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ŏŢŬŜŨŤųŤ 
 

ŎŦ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŢŜũŞŦ μŦŞ ŢŰŬŚŴŭ ŲŬŤŮŦμūπūŦūŸμŢũŤ 

μŚťūšūŭ ŠŦŞ ůŤũ ŧŞůŞũŷŤŮŤ ůŤŭ šŦŞšŦŧŞŮŜŞŭ ŞũŞšŜπŨŴŮŤŭ ůŴũ πŬŴůŢŵũŹũ. 

őůŤũ ŢŬŠŞŮŜŞ ŞŰůś ŢŪŢůřţūŰμŢ ůŤũ ŦŧŞũŷůŤůŞ ůŤŭ μŢťŷšūŰ ŞŰůśŭ ũŞ 

ŞũŞπŞŬřŠŢŦ ůŞ πŢŦŬŞμŞůŦŧř ŢŰŬśμŞůŞ ŠŦŞ ūŬŦŞŧř ŮůŞťŢŬř πŢπůŜšŦŞ. 

őŰŠŧŢŧŬŦμŚũŞ, πŬŞŠμŞůūπūŦśŮŞμŢ μŜŞ πŬūŮūμūŜŴŮŤ ŞũŞšŜπŨŴŮŤŭ μŢŠřŨŤŭ 

šŦřŬŧŢŦŞŭ (15 μs) μŢ ůū šŰũŞμŦŧŷ πŢšŜū AMBER99SB-STAR-ILDN ŠŦŞ ůū 

πŢπůŜšŦū HP21, ůū ūπūŜū πŬūŚŬŲŢůŞŦ Şπŷ ůŤũ ŰπūŢπŦŧŬřůŢŦŞ HP36 ůŤŭ 

πŬŴůŢŀũŤŭ villin ŧŞŦ, ŷπŴŭ ŚŲŢŦ ŞπūšŢŦŲťŢŜ μŢ ŞũřŨŰŮŤ ŲŤμŦŧŹũ 

μŢůŞůūπŜŮŢŴũ Şπŷ πŢŦŬřμŞůŞ NMR,  ŰŦūťŢůŢŜ μŜŞ šūμś πŞŬŷμūŦŞ μŢ ůŤũ 

űŰŮŦŧś ůūŰ šŦŞμŷŬűŴŮŤ πŞŬř ůŤũ ŞŮůŞťś ůūŰ űŸŮŤ. ŒŞ ŞπūůŢŨŚŮμŞůŞ Şπŷ 

ůŤũ ŞũřŨŰŮŤ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŢπŦŮŤμŞŜũūŰũ ůŤũ ūŬŦŞŧś ŮůŞťŢŬŷůŤůŞ ůūŰ 

HP21, ŧŞťŹŭ μŷũū ŚũŞ μŦŧŬŷ πūŮūŮůŷ ůūŰ ůŬūŲŦŞŧūŸ ŞũůŦŮůūŦŲŢŜ ŮŢ 

ŠŢŠūũŷůŞ ŞũŞšŜπŨŴŮŤŭ. ņ ŮůŞťŢŬŷůŢŬŤ ūμřšŞ šŦŞμūŬűŹŮŢŴũ 

ŞũůŦπŬūŮŴπŢŸŢŦ μŦŞ šūμś πūŰ μūŦřţŢŦ μŢ ůŞ ŞũůŜŮůūŦŲŞ ůμśμŞůŞ ůŴũ 

πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŴũ šūμŹũ ůŤŭ HP36 ŧŞŦ ůŤŭ ŢπŦŧŬřůŢŦŞŭ HP. ņ 

ŮůŞůŦŮůŦŧř ŮŤμŞũůŦŧś ŮŰŮŲŚůŦŮŤ μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ 

ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŧŞŦ ůŴũ ŞũůŜŮůūŦŲŴũ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŠŦŞ ůŞ řůūμŞ 
13CŞ, 13Cş, 13CO ŢπŦşŢşŞŦŹũŢŦ ůūũ πŞŬŞπřũŴ ŦŮŲŰŬŦŮμŷ. ŒŚŨūŭ, Ť πūŨŸ ŧŞŨś 

ŮŰμűŴũŜŞ μŢůŞŪŸ πŢŦŬřμŞůūŭ ŧŞŦ πŬūŮūμūŜŴŮŤŭ ŠŜũŢůŞŦ űŞũŢŬś ŧŞŦ μŚŮŞ 

Şπŷ ůŤ ŮŸŠŧŨŦŮŤ ůŴũ ůŦμŹũ ůŤŭ Ŭūπśŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ. 
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Abstract 
 

Molecular dynamics simulations are a widely used method for the 

understanding of protein folding process. In this project, we examine the 

ability of this method to reproduce the experimental findings for marginally 

stable peptides. In more detail, we performed a 15 μs long folding 

simulation with the AMBER99SB-STAR-ILDN forcefield for the HP21 peptide, 

which is derived from the HP36 villin headpiece subdomain and, as it is 

proven by the analysis of NMR-derived chemical shifts, adopts a native-like 

structure in spite of its unstable nature. The results from the analysis of 

simulation point out the marginal stability of HP21, as only a small 

percentage of the whole trajectory corresponds to folding events. The most 

stable conformer represents a structure quite similar to the corresponding 

fragments of experimental structures of HP36 and villin headpiece domain 

HP. The statistically significant correlation between the experimental and 

the simulation-derived Δš13CŞ, Δš13Cş and Δš13CO secondary shifts confirms 

the aforementioned claim. Finally, the very good agreement between 

experiment and simulation is indicated by the convergence of secondary 

structure propensity scores. 
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ŉŢűřŨŞŦū 1: ńŦŮŞŠŴŠś 
 

 

 

1.1 ŁũŞšŜπŨŴŮŤ ůŴũ πŬŴůŢŵũŹũ 
 

ŎŦ πŬŴůŢŀũŢŭ ŞπūůŢŨūŸũ ŞũŞμűŜşūŨŞ μŜŞ ŧŞůŤŠūŬŜŞ şŦūμūŬŜŴũ ŰųŜŮůŤŭ 

ŮŤμŞŮŜŞŭ ŠŦŞ ůŤũ ŢŸŬŰťμŤ ŨŢŦůūŰŬŠŜŞ ůŴũ ŧŰůůřŬŴũ ŧŞŦ, ŧŞůř ŮŰũŚπŢŦŞ, 

ůŴũ ūŬŠŞũŦŮμŹũ, ŧŞťŹŭ ŮŰũŢŦŮűŚŬūŰũ šūμŦŧř ŧŞŦ ŨŢŦůūŰŬŠŦŧř ŮŢ ŚũŞ 

πŨśťūŭ şŦūŨūŠŦŧŹũ šŦŢŬŠŞŮŦŹũ. ΔūμŦŧŷŭ ŨŜťūŭ ůŴũ πŬŴůŢŵũŹũ ŢŜũŞŦ ůŞ 

ŞμŦũūŪŚŞ, ůŞ ūπūŜŞ ŢũŹũūũůŞŦ μŢůŞŪŸ ůūŰŭ μŚŮŴ πŢπůŦšŦŧŹũ šŢŮμŹũ 

ŮŲŤμŞůŜţūũůŞŭ πūŨŰπŢπůŦšŦŧŚŭ ŞŨŰŮŜšŢŭ (πŬŴůūůŞŠśŭ šūμś), ūŦ ūπūŜŢŭ μŢ ůŤ 

ŮŢŦŬř ůūŰŭ ŞũŞšŦπŨŹũūũůŞŦ Ůůū ŲŹŬū πŞŬřŠūũůŞŭ ůŬŦŮšŦřŮůŞůŢŭ šūμŚŭ 

(ůŬŦůūůŞŠśŭ šūμś). ŋŢ ŞŰůśũ ůŤũ šŦŞšŦŧŞŮŜŞ πūŰ ūũūμřţŢůŞŦ πŬŴůŢŵũŦŧś 

ŞũŞšŜπŨŴŮŤ Ť ŧřťŢ πŬŴůŢŀũŤ Şπūŧůř ůŤ űŰŮŦŧś ůŤŭ šŦŞμŷŬűŴŮŤ (native 

state), ŠŢŠūũŷŭ πūŰ ůŤũ ŧŞťŦŮůř ŦŧŞũś ũŞ ŢπŦůŢŨŚŮŢŦ ůū şŦūŨūŠŦŧŷ ůŤŭ ŬŷŨū 

[1]. 

ĽπŴŭ ŠŜũŢůŞŦ ŞũůŦŨŤπůŷ, Ť ŧŞůŞũŷŤŮŤ ůŴũ μŤŲŞũŦŮμŹũ πūŰ ūšŤŠūŸũ ŮůŤũ 

πŬŴůŢŵũŦŧś ŞũŞšŜπŨŴŮŤ, ś μŢ řŨŨŞ ŨŷŠŦŞ ū ůŬŷπūŭ μŢ ůūũ ūπūŜū Ť 

πŬŴůūůŞŠśŭ šūμś μŦŞŭ πŬŴůŢŀũŤŭ ŧŞťūŬŜţŢŦ ůŤũ ůŬŦůūůŞŠś ůŤŭ šūμś, 

ŧŬŜũŢůŞŦ ŞũŞŠŧŞŜŞ ŠŦŞ ůŤũ πŨśŬŤ ŞπūŮŞűśũŦŮŤ ůŤŭ ŨŢŦůūŰŬŠŜŞŭ ůŴũ 

πŬŴůŢŵũŹũ. ΩŮůŷŮū, Ť ŢũůŞůŦŧś ŚŬŢŰũŞ Ůůū ŮŰŠŧŢŧŬŦμŚũū πŢšŜū ŢšŹ ŧŞŦ 50 

πŢŬŜπūŰ ŲŬŷũŦŞ šŢũ ŚŲŢŦ ŞπūšŹŮŢŦ μŜŞ ŧŞťūŨŦŧř ŞπūšŢŧůś ŢŬμŤũŢŜŞ, μŢ 

ŞπūůŚŨŢŮμŞ ůū πŢŬŜűŤμū “πŬŷşŨŤμŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ ůŴũ πŬŴůŢŵũŹũ” 

(protein folding problem) ũŞ πŞŬŞμŚũŢŦ Ŵŭ ŚũŞ Şπŷ ůŞ şŞŮŦŧŷůŢŬŞ řŨŰůŞ 

πŬūşŨśμŞůŞ ůŤŭ ŋūŬŦŞŧśŭ łŦūŨūŠŜŞŭ. 
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1.2 ňŮůūŬŦŧś ŞũŞšŬūμś ŧŞŦ μūũůŚŨŞ 
ŞũŞšŜπŨŴŮŤŭ πŬŴůŢŵũŹũ 

 

ŎŦ ŚũũūŦŢŭ ůŤŭ ŞũŞšŜπŨŴŮŤŭ ŧŞŦ ŞπūšŦřůŞŪŤŭ ůŴũ πūŨŰπŢπůŦšŦŧŹũ ŞŨŰŮŜšŴũ 

śůŞũ śšŤ ŠũŴŮůŚŭ ŮůŤũ ŢπŦŮůŤμūũŦŧś ŧūŦũŷůŤůŞ πŬŦũ πŢŬŜπūŰ 80 ŲŬŷũŦŞ [2ΐ. 

ŏŞŬūŨ’ ŞŰůř ŮŤμŞũůŦŧś ŢŬŢŰũŤůŦŧś šŬŞŮůŤŬŦŷůŤůŞ ŮŤμŢŦŹťŤŧŢ μŢůř ůŤ 

šŤμūŮŜŢŰŮŤ ůŴũ ŢŰŬŤμřůŴũ ůūŰ Christian P. Anfinsen [3,4] ŧŞŦ ůūŰ Cyrus 

Levinthal [5,6].  

ŏŦū ŞũŞŨŰůŦŧř, ū πŬŹůūŭ, şŞŮŦŮμŚũūŭ ŮŢ πŢŦŬřμŞůŞ ŞπūšŦřůŞŪŤŭ ŧŞŦ 

ŢπŞũŞšŦřůŞŪŤŭ ůūŰ ŢũţŸμūŰ ŬŦşūũūŰŧŨŢřŮŤ, šŦŞůŸπŴŮŢ ůū 1973 ůŤũ 

“ťŢŬμūšŰũŞμŦŧś ŰπŷťŢŮŤ”, ŮŸμűŴũŞ μŢ ůŤũ ūπūŜŞ Ť űŰŮŦŧś šŦŞμŷŬűŴŮŤ 

μŦŞŭ πŬŴůŢŀũŤŭ ŮŢ űŰŮŦūŨūŠŦŧŚŭ ŮŰũťśŧŢŭ šŦŞŨŸμŞůūŭ ŢŜũŞŦ ŞŰůś ŠŦŞ ůŤũ 

ūπūŜŞ ŢŨŞŲŦŮůūπūŦŢŜůŞŦ Ť ůŦμś ůŤŭ ŢŨŢŸťŢŬŤŭ ŢũŚŬŠŢŦŞŭ Gibbs ūŨŷŧŨŤŬūŰ ůūŰ 

ŮŰŮůśμŞůūŭ. ŉŞůř ŮŰũŚπŢŦŞ, Ť űŰŮŦŧś šūμś μŦŞŭ πŬŴůŢŀũŤŭ ŧŞťūŬŜţŢůŞŦ Şπŷ 

ůū ŮŸũūŨū ůŴũ šŦŞůūμŦŧŹũ ŞŨŨŤŨŢπŦšŬřŮŢŴũ, šŤŨŞšś Şπŷ ůŤũ ŞŨŨŤŨūŰŲŜŞ 

ůŴũ ŞμŦũūŪŚŴũ ůŤŭ [3ΐ.   

ΩŮůŷŮū, πŚŬŞũ ůŤŭ ťŢŬμūšŰũŞμŦŧśŭ πŞŬŞμŚůŬūŰ, ťŞ πŬŚπŢŦ ŢπŜŮŤŭ ũŞ 

ŨŤűťŢŜ ŰπŷųŤ ŧŞŦ Ť ŧŦũŤůŦŧś πŞŬřμŢůŬūŭ. Ŏ Levinthal ŮůŤũ πŬūŮπřťŢŦŞ ůūŰ 

ũŞ ŢŬμŤũŢŸŮŢŦ ůūŰŭ πŞŬřŠūũůŢŭ πūŰ ŧŞťūŬŜţūŰũ ůŤũ ůŞŲŸůŤůŞ ůŤŭ 

πŬŴůŢŵũŦŧśŭ ŞũŞšŜπŨŴŮŤŭ šŦŞπŜŮůŴŮŢ ŷůŦ ū ŮŲŤμŞůŦŮμŷŭ ůŤŭ ŮůŞťŢŬŷůŢŬŤŭ 

ťŢŬμūšŰũŞμŦŧř ŮůŢŬŢūšŦŞμŷŬűŴŮŤŭ μŦŞŭ πŬŴůŢŀũŤŭ ŢŜũŞŦ ŞšŸũŞůū ũŞ 

ŮŰμşŞŜũŢŦ μŚŮŞ Şπŷ ůŰŲŞŜŢŭ μŢůŞůūπŜŮŢŦŭ (πŞŬřšūŪū ůūŰ Levinthal). ńřũ 

ŰπūťŚŮūŰμŢ πŴŭ μŦŞ πŬŴůŢŀũŤ ŞπūůŢŨŢŜůŞŦ Şπŷ 100 ŞμŦũūŪŚŞ ŧŞŦ ŧřťŢ 

ŞμŦũūŪŸ μπūŬŢŜ ũŞ ŰŦūťŢůśŮŢŦ šŸū šŦŞűūŬŢůŦŧŚŭ ŮůŢŬŢūšŦŞμūŬűŹŮŢŦŭ, ůŷůŢ 

ŮŰũūŨŦŧř ŰπřŬŲūŰũ 1030 šŦŞμūŬűŹŮŢŦŭ Şπŷ ůŦŭ ūπūŜŢŭ ťŞ πŬŚπŢŦ ũŞ μŢůŞşŢŜ 

Ť πŬŴůŢŀũŤ ŹŮůŢ ũŞ şŬŢŦ ůŤ űŰŮŦŧś ůŤŭ šūμś. Ŏ ŲŬŷũūŭ πūŰ ťŞ ŲŬŢŦŞţŷůŞũ 

ŠŦŞ ũŞ πŬŞŠμŞůūπūŦŤťūŸũ ŷŨŢŭ ūŦ πŦťŞũŚŭ μŢůŞşřŮŢŦŭ ŢŜũŞŦ πŢŬŜπūŰ 1010 

ŲŬŷũŦŞ! ńπūμŚũŴŭ, Ť šŦŞšŦŧŞŮŜŞ ŞũŞšŜπŨŴŮŤŭ ůŴũ πŬŴůŢŵũŹũ ŞπŞŦůŢŜ ůŤũ 

ŸπŞŬŪŤ μŦŞŭ ŞŨŨŤŨūŰŲŜŞŭ ŧŞťūŬŦŮμŚũŴũ μūũūπŞůŦŹũ, ůŞ ūπūŜŞ 

šŦŢŰŧūŨŸũūŰũ ůŤũ ŢŸŬŢŮŤ ůŤŭ šŦŞμŷŬűŴŮŤŭ ŢŧŢŜũŤŭ πūŰ ŞũůŦŮůūŦŲŢŜ Ůůū 

ūŨŦŧŷ ŢũŢŬŠŢŦŞŧŷ ŢŨřŲŦŮůū ŮŢ ŨŜŠŞ μŷũū šŢŰůŢŬŷŨŢπůŞ [5,6]. 
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ŋŢ şřŮŤ ůŞ šŸū πŞŬŞπřũŴ ťŢμŢŨŦŹšŤ ŢŰŬśμŞůŞ, šŦŢũŢŬŠśťŤŧŞũ πūŨŨŚŭ 

πŢŦŬŞμŞůŦŧŚŭ μŢŨŚůŢŭ μŢ ŮůŷŲū ůŤũ ŢŸŬŢŮŤ ŢũšŦřμŢŮŴũ ŧŞůŞŮůřŮŢŴũ ŮůŤ 

šŦŞšŦŧŞŮŜŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ ŧŞŦ πŬūůřťŤŧŢ ŚũŞ πŨśťūŭ μūũůŚŨŴũ πūŰ 

ŢπŦŲŢŦŬūŸũ ũŞ ŢŬμŤũŢŸŮūŰũ ůūũ μŤŲŞũŦŮμŷ ŞũŞšŜπŨŴŮŤŭ ůŴũ πŬŴůŢŵũŹũ μŢ 

šŦŞűūŬŢůŦŧūŸŭ ůŬŷπūŰŭ, šŜŲŴŭ, ŷμŴŭ, ŧřπūŦū Şπŷ ŞŰůř ũŞ ŚŲŢŦ ŧŞťūŨŦŧś 

ŦŮŲŸ [7,8,9,10].  

Œū μūũůŚŨū “nucleation/growth” [11] πŬūůŢŜũŢŦ ŚũŞũ μŤŲŞũŦŮμŷ 

ŞũŞšŜπŨŴŮŤŭ ůŬŦŹũ ŮůŞšŜŴũ. ŁŬŲŦŧř, ŮŲŤμŞůŜţūũůŞŦ ůūπŦŧř šŢŰůŢŬūůŞŠŢŜŭ 

šūμŚŭ, ŷπŴŭ Ş-ŚŨŦŧŢŭ ŧŞŦ ş-πůŰŲŹůŞ űŸŨŨŞ, ūŦ ūπūŜŢŭ ŮŢ ŢπŷμŢũū ŮůřšŦū 

ŮůŞťŢŬūπūŦūŸũůŞŦ ŠŦŞ ůŤ šŤμŦūŰŬŠŜŞ Ţũŷŭ ŮŰμπŞŠūŸŭ πŰŬśũŞ. ŒŞ ŰπŷŨūŦπŞ 

μŤ ŞũŞšŦπŨŴμŚũŞ ůμśμŞůŞ ůŤŭ πūŨŰπŢπůŦšŦŧśŭ ŞŨŰŮŜšŞŭ ŞũŞšŦπŨŹũūũůŞŦ μŢ 

ŧŞůřŨŨŤŨū ůŬŷπū ŠŸŬŴ Şπŷ ůūũ πŰŬśũŞ ŹŮůŢ ũŞ πŬūŧŸųŢŦ Ť űŰŮŦŧś 

šŦŞμŷŬűŴŮŤ. őŰũŢπŹŭ, ū ŮŲŤμŞůŦŮμŷŭ ůūŰ πŰŬśũŞ ŢŜũŞŦ ůū ŠŢŠūũŷŭ ŢŧŢŜũū 

πūŰ ŞŰŪřũŢŦ ůŤũ ůŞŲŸůŤůŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ. 

őŸμűŴũŞ μŢ ůū μūũůŚŨū “diffusion-collision” [12,13,14], μŦŧŬūŢπŦŧŬřůŢŦŢŭ, 

ŞπūůŢŨūŸμŢũŢŭ ŢŜůŢ Şπŷ ůμśμŞůŞ šŢŰůŢŬūůŞŠŹũ šūμŹũ ŢŜůŢ Şπŷ ŰšŬŷűūşŢŭ 

ūμřšŢŭ, ŮŰŠŧŬūŸūũůŞŦ ŢπŞũŞŨŤπůŦŧř μŢůŞŪŸ ůūŰŭ ŨŷŠŴ šŦŞŬŧūŸŭ ŧŜũŤŮŤŭ 

ūšŤŠŹũůŞŭ ŮůŤ ŮŰũŞŬμūŨŷŠŤŮŤ μŢŠŞŨŸůŢŬŴũ šūμŦŧŹũ μūũřšŴũ. 

 Œū μūũůŚŨū “nucleation-condensation” [15,16] ŞπūůŢŨŢŜ μŦŞ πŬūŮπřťŢŦŞ 

ŢũūπūŜŤŮŤŭ ůŴũ μūũůŚŨŴũ “framework” [17] ŧŞŦ “hydrophobic collapse” 

[18]. ŏŦū ŞũŞŨŰůŦŧř, πŬūůŢŜũŢŦ ŷůŦ ū ŮŲŤμŞůŦŮμŷŭ ŮůūŦŲŢŜŴũ šŢŰůŢŬūůŞŠūŸŭ 

šūμśŭ ŮŰμşŞŜũŢŦ ůŞŰůŷŲŬūũŞ, ŧŞŦ ŷŲŦ ŞũŢŪřŬůŤůŞ ŮŸμűŴũŞ μŢ ůŞ šŸū 

πŬūŠŢũŚŮůŢŬŞ μūũůŚŨŞ, μŢ ůūũ ŮŲŤμŞůŦŮμŷ šūμŹũ ŨŷŠŴ ŰšŬŷűūşŴũ 

ŞŨŨŤŨŢπŦšŬřŮŢŴũ ŠŢŠūũŷŭ πūŰ ŮůŞťŢŬūπūŦŢŜ ůŦŭ ŢũšŦřμŢŮŢŭ ŧŞůŞŮůřŮŢŦŭ ŧŞŦ 

ŢπŦůŞŲŸũŢŦ ůŤũ šŦŞšŦŧŞŮŜŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ [19]. 

ŒŚŨūŭ, ůū μūũůŚŨū “jigsaw puzzle” [20] ŞũŞűŚŬŢůŞŦ ŮůŤũ šŰũŞůŷůŤůŞ ŧřťŢ 

πŬŴůŢŵũŦŧūŸ μūŬŜūŰ ũŞ ŞŧūŨūŰťŢŜ μŜŞ μūũŞšŦŧś šŦŞšŬūμś ŞũŞšŜπŨŴŮŤŭ πŬūŭ 

ůŤ űŰŮŦŧś ůūŰ šūμś, ŲŴŬŜŭ ũŞ ŢŜũŞŦ ŞπŞŬŞŜůŤůŤ Ť ŸπŞŬŪŤ Ţũŷŭ ŧūŦũūŸ 

μūũūπŞůŦūŸ ŞũŞšŜπŨŴŮŤŭ ŠŦŞ ŷŨŢŭ ůŦŭ πŬŴůŢŀũŢŭ. ņ πŞŬŞπřũŴ ťŢŹŬŤŮŤ 

řũūŦŪŢ ůū šŬŷμū ŠŦŞ ůŤũ ŢπŦŧŬřůŤŮŤ Ţũŷŭ ũŚūŰ μūũůŚŨūŰ ůŞ ůŢŨŢŰůŞŜŞ 
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ŲŬŷũŦŞ, ůū ūπūŜū ūũūμřŮůŤŧŢ μūũůŚŨū ůŴũ ţŪţŭšţŧşŨźŪ ŰŬπŝŵŪ (energy 

landscape) ś ųŵŪŧźŪ şŪşŢŝπũŵůťŮ (folding funnels) [21]. 

ŒŞ ţŪţŭšţŧşŨŚ ŰŬπŝş ŞπūůŢŨūŸũ ŮůŞůŦŮůŦŧŚŭ πŢŬŦŠŬŞűŚŭ ůŤŭ ŢũŚŬŠŢŦŞŭ μŦŞŭ 

πŬŴůŢŀũŤŭ. őŢ ŞũůŜťŢŮŤ μŢ ůŞ πŬūŠŢũŚŮůŢŬŞ μūũůŚŨŞ πūŰ şŞŮŜţūũůŞŦ ŮůŤũ 

ŦšŚŞ Ţũŷŭ μūũūπŞůŦūŸ šŦŞšūŲŦŧŹũ ŠŢŠūũŷůŴũ ůŞ ūπūŜŞ ūšŤŠūŸũ ŮůŤũ 

ŞũŞšŜπŨŴŮŤ, Ť ũŚŞ ŞŰůś ťŢŴŬŜŞ πŬūůŢŜũŢŦ πŴŭ Ť ŞũŞšŜπŨŴŮŤ ŢŜũŞŦ μŦŞ 

šŦŞšŦŧŞŮŜŞ πŞŬřŨŨŤŨŴũ ŠŢŠūũŷůŴũ πūŰ μūŦřţŢŦ μŢ šŦřŲŰŮŤ ŧŞŦ πŢŬŦŨŞμşřũŢŦ 

πŨśťūŭ μūũūπŞůŦŹũ.  

 

ńŦŧŷũŞ 1.1: őŲŤμŞůŦŧś ŞũŞπŞŬřŮůŞŮŤ Ţũŷŭ ŲŴũŦūŸ ŞũŞšŜπŨŴŮŤŭ 

ŉřťŢ ţŪţŭšţŧşŨŸ ŰŬπŝŬ μπūŬŢŜ ũŞ πŞŬŞŮůŞťŢŜ ŠŬŞűŦŧř ŮŢ πūŨŰšŦřŮůŞůŞ 

šŦŞŠŬřμμŞůŞ πūŰ πŞŬūŰŮŦřţūŰũ ůŤ šŦŞŧŸμŞũŮŤ ůŤŭ ŢŨŢŸťŢŬŤŭ ŢũŚŬŠŢŦŞŭ 

ŧřťŢ ŮůŢŬŢūšŦŞμŷŬűŴŮŤŭ Ŵŭ ŮŰũřŬůŤŮŤ ůŴũ şŞťμŹũ ŢŨŢŰťŢŬŜŞŭ (ńŦŧŷũŞ 

1.1). Ŏ ŧřťŢůūŭ řŪūũŞŭ ŞũŞπŞŬŦŮůř ůŤũ ‘ŢŮŴůŢŬŦŧś’ ŢŨŢŸťŢŬŤ ŢũŚŬŠŢŦŞ, 

ŢũŹ ūŦ πŨŢŰŬŦŧūŜ řŪūũŢŭ ůŦŭ ŮŰũůŢůŞŠμŚũŢŭ ůŴũ šŦřűūŬŴũ šŦŞμūŬűŹŮŢŴũ. 

