞİȚΝʌȦȢ,ΝıİΝ

ĮȞĲȓșİıȘΝ ȝİΝ ĲȚȢΝ ʌİȡȚııȩĲİȡİȢΝ ȕȚȠȜȠȖȚțȑȢΝ įȚİȡȖĮıȓİȢ,Ν ȘΝ ĮȞĮįȓʌȜȦıȘΝ ĲȦȞΝ

ȕȚȠȝȠȡȓȦȞΝ ıȣȝȕĮȓȞİȚΝ ĮȣĲȩȝĮĲĮ,Ν ȤȦȡȓȢΝ ĲȘΝ ȕȠȒșİȚĮΝ țȐʌȠȚȠȣΝ İȞȗȪȝȠȣΝ ĲȠΝ ȠʌȠȓȠΝ

ȕȠȘșȐΝıĲȘȞΝȝİȓȦıȘΝĲȠȣΝİȞİȡȖİȚĮțȠȪΝĳȡĮȖȝȠȪΝȑĲıȚΝȫıĲİΝȞĮΝĮʌȠțĲȘșİȓΝȘΝĲİȜȚțȒ,Ν

ĳȣıȚțȒ,Ν įȠȝȒέΝ ȉȠΝ ȖİȖȠȞȩȢΝ ĮȣĲȩΝ ȣʌȠįȘȜȫȞİȚΝ ʌȦȢΝ ȝȚĮΝ ȚıȤȣȡȒΝ șİȡȝȠįȣȞĮȝȚțȒΝ

İȞȑȡȖİȚĮΝ ȠįȘȖİȓΝ ĲĮΝ ȕȚȠȝȩȡȚĮΝ ȞĮΝ ĮȞĮįȚʌȜȦșȠȪȞΝ ĮʌȩΝ ȝȓĮΝ ĲȣȤĮȓĮΝ ΧȣȥȘȜȒȢΝ

İȞȑȡȖİȚĮȢΨΝįȚĮȝȩȡĳȦıȘΝʌȡȠȢΝĲȘΝĳȣıȚțȒΝĲȠȣȢΝįȠȝȒΝΧİȜȐȤȚıĲȘΝİȞȑȡȖİȚĮΨέΝȂİȜȑĲİȢΝ

ȑȤȠȣȞΝįİȓȟİȚΝʌȦȢΝȘΝʌȚșĮȞȩĲȘĲĮΝĮʌȩțĲȘıȘȢΝșİȡȝȠįȣȞĮȝȚțȐΝıĲĮșİȡȒȢΝįȠȝȒȢΝȝȚĮȢΝ

ĲȣȤĮȓĮȢΝ įȚĮȝȩȡĳȦıȘȢΝ İȓȞĮȚΝ ĮȞĲȚıĲȡȩĳȦȢΝ ĮȞȐȜȠȖȘΝ ĲȘȢΝ șİȡȝȠțȡĮıȓĮȢΝ ΧA.M. 

ύutinΝțĮȚΝϋέIέΝShakhnovich,Ν1λλίΨέΝ 
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Ǿ ĮȡȤȒΝ ĲȘȢΝ ʌȡȠıșİĲȚțȩĲȘĲĮȢΝ ȣʌȠįȘȜȫȞİȚΝ ȩĲȚΝ ĲȠΝ ȐșȡȠȚıȝĮΝ ĲȦȞΝ “įİıȝȚțȫȞ”Ν

ΧbondedΨΝ țĮȚΝ “ȝȘΝ įİıȝȚțȫȞ”Ν Χnon-bondedΨΝ İȞİȡȖİȚȫȞΝ ĮʌȠĲİȜİȓΝ ĲȘȞΝ ȠȜȚțȒΝ

įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮέΝ ȈĲȚȢΝ įİıȝȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝ ȠȚΝ

ȠȝȠȚȠʌȠȜȚțȠȓΝįİıȝȠȓΝΧȝİĲĮȟȪΝįȪȠΝĮĲȩȝȦȞΨ,ΝȠȚΝȖȦȞȓİȢΝΧȝİĲĮȟȪΝĲȡȚȫȞΝĮĲȩȝȦȞΨ,ΝȠȚΝ

įȓİįȡİȢΝ ȖȦȞȓİȢΝ ΧȝİĲĮȟȪΝ ĲİııȐȡȦȞΝ ĮĲȩȝȦȞΨΝ țĮȚΝ ȠȚΝ ȝȘΝ țĮȞȠȞȚțȑȢΝ įȓİįȡİȢΝ ȖȦȞȓİȢΝ

ΧimpropersΨ,ΝİȞȫΝıĲȚȢΝȝȘΝįİıȝȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝȠȚΝVanΝ

der Waals (Lennard-JonesΝpotentialΨΝțĮȚΝȠȚΝȘȜİțĲȡȠıĲĮĲȚțȑȢΝΧωoulombΝlawΨέΝǾΝ

ȠȜȚțȒΝ įȣȞĮȝȚțȒΝ İȞȑȡȖİȚĮΝ ʌİȡȚȖȡȐĳİĲĮȚΝ ĮʌȩΝ ĲȘȞΝ İȟȓıȦıȘΝ βέη,Ν ȠȚΝ ȩȡȠȚΝ ĲȘȢΝ

İȟȓıȦıȘȢΝ ĮȞĮĳȑȡȠȞĲĮȚΝ ĮȞĲȓıĲȠȚȤĮΝ ıĲĮΝ ȝȒțȘΝ ĲȦȞΝ įİıȝȫȞ,Ν ıĲȚȢΝ ȖȦȞȓİȢ,Ν ıĲȚȢΝ

įȓİįȡİȢΝȖȦȞȓİȢ,ΝıĲȚȢΝȝȘΝțĮȞȠȞȚțȑȢΝįȓİįȡİȢ,ΝıĲȚȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝVanΝderΝWaalsΝ

țĮȚΝıĲȚȢΝȘȜİțĲȡȠıĲĮĲȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝέ 

 

  

  (2.5) 

 

 

 

ǵʌȠȣμΝ bΝ İȓȞĮȚΝ ĲȠΝ ȝȒțȠȢΝ įİıȝȠȪ,Ν șΝ İȓȞĮȚΝ ȘΝ ȖȦȞȓĮΝ ȝİĲĮȟȪΝ įȪȠΝ ȠȝȠȚȠʌȠȜȚțȫȞΝ

įİıȝȫȞΝ ΧʌȠȣΝ ıȣȞįȑȠȣȞΝ ĲȡȓĮΝ ȐĲȠȝĮΨ,Ν șΝ İȓȞĮȚΝ ȘΝ įȓİįȡȘΝ ȖȦȞȓĮΝ ȒΝ ȖȦȞȓĮΝ

ʌİȡȚıĲȡȠĳȒȢ,ΝĳΝİȓȞĮȚΝİȓȞĮȚΝȘΝȝȘΝțĮȞȠȞȚțȒΝįȓİįȡȘΝȖȦȞȓĮΝțĮȚΝrij  İȓȞĮȚΝȘΝĮʌȩıĲĮıȘΝ

ȝİĲĮȟȪΝĲȦȞΝĮĲȩȝȦȞΝiΝțĮȚΝjέΝȆĮȡȐȝİĲȡȠȚΝțĮȚΝȩȡȠȚΝʌȠȣΝįȚȑʌȠȣȞΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝ

İȓȞĮȚΝ ȘΝ ıĲĮșİȡȐΝ įȪȞĮȝȘȢΝ įİıȝȠȪΝ ΧȀbΨΝ țĮȚΝ ȘΝ ĮʌȩıĲĮıȘΝ İȟȚıȠȡȡȩʌȘıȘȢΝ b0,Ν ȘΝ

ıĲĮșİȡȐΝįȪȞĮȝȘȢΝĲȘȢΝȠȝȠȚȠʌȠȜȚțȒȢΝȖȦȞȓĮȢΝΧȀșΨΝțĮȚΝȘΝȖȦȞȓĮΝİȟȚıȠȡȡȩʌȘıȘȢΝΧș0), 

ȘΝ ıĲĮșİȡȐΝ įȪȞĮȝȘȢΝ ĲȘȢΝ įȓİįȡȘȢΝ ȖȦȞȓĮȢΧȀȤΨ,Ν ĲȠΝ ʌȜȒșȠȢΝ ΧnΨΝ țĮȚΝ ȘΝ ȖȦȞȓĮΝ ĳȐıȘȢΝ

ΧįΨ,Ν ȘΝ ıĲĮșİȡȐΝ įȪȞĮȝȘȢΝ ȖȚĮΝ ĲȚȢΝ ȝȘΝ țĮȞȠȞȚțȑȢΝ ȖȦȞȓİȢΝ ΧȀĳΨΝ țĮȚΝ ȘΝ ȝȘΝ țĮȞȠȞȚțȒΝ

ȖȦȞȓĮΝ İȟȚıȠȡȡȩʌȘıȘȢΝ ĳ0έΝ ǹȣĲȑȢΝ ȠȚΝ ʌĮȡȐȝİĲȡȠȚΝ ĮʌȠĲİȜȠȪȞΝ ĲȚȢΝ İȞįȠȝȠȡȚĮțȑȢΝ

ʌĮȡĮȝȑĲȡȠȣȢΝ İȞȩȢΝ įȣȞĮȝȚțȠȪΝ ʌİįȓȠȣέΝ ǵıȠΝ ĮĳȠȡȐΝ ĲȚȢΝ İȟȦĲİȡȚțȑȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ

ȖȚĮΝĲȚȢΝȝȘΝįİıȝȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢ,ΝĮȣĲȑȢΝİȓȞĮȚΝĲĮΝĳȠȡĲȓĮΝĲȦȞΝĮĲȩȝȦȞΝiΝțĮȚΝjΝ

(qi țĮȚΝ qj ĮȞĲȓıĲȠȚȤĮΨ,Ν ȘΝ ıĲĮșİȡȐΝ δJΝ well-depthΝ İij ,Ν țĮȚΝ ȘΝ İȜȐȤȚıĲȘΝ ĮʌȩıĲĮıȘΝ
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ĮȜȜȘȜİʌȓįȡĮıȘȢΝ ĲȦȞΝ ĮĲȩȝȦȞΝ i,Ν jΝ R min, ij ,Ν Ν ȘΝ ȠʌȠȓĮΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȖȚĮΝ ĲȚȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝVanΝderΝWaalsέΝǾΝįȚȘȜİțĲȡȚțȒΝıĲĮșİȡȐΝİΝıȣȞȒșȦȢΝĮȞĲȚıĲȠȚȤİȓΝ

ıĲȘΝ ȝȠȞȐįĮΝ ΧțİȞȩΨΝ ıĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȠȣΝ ıȣȝʌİȡȚȜĮȝȕȐȞȠȣȞΝ ĮȜȜȘȜİʌȚįȡȩȞΝ

įȚȐȜȣȝĮΝΧimplicitΝsolventΨΝΧχέϊΝεackerell,ΝβίίζΨέΝȉȘȞΝĮșȡȠȚıĲȚțȒΝĮȣĲȒΝȚįȚȩĲȘĲĮΝ

İțȝİĲĮȜȜİȪȠȞĲĮȚ ĲĮΝįȚȐĳȠȡĮΝʌȡȦĲȩțȠȜȜĮΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ,Ν

ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ȣʌȠȜȠȖȚıșȠȪȞΝ ȝİΝ įȚĮĳȠȡİĲȚțȒΝ “ȕĮȡȪĲȘĲĮ”Ν ȠȚΝ įİıȝȚțȑȢΝ țĮȚΝ ȝȘΝ

įİıȝȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ıİΝ ıȣȞȐȡĲȘıȘΝ ȝİΝ ĲȠΝ ȤȡȩȞȠέΝ ǾΝ ʌȡȠșİĲȚțȩĲȘĲĮΝ

ĮȟȚȠʌȠȚİȓĲĮȚ,ΝİʌȓıȘȢ,ΝıĲȠΝıȤİįȚĮıȝȩΝĮȜȖȠȡȓșȝȦȞΝİȜĮȤȚıĲȠʌȠȓȘıȘȢέ 

 

ȉȑȜȠȢ,ΝȘΝĮȡȤȒΝĲȘȢΝȝİĲĮȕȓȕĮıȘȢΝįȘȜȫȞİȚΝȩĲȚ,ΝİĳȩıȠȞΝĲĮΝȝȩȡȚĮΝĮʌȠĲİȜȠȪȞĲĮȚΝĮʌȩΝ

ĲȚȢΝȓįȚİȢΝȤȘȝȚțȑȢΝȣʌȠȝȠȞȐįİȢΝțĮȚΝĲȠΝıȪıĲȘȝĮΝȕȡȓıțİĲĮȚΝıİΝțĮȞȠȞȚțȑȢΝıȣȞșȒțİȢΝ

ΧȤȦȡȓȢΝĲȘȞΝİʌȚȡȡȠȒΝİȚįȚțȫȞΝįȣȞȐȝİȦȞΨ,ΝĲĮΝĮʌȠĲİȜȑıȝĮĲĮΝȖȚĮΝĲȘΝįȣȞĮȝȚțȒΝʌȠȣΝ

ĮʌȠȡȡȑȠȣȞΝ ĮʌȩΝ ʌİȚȡȐȝĮĲĮΝ ıİΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢΝ ȝʌȠȡȠȪȞΝ ȞĮΝ

ȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ ΧȝİĲĮȕȚȕĮıșȠȪȞΨΝıİΝȝİȖȐȜĮΝȕȚȠȝȩȡȚĮέΝȆȡĮțĲȚțȐΝ ĮȣĲȩΝȝʌȠȡİȓΝ

ȞĮΝȤȡȘıȚȝȠʌȠȚȘșİȓΝİȓĲİΝȝİĲĮĳȑȡȠȞĲĮȢΝĲȘΝȖİȦȝİĲȡȓĮΝĲȦȞΝįİıȝȫȞΝȝİĲĮȟȪΝĮĲȩȝȦȞ,Ν

ȝȚțȡȫȞΝ ȝȠȡȓȦȞ,Ν ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ıȣȞĮȡĲȒıİȚȢΝ țĮȚΝ ȜĮȝȕȐȞȠȞĲĮȢΝ ȣʌȩȥȚȞΝ ĲȘȞΝ

İȟȐȡĲȘıȘΝ ĮʌȩΝ ĲȠΝ ʌİȡȚȕȐȜȜȠȞΝ ΧN.L Allinger et al., 1987),Ν İȓĲİΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ

ȝİĲĮȕȜȘĲȑȢΝȖȚĮΝțȐșİΝĲȪʌȠΝĮĲȩȝȠȣΝΧȠΝțȐșİΝĲȪʌȠȢΝĮĲȩȝȠȣΝįȘȜȫȞİȚΝĲȠΝʌİȡȚȕȐȜȜȠȞΝ

ĲȠȣΨέΝ ȅȚΝ ĮĲȠȝȚțȠȓΝ ĲȪʌȠȚΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ıĲĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ țĮȚΝ İȓȞĮȚΝ

ĮʌȠșȘțİȣȝȑȞȠȚΝıİΝĮȡȤİȓĮΝʌĮȡĮȝİĲȡȠʌȠȓȘıȘȢΝțĮȚΝĲȠʌȠȜȠȖȓĮȢΝΧM. Karplus et al., 

1998, T. Schlick, 2002). 

 

ȉĮΝįȣȞĮȝȚțȐΝʌİįȓĮΝʌȠȣΝıȣȝʌİȡȚȜĮȝȕȐȞȠȣȞΝȩȜĮΝĲĮΝȐĲȠȝĮΝİȞȩȢΝıȣıĲȒȝĮĲȠȢΝıĲȠȣȢΝ

ȣʌȠȜȠȖȚıȝȠȪȢΝ ȠȞȠȝȐȗȠȞĲĮȚΝ “all-atomΝ forceΝ fields”Ν έΝ ǼȞĮȜȜĮțĲȚțȐΝ ĲĮΝ ȣįȡȠȖȩȞĮΝ

ȝʌȠȡȠȪȞΝȞĮΝʌĮȡĮȜİȚĳșȠȪȞΝıĲĮΝ“unitedΝatomΝforceΝfields”,ΝİțĲȩȢΝĮʌȩΝĲĮΝʌȠȜȚțȐΝ

ȣįȡȠȖȩȞĮΝ ĲĮΝ ȠʌȠȓĮΝ ıȤȘȝĮĲȓȗȠȣȞΝ ȣįȡȠȖȠȞȚțȠȪȢΝ įİıȝȠȪȢέΝ ȈĲȚȢΝ ȝȑȡİȢΝ ȝĮȢΝ

ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝțĮȚΝȠȚΝįȪȠΝĲȪʌȠȚΝįȣȞĮȝȚțȫȞΝʌİįȓȦȞέ 

 

ǲȞĮΝ ĮțȩȝȘΝ ıȘȝĮȞĲȚțȩΝ ıĲȠȚȤİȓȠΝ ıĲȘΝ ȝȠȡȚĮțȒΝ įȣȞĮȝȚțȒΝ İȓȞĮȚΝ ȘΝ ȠΝ ĮțȡȚȕȒȢΝ

ȤİȚȡȚıȝȩȢΝ ĲȠȣΝ įȚĮȜȪĲȘΝ ΧȣįĮĲȚțȩΝ ʌİȡȚȕȐȜȜȠȞΨ,Ν ȠΝ ȤİȚȡȚıȝȩȢΝ ĮȣĲȩȢΝ
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ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚΝ ȝİΝ ĲȘΝ ȤȡȒıȘΝ ȝİșȩįȦȞΝ explicitΝ ȒΝ implicitΝ solventέΝ ǾΝ ʌȡȫĲȘΝ

ȝȑșȠįȠȢΝȑȡȤİĲĮȚΝʌȚȠΝțȠȞĲȐΝȝİΝĲȚȢΝʌȡĮȖȝĮĲȚțȑȢΝıȣȞșȒțİȢ,ΝĮȜȜȐΝİȓȞĮȚΝȤȡȠȞȠȕȩȡĮΝ

ıİΝıȤȑıȘΝȝİΝĲȘΝįİȪĲİȡȘΝȝȑșȠįȠέΝ ΝȉĮΝȝȠȞĲȑȜĮΝȞİȡȠȪΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝıĲȚȢΝ

explicitΝȝİșȩįȠȣȢΝʌȡȠıȠȝȠȚȫıİȦȞΝİȓȞĮȚΝĲĮΝTIP3P, TIP4P, SPC, extended SPC/E, 

țĮȚΝ όγωλκέΝ ȉĮΝ TIPγPΝ ȝȩȡȚĮΝ ȞİȡȠȪΝ İȓȞĮȚΝ ĲĮΝ Ν İȣȡȑȦȢΝ įȚĮįİįȠȝȑȞĮέΝ

ȋȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȖȚĮΝ ĲȘȞΝ ʌĮȡĮȝİĲȡȠʌȠȓȘıȘΝ ĲȦȞΝ ʌİȡȚııȠĲȑȡȦȞΝ įȣȞĮȝȚțȫȞΝ

ʌİįȓȦȞ,Ν ĮȜȜȐΝ țĮȚΝ ȖȚĮΝ Ν ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ĲȦȞΝ ıȣıĲȘȝȐĲȦȞΝ ĲȘȢΝ ʌĮȡȠȪıĮȢΝ

ʌĲȣȤȚĮțȒȢΝ İȡȖĮıȓĮȢέΝ ȉĮΝ ȝȠȞĲȑȜĮΝ įȚĮĳȑȡȠȣȞΝ ıĲȘΝ ȖİȦȝİĲȡȓĮΝ țĮȚΝ ıİΝ țȐʌȠȚİȢΝ

ʌİȡȚʌĲȫıİȚȢΝ ȣʌȐȡȤȠȣȞΝ įȚȠȡșȫıİȚȢΝ ıĲȘȞΝ İıȦĲİȡȚțȒΝ İȞȑȡȖİȚĮΝ ʌȠȣΝ ĮʌȠįȓįȠȣȞΝ

țĮȜȪĲİȡĮΝ ĲȘΝ įȠȝȒΝ țĮȚΝ ĲȚȢΝ ȚįȚȩĲȘĲİȢΝ įȚȐȤȣıȘȢΝ ΧSPωήϋΨέΝ ȍıĲȩıȠΝ ĲĮΝ TIPγPΝ

ĮȞĮʌĮȡȚıĲȠȪȞΝ țĮȜȪĲİȡĮΝ ĲȘȞΝ İȞȑȡȖİȚĮΝ țĮȚΝ ĲȘȞΝ ʌȣțȞȩĲȘĲĮΝ ĲȠȣΝ ȞİȡȠȪΝ țĮȚΝ ȑȤȠȣȞΝ

ıȣȝȕĮĲȩĲȘĲĮΝȝİΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝχmberέΝ 

 

ȅȚΝ ȝȘΝ įİıȝȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ İȓȞĮȚΝ ȠȚΝ ıȘȝĮȞĲȚțȩĲİȡİȢΝ ȖȚĮΝ ĲȘΝ ıȣȝʌİȡȚĳȠȡȐΝ

İȞȩȢΝȕȚȠȝȠȡȓȠȣΝțĮȚΝĲĮȣĲȩȤȡȠȞĮΝȠȚΝʌȚȠΝĮʌĮȚĲȘĲȚțȑȢΝȖȚĮΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠέΝīȚĮΝĲȠΝ

ȜȩȖȠΝĮȣĲȩΝȑȤȠȣȞΝĮȞĮʌĲȣȤșİȓΝʌȡȠıİȖȖȓıİȚȢΝʌȠȣΝʌİȡȚȠȡȓȗȠȣȞΝĲȚȢΝĮʌȠıĲȐıİȚȢΝȖȚĮΝĲȚȢΝ

ȘȜİțĲȡȠıĲĮĲȚțȑȢΝ țĮȚΝ vdWΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢέΝ ȍıĲȩıȠΝ ȝİȖĮȜȪĲİȡȘΝ ĮțȡȓȕİȚĮΝ

ʌĮȡȑȤİĲĮȚΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ȩıȠΝ ĲȠΝ įȣȞĮĲȩȞΝ ʌİȡȚııȩĲİȡİȢΝ ȝȘΝ įİıȝȚțȑȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢέΝǵıȠΝĮĳȠȡȐΝĲȚȢΝvdWΝĮȜȜȘȜİʌȚįȡȐıİȚȢ,ΝȖȚĮΝȞĮΝȜȘĳșİȓΝȣʌȩȥȚȞΝȘΝ

İʌȓįȡĮıȘΝ ĲȠȣȢ,Ν șİȦȡİȓĲĮȚΝ ȦȢΝ ȠȝȠȚȠȖİȞȑȢΝ ȠĲȚįȒʌȠĲİΝ ʌȑȡĮΝ ĮʌȩΝ ĲȘȞΝ ĮʌȩıĲĮıȘΝ

ĮʌȠțȠʌȒȢέΝīȚĮΝĲȚȢΝȘȜİțĲȡȠıĲĮĲȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝȑȤİȚΝĮȞĮʌĲȣȤșİȓΝȘΝȝȑșȠįȠȢΝ

particleΝmeshΝϋwaldΝΧPεϋΨέΝīȚĮΝĲȘȞΝİĳĮȡȝȠȖȒΝĮȣĲȒȢΝĲȘȢΝȝİșȩįȠȣΝĮʌĮȚĲȠȪȞĲĮȚΝ

ʌİȡȚȠįȚțȑȢΝȠȡȚĮțȑȢΝıȣȞșȒțİȢΝİʌĮȡțȠȪȢΝȝİȖȑșȠȣȢ,ΝȖȚĮΝȞĮΝĮʌȠĳİȣȤșȠȪȞΝĳĮȚȞȩȝİȞĮΝ

ĮȜȜȘȜİʌȓįȡĮıȘȢΝ ȝİĲĮȟȪΝ ĲȘȢΝ ʌȡȦĲİǸȞȘȢΝ țĮȚΝ ĲȠȣΝ İȚįȫȜȠȣΝ ĲȘȢέΝ ȈİΝ ʌİȡȚʌĲȫıİȚȢΝ

ȝĮțȡȠȝȠȡȓȦȞΝ ʌȠȣΝ ĮȣĲȩΝ İȓȞĮȚΝ ĮȞȑĳȚțĲȠΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ıĲȠȤĮıĲȚțȑȢΝ ȠȡȚĮțȑȢΝ

ıȣȞșȑıİȚȢΝ țĮȚΝ ȩȤȚΝ ʌİȡȚȠįȚțȑȢέΝ ȈİΝ ĮȣĲȒΝ ĲȘȞΝ ʌȡȠıȑȖȖȚıȘΝ ĲȠ ȝȩȡȚȠΝ ʌİȡȚȕȐȜȜİĲĮȚΝ

ĮʌȩΝ ȝȚĮΝ ıĳĮȓȡĮΝ ȞİȡȠȪΝ țĮȚΝ İȓȞĮȚΝ ʌİȡȚĲȡȚȖȣȡȚıȝȑȞȠΝ ĮʌȩΝ ȑȞĮΝ įȣȞĮȝȚțȩΝ ĲȠΝ ȠʌȠȓȠΝ

įȚĮĲȘȡİȓΝ ĲȘȞΝ ʌȣțȞȩĲȘĲĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ ȈİΝ ȠȡȚıȝȑȞİȢΝ ʌİȡȚʌĲȫıİȚȢΝ

ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝΝδangevinΝdynamicsΝıĲĮΝȝȩȡȚĮΝĲȠȣΝȞİȡȠȪΝȖȚĮΝĲȘΝıȣȝʌȜȒȡȦıȘΝ

ĲȠȣΝʌİįȓȠȣΝĮȞĲȓįȡĮıȘȢΝ(A.D. Mackerell, 2004). 
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ȂİΝĲȠȞΝȩȡȠΝįȣȞĮȝȚțȐΝʌİįȓĮΝĮȞĮĳİȡȩȝĮıĲİΝıİΝȩȜİȢΝĮȣĲȑȢΝĲȚȢΝıȣȞĮȡĲȒıİȚȢΝțĮȚΝĲȚȢΝ

ĮȞĲȓıĲȠȚȤİȢΝʌĮȡĮȝȑĲȡȠȣȢ,ΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝȖȚĮΝĲȘȞΝʌİȡȚȖȡĮĳȒΝĲȘȢΝțȓȞȘıȘȢΝ

ĲȦȞΝĮĲȩȝȦȞΝİȞȩȢΝȝȠȡȓȠȣέΝȉĮΝĲİȜİȣĲĮȓĮΝȤȡȩȞȚĮΝȣʌȐȡȤİȚΝȝȚĮΝĲĮȤȪĲĮĲȘΝĮȞȐʌĲȣȟȘΝ

ĲȦȞΝ ȣʌȠȜȠȖȚıĲȚțȫȞΝ įȣȞĮĲȠĲȒĲȦȞέΝ ǹȣĲȩΝ ȑȤİȚΝ ıȣȝȕȐȜİȚΝ țĮșȠȡȚıĲȚțȐΝ ıĲȘȞΝ

ĮȞȐʌĲȣȟȘΝȞȑȦȞΝįȣȞĮȝȚțȫȞΝʌİįȓȦȞ,ΝĲĮΝȠʌȠȓĮΝĮʌȠįȓįȠȣȞΝĮʌȠĲİȜİıȝĮĲȚțȩĲİȡĮΝĲĮΝ

ȝȠȞȠʌȐĲȚĮΝ ʌȠȣΝ ĮțȠȜȠȣșȠȪȞΝ ĲĮΝ ȕȚȠȝȩȡȚĮΝ țĮĲȐΝ ĲȘΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ

ĲȠȣȢΝ țĮȚΝ ıȣȝĳȦȞȠȪȞΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ ĮʌȠĲİȜȑıȝĮĲĮέΝ ȆĮȡȩȜȠΝ ʌȠȣΝ ĲĮΝ

ʌİȡȚııȩĲİȡĮΝ ȞȑĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ ĮʌȠĲİȜȠȪȞΝ ʌȡȠıĮȣȟȒıİȚȢΝ ʌȡȠȘȖȠȣȝȑȞȦȞ,Ν ȘΝ

ĲĮȤȪĲĮĲȘΝ ĮȣĲȒΝ ĮȞȐʌĲȣȟȘΝ ĮʌȠĲİȜİȓΝ ȑȞĮΝ ȚıȤȣȡȩΝ İȡȖĮȜİȓȠ,Ν ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ

ĮʌȩΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ,ΝȑĲıȚΝȫıĲİΝȞĮΝʌĮȡĮȤșİȓΝȜİʌĲȠȝİȡȫȢΝ

ȘΝĮĲȠȝȚțȒΝʌİȡȚȖȡĮĳȒΝĲȦȞΝȝȠȞȠʌĮĲȚȫȞΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝΧϊέϋΝShawΝetΝal,Νβί11Ψέ 

 

ȈİΝ ĮȣĲȩΝ ĲȠΝ ıȘȝİȓȠΝ ĮțȠȜȠȣșİȓΝ ȝȚĮΝ ȝȚțȡȒΝ ȚıĲȠȡȚțȒΝ ĮȞĮįȡȠȝȒΝ ıȤİĲȚțȐΝ ȝİΝ ĲȘȞΝ

İȟȑȜȚȟȘΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞέΝ ȉĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ İȝĳĮȞȓıĲȘțĮȞΝ ȦȢΝ

İȞĮȜȜĮțĲȚțȒΝȜȪıȘΝĲȘȢΝțȕĮȞĲȚțȒȢΝȝȘȤĮȞȚțȒȢΝĮȡțİĲȩΝțĮȚȡȩΝʌȡȚȞΝįȘȝȚȠȣȡȖȘșȠȪȞΝ

ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢέΝȈĲȘΝįİțĮİĲȓĮΝ ĲȠȣΝ ΥιίΝ ȑȖȚȞĮȞΝ ȠȚΝ ʌȡȫĲİȢΝ

ʌȡȠıʌȐșİȚİȢΝ ĮȞȐʌĲȣȟȘȢΝ ıȣȞĮȡĲȒıİȦȞΝ įȣȞĮȝȚțȒȢΝ İȞȑȡȖİȚĮȢΝ ȖȚĮΝ ĲȠȞΝ țȜȐįȠΝ ĲȘȢΝ

ȠȡȖĮȞȚțȒȢΝ ȤȘȝİȓĮȢΝ ʌȠȣΝ ĮʌȠĲȑȜİıĮȞΝ ȕĮıȚțȐΝ ıȘȝİȓĮΝ ıĲȘȞΝ ĮȞȐʌĲȣȟȘΝ ĲȦȞΝ

įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞέΝ ȉĮΝ įȣȞĮȝȚțȐΝ ϋωϋPPΝ (Momany et al., 1λιηΨΝ țĮșȫȢΝ țĮȚΝ ĲȠΝ

ωόόΝΧδifsonΝțĮȚΝWarshel,Ν1λθκΨΝȒĲĮȞΝĮʌȩΝĲĮΝʌȡȫĲĮΝʌȠȣΝĮȞĮʌĲȪȤșȘțĮȞέΝǼʌİȚįȒΝ

įİȞΝȝʌȠȡȠȪȝİΝȞĮΝĮȞĮĳȑȡȠȣȝİΝȩȜĮΝĲĮΝįȣȞĮȝȚțȐΝʌİįȓĮΝʌȠȣΝȑȤȠȣȞΝĮȞĮʌĲȣȤșİȓΝȝȑȤȡȚΝ

ıȒȝİȡĮ,ΝșĮΝİıĲȚȐıȠȣȝİΝĲȘȞΝʌȡȠıȠȤȒΝıĲȠΝχεψϋRΝΧχssisted Model Building with 

Energy Refinement) ΧWeinerΝ țĮȚΝKollman,Ν 1λκ1ΨΝ ĲȠΝ ȠʌȠȓȠΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȖȚĮΝ

ĲȘΝȝİȜȑĲȘΝĲȘȢΝʌȡȦĲİȧȞȚțȒȢΝĮȞĮįȓʌȜȦıȘȢέ 

ǾΝʌȡȫĲȘΝʌȡȠıʌȐșİȚĮΝ ȑȖȚȞİΝıĲȚȢΝĮȡȤȑȢΝ ĲȘȢΝįİțĮİĲȓĮȢΝ ĲȠȣΝ ΥκίΝĮʌȩΝ ĲȠȞΝȀollmanΝΝ

țĮȚΝ ĲȠȣȢΝ ıȣȞİȡȖȐĲİȢΝ ĲȠȣέΝ ȉĮΝ ĳȠȡĲȓĮΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ʌȡȠȒȜșĮȞΝ Įʌȩ 

ȣʌȠȜȠȖȚıȝȠȪȢΝțȕĮȞĲȚțȒȢΝ ȤȘȝİȓĮȢΝ ΧHartree- Fock STO-γύΨ,Ν ȠȚΝ ȩȡȠȚΝ ȖȚĮΝ ĲȚȢΝVanΝ

derΝ WaalsΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ʌȡȠȒȜșĮȞΝ ĮʌȩΝ ʌȡȠȘȖȠȪȝİȞĮΝ ʌİȚȡȐȝĮĲĮΝ

ʌȡȠıȠȝȠȚȫıİȦȞΝȣȖȡȒȢΝĳȐıȘȢΝΧJorgensen,Ν1λκ1ΨΝțĮȚΝʌİȚȡȐȝĮĲĮΝıİΝțȡȣıĲȐȜȜȠȣȢΝ

(Hagler et at., 1λιζΨ,ΝȠȚΝıĲĮșİȡȑȢΝȖȚĮΝĲȚȢΝįȣȞȐȝİȚȢ,ΝĲȠȣȢΝįİıȝȠȪȢΝțĮȚΝĲȚȢΝȖȦȞȓİȢΝ
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ʌȡȠȒȜșĮȞ,Ν İʌȓıȘȢ,Ν ĮʌȩΝ ʌȡȠȘȖȠȪȝİȞĮΝ ʌİȚȡȐȝĮĲĮΝ ıİΝ țȡȣıĲȐȜȜȠȣȢΝ țĮȚΝ ĲȑȜȠȢΝ ȠȚΝ

ıĲĮșİȡȑȢΝȖȚĮΝĲȚȢΝʌİȡȚıĲȡȠĳȚțȑȢΝțȚȞȒıİȚȢΝʌȡȠȒȜșĮȞΝĮʌȩΝȣʌȠȜȠȖȚıȝȠȪȢΝțȕĮȞĲȚțȒȢΝ

ȤȘȝİȓĮȢέΝȉȠΝʌȡȫĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝİȓȞĮȚΝȝȚĮΝ“polarΝhydrogenΝonly”ΝʌȡȠıȑȖȖȚıȘΝ

ȖȚĮĲȓΝ įİȞΝ ʌİȡȚȜĮȝȕȐȞİȚΝ ȩȜĮΝ ĲĮΝ ȐĲȠȝĮΝ ıĲȠȣȢΝ ȣʌȠȜȠȖȚıȝȠȪȢέΝ ȉȠΝ 1λκθΝ

įȘȝȠıȚİȪșȘțİΝȝȚĮΝİʌȑțĲĮıȘΝĲȠȣΝʌȡȫĲȠȣΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝʌȠȣΝıȣȝʌİȡȚȜȐȝȕĮȞİΝ

ȩȜĮΝĲĮΝȐĲȠȝĮΝΧWeinerΝet at., 1986). ȈĲȚȢΝĮȡȤȑȢΝĲȘȢΝįİțĮİĲȓĮȢΝĲȠȣΝΥλίΝȠΝKollmanΝ

țĮȚΝ ȠȚΝ ıȣȞİȡȖȐĲİȢΝ ĲȠȣΝ ĮȞȑʌĲȣȟĮȞΝ ȑȞĮΝ ȞȑȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠ,Ν ȖȞȦıĲȩΝ ȦȢΝ ffλζΝ

(Cornell et at., 1λληΨέΝȈİΝĮȣĲȒΝĲȘȞΝȑțįȠıȘΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝȕİȜĲȚȫıİȚȢΝıĲȚȢΝ

ʌĮȡĮȝȑĲȡȠȣȢΝ ĮȜȜȐΝ țĮȚΝ ıĲȠȞΝ ĮȜȖȩȡȚșȝȠΝ ĮʌȩΝ ĲȠȞΝ ȠʌȠȓȠΝ ʌȡȠȑȡȤȠȞĲĮȚΝ ȠȚΝ

ʌĮȡȐȝİĲȡȠȚΝĮȣĲȠȓ,ΝȝİΝĮʌȫĲİȡȠΝıțȠʌȩΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝțĮȚΝȐȜȜȦȞΝȝȠȡȓȦȞΝİțĲȩȢΝ

ĲȦȞΝʌȡȦĲİȧȞȫȞέΝȅΝıțȠʌȩȢΝĮȣĲȩȢΝİʌİĲİȪȤșȘΝȝİΝĲȘΝįȘȝȚȠȣȡȖȓĮΝĲȠȣΝʌȡȠȖȡȐȝȝĮĲȠȢΝ

antechamber,Ν ʌİȡȓʌȠȣΝ ȝȚĮΝ įİțĮİĲȓĮΝ ĮȡȖȩĲİȡĮέ ǼʌİȚįȒΝ ȩȜİȢΝ ȠȚΝ ʌȡȠȘȖȠȪȝİȞİȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ȖȚȞȩĲĮȞΝ ıİΝ ĮȑȡȚĮΝ ĳȐıȘ,Ν ȠΝ İʌȩȝİȞȠȢΝ ıĲȩȤȠȢΝ ȒĲĮȞΝ ȘΝ įȘȝȚȠȣȡȖȓĮΝ

ʌȡȠıȠȝȠȚȫıİȦȞΝıİΝȣȖȡȒΝĳȐıȘ,ΝȑĲıȚΝȫıĲİΝȞĮΝȣʌȐȡȤȠȣȞΝțĮȚΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝȝİΝ

ĲȠΝ įȚȐȜȣȝĮέΝ ȆȡȠțİȚȝȑȞȠȣΝ ȞĮΝ İʌȚĲİȣȤșİȓΝ ĮȣĲȩȢΝ ȠΝ ıĲȩȤȠȢΝ ȑʌȡİʌİΝ ȞĮΝ

ʌȡȠıĮȡȝȠıĲȠȪȞΝȠȚΝʌĮȡȐȝİĲȡȠȚΝȖȚĮΝĲĮΝĳȠȡĲȓĮΝțĮȚΝȖȚĮΝĲȘȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝVanΝ

derΝ WaalsΝ ȑĲıȚΝ ȫıĲİΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ȞĮΝ ʌȜȘıȚȐȗȠȣȞΝ ʌİȡȚııȩĲİȡȠΝ ıĲĮΝ

ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮέΝ ǲȞĮΝ ĮțȩȝȘΝ ıȘȝİȓȠΝ ıĲȠΝ ȠʌȠȓȠΝ įȩșȘțİΝ ȑȝĳĮıȘ,Ν ȖȚĮΝ ĲȘΝ

ȕİȜĲȓȦıȘΝĲȠȣΝffλζΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣ,ΝȒĲĮȞΝȠȚΝʌĮȡȐȝİĲȡȠȚΝȖȚĮΝĲȚȢΝĳΝțĮȚΝȥΝȖȦȞȓİȢΝ

ĲȠȣΝ ıțİȜİĲȠȪ,Ν ȠȚΝ ȠʌȠȓİȢΝ ʌĮȓȗȠȣȞΝ țĮșȠȡȚıĲȚțȩΝ ȡȩȜȠΝ ıĲȘΝ įȚĮȝȩȡĳȦıȘΝ țȐșİΝ

ĮȝȚȞȠȟȑȠȢΝțĮȚΝİʌȘȡİȐȗȠȣȞΝĲȘȞΝİȞȑȡȖİȚĮΝȖȚĮΝĲȚȢΝȑȜȚțİȢ,ΝĲĮΝĳȪȜȜĮΝțĮȚΝĲȚȢΝıĲȡȠĳȑȢΝ

ıĲȚȢΝʌȡȦĲİǸȞİȢέΝȅȚΝİʌȩȝİȞİȢΝİțįȩıİȚȢΝȒĲĮȞΝĲȠΝffλθΝΧKollmanΝet at., 1λλιΨΝțĮȚΝĲȠΝ

ff99 (Wang et at., βίίίΨ,ΝıĲȚȢΝȠʌȠȓİȢΝȘΝįȣȞĮȝȚțȒΝĲȦȞΝĳΝțĮȚΝȥΝȖȦȞȚȫȞΝĲĮȓȡȚĮȗİΝȝİΝ

ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ İȞİȡȖİȚȫȞΝ ĮʌȩΝ ʌİȚȡȐȝĮĲĮΝ țȕĮȞĲȚțȒȢΝ ȝȘȤĮȞȚțȒȢΝ ıİΝ

ĲİĲȡĮʌİʌĲȓįȚĮΝțĮȚΝįȚʌİʌĲȓįȚĮέΝǹʌȩΝĲȠΝβίίίΝȣʌȐȡȤİȚΝȘΝįȣȞĮĲȩĲȘĲĮΝįȠțȚȝȒȢ,ΝĲȦȞΝ

įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ ıİΝ ȝȚțȡȐΝ ʌİʌĲȓįȚĮ,Ν țĮȚΝ ıȪȖțȡȚıȘȢΝ Ν ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ

įİįȠȝȑȞĮΝ ĮʌȩΝ ĲİȤȞȚțȑȢΝ ȩʌȦȢΝ ĲȠΝ σεRΝ ΧσuclearΝ εagneticΝ ResonanceΨΝ țĮȚΝ ȠΝ

țȣțȜȚțȩȢΝ įȚȤȡȦȚıȝȩȢΝ ΧJέWέΝ PonderΝ țĮȚΝ ϊέχέΝωase,Ν βίίγΨέΝȅȚ ʌȡȠıİȖȖȓıİȚȢΝ ʌȠȣΝ

ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞ,ΝȖȚĮΝĲȚȢΝĳΝțĮȚΝȥΝȖȦȞȓİȢ,ΝıĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝffλλΝȠįȒȖȘıĮȞΝıİΝ

ȜȐșȠȢΝ įȠȝȚțȑȢΝ ʌȡȠĲȚȝȒıİȚȢΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ ȖȜȣțȓȞȘȢ,Ν İʌȚʌȜȑȠȞΝ ʌĮȡĮĲȘȡȒșȘțİΝ
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ȣʌİȡ-ıĲĮșİȡȠʌȠȓȘıȘΝ ĲȦȞΝ Į-İȜȓțȦȞέΝ ǹʌȩΝ ĲȘȞΝ ȐȜȜȘ,Ν Ν ȠȚΝ ĮȜȜĮȖȑȢΝ ʌȠȣΝ

ʌĮȡȠȣıȚȐıșȘțĮȞΝ ıĲȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ffλθΝ ȠįȒȖȘıĮȞΝ ıİΝ ʌȡȠĲȓȝȘıȘΝ ĲȦȞΝ ȕ-

ĳȪȜȜȦȞέΝȈȣȞİʌȫȢ,ΝȒĲĮȞΝĮȞĮȖțĮȓĮΝȘΝįȘȝȚȠȣȡȖȓĮΝİȞȩȢΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝĲȠΝȠʌȠȓȠΝ

įİȞΝ șĮΝ ĳȑȡİȚΝ ʌȡȠĲȓȝȘıȘΝ ıİΝ ȝȚĮΝ įȚĮȝȩȡĳȦıȘέΝȆȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ȟİʌİȡĮıĲȠȪȞΝ ĲĮΝ

ʌȡȠȕȜȒȝĮĲĮΝ ĮȣĲȐΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ʌĮȡȐȝİĲȡȠȚΝ ȖȚĮΝ ĲȚȢΝ İʌȚʌȜȑȠȞΝ įȓİįȡİȢΝ

ȖȦȞȓİȢΝ ΧωȕΨΝ ʌȠȣΝ ʌİȡȚȑȤȠȞĲĮȚΝ ıĲĮΝ ĮȝȚȞȠȟȚțȐΝ țĮĲȐȜȠȚʌĮΝ ʌȠȣΝ ĳȑȡȠȣȞΝ ʌȜİȣȡȚțȑȢΝ

ȠȝȐįİȢΝΧʌȜȘȞΝĲȘȢΝȖȜȣțȓȞȘȢΨΝțĮȚΝİʌȘȡİȐȗȠȣȞΝĲȘȞΝʌİȡȚıĲȡȠĳȒΝĲȦȞΝĳήȥΝȖȦȞȚȫȞΝĲȠȣΝ

CĮ έΝȅȚΝįȓİįȡİȢΝĮȣĲȑȢΝȖȦȞȓİȢΝȠȞȠȝȐıșȘțĮȞΝĳΥΝțĮȚΝȥΥΝΧĳΥοΝω-N-CĮ-CȕΝțĮȚΝȥΥοΝωȕ-

CĮ-C-σΨΝ țĮȚΝ ȘΝ ȞȑĮΝ İțįȠȤȒΝ ĲȠȣ ffλλΝ ȠȞȠȝȐıșȘțİΝ ffλλSψΝ ΧC. Simmerling et al, 

2006)έΝȂȓĮΝįȚĮĳȠȡİĲȚțȒΝ ĲȡȠʌȠʌȠȓȘıȘΝ ĲȦȞΝ ffλζήffλλ,ΝȘΝ ȠʌȠȓĮΝʌİȡȚİȜȐȝȕĮȞİΝȝȚĮΝ

ĲİȜİȓȦȢΝ įȚĮĳȠȡİĲȚțȒΝ ĮȞĲȓȜȘȥȘΝ ȖȚĮΝ ĲȘȞΝ ʌȡȠȑȜİȣıȘΝ ĲȦȞΝ İʌȚȝȑȡȠȣȢΝ ĮĲȠȝȚțȫȞΝ

ĳȠȡĲȓȦȞΝĮʌȠĲȑȜİıİΝȞȑȠΝįȣȞĮȝȚțȩΝʌİįȓȠ,ΝĲȠΝ ȠʌȠȓȠΝ ȠȞȠȝȐıșȘțİΝ ffίγΝ ΧDuan et al, 

βίίγΨέΝȂȓĮΝĲİȜİȣĲĮȓĮΝİțįȠȤȒΝĲȠȣΝχmberΝİȓȞĮȚΝĲȠΝffλλSψ-Iδϊσ,ΝȝȑıȦΝĲȘȢΝȠʌȠȓĮȢΝ

ȕİȜĲȚȫȞİĲĮȚΝ ĮțȩȝȘΝ ʌİȡȚııȩĲİȡȠΝ ȘΝ ĮțȡȓȕİȚĮΝ ĲȦȞΝ ĮʌȠĲİȜİıȝȐĲȦȞέΝ ȈİΝ ĮȣĲȒΝ ĲȘȞΝ

İțįȠȤȒΝȑȖȚȞİΝȕİȜĲȚıĲȠʌȠȓȘıȘΝĲȘȢΝįȣȞĮȝȚțȒȢΝĲȘȢΝȤ1 ȖȦȞȓĮȢΝıȣıĲȡȠĳȒȢΝΧȤ1 torsion 

angleΨΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ Ile,Ν δeu,Ν χsp,Ν χsnέΝ ȆȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ıȣȖțȡȚĲȚțȑȢΝ

ȝİȜȑĲİȢΝĮȞȐȝİıĮΝıĲĮΝĮʌȠĲİȜȑıȝĮĲĮΝʌȠȣΝȑįȚȞİΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝffλλSψΝȖȚĮΝĲȚȢΝ

Ȥ1 torsionsΝțĮȚΝĲĮΝʌİȚȡĮȝĮĲȚțȐΝįİįȠȝȑȞĮΝĲȘȢΝPϊψ,ΝțĮȚΝʌĮȡĮĲȘȡȒșȘțİΝʌȦȢΝıĲĮΝ

ĮȝȚȞȠȟȑĮΝ ȚıȠȜİȣțȓȞȘ,Ν ȜİȣțȓȞȘ,Ν ĮıʌĮȡĲȚțȩΝ țĮȚΝ ĮıʌĮȡĮȖȓȞȘΝ ȣʌȐȡȤİȚΝ ıȘȝĮȞĲȚțȒΝ

ĮʌȩțȜȚıȘ,ΝĮȣĲȩΝȑįİȚȟİΝʌȦȢΝĲȠΝffλλSψΝΝįİȞΝȤİȚȡȓȗİĲĮȚΝıȦıĲȐΝĲȚȢΝʌȜİȣȡȚțȑȢΝȠȝȐįİȢΝ

ĮȣĲȫȞΝĲȦȞΝĮȝȚȞȠȟȑȦȞέΝȆĮȡĮĲȘȡȒșȘțĮȞΝȞȑĮΝįȣȞĮȝȚțȐΝȖȚĮΝĲȚȢΝ ΝȤ1 torsionsΝȝȑıȦΝ

ĲȘȢΝʌȡȠıĮȡȝȠȖȒȢΝ ĲȦȞΝʌĮȡĮȝȑĲȡȦȞΝ ĲȠȣΝįȣȞĮȝȚțȠȪΝʌİįȓȠȣΝıİΝțȕĮȞĲȚțȩΝ İʌȓʌİįȠ 

(ab initio quantum with DF-δεPβΝ calculationsΨέΝ ȉȑȜȠȢΝ İʌȚȕİȕĮȚȫșȘțİΝ ĲȠΝ

ĲȡȠʌȠʌȠȚȘȝȑȞȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ įİįȠȝȑȞĮΝ σεRΝ ĲĮΝ ȠʌȠȓĮΝ

İʌȚȕİȕĮȓȦıĮȞΝ ĲȚȢΝ įȚĮȝȠȡĳȫıİȚȢΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ΧϊέE. Shaw et al, 

2010). 
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ǼțĲȩȢΝĮʌȩΝĲȠΝχεψϋR,ΝįȣȞĮȝȚțȐΝʌİįȓĮΝĲĮΝȠʌȠȓĮΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝİȣȡȑȦȢΝȖȚĮΝ

ĲȘΝ ȝİȜȑĲȘΝ ĲȘȢΝ ʌȡȦĲİȧȞȚțȒȢΝ ĮȞĮįȓʌȜȦıȘȢΝ İȓȞĮȚΝ ĲȠΝ τPδSήχχΝ țĮȚΝ ĲȠΝ

ωώχRεεββέΝ ΝȉȠΝ ΝτPδSΝțĮȚΝ ĲȠΝ ΝωώχRεεΝȤȡȘıȚȝȠʌȠȚȠȪȞΝ įİįȠȝȑȞĮΝ ĮʌȩΝ ĲȠΝ

HF/ 6-γ1ύΩΝ ȖȚĮΝ ĲĮΝ ĮĲȠȝȚțȐΝ ĳȠȡĲȓĮΝ έΝ ȉȠΝ Ν ωώχRεεΝ țĮȚΝ ĲȠΝ Ν χεψϋRΝ İȓȞĮȚΝ

ıȣȝȕĮĲȐΝȝİΝĲȠΝTIPγΝȝȠȞĲȑȜȠΝȞİȡȠȪ,ΝİȞȫΝĲȠΝτPδSΝİȓȞĮȚΝıȣȝȕĮĲȩΝȝİΝĲĮΝTIP3P, 

TIPζPΝțĮȚΝSPω ȝȠȞĲȑȜĮέΝȂİĲĮȟȪΝĲȦȞΝĲȡȚȫȞΝĮȣĲȫȞΝįȣȞĮȝȚțȫȞΝʌİįȓȦȞΝȣʌȐȡȤȠȣȞΝ

įȚĮĳȠȡȑȢΝ ıĲȘȞΝ țĮĲĮȞȠȝȒΝ ĲȦȞΝ ĳȠȡĲȓȦȞ,Ν ʌȡȐȖȝĮΝ ʌȠȣΝ ȠįȘȖİȓΝ ıİΝ įȚĮĳȠȡȑȢΝ ıĲȘȞΝ

ȚıȠȡȡȠʌȓĮΝ ĲȦȞΝ ĲȠʌȚțȫȞΝ ĮȜȜȘȜİʌȚįȡȐıİȦȞέΝ ǼʌȚʌȜȑȠȞΝ įȚĮĳȠȡȑȢΝ ȕȡȓıțȠȞĲĮȚΝ țĮȚΝ

ıĲȠȞΝ ȣʌȠȜȠȖȚıȝȩΝ ĲȦȞΝ ĳΝ țĮȚΝ ȥΝ ȖȦȞȚȫȞ,Ν ĲȠΝ ωώχRεεΝ ȤȡȘıȚȝȠʌȠȚİȓΝ ĲȘΝ ȝȑșȠįȠΝ

ωεχPΝȖȚĮΝȞĮΝįȚȠȡșȦșȠȪȞΝĲĮΝʌȡȠȕȜȒȝĮĲĮΝȝİΝĲȠΝıțİȜİĲȩΝĲȦȞΝʌȡȦĲİȧȞȫȞ,ΝİȞȫΝĲȠΝ

χεψϋRΝ ȤȡȘıȚȝȠʌȠȚİȓΝ ĲȚȢΝ ʌȡȠıİȖȖȓıİȚȢΝ ʌȠȣΝ ĮȞĮĳȑȡșȘțĮȞΝ ʌȡȠȘȖȠȣȝȑȞȦȢέΝ

ȂİȜȑĲİȢΝ ȑȤȠȣȞΝ įİȓȟİȚΝ ʌȦȢΝ ĲȠΝτPδSΝ ıȣȝĳȦȞİȓΝ ʌİȡȚııȩĲİȡȠΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ

įİįȠȝȑȞĮ,Ν İȞȫΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĮʌȩΝ ĲȠΝ χεψϋRΝ țĮȚΝ ĲȠΝ ωώχRεεΝ İȓȞĮȚΝ

ʌĮȡȩȝȠȚĮΝΧA.D. Mackerell, 2004).     
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2.2 ȆȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ 
 

ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ İȓȞĮȚΝ ȝȑșȠįȠȚΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ

İȣȡȑȠȢΝțĮȚΝȝĮȢΝİʌȚĲȡȑʌȠȣȞΝȞĮΝȜĮȝȕȐȞȠȣȝİΝʌȜȘȡȠĳȠȡȓİȢΝıȤİĲȚțȐΝȝİΝĲȘȞΝȤȡȠȞȚțȒΝ

İȟȑȜȚȟȘΝ ĲȦȞΝ įȚĮȝȠȡĳȫıİȦȞΝ ĲȦȞΝ ȕȚȠȜȠȖȚțȫȞΝ ȝȠȡȓȦȞΝ țĮșȫȢΝ țĮȚΝ ʌȜȘȡȠĳȠȡȓİȢΝ

ıȤİĲȚțȐΝ ȝİΝ ĲȘȞΝ țȚȞȘĲȚțȒΝ țĮȚΝ ĲȘΝ șİȡȝȠįȣȞĮȝȚțȒέΝ ȆĮȡȑȤȠȣȞΝ ȝİȖȐȜȘΝ ĮțȡȓȕİȚĮΝ

ıȤİĲȚțȐΝȝİΝ ĲȘȞΝ İȟȑȜȚȟȘΝ ĲȘȢΝșȑıȘȢΝ țȐșİΝıȦȝĮĲȚįȓȠȣΝıİΝıȣȞȐȡĲȘıȘΝȝİ ĲȠΝ ȤȡȩȞȠΝ

țĮȚΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞΝ ȖȚĮΝ ĲȘȞΝ ʌȠıȠĲȚțȠʌȠȓȘıȘΝ ĲȦȞΝ ȚįȚȠĲȒĲȦȞΝ İȞȩȢΝ

ıȣıĲȒȝĮĲȠȢΝıİΝȤȡȠȞȚțȒΝțȜȓȝĮțĮΝʌȠȣΝįİȞΝȝʌȠȡİȓΝȞĮΝʌȡȠıİȖȖȚıĲİȓΝȝİΝțĮȝȓĮΝȐȜȜȘΝ

ȝȑșȠįȠέΝΝΝ 

 

ȉȠΝ 1ληιΝ ȑȖȚȞİΝ ȘΝ ʌȡȫĲȘΝ ʌȡȠıȠȝȠȓȦıȘΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ΧεϊΨΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝ ĮʌȠțĮȜȠȪȝİȞȠΝ hard-sphereΝ model,Ν ıĲȠΝ ȠʌȠȓȠΝ ĲĮΝ ȐĲȠȝĮΝ

ĮȜȜȘȜİʌȚįȡȠȪıĮȞΝȝȑıȦΝıȣȖțȡȠȪıİȦȞΝΧψέJΝχlderΝțĮȚΝTέϋΝWainwright,Ν1ληιΨέΝȈĲȘΝ

įİțĮİĲȓĮΝĲȠȣΝΥιίΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝȘΝʌȡȫĲȘΝεϊΝʌȡȠıȠȝȠȓȦıȘΝʌȡȦĲİǸȞȘȢΝʌȠȣΝ

ĮĳȠȡȠȪıİΝ ĲȘȞΝψPTI,Ν ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ ʌİȡȚȜȐȝȕĮȞİΝ ʌİȡȓʌȠȣΝ ηίίΝ ȐĲȠȝĮΝ țĮȚΝ İȓȤİΝ

įȚȐȡțİȚĮΝȝȩȜȚȢΝλ,βΝnsΝΧJχΝεcωammonΝetΝalέ,Ν1λιιΨέΝǾΝʌȡȫĲȘΝʌȡȠıȠȝȠȓȦıȘΝʌȠȣΝ

İȓȤİΝ įȚȐȡțİȚĮΝ İȞȩȢΝ ȝsΝ țĮĲĮȖȡȐĳȘțİΝ ĲȠΝ 1λλκΝ ΧPέχΝ KollmanΝ etΝ YέΝ ϊuan,Ν 1λλκΨέΝ

ȈȒȝİȡĮΝ ʌȡĮȖȝĮĲȠʌȠȚȠȪȞĲĮȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȠȜȪΝ ȝİȖĮȜȪĲİȡȘȢΝ įȚȐȡțİȚĮȢΝ ʌȠȣΝ

ıȣȝʌİȡȚȜĮȝȕȐȞȠȣȞΝ 1ί4-106 ȐĲȠȝĮ,Ν İȞȫΝ ȠȚΝ įȘȝȠıȚİȪıİȚȢΝ ʌȠȣΝ ıȣȝʌİȡȚȜĮȝȕȐȞȠȣȞΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ įȚĮįȑȤȠȞĲĮȚΝ ȘΝ ȝȚĮΝ ĲȘȞΝ ȐȜȜȘΝ ȝİΝ ĲĮȤȪĲĮĲȠȣȢΝ ȡȣșȝȠȪȢΝ ΧJέχέΝ

McCammon et al, 2006, R.C Walker et al., 2013, D.E Shaw et al., 2013). 

 

ȉĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ Νχmber,Ν ωώχRεεΝ țĮȚΝ ύRτετSΝ ĮȞĮʌĲȪȤșȘțĮȞΝ ĮȡȤȚțȐΝ

ıĲĮΝ ʌȜĮȓıȚĮΝ ĲȦȞΝ ȜȠȖȚıȝȚțȫȞΝ ȝȠȡȚĮțȒȢΝ ȝȘȤĮȞȚțȒȢΝ țĮȚΝ įȣȞĮȝȚțȒȢΝ χmber,Ν

ωώχRεεΝ țĮȚΝ ύRτετS,Ν İȞȫΝ ĲȠΝ τPδS-χχΝ ĮȞĮʌĲȪȤșȘțİΝ ıĲĮΝ ʌȜĮȓıȚĮΝ ĲȦȞΝ

ȜȠȖȚıȝȚțȫȞΝ ψτSSΝ țĮȚΝ εωProέΝ ȍıĲȩıȠΝ ĲĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ İȓȞĮȚΝ ıȣȝȕĮĲȐΝ ȝİΝ

ʌȠȚțȓȜĮΝʌĮțȑĲĮΝȜȠȖȚıȝȚțȫȞέΝīȚĮΝĮțĮįȘȝĮȧțȠȪȢΝıțȠʌȠȪȢΝȣʌȐȡȤȠȣȞΝĲĮΝʌĮȡĮțȐĲȦΝ

ȜȠȖȚıȝȚțȐΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝΝȖȚĮΝʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢμ 
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Amber (http://amber.scripps.edu), 

CHARMM (http://www.charmm.org),  

GROMACS (http://www.gromacs.org),   

NAMD (http://www.ks.uiuc.edu/Research/namd),  

Tinker ( http://dasher.wustl.edu/tinkerΨΝțĮȚΝ 

Desmond (http://www.deshawresearch.com/resources_desmond.html).   
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ΚΕΦΑΛΑΙΟ  3 

 

 

“A learning experience is one of those things that says, 'You know that thing you just did?  

Don't do that.” 

-Douglas Adams- 
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ȉȠΝ ʌİʌĲȓįȚȠΝ ĮʌȩΝ ĲȘΝ ıțȠʌȚȐΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ

ȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ 
 

 

ȈțȠʌȩȢΝ ĮȣĲȠȪΝ ĲȠȣΝ țİĳĮȜĮȓȠȣΝ İȓȞĮȚΝ ȞĮΝ ȖȓȞİȚΝ ȘΝ ʌĮȡȠȣıȓĮıȘΝ ĲȦȞΝ ȣʌȠȜȠȖȚıĲȚțȫȞΝ

ıȣıĲȘȝȐĲȦȞΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ΧĲİȤȞȚțȐΝ ȤĮȡĮțĲȘȡȚıĲȚțȐΨ,Ν țĮșȫȢΝ țĮȚΝ ȘΝ

ȕȒȝĮΝ ʌȡȠȢΝ ȕȒȝĮΝ įȚĮįȚțĮıȓĮΝ ʌȠȣΝ ĮțȠȜȠȣșȒșȘțİΝ ȖȚĮΝ ĲȘȞΝ ʌȡĮȖȝĮĲȠʌȠȓȘıȘΝ ĲȦȞΝ

ʌȡȠıȠȝȠȚȫıİȦȞέΝ ȆȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ

įȣȞĮȝȚțȒȢ,ΝıĲȚȢΝȠʌȠȓİȢΝĲȠΝȣʌȩΝȝİȜȑĲȘΝʌİʌĲȓįȚȠΝȑȤİȚΝĲȘȞΝĮȜȜȘȜȠȣȤȓĮΝμΝ 

MQIFVKTLDGKTITLEV 

 

ǾΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒΝ ĲȘȢΝ ʌĮȡĮʌȐȞȦΝ ĮȜȜȘȜȠȣȤȓĮȢΝ İȓȞĮȚΝ

țĮĲĮȤȦȡȘȝȑȞȘΝ ıĲȘȞΝ ProteinΝ ϊataΝ ψankΝ ΧPϊψΨΝ ȝİΝ ĲȠȞΝ țȦįȚțȩΝ “1ϋίQ”Ν ΧRέΝ

Zerella et al,, βίίίΨέΝǾΝįȚĮĳȠȡȐΝĲȦȞΝįȪȠΝʌȡȫĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȑȖțİȚĲĮȚΝıĲȠΝ

įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ΧχεψϋRΝ λλSψΝ țĮȚΝ χεψϋRΝ λλSψΝ IδϊσΨ,Ν İȞȫΝ ıĲȘȞΝ ĲȡȓĲȘΝ

ʌȡȠıȠȝȠȓȦıȘΝĲȠΝʌİʌĲȓįȚȠΝİȓȞĮȚΝʌȡȦĲȠȞȚȠȝȑȞȠΝțĮȚΝȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝĲȠΝįȣȞĮȝȚțȩΝ

ʌİįȓȠΝχεψϋRΝ λλSψΝ IδϊσέΝǼȞΝ ıȣȞİȤİȓĮΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ șĮΝ ĮȞĮĳȑȡȠȞĲĮȚΝ ȝİΝ

ĲȘȞΝĮțȩȜȠȣșȘΝȠȞȠȝĮıȓĮΝμΝ 

“λλSψ”Ν,ΝȖȚĮΝĲȘȞΝʌȡȫĲȘΝʌȡȠıȠȝȠȓȦıȘΝıĲȘȞΝȠʌȠȓĮΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝĲȠΝχεψϋRΝ

99SB įȣȞĮȝȚțȩΝʌİįȓȠ, 

“Iδϊσ”Ν ,Ν ȖȚĮΝ ĲȘȞΝ įİȪĲİȡȘΝ ʌȡȠıȠȝȠȓȦıȘΝ ıĲȘȞΝ ȠʌȠȓĮΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ĲȠΝ

χεψϋRΝλλSψΝIδϊσΝįȣȞĮȝȚțȩΝʌİįȓȠΝțĮȚΝ 

“protonated”Ν,ΝȖȚĮΝĲȘȞΝĲȡȓĲȘΝʌȡȠıȠȝȠȓȦıȘΝıĲȘȞΝȠʌȠȓĮΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝĲȠΝȓįȚȠΝ

įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ȝİΝ ĲȘΝ įİȪĲİȡȘΝ țĮȚΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ȕȡȓıțİĲĮȚΝ ıİΝ ʌȡȦĲȠȞȚȠȝȑȞȘΝ

ȝȠȡĳȒέΝ 
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γέ1Ν ȉİȤȞȚțȐΝ ȤĮȡĮțĲȘȡȚıĲȚțȐΝ ȣʌȠȜȠȖȚıĲȚțȫȞΝ

ıȣıĲȘȝȐĲȦȞΝ 
 

ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ıİΝ ȝȓĮΝ ıȣıĲȠȚȤȓĮΝ ȣʌȠȜȠȖȚıĲȫȞΝ ĲȪʌȠȣΝ

ψeowulfΝ ΧTheΝσormaΝ computingΝ clusterΨέΝǾΝσormaΝ ʌİȡȚȜĮȝȕȐȞİȚΝ ıȣȞȠȜȚțȐΝ ζίΝ

ωPUΝΧΝcentralΝprocessingΝunitΨΝʌȣȡȒȞİȢ,ΝıȣȞȠȜȚțȒΝĳȣıȚțȒΝȝȞȒȝȘΝζθΝύbytesΝțĮȚΝθΝ

GPGPUs (General-purpose computing on graphics processing units) 

țĮĲĮȞİȝȘȝȑȞĮΝıİΝ 1ίΝțȩȝȕȠȣȢΝ ΧİȚțȩȞĮΝγέ1ΨέΝȅȚΝ ȠțĲȫΝțȩȝȕȠȚΝ ΧʌȜȘȞΝ ĲȠȣΝıțȜȘȡȠȪΝ

įȓıțȠȣΨΝ Ν ʌȡȠıĳȑȡȠȣȞ,Ν ȑțĮıĲȠȢ,Ν ĲȑııİȡȚȢΝ ʌȣȡȒȞİȢ,ĲȑııİȡĮΝ ύbytesΝ ĳȣıȚțȒȢΝ

ȝȞȒȝȘȢΝ țĮȚ įȪȠΧgigabitΨΝ įȚĮıȣȞįȑıİȚȢΝ įȚțĲȪȠȣέΝ ȅΝ ȑȞĮĲȠȢΝ țȩȝȕȠȢΝ ΧIntelΝ iιΝ λθηΝ

extremeΨΝ ʌȡȠıĳȑȡİȚΝ ȑȟȚΝ ύbytesΝ ĳȣıȚțȒȢΝ ȝȞȒȝȘȢΝ țĮȚΝ ȝȓĮΝ țȐȡĲĮΝ ȖȡĮĳȚțȫȞΝ ȝİΝ

įȣȞĮĲȩĲȘĲĮΝĮȪȟȘıȘȢΝĲȘȢΝİʌİȟİȡȖĮıĲȚțȒȢΝȚıȤȪȠȢΝȝȑıȦΝωUϊχΝΧωomputeΝUnifiedΝ

Device Architecture) GXT-βληέΝȅȚΝțȩȝȕȠȚΝıȣȞįȑȠȞĲĮȚΝȝȑıȦΝİȞȩȢΝİȚįȚțȠȪΝİȜİȖțĲȒΝ

įȚțĲȪȠȣΝ ώPΝ ProωurveΝ 1κίί-βζύΝ ύigabitΝ ϋthernetΝ switchέΝ ȅΝ țȪȡȚȠȢΝ țȩȝȕȠȢΝ

ʌĮȡȑȤİȚΝ ĲȑııİȡȚȢΝ ʌȣȡȒȞİȢΝ ȠțĲȫΝ ύbytesΝ ĳȣıȚțȒȢΝ ȝȞȒȝȘȢ,Ν 1,ηΝ TbytesΝ

ĮʌȠșȘțİȣĲȚțȒȢΝ ȝȞȒȝȘȢ,Ν ĲȡİȚȢΝ ΧgigabitΨΝ įȚĮıȣȞįȑıİȚȢΝ įȚțĲȪȠȣ,Ν țĮȚΝ ȝȚĮΝ

NVIDIAGTX-260 GPU (graphics processing unit).  
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ϋȚțȩȞĮΝ γέ1Ν Ν ȈȤȘȝĮĲȚțȒΝ ĮȞĮʌĮȡȐıĲĮıȘΝ ĲȠȣΝ ȣʌȠȜȠȖȚıĲȚțȠȪΝ ıȣıĲȒȝĮĲȠȢΝ ĲȠȣΝ

İȡȖĮıĲȘȡȓȠȣΝ(http://utopia.duth.gr/~glykos/norma.html ) 

 

ȉȠΝ ʌȡȩȖȡĮȝȝĮΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ İțĲİȜİıĲȠȪȞΝ ȠȚΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝıĲȘΝσormaΝİȓȞĮȚΝĲȠΝσχεϊΝΧJ.C. Phillips et al, 2005),Ν ĲȠΝ ȠʌȠȓȠΝ

ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ıİΝ ıȣȞįȣĮıȝȩΝ ȝİΝ ĲȠΝ ʌȡȩȖȡĮȝȝĮΝ VεϊΝ ΧVisualΝ εolecularΝ

ϊynamicsΨΝ ΧWέΝ ώumphreyΝ etΝ al,Ν 1λλθΨΝ ȖȚĮΝ ĲȘȞΝ İțțȓȞȘıȘΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ

țĮșȫȢΝțĮȚΝȖȚĮΝĲȘȞΝĮȞȐȜȣıȘΝĲȦȞΝʌĮȡĮȖȩȝİȞȦȞΝĲȡȠȤȚĮțȫȞΝțĮȚΝİȓȞĮȚΝıȣȝȕĮĲȩΝȝİΝ

ĲȚȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ țĮȚΝ ĲȚȢΝ ȝȠȡĳȑȢΝ ĮȡȤİȓȦȞΝ ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝχεψϋRΝ țĮȚΝ

ωώχRεεέΝ ǼʌȚʌȜȑȠȞΝ ȖȚĮΝ ĲȘȞΝ ȠʌĲȚțȠʌȠȓȘıȘΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ ʌȠȣΝ ʌĮȡȐȤșȘțĮȞΝ

ȤȡȘıȚȝȠʌȠȚȒșȘțİΝĲȠΝʌȡȩȖȡĮȝȝĮΝωχRεχΝΧσέεΝύlykos,ΝβίίθΨέΝȅΝĲȡȩʌȠȢΝȝİΝĲȠȞΝ

ȠʌȠȓȠΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ĲĮΝ ʌȡȠĮȞĮĳİȡșȑȞĲĮΝ ʌȡȠȖȡȐȝȝĮĲĮΝ Ν ȖȚĮΝ ĲȘȞΝ

ʌȡȠİĲȠȚȝĮıȓĮΝĲȦȞΝıȣıĲȘȝȐĲȦȞΝĮȞĮȜȪİĲĮȚΝıĲȚȢΝʌĮȡĮțȐĲȦΝʌĮȡĮȖȡȐĳȠȣȢέΝ 

 

ȅΝ ĳȣıȚțȩȢΝ ȤȡȩȞȠȢΝ ʌȠȣΝ ĮʌĮȚĲȒșȘțİΝ ȖȚĮΝ ȞĮΝ ȠȜȠțȜȘȡȦșȠȪȞΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

įȚĮĳȑȡİȚΝıİΝțȐșİΝʌİȡȓʌĲȦıȘέΝǾΝʌȡȠıȠȝȠȓȦıȘΝ“λλSψ”ΝȑȤİȚΝįȚȐȡțİȚĮΝζ,ίβκίκΝȝs,Ν

ʌĮȡȐȤșȘțĮȞΝ ηέίγηέ1ίίΝ įȚĮȝȠȡĳȫıİȚȢΝ ΧframesΨΝ țĮȚΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ıİΝ 1ηζΝ

ȘȝȑȡİȢΝ ΧĳȣıȚțȩȢΝ ȤȡȩȞȠȢΨέΝ ǾΝ ʌȡȠıȠȝȠȓȦıȘΝ “Iδϊσ”Ν Ν ȑȤİȚΝ įȚȐȡțİȚĮΝ γ,ίίθκβΝ ȝs,Ν
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ʌĮȡȐȤșȘțĮȞΝ γέιηκέηβηΝ įȚĮȝȠȡĳȫıİȚȢΝ Ν ΧframesΨΝ țĮȚΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ıİΝ 1βηΝ

ȘȝȑȡİȢΝ ΧĳȣıȚțȩȢΝ ȤȡȩȞȠȢΨέΝ ȉȑȜȠȢ,Ν ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ “protonated”Ν ȑȤİȚΝ įȚȐȡțİȚĮΝ

β,λι1κζȝs, ʌĮȡȐȤșȘțĮȞΝ γέι1ζέκίίΝ įȚĮȝȠȡĳȫıİȚȢΝ țĮȚΝ ȠȜȠțȜȘȡȫșȘțİΝ ıİΝ 11θΝ

ȘȝȑȡİȢΝ ΧĳȣıȚțȩȢΝ ȤȡȩȞȠȢΨέΝ ȅΝ ʌĮȡĮțȐĲȦΝ ıȣȖțİȞĲȡȦĲȚțȩȢΝ ʌȓȞĮțĮȢΝ ΧʌȓȞĮțĮȢΝ γέ1ΨΝ

ʌĮȡȠȣıȚȐȗİȚΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ ʌȠȣΝ įȚİȟȒȤșȘıĮȞΝ țĮȚΝ ĲĮΝ ȤĮȡĮțĲȘȡȚıĲȚțȐΝ ĲȠȣΝ

İțȐıĲȠĲİΝıȣıĲȒȝĮĲȠȢέ 

 “λλSψ” “Iδϊσ” “PRτTτσχTϋ

ϊ” 

ǻȚȐȡțİȚĮΝ ʌȡȠıȠȝȠȓȦıȘȢΝ

ΧȝsΨ 

4.03 3.01 2.97 

ĭȣıȚțȩȢΝȤȡȩȞȠȢΝΧdaysΨ 154 125 116 

  ns/day 26.16 24.05 25.62 

ȈȣȞȠȜȚțȩȢΝ ĮȡȚșȝȩȢΝ

ĮĲȩȝȦȞ 

5616 5616 5596 

ǹȡȚșȝȩȢΝ ĮĲȩȝȦȞΝ

ʌİʌĲȚįȓȠȣ 

285 285 287 

ǹȡȚșȝȩȢΝĮĲȩȝȦȞΝȞİȡȠȪ ηγγ1Ν Χ1ιιιΝ ȝȩȡȚĮΝ

ǾβȅΨ 

ηγγ1Ν Χ1ιιιΝ ȝȩȡȚĮΝ

Ǿ2ȅΨ 

5307 (1769 

ȝȩȡȚĮΝǾ2ȅΨ 

ǿȩȞĲĮ - - 2* Cl - 

ĬİȡȝȠțȡĮıȓĮΝΧKΨ 320 320 320 

ǻȚĮıĲȐıİȚȢΝψoxΝΧχΨ 40,161 x 40,161 x 

40,161 

40,161 x 40,161 x 

40,161 

40,161 x 40,161 

x 40,161 

ȆȓȞĮțĮȢΝγέ1  ȋĮȡĮțĲȘȡȚıĲȚțȐΝțĮȚΝıȣȞșȒțİȢΝĲȘȢΝİțȐıĲȠĲİΝʌȡȠıȠȝȠȓȦıȘȢέ 
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3.2 ȆȡȠĮʌĮȚĲȠȪȝİȞĮΝĮȡȤİȓĮ 

 

ȀĮĲȐΝțĮȞȩȞĮΝȩȜĮΝΧıȤİįȩȞΨΝĲĮΝʌȡȦĲȩțȠȜȜĮΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝ

ĮʌĮȚĲȠȪȞΝ ĲȘȞΝ ȪʌĮȡȟȘΝ ΧȒΝ įȘȝȚȠȣȡȖȓĮΨΝ ıȣȖțİțȡȚȝȑȞȦȞΝ ĮȡȤİȓȦȞΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ

ȖȓȞİȚΝȘΝʌȡȠİĲȠȚȝĮıȓĮΝĲȦȞΝıȣıĲȘȝȐĲȦȞΝʌȠȣΝʌȡȩțİȚĲĮȚΝȞĮΝȝİȜİĲȘșȠȪȞ,ΝİʌȓıȘȢΝıİΝ

ȩȜĮΝΧıȤİįȩȞΨΝĲĮΝʌȡȦĲȩțȠȜȜĮΝȘΝįȚĮįȚțĮıȓĮΝĲȘȢΝʌȡȠİĲȠȚȝĮıȓĮȢΝĲȦȞΝıȣıĲȘȝȐĲȦȞΝ

İȓȞĮȚΝȓįȚĮΝ-ʌȜȘȞΝȠȡȚıȝȑȞȦȞΝʌĮȡĮȜȜĮȖȫȞ- ȝİΝĮȣĲȒΝʌȠȣΝĮȞĮȜȪİĲĮȚΝʌĮȡĮțȐĲȦέ 
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ȈȤİįȚȐȖȡĮȝȝĮΝ1έΝǻȚȐȖȡĮȝȝĮΝȡȠȒȢΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ 

 

ǵʌȦȢΝʌȡȠĮȞĮĳȑȡșȘțİΝȠȚΝʌȡȠıȠȝȠȚȫıİȚȢΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝȝİΝĲȠΝʌȡȩȖȡĮȝȝĮΝ

σχεϊΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝ “χεψϋRΝ λλSψ”Ν țĮȚΝ ȝȚĮΝ

ʌĮȡĮȜȜĮȖȒΝ ĲȠȣ,Ν ĲȠΝ Ν “χεψϋRΝ λλSψΝ Iδϊσ”έΝ ȉȠΝ Ν σχεϊΝ ȤȡİȚȐȗİĲĮȚΝ ĲȑııİȡȚȢΝΝ

ĲȪʌȠȣȢΝ ĮȡȤİȓȦȞΝ ʌȡȚȞΝ ĮȡȤȓıİȚΝ ȘΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ǾΝ İȜȐȤȚıĲȘΝ

İȓıȠįȠȢ,ΝȜȠȚʌȩȞ,ΝȖȚĮΝȝȚĮΝʌȡȠıȠȝȠȓȦıȘΝİȓȞĮȚΝμ 

 

ǲȞĮΝ ĮȡȤİȓȠΝ ʌȠȣΝ ʌİȡȚȑȤİȚΝ ĲȚȢΝ ĮĲȠȝȚțȑȢΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ ȒήțĮȚΝ ĲȚȢΝ ĲĮȤȪĲȘĲİȢΝ ĲȠȣΝ

ıȣıĲȒȝĮĲȠȢέΝ ȉȑĲȠȚĮΝ ĮȡȤİȓĮΝ İȓȞĮȚΝ ĲĮΝ έpdbέΝ ǹȣĲȐΝ ȝʌȠȡȠȪȞΝ ȞĮΝ įȘȝȚȠȣȡȖȘșȠȪȞΝ

İȟȠȜȠțȜȒȡȠȣΝ ȝİΝ ĲȠΝ ȤȑȡȚ,Ν ĮȜȜȐΝ İʌİȚįȒΝ ıȣȞȒșȦȢΝ ȣʌȐȡȤȠȣȞΝ ʌȠȜȜȑȢΝ ıĲİȡȚțȑȢΝ

ıȣȖțȡȠȪıİȚȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ ȝȠȡȓȦȞΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢ,Ν șĮΝ ȤȡİȚĮıĲİȓΝ ȞĮΝ ȖȓȞİȚΝ ȝȚĮ 

ıȪȞĲȠȝȘΝİȜĮȤȚıĲȠʌȠȓȘıȘΝĲȘȢΝİȞȑȡȖİȚĮȢΝΧstructureΝminimizationΨΝʌȡȚȞΝıȣȞİȤȚıĲİȓΝ

ȘΝ įȚĮįȚțĮıȓĮέΝ ǼȞĮȜȜĮțĲȚțȐ,Ν ĲĮΝ ĮȡȤİȓĮΝ ĮȣĲȐΝ İȓȞĮȚΝ țĮĲĮĲİșİȚȝȑȞĮΝ ıĲȘȞΝ ProteinΝ

ϊataΝψank,ΝȖȚĮΝĮȡțİĲȑȢΝȤȚȜȚȐįİȢΝįȠȝȑȢΝʌȠȣΝȑȤȠȣȞΝȤĮȡĮțĲȘȡȚıĲİȓΝȝȑıȦΝĲİȤȞȚțȫȞΝ

ȩʌȦȢΝțȡȣıĲĮȜȜȠȖȡĮĳȓĮΝσεRΝțĮȚΝȋ-ray.  
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ǲȞĮΝĮȡȤİȓȠΝʌȠȣΝȑȤİȚΝĮʌȠșȘțİȣȝȑȞİȢΝʌĮȡĮȝȑĲȡȠȣȢΝȖȚĮΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝțĮȚΝΝĲȘȞΝ

ĲȠʌȠȜȠȖȓĮΝ ΧέprmtopΝ fileΨ,Ν įȘȜĮįȒΝ ĲȠȞΝ ĲȡȩʌȠΝ ȝİΝ ĲȠȞΝ ȠʌȠȓȠΝ İȓȞĮȚΝ ȠȝȠȚȠʌȠȜȚțȐΝ

ıȣȞįİįİȝȑȞĮΝ ĲĮΝ ȝȩȡȚĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ ȆİȡȚȑȤİȚΝ ʌȜȘȡȠĳȠȡȓİȢΝ ȩʌȦȢΝ Ν ȠΝ ĲȪʌȠȢΝ

ĲȦȞΝ ĮĲȩȝȦȞ,Ν ȠΝ ĮȡȚșȝȩȢ ĲȦȞΝ ĮĲȩȝȦȞΝ ĮȞȐΝ ȝȩȡȚȠ,Ν ĲȠΝ ĳȠȡĲȓȠ,Ν ȠȚΝ įİıȝȠȓΝ ʌȠȣΝ

ȣʌȐȡȤȠȣȞΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ΧĮȡȚșȝȠȪȞĲĮȚΝ ȠȚΝ įİıȝȠȓΝ ʌȠȣΝ

ʌİȡȚȜĮȝȕȐȞȠȣȞΝȣįȡȠȖȩȞĮΝțĮȚΝĮȣĲȠȓΝʌȠȣΝįİȞΝʌİȡȚȜĮȝȕȐȞȠȣȞΝȣįȡȠȖȩȞĮΨ,ΝȠȚΝȖȦȞȓİȢΝ

ȝİĲĮȟȪΝ ĲȦȞΝ ĮĲȩȝȦȞέΝ ȉȠΝ ıȣȖțİțȡȚȝȑȞȠΝ ĮȡȤİȓȠΝ șĮΝ ȝʌȠȡȠȪıİΝ ȞĮΝ įȘȝȚȠȣȡȖȘșİȓΝ

ȝȑıȦΝĲȠȣΝχεψϋRΝȖȚĮΝĲȠΝσχεϊ,ΝĮȜȜȐΝȖȚĮΝȠȚțȠȞȠȝȚțȠȪȢΝȜȩȖȠȣȢΝİʌȚȜȑȤșȘțİΝĲȠΝ

χεψϋRTττδS,ΝĲȠΝȠʌȠȓȠΝİȓȞĮȚΝİȜİȪșİȡȠΝʌȡȠȢΝȤȡȒıȘΝțĮȚΝıȣȝȕĮĲȩΝȝİΝĲȠΝσχεϊ,ΝΝ

ȖȚĮΝ ĲȘΝ įȘȝȚȠȣȡȖȓĮΝ ĮȣĲȠȪΝ ĲȠȣΝ ĮȡȤİȓȠȣΝ țĮȚΝ ıȣȖțİțȡȚȝȑȞĮΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ĲȠΝ

İȡȖĮȜİȓȠΝXleapέΝȉȠΝscriptΝʌȠȣΝȤȡȘıȚȝȠʌȠȚİȓΝĲȠΝΝXleapΝȕȡȓıțİĲĮȚΝıĲȠΝleapέscriptέ 

 

ǼʌȚʌȜȑȠȞ,Ν İȓȞĮȚΝ ĮʌĮȡĮȓĲȘĲȠΝ ȞĮΝ ȣʌȐȡȤİȚΝ ȑȞĮΝ ĮȡȤİȓȠΝ ıĲȠΝ ȠʌȠȓȠΝ ȠΝ ȤȡȒıĲȘȢΝ

țĮșȠȡȓȗİȚΝȩȜİȢΝĲȚȢΝİʌȚȜȠȖȑȢΝĲȚȢΝȠʌȠȓİȢΝĲȠΝσχεϊΝșĮΝȣȚȠșİĲȒıİȚΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝ

ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝȉȠΝĮȡȤİȓȠΝĮȣĲȩΝİȓȞĮȚΝĲȠΝĮȡȤİȓȠΝįȚĮȝȩȡĳȦıȘȢΝȒ configuration 

fileΝ ΧȝİΝ țĮĲȐȜȘȟȘΝ έconfΝ ȒΝ ıȣȞȘșȑıĲİȡĮΝ έnamdΨΝ țĮȚΝ Ν ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ĲĮΝ İȟȒȢΝ

İįȐĳȚĮΝμ 

ȉȠΝ ĮȡȤȚțȩΝ țȠȝȝȐĲȚΝ ĮĳȠȡȐΝ ĲĮΝ ĮȡȤİȓĮΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȦȢΝ İȓıȠįȠΝ țĮȚΝ

ʌİȡȚȜĮȝȕȐȞȠȣȞΝ ĲȚȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ țĮȚΝ ĲȘȞΝ ĲȠʌȠȜȠȖȓĮΝ ΧέprmtopΝ fileΨέΝ ǼʌȓıȘȢΝ

ĮȞĮĳȑȡȠȞĲĮȚΝĲĮΝĮȡȤİȓĮΝıĲĮΝȠʌȠȓĮΝțĮĲĮȖȡȐĳȠȞĲĮȚΝıȣȞİȤȫȢΝȞȑĮΝįİįȠȝȑȞĮΝĮʌȩΝĲȘȞΝ

İȟȑȜȚȟȘΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν ȩʌȦȢΝ ȘΝ ĲĮȤȪĲȘĲĮΝ țĮȚΝ ȠȚΝ ıȣȞĲİĲĮȖȝȑȞİȢ,Ν ĲĮΝ ĮȡȤİȓĮΝ

ıĲĮΝ ȠʌȠȓĮΝ ĮʌȠșȘțİȪȠȞĲĮȚΝ ȠȚΝ ʌȜȘȡȠĳȠȡȓİȢΝ ĮȣĲȑȢΝ İȓȞĮȚΝ ĮȡȤİȓĮΝ ĲȪʌȠȣΝ έcoorΝ

ΧcoordinatesΨ,Ν έvelΝ ΧvelocityΨΝ țĮȚΝ έxscΝ ΧeXtendedΝ SystemΝ ωonfigurationΨΝ țĮȚΝ

ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝ ȖȚĮΝ ĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ʌȠȣΝ șĮΝ ȤȡİȚĮıĲİȓΝ ȞĮΝ ȖȓȞİȚΝ İʌĮȞİțțȓȞȘıȘΝ

ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ĮʌȩΝ ĲȠΝ ıȘȝİȓȠΝ ıĲȠΝ ȠʌȠȓȠΝ ıĲĮȝĮĲȒıĮȝİέΝ ǼʌȓıȘȢΝ ıĲȘȞΝ ĮȡȤȒΝ

įȚİȣțȡȚȞȓȗİĲĮȚΝ ĲȠΝ forceΝ fieldΝʌȠȣΝșĮΝ ȤȡȘıȚȝȠʌȠȚȘșİȓΝ ΧıĲȘΝįȚțȒΝȝĮȢΝʌİȡȓʌĲȦıȘ,Ν

ĲȠΝχεψϋRΨέ 

ǼȞ ıȣȞİȤİȓĮ,Ν ĮȞĮĳȑȡİĲĮȚΝ ĲȠΝ ȩȞȠȝĮΝ ĲȦȞΝ ĮȡȤİȓȦȞΝ İȟȩįȠȣ,Ν ȘΝ ıȣȤȞȩĲȘĲĮΝ

țĮĲĮȖȡĮĳȒȢΝ ĲȦȞΝ έdcdΝ ĮȡȤİȓȦȞΝ ΧĮȡȤİȓĮΝ ȖȡĮȝȝȑȞĮΝ ıĲȠΝ įȣĮįȚțȩΝ ıȪıĲȘȝĮ,Ν ʌȠȣΝ
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ʌİȡȚȑȤȠȣȞΝ ĲȚȢΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ ȩȜȦȞΝ ĲȦȞΝ ĮĲȩȝȦȞΨΝ țĮșȫȢΝ țĮȚΝ ĲȦȞΝ ĮȡȤİȓȦȞΝ

İʌĮȞİțțȓȞȘıȘȢΝΧέrestartέcoor,Νέrestartέvel,ΝrestartέxscΨ.  

ȉȠΝİʌȩȝİȞȠΝİįȐĳȚȠΝĮĳȠȡȐΝĲȚȢΝıȣȤȞȩĲȘĲİȢΝțĮĲĮȖȡĮĳȒȢΝĲȦȞΝlogΝțĮȚΝέxstΝΧeXtendedΝ

SystemΝTrajectoryΨΝĮȡȤİȓȦȞΝ Χoutputϋnergies,ΝoutputTiming,Ν xstόreqΨέΝȀĮĲȐΝĲȘΝ

įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ logΝ ĮȡȤİȓĮΝ ıĲĮΝ ȠʌȠȓĮΝ

țĮĲĮȖȡȐĳİĲĮȚΝ ȘΝ ʌȡȩȠįȠȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ ȩ,ĲȚΝ İțĲİȜİȓĲĮȚΝ ĲȘȞΝ ĮȞȐȜȠȖȘΝ

ȤȡȠȞȚțȒΝ ıĲȚȖȝȒέΝ ȉĮΝ ĮȡȤİȓĮΝ ĮȣĲȐΝ ĮʌȠșȘțİȪȠȣȞΝ ʌȜȘȡȠĳȠȡȓİȢΝ ȝİΝ ȕȒȝĮ,Ν ʌȠȣΝ

țĮșȠȡȓȗİĲĮȚΝ ĮʌȩΝ ĲȠȞΝ ȤȡȒıĲȘέΝ ȉȠΝ έxstΝ ĮȡȤİȓȠΝ ʌİȡȚȑȤİȚΝ ȝȚĮΝ țĮĲĮȖȡĮĳȒΝ ĲȠȣΝ

ʌİȡȚȠįȚțȠȪΝțȠȣĲȚȠȪΝțĮȚΝĲȦȞΝȝİĲĮȕȜȘĲȫȞΝĲȠȣΝİțĲİĲĮȝȑȞȠȣΝıȣıĲȒȝĮĲȠȢΝțĮĲȐΝĲȘΝ

įȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 

ǹȝȑıȦȢΝ ȝİĲȐΝ ȠȡȓȗİĲĮȚΝ ĲȠΝ ȤȡȠȞȚțȩΝ ȕȒȝĮΝ ȖȚĮΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘ,Ν ʌȠȣΝ ıȣȞȒșȦȢΝ

ʌİȡȚȠȡȓȗİĲĮȚΝıĲȠΝ1Νfs,ΝİȓȞĮȚΝįȣȞĮĲȩΝȞĮΝİʌİțĲĮșİȓΝıĲĮΝβΝfsΝțĮșȠȡȓȗȠȞĲĮȢΝĲȠΝȝȒțȠȢΝ

ȩȜȦȞΝĲȦȞΝįİıȝȫȞΝıĲȠΝȝȩȡȚȠΝʌȠȣΝʌİȡȚȑȤȠȣȞΝȐĲȠȝȠΝȣįȡȠȖȩȞȠȣέΝǹȣĲȩΝȖȓȞİĲĮȚΝȝȑıȦΝ

ĲȘȢΝİʌȚȜȠȖȒȢΝrigidBonds --> all ΧȘΝȠʌȠȓĮΝȕȡȓıțİĲĮȚΝıİΝİʌȩȝİȞȠΝİįȐĳȚȠΨ,ΝțĮȚΝȑȤİȚΝ

ȦȢΝİʌȚʌȜȑȠȞΝıȣȞȑʌİȚĮΝȞĮΝȖȓȞȠȣȞΝĲĮΝȝȩȡȚĮΝȞİȡȠȪΝĲİȜİȓȦȢΝȐțĮȝʌĲĮέΝȈĲȘȞΝįȚțȒΝȝĮȢΝ

ʌİȡȓʌĲȦıȘΝĲȠΝ timestep ȑȤİȚΝİʌİțĲĮșİȓΝıĲĮΝβΝfsέΝǼʌȓıȘȢΝȠȡȓȗİĲĮȚΝĲȠΝȕȒȝĮΝȖȚĮΝĲȚȢΝ

ȘȜİțĲȡȠıĲĮĲȚțȑȢΝ ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ΧnonBondedFreq, fullElectFrequency) 

ıȪȝĳȦȞĮΝȝİΝĲȘȞΝȝȑșȠįȠΝparticleΝmeshΝϋwaldΝΧPεϋΨΝțĮȚΝĲĮΝȕȒȝĮĲĮΝĮȞȐΝțȪțȜȠΝ

(stepsPerCycleΨΝ ʌȠȣΝ ıȣȞįȑȠȞĲĮȚΝ ȝİΝ ĲȘȞΝ İʌȚȜȠȖȒΝ pairlistdist ΧĮȞĮĳȑȡİĲĮȚΝ ıĲȠΝ

İʌȩȝİȞȠΝ İįȐĳȚȠΨΝ țĮȚΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ ȦȢΝ ȗİȪȖȠȢΝ ıĲȘȞΝ ĮȡȤȒΝ țȐșİΝ țȪțȜȠȣέΝ ǾΝ

İʌȚȜȠȖȒΝ stepsPerCycle ȡȣșȝȓȗİȚΝ ʌȩıĮΝ ȕȒȝĮĲĮΝ ʌȡȑʌİȚΝ ȞĮΝ ȠȜȠțȜȘȡȦșȠȪȞΝ ȖȚĮΝ ȞĮΝ

įȘȝȚȠȣȡȖȘșİȓΝȑȞĮΝȞȑȠΝȗİȪȖȠȢ,ΝįȘȜĮįȒΝıȘȝĮĲȠįȠĲİȓΝĲȘȞΝȑȞĮȡȟȘΝİȞȩȢΝȞȑȠȣΝțȪțȜȠȣέΝ

ǲĲıȚΝĲȠΝȝȒțȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝĮȞĲȚıĲȠȚȤİȓΝıİΝȑȞĮȞΝĮțȑȡĮȚȠΝĮȡȚșȝȩΝțȪțȜȦȞέ 

ȈĲĮΝİʌȩȝİȞĮΝİįȐĳȚĮΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚ ʌĮȡȐȝİĲȡȠȚΝțĮȚΝİʌȚȜȠȖȑȢΝʌȠȣΝĮĳȠȡȠȪȞΝ

ĲȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠ,Ν ĲȠΝ ʌȜȑȖȝĮΝ ıĲȠΝ ȠʌȠȓȠΝ șĮΝ ȣʌȠȜȠȖȚıĲȠȪȞΝ ȠȚΝ ȘȜİțĲȡȠıĲĮĲȚțȑȢΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ΧȝȑıȦΝ PεϋΝ ȖȚĮΝ full-systemΝ periodicΝ eletrostaticsΨ,Ν ĲȚȢΝ

ʌİȡȚȠįȚțȑȢΝ ıȣȞșȒțİȢ,Ν ĲȘΝ įȣȞĮȝȚțȒΝ δangevinΝ ΧȑȜİȖȤȠȢΝ ĲȘȢΝ ʌȓİıȘȢΝ țĮȚΝ ĲȦȞΝ

ȚįȚȠĲȒĲȦȞΝĲȠȣΝȕĮȡȩȝİĲȡȠȣΨ 

ȉȑȜȠȢΝ ȠȡȓȗİĲĮȚΝ ʌȠȚȠΝ șĮΝ İȓȞĮȚΝ ĲȠΝ ʌȡȫĲȠΝ timestepΝ țĮȚΝ ʌȩıĮΝ nsΝ șĮΝ ĲȡȑȟİȚΝ ȘΝ

ʌȡȠıȠȝȠȓȦıȘέ 
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īȚĮΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ʌȠȣΝ șĮΝ ʌȡĮȖȝĮĲȠʌȠȚȘșȠȪȞΝ ȝİΝ ĲȠΝ

ʌȡȩȖȡĮȝȝȝĮΝωχRεχΝİȓȞĮȚΝĮʌĮȡĮȓĲȘĲȘΝȘΝįȘȝȚȠȣȡȖȓĮΝİȞȩȢΝĮȡȤİȓȠȣΝέpsf,ΝʌȠȣΝȑȤİȚΝ

ĮʌȠșȘțİȣȝȑȞİȢΝȩȜİȢΝĲȚȢΝĮʌĮȡĮȓĲȘĲİȢΝʌȜȘȡȠĳȠȡȓİȢΝȖȚĮΝĲȘȞΝʌȡȦĲİȧȞȚțȒΝΝĲȘΝįȠȝȒΝ

İȞȩȢΝȝȠȡȓȠȣΝΧΝproteinΝstructureΝfile,ΝέpsfΨέΝȉȠΝέpsfΝĮȡȤİȓȠΝıĲȘȞΝĮȡȤȒΝİȝĳĮȞȓȗİȚΝĲȠȞΝ

ĲȓĲȜȠΝĲȠȣΝĮȡȤİȓȠȣ,ΝțĮșȫȢΝțĮȚΝȝȚĮΝʌİȡȚȖȡĮĳȒΝΧıȤȩȜȚȠΨΝȖȚĮΝĲȠȞΝĲȡȩʌȠΝįȘȝȚȠȣȡȖȓĮȢΝ

ĲȠȣέΝȈĲȘΝıȣȞȑȤİȚĮΝĮțȠȜȠȣșȠȪȞΝʌȑȞĲİΝțȪȡȚĮΝİįȐĳȚĮΝȝİΝĲȠȣȢΝİȟȒȢΝĲȓĲȜȠȣȢΝμΝ 

 

ATOMS: 

ȈĲȘȞΝİȚțȩȞĮΝĳĮȓȞİĲĮȚΝȠΝĲȪʌȠȢΝĲȠȣΝĮȡȤİȓȠȣΝΧPSόΨΝțĮȚΝȠΝĲȓĲȜȠȢΝΧx-plor format file). 

ȉȠΝ İįȐĳȚȠΝ !σχTτεSΝ ʌİȡȚȑȤİȚΝ İȞȞȑĮΝ ıĲȒȜİȢΝ ıĲȚȢΝ ȠʌȠȓİȢΝ ĮȞĮȖȡȐĳȠȞĲĮȚΝ ȠΝ ȘΝ

ĮĲȠȝȚțȒΝĲĮȣĲȩĲȘĲĮΝ ΧatomΝIϊΨ,ΝȠΝĲȠȝȑĮȢΝ ΧıȣȞȒșȦȢΝĮȜȣıȓįĮ,ΝİĳȩıȠȞΝȝȚȜȐȝİΝȖȚĮΝ

ʌȡȦĲİȧȞȚțȑȢΝĮȜȜȘȜȠȣȤȓİȢΨ,ΝȘΝĲĮȣĲȩĲȘĲĮΝ ĲȠȣΝțĮĲĮȜȠȓʌȠȣΝ ΧresidueΝIϊΨΝıĲȠΝȠʌȠȓȠΝ

ĮȞȒțİȚΝ ĲȠΝ İțȐıĲȠĲİΝȐĲȠȝȠ,Ν ĲȠΝ ȩȞȠȝĮΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝ ΧresidueΝ nameΨ,Ν ĲȠΝ ȩȞȠȝĮΝ

ĲȠȣΝĮĲȩȝȠȣΝΧatomΝnameΨ,ΝΝȠΝĲȪʌȠȢΝĲȠȣΝĮĲȩȝȠȣΝΧatomΝtypeΨ,ΝĲȠΝĳȠȡĲȓȠ,ΝȘΝȝȐȗĮΝțĮȚΝ

İȞĮΝίΝıĲȘȞΝĲİȜİȣĲĮȓĮΝıĲȒȜȘΝΧįİȞΝȤȡȘıȚȝȠʌȠȚİȓĲĮȚΨέ 

 

 

BONDS: 

ǹȞĮĳȑȡİĲĮȚΝ ıĲȠȣȢΝ ȠȝȠȚȠʌȠȜȚțȠȪȢΝ įİıȝȠȪȢΝ țĮȚΝ ıĲȠΝ ĮȡȤİȓȠΝ ĳĮȓȞȠȞĲĮȚΝ ĲȑııİȡĮΝ

ȗİȪȖȘΝĮĲȩȝȦȞΝĮȞȐΝıİȚȡȐ,ΝȩʌȦȢΝĳĮȓȞİĲĮȚΝțĮȚΝıĲȘȞΝİȚțȩȞĮέΝΝ 
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 ANGLES:  

ǼȝĳĮȞȓȗȠȞĲĮȚΝĲȡİȚȢΝĲȡȚȐįİȢΝĮĲȩȝȦȞΝıĲȘȞΝțȐșİΝıİȚȡȐέ 

 

 

DIHEDRχδSΝțĮȚΝIεRτPϋRSμΝΝ 

ǼȝĳĮȞȓȗȠȞĲĮȚΝįȪȠΝĲİĲȡȐįİȢΝĮĲȩȝȦȞΝĮȞȐΝıİȚȡȐέ 

                                                            

 

ȉĮΝέpsfΝĮȡȤİȓĮΝȝʌȠȡİȓΝȞĮΝİȓȞĮȚΝıİΝωώχRεεΝȒΝX-PδτRΝȝȠȡĳȒΝΧformatΨΝțĮȚΝșĮΝ

ʌȡȑʌİȚΝ ȘΝ ıİȚȡȐΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ʌȠȣΝ ȕȡȓıțȠȞĲĮȚΝ ıĲĮΝ ĮȡȤİȓĮΝ έpdbΝ țĮȚΝ έdcdΝ ȞĮΝ

ĲĮȚȡȚȐȗİȚΝĮțȡȚȕȫȢΝȝİΝĲȘΝıİȚȡȐΝĲȠȣȢΝıĲȠΝέpsfΝĮȡȤİȓȠέΝȉȠΝέpsfΝįȘȝȚȠȣȡȖİȓĲĮȚΝȝȑıȦΝ

ĲȠȣΝVεϊ,ΝȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲĮΝĮȡȤİȓĮΝέpdbΝțĮȚΝέprmtopέ 
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γέγΝȆȡȠİĲȠȚȝĮıȓĮΝıȣıĲȒȝĮĲȠȢ 
 

ȈİΝ ĮȣĲȩΝ ĲȠΝ ĲȝȒȝĮΝ ĲȠȣΝ țİĳĮȜĮȓȠȣΝ șĮΝ ĮȞĮȜȣșİȓΝ țĮșȑȞĮΝ ĮʌȩΝ ĲĮΝ ȕȒȝĮĲĮΝ ĲȠȣΝ

ıȤİįȚĮȖȡȐȝȝĮĲȠȢΝȡȠȒȢΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝΧıȤİįȚȐȖȡĮȝȝĮΝ

γέ1Ψ,ΝȑĲıȚΝȫıĲİΝȞĮΝʌĮȡȠȣıȚĮıșİȓΝȘΝʌİȚȡĮȝĮĲȚțȒΝȝȑșȠįȠȢΝʌȠȣΝĮțȠȜȠȣșȒșȘțİΝĮʌȩΝ

ĲȘȞΝ ĮȡȤȒΝ ȝȑȤȡȚΝ țĮȚΝ ĲȠΝ ĲȑȜȠȢΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞέΝ ǾΝ İțĲİȞȒȢΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ

įİįȠȝȑȞȦȞΝʌĮȡȠȣıȚȐȗİĲĮȚΝıĲȠΝȀİĳȐȜĮȚȠΝζέΝ 

 

ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢ,Ν ȩʌȦȢΝ ʌİȡȚȖȡȐĳȘțİΝ ıĲȠΝ țİĳȐȜĮȚȠΝ β,Ν

İȓȞĮȚΝȝȚĮΝȝȑșȠįȠȢΝȣʌȠȜȠȖȚıȝȠȪΝĲȘȢΝșȑıȘȢ,ΝĲȘȢΝĲĮȤȪĲȘĲĮȢΝțĮȚΝĲȘȢΝİȞȑȡȖİȚĮȢΝțȐșİΝ

ĮĲȩȝȠȣΝ ıİΝ ȑȞĮΝ ıȪıĲȘȝĮΝ ıĲȘΝ ȡȠȒΝ ĲȠȣΝ ȤȡȩȞȠȣέΝ ȂȑıȦΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ

ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȑȤȠȣȝİΝ ĲȘΝ įȣȞĮĲȩĲȘĲĮΝ ȞĮΝ ʌĮȡĮĲȘȡȒıȠȣȝİΝ ĲȘΝ ȤȡȠȞȚțȒΝ

İȟȑȜȚȟȘΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝİȞȩȢΝʌİʌĲȚįȓȠȣΝĮʌȩΝĲȘȞΝİțĲİĲĮȝȑȞȘ,ΝȣȥȘȜȒȢΝİȞȑȡȖİȚĮȢ,Ν

įȚĮȝȩȡĳȦıȘΝ ȑȦȢΝ ĲȘȞΝ ĲİȜȚțȒ,Ν İȜȐȤȚıĲȘȢΝ İȞȑȡȖİȚĮȢΝ įȚĮȝȩȡĳȦıȘΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ

ȀȐșİΝ ȕȒȝĮΝ ıĲȘΝ įȚĮįȚțĮıȓĮΝ ĮȣĲȒΝ ΧȤȡȠȞȚțȐΝ ȚıȠȪĲĮȚΝ ȝİΝ βfsΨΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȘȞΝ

țĮĲĮȖȡĮĳȒΝ ĲȦȞ ȚįȚȠĲȒĲȦȞΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ țĮȚΝ ĲȠΝ ıȪȞȠȜȠΝ ĲȦȞΝ ȕȘȝȐĲȦȞΝ

ĮʌȠĲİȜİȓΝȑȞĮΝĲȡȠȤȚĮțȩΝΧtrajectoryΨ,ΝȝİΝĮʌȜȐΝȜȩȖȚĮΝȑȞĮΝĲȡȠȤȚĮțȩΝİȓȞĮȚΝȝȚĮΝĲĮȚȞȓĮΝ

ʌȠȣΝ įİȓȤȞİȚΝ ĲȚȢΝ įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ĮʌȠțĲȐΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ȝȑȤȡȚΝ ĲȠΝ ĲȑȜȠȢΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢέΝ ȈİΝ ĮȣĲȩΝ ĲȠΝ ıȘȝİȓȠΝ ʌȡȑʌİȚΝ ȞĮΝ İʌȚıȘȝĮȞșİȓ ʌȦȢΝ ıĲȚȢΝ ĲȡİȚȢΝ

ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȠȣΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ĮțȠȜȠȣșȒșȘțİΝ ȘΝ ȓįȚĮΝ įȚĮįȚțĮıȓĮΝ

ʌȡȠİĲȠȚȝĮıȓĮȢΝ ĲȦȞΝ ıȣıĲȘȝȐĲȦȞ,Ν ȝİΝ țȐʌȠȚİȢΝ ȝȚțȡȑȢΝ ĮʌȠțȜȓıİȚȢΝ ʌȠȣΝ șĮΝ

İʌȚıȘȝĮȞșȠȪȞΝıĲȘΝıȣȞȑȤİȚĮ,ΝȖȚĮΝĲȠΝȜȩȖȠΝĮȣĲȩΝĲȠΝʌȡȦĲȩțȠȜȜȠΝʌȡȠİĲȠȚȝĮıȓĮȢΝșĮΝ

ʌĮȡȠȣıȚĮıĲİȓΝȝȚĮΝĳȠȡȐΝȖȚĮΝȩȜİȢΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢέΝΝΝΝΝΝ 

  

ȆȡȚȞΝȟİțȚȞȒıİȚΝȘΝʌȡȠİĲȠȚȝĮıȓĮΝĲȠȣΝıȣıĲȒȝĮĲȠȢΝȝĮȢΝșĮΝʌȡȑʌİȚΝȞĮΝȑȤȠȣȝİΝʌȐȡİȚΝ

țȐʌȠȚİȢΝ ĮʌȠĳȐıİȚȢΝ ȖȚĮΝ ĲȠΝ ʌȫȢΝ șĮΝ ȖȓȞȠȣȞΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢέΝ ĬĮΝ ʌȡȑʌİȚΝ ȞĮΝ

ĮʌĮȞĲȒıȠȣȝİΝ ıİΝ İȡȦĲȒıİȚȢ,Ν ȩʌȦȢΝ μΝ “ȂİΝ ʌȠȚȠΝ ʌȡȩȖȡĮȝȝĮΝ șĮΝ ȖȓȞȠȣȞΝ ȠȚΝ

ʌȡȠıȠȝȠȚȫıİȚȢν”,Ν “ȆȠȚȠΝ İȓȞĮȚΝ ĲȠΝ țĮĲĮȜȜȘȜȩĲİȡȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ȖȚĮΝ ȞĮΝ ȑȤȦΝ

ĮʌȠĲİȜȑıȝĮĲĮΝ ʌȠȣΝ ȑȡȤȠȞĲĮȚΝ ʌȠȜȪΝ țȠȞĲȐΝ ıĲȘȞΝ ʌȡĮȖȝĮĲȚțȩĲȘĲĮ,Ν ĮȞȐȜȠȖĮΝ ȝİΝ ĲȠΝ
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ʌİʌĲȓįȚȠΝ ʌȠȣΝ șȑȜȦΝ ȞĮΝ ȝİȜİĲȒıȦν”,Ν “ȈİΝ ĲȚΝ ıȣȞșȒțİȢΝ șĮΝ ȖȓȞİȚΝ ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ

ΧʌȓİıȘ,Ν șİȡȝȠțȡĮıȓĮ,Ν ȩȖțȠȢΝ ıȣıĲȒȝĮĲȠȢΨν”,Ν “ĬĮΝ ȤȡȘıȚȝȠʌȠȚȒıȦΝ ȞİȡȐΝ ıĲȠΝ

ıȪıĲȘȝȐΝ ȝȠȣν”,Ν “ĬĮΝ ȤȡȘıȚȝȠʌȠȚȒıȦΝ ʌİȡȚȠįȚțȑȢΝ ȠȡȚĮțȑȢΝ ıȣȞșȒțİȢΝ ȒΝ

ıĲȠȤĮıĲȚțȑȢΝ ȝİșȩįȠȣȢν”έΝ ȉĮΝ ʌȡȠĮȞĮĳİȡșȑȞĲĮΝ İȓȞĮȚΝ ȝİȡȚțȐΝ ĮʌȩΝ ĲĮΝ İȡȦĲȒȝĮĲĮΝ

ʌȠȣΝĮʌȠȡȡȑȠȣȞΝĮʌȩΝĲȠΝțȪȡȚȠΝİȡȫĲȘȝĮΝ“ȂʌȠȡȫΝȞĮΝʌȡȠȕȜȑȥȦΝĲȘȞΝĲȡȚĲȠĲĮȖȒΝįȠȝȒΝ

İȞȩȢΝ ȝȠȡȓȠȣΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠȣȢΝ ȞȩȝȠȣȢ ĲȘȢΝ ĳȣıȚțȒȢ,Ν ȑȤȠȞĲĮȢΝ ȝȩȞȠΝ ĲȘȞΝ

ĮȜȜȘȜȠȣȤȓĮΝĲȠȣΝ(ʌȡȦĲȠĲĮȖȒȢΝįȠȝȒ)ν”Ν 

 

3.3.1  ȅȡȚıȝȩȢΝĮȡȤȚțȫȞΝıȣȞĲİĲĮȖȝȑȞȦȞ 
 

ǲȞĮΝĲȡȠȤȚĮțȩΝĮʌȠĲİȜİȓĲĮȚΝĮʌȩΝĲȡİȚȢΝĳȐıİȚȢΝ Ν μΝ1ΨΝǹȡȤȚțȠʌȠȓȘıȘ,ΝβΨΝĬȑȡȝĮȞıȘΝ - 

ǼȟȚıȠȡȡȩʌȘıȘΝțĮȚΝγΨΝȆĮȡĮȖȦȖȚțȒΝĳȐıȘέΝȉȠΝʌȡȫĲȠΝıĲȐįȚȠΝıĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝ

ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ İȓȞĮȚΝ ȠΝ ȠȡȚıȝȩȢΝ ĲȦȞΝ ĮȡȤȚțȫȞΝ ıȣȞĲİĲĮȖȝȑȞȦȞΝ ȩȜȦȞΝ ĲȦȞΝ

ĮĲȩȝȦȞέΝ ȉȠΝ ĮȡȤİȓȠΝ ʌȠȣΝ ʌİȡȚȑȤİȚΝ ĲȚȢΝ ĮȡȤȚțȑȢΝ ıȣȞĲİĲĮȖȝȑȞİȢ,Ν ȩʌȦȢΝ ȑȤȠȣȝİΝ

ʌȡȠĮȞĮĳȑȡİȚ,Ν İȓȞĮȚΝ ĲȠΝ έpdbΝ ĲȠΝ ȠʌȠȓȠΝ ȕȡȓıțİĲĮȚΝ ıĲȘȞΝ ProteinΝ ϊataΝ ψankέΝ ȉȠΝ

ĮȡȤȚțȩΝ PϊψΝ ĮȡȤİȓȠΝ İȓȞĮȚΝ ĲȠΝ ȓįȚȠΝ ȖȚĮΝ ȩȜİȢΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ țĮȚΝ ʌİȡȚȑȤİȚΝ ĲȘȞΝ

ʌȜȒȡȦȢΝ İțĲİĲĮȝȑȞȘΝ ȝȠȡĳȒΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȉȠΝ ĮȡȤİȓȠΝ ĮȣĲȩΝ ʌİȡȚȜĮȝȕȐȞİȚΝ ĲȚȢΝ

ıȣȞĲİĲĮȖȝȑȞİȢΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ȝİĲĮȜȜĮȖȝȑȞȠȣΝ įİțĮİʌĲĮʌİʌĲȚįȓȠȣΝ ĲȠȣΝ

ĮȝȚȞȠĲİȜȚțȠȪΝȐțȡȠȣΝĲȘȢΝȠȣȕȚțȚĲȓȞȘȢΝ[UΧ1-17)T9D ].   

 

ǼʌİȚįȒΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ıİΝ įȚĮĳȠȡİĲȚțȒΝ ĲȚȝȒΝ pώΝ İȝĳĮȞȓȗİȚΝ țȐʌȠȚĮΝ țĮĲȐȜȠȚʌĮΝ

ʌȡȦĲȠȞȚȠȝȑȞĮ,ΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝįȪȠΝİȓįȠȣȢΝʌȡȠıȠȝȠȚȫıİȚȢ,ΝȘΝȝȓĮΝĮĳȠȡȐΝĲȠΝ

ʌİʌĲȓįȚȠΝ ȤȦȡȓȢΝ ʌȡȦĲȠȞȚȠȝȑȞĮΝ țĮĲȐȜȠȚʌĮΝ țĮȚΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ȝİΝ įȪȠΝ forceΝ

fields,Ν ĲȠΝ χεψϋRλλSψΝ țĮȚΝ ĲȠΝ χεψϋRλλSψ-Iδϊσ,Ν țĮȚΝ ȘΝ įİȪĲİȡȘΝ ĮĳȠȡȐΝ ĲȠΝ

ʌİʌĲȓįȚȠΝ ʌȡȦĲȠȞȚȠȝȑȞȠΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝχspΝ țĮȚΝ ύlu,Ν ıĲȘȞΝ ȠʌȠȓĮΝ ʌȡȠıĲȑșȘțĮȞΝ

įȪȠΝ ȚȩȞĲĮΝ ȤȜȦȡȓȠȣΝ ȖȚĮΝ ĲȘȞΝ ȠȣįİĲİȡȠʌȠȓȘıȘέΝǾΝ įİȪĲİȡȘΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ıİΝ

ȩȟȚȞȠΝ pώΝ țĮȚΝ ıȣȖțİțȡȚȝȑȞĮΝ ıĲȠΝ pKaΝ ĲȠȣΝχspΝ ΧpώΝ οΝ γ,κΨΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝ

AMBER99SB-ILDN force field. 
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ȉȠΝ İʌȩȝİȞȠΝȕȒȝĮΝȝİĲȐΝ ĲȘȞΝ ĮʌȩțĲȘıȘΝĲȠȣΝ έpdbΝ ĮȡȤİȓȠȣΝ İȓȞĮȚΝȘΝ Ν İȣșȣȖȡȐȝȝȚıȘΝ

ĲȦȞΝ ĮįȡĮȞİȚĮțȫȞΝ ĮȟȩȞȦȞΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ȝİΝ ĲȠΝ ȠȡșȠțĮȞȠȞȚțȩΝ ıȪıĲȘȝĮΝ ĮȟȩȞȦȞΝ

țĮȚΝ ȘΝ ȝİĲĮĲȩʌȚıȘΝ ĲȠȣΝ țȑȞĲȡȠȣΝ ȕȐȡȠȣȢΝ ıĲȘȞΝ ĮȡȤȒΝ ĲȦȞΝ ĮȟȩȞȦȞέΝ ǲʌİȚĲĮΝ ȘΝ

įȚĮįȚțĮıȓĮΝʌȡȠİĲȠȚȝĮıȓĮȢΝıȣȝʌİȡȚȜĮȝȕȐȞİȚΝĲȘΝįȘȝȚȠȣȡȖȓĮΝĲȠȣΝĮȡȤİȓȠȣΝ.prmtop 

ĲȠΝ ȠʌȠȓȠΝ ȩʌȦȢΝ ȑȤȠȣȝİΝ ȒįȘΝ ĮȞĮĳȑȡİȚΝ ȖȓȞİĲĮȚΝ ȝȑıȦΝ ĲȠȣΝ XleapΝ ΧambertoolsΨέΝ

ȈȪȝĳȦȞĮΝ ȝİΝ ĲȠΝ έpdbΝ ĮȡȤİȓȠΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȦȢΝ ĮȡȤİȓȠΝ İȚıȩįȠȣΝ țĮȚΝ ĲȠΝ

įȣȞĮȝȚțȩΝʌİįȓȠΝȝİΝĲȠΝȠʌȠȓȠΝșĮΝȖȓȞİȚΝȘΝʌȡȠıȠȝȠȓȦıȘ,ΝĲȠΝXleapΝĳȠȡĲȫȞİȚΝĮȡȤȚțȐΝ

ĲȚȢΝ ȕȚȕȜȚȠșȒțİȢΝ ȠȞȠȝĮĲȠȜȠȖȓĮȢΝ ȖȚĮΝ ȠʌȠȚȠįȒʌȠĲİΝ ĲȪʌȠΝ ȠȞȩȝĮĲȠȢΝ ȣʌȐȡȤİȚΝ

ʌİȡȓʌĲȦıȘΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȘșİȓΝ țĮĲȐΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ΧȐĲȠȝĮ,Ν ĮȝȚȞȠȟȑĮ,Ν ȞİȡȐ,Ν

ȚȩȞĲĮΝ țέȠέțΨ,Ν İȜȑȖȤİȚΝ ĲȘΝ ıȣȝȕĮĲȩĲȘĲĮΝ ȝİΝ ĲĮΝ ȠȞȩȝĮĲĮΝ ʌȠȣΝ ȣʌȐȡȤȠȣȞΝ ıĲȠΝ έpdbΝ

ĮȡȤİȓȠΝ țĮȚΝ ʌȡȠıșȑĲİȚΝ ȐĲȠȝĮΝ ȩʌȠȣΝ İȓȞĮȚΝ ĮʌĮȡĮȓĲȘĲȠ,Ν ıȣȞȒșȦȢΝ ıȣȝʌȜȘȡȫȞİȚΝ ĲĮ 

ȣįȡȠȖȩȞĮΝ ʌȠȣΝ ȜİȓʌȠȣȞ,Ν ȖȚĮΝ ʌĮȡȐįİȚȖȝĮΝ țĮĲȐΝ ĲȘȞΝ ʌȡȠİĲȠȚȝĮıȓĮΝ ĲȠȣΝ ĮȡȤİȓȠȣΝ

έprmtopΝ ĲȘȢΝ ĮȡȤȚțȒȢΝ İțĲȑȜİıȘȢΝ ʌȡȠıĲȑșȘțĮȞΝ ıȣȞȠȜȚțȐΝ 1βλΝ ȐĲȠȝĮΝ İțΝ ĲȦȞΝ

ȠʌȠȓȦȞΝĲĮΝ1βηΝȒĲĮȞΝȣįȡȠȖȩȞĮέΝǼȞΝıȣȞİȤİȓĮΝĲȠΝXleapΝįȘȝȚȠȣȡȖİȓΝĲȠΝțȠȣĲȓΝȝİΝĲĮΝ

ȞİȡȐΝ ĲȠΝ ȠʌȠȓȠΝʌİȡȚȕȐȜİȚΝ ĲȠΝʌİʌĲȓįȚȠέΝȈİΝ ȩȜĮΝ ĲĮΝıȣıĲȒȝĮĲĮΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ

TIPγPΝȝȠȞĲȑȜĮΝȞİȡȠȪέΝȉȠΝĮȡȤȚțȩΝțȠȣĲȓΝİȓȤİΝįȚĮıĲȐıİȚȢΝΝΝικέκβηΝxΝικέκβηΝxΝικέκβη,Ν

ȑĲıȚΝȫıĲİΝȞĮΝȣʌȐȡȤİȚΝȑȞĮΝıĲȡȫȝĮΝȞİȡȠȪ,ΝΝĲȠȣȜȐȤȚıĲȠȞ,ΝθÅΝȖȪȡȦΝĮʌȩΝĲȠΝʌİʌĲȓįȚȠΝ

ΧǼȚțȩȞĮΝ γέβΨέΝ ǹȣĲȩΝ İȓȞĮȚΝ İʌȚșȣȝȘĲȩΝ ıİΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝİΝ ʌİȡȚȠįȚțȑȢΝ ȠȡȚĮțȑȢΝ

ıȣȞșȒțİȢΝ ȖȚĮΝ ȞĮΝ İȓȝĮıĲİΝ ıȓȖȠȣȡȠȚΝ ʌȦȢΝ ĲȠΝ ʌİʌĲȓįȚȠΝ įİȞΝ șĮΝ ĮȜȜȘȜİʌȚįȡȐΝ ȝİΝ

țȐʌȠȚȠΝĮʌȩΝĲĮΝİȓįȦȜĮΝʌȠȣΝĲȠΝʌİȡȚȕȐȜȜȠȣȞέΝȉȠΝĮȡȤȚțȩΝıȪıĲȘȝĮΝĮʌȠĲİȜİȓĲĮȚΝĮʌȩΝ

ζθίβθΝ ȐĲȠȝĮΝ țĮȚΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ 1ηβζιΝ ȝȩȡȚĮΝ ȞİȡȠȪέΝ ȈĲȘΝ ıȣȞȑȤİȚĮΝ ȖȓȞİĲĮȚΝ ȘΝ

ʌȡȠıșȒțȘΝ ȚȩȞĲȦȞΝ İȐȞΝ İȓȞĮȚΝ ĮʌĮȡĮȓĲȘĲȠέΝ ȉĮΝ ȚȩȞĲĮΝ ĲȠʌȠșİĲȠȪȞĲĮȚΝ ĮȣĲȩȝĮĲĮΝ

ıȪȝĳȦȞĮΝȝİΝĲȘȞΝțĮĲĮȞȠȝȒΝĲȦȞΝĳȠȡĲȓȦȞΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȊʌȐȡȤȠȣȞΝĮȜȖȩȡȚșȝȠȚΝȠȚΝ

ȠʌȠȓȠȚΝ ĲȠʌȠșİĲȠȪȞΝ șİĲȚțȐΝ ȚȩȞĲĮΝ ıİΝ ȘȜİțĲȡȠĮȡȞȘĲȚțȑȢΝ ʌİȡȚȠȤȑȢΝ țĮȚΝ ĮȡȞȘĲȚțȐΝ

ȚȩȞĲĮΝ ıİΝ ȘȜİțĲȡȠșİĲȚțȑȢΝ ʌİȡȚȠȤȑȢ,Ν ȑĲıȚΝ ȫıĲİΝ İʌȚĲİȣȤșİȓΝ ȝȚĮΝ İʌȚșȣȝȘĲȒΝ ȠȜȚțȒΝ

ȚȠȞĲȚțȒΝ ıȣȖțȑȞĲȡȦıȘΝ ΧTέΝ Schlick,Ν βίίβΨέΝ ȈĲĮΝ ıȣıĲȒȝĮĲĮΝ “λλSψ”Ν țĮȚΝ “Iδϊσ”Ν

įİȞΝ ʌȡȠıĲȑșȘțĮȞΝ ȚȩȞĲĮέΝ ȈĲȠΝ ıȪıĲȘȝĮΝ “protonated”Ν ʌȡȠıĲȑșȘțĮȞΝ įȪȠΝ ȚȩȞĲĮΝ

ȤȜȦȡȓȠȣέΝǼĳȩıȠȞΝȑȤȠȣȞΝȠȜȠțȜȘȡȦșİȓΝİʌȚĲȣȤȫȢΝȩȜĮΝĲĮΝʌȡȠĮȞĮĳİȡșȑȞĲĮΝıĲȐįȚĮ,Ν

ĲȠΝ XleapΝ įȘȝȚȠȣȡȖİȓΝ ĲĮΝ έprmtopΝ țĮȚΝ έcrdΝ ȩʌȠȣΝ ĮʌȠșȘțİȪȠȞĲĮȚΝ ȩȜİȢΝ ȠȚΝ

ʌĮȡȐȝİĲȡȠȚΝ ȖȚĮΝ ĲȘȞΝ ĲȠʌȠȜȠȖȓĮΝ țĮȚΝ ĲȠȞΝ ĲȡȩʌȠΝ ıȪȞįİıȘȢΝ ĲȦȞΝ ĮĲȩȝȦȞέΝ ȉȑȜȠȢΝ
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įȘȝȚȠȣȡȖİȓĲĮȚΝĲȠΝȞȑȠΝέpdbΝĮȡȤİȓȠΝĲȠΝȠʌȠȓȠΝʌİȡȚȑȤİȚΝĲȚȢΝıȣȞĲİĲĮȖȝȑȞİȢΝȩȜȦȞΝĲȦȞΝ

ĮĲȩȝȦȞέΝ 

 

ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲĮΝ ĮȡȤİȓĮΝʌȠȣΝįȘȝȚȠȣȡȖȒșȘțĮȞΝȝİΝ ĲȠΝXleapΝ Χέprmtop, .pdb) 

İĲȠȚȝȐȗȠȣȝİΝĲȠΝέpsfΝĮȡȤİȓȠΝΧproteinΝstructureΝfileΨΝȝİΝĲȘΝȕȠȒșİȚĮΝĲȠȣΝVεϊέΝ 

 

 

ǼȚțȩȞĮΝγέβέ  

ȉȠΝĮȡȤȚțȩΝıȪıĲȘȝĮΝıȣȝʌİȡȚȜĮȝȕȐȞİȚΝĲȠΝİȣșȣȖȡĮȝȝȚıȝȑȞȠΝʌİʌĲȓįȚȠΝ (U(1-17)T9D) 

ıĲȠΝ țȑȞĲȡȠΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ țĮȚΝ ĲĮΝ ȞİȡȐΝ ʌȠȣΝ ĲȠΝ ʌİȡȚȕȐȜȜȠȣȞέΝ ǾΝ İȚțȩȞĮΝ

İĲȠȚȝȐıșȘțİ ȝİΝ ĲȠΝVεϊέΝ ȉĮΝ ȞİȡȐΝ ĮȞĲȚʌȡȠıȦʌİȪȠȞĲĮȚΝ ĮʌȩΝ țȠȣțȓįİȢΝ ıİΝ ȩȜȘΝ ĲȘȞΝ

ȑțĲĮıȘΝĲȠȣΝțȠȣĲȚȠȪ,ΝİȞȫΝıĲȠΝįİȟȓΝĲȝȒȝĮΝĲȘȢΝİȚțȩȞĮȢΝĮȞĲȚʌȡȠıȦʌİȪȠȞĲĮȚΝțĮȚΝĮʌȩΝ
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ĲȘΝ ȝȠȡȚĮțȒΝ İʌȚĳȐȞİȚĮ,Ν ȘΝ ȠʌȠȓĮΝ ʌĮȡȐȖİĲĮȚΝ ȝȑıȦΝ ĲȠȣΝ SURόΝ ĮȜȖȩȡȚșȝȠȣΝ ʌȠȣΝ

ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝĮʌȩΝĲȠΝVεϊέΝȉȠΝʌİʌĲȓįȚȠΝĮȞĮʌĮȡȓıĲĮĲĮȚΝȝİΝΝωPKέΝ 

 

3.3.2  ǼȜĮȤȚıĲȠʌȠȓȘıȘΝțĮȚΝșȑȡȝĮȞıȘΝĲȠȣΝĮȡȤȚțȠȪΝıȣıĲȒȝĮĲȠȢέ 
 

ǼĳȩıȠȞΝ ȑȤİȚΝ ȠȜȠțȜȘȡȦșİȓΝ ʌȡȠıİțĲȚțȐΝ ȘΝ ʌȡȫĲȘΝ ĳȐıȘΝ ʌȠȣΝ ʌİȡȚȜĮȝȕȐȞİȚΝ ĲȠȞΝ

țĮșȠȡȚıȝȩΝĲȦȞΝĮȡȤȚțȫȞΝıȣȞĲİĲĮȖȝȑȞȦȞ,ΝȝʌȠȡȠȪȝİΝȞĮΝʌİȡȐıȠȣȝİΝıĲȠΝıĲȐįȚȠΝĲȘȢΝ

İȜĮȤȚıĲȠʌȠȓȘıȘȢΝ ĲȘȢΝ İȞȑȡȖİȚĮȢΝ ĲȠȣΝıȣıĲȒȝĮĲȠȢΝțĮȚΝ ĲȘȢΝıĲĮįȚĮțȒȢΝșȑȡȝĮȞıȘȢ,Ν

ȝȑȤȡȚΝĲȘȞΝĮʌȩțĲȘıȘΝĲȘȢΝİʌȚșȣȝȘĲȒȢΝșİȡȝȠțȡĮıȓĮȢέ 

 

ȈİΝ ĮȣĲȩΝ ĲȠΝ ıȘȝİȓȠΝ ȤȡİȚĮȗȩȝĮıĲİΝ ĲȠΝ ĮȡȤİȓȠΝ įȚĮȝȩȡĳȦıȘȢΝ heatέnamd,Ν ĲȠΝ ȠʌȠȓȠΝ

ȠȡȓȗİȚΝ ʌȦȢΝ ĮțȡȚȕȫȢΝ șĮΝ ȖȓȞİȚΝ ȘΝ įȚĮįȚțĮıȓĮΝ ĲȘȢΝ Ν İȜĮȤȚıĲȠʌȠȓȘıȘȢΝ țĮȚΝ ĲȘȢΝ

șȑȡȝĮȞıȘȢΝĲȠȣΝıȣıĲȒȝĮĲȠȢέΝȉĮΝĮȡȤİȓĮΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝȦȢΝİȓıȠįȠȢΝȖȚĮΝĲȘΝ

įȘȝȚȠȣȡȖȓĮΝ ĲȠȣΝ ΝheatέnamdΝİȓȞĮȚΝ ĲȠΝ έprmtopΝțĮȚΝ ĲȠΝ έpdbΝʌȠȣΝįȘȝȚȠȣȡȖȒșȘțĮȞΝ

ıĲȘȞΝ ʌȡȠȘȖȠȪȝİȞȘΝ ĳȐıȘΝ ĲȘȢΝ ʌȡȠİĲȠȚȝĮıȓĮȢέΝ ǾΝ İȜĮȤȚıĲȠʌȠȓȘıȘΝ

ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚΝ ĮȡȤȚțȐΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ʌȠȣΝ įİȞΝ ĮȞȒțȠȣȞΝ ıĲȠȞΝ ʌȡȦĲİȧȞȚțȩΝ

ıțİȜİĲȩΝ ȖȚĮΝ βίίίΝ ȕȒȝĮĲĮΝ ΧȑȞĮΝ ȕȒȝĮΝ ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ βΝ fsΨέΝ ȈĲȘΝ ıȣȞȑȤİȚĮΝ ȘΝ

șİȡȝȠțȡĮıȓĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ȠȡȓȗİĲĮȚΝ ıĲȠȣȢΝ βίȀΝ țĮȚΝ ĮȣȟȐȞİĲĮȚΝ ıĲĮįȚĮțȐΝ ȝİΝ

ȕȒȝĮΝ βίΝ ȝȑȤȡȚΝ ȞĮΝ ĳĲȐıİȚΝ ıĲȠȣȢΝ γβίȀέΝ ȀĮșΥΝ ȩȜȘΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ șȑȡȝĮȞıȘȢΝ

įȚĮĲȘȡȠȪȞĲĮȚΝ ıĲĮșİȡȐΝ ĲĮΝ ȐĲȠȝĮΝ ωĮέΝ ǲʌİȚĲĮΝ ĮțȠȜȠȣșİȓΝ ȖȚĮΝ 1βίίίΝ ȕȒȝĮĲĮΝ ȘΝ

İȟȚıȠȡȡȩʌȘıȘΝĲȠȣΝȩȖțȠȣΝȝİΝĲĮΝȐĲȠȝĮΝωĮΝĮțȚȞȘĲȠʌȠȚȘȝȑȞĮ,ΝȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȠΝ

ȕĮȡȩȝİĲȡȠΝδangevinέΝǾΝıȣȤȞȩĲȘĲĮΝțĮĲĮȖȡĮĳȒȢΝĲȦȞΝέdcdΝĮȡȤİȓȦȞΝİȓȞĮȚΝβίί,ΝİȞȫΝ

ȘΝ ıȣȤȞȩĲȘĲĮΝ țĮĲĮȖȡĮĳȒȢΝ ĲȦȞΝ ĮȡȤİȓȦȞΝ İʌĮȞİțțȓȞȘıȘȢΝ İȓȞĮȚΝ 1ίίίίέΝ ȝȑȤȡȚΝ ĲȠΝ

ĲȑȜȠȢΝĲȘȢΝĳȐıȘȢΝĮȣĲȒȢΝȑȤȠȣȞΝĲȡȑȟİȚΝγίίίίΝȕȒȝĮĲĮέΝΝΝΝΝ 

  

ȈĲȠΝ Ν heatέnamdΝ țĮșȠȡȓȗİĲĮȚΝ ȘΝ ȝȑșȠįȠȢΝ ȣʌȠȜȠȖȚıȝȠȪΝ ĲȦȞΝ ȘȜİțĲȡȠıĲĮĲȚțȫȞΝ

ĮȜȜȘȜİʌȚįȡȐıİȦȞΝȘΝȠʌȠȓĮΝİȓȞĮȚΝȘΝparticle-meshΝϋwaldΝ ΧPεϋΨέΝȈĲȚȢΝʌİȡȚȠįȚțȑȢΝ

ıȣȞșȑıİȚȢΝ ĲȠΝ ıȪıĲȘȝĮΝ ĲȠʌȠșİĲİȓĲĮȚΝ ıĲȘΝ ıĲȠȚȤİȚȫįȘȢΝ țȣȥİȜȓįĮΝ țĮȚΝ șİȦȡİȓĲĮȚΝ

ʌȦȢΝ ȑȤİȚΝ ĮʌİȓȡȦȢΝ ʌȠȜȜȑȢΝ İȚțȩȞİȢΝ ıĲȠΝ ȤȫȡȠέΝǹȣĲȩΝ ıȘȝĮȓȞİȚΝ ȑȞĮΝ ȐʌİȚȡȠΝ ʌȜȑȖȝĮΝ
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ĲȡȚȫȞΝ įȚĮıĲȐıİȦȞέΝ ǾΝ ȝȑșȠįȠȢΝ PεϋΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ ȖȚĮΝ ȞĮΝ ʌİȡȚȖȡĮĳȠȪȞΝ ȠȚΝ

ȘȜİțĲȡȠıĲĮĲȚțȑȢΝĮȜȜȘȜİʌȚįȡȐıİȚȢΝıİΝȑȞĮΝĲȡȚıįȚȐıĲĮĲȠΝʌȜȑȖȝĮέΝ 

  

ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȑȖȚȞĮȞΝ ıİΝ ȚıȠȕĮȡİȓȢΝ – ȚıȩșİȡȝİȢΝ ıȣȞșȒțİȢΝ ΧσPTΝ ensembleΨέΝ

ȆȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ʌĮȡĮȝİȓȞİȚΝ ıĲĮșİȡȒΝ ȘΝ ʌȓİıȘΝ ȐȜȜĮȗİΝ ȠΝ ȩȖțȠȢΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ

īȚĮΝĲȠȞΝȑȜİȖȤȠΝĲȠȣΝȕĮȡȩȝİĲȡȠȣΝȤȡȘıȚȝȠʌȠȚȒșȘțİΝȘΝȝȑșȠįȠȢΝδangevinΝdynamicsέΝ

ǾΝ įȣȞĮȝȚțȒΝδangevinΝ İȓȞĮȚΝ ȝȚĮΝ İȞĮȜȜĮțĲȚțȒΝ ĲȘȢΝ ȞİȣĲȫȞİȚĮȢΝ įȣȞĮȝȚțȒȢέΝǵĲĮȞΝ

ȑȞĮΝ ıȪıĲȘȝĮΝ ΧıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȠȣΝ ĲȠȣΝ įȚĮȜȪĲȘΨΝ ĮȞĲȚȝİĲȦʌȓȗİĲĮȚΝ ıİΝ ʌȜȒȡȦȢΝ

ĮĲȠȝȚțȩΝ İʌȓʌİįȠΝ Ν ȠȚΝ įȣȞȐȝİȚȢΝ İȓȞĮȚΝ ȝȩȞȠΝ įȣȞĮȝȚțȑȢ,Ν İȚįȐȜȜȦȢΝ ȠȚΝ įȣȞȐȝİȚȢΝ

ıȪȖțȡȠȣıȘȢΝțĮȚΝĲȡȚȕȒȢΝșĮΝʌȡȑʌİȚΝȞĮΝİȚıĮȤșȠȪȞΝțĮȚΝȞĮΝȝȚȝȘșȠȪȞΝĲȚȢΝıȣȖțȡȠȪıİȚȢΝ

ĲȠȣΝįȚĮȜȣȝȑȞȠȣΝȝȠȡȓȠȣΝȝİΝĲȠΝʌİȡȚȕȐȜȜȠȞΝĲȠȣέΝǹȣĲȒΝȘΝĮȞĲȚȝİĲȫʌȚıȘΝΝĮȞĮĳȑȡİĲĮȚΝ

ȦȢΝΝδangevinΝȒΝψrownianΝdynamicsέ 

 

3.3.3  ȆĮȡĮȖȦȖȚțȒΝĳȐıȘέ 
 

ȈİΝĮȣĲȒΝĲȘΝĳȐıȘΝĲȠΝıȪıĲȘȝĮΝȑȤİȚΝĮʌȠțĲȒıİȚΝĲȘȞΝİʌȚșȣȝȘĲȒΝșİȡȝȠțȡĮıȓĮΝțĮȚΝȠȚΝ

ıȣȞșȒțİȢΝ ʌȓİıȘȢΝ țĮȚΝ șİȡȝȠțȡĮıȓĮȢΝ ʌĮȡĮȝȑȞȠȣȞΝ ıĲĮșİȡȑȢΝ ȝȑȤȡȚΝ ĲȠΝ ĲȑȜȠȢΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢέΝ īȚĮΝ ȞĮΝ ȟİțȚȞȒıİȚΝ ĮȣĲȒΝ ȘΝ ĳȐıȘΝ İȓȞĮȚΝ ĮʌĮȡĮȓĲȘĲȠΝ ȑȞĮΝ ĮȡȤİȓȠΝ

įȚĮȝȩȡĳȦıȘȢΝĲȘȢΝʌĮȡĮȖȦȖȚțȒȢΝĳȐıȘȢ,ΝĲȠΝequiέnamdΝfile,ΝıĲȠΝȠʌȠȓȠΝțĮșȠȡȓȗİĲĮȚΝ

ĮʌȩΝ ĲȠȞΝ ȤȡȒıĲȘΝ ȠΝ ĲȡȩʌȠȢΝ ʌȠȣΝ șĮΝ ȖȓȞİȚΝ ȘΝ ʌȡȠıȠȝȠȓȦıȘέΝ ȅȚΝ ıȣȞĲİĲĮȖȝȑȞİȢ,Ν ȠȚΝ

ĲĮȤȪĲȘĲİȢΝ țĮȚΝ ȘΝ İȞȑȡȖİȚĮΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢΝ ʌȠȣΝ țĮĲĮȖȡȐĳȘțĮȞΝ ıĲȠΝ ĲİȜİȣĲĮȓȠΝ

ȕȒȝĮΝĲȘȢΝʌȡȠȘȖȠȪȝİȞȘȢΝĳȐıȘȢΝȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚΝȦȢΝİȓıȠįȠΝȖȚĮΝĲȘȞΝȑȞĮȡȟȘΝĲȘȢΝ

ʌĮȡĮȖȦȖȚțȒȢΝĳȐıȘȢέΝȈĲȠΝıȪıĲȘȝȐΝȝĮȢΝȘΝĮȡȤȚțȒΝʌĮȡĮȖȦȖȚțȒΝĳȐıȘΝȟİțȚȞȐİȚΝĮʌȩΝ

ĲȠΝ ȕȒȝĮΝ γίίίίΝ Χ1ηίΝ framesΨΝ țĮȚΝ ȠȡȓȗȠȣȝİΝ ȞĮΝ ıȣȞİȤȓıİȚΝ ȝȑȤȡȚΝ ĲĮΝ ηίίέίίίέίίίΝ

ȕȒȝĮĲĮέΝ ȉȠΝ ȕȒȝĮ țĮĲĮȖȡĮĳȒȢΝ ĲȦȞΝ έdcdΝ ĮȡȤİȓȦȞ,Ν țĮșȫȢΝ țĮȚΝ ĲȘȢΝ İȞȑȡȖİȚĮȢΝ

ĮȣȟȐȞİĲĮȚΝıİΝ ζίίέΝ ΝȈĲȘȞΝțȣȡȚȠȜİȟȓĮΝĮȣĲȩΝʌȠȣΝ ȖȓȞİĲĮȚΝȝİĲȐΝ ĮʌȩΝĮȡțİĲȩΝĮȡȚșȝȩΝ

ȕȘȝȐĲȦȞΝ İȓȞĮȚΝ ȘΝ įȚĮțȠʌȒΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ ȘΝ İʌĮȞȑȞĮȡȟȒΝ ĲȘȢΝ ȝİĲȐΝ ĲȘȞΝ

ȝİȓȦıȘΝ ĲȦȞΝ ȝȠȡȓȦȞΝ ȞİȡȠȪΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ ǹȣĲȩΝ ȖȓȞİĲĮȚΝ ȖȚĮ ȞĮΝ İȓȞĮȚΝ ʌȚȠΝ

ĮʌȠįȠĲȚțȒΝȘΝʌȡȠıȠȝȠȓȦıȘ,ΝİĳȩıȠȞΝȝȚțȡȩĲİȡȠȢΝĮȡȚșȝȩȢΝĮĲȩȝȦȞΝıȣȞİʌȐȖİĲĮȚΝțĮȚΝ
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ȝȚțȡȩĲİȡȠΝ ȣʌȠȜȠȖȚıĲȚțȩΝ țȩıĲȠȢέΝ ǾΝ ĮȡȤȚțȒΝ ʌĮȡĮȖȦȖȚțȒΝ ĳȐıȘΝ ıĲĮȝĮĲȐΝ ıĲȠΝ

timestepΝ1ζίθζίίί,ΝțĮȚΝȝȑȤȡȚΝĲȫȡĮΝȑȤȠȣȞΝʌĮȡĮȤșİȓΝıȣȞȠȜȚțȐΝγηβγηΝ framesΝıĲȠΝ

έdcdΝĮȡȤİȓȠέΝ 
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3.3.4  ȂİȓȦıȘΝĲȠȣΝĮȡȚșȝȠȪΝȝȠȡȓȦȞΝȞİȡȠȪΝĲȠȣΝıȣıĲȒȝĮĲȠȢέ 
 

ȉȠΝ ĮȡȤȚțȩΝ ıȪıĲȘȝĮΝ ʌİȡȚİȜȐȝȕĮȞİΝ ıȣȞȠȜȚțȐΝ ζθίβθΝ ȐĲȠȝĮΝ İțΝ ĲȦȞΝ ȠʌȠȓȦȞΝ ĲĮΝΝ

ζηιζ1Ν ĮȞĲȚıĲȠȚȤȠȪıĮȞΝ ıİΝ ȐĲȠȝĮΝ ĲȦȞΝ ȝȠȡȓȦȞΝ ȞİȡȠȪέΝȁĮȝȕȐȞȠȞĲĮȢΝ ĲȠΝ ĲİȜİȣĲĮȓȠΝ

frameΝĲȘȢΝĮȡȤȚțȒȢΝʌȡȠıȠȝȠȓȦıȘȢΝįȘȝȚȠȣȡȖȒșȘțİΝȑȞĮΝ έpdbΝĮȡȤİȓȠΝȝİΝĲȠ ȩȞȠȝĮΝ

startingέpdbΝ ΧİȚțȩȞĮΝ γέγΨέΝ TȠΝ startingέpdbΝ ʌİȡȚİȜȐȝȕĮȞİΝ ȝȩȞȠΝ 1γ1Ν ȐĲȠȝĮΝ țĮȚΝ

ȤȡȘıȚȝȠʌȠȚȒșȘțİΝȝȑıȦΝĲȠȣΝXleapΝȖȚĮΝȞĮΝįȘȝȚȠȣȡȖȘșȠȪȞΝĲĮΝubiέprmtop,ΝubiέcrdΝ

țĮȚΝubiέpdbΝΧİȚțȩȞĮΝγέηΨΝĮȡȤİȓĮΝʌȠȣΝıȣȝʌİȡȚȜĮȝȕȐȞȠȣȞΝıȣȞȠȜȚțȐΝηθ1θΝȐĲȠȝĮ,ΝİțΝ

ĲȦȞΝ ȠʌȠȓȦȞΝ ĲĮΝ ηγγ1Ν ĮȞȒțȠȣȞΝ ıİΝ ȝȩȡȚĮΝ ȞİȡȠȪέΝ ȉȠΝ ȞȑȠΝ ȝȑȖİșȠȢΝ ĲȠȣΝ țȠȣĲȚȠȪΝ

ȠȡȓıșȘțİΝ ıĲĮΝ ζί,1θ1Ν xΝ ζί,1θ1Ν xΝ ζί,1θ1Ν ÅΝ ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ȣʌȐȡȤİȚΝ ʌȜȑȠȞΝ ȑȞĮΝ

ıĲȡȫȝĮΝȞİȡȠȪ,ΝʌȐȤȠȣȢ,ΝĲȠȣȜȐȤȚıĲȠȞΝηÅ,ΝȖȪȡȦΝĮʌȩΝĲȠΝʌİʌĲȓįȚȠέ 

 

 ȈĲȘΝ ıȣȞȑȤİȚĮΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ İȜĮȤȚıĲȠʌȠȓȘıȘΝ țĮȚΝ șȑȡȝĮȞıȘΝ ĲȠȣΝ

ıȣıĲȒȝĮĲȠȢΝȝİΝĲȠȞΝĲȡȩʌȠΝʌĮȡȩȝȠȚȠΝȝİΝĮȣĲȩȞΝʌȠȣΝʌİȡȚȖȡȐĳȘțİΝıĲȠΝİįȐĳȚȠΝγέγέβΝ

ȖȚĮΝ ʌȠȜȪΝ ȝȚțȡȩΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮέΝ ǹȡȤȚțȐΝ ȑȖȚȞİΝ ȘΝ İȜĮȤȚıĲȠʌȠȓȘıȘΝ țĮȚΝ ȝİĲȐΝ

ĲȑșȘțİΝ ȘΝ șİȡȝȠțȡĮıȓĮΝ ıĲȠȣȢΝ βίȀ,Ν ȝİΝ ĮȣĲȒΝ ĲȘȞΝ șİȡȝȠțȡĮıȓĮΝ ĲȡȑȟĮȝİΝ 1ίίίΝ

ȕȒȝĮĲĮΝțĮȚΝıĲȘΝıȣȞȑȤİȚĮΝȘΝșİȡȝȠțȡĮıȓĮΝĮȣȟȒșȘțİΝıĲĮįȚĮțȐΝȝİΝȕȒȝĮΝβίΝȝȑȤȡȚΝ

ĲȠȣȢΝγβίȀέΝȈȣȞȠȜȚțȐΝȑȖȚȞĮȞΝβίίίίΝȕȒȝĮĲĮΝĲĮΝȠʌȠȓĮΝĮȞĲȚıĲȠȚȤȠȪȞΝıİΝληΝframesΝ

ĲȠȣΝ έdcdΝ ĮȡȤİȓȠȣέΝ ȈȣȞȠȜȚțȐΝ ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ “λλSψ”Ν ʌİȡȚȑȤİȚΝ ηίγη1ίίΝ framesΝ

ʌȠȣΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ ζ,ίγΝ ȝsέΝȂİΝ ĲȠȞΝ ȓįȚȠΝ ĲȡȩʌȠΝ İĲȠȚȝȐıĲȘțİΝ ȘΝ ʌȡȠıȠȝȠȓȦıȘΝ

“Iδϊσ”,Ν ȘΝ ȝȩȞȘ įȚĮĳȠȡȐΝ ȑȖțİȚĲĮȚΝ ıİΝ țȐʌȠȚİȢΝ ʌĮȡĮȝȑĲȡȠȣȢΝ ĲȠȣΝ įȣȞĮȝȚțȠȪΝ

ʌİįȓȠȣέΝȉȠΝıȣȞȠȜȚțȩΝĲȡȠȤȚĮțȩΝĲȘȢΝ“Iδϊσ”ΝĮʌȠĲİȜİȓĲĮȚΝĮʌȩΝγιηκηβηΝframesέΝȉȠΝ

ıȣȞȠȜȚțȩΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ “protonated”Ν ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ γι1ζκίίΝ framesέΝ Ν ȉȠΝ

ʌȡȫĲȠΝ frameΝ ĲȘȢΝ “protonated”Ν İȓȞĮȚΝ ĮȣĲȩΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ȖȚĮΝ ȞĮΝ

įȘȝȚȠȣȡȖȘșȠȪȞΝ ĲĮΝ ȝȚțȡȩĲİȡĮΝ ıȣıĲȒȝĮĲĮΝ ĲȦȞΝ įȪȠΝ ȐȜȜȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞέΝ ȉȠΝ

țȠȣĲȓΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ηηλθΝ ȐĲȠȝĮΝ İțΝ ĲȦȞΝ ȠʌȠȓȦȞΝ ĲĮΝ ηγίιΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ

ȝȩȡȚĮΝ ȞİȡȠȪ,Ν ĲĮΝ βκιΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲȠΝ ʌİʌĲȓįȚȠΝ țĮȚΝ ȣʌȐȡȤȠȣȞΝ țĮȚΝ įȪȠΝ ȚȩȞĲĮΝ

ȤȜȦȡȓȠȣέΝ 
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ǼȚțȩȞĮΝγέγΝ 

ȆĮȡȠȣıȚȐȗİĲĮȚΝȘΝstartingΝįȠȝȒΝȘΝȠʌȠȓĮΝʌȡȠȑțȣȥİΝĮʌȩΝĲȘȞΝĲİȜȚțȒΝțĮĲĮȖȡĮĳȒΝĲȘȢΝ

ĮȡȤȚțȒȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȅΝ ıțİȜİĲȩȢΝ ĲȘȢΝ ʌȡȦĲİǸȞȘȢΝ ĮȞĲȚʌȡȠıȦʌİȪİĲĮȚΝ ȝİΝ newΝ

cartoon,Ν İȞȫΝ ȠȚΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ȝİΝ ωPKέΝ Ν ȉȠΝ ıȪıĲȘȝĮΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ȝȩȜȚȢΝ

1γ1ΝȐĲȠȝĮέ 
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ǼȚțȩȞĮΝγέζΝ 

ȆĮȡȠȣıȚȐȗİĲĮȚΝİȞȣįĮĲȦȝȑȞȠΝĲȠΝʌİʌĲȓįȚȠ,ΝȣʌȐȡȤȠȣȞΝιλΝȝȩȡȚĮΝȞİȡȠȪ,ΝİȞȫΝıȣȞȠȜȚțȐΝ

ĲȠΝıȪıĲȘȝĮΝʌİȡȚȜĮȝȕȐȞİȚΝηββΝȐĲȠȝĮέΝ 
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ǼȚțȩȞĮΝγέηΝ 

ǹȞĮʌĮȡȚıĲȐΝĲȠΝʌİʌĲȓįȚȠΝȑȞĮȡȟȘȢΝĲȘȢΝįİȪĲİȡȘȢΝʌĮȡĮȖȦȖȚțȒȢΝĳȐıȘȢΝ(țȣȡȓȦȢΝĳȐıȘΝ

ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȉȠΝ ʌİʌĲȓįȚȠΝ İȓȞĮȚΝ ʌȜȒȡȦȢΝ İȞȣįĮĲȦȝȑȞȠΝ İȞȫΝ ĲȠΝ ȝȑȖİșȠȢΝ ĲȠȣΝ

țȠȣĲȚȠȪΝ ȑȤİȚΝ ȖȓȞİȚΝ ʌȚȠΝ ȝȚțȡȩΝ (ζίxζίxζί)έΝ ȈĲȠΝ țȑȞĲȡȠΝ ĲȠȣΝ țȠȣĲȚȠȪΝ ȕȡȓıțİĲĮȚΝ ĲȠΝ

ʌİʌĲȓįȚȠ,ΝȩʌȠȣΝĮȞĲȚʌȡȠıȦʌİȪİĲĮȚΝȝİΝnewΝcartoonέΝȉĮΝȞİȡȐΝĮȞĲȚʌȡȠıȦʌİȪȠȞĲĮȚΝȝİΝ

surfΝ (molecularΝ surface)ΝȤȡȫȝĮĲȠȢΝȝʌȜȑέΝȉȠΝıȪȞȠȜȠΝĲȦȞΝĮĲȩȝȦȞΝİȓȞĮȚΝηθ1θ,ΝĮʌȩΝ

ĲĮΝȠʌȠȓĮΝĲĮΝηγγ1ΝĮȞȒțȠȣȞΝıİΝȝȩȡȚĮΝȞİȡȠȪέ 
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ǼȚțȩȞĮΝγέθΝΝ 

ǹȞĮʌĮȡȚıĲȐΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒΝĲȠȣΝʌȡȦĲȠȞȚȠȝȑȞȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝțȑȞĲȡȠΝȕȡȓıțİĲĮȚΝ

ĲȠΝʌİʌĲȓįȚȠΝȝİΝȝȠȡĳȒΝnewΝcartoon,ΝȠȚΝʌȡȐıȚȞİȢΝıĳĮȓȡİȢΝĮȞĲȚʌȡȠıȦʌİȪȠȣȞΝĲĮΝȚȩȞĲĮΝ

ȤȜȦȡȓȠȣΝ(vdWΝĮȞĮʌĮȡȐıĲĮıȘ)ΝțĮȚΝĲȠΝȞİȡȩΝİȝĳĮȞȓȗİĲĮȚΝȝİΝȝʌȜİΝȤȡȫȝĮΝ(molecularΝ

surface)έΝȅΝıȣȞȠȜȚțȩȢΝĮȡȚșȝȩȢΝĮĲȩȝȦȞΝĮȞȑȡȤİĲĮȚΝıİΝηηλθ,ΝİțΝĲȦȞΝȠʌȠȓȦȞΝĲĮΝηγίιΝ

ĮȞȒțȠȣȞΝıİΝȝȩȡȚĮΝȞİȡȠȪέ 

 

ǼĳȩıȠȞΝ ȘΝ ʌİȡȚȖȡĮĳȒΝ ĲȠȣΝ ʌȡȦĲȠțȩȜȜȠȣΝ ȠȜȠțȜȘȡȫșȘțİΝ İȓȝĮıĲİΝ ıİΝ șȑıȘΝ ȞĮΝ

ʌİȡȐıȠȣȝİΝıĲȠΝĲİȜİȣĲĮȓȠΝțĮȚΝțȣȡȚȩĲİȡȠΝțȠȝȝȐĲȚΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝ

įȣȞĮȝȚțȒȢ,Ν ʌȠȣΝ įİȞΝ İȓȞĮȚΝ ȐȜȜȠΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ ʌȠȣΝ

ʌĮȡȐȤșȘțĮȞέ  
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ΚΕΦΑΛΑΙΟ  4 

 

 

“What do you think science is? There's nothing magical about science. It is simply a systematic way 
for carefully and thoroughly observing nature and using consistent logic to evaluate results. Which 

part of that exactly do you disagree with? Do you disagree with being thorough? Using careful 

observation? Being systematic? Or using consistent logic?” 