ŉřťŢ πŦťŞũś ŮůŢŬŢūšŦŞμŷŬűŴŮŤ ŢŜũŞŦ ŚũŞ ŮŤμŢŜū ůūŰ ųŵŪŧŬŹ şŪşŢŝπũŵůťŮ, 

Ť μūŬűś ůūŰ ūπūŜūŰ μūŦřţŢŦ μŢ ŧūŬŰűŚŭ ŧŞŦ ŧūŦŨřšŢŭ. ŎŦ 

ŮůŢŬŢūšŦŞμūŬűŹŮŢŦŭ μŢ ŰųŤŨś ŢũŚŬŠŢŦŞ (μŤ ŢŰũūŵŧŚŭ ťŢŬμūšŰũŞμŦŧř) 

ŢũůūπŜţūũůŞŦ ŮůŦŭ ŧūŬŰűŚŭ, ŢũŹ ŢŧŢŜũŢŭ μŢ ŲŞμŤŨś ŢũŚŬŠŢŦŞ (ŢŰũūŵŧŚŭ 

ťŢŬμūšŰũŞμŦŧř) ŮůŦŭ ŧūŦŨřšŢŭ. ņ ŮůŢŬŢūšŦŞμŷŬűŴŮŤ πūŰ ŞũůŦŮůūŦŲŢŜ ŮůŤ 

űŰŮŦŧś šūμś şŬŜŮŧŢůŞŦ ŮůŤ şřŮŤ ůūŰ ŲŴũŦūŸ. ńπūμŚũŴŭ, Ť ŧŦũŤůŦŧś 

šŦŞšŦŧŞŮŜŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ μπūŬŢŜ ũŞ πŞŬūμūŦŞŮůŢŜ μŢ ůŤũ ŧŜũŤŮŤ μŦŞŭ 

μπřŨŞŭ μŚŮŞ Ůůū ţŪţŭšţŧşŨŸ ŰŬπŝŬ: Ť πŬŴůŢŀũŤ “ŧŰŨřŢŦ” Ůůū ţŪţŭšţŧşŨŸ 

ŰŬπŝŬ šŦŞπŢŬũŷũůŞŭ μŚŮŞ Şπŷ ŧūŬŰűŚŭ ŧŞŦ ŧūŦŨřšŢŭ μŚŲŬŦ ũŞ űůřŮŢŦ ŮůŤ 
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şřŮŤ ůūŰ (űŰŮŦŧś šūμś) šŤμŦūŰŬŠŹũůŞŭ ŚũŞ ůŬūŲŦŞŧŷ. ņ ńŦŧŷũŞ 1.2 

ŞũŞπŞŬŦŮůř šŦŞűūŬŢůŦŧŚŭ μūŬűŚŭ ţŪţŭšţŧşŨźŪ ŰŬπŝŵŪ [22,23].  

 

 

  

 

 

 

 

 

 

 

ńŦŧŷũŞ 1.2: ΔŦŞűūŬŢůŦŧŚŭ μūŬűŚŭ ŢũŢŬŠŢŦŞŧŹũ ůūπŜŴũ. Ł.  Œū ůūπŜū “golf coarse” πūŰ 
ŞũůŦπŬūŮŴπŢŸŢŦ ůū πŞŬřšūŪū ůūŰ Levinthal. ł.  Œū ůūπŜū “grooved golf coarse” ,ůū 
ūπūŜū ŞπŢŦŧūũŜţŢŦ ůŤũ πŦťŞũś ŸπŞŬŪŤ Ţũŷŭ μūũūπŞůŦūŸ ŮůŤũ ůŰŲŞŜŞ ŞũŞţśůŤŮŤ ůŤŭ 
űŰŮŦŧśŭ šūμśŭ, ŠŢŠūũŷŭ πūŰ ŢπŦůŞŲŸũŢŦ ůŤũ šŦŞšŦŧŞŮŜŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ. Ń. Œū ůūπŜū 
“HP+” ŞπūůŢŨŢŜ μŦŞ ŦšŢŞůś ŞũŞπŞŬřŮůŞŮŤ ŢũŢŬŠŢŦŞŧūŸ πŢšŜūŰ ŷπūŰ Ť μŢŜŴŮŤ ůŤŭ 
ŢŨŢŸťŢŬŤŭ ŢũŚŬŠŢŦŞŭ ūšŤŠŢŜ űŰŮŦūŨūŠŦŧř ŮůŤ űŰŮŦŧś šūμś. Δ. Œū ůūπŜū “moat” Ůůū 
ūπūŜū Ť πŬŴůŢŀũŤ ŢπŦşřŨŨŢůŞŦ ũŞ πŢŬřŮŢŦ Şπŷ μŦŞ ŢũšŦřμŢŮŤ ŧŞůřŮůŞŮŤ, ŹŮůŢ ũŞ 
ŢπŦůŢŰŲťŢŜ Ť ŞũŞšŜπŨŴŮŤ. ń. Œū ůūπŜū “bumpy bowl” ůū ūπūŜū πŢŬŦŚŲŢŦ ŧŦũŤůŦŧŚŭ 
πŞŠŜšŢŭ, ŢũŢŬŠŢŦŞŧūŸŭ űŬŞŠμūŸŭ ŧŞŦ πūŨŨŞπŨř ŮůŢũř μūũūπřůŦŞ πūŰ ūšŤŠūŸũ ŮůŤ 
űŰŮŦŧś ŧŞůřŮůŞŮŤ ŧŞŦ ŞπūůŢŨŢŜ ŚũŞ ŬŢŞŨŦŮůŦŧŷ πŞŬřšŢŦŠμŞ ŲŴũŦūŸ ŞũŞšŜπŨŴŮŤŭ. őŒ. 
Œū ůūπŜū “champagne glass” šŢŜŲũŢŦ πŹŭ Ť ŢũůŬūπŜŞ šŦŞμŷŬűŴŮŤŭ πŬūŧŞŨŢŜ ŢμπŷšŦŞ 
ŮůŤ μŢŜŴŮŤ ůŤŭ ŢŨŢŸťŢŬŤŭ ŢũŚŬŠŢŦŞŭ μŢ ŮŰũŚπŢŦŞ ůŤũ πŞŠŜšŢŰŮŤ ůŤŭ πūŨŰπŢπůŦšŦŧśŭ 
ŞŨŰŮŜšŞŭ Ůůū ŢπŜπŢšū. Ņ. Œū ůūπŜū “serpin” πŢŬŦŨŞμşřũŢŦ μŜŞ ŢŸŧūŨŞ πŬūŮşřŮŦμŤ 
şŞťŦř ŧŦũŤůŦŧś πŞŠŜšŞ (Ł), Ť ūπūŜŞ ŧŞťŰŮůŢŬŚŦ ůŤ μŢůřşŞŮŤ ŮůŤ űŰŮŦŧś šŦŞμŷŬűŴŮŤ 
μŚŮŴ ůūŰ μūũūπŞůŦūŸ (ł). (ŎŦ ŢŦŧŷũŢŭ ŞũŞπŞŬřŠūũůŞŦ řũŢŰ ŞšŢŜŞŭ [22,23ΐ) 
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1.3 ŋŢŨŚůŤ ůŤŭ ŞũŞšŜπŨŴŮŤŭ ůŴũ πŬŴůŢŵũŹũ 

 

1.3.1 ŏŢŦŬŞμŞůŦŧŚŭ πŬūŮŢŠŠŜŮŢŦŭ 
 

ŎŦ πŢŦŬŞμŞůŦŧŚŭ μŚťūšūŦ ŞπūůŢŨūŸũ ŞũŞμűŦŮşśůŤůŞ ůŦŭ πŦū ŞŪŦŷπŦŮůŢŭ 

πŬūŮŢŠŠŜŮŢŦŭ ŠŦŞ ůŤ μŢŨŚůŤ ůŤŭ šūμśŭ ŧŞŦ ůŤŭ ŞũŞšŜπŨŴŮŤŭ ůŴũ 

πŬŴůŢŵũŦŧŹũ μūŬŜŴũ. ĺŴŭ ŮśμŢŬŞ ūŦ πŢŦŬŞμŞůŦŧŚŭ ůŢŲũŦŧŚŭ ŚŲūŰũ 

ŮŰũŢŦŮűŚŬŢŦ ŮŢ μŢŠřŨū şŞťμŷ ŮůŤũ ŞπūŧřŨŰųŤ šūμŦŧŹũ πŨŤŬūűūŬŦŹũ ŠŦŞ 

πŨŤťŹŬŞ πŬŴůŢŵũŹũ ŧŞŦ πŢπůŦšŜŴũ [24,25]. ņ ŧŬŰŮůŞŨŨūŠŬŞűŜŞ ŞŧůŦũŹũ ŕ 

ŢŜũŞŦ Ť ŮŤμŞũůŦŧŷůŢŬŤ πŢŦŬŞμŞůŦŧś μŚťūšūŭ ŧŞŦ şŬŜŮŧŢŦ ŢűŞŬμūŠś Ůůūũ 

πŬūŮšŦūŬŦŮμŷ ůŤŭ šŢŰůŢŬūůŞŠūŸŭ ŧŞŦ ůŬŦůūůŞŠūŸŭ šūμśŭ πŬŴůŢŵũŹũ μŢ ůŤũ 

πŬūŶπŷťŢŮŤ ũŞ μπūŬūŸũ ũŞ ŮŲŤμŞůŜŮūŰũ ŧŞŨř ūŬŠŞũŴμŚũūŰŭ ŧŬŰŮůřŨŨūŰŭ, 

ūŦ ūπūŜūŦ ťŞ ŢπŦůŬŚπūŰũ ůŤũ πŢŬŜťŨŞŮŤ ŞŧůŦũŹũ ŕ [1]. ņ μŚťūšūŭ ůūŰ 

πŰŬŤũŦŧūŸ μŞŠũŤůŦŧūŸ ŮŰũůūũŦŮμūŸ (NMR) ŮŰũŦŮůř μŜŞ ŢŪŜŮūŰ ŞŪŦŷπŦŮůŤ ŧŞŦ 

ŢŰŬŚŴŭ ŲŬŤŮŦμūπūŦūŸμŢũŤ ůŢŲũŦŧś πŞŬŚŲūũůŞŭ πūŨŸůŦμŞ šŢšūμŚũŞ ŮŲŢůŦŧř 

μŢ ůŦŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ μŢůŞŪŸ ůŴũ ŞůŷμŴũ ůŴũ şŦūμūŬŜŴũ [26]. ŒŚŨūŭ, 

ŞŪŜţŢŦ ũŞ ŠŜũŢŦ ŞũŞűūŬř ŮŢ ūŬŦŮμŚũŢŭ ŢπŦπŨŚūũ πŢŦŬŞμŞůŦŧŚŭ μŢťŷšūŰŭ, 

ŷπŴŭ ū ŧŰŧŨŦŧŷŭ šŦŲŬŴŵŮμŷŭ (CD) ŠŦŞ ůŤũ ŢŸŬŢŮŤ ŮůūŦŲŢŜŴũ šŢŰůŢŬūůŞŠūŸŭ 

šūμśŭ [26,27,28], Ť ŮůūŲŢŰŷμŢũŤ μŢůŞŨŨŞŪŦŠŚũŢŮŤ μŚŮŴ ůŤŭ πŬŴůŢŵũŦŧśŭ 

μŤŲŞũŦŧśŭ [26], Ť űŞŮμŞůūμŢůŬŜŞ μřţŞŭ [29], Ť μŦŧŬūŮŧūπŜŞ ŞůūμŦŧśŭ μřţŞŭ 

(AFM), Ť μŚťūšūŭ small-angle x-ray scattering (SAXS) [30] ŧŞťŹŭ ŧŞŦ Ť 

űŞŮμŞůūŮŧūπŜŞ FT-IR (Fourier transform infrared) [31]. 

ńπŢŦšś ůŞ ŞπūůŢŨŚŮμŞůŞ ůŤŭ μŢťŷšūŰ NMR, ŧŞŦ ŮŰŠŧŢŧŬŦμŚũŞ ūŦ ŲŤμŦŧŚŭ 

μŢůŞůūπŜŮŢŦŭ, ŲŬŤŮŦμūπūŦśťŤŧŞũ ŢŰŬŸůŞůŞ ŮůŤũ πŞŬūŸŮŞ ŢŬŠŞŮŜŞ ŠŦŞ ůūũ 

ŚŨŢŠŲū ůŤŭ ŞŧŬŜşŢŦŞŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŞũŞšŜπŨŴŮŤŭ ŮŢ ŮŲŚŮŤ μŢ ůŞ 

πŢŦŬŞμŞůŦŧř šŢšūμŚũŞ, ŧŬŜũŢůŞŦ ŞũŞŠŧŞŜū ũŞ ŢπŦŮŤμŞũťūŸũ ūŦ şŞŮŦŧŚŭ ŞŬŲŚŭ 

πūŰ šŦŚπūŰũ ůŤũ ůŢŲũŦŧś ŞŰůś.  

ŁŬŲŦŧř, ūŬŦŮμŚũūŦ πŰŬśũŢŭ, ŷπŴŭ 1ņ, 13C ŧŞŦ 15N, πūŰ ŚŲūŰũ ŦšŦūŮůŬūűūŬμś 

(spin) μπūŬūŸũ ũŞ ŮŰμπŢŬŦűŢŬťūŸũ ŮŞũ μŞŠũśůŢŭ (μŞŠũŤůŦŧś Ŭūπś). 

őŸμűŴũŞ μŢ ůŤũ ŧşŞũůūμŤŲŞũŦŧś, ůū spin Ţũŷŭ πŰŬśũŞ ŢŜũŞŦ ŧşŞũůŦŮμŚũū, 

šŤŨŞšś šŚŲŢůŞŦ ūŬŦŮμŚũŢŭ μŷũū ůŦμŚŭ. őůŤũ πŢŬŜπůŴŮŤ πūŰ ū πŰŬśũŞŭ ŞŰůŷŭ 
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ŚŲŢŦ sΥΝΣ šŦřűūŬū ůūŰ μŤšŢũŷŭ, μπūŬŢŜ ũŞ ŞŨŨŤŨŢπŦšŬřŮŢŦ μŢ ŚũŞ ŢŪŴůŢŬŦŧŷ 

μŞŠũŤůŦŧŷ πŢšŜū. ŋŢ şřŮŤ ůŤũ ŞŨŨŤŨŢπŜšŬŞŮŤ ŞŰůś, ůŷŮū ůū spin ŷŮū ŧŞŦ Ť 

μŞŠũŤůŦŧś Ŭūπś μπūŬūŸũ ũŞ πŬūŮŞũŞůūŨŦŮůūŸũ ŢŜůŢ πŬūŭ ŢŜůŢ ŢũřũůŦŞ Ůůū 

ŢŪŴůŢŬŦŧŷ μŞŠũŤůŦŧŷ πŢšŜū. Ŏ πŬūŮŞũŞůūŨŦŮμŷŭ πŬūŭ ůū ŢŪŴůŢŬŦŧŷ πŢšŜū 

ŢŜũŞŦ ŮůŞťŢŬŷůŢŬūŭ ŧŞŦ, ŮŰũŢπŹŭ, ŞπŞŦůŢŜůŞŦ ŞπūŬŬŷűŤŮŤ ŢũŚŬŠŢŦŞŭ μŢ ůŤ 

μūŬűś ŞŧůŦũūşūŨŜŞŭ Şπŷ ůūũ πŰŬśũŞ, ŹŮůŢ ũŞ ŞŨŨřŪŢŦ πŬūŮŞũŞůūŨŦŮμŷ. ņ 

πūŮŷůŤůŞ ůŤŭ ŢũŚŬŠŢŦŞŭ ŞŰůśŭ ŢŪŞŬůřůŞŦ Şπŷ ůŤũ ŚũůŞŮŤ ůūŰ ŢŪŴůŢŬŦŧūŸ 

πŢšŜūŰ. 

ΩŮůŷŮū, Ť ŮŰŲũŷůŤůŞ ŞŧůŦũūşŷŨŤŮŤŭ ŠŦŞ ůŤũ ūπūŜŞ ŮŰμşŞŜũŢŦ ŞπūŬŬŷűŤŮŤ 

ŢũŚŬŠŢŦŞŭ šŢũ ŢŜũŞŦ Ť ŜšŦŞ ŠŦŞ ŷŨūŰŭ ůūŰŭ πŰŬśũŢŭ Ţũŷŭ μūŬŜūŰ, ŠŢŠūũŷŭ πūŰ 

ūűŢŜŨŢůŞŦ ŮůŤũ šŦŞűūŬŢůŦŧś ŚũůŞŮŤ ŢűŞŬμūţŷμŢũūŰ μŞŠũŤůŦŧūŸ πŢšŜūŰ πūŰ 

šŚŲŢůŞŦ ū ŧřťŢ πŰŬśũŞŭ Ŵŭ ŞπŷŬŬūŦŞ ůūŰ πŢŬŦşřŨŨūũůūŭ Ůůū ūπūŜū 

şŬŜŮŧŢůŞŦ. ńπūμŚũŴŭ, šŦŞůŤŬŹũůŞŭ ŮůŞťŢŬś ůŤ ŮŰŲũŷůŤůŞ ŞŧůŦũūşŷŨŤŮŤŭ 

ŧŞŦ μŢůŞşřŨŨūũůŞŭ ůŤũ ŚũůŞŮŤ ůūŰ ŢŪŴůŢŬŦŧūŸ μŞŠũŤůŦŧūŸ πŢšŜūŰ, 

πŞŬřŠŢůŞŦ ŚũŞ űřŮμŞ NMR, ůū ūπūŜū ŞπūůŢŨŢŜůŞŦ Şπŷ πūŨŨŚŭ ŧūŬŰűŚŭ 

ŞπūŬŬŷűŤŮŤŭ, ūŦ ŮŲŢůŦŧŚŭ ťŚŮŢŦŭ ůŴũ ūπūŜŴũ πŢŬŦŚŲūŰũ πŨŤŬūűūŬŜŢŭ 

ŮŲŢůŦŧř μŢ ůŤ šūμś ůūŰ μūŬŜūŰ. 

ńŦšŦŧŷůŢŬŞ, ūŦ ťŚŮŢŦŭ ůŴũ ŮŤμřůŴũ ŞπūŬŬŷűŤŮŤŭ ŞũůŦŧŞůūπůŬŜţūŰũ ůū 

ŤŨŢŧůŬūũŦŞŧŷ πŢŬŦşřŨŨūũ ůūŰ ŧřťŢ πŰŬśũŞ. ŒŞ ŤŨŢŧůŬŷũŦŞ ŨŷŠŴ ůŤŭ 

ŢűŞŬμūŠśŭ ůūŰ ŢŪŴůŢŬŦŧūŸ μŞŠũŤůŦŧūŸ πŢšŜūŰ šŤμŦūŰŬŠūŸũ μŢ ůŤ ŮŢŦŬř ůūŰŭ 

šŢŰůŢŬūŠŢũś μŞŠũŤůŦŧř πŢšŜŞ. ŒŞ šŢŰůŢŬūŠŢũś ŞŰůř μŞŠũŤůŦŧř πŢšŜŞ 

μπūŬūŸũ ũŞ ŚŲūŰũ ŢŜůŢ ŜšŦū ŢŜůŢ ŞũůŜťŢůū πŬūŮŞũŞůūŨŦŮμŷ ŮŢ ŮŲŚŮŤ μŢ ůū  

ŢűŞŬμūţŷμŢũū ŢŪŴůŢŬŦŧŷ μŞŠũŤůŦŧŷ πŢšŜū. őůŤũ πŬŹůŤ πŢŬŜπůŴŮŤ 

ŢũŦŮŲŸūŰũ ůū ŢűŞŬμūţŷμŢũū πŢšŜū ŧŞŦ ū πŰŬśũŞŭ ťŢŴŬŢŜůŞŦ 

ŞπūπŬūŮůŞůŢŰμŚũūŭ, ŢũŹ ŮůŤ šŢŸůŢŬŤ πŢŬŜπůŴŮŤ ŞũůŦůŜťŢůŞŦ Ůůū 

ŢűŞŬμūţŷμŢũū πŢšŜū ŧŞŦ ū πŰŬśũŞŭ ťŢŴŬŢŜůŞŦ πŬūŮůŞůŢŰμŚũūŭ. Œū ŮśμŞ 

ŞπūŬŬŷűŤŮŤŭ Ţũŷŭ πŬūŮůŞůŢŰμŚũūŰ πŰŬśũŞ μŢůŞůūπŜţŢůŞŦ ŞũūšŦŧř 

(upfield), ŢũŹ ůū ŞũůŜŮůūŦŲū ŮśμŞ Ţũŷŭ ŞπūπŬūŮůŞůŢŰμŚũūŰ πŰŬśũŞ 

ŧŞťūšŦŧř (downfield). őŰμπŢŬŞŮμŞůŦŧř, ūŦ μŢůŞůūπŜŮŢŦŭ ŞŰůŚŭ ŮůŤ ťŚŮŤ 

ŞπūŬŬŷűŤŮŤŭ ŮŢ ŚũŞ űřŮμŞ NMR πūŰ πŬūŚŬŲūũůŞŦ Şπŷ ůŤũ πŬūŮůŞŮŜŞ ś ŷŲŦ 

ůūŰ πŰŬśũŞ Şπŷ ůŞ ŤŨŢŧůŬŷũŦŞ ūũūμřţūũůŞŦ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ (chemical 

shifts) [32,33]. 
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ŎŦ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ ŞπūůŢŨūŸũ ŢšŹ ŧŞŦ πŢŬŜπūŰ 60 ŲŬŷũŦŞ ŚũŞ πūŨŸůŦμū 

ŢŬŠŞŨŢŜū ŮůŞ ŲŚŬŦŞ ůŴũ ŢŬŢŰũŤůŹũ ŠŦŞ ůŤũ ŞπūŧŬŰπůūŠŬřűŤŮŤ šūμŦŧśŭ 

πŨŤŬūűūŬŜŞŭ ŮŲŢůŦŧř μŢ ũŚŢŭ ŢũŹŮŢŦŭ, ŧŞŦ ŢŦšŦŧŷůŢŬŞ μŢ πŬŴůŢŵũŦŧř μŷŬŦŞ 

[34]. ŏŦū ŮŰŠŧŢŧŬŦμŚũŞ, Ť ŲŬŤŮŦμŷůŤůř ůūŰŭ ŚŠŧŢŦůŞŦ Ůůūũ ŧŞťūŬŦŮμŷ ůūŰ 

ŢŜšūŰŭ ŧŞŦ ůŤŭ ťŚŮŤŭ šŢŰůŢŬūůŞŠŹũ šūμŹũ μŚŮŞ ŮůŤũ πūŨŰπŢπůŦšŦŧś 

ŞŨŰŮŜšŞ [35,36], ŮůŤũ ůŞŪŦũŷμŤŮŤ ůŴũ πŬŴůŢŵũŹũ [37], ŮůŤũ μŚůŬŤŮŤ ůŤŭ 

πŬūŮşŞŮŦμŷůŤůŞŭ ŢπŦűŞũŢŦŞŧŹũ πŢŬŦūŲŹũ [38], ŮůŤũ ŞŧŬŦşś μŚůŬŤŮŤ ůŴũ 

ŠŴũŦŹũ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ (ű, ų, Ŵ) ŧŞťŹŭ ŧŞŦ ůŴũ ŠŴũŦŹũ ŮŰŮůŬūűśŭ 

ůŴũ πŨŢŰŬŦŧŹũ ūμřšŴũ (Ų1, Ų2) [39], Ůůūũ ŧŞťūŬŦŮμŷ ůŤŭ ŢŰŢŨŦŪŜŞŭ ůŤŭ 

ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ (RMSD, RMSF) [40] ŧŞŦ, ůŚŨūŭ, ŞŧŷμŤ ŧŞŦ ŮůŤũ πŞŬŞŠŴŠś 

ůŬŦŮšŦřŮůŞůŤŭ šūμśŭ μŢ μŢŠřŨŤ ŞŧŬŜşŢŦŞ [41]. 

ňšŦŞŜůŢŬū ŢũšŦŞűŚŬūũ πŞŬūŰŮŦřţūŰũ ūŦ šŢŰůŢŬūůŞŠŢŜŭ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ 

(Secondary Chemical Shifts – Δš Shifts), šŦŷůŦ πŢŬŦŚŲūŰũ ůū μŢŠŞŨŸůŢŬū 

μŚŬūŭ ůŤŭ πŨŤŬūűūŬŜŞŭ πūŰ ŞűūŬř ůŦŭ μŤ ūμūŦūπūŨŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ ŧŞŦ 

ůŤ šŰũŞμŦŧś μŦŞŭ πŬŴůŢŀũŤŭ ŧŞŦ ŠŦ’ ŞŰůŷ ůū ŨŷŠū μπūŬūŸũ ũŞ ŞπūŧŞŨŸųūŰũ 

ůŤ Ŭūπś ŧŞťŢũŷŭ ŧŞůŞŨūŜπūŰ πŬūŭ ŚũŞ ŮŰŠŧŢŧŬŦμŚũū ŢŜšūŭ šŢŰůŢŬūůŞŠūŸŭ 

šūμśŭ (Ş-ŚŨŦŧŢŭ, ş-πůŰŲŴůř űŸŨŨŞ, ůŰŲŞŜū ŮπŢŜŬŞμŞ) [35]. Ŏ ŰπūŨūŠŦŮμŷŭ 

ůŴũ ůŦμŹũ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŜũŢůŞŦ μŢ ůŤũ 

ŞűŞŜŬŢŮŤ μŢůŞŪŸ ůŤŭ πŞŬŞůŤŬūŸμŢũŤŭ ůŦμśŭ ůŤŭ ŲŤμŦŧśŭ μŢůŞůŷπŦŮŤŭ (šobs) 

ŧŞŦ ůŤŭ ůŦμśŭ ůŰŲŞŜūŰ ŮπŢŦŬřμŞůūŭ (šrc) ŠŦŞ ůū ŞũůŜŮůūŦŲū řůūμū ůūŰ 

ŞμŦũūŪŚŴŭ: 

Δš =  šobs - šrc 

Ŏ ŷŬūŭ ůŰŲŞŜū ŮπŢŜŬŞμŞ (random coil) ŞũŞűŚŬŢůŞŦ ŮůŤũ šŦŞμŷŬűŴŮŤ ŢŧŢŜũŤ 

πūŰ ŰŦūťŢůŢŜ μŦŞ πūŨŰπŢπůŦšŦŧś ŞŨŰŮŜšŞ ŷůŞũ Ť šŦŢŰťŚůŤŮŤ ůūŰ ŧřťŢ 

ŞμŦũūŪŦŧūŸ ůŤŭ ŧŞůŞŨūŜπūŰ Ůůū ŲŹŬū šŢũ ŢπŤŬŢřţŢůŞŦ Şπŷ ůŞ ŠŢŦůūũŦŧř 

ŧŞůřŨūŦπŞ. ĽπŴŭ ŠŜũŢůŞŦ ŞũůŦŨŤπůŷ, Ť ŞŧŬŜşŢŦŞ ůŴũ ůŦμŹũ ůŴũ ŲŤμŦŧŹũ 

μŢůŞůūπŜŮŢŴũ ůŴũ ůŰŲŞŜŴũ ŮπŢŦŬŞμřůŴũ ŠŦŞ ŧřťŢ ŞμŦũūŪŸ ŢŜũŞŦ ŞũŞŠŧŞŜŞ 

ŠŦŞ ůŤũ ŢŠŧŰŬŷůŤůŞ ůŤŭ πŨŤŬūűūŬŜŞŭ πūŰ ŞũůŨŢŜůŞŦ Şπŷ ůŦŭ šŢŰůŢŬūůŞŠŢŜŭ 

ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ. ŃŦŞ ůū ŨŷŠū ŞŰůŷ, ŚŲūŰũ šŦŢũŢŬŠŤťŢŜ πūŨŨř πŢŦŬřμŞůŞ 

Şπŷ ůŞ ůŚŨŤ ůŤŭ šŢŧŞŢůŜŞŭ ůūŰ 1970 [42,43] ŚŴŭ ŧŞŦ ŮśμŢŬŞ μŢ ŮůŷŲū ůŤ 

şŢŨůŜŴŮŤ ůŤŭ ŞŧŬŜşŢŦŞŭ ůŴũ ůŦμŹũ ŞŰůŹũ [44,45]. 
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1.3.2 œπūŨūŠŦŮůŦŧŚŭ πŬūŮŢŠŠŜŮŢŦŭ 
 

ŎŦ πŢŦŬŞμŞůŦŧŚŭ πŬūŮŢŠŠŜŮŢŦŭ, πŞŬř ůŞ ŞŪŦŷπŦŮůŞ ŞπūůŢŨŚŮμŞůŞ πūŰ 

πŞŬřŠūŰũ, ŢμűŞũŜţūŰũ μŢŬŦŧř μŢŦūũŢŧůśμŞůŞ, ůŞ ūπūŜŞ šŰŮŲŢŬŞŜũūŰũ ůŤ 

ŲŬśŮŤ ůūŰŭ ŠŦŞ ůŤ μŢŨŚůŤ ůŤŭ ŞũŞšŜπŨŴŮŤŭ ůŴũ πŬŴůŢŵũŦŧŹũ šūμŹũ. 

ŎŬŦŮμŚũŞ Şπŷ ŞŰůř ŞűūŬūŸũ ůŤũ ŞšŰũŞμŜŞŭ ůūŰŭ ũŞ ŞπūšŹŮūŰũ πūŨŨŞπŨŚŭ 

šŦŞμūŬűŹŮŢŦŭ ůŤŭ šūμśŭ μŦŞ πŬŴůŢŀũŤŭ ŧŞůř ůŤ šŦřŬŧŢŦŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ 

ŮŢ ŞůūμŦŧŷ ŢπŜπŢšū ŧŞťŹŭ ŢπŜŮŤŭ ŧŞŦ ůŤũ ŞšŰũŞμŜŞ ŢűŞŬμūŠśŭ ůūŰŭ ŠŦŞ ůŤũ 

ŞπūŧřŨŰųŤ ůŴũ ůŬŦŮšŦřŮůŞůŴũ šūμŹũ ŷŨŴũ ůŴũ ŧŞůŤŠūŬŦŹũ ůŴũ 

πŬŴůŢŵũŹũ. ŎŦ ŰπūŨūŠŦŮůŦŧŚŭ πŬūŮŢŠŠŜŮŢŦŭ ŢπŦŲŢŦŬūŸũ ũŞ ŧŞŨŸųūŰũ ůŞ 

πŞŬŞπřũŴ ŧŢũř šŬŹũůŞŭ Ŵŭ ŮŰũšŢůŦŧŷŭ ŧŬŜŧūŭ μŢůŞŪŸ ťŢŴŬŜŞŭ ŧŞŦ 

πŢŦŬŞμŞůŦŧŹũ ůŢŲũŦŧŹũ μŢ Ůŧūπŷ ůŤũ πŬŷşŨŢųŤ πŬŴůŢŵũŦŧŹũ šūμŹũ ŧŞŦ ůŤũ 

ŧŞůŞũŷŤŮŤ ůŴũ μŤŲŞũŦŮμŹũ πūŰ ūšŤŠūŸũ ŮůŤũ ŞũŞšŜπŨŴŮŤ μŢ μŢŠŞŨŸůŢŬŤ 

ŞŧŬŜşŢŦŞ ŧŞŦ ŨŢπůūμŚŬŢŦŞ. ŏŬūŭ ŞŰůśũ ůŤũ ŧŞůŢŸťŰũŮŤ ŮŰμşřŨŨūŰũ ŢπŜŮŤŭ Ť 

ūŨūŚũŞ ŧŞŦ ŞŰŪŞũŷμŢũŤ ůŞŲŸůŤůŞ ŧŞŦ ŞπŷšūŮŤ ůŴũ ŰπūŨūŠŦŮůŦŧŹũ 

ŮŰŮůŤμřůŴũ, Ť šŤμŦūŰŬŠŜŞ ŢŨŢŸťŢŬŞ πŬūŮşřŮŦμŴũ şřŮŢŴũ šŢšūμŚũŴũ ŞŨŨř 

ŧŞŦ ŰπūŨūŠŦŮůŦŧŹũ ŢŬŠŞŨŢŜŴũ ŧŞŦ ŞŨŠūŬŜťμŴũ ŮůŞ πŨŞŜŮŦŞ ůŤŭ ŬŞŠšŞŜŞŭ  

ŞũřπůŰŪŤŭ ůŴũ ŢπŦŮůŤμūũŦŧŹũ πŢšŜŴũ ůŤŭ łŦūπŨŤŬūűūŬŦŧśŭ ŧŞŦ ůŤŭ 

œπūŨūŠŦŮůŦŧśŭ łŦūŨūŠŜŞŭ. 

őŢ ŠŢũŦŧŚŭ ŠŬŞμμŚŭ, Ť πŬŷşŨŢųŤ ůŤŭ šūμśŭ μŦŞ πŬŴůŢŀũŤŭ Şπŷ ůŤũ ŞμŦũūŪŦŧś 

ůŤŭ ŞŨŨŤŨūŰŲŜŞ ŞŠũūŹũůŞŭ ůŤũ šŦŞšŦŧŞŮŜŞ ůŤŭ űŰŮŦŧśŭ ŞũŞšŜπŨŴŮŤŭ 

şŞŮŜţŢůŞŦ ŮŢ ŢμπŢŦŬŦŧŚŭ μŢťŷšūŰŭ ūŦ ŮŤμŞũůŦŧŷůŢŬŢŭ Şπŷ ůŦŭ ūπūŜŢŭ ŢŜũŞŦ ūŦ 

ŢŪśŭ [46]: 

 ŏŬŷşŨŢųŤ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ μŢ ůŤ ŲŬśŮŤ ũŢŰŬŴũŦŧŹũ 

šŦŧůŸŴũ [47] 

 ŋūũůŢŨūπūŜŤŮŤ ūμūŨŷŠŴũ (Homology modeling), ŷπūŰ ŠŜũŢůŞŦ 

πŬŷşŨŢųŤ ůŤŭ ůŬŦŮšŦřŮůŞůŤŭ šūμśŭ μŦŞŭ πŬŴůŢŀũŤŭ Şπŷ 

ŠũŴŮůŚŭ šūμŚŭ ūμŷŨūŠŴũ πŬŴůŢŵũŹũ μŢ şřŮŤ ůŤ ŮůūŜŲŦŮŤ ůŴũ 

ŞμŦũūŪŦŧŹũ ŞŨŨŤŨūŰŲŦŹũ [48] 

 ŁũŞŠũŹŬŦŮŤ ŞũŞšŜπŨŴŮŤŭ (Threading ś Fold recognition), ŷπūŰ 

Ť ŞũŞţśůŤŮŤ ŧūŦũŹũ μūůŜşŴũ ŞũŞšŜπŨŴŮŤŭ ŞũřμŢŮŞ ŮŢ 
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πŬŴůŢŀũŢŭ μŢ ŠũŴŮůś šūμś ŧŞŦ ůŤũ πŬūŭ ŢŪŚůŞŮŤ πŬŴůŢŀũŤ 

ūšŤŠŢŜ ŮůŤũ šŤμŦūŰŬŠŜŞ ůūŰ ůŬŦŮšŦřŮůŞůūŰ μūũůŚŨūŰ ůŤŭ [49] 

 ŏŬŷşŨŢųŤ šūμŹũ de novo μŢ şřŮŤ ůŤũ ťŢŬμūšŰũŞμŦŧś ŰπŷťŢŮŤ 

[50] π.Ų. Ť μŚťūšūŭ Rosetta [51] 

ŁŪŦūŮŤμŢŜŴůū ŬŷŨū ŮůŤũ πŬŷūšū ůŴũ μŢťŷšŴũ πŬŷşŨŢųŤŭ šūμŹũ ŧŞůŚŲŢŦ ůū 

ŧŚũůŬū CASP (Critical Assessment of Structure Prediction) ŧŰŬŜŴŭ μŚŮŴ ůūŰ 

šŦŞŠŴũŦŮμūŸ πūŰ šŦūŬŠŞũŹũŢŦ ŧřťŢ šŸū ŲŬŷũŦŞ μŢ ŞűŢůŤŬŜŞ ůū 1994 [52]. 

őŢ ŞũůŜťŢŮŤ μŢ ůŦŭ ŢμπŢŦŬŦŧŚŭ μŢťŷšūŰŭ πūŰ ŞũŞűŚŬťŤŧŞũ, ūŦ űŰŮŦŧŚŭ 

μŚťūšūŦ (energy-based) ŞπūůŢŨūŸũ μŜŞ ŢũŞŨŨŞŧůŦŧś ŨŸŮŤ, ŧŞťŹŭ ŢπŦŲŢŦŬūŸũ 

ũŞ πŬūşŨŚųūŰũ μŜŞ šūμś μŢ ůŤ ŲŬśŮŤ ŮŰũŞŬůśŮŢŴũ πūŰ πŢŬŦŠŬřűūŰũ ůŤũ 

šŰũŞμŦŧś ŢũŚŬŠŢŦŞ ůūŰ ŮŰŮůśμŞůūŭ ŨŞμşřũūũůŞŭ ŰπŷųŤ ůŤũ šŦŞšŦŧŞŮŜŞ ůŤŭ 

ŞũŞšŜπŨŴŮŤŭ ŠŦŞ ůŤũ ŞũŞţśůŤŮŤ ůŤŭ űŰŮŦŧśŭ šūμśŭ. ŕŞŬŞŧůŤŬŦŮůŦŧŷ 

πŞŬřšŢŦŠμŞ ůŤŭ ŧŞůŤŠūŬŜŞŭ ŞŰůśŭ ŢŜũŞŦ ūŦ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ 

šŰũŞμŦŧśŭ (molecular dynamics simulations), ūŦ ūπūŜŢŭ μŢ ůŤ şūśťŢŦŞ ůŴũ 

ũŷμŴũ ůŤŭ ŉŨŞŮŮŦŧśŭ ŋŤŲŞũŦŧśŭ ŧŞŦ ůŴũ šŰũŞμŦŧŹũ πŢšŜŴũ (force fields) 

μπūŬūŸũ ũŞ ŞũŞπŞŬŞŮůśŮūŰũ ŦŧŞũūπūŦŤůŦŧř ůŤũ šŦŞšŦŧŞŮŜŞ ůŤŭ πŬŴůŢŵũŦŧśŭ 

ŞũŞšŜπŨŴŮŤŭ [53]. ńπŜŮŤŭ, Ť μŢŨŚůŤ μūŬŦŞŧŹũ ŮŰŮůŤμřůŴũ ŢŜũŞŦ ŢűŦŧůś ŧŞŦ 

μŚŮŞ Şπŷ ůŦŭ πŬūŮūμūŦŹŮŢŦŭ Monte Carlo, ūŦ ūπūŜŢŭ ŮůŤŬŜţūũůŞŦ ŮŢ 

ŮůŞůŦŮůŦŧŚŭ ŧŞŦ πŦťŞũūŨūŠŦŧŚŭ μŢťŷšūŰŭ ŠŦŞ ůŤũ ŢŪŞŠŴŠś ŞπūůŢŨŢŮμřůŴũ 

[54,55]. 
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1.4 ŕŬśŮŤ πŢπůŦšŜŴũ ŠŦŞ ůŤ μŢŨŚůŤ ůŤŭ 
πŬŴůŢŵũŦŧśŭ ŞũŞšŜπŨŴŮŤŭ 

 

Ŏ ŷŬūŭ πŢπůŜšŦū ŞũŞűŚŬŢůŞŦ ŮŢ μŦŞ μŦŧŬś πūŨŰπŢπůŦšŦŧś ŞŨŰŮŜšŞ, Ť ūπūŜŞ 

šŢũ ŪŢπŢŬũř ŮŢ μśŧūŭ ůŞ 50 ŞμŦũūŪŦŧř ŧŞůřŨūŦπŞ. ŋŢ šŢšūμŚũū ŷůŦ Ť 

ůŬŦŮšŦřŮůŞůŤ šūμś ůŴũ πŬŴůŢŵũŹũ ŢμπŢŬŦŚŲŢŦ ŮůūŦŲŢŜŞ šŢŰůŢŬūůŞŠūŸŭ 

šūμśŭ, ūŬŦŮμŚũūŦ ŢŬŢŰũŤůŚŭ ŚŲūŰũ ŮůŬŚųŢŦ ůū ŢũšŦŞűŚŬūũ ůūŰŭ ŮůŤ ŲŬśŮŤ 

πŢπůŦšŜŴũ, ŧŞŦ ŷŲŦ ūŨŷŧŨŤŬŴũ πŬŴůŢŵũŹũ, Ŵŭ μūũůŚŨŞ ŠŦŞ ůŤ μŢŨŚůŤ ůŤŭ 

ŞũŞšŜπŨŴŮŤŭ ťŢŴŬŹũůŞŭ πŴŭ ůūπŦŧŚŭ πŢŬŦūŲŚŭ μŦŞŭ πŬŴůŢŀũŤŭ ŚŲūŰũ ůŤũ 

ůřŮŤ ũŞ ŮŲŤμŞůŜţūŰũ šūμŚŭ πūŰ μūŦřţūŰũ μŢ ŞŰůŚŭ ůŤŭ űŰŮŦŧśŭ ůūŰŭ 

šŦŞμŷŬűŴŮŤŭ [56]. ņ πŞŬŞπřũŴ ŰπŷťŢŮŤ ŚŲŢŦ ŢπŦşŢşŞŦŴťŢŜ ŮŢ ŞŬŧŢůŚŭ 

μŢŨŚůŢŭ μŢ ůŤ ŲŬśŮŤ ŢŜůŢ πŢŦŬŞμŞůŦŧŹũ ůŢŲũŦŧŹũ [57] ŢŜůŢ πŬūŮūμūŦŹŮŢŴũ 

[58]. 

ńŧůŷŭ Şπŷ ůŞ πŞŬŞπřũŴ, Ť ŲŬśŮŤ ůŴũ πŢπůŦšŜŴũ ŮůŤ ťŚŮŤ ůŴũ πŬŴůŢŵũŹũ 

ŢμűŞũŜţŢŦ ŧŞŦ πŢŬŞŦůŚŬŴ πŬŞŧůŦŧř πŨŢūũŢŧůśμŞůŞ. ĺũŞ πŢπůŜšŦū ŨŷŠŴ ůūŰ 

μŦŧŬūŸ ůūŰ μŢŠŚťūŰŭ ŧŞŦ ůūŰ ŮŲŢůŦŧř πŢŬŦūŬŦŮμŚũūŰ ŞŬŦťμūŸ ŞůŷμŴũ πūŰ 

πŢŬŦŚŲŢŦ ŞπūůŢŨŢŜ ŚũŞ ŞπŨŷ ŮŸŮůŤμŞ μŢŨŚůŤŭ, ůū ūπūŜū šŢũ ŞπŞŦůŢŜ ŦšŦŞŜůŢŬŞ 

ŞŰŪŤμŚũŤ ŰπūŨūŠŦŮůŦŧś ŦŮŲŸ ūŸůŢ ŧŞůŞũřŨŴŮŤ ŲŬŷũūŰ ŞũůŜŮůūŦŲŤ μŢ ŚũŞ 

πŬŴůŢŵũŦŧŷ ŮŸŮůŤμŞ. ńπŜŮŤŭ, ůŞ ŞπūůŢŨŚŮμŞůŞ ŲŞŬŞŧůŤŬŜţūũůŞŦ Şπŷ 

ŲŞμŤŨŷůŢŬū şŞťμŷ πūŨŰπŨūŧŷůŤůŞŭ, ŠŢŠūũŷŭ πūŰ ŢŰũūŢŜ ůŤũ ŢŰŧūŨŷůŢŬŤ 

ŞũřŨŰŮŤ ŧŞŦ ŚŲŢŦ Ŵŭ ŮŰũŚπŢŦŞ ůŤũ ŢŪŞŠŴŠś πŢŬŦŮŮŷůŢŬū ŞŪŦŷπŦŮůŴũ 

ŮŰμπŢŬŞŮμřůŴũ. 

ŒŚŨūŭ, šŢũ ťŞ μπūŬūŸŮŞμŢ ũŞ πŞŬŞşŨŚųūŰμŢ ůūũ ŬŷŨū ůŴũ πŢπůŦšŜŴũ ŮůŤũ 

şŢŨůŜŴŮŤ ůŴũ űŰŮŦŧŹũ μŢťŷšŴũ πŬŷşŨŢųŤŭ ůŤŭ ůŬŦůūůŞŠūŸŭ šūμśŭ ŧŞŦ 

ŞũŞπŞŬřŮůŞŮŤŭ ůŤŭ šŦŞšŦŧŞŮŜŞŭ ŞũŞšŜπŨŴŮŤŭ. ńŦšŦŧŷůŢŬŞ, ŷŮūũ ŞűūŬř ůŤŭ 

πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ, ůŞ πŢπůŜšŦŞ ŲŬŤŮŦμūπūŦūŸũůŞŦ ŢŰŬŚŴŭ 

ŠŦŞ ůūũ ŚŨŢŠŲū ůŤŭ ŢŠŧŰŬŷůŤůŞŭ ůŴũ šŰũŞμŦŧŹũ πŢšŜŴũ (force fields) [59-61] 

μŢ ŮůŷŲū ůŤũ šŦŞŬŧś şŢŨůŜŴŮś ůūŰŭ, ŹŮůŢ ũŞ ŞũůŞπūŧŬŜũūũůŞŦ ŷŮū ůū 

šŰũŞůŷũ πŢŬŦŮŮŷůŢŬū ŮůŤ űŰŮŦŧś πŬŞŠμŞůŦŧŷůŤůŞ. 
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1.5 ŎŬŦŞŧś ŮůŞťŢŬŷůŤůŞ ŧŞŦ πŬūŚŨŢŰŮŤ ůūŰ 
πŢπůŦšŜūŰ HP21 

 

ņ ūŬŦŞŧś ŮůŞťŢŬŷůŤůŞ ŢŜũŞŦ μŜŞ ŦšŦŷůŤůŞ πūŰ ŲŞŬŞŧůŤŬŜţŢŦ ŚũŞ πŨśťūŭ 

πūŨŰπŢπůŦšŦŧŹũ μūŬŜŴũ, ŢŦšŦŧŷůŢŬŞ ŮűŞŦŬŦŧŹũ πŬŴůŢŵũŹũ, ŧŞŦ ŮŰũŜŮůŞůŞŦ 

ŮůŤũ ŞšŰũŞμŜŞ ŮŲŤμŞůŦŮμūŸ μŦŞŭ ŰųŤŨř ŮůŞťŢŬśŭ űŰŮŦŧśŭ šŦŞμŷŬűŴŮŤŭ 

ŧŞůř ůŤ šŦŞšŦŧŞŮŜŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ. Œū ŠŢŠūũŷŭ ŞŰůŷ ūűŢŜŨŢůŞŦ 

ťŢŬμūšŰũŞμŦŧř ŮŢ μŢŦŴμŚũŤ ůŦμś ůŤŭ šŦŞűūŬřŭ ůŤŭ ŢŨŢŸťŢŬŤŭ ŢũŚŬŠŢŦŞŭ 

ŞũŞšŜπŨŴŮŤŭ ŮůŤ űŰŮŦŧś šūμś ΔGfolding (Şπŷ -5 ŚŴŭ -10 kcal/mol), ůū ūπūŜū 

ŮŤμŞŜũŢŦ ŷůŦ Ť ůŦμś ůŤŭ ŢũŚŬŠŢŦŞŭ ŧŞůř ůŤ űŰŮŦŧś ŧŞůřŮůŞŮŤ şŬŜŮŧŢůŞŦ πŦū 

ŧūũůř ŮŢ ůŦμŚŭ ŢũŚŬŠŢŦŞŭ πūŰ ŞũůŦŮůūŦŲūŸũ ŮŢ μŤ ŞũŞšŦπŨŴμŚũŢŭ 

ŧŞůŞŮůřŮŢŦŭ. őŰũŢπŹŭ, μŦŞ ūŬŦŞŧř ŮůŞťŢŬś πŬŴůŢŀũŤ šŢũ šŦŞůŤŬŢŜ ůŤũ 

űŰŮŦŧś ůŤŭ šŦŞμŷŬűŴŮŤ ŞŨŨř ŚŲŢŦ ůŤũ ůřŮŤ ũŞ ŞŨŨřţŢŦ šŦŞŬŧŹŭ μŢůŞŪŸ μŤ 

ŞũŞšŦπŨŴμŚũŴũ šŦŞμūŬűŹŮŢŴũ. 

ŎŦ ūŬŦŞŧř ŮůŞťŢŬŚŭ πŬŴůŢŀũŢŭ μŢŨŢůŹũůŞŦ ŮŢ μŢŠřŨŤ ŧŨŜμŞŧŞ ůŞ ůŢŨŢŰůŞŜŞ 

ŲŬŷũŦŞ, ŧŞťŹŭ πŞŬūŰŮŦřţŢŦ ŦšŦŞŜůŢŬū ŢũšŦŞűŚŬūũ ůŷŮū ū şŦūŨūŠŦŧŷŭ ůūŰŭ 

ŬŷŨūŭ μŚŮŞ ŮůŞ ŧŸůůŞŬŞ ŷŮū ŧŞŦ ū ůŬŷπūŭ ŨŢŦůūŰŬŠŜŞŭ ůūŰŭ. ńŦšŦŧŷůŢŬŞ, ŚũŞ 

μŚŬūŭ ůŤŭ ŢπŦŮůŤμūũŦŧśŭ ŧūŦũŷůŤůŞŭ ŚŲŢŦ ŧŞůŞŨśŪŢŦ Ůůū ŮŰμπŚŬŞŮμŞ πŴŭ Ť 

ūŬŦŞŧś ŮůŞťŢŬŷůŤůŞ ŜŮŴŭ ŞπūůŢŨŢŜ ŚũŞ ŢŪŢŨŦŧůŦŧŷ πŨŢūũŚŧůŤμŞ ŠŦŞ ůŤũ 

ŧŞůŤŠūŬŜŞ ŞŰůś ůŴũ şŦūμūŬŜŴũ ŮŢ ŮŲŚŮŤ μŢ ůŦŭ πŢŬŦŮŮŷůŢŬū ŮůŞťŢŬŚŭ 

πŬŴůŢŀũŢŭ [62,63]. ŎŦ şŞŮŦŧŷůŢŬūŦ ŨŷŠūŦ ŠŦŞ ůūŰŭ ūπūŜūŰŭ μπūŬŢŜ ũŞ 

ŮŰμşŞŜũŢŦ ůū ŠŢŠūũŷŭ ŞŰůŷ ŢŜũŞŦ Ť ŞŰŪŤμŚũŤ ŨŢŦůūŰŬŠŦŧŷůŤůŞ ůŴũ ūŬŦŞŧř 

ŮůŞťŢŬŹũ πŬŴůŢŵũŹũ ŨŷŠŴ ůŤŭ ŢŰŢŨŦŪŜŞŭ πūŰ πŞŬūŰŮŦřţūŰũ [64] ŧŞťŹŭ 

ŢπŜŮŤŭ ŧŞŦ Ť ŢũŜŮŲŰŮŤ ůŤŭ ŢπŦŨŢŧůŦŧŷůŤůŞŭ Ůůū ŮŲŤμŞůŦŮμŷ 

ŞŨŨŤŨŢπŦšŬřŮŢŴũ μŢ πŬūŮšŚůŢŭ πūŰ ūűŢŜŨŢůŞŦ ŮůŤ ŮŰŲũś ŢũŞŨŨŞŠś 

šŦŞμūŬűŹŮŢŴũ [65]. 

Œū πŢπůŜšŦū HP21 πūŰ ŲŬŤŮŦμūπūŦśťŤŧŢ Ŵŭ μūũůŚŨū ŮůŤũ πŞŬūŸŮŞ ŢŬŠŞŮŜŞ 

ŢμűŞũŜţŢŦ ūŬŦŞŧś ŮůŞťŢŬŷůŤůŞ ŧŞŦ πŬūŚŬŲŢůŞŦ Şπŷ ůŤũ πŬŴůŢŀũŤ villin. ņ 

villin ŢŜũŞŦ μŜŞ ŦŮůūŢŦšŦŧś πŬŴůŢŀũŤ ůŬūπūπūŜŤŮŤŭ ůŤŭ ŞŧůŜũŤŭ μŢ μūŬŦŞŧŷ 

şřŬūŭ 92.5 kDa πūŰ ŮŰũŞũůřůŞŦ ŮůŞ ũŤμřůŦŞ ŞŧůŜũŤŭ ŮůŦŭ μŦŧŬūŨřŲũŢŭ ŧŞŦ 

ůūũ ůŢŬμŞůŦŧŷ ŦŮůŷ ůŴũ ŢπŦťŤŨŦŞŧŹũ ŧŰůůřŬŴũ. ŁũśŧŢŦ ŮŢ μŜŞ 
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ŰπŢŬūŦŧūŠŚũŢŦŞ πŬŴůŢŵũŹũ πūŰ πŬūŮšŚũūũůŞŦ ŮůŤũ ŞŧůŜũŤ 

ŮŰμπŢŬŦŨŞμşŞũūμŚũŴũ ůŴũ gelsolin, severin, fragmin, adseverin/scinderin 

ŧŞťŹŭ ŧŞŦ πŬŴůŢŵũŹũ ŢŠŧřŬŮŦŞŭ ŮŸũšŢŮŤŭ μŢ ůŤũ ŞŧůŜũŤ ŷπŴŭ ūŦ dematin 

ŧŞŦ supervillin.  