-Steven Novella- 

 



 

 

87 

 

ȆĮȡȠȣıȓĮıȘΝțĮȚΝĮȞȐȜȣıȘΝĲȦȞΝĮʌȠĲİȜİıȝȐĲȦȞ 
 

ȂİĲȐΝ ĮʌȩΝ ĲȘȞΝ ĮȞĮȜȣĲȚțȒΝ ʌİȡȚȖȡĮĳȒΝ ĲȠȣΝ ʌȡȠȕȜȒȝĮĲȠȢΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ

ʌȡȦĲİȧȞȫȞΝ țĮȚΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢ,Ν ȦȢΝ physicsΝ basedΝ

ȝȑșȠįȠΝ İʌȓȜȣıȒȢΝ ĲȠȣ,Ν Ν ʌİȡȞȐȝİΝ ıĲȠΝ ĲİȜİȣĲĮȓȠΝ ĲȝȒȝĮΝ ĲȘȢΝ ʌĮȡȠȪıĮȢΝ ʌĲȣȤȚĮțȒȢΝ

İȡȖĮıȓĮȢ,Ν ʌȠȣΝ ĮĳȠȡȐΝ ĲȘȞΝ ʌĮȡȠȣıȓĮıȘΝ ĲȦȞΝ ʌȡȠȖȡĮȝȝȐĲȦȞΝ ʌȠȣΝ

ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȖȚĮΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ țĮĲȐΝ ĲȘΝ

įȚȐȡțİȚĮΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢΝĲȠȣΝįİțĮİʌĲȐ-ʌİʌĲȚįȓȠȣΝUΧ1-

1ιΨTλϊΝ ȒΝ 1ϋίQΝ țĮȚΝ ĲȘȞΝ ʌĮȡȠȣıȓĮıȘΝ ĲȦȞΝ ĮʌȠĲİȜİıȝȐĲȦȞΝ țĮȚΝ ĲȘȢΝ ıȪȖțȡȚıȘȢΝ

ĲȠȣȢΝȝİΝʌȡȠȘȖȠȪȝİȞİȢΝȝİȜȑĲİȢέΝ 

 

ȆȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ĲȡİȚȢΝ įȚĮĳȠȡİĲȚțȑȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ

ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ 1ǼίQΝ ȝİΝ ĮȜȜȘȜȠȣȤȓĮΝ εQIόVKTδϊύKTITδϋV,Ν ʌȠȣΝ șĮΝ

ĮȞĮĳȑȡȠȞĲĮȚΝıĲȘΝıȣȞȑȤİȚĮΝȦȢΝ“λλSψ”,Ν “Iδϊσ”ΝțĮȚΝ“protonated”έΝȉĮΝĲȡȠȤȚĮțȐΝ

ĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝțĮĲĮȖȡȐĳȘțĮȞΝțĮȚΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝȖȚĮΝĲȘȞΝĮȞȐȜȣıȘΝĲȘȢΝ

įȠȝȒȢΝ țĮȚΝ ĲȘȢΝ ıȣȝʌİȡȚĳȠȡȐȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ıİΝ ıȣȖțİțȡȚȝȑȞİȢΝ ıȣȞșȒțİȢ,Ν ȩʌȦȢΝ

ȑȤȠȣȝİΝĮȞĮĳȑȡİȚΝıİΝʌȡȠȘȖȠȪȝİȞȠΝțİĳȐȜĮȚȠέΝȈĲȚȢΝĮȞĮȜȪıİȚȢΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝ

ȠȚΝ İȟȒȢμΝ 1ΨΝ ǹȞȐȜȣıȘΝ țȣȡȓȦȞΝ ıȣȞȚıĲȦıȫȞΝ ΧPrincipalΝ ωomponent Analysis), 2) 

ĮȞȐȜȣıȘΝ ȤĮȡĲȫȞΝ țĮȚΝ ȖȡĮĳȘȝȐĲȦȞΝ ȕĮıȚıȝȑȞȦȞΝ ıĲȘΝ ȝȑıȘΝ ĮʌȩțȜȚıȘΝ ΧRεSϊΝ

basedΝmatricesΨ,Ν γΨΝĮȞȐȜȣıȘΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝ ΧSTRIϊϋΝțĮȚΝϊSSPΨ,ΝțĮȚΝ ζΨΝ

ĮȞȐȜȣıȘΝ ȕĮıȚıȝȑȞȘΝ ıİΝ ȠȝĮįȠʌȠȓȘıȘΝ ΧclusterΝ analysisΨέΝ ȈĲȘΝ ıȣȞȑȤİȚĮΝ ĲȠȣΝ

țİĳĮȜĮȓȠȣΝ ĮȞĮĳȑȡȠȞĲĮȚΝ ȠȚΝ ȕĮıȚțȑȢΝ ĮȡȤȑȢΝ țȐșİΝ ĮȞȐȜȣıȘȢΝ țĮșȫȢΝ țĮȚΝ ĲȦȞΝ

ʌȡȠȖȡĮȝȝȐĲȦȞΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞέΝȈĲȠΝĲȑȜȠȢΝșĮΝıȣȖțȡȓȞȠȣȝİΝĲȚȢΝįȠȝȑȢΝʌȠȣΝ

ʌȡȠȑțȣȥĮȞΝ ĮʌȩΝ ĲĮΝ ʌİȚȡȐȝĮĲȐΝ ȝĮȢΝ ȝİΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ σεRΝ

įȠȝȒΝ țĮȚΝ ȝİΝ įȠȝȑȢΝ ĮʌȩΝ ȐȜȜİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢ,Ν țĮșȫȢΝ țĮȚΝ ĮʌȩΝ ĲĮΝ įȚĮĳȠȡİĲȚțȐΝ

įȣȞĮȝȚțȐΝʌİįȓĮΝʌȠȣΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝıĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢέΝ 
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ζέ1ΝRεSϊΝbasedΝĮȞȐȜȣıȘΝĲȦȞΝĲȡȠȤȚĮțȫȞ 
 

ȂȚĮΝĮȞȐȜȣıȘΝʌȠȣΝ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚΝ țĮĲȐΝțȩȡȠȞΝıĲȚȢΝĮȞĮȜȪıİȚȢΝʌȡȠıȠȝȠȚȫıİȦȞΝ

İȓȞĮȚΝ ȘΝ RεSϊΝ ΧRoot-Mean-SquareΝ ϊeviationΨέΝ ȉȠΝ RεSϊΝ İȓȞĮȚΝ ȑȞĮΝ ʌȠıȠĲȚțȩΝ

ȝȑĲȡȠΝ ĲȘȢΝ įȠȝȚțȒȢΝ ĮȜȜĮȖȒȢΝ ĲȠȣΝ ȝȠȡȓȠȣΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν

ȝĮȢΝįİȓȤȞİȚΝįȘȜĮįȒΝțĮĲȐΝʌȩıȠΝĮʌȠțȜȓȞİȚΝȘΝĮȡȤȚțȒΝįȠȝȒΝĮʌȩΝĲȚȢΝȣʌȩȜȠȚʌİȢΝțĮĲȐΝ

ĲȘΝįȚĮįȚțĮıȓĮΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢέΝȉȠΝRεSϊΝȠȣıȚĮıĲȚțȐΝİȓȞĮȚΝȘΝȝȑĲȡȘıȘΝȝİĲĮȟȪΝ

ĲȦȞΝșȑıİȦȞΝĲȦȞΝωĮΝĮĲȩȝȦȞΝΧțĮȚΝȩȤȚΝȝȩȞȠΨΝțĮȚΝȝʌȠȡİȓΝȞĮΝȖȓȞİȚΝȖȚĮΝȠʌȠȚȠįȒʌȠĲİΝ

ȗİȪȖȠȢΝ ωĮΝ țĮȚΝ ȩȤȚΝ ĮʌĮȡĮȓĲȘĲĮΝ ȝȩȞȠΝ ȝİĲĮȟȪΝ ĲȘȢΝ ĮȡȤȚțȒȢΝ įȠȝȒȢΝ țĮȚΝ ĲȦȞΝ

ȣʌȠȜȠȓʌȦȞέΝǵıȠΝȝȚțȡȩĲİȡȘΝİȓȞĮȚΝȘΝĲȚȝȒΝRεSϊΝĲȩıȠΝʌȚȠΝȤȦȡȠĲĮȟȚțȐΝȚıȠįȪȞĮȝİȢΝ

İȓȞĮȚΝȠȚΝįȪȠΝįȠȝȑȢέΝīȚĮΝȞĮΝșİȦȡȘșȠȪȞΝįȪȠΝįȠȝȑȢΝĲĮȣĲȩıȘȝİȢΝșĮΝʌȡȑʌİȚΝĲȠΝRεSϊΝ

ȞĮΝȑȤİȚΝĲȚȝȒΝί.0 ÅέΝȀĮĲȐΝıȪȝȕĮıȘΝįȠȝȑȢΝʌȠȣΝȑȤȠȣȞΝRεSϊΝȝȚțȡȩĲİȡȠΝĲȠȣΝβέίΝÅ 

ȝʌȠȡȠȪȞΝȞĮΝșİȦȡȘșȠȪȞΝȩȝȠȚİȢέΝȉȠΝΝRεSϊΝȣʌȠȜȠȖȓȗİĲĮȚΝȝİΝĲȘȞΝİȟȓıȦıȘΝΧ1Ψμ 

 

RMSD = √[ȈΧȤiΝ– ȤrefΨ2 /N]  (1), 

 

ȩʌȠȣ,Ν ȤiΝ İȓȞĮȚΝ ȠȚΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ ĲȘȢΝ İțȐıĲȠĲİΝ įȠȝȒȢΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢ,ΝȤref İȓȞĮȚΝȠȚΝıȣȞĲİĲĮȖȝȑȞİȢΝĲȘȢΝįȠȝȒȢΝĮȞĮĳȠȡȐȢΝțĮȚΝȃΝİȓȞĮȚΝĲȠΝ

ʌȜȒșȠȢΝ ĲȦȞΝ ĮĲȩȝȦȞέΝ ȂȚĮΝ ʌĮȡĮȜȜĮȖȒΝ ΧβΨΝ ĲȠȣΝ ʌĮȡĮʌȐȞȦΝ ĲȪʌȠȣΝ ĮʌȠįȓįİȚΝ ĲȘȞΝ

ĮʌȩțȜȚıȘΝȒΝıȪȖțȜȚıȘΝȠȜȩțȜȘȡȠȣΝĲȠȣΝĲȡȠȤȚĮțȠȪΝȦȢΝʌȡȠȢΝĲȘΝȝȑıȘΝįȠȝȒ,ΝȘΝȠʌȠȓĮΝ

įİȞΝĮȞĲȚıĲȠȚȤİȓΝıİΝʌȡĮȖȝĮĲȚțȒΝįȠȝȒΝĮȜȜȐΝĮʌȠĲİȜİȓΝĲȠΝȝȑıȠΝȖȚĮΝĲȠΝıȪȞȠȜȠΝĲȦȞΝ

ıȣȞĲİĲĮȖȝȑȞȦȞΝİȞȩȢΝĲȡȠȤȚĮțȠȪέΝ ΝǾΝįȚĮțȪȝĮȞıȘΝĮʌȩΝĲȘΝ ΝȝȑıȘΝįȠȝȒΝĮȞĲȚıĲȠȚȤİȓΝ

ıĲȠΝRεSόΝțĮȚΝĮʌȠĲİȜİȓΝȝȑĲȡȠΝțȚȞȘĲȚțȩĲȘĲĮȢέΝȂĮȢΝȕȠȘșȐΝȞĮΝțĮĲĮȞȠȒıȠȣȝİΝĲȘΝ

ıĲĮșİȡȩĲȘĲĮΝĲȘȢΝįȠȝȒȢΝıİΝıȤȑıȘΝȝİΝĲȠΝȤȡȩȞȠ,ΝțĮșȫȢΝĮȣĲȒΝĲȘΝĳȠȡȐΝȘΝȝȑıȘΝįȠȝȒΝ

İȓȞĮȚΝȘΝįȠȝȒΝĮȞĮĳȠȡȐȢΝȝİΝĲȘȞΝȠʌȠȓĮΝıȣȖțȡȓȞİĲĮȚΝȠȜȩțȜȘȡȠΝĲȠΝĲȡȠȤȚĮțȩέΝΝ 

 

RMSF = √[ȈΧȤΝ– ξΝȤiΝρΨ2 /N]  (2), 
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ȩʌȠȣΝĲȠΝξΝȤiΝρΝĮȞĲȚıĲȠȚȤİȓΝıĲȚȢΝıȣȞĲİĲĮȖȝȑȞİȢΝĲȠȣΝĮĲȩȝȠȣΝiΝĲȘȢΝȝȑıȘȢΝįȠȝȒȢέΝīȚĮΝ

ȞĮΝĳȑȡȠȣȝİΝĲȘȞΝʌĮȡĮʌȐȞȦΝȝȑĲȡȘıȘΝʌȚȠΝțȠȞĲȐΝıĲȘȞΝʌȡĮȖȝĮĲȚțȩĲȘĲĮΝȝʌȠȡȠȪȝİΝ

ȞĮΝȕȡȠȪȝİΝʌȠȚĮΝįȠȝȒΝĮʌȩΝĲȠΝĲȡȠȤȚĮțȩΝȑȤİȚΝĲȠΝȤĮȝȘȜȩĲİȡȠΝRεSϊΝıİΝıȤȑıȘΝȝİΝĲȘΝ

ȝȑıȘΝ įȠȝȒΝ țĮȚΝ ȞĮΝ ȤȡȘıȚȝȠʌȠȚȒıȠȣȝİΝ ĮȣĲȒΝ ȦȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ

ĲȡȠȤȚĮțȠȪέΝǲĲıȚΝȠȚΝȣʌȠȜȠȖȚıȝȠȓΝșĮΝĮȞĲȚıĲȠȚȤȠȪȞΝıİΝʌȡĮȖȝĮĲȚțȑȢΝıȣȞĲİĲĮȖȝȑȞİȢΝ

ʌȠȣΝ ȣȚȠșİĲȒșȘțĮȞΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ șĮΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ

İȜȑȖȟȠȣȝİΝțĮĲȐΝʌȩıȠ,ΝțĮȚΝȖȚĮΝʌȩıȠΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮ,ΝĮʌȠțȜȓȞȠȣȞΝȒΝıȣȖțȜȓȞȠȣȞΝ

ȠȚΝįȠȝȑȢΝʌȠȣΝʌĮȡȒȤșȘıĮȞΝȝİΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒέΝΝ 

 

ȉĮΝĮʌȠĲİȜȑıȝĮĲĮΝĮʌȩΝȝȓĮΝĮȞȐȜȣıȘΝRεSϊΝİȓȞĮȚΝȝȓĮΝȖȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝıĲȘȞΝ

ȠʌȠȓĮΝȠΝțȐșİĲȠȢΝȐȟȠȞĮȢΝĮȞĲȚıĲȠȚȤİȓΝıĲȠΝRεSϊΝΧÅΨΝțĮȚΝȠΝȠȡȚȗȩȞĲȚȠȢΝıĲȠΝȤȡȩȞȠέΝ

ǵʌȦȢΝ ĳĮȓȞİĲĮȚΝ țĮȚΝ ĮʌȩΝ ĲȘȞΝ İȚțȩȞĮΝ ζέ1Ν ĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ λλSψΝ

ĮʌȠțĲȐΝıĲĮșİȡȒΝ įȠȝȒΝıĲȘΝȝȑıȘΝʌİȡȓʌȠȣΝ ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢ,ΝțĮșȫȢΝ ĲȠΝRεSϊΝ

ĮʌȩΝ ĲȘȞΝ ĮȡȤȚțȒΝ įȠȝȒΝ ΧʌȜȒȡȦȢΝ İțĲİĲĮȝȑȞȠΝ ʌİʌĲȓįȚȠΨΝ ĮȡȤȚțȐΝ ĲĮȜĮȞĲİȪİĲĮȚΝ

ȝİĲĮȟȪΝβέηΝ– 17.0 Å,ΝıĲȘΝȝȑıȘΝʌİȡȓʌȠȣΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝıĲĮșİȡȠʌȠȚİȓĲĮȚΝȖȪȡȦΝ

ıĲĮΝ 1ιέίΝ Å ȖȚĮΝ ĮȡțİĲȩΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮ,Ν İȞΝ ıȣȞİȤİȓĮΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ĮȜȜȐȗİȚΝ ȘΝ

įȠȝȒΝțĮșȫȢΝĲȠΝRεSϊΝȝȚțȡĮȓȞİȚΝȖȚĮΝȝȚțȡȩΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮ,ΝİȞȫΝțĮȚΝʌȐȜȚΝʌȡȠȢΝ

ĲȠΝ ĲȑȜȠȢΝ ĮȣȟȐȞİĲĮȚΝ Ν țĮȚΝ ıĲĮșİȡȠʌȠȚİȓĲĮȚέΝ ǹʌȩΝ ĲȠΝ RεSϊΝ ĮȣĲȩΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ

ȣʌȐȡȤİȚΝȝȓĮΝțȪȡȚĮΝįȠȝȒΝıĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝλλSψέ 
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ǼȚțȩȞĮΝζέ1 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝRεSϊΝȖȚĮΝȩȜĮΝĲĮΝȐĲȠȝĮΝωĮΝĲȘȢΝĮȡȤȚțȒȢΝįȠȝȒȢΝıİΝıȤȑıȘΝ

ȝİΝĲĮΝȐĲȠȝĮΝωĮΝĲȦȞΝįȠȝȫȞΝȠȜȩțȜȘȡȠȣΝĲȠȣΝĲȡȠȤȚĮțȠȪΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝλλSψέΝ 

 

ȈĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝIδϊσΝȘΝıĲĮșİȡȠʌȠȓȘıȘΝĲȘȢΝįȠȝȒȢΝȖȓȞİĲĮȚΝʌȚȠΝ

ȖȡȒȖȠȡĮΝıİΝıȤȑıȘΝȝİΝĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝλλSψέΝǵʌȦȢΝĳĮȓȞİĲĮȚΝțĮȚΝıĲȘȞΝİȚțȩȞĮΝζέβΝ

ıĲȘȞΝĮȡȤȒΝĲȠΝRεSϊΝȑȤİȚΝȤĮȝȘȜȑȢΝĲȚȝȑȢ,ΝİȞȫΝʌİȡȓʌȠȣΝıĲȠΝ1ήγΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ

ΧʌİȡȓʌȠȣΝ ȝİĲȐΝ ĮʌȩΝ 1Ω1ί6 ıĲȚȖȝȚȩĲȣʌĮΨΝ ȘΝ įȠȝȒΝ ıĲĮșİȡȠʌȠȚİȓĲĮȚΝ țĮȚΝ ʌĮȡĮȝȑȞİȚΝ

ıĲĮșİȡȒ,ΝȝİΝȝȚțȡȑȢΝįȚĮțȣȝȐȞıİȚȢΝĲȠȣΝRεSϊΝΝȝȑȤȡȚΝĲȠΝĲȑȜȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 
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ǼȚțȩȞĮΝζέβ 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝRεSϊΝȖȚĮΝȩȜĮΝĲĮΝȐĲȠȝĮΝωĮΝĲȘȢΝĮȡȤȚțȒȢΝįȠȝȒȢΝıİΝıȤȑıȘΝ

ȝİΝĲĮΝȐĲȠȝĮΝωĮΝĲȦȞΝįȠȝȫȞΝȠȜȩțȜȘȡȠȣΝĲȠȣΝĲȡȠȤȚĮțȠȪΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝIδϊσέΝ 

 

ȉȑȜȠȢΝ ıĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ protonatedΝ ȘΝ įȚĮțȪȝĮȞıȘΝ ĲȠȣΝ RεSϊΝ İȓȞĮȚΝ

ȤĮȝȘȜȩĲİȡȘΝ ıȣȖțȡȚĲȚțȐΝ ȝİΝ ĲȚȢΝ įȪȠΝ ʌȡȠȘȖȠȪȝİȞİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢ,Ν țĮșȫȢΝ ĲȠΝ

İȪȡȠȢΝ ĲȦȞΝ ĲȚȝȫȞΝ RεSϊΝ İȓȞĮȚΝ βΝ – 9 Å țĮȚΝ ʌĮȡĮĲȘȡİȓĲĮȚΝ ıĲĮșİȡȠʌȠȓȘıȘΝ ȖȚĮΝ

ȝȚțȡȐΝ ȤȡȠȞȚțȐΝ įȚĮıĲȒȝĮĲĮΝ țȠȞĲȐΝ ıĲȘȞΝ ĲȚȝȒΝ ιΝ ÅέΝ ȉȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝ ȘΝ įȠȝȒΝ įİȞΝ

ʌĮȡĮȝȑȞİȚΝ ıĲĮșİȡȒΝ ȖȚĮΝ ȝİȖȐȜȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ ȝȑȤȡȚΝ ĲȠΝ ĲȑȜȠȢΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ ʌȚșĮȞȩȞΝ ȞĮΝ ıȘȝĮȓȞİȚΝ ʌȦȢΝ ȠΝ ȤȡȩȞȠȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ įİȞΝ ȒĲĮȞΝ

İʌĮȡțȒȢΝȖȚĮΝĲȘΝıĲĮșİȡȠʌȠȓȘıȘΝĲȠȣΝʌȡȠĲȠȞȚȦȝȑȞȠȣΝʌİʌĲȚįȓȠȣέΝǼʌȚʌȜȑȠȞΝȠȚΝĲȚȝȑȢΝ

RεSϊΝĲȦȞΝįȠȝȫȞ ĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedΝıİΝıȤȑıȘΝȝİΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒΝİȓȞĮȚΝ

ĮȡțİĲȐΝ ȤĮȝȘȜȩĲİȡİȢΝ ĮʌȩΝ ĲȚȢΝ ĲȚȝȑȢΝ ĲȦȞΝ įȣȠΝ ʌȡȠȘȖȠȪȝİȞȦȞΝ ĲȡȠȤȚĮțȫȞέΝ ǼȓȞĮȚΝ

ʌȚșĮȞȩȞΝ ȞĮΝ ȣʌȐȡȤȠȣȞΝ θΝ įȠȝȑȢΝ ʌȠȣΝ ıĲĮșİȡȠʌȠȚȠȪȞĲĮȚΝ ȖȚĮΝ ȝȚțȡȩΝ ȤȡȠȞȚțȩΝ

įȚȐıĲȘȝĮέΝȈĲȘȞΝİȚțȩȞĮΝζέγΝĳĮȓȞİĲĮȚΝĲȠΝRεSϊΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonated. 



 

 

92 

 

 

ǼȚțȩȞĮΝζέγ 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝRεSϊΝȖȚĮΝȩȜĮΝĲĮΝȐĲȠȝĮΝωĮΝĲȘȢΝĮȡȤȚțȒȢΝįȠȝȒȢΝıİΝıȤȑıȘΝ

ȝİΝ ĲĮΝ ȐĲȠȝĮΝ ωĮΝ ĲȦȞΝ įȠȝȫȞΝ ȠȜȩțȜȘȡȠȣΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ

protonated. 

 

ȂİΝ ȝȚĮΝ ʌȡȫĲȘΝ ȝĮĲȚȐΝ țȠȚĲȐȗȠȞĲĮȢΝ ȝȩȞȠΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĮʌȩΝ ĲȠΝ RεSϊΝ șĮΝ

ȝʌȠȡȠȪıĮȝİΝȞĮΝʌȠȪȝİΝʌȦȢΝȣʌȐȡȤȠȣȞΝȖİȖȠȞȩĲĮΝĮȞĮįȓʌȜȦıȘȢΝıİΝȩȜĮΝĲĮΝĲȡȠȤȚĮțȐ,Ν

țĮșȫȢΝȣʌȐȡȤİȚΝıĲĮșİȡȩĲȘĲĮΝıĲȚȢΝĲȚȝȑȢΝĲȠȣΝRεSϊΝȑıĲȦΝțĮȚΝȖȚĮΝȝȚțȡȩΝȤȡȠȞȚțȩΝ

įȚȐıĲȘȝĮΝ țĮȚΝ ıĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐέΝ ȈȣȖțȡȚĲȚțȐΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌȠȪȝİΝ ʌȦȢΝ ĲȠΝ

ĲȡȠȤȚĮțȩΝ protonatedΝ ȑȤİȚΝ ĮȣȟȘȝȑȞȘΝ ıĲĮșİȡȩĲȘĲĮΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ ȐȜȜĮΝ įȪȠΝ

ĲȡȠȤȚĮțȐΝțĮșȫȢΝțĮȚΝĲȚȢΝȤĮȝȘȜȩĲİȡİȢΝĲȚȝȑȢΝRεSϊΝıİΝıȤȑıȘΝȝİΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒέΝ

ȅȚΝ ĲȚȝȑȢΝ RεSϊΝ ĲȠȣΝ protonatedΝ țȣȝĮȓȞȠȞĲĮȚΝ ȝİĲĮȟȪΝ βΝ țĮȚΝ λΝ Å,Ν İȞȫΝ ȠȚΝ ĲȚȝȑȢΝ

RεSϊΝȖȚĮΝĲȠΝλλSψΝțȣȝĮȓȞȠȞĲĮȚΝȝİĲĮȟȪΝβέηΝțĮȚΝ1ιΝÅ țĮȚΝĲȠȣΝIδϊσΝȝİĲĮȟȪΝηΝțĮȚΝ

17 ÅέΝ ȉȠΝ ĲȡȠȤȚĮțȩ IδϊσΝ ȑȤİȚΝ ĮȣȟȘȝȑȞȘΝ ȝİĲĮȕȠȜȒΝ ĲȠȣΝ RεSϊΝ ıĲȘȞΝ ĮȡȤȒΝ ĲȘȢΝ
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ʌȡȠıȠȝȠȓȦıȘȢ,ΝʌȚșĮȞȩȞΝ ȜȩȖȦΝĲȠȣΝheatingΝțĮĲȐΝĲȘȞΝȑȞĮȡȟȘ,ΝĮȜȜȐΝıĲȘΝıȣȞȑȤİȚĮΝ

İȝĳĮȞȓȗȠȞĲĮȚΝ ȝİȖȐȜĮΝ įȚĮıĲȒȝĮĲĮΝ ıĲĮΝ ȠʌȠȓĮΝ ȘΝ įȠȝȒΝ İȓȞĮȚΝ ıĲĮșİȡȒέΝ ĬĮΝ

ȝʌȠȡȠȪıĮȝİΝ ȞĮΝ ʌȠȪȝİΝ ʌȦȢΝ ĲȠΝ IδϊσΝ ĲȡȠȤȚĮțȩΝ ʌĮȡȠȣıȚȐȗİȚΝ ĲĮΝ ȝİȖĮȜȪĲİȡĮΝ

“ĲȝȒȝĮĲĮΝ ıĲĮșİȡȩĲȘĲĮȢ”Ν ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ ȐȜȜĮΝ įȪȠΝ ĲȡȠȤȚĮțȐέΝ ȈȣȖțȡȚĲȚțȐΝ ĲȠΝ

RεSϊΝĮʌȩΝ ĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐΝĳĮȓȞİĲĮȚΝ ıĲȘȞΝ İȚțȩȞĮΝ ζέζέΝȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ įİȞΝ

ȑȤȠȣȞΝĲȠΝ ȓįȚȠΝȝȑȖİșȠȢΝțĮȚΝ ȠȚΝįȠȝȑȢΝʌȡȠĳĮȞȫȢΝįİȞΝİȓȞĮȚΝȠȚΝ ȓįȚİȢ,ΝĮȜȜȐΝĮȣĲȩΝʌȠȣΝ

șȑȜȠȣȝİΝ ȞĮΝ İȟİĲȐıȠȣȝİΝ ıİΝ ĮȣĲȩΝ ĲȠΝ ıȘȝİȓȠΝ ĮʌȩΝ ĲȘΝ ıȪȖțȡȚıȒΝ ĲȠȣΝ RεSϊΝ ĲȦȞΝ

ĲȡȠȤȚĮțȫȞΝİȓȞĮȚΝıȣȖțȡȚĲȚțȒΝȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȠȣΝțȐșİΝĲȡȠȤȚĮțȠȪΝțĮȚΝȩȤȚΝȠȚΝįȠȝȑȢΝ

ĮȣĲȑȢΝțĮșΥΝĮȣĲȑȢέ 

 

ǼȚțȩȞĮΝζέζ 

īȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ʌȠȣΝ ĮʌİȚțȠȞȓȗİȚΝ ĲȠΝ RεSϊΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ

ʌȠȣΝʌĮȡȒȤșȘıĮȞέΝȂİΝȡȠȗΝĮʌİȚțȠȞȓȗİĲĮȚΝĲȠ ĲȡȠȤȚĮțȩΝĲȘȢΝλλSψΝʌȡȠıȠȝȠȓȦıȘȢ,ΝȝİΝ

ȕȚȠȜİĲȓΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ IδϊσΝ ʌȡȠıȠȝȠȓȦıȘȢΝ țĮȚΝ ȝİΝ țȣĮȞȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ

protonated. 
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ǵʌȦȢΝ ȑȤİȚΝ ʌĮȡĮĲȘȡȘșİȓΝ țĮȚΝ ĮʌȩΝ ʌȡȠȘȖȠȪȝİȞİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ĲĮΝ ȐțȡĮΝ ĲȘȢΝ ȕ-

ĳȠȣȡțȑĲĮȢΝ ΝʌȠȣΝıȤȘȝĮĲȓȗİȚΝĲȠΝʌİʌĲȓįȚȠΝʌĮȡȠȣıȚȐȗȠȣȞΝȝİȖȐȜȘΝțȚȞȘĲȚțȩĲȘĲĮΝΧN. 

Vaidehi et al., 2011Ψ,Ν ȖȚĮΝ ĲȠΝ ȜȩȖȠΝ ĮȣĲȩΝ ȝİĲȡȒșȘțĮȞΝ ȠȚΝ ĲȚȝȑȢΝ RεSϊΝ ʌȠȣΝ

ʌĮȡȠȣıȚȐȗȠȣȞΝ ĲĮΝ ȐĲȠȝĮΝωĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ γΝ ȑȦȢΝ 1ηΝ ΧĮĳĮȚȡȑșȘțĮȞΝ ĮʌȩΝ ĲȠȣȢΝ

ȣʌȠȜȠȖȚıȝȠȪȢΝĲĮΝįȪȠΝʌȡȫĲĮΝțĮȚΝĲĮΝįȪȠΝĲİȜİȣĲĮȓĮΝțĮĲȐȜȠȚʌĮΨέΝȉȠΝȖİȖȠȞȩȢΝĮȣĲȩΝ

ĳĮȓȞİĲĮȚΝțĮȚΝĮʌȩΝĲȘȞΝİȚțȩȞĮΝζέη, ȩʌȠȣΝıĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝλλSψΝʌȡȠıȠȝȠȓȦıȘȢΝĲȠΝ

İȪȡȠȢΝĲȦȞΝĲȚȝȫȞΝRεSϊΝȖȚĮΝĲĮΝȐĲȠȝĮΝωĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝγ-1ηΝİȓȞĮȚΝβέηΝ– 13 Å. 

ǼʌȚʌȜȑȠȞΝʌĮȡĮĲȘȡİȓĲĮȚΝĮȣȟȘȝȑȞȘΝıĲĮșİȡȩĲȘĲĮΝıĲȠΝįİȪĲİȡȠΝȝȚıȩΝĲȠȣΝĲȡȠȤȚĮțȠȪΝ

ıİΝıȤȑıȘΝȝİΝĲȠΝRεSϊΝȩȜȦȞΝĲȦȞΝĮĲȩȝȦȞΝΝωĮΝĲȠΝȓįȚȠȣΝĲȡȠȤȚĮțȠȪέΝ 

 

 

ǼȚțȩȞĮΝζέη 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪΝλλSψ,ΝȩʌȠȣΝȖȓȞİĲĮȚΝıȪȖțȡȚıȘΝĲȠȣΝRεSϊΝĲȦȞΝ

ĮĲȩȝȦȞΝΝωĮΝȖȚĮΝĲĮΝțĮĲȐȜȠȚʌĮΝ1-1ιΝ(ȝİΝȡȠȗΝȤȡȫȝĮ)ΝțĮȚΝĲȠȣΝRεSϊΝĲȦȞΝĮĲȩȝȦȞΝΝωĮΝ

ȖȚĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ (ȝİΝ țȩțțȚȞȠΝ ȤȡȫȝĮ)έΝ Ν ǼȓȞĮȚΝ İȝĳĮȞȒȢΝ ȘΝ ıĲĮșİȡȩĲȘĲĮΝ ʌȠȣΝ
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ʌĮȡȠȣıȚȐȗİȚΝ ĲȠΝ įİȪĲİȡȠΝ ȝȚıȩΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1η,Ν țĮșȫȢΝ țĮȚΝ ȘΝ

ȝȚțȡȩĲİȡȘΝįȚĮțȪȝĮȞıȘΝĲȠȣΝRεSϊΝĲȠȣΝΝȠʌȠȓȠȣΝĲȠΝİȪȡȠȢΝĲȚȝȫȞΝİȓȞĮȚΝȝȚțȡȩĲİȡȠΝıİΝ

ıȤȑıȘΝȝİΝĲȘΝįȚĮțȪȝĮȞıȘΝʌȠȣΝʌĮȡȠȣıȚȐȗİȚΝȠȜȩțȜȘȡȠΝĲȠΝʌİʌĲȓįȚȠέΝ 

 

ȆĮȡȩȝȠȚȠΝ ĮʌȠĲȑȜİıȝĮΝ ȝİΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ λλSψΝ ȑȤȠȣȝİΝ țĮȚΝ ıĲȠΝ ĲȡȠȤȚĮțȩ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ IδϊσέΝ ǾΝ įȚĮțȪȝĮȞıȘΝ ĲȠȣΝ Ν RεSϊΝ ĲȦȞΝ ĮĲȩȝȦȞΝ Ν ωĮΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ γ-1ηΝ İȓȞĮȚΝ İʌȓıȘȢΝ ȤĮȝȘȜȩĲİȡȘΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘΝ įȚĮțȪȝĮȞıȘΝ ĲȠȣΝ

RεSϊΝȩȜȦȞΝĲȦȞΝĮĲȩȝȦȞΝΝωĮΝĲȠȣΝʌİʌĲȚįȓȠȣέΝǼʌȓıȘȢΝȘΝȝȑȖȚıĲȘΝĲȚȝȒΝRεSϊΝĮʌȩΝ

ĲȘȞΝĮȡȤȚțȒΝįȠȝȒΝİȓȞĮȚΝȤĮȝȘȜȩĲİȡȘΝĮʌȩΝĲȘΝȝȑȖȚıĲȘΝĲȚȝȒΝRεSϊΝȠȜȩțȜȘȡȠȣΝĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘȞΝ ĮȡȤȚțȒΝ įȠȝȒέΝ ȉȠΝ İȪȡȠȢΝ ĲȦȞΝ ĲȚȝȫȞΝ RεSϊΝ ȖȚĮΝ ĲĮΝ

ȐĲȠȝĮΝ Ν ωĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ γ-1ηΝ țȣȝĮȓȞİĲĮȚΝ ȝİĲĮȟȪΝ βέηΝ țĮȚΝ 1γΝ Å ʌİȡȓʌȠȣέΝ

ǺȜȑʌȠȞĲĮȢΝ ĲȘȞΝ İȚțȩȞĮΝ ζέθΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌȠȪȝİΝ ʌȦȢΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ ĲȠȣΝ

ĲȡȠȤȚĮțȠȪΝ IδϊσΝ İȓȞĮȚΝ ʌȚȠ ıĲĮșİȡȐΝ Ν țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ıİΝ

ıȤȑıȘΝȝİΝȠȜȩțȜȘȡȠΝĲȠΝʌİʌĲȓįȚȠέΝΝ 
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ǼȚțȩȞĮΝζέθΝ 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσ,ΝȩʌȠȣΝȖȓȞİĲĮȚΝıȪȖțȡȚıȘΝĲȠȣΝRεSϊΝĲȦȞΝ

ĮĲȩȝȦȞΝΝωĮΝȖȚĮΝĲĮΝțĮĲȐȜȠȚʌĮΝ1-1ιΝ(ȝİΝȕȚȠȜİĲȓΝȤȡȫȝĮ)ΝțĮȚΝĲȠȣΝRεSϊΝĲȦȞΝĮĲȩȝȦȞΝΝ

ωĮΝ ȖȚĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ (ȝİΝ ȝĮȪȡȠΝ ȤȡȫȝĮ)έΝ ǼȓȞĮȚΝ İȝĳĮȞȒȢΝ ȘΝ ĮȣȟȘȝȑȞȘΝ

ıĲĮșİȡȩĲȘĲĮΝ ʌȠȣΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ ȝİĲȐΝ ĮʌȩΝ ȝȚțȡȩΝ ȤȡȠȞȚțȩΝ

įȚȐıĲȘȝĮΝĮʌȩΝĲȘȞΝȑȞĮȡȟȘΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢ,ΝțĮșȫȢΝțĮȚΝȘΝȝȚțȡȩĲİȡȘΝįȚĮțȪȝĮȞıȘΝ

ĲȠȣΝ RεSϊΝ ĲȠȣΝ Ν ȠʌȠȓȠȣΝ ĲȠΝ İȪȡȠȢΝ ĲȚȝȫȞΝ İȓȞĮȚΝ ȝȚțȡȩĲİȡȠΝ ıİ ıȤȑıȘΝ ȝİΝ ȩȜĮΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝ 

 

ȉȘȞΝ ȓįȚĮΝ ıȣȝʌİȡȚĳȠȡȐΝ ȝİΝ ĲĮΝ įȪȠΝ ʌȡȠȘȖȠȪȝİȞĮΝ ĲȡȠȤȚĮțȐΝ ʌĮȡȠȣıȚȐȗİȚΝ țĮȚΝ ĲȠΝ

ĲȡȠȤȚĮțȩΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝprotonatedέΝǾΝıȪȖțȡȚıȘΝĲȦȞΝRεSϊsΝĲȦȞΝĮĲȩȝȦȞΝΝ

ωĮΝ ȖȚĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ 1-1ιΝ țĮȚΝ γ-1ηΝ ȝĮȢΝ įİȓȤȞİȚΝ ʌȦȢΝ ĲȠΝ İȪȡȠȢΝ ĲȦȞΝ ĲȚȝȫȞΝ ʌȠȣΝ

ʌĮȓȡȞİȚΝ ĲȠΝRεSϊΝȝȚțȡĮȓȞİȚΝ ȖȚĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝγ-1η,ΝıİΝıȤȑıȘΝȝİΝ ĲȠΝ İȪȡȠȢΝ ĲȦȞΝ

ĲȚȝȫȞΝ RεSϊΝ ȠȜȩțȜȘȡȠȣΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ǼʌȚʌȜȑȠȞΝ țĮȚΝ ıİΝ ĮȣĲȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ
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ȝİȚȫȞİĲĮȚΝ ĲȠΝ ȝȑȖȚıĲȠΝ RεSϊΝ ĮʌȩΝ ĲȘȞΝ ĮȡȤȚțȒΝ įȠȝȒ,Ν ȩʌȦȢΝ țĮȚΝ ıĲȚȢΝ įȪȠΝ

ʌȡȠȘȖȠȪȝİȞİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢέΝ ȈȣȞİʌȫȢΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ

ȝİȖĮȜȪĲİȡȘΝ ıĲĮșİȡȩĲȘĲĮΝ ıȣȖțȡȚĲȚțȐΝ ȝİΝ ȠȜȩțȜȘȡȠΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ıĲȘȞΝ

ʌȡȠıȠȝȠȓȦıȘΝ protonatedΝ ΧİȚțȩȞĮΝ ζέιΨέΝ ȀĮȚΝ ĮʌȩΝ ĲȚȢΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ İȓȞĮȚΝ

İȝĳĮȞȑȢΝʌȦȢΝ ĲȠΝ ĲȝȒȝĮΝγ-1ηΝ ĲȠȣΝʌİʌĲȚįȓȠȣΝ İȓȞĮȚΝʌȚȠΝıĲĮșİȡȩΝĮʌȩΝ ȠȜȩțȜȘȡȠΝ ĲȠΝ

ʌİʌĲȓįȚȠΝıĲȚȢΝıȣȞșȒțİȢ ʌȠȣΝ İȟİĲȐıĲȘțİέΝǼȓȞĮȚΝʌȚșĮȞȩȞΝ ȠȚΝĮȞĮȝİȞȩȝİȞȠȚΝ įİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣΝ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ĲȦȞΝ ȐțȡȦȞΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ ȞĮΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ țĮȚΝ ȞĮΝ

įȚĮıʌȫȞĲĮȚΝıȣȤȞȐ,ΝȜȩȖȦΝĲȘȢΝȝİȖȐȜȘȢΝțȚȞȘĲȚțȩĲȘĲĮȢΝĲȦȞΝȐțȡȦȞέΝΝΝ 

 

 

ǼȚțȩȞĮΝζέι 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonated,ΝȩʌȠȣΝȖȓȞİĲĮȚΝıȪȖțȡȚıȘΝĲȠȣΝRεSϊΝ

ĲȦȞΝ ĮĲȩȝȦȞΝ Ν ωĮΝ ȖȚĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ 1-1ιΝ (ȝİΝ țȣĮȞȩΝ ȤȡȫȝĮ)Ν țĮȚΝ ĲȠȣΝ RεSϊΝ ĲȦȞΝ

ĮĲȩȝȦȞΝΝωĮΝȖȚĮΝĲĮΝțĮĲȐȜȠȚʌĮΝγ-1ηΝ(ȝİΝȝʌȜİΝȤȡȫȝĮ)έΝǼȓȞĮȚΝİȝĳĮȞȒȢΝȘΝȝȚțȡȩĲİȡȘΝ

įȚĮțȪȝĮȞıȘΝĲȠȣΝRεSϊΝĲȠȣΝ ΝȠʌȠȓȠȣΝĲȠΝİȪȡȠȢΝĲȚȝȫȞΝİȓȞĮȚΝȝȚțȡȩĲİȡȠΝıİΝıȤȑıȘΝȝİΝ
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ȩȜĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ȉĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ ȝİȖĮȜȪĲİȡȘΝ

ıĲĮșİȡȩĲȘĲĮΝʌȡȠȢΝĲȠΝĲȑȜȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝprotonated,ΝȝİΝĲȚȝȒΝRεSϊΝțȠȞĲȐΝ

ıĲȠΝηΝıİΝıȤȑıȘΝȝİΝĲȘȞΝĮȡȤȚțȒΝįȠȝȒέΝ 

 

ǲȞĮȢΝ įİȪĲİȡȠȢΝ İȪȤȡȘıĲȠȢΝ ĲȡȩʌȠȢΝ ʌĮȡȠȣıȓĮıȘȢΝ ĲȦȞΝ ĮʌȠıĲȐıİȦȞΝ İʌȚȜİȖȝȑȞȦȞΝ

ĮĲȩȝȦȞΝ ȝİĲĮȟȪ įȚĮĳȠȡİĲȚțȫȞΝ įȠȝȫȞΝ ĲȠȣΝ ȓįȚȠȣΝ ĲȡȠȤȚĮțȠȪΝ İȓȞĮȚΝ ȠȚΝ ʌȓȞĮțİȢΝ

RεSϊέΝ ȂİΝ ĲȠȣȢΝ ʌȓȞĮțİȢΝ RεSϊΝ ȑȤȠȣȝİΝ ĲȘΝ įȣȞĮĲȩĲȘĲĮΝ ȞĮΝ ıȣȖțȡȓȞȠȣȝİΝ ĲȘȞΝ

ĮʌȩıĲĮıȘΝ ȠʌȠȚȠȣįȒʌȠĲİΝ ĮĲȩȝȠȣΝ ΧĮĲȩȝȦȞΝ ΝωĮ,Νψackbone,ΝσotΝ hydrogenΝ țέȜέʌΨΝ

ȝİĲĮȟȪΝȩȜȦȞΝĲȦȞΝįȠȝȫȞΝʌȠȣΝȣȚȠșİĲȠȪȞĲĮȚΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝ

țĮȚΝ ȩȤȚΝȝȩȞȠΝȝȓĮȢΝįȠȝȒȢΝȝİΝ ȩȜİȢΝ ĲȚȢΝ ȣʌȩȜȠȚʌİȢ,Ν ȩʌȦȢΝ ȑȖȚȞİΝȝİΝ ĲĮΝįȚĮȖȡȐȝȝĮĲĮΝ

RεSϊέΝǲĲıȚΝȝʌȠȡȠȪȝİΝȞĮΝȑȤȠȣȝİΝȝȚĮΝʌȚȠΝȟİțȐșĮȡȘΝİȚțȩȞĮΝĲȘȢΝțȓȞȘıȘȢΝțĮĲȐΝĲȘΝ

įȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝȅΝʌȓȞĮțĮȢΝRεSϊΝİȓȞĮȚΝȑȞĮΝĲİĲȡȐȖȦȞȠΝĮȞȐȜȠȖȠΝĲȠȣΝ

ȝȒțȠȣȢΝĲȘȢΝİțȐıĲȠĲİ ʌȡȠıȠȝȠȓȦıȘȢέΝȈĲȠȣȢΝįȪȠΝȐȟȠȞİȢΝĲȠʌȠșİĲȠȪȞĲĮȚΝ ȠȚΝįȠȝȑȢΝ

ʌȠȣΝșȑȜȠȣȝİΝȞĮΝıȣȖțȡȓȞȠȣȝİΝȝİΝĮȪȟȠȣıĮΝıİȚȡȐ,ΝȟİțȚȞȫȞĲĮȢΝĮʌȩΝĲȘȞΝʌȡȫĲȘΝįȠȝȒΝ

țĮȚΝ ĲİȜİȚȫȞȠȞĲĮȢΝȝİΝ ĲȘȞΝ ĲİȜİȣĲĮȓĮΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝȈİΝʌİȡȓʌĲȦıȘΝʌȠȣΝ ĲȠΝ

ĲȡȠȤȚĮțȩΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ʌȠȜȪΝ ȝİȖȐȜȠΝ ĮȡȚșȝȩΝ įȠȝȫȞΝ ȣʌȐȡȤİȚΝ ȘΝ įȣȞĮĲȩĲȘĲĮΝ

ȤȡȒıȘȢΝ ȕȒȝĮĲȠȢΝ ıĲȘΝ įȘȝȚȠȣȡȖȓĮΝ ĲȠȣΝ ʌȓȞĮțĮ,Ν ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ȝȚțȡȪȞİȚΝ ĲȠΝ

ȝȑȖİșȩȢΝ ĲȠȣέΝ ǾΝ ȕĮșȝȠȜȩȖȘıȘΝ ĲȠȣΝ RεSϊΝ ȝİĲĮȟȪΝ ĲȦȞΝ įȠȝȫȞΝ ȖȓȞİĲĮȚΝ ıİΝ

ȤȡȦȝĮĲȚțȒΝ țȜȓȝĮțĮέΝ ǾΝ įȚĮȖȫȞȚȠȢΝ ĲȠȣΝ ʌȓȞĮțĮ,Ν ȘΝ ȠʌȠȓĮΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȘȞΝ

ĮʌȩıĲĮıȘΝ İĮȣĲȫȞΝ ĮĲȩȝȦȞΝ ȑȤİȚΝ ʌȐȞĲĮΝ ĲȠ ȤȡȫȝĮΝ ʌȠȣΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝ İȜȐȤȚıĲȠΝ

RεSϊέΝ ȀĮșȫȢΝ ĮȣȟȐȞİȚΝ ĲȠΝ RεSϊΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĮȜȜȐȗİȚΝ țĮȚΝ ȘΝ ĮʌȩȤȡȦıȘΝ ıĲȠȞΝ

ʌȓȞĮțĮέΝ ȅȚΝ ʌȓȞĮțİȢΝ ʌȠȣΝ șĮΝ ʌĮȡȠȣıȚĮıșȠȪȞΝ ıĲȘΝ ıȣȞȑȤİȚĮΝ țĮĲĮıțİȣȐıșȘțĮȞΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝʌȡȩȖȡĮȝȝĮΝωχRεχΝțĮȚΝ ȑȤȠȣȞΝțȜȓȝĮțĮΝĮʌȩΝıțȠȪȡȠΝȝʌȜİΝ

ΧİȜȐȤȚıĲȠΝ RεSϊΨ ȑȦȢΝ țȩțțȚȞȠΝ ΧȝȑȖȚıĲȠΝ RεSϊΨέΝǹȣĲȩΝ ʌȠȣΝ ȝĮȢΝ İȞįȚĮĳȑȡİȚΝ ıİΝ

ȑȞĮȞΝ ʌȓȞĮțĮΝ RεSϊΝ İȓȞĮȚΝ ȘΝ ʌĮȡĮĲȒȡȘıȘΝ ĲȦȞΝ ȤĮȝȘȜȩĲİȡȦȞΝ ĲȚȝȫȞΝ țĮĲȐΝ ĲȘΝ

įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ įȠȪȝİΝ ĲȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȦȞΝ įȠȝȫȞΝ

ıĲȠΝȤȡȩȞȠέΝ ΝȆȡĮțĲȚțȐΝĮȣĲȩΝĳĮȓȞİĲĮȚΝĮʌȩΝĲȠΝıȤȘȝĮĲȚıȝȩΝȝʌȜİΝĲİĲȡĮȖȫȞȦȞΝıĲȘΝ

įȚĮȖȫȞȚȠΝ ȖȡĮȝȝȒ,Ν ȩıȠΝ ȝİȖĮȜȪĲİȡĮΝ İȓȞĮȚΝ ĲĮΝ ĲİĲȡȐȖȦȞĮΝ ĲȩıȠΝ Ν ʌİȡȚııȩĲİȡȠΝ

ʌĮȡĮȝȑȞİȚΝ ıĲĮșİȡȒΝ ȝȚĮΝ įȠȝȒέΝ ǼʌȚʌȜȑȠȞΝ ȝİΝ ĲȠȞΝ ʌȓȞĮțĮΝ RεSϊΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ

İȜȑȖȟȠȣȝİΝ ĮȞΝ ȠȚΝ ıĲĮșİȡȑȢΝ įȠȝȑȢΝ ʌȠȣΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ
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ʌȡȠıȠȝȠȓȦıȘȢΝ İȓȞĮȚΝ ȩȝȠȚİȢ,Ν ĮȣĲȩΝ ȖȓȞİĲĮȚ ʌĮȡĮĲȘȡȫȞĲĮȢΝ ĲȚȢΝ ʌȡȠȕȠȜȑȢΝ ĲȦȞΝ

įȠȝȫȞΝıĲĮΝĮȞĲȓıĲȠȚȤĮΝĲİĲȡȐȖȦȞĮέΝǼʌİȚįȒΝȩȝȦȢΝȝȚĮΝİȚțȩȞĮΝĮȞĲȚıĲȠȚȤİȓΝıİΝȤȓȜȚİȢΝ

ȜȑȟİȚȢΝțĮȚΝȠȚΝʌİȡȚȖȡĮĳȑȢΝįİȞΝĮȡțȠȪȞΝȐȞİȣΝıȤȒȝĮĲȠȢΝĮȢΝįȠȪȝİΝĲȠȞΝʌȓȞĮțĮΝRεSϊΝ

ĲȘȢΝ İȚțȩȞĮȢΝ ζέκ,Ν ʌȠȣΝ ʌİȡȚȖȡȐĳİȚΝ ĲȘȞΝ ĮʌȩıĲĮıȘΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮΝ ȝİĲĮȟȪΝ ĲȦȞΝ

įȚĮȝȠȡĳȫıİȦȞΝĲȠȣΝĲȡȠȤȚĮțȠȪΝλλSψέ 

  

 

ǼȚțȩȞĮΝζέκ 

ȆȓȞĮțĮȢΝ RεSϊΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ǼȓȞĮȚΝ ĲȠʌȠșİĲȘȝȑȞİȢΝ ȝİΝ ĮȪȟȠȣıĮΝ ıİȚȡȐΝ ȠȚΝ

įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ıȤȘȝĮĲȓıĲȘțĮȞΝ țĮĲȐΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ıĲȠȞΝ țȐșİĲȠΝ țĮȚΝ

ȠȡȚȗȩȞĲȚȠΝ ȐȟȠȞĮ,Ν ȟİțȚȞȫȞĲĮȢΝ ȝİΝ ĲȘȞΝ ʌȡȫĲȘΝ įȠȝȒΝ ĮʌȩΝ İʌȐȞȦΝ țĮȚΝ ĮȡȚıĲİȡȐ,Ν

ĮȞĲȓıĲȠȚȤĮέΝ ȉȠΝ ıȣȞȠȜȚțȩΝ ȝȒțȠȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ ηίγη1ίίΝ

įȚĮȝȠȡĳȫıİȚȢΝ țĮȚΝ ȤȡȩȞȠΝ Ν ζέίγΝ ȝsέΝ ȅΝ ʌȓȞĮțĮȢΝ įȘȝȚȠȣȡȖȒșȘțİΝ ȝİΝ ȕȒȝĮΝ 1ίίίΝ

ʌȡȠțİȚȝȑȞȠȣΝȞĮΝȝȚțȡȪȞȠȣȝİΝĲȠΝȝȑȖİșȠȢΝĲȠȣέΝȉȠΝȞȑȠΝȝȑȖİșȠȢΝĲȠȣΝʌȓȞĮțĮΝİȓȞĮȚΝηίγθΝ

įȚĮȝȠȡĳȫıİȚȢέΝǾΝȕĮșȝȠȜȩȖȘıȘΝĲȘȢΝįȚĮȕȐșȝȚıȘȢΝȑȖȚȞİΝĮʌȩΝίÅ (ıțȠȪȡȠΝȝʌȜİ)ΝȑȦȢΝ

13Å (țȩțțȚȞȠ)έΝ ȀĮĲȐΝ ȝȒțȠȢΝ ĲȘȢΝ įȚĮȖȦȞȓȠȣΝ ʌĮȡĮĲȘȡȠȪȞĲĮȚΝ ĲĮΝ ȝʌȜİΝ țȠȣĲȚȐΝ ʌȠȣΝ

ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ įȠȝȑȢΝ ĲȦȞΝ ȠʌȠȓȦȞΝ ĲĮΝ ωĮΝ ȐĲȠȝĮΝ ȑȤȠȣȞΝ ȤĮȝȘȜȑȢΝ ĲȚȝȑȢΝ RεSϊέΝ
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ĭĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ ĮȡțİĲȑȢΝ įȠȝȑȢΝ ȠȚΝ ȠʌȠȓİȢΝ ʌĮȡĮȝȑȞȠȣȞΝ ıĲĮșİȡȑȢΝ ȖȚĮΝ

ȠȡȚıȝȑȞȠΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮέΝǵʌȦȢΝțĮȚΝıĲȘȞΝİȚțȩȞĮΝζέ1ΝțĮȚΝİįȫΝıĲȠΝįİȪĲİȡȠΝȝȚıȩΝ

ĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝȘΝįȠȝȒΝĳĮȓȞİĲĮȚΝȞĮΝıĲĮșİȡȠʌȠȚİȓĲĮȚΝȝȑȤȡȚΝĲȠΝĲȑȜȠȢέΝ 

 

ȈĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝλλSψΝȘΝʌȚȠΝțȠȞĲȚȞȒΝıĲȘΝȝȑıȘΝįȠȝȒΝȑȤİȚΝĲȚȝȒΝRεSϊΝγέλιΝÅ. 

ȆȡȠțİȚȝȑȞȠȣΝȞĮΝįȠȪȝİΝĲȚȢΝįȠȝȑȢΝʌȠȣΝʌĮȡĮȝȑȞȠȣȞΝıĲĮșİȡȑȢΝȖȚĮΝțȐʌȠȚȠΝȤȡȠȞȚțȩΝ

įȚȐıĲȘȝĮΝİʌȚȜȑȟĮȝİΝĮʌȩΝțȐșİΝȠȝȐįĮΝįȠȝȫȞΝΧȝʌȜİΝĲİĲȡȐȖȦȞȠΨΝĲȘΝȝȑıȘΝįȠȝȒΝțĮȚΝ

ıȣȖțȡȓȞĮȝİΝȝİΝĮȣĲȒΝĲȚȢΝįȠȝȑȢΝʌȠȣΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝıĲȘȞΝȠȝȐįĮ,ΝȑĲıȚΝȫıĲİΝ

ȞĮΝțĮĲĮȜȒȟȠȣȝİΝıĲȘȞΝʌȚȠΝțȠȞĲȚȞȒΝįȠȝȒΝȝİΝĲȘΝȝȑıȘΝįȠȝȒΝĲȠȣΝțȐșİΝĲİĲȡĮȖȫȞȠȣέΝ

ȈĲȘȞΝİȚțȩȞĮΝζέλΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝȠȚΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝįȠȝȑȢΝȖȚĮΝĲȘȞΝțȐșİΝȠȝȐįĮΝ

įȠȝȫȞέΝ ȈȣȞȠȜȚțȐΝ İʌȚȜȑȤșȘțĮȞΝ ȠțĲȫΝ įȠȝȑȢέΝ ȉȠΝRεSϊΝ ĲȦȞΝ įȠȝȫȞΝ ĮȣĲȫȞΝ İȓȞĮȚΝ

ĮȡțİĲȐΝ ȤĮȝȘȜȩΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠΝ RεSϊΝ ĲȘȢΝ ȝȑıȘȢΝ įȠȝȒȢΝ ĮʌȩΝ ĲȘȞΝ ʌİȡȚȠȤȒΝ ʌȠȣΝ

ʌȡȠȑȡȤȠȞĲĮȚέΝ ǾΝ ʌȡȫĲȘΝ įȠȝȒΝ ȑȤİȚΝ ĲȚȝȒ RεSϊΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘΝ ȝȑıȘΝ ίέζθÅ țĮȚΝ

ȣȚȠșİĲȒșȘțİΝıĲĮΝίέίλ1ȝsέΝȆĮȡȩȜȠΝʌȠȣΝȑȤİȚΝıȤȘȝĮĲȚıĲİȓΝȘΝıĲȡȠĳȒΝțĮȚ ĲȠΝıȤȒȝĮΝ

ĲȘȢΝȝȠȚȐȗİȚΝȝİΝĳȠȣȡțȑĲĮ,ΝįİΝĳȑȡİȚΝıĲȠȚȤİȓĮΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝțĮșȫȢΝįİȞΝȑȤİȚΝ

ıȤȘȝĮĲȚıȝȑȞȠȣȢΝΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣέΝǾΝįİȪĲİȡȘΝįȠȝȒΝȑȤİȚΝĲȚȝȒΝRεSϊΝıİ ıȤȑıȘΝ

ȝİΝĲȘΝȝȑıȘΝ1έ1ζΝÅ țĮȚΝȣȚȠșİĲȒșȘțİΝıĲĮΝίέ1κΝȝsέΝȈĲȘΝįȠȝȒΝĮȣĲȒΝįİȞΝȣĳȓıĲĮĲĮȚΝ

țĮȞȑȞĮΝ ıĲȠȚȤİȓȠΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢ,Ν ĮȜȜȐΝ ȑȤİȚΝ ıȤȘȝĮĲȚıĲİȓΝ ȑȞĮΝ įİıȝȩȢΝ

ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝύlnβΧσΨΝ - Thr1ζΧτΨέΝǾΝĲȡȓĲȘΝ įȠȝȒΝ ȑȤİȚΝ ĲȚȝȒΝRεSϊΝ ίέηθΝ Å 

țĮȚΝȣȚȠșİĲİȓĲĮȚΝıĲĮΝίέγηΝΝȝsέΝȀĮȚΝĮȣĲȒΝȘΝįȚĮȝȩȡĳȦıȘΝįİȞΝĳȑȡİȚΝțĮȞȑȞĮΝıĲȠȚȤİȓȠΝ

įİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝʌĮȡȩȜȠΝʌȠȣΝȑȤȠȣȞΝıȤȘȝĮĲȚıĲİȓΝįȣȠΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣέΝȅΝ

ʌȡȫĲȠȢΝįİıȝȩȢΝıȤȘȝĮĲȓıșȘțİΝȝİĲĮȟȪΝεet1ΧσΨΝ– Val1ιΧτΨΝțĮȚΝȠΝįİȪĲİȡȠȢΝȝİĲĮȟȪΝ

Gln2(N) – Ile1γΧτΨ,Ν ȠȚΝ ȠʌȠȓȠȚΝ įİȞΝ ĮȞȒțȠȣȞΝ ıĲȠȣȢΝ įİıȝȠȪȢΝ ʌȠȣΝ ȑȤİȚΝ ȘΝ ĳȣıȚțȒΝ

įȠȝȒέΝǾΝĲȑĲĮȡĲȘΝįȠȝȒΝȑȤİȚΝĲȚȝȒΝRεSϊΝίέηίΝÅ ĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒΝĲȘȢΝʌİȡȚȠȤȒȢΝ

ĲȘȢΝ țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ ίέθίΝ ȝsέΝ ȈİΝ ĮȣĲȒΝ ĲȘΝ įȚĮȝȩȡĳȦıȘΝ ȑȤȠȣȞΝ ĮȡȤȓıİȚΝ ȞĮΝ

ıȤȘȝĮĲȓȗȠȞĲĮȚΝ ȕ-įȠȝȑȢΝ țĮȚΝ ȑȤȠȣȞΝ ıȤȘȝĮĲȚıĲİȓΝ țĮȚΝ įȪȠΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠΝ

ıțİȜİĲȩΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȅΝ ʌȡȫĲȠȢΝ ıȤȘȝĮĲȓıĲȘțİΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ

Thr7(O) – ύlu1θΧσΨΝ țĮȚΝ ȠΝ įİȪĲİȡȠȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ χspλΧσΨΝ – 

Thr1ζΧτΨ,Ν İʌȚʌȜȑȠȞΝ ȑȤȠȣȞΝıȤȘȝĮĲȚıĲİȓΝțĮȚΝ ĲȡİȚȢΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝ ĲȦȞΝ

ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ĮȣĲȠȓΝ ȠȚΝ įİıȝȠȓΝ ĮĳȠȡȠȪȞΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ΧaΨΝ ύlnβΧώϋβΨΝ – 
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Asp9(OD2), (b) Lys6(HZ3) – Val1ιΧτXTΨΝțĮȚΝΧcΨΝχspλΧτϊ1ΨΝ– Thr1βΧώύ1ΨέΝȈĲȘΝ

įȚĮȝȩȡĳȦıȘΝĮȣĲȒΝĲȠΝȝİĲĮȜȜĮȖȝȑȞȠΝțĮĲȐȜȠȚʌȠΝχspλΝıȤȘȝĮĲȓȗİȚΝıȣȞȠȜȚțȐΝĲȡİȚȢΝ

įİıȝȠȪȢΝȣįȡȠȖȩȞȠȣέΝǾΝʌȑȝʌĲȘΝįȠȝȒΝȑȤİȚΝĲȚȝȒΝRεSϊΝίέιγΝΝÅΝĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒΝ

ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ʌȠȣΝ ʌĮȡĮȝȑȞİȚΝ ıĲĮșİȡȒΝ țĮȚΝ ȣȚȠșİĲİȓĲĮȚΝ ıĲĮΝ 1έίιΝ ȝsέΝ ȈĲȘΝ

įȚĮȝȩȡĳȦıȘΝĮȣĲȒΝʌĮȡĮĲȘȡİȓĲĮȚΝȝȚĮΝȝȚțȡȒΝʌİȡȚȠȤȒΝĲȠȣΝʌİʌĲȚįȓȠȣΝȞĮΝĮʌȠțĲȐΝȕ-

įȠȝȒΝ ʌȠȣΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ύlnβ,Ν Ileγ,Ν Ile1γ,Ν Thr1ζΝ țĮȚΝ İȓȞĮȚΝ

İȝĳĮȞȒȢΝ ȠΝ ȑȞĲȠȞĮΝ ıĲȡİȕȜȦȝȑȞȠȢΝ ʌİʌĲȚįȚțȩȢΝ ıțİȜİĲȩȢέΝ ǼʌȚʌȜȑȠȞΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ

įȪȠΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠȞΝ ıțİȜİĲȩΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ

Gln2(O) – Thr1ζΧσΨΝțĮȚΝχspλΧτΨΝ– Thr1βΧσΨΝțĮȚΝȑȞĮȢΝįİıȝȩȢΝȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝ

ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ Thr1ζΧώύ1ΨΝ - ύlu1θΧτϋβΨέΝ ǾΝ ȑțĲȘΝ

įȚĮȝȩȡĳȦıȘΝ ȑȤİȚΝ ĲȚȝȒΝ RεSϊΝ ίέηίΝ Å ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒȢΝ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ıĲȘȞΝ

ȠʌȠȓĮΝ ĮȞȒțİȚΝ țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ 1έγθΝ ȝsέΝ ȈĲȘȞΝ ȑțĲȘΝ įȚĮȝȩȡĳȦıȘΝ įİȞΝ

ʌĮȡĮĲȘȡİȓĲĮȚΝ țĮȞȑȞĮΝ ıĲȠȚȤİȓȠΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĮȞΝ țĮȚΝ ȑȤȠȣȞΝ ıȤȘȝĮĲȚıșİȓΝ

ĲȡİȚȢΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩ,Ν ȠΝ ȠʌȠȓȠȢΝ İȓȞĮȚΝ ĮȡțİĲȐΝ

ʌĮȡĮȝȠȡĳȦȝȑȞȠȢέΝ ȅȚΝ įİıȝȠȓ ȣįȡȠȖȩȞȠȣΝ ʌȠȣΝ ıȤȘȝĮĲȓıșȘțĮȞΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ

ıțİȜİĲȩΝ ĮĳȠȡȠȪȞΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ΧaΨΝ IleγΧσΨΝ – Leu15(O), (b) Val5(O) – Asp9(N) 

țĮȚΝΧcΨΝχspλΧτΨΝ– Thr1βΧσΨ,ΝİȞȫΝȑȤİȚΝįȘȝȚȠȣȡȖȘșİȓΝțĮȚΝȑȞĮȢΝįİıȝȩȢΝȝİĲĮȟȪΝĲȘȢΝ

ʌȜİȣȡȚțȒȢΝĮȜȣıȓįĮȢΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝThr1ζΧτύ1ΨΝțĮȚΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝδysθΧώΨέΝ

ǾΝȑȕįȠȝȘΝįȚĮȝȩȡĳȦıȘΝȑȤİȚΝĲȚȝȒΝRεSϊΝΝίέγζΝÅ ĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒΝĲȘȢΝʌİȡȚȠȤȒȢΝ

ĮʌȩΝĲȘȞΝȠʌȠȓĮΝʌȡȠȑȡȤİĲĮȚΝțĮȚΝȣȚȠșİĲȒșȘțİΝıĲĮΝ1έικΝȝsέΝȅȪĲİΝıİΝĮȣĲȒΝĲȘΝįȠȝȒΝ

ȕȜȑʌȠȣȝİΝ ȞĮΝȣĳȓıĲĮȞĲĮȚΝıĲȠȚȤİȓĮΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝțĮșȫȢΝĮʌȠĲİȜİȓĲĮȚΝ İȟΥΝ

ȠȜȠțȜȒȡȠȣΝ ĮʌȩΝ turnΝ țĮȚΝ coilΝ įȚĮȝȠȡĳȫıİȚȢέΝȆĮȡȩȜĮΝ ĲĮȪĲĮΝ ȑȤȠȣȞΝ ıȤȘȝĮĲȚıșİȓΝ

įȪȠΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩέΝ ȅȚΝ įİıȝȠȓΝ ĮȣĲȠȓΝ İȓȞĮȚΝ ΧaΨΝ

Gln2(N) – Thr1ζΧτΨΝ țĮȚΝ ΧbΨΝ δysθΧτΨΝ – Thr1βΧσΨέΝ ǼʌȚʌȡȠıșȑĲȦȢΝ

įȘȝȚȠȣȡȖȒșȘțĮȞΝ țĮȚΝ įȪȠΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ țĮȚΝ

ĮĲȩȝȦȞΝĲȠȣΝıțİȜİĲȠȪέΝȅȚΝįİıȝȠȓΝĮȣĲȠȓΝİȓȞĮȚΝΧaΨΝδysθΧώΨΝ– Thr1βΧτύ1ΨΝțĮȚΝΧbΨΝ

Thr7(O) – δys11ΧώZβΨέΝǾΝĲİȜİȣĲĮȓĮΝįȠȝȒ,ΝĮʌȩΝĲȚȢΝʌİȡȚȠȤȑȢΝʌȠȣΝİʌȚȜȑȤșȘțĮȞΝȦȢΝ

ȠȚΝıĲĮșİȡȩĲİȡİȢΝĲȠȣΝĲȡȠȤȚĮțȠȪΝλλψ,ΝȑȤİȚΝĲȚȝȒΝRεSϊΝίέζθΝÅ ĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒΝ

ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ĮʌȩΝ ĲȘȞΝ ȠʌȠȓĮΝ ʌȡȠȑȡȤİĲĮȚΝ țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ γέκΝ ȝsέΝ ǾΝ įȠȝȒΝ

ĮȣĲȒΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȣȚȠșİĲİȓΝ ĲȘȞΝ įȚĮȝȩȡĳȦıȘΝ ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢ,Ν țĮșȫȢΝ ȑȤİȚΝ
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ıȤȘȝĮĲȚıșİȓΝ ĲȩıȠΝ ȘΝ ȕ-ıĲȡȠĳȒΝ ȩıȠΝ țĮȚΝ ȠȚΝ ȕ-țȜȫȞȠȚΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢέΝ ǾΝ ıĲȡȠĳȒΝ

ĮʌȠĲİȜİȓĲĮȚΝĮʌȩΝĲĮΝțĮĲȐȜȠȚʌĮΝThrιΝ– Leu8 – Asp9 – ύly1ίέΝΝǾΝΝύlyΝİȓȞĮȚΝıĲȘȞΝ

ĲȑĲĮȡĲȘΝ șȑıȘΝ ıĲȘȞΝ ĮȜȜȘȜȠȣȤȓĮΝ ĲȘȢΝ ıĲȡȠĳȒȢΝ ʌȡȐȖȝĮΝ ʌȠȣΝ ıȘȝĮȓȞİȚΝ ʌȦȢΝ

ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ĲȠȞΝ ĲȪʌȠΝ ǿΝ ȕ-ıĲȡȠĳȒȢ,Ν ʌȠȣΝ ĲĮȣĲȠʌȠȚȒșȘțİΝ ıĲȘȞΝσεRΝįȠȝȒΝ țĮȚΝ

ıĲȚȢΝʌȡȠȘȖȠȪȝİȞİȢΝȝİȜȑĲİȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝΧΝȕȜέΝȀİĳȐȜĮȚȠΝ1ΨέΝΝȆȑȡĮΝ

ĮʌȩΝĲȠȞΝıȦıĲȩΝĲȪʌȠΝıĲȡȠĳȒȢΝȘΝȩȖįȠȘΝįȚĮȝȩȡĳȦıȘ,ΝʌȠȣΝİȓȞĮȚΝȘΝțȠȞĲȚȞȩĲİȡȘΝıĲȘΝ

ȝȑıȘΝ įȠȝȒΝ ĲȠȣΝ ȝİȖȐȜȠȣΝ ȝʌȜİΝ ĲİĲȡĮȖȫȞȠȣ,Ν ȑȤİȚΝ ĲȚȢΝ ıȦıĲȑȢΝ șȑıİȚȢΝ įİıȝȫȞΝ

ȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝĲȦȞΝȐțȡȦȞΝĲȘȢΝĳȠȣȡțȑĲĮȢ,ΝıȪȝĳȦȞĮΝȝİΝĲȘȞΝσεRΝįȠȝȒέΝȅȚΝ

įİıȝȠȓΝİȓȞĮȚΝȠȚΝİȟȒȢμΝΧ1ΨΝIleγΧσΨΝ– Leu15(O), (2) Ile3(O) – Leu15(N), (3) Val5(N) – 

Ile13(O), (4) Val5(O) – Ile13(N), (5) Thr7(N) – Lys11(O), (6) Thr7(O) – Gly10(N). 