ņ villin ŚŲŢŦ ŞπūšŢŦŲťŢŜ πŴŭ ŮŰμμŢůŚŲŢŦ ŢũŢŬŠř ŮŢ ŚũŞ πŨśťūŭ şŦūŨūŠŦŧŹũ 

šŦŢŬŠŞŮŦŹũ Ţũůŷŭ ůŴũ ŢπŦťŤŨŦŞŧŹũ ŧŰůůřŬŴũ ŧŞůŚŲūũůŞŭ ŮπūŰšŞŜū ŬŷŨū 

ůŷŮū ŮůŤ űŰŮŦūŨūŠŜŞ ŷŮū ŧŞŦ ŮůŤũ πŞťūűŰŮŦūŨūŠŜŞ ůŴũ ŧŰůůřŬŴũ ŞŰůŹũ 

(ńŦŧŷũŞ 1.3) [66]. őŰũūπůŦŧř, ŚŲŢŦ πŞŬŞůŤŬŤťŢŜ ŢμπŨūŧś ůŤŭ ŮůŤ šŰũŞμŦŧś 

ůŤŭ ŞŧůŜũŤŭ ŬŰťμŜţūũůŞŭ ůūũ πūŨŰμŢŬŦŮμŷ ŧŞŦ ŞπūπūŨŰμŢŬŦŮμŷ ůŴũ 

ũŤμŞůŜŴũ ŞŧůŜũŤŭ, ŮůŤ μŢůŞŠŴŠś ŮŤμřůŴũ, Ůůūũ ŧŞťūŬŦŮμŷ ůŤŭ 

μūŬűūŨūŠŜŞŭ ůūŰ ŧŰůůřŬūŰ, ŮůŤ μŢůřşŞŮŤ ŢπŦťŤŨŦŞŧūŸ ŮŢ μŢŮŢŠŲŰμŞůŦŧŷ 

ŦŮůŷ (EMT) ŧŞůř ůŤũ ŢμşŬŰūŠŚũŢŮŤ ŧŞŦ ůŤũ ŢπūŸŨŴŮŤ πŨŤŠŹũ, ŮůŤũ 

μŢůŞũřŮůŢŰŮŤ ŧŰůůřŬŴũ, ŮůŤũ ŧŰůůŞŬŦŧś ŢŦŮşūŨś ŧŞťŹŭ ŧŞŦ ŮůŤũ ŧŰůůŞŬŦŧś 

ŢπŦşŜŴŮŤ šŬŹũůŞŭ Ŵŭ ŞũůŦ-ŞπūπůŴůŦŧŷŭ πŞŬřŠūũůŞŭ. ńπŦπŬŷŮťŢůŞ, Ť 

ŢŦŮşūŨś ŧŞŦ Ť šŦřšūŮŤ πŞťūŠŷũŴũ μŦŧŬūūŬŠŞũŦŮμŹũ ůūŰ ŢũůŚŬūŰ ŧŞůř 

μśŧūŭ ůūŰ ŠŞŮůŬŢũůŢŬŦŧūŸ ŮŴŨśũŞ űŞŜũŢůŞŦ ũŞ ŢŪŞŬůřůŞŦ řμŢŮŞ Şπŷ ůŤ 

ŨŢŦůūŰŬŠŜŞ ůŤŭ villin. 

 

  

 

  

 

 

 

 

 

ńŦŧŷũŞ 1.3: őŲŤμŞůŦŧś ŞũŞπŞŬřŮůŞŮŤ ůŴũ şŦūŨūŠŦŧŹũ šŦŢŬŠŞŮŦŹũ ŮůŦŭ ūπūŜŢŭ ŢμπŨŚŧŢůŞŦ Ť 
πŬŴůŢŀũŤ άΝΠΠΝΣ. (ņ ŢŦŧŷũŞ ŞũŞπŞŬřŠŢůŞŦ řũŢŰ ŞšŢŜŞŭ [66ΐ) 
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ŁũŞűūŬŦŧř μŢ ůŤ šūμś ůŤŭ, Ť villin ŞπūůŢŨŢŜůŞŦ ŮŰũūŨŦŧř Şπŷ 827 

ŧŞůřŨūŦπŞ, ůŞ ūπūŜŞ ŮŲŤμŞůŜţūŰũ 6 ūμŷŨūŠŢŭ ŢπŦŧŬřůŢŦŢŭ (S1-S6), πūŰ ŢŜũŞŦ 

ŮŰũůŤŬŤμŚũŢŭ μŢůŞŪŸ ůŴũ πŬŴůŢŀũŹũ ůŤŭ ŰπŢŬūŦŧūŠŚũŢŦŞŭ ůŤŭ villin, ŧŞťŹŭ 

ŢπŜŮŤŭ ŧŞŦ μŦŞ ŢπŦŧŬřůŢŦŞ Ůůū ŧŞŬşūŪŰůŢŨŦŧŷ řŧŬū ŠũŴŮůś Ŵŭ “headpiece” 

[66]. ŋŚŮŞ ŮůŦŭ ŢπŦŧŬřůŢŦŢŭ ŞŰůŚŭ, ŷπŴŭ űŞŜũŢůŞŦ ŮůŤũ ńŦŧŷũŞ 1.4, 

ŰπřŬŲūŰũ ťŚŮŢŦŭ šŦμŢŬŦŮμūŸ ůŤŭ πŬŴůŢŀũŤŭ, πŬŷŮšŢŮŤŭ ŨŦπŦšŜŴũ, πŬŷŮšŢŮŤŭ 

ŞŮşŢŮůŜūŰ, πŬŷŮšŢŮŤŭ F-ŞŧůŜũŤŭ ŧŞŦ G-ŞŧůŜũŤŭ, ūμŞšūπūŜŤŮŤŭ, 

ŢμπŰŬśũŴŮŤŭ, ŢπŦŧřŨŰųŤŭ ŧŞŦ Şπūŧūπśŭ ŞŧůŜũŤŭ. 

 

 

 

 

ńŦŧŷũŞ 1.4: őŲŤμŞůŦŧś ŞũŞπŞŬřŮůŞŮŤ ůŴũ ŢπŦŧŬŞůŢŦŹũ ŧŞŦ ůŴũ ťŚŮŢŴũ πŬŷŮšŢŮŤŭ ůŤŭ πŬŴůŢŀũŤŭ άΝΠΠΝΣ. (ņ ŢŦŧŷũŞ ŞũŞπŞŬřŠŢůŞŦ 
řũŢŰ ŞšŢŜŞŭ [66ΐ) 
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ņ ŢπŦŧŬřůŢŦŞ “headpiece” (HP) ŢŜũŞŦ ŚũŞ ůŬūπūπūŦŤůŦŧŷ μūůŜşū πŬŷŮšŢŮŤŭ 

F-ŞŧůŜũŤŭ μŢ ŮŰμπŞŠś šūμś ŞπūůŢŨūŸμŢũū Şπŷ 76 ŞμŦũūŪŦŧř ŧŞůřŨūŦπŞ. 

ŏŢŦŬřμŞůŞ ŚŲūŰũ ŧŞůŞšŢŜŪŢŦ ůŤũ πŨśŬŤ ŦŧŞũŷůŤůŞ ůŤŭ ŢπŦŧŬřůŢŦŞŭ ŞŰůśŭ ũŞ 

πŬūŮšŚũŢŦ F-ŞŧůŜũŤ ŞŧŷμŤ ŧŞŦ ŷůŞũ ŢŧűŬřţŢůŞŦ μŷũŤ ůŤŭ in vitro [67]. ĽŮūũ 

ŞűūŬř ůŤũ ůŬŦŮšŦřŮůŞůŤ šūμśŭ ůŤŭ, Ť ŢπŦŧŬřůŢŦŞ HP ŞπŞŬůŜţŢůŞŦ Şπŷ šŸū 

ŰπūŢπŦŧŬřůŢŦŢŭ, ůŤũ ŞμŦũūůŢŨŦŧś ŧŞŦ ůŤũ ŧŞŬşūŪŰůŢŨŦŧś, ūŦ ūπūŜŢŭ 

ŮŲŤμŞůŜţūŰũ ŚũŞũ ŮůŢũř πŞŧŢůŞŬŦŮμŚũū ŰšŬŷűūşū πŰŬśũŞ [68,69]. ņ 

ŞμŦũūůŢŨŦŧś ŰπūŢπŦŧŬřůŢŦŞ πŢŬŦŚŲŢŦ ŮůŬūűŚŭ, μŜŞ Ş-ŚŨŦŧŞ 4 ŧŞůŞŨūŜπŴũ ŧŞŦ 

ŚũŞ ŧŞůřŨūŦπū ŦŮůŦšŜũŤŭ Ůůū ŢŮŴůŢŬŦŧŷ ůŤŭ šūμśŭ Şπŷ ůū ūπūŜū ŧŞťūŬŜţŢůŞŦ 

Ť ŢŪŞŬůŹμŢũŤ Şπŷ ůū pH ŞũŞšŜπŨŴŮŤ ůūŰ πŢπůŦšŜūŰ 

(πŬŴůūũŜŴŮŤ/ŞπŷπŬŴůūũŜŴŮŤ ůŤŭ ŦŮůŦšŜũŤŭ). ŁũůŜťŢůŞ, Ť ŧŞŬşūŪŰůŢŨŦŧś 

ŰπūŢπŦŧŬřůŢŦŞ (HP36) ŞπūůŢŨŢŜůŞŦ Şπŷ ůŬŢŦŭ Ş-ŚŨŦŧŢŭ ŧŞŦ Ť ŞũŞšŜπŨŴŮś ůŤŭ 

šŢũ ŢŪŞŬůřůŞŦ Şπŷ ůū pH. 

 ņ ŰπūŢπŦŧŬřůŢŦŞ HP36 šŦŞŧŬŜũŢůŞŦ ŠŦŞ ůŤũ ůŞŲŸůŤůŞ ŞũŞšŜπŨŴŮśŭ ůŤŭ 

(ŢŨřŲŦŮůŞ μs), ůŤũ ŞπŨś ůūπūŨūŠŜŞ ůŤŭ (ůŬŢŦŭ Ş-ŚŨŦŧŢŭ) ŧŞŦ ŠŦŞ ůū μŦŧŬŷ ůŤŭ 

μŚŠŢťūŭ (36 ŧŞůřŨūŦπŞ). ŃŦ’ ŞŰůūŸŭ ůūŰŭ ŨŷŠūŰŭ ŚŲŢŦ ŲŬŤŮŦμūπūŦŤťŢŜ ŞŬŧŢůř 

ŮŰŲũř ŠŦŞ πŢŦŬŞμŞůŦŧŚŭ ŧŞŦ ŰπūŨūŠŦŮůŦŧŚŭ μŢŨŚůŢŭ ůŤŭ πŬŴůŢŵũŦŧśŭ 

ŞũŞšŜπŨŴŮŤŭ, ŧŞŦ ŦšŦŞŜůŢŬŞ ŠŦŞ ůūũ ŚŨŢŠŲū ŮŲŤμŞůŦŮμūŸ ůūπŦŧř ŮůŞťŢŬŹũ 

šŦŞμūŬűŹŮŢŴũ ŧŞůř ůŞ ŞŬŲŦŧř ŮůřšŦŞ ůŤŭ ŞũŞšŜπŨŴŮŤŭ [70].  

ŃŦŞ ůŤũ ŢπŜůŢŰŪŤ ůūŰ πŞŬŞπřũŴ ŮůŷŲūŰ ŚŲŢŦ, ŢπŜŮŤŭ, ŢπŦŲŢŦŬŤťŢŜ Ť 

ŮůŬŞůŤŠŦŧś ůŤŭ “ŧŞůřůμŤŮŤŭ” ůūŰ πŢπůŦšŜūŰ HP36 ŧŞŦ μŢŨŚůŤŭ ůŴũ ŢŧřŮůūůŢ 

ůμŤμřůŴũ ŠŢŠūũŷŭ πūŰ ŚŲŢŦ ūšŤŠśŮŢŦ ŮůŤũ ŞπūŧřŨŰųŤ πŨśťūŰŭ šūμŦŧŹũ 

πŨŤŬūűūŬŦŹũ ŮŲŢůŦŧř μŢ ůŤũ ŞũŞšŜπŨŴŮŤ ůūŰ πŢπůŦšŜūŰ ŞŰůūŸ [71,72]. Œū 

πŢπůŜšŦū ŢŧŢŜũū πūŰ πŢŬŦŨŞμşřũŢŦ ůŞ 21 πŬŹůŞ ŧŞůřŨūŦπŞ ůūŰ HP36, ŷπūŰ 

πŢŬŦŚŲūũůŞŦ ūŦ šŸū πŬŹůŢŭ Ş-ŚŨŦŧŢŭ, ŢŜũŞŦ ŠũŴŮůŷ Ŵŭ HP21 (ńŦŧŷũŞ 1.5). Œū 

HP21 ŞπūůŚŨŢŮŢ ůū ŮŸŮůŤμŞ μūũůŚŨū ůŤŭ πŞŬūŸŮŞŭ ŢŬŠŞŮŜŞŭ. ŏŦū 

ŞũŞŨŰůŦŧř, πŬŞŠμŞůūπūŦśťŤŧŢ μŜŞ πŬūŮūμūŜŴŮŤ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŠŦŞ ůū 

Ţũ ŨŷŠŴ πŢπůŜšŦū ŧŞŦ μŢ şřŮŤ ůŞ šŦŞťŚŮŦμŞ πŢŦŬŞμŞůŦŧř šŢšūμŚũŞ [73,74], 

ŚŠŦũŢ ŚŨŢŠŲūŭ ůŤŭ ŞŧŬŜşŢŦŞŭ ŧŞŦ ŞŪŦūπŦŮůŜŞŭ ůŴũ ŞπūůŢŨŢŮμřůŴũ πūŰ 

ŮŰŨŨŚŲťŤŧŞũ.  
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ńŦŧŷũŞ 1.5: ŔŰŮŦŧś šūμś ůūŰ πŢπůŦšŜūŰ HP36 Şπŷ ůūũ ūŬŠŞũŦŮμŷ GΕΠΠus ΛΕΠΠus ŮŸμűŴũŞ μŢ ůūũ ŧŴšŦŧŷ ŧŞůŞŲŹŬŤŮŤŭ 
1VII ŮůŤũ şřŮŤ šŢšūμŚũŴũ PDB. Ł. ŒŬŦŮšŦřŮůŞůŤ šūμś ůŴũ πŢπůŦšŜŴũ HP36 (μŴş ŧŞŦ ŠŞŨřţŦū ŲŬŹμŞ) ŧŞŦ HP21 (μŴş 
ŲŬŹμŞ). ł. ŁμŦũūŪŦŧś ŞŨŨŤŨūŰŲŜŞ ůŴũ πŢπůŦšŜŴũ HP36 (μŴş ŧŞŦ ŠŞŨřţŦū ŲŬŹμŞ) ŧŞŦ HP21 (μŴş ŲŬŹμŞ) ŧŞťŹŭ ŧŞŦ 
ŮŲŤμŞůŦŧś ŞũŞπŞŬřŮůŞŮŤ μŢ ūŬťūŠŹũŦŞ ůŴũ ŧŞůŞŨūŜπŴũ πūŰ ŮŲŤμŞůŜţūŰũ ůŦŭ ůŬŢŦŭ Ş-ŚŨŦŧŢŭ. (ņ ŢŦŧŷũŞ ŞũŞπŞŬřŠŢůŞŦ 
řũŢŰ řšŢŦŞŭ [74ΐ) 
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ŉŢűřŨŞŦū 2: ŏŬūŮūμūŦŹŮŢŦŭ ŋūŬŦŞŧśŭ 
ΔŰũŞμŦŧśŭ 

 

 

 

2.1 ńŦŮŞŠŴŠś 
 

ŎŦ ŰπūŨūŠŦŮůŦŧŚŭ πŬūŮūμūŦŹŮŢŦŭ ŮŰũŦŮůūŸũ ŚũŞ πūŨŸůŦμū ŢŬŠŞŨŢŜū ŠŦŞ ůŤũ 

ŧŞůŞũŷŤŮŤ ůŴũ ŦšŦūůśůŴũ šŦřűūŬŴũ μūŬŦŞŧŹũ ŮŰŮůŤμřůŴũ ŮŲŢůŦŧř μŢ ůŤ 

šūμś ŧŞŦ ůŦŭ μŦŧŬūŮŧūπŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ πūŰ ŞũŞπůŸŮŮūũůŞŦ μŚŮŞ Ů’ 

ŞŰůř. ŃŦ’ ŞŰůŷ ůū ŨŷŠū, ŠŢűŰŬŹũūŰũ ůū ŲřŮμŞ ůŷŮū μŢůŞŪŸ ůūŰ μŦŧŬŷŧūŮμūŰ 

ŧŞŦ ůūŰ μŞŧŬŷŧūŮμūŰ ŷŮū ŧŞŦ ŞŰůŷ μŢůŞŪŸ ůŤŭ ťŢŴŬŜŞŭ ŧŞŦ ůūŰ πŢŦŬřμŞůūŭ, 

ŧŞťŹŭ μπūŬūŸũ ũŞ ŲŬŤŮŦμūπūŦŤťūŸũ ŠŦŞ ůŤũ ŢπŞŨśťŢŰŮŤ μŦŞ ťŢŴŬŜŞŭ ŢŜůŢ 

μŚŮŞ Şπŷ ůŤ ŮŸŠŧŬŦŮŤ ůŴũ ŞπūůŢŨŢŮμřůŴũ πūŰ πŞŬřŠūŰũ μŢ ůŞ πŢŦŬŞμŞůŦŧř 

šŢšūμŚũŞ ŢŜůŢ ŞũůŦŧŞťŦŮůŹũůŞŭ ůū ŜšŦū ůū πŢŜŬŞμŞ ŮŢ πŢŬŦπůŹŮŢŦŭ πūŰ 

πŞŬūŰŮŦřţŢŦ šŰŮŧūŨŜŢŭ Ť šŦŢŪŞŠŴŠś ůūŰ [75]. 

ŎŦ šŸū ŧŰŬŦŷůŢŬŢŭ ūŦŧūŠŚũŢŦŢŭ πŬūŮūμūŦŹŮŢŴũ ŢŜũŞŦ ūŦ πŬūŮūμūŦŹŮŢŦŭ 

μūŬŦŞŧśŭ šŰũŞμŦŧśŭ (MD simulations) πūŰ ŞŮŲūŨūŸũůŞŦ μŢ ůŦŭ šŰũŞμŦŧŚŭ 

ŦšŦŷůŤůŢŭ ůŴũ ŮŰŮůŤμřůŴũ ŧŞŦ ūŦ πŬūŮūμūŦŹŮŢŦŭ Monte Carlo (MC 

simulations) πūŰ şŞŮŜţūũůŞŦ ŮŢ μŢťŷšūŰŭ ŮůŞůŦŮůŦŧśŭ ŧŞŦ πŦťŞũūůśůŴũ. ņ 

ŲŬśŮŤ ůūŰŭ ŠŜũŢůŞŦ ŮŰũśťŴŭ ŪŢŲŴŬŦŮůř, ŞŨŨř ŰπřŬŲūŰũ, ŴŮůŷŮū, ūŬŦŮμŚũŢŭ 

ůŢŲũŦŧŚŭ πūŰ ŮŰũšŰřţūŰũ ŮůūŦŲŢŜŞ ůŴũ šŸū ŞŰůŹũ ŧŞůŤŠūŬŦŹũ 

πŬūŮūμūŦŹŮŢŴũ (Langevin Dynamics, Brownian Dynamics) ŧŞŦ 

ŲŬŤŮŦμūπūŦūŸũůŞŦ ŠŦŞ ůŤ šŦŢŪŞŠŴŠś πŢŬŜπŨūŧŴũ πŬūŮūμūŦŹŮŢŴũ, ŞűūŸ 

μŢŦŹũūŰũ ŮŤμŞũůŦŧř ůū ŰπūŨūŠŦŮůŦŧŷ ŧŷŮůūŭ [77]. 

ŎŦ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŰπūŨūŠŜţūŰũ ůŤũ ŮŰμπŢŬŦűūŬř Ţũŷŭ 

μūŬŦŞŧūŸ ŮŰŮůśμŞůūŭ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū πŞŬŚŲūũůŞŭ ŨŢπůūμŢŬŢŜŭ 

πŨŤŬūűūŬŜŢŭ ŞũŞűūŬŦŧř μŢ ůŦŭ ŞŨŨŞŠŚŭ šŦŞμŷŬűŴŮŤŭ ŧŞŦ ůŦŭ šŦŞŧŰμřũŮŢŦŭ 

ůŴũ şŦūμūŬŜŴũ. ńũ ŮŰũůūμŜŞ, Ť ŰπūŨūŠŦŮůŦŧś ŞŰůś μŚťūšūŭ şŬŜŮŧŢŦ 

ŢűŞŬμūŠś ŮůŤ μŢŨŚůŤ ůŤŭ πŬŴůŢŵũŦŧśŭ ŞũŞšŜπŨŴŮŤŭ, ůŤŭ πŬŴůŢŵũŦŧśŭ 
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ŮůŞťŢŬŷůŤůŞŭ, ůŤŭ μūŬŦŞŧśŭ ŞũŞŠũŹŬŦŮŤŭ ŧŞťŹŭ ŧŞŦ ůŤŭ μŢůŞűūŬřŭ ŦŷũůŴũ 

ŮŢ şŦūŨūŠŦŧř ŮŰŮůśμŞůŞ. ńπŜŮŤŭ, ŚŲŢŦ ŮŰμπŨŤŬŴμŞůŦŧŷ ŬŷŨū ŮŢ ůŢŲũŦŧŚŭ 

ŮŲŢšŦŞŮμūŸ űŞŬμřŧŴũ ŧŞŦ ŧŞťūŬŦŮμūŸ ůŤŭ ůŬŦŮšŦřŮůŞůŤŭ šūμśŭ [76]. 

 ņ ŞűŢůŤŬŜŞ ŲŬśŮŤŭ ůŴũ πŬūŮūμūŦŹŮŢŴũ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ śůŞũ ůū 1957 

Şπŷ ůūŰŭ Alder ŧŞŦ Wainwright ŠŦŞ ůŤũ ŰπūŨūŠŦŮůŦŧś μŢŨŚůŤŭ ůŤŭ 

ŞŨŨŤŨŢπŜšŬŞŮŤŭ μŢůŞŪŸ ŮŧŨŤŬŹũ ŮűŞŦŬŹũ [78,79]. ŏŢŬŜπūŰ 20 ŲŬŷũŦŞ 

ŞŬŠŷůŢŬŞ πŬŞŠμŞůūπūŦśťŤŧŢ Ť πŬŹůŤ πŬūŮūμūŜŴŮŤ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ μŢ 

ŬŢŞŨŦŮůŦŧŚŭ ŮŰũťśŧŢŭ μŢ ůŤ ŲŬśŮŤ Ŵŭ μūũůŚŨūŰ ůūŰ ũŢŬūŸ ŮŢ ŰŠŬś űřŮŤ 

[80]. ŒŚŨūŭ, Ť πŬŹůŤ πŬūŮūμūŜŴŮŤ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŮŢ πŬŴůŢŀũŤ, ŧŞŦ 

ŮŰŠŧŢŧŬŦμŚũŞ Ůůūũ πŞŠŧŬŢŞůŦŧŷ ŞũŞŮůūŨŚŞ ťŬŰųŜũŤŭ ůŴũ şūūŢŦšŹũ (BPTI), 

ŮŰũŞũůřůŞŦ ůū 1977 [81]. őůŦŭ μŚŬŢŭ μŞŭ, Ť ŮŰũŢŲśŭ şŢŨůŜŴŮŤ ůŴũ 

ŰπūŨūŠŦŮůŦŧŹũ ŮŰŮůŤμřůŴũ ŚŲŢŦ ŢπŦűŚŬŢŦ ŬŞŠšŞŜŞ ŞŸŪŤŮŤ ůŤŭ ŲŬśŮŤŭ 

πŬūŮūμūŦŹŮŢŴũ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŠŦŞ ůŤ μŢŨŚůŤ μŢŠřŨŤŭ πūŦŧŦŨŜŞŭ 

şŦūŨūŠŦŧŹũ ŮŰŮůŤμřůŴũ, ŷπŴŭ πŬŴůŢŵũŹũ, ŨŦπŦšŜŴũ, ŧŞŦ ũūŰŧŨŢŵŧŹũ ūŪŚŴũ. 

 

 

2.2 őůŞůŦŮůŦŧś ŋŤŲŞũŦŧś 
 

ŒŞ ŞπūůŢŨŚŮμŞůŞ πūŰ πŞŬřŠūŰũ ūŦ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ 

πŢŬŦŠŬřűūŰũ ůŤũ ŧŞůřŮůŞŮŤ Ţũŷŭ ŮŰŮůśμŞůūŭ ŮŢ ŞůūμŦŧŷ ŢπŜπŢšū 

ŲŬŤŮŦμūπūŦŹũůŞŭ μŢůŞşŨŤůŚŭ ŷπŴŭ Ť ťŚŮŤ ŧŞŦ Ť ůŞŲŸůŤůŞ. ΩŮůŷŮū, ŢűŷŮūũ 

ū ŮůŷŲūŭ ůŴũ ŢŬŢŰũŤůŹũ ŢŜũŞŦ Ť μŞŧŬūŮŧūπŦŧś μŢŨŚůŤ ůŴũ ŮŰŮůŤμřůŴũ, 

ŧŬŜũŢůŞŦ ŞũŞŠŧŞŜŞ Ť μŢůŞůŬūπś ůŴũ πŞŬŞůŤŬśŮŦμŴũ šŢšūμŚũŴũ ŮŢ 

ŞũůŜŮůūŦŲŞ μŞŧŬūŮŧūπŦŧř π.Ų. πŜŢŮŤ ŧŞŦ ŢũŚŬŠŢŦŞ. ő’ ŞŰůŷ ůū ŮŤμŢŜū 

ŰπŢŦŮŚŬŲŢůŞŦ Ť őůŞůŦŮůŦŧś ŋŤŲŞũŦŧś.  

ŃŢũŦŧř, Ť őůŞůŦŮůŦŧś ŋŤŲŞũŦŧś ŞũśŧŢŦ Ůůūũ ŧŨřšū ůŴũ űŰŮŦŧŹũ ŢπŦŮůŤμŹũ 

ŧŞŦ ŮůūŲŢŸŢŦ ŮůŤũ μŢŨŚůŤ μŞŧŬūŮŧūπŦŧŹũ ŮŰŮůŤμřůŴũ μŢ şřŮŤ 

μŦŧŬūŮŧūπŦŧř šŢšūμŚũŞ. ŋŢ řŨŨŞ ŨŷŠŦŞ, ŢπŦŲŢŦŬŢŜ ũŞ πŬūşŨŚųŢŦ ůŤũ 

μŞŧŬūŮŧūπŦŧś ŮŰμπŢŬŦűūŬř Ţũŷŭ ŮŰŮůśμŞůūŭ Şπŷ ůŦŭ ŦšŦŷůŤůŢŭ ůūŰ ŧřťŢ 

ŞůŷμūŰ πūŰ ůū ŞπŞŬůŜţŢŦ ŪŢŲŴŬŦŮůř. Œū μŚŮū μŢ ůū ūπūŜū ŢπŦůŰŠŲřũŢůŞŦ Ť 

ŮŸũšŢŮŤ μŦŧŬŷŧūŮμūŰ-μŞŧŬŷŧūŮμūŰ ŢŜũŞŦ ŚũŞ πŨśťūŭ πūŨŸπŨūŧŴũ 
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μŞťŤμŞůŦŧŹũ ŢŪŦŮŹŮŢŴũ. ńπūμŚũŴŭ, ūŦ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ 

πŞŬŚŲūŰũ ůŞ šŢšūμŚũŞ ŠŦŞ ůŤũ ŞŪŦūπūŜŤŮŤ ůŴũ μŞťŤμŞůŦŧŹũ ŞŰůŹũ 

ŮŰũŞŬůśŮŢŴũ [76ΐ. 

 

 

2.3 ŉŨŞŮŦŧś ŋŤŲŞũŦŧś ŧŞŦ ŁŨŠŷŬŦťμūŦ 
ŎŨūŧŨśŬŴŮŤŭ 

 

Ŏ šŢŸůŢŬūŭ Ōŷμūŭ ůūŰ ŌŢŸůŴũŞ, πūŰ πŢŬŦŠŬřűŢŦ ůŤ ŮŲŚŮŤ ůŤŭ šŸũŞμŤŭ μŢ 

ůŤũ ŢπŦůřŲŰũŮŤ Ţũŷŭ ŮŴμŞůŦšŜūŰ, ŧŞťŹŭ ŧŞŦ ūŦ ŢŪŦŮŹŮŢŦŭ ůŤŭ ŧŜũŤŮŤŭ 

ŞπūůŢŨūŸũ ůŤ şřŮŤ ůŤŭ μŢťŷšūŰ ůŴũ πŬūŮūμūŦŹŮŢŴũ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ. 

ŉŞŦ ŞŰůŷ šŦŷůŦ ŠũŴŬŜţūũůŞŭ ůŤ šŸũŞμŤ πūŰ ŞŮŧŢŜůŞŦ ŮŢ ŧřťŢ řůūμū ůūŰ 

ŮŰŮůśμŞůūŭ μπūŬūŸμŢ ŢŸŧūŨŞ πŬūŮšŦūŬŜŮūŰμŢ ůŦŭ ŧŦũŤůŦŧŚŭ πŞŬŞμŚůŬūŰŭ 

(ŢπŦůřŲŰũŮŤ, ůŞŲŸůŤůŞ) ŧŞŦ ůŤ ťŚŮŤ ůūŰ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū 

πŞŬřŠūũůŞŭ ŚũŞ ůŬūŲŦŞŧŷ ůūŰ ŮŰŮůśμŞůūŭ ŞŰůūŸ. 

ŁũŞŨŸūũůŞŭ ůŞ πŞŬŞπřũŴ μŢ μŞťŤμŞůŦŧūŸŭ ŷŬūŰŭ, ŮŸμűŴũŞ μŢ ůūũ šŢŸůŢŬū 

Ōŷμū ůūŰ ŌŢŸůŴũŞ: 

F = m a (1.1) 

ŷπūŰ F ŢŜũŞŦ Ť šŸũŞμŤ, m Ť μřţŞ ŧŞŦ a Ť ŢπŦůřŲŰũŮŤ Ţũŷŭ ŮŴμŞůŦšŜūŰ. 

ńπŜŮŤŭ, Ť šŸũŞμŤ μπūŬŢŜ ũŞ ŢŧűŬŞŮůŢŜ ŧŞŦ Ŵŭ ŮŰũřŬůŤŮŤ ůŤŭ μŢůŞşūŨśŭ ůŤŭ 

šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ: 

F = - dV / dr (1.2) 

ŷπūŰ V ŢŜũŞŦ Ť šŰũŞμŦŧś ŢũŚŬŠŢŦŞ ŧŞŦ r Ť ťŚŮŤ. 

őŰũšŰřţūũůŞŭ ůŦŭ ŮŲŚŮŢŦŭ (1.1) ŧŞŦ (1.2) μŢ ůŦŭ ŢŪŦŮŹŮŢŦŭ ůŤŭ ŧŜũŤŮŤŭ 

πŬūŧŸπůūŰũ ūŦ ŢŪŦŮŹŮŢŦŭ: 

a = - 1/m dV/dr ŧŞŦ -dV/dr = m d2r/dt2 

ŷπūŰ t ū ŲŬŷũūŭ. 
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ņ πŬŹůŤ ŮŰŮŲŢůŜţŢŦ ůŤũ πŞŬřŠŴŠū ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ μŢ ůŤũ 

ŢπŦůřŲŰũŮŤ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůŤũ ťŚŮŤ, ŢũŹ Ť šŢŸůŢŬŤ ůŤũ πŞŬřŠŴŠū ůŤŭ 

šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ μŢ ůŤ μŢůŞşūŨś ůŤŭ ťŚŮŤŭ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůūũ ŲŬŷũū. 

ŎŦ πŞŬŞπřũŴ ŢŪŦŮŹŮŢŦŭ ŞπūŧŞŨūŸũůŞŦ ũůŢůŢŬμŦũŦŮůŦŧŚŭ ś ŞŦůŦūŧŬŞůŦŧŚŭ, 

ŧŞťŹŭ ŧŞťŦŮůūŸũ ŢűŦŧůś ůŤũ πŬŷşŨŢųŤ ůŤŭ ŧŞůřŮůŞŮŤŭ ůūŰ ŮŰŮůśμŞůūŭ ŠŦŞ 

ūπūŦŞšśπūůŢ ŲŬūũŦŧś ŮůŦŠμś, ŢűŷŮūũ ŢŜũŞŦ ŠũŴŮůŚŭ ūŦ ŞŬŲŦŧŚŭ ťŚŮŢŦŭ,  Ť 

ŞŬŲŦŧś ŧŞůŞũūμś ůŞŲŰůśůŴũ ŧŞŦ Ť ŢπŦůřŲŰũŮŤ ůūŰ ŧřťŢ ŞůŷμūŰ. ŎŦ ŞŬŲŦŧŚŭ 

ťŚŮŢŦŭ ŨŞμşřũūũůŞŦ Şπŷ πŢŦŬŞμŞůŦŧŚŭ šūμŚŭ πūŰ ŚŲūŰũ πŬūŮšŦūŬŦŮůŢŜ μŢ 

ŧŬŰŮůŞŨŨūŠŬŞűŜŞ ŞŧůŦũŹũ ŕ ś/ŧŞŦ űŞŮμŞůūŮŧūπŜŞ NMR. ņ ŧŞůŞũūμś 

Maxwell-Boltzmann ś Gaussian ŲŬŤŮŦμūπūŦŢŜůŞŦ ŠŦŞ ůūũ ŰπūŨūŠŦŮμŷ ůŤŭ 

ŞŬŲŦŧśŭ ŧŞůŞũūμśŭ ůŞŲŰůśůŴũ: 

p(v) = ( m / 2πkBT)1/2 exp( - mv2 / 2kBT) 

ŷπūŰ v Ť ůŞŲŸůŤůŞ, kB ŢŜũŞŦ Ť ŮůŞťŢŬř Boltzmann ŧŞŦ Œ Ť ťŢŬμūŧŬŞŮŜŞ. 

ņ ŢπŦůřŲŰũŮŤ πŬūŧŸπůŢŦ Şπŷ ůūũ ŰπūŨūŠŦŮμŷ ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ μŢ 

şřŮŤ ůŞ šŰũŞμŦŧř πŢšŜŞ (force fields) πūŰ ťŞ ŞũŞŨŰťūŸũ πŞŬŞŧřůŴ. 

ŊŷŠŴ ůŤŭ πūŨŰπŨūŧŷůŤůŞŭ ůŤŭ ŮŰũřŬůŤŮŤŭ πūŰ ŰπūŨūŠŜţŢŦ ůŤũ šŰũŞμŦŧś 

ŢũŚŬŠŢŦŞ, Ť ŢπŜŨŰŮŤ ůŴũ ŢŪŦŮŹŮŢŴũ ůŤŭ ŧŜũŤŮŤŭ ŠŜũŢůŞŦ ŞŬŦťμŤůŦŧř ŧŞŦ ŷŲŦ 

ŞũŞŨŰůŦŧř. ŋŢ řŨŨŞ ŨŷŠŦŞ, Ť ŨŸŮŤ ůŚůūŦūŰ ŢŜšūŰŭ ŢŪŦŮŹŮŢŴũ šŢũ μπūŬŢŜ ũŞ 

şŬŢťŢŜ ŢπŞŧŬŦşŹŭ (ŞũŞŨŰůŦŧř), ŢπŢŦšś ŢŜůŢ šŢũ ŰπřŬŲŢŦ Ť ŮŰŠŧŢŧŬŦμŚũŤ 

šŰũŞůŷůŤůŞ (πūŨŸπŨūŧŤ ŢŪŜŮŴŮŤ) ŢŜůŢ ū ŲŬŷũūŭ ŰπūŨūŠŦŮμūŸ πūŰ ŞπŞŦůŢŜůŞŦ 

ŢŜũŞŦ ŦšŦŞŜůŢŬŞ ŞŰŪŤμŚũūŭ. ńπūμŚũŴŭ, ŢπŦŲŢŦŬŢŜůŞŦ μŦŞ πŬūŮŢŠŠŦŮůŦŧś 

(ŞŬŦťμŤůŦŧś) μŚťūšūŭ ŢπŜŨŰŮŤŭ, Ť ūπūŜŞ πŬūşŨŚπŢŦ ŮŢ ŦŧŞũūπūŦŤůŦŧŷ şŞťμŷ 

ůŤ ŨŸŮŤ ŧŞŦ μŢŦŹũŢŦ ůūũ ŰπūŨūŠŦŮůŦŧŷ ŲŬŷũū. 

őůŤũ πŢŬŜπůŴŮś μŞŭ ūŦ ŢŪŦŮŹŮŢŦŭ ůŤŭ ŧŜũŤŮŤŭ ŢπŦŨŸūũůŞŦ ŞŬŦťμŤůŦŧř μŢ ůŤ 

şūśťŢŦŞ ůŴũ ŞŨŠūŬŜťμŴũ ūŨūŧŨśŬŴŮŤŭ. ŎŦ πŦū ŠũŴŮůūŜ ŞŨŠŷŬŦťμūŦ 

ūŨūŧŨśŬŴŮŤŭ ŢŜũŞŦ ūŦ ŢŪśŭ: 

 Verlet 

 Leap-frog 

 Velocity Verlet 

 BΙΙmΕΣ’s 
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ŃŢũŦŧř, ūŦ πŢŬŦŮŮŷůŢŬūŦ ŞŨŠŷŬŦťμūŦ ūŨūŧŨśŬŴŮŤŭ şŞŮŜţūũůŞŦ ŮŢ μŦŞ ŮŢŦŬř 

ŢπŢŧůřŮŢŴũ ůūŰ Taylor ŠŦŞ ůūũ πŬūŮŢŠŠŦŮůŦŧŷ ŰπūŨūŠŦŮμŷ ůŴũ ťŚŮŢŴũ, ůŴũ 

ůŞŲŰůśůŴũ ŧŞŦ ůŴũ ŢπŦůŞŲŸũŮŢŴũ. ņ ŲŬŤŮŦμŷůŤůŞ ůŴũ ŢπŢŧůřŮŢŴũ ůūŰ 

Taylor ŚŠŧŢŦůŞŦ ŮůŤũ μŢŜŴŮŤ ůūŰ ŞŬŦťμūŸ ůŴũ ŷŬŴũ μŦŞŭ ŢŪŜŮŴŮŤŭ 

ŧŞťŦŮůŹũůŞŭ μŢ ŞŰůŷũ ůūũ ůŬŷπū ŢŰŧūŨŷůŢŬŤ ůŤũ ŢπŜŨŰŮśŭ ůŤŭ. 

r(t+št) = r(t) + v(t)št + a(t)št2 / 2 + … 

v(t+št) = v(t) + a(t)št + b(t)št2 / 2 + … 

a(t+št) = a(t) + b(t)št + … 

 ŃŦŞ πŞŬřšŢŦŠμŞ ū ŞŨŠŷŬŦťμūŭ Verlet ŲŬŤŮŦμūπūŦŢŜ ůŦŭ ťŚŮŢŦŭ ŧŞŦ ůŦŭ 

ŢπŦůŞŲŸũŮŢŦŭ Ůůū ŲŬŷũū t ŧŞŦ ůŦŭ ťŚŮŢŦŭ ŮŢ ŲŬŷũū t-št μŢ ŮůŷŲū ůūũ 

ŰπūŨūŠŦŮμŷ ůŴũ ťŚŮŢŴũ ŠŦŞ ůŤ ŲŬūũŦŧś ŮůŦŠμś t+št Ŵŭ ŢŪśŭ: 

r(t+št) = r(t) + v(t)št + a(t)št2 / 2 

r(t-št) = r(t) – v(t)št + a(t)št2 / 2 

Łπŷ ůŤũ πŬŷŮťŢŮŤ ůŴũ šŸū πŞŬŞπřũŴ ŢŪŦŮŹŮŢŴũ πŬūŧŸπůŢŦ: 

r(t+št) = 2r(t) – r(t-št) + a(t)št2 

 

ĽπŴŭ ŢŜũŞŦ ŨūŠŦŧŷ, ūŦ ŞŨŠŷŬŦťμūŦ ūŨūŧŨśŬŴŮŤŭ πŞŬūŰŮŦřţūŰũ ūŬŦŮμŚũŞ 

ŮűřŨμŞůŞ ŷŮūũ ŞűūŬř ůŤũ ŞŧŬŜşŢŦŞ ůŴũ ŞπūůŢŨŢŮμřůŴũ πūŰ πŞŬřŠūŰũ. ŃŦŞ 

ůū ŨŷŠū ŞŰůŷ, πŬŦũ ůŤũ ŢπŦŨūŠś Ţũŷŭ ŞŨŠūŬŜťμūŰ ťŞ πŬŚπŢŦ ũŞ ŨŞμşřũūũůŞŦ 

ŰπŷųŤ μŢŬŦŧř ŧŬŦůśŬŦŞ, ŷπŴŭ Ť ŰπūŨūŠŦŮůŦŧś ŞπūůŢŨŢŮμŞůŦŧŷůŤůř ůūŰ, ůū 

ŲŬūũŦŧŷ šŦřŮůŤμŞ πūŰ ŢπŦůŬŚπŢŦ ŠŦŞ ūŨūŧŨśŬŴŮŤ ŧŞťŹŭ ŧŞŦ Ť šŰũŞůŷůŤůŞ 

šŦŞůśŬŤŮŤŭ ůŤŭ ŢũŚŬŠŢŦŞŭ ŧŞŦ ůŤŭ ūŬμśŭ Ůůū ŮŸŮůŤμŞ, ŹŮůŢ ůŞ 

ŞπūůŢŨŚŮμŞůŞ ũŞ πŬūŮŢŠŠŜţūŰũ ŷŮū ůū šŰũŞůŷũ πŢŬŦŮŮŷůŢŬū ůŤũ űŰŮŦŧś 

πŬŞŠμŞůŦŧŷůŤůŞ [76]. 
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2.4 ΔŰũŞμŦŧř ŏŢšŜŞ 
 

ĽπŴŭ ŚŲŢŦ śšŤ ŞũŞűŢŬťŢŜ, Ť μŢŨŚůŤ şŦūŨūŠŦŧŹũ ŮŰŮůŤμřůŴũ ŮŢ ŞůūμŦŧŷ 

ŢπŜπŢšū μŚŮŴ ůŴũ πŬūŮūμūŦŹŮŢŴũ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŞπŞŦůŢŜ ŠũŹŮŤ ůŤŭ 

šŰũŞμŦŧś ŢũŚŬŠŢŦŞŭ ůŴũ ŮŰŮůŤμřůŴũ ŞŰůŹũ. ΩŮůŷŮū, ŢŪŞŦůŜŞŭ ůūŰ μŢŠřŨūŰ 

ŞŬŦťμūŸ ŞůŷμŴũ ŧŞŦ, ŮŰũŢπŹŭ, ůūŰ ŞŰŪŤμŚũūŰ ŰπūŨūŠŦŮůŦŧūŸ ŧŷŮůūŰŭ, Ť 

ŲŬśŮŤ ůŤŭ ŧşŞũůūμŤŲŞũŦŧśŭ ťŢŴŬŢŜůŞŦ ŞπŞŠūŬŢŰůŦŧś. ŃŦ’ ŞŰůŷũ ůūũ ŨŷŠū, Ť 

ŢπŦŮůŤμūũŦŧś ŧūŦũŷůŤůŞ ŚŲŢŦ ŮůŬŞűŢŜ ŮůŤ ŲŬśŮŤ ůŴũ šŰũŞμŦŧŹũ πŢšŜŴũ 

(force fields). ŒŞ šŰũŞμŦŧř πŢšŜŞ ŞπūůŢŨūŸũ ŢμπŢŦŬŦŧŚŭ ŮŰũŞŬůśŮŢŦŭ 

ŰπūŨūŠŦŮμūŸ ůŴũ šŰũřμŢŴũ ŧŞŦ ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ Ţũŷŭ ŮŰŮůśμŞůūŭ 

μŢ şřŮŤ ůŦŭ ťŚŮŢŦŭ ůŴũ ŞůŷμŴũ ŧŞŦ ůŦŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ μŢůŞŪŸ ůūŰŭ. ŎŦ 

ŞŨŨŤŨŢπŦšŬřŮŢŦŭ ŞŰůŚŭ šŦŞŧŬŜũūũůŞŦ ŮŢ šŢŮμŦŧŚŭ ś ŢŮŴůŢŬŦŧŚŭ ŧŞŦ μŤ 

šŢŮμŦŧŚŭ ś ŢŪŴůŢŬŦŧŚŭ. ŎŦ šŢŮμŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ πŢŬŦŨŞμşřũūŰũ ůū 

μśŧūŭ šŢŮμūŸ (bond stretch), ůŤũ ŠŴũŜŞ šŢŮμūŸ (angle bend) ŧŞŦ ůŤũ 

πŢŬŦŮůŬūűś šŜŢšŬŴũ ŠŴũŦŹũ (torsion angle). Łπŷ ůŤũ řŨŨŤ πŨŢŰŬř, ŮůŦŭ μŤ 

šŢŮμŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ ŞũśŧūŰũ ūŦ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ van der Waals  ŧŞŦ ūŦ 

ŤŨŢŧůŬūŮůŞůŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ πūŰ ŰπūŨūŠŜţūũůŞŦ μŢ ůŦŭ ŢŪŦŮŹŮŢŦŭ 

Lennard-Jones ŧŞŦ μŢ ůūũ Ōŷμū ůūŰ Coulomb ŞũůŜŮůūŦŲŞ. Œū řťŬūŦŮμŞ ůŤŭ 

ŢũŚŬŠŢŦŞŭ πūŰ πŞŬřŠŢůŞŦ Şπŷ ůŦŭ πŞŬŞπřũŴ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ ŠŦŞ ŷŨŞ ůŞ 

ţŢŸŠŤ ŞůŷμŴũ ůūŰ ŮŰŮůśμŞůūŭ šŜũŢŦ ůŤũ ūŨŦŧś šŰũŞμŦŧś ŢũŚŬŠŢŦŞ ůūŰ 

ŮŰŮůśμŞůūŭ [75,76]. 

ŁũřμŢŮŞ ŮůŞ πŦū ŮŰŲũř ŲŬŤŮŦμūπūŦūŸμŢũŞ šŰũŞμŦŧř πŢšŜŞ 

ŮŰμπŢŬŦŨŞμşřũūũůŞŦ ůŞ ŢŪśŭ: 

 AMBER (Assisted Model Building for Energy Refinement) [82] 

 CHARMM (Chemistry at Harvard Macromolecular Mechanics) [83] 

 GROMOS (Groningen Molecular Simulation) [84] 

 OPLS (Optimized Potentials for Liquid Simulations) [85] 

ŏŞŬř ůū ŠŢŠūũŷŭ ŷůŦ Ť ŧŢũůŬŦŧś ŦšŚŞ ŰπūŨūŠŦŮμūŸ ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ 

ŢŜũŞŦ ŮŲŢšŷũ Ť ŜšŦŞ ŮůŞ πŞŬŞπřũŴ šŰũŞμŦŧř πŢšŜŞ, ŰπřŬŲūŰũ ūŬŦŮμŚũŢŭ 

šŦŞűūŬūπūŦśŮŢŦŭ ŮůŦŭ πŞŬŞμŚůŬūŰŭ ŧŞŦ ůŦŭ ŢŪŦŮŹŮŢŦŭ ŰπūŨūŠŦŮμūŸ ůŴũ 
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šŢŮμŦŧŹũ ŧŞŦ μŤ šŢŮμŦŧŹũ ŞŨŨŤŨŢπŦšŬřŮŢŴũ. ŃŦŞ πŞŬřšŢŦŠμŞ, Ť μūŬűś ůŤŭ 

ŮŰũřŬůŤŮŤŭ ůūŰ šŰũŞμŦŧūŸ πŢšŜūŰ AMBER ŢŜũŞŦ: 

V(rN) = őbondskb(l-l0)
2 + őangleska(ť-ť0)

2 + ődihedralsVn[1 + cos(nŴ – Š)ΐ / 2 + őŌ-1
J=1 

őŌ
i=j+1 [ Ţi,j [ (r0ij / rij)

12 – 2(r0ij / rij)
6 ] + qiqj / 4π Ţ0 rij ] 

ŷπūŰ ū πŬŹůūŭ, ū šŢŸůŢŬūŭ ŧŞŦ ū ůŬŜůūŭ ŷŬūŭ ŞũůŦπŬūŮŴπŢŸūŰũ ůŤũ 

ŢũŚŬŠŢŦŞ ůŴũ ůŬŦŹũ šŢŮμŦŧŹũ ŞŨŨŤŨŢπŦšŬřŮŢŴũ ŞũůŜŮůūŦŲŞ ŧŞŦ ū ůŚůŞŬůūŭ 

ůŤũ ŢũŚŬŠŢŦŞ ůŴũ μŤ šŢŮμŦŧŹũ ŞŨŨŤŨŢπŦšŬřŮŢŴũ 

ŒŞ šŰũŞμŦŧř πŢšŜŞ ŰűŜŮůŞũůŞŦ šŦŞŬŧŹŭ şŢŨůŦŮůūπūŦśŮŢŦŭ ŧŞŦ šŦūŬťŹŮŢŦŭ μŢ 

ŮůŷŲū ũŞ ŢπŚŨťŢŦ ŮŰμűŴũŜŞ ŮŢ μŢŠŞŨŸůŢŬū şŞťμŷ μŢůŞŪŸ ůŴũ πŞŬŞŠŷμŢũŴũ 

ŞπūůŢŨŢŮμřůŴũ μŢ ůŞ πŢŦŬŞμŞůŦŧř šŢšūμŚũŞ [59-61]. ńŦšŦŧŷůŢŬŞ, ůū AMBER 

Şπŷ ůŤũ πŬŹůŤ ůūŰ ŚŧšūŮŤ ůū 1984 ŚŲŢŦ şŢŨůŦŴťŢŜ ŮŤμŞũůŦŧř μŚŲŬŦ ŧŞŦ 

ŮśμŢŬŞ. ņ ŚŧšūŮŤ ff94 ŢŦŮśŠŞŠŢ πŞŬŞμŚůŬūŰŭ ŧŞůřŨŨŤŨŢŭ ŠŦŞ 

πŬūŮūμūŦŹŮŢŦŭ ŷŨŴũ ůŴũ ŞůŷμŴũ πŬŴůŢŵũŹũ. ΩŮůŷŮū, πŞŬř ůŤũ ŢŰŬŢŜŞ 

ŲŬśŮŤ ůūŰ, ŢμűřũŦŮŢ ūŬŦŮμŚũŞ μŢŦūũŢŧůśμŞůŞ, ŷπŴŭ ŰπŢŬ-ŮůŞťŢŬūπūŜŤŮŤ 

ůŴũ Ş-ŢŨŜŧŴũ. ŋŢ ůŦŭ ŢŧšŷŮŢŦŭ ff96 ŧŞŦ ff99 ŢπŦŲŢŦŬśťŤŧŢ ůŬūπūπūŜŤŮŤ ůŴũ 

πŞŬŞμŚůŬŴũ ŰπūŨūŠŦŮμūŸ ůŴũ šŜŢšŬŴũ ŠŴũŦŹũ. ņ ŞũůŦŧŞůřŮůŞŮŤ ůŴũ 

πŞŬŞμŚůŬŴũ ŠŦŞ ůŦŭ šŜŢšŬŢŭ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ ūšśŠŤŮŢ ŮůŤ šŤμŦūŰŬŠŜŞ 

ůūŰ šŰũŞμŦŧūŸ πŢšŜūŰ ff99SB μŢ ůŤ ŲŬśŮŤ ůūŰ ūπūŜūŰ ŢπŦůŢŸŲťŤŧŢ ŧŞŨŸůŢŬŤ 

ŦŮūŬŬūπŜŞ ůŴũ ŮůūŦŲŢŜŴũ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ [86]. ņ şŢŨůŜŴŮŤ ůŴũ 

πŞŬŞμŚůŬŴũ ŮŰŮůŬūűśŭ ůŴũ πŨŢŰŬŦŧŹũ ūμřšŴũ ŧŞťŹŭ ŧŞŦ ůŤŭ ŦŮūŬŬūπŜŞŭ 

μŢůŞŪŸ ŢŨŦŧūŢŦšŹũ šūμŹũ ŧŞŦ ŮπŢŦŬŞμřůŴũ ŠŦŞ ŞŮůŞťś πŢπůŜšŦŞ ŢŜŲŢ Ŵŭ 

ŮŰũŚπŢŦŞ ůŤũ πŞŬŞŠŴŠś ůūŰ ff99SB-ILDN [87] ŧŞŦ ůūŰ ff99SB-STAR [88] 

ŞũůŜŮůūŦŲŞ. Łπŷ ůūũ ŮŰũšŰŞŮμŷ ůŴũ šŸū ŞŰůŹũ šŰũŞμŦŧŹũ πŢšŜŴũ πŬūŚŧŰųŢ 

ůū ff99SB-STAR-ILDN. 
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2.5 ΔŦŞŨŸůŤŭ ŧŞŦ ŏŬūŮūμūŦŹŮŢŦŭ ŋūŬŦŞŧśŭ 
ΔŰũŞμŦŧśŭ 

 

ņ ŲŬśŮŤ šŦŞŨŸůŤ, ŮŰũśťŴŭ ũŢŬūŸ, ŧŞůř ůŤ šŦŢŪŞŠŴŠś πŬūŮūμūŦŹŮŢŴũ 

μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŢŜũŞŦ ŞπŞŬŞŜůŤůŤ, šŦŷůŦ ŢπŤŬŢřţŢŦ ŮŢ μŢŠřŨū şŞťμŷ ůŤ 

šūμś ŧŞťŹŭ ŧŞŦ ůŦŭ šŰũŞμŦŧŚŭ ŧŞŦ ťŢŬμūšŰũŞμŦŧŚŭ πŞŬŞμŚůŬūŰŭ Ţũŷŭ 

şŦūŨūŠŦŧūŸ ŮŰŮůśμŞůūŭ ŮŢ űŰŮŦŧŚŭ ŮŰũťśŧŢŭ. Ŏ πŦū ŮŤμŞũůŦŧŷŭ ŜŮŴŭ ŬŷŨūŭ 

ůūŰ šŦŞŨŸůŤ ŮŰũŜŮůŞůŞŦ Ůůūũ ŧŞťūŬŦŮμŷ ůŴũ ŤŨŢŧůŬūŮůŞůŦŧŹũ 

ŞŨŨŤŨŢπŦšŬřŮŢŴũ. 