ȅΝȝȩȞȠȢΝįİıȝȩȢΝȣįȡȠȖȩȞȠȣΝʌȠȣΝįİȞΝıȤȘȝĮĲȓȗİĲĮȚΝıĲȘΝįȠȝȒΝĮȣĲȒΝİȓȞĮȚΝȠΝεet1ΧτΨΝ

– Val1ιΧσΨ,Ν ȠΝ ȠʌȠȓȠȢΝ ĮȞȒțİȚΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢέΝ ȉĮΝ

țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞ,Ν ȩʌȦȢΝ ȑȤİȚΝ ȒįȘΝ ĮȞĮĳİȡșİȓΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ ȑȞĲȠȞȘΝ

țȚȞȘĲȚțȩĲȘĲĮ,ΝʌȚșĮȞȫȢΝȖȚĮΝĲȠΝȜȩȖȠΝĮȣĲȩΝȞĮΝȝȘȞΝıȤȘȝĮĲȓȗİĲĮȚΝȠΝȑȕįȠȝȠȢΝįİıȝȩȢΝ

ȣįȡȠȖȩȞȠȣΝ ȩʌȦȢΝ șĮΝ ȑʌȡİʌİΝ ıȪȝĳȦȞĮΝ ȝİΝ ĲȘȞΝ σεRΝ įȠȝȒέΝ ȈİΝ ʌȡȠȘȖȠȪȝİȞİȢΝ

ȝİȜȑĲİȢΝ ȑȤȠȣȞΝ ȕȡİșİȓΝ ȠȚΝ ȑȟȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ȝİȡȚțȠȓΝ İțΝ ĲȦȞΝ ȠʌȠȓȦȞΝ İȓȤĮȞΝ

ĮȡțİĲȒΝĮʌȩțȜȚıȘΝĮʌȩΝĲȘȞΝσεRΝįȠȝȒΝ ΧσέΝVaidehiΝetΝalέ,Νβί11Ν Ψ,ΝĮȜȜȐΝıİΝțĮȝȓĮΝ

ȝİȜȑĲȘΝĲȠȣΝʌİʌĲȚįȓȠȣΝȑȦȢΝĲȫȡĮΝįİȞΝȑȤİȚΝĮȞĮĳİȡșİȓΝȠΝȑȕįȠȝȠȢΝįİıȝȩȢΝȣįȡȠȖȩȞȠȣ,Ν

ȝİĲĮȟȪΝThrιΧτΨΝ– ύly1ίΧσΨ,ΝȠΝȠʌȠȓȠȢΝȕȡȓıțİĲĮȚΝıĲĮΝțĮĲȐȜȠȚʌĮΝĲȘȢΝȕ-ıĲȡȠĳȒȢέΝ

ȉȑȜȠȢΝ ıĲȘΝ įȠȝȒΝ ĮȣĲȒΝ ʌĮȡĮĲȘȡİȓĲĮȚΝ țĮȚΝ ȘΝ ĮȜȜȘȜİʌȓįȡĮıȘΝ ȝİĲĮȟȪΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ χspλΧτϊ1ΨΝ țĮȚΝ ThrιΧώύ1ΨέΝ ȅȚΝ İʌĮĳȑȢΝ ʌȠȣΝ įȘȝȚȠȣȡȖİȓΝ ĲȠΝ

ȝİĲĮȜȜĮȖȝȑȞȠΝțĮĲȐȜȠȚʌȠΝʌȚșĮȞȠȜȠȖİȓĲĮȚΝʌȦȢΝİȓȞĮȚΝȣʌİȪșȣȞİȢΝȖȚĮΝĲȘȞΝĮȣȟȘȝȑȞȘΝ

ıĲĮșİȡȩĲȘĲĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ 1ǼίQΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠΝ ĳȣıȚțȩΝ ʌİʌĲȓįȚȠέΝ ȈİΝ

ʌȡȠȘȖȠȪȝİȞİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢ,Ν țĮșȫȢΝ țĮȚΝ ıĲȠΝ σεRΝ ʌİȓȡĮȝĮΝ ȠȚΝ İʌĮĳȑȢΝ ʌȠȣΝ

įȘȝȚȠȣȡȖİȓΝĲȠΝȑȞĮĲȠΝțĮĲȐȜȠȚʌȠΝȝİΝĲȘȞΝʌȜİȣȡȚțȒΝĮȜȣıȓįĮΝĲȘȢΝδys11ΝșİȦȡȠȪȞĲĮȚΝ

ȣʌİȪșȣȞİȢΝ ȖȚĮΝ ĲȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢ,Ν ȤȦȡȓȢΝ ȩȝȦȢΝ ȞĮΝ ȣʌȐȡȤȠȣȞΝ

ȚıȤȣȡȑȢΝİȞįİȓȟİȚȢΝΧRέΝZerellaΝetΝalέ,Νβίίί,ΝσέΝVaidehiΝetΝalέ,Νβ011).  
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ǼȚțȩȞĮΝζέλ 

ȆȓȞĮțĮȢΝRεSϊΝĲȠȣΝĲȡȠȤȚĮțȠȪΝλλSψέΝȆĮȡȠȣıȚȐȗȠȞĲĮȚΝȠȚΝįȠȝȑȢΝĲȠȣΝĲȡȠȤȚĮțȠȪΝʌȠȣΝ

ĳĮȓȞİĲĮȚΝȞĮΝʌĮȡĮȝȑȞȠȣȞΝıĲĮșİȡȑȢΝȖȚĮΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮΝʌȠȣΝİȓȞĮȚΝȝİȖĮȜȪĲİȡȠΝĲȠȣΝ

ηΣΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ȤȡȩȞȠȣΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ έΝ ȀȐșİΝ įȠȝȒΝ ĮȞȒțİȚΝ ıİΝ ȝȚĮΝ

įȚĮĳȠȡİĲȚțȒΝ ȝʌȜİΝ ʌİȡȚȠȤȒΝ țĮȚΝ İȓȞĮȚΝ ıȣȞįİįİȝȑȞȘΝ ȝİΝ ĮȣĲȒΝ ȝİΝ ȕȑȜȠȢέΝ ȄİțȚȞȫȞĲĮȢΝ

ĮʌȩΝİʌȐȞȦΝĮȡȚıĲİȡȐΝțĮȚΝțĮĲİȣșȣȞȩȝİȞȠȚΝΝȝİΝĲȘΝĳȠȡȐΝʌȠȣΝȡȠȜȠȖȚȠȪΝȕȜȑʌȠȣȝİΝĲȘȞΝ

İȟȑȜȚȟȘΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ țĮȚΝ ȤȡȠȞȚțȐέΝ ǾΝ ȩȖįȠȘΝ İȓȞĮȚΝ ȘΝ ĲİȜȚțȒΝ įȠȝȒΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ țĮȚΝ ȘΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψ,Ν țĮșȫȢΝ ʌĮȡĮȝȑȞİȚΝ
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ıĲĮșİȡȒΝ ȖȚĮΝ ȝİȖȐȜȠΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮΝ ȝȑȤȡȚΝ țĮȚΝ ĲȠΝ ĲȑȜȠȢΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ

ȋĮȝȘȜȩΝRεSϊΝıİΝıȤȑıȘΝȝİΝĲȘȞΝȩȖįȠȘΝįȠȝȒΝȑȤȠȣȞΝȠȚΝįȠȝȑȢΝ1,ΝθΝțĮȚΝιέΝȅȚΝįȠȝȑȢΝ

ıȤİįȚȐıĲȘțĮȞΝ ȝİΝ ĲȠΝ ʌȡȩȖȡĮȝȝĮΝ VεϊέΝ ȆĮȡȠȣıȚȐȗİĲĮȚΝ ȝȩȞȠΝ ȠΝ ıțİȜİĲȩȢΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ ȤȦȡȓȢΝ ĲĮ ȣįȡȠȖȩȞĮΝ (ωΝ – țȣĮȞȩ,ΝȃΝ – ȝʌȜİ,ΝȅΝ – țȩțțȚȞȠ)ΝțĮȚΝ ȠȚΝ įİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ıțİȜİĲȠȪΝ (ȝʌȜİΝ įȚĮțİțȠȝȝȑȞȘΝ ȖȡĮȝȝȒ)έΝ

ǼʌȚʌȜȑȠȞΝıİΝȩıİȢΝįȠȝȑȢΝȑȤİȚΝıȤȘȝĮĲȚıĲİȓΝȕ-įȠȝȒΝĮȞĮʌĮȡȓıĲĮĲĮȚΝȝİΝțȓĲȡȚȞȠΝȕȑȜȠȢέΝ

ȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĮȜȠȖİȓΝıĲȠΝȤȡȩȞȠΝʌĮȡĮȝȠȞȒȢ ĲȘȢΝįȠȝȒȢΝıĲȘȞΝĮȞĲȓıĲȠȚȤȘΝ

įȚĮȝȩȡĳȦıȘέΝΝΝΝΝΝ 

    

īȚĮΝȞĮΝİʌĮȜȘșİȣĲİȓΝȘΝıĲĮșİȡȩĲȘĲĮΝĲȦȞΝįȠȝȫȞΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞΝıĲȠΝĲȡȠȤȚĮțȩΝ

λλSψΝ įȘȝȚȠȣȡȖȒıĮȝİΝ țĮȚΝ ȑȞĮȞΝ ʌȓȞĮțĮΝ RεSϊΝ ıĲȠȞΝ ȠʌȠȓȠΝ ĲȠΝ țȐĲȦΝ ĲȝȒȝĮΝ ĲȘȢΝ

įȚĮȖȦȞȓȠȣΝĮĳȠȡȐΝĲĮΝȐĲȠȝĮΝΝωĮΝȩȜȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝțĮȚΝĲȠΝİʌȐȞȦΝĲȝȒȝĮΝĲȘȢΝ

įȚĮȖȦȞȓȠȣΝ ĲĮΝ ȐĲȠȝĮΝ ΝωĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ γ-1ηΝ ΧİȚțȩȞĮΝ ζέ1ίΨέΝȂİΝ ĲȘΝ ıȪȖțȡȚıȘΝ

ĮȣĲȒΝȕȜȑʌȠȣȝİΝʌȦȢΝıĲȠΝțȠȝȝȐĲȚΝĲȠȣΝʌİʌĲȚįȓȠȣΝʌȠȣΝįİȞΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝĲĮΝ

ȐțȡĮΝĲĮΝȐĲȠȝĮΝΝωĮΝİȓȞĮȚΝʌȚȠΝıĲĮșİȡȐΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝțĮȚΝ

ȠȚΝ įȠȝȑȢΝ ʌȠȣΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ ȑȤȠȣȞΝ ȤĮȝȘȜȩĲİȡİȢΝ ĲȚȝȑȢΝ RεSϊΝ țĮȚΝ ıȣȞİʌȫȢΝ

ȝȠȚȐȗȠȣȞΝ ʌİȡȚııȩĲİȡȠέΝ ȆȚșĮȞȫȢΝ ȑĲıȚΝ İȞȚıȤȪİĲĮȚΝ ȘΝ ȐʌȠȥȘΝ ȩĲȚΝ ȠΝ įİıȝȩȢΝ

ȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝĲȦȞΝĮĲȩȝȦȞΝεet1ΧτΨΝ– Val1ιΧσΨΝįİȞΝıȤȘȝĮĲȓȗİĲĮȚΝȜȩȖȦΝĲȘȢΝ

ĮȣȟȘȝȑȞȘȢΝțȚȞȘĲȚțȩĲȘĲĮȢΝĲȦȞΝȐțȡȦȞέΝΝ 
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ǼȚțȩȞĮΝζέ1ί 

ȆȓȞĮțĮȢΝRεSϊΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ȈȪȖțȡȚıȘΝ ĲȦȞΝ ĲȚȝȫȞΝRεSϊΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ

ωĮsΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝγ-1ηΝ (İʌȐȞȦ)ΝțĮȚΝ ȖȚĮΝĲĮΝȐĲȠȝĮΝωĮsΝ ΝȩȜȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ

(țȐĲȦ)έΝȉȠΝȝʌȜİΝȤȡȫȝĮΝİȓȞĮȚΝʌȚȠΝȑȞĲȠȞȠΝıĲȘΝįİȟȚȐΝʌȜİȣȡȐΝ(ȤĮȝȘȜȩĲİȡȠΝRεSϊ)ΝțĮȚΝ

ȠȚΝ įȚĮȝȠȡĳȫıİȚȢΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȣȝĳȦȞȠȪȞΝ ʌİȡȚııȩĲİȡȠΝ ȝİĲĮȟȪΝ ĲȠȣȢ,Ν ıİΝ ıȤȑıȘΝ ȝİΝ

ĲȘȞΝĮȡȚıĲİȡȒΝʌȜİȣȡȐέΝ ΝǾΝȤȡȦȝĮĲȚțȒΝțȜȓȝĮțĮΝįȚĮĲȘȡİȓĲĮȚΝıĲĮșİȡȒΝ ȝİĲĮȟȪΝίΝțĮȚΝ

12ÅΝıİ ȩȜȠȣȢ ĲȠȣ ȤȐȡĲİȢ RMSD.  

 

ȈȣȝʌİȡĮıȝĮĲȚțȐ,ΝȝʌȠȡȠȪȝİΝȞĮΝʌȠȪȝİΝʌȦȢΝıĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝλλSψΝȘΝĳȣıȚțȠȪΝ– 

ĲȪʌȠȣΝ įȠȝȒΝ ıȤȘȝĮĲȓıșȘțİΝ ȝİĲȐΝ ĲĮΝ ʌȡȫĲĮΝ Ν 1έικΝ ȝs,Ν ıȣȞİʌȫȢΝ ĳĮȓȞİĲĮȚΝ ʌȦȢΝ ĲȠΝ

įȣȞĮȝȚțȩΝ ʌİįȓȠΝ χεψϋRλλSψΝ ȤȡİȚȐȗİĲĮȚΝ ĮȡțİĲȩΝ ȣʌȠȜȠȖȚıĲȚțȩΝ ΧțĮȚΝ ĳȣıȚțȩΝ

ȤȡȩȞȠΨΝȝȑȤȡȚΝȞĮΝȣȚȠșİĲȘșİȓΝȘΝĳȣıȚțȠȪΝ– ĲȪʌȠȣΝįȠȝȒΝĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢέΝ 

 

ȅΝ ʌȓȞĮțĮȢΝ RεSϊΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ıĲȘȞΝ

İȚțȩȞĮΝ ζέ11έΝ ȈĲȠȞΝ ʌȓȞĮțĮΝ ĮȣĲȩΝ ĲĮΝ ʌȡȐȖȝĮĲĮΝ İȓȞĮȚΝ ʌȚȠΝ ȟİțȐșĮȡĮΝ ȖȚĮΝ ĲȘȞΝ

țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ Iδϊσ,Ν
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țĮșȫȢΝ ȘΝ ĲİȜȚțȒΝ įȠȝȒΝ ĮʌȠțĲȐĲĮȚΝ ʌȚȠΝ ȖȡȒȖȠȡĮΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ

λλSψΝțĮȚΝʌĮȡĮȝȑȞİȚΝ ıĲĮșİȡȒΝȖȚĮΝʌȠȜȪΝ ȝİȖȐȜȠΝ ȤȡȠȞȚțȩΝįȚȐıĲȘȝĮέΝȂİΝ İȟĮȓȡİıȘΝ

ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ȘΝ ȣʌȩȜȠȚʌȘΝ įȠȝȒΝ įİȞΝ ĮȜȜȐȗİȚΝ ıȘȝĮȞĲȚțȐΝ ȖȚĮΝ ȝİȖȐȜȠΝ

ȤȡȠȞȚțȩΝįȚȐıĲȘȝĮέΝǹȢΝʌȐȡȠȣȝİΝȩȝȦȢΝĲȚȢΝįȚĮȝȠȡĳȫıİȚȢ,ΝʌȠȣΝʌĮȡĮĲȘȡȒıĮȝİΝʌȦȢΝ

ʌĮȡĮȝȑȞȠȣȞΝ ıĲĮșİȡȑȢΝ ȖȚĮΝ ȠȡȚıȝȑȞȠΝ ıİȕĮıĲȩΝ ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮ,Ν ĮʌȩΝ ĲȘȞΝ ĮȡȤȒΝ

ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ǾΝ ʌȡȠıȠȝȠȓȦıȘΝ ȟİțȓȞȘıİΝ ȝİΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ıİΝ ʌȜȒȡȦȢΝ

İțĲİĲĮȝȑȞȘΝ įȚĮȝȩȡĳȦıȘΝ ĮțȠȜȠȪșȘıĮȞΝ ĲĮΝ ȕȒȝĮĲĮΝ ĲȠȣΝ heatingΝ țĮȚΝ ĲȘȢΝ

İȟȚıȠȡȡȩʌȘıȘȢΝțĮȚΝıĲȘȞΝʌĮȡĮȖȦȖȚțȒΝĳȐıȘΝȐȡȤȚıĮȞΝȞĮΝıȤȘȝĮĲȓȗȠȞĲĮȚΝȠȚΝʌȡȫĲİȢΝ

įȚĮȝȠȡĳȫıİȚȢΝʌȠȣΝșȣȝȓȗȠȣȞΝįȠȝȒΝĳȠȣȡțȑĲĮȢέΝȉȠΝʌȡȫĲȠΝĲȝȒȝĮΝȩʌȠȣΝĳĮȓȞİĲĮȚΝȞĮΝ

ıĲĮșİȡȠʌȠȚİȓĲĮȚΝȖȚĮΝȝȚțȡȩΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮΝȘΝįȠȝȒΝȕȡȓıțİĲĮȚΝʌȠȜȪΝȞȦȡȓȢΝıĲȘȞΝ

ʌȡȠıȠȝȠȓȦıȘΝțĮȚΝȘΝįȠȝȒΝʌȠȣΝȑȤİȚΝĲȠΝȤĮȝȘȜȩĲİȡȠΝRεSϊΝıȣȖțȡȚĲȚțȐΝȝİΝĲȘΝȝȑıȘΝ

įȠȝȒΝĲȠȣΝĲȝȒȝĮĲȠȢΝĮȣĲȠȪΝȣȚȠșİĲȒșȘțİΝȝȩȜȚȢΝıĲĮΝίέ1γΝȝsΝȝİΝĲȚȝȒΝRεSϊΝίέθΝÅ. 

ȈĲȘΝ įȠȝȒΝ ĮȣĲȒΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ȕ-įȚĮȝȩȡĳȦıȘΝ ıİΝ ȝȓĮΝ ȝȚțȡȒΝ ʌİȡȚȠȤȒΝ ʌȠȣΝ

ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ δysθ,Ν Thrι,ΝThr1ζΝ țĮȚΝ δeu1ηέΝ ǼʌȚʌȜȑȠȞΝ ĳȑȡİȚΝ

įȪȠΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝΧaΨΝδysθΧτΨΝ– δeu1ηΧσΨΝțĮȚΝΧbΨΝ

Leu8(N) – Ile1γΧτΨ,Ν ȠȚΝ ȠʌȠȓȠȚΝ įİȞΝ ȣĳȓıĲĮȞĲĮȚΝ ıĲȘΝ ĳȣıȚțȠȪ-ĲȪʌȠȣΝ įȠȝȒέΝ ǾΝ

įİȪĲİȡȘΝįȠȝȒΝʌȠȣΝĮȞĲȚıĲȠȚȤİȓΝıĲȠΝįİȪĲİȡȠΝıĲĮșİȡȩΝįȚȐıĲȘȝĮΝȑȤİȚΝĲȚȝȒΝRεSϊΝ

1.3 Å ĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒȢΝĲȘȢΝʌİȡȚȠȤȒȢΝʌȠȣΝĮʌȠȝȠȞȫșȘțİΝțĮȚΝȣȚȠșİĲȒșȘțİΝıĲĮΝ

ίέ1λΝ ȝsέΝ ǾΝ įİȪĲİȡȘΝ įȠȝȒΝ ȝȠȚȐȗİȚΝ ĮȡțİĲȐΝ ȝİΝ ĲȘȞΝ ʌȡȫĲȘΝ țĮșȫȢΝ ĳȑȡİȚΝ ȕ-

įȚĮȝȩȡĳȦıȘΝıİΝȝȚĮΝȝȚțȡȒΝʌİȡȚȠȤȒΝ ĲȠȣΝʌİʌĲȚįȓȠȣΝțĮȚΝ ĳȑȡİȚΝțĮȚ ĲȠȞΝ ȓįȚȠΝįİıȝȩΝ

ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ δysθΧτΨΝ – δeu1ηΧσΨέΝ ǼțĲȩȢΝ ĮʌȩΝ ĲȠΝ įİıȝȩΝ

ĮȣĲȩΝ ıȤȘȝĮĲȓȗİĲĮȚΝ țĮȚΝ ȑȞĮȢΝ įİȪĲİȡȠȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ δysθΧσΨΝ – 

δeu1ηΧτΨέΝ ȈĲȘΝ ıȣȞȑȤİȚĮΝ ȘΝ ȕ-įȚĮȝȩȡĳȦıȘΝ ȤȐȞİĲĮȚΝ țĮȚΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ıȤȘȝĮĲȓȗİȚΝ

įȚĮȝȠȡĳȫıİȚȢΝ coilΝ țĮȚΝ loopέΝ ǾΝ ĲȡȓĲȘΝ įȠȝȒΝ ĳȑȡİȚΝ ȝȩȞȠΝ ȑȞĮȞΝ įİıȝȩΝ ȣįȡȠȖȩȞȠȣΝ

ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝδeuκΧσΨΝ – Ile1γΧτΨ,ΝȘΝ ĲȚȝȒΝRεSϊΝĮʌȩΝ ĲȘΝȝȑıȘΝįȠȝȒΝ

ĲȘȢΝʌİȡȚȠȤȒȢΝĮʌȩΝĲȘȞΝȠʌȠȓĮΝʌȡȠȑȡȤİĲĮȚΝİȓȞĮȚΝ1έηΝÅ țĮȚΝȣȚȠșİĲȒșȘțİΝıĲĮΝίέβκΝȝsέΝ

ȈĲȘȞΝ ĲȑĲĮȡĲȘΝ įȠȝȒΝ ĲĮΝ ȐțȡĮΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ ĮʌȠȝĮțȡȪȞȠȞĲĮȚΝ țĮȚΝ įİȞΝ ȣʌȐȡȤİȚΝ

țĮȞȑȞĮȢΝ įİıȝȩȢΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪέΝ ǾΝ

įȠȝȒΝĮȣĲȒΝȑȤİȚΝĲȚȝȒΝRεSϊΝ1έκΝÅ ĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒΝĲȘȢΝʌİȡȚȠȤȒȢΝĮʌȩΝĲȘȞΝȠʌȠȓĮΝ

ʌȡȠȑȡȤİĲĮȚέΝȊȚȠșİĲȒșȘțİΝ ıĲĮΝ ίέγκΝ ȝsΝ țĮȚΝ ĮʌȠĲİȜİȓĲĮȚΝ İȟΥΝ ȠȜȠțȜȒȡȠȣΝ ĮʌȩΝ coilΝ
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įȚĮȝȩȡĳȦıȘέΝȈĲȘȞΝʌȑȝʌĲȘΝįȠȝȒΝİȝĳĮȞȓȗȠȞĲĮȚΝțĮȚΝʌȐȜȚΝȠȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝıĲȠΝ

ıțİȜİĲȩΝțĮȚΝıȤȘȝĮĲȓȗİĲĮȚΝȘΝĲȪʌȠȣΝǿΝȕ-ıĲȡȠĳȒΝȝİΝĲȘΝύly1ίΝıĲȘȞΝĲȑĲĮȡĲȘΝșȑıȘΝ

ĲȘȢΝ ıĲȡȠĳȒȢέΝ ǾΝ įȠȝȒΝ ĮȣĲȒΝ ȑȤİȚΝ ĲȚȝȒΝ RεSϊΝ 1έίΝ Å ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ

ʌİȡȚȠȤȒȢΝ ĮʌȩΝ ĲȘȞΝ ȠʌȠȓĮΝ İʌȚȜȑȤșȘțİΝ țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ ίέζιΝ ȝsέΝ ȅȚΝ įİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣΝʌȠȣΝıȤȘȝĮĲȓȗȠȞĲĮȚΝıĲĮΝȐĲȠȝĮΝĲȠȣΝıțİȜİĲȠȪΝİȓȞĮȚΝȠȚΝİȟȒȢΝμΝΧaΨΝValηΧτΨΝ

– Ile13 (N), (b) Thr7(N) – δys11ΧτΨΝțĮȚΝΧcΨΝThrιΧτΨΝ– ύly1ίΧσΨέΝȠȚΝįİıȝȠȓΝĮȣĲȠȓΝ

ȑȤȠȣȞΝĲĮȣĲȠʌȠȚȘșİȓΝıĲȘȞΝĲİȜȚțȒΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝλλSψΝĮȜȜȐΝțĮȚΝıĲȘȞΝσεRΝ

įȠȝȒέΝȈȣȝʌİȡĮȓȞȠȣȝİΝȜȠȚʌȩȞΝʌȦȢΝțĮĲȐΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝȝİΝĲȠΝIδϊσΝįȣȞĮȝȚțȩΝ

ʌİįȓȠΝıĲĮΝʌȡȫĲĮΝίέζιΝȝsΝȑȤİȚΝıȤȘȝĮĲȚıĲİȓΝȠΝıȦıĲȩȢΝĲȪʌȠȢΝȕ-ıĲȡȠĳȒȢΝțĮȚΝĲȡİȚȢΝ

ıȦıĲȠȓΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝ ΧıȪȝĳȦȞĮΝȝİΝĲȘȞΝσεRΝįȠȝȒΨέΝǾΝȑțĲȘΝįȚĮȝȩȡĳȦıȘ,Ν

İȓȞĮȚΝȘΝțȣȡȓĮȡȤȘΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσ,ΝțĮșȫȢΝĳĮȓȞİĲĮȚΝȞĮΝʌĮȡĮȝȑȞİȚΝȖȚĮΝȝİȖȐȜȠΝ

ȤȡȠȞȚțȩΝ įȚȐıĲȘȝĮέΝȉȠΝRεSϊΝ ĲȘȢΝ ȑțĲȘȢΝ įȠȝȒȢΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ

ʌİȡȚȠȤȒȢΝ ĮʌȩΝ ĲȘȞΝ ȠʌȠȓĮΝ ʌȡȠȑȡȤİĲĮȚΝ İȓȞĮȚΝ ίέζΝ Å țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ 1έβθΝ ȝsέΝ

ǲȤİȚΝįȚĮȝȠȡĳȦșİȓΝȘΝȕ-ĳȠȣȡțȑĲĮ,ΝȘΝȠʌȠȓĮΝȑȤİȚΝĲȠȞΝıȦıĲȩΝĲȪʌȠΝǿΝȕ-ıĲȡȠĳȒȢΝțĮȚΝ

ĲȠȣȢΝıȦıĲȠȪȢΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝıĲȠΝıțİȜİĲȩέΝȅȚΝįİıȝȠȓΝʌȠȣΝįȘȝȚȠȣȡȖȒșȘțĮȞΝ

İȓȞĮȚΝμΝΧ1ΨΝIleγΧσΨΝ– Leu15(O), (2) Ile3(O) – Leu15(N), (3) Val5(N) – Ile13(O), (4) 

Val5(O) – Ile13(N), (5) Thr7(N) – Lys11(O), (6) Thr7(O) – ύly1ίΧσΨέΝ ȅȚΝ ȓįȚȠȚΝ

įİıȝȠȓΝįȘȝȚȠȣȡȖȒșȘțĮȞΝțĮȚΝıĲȘȞΝĲİȜȚțȒΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝλλSψέΝȀĮȚΝıİΝĮȣĲȒΝ

ĲȘΝ įȠȝȒΝ ȜİȓʌİȚΝ ȠΝ įİıȝȩȢΝ ȣįȡȠȖȩȞȠȣ,Ν ıĲĮΝ ȐțȡĮΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢ,Ν ȝİĲĮȟȪΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝεet1ΧτΨΝ– Val1ιΧσΨέΝǹʌȩΝĲȘȞΝʌİȡȚȠȤȒΝʌȠȣΝʌȡȠȑȡȤİĲĮȚΝȘΝȑțĲȘΝįȠȝȒΝ

ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȐȜȜİȢΝ ĲȑııİȡȚȢΝ ʌĮȡȩȝȠȚİȢΝ įȚĮȝȠȡĳȫıİȚȢΝ ıĲȘȞΝ İȚțȩȞĮΝ ζέ11Ν Χθa, 

θb,Νθc,ΝθdΨέΝȅȚΝįȠȝȑȢΝĮȣĲȑȢΝȑȤȠȣȞΝȤĮȝȘȜȩΝRεSϊΝıİΝıȤȑıȘΝȝİΝĲȘΝȝȑıȘΝįȠȝȒΝĲȘȢΝ

ʌİȡȚȠȤȒȢΝ țĮȚΝ ȝȠȚȐȗȠȣȞΝ ĮȡțİĲȐΝ ȝİΝ ĲȘȞΝ ȑțĲȘΝ įȠȝȒέΝ ȀĮȚΝ ȠȚΝ ĲȑııİȡȚȢΝ įȠȝȑȢΝ

ıȤȘȝĮĲȓȗȠȣȞΝĲȠȞΝıȦıĲȩΝĲȪʌȠΝȕ-ıĲȡȠĳȒȢΝțĮȚΝȑȤȠȣȞΝİțĲİĲĮȝȑȞȘΝȕ-įȠȝȒέΝȅȚΝįİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣΝ ȩȜȦȞΝ ĲȦȞΝ įȠȝȫȞΝ ʌȠȣΝ ĮʌȠȝȠȞȫșȘțĮȞΝ ĮʌȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ IδϊσΝ

ĳĮȓȞȠȞĲĮȚΝıĲȠȞΝʌȓȞĮțĮΝζέ1έΝȆĮȡȩȜȠΝʌȠȣΝȘΝȑțĲȘΝįȚĮȝȩȡĳȦıȘΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝȘΝ

țȣȡȓĮȡȤȘΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ ĮʌȠȝȠȞȫșȘțĮȞΝ ȐȜȜİȢΝ įȪȠΝ įȠȝȑȢΝ ıĲȘΝ ıȣȞȑȤİȚĮ,Ν įȚȩĲȚΝ

ʌĮȡĮĲȘȡȒșȘțİΝĮȜȜĮȖȒΝıĲȠΝRεSϊέΝǾΝȑȕįȠȝȘΝįȠȝȒΝȣȚȠșİĲȒșȘțİΝıĲĮΝβέλζΝȝsΝțĮȚΝ

ȑȤİȚΝĲȚȝȒΝRεSϊΝĮʌȩΝĲȘΝȝȑıȘΝįȠȝȒΝĲȘȢΝʌİȡȚȠȤȒȢΝĮʌȩΝĲȘȞΝȠʌȠȓĮΝʌȡȠȑȡȤİĲĮȚΝίέηΝ

ÅέΝ ȈĲȘΝ įȠȝȒΝ ĮȣĲȒΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ȑȤȠȣȞΝ ĮʌȠȝĮțȡȣȞșİȓΝ țĮȚΝ ʌȐȜȚΝ ȝİΝ
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ıȣȞȑʌİȚĮΝ ĲȘΝ įȚȐıʌĮıȘΝ ĲȠȣΝ įİıȝȠȪΝ IleγΧσΨΝ – δeu1ηΧτΨΝ ʌȠȣΝ ȣʌȒȡȤİΝ ıĲȘȞΝ

ʌȡȠȘȖȠȪȝİȞȘΝ įȠȝȒέΝ ǾΝ ıĲȡȠĳȒΝ țĮȚΝ ȠȚΝ ȣʌȩȜȠȚʌȠȚΝ įİıȝȠȓΝ ʌĮȡĮȝȑȞȠȣȞΝ ȦȢΝ ȑȤİȚέΝΝ

ȉȑȜȠȢΝ ıĲȘȞΝ ȩȖįȠȘΝ įȚĮȝȩȡĳȦıȘΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ĮʌȠțĲȐΝ ȝȓĮΝ ȑȞĲȠȞȘΝ ıȣıĲȡȠĳȒ,Ν ȝİΝ

ĮʌȠĲȑȜİıȝĮΝ ĲȘȞΝ ĮʌȫȜİȚĮΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣΝ țĮȚΝ ĲȘΝ įȘȝȚȠȣȡȖȓĮΝ İȞȩȢΝ

“ȜĮȞșĮıȝȑȞȠȣ”ΝįİıȝȠȪ,ΝʌĮȡȩȜȠΝʌȠȣΝȘΝʌİȡȚȠȤȒΝĲȦȞΝȕ-țȜȫȞȦȞΝʌĮȡĮȝȑȞİȚΝȘΝȓįȚĮέΝ

ȅȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝıĲȘȞΝȩȖįȠȘΝįȚĮȝȩȡĳȦıȘΝİȓȞĮȚΝμΧaΨΝύlnβΧτΨΝ– Leu15(N), (b) 

Val5(O) – Ile1γΧσΨΝțĮȚΝΧcΨΝThrιΧσΨΝ– δys11ΧτΨέΝȅΝįİıȝȩȢΝΧaΨΝįİȞΝȣĳȓıĲĮĲĮȚΝıĲȘȞΝ

σεRΝįȠȝȒέΝǹȣĲȩΝʌȚșĮȞȩȞΝıȣȝȕĮȓȞİȚΝȜȩȖȦΝĲȘȢΝȑȞĲȠȞȘȢΝțȐȝȥȘȢΝʌȠȣΝʌĮȡȠȣıȚȐȗİȚΝ

ȠΝȕ-țȜȫȞȠȢΝĲȠȣΝȃ-ĲİȜȚțȠȪΝȐțȡȠȣΝĲȠȣΝʌİʌĲȚįȓȠȣέΝ 

 

 1 2 3 4 5 6 6a 6b 6c 6d 7 8 

Met1(O) – Val17(N) - - - - - - - - - - - - 

Ile3(N) – Leu15(O) - - - - - + - - - - - - 

Ile3(O) – Leu15(N) - - - - - + + + + + + - 

Val5(N) – Ile13(O) - - - - - + + + + + + - 

Val5(O) – Ile13(N) - - - - + + + + + + + + 

Thr7(N) – Lys11(O) - - - - + + + + + + + + 

Thr7(O) – Gly10(N) - - - - + + + + - + + - 

 

ȆȓȞĮțĮȢΝζέ1 

ȈȘȝİȚȫȞȠȞĲĮȚΝ ʌȠȚȠȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ĲȘȢΝ σεRΝ įȠȝȒȢΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ ıĲȚȢΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢΝ ʌȠȣΝ ʌĮȡĮĲȘȡȒșȘțĮȞΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ IδϊσΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ ȝİΝ ȤȡȩȞȠΝ ʌĮȡĮȝȠȞȒȢΝ ȝİȖĮȜȪĲİȡȠΝ ĲȠȣΝ ηΣΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ȤȡȩȞȠȣΝ

ʌȡȠıȠȝȠȚȫıİȦȢέΝǾΝįȠȝȒΝȑȟȚΝİȓȞĮȚΝȘΝțȣȡȓĮȡȤȘΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝțĮȚΝĳȑȡİȚΝĲȠȣȢΝ

ʌİȡȚııȩĲİȡȠȣȢΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝĲȘȢΝσεRΝįȠȝȒȢέ 
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ǼȚțȩȞĮΝζέ11 

ȆȓȞĮțĮȢΝ RεSϊΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝ ȂİΝ ĮȡȚșȝȘĲȚțȒΝ ıİȚȡȐΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ

țȣȡȚȩĲİȡİȢΝ įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌĮȡĮȝȑȞȠȣȞΝ ıĲĮșİȡȑȢΝ ȖȚĮΝ ȠȡȚıȝȑȞȠΝ

ȤȡȠȞȚțȩΝįȚȐıĲȘȝĮέΝȉȠΝȝȑȖİșȠȢΝĲȠȣΝʌȓȞĮțĮΝĮȞĲȚıĲȠȚȤİȓΝıİΝγ,ιηκ,ηβηΝįȚĮȝȠȡĳȫıİȚȢέΝ

ǼȓȞĮȚΝİȝĳĮȞȑȢΝʌȦȢΝȘΝįȠȝȒΝĲȠȣΝʌİʌĲȚįȓȠȣΝıĲĮșİȡȠʌȠȚİȓĲĮȚΝıȤİĲȚțȐΝȖȡȒȖȠȡĮΝțĮȚΝįİȞΝ

ĮȜȜȐȗİȚΝıȘȝĮȞĲȚțȐΝȘΝįȚĮȝȩȡĳȦıȒΝĲȠȣΝȝȑȤȡȚΝĲȠΝĲȑȜȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝǾΝȑțĲȘΝ

įȠȝȒΝ İȓȞĮȚΝ ȘΝ țȣȡȓĮȡȤȘΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝ ȂİΝ ȕȑȜȠȢΝ ıȘȝİȚȫȞİĲĮȚΝ ȘΝ

ʌİȡȚȠȤȒΝ ĲȠȣΝ ʌȓȞĮțĮΝ ıĲȘȞΝ ȠʌȠȓĮΝ ĮȞȒțİȚΝ țȐșİΝ įȠȝȒέΝ ȅΝ ȤȡȦȝĮĲȚıȝȩȢΝ ĲȦȞΝ įȠȝȫȞΝ
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İȓȞĮȚΝ ȓįȚȠȢΝȝİΝĲȘȞΝİȚțȩȞĮΝζέ1ίέΝȉĮΝĮʌȠĲİȜȑıȝĮĲĮΝĲȠȣΝʌȓȞĮțĮΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝıİΝ

ıȣȝĳȦȞȓĮΝĲĮΝĮʌȠĲİȜȑıȝĮĲĮΝĲȘȢΝİȚțȩȞĮȢΝζέβέΝ 

 

ȈȣȝʌİȡĮıȝĮĲȚțȐΝȝʌȠȡȠȪȝİΝȞĮΝʌȠȪȝİΝʌȦȢΝıĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝIδϊσΝĲȠΝʌİʌĲȓįȚȠΝ

ĮȞĮįȚʌȜȫșȘțİΝ ʌȚȠΝ ȖȡȒȖȠȡĮΝ ıȣȖțȡȚĲȚțȐΝ ȝİΝ ĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ λλSψ,Ν ĮȞΝ

ĮȞĮȜȠȖȚıĲȠȪȝİΝʌȦȢΝıĲȠΝĲȡȠȤȚĮțȩΝλλSψΝȝȑȤȡȚΝĲĮΝ1έικΝȝsΝįİȞΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ

ʌȜȒȡȘȢΝĮȞĮįȓʌȜȦıȘΝțĮȚΝȘΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝȣȚȠșİĲȒșȘțİΝıĲĮΝγέκΝȝs,ΝİȞȫΝ

ıĲȠΝĲȡȠȤȚĮțȩΝIδϊσΝįİȞΝȣʌȒȡȟİΝȣȚȠșȑĲȘıȘΝĲȘȢΝĳȣıȚțȒȢΝįȠȝȒȢΝȝȑȤȡȚΝĲĮΝίέζιΝȝsΝ

țĮȚΝ ȘΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ 1έβθΝ ȝsέΝ ǾΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ

įȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝʌĮȡȠȣıȚȐȗİȚΝʌȚȠΝȑȞĲȠȞȘΝıȣıĲȡȠĳȒΝĲȦȞΝȕ-țȜȫȞȦȞΝıİΝ

ıȤȑıȘΝ ȝİΝ ĲȘȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ȩʌȦȢΝ ĳĮȓȞİĲĮȚΝ țĮȚΝ

ıĲȘȞΝ İȚțȩȞĮΝ ζέ1βέΝ ǼʌȚʌȡȠıșȑĲȦȢ,Ν ıĲȠȞΝ ʌȓȞĮțĮΝ RεSϊΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ γ-1ηΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ĮȣȟȘȝȑȞȘΝ ıĲĮșİȡȩĲȘĲĮΝ ıȣȖțȡȚĲȚțȐΝ ȝİΝ ĲȠΝ

RεSϊΝȩȜȦȞΝĲȦȞΝĮĲȩȝȦȞΝωĮΝΧİȚțȩȞĮΝζέ1γΨέΝȉȠΝĳĮȚȞȩȝİȞȠΝĮȣĲȩΝȓıȦȢΝįȚțĮȚȠȜȠȖİȓΝ

ĲȘȞΝĮʌȠȣıȓĮΝĲȠȣΝʌȡȫĲȠȣΝįİıȝȠȪέΝ 
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ǼȚțȩȞĮΝζέ1β 

ȅȚΝțȣȡȓĮȡȤİȢΝįȠȝȑȢΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψΝ(įİȟȚȐ)ΝțĮȚΝIδϊσΝ(ĮȡȚıĲİȡȐ)έΝȀĮȚΝȠȚΝįȪȠΝ

įȠȝȑȢΝȑȤȠȣȞΝĲȘΝįȚĮȝȩȡĳȦıȘΝȕ-ĳȠȣȡțȑĲĮȢέΝȅΝĲȪʌȠȢΝĲȘȢΝıĲȡȠĳȒȢΝİȓȞĮȚΝtypeΝIΝb-turn 

țĮȚΝȠȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝİȓȞĮȚΝȠȚΝ ȓįȚȠȚΝȝİΝĲȘȞΝσεRΝįȠȝȒ,ΝȝİΝİȟĮȓȡİıȘΝĲȠȞΝʌȡȫĲȠΝ

įİıȝȩέΝȆĮȡĮĲȘȡȒșȘțİΝȝȚĮΝȝȚțȡȒΝıȣıĲȡȠĳȒΝțĮȚΝıĲȚȢΝįȪȠΝįȚĮȝȠȡĳȫıİȚȢ,ΝĮȜȜȐΝıĲȘΝ

įȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝİȓȞĮȚΝİȞĲȠȞȩĲİȡȘέΝ 
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ǼȚțȩȞĮΝζέ1γ 

ȆȓȞĮțĮȢΝRεSϊΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝȈȪȖțȡȚıȘΝ ĲȦȞΝ ĲȚȝȫȞΝRεSϊΝȖȚĮΝ ĲĮΝȐĲȠȝĮΝ

ωĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝγ-1ηΝ(İʌȐȞȦΝĮʌȩΝĲȘΝįȚĮȖȫȞȚȠ)ΝțĮȚΝȖȚĮΝĲĮΝȐĲȠȝĮΝωĮΝΝȩȜȦȞΝĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ (țȐĲȦΝ ĮʌȩΝ ĲȘΝ įȚĮȖȫȞȚȠ)έΝ ȅȚΝ ĲȚȝȑȢΝ RεSϊΝ İȓȞĮȚΝ ȤĮȝȘȜȩĲİȡİȢΝ ȖȚĮΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝγ-1η,ΝįȘȜĮįȒΝĲȠΝțȠȝȝȐĲȚΝĮȣĲȩΝĲȠȣΝʌİʌĲȚįȓȠȣΝİȓȞĮȚΝʌȚȠΝıĲĮșİȡȩΝțĮĲȐΝĲȘΝ

įȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 

 

ǾΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ ȕĮıȚȗȩȝİȞȘΝ ıĲȠΝ RεSϊΝ șĮΝ țȜİȓıİȚΝ ȝİΝ ĲȘȞΝ

ʌĮȡȠȣıȓĮıȘΝ ĲȦȞΝ ĮȞĲȓıĲȠȚȤȦȞΝ ĮʌȠĲİȜİıȝȐĲȦȞΝ ȖȚĮΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ

ʌȡȠıȠȝȠȓȦıȘȢΝprotonatedέΝȈĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝprotonatedΝʌĮȡȒȤșȘıĮȞΝγι1ζκίίΝ

įȚĮȝȠȡĳȫıİȚȢΝ țĮȚΝ ȘΝ ıȣȞȠȜȚțȒΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ȒĲĮȞΝ βέλιΝ ȝsέΝ ȉȠΝ

įȣȞĮȝȚțȩΝ ʌİįȓȠΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ȒĲĮȞΝ ĲȠΝ χεψϋRλλSψ-Iδϊσ,Ν ĮȜȜȐΝ ȘΝ

įȚĮĳȠȡȐΝȝİΝĲȘȞΝIδϊσΝʌȡȠıȠȝȠȓȦıȘΝȑȖțİȚĲĮȚΝıĲȘȞΝʌȡȦĲȠȞȓȦıȘΝĲȠȣΝʌİʌĲȚįȓȠȣέΝ 

 

ȈĲȘȞΝ İȚțȩȞĮΝ ζέ1ζΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȠΝ ʌȓȞĮțĮȢΝ RεSϊΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ωĮΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝțĮȚΝ ȠȚΝĮȞĲȓıĲȠȚȤİȢΝįȠȝȑȢΝȝİΝĲȚȢΝ

ʌȚȠΝ ıĲĮșİȡȑȢΝ ʌİȡȚȠȤȑȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ǼʌȚȜȑȤșȘțĮȞΝ ıȣȞȠȜȚțȐΝ ȑȟȚΝ ʌİȡȚȠȤȑȢΝ țĮȚΝ
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ĮȞĲȓıĲȠȚȤĮΝȑȟȚΝįȠȝȑȢ,ΝıĲȚȢΝȠʌȠȓİȢΝĮȜȜȐȗȠȣȞΝİȞĲİȜȫȢΝĲĮΝȗİȪȖȘΝįİıȝȫȞΝȣįȡȠȖȩȞȠȣΝ

ıȣȖțȡȚĲȚțȐΝȝİΝĲȚȢΝįȠȝȑȢΝĲȦȞΝįȪȠΝʌȡȠȘȖȠȪȝİȞȦȞΝĲȡȠȤȚĮțȫȞέΝǾΝʌȡȫĲȘΝįȠȝȒΝΝȑȤİȚΝ

ĲȚȝȒΝ RεSϊΝ 1έβΝ Å ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ıĲȘȞΝ ȠʌȠȓĮΝ ĮȞȒțİȚΝ țĮȚΝ

ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ ίέ1ίΝ ȝsέΝǲȤȠȣȞΝ ıȤȘȝĮĲȚıĲİȓΝ ĲȑııİȡȚȢΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠȞΝ

ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩΝ țĮȚΝ ȝȓĮΝ ȝȚțȡȒΝ ʌİȡȚȠȤȒΝ ĳȑȡİȚΝ ȕ-įȚĮȝȩȡĳȦıȘέΝ ȅȚΝ įİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣΝ İȓȞĮȚΝ ȠȚΝ İȟȒȢμΝ ΧaΨΝ PheζΧτΨΝ – Lys6(N), (b) Lys6(O) – Thr14(N), (c) 

Leu8(N) – Thr1βΧτΨΝțĮȚΝΧdΨΝδeuκΧτΨΝ– δys11ΧσΨέΝȀĮȞȑȞĮȢΝĮʌȩΝĲȠȣȢΝįİıȝȠȪȢΝĲȘȢΝ

įȠȝȒȢΝĮȣĲȒȢΝįİȞΝĮȞĲȚıĲȠȚȤİȓΝıİΝįİıȝȩΝʌȠȣΝȣĳȓıĲĮĲĮȚΝıĲȘȞΝσεRΝįȠȝȒΝțĮȚΝıĲȚȢΝ

įȠȝȑȢΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψΝțĮȚΝIδϊσέΝǼʌȚʌȜȑȠȞΝıĲȘȞΝʌȡȫĲȘΝįȠȝȒΝȣʌȐȡȤȠȣȞΝįȪȠΝ

ıĲȡȠĳȑȢέΝ ǾΝ įȠȝȒΝ ĮȣĲȒΝ İȓȞĮȚΝ ĮȡțİĲȐΝ įȚĮĳȠȡİĲȚțȒΝ ĮʌȩΝ ĲȚȢΝ İʌȩȝİȞİȢΝ ĲȠȣΝ

ĲȡȠȤȚĮțȠȪ,ΝțĮșȫȢΝİȝĳĮȞȓȗȠȞĲĮȚΝʌȠȜȪΝȣȥȘȜȑȢΝĲȚȝȑȢΝRεSϊΝĮȞȐȝİıĮΝıİΝĮȣĲȒΝĲȘȞΝ

ʌİȡȚȠȤȒΝ țĮȚΝ ĲȠȞΝ ȣʌȩȜȠȚʌȠΝ ʌȓȞĮțĮ,Ν ʌȡȩțİȚĲĮȚΝ įȘȜĮįȒΝ ȖȚĮΝ ȝȓĮΝ ʌĮȡȠįȚțȒΝ

įȚĮȝȩȡĳȦıȘΝ ȘΝ ȠʌȠȓĮΝ įİȞΝ İȝĳĮȞȓȗİĲĮȚΝ ȟĮȞȐέΝǾΝ įİȪĲİȡȘΝ įȠȝȒΝ ȑȤİȚΝ ĲȚȝȒΝRεSϊΝ

0.54 Å ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ĮʌȩΝ ĲȘȞΝ ȠʌȠȓĮΝ ʌȡȠȑȡȤİĲĮȚΝ țĮȚΝ

ȣȚȠșİĲȒșȘțİΝıĲĮΝίέγθΝȝsέΝȈĲȘΝįȠȝȒΝĮȣĲȒΝȑȤȠȣȞΝıȤȘȝĮĲȚıĲİȓΝȠȚΝʌĮȡĮțȐĲȦΝİĳĲȐΝ

įİıȝȠȓΝȣįȡȠȖȩȞȠȣΝıĲȠȞΝʌİʌĲȚįȚțȩΝıțİȜİĲȩμΝΧ1ΨΝεet1ΧτΨΝ– Ile3(N), (2) Phe4(N) – 

Glu16(O), (3) Phe4(O) – Glu16(N), (4) Lys6(N) – Thr14(O), (5) Lys6(O) – 

Thr14(N), (6) Leu8(N) – Thr12(O), (7) Leu8(O) – δys11ΧσΨέΝȀĮȞȑȞĮȢΝĮʌȩΝ ĲȠȣȢΝ

įİıȝȠȪȢΝ ĮȣĲȠȪȢΝ įİȞΝ įȘȝȚȠȣȡȖİȓĲĮȚΝ ıĲȘȞΝ σεRΝ įȠȝȒΝ țĮȚΝ ıĲȚȢΝ ʌȡȠȘȖȠȪȝİȞİȢΝ

įȠȝȑȢΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψΝțĮȚΝIδϊσέΝȈĲȠΝʌİʌĲȓįȚȠΝįȚĮȝȠȡĳȫȞİĲĮȚΝİțĲİĲĮȝȑȞȘΝ

ȕ-įȠȝȒΝıĲĮΝțĮĲȐȜȠȚʌĮΝζ-κΝțĮȚΝ1β-1θ,ΝİȞȫΝĳĮȓȞİĲĮȚΝȞĮΝıȤȘȝĮĲȓȗİĲĮȚΝıĲȡȠĳȒΝıĲĮΝ

țĮĲȐȜȠȚʌĮΝλ-11ΝțĮȚΝ1-γέΝȉȠΝRεSϊΝĲȘȢΝįȠȝȒȢΝĮȣĲȒȢΝİȓȞĮȚΝȣȥȘȜȩΝıİΝıȤȑıȘΝȝİΝĲȚȢΝ

İʌȩȝİȞİȢΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝįȠȝȑȢέΝǾΝĲȡȓĲȘΝįȠȝȒΝȑȤİȚΝĲȚȝȒΝRεSϊΝίέζιΝΝÅΝĮʌȩΝ

ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ ĮʌȩΝ ĲȘȞΝ ȠʌȠȓĮΝ ʌȡȠȑȡȤİĲĮȚΝ țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ

1έγλȝsέΝĭȑȡİȚΝİĳĲȐΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝıĲȠȞΝʌİʌĲȚįȚțȩΝıțİȜİĲȩΝ μΝΧ1ΨΝεet1ΧσΨΝ – 

Val17(O), (2) Phe4(N) – Glu16(O), (3) Phe4(O) – Glu16(N), (4) Lys6(N) – 

Thr14(O), (5) Lys6(O) – Thr14(N), (6) Leu8(N) – Thr12(O), (7) Leu8(O) – 

Thr1βΧσΨέΝ ȂİΝ İȟĮȓȡİıȘΝ ĲȠȞΝ ʌȡȫĲȠΝ įİıȝȩΝ ȩȜȠȚΝ ȠȚΝ ȣʌȩȜȠȚʌȠȚΝ İȓȞĮȚΝ ȓįȚȠȚΝ ȝİΝ ĲȘΝ

įİȪĲİȡȘΝ įȠȝȒέΝ ǾΝ İțĲİĲĮȝȑȞȘΝ ȕ-įȚĮȝȩȡĳȦıȘΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚ,Ν İʌȓıȘȢΝ ĲĮΝ ȓįȚĮΝ

țĮĲȐȜȠȚʌĮΝ ȝİΝ ĲȘΝ įİȪĲİȡȘΝ įȠȝȒΝ țĮȚΝ ȘΝ ıĲȡȠĳȒΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ıĲĮΝ
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țĮĲȐȜȠȚʌĮΝ λ-11έΝ ȈĲȘȞΝ ĲȑĲĮȡĲȘΝ įȠȝȒΝ ȘΝ ĲȚȝȒΝ RεSϊΝ ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ

ʌİȡȚȠȤȒȢΝ İȓȞĮȚΝ ίέθγΝ Å țĮȚΝ ȣȚȠșİĲİȓĲĮȚΝ ıĲĮΝ 1έλιΝ ȝsέΝ ȈĲȘΝ įȠȝȒΝ ĮȣĲȒΝ

ıȤȘȝĮĲȓıĲȘțĮȞΝ ĲȑııİȡȚȢΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ μΝ Χ1ΨΝ

Phe4(O) – Leu15(N), (2) Lys6(N) – Ile13(O), (3) Lys6(O) – Ile1γΧσΨΝ țĮȚΝ ΧζΨΝ

Leu8(N) – δys11ΧτΨέΝ ȅȚΝ įİıȝȠȓΝ ĮȣĲȠȓΝ ʌĮȡȩȜȠΝ ʌȠȣΝ įİȞΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲȘȞΝ

ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ σεRΝ įȠȝȒ,Ν ıȣȝĳȦȞȠȪȞΝ ȝİΝ ĲȘȞΝ ʌȚșĮȞȒΝ

İȞĮȜȜĮțĲȚțȒΝįȠȝȒΝʌȠȣΝʌĮȡȠȣıȓĮıİΝȘΝ ȠȝȐįĮΝĲȘȢΝRέΝZerellaέΝȈĲȘȞΝ İȞĮȜȜĮțĲȚțȒΝ

įȠȝȒΝȑȤİȚΝįȘȝȚȠȣȡȖȘșİȓΝȝİĲĮĲȩʌȚıȘΝĲȦȞΝțȜȫȞȦȞΝȝİΝĮʌȠĲȑȜİıȝĮΝĲȘΝįȘȝȚȠȣȡȖȓĮΝ

įȚĮĳȠȡİĲȚțȫȞΝįİıȝȫȞΝıĲȠΝıțİȜİĲȩΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȘȞΝĲȑĲĮȡĲȘΝįȠȝȒΝĲĮΝȐțȡĮΝ

ĲȘȢΝĳȠȣȡțȑĲĮȢΝİȓȞĮȚΝĮȡțİĲȐΝĮʌȠȝĮțȡȣıȝȑȞĮΝțĮȚΝįİΝįȘȝȚȠȣȡȖȠȪȞĲĮȚΝΝįȪȠΝįİıȝȠȓΝ

ȣįȡȠȖȩȞȠȣ,Ν ȩʌȦȢΝ İʌȓıȘȢΝ įİȞΝ ȑȤİȚΝ įȘȝȚȠȣȡȖȘșİȓΝ țĮȚΝ ȠΝ įİıȝȩȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝδeuκΧτΨΝ– δys11ΧσΨ,ΝʌȠȣΝʌȡȠȕȜȑʌİȚΝȘΝİȞĮȜȜĮțĲȚțȒΝįȠȝȒέΝǾΝʌİȡȚȠȤȒΝ

ĲȘȢΝȕ-įȚĮȝȩȡĳȦıȘȢΝțĮȚΝĲȘȢΝıĲȡȠĳȒȢΝİȓȞĮȚΝȓįȚĮΝȝİΝĲȘȞΝʌȡȠȘȖȠȪȝİȞȘΝįȠȝȒέΝȈĲȘȞΝ

ʌȑȝʌĲȘΝ įȠȝȒΝ ȘΝ ĲȚȝȒΝ RεSϊΝ ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȘȢΝ ʌİȡȚȠȤȒȢΝ Įʌȩ ĲȘȞΝ ȠʌȠȓĮΝ

ʌȡȠȑȡȤİĲĮȚΝ İȓȞĮȚΝ ίέι1Ν Å țĮȚΝ ȣȚȠșİĲȒșȘțİΝ ıĲĮΝ βέζθΝ ȝsέΝ ȈĲȘΝ įȠȝȒΝ ĮȣĲȒΝ

ıȤȘȝĮĲȓıĲȘțĮȞΝ ȠȚΝ ʌĮȡĮțȐĲȦΝʌȑȞĲİΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩμΝΝ

(1) Phe4(N) – Leu15(O), (2) Phe4(O) – Leu15(N), (3) Lys6(N) – Ile13(O), (4) 

Lys6(O) – Ile13(N), (5) Leu8(N) – δys11ΧτΨέΝȅȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝĮȞĲȚıĲȠȚȤȠȪȞΝ

ıĲȠȣȢΝįİıȝȠȪȢΝĲȘȢΝİȞĮȜȜĮțĲȚțȒȢΝįȠȝȒȢ,ΝĮȜȜȐΝįİȞΝȑȤȠȣȞΝįȘȝȚȠȣȡȖȘșİȓΝȠȚΝįİıȝȠȓΝ

Leu8(O) – Lys11(N), Gln2(N) – Val1ιΧτΨΝ țĮȚΝ ύlnβΧȅΨΝ – Val1ιΧȃΨέΝ ȅȚΝ įȪȠΝ

ĲİȜİȣĲĮȓȠȚΝ ȕȡȓıțȠȞĲĮȚΝ ıĲĮΝ ȐțȡĮΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ ĲĮΝ ȠʌȠȓĮΝ ȑȤȠȣȞΝ ȝİȖȐȜȘΝ

ĮʌȩıĲĮıȘΝȝİĲĮȟȪΝĲȠȣȢΝțĮșȫȢΝʌĮȡȠȣıȚȐȗȠȣȞΝĮȣȟȘȝȑȞȘΝțȚȞȘĲȚțȩĲȘĲĮΝıİΝıȤȑıȘΝȝİΝ

ĲȠΝȣʌȩȜȠȚʌȠΝʌİʌĲȚįȚțȩΝĲȝȒȝĮέΝȉĮΝțĮĲȐȜȠȚʌĮΝʌȠȣΝıȣȝȝİĲȑȤȠȣȞΝıĲȘΝıĲȡȠĳȒΝİȓȞĮȚΝ

ȓįȚĮΝȝİΝĲȚȢΝʌȡȠȘȖȠȪȝİȞİȢΝįȠȝȑȢ,ΝȩʌȦȢΝțĮȚΝĲĮΝțĮĲȐȜȠȚʌĮΝĲȘȢΝȕ-įȚĮȝȩȡĳȦıȘȢέΝǾΝ

ȑțĲȘΝțĮȚΝĲİȜİȣĲĮȓĮΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedΝȑȤİȚΝĲȚȝȒΝRεSϊΝίέζιΝÅ ĮʌȩΝ

ĲȘΝȝȑıȘΝįȠȝȒΝĲȘȢΝʌİȡȚȠȤȒȢΝĮʌȩΝĲȘȞΝȠʌȠȓĮΝʌȡȠȑȡȤİĲĮȚΝțĮȚΝȣȚȠșİĲȒșȘțİΝıĲĮΝβέθλΝ

ȝsέΝ ȈĲȘȞΝ ȑțĲȘΝ įȠȝȒΝ ȑȤȠȣȞΝ ıȤȘȝĮĲȚıĲİȓΝ ȑȟȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ

ıțİȜİĲȩ,Ν ȠȚΝ ȠʌȠȓȠȚΝ İȓȞĮȚΝ ȠȚΝ İȟȒȢμΝ Χ1ΨΝ PheζΧσΨΝ – Leu15(O), (2) Phe4(O) – 

Leu15(N), (3) Lys6(N) – Ile13(O), (4) Lys6(O) – Ile13(N), (5) Leu8(N) – Lys11(O) 

țĮȚΝ ΧθΨΝδeuκΧτΨΝ – δys11ΧσΨέΝȅȚΝ įİıȝȠȓΝıȣȝĳȦȞȠȪȞΝ ȝİΝ ĲȠΝ ʌȡȩĲȣʌȠΝ įİıȝȫȞΝ ĲȘȢΝ
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İȞĮȜȜĮțĲȚțȒȢΝįȠȝȒȢ,ΝĮȜȜȐΝĮʌȠȣıȚȐȗİȚΝĲȠΝȗİȪȖȠȢΝįİıȝȫȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝύlnβΝ– 

Val1ι,ΝĲĮΝȠʌȠȓĮΝȑȤȠȣȞΝįȚĮȝȩȡĳȦıȘΝcoilΝıĲȘΝıȣȖțİțȡȚȝȑȞȘΝįȠȝȒέΝȉĮΝțĮĲȐȜȠȚʌĮΝ

ĲȘȢΝ ıĲȡȠĳȒȢΝ țĮȚΝ ĲȘȢΝ ȕ-įȚĮȝȩȡĳȦıȘȢΝ ʌĮȡĮȝȑȞȠȣȞΝ ȓįȚĮΝ ȝİΝ ĲȚȢΝ ʌȡȠȘȖȠȪȝİȞİȢΝ

įȠȝȑȢέΝ ȅȚΝ įİıȝȠȓΝ ȣįȡȠȖȩȞȠȣΝ ʌȠȣΝ įȘȝȚȠȣȡȖȒșȘțĮȞΝ țĮȚΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲȘȞΝ

İȞĮȜȜĮțĲȚțȒΝįȠȝȒΝĳĮȓȞȠȞĲĮȚΝıȣȞȠȜȚțȐΝıĲȠȞΝʌȓȞĮțĮΝζέβ 

 

 1 2 3 4 5 6 

ύlnβΧȃΨΝ– Val1ιΧȅΨ - - - - - - 

ύlnβΧȅΨΝ– Val1ιΧȃΨ - - - - - - 

Phe4(N) – Leu15(O) - - - - + + 

Phe4(O) – Leu15(N) - - - + + + 

Lys6(N) – Ile13(O) - - - + + + 

Lys6(O) – Ile13(N) - - - + + + 

Leu8(N) – Lys11(O) - - - + + + 

Leu8(O) – Lys11(N) + + - - - + 

 

ȆȓȞĮțĮȢΝζέβ 

ȈȘȝİȚȫȞȠȞĲĮȚΝʌȠȚȠȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝĲȘȢΝİȞĮȜȜĮțĲȚțȒȢΝįȠȝȒȢΝıȤȘȝĮĲȓȗȠȞĲĮȚΝıĲȚȢΝ

įȠȝȑȢΝ ʌȠȣΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ țĮĲȠȤȒΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ protonatedΝ ʌȡȠıȠȝȠȓȦıȘȢΝ

ȝİȖĮȜȪĲİȡȘΝ ĲȠȣΝ ηΣΝ ĲȠȣΝ ıȣȞȩȜȠȣέΝ ǾΝ įȠȝȒΝ ȑȟȚΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ İȓȞĮȚΝ ȘΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ țĮȚΝ ĳȑȡİȚΝ ĲȠȣȢΝ ʌİȡȚııȩĲİȡȠȣȢΝ įİıȝȠȪȢΝ

ȣįȡȠȖȩȞȠȣΝĲȘȢΝİȞĮȜȜĮțĲȚțȒȢΝįȠȝȒȢέΝ 
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ǼȚțȩȞĮΝζέ1ζ 

ȆȓȞĮțĮȢΝRεSϊΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȂİΝĮȡȚșȝȘĲȚțȒΝıİȚȡȐΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ

ȠȚΝțȣȡȚȩĲİȡİȢΝįȚĮȝȠȡĳȫıİȚȢΝʌȠȣΝʌĮȡȠȣıȚȐȗȠȣȞΝțĮĲȠȤȒΝ(occupancy)ΝıĲȠΝĲȡȠȤȚĮțȩΝ

ȝİȖĮȜȪĲİȡȘΝĲȠȣΝηΣΝĲȠȣΝıȣȞȩȜȠȣέέΝȉȠΝȝȑȖİșȠȢΝĲȠȣΝʌȓȞĮțĮΝĮȞĲȚıĲȠȚȤİȓΝıİΝγ,ι1ζ,κίίΝ

įȚĮȝȠȡĳȫıİȚȢέΝȅΝıȤȘȝĮĲȚıȝȩȢΝĲȘȢΝĳȠȣȡțȑĲĮȢΝİȝĳĮȞȓȗİĲĮȚΝȝȩȜȚȢΝĮʌȩΝĲȘȞΝįİȪĲİȡȘΝ

įȠȝȒΝ (ίέγθΝ ȝs)Ν țĮȚΝ ȝİΝ ȠȡȚıȝȑȞİȢΝ ȝİĲĮȕȠȜȑȢΝ ıĲȠȣȢΝ įİıȝȠȪȢΝ ȣįȡȠȖȩȞȠȣΝ

İʌĮȞİȝĳĮȞȓȗİĲĮȚΝ ıĲȘȞΝ ĲȡȓĲȘΝ įȠȝȒέΝȅȚΝ įȠȝȑȢΝ ζ, η,Ν țĮȚΝ θΝ ȝȠȚȐȗȠȣȞΝ ĮȡțİĲȐΝ ȝİĲĮȟȪΝ

ĲȠȣȢ,Ν ıȣȞİʌȫȢΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌȠȪȝİΝ ȩĲȚΝ ȝİĲȐΝ ĲȘȞΝ ĲȑĲĮȡĲȘΝ įȠȝȒΝ ĲȠΝ ʌİʌĲȓįȚȠΝ
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ıĲĮșİȡȠʌȠȚİȓĲĮȚΝ (ίέλιΝ ȝs)έΝ ǾΝ ȑțĲȘΝ įȠȝȒΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ İȓȞĮȚΝ ȘΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ

įȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȂİΝȕȑȜȠȢΝıȘȝİȚȫȞİĲĮȚΝȘΝʌİȡȚȠȤȒΝĲȠȣΝʌȓȞĮțĮΝıĲȘȞ 

ȠʌȠȓĮΝ ĮȞȒțİȚΝ țȐșİΝ įȠȝȒέΝ ȅΝ ȤȡȦȝĮĲȚıȝȩȢΝ ĲȦȞΝ įȠȝȫȞΝ İȓȞĮȚΝ ȓįȚȠȢΝ ȝİΝ ĲȘȞΝ İȚțȩȞĮΝ

ζέ1ίέΝȅΝʌȓȞĮțĮȢΝĳĮȓȞİĲĮȚΝȞĮΝıȣȝĳȦȞİȓΝȝİΝĲȘΝȖȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĲȘȢΝİȚțȩȞĮȢΝζέγέ 

 

ȉĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ȩʌȦȢΝ țĮȚΝ ıĲȚȢΝ įȪȠΝ ʌȡȠȘȖȠȪȝİȞİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ įİΝ

ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗȠȣȞΝ įİıȝȠȪȢ ȣįȡȠȖȩȞȠȣ,Ν țĮșȫȢΝ ȕȡȓıțȠȞĲĮȚΝ ıİΝ ȝİȖȐȜȘΝ

ĮʌȩıĲĮıȘΝ ȝİĲĮȟȪΝ ĲȠȣȢέΝ īȚĮΝ ȞĮΝ İȜİȖȤșİȓΝ ȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȠȣΝ “ʌȣȡȒȞĮ”Ν ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ıĲȘȞΝ İȚțȩȞĮΝ ζέ1ηΝ ȠΝ ʌȓȞĮțĮȢΝRεSϊΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝωĮΝ

ĲȦȞΝțĮĲĮȜȠȓʌȦȞΝγ-1ηΝțĮȚΝĲĮΝȐĲȠȝĮΝωĮΝȩȜȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞέΝǵʌȦȢΝțĮȚΝıĲȠȣȢΝ

įȪȠΝ ʌȡȠȘȖȠȪȝİȞȠȣȢΝ ıȣȖțȡȚĲȚțȠȪȢΝ ʌȓȞĮțİȢΝ țĮȚΝ İįȫΝ ĳĮȓȞİĲĮȚΝ ʌȦȢΝ ȘΝ ĮʌȩıĲĮıȘΝ

ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮΝ ȖȚĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ γ-1ηΝ İȓȞĮȚΝ ȝȚțȡȩĲİȡȘΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘȞΝ

ĮʌȩıĲĮıȘΝ ĲȦȞΝ ĮĲȩȝȦȞΝωĮΝ ȖȚĮΝ ȩȜĮΝ ĲĮΝ țĮĲȐȜȠȚʌĮέΝ ȈȣȞİʌȫȢΝ ĲȠΝ ĲȝȒȝĮΝ γ-1ηΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝİȓȞĮȚΝıĲĮșİȡȩĲİȡȠΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝprotonatedέΝǾΝ

ĮʌȫȜİȚĮΝ ıȣȞİʌȫȢΝ ĲȦȞΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣΝ ĲȦȞΝ ȐțȡȦȞΝ ʌȡȠıįȓįİĲĮȚΝ ıĲȘȞΝ

ĮȣȟȘȝȑȞȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȦȞΝȐțȡȦȞέΝ 
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ǼȚțȩȞĮΝζέ1η 

ȆȓȞĮțĮȢΝ RεSϊΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonatedέΝ ȈȪȖțȡȚıȘΝ ĲȦȞΝ ĲȚȝȫȞΝ RεSϊΝ ȖȚĮΝ ĲĮΝ

ȐĲȠȝĮΝ ωĮΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ γ-1ηΝ (İʌȐȞȦ)Ν țĮȚΝ ȖȚĮΝ ĲĮ ȐĲȠȝĮΝ ωĮΝ Ν ȩȜȦȞΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ (țȐĲȦΝ ĮʌȩΝ ĲȘΝ įȚĮȖȫȞȚȠ)έΝ ȅȚΝ ĲȚȝȑȢΝ RεSϊΝ İȓȞĮȚΝ ȤĮȝȘȜȩĲİȡİȢΝ ȖȚĮΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝγ-1η,ΝȝİΝıȣȞȑʌİȚĮΝĲȠΝțȠȝȝȐĲȚΝĮȣĲȩΝĲȠȣΝʌİʌĲȚįȓȠȣΝȞĮΝİȓȞĮȚΝʌȚȠΝıĲĮșİȡȩΝ

țĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ 

 

ȈȣȞȠȥȓȗȠȞĲĮȢΝ ȩȜĮΝ ĲĮΝ ʌĮȡĮʌȐȞȦΝ ıȣȝʌİȡĮȓȞȠȣȝİΝ ʌȦȢΝ ıĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ

protonatedΝ ĲȠΝ ʌİʌĲȓįȚȠΝ ıȤȘȝȐĲȚıİΝ ĲȘȞΝ İȞĮȜȜĮțĲȚțȒΝ įȠȝȒΝ țĮȚΝ ȩȤȚΝ ĲȘȞΝ σεRΝ

įȠȝȒ,Ν ȩʌȦȢΝ ȠȚΝ ʌȡȠȘȖȠȪȝİȞİȢΝ įȪȠΝ ʌȡȠıȠȝȠȚȫıİȚȢέΝ ȅΝ ȤȡȩȞȠȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ İȓȞĮȚΝȝȚțȡȩȢΝıȣȖțȡȚĲȚțȐΝȝİΝ ĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝλλSψ,ΝțĮșȫȢΝĳĮȓȞİĲĮȚΝ

ȞĮΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ȘΝ ıĲȡȠĳȒ țĮȚΝ ȠȚΝ ȕ-țȜȫȞȠȚΝ ȝȩȜȚȢΝ ıĲĮΝ ίέγθȝs,Ν İȞȫΝ ĲȠΝ ʌİʌĲȓįȚȠΝ

ĮȡȤȓȗİȚΝȞĮΝıĲĮșİȡȠʌȠȚİȓĲĮȚΝȖȪȡȦΝıĲĮΝίέλιΝȝsΝțĮȚΝȘΝĲİȜȚțȒΝįȠȝȒΝĮʌȠțĲȐĲĮȚΝβέθλΝ

ȝsέΝȈĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝλλSψΝȘΝįȘȝȚȠȣȡȖȓĮΝĲȘȢΝıĲȡȠĳȒȢΝțĮȚΝĲȦȞΝȕ-țȜȫȞȦȞΝȑȖȚȞİΝ

ĲĮȣĲȩȤȡȠȞĮΝ ȝİΝ ĲȘȞΝ ĮʌȩțĲȘıȘΝ ĲȘȢΝ ıĲĮșİȡȒȢΝ įȠȝȒȢ,Ν ʌİȡȓʌȠȣ ıĲĮΝ γέκΝ ȝsέΝ ώΝ

įȚĮĳȠȡȐΝıĲȠΝȤȡȩȞȠΝĮȞĮįȓʌȜȦıȘȢΝıĲȚȢΝįȪȠΝʌȡȠıȠȝȠȚȫıİȚȢΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝĲȘȢΝ

ĲȐȟȘȢΝ ĲȠȣΝ 1Ν ȝsΝ – ıȘȝĮȞĲȚțȩȢΝ ȣʌȠȜȠȖȚıĲȚțȩȢΝ țĮȚΝ ĳȣıȚțȩȢΝ ȤȡȩȞȠȢΝ ıİΝ
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ʌȡȠıȠȝȠȚȫıİȚȢΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢέΝȈĲȘȞΝʌİȡȓʌĲȦıȘΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝIδϊσΝ

ĲȠΝʌİʌĲȓįȚȠΝĮȞĮįȚʌȜȫșȘțİΝĮȡțİĲȐ ȖȡȒȖȠȡĮΝĮȜȜȐΝțĮȚΝıİΝĮȣĲȒΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝ

ȠΝıȤȘȝĮĲȚıȝȩȢΝĲȘȢΝıĲȡȠĳȒȢΝțĮȚΝĲȦȞΝȕ-țȜȫȞȦȞΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝĲĮȣĲȩȤȡȠȞĮΝ

ȝİΝ ĲȘȞΝ ȣȚȠșȑĲȘıȘΝ ĲȘȢΝ țȣȡȓĮȡȤȘȢΝ įȠȝȒȢΝ Χ1έβθΝ ȝsΨΝ țĮȚΝ ȩȤȚΝ ʌȚȠΝ ȞȦȡȓȢ,Ν ȩʌȦȢΝ ıĲȠΝ

ĲȡȠȤȚĮțȩΝ ĲȘȢΝ protonatedέΝ ȈĲȘȞΝ İȚțȩȞĮΝ ζέ1θΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝįȠȝȑȢΝĲȦȞΝĲȡȚȫȞΝĲȡȠȤȚĮțȫȞέΝ 

 

 

 

ǼȚțȩȞĮΝζέ1θ 

ȅȚΝĲȡİȚȢΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝįȠȝȑȢΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝʌȠȣΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞέΝ

ǹʌȩΝĮȡȚıĲİȡȐΝİȓȞĮȚΝ(1)ΝIδϊσ,Ν(β)ΝλλSψ,Ν(γ)ΝprotonatedέΝȈĲȘΝįȠȝȒΝprotonatedΝİȓȞĮȚΝ

İȝĳĮȞȒȢΝȘΝȝİĲȐșİıȘΝĲȦȞΝțȜȫȞȦȞΝțĮĲȐΝȑȞĮΝțĮĲȐȜȠȚʌȠ,ΝțĮșȫȢΝȠΝȕ-țȜȫȞȠȢΝĲȠȣΝȃ-

ĲİȜȚțȠȪΝȐțȡȠȣΝ(ĮȡȚıĲİȡȐ)ΝİȓȞĮȚΝȝİȖĮȜȪĲİȡȠȢΝțĮĲȐΝȑȞĮΝțĮĲȐȜȠȚʌȠΝıİΝıȤȑıȘΝȝİΝĲȠȞΝ

ȕ-țȜȫȞȠΝĲȠȣΝω-ĲİȜȚțȠȪΝȐțȡȠȣέΝȅȚΝįȪȠΝʌȡȫĲİȢΝįȠȝȑȢΝıȣȝĳȦȞȠȪȞΝȝİĲĮȟȪΝĲȠȣȢΝțĮȚΝ

ȝİΝĲȘȞΝσεRΝįȠȝȒ,ΝİȞȫΝȘΝĲȡȓĲȘΝįȠȝȒΝȑȤİȚΝįȚĮĳȠȡİĲȚțȒΝıĲȡȠĳȒΝțĮȚΝįȚĮĳȠȡİĲȚțȠȪȢΝ

įİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝĮʌȩΝĲȚȢΝȐȜȜİȢΝįȪȠΝțĮȚΝĮʌȩΝĲȘȞΝσεRΝįȠȝȒ,ΝĮȜȜȐΝıȣȝĳȦȞİȓΝȝİΝ

ĲȘȞΝ İȞĮȜȜĮțĲȚțȒΝ įȠȝȒΝ ʌȠȣΝ ʌȡȠĲİȓȞİĲĮȚΝ ĮʌȩΝ ĲȘȞΝ ȠȝȐįĮΝ ĲȘȢΝRέΝ ZerellaΝ ıĲȠΝσεRΝ

ʌİȓȡĮȝĮέ 
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ζέβΝǹȞȐșİıȘΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ  
 

ȈĲȘȞΝ ʌȡȠȘȖȠȪȝİȞȘΝ İȞȩĲȘĲĮΝ İȓįĮȝİΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮĲȐΝ ĲȘΝ

įȚȐȡțİȚĮΝĲȦȞΝĲȡȚȫȞΝʌȡȠıȠȝȠȚȫıİȦȞΝțĮȚΝȠȡȚıȝȑȞİȢΝįȠȝȑȢΝĮʌȩΝıĲȚȖȝȚȩĲȣʌĮΝĲȦȞΝ

ĲȡȠȤȚĮțȫȞέΝȅȚΝ ĮȞĮȜȪıİȚȢΝ ʌȠȣΝ șĮΝ ĮțȠȜȠȣșȒıȠȣȞΝ ıİΝ ĮȣĲȒΝ ĲȘȞΝ İȞȩĲȘĲĮΝ ĮĳȠȡȠȪȞΝ

ĲȘȞΝ įİȣĲİȡȠĲĮȖȒΝ įȠȝȒΝ ʌȠȣΝ ȣȚȠșİĲȠȪȞΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮĲȐΝ ĲȘΝ

įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢέΝ ȉĮΝ ʌȡȠȖȡȐȝȝĮĲĮΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȖȚĮΝ ĲȠΝ

ıțȠʌȩΝĮȣĲȩΝİȓȞĮȚΝĲȠΝSTRIϊϋΝΧϊέΝόrishmanΝetΝalέ,Ν1λλη,ΝεέΝώeinigΝetΝalέ,ΝβίίζΨΝ

țĮȚΝĲȠΝϊSSPΝΧWέΝKabschΝetΝalέ,Ν1λκγΨέΝ 

 

ǾΝĮȞĲȚıĲȠȓȤȘıȘΝıĲȠȚȤİȓȦȞΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝİȓȞĮȚΝȑȞĮΝıȘȝĮȞĲȚțȩΝȕȒȝĮΝıĲȠΝ

ȤĮȡĮțĲȘȡȚıȝȩΝ ĲȘȢΝ ĲȡȚıįȚȐıĲĮĲȘȢΝ įȠȝȒȢΝ ȝȚĮȢΝ ʌȡȦĲİǸȞȘȢΝ țĮȚΝ İʌȓıȘȢΝ İȓȞĮȚΝ ȘΝ

ĮĳİĲȘȡȓĮΝ ȖȚĮΝ ʌȠȜȜȑȢΝ șİȦȡȘĲȚțȑȢΝ ȝİȜȑĲİȢΝ ʌȠȣΝ ĮĳȠȡȠȪȞΝ ĲȘȞΝ ʌȡȩȕȜİȥȘΝ

įİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢ,ΝĲȘȞΝȝȠȞĲİȜȠʌȠȓȘıȘΝȝİΝȕȐıȘΝĲȘȞΝȠȝȠȜȠȖȓĮ,ΝĲȘȞΝĮȞȐıĲȡȠĳȘΝ

ʌȡȦĲİȚȞȚțȒΝ ĮȞĮįȓʌȜȦıȘ,Ν ĲȘȞΝ ʌİȡȚȖȡĮĳȒΝ ĲȦȞΝ ĮȞĮįȚʌȜȠȪȝİȞȦȞΝ ȝȠĲȓȕȦȞΝ țĮȚΝ

ȐȜȜİȢΝʌĮȡȩȝȠȚİȢΝȝİȜȑĲİȢέΝȆĮȡȩȜȠΝʌȠȣΝ ΝȘΝĮȞĮȖȞȫȡȚıȘΝįȚĮȝȠȡĳȫıİȦȞΝĮ-İȜȓțȦȞΝ

țĮȚΝȕ-ĳȪȜȜȦȞΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝİȪțȠȜȘ,ΝıĲȘȞΝʌȡĮȖȝĮĲȚțȩĲȘĲĮΝȝȚĮΝĮȜȖȠȡȚșȝȚțȒΝ

ȜȪıȘΝ ʌİȡȚʌȜȑțİĲĮȚΝ ĮʌȩΝ ĲȘȞΝ ĮıĮĳȒΝ ĳȪıȘΝ ĲȦȞΝ ıĲȠȚȤİȓȦȞΝ ĮȣĲȫȞέΝ ǲȤȠȣȞΝ

ĮȞĮʌĲȣȤșİȓΝ ĮȡțİĲȠȓΝ ĮȜȖȩȡȚșȝȠȚΝ ȖȚĮΝ ĲȘȞΝ İʌȓȜȣıȘΝ ĲȘȢΝ ĮȞȐșİıȘȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ

įȠȝȒȢΝ țĮȚΝ įİȞΝ ʌȡȠțĮȜİȓΝ ȑțʌȜȘȟȘΝ ĲȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝ țȐșİΝ ȝȑșȠįȠȢΝ ʌȡȠıİȖȖȓȗİȚΝ ĲȠΝ

ʌȡȩȕȜȘȝĮΝ ĮʌȩΝ įȚĮĳȠȡİĲȚțȒΝ ıțȠʌȚȐΝ ȝİΝ ĮʌȠĲȑȜİıȝĮΝ ȞĮΝ ȣʌȐȡȤİȚΝ įȚĮĳȦȞȓĮΝ ıĲĮΝ

ĮʌȠĲİȜȑıȝĮĲĮΝĲȘȢΝĮȞȐșİıȘȢέΝΝΝ 

 

ȉȠΝ STRIϊϋΝ ΧSTRucturalΝ IϊϋntificationΨΝ İȓȞĮȚΝ ȑȞĮȢΝ ĮȣĲȩȝĮĲȠȢΝ ĮȜȖȩȡȚșȝȠȢΝ ȖȚĮΝ

ĲȘȞΝ ĮȞȐșİıȘΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĮʌȩΝ ĲȚȢΝ ĮĲȠȝȚțȑȢΝ ıȣȞĲİĲĮȖȝȑȞİȢΝ țĮȚΝ

ȕĮıȓȗİĲĮȚΝ ıĲȘΝ ıȣȞįȣĮıȝȑȞȘΝ ȤȡȒıȘΝ ĲȘȢΝ İȞȑȡȖİȚĮȢΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣΝ țĮȚΝ ıİΝ

ıĲĮĲȚıĲȚțȑȢΝ ʌȜȘȡȠĳȠȡȓİȢΝ ʌȠȣΝ ĮĳȠȡȠȪȞΝ ĲȘΝ ȖȦȞȓĮΝ ıĲȡȑȥȘȢΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ

ıțİȜİĲȠȪΝ ΧϊέΝόrishmanΝ etΝ alέ,Ν 1λληΨΝ έ  ȆȡȚȞΝ ĲȘΝįȘȝȚȠȣȡȖȓĮΝ ĲȠȣΝSTRIϊϋ,Ν ȠΝʌȚȠΝΝ

țȠȚȞȩȢΝ ĮȜȖȩȡȚșȝȠȢΝ ȒĲĮȞΝ ĮȣĲȩȢΝ ĲȠȣΝ ʌȡȠȖȡȐȝȝĮĲȠȢΝ ϊSSPΝ ΧϊefineΝ SecondaryΝ
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StructureΝ ofΝ ProteinsΨ,Ν ȠΝ ȠʌȠȓȠȢΝ ȕĮıȓȗİĲĮȚΝ ıĲȘȞΝ ĮȞĮȖȞȫȡȚıȘΝ ȝȠĲȓȕȦȞΝ įİıȝȫȞΝ

ȣįȡȠȖȩȞȠȣέΝ ΝȉĮΝȕĮıȚțȐΝȝȠĲȓȕĮΝʌȠȣΝʌĮȡĮĲȘȡȠȪȞĲĮȚΝıĲȠȞΝĮȜȖȩȡȚșȝȠΝϊSSPΝ İȓȞĮȚΝ

ĲĮΝ İȟȒȢΝ μΝ “n-turns”Ν μΝ ȝİΝ ȑȞĮΝ įİıȝȩΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĲȘȢΝ ȠȝȐįĮȢΝ ωτΝ ĲȠȣΝ

țĮĲĮȜȠȓʌȠȣΝiΝțĮȚΝĲȘȢΝȠȝȐįĮȢΝȃǾΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝi+n,ΝΧnοβ,Νγ,ΝζΨΝțĮȚΝ“bridges”ΝμΝ

ȝİΝ įİıȝȠȪȢΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ȝȘ-ıİȚȡȚĮțȫȞΝ țĮĲĮȜȠȓʌȦȞΝ ĲȘȢΝ ĮȜȜȘȜȠȣȤȓĮȢέΝ ǾΝ

İʌĮȞȐȜȘȥȘΝ ȝȠĲȓȕȦȞΝ “ζ-turns”Ν ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ Į-ȑȜȚțİȢ,Ν İȞȫΝ ȘΝ İʌĮȞȐȜȘȥȘΝ ĲȠȣΝ

ȝȠĲȓȕȠȣΝ “bridges”Ν ĮȞĲȚıĲȠȚȤİȓΝ ıİΝ ȕ-įȠȝȒέΝ ǵȜİȢΝ ȠȚΝ ȐȜȜİȢΝ ȝȠȡĳȑȢΝ ĲȦȞΝ ȕĮıȚțȫȞΝ

ȝȠĲȓȕȦȞΝĮȞĲȚıĲȠȚȤȠȪȞΝıİΝγ10-ȑȜȚțİȢ,Νʌ-ȑȜȚțİȢ,ΝȝȠȞȑȢΝıĲȡȠĳȑȢΝțĮȚΝȝȠȞȑȢΝȕ-bridges 

(W. Kabsch et al., 1983) .  

 

ȉȠΝ ĮʌȠĲȑȜİıȝĮΝ ĮʌȩΝ ĲȠȞΝ ĮȜȖȩȡȚșȝȠΝ STRIϊϋΝ İȓȞĮȚΝ ȑȞĮΝ ȖȡȐȝȝĮΝ ʌȠȣΝ ĮȞĲȚıĲȠȚȤİȓΝ

ıĲȘΝ įȚĮȝȩȡĳȦıȘΝ țȐșİΝ țĮĲĮȜȠȓʌȠȣΝ ĲȘȢΝ ĮȜȜȘȜȠȣȤȓĮȢΝ țĮșΥΝ ȩȜȘΝ ĲȘȞΝ ȑțĲĮıȘΝ ĲȠȣΝ

ĲȡȠȤȚĮțȠȪέΝ ǾΝ ĮȞĲȚıĲȠȓȤȘıȘΝ ȖȡȐȝȝĮĲȠȢΝ țĮȚΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ İȓȞĮȚΝ ȘΝ

ʌĮȡĮțȐĲȦΝμ 

 ώΝΝΝΝΝΝΝĮ-ȑȜȚțĮ 

 G       310 ȑȜȚțĮ 

 IΝΝΝΝΝΝΝΝʌ-ȑȜȚțĮ 

 ϋΝΝΝΝΝΝΝǼțĲİĲĮȝȑȞȘΝȕ-įȚĮȝȩȡĳȦıȘΝ 

 ψΝΝΝΝΝΝΝȕ-ȝİȝȠȞȦȝȑȞȘΝȖȑĳȣȡĮ 

 TΝΝΝΝΝΝΝȈĲȡȠĳȒ 

 ωΝΝΝΝΝΝΝȈʌİȓȡĮȝĮΝΧțĮȝȓĮΝĮʌȩΝĲȚȢΝʌĮȡĮʌȐȞȦΝįȚĮȝȠȡĳȫıİȚȢΨ 

ǾΝĮȞĲȓıĲȠȚȤȘΝȑȟȠįȠȢΝĲȠȣΝĮȜȖȩȡȚșȝȠȣΝϊSSPΝİȓȞĮȚμ 

 ώΝΝΝΝΝΝΝĮ-ȑȜȚțĮ 

 G       310 ȑȜȚțĮ 

 IΝΝΝΝΝΝΝΝʌ-ȑȜȚțĮ 

 ϋΝΝΝΝΝΝΝǼțĲİĲĮȝȑȞȘΝȕ-įȚĮȝȩȡĳȦıȘΝ 

 ψΝΝΝΝΝΝΝȕ-ȝİȝȠȞȦȝȑȞȘΝȖȑĳȣȡĮ 

 TΝΝΝΝΝΝΝȈĲȡȠĳȒΝȝİΝįİıȝȩΝȣįȡȠȖȩȞȠȣ 

 S ȈĲȡȠĳȒ 
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ȈĲȘȞΝİȚțȩȞĮΝζέ1ιΝİȝĳĮȞȓȗȠȞĲĮȚΝĲĮΝĮʌȠĲİȜȑıȝĮĲĮΝȖȚĮΝĲȠΝĲȡȠȤȚĮțȩΝλλSψΝĮʌȩΝĲȘȞΝ

ĮȞȐșİıȘΝįȠȝȒȢΝıȪȝĳȦȞĮΝȝİΝĲȠȣȢΝĮȜȖȩȡȚșȝȠȣȢΝϊSSPΝțĮȚΝSTRIϊϋέΝȆȡȠțİȚȝȑȞȠȣΝ

ȞĮΝ ȖȓȞİȚΝ ʌȚȠΝ İȣĮȞȐȖȞȦıĲȠΝ ĲȠΝ ĮʌȠĲȑȜİıȝĮ,Ν ĲĮΝ ȖȡȐȝȝĮĲĮ ĮȞĲȚțĮĲĮıĲȐșȘțĮȞΝ ȝİΝ

ȤȡȫȝĮέΝ 

 

 

ǼȚțȩȞĮΝζέ1ι 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĮȞȐșİıȘȢΝįȠȝȒȢΝĮʌȩΝĲȠȣȢΝĮȜȖȠȡȓșȝȠȣȢΝSTRIϊϋΝ(İʌȐȞȦ)ΝțĮȚΝ

ϊSSPΝ (țȐĲȦ)Ν ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ȈĲȠȞΝ ȠȡȚȗȩȞĲȚȠΝ ȐȟȠȞĮΝ İȓȞĮȚΝ ĲȠʌȠșİĲȘȝȑȞİȢΝ ȠȚΝ

įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ȣȚȠșİĲȒșȘțĮȞΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢ λλSψΝ ȝİΝ

ȕȒȝĮΝ 1ίίί,Ν İȞȫΝ ıĲȠȞΝ țȐșİĲȠΝ ȐȟȠȞĮΝ ĮȡȚșȝȠȪȞĲĮȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ

ǺȜȑʌȠȣȝİΝ ĲȘȞΝ İȟȑȜȚȟȘΝ țȐșİΝ țĮĲĮȜȠȓʌȠȣΝ țĮĲȐΝ ȝȒțȠȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ȉȠΝ țȓĲȡȚȞȠΝ

ȤȡȫȝĮΝĮȞĲȚıĲȠȚȤİȓΝıİΝİțĲİĲĮȝȑȞȘΝȕ-įȚĮȝȩȡĳȦıȘ,ΝĲȠΝțȣĮȞȩΝıİΝıĲȡȠĳȒ,ΝĲȠΝȜİȣțȩΝıİΝ

ıʌİȓȡĮȝĮ,Ν ĲȠΝțȩțțȚȞȠΝıİΝĮ-ȑȜȚțĮ,Ν ĲȠΝȝȠȕΝıİΝ γ10-ȑȜȚțĮ,Ν ĲȠΝȝʌȜİΝıİΝʌ-ȑȜȚțĮΝțĮȚΝ ĲȠΝ

ȖțȡȚΝıİΝȝİȝȠȞȦȝȑȞȘΝȖȑĳȣȡĮέΝ 
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ǵʌȦȢΝ ȒĲĮȞΝ ĮȞĮȝİȞȩȝİȞȠΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȦȞΝ ĮȜȖȠȡȓșȝȦȞΝ ıȣȝĳȦȞȠȪȞΝ ıĲȘȞΝ

ʌȜİȚȠȥȘĳȓĮΝ ĲȦȞΝ įȚĮȝȠȡĳȫıİȦȞΝ țĮșȫȢΝ ȜĮȝȕȐȞȠȞĲĮȚΝ ȣʌȩȥȚȞΝ țĮȚΝ ıĲȚȢΝ įȪȠΝ

ʌİȡȚʌĲȫıİȚȢΝ ʌĮȡȩȝȠȚİȢΝ ıȣȞȚıĲĮȝȑȞİȢΝ ȖȚĮΝ ĲȘȞΝ ĮʌȩįȠıȘΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢέΝ

ȈĲȘȞΝĮȞȐșİıȘΝʌȠȣΝʌȡȠțȪʌĲİȚΝĮʌȩΝĲȠȞΝĮȜȖȩȡȚșȝȠΝSTRIϊϋΝĲĮΝįȪȠΝʌȡȫĲĮΝțĮȚΝĲĮΝ

įȪȠΝĲİȜİȣĲĮȓĮΝțĮĲȐȜȠȚʌĮΝįİȞΝĳĮȓȞİĲĮȚΝȞĮΝȣȚȠșİĲȠȪȞΝȕ-įȚĮȝȩȡĳȦıȘ,ΝʌȡȐȖȝĮΝʌȠȣΝ

ıȣȝĳȦȞİȓΝ țĮȚΝ ȝİΝ ĲȠΝ ĮʌȠĲȑȜİıȝĮΝ ĲȦȞΝ ʌȚȞȐțȦȞΝ RεSϊΝ ʌİȡȓΝ ĮȣȟȘȝȑȞȘȢΝ

țȚȞȘĲȚțȩĲȘĲĮȢΝĲȦȞΝȐțȡȦȞΝĲȘȢΝĳȠȣȡțȑĲĮȢέΝǼʌȚʌȜȑȠȞΝȝİĲȐΝĲȘΝȝȑıȘΝʌİȡȓʌȠȣΝĲȠȣΝ

ĲȡȠȤȚĮțȠȪΝ ĳĮȓȞİĲĮȚΝ ȝȚĮΝ ʌȚȠΝ ȟİțȐșĮȡȘΝ įȚĮȝȩȡĳȦıȘΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν ȝİΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝ γΝ – θΝ țĮȚΝ 1βΝ – 1ηΝ ȞĮΝ ȣȚȠșİĲȠȪȞΝ İțĲİĲĮȝȑȞȘΝ ȕ-įȚĮȝȩȡĳȦıȘΝ țĮȚΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝιΝ– 1ίΝȞĮΝȕȡȓıțȠȞĲĮȚΝıĲȘΝıĲȡȠĳȒΝĲȘȢΝĳȠȣȡțȑĲĮȢΝıȤȘȝĮĲȓȗȠȞĲĮȢΝĲȠȞΝ

ĲȪʌȠΝ ǿΝ ȕ-ıĲȡȠĳȒȢέΝ ȈĲȘȞΝ ĮȞȐșİıȘΝ ʌȠȣΝ ʌȡȠțȪʌĲİȚΝ ĮʌȩΝ ĲȠȞΝ ĮȜȖȩȡȚșȝȠΝ ϊSSPΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝ1Ν– βΝțĮȚΝ1θΝ– 1ι,ΝİʌȓıȘȢ,ΝįİȞΝĳĮȓȞİĲĮȚΝȞĮΝȣȚȠșİĲȠȪȞΝȕ-įȚĮȝȩȡĳȦıȘέΝ

ȂİĲȐΝĲȘΝȝȑıȘΝʌİȡȓʌȠȣΝĲȠȣΝĲȡȠȤȚĮțȠȪΝĳĮȓȞİĲĮȚΝĲĮΝțĮĲȐȜȠȚʌĮΝĲȘȢΝİțĲİĲĮȝȑȞȘȢΝȕ-

įȚĮȝȩȡĳȦıȘȢΝȞĮΝİȓȞĮȚΝĲĮΝȓįȚĮΝȝİΝĲȘȞΝĮȞȐșİıȘΝĲȠȣΝĮȜȖȠȡȓșȝȠȣΝSTRIϊϋ,ΝİȞȫΝȦȢΝ

țĮĲȐȜȠȚʌĮΝĲȘȢΝıĲȡȠĳȒȢΝĮʌȠįȓįȠȞĲĮȚΝĲĮΝκΝ– 1ί,ΝȖİȖȠȞȩȢΝʌȠȣΝįİȞΝıȣȝĳȦȞİȓΝȝİΝĲȘȞΝ

σεRΝ įȠȝȒ,Ν İȞȫΝ įİȞΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ĮʌȠįȓįİĲĮȚΝ țĮȝȓĮΝ įȚĮȝȩȡĳȦıȘΝ ıĲȠΝ ȑȕįȠȝȠΝ

țĮĲȐȜȠȚʌȠέΝīİȞȚțȩĲİȡĮΝȠΝĮȜȖȩȡȚșȝȠȢΝϊSSPΝĮʌȠįȓįİȚ ıİΝʌİȡȚııȩĲİȡĮΝțĮĲȐȜȠȚʌĮΝ

įȚĮȝȩȡĳȦıȘΝ ıʌİȚȡȐȝĮĲȠȢΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠȞΝ STRIϊϋέΝ ȀĮȚΝ ȠȚΝ įȪȠΝ ĮȜȖȩȡȚșȝȠȚΝ

ĮʌȠįȓįȠȣȞΝıİΝ ȠȡȚıȝȑȞĮΝțĮĲȐȜȠȚʌĮΝįȚĮȝȩȡĳȦıȘΝ ȑȜȚțĮȢ,ΝĮȜȜȐΝĳĮȓȞİĲĮȚΝ ȞĮΝ İȓȞĮȚΝ

ʌİȡȚıĲĮıȚĮțȒέΝ 

 

ȈĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ IδϊσΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĮʌȩΝ ĲȘȞΝ ĮʌȩįȠıȘΝ

įİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝıĲĮΝțĮĲȐȜȠȚʌĮΝĲȠȣΝʌİʌĲȚįȓȠȣΝΧİȚțȩȞĮΝζέ1κΨΝİȓȞĮȚΝʌĮȡȩȝȠȚĮΝ

ȝİΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝλλSψΝʌȡȠıȠȝȠȓȦıȘȢέΝȈĲĮΝțĮĲȐȜȠȚʌĮΝ1Ν – βΝțĮȚΝ 1θΝ – 1ιΝįİȞΝ

ĳĮȓȞİĲĮȚΝȞĮΝĮʌȠįȓįİĲĮȚΝțĮȝȓĮΝįȚĮȝȩȡĳȦıȘΝțĮșΥΝȩȜȘΝĲȘȞΝȑțĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪ,Ν

İȞȫΝıĲĮΝțĮĲȐȜȠȚʌĮΝ1Ν– θΝțĮȚΝ1βΝ– 1ηΝĮʌȠįȓįİĲĮȚΝİțĲİĲĮȝȑȞȘΝȕ-įȚĮȝȩȡĳȦıȘ,ΝıĲȘΝ

ȝİȖĮȜȪĲİȡȘΝȑțĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪΝțĮȚΝȝİΝĲȠȣȢΝįȪȠΝĮȜȖȠȡȓșȝȠȣȢέΝȅΝĮȜȖȩȡȚșȝȠȢΝ

STRIϊϋΝ ĮʌȠįȓįİȚ,Ν ıĲȘȞΝ ȝİȖĮȜȪĲİȡȘΝ ȑțĲĮıȘΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪ,Ν įȚĮȝȩȡĳȦıȘΝ

ıĲȡȠĳȒȢΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ ιΝ – 1ίέΝȉĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĮȣĲȐΝ İȓȞĮȚΝ ıȪȝĳȦȞĮΝ ȝİΝ ĲȘȞΝ



 

 

124 

 

NMRΝ įȠȝȒέΝ ǼȞȫΝ ȠΝ ĮȜȖȩȡȚșȝȠȢΝ ϊSSPΝ ĮʌȠįȓįİȚΝ įȚĮȝȩȡĳȦıȘΝ ıĲȡȠĳȒȢΝ ıĲĮΝ

țĮĲȐȜȠȚʌĮΝκΝ– 1ί,ΝȖȚĮΝĲȘȞΝ ȓįȚĮΝȑțĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝȈĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝIδϊσΝ

ʌȡȠıȠȝȠȓȦıȘȢΝ įİȞΝ ĮʌȠįȓįİĲĮȚΝ įȚĮȝȩȡĳȦıȘΝ Į-ȑȜȚțĮȢ,Ν ȩʌȦȢΝ ıĲȠΝ ʌȡȠȘȖȠȪȝİȞȠΝ

ĲȡȠȤȚĮțȩέΝ ǵıȠΝ ĮĳȠȡȐΝ ĲȘΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ įȪȠΝ ĮȜȖȠȡȓșȝȦȞΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȘȞΝ

ĮʌȩįȠıȘΝ įȚĮĳȠȡİĲȚțȒȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȚĮȝȩȡĳȦıȘȢΝ ıĲĮΝ ȓįȚĮΝ țĮĲȐȜȠȚʌĮΝ İȓȞĮȚΝ

ʌȚșĮȞȩȞΝ ȞĮΝ ȠĳİȓȜİĲĮȚΝ ıİΝ ȥİȣįȫȢΝ șİĲȚțȐΝ ȒΝ ĮȜȘșȫȢΝ ĮȡȞȘĲȚțȐΝ ĮʌȠĲİȜȑıȝĮĲĮέΝ

ǼʌȚʌȜȑȠȞΝ ȠΝ ĮȜȖȩȡȚșȝȠȢΝ STRIϊϋΝ İȓȞĮȚΝ ıİΝ șȑıȘΝ ȞĮΝ ĮȞĲȚıĲȠȚȤİȓΝ țĮĲȐȜȠȚʌĮΝ ʌȠȣΝ

ıȣȝȝİĲȑȤȠȣȞΝıİΝύIΝȕ-bulgeΝıĲȘȞΝİțĲİĲĮȝȑȞȘΝįȚĮȝȩȡĳȦıȘ,ΝİȞȫΝĲȠΝϊSSPΝȩȤȚΝΧϊέΝ

Frishman et al., 1995).    

 

 

ǼȚțȩȞĮΝζέ1κ 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĮȞȐșİıȘȢΝįȠȝȒȢΝĮʌȩΝĲȠȣȢΝĮȜȖȠȡȓșȝȠȣȢΝSTRIϊϋΝ(İʌȐȞȦ)ΝțĮȚΝ

ϊSSPΝ (țȐĲȦ)Ν ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝȈĲȠȞΝȠȡȚȗȩȞĲȚȠΝȐȟȠȞĮΝ İȓȞĮȚΝ ĲȠʌȠșİĲȘȝȑȞİȢΝ ȠȚΝ

įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ȣȚȠșİĲȒșȘțĮȞΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ IδϊσΝȝİΝ

ȕȒȝĮΝ 1ίίί,Ν İȞȫΝ ıĲȠȞΝ țȐșİĲȠΝ ȐȟȠȞĮΝ ĮȡȚșȝȠȪȞĲĮȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ
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ǺȜȑʌȠȣȝİΝĲȘȞΝİȟȑȜȚȟȘΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝțȐșİΝțĮĲĮȜȠȓʌȠȣΝțĮĲȐΝȝȒțȠȢΝĲȠȣΝ

ĲȡȠȤȚĮțȠȪέΝ ȅΝ ȤȡȦȝĮĲȚıȝȩȢΝ ĲȘȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȚĮȝȩȡĳȦıȘȢΝ İȓȞĮȚΝ ȓįȚȠȢΝ ȝİΝ ĲȘȞΝ

İȚțȩȞĮΝζέ1ιέΝ 

ȈĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ protonatedΝ ȘΝ ĮȞȐșİıȘΝ įȠȝȒȢΝ ĮʌȩΝ ĲȠȣȢΝ

ĮȜȖȠȡȓșȝȠȣȢΝ STRIϊϋΝ țĮȚΝ ϊSSPΝ ĳĮȓȞİĲĮȚΝ ıĲȘȞΝ İȚțȩȞĮΝ ζέ1λέΝ ȉĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ

ĮʌȩΝ ĲȠȣȢΝ įȪȠΝ ĮȜȖȠȡȓșȝȠȣȢΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ protonatedΝ ȝȠȚȐȗȠȣȞΝ ʌİȡȚııȩĲİȡȠΝ

ȝİĲĮȟȪΝĲȠȣȢ ıİΝıȤȑıȘΝȝİΝĲȚȢΝįȪȠΝʌȡȠȘȖȠȪȝİȞİȢΝʌȡȠıȠȝȠȚȫıİȚȢέΝȀĮȚΝıİΝĮȣĲȒΝĲȘȞΝ

ʌİȡȓʌĲȦıȘΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ įİΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȣȚȠșİĲȠȪȞΝ

ıĲĮșİȡȒΝįİȣĲİȡȠĲĮȖȒΝįȠȝȒΝȖȚĮΝȝİȖȐȜȠΝȤȡȠȞȚțȩΝįȚȐıĲȘȝĮέΝȈİΝĮȞĲȓșİıȘΝȝİΝĲĮΝįȪȠΝ

ʌȡȠȘȖȠȪȝİȞĮΝ ĲȡȠȤȚĮțȐΝ İįȫΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ĮʌȠįȓįİĲĮȚΝ İȟΥΝ ĮȡȤȒȢΝ ȘΝ įȠȝȒΝ ĲȘȢΝ

ıĲȡȠĳȒȢΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ λΝ – 11,Ν ĮȜȜȐΝ ıĲȘΝ ıȣȞȑȤİȚĮΝ ʌİȡȚȠȡȓȗİĲĮȚΝ ȝȩȞȠΝ ıĲĮΝ

țĮĲȐȜȠȚʌĮΝλΝ– 1ίέΝǾΝİțĲİĲĮȝȑȞȘΝȕ-įȚĮȝȩȡĳȦıȘΝĮȞĮĲȓșİĲĮȚΝıĲĮΝțĮĲȐȜȠȚʌĮΝζΝ– 8 

țĮȚΝ 1βΝ – 1ηΝ ıĲȘΝ ȝİȖĮȜȪĲİȡȘΝ ȑțĲĮıȘΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ǾΝ įȚĮȝȩȡĳȦıȘΝ ĲȠȣΝ

İȞįȑțĮĲȠȣΝțĮĲĮȜȠȓʌȠȣΝĳĮȓȞİĲĮȚΝȞĮΝȝİĲĮȕȐȜȜİĲĮȚΝĮʌȩΝıĲȡȠĳȒΝıİΝİțĲİĲĮȝȑȞȘΝȕ-

įȚĮȝȩȡĳȦıȘΝȜȓȖȠΝȝİĲȐΝĲȘΝȝȑıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝ 
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ǼȚțȩȞĮΝζέ1λ 

īȡĮĳȚțȒΝʌĮȡȐıĲĮıȘΝĮȞȐșİıȘȢΝįȠȝȒȢΝĮʌȩΝĲȠȣȢΝĮȜȖȠȡȓșȝȠȣȢΝSTRIϊϋΝ(İʌȐȞȦ)ΝțĮȚΝ

ϊSSPΝ(țȐĲȦ)ΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȈĲȠȞΝȠȡȚȗȩȞĲȚȠΝȐȟȠȞĮΝİȓȞĮȚΝĲȠʌȠșİĲȘȝȑȞİȢΝ

ȠȚΝ įȚĮȝȠȡĳȫıİȚȢΝ ʌȠȣΝ ȣȚȠșİĲȒșȘțĮȞΝ țĮĲȐΝ ĲȘΝ įȚȐȡțİȚĮΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ

protonatedΝȝİΝȕȒȝĮΝ1ίίί,Ν İȞȫΝıĲȠȞΝțȐșİĲȠΝȐȟȠȞĮΝĮȡȚșȝȠȪȞĲĮȚΝĲĮΝțĮĲȐȜȠȚʌĮΝĲȠȣΝ

ʌİʌĲȚįȓȠȣέΝǺȜȑʌȠȣȝİΝĲȘȞΝİȟȑȜȚȟȘΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝțȐșİΝțĮĲĮȜȠȓʌȠȣΝțĮĲȐΝ

ȝȒțȠȢΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝȅΝȤȡȦȝĮĲȚıȝȩȢΝĲȘȢΝįİȣĲİȡȠĲĮȖȠȪȢΝįȚĮȝȩȡĳȦıȘȢΝİȓȞĮȚΝȓįȚȠȢΝ

ȝİΝĲȘȞΝİȚțȩȞĮΝζέ1ιέ 

 

ȈĲȘȞΝİȚțȩȞĮΝζέβίΝĳĮȓȞİĲĮȚΝȘΝıȪȖțȡȚıȘΝĲȦȞΝʌȚȞȐțȦȞΝRεSϊΝțĮȚΝĲȘȢΝİȟȑȜȚȟȘȢΝıĲȠΝ

ȤȡȩȞȠΝ ĲȘȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĮȞȐΝ țĮĲȐȜȠȚʌȠΝ ĲȠȣΝ İțȐıĲȠĲİΝ ĲȡȠȤȚĮțȠȪέΝ ȉĮΝ

ĮʌȠĲİȜȑıȝĮĲĮΝ ĮʌȩΝ ĲȠȣȢΝ ʌȓȞĮțİȢΝ RεSϊΝ țĮȚΝ ĲȠȣȢΝ ĮȜȖȩȡȚșȝȠȣȢΝ ĮȞȐșİıȘȢΝ

įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȣȝĳȦȞȠȪȞΝ ȝİĲĮȟȪΝ ĲȠȣȢέΝ ȅȚΝ ĮȜȜĮȖȑȢΝ ıĲȠΝ

RεSϊΝ ʌȠȣΝ ʌĮȡĮĲȘȡȠȪȞĲĮȚΝ ıĲȠȣȢΝ ʌȓȞĮțİȢΝ ĮȞĲȚțĮĲȠʌĲȡȓȗȠȞĲĮȚΝ țĮȚΝ ıİΝ ĮȜȜĮȖȑȢΝ

ĲȘȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĮʌȩΝ ĲȠȣȢΝ ĮȜȖȩȡȚșȝȠȣȢέΝ ȉȠΝ ʌȡȫĲȠΝ ıȣȝʌȑȡĮıȝĮΝ ʌȠȣΝ

įȚĮĲȣʌȫșȘțİΝ ĮʌȩΝ ĲȘȞ ȝİȜȑĲȘΝ ĲȦȞΝ ʌȚȞȐțȦȞΝRεSϊ,Ν ȖȚĮΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ
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țĮĲĮȜȠȓʌȦȞΝ1Ν– βΝțĮȚΝ1θΝ– 1ιΝțĮȚΝĲȘȞΝĮįȣȞĮȝȓĮΝıȤȘȝĮĲȚıȝȠȪΝįİıȝȫȞΝȣįȡȠȖȩȞȠȣΝ

ıĲĮΝ țĮĲȐȜȠȚʌĮΝ ĮȣĲȐ,Ν Ν İʌȚȕİȕĮȚȫȞİĲĮȚΝ țĮȚΝ ĮʌȩΝ ĲȘȞΝ ʌȡȩȕȜİȥȘΝ įİȣĲİȡȠĲĮȖȠȪȢΝ

įȠȝȒȢΝ ĮʌȩΝ ĲȠȣȢΝ ĮȜȖȩȡȚșȝȠȣȢΝ STRIϊϋΝ țĮȚΝ ϊSSP,Ν țĮșȫȢΝ įİȞΝ ʌȡȠȕȜȑʌİĲĮȚΝ ȘΝ

ĮʌȩțĲȘıȘΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ĮʌȩΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĮȣĲȐέΝ ǼĳȩıȠȞΝ įİȞΝ

ıȤȘȝĮĲȓȗȠȞĲĮȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝįİȞΝȝʌȠȡİȓΝȞĮΝʌȡȠȕȜİĳșİȓΝțĮȚΝȘΝįİȣĲİȡȠĲĮȖȒȢΝ

įȠȝȒΝĲȠȣȢέΝǼʌȚʌȜȑȠȞΝțĮȚΝıĲĮΝȣʌȩȜȠȚʌĮΝțĮĲȐȜȠȚʌĮΝĲĮΝĮʌȠĲİȜȑıȝĮĲĮΝĲȦȞΝĲȡȚȫȞΝ

ȝİșȩįȦȞΝİȓȞĮȚΝıȪȝĳȦȞĮΝȝİĲĮȟȪΝĲȠȣȢ,ΝțĮșȫȢΝȠΝıȤȘȝĮĲȚıȝȩȢΝĲȘȢΝıĲȡȠĳȒȢΝțĮȚΝĲȘȢΝ

İțĲİĲĮȝȑȞȘȢΝȕ-įȚĮȝȩȡĳȦıȘȢΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝıĲĮșİȡȐΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝ ΝĲȦȞΝ

ĲȡȚȫȞΝĲȡȠȤȚĮțȫȞέ 

 

 

ǼȚțȩȞĮΝζέβί 

ȆȓȞĮțİȢΝRεSϊΝțĮȚΝĮȞȐșİıȘΝįȠȝȒȢΝȖȚĮΝĲĮΝĲȡȠȤȚĮțȐΝλλSψ,ΝIδϊσΝțĮȚΝprotonatedέΝ

ǹʌȩΝĮȡȚıĲİȡȐΝʌȡȠȢΝĲĮΝįİȟȚȐΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝȝİΝĲȘΝıİȚȡȐΝĲĮΝĲȡȠȤȚĮțȐΝλλSψ,ΝIδϊσΝ

țĮȚΝprotonatedέΝǵȜȠȚΝȠȚΝʌȓȞĮțİȢΝįȘȝȚȠȣȡȖȒșȘțĮȞΝȝİΝȕȒȝĮΝ1ίίίέΝȉĮΝĮʌȠĲİȜȑıȝĮĲĮΝ

ĮʌȩΝĲȚȢΝĲȡİȚȢΝȝİșȩįȠȣȢΝĳĮȓȞİĲĮȚΝȞĮΝıȣȝĳȦȞȠȪȞΝȖȚĮΝțȐșİΝʌȡȠıȠȝȠȓȦıȘέΝΝ 
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ȅȚΝ ĮȜȖȩȡȚșȝȠȚΝ ʌȡȩȕȜİȥȘȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ȣʌȠıĲȘȡȓȗȠȣȞΝ ĲȘȞΝ ȪʌĮȡȟȘΝ ȕ-

ĳȠȣȡțȑĲĮȢΝ țĮȚΝ ıĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐΝ țĮȚΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌĮȡĮĲȘȡȒıȠȣȝİΝ ĲȘȞΝ

ȝİĲȐșİıȘΝ ȕ-țȜȫȞȠȣΝ ʌȠȣΝ įȘȝȚȠȣȡȖȒșȘțİΝ ıĲȠΝ ʌİʌĲȓįȚȠΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ

protonatedΝʌȡȠıȠȝȠȓȦıȘȢέ 
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4.3  Cluster analysis 
 

ȅȚΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȑȤȠȣȞΝ ȖȓȞİȚΝ ȚıȤȣȡȩΝ İȡȖĮȜİȓȠΝ ȖȚĮΝ ĲȘȞΝ

ȝİȜȑĲȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ȕȚȠȜȠȖȚțȫȞΝ ȝȠȡȓȦȞΝ ĲĮΝ ĲİȜİȣĲĮȓĮΝ ȤȡȩȞȚĮέΝ ȀĮșȫȢΝ ȘΝ

įȚİțʌİȡĮȓȦıȘΝĲȠȣȢΝıİΝȤȡȠȞȚțȒΝțȜȓȝĮțĮΝȝİȡȚțȫȞΝȝsΝĮʌȠĲİȜİȓΝʌȜȑȠȞΝįȚĮįȚțĮıȓĮΝ

ȡȠȣĲȓȞĮȢ,Ν ȑȞĮȢΝ ȝİȖȐȜȠȢΝ ȩȖțȠȢΝ ʌȜȘȡȠĳȠȡȚȫȞΝ ıȣȜȜȑȖİĲĮȚΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ

ĮȞĮȜȣșİȓέΝ ǹȣĲȒΝ ȘΝ ĮțȠȜȠȣșȓĮΝ įİįȠȝȑȞȦȞΝ țĮșȠȡȓȗİȚΝ ʌȜȒȡȦȢΝ ĲȘȞΝ ȚıĲȠȡȓĮΝ ĲȦȞΝ

ĮĲȠȝȚțȫȞΝ țȚȞȒıİȦȞΝ ĮʌȩΝ ʌȜİȣȡȐȢΝ İȞȩȢΝ įȚĮįȠȤȚțȠȪ,Ν ȤȡȠȞȚțȐ-İȟĮȡĲȫȝİȞȠȣΝ

ıȣȞȩȜȠȣΝȝȠȡȚĮțȫȞΝįȚĮȝȠȡĳȫıİȦȞΝĮʌȩΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝțĮȚΝİȞȩȢΝȝİȖĮȜȣĲȑȡȠȣΝ

ıȣȞȩȜȠȣΝȚįȚȠĲȒĲȦȞΝʌȡȠİȡȤȩȝİȞȠΝĮʌȩΝĲȠΝĲȡȠȤȚĮțȩΝΧȩʌȦȢΝİȞȑȡȖİȚİȢ,ΝȝȒțȘΝįİıȝȫȞΝ

țĮȚΝțĮĲĮȞȠȝȑȢΝȖȦȞȚȫȞΨέΝ 

 

ȆĮȡȩȜȠΝʌȠȣΝȠȡȚıȝȑȞİȢΝĮʌȩΝĲȚȢΝȚįȚȩĲȘĲİȢΝʌȠȣΝʌȡȠȑȡȤȠȞĲĮȚΝĮʌȩΝĲȠΝĲȡȠȤȚĮțȩΝİȓȞĮȚΝ

ıȤİĲȚțȐΝ İȪțȠȜȠΝ ȞĮΝ ʌȡȠıįȚȠȡȚıĲȠȪȞΝ ΧȩʌȦȢΝ ĲȠΝ RεSϊΝ ĮʌȩΝ ĲȘȞΝ ĮȡȤȚțȒΝ įȠȝȒΝ ȒΝ

ȐȜȜİȢΝ İʌȚȜİȖȩȝİȞİȢΝ įȚĮȝȠȡĳȫıİȚȢΨ,Ν ȐȜȜİȢΝ ȚįȚȩĲȘĲİȢΝ İȓȞĮȚΝ įȣıțȠȜȩĲİȡȠΝ ȞĮΝ

ʌȡȠıįȚȠȡȚıĲȠȪȞΝ țĮȚΝ İȓȞĮȚ ʌȚȠΝ ȤȡȠȞȠȕȩȡİȢέΝ ǼʌȚʌȜȑȠȞΝ ȠȚΝ ıȤȑıİȚȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ

ȝȠȡȚĮțȫȞΝįȚĮȝȠȡĳȫıİȦȞΝİȓȞĮȚΝțȡȣȝȝȑȞİȢΝıĲȘȞΝʌȠȜȣʌȜȠțȩĲȘĲĮΝĲȦȞΝįİįȠȝȑȞȦȞέΝ

ǲȞĮȢΝ ʌȠȜȪΝ ȤȡȒıȚȝȠȢΝ ĲȡȩʌȠȢΝ ȖȚĮΝ ȞĮΝ įȚĮĳĮȞȠȪȞΝ ȠȚΝ ıȤȑıİȚȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ

įȚĮȝȠȡĳȫıİȦȞΝ İȓȞĮȚΝ ȘΝ ȠȝĮįȠʌȠȓȘıȘΝ ĲȦȞΝ ȝȠȡȚĮțȫȞΝ įȚĮȝȠȡĳȫıİȦȞΝ ıİΝ

ȣʌȠıȪȞȠȜĮ ȝİΝ țȡȚĲȒȡȚȠΝ ĲȘȞΝ ȠȝȠȚȩĲȘĲĮΝ ĲȦȞΝ įȚĮȝȠȡĳȫıİȦȞΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ǾΝ

ȠȝĮįȠʌȠȓȘıȘΝ İȓȞĮȚΝ ȝȓĮΝ ȖİȞȚțȒΝ ĲİȤȞȚțȒΝ ȐȞĲȜȘıȘȢΝ įİįȠȝȑȞȦȞΝ ʌȠȣΝ ȝʌȠȡİȓΝ ȞĮΝ

İĳĮȡȝȠıĲİȓΝ ıİΝ ȠʌȠȚĮįȒʌȠĲİΝ ıȣȜȜȠȖȒΝ ʌȜȘȡȠĳȠȡȚĮțȫȞΝ ıĲȠȚȤİȓȦȞΝ ΧıȘȝİȓĮΨ,Ν ȖȚĮΝ

ĲȘȞΝȠʌȠȓĮΝİȓȞĮȚΝįȚĮșȑıȚȝȘΝȝȓĮΝıȣȞȐȡĲȘıȘΝȝȑĲȡȘıȘȢΝĲȘȢΝĮʌȩıĲĮıȘȢΝĮȞȐȝİıĮΝıİΝ

ȗİȪȖȘΝ ıȘȝİȓȦȞέΝ ǲȞĮȢΝ ĮȜȖȩȡȚșȝȠȢΝ ȠȝĮįȠʌȠȓȘıȘȢΝ įȚĮȚȡİȓΝ ĲĮΝ ıȘȝİȓĮΝ ıİΝ ȝȚĮΝ

ıȣȜȜȠȖȒΝ ĮʌȩΝ ĮıȣȞİȤȒΝ ıȪȞȠȜĮΝ ĲĮΝ ȠʌȠȓĮΝ ȠȞȠȝȐȗȠȞĲĮȚΝ ıȣıĲȐįİȢΝ ΧclustersΨέΝ ȉĮΝ

ıȘȝİȓĮΝİȞȩȢΝclusterΝİȓȞĮȚ,ΝȚįĮȞȚțȐ,ΝʌİȡȚııȩĲİȡȠΝȩȝȠȚĮΝȝİĲĮȟȪΝĲȠȣȢ,ΝıİΝıȤȑıȘΝȝİΝ

ĲĮΝıȘȝİȓĮΝİȞȩȢΝȐȜȜȠȣΝclusterέΝ 
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ȈĲȘȞΝ ʌĮȡȠȪıĮΝ ʌĲȣȤȚĮțȒΝ İȡȖĮıȓĮΝ ȖȚĮΝ ĲȘȞΝ ȠȝĮįȠʌȠȓȘıȘΝ įȚĮȝȠȡĳȫıİȦȞΝ ĲȦȞΝ

ĲȡȠȤȚĮțȫȞΝ λλSψ,Ν IδϊσΝ țĮȚΝ protonatedΝ ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ȘΝ ĮȞȐȜȣıȘΝ ĲȦȞΝ

țȣȡȓĮȡȤȦȞΝ ıȣȞȚıĲȦıȫȞΝ ıĲȠΝ țĮȡĲİıȚĮȞȩΝ ıȪıĲȘȝĮΝ ΧωartesianΝ principalΝ

componentΝ analysisΨΝ țĮȚΝ ȘΝ ĮȞȐȜȣıȘΝ țȣȡȓĮȡȤȦȞΝ ıȣȞȚıĲȦıȫȞΝ ĲȦȞΝ įȓİįȡȦȞΝ

ȖȦȞȚȫȞΝ ĳήȥΝ ΧdihedralΝ principalΝ componentΝ analysisΨέΝ ǲȞĮȢΝ ĲȡȩʌȠȢΝ

ȠȝĮįȠʌȠȓȘıȘȢΝ įȚĮȝȠȡĳȫıİȦȞΝ ȝʌȠȡİȓΝ ȞĮΝ ȖȓȞİȚΝ țĮȚΝ ȝȑıȦΝ ĲȘȢΝ ĮȞȐȜȣıȘȢΝ RεSϊΝ

ΧύordonΝetΝalέ,Ν1λλβΨ,ΝʌȠȣΝʌȡȠȘȖȒșȘțİΝıĲȘȞΝİȞȩĲȘĲĮΝζέ1έΝΝΝΝ 
 

4.3.1 Cartesian Principal Component Analysis 

 

ǾΝțİȞĲȡȚțȒΝ ȚįȑĮΝĲȘȢΝĮȞȐȜȣıȘȢΝțȣȡȓȦȞΝıȣȞȚıĲȦıȫȞΝ ΧPωχΨΝİȓȞĮȚΝȘΝȝİȓȦıȘΝĲȦȞΝ

įȚĮıĲȐıİȦȞΝ ĮʌȩΝ ȑȞĮΝ ıȪȞȠȜȠΝ įİįȠȝȑȞȦȞΝ ʌȠȣΝ ĮʌȠĲİȜİȓĲĮȚΝ ĮʌȩΝ ȝİȖȐȜȠΝ ĮȡȚșȝȩΝ

ĮȜȜȘȜȑȞįİĲȦȞΝ ȝİĲĮȕȜȘĲȫȞ,Ν įȚĮĲȘȡȫȞĲĮȢΝ ĲĮȣĲȩȤȡȠȞĮΝ ȩıȠΝ ĲȠΝ įȣȞĮĲȩȞΝ

ʌİȡȚııȩĲİȡȠΝ ĲȘΝ įȚĮıʌȠȡȐΝ ʌȠȣΝ ʌĮȡȠȣıȚȐȗȠȣȞ ĲĮΝ įİįȠȝȑȞĮέΝǹȣĲȩΝ İʌȚĲȣȖȤȐȞİĲĮȚΝ

ȝİΝ ĲȘΝ ȝİĲĮĲȡȠʌȒΝ ıİΝ ȑȞĮΝ ȞȑȠΝ ıȪȞȠȜȠΝ ȝİĲĮȕȜȘĲȫȞ,Ν ĲȚȢΝ țȪȡȚİȢΝ ıȣȞȚıĲȫıİȢΝ

ΧprincipalΝ components,Ν PωsΨ,Ν ȠȚΝ ȠʌȠȓİȢΝ İȓȞĮȚΝ ȝȘΝ ıȣıȤİĲȚȗȩȝİȞİȢΝ ΧȘΝ

ıȣȞįȚĮțȪȝĮȞıȘΝ įȣȠΝ ȠʌȠȚȠȞįȒʌȠĲİΝ ıȣȞȚıĲȦıȫȞΝ İȓȞĮȚΝ ȝȘįİȞȚțȒΨΝ țĮȚΝ

ĲĮȟȚȞȠȝȠȪȞĲĮȚΝȑĲıȚΝȫıĲİΝȠȡȚıȝȑȞİȢΝİțΝĲȦȞΝʌȡȫĲȦȞΝȞĮΝįȚĮĲȘȡȠȪȞΝĲȠΝȝİȖĮȜȪĲİȡȠΝ

ȝȑȡȠȢΝĲȘȢΝįȚĮțȪȝĮȞıȘȢΝʌȠȣΝʌĮȡȠȣıȚȐȗİĲĮȚΝıİΝȩȜİȢΝĲȚȢΝĮȡȤȚțȑȢΝȝİĲĮȕȜȘĲȑȢΝΧIέTέΝ

Jolliffe, 2002).  

 

ǾΝ ʌȡȠıȑȖȖȚıȘΝ ĮȣĲȒΝ ȕĮıȓȗİĲĮȚΝ ıİΝ ȑȞĮȞΝ ʌȓȞĮțĮΝ ıȣȞįȚĮțȪȝĮȞıȘȢΝ ΧcovarianceΝ

matrixΨ,ΝȠΝȠʌȠȓȠȢΝʌĮȡȑȤİȚΝʌȜȘȡȠĳȠȡȓİȢΝıȤİĲȚțȐΝȝİΝĲȚȢΝıȣıȤİĲȓıİȚȢΝΧcorrelationsΨΝ

įȪȠΝ ıȘȝİȓȦȞΝ ĲȠȣΝ ıȣıĲȒȝĮĲȠȢέΝ ǾΝ PωχΝ ĮȞĲȚʌȡȠıȦʌİȪİȚΝ ȑȞĮΝ ȖȡĮȝȝȚțȩΝ

ȝİĲĮıȤȘȝĮĲȚıȝȩΝĲȠȣΝʌȓȞĮțĮΝıȣȞįȚĮțȪȝĮȞıȘȢΝıİΝįȚĮȖȫȞȚȠΝʌȓȞĮțĮΝțĮȚΝİʌȠȝȑȞȦȢΝ

ĮĳĮȚȡİȓΝ ĲȚȢΝ ıĲȚȖȝȚĮȓİȢΝ ȖȡĮȝȝȚțȑȢΝ ıȣıȤİĲȓıİȚȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ ȝİĲĮȕȜȘĲȫȞΝ

(Alexandros AltisΝ etΝ alέ,Ν βίίιΨέΝ ȀĮĲĮĲȐııȠȞĲĮȢΝ ĲȚȢΝ ȚįȚȠĲȚȝȑȢΝ ΧeigevaluesΨΝ ĲȠȣΝ

ȝİĲĮıȤȘȝĮĲȚıȝȠȪΝ ȝİȚȠȪȝİȞĮ,Ν ȑȤİȚΝ įİȤșİȓΝ ȩĲȚΝ ȑȞĮΝ ȝİȖȐȜȠΝ ĲȝȒȝĮΝ ĲȦȞΝ

įȚĮțȣȝȐȞıİȦȞΝ ĲȠȣΝıȣıĲȒȝĮĲȠȢΝȝʌȠȡİȓΝ ȞĮΝʌİȡȚȖȡĮĳİȓΝĮʌȩΝȝİȡȚțȑȢΝȝȩȞȠΝ țȪȡȚİȢΝ
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ıȣȞȚıĲȫıİȢΝ ΧeigenvectorsΨΝ ΧεέΝ KarplusΝ etΝ alέ,Ν 1λλ1,Ν χέϋΝ ύarcia, 1992, A. 

Amadei,et al., 1993, S. Hayward et al., 1993, O.M Becker, 1997, O.F Lange et al., 

βίίθ,Ν όέΝ σoeΝ etΝ alέ,Ν βίίθΨέΝ ȅΝ ĲȪʌȠȢΝ PωχΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚİȓΝ țĮȡĲİıȚĮȞȑȢΝ

ıȣȞĲİĲĮȖȝȑȞİȢΝ ȖȚĮΝ ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ ȠȞȠȝȐȗİĲĮȚΝ ωartesianΝ PrincipalΝ ωomponentΝ

Analysis (cPCA).  

 

ȈĲȚȢΝĮȞĮȜȪıİȚȢΝcPωχΝʌȠȣΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝȝİΝĲȠΝʌȡȩȖȡĮȝȝĮΝωχRεχΝΧσέεέΝ

ύlykos,Ν βίίθΨΝ İȜȒĳșȘıĮȞΝ ȣʌȩȥȚȞΝ ĮȡȤȚțȐΝ ȝȩȞȠΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ

ıțİȜİĲȠȪΝ țĮȚΝ İȞΝ ıȣȞİȤİȓĮΝ ȩȜĮΝ ĲĮΝ ȕĮȡȚȐΝ ȐĲȠȝĮ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ İȟİĲȐıȠȣȝİΝ ĲȘȞΝ

țȓȞȘıȘΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȦȞΝ țĮȚΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ

ʌȑȡĮȞΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪέΝȈĲȘȞΝİȚțȩȞĮΝζέβ1ΝʌĮȡȠȣıȚȐȗİĲĮȚΝĲȠΝİȞİȡȖİȚĮțȩΝ

ĲȠʌȓȠΝʌȠȣΝʌȡȠțȪʌĲİȚΝĮʌȩΝĲȘȞΝʌȡȠȕȠȜȒΝĲȦȞΝĲȡȠȤȚĮțȫȞΝıĲȠΝİʌȓʌİįȠΝʌȠȣΝȠȡȓȗİĲĮȚΝ

ĮʌȩΝĲȠȣȢΝĲȡİȚȢΝʌȡȫĲȠȣȢΝeigenvectorsΝȝİΝĲĮΝȝİȖĮȜȪĲİȡĮΝeigenvalues,ΝĮȞȐΝȗİȪȖȘέΝ

ǲȤİȚΝ İĳĮȡȝȠıĲİȓΝ fittingΝ ΧĮʌȠȝȐțȡȣȞıȘΝ ʌİȡȚıĲȡȠĳȫȞΝ țĮȚΝ ȝİĲĮșȑıİȦȞΨΝ ıĲĮΝωĮΝ

ȐĲȠȝĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮȚΝ ȘΝ ĮȞȐȜȣıȘΝ cPωχΝ ĮĳȠȡȐΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ ıțİȜİĲȠȪέΝȉĮΝ

ʌȠȜȣʌȜȘșȑıĲİȡĮΝ clusterΝ İȝĳĮȞȓȗȠȞĲĮȚΝ ȝİΝ ȝʌȜİΝ ȤȡȫȝĮέΝ ǿįĮȞȚțȐΝ șĮΝ șȑȜĮȝİΝ ȞĮΝ

ȣʌȐȡȤİȚΝ ȑȞĮΝ ȝȩȞȠΝ ıȣȝʌĮȖȑȢΝ clusterΝ ʌȠȣΝ șĮΝ ĮȞĲȚʌȡȠıȦʌİȪİȚΝ ȝȓĮΝ țȣȡȓĮȡȤȘΝ

įȚĮȝȩȡĳȦıȘέΝ Ν ȈĲȘȞΝ İȚțȩȞĮΝ ζέββΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝ ĮȞȐȜȣıȘΝ cPωχΝ ȜĮȝȕȐȞȠȞĲĮȢΝ

ȣʌȩȥȚȞΝȩȜĮΝĲĮΝȕĮȡȚȐΝȐĲȠȝĮΝĲȦȞΝĲȡȠȤȚĮțȫȞέ 
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ǼȚțȩȞĮΝζέβ1 

ȆĮȡȠȣıȓĮıȘΝ ĲȦȞΝ İȞİȡȖİȚĮțȫȞΝ ĲȠʌȓȦȞΝ (ǻύ,Ν energyΝ landscapes)Ν ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ

ĲȡȚȫȞΝțȣȡȓĮȡȤȦȞΝıȣȞȚıĲȦıȫȞΝ(Pcs)ΝĮȞȐΝȗİȪȖȘΝ(ȠȡȚȗȠȞĲȓȦȢ)ΝȖȚĮΝĲĮΝĲȡȠȤȚĮțȐΝλλSψ,Ν

IδϊσΝ țĮȚΝ protonatedΝ (țĮșȑĲȦȢ)έΝ ȈĲȘȞΝ ĮȞȐȜȣıȘΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ĲĮΝ θκΝ ȐĲȠȝĮΝ

(ωĮ,Νω,Νσ,Ντ)ΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪέ 
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ǼȚțȩȞĮΝζέββ 

ȆĮȡȠȣıȓĮıȘΝ ĲȦȞΝ İȞİȡȖİȚĮțȫȞΝ ĲȠʌȓȦȞΝ (ǻύ,Ν energyΝ landscapes)Ν ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ

ĲȡȚȫȞΝțȣȡȓĮȡȤȦȞΝıȣȞȚıĲȦıȫȞΝ(Pcs)ΝĮȞȐΝȗİȪȖȘΝ(ȠȡȚȗȠȞĲȓȦȢ)ΝȖȚĮΝĲĮΝĲȡȠȤȚĮțȐΝλλSψ,Ν

IδϊσΝțĮȚΝprotonatedΝ(țĮșȑĲȦȢ)έΝȈĲȘȞΝĮȞȐȜȣıȘΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ1γηΝȐĲȠȝĮ,ΝʌȠȣΝ

ĮȞĲȚıĲȠȚȤȠȪȞΝıĲĮΝȕĮȡȑĮΝȐĲȠȝĮέ 



 

 

134 

 

ȆȡȚȞΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ cPωχΝ İĳĮȡȝȩıĲȘțİΝ fittingΝ țĮȚΝ ıĲȚȢΝ įȪȠΝ ʌİȡȚʌĲȫıİȚȢΝ ıĲĮΝ

ȐĲȠȝĮΝ ωĮ, ȖİȖȠȞȩȢΝ ʌȠȣΝ ıȘȝĮȓȞİȚΝ ʌȦȢΝ ȑȤȠȣȞΝ ĮʌȠȝĮțȡȣȞșİȓΝ ȝİĲĮșȑıİȚȢΝ țĮȚΝ

ʌİȡȚıĲȡȠĳȑȢΝ țĮȚΝ ȑȤȠȣȞΝ ĮʌȠțȜİȚıĲİȓΝ ĲĮΝ ȐĲȠȝĮΝ ȣįȡȠȖȩȞȠȣΝ țĮȚΝ ĲĮΝ ȝȩȡȚĮΝ ȞİȡȠȪέΝ

ǼʌȚʌȜȑȠȞΝ ȑȤȠȣȞΝ İȟĮȚȡİșİȓΝ ĮʌȩΝ ĲȠȣȢΝ ȣʌȠȜȠȖȚıȝȠȪȢΝ ĲȠΝ ʌȡȫĲȠΝ țĮȚΝ ĲȠΝ ĲİȜİȣĲĮȓȠΝ

ĮȝȚȞȠȟȪΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ Χεet1,Ν Val1ιΨΝ ȜȩȖȦΝ ĲȘȢΝ ĮȣȟȘȝȑȞȘȢΝ țȚȞȘĲȚțȩĲȘĲĮȢΝ ʌȠȣΝ

ʌĮȡȠȣıȚȐȗȠȣȞέΝȀĮȚΝȦȢΝ įȠȝȒΝ ĮȞĮĳȠȡȐȢΝ ȖȚĮΝ ĲȘȞΝ ȣʌȑȡșİıȘΝ ȩȜȦȞΝ ĲȦȞΝ įȠȝȫȞΝ ĲȠȣΝ

İțȐıĲȠĲİΝĲȡȠȤȚĮțȠȪΝȑȤİȚΝȠȡȚıĲİȓΝȘΝʌȡȫĲȘΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝΝΝ 

 

ĭĮȓȞİĲĮȚΝ ȟİțȐșĮȡĮΝ ȠΝ ıȤȘȝĮĲȚıȝȩȢΝ İȞȩȢΝ ȝȩȞȠΝ clusterΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ IδϊσέΝ ȈĲȠΝ

ĲȡȠȤȚĮțȩΝ λλSψΝ ĳĮȓȞİĲĮȚΝ ȞĮ ıȤȘȝĮĲȓȗİĲĮȚΝ ȑȞĮΝ ĮȡțİĲȐΝ ıȣȝʌĮȖȑȢΝ cluster,Ν ĮȜȜȐΝ

ĲĮȣĲȠȤȡȩȞȦȢΝıȤȘȝĮĲȓȗȠȞĲĮȚΝ țĮȚΝ ȠȡȚıȝȑȞĮΝʌȠȜȪΝȝȚțȡȩĲİȡĮέΝȉȑȜȠȢΝıĲȠΝ ĲȡȠȤȚĮțȩΝ

protonatedΝ ıĲȘȞΝ ʌȡȫĲȘΝ ĮȞȐȜȣıȘΝ cPωχΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ȑȞĮΝ ĮȡțİĲȐΝ

ȝİȖȐȜȠΝ ĲȡȠȤȚĮțȩΝ țĮȚΝ ȑȞĮΝ ʌȠȜȪΝ ȝȚțȡȩĲİȡȠ,Ν İȞȫΝ ıĲȘȞΝ įİȪĲİȡȘΝ ĮȞȐȜȣıȘΝ ʌȠȣΝ

ıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝ ȠȚΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗȠȞĲĮȚΝ įȪȠΝ

įȚĮțȡȚĲȐΝ clustersΝ ĲĮΝ ȠʌȠȓĮΝ ȕȡȓıțȠȞĲĮȚΝ ıİΝ țȠȞĲȚȞȑȢΝ ĮʌȠıĲȐıİȚȢΝ ıĲȠȞΝ ȤȐȡĲȘΝ ĲȘȢΝ

İȜİȪșİȡȘȢΝİȞȑȡȖİȚĮȢέΝ ΝȉĮΝclustersΝʌȠȣΝʌȡȠȑțȣȥĮȞΝĮʌȩΝțȐșİΝĮȞȐȜȣıȘΝȝĮȗȓΝȝİΝĲȠΝ

İʌȓΝĲȠȚȢΝİțĮĲȩΝʌȠıȠıĲȩΝĲȠȣΝțĮșİȞȩȢΝĳĮȓȞȠȞĲĮȚΝıĲȠȣȢΝʌȓȞĮțİȢΝζέγΝțĮȚΝζέζέ 

 Cluster 1 Cluster 2 Cluster 3 Variance 

explained 

99SB 37.9% 0.6% 0.5% 96% 

ILDN 71.4% - - 98% 

protonated 59.9% 0.3% - 92% 

ȆȓȞĮțĮȢΝζέγ 

ȈȣȖțȡȚĲȚțȒΝʌĮȡȠȣıȓĮıȘΝĲȦȞΝclustersΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝcPωχΝ

ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ĲȘȢΝ țȪȡȚĮȢΝ ĮȜȣıȓįĮȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ λλSψ,Ν IδϊσΝ țĮȚΝ protonatedέΝ

ȈĲȚȢΝıĲȒȜİȢΝβΝ– ζΝĮȞĮȖȡȐĳİĲĮȚΝĲȠΝʌȠıȠıĲȩΝʌȠȣΝțĮĲĮȜĮȝȕȐȞİȚΝĲȠΝțȐșİΝclusterΝıİΝ

ıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȠȣΝĲȡȠȤȚĮțȠȪ,ΝİȞȫΝıĲȘȞΝʌȑȝʌĲȘΝıĲȒȜȘΝĮȞĮȖȡȐĳİĲĮȚΝ

ĲȠΝʌȠıȠıĲȩΝĲȘȢΝįȚĮțȪȝĮȞıȘȢΝʌȠȣΝțĮȜȪʌĲİĲĮȚΝĮʌȩΝĲĮΝclustersέ 
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 Cluster 1 Cluster 2 Cluster 3 Variance 

explained 

99SB 37.5% 0.5% 0.3% 96% 

ILDN 69.6% - - 97% 

protonated 20.3% 10.5% - 75% 

 

ȆȓȞĮțĮȢΝζέζ 

ȈȣȖțȡȚĲȚțȒΝʌĮȡȠȣıȓĮıȘΝĲȦȞΝclustersΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝcPωχΝ

ȖȚĮΝĲĮΝȕĮȡȚȐΝȐĲȠȝĮΝΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψ,ΝIδϊσΝțĮȚΝprotonatedέΝȈĲȚȢΝıĲȒȜİȢΝβΝ– 4 

ĮȞĮȖȡȐĳİĲĮȚΝ ĲȠΝ ʌȠıȠıĲȩΝ ʌȠȣΝ țĮĲĮȜĮȝȕȐȞİȚΝ ĲȠΝ țȐșİΝ clusterΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠΝ

ıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȠȣΝĲȡȠȤȚĮțȠȪ,ΝİȞȫΝıĲȘȞΝʌȑȝʌĲȘΝıĲȒȜȘΝĮȞĮȖȡȐĳİĲĮȚΝĲȠΝʌȠıȠıĲȩΝ

ĲȘȢΝįȚĮțȪȝĮȞıȘȢΝʌȠȣΝțĮȜȪʌĲİĲĮȚΝĮʌȩΝĲĮΝclusters. 

  

ǼȞΝıȣȞİȤİȓĮ,ΝĮʌȩΝțȐșİΝ clusterΝʌȠȣΝ İȞĲȠʌȓıșȘțİ,Ν ȕȡȑșȘțİΝȘΝȝȑıȘΝįȠȝȒΝțĮȚΝıĲȘΝ

ıȣȞȑȤİȚĮΝȘΝțȠȞĲȚȞȩĲİȡȘΝįȠȝȒΝĲȠȣΝclusterΝʌȡȠȢΝĲȘΝȝȑıȘΝįȠȝȒΝȝİΝȕȐıȘΝĲȠΝRεSϊ,Ν

ȘΝȠʌȠȓĮΝĮʌȠĲİȜİȓΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȠȣΝclusterέΝȈĲȚȢΝİȚțȩȞİȢΝζέβγ,ΝζέβζΝ

țĮȚΝζέβηΝʌĮȡȠȣıȚȐȗİĲĮȚΝĲȠΝĲȡȚıįȚȐıĲĮĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝĲȦȞΝ

ĲȡȠȤȚĮțȫȞΝ λλSψ,Ν IδϊσΝ țĮȚΝ protonatedΝ ȝİΝ ĲȚȢΝ ĮȞĲȓıĲȠȚȤİȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ

įȠȝȑȢΝȖȚĮΝĲȠΝțȐșİΝclusterέΝȉȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝʌȡȠȑțȣȥİΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝcPωχΝΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝȝȩȞȠΝĲĮΝθκΝȐĲȠȝĮΝĲȘȢΝțȪȡȚĮȢΝĮȜȣıȓįĮȢΝĲȠȣΝʌİʌĲȚįȓȠȣέ 
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ǼȚțȩȞĮΝζέβγ 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

CartesianΝ PωχΝ ȖȚĮΝ ĲĮΝ θκΝ ȐĲȠȝĮΝ ĲȘȢΝ țȪȡȚĮȢΝ ĮȜȣıȓįĮȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȈĲȠΝ

ĲȡȚıįȚȐıĲĮĲȠΝ ȖȡȐĳȘȝĮΝ ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ıĲȠȣȢΝ ĲȡİȚȢΝ

principalΝcomponentsΝĲȘȢΝĮȞȐȜȣıȘȢΝωartesianΝPωχέΝȆĮȡȠȣıȚȐȗȠȞĲĮȚΝĲȡȓĮΝİʌȓʌİįĮΝ

ȚıȠ–İʌȚĳȐȞİȚĮȢΝțĮȚΝȠȚΝȝʌȜİΝțȠȡȣĳȑȢΝĮȞĲȚıĲȠȚȤȠȪȞΝıĲĮΝclusterΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞέΝ
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ȀȐșİΝclusterΝıȣȞįȑİĲĮȚΝȝİΝȕȑȜȠȢΝȝİΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȠȣΝ(țȠȞĲȚȞȩĲİȡȘΝ

ıĲȘΝȝȑıȘΝįȠȝȒΝĲȠȣΝcluster)έΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝ

clusterΝıİΝıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 

 

 

ǼȚțȩȞĮΝζέβζ 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ
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ωartesianΝ PωχΝ ȖȚĮΝ ĲĮΝ θκΝ ȐĲȠȝĮΝ ĲȘȢΝ țȪȡȚĮȢΝ ĮȜȣıȓįĮȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȈĲȠΝ

ĲȡȚıįȚȐıĲĮĲȠΝ ȖȡȐĳȘȝĮΝ ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ıĲȠȣȢΝ ĲȡİȚȢΝ

principalΝcomponentsΝĲȘȢΝĮȞȐȜȣıȘȢΝωartesianΝPωχέΝȆĮȡȠȣıȚȐȗȠȞĲĮȚΝĲȡȓĮΝİʌȓʌİįĮΝ

ȚıȠ–İʌȚĳȐȞİȚĮȢΝțĮȚΝȠȚΝȝʌȜİΝțȠȡȣĳȑȢΝĮȞĲȚıĲȠȚȤȠȪȞΝıĲĮΝclusterΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞέΝ

ȀȐșİΝclusterΝıȣȞįȑİĲĮȚΝȝİΝȕȑȜȠȢΝȝİΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȠȣΝ(țȠȞĲȚȞȩĲİȡȘΝ

ıĲȘΝȝȑıȘΝįȠȝȒΝĲȠȣΝcluster)έΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝ

clusterΝıİΝıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 

ǼȚțȩȞĮΝζέβη 

ȉȡȚıįȚȐıĲĮĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȀȐĲȦΝ
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ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

ωartesianΝ PωχΝ ȖȚĮΝ ĲĮΝ θκΝ ȐĲȠȝĮΝ ĲȘȢΝ țȪȡȚĮȢΝ ĮȜȣıȓįĮȢ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ȈĲȠΝ

ĲȡȚıįȚȐıĲĮĲȠΝ ȖȡȐĳȘȝĮΝ ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ıĲȠȣȢΝ ĲȡİȚȢΝ

principalΝcomponentsΝĲȘȢΝĮȞȐȜȣıȘȢΝωartesianΝPωχέΝȆĮȡȠȣıȚȐȗȠȞĲĮȚΝĲȡȓĮΝİʌȓʌİįĮΝ

ȚıȠ–İʌȚĳȐȞİȚĮȢΝțĮȚΝȠȚΝȝʌȜİΝțȠȡȣĳȑȢΝĮȞĲȚıĲȠȚȤȠȪȞΝıĲĮΝclusterΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞέΝ

ȀȐșİΝclusterΝıȣȞįȑİĲĮȚΝȝİΝȕȑȜȠȢΝȝİΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȠȣΝ(țȠȞĲȚȞȩĲİȡȘΝ

ıĲȘΝȝȑıȘΝįȠȝȒΝĲȠȣΝcluster)έΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝ

clusterΝıİΝıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 

 

ǹʌȩΝĲȚȢΝĮȞĮȜȪıİȚȢΝωartesianΝPωχΝȝʌȠȡȠȪȝİΝȞĮΝıȣȝʌİȡȐȞȠȣȝİΝĲȠȞΝıȤȘȝĮĲȚıȝȩΝȕΝ

– ĳȠȣȡțȑĲĮȢΝıİΝȩȜĮΝĲĮΝțȣȡȓĮȡȤĮΝclustersέΝȂȐȜȚıĲĮΝȠȚΝįȠȝȑȢΝʌȠȣΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ

İȓȞĮȚΝ ĮȡțİĲȐΝ ȩȝȠȚİȢΝ ȝİΝ ĲȚȢΝ įȠȝȑȢΝ ʌȠȣΝ İȟȒȤșȘıĮȞΝ ĮʌȩΝ ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ RεSϊΝ

ΧǼȚțȩȞĮΝ ζέ1λΨέΝ ȀȡĮĲȫȞĲĮȢΝ ıĲĮșİȡȐΝ ĲĮΝ ȐĲȠȝĮΝ ωĮΝ ıİΝ ȩȜȘΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ țĮȚΝ

İțĲİȜȫȞĲĮȢΝ ĲȘȞΝ ωartesianΝ PωχΝ ȝȩȞȠΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ ıțİȜİĲȠȪΝ ȘΝ ʌȡȠıȠȤȒΝ

İʌȚțİȞĲȡȫȞİĲĮȚΝ ıĲȘȞΝ țȓȞȘıȘΝ ĲȠȣΝ țĮȚΝ ıȣȞİʌȫȢΝ ıĲȘȞΝ įȘȝȚȠȣȡȖȓĮΝ ĲȘȢΝ ȕΝ – 

ĳȠȣȡțȑĲĮȢΝ ʌȠȣΝ İȓȞĮȚΝ țĮȚΝ ȘΝ ĳȣıȚțȒΝ įȚĮȝȩȡĳȦıȘέΝ ȈĲȘȞΝ İȚțȩȞĮΝ ʌȠȣΝ ĮțȠȜȠȣșİȓΝ

ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝ ȣʌȑȡșİıȘΝ ĲȦȞΝ įȠȝȫȞΝ ĮʌȩΝ ĲȠΝ țȐșİΝ clusterΝ ʌȠȣΝ ʌȡȠȑțȣȥİΝ ĮʌȩΝ

ĲȘȞΝĮȞȐȜȣıȘΝωartesianΝPωχΝȖȚĮΝĲĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝ ΧωĮ,Νω,Νȃ,Ν

O). 
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ǼȚțȩȞĮΝζέβθ 

ȆĮȡȠȣıȓĮıȘΝ ȣʌȑȡșİıȘȢΝ ĲȦȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȫȞΝ įȠȝȫȞ,Ν ıİΝ stereoΝ view,Ν ĲȦȞΝ

clusters,Ν ȩʌȦȢΝ ʌȡȠȑțȣȥİΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝωartesianΝPωχΝ ȖȚĮΝ ĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐέΝ

īȚĮΝĲȘȞΝȣʌȑȡșİıȘΝȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝȝȩȞȠΝĲĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝ(ωĮ,Ν

ω,Ν σ,Ν τ)έΝ ȅΝ ȤȡȦȝĮĲȚıȝȩȢΝ ȑȖȚȞİΝ ȝİΝ ȕȐıȘΝ ĲȚȢΝ ĮĲȠȝȚțȑȢΝ įȚĮțȣȝȐȞıİȚȢ,Ν ȘΝ țȜȓȝĮțĮΝ

įȚĮĲȘȡİȓĲĮȚΝıĲĮșİȡȒΝȖȚĮΝĲĮΝclustersΝʌȠȣΝĮȞȒțȠȣȞΝıĲȠΝȓįȚȠΝĲȡȠȤȚĮțȩέΝ 

 

ȈĲȘΝıȣȞȑȤİȚĮΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝȠȚΝĮȞĮȜȪıİȚȢ ωartesianΝPωχΝȖȚĮΝȩȜĮΝĲĮΝȕĮȡȑĮΝ

ȐĲȠȝĮΝΧİȟĮȚȡȠȣȝȑȞȦȞΝĲȦȞΝĮĲȩȝȦȞΝȣįȡȠȖȩȞȠȣΨΝțĮȚΝȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝıĲĮșİȡȐΝĲĮΝ

ȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪέΝȅȚΝĲȡȚıįȚȐıĲĮĲİȢΝĮʌİȚțȠȞȓıİȚȢΝĲȠȣΝİȞİȡȖİȚĮțȠȪΝ

ĲȠʌȓȠȣΝĲȦȞΝĲȡȚȫȞΝĲȡȠȤȚĮțȫȞΝĮȞĮʌĮȡȐȖȠȞĲĮȚΝıĲȚȢΝİȚțȩȞİȢΝζέβι,ΝζέβκΝțĮȚΝζέβλέ ȈİΝ

țȐșİΝ clusterΝ ĮȞĲȚıĲȠȚȤİȓΝ ȝȓĮΝ țȣȡȓĮȡȤȘΝ įȠȝȒ,Ν ȘΝ ȠʌȠȓĮΝ İȓȞĮȚΝ ȘΝ țȠȞĲȚȞȩĲİȡȘΝ ıĲȘΝ

ȝȑıȘΝ įȠȝȒΝ ĲȠȣΝ clusterέΝ ǾΝ ĮȞȐȜȣıȘΝ ĮȣĲȒΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ

İȟİĲȐıȠȣȝİΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ ʌȑȡĮȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ
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ıțİȜİĲȠȪέΝǼȟİĲȐȗȠȞĲĮȢΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ

İȞĲȠʌȓıȠȣȝİΝ ĲȠΝ ıȤȘȝĮĲȚıȝȩΝ ȣįȡȩĳȠȕȠȣΝ țȜȦȕȠȪΝ İțĮĲȑȡȦșİȞΝ ĲȘȢΝ țȪȡȚĮȢΝ

ĮȜȣıȓįĮȢ,ΝțĮșȫȢΝțĮȚΝ ĲȘȞΝțȚȞȘĲȚțȩĲȘĲĮΝ ĲȠȣΝȝİĲĮȜȜĮȖȝȑȞȠȣΝțĮĲĮȜȠȓʌȠȣΝ ΧχspλΨ,Ν

ĲȠΝ ȠʌȠȓȠΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ İȣșȪȞİĲĮȚΝ ȖȚĮΝ ĲȘȞΝ ĮȣȟȘȝȑȞȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν

țĮșȫȢΝıȤȘȝĮĲȓȗİȚΝİʌĮĳȑȢΝȝİΝĲȚȢΝʌȜİȣȡȚțȑȢΝȠȝȐįİȢΝȖİȚĲȠȞȚțȫȞΝțĮĲĮȜȠȓʌȦȞέΝ 

 

ȈĲȘȞΝ țȣȡȓĮȡȤȘΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ȑȤİȚΝ ıȤȘȝĮĲȚıĲİȓΝ ȘΝ įȠȝȒΝ ĲȘȢΝ ȕ-

ĳȠȣȡțȑĲĮȢΝ έΝ ǾΝ ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȠȣΝ țĮĲĮȜȠȓʌȠȣΝχspλΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗİȚΝ

ĮȜȜȘȜİʌȚįȡȐıİȚȢΝ ȝİΝ ĲȘȞΝ ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȠȣΝ țĮĲĮȜȠȓʌȠȣΝ δys11έΝ ǾΝ ʌȜİȣȡȚțȒΝ

ȠȝȐįĮΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝThr1ζΝȕȡȓıțİĲĮȚΝʌȠȜȪΝțȠȞĲȐΝȝİΝĲȚȢΝʌȜİȣȡȚțȑȢΝȠȝȐįİȢΝĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝ PheζΝ țĮȚΝ ύlnβΝ țĮȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ δysθΝ țĮȚΝ Thr1βΝ ıȤȘȝĮĲȓȗȠȣȞΝ

İʌĮĳȑȢΝ ȝİĲĮȟȪΝ ĲȠȣȢέΝ ȂİΝ ĮȣĲȒΝ ĲȘȞΝ įȚȐĲĮȟȘΝ Ν ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ

İʌȚȕİȕĮȚȫȞİĲĮȚΝȘΝσRεΝįȠȝȒ,ΝțĮșȫȢΝȠȚΝİʌĮĳȑȢΝʌȠȣΝıȤȘȝĮĲȓȗȠȞĲĮȚΝĮȞĲȚıĲȠȚȤȠȪȞΝ

ıĲȠȞΝȣįȡȩĳȠȕȠΝțȜȦȕȩΝĲȘȢΝȝȚĮȢΝİʌȚĳȐȞİȚĮȢΝĲȘȢΝĳȠȣȡțȑĲĮȢΝʌȠȣΝʌȡȠıįȚȠȡȓıĲȘțİΝ

ʌİȚȡĮȝĮĲȚțȐΝ ĮʌȩΝ ĲȘȞΝ RέΝ ZerellaέΝ ȈĲȘȞΝ ȐȜȜȘΝ İʌȚĳȐȞİȚĮΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝ Ileγ,Ν Valη,Ν Ile1γΝ țĮȚΝ δeu1ηΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗȠȣȞΝ ĲȠȞΝ įİȪĲİȡȠΝ

țȜȦȕȩΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν ȩʌȦȢΝ ʌȡȠȑȕȜİȥİΝ țĮȚΝ ȘΝ ȝİȜȑĲȘΝ ĲȘȢΝσεRΝįȠȝȒȢ,Ν ʌĮȡȩȜȠΝ

ʌȠȣΝ ĲĮΝ įİįȠȝȑȞĮΝ įİȞΝ ȒĲĮȞΝ İʌĮȡțȒΝ ȖȚĮΝ ĲȘȞΝ İȟĮțȡȓȕȦıȘΝ ĲȦȞΝ İʌĮĳȫȞΝ ʌȠȣΝ

įȘȝȚȠȣȡȖȠȪȞĲĮȚέΝȆĮȡȩȝȠȚĮΝĮʌȠĲİȜȑıȝĮĲĮΝȖȚĮΝĲȘΝșȑıȘΝĲȦȞΝʌȜİȣȡȚțȫȞΝĮȜȣıȓįȦȞΝ

ȕȡȑșȘțĮȞΝ țĮȚΝ ȖȚĮΝ ĲȠΝ țȣȡȓĮȡȤȠΝ clusterΝ ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ IδϊσέΝȅȚΝ ʌȜİȣȡȚțȑȢΝ

ĮȜȣıȓįİȢΝ ʌĮțİĲȐȡȠȞĲĮȚΝ ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ıȤȘȝĮĲȚıĲȠȪȞΝ ȠȚΝ įȪȠΝ İʌȚĳȐȞİȚİȢΝ

İțĮĲȑȡȦșİȞΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢ,Ν ĮȜȜȐΝ ȘΝ ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȠȣΝ țĮĲĮȜȠȓʌȠȣΝ χspλΝ

ĳĮȓȞİĲĮȚΝȞĮΝȑȤİȚΝȝİȖĮȜȪĲİȡȘΝĮʌȩıĲĮıȘΝĮʌȩΝĲȘȞΝʌȜİȣȡȚțȒΝȠȝȐįĮΝĲȠȣΝțĮĲĮȜȠȓʌȠȣΝ

δys11έΝ ȉȑȜȠȢ, ıĲȠΝ țȣȡȓĮȡȤȠΝ clusterΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonatedΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ

ĮȜȜȐȗİȚΝ ĲȠΝ ʌȡȩĲȣʌȠΝ ĲȦȞΝ İʌĮĳȫȞΝ ȝİĲĮȟȪΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ʌȠȣΝ

ıȤȘȝĮĲȓȗȠȣȞΝ ĲȚȢΝ įȪȠΝ İʌȚĳȐȞİȚİȢΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢέΝ ȉĮΝ țĮĲȐȜȠȚʌĮΝύlnβ,Ν PheζΝ țĮȚΝ