őŢ ŠŢũŦŧŚŭ ŠŬŞμμŚŭ, ŰπřŬŲūŰũ šŸū ůŬŷπūŦ μŢ ůūŰŭ ūπūŜūŰŭ 

ŮŰμπŢŬŦŨŞμşřũŢůŞŦ ŮŢ μŦŞ πŬūŮūμūŜŴŮŤ Ť ŢπŜšŬŞŮŤ ůūŰ šŦŞŨŸůŤ. Ŏ πŬŹůūŭ 

ŞűūŬř ůŤ ŲŬśŮŤ μŦŞŭ ŢπŦπŨŚūũ šŦŤŨŢŧůŬŦŧśŭ ŮůŞťŢŬřŭ ŮůŤ ŮŰũřŬůŤŮŤ 

ŰπūŨūŠŦŮμūŸ ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ, ŧŞŦ ŢŦšŦŧŷůŢŬŞ Ůůūũ ŷŬū πūŰ 

ŞũŞűŚŬŢůŞŦ ŮůŦŭ ŤŨŢŧůŬūŮůŞůŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ. ŋ’ ŞŰůŷũ ůūũ ůŬŷπū 

ŢπŦůŰŠŲřũŢůŞŦ ŚμμŢŮūŭ πŬūŮšŦūŬŦŮμŷŭ ůŤŭ ŢπŜšŬŞŮŤŭ ůūŰ šŦŞŨŸůŤ ŮůŤũ 

šŰũŞμŦŧś ŢũŚŬŠŢŦŞ ůūŰ ŮŰŮůśμŞůūŭ, ŞűūŸ šŢũ ŮŰμμŢůŚŲūŰũ μŷŬŦŞ ůūŰ ŮůŤũ 

πŬūŮūμūŜŴŮŤ. ŁũůŜťŢůŞ, μŢ ůūũ šŢŸůŢŬū ůŬŷπū Ť πŬūŮūμūŜŴŮŤ 

πŬŞŠμŞůūπūŦŢŜůŞŦ μŢ ůŤ ŮŰμμŢůūŲś μūŬŜŴũ šŦŞŨŸůŤ. ő’ ŞŰůśũ ůŤũ πŢŬŜπůŴŮŤ, 

ŴŮůŷŮū, Ť ūŬŦūťŚůŤŮŤ ůūŰ ŮŰŮůśμŞůūŭ ťŢŴŬŢŜůŞŦ ŞũŞŠŧŞŜŞ ŞűŢũŷŭ ŠŦŞ ůŤũ 

ŞπūűŰŠś šŦřŲŰŮŤŭ μūŬŜŴũ ůūŰ šŦŞŨŸůŤ ŧŞŦ ŞűŢůŚŬūŰ ŠŦŞ ůŤ ŲŬśŮŤ 

πŢŬŦūŬŦŮμŚũūŰ ŞŬŦťμūŸ μūŬŜŴũ šŦŞŨŸůŤ, ŹŮůŢ ũŞ ŢŜũŞŦ ŢűŦŧůŷŭ ū 

ŰπūŨūŠŦŮμŷŭ ůŴũ μŞŧŬūŮŧūπŦŧŹũ ŦšŦūůśůŴũ ůūŰ ŮŰŮůśμŞůūŭ [76]. 

ŃŦŞ ůŤũ ŢπŜůŢŰŪŤ ůūŰ πŞŬŞπřũŴ ŮůŷŲūŰ, Ť πŦū ŮŰŲũř ŲŬŤŮŦμūπūŦūŸμŢũŤ 

μŚťūšūŭ ŢŜũŞŦ ū ŧŞťūŬŦŮμŷŭ ŮŰũťŤŧŹũ πŢŬŦūšŦŧŹũ ŮŰũŷŬŴũ (periodic 

boundary conditions). őŸμűŴũŞ μŢ ůŤ μŚťūšū ŞŰůś, ůū Űπŷ μŢŨŚůŤ μŷŬŦū 

ůūπūťŢůŢŜůŞŦ μŚŮŞ ŮŢ ŚũŞ ŧŢŨŜ Ůůū ŧŚũůŬū, ůū ūπūŜū ūũūμřţŢůŞŦ πŬŴůŞŬŲŦŧŷ 

ŧŢŨŜ, ŧŞŦ ŠŸŬŴ Şπŷ ŞŰůŷ ŰπřŬŲūŰũ ŞũůŜŠŬŞűř ůūŰ πŬūŭ ŷŨŢŭ ůŦŭ 

ŧŞůŢŰťŸũŮŢŦŭ (ńŦŧŷũŞ 2.1). Œū ŧřťŢ řůūμū μπūŬŢŜ ũŞ ŞŨŨŤŨŢπŦšŬřŮŢŦ μŢ ůŞ 

ŠŢŦůūũŦŧř řůūμŞ πūŰ şŬŜŮŧūũůŞŦ ŢŜůŢ Ůůū ŜšŦū ŧŢŨŜ ŢŜůŢ ŮůŞ πŢŬŦşřŨŨūũůŞ 

ŧŢŨŦř. ńπūμŚũŴŭ, Ţřũ ŚũŞ řůūμū ŢŠŧŞůŞŨŢŜųŢŦ ůū πŬŴůŞŬŲŦŧŷ ŧŢŨŜ, ůŷůŢ 
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ŢŦŮŚŬŲŢůŞŦ ůū ŞũůŜŮůūŦŲū řůūμū Şπŷ ůū ŞũůŦπŞŬřŨŨŤŨū ŧŢŨŜ šŦŞůŤŬŹũůŞŭ ůŤũ 

πŢŬŦūšŦŧŷůŤůŞ ůūŰ ŮŰŮůśμŞůūŭ [75,76]. 

 

ńŦŧŷũŞ 2.1: őŰũťśŧŢŭ πŢŬŦūšŦŧŹũ ŮŰũŷŬŴũ (ΥΙΧΝΤdΝΗ ΖΤuΣdΕΧί ΗΤΣdΝtΝΤΣs). őůū ŧŚũůŬū şŬŜŮŧŢůŞŦ 
ůū πŬŴůŞŬŲŦŧŷ ŧŢŨŜ ŧŞŦ ŠŸŬŴ ůūŰ ŞŬŦťμŤμŚũŞ ůŞ πŢŬŦşřŨŨūũůŞ ŧŢŨŦř. 

 

 

 

 

 

 

 

 



 
28 

ŉŢűřŨŞŦū 3: ŋŚťūšūŦ 
 

 

 

3.1 ńŦŮŞŠŴŠś 
 

ņ μŢŨŚůŤ ŞũŞšŜπŨŴŮŤŭ ůūŰ ūŬŦŞŧř ŮůŞťŢŬūŸ πŢπůŦšŜūŰ HP21 μŢ physics-

based μŢťŷšūŰŭ πŬŞŠμŞůūπūŦśťŤŧŢ μŢ ůŤ šŦŢŪŞŠŴŠś μŦŞŭ πŬūŮūμūŜŴŮŤŭ 

μūŬŦŞŧśŭ šŰũŞμŦŧśŭ μŢ ůŤ şūśťŢŦŞ ůūŰ πŬūŠŬřμμŞůūŭ NAMD, ůū ūπūŜū 

ŞπūůŢŨŢŜ ŚũŞ ŨūŠŦŮμŦŧŷ ŮŲŢšŦŞŮμŚũū ŠŦŞ ůŤũ πŞŬŞŠŴŠś ŰųŤŨśŭ ŞπŷšūŮŤŭ 

πŬūŮūμūŦŹŮŢŴũ μŢŠřŨŴũ şŦūμūŬŦŞŧŹũ ŮŰŮůŤμřůŴũ [89]. Œū NAMD ŢŜũŞŦ 

ŮŰμşŞůŷ μŢ ůŞ šŰũŞμŦŧř πŢšŜŞ AMBER ŧŞŦ CHARMM. őůŤũ πŢŬŜπůŴŮś μŞŭ, 

ŢπŦŨŚŲťŤŧŢ Ť ŲŬśŮŤ ůūŰ AMBER Ŵŭ šŰũŞμŦŧūŸ πŢšŜūŰ, ŧŞŦ ŢŦšŦŧŷůŢŬŞ ůŤŭ 

ŚŧšūŮŤŭ 99SB-STAR-ILDN. 

ŉŞůř ŠŢũŦŧś ūμūŨūŠŜŞ, Ť πŬūŮūμūŜŴŮŤ ŮŰŮůŤμřůŴũ μŢ ŮŲŢůŦŧř μŢŠřŨū 

ŞŬŦťμŷ ŞůŷμŴũ ŢŜũŞŦ μŦŞ ŲŬūũūşŷŬŞ šŦŞšŦŧŞŮŜŞ πūŰ ŞπŞŦůŢŜ ůŤ ŲŬśŮŤ 

ŢŪŢŨŦŠμŚũŴũ ŰπūŨūŠŦŮůŦŧŹũ ŮŰŮůŤμřůŴũ. ĺũŞŭ ůŬŷπūŭ μŢŜŴŮŤŭ ůūŰ 

ŰπūŨūŠŦŮůŦŧūŸ ŧŷŮůūŰŭ ŧŞŦ ŞŸŪŤŮŤŭ ůŤŭ ŞπŷšūŮŤŭ ŢŜũŞŦ Ť πŞŬřŨŨŤŨŤ 

ŮŸũšŢŮŤ ŰπūŨūŠŦŮůŹũ ŠŦŞ ůŤ šŤμŦūŰŬŠŜŞ Ţũŷŭ cluster, ŷπūŰ ŠŜũŢůŞŦ 

ŧŞůŞμŢŬŦŮμŷŭ ůŴũ ŢŬŠŞŮŦŹũ ŮůūŰŭ ŮŰũšŢšŢμŚũūŰŭ ŰπūŨūŠŦŮůŚŭ (ŧŷμşūŰŭ). 

ĺũŞ ůŚůūŦū ŰπūŨūŠŦŮůŦŧŷ ŮŰŠŧŬŷůŤμŞ, Ůůū ūπūŜū πŬŞŠμŞůūπūŦśťŤŧŢ Ť 

πŬūŮūμūŜŴŮŤ ůŤŭ πůŰŲŦŞŧśŭ ŞŰůśŭ ŢŬŠŞŮŜŞŭ,  ŢŜũŞŦ Ť Norma (ńŦŧŷũŞ 3.1) 

[90]. ņ Norma ŞπūůŢŨŢŜůŞŦ ŮŰũūŨŦŧř Şπŷ 12 ŧŷμşūŰŭ ŮŰũšŢšŢμŚũūŰŭ ŮŢ ŚũŞ 

ůūπŦŧŷ šŜŧůŰū μŢ ŢŠŧŞůŞŮůŤμŚũŢŭ şŦşŨŦūťśŧŢŭ ŧŞŦ πŬūŠŬřμμŞůŞ (Beowulf 

cluster). őŰũūŨŦŧř πŢŬŦŚŲŢŦ: 96 ŧŢũůŬŦŧŚŭ μūũřšŢŭ ŢπŢŪŢŬŠŞŮŜŞŭ (CPU), 114 

GB űŰŮŦŧśŭ μũśμŤŭ ŧŞŦ 6 GPGPUSs (μūũřšŢŭ ŢπŢŪŢŬŠŞŮŜŞŭ ŠŬŞűŦŧŹũ μŢ 

šŰũŞůŷůŤůŞ ŢŧůŚŨŢŮŤŭ ŢŬŠŞŮŦŹũ ůŴũ CPUs). ŎŲůŹ ŧŷμşūŦ şŞŮŦŮμŚũūŦ ŮŢ 4-

πŸŬŤũūŰŭ ŢπŢŪŢŬŠŞŮůŚŭ Intel Q6600 Kentsfield 2.4 GHz πŬūŮűŚŬūŰũ 4 GB 

űŰŮŦŧśŭ μũśμŤŭ ū ŧŞťŚũŞŭ ŧŞťŹŭ ŢπŜŮŤŭ ŧŞŦ Şπŷ μŜŞ μūũřšŞ ŢπŢŪŢŬŠŞŮŜŞŭ 

ŠŬŞűŦŧŹũ (GPU) nvidia GTX-460 ūŦ ůŚŮŮŢŬŦŭ Şπŷ ŞŰůūŸŭ. ĺũŞŭ ŧŷμşūŭ 
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şŞŮŦŮμŚũūŭ ŮŢ ŢπŢŪŢŬŠŞŮůś Intel i7 965 extreme πŬūŮűŚŬŢŦ 6 GB űŰŮŦŧśŭ 

μũśμŤŭ ŧŞŦ μŜŞ GTX-295. ĺũŞŭ ŧŷμşūŭ şŞŮŦŮμŚũūŭ ŮŢ 8-πŸŬŤũū ŢπŢŪŢŬŠŞŮůś 

AMD FX-8150 πŬūŮűŚŬŢŦ 4 GB űŰŮŦŧśŭ μũśμŤŭ ŧŞŦ μŜŞ nvidia GTX-570. Ŏ 

ŧŷμşūŭ IBM X3755 server μŢ 48 AMD πŰŬśũŢŭ πŬūŮűŚŬŢŦ 64 GB űŰŮŦŧśŭ 

μũśμŤŭ ŧŞŦ 1.8 TB ŞπūťŤŧŢŰůŦŧŷ ŲŹŬū. ŒŚŨūŭ, ū ŧŢũůŬŦŧŷ ŧŷμşūŭ μŢ 4 

πŰŬśũŢŭ šŦŞťŚůŢŦ 8 GB űŰŮŦŧśŭ μũśμŤŭ, 1.5 TB ŞπūťŤŧŢŰůŦŧŷ ŲŹŬū ŮŢ 

μūŬűś RAID5 ŧŞŦ μŦŞ nvidia GTX-260. ĽŨūŦ ūŦ ŧŷμşūŦ ŮŰũšŚūũůŞŦ μŢůŞŪŸ ůūŰŭ 

μŢ μŢůŞŠŴŠŚŞ HP ProCurve 1800-24G Gigabit Ethernet. 

 

  

ńŦŧŷũŞ 3.1: Œū ŰπūŨūŠŦŮůŦŧŷ ŮŰŠŧŬŷůŤμŞ NΤΧΡΕ. ńπřũŴ ŞπŢŦŧūũŜţūũůŞŦ ū ŧŢũůŬŦŧŷŭ πŰŬśũŞŭ ŧŞŦ ūŦ ūŲůŹ Intel 
Q6600 Kentsfield ŧŷμşūŦ. ŉřůŴ ŞŬŦŮůŢŬř ū ŧŷμşūŭ μŢ ůūũ 8-πŸŬŤũū ŢπŢŪŢŬŠŞŮůś AMD FX-8150, ŢũŹ ŧřůŴ šŢŪŦř ū 
ŧŷμşūŭ IBM X3755 server. 
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3.2 ĺũŞŬŪŤ πŬūŮūμūŦŹŮŢŴũ μŢ ůū NAMD 
 

ŃŦŞ ůŤũ ŚũŞŬŪŤ μŦŞŭ πŬūŮūμūŜŴŮŤŭ μŢ šŰũŞμŦŧŷ πŢšŜū ůū AMBER ůū NAMD 

ŲŬŢŦřţŢůŞŦ ůŬŜŞ ůūŰŨřŲŦŮůūũ ŞŬŲŢŜŞ: 

 ĺũŞ ŞŬŲŢŜū pdb (Protein Data Bank), ůū ūπūŜū πŢŬŦŚŲŢŦ ůŦŭ 

ŮŰũůŢůŞŠμŚũŢŭ ŷŨŴũ ůŴũ ŞůŷμŴũ ŧŞŦ ůŴũ ŢůŢŬūŠŢũŹũ ŞůŷμŴũ ůūŰ 

Űπŷ μŢŨŚůŤ ŮŰŮůśμŞůūŭ ś/ŧŞŦ ůŦŭ ŞũůŜŮůūŦŲŢŭ ůŞŲŸůŤůŢŭ. ŁŬŲŢŜŞ pdb 

ŢŜũŞŦ šŦŞťŚŮŦμŞ μŚŮŴ ůŤŭ şřŮŤŭ šŢšūμŚũŴũ PDB 

(http://www.rcsb.org/pdb/home/home.do), ŞŨŨř μπūŬūŸũ ŢπŜŮŤŭ ũŞ 

šŤμŦūŰŬŠŤťūŸũ ŧŞŦ Şπŷ ůūũ ŜšŦū ůū ŲŬśŮůŤ. ņ μūŬűś Ţũŷŭ ůŚůūŦūŰ 

ŞŬŲŢŜūŰ ŢŜũŞŦ Ť ŢŪśŭ: 

ATOM      1  N   MET A  41       1.177 -10.035  -3.493  1.00  2.04           N   

ATOM      2  CA  MET A  41       0.292  -8.839  -3.377  1.00  1.55           C   

ATOM      3  C   MET A  41      -0.488  -8.912  -2.063  1.00  1.22           C   

ATOM      4  O   MET A  41      -1.039  -9.937  -1.709  1.00  1.32           O   

ATOM      5  CB  MET A  41      -0.674  -8.793  -4.565  1.00  1.98           C   

ATOM      6  CG  MET A  41      -0.091  -7.889  -5.657  1.00  2.27           C   

ATOM      7  SD  MET A  41      -0.153  -8.747  -7.255  1.00  3.04           S   

ATOM      8  CE  MET A  41      -0.971  -7.432  -8.193  1.00  3.78           C   

ATOM      9  H1  MET A  41       0.835 -10.784  -2.856  1.00  2.30           H   

ATOM     10  H2  MET A  41       1.166 -10.381  -4.475  1.00  2.37           H   

ŷπūŰ ūŦ ŮůśŨŢŭ πŢŬŦŚŲūŰũ Şπŷ ŞŬŦŮůŢŬř πŬūŭ šŢŪŦř ůūũ ůŸπū ŧŞůŞŲŹŬŤŮŤŭ, 

ůūũ ŞŬŦťμŷ ůūŰ ŞůŷμūŰ, ůū ŷũūμŞ ůūŰ ŞůŷμūŰ, ůū ŷũūμŞ ůūŰ ŧŞůŞŨūŜπūŰ, ůūũ 

ŞŬŦťμŷ ůūŰ ůμśμŞůūŭ, ůūũ ŞŬŦťμŷ ůūŰ ŧŞůŞŨūŜπūŰ, ůŦŭ ŮŰũůŢůŞŠμŚũŢŭ x, y ŧŞŦ 

z, ůŤũ ŧŞůūŲś, ůūũ πŞŬřŠūũůŞ ťŢŬμūŧŬŞŮŜŞŭ ŧŞŦ ůūũ ůŸπū ůūŰ ŞůŷμūŰ. 

http://www.rcsb.org/pdb/home/home.do
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 ĺũŞ ŞŬŲŢŜū πŞŬŞμŢůŬūπūŜŤŮŤŭ šŰũŞμŦŧūŸ πŢšŜūŰ AMBER (AMBER 

format PARM file), ůū ūπūŜū πŢŬŦŚŲŢŦ ůŤũ ůūπūŨūŠŜŞ ŧŞŦ ůŦŭ ŞũŞŠŧŞŜŢŭ 

πŞŬŞμŚůŬūŰŭ ŠŦŞ ůūũ ŰπūŨūŠŦŮμŷ ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ ůūŰ 

ŮŰŮůśμŞůūŭ. ŃŦŞ ůŤũ πŬūŮūμūŜŴŮŤ μŞŭ ŚŠŦũŢ ŲŬśŮŤ ůūŰ ŞŬŲŢŜūŰ 

πŞŬŞμŢůŬūπūŜŤŮŤŭ ůūŰ AMBER ff99SB-STAR-ILDN.  

 ĺũŞ ŞŬŲŢŜū šŦŞμŷŬűŴŮŤŭ (configuration file), Ůůū ūπūŜū ŧŞťūŬŜţūũůŞŦ 

ŷŨŢŭ ūŦ ŢπŦŨūŠŚŭ ůūŰ ŲŬśŮůŤ ŮŲŢůŦŧř μŢ ůŦŭ ŮŰũťśŧŢŭ ŧŞŦ ůūũ ůŬŷπū μŢ 

ůūũ ūπūŜū ťŞ πŬŞŠμŞůūπūŦŤťŢŜ Ť πŬūŮūμūŜŴŮŤ. ŏŞŬŞŧřůŴ 

πŞŬŞůŜťŢůŞŦ ůū ŞŬŲŢŜū šŦŞμŷŬűŴŮŤŭ ůŤŭ πŬūŮūμūŜŴŮśŭ μŞŭ 

(ŏŞŬřŬůŤμŞ 1). ŎŦ πŞŬřμŢůŬūŦ ŧŞŦ ūŦ ŢπŦŨūŠŚŭ πūŰ ŲŬŤŮŦμūπūŦśťŤŧŞũ 

ŞũŞŨŸūũůŞŦ ŮůŤ ŮŰũŚŲŢŦŞ. 

 

3.3 ŏŬūŢůūŦμŞŮŜŞ ŮŰŮůśμŞůūŭ ŧŞŦ ŮůřšŦŞ 
πŬūŮūμūŜŴŮŤŭ 

 

Œū πŬŹůū ŮůřšŦū ŠŦŞ ůŤ šŦŢŪŞŠŴŠś ůŤŭ πŬūŮūμūŜŴŮŤŭ śůŞũ Ť πŬūŢůūŦμŞŮŜŞ 

ůūŰ ŮŰŮůśμŞůūŭ. ŁŬŲŦŧř, μŢ ůŤ şūśťŢŦŞ ůūŰ πŬūŠŬřμμŞůūŭ RIBOSOME [91] 

šŤμŦūŰŬŠśťŤŧŢ ůū ŞŬŲŢŜū pdb ůūŰ πŢπůŦšŜūŰ HP21 μŢ ŞμŦũūŪŦŧś ŞŨŨŤŨūŰŲŜŞ 

MLSDEDFKAVFGMTRSAFANL ŮŢ πŨśŬŴŭ ŞπūšŦŞůŞŠμŚũŤ μūŬűś (fully 

extended state). ŉŞůř ůŤ ŮŸũťŢŮŤ ůūŰ πŢπůŦšŜūŰ πŬūŮůŚťŤŧŢ Ůůū 

ŧŞŬşūŪŰůŢŨŦŧŷ řŧŬū ŚũŞ ŧŞůřŨūŦπū Ō-μŢťŰŨŞμŜũŤŭ (NME), Ť ūπūŜŞ ŢŜũŞŦ μŦŞ 

μŤ űūŬůŦŮμŚũŤ ūŬŠŞũŦŧś ŚũŴŮŤ πūŰ ŲŬŤŮŦμūπūŦŢŜůŞŦ ŮŰŲũř ŮůŞ ůŢŬμŞůŦŧř 

řŧŬŞ πŬŴůŢŵũŹũ ŧŞŦ πŢπůŦšŜŴũ μŢ ŮůŷŲū ůŤũ ŮůŞťŢŬūπūŜŤŮŤ ůŴũ šūμŹũ 

[92]. ŁŧūŨūŸťŤŮŢ Ť πŬūŮťśŧŤ ůŴũ ŞůŷμŴũ ŰšŬūŠŷũūŰ ŧŞŦ ůŴũ ŦŷũůŴũ ŧŞŦ Ť 

ŢũŰšřůŴŮŤ ůūŰ ŮŰŮůśμŞůūŭ μŢ ůū πŬŷŠŬŞμμŞ LEAP Şπŷ ůŞ ŢŬŠŞŨŢŜŞ ůūŰ 

AMBER [93]. ņ πŬūŮūμūŜŴŮŤ πŬŞŠμŞůūπūŦśťŤŧŢ μŢ ůŤ ŲŬśŮŤ ŮŰũťŤŧŹũ 

ūŬŦŞŧŹũ ŮŰũŷŬŴũ (periodic boundary conditions) ŷπūŰ ůū μŚŠŢťūŭ ůŤŭ ŧřťŢ 

ŧŰųŢŨŜšŞ śůŞũ ůŚůūŦū ŹŮůŢ ũŞ ŢŪŞŮűŞŨŜţŢŦ ŚũŞũ ŢŨřŲŦŮůū šŦŞŲŴŬŦŮμŷ 

μŢůŞŪŸ ůŴũ ŠŢŦůūũŦŧŹũ ŧŢŨŦŹũ ůŤŭ ůřŪŢŴŭ ůŴũ 16 ζ. Ωŭ šŰũŞμŦŧŷ πŢšŜū 

ŲŬŤŮŦμūπūŦśťŤŧŢ ůū AMBER 99SB-STAR-ILDN ŧŞŦ Ŵŭ μūũůŚŨū ũŢŬūŸ ůū TIP3P.  
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ńπŦπŬŷŮťŢůŞ, Ť πŬūŮūμūŜŴŮŤ ŢπŦŨŚŲťŤŧŢ ũŞ ŠŜũŢŦ ŮŢ ŚũŞ ŮŰũŢŲŚŭ ŢŸŬūŭ 

ťŢŬμūŧŬŞŮŦŹũ μŢůŞŪŸ 300 K ŧŞŦ 400 ŉ, ŮŸμűŴũŞ μŢ ůŤũ μŚťūšū adaptive 

tempering ůūŰ NAMD [94]. ņ μŚťūšūŭ ŞŰůś ŢπŦůŞŲŸũŢŦ ůŤ šŦŞšŦŧŞŮŜŞ 

šŢŦŠμŞůūŨŤųŜŞŭ šŦŞμūŬűŹŮŢŴũ ŠŦŞ ůŤũ ŢŸŬŢŮŤ ůŴũ šūμŹũ πūŰ ŞũůŦŮůūŦŲūŸũ 

Ůůū ūŨŦŧŷ ŢũŢŬŠŢŦŞŧŷ ŢŨřŲŦŮůū ŧŞŦ ŨŢŦůūŰŬŠŢŜ Ŵŭ ŢŪśŭ: ŷůŞũ Ť šŰũŞμŦŧś 

ŢũŚŬŠŢŦŞ μŦŞŭ πŞŬŞŠŷμŢũŤŭ šūμśŭ ŢŜũŞŦ ŲŞμŤŨŷůŢŬŤ Şπŷ ůŤ μŚŮŤ ůŦμś ůŤŭ 

šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ ŚŴŭ ŢŧŢŜũū ůū ŲŬūũŦŧŷ ŮŤμŢŜū, ůŷůŢ μŢŦŹũŢůŞŦ Ť 

ťŢŬμūŧŬŞŮŜŞ. ŁũůŜťŢůŞ, ŷůŞũ Ť šŰũŞμŦŧś ŢũŚŬŠŢŦŞ μŦŞŭ πŞŬŞŠŷμŢũŤŭ šūμśŭ 

ŢŜũŞŦ μŢŠŞŨŸůŢŬŤ Şπŷ ůŤ μŚŮŤ ůŦμś ůŤŭ šŰũŞμŦŧśŭ ŢũŚŬŠŢŦŞŭ, ůŷůŢ Ť 

ťŢŬμūŧŬŞŮŜŞ ŞŰŪřũŢůŞŦ [89]. 