δysθΝĳĮȓȞİĲĮȚΝȞĮΝȕȡȓıțȠȞĲĮȚΝıĲȘȞΝȓįȚĮΝʌȜİȣȡȐΝĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢ,ΝȩʌȦȢΝțĮȚΝıĲȚȢΝ

ʌȡȠȘȖȠȪȝİȞİȢΝįȠȝȑȢ,ΝİȞȫΝĲĮΝțĮĲȐȜȠȚʌĮΝThr1βΝțĮȚΝThr1ζΝĳĮȓȞİĲĮȚΝȞĮΝȕȡȓıțȠȞĲĮȚΝ

ıĲȘȞΝ ȐȜȜȘΝ ʌȜİȣȡȐΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ țĮȚΝ ĲȘΝ șȑıȘΝ ĲȠȣȢΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌȒȡĮȞΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝIle1γ,Νδeu1ηέΝǼʌȚʌȜȑȠȞΝıĲȘȞΝȓįȚĮΝʌȜİȣȡȐΝȕȡȓıțİĲĮȚΝțĮȚΝĲȠΝțĮĲȐȜȠȚʌȠΝ
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Val1ιέΝȈȣȞȠȜȚțȐΝȑȤȠȣȝİΝıĲȘΝȝȓĮΝʌȜİȣȡȐΝĲĮΝțĮĲȐȜȠȚʌĮΝΝύlnβ,ΝPheζ,Νδysθ,ΝΝIle1γ,Ν

δeu1ηΝ ΝțĮȚΝ ΝVal1ι,ΝİȞȫΝıĲȘȞΝĮȞĲȓșİĲȘΝʌȜİȣȡȐΝȑȤȠȣȝİΝĲĮΝțĮĲȐȜȠȚʌĮΝεet1,Ν Ileγ,Ν

Valη,ΝThr1β,ΝThr1ζΝțĮȚΝύlh1θΝΧʌȡȠĲȦȞȚȠȝȑȞȠΝțĮĲȐȜȠȚʌȠΝύluΨέΝ 

 

 

ǼȚțȩȞĮΝζέβι 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ
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ωartesianΝPωχΝȖȚĮΝĲĮΝ1γηΝȕĮȡȑĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝ

ĳĮȓȞİĲĮȚ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ıĲȠȣȢΝ ĲȡİȚȢΝ principalΝ componentsΝ ĲȘȢΝ

ĮȞȐȜȣıȘȢΝ ωartesianΝ PωχέΝ ȆĮȡȠȣıȚȐȗȠȞĲĮȚΝ ĲȡȓĮΝ İʌȓʌİįĮΝ ȚıȠ–İʌȚĳȐȞİȚĮȢΝ țĮȚΝ ȠȚΝ

ȝʌȜİΝ țȠȡȣĳȑȢΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲĮΝ clusterΝ ʌȠȣΝ ıȤȘȝĮĲȓıșȘțĮȞέΝ ȀȐșİΝ clusterΝ

ıȣȞįȑİĲĮȚΝ ȝİΝ ȕȑȜȠȢΝ ȝİΝ ĲȘȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ (țȠȞĲȚȞȩĲİȡȘΝ ıĲȘΝ ȝȑıȘΝ

įȠȝȒΝĲȠȣΝcluster)έΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝclusterΝ

ıİΝıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ 
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ǼȚțȩȞĮΝζέβκ 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

ωartesianΝPωχΝȖȚĮΝĲĮΝ1γηΝȕĮȡȑĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝ

ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ıĲȠȣȢΝ ĲȡİȚȢΝ principalΝ componentsΝ ĲȘȢΝ

ĮȞȐȜȣıȘȢΝ ωartesianΝ PωχέΝ ȆĮȡȠȣıȚȐȗȠȞĲĮȚΝ ĲȡȓĮΝ İʌȓʌİįĮΝ ȚıȠ–İʌȚĳȐȞİȚĮȢΝ țĮȚΝ ȠȚΝ

ȝʌȜİΝ țȠȡȣĳȑȢΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲĮΝ clusterΝ ʌȠȣΝ ıȤȘȝĮĲȓıșȘțĮȞέΝ ȀȐșİΝ clusterΝ
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ıȣȞįȑİĲĮȚΝ ȝİΝ ȕȑȜȠȢΝ ȝİΝ ĲȘȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ (țȠȞĲȚȞȩĲİȡȘΝ ıĲȘΝ ȝȑıȘΝ

įȠȝȒΝĲȠȣΝcluster)έΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝclusterΝ

ıİΝıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ 

 

 

ǼȚțȩȞĮΝζέβλ 

ȉȡȚıįȚȐıĲĮĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ
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ωartesianΝPωχΝȖȚĮΝĲĮΝ1γηΝȕĮȡȑĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝ

ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonatedΝ ıĲȠȣȢΝ ĲȡİȚȢΝ principalΝ componentsΝ

ĲȘȢΝĮȞȐȜȣıȘȢΝωartesianΝPωχέΝȆĮȡȠȣıȚȐȗȠȞĲĮȚΝĲȡȓĮΝİʌȓʌİįĮΝȚıȠ–İʌȚĳȐȞİȚĮȢΝțĮȚΝȠȚΝ

ȝʌȜİΝ țȠȡȣĳȑȢΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲĮΝ clusterΝ ʌȠȣΝ ıȤȘȝĮĲȓıșȘțĮȞέΝ ȀȐșİΝ clusterΝ

ıȣȞįȑİĲĮȚΝ ȝİΝ ȕȑȜȠȢΝ ȝİΝ ĲȘȞΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ (țȠȞĲȚȞȩĲİȡȘΝ ıĲȘΝ ȝȑıȘΝ

įȠȝȒΝĲȠȣΝcluster)έΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝĮȞĲȚʌȡȠıȦʌİȪİȚΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝclusterΝ

ıİΝıȤȑıȘΝȝİΝĲȠΝıȣȞȠȜȚțȩΝȝȑȖİșȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέ 

 

ǹʌȩΝ ĲĮΝ clustersΝ ʌȠȣΝ ıȤȘȝĮĲȓıĲȘțĮȞΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝωartesianΝPωχΝıĲĮΝ 1γηΝ

ȕĮȡȑĮΝ ȐĲȠȝĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝ ȣʌȑȡșİıȘΝ ĲȦȞΝ įȠȝȫȞΝ ʌȠȣΝ

ıȤȘȝĮĲȓȗȠȣȞΝ ĲȠΝ İțȐıĲȠĲİΝ cluster,Ν ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ȖȓȞİȚΝ ʌİȡȚııȩĲİȡȠΝ İȝĳĮȞȒȢΝȘΝ

țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞέΝ ȈĲȘȞΝ İȚțȩȞĮΝ ζέγίΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝ

ȣʌȑȡșİıȘΝĲȦȞΝįȠȝȫȞΝĲȦȞΝclustersΝʌȠȣΝʌĮȡȒȤșȘıĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝcPωχέΝȈĲȠΝ

ʌȡȫĲȠΝclusterΝĲȠȣΝțȐșİΝĲȡȠȤȚĮțȠȪΝȑȤİȚΝıȤȘȝĮĲȚıșİȓΝȘΝȕΝ– ĳȠȣȡțȑĲĮ,ΝțĮșȫȢΝțĮȚΝ

ȠȚΝ ȣįȡȩĳȠȕİȢΝ İʌȚĳȐȞİȚİȢΝ İțĮĲȑȡȦșİȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪέΝ ȅȚΝ ʌȜİȣȡȚțȑȢΝ

ȠȝȐįİȢΝ ĲȦȞΝ ĮțȡĮȓȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ ĮȣȟȘȝȑȞȘΝ țȚȞȘĲȚțȩĲȘĲĮΝ ıİΝ

ıȤȑıȘΝ ȝİΝ ĲȚȢΝ ȣʌȩȜȠȚʌİȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢ,Ν ȖİȖȠȞȩȢΝ ʌȠȣΝ ıȣȝĳȦȞİȓΝ ȝİΝ ĲȚȢΝ

ʌȡȠȘȖȠȪȝİȞİȢΝ ĮȞĮȜȪıİȚȢέΝ ǼʌȚʌȜȑȠȞΝ ıĲȠ ʌȡȫĲȠΝ clusterΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ

ʌĮȡȠȣıȚȐȗİĲĮȚΝ ĮȣȟȘȝȑȞȘΝ țȚȞȘĲȚțȩĲȘĲĮΝ țĮȚΝ ıĲȚȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĲȦȞΝ

țĮĲĮȜȠȓʌȦȞΝχspλ,Ν δeuκΝ țĮȚΝ δys11έΝ ǾΝ ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȠȣΝ țĮĲĮȜȠȓʌȠȣΝ χspλΝ

ĳĮȓȞİĲĮȚΝȞĮΝĲĮȜĮȞĲİȪİĲĮȚΝȝİĲĮȟȪΝĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝδeuκΝ

țĮȚΝδys11ΝıȤȘȝĮĲȓȗȠȞĲĮȢΝİʌĮĳȑȢΝʌȡȠțİȚȝȑȞȠȣΝȞĮΝıĲĮșİȡȠʌȠȚȘșİȓΝȘΝįȠȝȒΝĲȘȢΝȕ-

ĳȠȣȡțȑĲĮȢέΝȈĲȠΝωlusterΝʌȠȣΝʌȡȠȑțȣȥİΝȖȚĮΝĲȠΝĲȡȠȤȚĮțȩΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢΝIδϊσΝ

ʌĮȡĮĲȘȡİȓĲĮȚΝ İʌȓıȘȢΝ ĮȣȟȘȝȑȞȘΝ țȚȞȘĲȚțȩĲȘĲĮΝ ıĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣ,Ν ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ ȣʌȩȜȠȚʌĮΝ țĮĲȐȜȠȚʌĮ,Ν ĮȜȜȐΝ ȘΝ ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȠȣΝ

ȝİĲĮȜȜĮȖȝȑȞȠȣΝ țĮĲĮȜȠȓʌȠȣΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȕȡȓıțİĲĮȚΝ įȚĮȡțȫȢΝ țȠȞĲȐΝ ıĲȘȞΝ

ʌȜİȣȡȚțȒΝ ȠȝȐįĮΝ ĲȘȢΝδys11,Ν ȝİΝ ĲȘȞΝ ȠʌȠȓĮΝ ıȤȘȝĮĲȓȗİȚΝ İʌĮĳȑȢέΝȉȑȜȠȢΝ ıĲȠΝ ʌȡȫĲȠΝ

clusterΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonatedΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ ĲȦȞΝ ȐțȡȦȞΝ ıȣȞĲȘȡȠȪȞΝ ĲȘȞΝ

țȚȞȘĲȚțȩĲȘĲĮΝ ʌȠȣΝ ʌĮȡĮĲȘȡȒșȘțİΝ ıĲĮΝ ʌȡȠȘȖȠȪȝİȞĮΝ ĲȡȠȤȚĮțȐΝ țĮȚΝ ĲȠΝ

ȝİĲĮȜȜĮȖȝȑȞȠΝ țĮĲȐȜȠȚʌȠΝ ȕȡȓıțİĲĮȚΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ δeuκΝ țĮȚΝ δys11έΝ
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ǼȓȞĮȚΝʌȚșĮȞȩΝ ȞĮΝıȤȘȝĮĲȓȗİȚ,Ν ʌİȡȚȠįȚțȐ,Ν İʌĮĳȑȢΝ țĮȚΝȝİΝ ĲĮΝįȪȠΝ ĮȣĲȐΝ țĮĲȐȜȠȚʌĮέΝ

ȅȚΝ ȣʌȩȜȠȚʌİȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗȠȣȞΝ įȪȠΝ ıĲĮșİȡȑȢΝ

İʌȚĳȐȞİȚİȢΝ İțĮĲȑȡȦșİȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ țĮȚΝ ıĲĮΝ ĲȡȓĮΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȐΝ clustersέΝ ȆĮȡȩȜȠΝ ʌȠȣΝ ĲȠΝ ʌȡȩĲȣʌȠΝ ĲȦȞΝ İʌĮĳȫȞΝ ȝİĲĮȟȪΝ

ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞΝ ıĲȠΝ țȣȡȓĮȡȤȠΝ clusterΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonaedΝ ĮȜȜȐȗİȚ,Ν

țĮșȫȢΝ ȠȚΝ įȪȠΝ İʌȚĳȐȞİȚİȢΝ ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢΝ ĮʌȠĲİȜȠȪȞĲĮȚΝ ĮʌȩΝ įȚĮĳȠȡİĲȚțȐΝ

țĮĲȐȜȠȚʌĮΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȚȢΝ Ν įȚĮȝȠȡĳȫıİȚȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ λλSψΝ țĮȚΝ Iδϊσ,Ν

ıȤȘȝĮĲȓȗȠȞĲĮȚΝ įȪȠΝ ıĲĮșİȡȑȢΝ İʌȚĳȐȞİȚİȢΝ İțĮĲȑȡȦșİȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪέΝ

ȉĮΝ ȣʌȩȜȠȚʌĮΝ clustersΝ ĮȞĲȚʌȡȠıȦʌİȪȠȣȞΝ įȚĮĳȠȡİĲȚțȑȢΝ įȠȝȑȢΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ

țȣȡȓĮȡȤĮ,Ν ĮȜȜȐΝ ĲȠΝ ʌȠıȠıĲȩΝ İȝĳȐȞȚıȘȢΝ ĲȦȞΝ įȠȝȫȞΝ ĮȣĲȫȞΝ ıĲĮΝ ĲȡȠȤȚĮțȐΝ İȓȞĮȚΝ

ĮȡțİĲȐΝȤĮȝȘȜȩΝΧξ1ίΣΨΝțĮȚΝșİȦȡȠȪȞĲĮȚΝĮȝİȜȘĲȑĮΝʌȡȠȢΝʌİȡĮȚĲȑȡȦΝĮȞȐȜȣıȘέΝ 
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ǼȚțȩȞĮΝζέγί 

ȆĮȡȠȣıȓĮıȘΝ ȣʌȑȡșİıȘȢΝ ĲȦȞΝ clusters,Ν ıİΝ stereoΝ view,Ν ȩʌȦȢΝ ʌȡȠȑțȣȥİΝ ĮʌȩΝ ĲȘȞΝ

ĮȞȐȜȣıȘΝ ωartesianΝ PωχΝ ȖȚĮΝ ĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐέΝ īȚĮΝ ĲȘȞΝ ȣʌȑȡșİıȘ 

ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȩȜĮΝ ĲĮΝ ȕĮȡȑĮΝ ȐĲȠȝĮέΝ ȅΝ ȤȡȦȝĮĲȚıȝȩȢΝ ȑȖȚȞİΝ ȝİΝ ȕȐıȘΝ ĲȚȢΝ

ĮĲȠȝȚțȑȢΝ įȚĮțȣȝȐȞıİȚȢ,Ν ȘΝ țȜȓȝĮțĮΝ įȚĮĲȘȡİȓĲĮȚΝ ıĲĮșİȡȒΝ ȖȚĮΝ ĲĮΝ clustersΝ ʌȠȣΝ

ĮȞȒțȠȣȞΝıĲȠΝȓįȚȠΝĲȡȠȤȚĮțȩέΝ 

 

ȈİΝ ȩȜİȢΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȠȣΝ ĮȞĮȜȪșȘțĮȞΝ ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ

ȑȤȠȣȞΝ ĮʌȩΝ ȑȞĮΝ ȑȦȢΝ ĲȡȓĮΝ clustersΝ țĮȚΝ ıĲĮΝ țȣȡȓĮȡȤĮΝ clusterΝ ȞĮΝ ȣʌȐȡȤİȚΝ ĲȠΝ

İȞİȡȖİȚĮțȩΝ İȜȐȤȚıĲȠΝ ĲȠȣΝ țȐșİΝ ĲȡȠȤȚĮțȠȪέΝ īİȖȠȞȩȢΝ ʌȠȣΝ ıȘȝĮȓȞİȚΝ ʌȦȢΝ ĲĮΝ

İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ʌȠȣΝ ʌĮȡȐȖȠȞĲĮȚΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ωartesianΝ PωχΝ İȓȞĮȚΝ

ıȤİĲȚțȐΝȠȝĮȜȐέΝȆȡȠțİȚȝȑȞȠȣΝȞĮΝİȟİĲĮıșİȓΝİțĲİȞȑıĲİȡĮΝĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȘȢΝ



 

 

149 

 

ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ ĲȡȚȫȞΝ ĲȡȠȤȚĮțȫȞΝ ĮțȠȜȠȣșİȓΝ ıĲȘȞΝ İʌȩȝİȞȘΝ ʌĮȡȐȖȡĮĳȠΝ ȘΝ

ĮȞȐȜȣıȘΝțȣȡȓȦȞΝıȣȞȚıĲȦıȫȞΝȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȚȢΝįȓİįȡİȢΝȖȦȞȓİȢέΝ 
 

4.3.2 Dihedral angle Principal Component Analysis 

 

ȅȚΝ ĮȞĮȜȪıİȚȢΝ țȣȡȓȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȚȢΝ įȓİįȡİȢ ȖȦȞȓİȢΝ

ʌĮȡȠȣıȚȐıĲȘțĮȞΝȖȚĮΝʌȡȫĲȘΝĳȠȡȐΝĮʌȩΝĲȘȞΝİʌȚıĲȘȝȠȞȚțȒΝȠȝȐįĮΝĲȠȣΝYuguangΝεuΝ

ĲȠΝβίίηΝȠȚΝȠʌȠȓȠȚΝʌȡĮȖȝĮĲȠʌȠȓȘıĮȞΝʌȡȠıȠȝȠȚȫıİȚȢΝĮȞĮıĲȡȑȥȚȝȘȢΝĮȞĮįȓʌȜȦıȘȢΝ

țĮȚΝ ĮʌȠįȚȐĲĮȟȘȢΝ ıĲȘȞΝ ʌȑȞĲĮ-ĮȜĮȞȓȞȘέΝ ȉȠΝ İȪȡȘȝĮΝ ĲȠȣȢΝ ĮʌȩΝ ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ

dihedralΝangleΝPωχ,ΝȩıȠΝĮĳȠȡȐΝĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȦȞΝįȪȠΝįȚĮįȚțĮıȚȫȞ,ΝȒĲĮȞΝ

įȚĮĳȠȡİĲȚțȩΝıȣȖțȡȚĲȚțȐΝȝİΝĲȚȢΝțȜĮıȚțȑȢΝĮȞĮȜȪıİȚȢΝωartesianΝPωχέΝȆȡȠțİȚȝȑȞȠȣΝ

ȞĮΝ ȝİȜİĲȘșİȓΝ ȘΝ įȚĮȝȠȡĳȦĲȚțȒΝ įȣȞĮȝȚțȒΝ İȞȩȢΝ ȝȠȡȓȠȣΝ İȓȞĮȚΝ ĮȞĮȖțĮȓȠΝ ȞĮΝ ȖȓȞİȚΝ

įȚȐțȡȚıȘΝ ȝİĲĮȟȪΝ ĲȘȢΝ İıȦĲİȡȚțȒȢΝ țȓȞȘıȘȢΝ țĮȚΝ ĲȘȢΝ ıȣȞȠȜȚțȒȢΝ țȓȞȘıȘȢ, ȘΝ ȠʌȠȓĮΝ

İȓȞĮȚΝ ȘΝ ȝİĲȐșİıȘΝ țĮȚΝ ȘΝ ıȣȞȠȜȚțȒΝ ʌİȡȚıĲȡȠĳȒέΝ ǾΝ ȝİĲȐșİıȘΝ ȝʌȠȡİȓΝ İȪțȠȜĮΝ ȞĮΝ

įȚĮȤȦȡȚıĲİȓΝșȑĲȠȞĲĮȢΝıĲĮșİȡȩΝĲȠΝțȑȞĲȡȠΝȝȐȗĮȢΝĲȠȣΝȝȠȡȓȠȣέΝȍıĲȩıȠ,ΝȘΝİȟȐȜİȚȥȘΝ

ĲȘȢΝ ıȣȞȠȜȚțȒΝ ʌİȡȚıĲȡȠĳȒȢΝ İȓȞĮȚΝ ĮʌȜȒΝ ȝȩȞȠΝ ȖȚĮΝ țȐʌȠȚȠΝ ȐțĮȝʌĲȠΝ ıȫȝĮΝȒΝ ıĲȘȞΝ

ʌİȡȓʌĲȦıȘΝ ĲȦȞΝ ȝȚțȡȫȞΝ įȚĮțȣȝȐȞıİȦȞΝ ȖȪȡȦΝ ĮʌȩΝ ȝȓĮΝ įȠȝȒΝ ĮȞĮĳȠȡȐȢέΝ ȉȠΝ

ʌȡȩȕȜȘȝĮΝ ĲȘȢΝ ȠȜȚțȒȢΝ ʌİȡȚıĲȡȠĳȒȢΝ İȓȞĮȚΝ įȣȞĮĲȩȞΝ ȞĮΝ ʌȡȠıʌİȜĮıĲİȓΝ

ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲȚȢΝĮȞĮȜȪıİȚȢΝțȣȡȓȦȞΝıȣȞȚıĲȦıȫȞΝȖȚĮΝĲȚȢΝįȓİįȡİȢΝȖȦȞȓİȢΝΧεuΝ

et al., 2005).  

 

ȉȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ʌȠȣΝ ʌȡȠțȪʌĲİȚΝ ĮʌȩΝ ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ dPωχΝ Χdihedral PCA) 

İȝĳĮȞȓȗİȚΝ ʌȠȜȜȐΝ İȞİȡȖİȚĮțȐΝ İȜȐȤȚıĲĮΝ ĲĮΝ ȠʌȠȓĮΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ țĮȜȐΝ

țĮșȠȡȚıȝȑȞİȢΝįȠȝȑȢέΝȈȣȞİʌȫȢΝİȓȞĮȚΝʌȚȠΝĲȡĮȤȪΝĮʌȩΝĲȠΝΧȜİȓȠΨΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝʌȠȣΝ

ʌĮȡȐȖȠȣȞΝ ȠȚΝĮȞĮȜȪıİȚȢΝ cPωχέΝǹȣĲȩΝȠĳİȓȜİĲĮȚΝıĲȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝȝİΝ ĲȘȞΝĮȞȐȜȣıȘΝ

cPωχΝįİȞΝȝʌȠȡİȓΝȞĮΝįȚĮȤȦȡȚıĲİȓΝȘΝİıȦĲİȡȚțȒΝĮʌȩΝĲȘȞΝȠȜȚțȒΝțȓȞȘıȘέΝ 

 

ȈĲȘȞΝʌĮȡȠȪıĮΝʌĲȣȤȚĮțȒΝİȡȖĮıȓĮΝșĮΝʌȡĮȖȝĮĲȠʌȠȚȘșȠȪȞΝįȪȠΝĮȞĮȜȪıİȚȢΝdPωχ,ΝȘΝ

ʌȡȫĲȘΝ ĮĳȠȡȐΝ ĲȚȢΝ įȓİįȡİȢΝ ȖȦȞȓİȢΝ ĳΝ țĮȚΝ ȥ,Ν İȞȫΝ ȘΝ įİȪĲİȡȘΝ ĮĳȠȡȐΝ ĲȚȢΝ įȓİįȡİȢΝ
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ȖȦȞȓİȢΝ ıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȘȢΝ țĮȚΝ ĲȘȢΝ Ȥ1Ν ȖȦȞȓĮȢέΝ ȅȚΝ ĮȞĮȜȪıİȚȢΝ dPωχΝ

ʌİȡȚȠȡȓȗȠȞĲĮȚΝıĲȘȞΝțȓȞȘıȘΝ ĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝțĮȚΝĮȖȞȠȠȪȞΝ ĲȚȢΝʌȜİȣȡȚțȑȢΝ

ȠȝȐįİȢ,ΝıȣȞİʌȫȢΝįİȞΝİȓȞĮȚΝĮʌĮȡĮȓĲȘĲȘΝȘΝĮʌȠȝȐțȡȣȞıȘΝȠȜȚțȫȞΝʌİȡȚıĲȡȠĳȫȞΝțĮȚΝ

ȝİĲĮșȑıİȦȞ,ΝȩʌȦȢΝȑȖȚȞİΝıĲȘȞΝωartesianΝPωχέΝȈĲȘȞΝİȚțȩȞĮΝζέγ1ΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ

ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ʌȠȣΝ ʌȡȠțȪʌĲȠȣȞΝ ĮʌȩΝ ĲȘȞΝ ʌȡȠȕȠȜȒΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ ıĲȠΝ

İʌȓʌİįȠΝ ʌȠȣΝ ȠȡȓȗİĲĮȚΝ ĮʌȩΝ ĲȠȣȢΝ ĲȡİȚȢΝ ʌȡȫĲȠȣȢΝ eigenvectorsΝ ȝİΝ ĲĮΝ ȝİȖĮȜȪĲİȡĮΝ

eigenvalues,ΝĮȞȐΝȗİȪȖȘέΝȉĮΝİȞİȡȖİȚĮțȐΝĲȠʌȓĮΝʌȡȠȑțȣȥĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdPωχΝ

ʌȠȣΝĮĳȠȡȐΝĲȚȢΝȖȦȞȓİȢΝĳΝțĮȚΝȥέΝȆĮȡȩȜȠΝʌȠȣΝįİΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝȠȚΝʌȜİȣȡȚțȑȢΝ

ȠȝȐįİȢΝıĲȘȞΝĮȞȐȜȣıȘΝ dPωχ,Ν ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝʌȠȣΝʌȡȠȑțȣȥĮȞΝĳĮȓȞİĲĮȚΝ ȞĮΝ

ȑȤȠȣȞΝ ʌİȡȚııȩĲİȡĮΝ clustersΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ĲȦȞΝ ĮȞĮȜȪıİȦȞΝ

ωartesianΝ Pωχ,Ν ȩʌȦȢΝ ĮȞĮȝȑȞİĲĮȚΝ ĮʌȩΝ ĮȣĲȒΝ ĲȘȞΝ ĮȞȐȜȣıȘέΝ ǼʌȚȕİȕĮȚȫȞİĲĮȚΝ

ıȣȞİʌȫȢΝȠΝțĮȞȩȞĮȢΝĲȦȞΝĲȡĮȤȑȦȞΝİȞİȡȖİȚĮțȫȞΝʌİįȓȦȞΝʌȠȣΝʌȡȠțȪʌĲȠȣȞΝĮʌȩΝĲȘȞΝ

dPωχέΝ Ν ȂİΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ įȠȪȝİΝ ʌİȡȚııȩĲİȡİȢΝ

ȠȝĮįȠʌȠȚȘȝȑȞİȢΝ įȠȝȑȢΝ ʌȠȣΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıİΝ ȤĮȝȘȜȐΝ İȞİȡȖİȚĮțȐΝ İʌȓʌİįĮΝ țĮȚΝ ȠȚΝ

ȠʌȠȓİȢΝįİΝįȚĮĳĮȓȞȠȞĲĮȚΝıĲȘȞΝĮȞȐȜȣıȘΝcPωχέΝ 
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ǼȚțȩȞĮΝζέγ1 

ȆĮȡȠȣıȓĮıȘΝ ĲȦȞΝ İȞİȡȖİȚĮțȫȞΝ ĲȠʌȓȦȞΝ (ǻύ,Ν energyΝ landscapes)Ν ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ

ĲȡȚȫȞΝțȣȡȓĮȡȤȦȞΝıȣȞȚıĲȦıȫȞΝ (Pcs)ΝĮȞȐΝ ȗİȪȖȘΝ (ĮʌȩΝįİȟȚȐΝʌȡȠȢΝĲĮΝĮȡȚıĲİȡȐ)ΝȖȚĮΝ

ĲĮΝ ĲȡȠȤȚĮțȐΝ λλSψ,Ν IδϊσΝ țĮȚΝ protonatedΝ (ĮʌȩΝ İʌȐȞȦΝ ʌȡȠȢΝ ĲĮΝ țȐĲȦ)έΝ ȉĮΝ

İȞİȡȖİȚĮțȐΝĲȠʌȓĮΝİȓȞĮȚΝĮʌȠĲȑȜİıȝĮΝĲȦȞΝĮȞĮȜȪıİȦȞΝdPωχΝȖȚĮΝĲȚȢΝγβΝĳΝțĮȚΝȥΝȖȦȞȓİȢ 

ĲȠȣΝʌİʌĲȚįȓȠȣέΝ 
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ȉĮΝ clustersΝ ʌȠȣΝ įȘȝȚȠȣȡȖȒșȘțĮȞΝ ıĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ȖȚĮΝ ĲȠȣȢΝ ĲȡİȚȢΝ ʌȡȫĲȠȣȢΝ

eigenvectorsΝ İȓȞĮȚΝ ʌİȡȚııȩĲİȡĮΝ ıİΝ ĮȡȚșȝȩΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲĮΝ clustersΝ ĲȘȢΝ cPωχέΝ

ȈĲȠȞΝ ʌȓȞĮțĮΝ ζέηΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ĲĮΝ clustersΝ ʌȠȣΝ ıȤȘȝĮĲȓıșȘțĮȞΝ ȖȚĮΝ ĲȠΝ țȐșİΝ

ĲȡȠȤȚĮțȩ,ΝțĮșȫȢΝțĮȚ ĲȠΝʌȠıȠıĲȩΝʌȠȣΝțĮĲĮȜĮȝȕȐȞİȚΝĲȠΝțȐșİΝclusterΝıİΝıȤȑıȘΝȝİΝ

ĲȠΝıȣȞȠȜȚțȩΝĲȡȠȤȚĮțȩέΝȈĲȠΝĲȡȠȤȚĮțȩΝλλSψΝįȘȝȚȠȣȡȖȒșȘțĮȞΝ1γΝclusters,Ν İțΝĲȦȞΝ

ȠʌȠȓȦȞΝ ĲĮΝ įȪȠΝ ʌȡȫĲĮΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȑȤȠȣȞΝ ıȘȝĮȞĲȚțȩΝ ʌȠıȠıĲȩΝ ıȣȝȝİĲȠȤȒȢΝ ıĲȠΝ

ĲȡȠȤȚĮțȩΝțĮșȫȢΝĲĮΝȣʌȩȜȠȚʌĮΝțĮĲĮȜĮȝȕȐȞȠȣȞΝȜȚȖȩĲİȡȠΝĲȠȣ 1ίΣΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝ

ȈĲȠΝ ĲȡȠȤȚĮțȩΝ Ν IδϊσΝ ıȤȘȝĮĲȓıșȘțĮȞΝ ĲȡȓĮΝ clustersΝ ĲĮΝ ȠʌȠȓĮΝ ȑȤȠȣȞΝ ıȘȝĮȞĲȚțȩΝ

ʌȠıȠıĲȩΝ ıȣȝȝİĲȠȤȒȢΝ ıĲȠΝ ĲȡȠȤȚĮțȩέΝ ȉȑȜȠȢΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ protonatedΝ

ıȤȘȝĮĲȓıșȘțĮȞΝ ιΝ clusters,Ν İțΝ ĲȦȞΝ ȠʌȠȓȦȞΝ ĲĮΝ įȪȠΝ ʌȡȫĲĮΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ İȓȞĮȚΝ ĲĮΝ

ıȘȝĮȞĲȚțȩĲİȡĮΝıİΝȝȑȖİșȠȢέΝ 

 

No. Cluster 

/ trajectory 

 1  2  3  4   5 6  7  8  9   10  11 12 13  Variance 

Explained 

99SB 

 

14.9

% 

10.5

% 

3.0% 0.8% 0.5% 0.6% 0.4% 0.5% 0.4% 0.4% 0.3% 0.2% 0.1% 96% 

ILDN 

 

38.2

% 

20.1

% 

6.4% - - - - - - - - - - 97% 

Protonated 

 

11.8

% 

11.8

% 

8.2% 7.6% 0.6% 0.4% 0.07% - - - - - - 90% 

 

ȆȓȞĮțĮȢΝζέη 

ȈȣȖțȡȚĲȚțȒΝʌĮȡȠȣıȓĮıȘΝĲȦȞΝclustersΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdPωχΝ

ȖȚĮΝĲȚȢΝȖȦȞȓİȢΝĳΝțĮȚΝȥΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψ,ΝIδϊσΝțĮȚΝprotonatedέΝȈĲȚȢΝıĲȒȜİȢΝβΝ– 

1βΝ ĮȞĮȖȡȐĳİĲĮȚΝ ĲȠΝ ʌȠıȠıĲȩΝ ʌȠȣΝ țĮĲĮȜĮȝȕȐȞİȚΝ ĲȠΝ țȐșİΝ clusterΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠΝ

ıȣȞȠȜȚțȩΝ ȝȑȖİșȠȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪ,Ν İȞȫΝ ıĲȘȞΝ ĲİȜİȣĲĮȓĮΝ ıĲȒȜȘΝ ĮȞĮȖȡȐĳİĲĮȚΝ ĲȠΝ

ʌȠıȠıĲȩΝĲȘȢΝįȚĮțȪȝĮȞıȘȢΝʌȠȣΝțĮȜȪʌĲİĲĮȚΝĮʌȩΝĲĮΝclustersέ 

 

ȈĲȚȢΝİȚțȩȞİȢΝζέγβ,Νζέγγ,ΝζέγζΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝĲĮΝĲȡȚıįȚȐıĲĮĲĮΝİȞİȡȖİȚĮțȐΝĲȠʌȓĮΝ

ȩʌȦȢΝʌȡȠȑțȣȥĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝ

ʌİʌĲȚįȓȠȣέΝ ȉȠΝ ĲȡȚıįȚȐıĲĮĲȠΝ ȖȡȐĳȘȝĮΝ ĲȠȣΝ İȞİȡȖİȚĮțȠȪΝ ʌİįȓȠȣΝ ʌĮȡȠȣıȚȐȗİĲĮȚ,Ν
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ȩʌȦȢΝ țĮȚΝ ĲȠΝ įȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ȖȡȐĳȘȝĮΝ ʌȠȣΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ĮʌȩΝ ĲȠȣȢΝ

eigenvectors 01 – ίβ,Ν ȝİΝ ĲȡȓĮΝ įȚĮĳȠȡİĲȚțȐΝ İʌȓʌİįĮΝ ȚıȠİʌȚĳȐȞİȚĮȢΝ ĲĮΝ ȠʌȠȓĮΝ

ʌȡȠıįȚȠȡȓȗȠȣȞΝĲĮΝıȘȝİȓĮΝıĲĮΝȠʌȠȓĮΝıȤȘȝĮĲȓıșȘțĮȞΝĲĮΝʌȠȜȣʌȜȘșȑıĲİȡĮΝclustersέΝ

ȈİΝțȐșİΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝțĮȚΝȠȚΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝįȠȝȑȢΝ

ĮʌȩΝ ĲȘȞΝ țȐșİΝ “țȠȡȣĳȒ”Ν ĲȠȣΝ ȖȡĮĳȒȝĮĲȠȢΝ ΧȠȚΝ țȠȡȣĳȑȢΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲĮΝ

įȚĮĳȠȡİĲȚțȐΝclustersΨέΝȀȐșİΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒ įȠȝȒΝĮȞĲȚıĲȠȚȤİȓΝıĲȘΝįȠȝȒΝʌȠȣΝ

ȑȤİȚΝ ĲȠΝ ȤĮȝȘȜȩĲİȡȠΝ RεSϊΝ ĮʌȩΝ ĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȠȣΝ țȐșİΝ clusterέΝ ǼʌȚʌȜȑȠȞΝ ĲȠΝ

ȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝıĲȠΝȖȡȐĳȘȝĮΝİȓȞĮȚΝİȞįİȚțĲȚțȩΝȖȚĮΝĲȠΝȝȑȖİșȠȢΝĲȠȣΝclusterέΝǾΝ

șȑıȘΝ ĲȦȞΝ įȠȝȫȞΝ İʌȐȞȦΝ ıĲȠΝ ȖȡȐĳȘȝĮΝ İȓȞĮȚΝ ĲȑĲȠȚĮ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ĮʌȠĲİȜİȓΝ ĲȘȞΝ

ʌȡȠȕȠȜȒΝ ĲȦȞΝ clustersΝ ıĲȘȞΝ İʌȚĳȐȞİȚĮΝ ĲȘȢΝ İȚțȩȞĮȢέΝ ǼʌİȚįȒ,Ν ȩȝȦȢ,Ν ȠȡȚıȝȑȞĮΝ

İȞİȡȖİȚĮțȐΝʌİįȓĮΝİȝĳĮȞȓȗȠȣȞΝʌȠȜȜȑȢΝțȠȡȣĳȑȢΝțĮȚΝȖȚĮΝȞĮΝȝȘȞΝȣʌȐȡȤİȚΝıȪȖȤȣıȘΝȝİΝ

ĲȘȞΝĮȞĲȚıĲȠȚȤȓĮΝįȠȝȫȞΝțĮȚΝclustersΝțȐșİΝįȠȝȒΝĮȡȚșȝİȓĲĮȚΝĮȞȐȜȠȖĮΝȝİΝĲȠȞΝĮȡȚșȝȩΝ

ĲȠȣΝclusterΝıĲȠΝȠʌȠȓȠΝĮȞȒțİȚέΝ 
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ǼȚțȩȞĮΝζέγβ 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

dihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝ

ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ıĲȠȣȢΝ ĲȡİȚȢΝ principalΝ componentsΝ ĲȘȢΝ

ĮȞȐȜȣıȘȢΝ dihedralΝ PωχέΝ ȅȚΝ įȠȝȑȢΝ İȓȞĮȚΝ ĲȠʌȠșİĲȘȝȑȞİȢΝ ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ĳĮȓȞİĲĮȚΝ ȘΝ

ʌȡȠȕȠȜȒΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ ıĲȠΝ İʌȓʌİįȠΝ ȠȜȩțȜȘȡȘȢΝ ĲȘȢΝ İȚțȩȞĮȢέΝ ȀȐșİΝ clusterΝ

ıȣȞįȑİĲĮȚ,ΝİʌȚʌȜȑȠȞ,ΝĮȡȚșȝȘĲȚțȐΝȝİΝĲȘȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȠȣΝ(țȠȞĲȚȞȩĲİȡȘΝ

ıĲȘΝ ȝȑıȘΝ įȠȝȒΝ ĲȠȣΝ cluster),Ν ȖȚĮΝ ȞĮΝ ȝȘȞΝ ȣʌȐȡȤİȚΝ ıȪȖȤȣıȘΝ ıĲȘȞΝ ĮȞĲȚıĲȠȚȤȓĮέΝ ȉȠΝ

ȝȑȖİșȠȢΝĲȦȞΝįȠȝȫȞΝİȓȞĮȚΝİȞįİȚțĲȚțȩΝĲȠȣΝȝȑȖİșȠȢΝĲȠȣΝclusterέΝ 
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ǼȚțȩȞĮΝζέγγ 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

dihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝ

ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσΝ ıĲȠȣȢΝ ĲȡİȚȢΝ principalΝ componentsΝ ĲȘȢΝ

ĮȞȐȜȣıȘȢΝdihedralΝPωχέΝ 
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ǼȚțȩȞĮΝζέγζ 

ȉȡȚıįȚȐıĲĮĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

dihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȓȠȣέΝȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝ
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ĳĮȓȞİĲĮȚΝ ȘΝ ʌȡȠȕȠȜȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonatedΝ ıĲȠȣȢΝ ĲȡİȚȢΝ principalΝ components 

ĲȘȢΝĮȞȐȜȣıȘȢΝdihedralΝPωχέΝȅȚΝįȠȝȑȢΝİȓȞĮȚΝĲȠʌȠșİĲȘȝȑȞİȢΝȑĲıȚΝȫıĲİΝȞĮΝĳĮȓȞİĲĮȚΝ

ȘΝʌȡȠȕȠȜȒΝĲȦȞΝĲȡȠȤȚĮțȫȞΝıĲȠΝİʌȓʌİįȠΝȠȜȩțȜȘȡȘȢΝĲȘȢΝİȚțȩȞĮȢέΝ 

 

ǵʌȦȢΝȑȤİȚΝȒįȘΝʌȡȠĮȞĮĳİȡșİȓΝȠΝĮȡȚșȝȩȢΝĲȦȞΝclustersΝȖȚĮΝĲĮΝĲȡȓĮΝĲȡȠȤȚĮțȐΝİȓȞĮȚΝ

ȝİȖĮȜȪĲİȡȠȢΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ ωartesianΝ PωχέΝ ǹȞĮȜȣĲȚțȩĲİȡĮ,Ν ıĲȠΝ

ĲȡȠȤȚĮțȩΝ λλSψΝ ȕȡȑșȘțĮȞΝ γΝ clustersΝ ȝİΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ cPωχΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ

ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪ,Ν İȞȫΝ ȝİΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ȕȡȑșȘțĮȞΝ 1γ,Ν ıĲȠΝ ĲȡȠȤȚĮțȩΝ

IδϊσΝıȤȘȝĮĲȓıșȘțİΝ ȑȞĮΝȝȩȞȠΝ clusterΝȝİΝ ĲȘȞΝĮȞȐȜȣıȘΝ cPωχΝȖȚĮΝ ĲĮΝȐĲȠȝĮΝĲȠȣΝ

ʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪ,ΝİȞȫΝȝİΝĲȘȞΝĮȞȐȜȣıȘΝdPωχΝıȤȘȝĮĲȓıșȘțĮȞΝĲȡȓĮ,ΝĲȑȜȠȢΝıĲȠΝ

ĲȡȠȤȚĮțȩΝ protonatedΝ ȝİΝ ĲȘȞΝ cPωχΝ ıȤȘȝĮĲȓıșȘțĮȞΝ įȪȠΝ clusters,Ν İȞȫΝ ȝİΝ ĲȘȞΝ

dPωχΝİʌĲȐέΝȆĮȡȩȜȠΝʌȠȣΝĲĮΝʌȠıȠıĲȐΝʌȠȣΝĮȞĲȚıĲȠȚȤȠȪȞΝıİΝȝİȡȚțȐΝclustersΝİȓȞĮȚΝ

ĮȝİȜȘĲȑĮΝ ʌȡȠȢΝ ȝİȜȑĲȘ,Ν ıĲȚȢΝ İȚțȩȞİȢΝ ĲȦȞΝ ĲȡȚıįȚȐıĲĮĲȦȞΝ İȞİȡȖİȚĮțȫȞΝ ʌİįȓȦȞΝ

ıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝ ȠȚΝ įȠȝȑȢΝ ĮʌȩΝ ȩȜĮΝ ĲĮΝ clustersΝ ʌȠȣΝ ȕȡȑșȘțĮȞ,Ν įȚȩĲȚΝ ȘΝ

İȞȑȡȖİȚĮΝ ʌȠȣΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȚȢΝ įȠȝȑȢΝ ĮȣĲȑȢΝ İȓȞĮȚΝ ĮȡțİĲȐΝ ȤĮȝȘȜȒΝ ȑĲıȚΝ ȫıĲİΝ ȞĮΝ

ıȣȝʌİȡȚȜĮȝȕȐȞȠȞĲĮȚΝıĲȘȞΝȝİȜȑĲȘέ 

 

ǹʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ȖȚĮΝ ĲȚȢΝ γβΝ įȓİįȡİȢΝ ȖȦȞȓİȢΝ ΧĳΝ țĮȚΝ ȥΨΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ

ʌȡȠȑțȣȥİΝȝȓĮΝțȣȡȓĮȡȤȘΝįȠȝȒΝȖȚĮΝțȐșİΝ ĲȡȠȤȚĮțȩέΝȍȢΝțȣȡȓĮȡȤȘΝįȠȝȒΝșİȦȡȠȪȝİΝ

ĲȘΝįȠȝȒΝʌȠȣΝȑȤİȚΝĲȠΝȤĮȝȘȜȩĲİȡȠΝRεSϊΝıİΝıȤȑıȘΝȝİΝĲȘΝȝȑıȘΝįȠȝȒΝĲȠȣΝʌȡȫĲȠȣΝ

clusterέΝ ȈİΝ ȩȜĮΝ ĲĮΝ ĲȡȠȤȚĮțȐΝ ĲȠΝ ʌȡȫĲȠΝ clusterΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝ ʌȠȜȣʌȜȘșȑıĲİȡȠΝ

țĮȚΝ İȞİȡȖİȚĮțȐΝ İȜȐȤȚıĲȠΝ clusterΝ ıİΝ ıȤȑıȘΝ ȝİΝ ȩȜĮΝ ĲĮΝ clustersΝ ʌȠȣΝ ʌȡȠȑțȣȥĮȞέΝ

ȈĲȘȞΝİȚțȩȞĮΝζέγηΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝȠȚΝțȣȡȓĮȡȤİȢΝįȠȝȑȢΝĮʌȩΝĲȠΝțȐșİΝĲȡȠȤȚĮțȩέΝ 

 

ȈĲȘȞΝ țȣȡȓĮȡȤȘΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȑȤİȚΝ ıȤȘȝĮĲȚıĲİȓΝ ȘΝ ȕ-

ĳȠȣȡțȑĲĮΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝIleγΝ– δysθΝțĮȚΝδys11 – δeu1ηΝțĮȚΝȘΝıĲȡȠĳȒΝȝİĲĮȟȪΝ

ĲȦȞΝțĮĲĮȜȠȓʌȦȞΝThrιΝ– ύly1ίέΝȉĮΝįȪȠΝʌȡȫĲĮΝțĮȚΝĲĮΝįȪȠΝĲİȜİȣĲĮȓĮΝțĮĲȐȜȠȚʌĮΝ

įİȞΝĳĮȓȞİĲĮȚΝ ȞĮΝȣȚȠșİĲȠȪȞΝțȐʌȠȚĮΝįȚĮȝȩȡĳȦıȘ,Ν ȩʌȦȢΝ ȑȖȚȞİΝțĮȚΝıĲȚȢΝ įȠȝȑȢΝʌȠȣΝ

ʌĮȡȠȣıȚȐıșȘțĮȞΝĮʌȩΝĲȚȢΝʌȡȠȘȖȠȪȝİȞİȢΝĮȞĮȜȪıİȚȢέΝǾΝıĲȡȠĳȒΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝ

TypeΝIΝȕ-turn,ΝțĮșȫȢΝȘΝȖȜȣțȓȞȘΝȕȡȓıțİĲĮȚΝıĲȘȞΝĲȡȓĲȘΝșȑıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĲȘȢΝ
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ıĲȡȠĳȒȢέΝȅȚΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝıȤȘȝĮĲȓȗȠȞĲĮȚΝȝİĲĮȟȪΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝIleγΧσΨΝ– 

Leu15(O), Ile3(O) – Leu15(N), Val5(N) – Ile13(O), Val5(O) – Ile13(N), Thr7(N) – 

δys11ΧτΨΝțĮȚΝThrιΧτΨΝ– Gly1ίΧσΨέΝȅȚΝʌĮȡĮʌȐȞȦΝįİıȝȠȓΝȣįȡȠȖȩȞȠȣΝĲĮȣĲȓȗȠȞĲĮȚΝ

ȝİΝĲȠȣȢΝįİıȝȠȪȢΝȣįȡȠȖȩȞȠȣΝĲȘȢΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘȢΝįȠȝȒȢ,ΝʌȜȘȞΝĲȠȣΝ

įİıȝȠȪΝ ȣįȡȠȖȩȞȠȣΝȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝεet1ΧτΨΝ – Val1ιΧσΨ,ΝțĮșȫȢΝ țĮȚΝȝİΝ

ĲȘȞΝțȣȡȓĮȡȤȘΝįȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝλλSψΝʌȠȣΝ İȟȒȤșȘΝĮʌȩΝ ĲȚȢΝĮȞĮȜȪıİȚȢΝRεSϊΝ

țĮȚΝωartesianΝPωχέ 

 

ȈĲȘȞΝțȣȡȓĮȡȤȘΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝȘΝİʌȚĳȐȞİȚĮΝĲȘȢΝİțĲİĲĮȝȑȞȘȢΝȕ–įȠȝȒȢΝ

İțĲİȓȞİĲĮȚΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ IleγΝ – δysθΝ țĮȚΝ Thr1βΝ – δeu1η,Ν İȞȫΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝĲȘȢΝıĲȡȠĳȒȢΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝĲĮΝThrι,Νδeuκ,ΝχspλΝțĮȚΝύly1ί,ΝȝİΝĲȘȞΝ

Gly ıĲȘΝ șȑıȘΝ i+γΝ ĲȘȢΝ ıĲȡȠĳȒȢέΝ ȆĮȡĮĲȘȡȫȞĲĮȢΝ ĲȠΝ įİıȝȩΝ ȣįȡȠȖȩȞȠȣΝ ʌȠȣΝ

ıȤȘȝĮĲȓȗİĲĮȚΝȝİĲĮȟȪΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝiΧωτΨΝ– i+γΧσώΨΝțĮȚΝĲȠȞΝʌȡȠıĮȞĮĲȠȜȚıȝȩΝ

ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ i+1Ν țĮȚΝ i+βΝ ıȣȝʌİȡĮȓȞȠȣȝİΝ ʌȦȢΝ ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ĲȠȞΝ ĲȪʌȠΝ IΝ ȕ-

ıĲȡȠĳȒȢΝ țĮȚΝıİΝĮȣĲȒΝ ĲȘΝįȠȝȒέΝȅȚΝįİıȝȠȓΝ ȣįȡȠȖȩȞȠȣ ʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞΝțĮĲȐΝ

ȝȒțȠȢΝĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢΝİȓȞĮȚΝȠȚΝȓįȚȠȚΝȝİΝĲȠȣȢΝįİıȝȠȪȢΝĲȘȢΝțȣȡȓĮȡȤȘȢΝįȠȝȒȢΝĲȠȣΝ

ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ǼʌȚʌȜȑȠȞΝ țĮȚΝ ıĲȚȢΝ įȪȠΝ ʌİȡȚʌĲȫıİȚȢΝ ȠȚΝ İʌȚĳȐȞİȚİȢΝ ʌȠȣΝ

ıȤȘȝĮĲȓȗȠȞĲĮȚΝ İțĮĲȑȡȦșİȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ ĮʌȠĲİȜȠȪȞĲĮȚΝ ĮʌȩΝ ĲȚȢΝ

ʌȜİȣȡȚțȑȢΝȠȝȐįİȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝΝύlnβ,ΝΝPheζ,Νδysθ,ΝThr1β,ΝThr1ζΝΧȖȚĮΝĲȘȞΝȝȓĮΝ

İʌȚĳȐȞİȚĮΨΝțĮȚΝΝIleγ,ΝValη,ΝIle1γΝțĮȚΝδeu1ηΝΧȖȚĮΝĲȘȞΝȐȜȜȘΝİʌȚĳȐȞİȚĮΨέΝǾΝįȚȐĲĮȟȘΝ

ĮȣĲȒΝĲĮȚȡȚȐȗİȚΝȝİΝĲȚȢΝțȣȡȓĮȡȤİȢΝįȠȝȑȢΝĲȦȞΝʌȡȠȘȖȠȪȝİȞȦȞΝĮȞĮȜȪıİȦȞΝĮȜȜȐΝțĮȚΝ

ȝİΝĲȘȞΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒέΝ 

 

ȉȑȜȠȢΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ protonatedΝ ȘΝ įȚĮȝȩȡĳȦıȘΝ ĲȠȣΝ İțĲİĲĮȝȑȞȠȣΝ ȕ-ĳȪȜȜȠȣΝ

ʌİȡȚȜĮȝȕȐȞİȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ IleγΝ – δeuκΝ țĮȚΝ δys11Ν – ύlh1θ,Ν İȞȫΝ ȘΝ ıĲȡȠĳȒΝ

ĮʌȠĲİȜİȓĲĮȚΝĮʌȩΝ ĲĮΝțĮĲȐȜȠȚʌĮΝδeuκΝ – δys11ΝȝİΝ ĲȘȞΝ ȖȜȣțȓȞȘΝ ȞĮΝȕȡȓıțİĲĮȚΝıĲȘΝ

șȑıȘΝ i+βέΝ ǾΝ ĲȡȓĲȘΝ įȠȝȒΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌȜȘıȚȐȗİȚΝ ʌİȡȚııȩĲİȡȠΝ ıĲȘȞΝ įİȪĲİȡȘΝ

İȞĮȜȜĮțĲȚțȒΝįȠȝȒΝʌȠȣΝʌȡȠĲİȓȞİȚΝȘΝ ȠȝȐįĮΝĲȘȢΝRέΝZerella,ΝȘΝ ȠʌȠȓĮΝʌĮȡȠȣıȚȐȗİȚΝ

ȝȚĮΝȝİĲȐșİıȘΝĲȦȞΝțȜȫȞȦȞΝțĮĲȐΝȑȞĮΝțĮĲȐȜȠȚʌȠέ 
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ǼȚțȩȞĮΝζέγη 

ȈȣȞȠʌĲȚțȒΝ ʌĮȡȠȣıȓĮıȘΝ ĲȦȞΝ țȣȡȓĮȡȤȦȞΝ įȠȝȫȞΝ ĲȠȣΝ țȐșİΝ ĲȡȠȤȚĮțȠȪ,Ν ȩʌȦȢΝ

ʌȡȠȑțȣȥĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdPωχέΝǹʌȩΝĮȡȚıĲİȡȐΝʌȡȠȢΝĲĮΝįİȟȚȐΝȑȤȠȣȝİΝĲȚȢΝįȠȝȑȢΝ

ʌȠȣΝ ĮȞĲȚıĲȠȚȤȠȪȞΝ ıĲĮΝ ĲȡȠȤȚĮțȐΝ λλSψ,Ν IδϊσΝ țĮȚΝ protonatedέΝ ȅΝ ȤȡȦȝĮĲȚțȩȢΝ

ıȣȞįȣĮıȝȩȢΝ İȓȞĮȚΝ ıȪȝĳȦȞȠȢΝ ȝİΝ ĲȚȢΝ İȚțȩȞİȢΝ ĲȦȞΝ ʌȡȠȘȖȠȪȝİȞȦȞΝ ĮȞĮȜȪıİȦȞέΝ ȈĲȚȢΝ

ĲȡİȚȢΝ įȠȝȑȢΝ ĳĮȓȞİĲĮȚΝ ȟİțȐșĮȡĮΝ ȠΝ ıȤȘȝĮĲȚıȝȩȢΝ ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢέΝ ǾΝ ĲȡȓĲȘΝ įȠȝȒΝ

įȚĮĳȑȡİȚΝĮʌȩΝĲȚȢΝįȪȠΝʌȡȫĲİȢΝȦȢΝʌȡȠȢΝĲȠΝıȤȘȝĮĲȚıȝȩΝĲȦȞΝįİıȝȫȞΝȣįȡȠȖȩȞȠȣΝțĮȚΝ

ĲȠȞΝĲȪʌȠΝĲȘȢΝıĲȡȠĳȒȢέ 

 

ȆȡȠțİȚȝȑȞȠȣΝȞĮΝʌĮȡĮĲȘȡȒıȠȣȝİΝʌȩıȠΝȝİȖȐȜȘΝİȓȞĮȚΝȘΝĮʌȩțȜȚıȘΝĲȦȞΝįȠȝȫȞΝʌȠȣΝ

ıȤȘȝĮĲȓȗȠȣȞΝĲĮΝʌĮȡĮȖȩȝİȞĮΝclustersΝʌȡĮȖȝĮĲȠʌȠȚȒșȘțİΝĲȡȚıįȚȐıĲĮĲȘΝȣʌȑȡșİıȘΝ

įȠȝȫȞ,ΝȩʌȦȢΝȑȖȚȞİΝțĮȚΝȝİĲȐΝĲȘȞΝĮȞȐȜȣıȘΝcPωχ,ΝʌȠȣΝĮʌĮȡĲȓȗȠȣȞΝĲȠΝțȐșİΝclusterέΝ

ǾΝĮʌȩțȜȚıȘΝĲȠȣΝʌİʌĲȚįȚțȠȪΝȐȟȠȞĮΝΧωĮ,Νω,Νσ,ΝτΨΝĲȦȞΝįȠȝȫȞΝįİȞΝȒĲĮȞΝȝİȖȐȜȘέΝȅȚΝ

ʌİȡȚȠȤȑȢΝ ʌȠȣΝ İȝĳĮȞȓȗȠȣȞΝ ȝİȖĮȜȪĲİȡȘΝ ĮʌȩțȜȚıȘΝ İȓȞĮȚΝ ĲĮΝ ȐțȡĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν

ȖİȖȠȞȩȢΝ ʌȠȣΝ ȝĮȢΝ ʌĮȡĮʌȑȝʌİȚΝ ıĲȘȞΝ ĮȣȟȘȝȑȞȘΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ ȐțȡȦȞΝ ʌȠȣΝ

ʌĮȡĮĲȘȡȒșȘțİΝĮʌȩΝĲȚȢΝʌȡȫĲİȢΝțȚȩȜĮȢΝĮȞĮȜȪıİȚȢέΝ 
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ȈĲȘȞΝ İȚțȩȞĮΝ ζέγιΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ ĲȡȚıįȚȐıĲĮĲİȢΝ ȣʌİȡșȑıİȚȢΝ ĲȦȞΝ įȠȝȫȞΝ ʌȠȣΝ

ĮʌĮȡĲȓȗȠȣȞΝĲĮΝʌȠȜȣʌȜȘșȑıĲİȡĮΝclustersέΝǼʌİȚįȒΝĲĮΝclustersΝʌȠȣΝĮʌȠȡȡȑȠȣȞΝĮʌȩΝ

ĲȘȞΝĮȞȐȜȣıȘΝdPωχΝİȓȞĮȚΝĮȡțİĲȐΝıİΝĮȡȚșȝȩΝțȡȓșȘțİΝıțȩʌȚȝȠΝȞĮΝʌĮȡȠȣıȚĮıșȠȪȞΝ

ȝȩȞȠΝ ĮȣĲȐΝ ĲĮΝ ȠʌȠȓĮΝ țĮĲĮȜĮȝȕȐȞȠȣȞΝ ȑȞĮΝ ıİȕĮıĲȩΝ ʌȠıȠıĲȩΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ

ĲȡȠȤȚĮțȠȪέΝ ȈȣȞİʌȫȢΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȝȩȞȠΝ ĲĮΝ clustersΝ ʌȠȣΝ țĮĲĮȜĮȝȕȐȞȠȣȞΝ

ʌİȡȚııȩĲİȡȠΝ ĲȠȣΝ ηΣΝ ĲȠȣΝ ıȣȞȠȜȚțȠȪΝ ȩȖțȠȣΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ǹȞĮȜȣĲȚțȩĲİȡĮΝ șĮ 

ʌĮȡȠȣıȚĮıșȠȪȞΝ ĲĮΝįȪȠΝʌȡȫĲĮΝĮʌȩΝ ĲĮΝįİțĮĲȡȓĮΝ clustersΝʌȠȣΝʌȡȠȑțȣȥĮȞΝ ȖȚĮΝ ĲȠΝ

ĲȡȠȤȚĮțȩΝ λλSψ,Ν ȩȜĮΝ ĲĮΝ clustersΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσΝ țĮȚΝ ĲĮΝ ĲȑııİȡĮΝ ʌȡȫĲĮΝ

clustersΝʌȠȣΝʌȡȠȑțȣȥĮȞΝȖȚĮΝĲȠΝĲȡȠȤȚĮțȩΝprotonatedέΝ 

 

ȈĲȠȞΝ ıȣȖțİțȡȚȝȑȞȠΝ ĲȪʌȠΝ ȣʌȑȡșİıȘȢΝ ĮȟȚȠȜȠȖȠȪȝİΝ ĲȘȞΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȠȣΝ

ʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝıİΝȝȚĮΝȠȝȐįĮΝįȠȝȫȞέΝȅȚΝįȠȝȑȢΝĮȣĲȑȢΝʌȡȠȑțȣȥĮȞΝĮʌȩΝĲȘȞΝ

dPωχΝ ĮȞȐȜȣıȘ,Ν ȘΝ ȠʌȠȓĮΝ ȩʌȦȢΝ ȑȤİȚΝ ȒįȘΝ ĮȞĮĳİȡșİȓΝ ȜĮȝȕȐȞİȚΝ ȣʌȩȥȚȞΝ ȝȩȞȠΝ ĲȚȢΝ

ȖȦȞȓİȢΝĳΝțĮȚΝȥέΝΝ 

 

ȆȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ʌȡȠȤȦȡȒıȠȣȝİΝ ȑȞĮΝ ȕȒȝĮΝ ʌĮȡĮʌȑȡĮ,Ν İȞıȦȝĮĲȫȞȠȣȝİΝ ıĲȠȣȢΝ

ȣʌȠȜȠȖȚıȝȠȪȢΝ ĲȦȞΝ įȓİįȡȦȞΝ ȖȦȞȚȫȞΝ ĲȘȞΝ ȖȦȞȓĮΝ Ȥ1Ν ΧωώI1Ν angle-dihedral PCA). 

ǵʌȦȢΝ İȓȞĮȚΝ ʌȡȠĳĮȞȑȢ,Ν ȝİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ıȤȘȝĮĲȓıȠȣȝİΝ ȠȝȐįİȢΝ

įȠȝȫȞΝΧclustersΨΝʌȠȣΝȞĮΝĮʌȠĲİȜȠȪȞĲĮȚΝĮʌȩΝįȠȝȑȢΝȩȝȠȚİȢΝȝİΝȕȐıȘΝĲĮΝȞȑĮΝțȡȚĲȒȡȚĮΝ

ʌȠȣΝ șȑıĮȝİ,Ν įȘȜĮįȒΝ ĲȚȢΝ įȓİįȡİȢΝ ȖȦȞȓİȢΝ ĳΝ țĮȚΝ ȥΝ Ν țĮȚΝ ĲȘȞΝ Ȥ1έΝ ǾΝ Ȥ1Ν ȖȦȞȓĮΝ

ȣʌȩțİȚĲĮȚΝ ıİΝ ȠȡȚıȝȑȞȠȣȢΝ ʌİȡȚȠȡȚıȝȠȪȢΝ ʌȠȣΝ ʌȡȠțȪʌĲȠȣȞΝ ĮʌȩΝ ĲȘȞΝ ıĲİȡİȠȤȘȝȚțȒΝ

ʌĮȡİȝʌȩįȚıȘΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ĲȘȢΝ ʌȜİȣȡȚțȒȢΝ ĮȜȣıȓįĮȢΝ țĮȚΝ ĲȘȢΝ țȪȡȚĮȢΝ ĮȜȣıȓįĮȢΝ

ΧİȚțȩȞĮΝ ζέγθΨέΝ ȅȚΝ įȚĮĳȠȡİĲȚțȑȢΝ įȚĮȝȠȡĳȫıİȚȢΝ ĲȘȢΝ ʌȜİȣȡȚțȒȢΝ ĮȜȣıȓįĮȢΝ ȦȢΝ

ıȣȞȐȡĲȘıȘΝĲȘȢΝȤ1ΝȖȦȞȓĮȢΝĮȞĮĳȑȡȠȞĲĮȚΝȦȢΝgaucheΧ+ΨΝ,ΝtransΝțĮȚΝgaucheΧ-). 
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ǼȚțȩȞĮΝζέγθ 

ȈȤȘȝĮĲȚțȒΝĮȞĮʌĮȡȐıĲĮıȘΝΝ(ballΝandΝstickΝrepresentation)ΝĲȠȣΝȖȜȠȣĲĮȝȚțȠȪΝȠȟȑȠȢ,Ν

ĲȠΝȠʌȠȓȠΝįȚĮșȑĲİȚΝĲȡİȚȢΝȤΝȖȦȞȓİȢΝıĲȘȞΝʌȜİȣȡȚțȒΝĲȠȣΝȠȝȐįĮΝ(ʌȠȡĲȠțĮȜȓ)έΝȆȑȡĮȞΝĲȦȞΝ

ȤΝȖȦȞȚȫȞ,ΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝȠȚΝĳΝțĮȚΝȥΝȖȦȞȓİȢΝĲȠȣΝıțİȜİĲȠȪΝĲȠȣΝĮȝȚȞȠȟȑȦȢΝ(ȖțȡȚ)έΝȅȚΝ

ȤΝ ȖȦȞȓİȢΝ ĲȦȞΝĮȝȚȞȠȟȑȦȞΝȝʌȠȡİȓΝ ȞĮΝțȣȝĮȓȞȠȞĲĮȚΝĮʌȩΝțĮȝȓĮΝ ȑȦȢΝ ĲȑııİȡȚȢ,Ν ıĲĮΝβίΝ

ȕĮıȚțȐΝ ĮȝȚȞȠȟȑĮέΝ ȅȚΝ įȓİįȡİȢΝ ȖȦȞȓİȢΝ İȞȩȢΝ ʌİʌĲȚįȓȠȣΝ İȓȞĮȚΝ ȠȚΝ ȝȩȞȠȚΝ ȕĮșȝȠȓΝ

İȜİȣșİȡȓĮȢΝ ȖȚĮΝ ĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩΝ (ĳΝ țĮȚΝ ȥ)Ν țĮȚΝ ĲȚȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ (ȤȞ). 

(ǹȞĮʌĮȡȐȖİĲĮȚΝȐȞİȣΝĮįİȓĮȢΝĮʌȩΝώarderΝet al., 2010)  

 

ǹȡȤȚțȐΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ȝİΝ

İȞıȦȝĮĲȦȝȑȞȘΝ ĲȘȞΝ Ȥ1Ν ȖȦȞȓĮ,Ν ʌȠȣΝ ĮĳȠȡȠȪȞΝ ĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠέΝ ȈĲȘȞΝ İȚțȩȞĮΝ

ζέγκΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ȩȜȦȞΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞ,Ν ȩʌȦȢΝ

ʌĮȡȒȤșȘıĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdPωχΝıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȘȢΝĲȘȢΝȖȦȞȓĮȢΝȤ1έΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝΝ

 

ȈȣȖțȡȚĲȚțȐΝ ȝİΝ ĲȘȞΝ ʌȡȠȘȖȠȪȝİȞȘΝ ĮȞȐȜȣıȘΝ dPωχ,Ν ĲĮΝ clustersΝ ȑȤȠȣȞΝ ȝİȚȦșİȓΝ ıİΝ

ĮȡȚșȝȩΝ ıİΝ ȩȜĮΝ ĲĮΝ ĲȡȠȤȚĮțȐέΝȂʌȠȡȠȪȝİΝ ȞĮΝ ʌȠȪȝİΝ ȩĲȚΝ ĮȣĲȩΝ įȚțĮȚȠȜȠȖİȓĲĮȚΝ ĮʌȩΝ

ĲȘȞΝ ȐʌȠȥȘΝ ȩĲȚΝ İĳȩıȠȞΝ ȑȤȠȣȝİΝ ʌȡȠıșȑıİȚΝ ȑȞĮΝ İʌȚʌȜȑȠȞΝ țȡȚĲȒȡȚȠΝ ıĲȘȞΝ ĮȞȐȜȣıȘΝ

ΧĲȘȞΝ ȖȦȞȓĮΝ Ȥ1ΨΝ İȓȞĮȚΝ įȣıțȠȜȩĲİȡȠΝ ȞĮΝ ȣʌȐȡȟȠȣȞΝ ʌȠȜȜȐΝ clustersΝ ʌȠȣΝ ȞĮΝ ȑȤȠȣȞΝ

ȚțĮȞȠʌȠȚȘĲȚțȩΝ ʌȜȒșȠȢΝ įȠȝȫȞΝ ȑĲıȚΝ ȫıĲİΝ ȞĮΝ țĮȜȪȥȠȣȞΝ ȝİȖȐȜȠΝ İȪȡȠȢΝ ĲȘȢΝ

įȚĮțȪȝĮȞıȘȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞέΝ ǼʌȚʌȜȑȠȞ,Ν įİȞΝ ʌȡȑʌİȚΝ ȞĮΝ ȟİȤȞȐȝİΝ ȩĲȚΝ ȝİΝ ĲȘȞΝ

ʌȡȠıșȒțȘΝ ĲȘȢΝ ȖȦȞȓĮȢΝ Ȥ1Ν ĮȣĲȩΝ ʌȠȣΝ ȝİȜİĲȐȝİΝ ıĲȘȞΝ ȠȣıȓĮΝ İȓȞĮȚΝ ȘΝ ıȣȝʌİȡȚĳȠȡȐΝ

ĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞ,ΝȠȚΝȠʌȠȓİȢΝʌĮȡȠȣıȚȐȗȠȣȞΝʌȠȜȪΝȝİȖĮȜȪĲİȡȘΝįȚĮțȪȝĮȞıȘ-

țȚȞȘĲȚțȩĲȘĲĮΝĮʌȩΝĮȣĲȒΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝΧωĮ,Νω,Νȃ,ΝȅΨ,ΝȘΝʌĮȡĮĲȒȡȘıȘΝ

ĮȣĲȒΝșĮΝȖȓȞİȚΝțĮȚΝȠʌĲȚțȐΝĮȞĲȚȜȘʌĲȒΝıĲȘȞΝȣʌȑȡșİıȘΝįȠȝȫȞΝĮȡȖȩĲİȡĮέΝ 
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ǼȚțȩȞĮΝζέγιΝ 

ȆĮȡȠȣıȓĮıȘΝĲȦȞΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȫȞΝclusters,ΝıİΝstereoΝview,ΝȩʌȦȢΝʌȡȠȑțȣȥİΝĮʌȩΝ

ĲȘȞΝ ĮȞȐȜȣıȘΝ dihedralΝ PωχΝ ȖȚĮΝ ĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐέΝ ǾΝ ȣʌȑȡșİıȘΝ ĲȦȞΝ įȠȝȫȞΝ

ȕĮıȓȗİĲĮȚΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩέΝ ǾΝ įȚȐĲĮȟȘΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ įİȞΝ

ĳĮȓȞİĲĮȚΝȞĮΝʌĮȡȠȣıȚȐȗİȚΝȝİȖȐȜȘΝįȚĮțȪȝĮȞıȘέΝǹȣȟȘȝȑȞȘΝțȚȞȘĲȚțȩĲȘĲĮ,ΝıİΝıȤȑıȘΝȝİΝ

ĲȠΝ ȣʌȩȜȠȚʌȠΝ ʌİʌĲȚįȚțȩΝ ĲȝȒȝĮ,Ν ʌĮȡȠȣıȚȐȗİĲĮȚΝ ıĲĮΝ ʌİʌĲȚįȚțȐΝ ȐțȡĮέΝ ǻİȞΝ

ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȩȜİȢΝ ȠȚΝ ȠȝȐįİȢΝ ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘέΝ ȅΝ

ȤȡȦȝĮĲȚıȝȩȢΝ ȑȖȚȞİΝ ȝİΝ ȕȐıȘΝ ĲȚȢΝ ĮĲȠȝȚțȑȢΝ įȚĮțȣȝȐȞıİȚȢ,Ν ȘΝ țȜȓȝĮțĮ įȚĮĲȘȡİȓĲĮȚΝ



 

 

164 

 

ıĲĮșİȡȒΝ ȖȚĮΝ ĲĮΝ clustersΝ ʌȠȣΝ ĮȞȒțȠȣȞΝ ıĲȠΝ ȓįȚȠΝ ĲȡȠȤȚĮțȩέΝ ȅȚΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ

ıȣȝʌȜȘȡȫșȘțĮȞΝ ıĲȘȞΝ İȚțȩȞĮΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ʌĮȡȠȣıȚĮıĲİȓΝ ʌİȡȚııȩĲİȡȠΝ

ȠȜȠțȜȘȡȦȝȑȞȘΝȘΝʌİʌĲȚįȚțȒΝįȠȝȒέ 

 

 

ǼȚțȩȞĮζέγκ 

ȆĮȡȠȣıȓĮıȘΝ ĲȦȞΝ İȞİȡȖİȚĮțȫȞΝ ĲȠʌȓȦȞΝ (ǻύ,Ν energyΝ landscapes) ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ

ĲȡȚȫȞΝțȣȡȓĮȡȤȦȞΝıȣȞȚıĲȦıȫȞΝ(Pcs)ΝĮȞȐΝȗİȪȖȘΝ(ȠȡȚȗȠȞĲȓȦȢ)ΝȖȚĮΝĲĮΝĲȡȠȤȚĮțȐΝλλSψ,Ν
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IδϊσΝ țĮȚΝ protonatedΝ (țĮșȑĲȦȢ)έΝ ȉĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ İȓȞĮȚΝ ĮʌȠĲȑȜİıȝĮΝ ĲȦȞΝ

ĮȞĮȜȪıİȦȞΝdPωχΝȖȚĮΝĲȚȢΝγβΝĳΝțĮȚΝȥΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝțĮȚΝ

ĲȚȢΝ1θΝȤ1ΝȖȦȞȓİȢΝĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞΝ(ıȣȞȠȜȚțȐΝζκΝȖȦȞȓİȢ,ΝʌȠȣΝıȤȘȝĮĲȓȗȠȞĲĮȚΝ

ĮʌȩΝ κγΝ ȐĲȠȝĮ,Ν Ν ıȣȝʌİȡȚİȜȒĳșȘıĮȞΝ ıĲȠȣȢΝ ȣʌȠȜȠȖȚıȝȠȪȢΝ Ν ĲȘȢΝ dPωχΝ ȖȚĮΝ țȐșİΝ

ʌȡȠıȠȝȠȓȦıȘ)έΝ ǾΝ țȜȓȝĮțĮΝ ȕĮșȝȠȜȩȖȘıȘȢΝ ĮȞĲȚıĲȠȚȤİȓΝ ıĲȠΝ ȤȡȦȝĮĲȚțȩΝ ĳȐıȝĮΝ

ȝİĲĮȟȪΝȝʌȜİΝ(İȜȐȤȚıĲȘΝȕĮșȝȠȜȩȖȘıȘ)ΝțĮȚΝİȡȣșȡȠȪΝ(ȝȑȖȚıĲȘΝȕĮșȝȠȜȩȖȘıȘ)έΝ 

 

ȈȣȖțȡȓȞȠȞĲĮȢΝ ĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ ĮʌȩΝ ĲȘȞΝ dPωχΝ ʌȠȣΝ

ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝĲȘȞΝȤ1ΝȖȦȞȓĮΝȝİΝĮȣĲȐΝĮʌȩΝĲȘȞΝcPωχΝıĲȘȞΝȠʌȠȓĮΝȝİȜİĲȒșȘțĮȞΝ

ȩȜĮΝĲĮΝȕĮȡȑĮΝȐĲȠȝĮ,ΝʌĮȡĮĲȘȡȠȪȝİΝȩĲȚΝĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝıİΝȩȜĮΝĲĮΝĲȡȠȤȚĮțȐΝ

İȓȞĮȚΝ ʌȚȠΝ ĲȡĮȤȪΝ ĮʌȩΝ ĮȣĲȩΝ ĲȘȢΝ cPωχΝ țĮȚΝ țĮȜȪʌĲİĲĮȚΝ ȝȚțȡȩĲİȡȠΝ ʌȠıȠıĲȩΝ ĲȠȣΝ

ȤȐȡĲȘΝįȚĮțȪȝĮȞıȘȢέ 

 

ȈĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ λλSψΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ʌĮȡȒȤșȘıĮȞΝ ıȣȞȠȜȚțȐΝ ζΝ clustersΝ ʌȠȣΝ

țĮȜȪʌĲȠȣȞΝĲȠΝκηΣΝĲȘȢΝįȚĮțȪȝĮȞıȘȢέΝȉȠΝʌȡȫĲȠΝclusterΝİȓȞĮȚΝȝİȖȐȜȠ,ΝıİΝĮȞĲȓșİıȘΝ

ȝİΝ ĲĮΝ ȣʌȩȜȠȚʌĮΝ ĲĮΝ ȠʌȠȓĮΝ țĮĲȑȤȠȣȞΝ ȜȚȖȩĲİȡȠ ĮʌȩΝ ĲȠΝ ηΣΝ ĲȠȣΝ ıȣȞȩȜȠȣΝ ĲȠȣΝ

ĲȡȠȤȚĮțȠȪέΝ ȈĲȠΝ ĲȡȠȤȚĮțȩΝ ĲȘȢΝ IδϊσΝ ʌȡȠıȠȝȠȓȦıȘȢΝ ʌĮȡȒȤșȘıĮȞΝ ıȣȞȠȜȚțȐΝ βΝ

clustersΝĲĮΝȠʌȠȓĮΝțĮȜȪʌĲȠȣȞΝĲȠΝκγΣΝĲȘȢΝįȚĮțȪȝĮȞıȘȢέΝǼȞȫΝĲȑȜȠȢΝıĲȠΝĲȡȠȤȚĮțȩΝ

ĲȘȢΝ ʌȡȠıȠȝȠȓȦıȘȢΝ protonatedΝ ʌĮȡȒȤșȘıĮȞΝ ıȣȞȠȜȚțȐΝ γΝ ĲȡȠȤȚĮțȐΝ ĲĮΝ ȠʌȠȓĮΝ

țĮȜȪʌĲȠȣȞΝȝȩȞȠΝĲȠΝηζΣΝĲȘȢΝįȚĮțȪȝĮȞıȘȢέΝȉȠΝȝȑȖİșȠȢΝĲȦȞΝclustersΝİȓȞĮȚΝİʌȓıȘȢΝ

ĮȡțİĲȐΝ ȝȚțȡȩΝ ıİΝ ıȤȑıȘΝ ȝİΝ ĲȠΝ ȝȑȖİșȠȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝȉȠΝ ʌȠıȠıĲȩΝ ʌȠȣΝ țĮĲȑȤİȚΝ

țȐșİΝ clusterΝ ıİΝ țȐșİΝ ĲȡȠȤȚĮțȩΝ ʌȠȣΝ ʌĮȡȐȤșȘțİΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘ,Ν ĮȜȜȐΝ țĮȚΝ ĲȠΝ

ʌȠıȠıĲȩΝ ĲȘȢΝ įȚĮțȪȝĮȞıȘȢΝ ʌȠȣΝ țĮȜȪʌĲİĲĮȚΝ ĮʌȩΝ ĲĮΝ clustersΝ țȐșİΝ ĲȡȠȤȚĮțȠȪΝ

ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝĮȞĮȜȣĲȚțȐΝıĲȠȞΝʌȓȞĮțĮΝζέθέΝΝ 
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No. Cluster / 

trajectory 

1 2 3 4 Variance 

Explained 

99SB 23.6% 0.1% 0.02% 0.02% 85% 

ILDN 35% 7.0% -  - 83% 

Protonated 8.9% 4.5% 4.4% - 54% 

 

ȆȓȞĮțĮȢΝζέθ 

ȈȣȖțȡȚĲȚțȒΝʌĮȡȠȣıȓĮıȘΝĲȦȞΝclustersΝʌȠȣΝıȤȘȝĮĲȓıșȘțĮȞΝĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdPωχΝ

ȖȚĮΝĲȚȢΝȖȦȞȓİȢΝĳ,ΝȥΝțĮȚΝȤ1ΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψ,ΝIδϊσΝțĮȚΝprotonatedέΝȈĲȚȢΝıĲȒȜİȢΝ

2 – ηΝĮȞĮȖȡȐĳİĲĮȚΝĲȠΝʌȠıȠıĲȩΝʌȠȣΝțĮĲĮȜĮȝȕȐȞİȚΝĲȠΝțȐșİΝclusterΝıİΝıȤȑıȘΝȝİΝĲȠΝ

ıȣȞȠȜȚțȩΝ ȝȑȖİșȠȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪ,Ν İȞȫΝ ıĲȘȞΝ ĲİȜİȣĲĮȓĮΝ ıĲȒȜȘΝ ĮȞĮȖȡȐĳİĲĮȚΝ ĲȠΝ

ʌȠıȠıĲȩΝĲȘȢΝįȚĮțȪȝĮȞıȘȢΝʌȠȣΝțĮȜȪʌĲİĲĮȚΝĮʌȩΝĲĮΝclustersέ 

 

ǾΝįȚĮțȪȝĮȞıȘΝʌȠȣΝțĮȜȪʌĲİĲĮȚΝĮʌȩΝĲĮΝclustersΝʌȠȣΝʌĮȡȒȤșȘıĮȞΝȖȚĮΝĲĮΝĲȡȠȤȚĮțȐΝ

λλSψΝțĮȚΝIδϊσ,ΝİȓȞĮȚΝȚțĮȞȠʌȠȚȘĲȚțȒΝțĮȚΝĮȞĲȚıĲȠȚȤİȓΝκηΣΝțĮȚΝκγΣΝȖȚĮΝĲȘȞΝțȐșİΝ

ȝȓĮέΝǻİȞΝıȣȝȕĮȓȞİȚΝȩȝȦȢΝĲȠΝȓįȚȠΝȖȚĮΝĲȘȞΝįȚĮțȪȝĮȞıȘΝʌȠȣΝțĮȜȪʌĲȠȣȞΝĲĮΝclustersΝ

ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ ȖȚĮΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ protonatedέΝ ȈĲȘȞΝ ĲİȜİȣĲĮȓĮΝ ʌİȡȓʌĲȦıȘΝ ȘΝ ĲĮΝ

clustersΝ țĮȜȪʌĲȠȣȞΝ ȝȩȞȠΝ ĲȠΝ ηζΣΝ ĲȘȢΝ įȚĮțȪȝĮȞıȘȢέΝ ǼȐȞΝ ʌȡȠıʌĮșȒıȠȣȝİΝ ȞĮΝ

ıȣȝʌİȡȚȜȐȕȠȣȝİΝʌİȡȚııȩĲİȡĮΝclustersΝıĲȘȞΝĮȞȐȜȣıȘΝșĮΝįȚĮʌȚıĲȫıȠȣȝİΝȩĲȚ, İȞȫΝ

ȝʌȠȡȠȪȝİΝȞĮΝĳĲȐıȠȣȝİΝȝȑȤȡȚΝțĮȚΝĲȠΝκίΣΝʌİȡȓʌȠȣΝĲȘȢΝįȚĮțȪȝĮȞıȘȢΝĲĮΝclustersΝ

ʌȠȣΝȤȡȘıȚȝȠʌȠȚȠȪȝİΝıİΝĮȣĲȒΝĲȘȞΝʌİȡȓʌĲȦıȘΝȑȤȠȣȞΝʌȠȜȪΝȝȚțȡȩΝĮȡȚșȝȩΝįȠȝȫȞΝțĮȚΝ

įİȞΝİȓȞĮȚΝıĲĮĲȚıĲȚțȐΝıȘȝĮȞĲȚțȐΝʌȡȠȢΝȝİȜȑĲȘέΝ 

 

ǼȞΝ ıȣȞİȤİȓĮΝ șĮΝ ʌĮȡȠȣıȚĮıșȠȪȞΝ ĲĮΝ ĲȡȚıįȚȐıĲĮĲĮΝ İȞİȡȖİȚĮțȐΝ ĲȠʌȓĮΝ ȝİΝ

İȞıȦȝĮĲȦȝȑȞİȢΝ ĲȚȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢΝ ĮʌȩΝ țȐșİΝ clusterΝ ΧİȚțȩȞİȢΝ γέγλ,Ν

γέζίΝ țĮȚΝ γέζ1ΨΝ țĮȚΝ ĲȑȜȠȢΝ ȘΝ ȣʌȑȡșİıȘΝ įȠȝȫȞΝ ĲȦȞΝ clustersΝ ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ ĮʌȩΝ

ĲȘȞΝ ĮȞȐȜȣıȘΝ ΧİȚțȩȞĮΝ γέζβΨέΝ Ν ǵʌȦȢΝ țĮȚΝ ıĲȘȞΝ ʌȡȠȘȖȠȪȝİȞȘΝ ĮȞȐȜȣıȘΝ dPωχ,Ν ȠȚΝ

ĲȡİȚȢΝțȪȡȚİȢΝįȠȝȑȢΝĮʌȩΝțȐșİΝʌȡȠıȠȝȠȓȦıȘΝșĮΝʌĮȡȠȣıȚĮıșȠȪȞΝȝĮȗȓΝʌȡȠțİȚȝȑȞȠȣΝ

ȞĮΝİȓȞĮȚΝİȣțȠȜȩĲİȡȘΝȘΝıȪȖțȡȚıȘΝȝİĲĮȟȪΝĲȠȣȢΝΧİȚțȩȞĮΝγέζγΨέ 
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ǼȚțȩȞĮΝζέγλ 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ λλSψέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ
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dihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝĳΝțĮȚΝȥΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝțĮȚΝĲȚȢΝ1θΝȤ1ΝȖȦȞȓİȢέΝ

ȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝĳĮȓȞİĲĮȚΝȘΝʌȡȠȕȠȜȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝıĲȠȣȢΝĲȡİȚȢΝ

principal components ĲȘȢΝĮȞȐȜȣıȘȢΝdihedralΝPωχέ 
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ǼȚțȩȞĮΝζέζί 

ȉȡȚıįȚȐıĲĮĲȠΝ İȞİȡȖİȚĮțȩΝ ĲȠʌȓȠΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσέΝ ȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ

dihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝĳΝțĮȚΝȥΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝțĮȚΝĲȚȢΝ1θΝȤ1ΝȖȦȞȓİȢέΝ

ȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝĳĮȓȞİĲĮȚΝȘΝʌȡȠȕȠȜȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝıĲȠȣȢΝĲȡİȚȢΝ

principalΝcomponentsΝĲȘȢΝĮȞȐȜȣıȘȢΝdihedralΝPωχέ 
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ǼȚțȩȞĮΝζέζ1 

ȉȡȚıįȚȐıĲĮĲȠΝİȞİȡȖİȚĮțȩΝĲȠʌȓȠΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedέΝȀȐĲȦΝ

ĮȡȚıĲİȡȐΝ ĳĮȓȞİĲĮȚΝ ȘΝ įȚıįȚȐıĲĮĲȘΝ ȖȡĮĳȚțȒΝ ʌĮȡȐıĲĮıȘΝ ĲȘȢΝ İȜİȪșİȡȘȢΝ İȞȑȡȖİȚĮȢΝ

ıĲȠΝ İʌȓʌİįȠΝ ĲȦȞΝ įȪȠΝ ʌȡȫĲȦȞΝ țȪȡȚȦȞΝ ıȣȞȚıĲȦıȫȞΝ ȩʌȦȢΝ ȣʌȠȜȠȖȓıșȘțİΝ ĮʌȩΝ ĲȠΝ
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dihedralΝPωχΝȖȚĮΝĲȚȢΝγβΝĳΝțĮȚΝȥΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȠȣΝʌİʌĲȚįȓȠȣΝțĮȚΝĲȚȢΝ1θΝȤ1ΝȖȦȞȓİȢέΝ

ȈĲȠΝĲȡȚıįȚȐıĲĮĲȠΝȖȡȐĳȘȝĮΝĳĮȓȞİĲĮȚΝȘΝʌȡȠȕȠȜȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝıĲȠȣȢΝĲȡİȚȢΝ

principalΝcomponentsΝĲȘȢΝĮȞȐȜȣıȘȢΝdihedralΝPωχέ 
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ǼȚțȩȞĮ 4.42 

ȊʌȑȡșİıȘΝ įȠȝȫȞΝ ĲȦȞΝ clusters,Ν ıİΝ stereoΝ view,Ν ȩʌȦȢΝ ʌȡȠȑțȣȥİΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ

dihedralΝ Pωχ,Ν ȘΝ ȠʌȠȓĮΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ĲȘȞΝ ȖȦȞȓĮΝ Ȥ1,Ν ȖȚĮΝ ĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐέΝ

ǹȣȟȘȝȑȞȘΝțȚȞȘĲȚțȩĲȘĲĮ,ΝıİΝıȤȑıȘΝȝİΝĲȠΝȣʌȩȜȠȚʌȠΝʌİʌĲȚįȚțȩΝĲȝȒȝĮ,ΝʌĮȡȠȣıȚȐȗİĲĮȚΝ

ıĲĮΝ ȐțȡĮέΝ ȅΝ ȤȡȦȝĮĲȚıȝȩȢΝ ȑȖȚȞİΝ ȝİΝ ȕȐıȘΝ ĲȚȢΝ ĮĲȠȝȚțȑȢΝ įȚĮțȣȝȐȞıİȚȢ,Ν ȘΝ țȜȓȝĮțĮΝ

įȚĮĲȘȡİȓĲĮȚΝıĲĮșİȡȒΝȖȚĮΝĲĮΝclustersΝʌȠȣΝĮȞȒțȠȣȞΝıĲȠΝȓįȚȠ ĲȡȠȤȚĮțȩέΝ 

 

ȈĲȘȞΝ ʌĮȡĮʌȐȞȦΝ İȚțȩȞĮΝ ΧİȚțέΝ ζέζβΨΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȩȜĮΝ ĲĮΝ clustersΝ ĲȦȞΝ

ĲȡȠȤȚĮțȫȞΝ λλSψ,Ν IδϊσΝțĮȚΝ protonated,Ν ȩʌȦȢΝ ʌĮȡȒȤșȘıĮȞΝ ĮʌȩΝ ĲȘȞΝ dPωχΝʌȠȣΝ

ʌİȡȚȜĮȝȕȐȞİȚΝ ĲȘȞΝ ȖȦȞȓĮΝ Ȥ1έΝ ȉȠΝ țȣȡȓĮȡȤȠΝ clusterΝ ıİΝ țȐșİΝ ʌİȡȓʌĲȦıȘΝ Ν İȓȞĮȚΝ ĲȠΝ

ʌȡȫĲȠέΝǹʌȩΝĲȠΝțȣȡȓĮȡȤȠΝcluster ʌȡȠȑȡȤİĲĮȚΝțĮȚΝȘΝțȣȡȓĮȡȤȘΝįȠȝȒΝĲȠȣΝİțȐıĲȠĲİΝ

ĲȡȠȤȚĮțȠȪέΝ īȚĮΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ λλSψΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌȠȪȝİΝ ʌȦȢΝ įİȞΝ ʌĮȡȠȣıȚȐȗİȚΝ

ȝİȖȐȜȘΝ įȚĮțȪȝĮȞıȘΝ ıĲȘȞΝ ȣʌȑȡșİıȘ,Ν țĮșȫȢΝ ĲȠΝ ȝİȖĮȜȪĲİȡȠΝ ĲȝȒȝĮΝ İȓȞĮȚΝ

ȤȡȦȝĮĲȚıȝȑȞȠΝ ȝʌȜİΝ țĮȚΝ ʌȡȐıȚȞȠέΝ ǵʌȦȢΝ İȓȞĮȚΝ ĮȞĮȝİȞȩȝİȞȠΝ ĲȠΝ ʌȡȐıȚȞȠΝ ȤȡȫȝĮΝ

ȕȡȓıțİĲĮȚΝıĲȚȢΝʌȜİȣȡȚțȑȢΝȠȝȐįİȢ,ΝʌȡȐȖȝĮΝʌȠȣΝıȘȝĮȓȞİȚΝȩĲȚΝʌĮȡȠȣıȚȐȗȠȣȞΝțȐʌȠȚĮΝ

ȝȚțȡȒΝțȚȞȘĲȚțȩĲȘĲĮΝİȞĲȩȢΝĲȠȣΝclusterέΝȈĲȠΝĲȡȠȤȚĮțȩΝIδϊσΝțĮȚΝĲĮΝįȪȠΝclusterΝʌȠȣΝ

ʌĮȡȒȤșȘıĮȞΝțĮĲĮȜĮȝȕȐȞȠȣȞΝʌȠıȠıĲȩΝȝİȖĮȜȪĲİȡȠΝĲȠȣΝηΣΝĲȠȣΝĲȡȠȤȚĮțȠȪ,ΝȩʌȦȢΝ

ȑȤİȚΝ ȒįȘΝ ĮȞĮĳİȡșİȓέΝ ȍıĲȩıȠΝ ĲȠΝ ʌȡȫĲȠΝ clusterΝ İȓȞĮȚΝ ʌȠȣΝ ȝİȖĮȜȪĲİȡȠΝ ĮʌȩΝ ĲȠΝ

įİȪĲİȡȠΝ țĮȚΝ ȘΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ IδϊσΝ ȖȚĮΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ

ĮȣĲȒΝ ʌȡȠȑȡȤİĲĮȚΝ ĮʌȩΝ ĮȣĲȩΝ ĲȠΝ clusterέΝ ȈĲȠΝ clusterΝ ĮȣĲȩΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȝȚțȡȒΝ

țȚȞȘĲȚțȩĲȘĲĮΝ ıĲȚȢΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ țĮȚΝ ȝİȖȐȜȘΝ țȚȞȘĲȚțȩĲȘĲĮΝ

ıĲȚȢΝʌȜİȣȡȚțȑȢΝȠȝȐįİȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĲȦȞΝȐțȡȦȞέΝȍıĲȩıȠ,ΝıĲȠΝįİȪĲİȡȠΝclusterΝ

ĲȠȣΝĲȡȠȤȚĮțȠȪΝIδϊσΝȘΝțȚȞȘĲȚțȩĲȘĲĮΝĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝ

ȝȚțȡȩĲİȡȘέΝΝȉȑȜȠȢΝıĲȠΝĲȡȠȤȚĮțȩΝprotonatedΝĳĮȓȞİĲĮȚΝȞĮΝȑȤȠȣȝİΝĲȠΝȓįȚȠΝʌȡȩĲȣʌȠΝ

țȚȞȘĲȚțȩĲȘĲĮȢ,ΝȝİΝĲĮΝȐțȡĮΝĲȠȣΝʌİʌĲȚįȓȠȣΝȞĮΝȑȤȠȣȞΝĲȘȞΝʌȚȠΝȑȞĲȠȞȘΝțȓȞȘıȘ,ΝİȞȫΝĲȠΝ

ȣʌȩȜȠȚʌȠΝ ĲȝȒȝĮΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ʌĮȡȠȣıȚȐȗİȚΝ ȝȚțȡȩĲİȡȘΝ țȓȞȘıȘέΝ Ν ȈȣȞȠȜȚțȐΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝĲȘȢΝıĲȡȠĳȒȢΝĮȜȜȐΝțĮȚΝĲĮΝțĮĲȐȜȠȚʌĮΝĲȦȞΝȕ-țȜȫȞȦȞΝʌȠȣΝıȤȘȝĮĲȓȗȠȣȞΝ

ĲȠȣȢΝ ȣįȡȩĳȠȕȠȣȢΝ ʌȣȡȒȞİȢΝ İțĮĲȑȡȦșİȞΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ įİȞ 

ʌĮȡȠȣıȚȐȗȠȣȞΝ ĮȣȟȘȝȑȞȘΝ țȚȞȘĲȚțȩĲȘĲĮέΝ ǾΝ ʌĮȡĮĲȒȡȘıȘΝ ĮȣĲȒΝ İȓȞĮȚΝ ıȘȝĮȞĲȚțȒΝ

ȖȚĮĲȓΝ ȣʌȠıĲȘȡȓȗİȚΝ ĲȘΝ ıȣȝȕȠȜȒΝ ĲȦȞΝ İʌĮĳȫȞΝ ʌȠȣΝ įȘȝȚȠȣȡȖȠȪȞΝ ȠȚΝ ʌȜİȣȡȚțȑȢΝ
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ȠȝȐįİȢΝ ıĲȘΝ ıĲĮșİȡȩĲȘĲĮΝ ĲȘȢΝ įȠȝȒȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣέΝ ǼĳȩıȠȞΝ ȠȚΝ İʌĮĳȑȢΝ ʌȠȣΝ

įȘȝȚȠȣȡȖȠȪȞΝ ȠȚΝ ʌȜİȣȡȚțȑȢΝ ȠȝȐįİȢΝ ȝİĲĮȟȪΝ ĲȠȣȢΝ İȓȞĮȚΝ ȚıȤȣȡȑȢΝ ıȣȝȕȐȜȠȣȞΝ ıĲȘΝ

ıĲĮșİȡȠʌȠȓȘıȘΝĲȘȢΝįȠȝȒȢ,ΝȝİΝĮʌȠĲȑȜİıȝĮΝȞĮΝĮȞĮȝȑȞȠȣȝİΝȘΝțȚȞȘĲȚțȩĲȘĲĮΝĮȣĲȫȞΝ

ĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞΝȞĮΝİȓȞĮȚΝȤĮȝȘȜȒέ 

 

 

ǼȚțȩȞĮΝζέζγ 

ȈȣȞȠʌĲȚțȒΝ ʌĮȡȠȣıȓĮıȘΝ ĲȦȞΝ țȣȡȓĮȡȤȦȞΝ įȠȝȫȞΝ ĲȠȣΝ țȐșİΝ ĲȡȠȤȚĮțȠȪ,Ν ȩʌȦȢΝ

ʌȡȠȑțȣȥĮȞΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ʌȠȣΝ ıȣȝʌİȡȚȜĮȝȕȐȞİȚΝ ĲȘȞΝ ȖȦȞȓĮΝ Ȥ1έΝ ǹʌȩΝ

ĮȡȚıĲİȡȐΝ ʌȡȠȢΝ ĲĮΝ įİȟȚȐΝ ȑȤȠȣȝİΝ ĲȚȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ

λλSψ,Ν IδϊσΝ țĮȚΝ protonatedέΝ ȈĲȚȢΝ ĲȡİȚȢΝ įȠȝȑȢΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ȕ-ĳȠȣȡțȑĲĮέΝ ȅȚΝ įȪȠΝ

ʌȡȫĲİȢΝ įȠȝȑȢΝ İȓȞĮȚΝ ıȪȝĳȦȞİȢΝ ȝİΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒ,Ν İȞȫΝ ȘΝ

ĲȡȓĲȘΝ įȠȝȒΝ įȚĮĳȑȡİȚΝ ȦȢΝ ʌȡȠȢΝ ĲȠΝ ȝȠĲȓȕȠΝ ĲȦȞΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣ,Ν ĲȠȞΝ ĲȪʌȠΝ ĲȘȢΝ

ıĲȡȠĳȒȢΝ țĮȚΝ ĲȘȞΝ įȚİȣșȑĲȘıȘΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ȠȝȐįȦȞέΝ ȍıĲȩıȠΝ ȘΝ ĲȡȓĲȘΝ įȠȝȒΝ

ĮȞĲȚıĲȠȚȤİȓΝ ıĲȘȞΝ İȞĮȜȜĮțĲȚțȒΝ įȠȝȒΝ ʌȠȣΝ ʌȡȠĲİȓȞȠȣȞΝ ȠȚΝ RέΝ ZerellaΝ etΝ alέέΝ ȅΝ

ȤȡȦȝĮĲȚțȩȢΝ ıȣȞįȣĮıȝȩȢΝ İȓȞĮȚΝ ıİΝ ıȣȝĳȦȞȓĮΝ ȝİΝ ĲȚȢΝ İȚțȩȞİȢΝ ĲȦȞΝ ʌȡȠȘȖȠȪȝİȞȦȞΝ

ĮȞĮȜȪıİȦȞέΝ 
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ȅȚΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ λλSǺ,Ν IδϊσΝțĮȚΝ protonated,Ν ʌȠȣΝ

ʌȡȠȑțȣȥĮȞΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ dPωχΝ ΧȝİΝ ĲȘȞΝ Ȥ1ΨΝ țĮȚΝ dPωχΝ ΧȤȦȡȓȢΝ ĲȘȞΝ Ȥ1ΨΝΝ

ıȣȝĳȦȞȠȪȞΝȝİĲĮȟȪΝĲȠȣȢέΝǾΝįȠȝȒΝĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢΝıȤȘȝĮĲȓıșȘțİΝțĮȚΝıĲȚȢΝĲȡİȚȢΝ

ʌİȡȚʌĲȫıİȚȢέΝȈĲȚȢΝįȪȠΝʌȡȫĲİȢΝįȠȝȑȢΝΧλλSψΝțĮȚΝ ΝIδϊσΨΝ ΝıȤȘȝĮĲȓıșȘțĮȞΝȩȜȠȚΝȠȚΝ

įİıȝȠȓΝȣįȡȠȖȩȞȠȣΝʌȠȣΝʌİȡȚȑȤİȚΝȘΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘΝįȠȝȒ,ΝİțĲȩȢΝĮʌȩΝ

ĲȠΝįİıȝȩ,ΝıĲĮΝȐțȡĮΝĲȠȣΝʌİʌĲȚįȓȠȣ,ΝȝİĲĮȟȪΝεϋT1ΧτΨΝ – Vχδ1ιΧσΨέΝȈĲȘȞΝʌȡȫĲȘΝ

įȠȝȒΝ įİȞΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ıȤȘȝĮĲȓȗİĲĮȚΝ țĮȚΝ ȠΝ įİıȝȩȢΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ

THR7(N) – δYS11ΧτΨέΝıĲȘȞΝĲȡȓĲȘΝįȠȝȒΝĲȠΝʌȡȩĲȣʌȠΝĲȦȞΝįİıȝȫȞΝȣįȡȠȖȩȞȠȣΝĲȠȣΝ

ʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝĳĮȓȞİĲĮȚΝȞĮΝĮțȠȜȠȣșİȓΝĮȣĲȩΝĲȘȢΝİȞĮȜȜĮțĲȚțȒȢΝįȠȝȒȢ,ΝʌȠȣΝ

ʌȡȠĲİȓȞȠȣȞΝ ȠȚΝ RέΝ ZerellaΝ etΝ alέ,Ν ĮȜȜȐΝ țĮȚΝ ıİΝ ĮȣĲȒΝ ĲȘȞΝ ʌİȡȓʌĲȦıȘΝ įİȞΝ

ıȤȘȝĮĲȓȗİĲĮȚΝȠΝįİıȝȩȢΝȣįȡȠȖȩȞȠȣΝıĲĮΝȐțȡĮΝĲȠȣΝʌİʌĲȚįȓȠȣέΝ 

 

ǾΝ ıĲȡȠĳȒΝ ʌȠȣΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ıĲȚȢΝ įȪȠΝ ʌȡȫĲİȢΝ įȠȝȑȢ,Ν İʌȓıȘȢ,Ν ıȣȝĳȦȞİȓΝ ȝİΝ ĲȘȞΝ

ıĲȡȠĳȒΝĲȘȢΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞȘȢΝįȠȝȒȢΝțĮȚΝİȓȞĮȚΝĲȪʌȠȣΝǿΝȕ-ıĲȡȠĳȒέΝǾΝ

ıĲȡȠĳȒΝ ıȤȘȝĮĲȓȗİĲĮȚΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ ι-11έΝ ȅΝ įİıȝȩȢ ȣįȡȠȖȩȞȠȣΝ

ıȤȘȝĮĲȓȗİĲĮȚΝ ȝİĲĮȟȪΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ TώRιΧτΨΝ – ύδY1ίΧσΨΝ țĮȚΝ ȘΝ ȖȜȣțȓȞȘΝ

ȕȡȓıțİĲĮȚΝıĲȘȞΝșȑıȘΝi+γ,ΝİʌȚʌȜȑȠȞΝȠȚΝĳΝțĮȚΝȥΝȖȦȞȓİȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝi+1ΝțĮȚΝi+βΝ

țĮĲĮįİȚțȞȪȠȣȞΝ ȩĲȚΝ ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ĲȠȞΝ ĲȪʌȠΝ ǿΝ ȕ-ıĲȡȠĳȒȢέΝ ȈĲȘȞΝ ĲȡȓĲȘΝ įȠȝȒΝ ȠΝ

įİıȝȩȢΝȣįȡȠȖȩȞȠȣΝıȤȘȝĮĲȓȗİĲĮȚΝȝİĲĮȟȪΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝΝδϋUκΧτΨΝ– LYS11(N), 

ȠʌȩĲİΝ ȘΝ ȖȜȣțȓȞȘΝ ȕȡȓıțİĲĮȚΝ ıĲȘȞΝ șȑıȘΝ i+β,Ν İȞȫΝ ıĲȘȞΝ șȑıȘΝ i+1Ν ȕȡȓıțİĲĮȚΝ ĲȠΝ

χSώλέΝ ȅȚΝ ȖȦȞȓİȢΝ ĳΝ țĮȚΝ ȥΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ i+1Ν țĮȚΝ i+βΝ Ν țĮĲĮįİȚțȞȪȠȣȞΝ ȩĲȚΝ

ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ĲȠȞΝ ĲȪʌȠΝ ǿΥΝ ȕ-ıĲȡȠĳȒȢέΝ ȈĲȘȞΝ İȚțȩȞĮΝ ζέζζΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ĲĮΝ

įȚĮȖȡȐȝȝĮĲĮΝRamachandranΝȖȚĮΝĲȚȢΝȖȦȞȓİȢΝĳΝțĮȚΝȥΝĲȘȢΝțȐșİΝįȠȝȒȢέΝ 
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ǼȚțȩȞĮΝζέζζ 

ǻȚȐȖȡĮȝȝĮΝ RamachandranΝ ȖȚĮΝ ĲȚȢΝ ĳΝ țĮȚΝ ȥΝ ȖȦȞȓİȢΝ ĲȦȞΝ țĮĲĮȜȠȓʌȦȞΝ țȐșİΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒȢΝ įȠȝȒȢέΝ ȈȘȝİȚȫȞȠȞĲĮȚΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ i+1Ν (ȜİȣțȩΝ ȤȡȫȝĮ)Ν Ν țĮȚΝ

i+βΝ(ȝĮȪȡȠΝȤȡȫȝĮ)ΝıİΝțȐșİΝʌİȡȓʌĲȦıȘέΝ 

 

ȉȑȜȠȢΝ ʌĮȡĮĲȘȡȠȪȝİΝ ȩĲȚΝ ĮȜȜȐȗİȚΝ țĮȚΝ ĲȠΝ ʌȡȩĲȣʌȠΝ ĲȠȣΝ ȣįȡȩĳȠȕȠȣΝ ʌȣȡȒȞĮΝ ȖȪȡȦΝ

ĮʌȩΝ ĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩΝ ıĲȘȞΝ ĲȡȓĲȘΝ įȠȝȒέΝ ȈĲȚȢΝ įȪȠΝ ʌȡȫĲİȢΝ įȠȝȑȢΝ ĲȠΝ

ʌĮțİĲȐȡȚıȝĮΝ ĲȦȞΝ ʌȜİȣȡȚțȫȞΝ ĮȜȣıȓįȦȞΝ ȖȓȞİĲĮȚΝ ȩʌȦȢΝ țĮȚΝ ıĲȘȞΝ ʌİȚȡĮȝĮĲȚțȐΝ

ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒΝ ,Ν įȘȜĮįȒΝ ıĲȘȞΝ ȝȓĮΝ ʌȜİȣȡȐΝ ıȤȘȝĮĲȓȗȠȣȞΝ İʌĮĳȑȢΝ ĲĮΝ

țĮĲȐȜȠȚʌĮΝ Thr1ζ,Pheζ,Ν ύlnβΝ țĮȚΝ Ν δysθ,Ν Thr1β,Ν İȞȫΝ ıĲȘȞΝ ȐȜȜȘΝ ʌȜİȣȡȐΝ

ȕȡȓıțȠȞĲĮȚΝ ıİΝ țȠȞĲȚȞȒΝ ĮʌȩıĲĮıȘΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ Ν Ileγ,Ν Valη,Ν Ile1γΝ țĮȚΝ δeu1ηέΝ

ǼʌȚʌȜȑȠȞΝıĲȚȢΝįȪȠΝʌȡȫĲİȢΝįȠȝȑȢΝĲȠΝțĮĲȐȜȠȚʌȠΝχspλΝĳĮȓȞİĲĮȚΝȞĮΝȕȡȓıțİĲĮȚΝʌȠȪΝ

țȠȞĲȐΝ ıĲȠΝ țĮĲȐȜȠȚʌȠΝ δys11έΝȅΝ ıȤȘȝĮĲȚıȝȩȢΝ įİıȝȫȞΝ ȣįȡȠȖȩȞȠȣΝ ȝİĲĮȟȪΝ ĮȣĲȫȞΝ

ĲȦȞΝʌȜİȣȡȚțȫȞΝȠȝȐįȦȞΝʌȚșĮȞȫȞΝȞĮΝĮȣȟȐȞİȚΝĲȘΝıĲĮșİȡȩĲȘĲĮΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢ,ΝȘΝ

İʌĮĳȒΝ ĮȣĲȒΝ įİȞΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ȣʌȐȡȤİȚΝ ıĲȘȞΝ ĲȡȓĲȘΝ įȠȝȒ,Ν țĮșȫȢΝ ĲĮΝ țĮĲȐȜȠȚʌĮΝ

ĮȣĲȐΝİȓȞĮȚΝĮʌȠȝĮțȡȣıȝȑȞĮέΝ 

 

ȈȣȞȠȥȓȗȠȞĲĮȢ,Ν ıĲȘȞΝ ʌĮȡȐȖȡĮĳȠΝ ζέγΝ İȓįĮȝİΝ ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ ʌȠȣΝ ȕĮıȓȗȠȞĲĮȚΝ ıĲȘȞΝ

ȠȝĮįȠʌȠȓȘıȘΝĲȦȞΝįİįȠȝȑȞȦȞΝțĮȚΝıȣȖțİțȡȚȝȑȞĮΝĲȚȢΝĮȞĮȜȪıİȚȢΝcPωχΝțĮȚΝdPωχέΝ

ȅȚΝįȚĮĳȠȡİĲȚțȠȓΝĲȡȩʌȠȚΝȝİΝĲȠȣȢΝȠʌȠȓȠȣȢΝȠȝĮįȠʌȠȚȒıĮȝİΝĲĮΝĲȡȠȤȚĮțȐΝțĮĲȑȜȘȟĮȞΝ
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ıİΝȩȝȠȚĮΝțĮȚΝıȣȖțȡȓıȚȝĮΝĮʌȠĲİȜȑıȝĮĲĮέΝȅȚΝįȠȝȑȢΝ ȠȚΝ ȠʌȠȓİȢΝ İȟȒȤșȘıĮȞΝĮʌȩΝ ĲȚȢΝ

ĮȞĮȜȪıİȚȢΝ ĮȣĲȑȢΝ İȓȞĮȚΝ ȩȝȠȚİȢΝ ȖȚĮΝ țȐșİΝ ĲȡȠȤȚĮțȩΝ țĮȚΝ ȝʌȠȡȠȪȞΝ ȞĮΝ ıȣȖțȡȚșȠȪȞΝ

įȠȝȚțȐΝțĮȚΝȝİΝĲȚȢΝįȠȝȑȢΝʌȠȣΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝıĲȚȢΝĮȞĮȜȪıİȚȢΝʌȠȣΝȕĮıȓȗȠȞĲĮȚΝıĲȠΝ

RεSϊΝΧİȚțȩȞĮΝζέ1θΨέΝ 

 

ȀĮĲĮȜȒȖȠȞĲĮȢΝıİΝțȐʌȠȚİȢΝįȠȝȑȢ,ΝİȓȞĮȚΝıțȩʌȚȝȠΝȞĮΝıȣȖțȡȓȞȠȣȝİΝĲȘȞΝʌİȚȡĮȝĮĲȚțȐΝ

ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒΝ ȝİΝ ĲȚȢΝ įȠȝȑȢΝ ʌȠȣΝ ʌİȡȚȑȤȠȞĲĮȚΝ ıĲĮΝ ĲȡȠȤȚĮțȐΝ λλSψ,Ν IδϊσΝ

țĮȚΝ protonated,Ν ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ İȟİĲȐıȠȣȝİΝ ȠȝȠȚȩĲȘĲİȢΝ țĮȚΝ įȚĮĳȠȡȑȢέΝ ȈĲȘȞΝ

İʌȩȝİȞȘΝ ʌĮȡȐȖȡĮĳȠΝ șĮΝ ʌĮȡȠȣıȚĮıșİȓΝ ȘΝ ıȪȖțȡȚıȘΝ ĲȘȢΝ ʌİȚȡĮȝĮĲȚțȐΝ

ʌȡȠıįȚȠȡȚıȝȑȞȘȢΝįȠȝȒȢΝȝİΝĲĮΝĲȡȓĮΝĲȡȠȤȚĮțȐΝΝȝȑıȦΝĲȘȢΝĮȞȐȜȣıȘȢΝRεSϊέΝ 
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ζέζΝ ȈȪȖțȡȚıȘΝ RεSϊΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘȢΝ

įȠȝȒȢ 
 

ȈĲȘȞΝ ʌĮȡȠȪıĮΝ İȞȩĲȘĲĮΝ ĲȠȣΝ ĲİĲȐȡĲȠȣΝ țİĳĮȜĮȓȠȣΝ șĮΝ ʌĮȡȠȣıȚĮıĲȠȪȞΝ ȠȚΝ

ĮȞĮȜȣĲȚțȠȓΝ ʌȓȞĮțİȢΝ ȝİΝ ĲȠΝ RεSϊΝ ĲȦȞΝ βιΝ țĮĲĮĲİșİȚȝȑȞȦȞΝ įȠȝȫȞΝ ıĲȘȞΝ pdbΝ

ΧproteinΝdataΝbankΨΝıİΝıȤȑıȘΝȝİΝĲȚȢΝįȠȝȑȢΝʌȠȣΝİȝʌİȡȚȑȤȠȞĲĮȚΝıİΝțȐșİΝĲȡȠȤȚĮțȩ,Ν

ıİΝ įȚĮĳȠȡİĲȚțȑȢΝ ʌİȡȚʌĲȫıİȚȢΝ ĮĲȩȝȦȞΝ țĮȚΝ țĮĲĮȜȠȓʌȦȞέΝȂİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ șĮΝ

ȝʌȠȡȑıȠȣȝİΝ ȞĮΝ İȜȑȖȟȠȣȝİΝ ʌȠȚĮΝ ΧȒΝ ʌȠȚİȢΨΝ ĮʌȩΝ ĲȚȢΝ βιΝ țĮĲĮĲİșİȚȝȑȞİȢΝ įȠȝȑȢΝ

ʌȜȘıȚȐȗİȚΝ ʌİȡȚııȩĲİȡȠΝ ȝİΝ ĲȚȢΝ įȠȝȑȢΝ ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ țĮĲȐΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢ,Ν ıĲȚȢΝ įȚĮĳȠȡİĲȚțȑȢΝ ĮȣĲȑȢΝ ʌİȡȚʌĲȫıİȚȢΝ ʌȠȣΝ șĮΝ

ʌĮȡȠȣıȚĮıșȠȪȞέΝ 

 

ǻȘȝȚȠȣȡȖȒșȘțĮȞΝįȪȠΝʌȓȞĮțİȢΝȖȚĮΝĲȠȞΝıȣȖțİțȡȚȝȑȞȠΝıțȠʌȩ,ΝİʌİȚįȒΝȩʌȦȢΝȑȤȠȣȝİΝ

ʌȡȠĮȞĮĳȑȡİȚΝ ĮȡțİĲȑȢΝ ĳȠȡȑȢΝ ĲĮΝ ʌİʌĲȚįȚțȐΝ ȐțȡĮΝ ʌĮȡȠȣıȚȐȗȠȣȞΝ ȝİȖȐȜȘΝ

țȚȞȘĲȚțȩĲȘĲĮΝ țĮĲȐΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ țĮȚΝ İʌȘȡİȐȗȠȣȞΝ ĲȚȢΝ ĲȚȝȑȢΝ įȚĮĳȩȡȦȞΝ

ʌĮȡĮȝȑĲȡȦȞ,Ν ȩʌȦȢΝ ĲȠΝRεSϊέΝīȚĮΝ ĲȠΝ ȜȩȖȠΝ ĮȣĲȩ,Ν ȠΝ ȑȞĮȢΝʌȓȞĮțĮȢΝ Ν ΧʌȓȞĮțĮȢΝζέιΨΝ

ʌĮȡȠȣıȚȐȗİȚΝĲȘȞΝȤĮȝȘȜȩĲİȡȘΝĲȚȝȒΝRεSϊΝȖȚĮΝĲĮΝțĮĲȐȜȠȚʌĮΝ1-1ιΝțȐșİΝȝȓĮȢΝĮʌȩΝ

ĲȚȢΝβιΝțĮĲĮĲİșİȚȝȑȞİȢΝįȠȝȑȢΝıİΝıȤȑıȘΝȝİΝĲȚȢΝįȠȝȑȢΝĲȦȞΝĲȡȠȤȚĮțȫȞ,ΝȣʌȩΝįȚȐĳȠȡİȢΝ

ʌĮȡĮȝȑĲȡȠȣȢέΝ ȅΝ įİȪĲİȡȠȢΝ ʌȓȞĮțĮȢΝ ΧʌȓȞĮțĮȢΝ ζέκΨΝ ʌĮȡȠȣıȚȐȗİȚΝ ĲȘȞΝ ȤĮȝȘȜȩĲİȡȘΝ

ĲȚȝȒΝRεSϊΝȖȚĮΝĲĮΝțĮĲȐȜȠȚʌĮΝγ-1ηΝțȐșİΝȝȓĮȢΝΝĮʌȩΝĲȚȢΝβιΝțĮĲĮĲİșİȚȝȑȞİȢΝįȠȝȑȢΝ

ıİΝıȤȑıȘΝȝİΝĲȚȢΝįȠȝȑȢΝĲȦȞΝĲȡȠȤȚĮțȫȞ,ΝȣʌȩΝĲȚȢΝȓįȚİȢΝʌĮȡĮȝȑĲȡȠȣȢέΝ 

ȅȚΝįȚĮĳȠȡİĲȚțȑȢΝʌİȡȚʌĲȫıİȚȢΝʌȠȣΝİȟİĲȐıșȘțĮȞΝıĲȠȣȢΝįȪȠΝʌȓȞĮțİȢΝĮĳȠȡȠȪȞΝĲȘȞΝ

İʌȚȜȠȖȒΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ıĲĮΝ ȠʌȠȓĮΝ ȕĮıȓıĲȘțİΝ ȘΝ ȝȑĲȡȘıȘΝ RεSϊέΝ ȈĲȘȞΝ ʌȡȫĲȘΝ

ʌİȡȓʌĲȦıȘΝ İȟİĲȐȗİĲĮȚΝ ĲȠΝ RεSϊΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲĮΝ ȐĲȠȝĮΝ ωĮΝ ȖȚĮΝ ĲȚȢΝ

țĮĲĮȤȦȡȘȝȑȞİȢΝ įȠȝȑȢΝ țĮȚΝ ȖȚĮΝ ĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐ,Ν ıĲȘȞΝ įİȪĲİȡȘΝ ʌİȡȓʌĲȦıȘΝ

İȟİĲȐȗȠȞĲĮȚΝ ȩȜĮΝ ĲĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝ țĮȚΝıĲȘȞΝ ĲȡȓĲȘΝʌİȡȓʌĲȦıȘΝ

İȟİĲȐȗȠȞĲĮȚΝȩȜĮΝĲĮΝȕĮȡȑĮΝȐĲȠȝĮΝĲȠȣΝʌİʌĲȚįȓȠȣΝΧĮĳĮȚȡȠȪȞĲĮȚ,ΝįȘȜĮįȒ,ΝĲĮΝȐĲȠȝĮΝ

ȣįȡȠȖȩȞȠȣΨέΝ 

ȂİΝ ȝȓĮΝ ʌȡȫĲȘΝ ȝĮĲȚȐΝ ıĲȠȞΝ ʌȓȞĮțĮΝ Ν ζέιΝ ʌĮȡĮĲȘȡȠȪȝİΝ ȩĲȚΝ ȣʌȐȡȤȠȣȞΝ įȪȠΝ



 

 

178 

 

țĮĲȘȖȠȡȓİȢΝĲȚȝȫȞΝRεSϊΝΧȝİΝİȟĮȓȡİıȘΝȝȓĮΝʌİȡȓʌĲȦıȘΝıĲȠΝĲȡȠȤȚĮțȩ protonated). 

ĬİȦȡȘĲȚțȐΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ȠȞȠȝȐıȠȣȝİΝ įȪȠΝ įȠȝȑȢΝ ȩȝȠȚİȢΝ ȩĲĮȞΝ ȑȤȠȣȞΝ RεSϊΝ

ȤĮȝȘȜȩĲİȡȠΝ ĲȦȞΝ βÅέΝ ȂİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ țĮĲĮĲȐȟȠȣȝİΝ įȪȠΝ

țĮĲȘȖȠȡȓİȢΝĲȚȝȫȞΝıĲȠȞΝʌȓȞĮțĮ,ΝȘΝʌȡȫĲȘΝİȓȞĮȚΝĮȣĲȒΝıĲȘȞΝȠʌȠȓĮΝȠȚΝĲȚȝȑȢΝRεSϊΝ

İȓȞĮȚΝ ȤĮȝȘȜȩĲİȡİȢΝ ĲȦȞΝ βÅ ΧʌȡȐıȚȞȠΝ ȤȡȫȝĮΝ ıĲȠȞΝ ʌȓȞĮțĮΨ,Ν țĮȚΝ ıȣȞİʌȫȢΝ

ĮȞĮĳȑȡȠȞĲĮȚΝ ıİΝ ȩȝȠȚİȢΝ įȠȝȑȢ,Ν țĮȚΝ ȘΝ įİȪĲİȡȘΝ İȓȞĮȚΝ ĮȣĲȒΝ ıĲȘȞΝ ȠʌȠȓĮΝ ȠȚΝ ĲȚȝȑȢΝ

RεSϊΝ İȓȞĮȚΝ ȝİȖĮȜȪĲİȡİȢΝ ĲȦȞΝ βÅ ΧțȩțțȚȞȠΝ ȤȡȫȝĮΝ ıĲȠȞΝ ʌȓȞĮțĮΨ,Ν țĮȚΝ ıȣȞİʌȫȢΝ

ĮȞĮĳȑȡȠȞĲĮȚΝıİΝ ȜȚȖȩĲİȡȠΝȩȝȠȚİȢΝįȠȝȑȢέΝȀȠȚĲȐȗȠȞĲĮȢΝĮȞĮȜȣĲȚțȩĲİȡĮΝĲȠȞΝʌȓȞĮțĮΝ

ȝʌȠȡȠȪȝİΝȞĮΝįȚĮʌȚıĲȫıȠȣȝİΝȩĲȚΝįİȞΝȣʌȐȡȤİȚΝȝȓĮΝįȠȝȒΝȘΝȠʌȠȓĮΝȞĮΝȑȤİȚΝıİΝȩȜİȢΝ

ĲȚȢΝʌİȡȚʌĲȫıİȚȢΝĲȘΝȤĮȝȘȜȩĲİȡȘΝĲȚȝȒΝRεSϊ,ΝĮȜȜȐΝȣʌȐȡȤİȚΝȑȞĮΝȝȠĲȓȕȠΝȤĮȝȘȜȫȞΝ

ĲȚȝȫȞ,ΝİȚįȚțȐΝȖȚĮΝĲĮΝĲȡȠȤȚĮțȐΝλλSψΝțĮȚΝIδϊσΝĲĮΝȠʌȠȓĮΝʌİȡȚȑȤȠȣȞΝĮțȡȚȕȫȞΝĲȠȞΝ

ȓįȚȠΝĮȡȚșȝȩΝĮĲȩȝȦȞέΝȉĮΝĲȡȠȤȚĮțȐΝĮȣĲȐΝȑȤȠȣȞΝȤĮȝȘȜȩĲİȡİȢΝĲȚȝȑȢΝRεSϊΝıİΝıȤȑıȘΝ

ȝİΝĲȠΝĲȡȠȤȚĮțȩΝprotonatedέΝ 

 

ȈĲȠȞΝʌȓȞĮțĮΝζέκΝΝʌĮȡȠȣıȚȐȗȠȞĲĮȚΝįȪȠΝțĮĲȘȖȠȡȓİȢΝĲȚȝȫȞ,ΝİʌȓıȘȢ,ΝțĮȚΝįİȞΝĳĮȓȞİĲĮȚΝ

ȞĮΝ ȣʌȐȡȤİȚΝ ȝȓĮΝ įȠȝȒΝ ʌȠȣΝ ȞĮΝ ȑȤİȚΝ ıİΝ țȐșİΝ ʌİȡȓʌĲȦıȘΝ ĲȠΝ İȜȐȤȚıĲȠΝ RεSϊέΝ ȅȚΝ

ĲȚȝȑȢΝİȓȞĮȚΝȤĮȝȘȜȩĲİȡİȢΝıİΝıȤȑıȘΝȝİΝĲȚȢΝĲȚȝȑȢΝĲȠȣΝʌȡȫĲȠȣΝʌȓȞĮțĮ,ΝȖİȖȠȞȩȢΝʌȠȣΝ

ȣʌȠıĲȘȡȓȗİȚΝ ĲȘȞΝ ĲȘȞΝ ĮȣȟȘȝȑȞȘΝ țȚȞȘĲȚțȩĲȘĲĮΝ ĲȦȞΝ ȐțȡȦȞέΝ Ν ǼʌȚʌȜȑȠȞ,Ν ȩʌȦȢΝ țĮȚΝ

ıĲȠȞΝ ʌȡȠȘȖȠȪȝİȞȠΝ ʌȓȞĮțĮΝ ȑĲıȚΝ țĮȚΝ ıĲȠȞΝ ʌȓȞĮțĮΝ ζέκΝ ȠȚΝ ȝİȖĮȜȪĲİȡİȢΝ ĲȚȝȑȢΝ

ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝıĲȠΝĲȡȠȤȚĮțȩΝprotonatedέΝǾΝįȚĮĳȠȡȐΝıĲȘȞΝĲȚȝȒΝİȓȞĮȚΝĲȘȢΝĲȐȟȘȢΝ

ĲȠȣΝİȞȩȢΝÅ ʌİȡȓʌȠȣέΝ 
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Amino acids : 1-17 

 99SB ILDN PROTONATED-ILDN 

 Ca backbone Not 

hydrogen 

Ca backbone Not 

hydrogen 

Ca backbone Not 

hydrogen 

NMR 
model 

 RMSD (A) 

1 0.78    0.98  3.33  0.64  0.81  3.30  1.75  1.93  4.15 

2  1.01  1.19  3.40  0.85  1.03 3.30  1.69  1.79  4.10 

3  1.09  1.34  3.40  0.84  1.11  3.28  1.76  1.91  4.18 

4  0.63  0.84 3.27  0.60  0.67  3.24  1.68  1.83  4.11 

5  1.04  1.30  3.38  0.69 0.99  3.26  1.74  1.95  4.25 

6  0.72  0.93  3.27  0.60  0.77  3.25  1.92  2.11  4.18 

7  1.02  1.25  3.36  0.85  1.09  3.27  1.74  1.84  4.13 

8  0.75  0.93  3.32  0.58  0.73  3.30  1.94  2.12  4.20 

9  0.73  0.97  3.29  0.63  0.78  3.26  1.97  2.16  4.23 

10  0.62  0.93  3.29  0.56  0.71  3.24  1.89  2.02  4.27 

11  1.09  1.30  3.44  0.61  1.06  3.33  1.91  2.16  4.36 

12 0.82  1.02  3.29  0.59  0.82  3.26  1.80  1.96  4.31 

13  0.91 1.09  3.35  0.63  0.94  3.30  1.99  2.18  4.35 

14  0.68  0.84  3.30  0.63  0.71  3.27  1.66 1.81  4.11 

15  0.80  0.97  3.31  0.62  0.79  3.29  1.95  2.14  4.23 

16  0.67  0.95  3.31  0.58  0.75 3.28  2.01  2.19  4.32 

17  0.76  1.01  3.30  0.65  0.88 3.30  1.66  1.83  4.07 

18  0.66  0.84  3.30  0.63  0.71  3.27  1.66  1.81  4.11 

19  0.71  1.12  3.29  0.60  0.83  3.21  1.81  2.02  4.27 
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20 0.64 0.97  3.24  0.58  0.77  3.22  1.71  1.91  4.12 

21  1.09  1.16  3.36  0.93  0.98  3.27  1.70  1.79 4.07 

22  0.76 0.97 3.29  0.57  0.73  3.26  1.91  2.09  4.18 

23  0.65  0.87  3.27  0.63  0.74  3.26  1.72  1.89  4.09 

24  1.03  1.22  3.39  0.85  1.08  3.29  1.89  1.99  4.21 

25  0.64  0.87  3.29  0.58  0.69 3.26 1.62  1.79 4.11 

26  0.74  0.92  3.33  0.62  0.72  3.28 1.99  2.11   4.26 

27  0.64  0.93  3.30 0.55  0.73  3.29 1.74   1.91  4.16 

 

ȆȓȞĮțĮȢΝζέι 

 

Amino acids : 3-15 

 99SB ILDN PROTONATED-ILDN 

 Ca backbone Not 

hydrogen 

Ca backbone Not 

hydrogen 

Ca backbone Not 

hydrogen 

NMR 

model 

       RMSD (A) 

1 0.54     0.62     3.24 0.50     0.58     3.16 1.55     1.67     3.94 

2 0.77     0.97     3.27  0.75     0.94     3.25  1.53     1.68     3.89 

3 0.80     0.98     3.20 0.69     0.87     3.17  1.59     1.74     3.93 

4 0.50     0.60     3.16 0.44     0.57     3.10 1.46     1.58     3.87 

5 0.52     0.64     3.12 0.40     0.53     3.15 1.60     1.84     4.02 

6 0.50     0.58     3.15 0.41     0.49     3.14 1.75     1.86     3.97 

7 0.76     0.96     3.28 0.75     0.93     3.25 1.55     1.70     3.90 

8 0.47     0.56     3.22  0.40     0.49     3.19 1.78     1.89     4.01 
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9 0.48     0.59     3.20 0.41     0.49     3.19 1.81     1.93     4.02 

10 0.41    0.53   3.20 0.36   0.44     3.15   1.72     1.83     3.99 

11 0.46     0.56     3.17  0.37   0.49     3.20   1.88   2.06     4.11 

12 0.46    0.60   3.12 0.37   0.48    3.11  1.68   1.85     4.00 

13  0.50     0.57    3.18 0.39   0.50    3.18    1.91    2.06     4.11 

14   0.51   0.61   318  0.45  0.58   3.12   1.43    1.54     3.87 

15  0.47    0.56    3.21 0.39    0.49     3.19 1.79     1.90     4.02 

16 0.47     0.58     3.18 0.43     0.47     3.18 1.83     1.93     4.12 

17 0.50     0.60     3.20 0.46     0.59     3.16  1.45     1.57     3.82 

18 0.51     0.61     3.18  0.45     0.58     3.12 1.43     1.54     3.87 

19   0.42     0.55     3.17  0.35     0.44     3.13 1.70     1.81     3.95 

20   0.49     0.59     3.15  0.45     0.55     3.10   1.51     1.61     3.89 

21   0.81     0.97     3.21  0.85     0.97     3.19   1.53     1.62     3.87 

22   0.48     0.60     3.19  0.43     0.49     3.17   1.72     1.82     4.00 

23  0.49     0.56     3.18  0.46     0.54     3.11   1.53     1.61     3.86 

24   0.76     0.91     3.19  0.74     0.90     3.19    1.72     1.80     4.01 

25   0.49     0.60     3.21  0.42     0.56     3.14   1.44    1.58     3.83 

26   0.46     0.52     3.20  0.36     0.49     3.18   1.84     1.94     4.05 

27   0.49     0.57     3.23  0.41     0.51     3.15   1.58     1.68     3.92 

 

ȆȓȞĮțĮȢΝζέκ 

ȀĮȚΝ ıĲȠȣȢΝ įȪȠΝ ʌȓȞĮțİȢΝ ȠȚΝ ȤĮȝȘȜȩĲİȡİȢΝ ĲȚȝȑȢΝ RεSϊ,Ν İȞĲȩȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞ,Ν

ʌĮȡĮĲȘȡȠȪȞĲĮȚΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ țĮȚΝ ȖȚĮΝ ĲȠΝ ȐĲȠȝȠΝ ωĮ,Ν

ȩʌȦȢΝ ĮȞĮȝȑȞİĲĮȚέΝǹȞĲȚșȑĲȦȢΝ ȘΝ ıȪȖțȡȚıȘΝ ȠȜȩțȜȘȡȠȣΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ΧʌȜȘȞΝ ĲȦȞ 

ĮĲȩȝȦȞΝ ȣįȡȠȖȩȞȠȣΨΝ ıİΝ ȩȜİȢΝ ĲȚȢΝ ʌİȡȚʌĲȫıİȚȢΝ ʌĮȡȠȣıȚȐȗİȚΝ ĲȚȝȒΝ RεSϊΝ
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ȝİȖĮȜȪĲİȡȘΝ ĲȦȞΝ γÅέΝȍȢΝ ĲİȜİȣĲĮȓĮΝ ʌĮȡĮĲȒȡȘıȘΝ ȖȚĮΝ ĲȘȞΝ ıȪȖțȡȚıȘΝ ĲȦȞΝRεSϊΝ

ĲȦȞΝ ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȦȞΝ įȠȝȫȞΝ Ν țĮȚΝ ĲȦȞΝ įȠȝȫȞΝ ʌȠȣΝ İȝʌİȡȚȑȤȠȞĲĮȚΝ

ıĲĮΝ ĲȡȠȤȚĮțȐΝ ʌȠȣΝ ʌĮȡȒȤșȘıĮȞΝ ĮʌȩΝ ĲȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢ,Ν ĮȞĮĳȑȡİĲĮȚΝ ʌȦȢΝ ĲȘȞΝ

ȤĮȝȘȜȩĲİȡȘΝĲȚȝȒΝRεSϊΝțĮĲȑȤİȚΝȘΝțĮĲĮĲİșİȚȝȑȞȘΝįȠȝȒΝ1ί,ΝİȞȫΝĲȘȞΝȣȥȘȜȩĲİȡȘΝ

ĲȚȝȒΝ țĮĲȑȤİȚΝ Ν ȘΝ įȠȝȒΝ 11έΝ ȈĲȠȣȢΝ ʌȓȞĮțİȢΝ ȣʌİȡĲȠȞȓȗȠȞĲĮȚΝ ȝİΝ țȓĲȡȚȞȠΝ ȤȡȫȝĮΝ ȠȚΝ

ȤĮȝȘȜȩĲİȡİȢΝĲȚȝȑȢΝRεSϊΝıİΝțȐșİΝʌİȡȓʌĲȦıȘΝțĮȚΝȝİΝȖțȡȚΝȤȡȫȝĮΝȠȚΝȣȥȘȜȩĲİȡİȢέΝ

ȈĲȠȞΝ ʌȓȞĮțĮΝ ζέλΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȠΝ ıȣȞȠȜȚțȩȢΝ ĮȡȚșȝȩȢΝ ȝİȖȓıĲȦȞΝ țĮȚΝ İȜĮȤȓıĲȦȞΝ

ĲȚȝȫȞΝ ʌȠȣΝ ʌĮȡȠȣıȚȐȗİȚΝ ȘΝ țȐșİΝ σεRΝ įȠȝȒέΝ ȂİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ

ȕȡȠȪȝİΝĲȘȞΝσεRΝįȠȝȒΝʌȠȣΝİȝĳĮȞȓȗİȚΝĲȘȞΝȝİȖĮȜȪĲİȡȘΝȠȝȠȚȩĲȘĲĮΝΧʌİȡȚııȩĲİȡĮΝ

İȜȐȤȚıĲĮΝRεSϊΨΝȝİΝĲĮΝĲȡȠȤȚĮțȐΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞέ 

 

 1-17 3-15 TOTAL 

 MIN MAX MIN MAX MIN MAX 

1 - - - - - - 

2 1 - - 1 1 1 

3 - 2 - 2 - 4 

4 2 - 1 - 3 - 

5 - - 1 - 1 - 

6 - - - - - - 

7 - 1 - 2 - 3 

8 - - - - - - 

9 - - - - - - 

10 2 - 2 - 4 - 

11 - 4 - 1 - 5 

12 - - 1 - 1 - 

13 - - - 2 - 2 
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14 1 - 2 - 3 - 

15 - - - - - - 

16 - 2 - 1 - 3 

17 1 - 1 - 2 - 

18 1 - 2 - 3 - 

19 1 - 2 - 3 - 

20 1 - 1 - 2 - 

21 2 2 - 3 2 5 

22 - - - - - - 

23 - - - - - - 

24 - - - - - - 

25 2 - - - 2 - 

26 - - 1 - 1 - 

27 - - - - - - 

 

ȆȓȞĮțĮȢΝζέλ 

ǹʌȩΝĲȘȞΝįȑțĮĲȘΝįȠȝȒΝșĮΝʌĮȡȠȣıȚĮıĲȠȪȞΝȠȚΝʌȜȘıȚȑıĲİȡİȢΝʌȡȠȢΝĮȣĲȒΝįȠȝȑȢΝĮʌȩΝ

ĲȠΝțȐșİΝĲȡȠȤȚĮțȩέΝȈĲȘȞΝİȚțȩȞĮΝζέζηΝʌĮȡȠȣıȚȐȗİĲĮȚΝȘΝȣʌȑȡșİıȘΝĲȘȢΝʌİȚȡĮȝĮĲȚțȐΝ

ʌȡȠıįȚȠȡȚıȝȑȞȘȢΝįȠȝȒȢΝĲȘȞΝțȠȞĲȚȞȩĲİȡȒΝĲȘȢΝıİΝțȐșİΝĲȡȠȤȚĮțȩέΝ 
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ǼȚțȩȞĮΝζέζη 

ȊʌȑȡșİıȘΝ ĲȠȣΝ ʌİʌĲȚįȚțȠȪΝ ıțİȜİĲȠȪΝ ĲȘȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒȢΝ įȠȝȒȢΝ ĮʌȩΝ țȐșİΝ

ĲȡȠȤȚĮțȩΝ ȝİΝ ĲȘȞΝ ʌİȚȡĮȝĮĲȚțĮΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒέΝ ǾΝ σεRΝ įȠȝȒΝ ȑȤİȚΝ ȝʌȜİΝ

ȤȡȫȝĮ,Ν ȘΝ λλSψΝ ȑȤİȚΝ ȝȠȕΝ ȤȡȫȝĮ,Ν ȘΝ IδϊσΝ ȑȤİȚΝ ȡȠȗΝ ȤȡȫȝĮΝ țĮȚΝ ȘΝ protonatedΝ ȑȤİȚΝ

ʌȡȐıȚȞȠΝȤȡȫȝĮέΝ 
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ζέηΝǹȜȜȘȜİʌȚțȐȜȣȥȘΝĲȦȞΝĲȡȠȤȚĮțȫȞ 
 

ȆȡȠțİȚȝȑȞȠȣΝȞĮΝȞĮΝȑȤȠȣȞΝȞȩȘȝĮΝȠȚΝıȣȖțȡȓıİȚȢΝĲȦȞΝĲȡȠȤȚĮțȫȞΝʌȠȣ ʌĮȡȒȤșȘıĮȞΝ

șĮΝ ʌȡȑʌİȚΝ ȞĮΝ ȖȞȦȡȓȗȠȣȝİΝ İȐȞΝ ĲĮΝ ĲȡȠȤȚĮțȐΝ ıȣȖțȜȓȞȠȣȞΝ țĮȚΝ țĮĲȐΝ ʌȩıȠέΝ ǲȞĮȢΝ

ĲȡȩʌȠȢΝ ıȪȖțȡȚıȘȢΝ ĲȘȢΝ ıȪȖțȜȚıȘȢΝ İȓȞĮȚΝ ȝȑıȦΝ ĲȘȢΝ İʌȚțȐȜȣȥȘȢΝ ĲȦȞΝ eigevectorsέΝ

ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢΝĲĮΝȗİȪȖȘΝeigenvectorsΝ– eigenvaluesΝȝʌȠȡȠȪȝİΝȞĮΝıȣȖțȡȓȞȠȣȝİΝ

įȚĮĳȠȡİĲȚțȐΝĲȡȠȤȚĮțȐΝʌȠȣΝʌȡȠȑȡȤȠȞĲĮȚΝĮʌȩΝįȚĮĳȠȡİĲȚțȐΝįȣȞĮȝȚțȐΝʌİįȓĮΝțĮȚΝȖȚĮΝ

įȚĮĳȠȡİĲȚțȠȪȢΝ ıȣȞįȣĮıȝȠȪȢΝ ĮĲȩȝȦȞ,Ν ıİΝ İʌȓʌİįȠΝ ȠȝȠȚȩĲȘĲĮȢΝ ĲȘȢΝ țȓȞȘıȘȢέΝ ȅΝ

ıțȠʌȩȢΝĲȠȣΝİȜȑȖȤȠȣΝĲȘȢΝĮȜȜȘȜİʌȚțȐȜȣȥȘȢΝĲȦȞΝeigenvectorsΝİȓȞĮȚΝ ȠΝȑȜİȖȤȠȢΝȖȚĮΝ

ĲȘȞΝ İʌȐȡțİȚĮΝ ĲȠȣΝ ȤȡȩȞȠȣΝ ʌȡȠıȠȝȠȓȦıȘȢ,Ν ȑĲıȚΝ ȫıĲİΝ ȞĮΝ ȑȤȠȣȝİΝ İʌĮȡțȒΝ

įİȚȖȝĮĲȠȜȘȥȓĮέΝ 

 

ȈĲȘȞΝ İȚțȩȞĮΝ ζέζθΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ ȖȡĮĳȚțȑȢΝ ʌĮȡĮıĲȐıİȚȢΝ ĮȜȜȘȜİʌȚțȐȜȣȥȘȢΝ

ΧsufficientΝsamplingΨΝĲȦȞΝʌȡȫĲȦȞΝθζΝeigenvectors,ΝȝİΝĲĮΝȣȥȘȜȩĲİȡĮΝeigevalues,Ν

ĮʌȩΝĲȘȞΝĮȞȐȜȣıȘΝdihedral-PωχΝȖȚĮΝȩȜȠȣȢΝĲȠȣȢΝıȣȞįȣĮıȝȠȪȢΝĲȦȞΝĲȡȠȤȚĮțȫȞέΝΝǾΝ

ȝİȖĮȜȪĲİȡȘΝĮȜȜȘȜİʌȚțȐȜȣȥȘΝĳĮȓȞİĲĮȚΝȞĮΝȣʌȐȡȤİȚΝȝİĲĮȟȪΝĲȦȞΝĲȡȠȤȚĮțȫȞΝλλSψΝ– 

IδϊσέΝȉȠΝʌȡȩĲȣʌȠΝĮȜȜȘȜİʌȚțȐȜȣȥȘȢΝİȓȞĮȚΝʌĮȡȩȝȠȚȠΝțĮȚΝıĲȚȢΝĲȡİȚȢΝʌİȡȚʌĲȫıİȚȢ,Ν

ĮȜȜȐΝ ȠȚΝ ĲȚȝȑȢΝ İȓȞĮȚΝ ȤĮȝȘȜȑȢΝ ȖȚĮΝ ĲȠȣȢΝ ʌȡȫĲȠȣȢΝ eigenvectorsέΝ ȈȣȞİʌȫȢΝ ĲĮΝ

ĲȡȠȤȚĮțȐΝ įİȞΝ ıȣȖțȜȓȞȠȣȞΝ ıİΝ ȝİȖȐȜȠΝ ȕĮșȝȩΝ țĮȚΝ ȘΝ țȓȞȘıȘΝ ĲȠȣȢΝ įȚĮĳȑȡİȚέΝ ȉȠΝ

ȖİȖȠȞȩȢΝ ȩĲȚΝ ȝİĲȐΝ ĲȠȣȢΝ βίΝ ʌȡȫĲȠȣȢΝ ʌİȡȓʌȠȣΝ eigenvectorsΝ ȘΝ ĮȜȜȘȜİʌȚțȐȜȣȥȘΝ

ȟİʌİȡȞȐΝ ĲȠΝ ίέι,Ν ıȘȝĮȓȞİȚΝ ȩĲȚΝ ĲĮΝ ĲȡȠȤȚĮțȐΝ ʌİȡȚȖȡȐĳȠȣȞΝ įȚĮĳȠȡİĲȚțȑȢΝ țȚȞȒıİȚȢέΝ

ȈĲȠȞΝ ʌȓȞĮțĮΝ ζέ1ίΝ ʌĮȡȠȣıȚȐȗȠȞĲĮȚΝ ȠȚΝ ĲȚȝȑȢΝ ȕĮșȝȠȜȩȖȘıȘȢΝ ĲȘȢΝ ıȪȖțȜȚıȘȢΝ ĲȦȞΝ

ʌȡȫĲȦȞΝ ĲȡȚȫȞΝ eigenvectorsΝ ȖȚĮΝ ĲĮΝ ȗİȪȖȘΝ λλSψ-ILDN, 99SB-protonatedΝ țĮȚΝ

ILDN-protonated. 
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ǼȚțȩȞĮΝζέζθ 

ϋigenspaceΝoverlapΝȝİĲĮȟȪΝĲȦȞΝĲȡȠȤȚĮțȫȞΝȦȢΝıȣȞȐȡĲȘıȘΝĲȦȞΝθζΝeigenvectorsΝȝİΝ

ĲĮΝȣȥȘȜȩĲİȡĮΝ eigenvaluesΝĮʌȩΝ ĲȘȞΝĮȞȐȜȣıȘΝϊihedral-PωχέΝǹȡȚıĲİȡȐ,ΝȝİΝțȣĮȞȩ,Ν

ĳĮȓȞİĲĮȚΝ ȘΝ ıȪȖțȡȚıȘΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ λλSψ-Iδϊσ,Ν ıĲȠΝ țȑȞĲȡȠ,Ν ȝİΝ ȝȠȕ,Ν

ĳĮȓȞİĲĮȚΝ ȘΝ ıȪȖțȡȚıȘΝ ȝİĲĮȟȪΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞΝ λλSψ-protonatedΝ țĮȚΝ įİȟȚȐ,Ν ȝİΝ

ʌȡȐıȚȞȠ,ΝĳĮȓȞİĲĮȚΝȘΝıȪȖțȡȚıȘΝȝİĲĮȟȪΝĲȦȞΝĲȡȠȤȚĮțȫȞΝIδϊσ- protonated.  