ŏŬŦũ ůŤũ ŚũŞŬŪŤ ůŤŭ πŞŬŞŠŴŠŦŧśŭ űřŮŤŭ μŦŞŭ πŬūŮūμūŜŴŮŤŭ ŞπŞŦůŢŜůŞŦ ũŞ 

ŠŜũŢŦ ŢŨŞŲŦŮůūπūŜŤŮŤ ŧŞŦ ŢŪŦŮūŬŬŷπŤŮŤ ůūŰ ŮŰŮůśμŞůūŭ. ŉŞůř ůŤũ 

ŢŨŞŲŦŮůūπūŜŤŮŤ πŬŞŠμŞůūπūŦŢŜůŞŦ ŞũŞţśůŤŮŤ ůūŰ ŢũŢŬŠŢŦŞŧūŸ ůūπŜūŰ ůūŰ 

μūŬŜūŰ μŚŮŞ Şπŷ ůŤ ŮŰŮůŤμŞůŦŧś ŞŨŨŞŠś ůŴũ ťŚŮŢŴũ ůŴũ ŞůŷμŴũ ŧŞŦ ůūũ 

ŰπūŨūŠŦŮμŷ ůŤŭ ŢũŚŬŠŢŦŞŭ ŠŦŞ ŧřťŢ ťŚŮŤ μŢ ŮůŷŲū ůŤũ ŢŸŬŢŮŤ Ţũŷŭ ůūπŦŧūŸ 

ŢũŢŬŠŢŦŞŧūŸ ŢŨŞŲŜŮůūŰ. ņ ŢŪŦŮūŬŬŷπŤŮŤ ŞűūŬř ůŤ μūŬŦŞŧś šŰũŞμŦŧś ůūŰ 

ŮŰŮůśμŞůūŭ ŧŞŦ πŢŬŦŨŞμşřũŢŦ ůŤũ ŢπŜŨŰŮŤ ůūŰ ΔŢŸůŢŬūŰ ŌŷμūŰ ůūŰ ŌŢŸůŴũŞ 

ŠŦŞ ŧřťŢ řůūμū ůūŰ ŮŰŮůśμŞůūŭ  ŰπŞŠūŬŢŸūũůŞŭ ůū ůŬūŲŦŞŧŷ ůūŰ. 

Œū πŬŴůŷŧūŨŨū ŮŸμűŴũŞ μŢ ůū ūπūŜū šŦŢŪřŲťŤŧŢ Ť πŬūŮūμūŜŴŮŤ śůŞũ ůū 

ŢŪśŭ: ŞŬŲŦŧř ŚŠŦũŢ ŢŨŞŲŦŮůūπūŜŤŮŤ ůŤŭ ŢũŚŬŠŢŦŞŭ ůūŰ ŮŰŮůśμŞůūŭ μŚŮŞ ŮŢ 

1000 şśμŞůŞ ŧŞŦ, ŮůŤ ŮŰũŚŲŢŦŞ, ŞŧūŨūŸťŤŮŢ μŜŞ μŦŧŬś űřŮŤ ťŚŬμŞũŮŤŭ 

μŚŲŬŦ ůŤ ťŢŬμūŧŬŞŮŜŞ ůŴũ 300 ŉ μŢ şśμŞ 20 ŉ ŠŦŞ ŲŬūũŦŧŷ šŦřŮůŤμŞ 32 ps. 

ĺπŢŦůŞ, ůū ŮŸŮůŤμŞ ŢŪŦŮūŬŬūπśťŤŧŢ ŠŦŞ 10 ps ŧřůŴ Şπŷ ŮůŞťŢŬś πŜŢŮŤ ŧŞŦ 

ťŢŬμūŧŬŞŮŜŞ (ŮŰũťśŧŢŭ NpT). Ŏ ŚŨŢŠŲūŭ ůŤŭ ťŢŬμūŧŬŞŮŜŞŭ ŧŞŦ ůŤŭ πŜŢŮŤŭ 

ŚŠŦũŢ μŢ ůŤ ŲŬśŮŤ ůūŰ šŰũŞμŦŧūŸ NΤsφ-HΤΤάΙr LΕΣΛΙάΝΣ ŧŞŦ μŢťŷšūŰŭ 

Langevin piston barostat control, ŢũŹ Ť ŢűŞŬμūŠś ůūŰ adaptive tempering 

ŚŠŦũŢ μŢ ůŤ ŲŬśŮŤ ůūŰ ťŢŬμūŮůřůŤ Langevin Űπŷ ŮůŞťŢŬś πŜŢŮŤ 1 atm. ŃŦŞ 

ůŤũ πŞŬŞŠŴŠŦŧś űřŮŤ ŲŬŤŮŦμūπūŦśťŤŧŢ ū ŞŨŠŷŬŦťμūŭ ūŨūŧŨśŬŴŮŤŭ 

πūŨŨŞπŨŹũ ŲŬūũŦŧŹũ şŤμřůŴũ Verlet-I μŢ şśμŞ 2 fs. ŎŦ μŤ šŢŮμŦŧŚŭ 

ŞŨŨŤŨŢπŦšŬřŮŢŦŭ μŦŧŬūŸ ŢŸŬūŰŭ ŰπūŨūŠŜţūũůŞũ ŮŢ ŧřťŢ ŲŬūũŦŧŷ şśμŞ ŧŞŦ ūŦ 

ŤŨŢŧůŬūŮůŞůŦŧŚŭ ŞŨŨŤŨŢπŦšŬřŮŢŦŭ μŢŠřŨūŰ ŢŸŬūŰŭ ŧřťŢ šŸū ŲŬūũŦŧř şśμŞůŞ 

ŲŬŤŮŦμūπūŦŹũůŞŭ ůŤ μŚťūšū PME (Particle Mesh Ewald) [95]. ņ μŚťūšūŭ ŞŰůś 

ŲŬŤŮŦμūπūŦŢŜůŞŦ ŠŦŞ ůūũ ŰπūŨūŠŦŮμŷ ůŴũ ŤŨŢŧůŬūŮůŞůŦŧŹũ ŞŨŨŤŨŢπŦšŬřŮŢŴũ 
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ŮŢ ŚũŞ ŮŸŮůŤμŞ Ůůū ūπūŜū ŢűŞŬμŷţūũůŞŦ ŮŰũťśŧŢŭ πŢŬŦūšŦŧŹũ ŮŰũŷŬŴũ. Œū 

ŷŬŦū ŠŦŞ ůūũ ŰπūŨūŠŦŮμŷ ůŴũ ŞŨŨŤŨŢπŦšŬřŮŢŴũ van der Waals śůŞũ ŮůŞ 9 ζ 

ŧŞŦ ū πŢŬŦūŬŦŮμŷŭ ůŴũ šŢŮμŹũ μŢůŞŪŸ ůŴũ ŰšŬūŠŷũŴũ ŧŞŦ řŨŨŴũ ŞůŷμŴũ 

ŚŠŦũŢ μŢ ůŤ şūśťŢŦŞ ůūŰ πŬūŠŬřμμŞůūŭ SHAKE [96]. Œū ůŬūŲŦŞŧŷ πŞŬřŲťŤŧŢ 

μŢ ůŤũ ŞπūťśŧŢŰŮŤ ůŴũ ŞůūμŦŧŹũ ŮŰũůŢůŞŠμŚũŴũ ūŨŷŧŨŤŬūŰ ůūŰ 

ŮŰŮůśμŞůūŭ ŧřťŢ 0.8 ps. 

őŰũūŨŦŧř, Ť πŬūŮūμūŜŴŮŤ ŢŜŲŢ šŦřŬŧŢŦŞ 15 μs, ůŞ ūπūŜŞ ŞũůŦŮůūŦŲūŸũ 

πŢŬŜπūŰ ŮŢ 405 ŤμŚŬŢŭ űŰŮŦŧūŸ ŲŬŷũūŰ, ŧŞŦ ūšśŠŤŮŢ ŮůŤũ πŞŬŞŠŴŠś 

18835852 šŦŞμūŬűŹŮŢŴũ (frames). 
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ŉŢűřŨŞŦū 4: ŁπūůŢŨŚŮμŞůŞ 
 

 

  

4.1 ńŦŮŞŠŴŠś 
 

őůū ůŚůŞŬůū ŧŞŦ ůŢŨŢŰůŞŜū μŚŬūŭ ůŤŭ šŦπŨŴμŞůŦŧśŭ ŞŰůśŭ ŢŬŠŞŮŜŞŭ ťŞ 

ŞŮŲūŨŤťūŸμŢ μŢ ůŤũ ŞũřŨŰŮŤ ůūŰ ůŬūŲŦŞŧūŸ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ůūŰ 

πŢπůŦšŜūŰ HP21 ŧŞŦ ůŤũ πŞŬūŰŮŜŞŮŤ ůŴũ ŞπūůŢŨŢŮμřůŴũ ŧŞťŹŭ ŢπŜŮŤŭ ŧŞŦ 

μŢ ůŤ ŮŸŠŧŬŦŮŤ ůŴũ ŞπūůŢŨŢŮμřůŴũ ŞŰůŹũ μŢ ŠũŴŮůř πŢŦŬŞμŞůŦŧř 

šŢšūμŚũŞ.  

ņ ŞũřŨŰŮŤ ůūŰ ůŬūŲŦŞŧūŸ πŬŞŠμŞůūπūŦśťŤŧŢ ŧŞůř ŧŸŬŦū ŨŷŠū μŢ ůŤ ŲŬśŮŤ 

ůŴũ πŬūŠŬŞμμřůŴũ CARMA [97] ŧŞŦ GRCARMA [98] ŧŞŦ πŢŬŦŨŞμşřũŢŦ ŚũŞ 

πŨśťūŭ μŢťŷšŴũ μŢ ŮůŷŲū ůŤũ ŞũřšŢŦŪŤ ůŴũ šŰũŞμŦŧŹũ ŧŞŦ ŧŦũŤůŦŧŹũ 

ŦšŦūůśůŴũ ůŴũ šŦŞűūŬŢůŦŧŹũ ŮůŢŬŢūšŦŞμūŬűŹŮŢŴũ πūŰ ŢũůūπŜŮůŤŧŞũ. ņ 

πŞŬŞŠŴŠś ůŴũ ŢŦŧŷũŴũ, ůŴũ šŦŞŠŬŞμμřůŴũ ŧŞŦ ůŴũ ŠŬŞűŦŧŹũ 

πŞŬŞŮůřŮŢŴũ πūŰ πŞŬūŰŮŦřţūũůŞŦ ŮůŤ ŮŰũŚŲŢŦŞ ŚŠŦũŢ μŢ ůŤ ŲŬśŮŤ ůŴũ 

πŬūŠŬŞμμřůŴũ VMD [99], RASTER3D [100], CARMA ŧŞŦ GRACE [101]. 

őŰũūπůŦŧř, ūŦ μŚťūšūŦ πūŰ ŲŬŤŮŦμūπūŦśťŤŧŞũ śůŞũ: 

 Ŏ ŚŨŢŠŲūŭ ůŤŭ ŮŸŠŧŨŦŮŤŭ ůūŰ ůŬūŲŦŞŧūŸ ŧŞŦ ůŤŭ ŢπřŬŧŢŦŞŭ ůūŰ 

šŢŜŠμŞůūŭ μŢ ůū πŬŷŠŬŞμμŞ Good Turing [102] 

 ŁũŞŨŸŮŢŦŭ şŞŮŦŮμŚũŢŭ Ůůūũ ŰπūŨūŠŦŮμŷ ůŤŭ ŬŜţŞŭ ůŤŭ μŚŮŤŭ 

ůŢůŬŞŠŴũŦŧśŭ ŞπŷŧŨŦŮŤŭ (root-mean-square deviation – RMSD) 

 őŸŠŧŬŦŮŤ ůŴũ šŦŞμūŬűŹŮŢŴũ ůūŰ ůŬūŲŦŞŧūŸ μŢ ůŤ űŰŮŦŧś šūμś 

 ŁũřŨŰŮŤ ŧŞŦ ŮŸŠŧŬŦŮŤ μŢ şřŮŤ ůŤũ ŧŞůŞũūμś ůŤŭ ťŢŬμūŧŬŞŮŜŞŭ 

 ŏŬŷşŨŢųŤ ůŤŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ μŢ ůŤ şūśťŢŦŞ ůūŰ ŞŨŠūŬŜťμūŰ 

STRIDE [103] 

 ŎμŞšūπūŜŤŮŤ (clustering) μŢ şřŮŤ šŢšūμŚũŞ πūŰ πŬūŚŬŲūũůŞŦ Şπŷ 

ŞũřŨŰŮŤ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ (principal component analysis – PCA) 
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Œū RMSD ŞπūůŢŨŢŜ ŚũŞ ŮŤμŞũůŦŧŷ ŢŬŠŞŨŢŜū ŰπūŨūŠŦŮμūŸ ůŤŭ μŚŮŤŭ 

ŞπŷŮůŞŮŤŭ μŢůŞŪŸ ŞůŷμŴũ šŦŞűūŬŢůŦŧŹũ ŮůŢŬŢūšŦŞμūŬűŹŮŢŴũ ŧŞŦ 

ŲŬŤŮŦμūπūŦŢŜůŞŦ ŢŰŬŚŴŭ ŮůŤ ΔūμŦŧś łŦūŨūŠŜŞ ŠŦŞ ůŤ ŮŸŠŧŬŦŮŤ πŬŴůŢŵũŦŧŹũ 

šūμŹũ. őŢ ŠŢũŦŧŚŭ ŠŬŞμμŚŭ, šŸū šūμŚŭ ŢμűŞũŜţūŰũ ūμūŦŷůŤůŞ ŮŢ ŮŤμŞũůŦŧŷ 

şŞťμŷ ŷůŞũ ůū RMSD < 2 ζ. ņ μŞťŤμŞůŦŧś ŢŪŜŮŴŮŤ μŢ şřŮŤ ůŤũ ūπūŜŞ 

ŰπūŨūŠŜţŢůŞŦ Ť ůŦμś ůūŰ RMSD ŢŜũŞŦ Ť ŢŪśŭ: 

 

 

 

ŷπūŰ v ŧŞŦ w ŢŜũŞŦ šŸū šŦŞűūŬŢůŦŧř ŮŢů šŢšūμŚũŴũ, n ůū ŮŸũūŨū ůŴũ 

ŞůŷμŴũ ŧŞŦ v – w Ť šŦŞűūŬř ůŴũ ŮŰũůŢůŞŠμŚũŴũ ŠŦŞ ůŞ ŞũůŜŮůūŦŲŞ řůūμŞ 

ŮůŦŭ ůŬŢŦŭ šŦŞŮůřŮŢŦŭ (x,y,z). 

ĽŮūũ ŞűūŬř ůŤ ŮŸŠŧŬŦŮŤ ůŴũ ŞπūůŢŨŢŮμřůŴũ μŢ ůŞ πŢŦŬŞμŞůŦŧř šŢšūμŚũŞ, 

ŚŠŦũŢ ŲŬśŮŤ ůŴũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ Şπŷ ůŤ μŚťūšū ůūŰ πŰŬŤũŦŧūŸ 

μŞŠũŤůŦŧūŸ ŮŰũůūũŦŮμūŸ (NMR chemical shifts) ŠŦŞ ůū πŢπůŜšŦū HP21 ůūŰ 

ūŬŠŞũŦŮμūŸ Gallus gallus, ūŦ ūπūŜŢŭ ŢŜũŞŦ šŦŞťŚŮŦμŢŭ Şπŷ ůŤ šŤμūŮŜŢŰŮŤ ůŤŭ 

ūμřšŞŭ ůūŰ Raleigh [74]. ŏŦū ŞũŞŨŰůŦŧř, ŲŬŤŮŦμūπūŦśťŤŧŞũ ūŦ ůŦμŚŭ ůŴũ 

πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ (secondary chemical 

shifts), ū ŰπūŨūŠŦŮμŷŭ ůŴũ ūπūŜŴũ ŚŠŦũŢ μŢ şřŮŤ ůŦŭ ůŦμŚŭ ůŴũ πŢŦŬŞμŞůŦŧŹũ 

ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ [74] ŧŞŦ ůŦŭ ůŦμŚŭ ůŰŲŞŜūŰ ŮπŢŦŬřμŞůūŭ Şπŷ ůŤũ ūμřšŞ 

ůūŰ Wishart [44]. 

ŎŦ ůŦμŚŭ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŦŞ ůŦŭ šūμŚŭ ůŤŭ 

πŬūŮūμūŜŴŮŤŭ ŰπūŨūŠŜŮůŤŧŞũ μŢ ůūũ ŮŰũšŰŞŮμŷ ůŴũ πŬūŠŬŞμμřůŴũ CARMA 

ŧŞŦ SPARTA+ [104] μŚŮŴ Ţũŷŭ perl script (ŏŞŬřŬůŤμŞ 2), ůū ūπūŜū πŞŬřŠŢŦ 

ŞŬŲŢŜŞ pdb ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ ůūŰ ůŬūŲŦŞŧūŸ, ŰπūŨūŠŜţŢŦ ůŦŭ ůŦμŚŭ ůŴũ 

šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŦŞ ůŞ ŞŬŲŢŜŞ ŞŰůř ŧŞŦ şŬŜŮŧŢŦ ůū 

μŚŮū ŷŬū ŧŞŦ ůŤũ ůŰπŦŧś ŞπŷŧŨŦŮŤ ůŴũ ůŦμŹũ ŞŰůŹũ ŠŦŞ ŷŨŞ ůŞ řůūμŞ πūŰ 

ŮŰμμŢůŚŲūŰũ Ůůūũ ŰπūŨūŠŦŮμŷ. ńŦšŦŧŷůŢŬŞ, ůū SPARTA+ ŢŜũŞŦ ŚũŞ ŨūŠŦŮμŦŧŷ 

πūŰ ŚŲŢŦ Ŵŭ ŮůŷŲū ůŤũ πŬŷşŨŢųŤ ůŴũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ πŬŴůŢŵũŦŧŹũ 

šūμŹũ ŧŞŦ Ť ŨŢŦůūŰŬŠŜŞ ůūŰ şŞŮŜţŢůŞŦ ŮŢ ŚũŞ ůŢŲũŤůŷ ũŢŰŬŴũŦŧŷ šŜŧůŰū. 
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ŃŦŞ ůŤ ŮŸŠŧŬŦŮŤ μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ μŢůŞůūπŜŮŢŴũ ŧŞŦ 

ůŴũ ŞũůŜŮůūŦŲŴũ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ ŚŠŦũŢ ŲŬśŮŤ šŸū ŮůŞůŦŮůŦŧŹũ 

ŞũŞŨŸŮŢŴũ: ůŤŭ ŞũřŨŰŮŤŭ reduced Ų2 ŧŞŦ ůūŰ ŠŬŞμμŦŧūŸ ŮŰũůŢŨŢŮůś 

ŮŰŮŲŚůŦŮŤŭ (linear correlation coefficient). ŉŞŦ ūŦ šŸū πŞŬŞπřũŴ μŚťūšūŦ 

ŢŪŢůřţūŰũ ůŤ ŮŰμűŴũŜŞ μŢůŞŪŸ ůŴũ ůŦμŹũ šŸū šŦŞűūŬŢůŦŧŹũ ŮŢů šŢšūμŚũŴũ. 

Ŏ ŮůŞůŦŮůŦŧŷŭ šŢŜŧůŤŭ reduced Ų2 ŰπūŨūŠŜţŢůŞŦ μŢ şřŮŤ ůūũ ŞŧŷŨūŰťū ůŸπū: 

 

ŷπūŰ ő ŢŜũŞŦ ůū řťŬūŦŮμŞ, Ŏ ūŦ πŞŬŞůŤŬūŸμŢũŢŭ ůŦμŚŭ πūŰ ŞũůŦŮůūŦŲūŸũ ŮůŦŭ 

šŢŰůŢŬūůŞŠŢŜŭ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ ůŴũ šūμŹũ ůŤŭ πŬūŮūμūŜŴŮŤŭ, ń ūŦ 

ŞũŞμŢũŷμŢũŢŭ ůŦμŚŭ πūŰ ŞũůŦŮůūŦŲūŸũ ŮůŦŭ πŢŦŬŞμŞůŦŧŚŭ šŢŰůŢŬūůŞŠŢŜŭ 

ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ, Ů2 Ť šŦŞŮπūŬř ůŴũ πŞŬŞůŤŬūŸμŢũŴũ ůŦμŹũ ŧŞŦ ũ ūŦ 

şŞťμūŜ ŢŨŢŰťŢŬŜŞŭ. 

 ĽůŞũ Ų2
red = 1 ůŷůŢ ůŞ πŞŬŞůŤŬūŸμŢũŞ ŧŞŦ ůŞ ŞũŞμŢũŷμŢũŞ šŢšūμŚũŞ 

ŢŜũŞŦ ŮŢ ŮŰμűŴũŜŞ μŢ ůŤ šŦŞŮπūŬř ŧŞŦ ŰπřŬŲŢŦ ŰųŤŨŷŭ şŞťμŷŭ 

ŮŰŮŲŚůŦŮŤŭ 

 ĽůŞũ Ų2
red > 1 ůŷůŢ ŢŜůŢ šŢũ ŰπřŬŲŢŦ πŨśŬŤŭ ŮŰŮŲŚůŦŮŤ μŢůŞŪŸ ůŴũ 

šŢšūμŚũŴũ ŢŜůŢ ūŦ ůŦμŚŭ ůŤŭ šŦŞŮπūŬřŭ ŚŲūŰũ ŰπūůŦμŤťŢŜ 

 ĽůŞũ Ų2
red < 1 ůŷůŢ ŚŲūŰμŢ ŮŰŮŲŚůŦŮŤ ŮŢ ŰπŢŬşūŨŦŧŷ şŞťμŷ (over-

fitting), ŠŢŠūũŷŭ πūŰ ūűŢŜŨŢůŞŦ ŢŜůŢ ŮŢ ŮůŞůŦŮůŦŧŷ “ťŷŬŰşū” ŢŜůŢ ŮŢ 

ŰπŢŬůŜμŤŮŤ ůŴũ ůŦμŹũ ůŤŭ šŦŞŮπūŬřŭ 

Ŏ ŰπūŨūŠŦŮμŷŭ ůūŰ ŠŬŞμμŦŧūŸ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ (Pearson product-

moment correlation coefficient – r) ŠŜũŢůŞŦ μŢ ůūũ ŞŧŷŨūŰťū ůŸπū: 

 

ŷπūŰ ő ŢŜũŞŦ ůū řťŬūŦŮμŞ, Ųi Ť ůŦμś ůūŰ πŬŹůūŰ ŮŢů šŢšūμŚũŴũ ŠŦŞ ůŤ ťŚŮŤ i, 

yi Ť ůŦμś ůūŰ šŢŸůŢŬūŰ ŮŢů šŢšūμŚũŴũ ŠŦŞ ůŤ ťŚŮŤ i ŧŞŦ Ų,y ū μŚŮūŭ ŷŬūŭ 

ŷŨŴũ ůŴũ ůŦμŹũ ůūŰ πŬŹůūŰ ŧŞŦ šŢŸůŢŬūŰ ŮŢů ŞũůŜŮůūŦŲŞ. 

 ĽůŞũ r = 1 ůŷůŢ ŚŲūŰμŢ πŨśŬŤ ťŢůŦŧś ŮŰŮŲŚůŦŮŤ μŢůŞŪŸ ůŴũ šŸū ŮŢů 

šŢšūμŚũŴũ 
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 ĽůŞũ r = -1 ůŷůŢ ŚŲūŰμŢ πŨśŬŤ ŞŬũŤůŦŧś ŮŰŮŲŚůŦŮŤ 

 ĽůŞũ r = 0 ůŷůŢ ůŞ šŢšūμŚũŞ šŢũ ŮŰŮŲŢůŜţūũůŞŦ ŧŞťŷŨūŰ μŢůŞŪŸ ůūŰŭ 

őůū ŏŞŬřŬůŤμŞ 3 şŬŜŮŧūũůŞŦ ůŞ šŸū perl script μŚŮŴ ůŴũ ūπūŜŴũ 

πŬŞŠμŞůūπūŦśťŤŧŞũ ūŦ ŰπūŨūŠŦŮμūŜ ůūŰ reduced Ų2 ŧŞŦ ůūŰ ŠŬŞμμŦŧūŸ 

ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ. 

ŁŪŜţŢŦ ũŞ ŢπŦŮŤμŞũťŢŜ ŷůŦ ŠŦŞ ůūũ πŬūŮšŦūŬŦŮμŷ ůūŰ şŞťμūŸ ŮŰŮŲŚůŦŮŤŭ 

μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢšūμŚũŴũ ŧŞŦ ůŴũ šŢšūμŚũŴũ ůŤŭ πŬūŮūμūŜŴŮŤŭ 

ŲŬŤŮŦμūπūŦśťŤŧŞũ ūŦ ůŦμŚŭ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŦŞ ůŞ 

řůūμŞ 13CŞ, 13Cş ŧŞŦ 13CO, ŷπŴŭ šŦŞůŚťŤŧŞũ Şπŷ ůū πŢŜŬŞμŞ, ŢŪŞŦůŜŞŭ ůŤŭ 

ŢŰŞŦŮťŤŮŜŞŭ πūŰ πŞŬūŰŮŦřţūŰũ ŮůŦŭ ŢŨŦŧūŢŦšŢŜŭ šŦŞμūŬűŹŮŢŦŭ [34,74]. 

ΩŮůŷŮū, Ţŧůŷŭ Şπŷ ůŦŭ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ, ŢπŦŲŢŦŬśŮŞμŢ ũŞ ŧřũūŰμŢ 

ŮŸŠŧŬŦŮŤ ůŴũ šūμŹũ ůŤŭ πŬūŮūμūŜŴŮŤŭ μŢ ůŦŭ πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŢŭ 

šūμŚŭ ůūŰ πŢπůŦšŜūŰ HP36 (šūμś πŬūŢŬŲŷμŢũŤ Şπŷ πŢŦŬřμŞůŞ NMR μŢ 

ŧŴšŦŧŷ ŧŞůŞŲŹŬŤŮŤŭ ŮůŤũ PDB 1VII) ŧŞŦ ůŤŭ ŢπŦŧŬřůŢŦŞŭ headpiece (HP) 

(ŧŬŰŮůŞŨŨūŠŬŞűŦŧś šūμś μŢ ŧŴšŦŧŷ ŧŞůŞŲŹŬŤŮŤŭ ŮůŤũ PDB 1YU5) ůūŰ 

ūŬŠŞũŦŮμūŸ Gallus gallus ŠŦŞ ůŞ ŧŞůřŨūŦπŞ πūŰ ŞũůŦŮůūŦŲūŸũ Ůůū πŢπůŜšŦū 

HP21. 