 

overlap 99SB-ILDN 99SB-protonated ILDN- protonated 

Eigenvector 1 0.5022  0.2842  0.3330  

Eigenvector 2 0.5509 0.2164 0.2841 

Eigenvector3 0.4324 0.2569 0.4085 

 

ȆȓȞĮțĮȢΝζέ1ί 
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ζέθΝȈȪȖțȡȚıȘΝĮʌȠĲİȜİıȝȐĲȦȞ 
 

ȈĲȠΝ ĲȑĲĮȡĲȠΝ țİĳȐȜĮȚȠΝ ʌĮȡȠȣıȚȐıĲȘțĮȞΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȘȢΝ ʌĮȡȠȪıĮȢΝ

ʌĲȣȤȚĮțȒȢΝİȡȖĮıȓĮȢΝȝȑıĮΝĮʌȩΝįȚȐĳȠȡİȢΝĮȞĮȜȪıİȚȢ,ΝȠȚΝȠʌȠȓİȢΝıȣȝʌİȡȚȜĮȝȕȐȞȠȣȞΝ

ĲȘȞΝ ȝȑĲȡȘıȘΝ ĲȘȢΝ ĲȚȝȒȢΝ RεSϊΝ ȝİĲĮȟȪΝ įȚĮĳȩȡȦȞΝ ıȣȞįȣĮıȝȫȞΝ ĲȡȠȤȚĮțȫȞ,Ν

įȠȝȫȞ,Ν țĮĲĮȜȠȓʌȦȞΝ țĮȚΝ ĮĲȩȝȦȞ,Ν ĲȘȞΝ ĮȞȐȜȣıȘΝ ʌȚȞȐțȦȞΝ RεSϊ,Ν ĲȚȢΝ ĮȞĮȜȪıİȚȢΝ

ϊSSPΝ țĮȚΝ STRIϊϋ,Ν ĲȘȞΝ ĮȞȐȜȣıȘΝωartesian-Pωχ,Ν ĲȘȞΝ ĮȞȐȜȣıȘΝϊihedral-PCA, 

ȝİΝȤ1ΝȖȦȞȓĮΝțĮȚΝȤȦȡȓȢΝȤ1ΝȖȦȞȓĮΝțĮȚΝĲȑȜȠȢΝĲȘȞΝĮȞȐȜȣıȘΝıȪȖțȜȚıȘȢΝĲȡȠȤȚĮțȫȞέΝ 

 

ȅΝıțȠʌȩȢΝȩȜȦȞΝĲȦȞΝʌĮȡĮʌȐȞȦΝĮȞĮȜȪıİȦȞΝİȓȞĮȚΝȠΝȑȜİȖȤȠȢΝĲȠȣΝʌİȡȚİȤȠȝȑȞȠȣΝĲȦȞΝ

ĲȡȠȤȚĮțȫȞΝʌȠȣΝʌĮȡȒȤșȘıĮȞΝĮʌȩΝĲȚȢΝʌȡȠıȠȝȠȚȫıİȚȢΝțĮȚΝȘΝıȪȖțȡȚıȒΝĲȠȣΝȝİΝĲȘȞΝ

ʌİȚȡĮȝĮĲȚțȐΝ ʌȡȠıįȚȠȡȚıȝȑȞȘΝ įȠȝȒ,Ν ȘΝ ȠʌȠȓĮΝ İȓȞĮȚΝ țĮĲĮĲİșİȚȝȑȞȘΝ ıĲȘȞΝ PϊψέΝ

ǼʌȚʌȜȑȠȞ,Ν ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ șĮΝ ȝʌȠȡȑıȠȣȝİΝ ȞĮΝ țȐȞȠȣȝİΝ țĮȚΝ

ȝȚĮΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ ʌĮȡĮȝȑĲȡȦȞΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞΝ ȖȚĮΝ ȞĮΝ

ʌȡĮȖȝĮĲȠʌȠȚȘșȠȪȞΝ ȠȚΝ ʌȡȠıȠȝȠȚȫıİȚȢέΝ ǻȘȜĮįȒ,Ν șĮΝ ıȣȖțȡȓȞȠȣȝİΝ ĲĮΝ įȣȞĮȝȚțȐΝ

ʌİįȓĮΝȝİĲĮȟȪΝĲȠȣȢ,ΝȖȚĮΝȞĮΝįȠȪȝİΝʌȠȚȠΝĮȞĲĮʌȠțȡȓșȘțİΝțĮȜȪĲİȡĮΝıĲȠȣȢΝıțȠʌȠȪȢΝ

ĲȘȢΝʌĮȡȠȪıĮȢΝȝİȜȑĲȘȢέΝ 

 

ǹʌȩΝĲȚȢΝRεSϊΝĮȞĮȜȪıİȚȢΝʌȡȠȑțȣȥİΝȑȞĮȢΝȤȐȡĲȘȢΝRεSϊΝȖȚĮΝțȐșİΝĲȡȠȤȚĮțȩ,ΝʌȠȣΝ

ʌĮȡȠȣıȚȐȗİȚΝ ĮʌȠıĲȐıİȚȢΝ ĮĲȩȝȦȞΝ ȖȚĮΝ țȐșİΝ įȠȝȒΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪέΝ ȈĲȠȣȢΝ ȤȐȡĲİȢΝ

ĮȞĮȜȪșȘțĮȞΝȠȚΝʌİȡȚȠȤȑȢΝȠȚΝȠʌȠȓİȢΝİȝĳĮȞȓȗȠȣȞΝȤĮȝȘȜȩΝRεSϊΝȖȚĮΝțȐʌȠȚȠΝȤȡȠȞȚțȩΝ

įȚȐıĲȘȝĮέΝȂİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ İȟȒȤșȘıĮȞΝĮʌȩΝ ĲĮΝ ĲȡȠȤȚĮțȐΝıȣȞȠȜȚțȐΝβθΝįȠȝȑȢ,Ν

ĮʌȩΝĲȚȢΝȠʌȠȓİȢΝκΝȕȡȓıțȠȞĲĮȚΝıĲȠΝĲȡȠȤȚĮțȩΝλλSψ,Ν1βΝıĲȠΝĲȡȠȤȚĮțȩΝIδϊσΝțĮȚΝθΝıĲȠΝ

ĲȡȠȤȚĮțȩΝprotonatedέΝȅȚΝįȠȝȑȢΝĮȣĲȑȢΝİȓȞĮȚΝȠȚΝʌȜȘıȚȑıĲİȡİȢΝıĲȘΝȝȑıȘΝįȠȝȒΝțȐșİΝ

ʌİȡȚȠȤȒȢΝ ȝİΝ ȤĮȝȘȜȩΝ RεSϊέΝ ȂİΝ ĲȠȞΝ ĲȡȩʌȠΝ ĮȣĲȩΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ įȠȪȝİΝ țĮȚΝ ĲĮΝ

ıĲȐįȚĮΝĮʌȩΝĲĮΝȠʌȠȓĮΝʌȑȡĮıİΝĲȠΝʌİʌĲȓįȚȠΝțĮĲȐΝĲȘΝįȚȐȡțİȚĮΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝ

ȈĲȚȢΝ İȚțȩȞİȢΝ ζέΝ ζι,Ν ζέκι,Ν ζέζλΝ ʌĮȡȠȣıȚȐȗİĲĮȚΝ ȘΝ İȞĮȜȜĮȖȒΝ ĲȦȞΝ ıĲĮșİȡȩĲİȡȦȞΝ

įȠȝȫȞΝĲȦȞΝĲȡȠȤȚĮțȫȞΝʌȠȣΝĮȞĮȜȪșȘțĮȞέΝǹʌȩΝĲȚȢΝβθΝıȣȞȠȜȚțȐΝįȠȝȑȢΝțĮĲĮȜȒȟĮȝİΝ

ıİΝ γΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢ,Ν ȝȓĮΝ ȖȚĮΝ țȐșİΝ ĲȡȠȤȚĮțȩΝ ΧİȚțȩȞĮΝ ζέ1θΨέΝ ȂȓĮΝ
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ıȘȝĮȞĲȚțȒΝ ʌȡȫĲȘΝ ʌĮȡĮĲȒȡȘıȘΝ ĮʌȩΝ ĲȘȞΝ ĮȞȐȜȣıȘΝ RεSϊΝ İȓȞĮȚΝ ȠΝ ȤȡȩȞȠȢΝ ʌȠȣΝ

ȤȡİȚȐıĲȘțİΝ ȖȚĮΝ ȞĮΝ ĮȞĮįȚʌȜȦșȠȪȞΝ ĲĮΝ ȝȩȡȚĮΝ ıİΝ țȐșİΝ ʌȡȠıȠȝȠȓȦıȘέΝ īȚĮΝ ĲȠΝ

ĲȡȠȤȚĮțȩΝλλSψΝȤȡİȚȐıĲȘțĮȞΝΝγέκΝȝsΝʌȡȠțİȚȝȑȞȠȣΝȞĮΝʌĮȡĮĲȘȡȘșİȓΝȘΝįȠȝȒΝĲȘȢΝȕ-

ĳȠȣȡțȑĲĮȢ,Ν İȞȫΝȖȚĮΝ ĲȠΝ ĲȡȠȤȚĮțȩΝȘΝʌĮȡĮĲȒȡȘıȘΝĮȣĲȒΝ ȑȖȚȞİΝȝȩȜȚȢΝıĲĮΝ Ν 1έβθΝȝsέΝ

ȉȑȜȠȢΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ protonatedΝ ȤȡİȚȐıĲȘțĮȞΝ βέθλΝ ȝsΝ ȖȚĮΝ ȞĮΝ ĮʌȠțĲȘșİȓΝ ȘΝ įȠȝȒΝ

ĲȘȢΝ ȕ-ĳȠȣȡțȑĲĮȢέΝ ȍȢΝ ʌȡȫĲȘΝ ʌĮȡĮĲȒȡȘıȘΝ ȜȠȚʌȩȞΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ʌȠȪȝİΝ ȩĲȚΝ ȘΝ

ʌȡȠıȠȝȠȓȦıȘΝ IδϊσΝ ȒĲĮȞΝ ȘΝ ʌȚȠΝ ȖȡȒȖȠȡȘ,Ν ĮʌȩΝ ĲȚȢΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ʌȠȣΝ

ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞ,ΝıĲȠΝıȤȘȝĮĲȚıȝȩΝĲȘȢΝ“ĳȣıȚțȒȢΝįȠȝȒȢ”έΝ 

 

ȈĲȘΝ ıȣȞȑȤİȚĮΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ȠȚΝ ĮȞĮȜȪıİȚȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ȝİΝ ĲȠȣȢΝ

ĮȜȖȩȡȚșȝȠȣȢΝ ϊSSPΝ țĮȚΝ STRIϊϋέΝ ȅȚΝ ĮȞĮȜȪıİȚȢΝ įİȣĲİȡȠĲĮȖȠȪȢΝ įȠȝȒȢΝ ȝĮȢΝ

įİȓȤȞȠȣȞΝ İȝĳĮȞȫȢΝ ĲȘȞΝ ĮʌȩțĲȘıȘΝ ȕ-įȠȝȒȢΝ țĮȚΝ ıĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐΝ ȝİΝ țȐʌȠȚİȢΝ

įȚĮĳȠȡȑȢΝıĲĮΝțĮĲȐȜȠȚʌĮέΝǹʌȩΝĲȘȞΝșȑıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝĲȘȢΝıĲȡȠĳȒȢΝȝʌȠȡȠȪȝİΝ

ȞĮΝ ıȣȝʌİȡȐȞȠȣȝİΝ ĮȞΝ ʌȡȩțİȚĲĮȚΝ ȖȚĮΝ ĮȞȐıĲȡȠĳȘΝ ıĲȡȠĳȒΝ ȒΝ ȖȚĮΝ ıĲȡȠĳȒΝ įȪȠΝ

țĮĲĮȜȠȓʌȦȞέΝ Ν ȈĲȚȢ ʌİȡȚʌĲȫıİȚȢΝ λλSψΝ țĮȚΝ IδϊσΝ ȘΝ ıĲȡȠĳȒΝ İȓȞĮȚΝ ĲȪʌȠȣΝ ǿ,Ν İȞȫΝ

ıĲȘȞΝʌİȡȓʌĲȦıȘΝProtonatedΝ ΝȘΝıĲȡȠĳȒΝİȓȞĮȚΝĲȪʌȠȣΝǿΥέΝǾΝșȑıȘΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝ

ıĲȘΝıĲȡȠĳȒ,ΝȕȑȕĮȚĮΝ İȓȞĮȚΝĮʌĮȡĮȓĲȘĲȘΝĮȜȜȐΝ ȩȤȚΝ İʌĮȡțȒȢΝ ȖȚĮΝ ĲȠȞΝʌȡȠıįȚȠȡȚıȝȩΝ

ĲȠȣΝĲȪʌȠȣέΝȀȪȡȚȠΝȡȩȜȠΝʌĮȓȗȠȣȞΝȠȚΝĳΝțĮȚΝȥΝįȓİįȡİȢΝȖȦȞȓİȢΝĲȦȞΝțĮĲĮȜȠȓʌȦȞΝʌȠȣΝ

ȕȡȓıțȠȞĲĮȚΝıĲȘΝıĲȡȠĳȒέΝǹʌȩΝĲȘȞΝĮȞȐȜȣıȘΝįİȣĲİȡȠĲĮȖȠȪȢΝįȠȝȒȢΝʌĮȡĮĲȘȡȠȪȝİ,Ν

İțĲȩȢΝĮʌȩΝĲȘȞΝĮʌȩțĲȘıȘΝĲȘȢΝȕ-įȠȝȒȢ,ΝĲȘȞΝįȚĮĲȒȡȘıȒΝĲȘȢΝıİΝȩȜȘΝĲȘȞΝȣʌȩȜȠȚʌȘΝ

ȑțĲĮıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪέΝȉȑȜȠȢΝıĲȠΝĲȡȠȤȚĮțȩΝprotonatedΝĳĮȓȞİĲĮȚΝțĮȚΝȘΝȝİĲȐșİıȘΝ

țĮĲȐΝ ȑȞĮΝ țĮĲȐȜȠȚʌȠΝ ıĲȘȞΝ ȕ-įȠȝȒ,Ν ȖİȖȠȞȩȢΝ ʌȠȣΝ ȣʌȠıĲȘȡȓȗİȚΝ ȩĲȚΝ ȘΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝįȠȝȒΝĲȠȣΝĲȡȠȤȚĮțȠȪΝįȚĮĳȑȡİȚΝĮʌȩΝĲȚȢΝȐȜȜİȢΝįȪȠΝțĮȚΝȝȠȚȐȗİȚΝ

ʌİȡȚııȩĲİȡȠΝ ȝİΝ ĲȘȞΝ įİȪĲİȡȘΝ ʌȡȠĲİȚȞȩȝİȞȘΝ įȠȝȒΝ ĲȦȞΝ RέΝ ZerellaΝ etΝ alέέΝ ȈĲȘȞΝ

İȚțȩȞĮΝζέβίΝĳĮȓȞİĲĮȚΝȘΝʌȜȒȡȘȢΝıȣȝĳȦȞȓĮΝȝİĲĮȟȪΝ ĲȦȞΝʌȚȞȐțȦȞΝRεSϊΝțĮȚΝ ĲȦȞΝ

ĮȜȖȠȡȓșȝȦȞΝϊSSPΝțĮȚΝSTRIϊϋέΝ 

 

ǾΝ İʌȩȝİȞȘΝ țĮĲȘȖȠȡȓĮΝ ĮȞĮȜȪıİȦȞΝ Ν ĮĳȠȡȐΝ ĲȘȞΝ ȠȝĮįȠʌȠȓȘıȘΝ įȠȝȫȞ,Ν ʌȠȣΝ

İȝʌİȡȚȑȤȠȞĲĮȚΝıĲĮΝĲȡȠȤȚĮțȐ,ΝȝİΝȕȐıȘΝȠȡȚıȝȑȞĮΝțȠȚȞȐΝȤĮȡĮțĲȘȡȚıĲȚțȐέΝȉȠΝʌȡȫĲȠΝ

țȠȝȝȐĲȚΝ ĮĳȠȡȐΝ ĲȘȞΝωartesianΝPrincipalΝωomponentsΝχnalysis,Ν İȞȫΝ ĲȠΝ įİȪĲİȡȠ 
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țȠȝȝȐĲȚΝ ĲȘȞΝ ϊihedralΝ Ν PrincipalΝ ωomponentsΝχnalysisέΝ ǾΝ ȖİȞȚțȒΝ ȚįȑĮΝ İȓȞĮȚΝ ȘΝ

ȝİȜȑĲȘΝ İȞİȡȖİȚĮțȫȞΝ ʌİįȓȦȞΝ țĮȚΝ ȘΝ İȪȡİıȘΝ İȞİȡȖİȚĮțȫȞΝ İȜĮȤȓıĲȦȞ,Ν ȣʌȩΝ ĲȘȞΝ

ʌȡȠȨʌȩșİıȘΝȩĲȚΝȘΝĳȣıȚțȒΝįȠȝȒΝțĮĲȑȤİȚΝĲȘȞΝİȜȐȤȚıĲȘΝİȞȑȡȖİȚĮΝțĮȚΝıȣȞİʌȫȢΝıĲȚȢΝ

ȠȝȐįİȢΝȝİΝĲȘȞΝȤĮȝȘȜȩĲİȡȘΝİȞȑȡȖİȚĮΝʌȡȑʌİȚΝȞĮΝȕȡȓıțȠȞĲĮȚΝȠȚΝĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ

įȠȝȑȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞέΝ ȈĲȘȞΝ Ν Ν ωartesian-PωχΝ Ν İĳĮȡȝȩıșȘțĮȞΝ įȪȠΝ ĲİȤȞȚțȑȢΝ

ȠȝĮįȠʌȠȓȘıȘȢ,Ν ıĲȘȞΝ ʌȡȫĲȘΝ İĳĮȡȝȩȗİĲĮȚΝ ȘΝ ĮȞȐȜȣıȘΝ ȖȚĮΝ ĲĮΝ ȐĲȠȝĮΝ ĲȠȣΝ

ʌİʌĲȚįȚțȠȪΝıțİȜİĲȠȪΝțĮȚΝıĲȘȞΝįİȪĲİȡȘΝȖȚĮΝȩȜĮΝĲĮΝȕĮȡȚȐΝȐĲȠȝĮέΝȉĮΝİȞİȡȖİȚĮțȐΝ

ʌİįȓĮΝʌİȡȚȑȤȠȣȞΝȜȓȖĮΝİȞİȡȖİȚĮțȐΝİȜȐȤȚıĲĮΝțĮȚΝĳĮȓȞȠȞĲĮȚΝʌȚȠΝȠȝĮȜȐΝıİΝıȤȑıȘΝȝİΝ

ĮȣĲȐΝʌȠȣΝʌĮȡȒȤșȘıĮȞΝĮʌȩΝĲȘȞΝϊihedral-PωχέΝȉĮΝωlustersΝʌȠȣΝʌȡȠȑțȣȥĮȞΝțĮȚΝ

ĮʌȩΝĲȚȢΝįȪȠΝĲİȤȞȚțȑȢΝİȓȞĮȚΝĮȡțİĲȐΝȝİȖȐȜĮΝțĮȚΝțĮȜȪʌĲȠȣȞΝȚțĮȞȠʌȠȚȘĲȚțȩΝʌȠıȠıĲȩΝ

ĲȠȣΝ ȤȐȡĲȘΝ įȚĮțȪȝĮȞıȘȢΝ ΧʌȓȞĮțİȢΝ ζέ1Ν țĮȚΝ ζέβΨέΝ ȉȠΝ ʌȡȫĲȠΝ clusterΝ ĲȘȢΝ țȐșİΝ

ĮȞȐȜȣıȘȢΝ ȑȤİȚΝ ĲȘΝ ȤĮȝȘȜȩĲİȡȘΝ İȜİȪșİȡȘΝ İȞȑȡȖİȚĮΝ țĮȚΝ ĮʌȩΝ ĮȣĲȩΝ ʌȡȠȑȡȤİĲĮȚΝ ȘΝ

ĮȞĲȚʌȡȠıȦʌİȣĲȚțȒΝ įȠȝȒΝ țȐșİΝ ĲȡȠȤȚĮțȠȪέΝ ǹʌȩΝ ĲȘȞΝ ȣʌȑȡșİıȘΝ įȠȝȫȞΝ

ʌĮȡĮĲȘȡİȓĲĮȚΝ İȜȐȤȚıĲȘΝ ĮʌȩțȜȚıȘΝ ȝİĲĮȟȪΝ ĲȦȞΝ įȠȝȫȞΝ ĲȦȞΝ țȣȡȓĮȡȤȦȞΝ ȠȝȐįȦȞέΝ

ȈĲȚȢΝ ĮȞĲȚʌȡȠıȦʌİȣĲȚțȑȢΝ įȠȝȑȢΝ ʌȠȣΝ ĮʌȠȝȠȞȫșȘțĮȞΝ įȘȝȚȠȣȡȖȒșȘțİΝ ȘΝ įȠȝȒΝ ĲȘȢΝ

ȕ-ĳȠȣȡțȑĲĮȢΝ țĮȚΝ ıĲĮΝ ĲȡȓĮΝ ĲȡȠȤȚĮțȐ,Ν ȝİΝ ĲȘȞΝ įȚĮĳȠȡȐΝ ȩĲȚΝ ıĲȠΝ ĲȡȠȤȚĮțȩΝ

protonatedΝȣʌȐȡȤİȚΝȝİĲȐșİıȘΝțȜȫȞȠȣ,ΝįȚĮĳȠȡİĲȚțȩΝȝȠĲȓȕȠΝȣįȡȠȖȠȞȠįİıȝȫȞΝțĮȚΝ

įȚĮĳȠȡİĲȚțȩȢΝ ĲȪʌȠȢΝ ıĲȡȠĳȒȢέΝ ȈĲȘȞΝ ϊihedral-PωχΝ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ İʌȓıȘȢΝ

įȪȠΝįȚĮĳȠȡİĲȚțȑȢΝĲİȤȞȚțȑȢ,ΝȘΝʌȡȫĲȘΝĮȞȐȜȣıȘΝȑȖȚȞİΝȝİΝȕȐıȘΝĲȚȢΝįȓİįȡİȢΝȖȦȞȓİȢΝĳΝ

țĮȚΝȥ,ΝțĮȚΝȘΝįİȪĲİȡȘΝıȣȝʌİȡȚİȜȐȝȕĮȞİΝİțĲȩȢΝĮȣĲȫȞΝțĮȚΝĲȘȞΝȤ1ΝȖȦȞȓĮέΝǾΝʌȡȫĲȘΝ

ʌİȡȓʌĲȦıȘΝ İıĲȚȐȗİȚΝ ıĲȠȞΝ ʌİʌĲȚįȚțȩΝ ıțİȜİĲȩ,Ν İȞȫΝ ȘΝ įİȪĲİȡȘΝ ıĲȚȢΝ ʌȜİȣȡȚțȑȢΝ

ȠȝȐįİȢέΝȉĮΝİȞİȡȖİȚĮțȐΝʌİįȓĮΝĮʌȩΝĲȘȞΝdPωχΝʌİȡȚȜĮȝȕȐȞȠȣȞΝʌİȡȚııȩĲİȡİȢΝȠȝȐįİȢΝ

įȠȝȫȞΝțĮȚΝȤĮȡĮțĲȘȡȓȗȠȞĲĮȚΝʌİȡȚııȩĲİȡȠΝĲȡĮȤİȓĮΝ ΧİȚțȩȞĮΝζέγ1,ΝζέγκΨέΝǼʌȚʌȜȑȠȞ,Ν

ĲȠΝȝȑȖİșȠȢΝĲȦȞΝȠȝȐįȦȞΝİȓȞĮȚΝȝȚțȡȩĲİȡȠΝıİΝıȤȑıȘΝȝİΝĮȣĲȐΝʌȠȣΝʌĮȡȒȤșȘıĮȞΝıĲȘȞΝ

cPωχέΝ ȈĲȘȞΝ ʌȡȫĲȘΝ ʌİȡȓʌĲȦıȘΝ ȘΝ țȐȜȣȥȘΝ ĲȠȣΝ ȤȐȡĲȘΝ įȚĮțȪȝĮȞıȘȢΝ ĮʌȩΝ ĲĮΝ

clustersΝ İȓȞĮȚΝ ĮȡțİĲȐΝ ȣȥȘȜȒ,Ν ȩʌȦȢΝ țĮȚΝ ȝİΝ ĲȘȞΝ cPωχ,Ν ĮȜȜȐΝ ıĲȘȞΝ įİȪĲİȡȘΝ

ʌİȡȓʌĲȦıȘΝ ȝİȚȫȞİĲĮȚΝ ΧİȚįȚțȐΝ ıĲȘȞΝ ʌİȡȓʌĲȦıȘΝ ĲȠȣΝ ĲȡȠȤȚĮțȠȪΝ protonatedΨέΝ

ȍıĲȩıȠΝĲĮΝțȣȡȓĮȡȤĮΝĲȡȠȤȚĮțȐΝʌİȡȚȜĮȝȕȐȞȠȣȞΝįȠȝȑȢΝʌȠȣΝıȤȘȝĮĲȓȗȠȣȞΝĲȘΝįȠȝȒΝ

ĲȘȢΝȕ-ĳȠȣȡțȑĲĮȢ,ΝĮȞΝțĮȚΝıĲȘȞΝʌİȡȓʌĲȦıȘΝĲȠȣΝĲȡȠȤȚĮțȠȪΝprotonatedΝİȝĳĮȞȓȗİĲĮȚΝ

ȘΝ İȞĮȜȜĮțĲȚțȒΝ įȠȝȒΝ ΧİȚțȩȞĮΝ ζέζγΨέΝǾΝ ȣʌȑȡșİıȘΝ ĲȦȞΝ țȣȡȓĮȡȤȦȞΝ ĲȡȠȤȚĮțȫȞΝ įİȞΝ
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ʌĮȡȠȣıȚȐȗİȚΝȝİȖȐȜȘΝĮʌȩțȜȚıȘΝĲȦȞΝįȠȝȫȞΝΧİȚțȩȞİȢΝζέγιΝțĮȚΝζέζβΨέΝ 

ǾΝ ıȪȖțȡȚıȘΝ ĲȠȣΝ RεSϊΝ ĲȦȞΝ įȠȝȫȞΝ ȑȤȠȣȞΝ țĮĲĮĲİșİȓΝ ĲȘȞΝ ʌȡȦĲİȧȞȚțȒΝ ȕȐıȘΝ

įİįȠȝȑȞȦȞΝʌĮȡȠȣıȚȐȗİȚΝȑȞĮΝİȪȡȠȢΝĲȚȝȫȞΝĮʌȩΝίέηθΝǹΝȑȦȢΝζέγθΝǹέΝȅȚΝȝİȖĮȜȪĲİȡİȢΝ

ĲȚȝȑȢΝ ʌĮȡĮĲȘȡȠȪȞĲĮȚΝ ıĲȘȞΝ ıȪȖțȡȚıȘΝ ȩȜȦȞΝ ĲȦȞΝ ȕĮȡȑȦȞΝ ĮĲȩȝȦȞΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣ,Ν

İȞȫΝ ȠȚΝ ȤĮȝȘȜȩĲİȡİȢΝ ıĲȘȞΝ ıȪȖțȡȚıȘΝ ĲȦȞΝ ĮĲȩȝȦȞΝ ωĮέΝ ǹʌȩΝ ĲȚȢΝ țĮĲĮĲİșİȚȝȑȞİȢΝ

įȠȝȑȢΝ ȝİȖĮȜȪĲİȡȘΝ ȠȝȠȚȩĲȘĲĮΝ ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌĮȡȠȣıȚȐȗİȚΝ ȘΝ įȑțĮĲȘΝ įȠȝȒ,Ν țĮșȫȢΝ

ȑȤİȚΝ ĲĮΝ ʌİȡȚııȩĲİȡĮΝ İȜȐȤȚıĲĮΝ ĲȠȣȢΝ ʌȓȞĮțİȢΝ RεSϊ,Ν İȞȫΝ ȘΝ İȞįȑțĮĲȘΝ įȠȝȒΝ

ĳĮȓȞİĲĮȚΝ ȞĮΝ ʌĮȡȠȣıȚȐȗİȚΝ ȝİȖĮȜȪĲİȡȘΝ įȚĮĳȠȡȐΝ ĮʌȩΝ ĲȚȢΝ įȠȝȑȢΝ ĲȦȞΝ ĲȡȠȤȚĮțȫȞ,Ν

țĮșȫȢΝʌĮȡȠȣıȚȐȗİȚΝĲĮΝʌİȡȚııȩĲİȡĮΝȝȑȖȚıĲĮΝıĲȠȣȢΝʌȓȞĮțİȢΝRεSϊΝΧʌȓȞĮțĮȢΝζέλΨέΝ 

 

ǼȚțȩȞĮΝζέζι 

ȈĲȚȖȝȚȩĲȣʌĮΝ ĮʌȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ λλSψ,Ν ȩʌȦȢΝ ĮʌȠȝȠȞȫșȘțĮȞΝ ĮʌȩΝ ĲȠȣȢΝ ʌȓȞĮțİȢΝ

RMSD. 
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ǼȚțȩȞĮΝζέζκ 

ȈĲȚȖȝȚȩĲȣʌĮΝ ĮʌȩΝ ĲȠΝ ĲȡȠȤȚĮțȩΝ Iδϊσ,Ν ȩʌȦȢΝ ĮʌȠȝȠȞȫșȘțĮȞΝ ĮʌȩΝ ĲȠȣȢΝ ʌȓȞĮțİȢΝ

RMSD. 
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ǼȚțȩȞĮΝζέζλ 

ȈĲȚȖȝȚȩĲȣʌĮΝĮʌȩΝĲȠΝĲȡȠȤȚĮțȩΝprotonated,ΝȩʌȦȢΝĮʌȠȝȠȞȫșȘțĮȞΝĮʌȩΝĲȠȣȢΝʌȓȞĮțİȢ 

RMSD 
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ΚΕΦΑΛΑΙΟ  5 

 

 

“Faith does not protect you. Medicine and airbags... Those are the things that protect you. God 
does not protect you. Intelligence protects you. Enlightenment. Put your faith in something with 

tangible results. How long has it been since someone walked on water? Modern miracles belong to 

science.. Computers, vaccines, space stations... Even the devine miracle of creation. Matter from 

nothing... In a lab. Who needs God? No! Science is God!” 

Dan Brown 
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ȈȣȝʌİȡȐıȝĮĲĮΝțĮȚΝȈȣȗȒĲȘıȘ 
 

ǾΝȠȣȕȚțȚĲȓȞȘΝİȓȞĮȚΝȝȓĮΝĮʌȩΝĲȚȢΝıȘȝĮȞĲȚțȩĲİȡİȢΝʌȡȦĲİǸȞİȢΝʌȠȣΝıȣȝȝİĲȑȤȠȣȞΝıĲȘΝ

įȚĮįȚțĮıȓĮΝ ĲȘȢΝ ȠȣȕȚțȚĲȚȞȓȦıȘȢΝ įȚĮĳȩȡȦȞΝ ȣʌȠıĲȡȦȝȐĲȦȞΝ İȞĲȩȢΝ ĲȠȣΝ țȣĲĲȐȡȠȣέΝ

ǼȓȞĮȚΝ ıȤİĲȚțȐΝ ȝȚțȡȒΝ ʌȡȦĲİǸȞȘΝ Ν ĮʌȠĲİȜȠȪȝİȞȘΝ ĮʌȩΝ ιθΝ ĮȝȚȞȠȟȑĮέΝ ȉȠΝ ȃ-ĲİȜȚțȩΝ

įİțĮİʌĲĮʌİʌĲȓįȚȠΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢΝ ĮʌȠĲİȜİȓΝ ĮȞĲȚțİȓȝİȞȠΝ ȝİȜȑĲȘȢΝ Ν ȦȢΝ ʌȡȠȢΝ ĲȘȞΝ

įȠȝȒΝ țĮȚΝ ĲȘΝ ȜİȚĲȠȣȡȖȓĮΝ ĲȠȣΝ ĮʌȩΝ ĲȘΝ įİțĮİĲȓĮΝ ĲȠȣΝ ΥλίέΝ ȂȓĮΝ ʌĮȡĮȜȜĮȖȒΝ ĲȠȣΝ

ĳȣıȚțȠȪΝʌİʌĲȚįȓȠȣΝĮʌȠĲİȜİȓΝțĮȚΝĲȠȞΝıĲȩȤȠΝĲȘΝʌĮȡȠȪıĮȢΝʌĲȣȤȚĮțȒȢΝİȡȖĮıȓĮȢέΝȉȠΝ

ʌİʌĲȓįȚȠΝ 1ǼίQΝĳȑȡİȚΝıĲȘȞΝĮȜȜȘȜȠȣȤȓĮΝ ĲȠȣΝ ĲȘȞΝȝİĲȐȜȜĮȟȘΝȉλϊ,ΝȘΝ ȠʌȠȓĮ,Ν ȩʌȦȢΝ

ȣʌȠıĲȘȡȓȗİĲĮȚΝĮʌȩΝʌȡȠȘȖȠȪȝİȞİȢΝȝİȜȑĲİȢ,ΝʌȡȠıįȓįİȚΝıĲĮșİȡȩĲȘĲĮΝıĲȘΝįȠȝȒΝĲȠȣΝ

ʌİʌĲȚįȓȠȣέΝȆİȚȡȐȝĮĲĮΝσεRΝțĮȚΝΝțȡȣıĲĮȜȜȠȖȡĮĳȓĮȢΝĮțĲȓȞȦȞΝȋΝĮʌȑįİȚȟĮȞΝʌȦȢΝȘΝ

įȠȝȒΝĲȠȣΝ1ǼίQΝİȓȞĮȚΝȝȓĮΝȕ-ĳȠȣȡțȑĲĮΝȝİΝĲȪʌȠȣΝǿΝȕ-ıĲȡȠĳȒέΝΝ 

 

ȆȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ıȣȞȠȜȚțȒȢΝ

įȚȐȡțİȚĮȢΝ 1ίΝ ȝsΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠΝ ʌİʌĲȓįȚȠΝ 1ǼίQΝ ȝİΝ įȚĮĳȠȡİĲȚțȑȢΝ

ʌĮȡĮȝȑĲȡȠȣȢΝ ıİΝ țȐșİΝ ʌȡȠıȠȝȠȓȦıȘέΝ ȈĲȘȞΝ ʌȡȫĲȘΝ ʌȡȠıȠȝȠȓȦıȘΝ

ȤȡȘıȚȝȠʌȠȚȒșȘțİΝ ĲȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝ χεψϋRλλSǺ,Ν İȞȫΝ ıĲȚȢΝ ȐȜȜİȢΝ įȪȠΝ ĲȠΝ

ǹȂǺϋRλλSψ-IδϊσέΝǹʌȩΝĲĮΝĮʌȠĲİȜȑıȝĮĲȐΝȝĮȢΝİȓȝĮıĲİΝıİΝșȑıȘΝȞĮΝțȐȞȠȣȝİΝȝȓĮΝ

ĮȡȤȚțȒΝıȪȖțȡȚıȘΝĲȦȞΝʌĮȡĮȖȩȝİȞȦȞΝįȠȝȫȞΝȝİΝĲȚȢΝʌİȚȡĮȝĮĲȚțȐΝʌȡȠıįȚȠȡȚıȝȑȞİȢΝ

įȠȝȑȢΝ țĮȚΝ ȞĮΝ ĮʌȠįȫıȠȣȝİΝ țȐʌȠȚĮΝ ıȣȖțȡȚĲȚțȐΝ ıȣȝʌİȡȐıȝĮĲĮΝ ȖȚĮΝ ĲȘȞΝ ĮʌȩįȠıȘΝ

ĲȦȞΝ įȣȞĮȝȚțȫȞΝ ʌİįȓȦȞΝ ʌȠȣΝ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞέΝ Ν ǵʌȦȢΝ ʌȡȠĮȞĮĳȑȡșȘțİΝ ıİΝ

ʌȡȠȘȖȠȪȝİȞȠΝ țİĳȐȜĮȚȠ,Ν Ƞ ıĲȩȤȠȢΝ ȝĮȢΝ İȓȞĮȚΝ ȘΝ ȝİȜȑĲȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȠȣΝ

ʌİʌĲȚįȓȠȣΝ 1ǼίQ,Ν ȘΝ ȠʌȠȓĮΝ șĮΝ ıȣȝȕȐȜİȚΝ ıĲȘΝ ȝİȜȑĲȘΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ

ʌȡȦĲİȧȞȫȞΝĮʌȩΝĲȘΝıțȠʌȚȐΝĲȦȞΝʌȡȠıȠȝȠȚȫıİȦȞΝȝȠȡȚĮțȒȢΝįȣȞĮȝȚțȒȢ,ΝįȘȜĮįȒΝȝİΝ

“physicsΝbased”ΝȝȠȞĲȑȜĮέΝ 

 

ȉĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȦȞΝ ʌȡȠıȠȝȠȚȫıİȦȞΝ ıȣȝĳȦȞȠȪȞ ȦȢΝ İʌȓΝ ĲȠΝ ʌȜİȓıĲȠȞΝ ȝİΝ ĲĮΝ

ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮΝ țĮȚΝ ĳĮȓȞİĲĮȚΝ ȩĲȚΝ ȘΝ ĳȣıȚțȒΝ įȠȝȒΝ ȑȤİȚΝ ʌȡȠıİȖȖȚıșİȓΝ ıİΝ

ȝİȖȐȜȠΝ ȕĮșȝȩέΝ ȈĲȚȢΝ įȪȠΝ ĮʌȩΝ ĲȚȢΝ ĲȡİȚȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȠȚΝ țȣȡȓĮȡȤİȢΝ įȠȝȑȢΝ
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ıȣȖțȜȓȞȠȣȞΝ ĮȡțİĲȐΝ ȝİΝ ĲȚȢΝ ʌİȚȡĮȝĮĲȚțȑȢ,Ν İȞȫΝ ıĲȘȞΝ ĲȡȓĲȘΝ ȘΝ țȣȡȓĮȡȤȘΝ įȠȝȒΝ

ʌȡȠıİȖȖȓȗİȚΝ ȝȚĮΝ İȞĮȜȜĮțĲȚțȒΝ įȚİȣșȑĲȘıȘέΝ ȍıĲȩıȠ,Ν ıĲȠΝ ĲȡȠȤȚĮțȩΝ IδϊσΝ ĲȠΝ

ʌİʌĲȓįȚȠΝĮʌȑțĲȘıİΝʌȚȠΝȖȡȒȖȠȡĮΝĲȘȞΝnative-likeΝįȚĮȝȩȡĳȦıȘΝțĮȚΝĲȘȞΝįȚĮĲȒȡȘıİΝ

ȝȑȤȡȚΝĲȠΝĲȑȜȠȢ,ΝıİΝĮȞĲȓșİıȘΝȝİΝĲȘȞΝʌȡȠıȠȝȠȓȦıȘΝλλSψ,ΝıĲȘȞΝȠʌȠȓĮΝĲȠΝʌİʌĲȓįȚȠ,Ν

ʌĮȡȩȜȠΝ ʌȠȣΝ ʌȑȡĮıİΝ ĮʌȩΝ ĮȡțİĲȐΝ İȞįȚȐȝİıĮΝ ıĲȐįȚĮΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ țĮĲĮȜȒȟİȚΝ

ıĲȘȞΝ native-likeΝ įȚĮȝȩȡĳȦıȘ,Ν įİȞΝ ĲȘȞΝ įȚĮĲȒȡȘıİΝ ıĲĮșİȡȒΝ ȝȑȤȡȚΝ ĲȠΝ ĲȑȜȠȢΝ ĲȠȣΝ

ĲȡȠȤȚĮțȠȪέέΝȉȠΝĮʌȠĲȑȜİıȝĮΝĮȣĲȩΝıȘȝĮȓȞİȚΝʌȦȢΝĲȠΝįȣȞĮȝȚțȩΝʌİįȓȠΝχεψϋRλλsb-

IδϊσΝ İȓȞĮȚΝ ʌȚȠΝ ĮʌȠĲİȜİıȝĮĲȚțȩΝ ĮʌȩΝ ĲȠΝχεψϋRλλsbΝ ȒΝ ȤȐȞİĲĮȚΝ ȘΝ ʌȜȘȡȠĳȠȡȓĮΝ

ĲȦȞΝ İȞįȚȐȝİıȦȞΝ ıĲĮįȓȦȞΝ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢΝ ĲȠνΝ ȆȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ĮʌĮȞĲȘșİȓΝ ȘΝ

ʌĮȡĮʌȐȞȦΝ İȡȫĲȘıȘΝ șĮΝ ʌȡȑʌİȚΝ ȞĮΝ ʌȡĮȖȝĮĲȠʌȠȚȘșȠȪȞΝ ȞȑİȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ

ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢ,Ν ȝİΝ ȞȑĮΝ įȣȞĮȝȚțȐΝ ʌİįȓĮΝ țĮȚΝ ȞĮΝ ıȣȖțȡȚșİȓΝ ȘΝ ıȣȝʌİȡȚĳȠȡȐΝ

ĲȠȣΝʌİʌĲȚįȓȠȣΝțĮĲȐΝĲȘȞΝĮȞĮįȓʌȜȦıȘέΝ 

 

ȉȠΝ ĲȡȠȤȚĮțȩΝ ĲȠΝ ȠʌȠȓȠΝ įİȞΝ ıȣȝĳȦȞİȓΝ ȝİΝ ĲĮΝ ʌİȚȡĮȝĮĲȚțȐΝ įİįȠȝȑȞĮΝ İȓȞĮȚΝ ĲȠΝ

protonated,ΝĲȠΝȠʌȠȓȠΝțĮĲȑȜȘȟİΝȝİȞ,ΝıİΝįȚĮȝȩȡĳȦıȘΝȕ-ĳȠȣȡțȑĲĮȢ,ΝĮȜȜȐΝįİȞΝİȓȞĮȚΝ

ȘΝ ıȦıĲȒΝ įȚĮȝȩȡĳȦıȘΝ ıȪȝĳȦȞĮΝ ȝİΝ ĲĮΝ ʌİȚȡȐȝĮĲĮΝ ʌȠȣΝ ʌȡȠȘȖȒșȘțĮȞΝ ıĲȠΝ

ʌİʌĲȓįȚȠέΝǾΝİȞĮȜȜĮțĲȚțȒΝįȚĮȝȩȡĳȦıȘΝʌȠȣΝĮʌȑțĲȘıİΝĲȠΝʌȡȦĲȠȞȚȠȝȑȞȠΝʌİʌĲȓįȚȠΝ

ȤĮȡĮțĲȘȡȓȗİĲĮȚΝ ĮʌȩΝ ȝȓĮΝ ȝİĲĮĲȩʌȚıȘΝ ĲȦȞΝ țȜȫȞȦȞΝ ĲȘȢΝ ĳȠȣȡțȑĲĮȢΝ țĮĲȐΝ ȑȞĮΝ

țĮĲȐȜȠȚʌȠΝ țĮȚΝ ĮʌȩΝ Ν ʌȚȠΝ ıĲİȞȒΝ ıĲȡȠĳȒέΝ ǾΝ įȚĮȝȩȡĳȦıȘΝ ĮȣĲȒΝ ĲĮȚȡȚȐȗİȚΝ ıĲȘȞΝ

İȞĮȜȜĮțĲȚțȒΝįȚĮȝȩȡĳȦıȘΝʌȠȣΝʌȡȠĲİȓȞİĲĮȚΝĮʌȩΝĲȘȞΝȠȝȐįĮΝĲȘȢΝRέΝZerella,ΝĮȜȜȐΝ

įİȞΝ ȣʌȐȡȤİȚΝ țĮĲĮĲİșİȚȝȑȞȘΝ įȠȝȒΝ ʌȡȠțİȚȝȑȞȠȣΝ ȞĮΝ ʌȡȠȕȠȪȝİΝ ıİΝ ıȣȖțȡȓıİȚȢέΝ ȉȠΝ

ĮʌȠĲȑȜİıȝĮΝĮȣĲȩΝİȓȞĮȚΝıȣȞȑʌİȚĮΝĲȦȞΝıȣȞșȘțȫȞΝĲȘȢΝĮȞĮįȓʌȜȦıȘȢΝ ΧpώΨνΝǹȞΝȞĮȚ,Ν

ĲȚΝ ıȣȞȑʌİȚİȢΝ ȝʌȠȡİȓΝ ȞĮΝ ȑȤİȚΝ ȘΝ ĮȜȜĮȖȒΝ ĲȘȢΝ įȚĮȝȩȡĳȦıȘȢΝ ĲȠȣΝ ʌİʌĲȚįȓȠȣΝ ıİΝ

ȠȜȩțȜȘȡȘΝĲȘȢΝʌȡȦĲİǸȞȘ,ΝİȞĲȩȢΝĲȠȣΝțȣĲĲȐȡȠȣνΝǾΝĮȜȜĮȖȒΝĮȣĲȒΝʌĮȡĮĲȘȡİȓĲĮȚΝțĮȚΝ

ıĲȠΝĳȣıȚțȩΝʌİʌĲȓįȚȠΝȒΝİȓȞĮȚΝȚįȚȩĲȘĲĮΝĲȠȣΝȝİĲĮȜȜĮȖȝȑȞȠȣΝʌİʌĲȚįȓȠȣΝȝȩȞȠν 

 

 ȉȑȜȠȢΝĲȠΝİȞİȡȖİȚĮțȩΝʌİįȓȠΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝȠȝĮȜȩΝțĮȚΝȞĮΝȑȤİȚΝĲȘΝȝȠȡĳȒΝȤȠȐȞȘȢΝ

ıĲȘȞΝ ʌȡȠıȠȝȠȓȦıȘΝ ȝİΝ ĲȠΝ įȣȞĮȝȚțȩΝ ʌİįȓȠΝχεψϋRλλSψ-Iδϊσ,Ν țĮșȫȢΝ ĮʌȩΝ ĲĮΝ

ĮʌȠĲİȜȑıȝĮĲĮΝʌĮȡĮĲȘȡİȓĲĮȚΝȝȩȞȠΝȑȞĮΝȖİȖȠȞȩȢΝĮȞĮįȓʌȜȦıȘȢΝĲȠΝȠʌȠȓȠΝΝʌĮȡĮȝȑȞİȚΝ

ȝȑȤȡȚΝĲȠΝĲȑȜȠȢΝĲȘȢΝʌȡȠıȠȝȠȓȦıȘȢέΝΝȈĲȚȢΝȐȜȜİȢΝįȪȠΝʌȡȠıȠȝȠȚȫıİȚȢΝĲȠΝİȞİȡȖİȚĮțȩΝ



 

 

196 

 

ĲȠʌȓȠΝĳĮȓȞİĲĮȚΝȞĮΝİȓȞĮȚΝʌİȡȚııȩĲİȡȠΝĲȡĮȤȪΝțĮȚΝȞĮΝıȣȝʌİȡȚȜĮȝȕȐȞİȚΝʌİȡȚııȩĲİȡĮΝ

ȖİȖȠȞȩĲĮΝĮȞĮįȓʌȜȦıȘȢΝțĮȚΝİȞįȚȐȝİıĮΝıĲȐįȚĮέΝĬĮΝȝʌȠȡȠȪıĮȞΝȩȜİȢΝȠȚΝʌĮȡĮʌȐȞȦΝ

ʌĮȡĮĲȘȡȒıİȚȢΝ ȞĮΝ ȕȠȘșȒıȠȣȞΝ ıĲȠΝ ȖİȞȚțȩĲİȡȠΝ ʌȡȩȕȜȘȝĮΝ ĲȘȢΝ ĮȞĮįȓʌȜȦıȘȢΝ ĲȦȞΝ

ʌȡȦĲİȧȞȫȞΝțĮȚΝĮȞΝȞĮȚΝȝİΝʌȠȚȠΝĲȡȩʌȠν 

 

ǵȜĮΝ ĲĮΝ İȡȦĲȒȝĮĲĮΝ ʌȠȣΝ įȘȝȚȠȣȡȖȠȪȞĲĮȚΝ İȟİĲȐȗȠȞĲĮȢΝ ĲĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ĲȘȢΝ

ʌĮȡȠȪıĮȢΝ ʌĲȣȤȚĮțȒȢΝ İȡȖĮıȓĮȢΝ ĲȠȞȓȗȠȣȞΝ ĲȘȞΝ ʌȠȜȣʌȜȠțȩĲȘĲĮΝ ĲȠȣΝ țȪȡȚȠȣΝ

ʌȡȠȕȜȒȝĮĲȠȢΝ țĮȚΝ ĮʌȠĲİȜȠȪȞΝ ĮʌȩįİȚȟȘΝ ĲȘȢΝ İȟĮȓȡİĲȘȢΝ įȣıțȠȜȓĮȢΝ ʌȠȣΝ

ĮȞĲȚȝİĲȦʌȓȗİȚΝ ȘΝ İʌȚıĲȘȝȠȞȚțȒΝ țȠȚȞȩĲȘĲĮΝ ıĲȘȞΝ ȜȪıȘΝ ĲȠȣΝ ʌȡȠȕȜȒȝĮĲȠȢΝ ĲȘȢΝ

ĮȞĮįȓʌȜȦıȘȢΝĲȦȞΝʌȡȦĲİȧȞȫȞ,ΝțĮșȫȢΝșȑĲȠȞĲĮȢΝȑȞĮΝİȡȫĲȘȝĮΝĮʌȠȡȡȑȠȣȞΝįİțȐįİȢΝ

İʌȩȝİȞĮΝʌȠȣΝĮʌĮȚĲȠȪȞΝįȚİȣțȡȓȞȘıȘέΝ 

 

ȉĮΝ ĮʌȠĲİȜȑıȝĮĲĮΝ ȝȚĮȢΝ ȝİȜȑĲȘȢΝ įİȞΝ İȓȞĮȚΝ ʌȠĲȑΝ İʌĮȡțȒ,Ν ȖȚĮΝ ȞĮΝ Ν ĮʌĮȞĲȒıȠȣȞΝΝ

ĲȑĲȠȚȠȣΝ İȓįȠȣȢΝ İȡȦĲȒȝĮĲĮ,Ν ĮȞΝ įİȞΝ İȓȞĮȚΝ ıȣȖțȡȓıȚȝĮΝ ȝİΝ ĮʌȠĲİȜȑıȝĮĲĮΝ

ıȣȝʌȜȘȡȦȝĮĲȚțȫȞΝ ȝİȜİĲȫȞέΝ ǼȓȞĮȚΝ İȞșĮȡȡȣȞĲȚțȩΝ ĲȠΝ ȖİȖȠȞȩȢΝ ȩĲȚΝ ȑȤȠȣȞΝ ȒįȘΝ

ĮȡȤȓıİȚΝ ȞĮΝ ʌȡĮȖȝĮĲȠʌȠȚȠȪȞĲĮȚΝ ȝİȜȑĲİȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ıİΝ ȝİȖȐȜĮΝ

ʌȡȦĲİȧȞȚțȐΝ ıȣıĲȒȝĮĲĮ,Ν ıȣȝʌİȡȚȜĮȝȕĮȞȠȝȑȞȘȢΝ țĮȚΝ ĲȘȢΝ ȠȣȕȚțȚĲȓȞȘȢ,Ν ȠȚΝ ȠʌȠȓİȢΝ

ȑȤȠȣȞΝȦȢΝıĲȩȤȠΝĲȘȞΝĲȘȞΝʌĮȡȠȣıȓĮıȘΝĲȘȢΝįȠȝȒȢΝĮȜȜȐΝțĮȚΝĲȘΝȕĮșȝȠȜȩȖȘıȘΝțĮȚΝĲȘΝ

ıȪȖțȡȚıȘΝĲȦȞΝįȣȞĮȝȚțȫȞΝʌİįȓȦȞΝΧϊέϋΝShawΝetΝalέ,Νβί1β,ΝχέΝύanothΝetΝalέ,Νβί1γΨέΝ

ǹȟȚȠʌȠȚȫȞĲĮȢΝ ĲȘȞΝ ʌȠȚțȚȜȓĮΝ ĲȦȞΝ ʌİȚȡĮȝĮĲȚțȫȞΝ įİįȠȝȑȞȦȞΝ țĮȚΝ ĲȘȞΝ ĮȣȟȘȝȑȞȘΝ

ȣʌȠȜȠȖȚıĲȚțȒΝ ȚıȤȪΝ ȝʌȠȡȠȪȝİΝ ȞĮΝ ıȣȞİȤȓıȠȣȝİΝ ĲȘȢΝ ȝİȜȑĲİȢΝ ıĲȠΝ ʌİįȓȠΝ ĮȣĲȩΝ

ʌȡĮȖȝĮĲȠʌȠȚȫȞĲĮȢΝ ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝİΝ ĲȠΝ ȝİĲĮȜȜĮȖȝȑȞȠΝ ĮȜȜȐΝ țĮȚΝ ĲȠΝ ĳȣıȚțȩΝ

ʌİʌĲȓįȚȠ,Ν İȜİȪșİȡȠΝ ĮȜȜȐΝ țĮȚΝ İȞıȦȝĮĲȦȝȑȞȠΝ ıĲȘȞΝ ȠȣȕȚțȚĲȓȞȘ,Ν ȝİΝ įȚĮĳȠȡİĲȚțȐΝ

įȣȞĮȝȚțȐΝʌİįȓĮΝțĮȚΝıȣȞșȒțİȢ,Ν ȑĲıȚΝȫıĲİΝȞĮΝțĮȜȪȥȠȣȝİΝȑȞĮΝȝİȖȐȜȠΝĲȝȒȝĮΝĲȦȞΝ

ıȣȞșȘțȫȞΝĲȠȣΝțȣĲĲȐȡȠȣέΝ 

 

ȆȡȠȤȦȡȫȞĲĮȢΝ ȑȞĮΝ ȕȒȝĮΝ ʌĮȡĮʌȑȡĮΝ șĮΝ ȝʌȠȡȠȪıĮȝİΝ ȞĮΝ ıȤȘȝĮĲȓıȠȣȝİΝ inΝ silicoΝ

ȝȠȡĳȑȢΝĲȠȣΝʌİʌĲȚįȓȠȣ,ΝΝĮȜȜȐΝțĮȚΝĲȘȢΝʌȡȦĲİǸȞȘȢΝȠȜȩțȜȘȡȘȢ,ΝʌȠȣΝİȝʌȜȑțȠȞĲĮȚΝıİΝ

įȚȐĳȠȡİȢΝ ĮıșȑȞİȚİȢΝ țĮȚΝ ȞĮΝ İȜȑȖȟȠȣȝİ ĲȘΝ ȜİȚĲȠȣȡȖȚțȩĲȘĲĮΝ ĲȠȣȢ,Ν ĲȘȞΝ İʌĮȖȦȖȒΝ

ĮȜȜȐΝțĮȚΝĲȘȞΝțĮĲĮıĲȠȜȒΝĲȠȣȢέΝȂİΝĲȠȞΝĲȡȩʌȠΝĮȣĲȩΝȝʌȠȡȠȪȝİΝȞĮΝıȣȞįȑıȠȣȝİΝĲȚȢΝ
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ʌȡȠıȠȝȠȚȫıİȚȢΝ ȝȠȡȚĮțȒȢΝ įȣȞĮȝȚțȒȢΝ ȝİΝ ĲȠΝ ıȤİįȚĮıȝȩΝ țĮȚΝ ĲȘȞΝ ĮȞȐʌĲȣȟȘΝ

ĳĮȡȝĮțİȣĲȚțȫȞΝıĲȩȤȦȞέΝ 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

198 

 

ǺȚȕȜȚȠȖȡĮĳȚțȑȢ ĮȞĮĳȠȡȑȢ 
1. Ken a. Dill, s. Banu ozkan, m. Scott shell, thomas r. Weikl, the protein 

folding problem, annu rev biophys. 2008; 9; 37: 289–316. 

2. Callender rh, dyer rb, gilmanshin r, woodruff wh. Fast events in protein 

folding: the time evolution of primary processes. Annu rev phys chem. 

1998; 49:173–202. 

3. όershtΝ ar,Ν satoΝ sέΝ ĭ-value analysis and the nature of protein-folding 

transition states. Proc natl acad sci usa. 2004; 101:7976–81 

4. Sosnick tr, dothager rs, krantz ba. Differences in the folding transition 

state of ubiquitin indicated by  andΝ ȥΝ analysesέΝ ProcΝ natlΝ acadΝ sciΝ usaέΝ

2004; 101:17377–82 

5. Goldenberg dp. Genetic studies of protein stability and mechanisms of 

folding. Annu rev biophys biomol struct. 1988; 17:481–507 

6. Itzhaki ls, otzen de, fersht ar. The structure of the transition state for 

folding of chymotrypsin inhibitor 2 analysed by protein engineering 

methods: evidence for a nucleation-condensation mechanism for protein 

folding. J mol biol. 1995; 254:260–88. 

7. Schuler b, lipman ea, eaton wa. Probing the free-energy surface for 

protein folding with single-molecule fluorescence spectroscopy. Nature. 

2002; 419:743–47. 

8. Maity h, maity m, krishna mm, mayne l, englander sw. Protein folding: the 

stepwise assembly of foldon units. Proc natl acad sci usa. 2005; 102:4741–

46. 

9. Krishna mm, hoang l, lin y, englander sw. Hydrogen exchange methods to 

study protein folding. Methods. 2004;34:51–64.  

10. Karplus m, weaver dl. Diffusion-collision model for protein folding. 

Biopolymers. 1979; 18:1421–37. 

11. Karplus m, weaver dl. Protein folding dynamics: the diffusion-collision 

model and experimental data. Protein sci. 1994; 3:650–68. 



 

 

199 

 

12. Mccammon ja, gelin br, karplus m. Dynamics of folded proteins. Nature. 

1977; 267:585–90. 

13. Myers jk, oas tg. Preorganized secondary structure as an important 

determinant of fast protein folding. Nat struct biol. 2001; 8:552–58. 

14. Fersht ar. Nucleation mechanisms in protein folding. Curr opin struct biol. 

1997; 7:3–9. 

15. Itzhaki ls, otzen de, fersht ar. The structure of the transition state for 

folding of chymotrypsin inhibitor 2 analysed by protein engineering 

methods: evidence for a nucleation-condensation mechanism for protein 

folding. J mol biol. 1995; 254:260–88. 

16. Alexander, patrick, stephen fahnestock, timothy lee, john orban, and 

philip bryan. "thermodynamic analysis of the folding of the streptococcal 

protein g igg-binding domains b1 and b2: why small proteins tend to have 

high denaturation temperatures." Biochemistry 31, no. 14, 1992; 3597-

3603. 

17. Viguera ar, serrano l, wilmanns m. Different folding transition states may 

result in the same native structure. Nat struct biol. 1996; 3:874–80. 

18. Kragelund, birthe b., Carol v. Robinson, jens knudsen, christopher m. 

Dobson, and flemming m. Poulsen. "folding of a four-helix bundle: studies 

of acyl-coenzyme a binding protein." Biochemistry 34, no. 21 1995; 7217-

7224. 

19. Huang, guewha s., and terrence g. Oas. "submillisecond folding of 

monomeric lambda repressor." Proceedings of the national academy of 

sciences 92, no. 15 1995; 6878-6882. 

20. Dill ka, chan hs. From levinthal to pathways to funnels. Nat struct biol. 

1997; 4:10–19. 

21. Plaxco kw, simons kt, baker d. Contact order, transition state placement 

and the refolding rates of single domain proteins. J mol biol. 1998; 

277:985–94. 

22. Ivankov dn, finkelstein av. Prediction of protein folding rates from the 



 

 

200 

 

amino acid sequence-predicted secondary structure. Proc natl acad sci 

usa. 2004; 101:8942–44. 

23. Huang jt, cheng jp, chen h. Secondary structure length as a determinant of 

folding rate of proteins with two- and three-state kinetics. Proteins. 2007; 

67:12–17. 

24. Gromiha mm, selvaraj s. Comparison between long-range interactions 

and contact order in determining the folding rate of two-state proteins: 

application of long-range order to folding rate prediction. J mol biol. 2001; 

310:27–32. 

25. Mirny l, shakhnovich e. Protein folding theory: from lattice to all-atom 

models. Annu rev biophys biomol struct. 2001; 30:361–96. 

26. Gromiha mm, thangakani am, selvaraj s. Fold-rate: prediction of protein 

folding rates from amino acid sequence. Nucleic acids res. 2006; 34:w70–

74. 

27. Ozkan sb, wu gha, chodera jd, dill ka. Protein folding by zipping and 

assembly. Proc natl acad sci usa. 2007; 104:11987–92. 

28. Chou py, fasman gd. Prediction of protein conformation. Biochemistry. 

1974; 13:222–45. 

29. Chou py, fasman gd. Empirical predictions of protein conformation. Annu 

rev biochem. 1978; 47:251–76. 

30. J, pedersen jt, judson r, fidelis k. A large-scale experiment to assess protein 

structure prediction methods. Proteins. 1995; 23:ii–iv. 

31. Moult j, hubbard t, bryant sh, fidelis k, pedersen jt. Critical assessment of 

methods of protein structure prediction (casp)— round ii. Proteins s 1997; 

1:2–6.  

32. Moult, john, krzysztof fidelis, adam zemla, and tim hubbard. "critical 

assessment of methods of protein structure prediction (casp): round iv." 

Proteins: structure, function, and bioinformatics 45, no. S5 2001; 2-7. 

33. Venclovas c, zemla a, fidelis k, moult j. Assessment of progress over the 

casp experiments. Proteins. 2003; 53:585–95. 



 

 

201 

 

34. Moult j. A decade of casp: progress, bottlenecks and prognosis in protein 

structure prediction. Curr opin struct biol. 2005; 15:285–89. 

35. Moult, john. "predicting protein three-dimensional structure."  Current 

opinion in biotechnology 10, no. 6 1999; 583-588. 

36. Moult, john, krzysztof fidelis, adam zemla, and tim hubbard. "critical 

assessment of methods of protein structure prediction (casp)Ǧround v." 

Proteins: structure, function, and bioinformatics 53, no. S6 2003; 334-339. 

37. Moult, john, krzysztof fidelis, burkhard rost, tim hubbard,  and anna 

tramontano. "critical assessment of methods of protein structure 

prediction (casp)—round 6." Proteins: structure, function, and 

bioinformatics 61, no. S7 2005; 3-7. 

38. Sali a, blundell tl. Comparative protein modelling by satisfaction of spatial 

restraints. J mol biol. 1993; 234:779–815. 

39. Berman, helen m., John westbrook, zukang feng, gary gilliland, t. N. Bhat, 

helge weissig, ilya n. Shindyalov, and philip e. Bourne. "the protein data 

bank." Nucleic acids research 28, no. 1 2000; 235-242. 

40. Skolnick, jeffrey, yang zhang, adrian k. Arakaki, andrzej kolinski, michal 

boniecki,Ν andrásΝ szilágyi,Ν andΝ daisukeΝ kiharaέΝ ΟtouchstoneμΝ aΝ unifiedΝ

approach to protein structure prediction." Proteins: structure, function, 

and bioinformatics 53, no. S6 2003; 469-479. 

41. Skolnick, jeffrey, daisuke kihara, and yang zhang. "development and large 

scale benchmark testing of the prospector_3 threading algorithm." 

Proteins: structure, function, and bioinformatics 56, no. 3 2004; 502-518. 

42. Zhang, yang, andrzej kolinski, and jeffrey skolnick. "touchstone ii: a new 

approach to ab initio protein structure prediction." Biophysical journal 

85, no. 2 2003; 1145-1164. 

43. Zhang, yang, and jeffrey skolnick. "scoring function for automated 

assessment of protein structure template quality." Proteins: structure, 

function, and bioinformatics 57, no. 4 2004; 702-710. 

44. Zhang, yang, and jeffrey skolnick. "spicker: a clustering approach to 



 

 

202 

 

identify nearǦnative protein folds." Journal of computational chemistry 

25, no. 6 2004; 865-871. 

45. Adjiman cs, androulakis ip, maranas cd, floudas ca.. A global optimization 

method, abb, for process design. Comp chem eng 1996 ; 20:s419–s424.  

46. Adjiman cs, androulakis ip, floudas ca.. Global optimization of minlp 

problems in process synthesis and design. Comp. Chem. Eng . 1997; 

21:s445–s450.  

47. Androulakis ip, maranas cd, floudas ca.. abb: a global optimisation 

method for general constrained nonconvex problems. J global optim 1995; 

7:337–363.  

48. Floudas ca. Deterministic global optimization: theory, methods and 

applications. Nonconvex optimization and its applications. Dordrecht, the 

netherlands: kluwer academic publishers, 2000.  

49. Floudas ca.. Research challenges, opportunities, and synergism in systems 

engineering and computational biology. Aiche j 2005; 51:1872–1884.  

50. Floudas ca, akrotirianakis ig, caratzoulas s, meyer ca, kallrath j. Global 

optimization in the 21st century: advances and challenges. Comp chem 

eng 2005; 29:1185–1202.  

51. Floudas, c. A. "computational methods in protein structure prediction." 

Biotechnology and bioengineering 97, no. 2 2007; 207-213. 

52. Gnanakaran, s., Hugh nymeyer, john portman, kevin y. Sanbonmatsu, and 

angelΝ eέΝ ύarcıaέΝ ΟpeptideΝ foldingΝ simulationsέΟΝ ωurrentΝ opinionΝ inΝ

structural biology 13, no. 2 2003; 168-174. 

53. Snow, christopher d., Houbi nguyen, vijay s. Pande, and martin gruebele. 

"absolute comparison of simulated and experimental protein-folding 

dynamics." Nature 420, no. 6911 2002; 102-106. 

54. De alba e, antoro j, rico ma, jimenez ma, de novo design of a monomeric 

three-stranded anti-parallel beta-sheet. Protein sci 1999; 8:854-865.  

55. Ramirez-alvarado m, blanco fj, serrano l, elongation of the bh8 beta-

hairpin peptide: electrostatic interactions in beta-hairpin formation and 



 

 

203 

 

stability. Protein sci 2001 10:1381-1392.  

56. Pastor mt, de la paz ml, lacroix e, serrano l, perez-paya e, combinatorial 

approaches: a new tool to search for highly structured beta-hairpin 

peptides. Proc natl acad sci usa 2002;99:614-619.  

57. Neidigh jw, fesinmeyer rm, andersen nh, designing a 20-residue protein. 

Nat struct biol 2002; 9:425-430.  

58. Williams s, causgrove tp, gilmanshin r, fang ks, callender rh, Woodruff 

wh, dyer rb, fast events in protein folding: helix melting and formation in 

a small peptide. Biochemistry 1996; 35:691-697.  

59. Munoz v, thompson pa, hofrichter ja, eaton wa, folding dynamics and 

mechanism of beta-hairpin formation. Nature 1997; 390:196-199.  

60. Crane jc, koepf ek, kelly jw, gruebele m, mapping the  transition state of 

the ww domain beta-sheet. J mol biol 2000; 298:283-292.  

61. Lapidus lj, eaton wa, hofrichter j: measuring the rate of intramolecular 

contact formation in polypeptides. Proc natl acad sci usa 2000; 97:7220-

7225.  

62. Sporlein s, carstens h, satzger h, renner c, behrendt r, moroder l, tavan p, 

zinth w, wachtveitl j: ultrafast spectroscopy reveals subnanosecond 

peptide conformation dynamics and validates molecular dynamics 

simulation. Proc natl acad sci usa 2002; 99:7998-8002.  

63. Sugita y, okamoto y, replica-exchange multicanonical algorithm and 

multicanonical replica-exchange method for simulating systems with 

rough energy landscape. Chem phys lett 2000; 329:261-270.  

64. Shirts mr, pande vs: mathematical analysis of coupled parallel 

simulations. Phys rev lett 2001; 86:4983-4987.  

65. Latham, peter w. "therapeutic peptides revisited." Nature biotechnology 

17, 1999; 755-758. 

66. Patch, james a., and annelise e. Barron. "mimicry of bioactive peptides via 

non-natural, sequence-specific peptidomimetic oligomers." Current 

opinion in chemical biology 6, no. 6, 2002; 872-877. 



 

 

204 

 

67. Horne, w. Seth, and samuel h. Gellman. "foldamers with heterogeneous 

backbones." Accounts of chemical research 41, no. 10, 2008; 1399-1408. 

68. Tew, gregory n., Richard w. Scott, michael l. Klein, and william f. 

Degrado. "de novo design of antimicrobial polymers, foldamers, and small 

molecules: from discovery to practical applications." Accounts of chemical 

research 43, no. 1, 2009; 30-39. 

69. Horne, w. Seth, melissa d. Boersma, matthew a. Windsor, and samuel h. 

Gellman. "sequenceǦbasedΝdesignΝofΝĮήȕǦpeptide foldamers that mimic bh3 

domains." Angewandte chemie international edition 47, no. 15, 2008; 

2853-2856. 

70. Wang, guangshun, xia li, and zhe wang. "apd2: the updated antimicrobial 

peptide database and its application in peptide design." Nucleic acids 

research 37, no. suppl 1, 2009; d933-d937. 

71. Shtatland, timur, daniel guettler, misha kossodo, misha pivovarov, and 

ralph weissleder. "pepbank-a database of peptides based on sequence text 

mining and public peptide data sources." Bmc bioinformatics 8, no. 1, 

2007; 280. 

72. Duchrow, timo, timur shtatland, daniel guettler, misha pivovarov, stefan 

kramer, and ralph weissleder. "enhancing navigation in biomedical 

databases by community voting and database-driven text classification." 

Bmc bioinformatics 10, no. 1 2009; 317. 

73. Shandler, scott j., Maxim v. Shapovalov, roland l. Dunbrack, jr, and 

williamΝfέΝϊegradoέΝΟdevelopmentΝofΝaΝrotamerΝlibraryΝforΝuseΝinΝȕ-peptide 

foldamer computational design." Journal of the american chemical society 

132, no. 21, 2010; 7312-7320. 

74. Webb, g. C., R. T. Baker, k. Fagan, and p. G. Board. "localization of the 

human ubb polyubiquitin gene to chromosome band 17p11. 1-17p12." 

American journal of human genetics 46, no. 2, 1990; 308. 

75. Schlesinger mj, bond mj ubiquitin genes. Oxf surv . Eukaryotic genes, 

1987; 4:77-91 . 



 

 

205 

 

76. Lund pk, moats-staats bm, simmons jg, hoyt e, d'ercole Aj, martin f, van 

wykjj, nucleotide sequence analysis of a cdna encoding human ubiquitin 

reveals that ubiquitin is synthesized as a precursor. J biol chem, 1985; 260: 

7609-7613 . 

77. Salvesen g, loyd c, farley d, cdna encoding a human homolog of yeast 

ubiquitin 1. Nucleic acids res 1987; 15:5485 . 

78. Baker rt  molecular analysis of human ubiquitin genes. Ph.D. thesis, the 

australian national university, canberra, 1988 . 

79. Baker rt, board pg the human ubiquitin gene family: structure of a gene 

and pseudogenes from the ubb subfamily. Nucleic acids res 1987a; 15:443-

463 , 

80. Wiborg 0, pedersen ms, wind a, berglund le, marcker ke, vuustj  the 

human ubiquitin multigene family: some genes contain multiple directly 

repeated ubiquitin coding sequences. Embo j 1985; 4:755-759 . 

81. Baker rt, board pg , unequal crossover generates variation in ubiquitin 

coding unit number at the human ubcpolyubiquitin locus. Am j hum genet 

1989; 44:534-542 11. 

82. Baker rt, board pg , nucleotide sequence of a human ubiquitin ubb 

processed pseudogene. Nucleic acids res 1987b; 15:4352 . 

83. Cowland jb, wiborg 0, vuust j, human ubiquitin genes: one member of the 

ubb gene subfamily is a tetrameric non processed pseudogene. Febs lett 

1988; 231:187-191 . 

84. Zerella, rosa, philip a. Evans, j. O. H. N. Ionides, len c. Packman, b. 

Trotter, joel p. Mackay, and dudley h. Williams. "autonomous folding of a 

peptide corresponding to the nǦterminalΝ ȕǦhairpin from ubiquitin." 

Protein science 8, no. 6, 1999; 1320-1331. 

85. Dyson hj, rance m, houghten ra, lerner ra, wright pe. Folding of 

immunogenic peptide fragments of proteins in water solution. 1. Sequence 

requirements for the formation of a reverse turn. J mol biol 1988; 

201:161–200. 



 

 

206 

 

86. Dyson hj, merutka g, waltho jp, lerner ra, wright pe. Folding of peptide-

fr agments comprising the complete sequence of proteins—models for 

initiation of protein folding. 1. Myohemerythrin. J mol biol 1992; 226:795–

817.  

87. Scholtz jm, baldwin rl. The mechanism of a-helix formation by peptides. 

Ann rev biophys biomol struct 1992; 21:95–118.  

88. Cox jpl, evans pa, packman lc, williams dh, woolfson dn. Dissecting the 

structure of a partially folded protein—circular dichroism and nuclear 

magnetic resonance studies of peptides from ubiquitin. J mol biol 1993; 

234:483– 492.  

89. Blanco fj, jimenez ma, pineda a, rico m, santoro j, nieto jl.  Nmr solution 

structure of the isolated n-terminal fragment of protein-g b-1 domain—

evidence of trifluoroethanol induced native-like b-hairpin formation. 

Biochemistry 1994a; 33:6004– 6014.  

90. Blanco fj, rivas g, serrano l. A short linear peptide that folds into a native 

stable b-hairpin in aqueous solution. Nature struct biol  1994b; 1:584–590.  

91. Searle ms, williams dh, packman lc. A short linear peptide derived from 

the n-terminal sequence of ubiquitin folds into a water-stable non- native 

b-hairpin. Nature struct biol 1995; 2:999–1006.  

92. Searle ms, zerella r, williams dh, packman lc. Native-like b-hairpin 

structure in an isolated fragment from ferredoxin—nmr and cd studies of 

solvent effects on the n-terminal-20 residues. Protein eng 1996; 9:559–565.  

93. Blanco fj, jimenez ma, herranz j, rico m, santoro j, nieto jl. Nmr evidence 

of a short linear peptide that folds into a b-hairpin in aqueous solution. J 

am chem soc 1993; 115:5887–5888. 

94. De alba e, jimenez ma, rico m, nieto jl. Conformational investigation of 

designed short linear peptides able to fold into b-hairpin structures in 

aqueous solution. Folding design 1996; 1:133–144 . 

95. Ramirez-alvarado m, blanco fj, serrano l. De novo design and structural 

analysis of a model b-hairpin peptide system. Nature struct biol 1996; 



 

 

207 

 

3:604– 612.  

96. Maynard aj, sharman gj, searle ms. Origin of beta-hairpin stability in 

solution: structural and thermodynamic analysis of the folding of a model 

peptide supports hydrophobic stabilization in water. J am chem soc 1998; 

120:1996–2007.  

97. Harding mm, williams dh, woolfson dn. Characterization of a partially 

denatured state of a protein by 2-dimensional nmr—reduction of the 

hydrophobic interaction in ubiquitin. Biochemistry 1991; 30:3120–3128.  

98. Stockman bj, euvrard a, scahill ta. Heteronuclear 3-dimensional nmr 

spectroscopy of a partially denatured protein—the a-state of human 

ubiquitin. J biomol nmr, 1993; 3:285–296.  

99. Sibanda bl, thornton jm. Conformation of b-hairpins in protein 

structures—classification and diversity in homologous structures. 

Methods enzymol 1991; 202:59–82.  

100. Hutchinson eg, thornton jm. A revised set of potentials for b-turn 

formation in proteins. Protein sci 1994; 3:2207–2216.  

101. Jang, soonmin, seokmin shin, and youngshang pak. "molecular 

dynamicsΝstudyΝofΝpeptidesΝinΝimplicitΝwaterμΝabΝinitioΝfoldingΝofΝȕ-hairpin, 

ȕ-sheet,ΝandΝȕȕĮ-motif." Journal of the american chemical society 124, no. 

18 2002; 4976-4977. 

102. Ulmschneider, jakob p., and william l. Jorgensen. "polypeptide 

folding using monte carlo sampling, concerted rotation, and continuum 

solvation." Journal of the american chemical society 126, no. 6 2004; 1849-

1857. 

103. Jorgensen, william l., and julian tirado–rives. "molecular modeling 

of organic and biomolecular systems using boss and mcpro." Journal of 

computational chemistry 26, no. 16 2005; 1689-1700. 

104. Jorgensen, william l., David s. Maxwell, and julian tirado-rives. 

"development and testing of the opls all-atom force field on 

conformational energetics and properties of organic liquids." Journal of 



 

 

208 

 

the american chemical society 118, no. 45 1996; 11225-11236. 

105. Ulmschneider, jakob p., and william l. Jorgensen. "polypeptide 

folding using monte carlo sampling, concerted rotation, and continuum 

solvation." Journal of the american chemical society 126, no. 6 2004; 1849-

1857. 

106. Jang, soonmin, eunae kim, and youngshang pak. "direct folding 

simulationΝ ofΝ ĮǦhelicesΝ andΝ ȕǦhairpins based on a single allǦatom force 

field with an implicit solvation model." Proteins: structure, function, and 

bioinformatics 66, no. 1 2007; 53-60. 

107. χndersen,Ν hansΝ cέΝ ΟrattleμΝ aΝ “velocity”Ν versionΝ ofΝ theΝ shakeΝ

algorithm for molecular dynamics calculations." Journal of computational 

physics 52, no. 1 1983; 24-34. 

108. Palmer bj. Direct application of shake to the velocity verlet 

algorithm. J comput phys 1993; 104:470–472.  

109. Ponder jw. Tinker 4.1: software tools for molecular design. St. Louis, 

mo: washington university; 2003.  

110. Balaraman, gouthaman s., In-hee park, abhinandan jain, and 

nagarajan vaidehi. "folding of small proteins using constrained molecular 

dynamics." The journal of physical chemistry b 115, no. 23 2011; 7588-

7596. 

111. SέΝχέΝχdcockΝandΝjέΝχέΝεccammon,Ν“molecularΝdynamicsμΝsurveyΝofΝ

methodsΝ forΝ simulatingΝ theΝ activityΝ ofΝ proteins”,Ν chemέΝ RevέΝ βίίθνΝ 1ίθμΝ

1589–1615 .  

A. Liwo, c. Czaplewski, s. Oldziej, and h. A. Scheraga. Computational 

techniques for efficient conformational sampling of proteins. Curr. 

Opin. Struct. Biol., 2008.; 18:134–139. 

112. E.i. Shakhnovich and a.m. Gutin. Implications of thermodynamics 

on protein folding for evolution of primary sequences. Nature, 1990; 

346:773–775.  

A. D. Mackerell, jr. Empirical force fields for biological 



 

 

209 

 

macromolecules: overview and issues. J. Comput. Chem., 2004; 

25:1584–1604.  

113. J. T. Sprague, j. C. Tai, y. Yuh, and n. L. Allinger. The mmp2 

calculational method. J. Comput. Chem., 1987; 8:581–603.  

114. L. S. D. Caves, j. D. Evanseck, and m. Karplus. Locally accessible 

conformations of proteins: multiple molecular dynamics simulations of 

crambin. Prot. Sci., 1998; 7:649–666.  

A. D. Mackerell, jr., M. Feig, and c. L. Brooks, iii. 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. 

Comput. Chem., 2004; 25:1400–1415.  

115. F. A. Momany, r. F. Mcguire, a. W. Burgess, and h. A. Scheraga. 

Energy parameters in polyeptides. Vii. Geometric parameters partial 

atomic charges, nonbonded interactions, hydrogen bond interactions, and 

intrinsic torsional potentials for the naturally occurring ami no acids. J. 

Phys. Chem., 1975; 79:2361–2381.  

116. S. Lifson and a. Warshel. Consistent force field for calculations of 

conformations, vibrational spectra, and enthalpies of cycloalkane and n-

alkane molecules. J. Chem. Phys., 1968; 49:5116–5129.  

117. Weiner, paul k.; Kollman, peter a. Amber: assisted model building 

with energy refinement. A general program for modeling molecules and 

their interactions. Journal of computational chemistry, 1981; 2.3: 287-303. 

118. Jorgensen, william l. Quantum and statistical mechanical studies of 

liquids. 10. Transferable intermolecular potential functions for water, 

alcohols, and ethers. Application to liquid water. Journal of the american 

chemical society, 1981; 103.2: 335-340. 

119. Hagler, a. T.; Huler, e.; Lifson, s. Energy functions for peptides and 

proteins. I. Derivation of a consistent force field including the hydrogen 

bond from amide crystals. Journal of the american chemical society, 1974; 



 

 

210 

 

96.17: 5319-5327. 

120. W. D. Cornell, p. Cieplak, c. I. Bayly, i. R. Gould, k. M. Merz, jr., D. 

M. Ferguson, d. C. Spellmeyer, t. Fox, j. W. Caldwell, and p. A kollman. A 

second generation force field for the simulation of proteins, nucleic acids, 

and organic molecules. J. Amer. Chem. Soc., 1995; 117:5179–5197.  

121. Kollman, peter, et al. The development/application of a 

‘minimalist’organicήbiochemicalΝ molecularΝ mechanicΝ forceΝ fieldΝ usingΝ aΝ

combination of ab initio calculations and experimental data. In: computer 

simulation of biomolecular systems. Springer netherlands, 1997; 83-96. 

122. Wang, junmei, piotr cieplak, and peter a. Kollman. "how well does a 

restrained electrostatic potential (resp) model perform in calculating 

conformational energies of organic and biological molecules?." Journal of 

computational chemistry 21.12 2000; 1049-1074. 

123. Ponder, jay w., and david a. Case. "force fields for protein 

simulations." Advances in protein chemistry 66 2003; 27-86. 

124. Hornak, viktor, et al. "comparison of multiple amber force fields 

and development of improved protein backbone parameters." Proteins: 

structure, function, and bioinformatics 65.3 2006; 712-725. 

125. Duan, yong, et al. "a pointǦcharge force field for molecular 

mechanics simulations of proteins based on condensedǦphase quantum 

mechanical calculations." Journal of computational chemistry 24.16 2003; 

1999-2012. 

126. Shaw, david e., et al. "atomic-level characterization of the structural 

dynamics of proteins." Science 330.6002 2010; 341-346. 

127. Lindorff Ǧlarsen, kresten, et al. "improved sideǦchain torsion 

potentials for the amber ff99sb protein force field." Proteins: structure, 

function, and bioinformatics 78.8 2010; 1950-1958. 

128. B. J. Alder and t. E. Wainwright. Studies in molecular dynamics. I. 

General method. J. Chem. Phys., 1959; 31:459–466.  



 

 

211 

 

129. J. A. Mccammon, b. R. Gelin, and m karplus. Dynamics of folded 

proteins. Nature, 1977; 267:585–590.  

130. Y. Duan, p. A. Kollman, and s. C. Harvey. Protein folding and 

beyond. In e. Keinam and i. Schechter, editors, chemistry for the 21st 

century. Wiley-vch, weinheim, germany, 2000.  

131. Y. Duan, l. Wang, and p. A. Kollman. The early stage of folding of 

villin headpiece subdomain observed in a 200-nanosecond fully solvate 

molecular dynamics simulation. Proc. Natl. Acad. Sci. Usa, 1998; 95:9897–

9902.  

132. Salomon-ferrer, romelia, et al. "routine microsecond molecular 

dynamics simulations with amber on gpus. 2. Explicit solvent particle 

mesh ewald." Journal of chemical theory and computation 9.9 2013; 3878-

3888. 

133. Piana, stefano, kresten lindorff-larsen, and david e. Shaw. "atomic-

level description of ubiquitin folding." Proceedings of the national 

academy of sciences 110.15 2013; 5915-5920. 

134. Zerella, rosa, et al. "structural characterization of a mutant peptide 

derived from ubiquitin: implications for protein folding." Protei n science 

9.11 2000; 2142-2150. 

135. Phillips, james c., et al. "scalable molecular dynamics with namd." 

Journal of computational chemistry 26.16 2005; 1781-1802. 

136. Humphrey, william, andrew dalke, and klaus schulten. "vmd: visual 

molecular dynamics." Journal of molecular graphics 14.1 1996; 33-38. 

137. Glykos, nicholas m. "software news and updates carma: a molecular 

dynamics analysis program." Journal of computational chemistry 27.14 

2006; 1765-1768. 

138. Frishman, dmitrij, and patrick argos. "knowledge Ǧbased protein 

secondary structure assignment." Proteins: structure, function, and 

bioinformatics 23.4 1995; 566-579. 

139. Heinig, matthias, and dmitrij frishman. "stride: a web server for 



 

 

212 

 

secondary structure assignment from known atomic coordinates of 

proteins." Nucleic acids research 32.suppl 2 2004; w500-w502. 

140. Kabsch, wolfgang, and christian sander. "dictionary of protein 

secondary structure: pattern recognition of hydrogenǦbonded and 

geometrical features." Biopolymers 22.12 1983; 2577-2637. 

141. Gordon, heather l., and rajmund l. Somorjai. "fuzzy cluster analysis 

of molecular dynamics trajectories." Proteins: structure, function, and 

bioinformatics 14.2 1992; 249-264. 

142. Jolliffe it. Principal component analysis. Springer; new york: 2002.  

143. Altis, alexandros, et al. "dihedral angle principal component 

analysis of molecular dynamics simulations." The journal of chemical 

physics 126.24 2007; 244111. 

144. Ichiye, toshiko, and martin karplus. "collective motions in proteins: 

a covariance analysis of atomic fluctuations in molecular dynamics and 

normal mode simulations." Proteins: structure, function, and 

bioinformatics 11.3 1991; 205-217. 

145. ύarcía,ΝχngelΝϋέΝΟδarge-amplitude nonlinear motions in proteins." 

Physical review letters 68.17 1992; 2696. 

146. Amadei, Andrea, Antonius Linssen, and Herman JC Berendsen. 

"Essential dynamics of proteins." Proteins: Structure, Function, and 

Bioinformatics 17.4 1993; 412-425. 

147. Hayward, S., et al. "Effect of solvent on collective motions in 

globular protein." Journal of molecular biology 234.4 1993; 1207-1217. 

148. Becker, Oren M. "Geometric versus topological clustering: an 

insight into conformation mapping." Proteins: Structure, Function, and 

Bioinformatics 27.2 1997; 213-226. 

149. δange,Ν τliverΝ όέ,Ν andΝ ώelmutΝ ύrubmüllerέΝ ΟωanΝ principalΝ

components yield a dimension reduced description of protein dynamics on 

long time scales?." The Journal of Physical Chemistry B 110.45 2006; 

22842-22852. 



 

 

213 

 

150. σoé,Ν όrank,Ν etΝ alέΝ ΟTransitionΝ networksΝ forΝ theΝ comprehensiveΝ

characterization of complex conformational change in proteins." Journal 

of Chemical Theory and Computation 2.3 2006; 840-857. 

151. Mu, Yuguang, Phuong H. Nguyen, and Gerhard Stock. "Energy 

landscape of a small peptide revealed by dihedral angle principal 

component analysis." Proteins: Structure, Function, and Bioinformatics 

58.1 2005; 45-52. 

152. Harder, Tim, et al. "Beyond rotamers: a generative, probabilistic 

model of side chains in proteins." BMC bioinformatics 11.1 2010; 306. 

153. Schlick, Tamar. Molecular Modeling and Simulation: An 

Interdisciplinary Guide: An Interdisciplinary Guide. Vol. 21. Springer, 

2010. 

154. Lindorff-Larsen K, Maragakis P, Piana S, Eastwood MP, Dror RO, 

et al.  Systematic Validation of Protein Force Fields against Experimental 

Data. PloS ONE 7,2 2012; e32131.  

155. Ganoth, Assaf, Yossi Tsfadia, and Reuven Wiener. "Ubiquitin: 

Molecular modeling and simulations." Journal of Molecular Graphics and 

Modelling 46 2013; 29-40. 

156. http://psfs.cbrc.jp/fold-rate   

157. http://predictioncenter.org  

158. http://aps.unmc.edu/AP/main.php  

159. http://pepbank.mgh.harvard.edu 

160. http://amber.scripps.edu  

161. http://www.charmm.org   

162. http://www.gromacs.org  

163. http://www.ks.uiuc.edu/Research/namd 

164. http://dasher.wustl.edu/tinker 

165. http://www.deshawresearch.com/resources_desmond.html  

 

 

http://psfs.cbrc.jp/fold-rate
http://predictioncenter.org/
http://aps.unmc.edu/AP/main.php
http://pepbank.mgh.harvard.edu/
http://amber.scripps.edu/
http://www.charmm.org/
http://www.gromacs.org/
http://www.ks.uiuc.edu/Research/namd
http://dasher.wustl.edu/tinker
http://www.deshawresearch.com/resources_desmond.html


 

 

214 

 

 

is a brave new world, moving from our mechanical world, born in 

the industrial revolution, to the biotechnological future. The gears 

of life are complex, encoded polymers, nano machines that create 

order out of disorder and harness the free energy of the sun to 

perpetuate the information they carry in to the unknown. Now, man begins to alter that very 

microscopic machinery that constitutes his existence, that gives rise to his consciousness out of 

inorganic matter, ever driven forward by his curiosity and desire to manipulate his surroundings and 

himself. 

 

-Mike Tika- 

“Angel of Death”- Ubiquitin 

 

 

 