 

 

 

4.2 őŸŠŧŨŦŮŤ ŧŞŦ ŚŨŢŠŲūŭ ŢπřŬŧŢŦŞŭ šŢŜŠμŞůūŭ 
  

ŉŞůř ůŤũ ŚũŞŬŪŤ ůŤŭ ŞũřŨŰŮŤŭ ůūŰ ůŬūŲŦŞŧūŸ ůūŰ πŢπůŦšŜūŰ HP21, ůŚťŤŧŢ 

Ŵŭ πŬŹůūŭ ŮůŷŲūŭ Ť ŞŪŦūŨŷŠŤŮŤ ůŤŭ ŢπřŬŧŢŦŞŭ ůūŰ šŢŜŠμŞůūŭ πūŰ 

πŞŬřŲťŤŧŢ. ŃũŴŬŜţūũůŞŭ ŷůŦ ůū ŮŸŮůŤμŞ μŞŭ ŢŜũŞŦ ŦšŦŞŜůŢŬŞ ŢŰŚŨŦŧůū ŨŷŠŴ 

ůŤŭ ūŬŦŞŧśŭ ŮůŞťŢŬŷůŤůŞŭ πūŰ ŢμűŞũŜţŢŦ ůū HP21, ŧŞůŞŨśŪŞμŢ Ůůū 

ŮŰμπŚŬŞŮμŞ πŴŭ Ť πŨŢŦūũŷůŤůŞ ůŴũ šŦŞμūŬűŹŮŢŴũ ůūŰ šŢŜŠμŞůūŭ ťŞ 

ŞűūŬūŸŮŢ ůŤũ μŤ ŞũŞšŦπŨŴμŚũŤ ŧŞůřŮůŞŮŤ ůūŰ πŢπůŦšŜūŰ. őŰũŢπŹŭ, 

ťŢŴŬśťŤŧŢ ŮŲŢšŷũ şŚşŞŦū ŷůŦ Ť πŬūŮūμūŜŴŮŤ, πŞŬř ůŤ μŢŠřŨŤ šŦřŬŧŢŦŞ ůŤŭ 
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(15 μs) ŧŞŦ ůŤ ŲŬśŮŤ ůūŰ adaptive tempering, šŢũ ťŞ ŢŜŲŢ ŮŰŨŨŚŪŢŦ ŢπŞŬŧŚŭ 

šŢŜŠμŞ ŠŦŞ ůūũ πŬūŮšŦūŬŦŮμŷ ůŤŭ μŤ ŞũŞšŦπŨŴμŚũŤŭ ŧŞůřŮůŞŮŤŭ. ŃŦŞ ũŞ 

ŢπŦşŢşŞŦŴťŢŜ Ť πŞŬŞπřũŴ ťŢŹŬŤŮŤ ŢπŦŲŢŦŬśťŤŧŢ πūŮūůŦŧūπūŜŤŮŤ ůŤŭ 

ŢπřŬŧŢŦŞŭ ůūŰ šŢŜŠμŞůūŭ μŢ ůŤũ πŦťŞũūŨūŠŦŧś μŚťūšū ůūŰ πŬūŠŬřμμŞůūŭ 

Good Turing [102]. ŏŦū ŮŰŠŧŢŧŬŦμŚũŞ, ůū πŬŷŠŬŞμμŞ ŞŰůŷ ŰπūŨūŠŜţŢŦ ůŤũ 

πŦťŞũŷůŤůŞ ŢμűřũŦŮŤŭ šŦŞμūŬűŹŮŢŴũ šŦŞűūŬŢůŦŧŹũ Şπŷ ŞŰůŚŭ πūŰ śšŤ 

ŰπřŬŲūŰũ Ůůū šŢŜŠμŞ ŮŢ πŢŬŜπůŴŮŤ πūŰ ŮŰũŢŲŦţŷůŞũ Ť πŬūŮūμūŜŴŮŤ. Ŏ 

ŰπūŨūŠŦŮμŷŭ ŞŰůŷŭ πŬŞŠμŞůūπūŦśťŤŧŢ μŢ şřŮŤ ůŷŮū ůŤ ŬŜţŞ ůŤŭ μŚŮŤŭ 

ůŢůŬŞŠŴũŦŧśŭ ŞπŷŧŨŦŮŤŭ (RMSD) ŷŮū ŧŞŦ ůŤũ ŞπŷŧŨŦŮŤ μŢůŞŪŸ ůŴũ 

šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŦŞ ůŞ řůūμŞ 13CŞ.  

ŒŞ ŞπūůŢŨŚŮμŞůŞ ůŴũ ŞũŞŨŸŮŢŴũ μŢ ůū Good Turing śůŞũ ůŞ ŞũŞμŢũŷμŢũŞ. 

ĽπŴŭ űŞŜũŢůŞŦ ŮůŦŭ ńŦŧŷũŢŭ 4.1 ŧŞŦ 4.2, Ť πŦťŞũŷůŤůŞ πŞŬŞůśŬŤŮŤŭ 

ŮŤμŞũůŦŧř šŦŞűūŬŢůŦŧŹũ šūμŹũ ŢŜũŞŦ ŦšŦŞŜůŢŬŞ ŞŰŪŤμŚũŤ ŮŢ πŢŬŜπůŴŮŤ 

ŮŰũŚŲŦŮŤŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ, ŮŰũŢπŹŭ ůū šŢŜŠμŞ μŞŭ šŢũ μπūŬŢŜ ũŞ 

πŢŬŦŠŬřųŢŦ μŢ ŢπřŬŧŢŦŞ ūŨŷŧŨŤŬū ůū ŢũŢŬŠŢŦŞŧŷ ůūπŜū ŞũŞšŜπŨŴŮŤŭ ůūŰ 

πŢπůŦšŜūŰ HP21. ńŦšŦŧŷůŢŬŞ, ŮŸμűŴũŞ μŢ ůū Good Turing, Ť ŞũŞμŢũŷμŢũŤ 

μŚŠŦŮůŤ ůŦμś RMSD Ůůū šŦπŨřŮŦū ŲŬŷũū πŬūŮūμūŜŴŮŤŭ ŞũŚŬŲŢůŞŦ ŮůŞ 4.5 ζ 

ŧŞŦ Ť ŞũůŜŮůūŦŲŤ ůŦμś ŠŦŞ ůŤũ ŞπŷŧŨŦŮŤ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ 

μŢůŞůūπŜŮŢŴũ πŢŬŜπūŰ ŮůŞ 6 ppm.  

 

 

 

 

 

 

 

 

 
ńŦŧŷũŞ 4.1: ŏŦťŞũŷůŤůŞ ŢμűřũŦŮŤŭ μŤ πŞŬŞůŤŬūŸμŢũŴũ šūμŹũ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū RMSD ŠŦŞ ŷŨŢŭ ůŦŭ 
šŦŞμūŬűŹŮŢŦŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŧŞŦ ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive tempering 
μŦŧŬŷůŢŬŤ Şπŷ 320 ŉ, μŢ şřŮŤ ůŦŭ πŬūşŨŚųŢŦŭ ůūŰ Good Turing. 
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ŃŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ μŢ ťŢŬμūŧŬŞŮŜŞ Şπŷ ůū adaptive tempering μŦŧŬŷůŢŬŤ 

Şπŷ 320 ŉ πūŰ ŞũůŦŮůūŦŲūŸũ ŮůŦŭ ŮůŞťŢŬŷůŢŬŢŭ šūμŚŭ ūŦ ŠŬŞűŦŧŚŭ 

πŞŬŞŮůřŮŢŦŭ (ŧŷŧŧŦũŢŭ ŠŬŞμμŚŭ) ŧŞůŞšŢŦŧũŸūŰũ ŮŸŠŧŨŦŮŤ ŮŢ ŰųŤŨŷůŢŬū 

şŞťμŷ ŮŢ ŮŲŚŮŤ μŢ ůū šŢŜŠμŞ ŷŨŴũ ůŴũ šŦŞμūŬűŹŮŢŴũ ůŤŭ πŬūŮūμūŜŴŮŤŭ, 

šŜŲŴŭ, ŷμŴŭ, ůū ŮŰŠŧŢŧŬŦμŚũū šŢŜŠμŞ ũŞ μπūŬŢŜ ũŞ ŲŞŬŞŧůŤŬŦŮůŢŜ ŢπŞŬŧŚŭ, 

ŞűūŸ ūŦ μŚŠŦŮůŢŭ ůŦμŚŭ RMSD ŧŞŦ ŞπŷŧŨŦŮŤŭ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ 

μŢůŞůūπŜŮŢŴũ ŢŧůŦμŹũůŞŦ πŢŬŜπūŰ ŮůŞ 5 ζ ŧŞŦ 5.7 ppm Ţřũ šŦπŨŞŮŦŞţŷůŞũ ū 

ŲŬŷũūŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ńŦŧŷũŞ 4.2: ŏŦťŞũŷůŤůŞ ŢμűřũŦŮŤŭ μŤ πŞŬŞůŤŬūŸμŢũŴũ šūμŹũ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůŤũ ŞπŷŧŨŦŮŤ ůŴũ ůŦμŹũ ůŴũ 
šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŦŞ ůŞ řůūμŞ CŞ ŠŦŞ ŷŨŢŭ ůŦŭ šŦŞμūŬűŹŮŢŦŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŧŞŦ ŠŦŞ ůŦŭ 
šŦŞμūŬűŹŮŢŦŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive tempering μŦŧŬŷůŢŬŤ Şπŷ 320 ŉ, μŢ şřŮŤ ůŦŭ πŬūşŨŚųŢŦŭ ůūŰ Good Turing. 
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4.3 ŁũŞŨŸŮŢŦŭ RMSD 
 

ńűŷŮūũ, ŷπŴŭ ŞπūšŢŜŲťŤŧŢ ŮůŤũ πŬūŤŠūŸμŢũŤ ŢũŷůŤůŞ, ůū šŢŜŠμŞ μŞŭ šŢũ 

ŢŜũŞŦ ŢπŞŬŧŚŭ ŹŮůŢ ũŞ μŢŨŢůśŮūŰμŢ šŦŢŪūšŦŧř ůŞ ŢũšŦřμŢŮŞ ŮůřšŦŞ ůŤŭ 

πūŬŢŜŞŭ ŞũŞšŜπŨŴŮŤŭ (μŤ ŞũŞšŦπŨŴμŚũŤ ŧŞůřŮůŞŮŤ), ŮůŬŚųŞμŢ ůū 

ŢũšŦŞűŚŬūũ μŞŭ ŮůŤũ ŢŸŬŢŮŤ ŧŞŦ ŞπūμŷũŴŮŤ ŠŢŠūũŷůŴũ ŞũŞšŜπŨŴŮŤŭ πūŰ 

ŢμűŞũŜţūũůŞŦ ŧŞůř ůŤ šŦřŬŧŢŦŞ ůŴũ 15 μs ůŤŭ πŬūŮūμūŜŴŮŤŭ. ŃŦŞ ůū ŨŷŠū 

ŞŰůŷ, šŤμŦūŰŬŠśťŤŧŢ, ŞŬŲŦŧř, ŚũŞŭ πŜũŞŧŞŭ RMSD, Ůůūũ ūπūŜū ŠŜũŢůŞŦ 

ŠŬŞűŦŧś ŞũŞπŞŬřŮůŞŮŤ ůŤŭ ŮŸŠŧŬŦŮŤŭ ŷŨŴũ ůŴũ šŦŞμūŬűŹŮŢŴũ ůŤŭ 

πŬūŮūμūŜŴŮŤŭ Şũř ţŢŸŠŤ μŢ şřŮŤ ůŦŭ ůŦμŚŭ RMSD. ŎŦ μπŨŢ ŞπūŲŬŹŮŢŦŭ 

ŞũůŦŮůūŦŲūŸũ ŮŢ ŲŞμŤŨŚŭ ůŦμŚŭ RMSD (πŞŬŷμūŦŢŭ šūμŚŭ), ūŦ ŧŜůŬŦũŢŭ ŮŢ 

μŢŮŞŜŢŭ ůŦμŚŭ ŧŞŦ ūŦ ŧŷŧŧŦũŢŭ ŮŢ μŢŠřŨŢŭ ůŦμŚŭ. ŎŦ μπŨŢ πŢŬŦūŲŚŭ πūŰ 

şŬŜŮŧūũůŞŦ Ůůū ŧŚũůŬū ůŤŭ šŦŞŠŴũŜūŰ ŞũůŦπŬūŮŴπŢŸūŰũ ŮůŞťŢŬūπūŜŤŮŤ μŦŞŭ 

šūμśŭ ŠŦŞ ŲŬūũŦŧŷ šŦřŮůŤμŞ ŞũřŨūŠū μŢ ůū μśŧūŭ ůŤŭ πŢŬŦūŲśŭ, ŢũŹ ūŦ μπŨŢ 

πŢŬŦūŲŚŭ πūŰ şŬŜŮŧūũůŞŦ Ţŧůŷŭ ůŤŭ šŦŞŠŴũŜūŰ ŞũůŦπŬūŮŴπŢŸūŰũ ŷμūŦŢŭ 

šūμŚŭ, ūŦ ūπūŜŢŭ ŢμűŞũŜŮůŤŧŞũ ŮŢ šŦŞűūŬŢůŦŧř ŲŬūũŦŧř šŦŞŮůśμŞůŞ ŧŞůř ůŤ 

šŦřŬŧŢŦŞ ůŤŭ πŬūŮūμūŜŴŮŤŭ. 

Ŏ πŜũŞŧŞŭ RMSD ŠŦŞ ůū ůŬūŲŦŞŧŷ ůūŰ HP21 πŞŬŞůŜťŢůŞŦ ŮůŤũ ńŦŧŷũŞ 4.3. ŎŦ 

ůŦμŚŭ ůūŰ RMSD ŠŦŞ ůū ŧřůŴ-ŞŬŦŮůŢŬř ůŬŜŠŴũū ůūŰ πŜũŞŧŞ ŰπūŨūŠŦŮůśŧŞũ μŢ 

şřŮŤ μŷũū ůŞ řůūμŞ CŞ, ŮŢ ŞũůŜťŢŮŤ μŢ ůū πřũŴ-šŢŪŦř ůŬŜŠŴũū ůūŰ πŜũŞŧŞ, 

ŷπūŰ ū ŰπūŨūŠŦŮμŷŭ πŢŬŦŨřμşŞũŢ ŷŨŞ ůŞ řůūμŞ Ţŧůŷŭ Şπŷ ŞŰůř ůūŰ 

ŰšŬūŠŷũūŰ. Œū πŢπůŜšŦū πŞŬūŰŮŦřţŢŦ μŜŞ šŦŞŬŧś ŞŮůřťŢŦŞ, ŧŞťŹŭ šŢũ 

ŰŦūťŢůŢŜ μŜŞ ŮŰũŢŲś ŮůŞťŢŬś šŦŞμŷŬűŴŮŤ ŠŦŞ μŢŠřŨū ŲŬūũŦŧŷ šŦřŮůŤμŞ. 

ŏŞŬūŨ’ ŞŰůř, ŢŜũŞŦ ŢμűŞũŚŭ πŴŭ ŰπřŬŲūŰũ ůŬŢŦŭ šŦŞŧŬŦůŚŭ ŞũŞšŦπŨŴμŚũŢŭ 

ŧŞůŞŮůřŮŢŦŭ: Ť πŬŹůŤ ŮŰũŞũůřůŞŦ ŮůŞ ŲŬūũŦŧř šŦŞŮůśμŞůŞ 6-7 μs, 10-10.5 

μs ŧŞŦ 13-14 μs, Ť šŢŸůŢŬŤ μŢůŞŪŸ 0-1 μs, 12-13 μs ŧŞŦ 14-14.5 μs, ŧŞŦ, 

ůŚŨūŭ, Ť ůŬŜůŤ μŷũū Ůůū šŦřŮůŤμŞ 2-3 μs. ńũšŢŦŧůŦŧř, πŞŬŞťŚůūũůŞŦ ūŦ 

ŞũůŦπŬūŮŴπŢŰůŦŧŚŭ šūμŚŭ ŠŦŞ ůŞ πŞŬŞπřũŴ ŲŬūũŦŧř šŦŞŮůśμŞůŞ, ůŞ šūμŦŧř 

ŲŞŬŞŧůŤŬŦŮůŦŧř ůŴũ ūπūŜŴũ ťŞ ŞũŞŨŰťūŸũ ŮůŦŭ ŢπŷμŢũŢŭ ŢũŷůŤůŢŭ. 
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ńŦŧŷũŞ 4.3: ŏŜũŞŧŞŭ RMSD ŠŦŞ ůū ůŬūŲŦŞŧūŸ ůūŰ πŢπůŦšŜūŰ HP21. ŎŦ ůŦμŚŭ RMSD ŠŦŞ ůū ŧřůŴ ůŬŜŠŴũū ŰπūŨūŠŜŮůŤŧŞũ 
μŢ şřŮŤ μŷũū ůŞ řůūμŞ CŞ, ŢũŹ ŠŦŞ ůū πřũŴ ůŬŜŠŴũū μŢ şřŮŤ ŷŨŞ ůŞ řůūμŞ Ţŧůŷŭ Şπŷ ŞŰůř ůūŰ ŰšŬūŠŷũūŰ. ŎŦ μπŨŢ 
πŢŬŦūŲŚŭ πūŰ şŬŜŮŧūũůŞŦ Ůůū ŧŚũůŬū ůŤŭ šŦŞŠŴũŜūŰ ŞũůŦπŬūŮŴπŢŸūŰũ ŮůŞťŢŬūπūŜŤŮŤ μŦŞŭ šūμśŭ ŠŦŞ ŲŬūũŦŧŷ 
šŦřŮůŤμŞ ŞũřŨūŠū μŢ ůū μśŧūŭ ůŤŭ πŢŬŦūŲśŭ, ŢũŹ ūŦ μπŨŢ πŢŬŦūŲŚŭ πūŰ şŬŜŮŧūũůŞŦ Ţŧůŷŭ ůŤŭ šŦŞŠŴũŜūŰ 
ŞũůŦπŬūŮŴπŢŸūŰũ ŷμūŦŢŭ šūμŚŭ, ūŦ ūπūŜŢŭ ŢμűŞũŜŮůŤŧŞũ ŮŢ šŦŞűūŬŢůŦŧř ŲŬūũŦŧř šŦŞŮůśμŞůŞ ŧŞůř ůŤ šŦřŬŧŢŦŞ ůŤŭ 
πŬūŮūμūŜŴŮŤŭ. ŃŸŬŴ Şπŷ ůūũ πŜũŞŧŞ ŰπřŬŲūŰũ ūŦ ŞũůŦπŬūŮŴπŢŰůŦŧŚŭ šūμŚŭ ŠŦŞ ŧřťŢ μŢμūũŴμŚũū ŠŢŠūũŷŭ 
ŞũŞšŜπŨŴŮŤŭ. 
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ŒŞ πŞŬŞπřũŴ ŮŰμπŢŬřŮμŞůŞ ŞπūůŰπŹũūũůŞŦ ŢπŜŮŤŭ ŧŞŦ ŮůŤ ŠŬŞűŦŧś 

πŞŬřŮůŞŮŤ ůŴũ ůŦμŹũ RMSD μŢůŞŪŸ ůŴũ ŞũůŦπŬūŮŴπŢŰůŦŧŹũ šŦŞμūŬűŹŮŢŴũ 

ůŴũ ůŬŦŹũ ŞũŞšŦπŨŴμŚũŴũ ŧŞůŞŮůřŮŢŴũ ŧŞŦ ŷŨŴũ ůŴũ ŰπūŨūŜπŴũ 

šŦŞμūŬűŹŮŢŴũ ůūŰ ůŬūŲŦŞŧūŸ ŨŞμşřũūũůŞŭ ŰπŷųŤ Ůůūũ ŰπūŨūŠŦŮμŷ μŷũū 

ůŞ řůūμŞ CŞ (ńŦŧŷũŞ 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

ŒŚŨūŭ, ŠŦŞ ũŞ πŬūŮšŦūŬŜŮūŰμŢ ůŤ ŮŰμπŢŬŦűūŬř ŞũŞšŜπŨŴŮŤŭ ůŴũ 

ŧŞůŞŨūŜπŴũ ůūŰ HP21 πūŰ ŮŲŤμŞůŜţūŰũ ůŦŭ šŸū Ş-ŚŨŦŧŢŭ ŮůŦŭ šūμŚŭ ůŴũ HP36 

ŧŞŦ headpiece (HP), šŤμŦūŰŬŠśŮŞμŢ šŸū ŢπŦπŨŚūũ πŜũŞŧŢŭ RMSD (ńŦŧŷũŞ 

4.5). őůūŰŭ ŰπūŨūŠŦŮμūŸŭ ŠŦŞ ůūũ πŬŹůū πŜũŞŧŞ ŮŰμπŢŬŦŨśűťŤŧŞũ ůŞ řůūμŞ 

CŞ ŠŦŞ ůŞ ŧŞůřŨūŦπŞ 43-49, ŢũŹ Ůůūũ šŢŸůŢŬū πŜũŞŧŞ ůŞ řůūμŞ CŞ ŠŦŞ ůŞ 

ŧŞůřŨūŦπŞ 54-60. őŰμπŢŬŞŮμŞůŦŧř, ůŞ ŧŞůřŨūŦπŞ ůŤŭ πŬŹůŤŭ ŚŨŦŧŞŭ, μŢ 

ŢŪŞŜŬŢŮŤ ůū ŲŬūũŦŧř šŦřŮůŤμŞ 2-3 μs, ŢμűŞũŜţūŰũ μŦŞ ŮŲŢůŦŧś ŮůŞťŢŬŷůŤůŞ 

ŮŢ ŮŲŚŮŤ μŢ ůŞ ŧŞůřŨūŦπŞ ůŤŭ šŢŸůŢŬŤŭ ŚŨŦŧŞŭ, ū πŜũŞŧŞŭ RMSD ŠŦŞ ůŞ ūπūŜŞ 

μūŦřţŢŦ μŢ ůūũ ŞũůŜŮůūŦŲū ŠŦŞ ŷŨŞ ůŞ ŧŞůřŨūŦπŞ ůūŰ πŢπůŦšŜūŰ. 

ńŦŧŷũŞ 4.4: ŃŬŞűŦŧś πŞŬřŮůŞŮŤ ůŴũ ůŦμŹũ RMSD μŢůŞŪŸ ůŴũ ŞũůŦπŬūŮŴπŢŰůŦŧŹũ šŦŞμūŬűŹŮŢŴũ ůŴũ ůŬŦŹũ 
ŞũŞšŦπŨŴμŚũŴũ ŧŞůŞŮůřŮŢŴũ (Ł, ł ŧŞŦ Ń) ŧŞŦ ŷŨŴũ ůŴũ ŰπūŨūŜπŴũ šŦŞμūŬűŹŮŢŴũ ůūŰ ůŬūŲŦŞŧūŸ 
ŲŬŤŮŦμūπūŦŹũůŞŭ μŷũū ůŞ řůūμŞ CŞ. 

Ł ł 

Ń 
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4.4 őŸŠŧŬŦŮŤ μŢ ůŞ πŢŦŬŞμŞůŦŧř šŢšūμŚũŞ 
 

Œū ŢπŷμŢũū şśμŞ śůŞũ Ť ŮŸŠŧŬŦŮŤ ůŴũ šūμŹũ ůūŰ ůŬūŲŦŞŧūŸ μŢ ůŞ 

πŢŦŬŞμŞůŦŧř šŢšūμŚũŞ, ŹŮůŢ ũŞ šŦŞŧŬŜũūŰμŢ πŦťŞũř ŠŢŠūũŷůŞ ŞũŞšŜπŨŴŮŤŭ, 

ūŦ šūμŚŭ ůŴũ ūπūŜŴũ ũŞ ŢμűŞũŜţūŰũ ŰųŤŨūŸ şŞťμūŸ ŮŰŮŲŚůŦŮŤ μŢ ůŤ űŰŮŦŧś 

šūμś. ņ ŢπŜůŢŰŪŤ ůūŰ πŞŬŞπřũŴ ŮůŷŲūŰ şŞŮŜŮůŤŧŢ, Ŵŭ ŢπŜ ůū πŨŢŜŮůūũ, ŮůŤ 

ŲŬśŮŤ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ. ŏŦū ŮŰŠŧŢŧŬŦμŚũŞ, 

ŰπūŨūŠŜŮůŤŧŞũ ūŦ šŢŰůŢŬūůŞŠŢŜŭ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ 

ŷŨŤŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŧŞŦ, ŮůŤ ŮŰũŚŲŢŦŞ, ŚŠŦũŢ ŮŸŠŧŬŦŮś ůūŰŭ μŢ ůŦŭ 

ŞũůŜŮůūŦŲŢŭ πŢŦŬŞμŞůŦŧŚŭ μŢ ůŤ şūśťŢŦŞ ůŴũ ŮůŞůŦŮůŦŧŹũ ŞũŞŨŸŮŢŴũ ůūŰ 

reduced Ų2 ŧŞŦ ůūŰ ŠŬŞμμŦŧūŸ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ. ŒŞ ŞπūůŢŨŚŮμŞůŞ ůŤŭ 

šŦŞšŦŧŞŮŜŞŭ ŞŰůśŭ πŞŬūŰŮŦřţūũůŞŦ ŮůŦŭ ńŦŧŷũŢŭ 4.6 ŧŞŦ 4.7. ŎŦ ŠŬŞűŦŧŚŭ 

πŞŬŞŮůřŮŢŦŭ ůŤŭ ńŦŧŷũŞŭ 4.6 šŢŜŲũūŰũ ůŤũ μŢůŞşūŨś ůŴũ ůŦμŹũ ůūŰ reduced 

Ł ł 

ńŦŧŷũŞ 4.5: ŏŜũŞŧŢŭ RMSD ŠŦŞ ůŞ ŧŞůřŨūŦπŞ ůūŰ HP21 πūŰ ŚŲūŰũ ŢŨŦŧūŢŦšś šŦŞμŷŬűŴŮŤ ŮůŦŭ šūμŚŭ ůŴũ HP36 ŧŞŦ 
HP. Ł. ŏŜũŞŧŞŭ RMSD ŠŦŞ ůŞ ŧŞůřŨūŦπŞ 43-49 ŲŬŤŮŦμūπūŦŹũůŞŭ ůŞ řůūμŞ CŞ. ł. ŏŜũŞŧŞŭ RMSD ŠŦŞ ůŞ ŧŞůřŨūŦπŞ 54-
60 ŲŬŤŮŦμūπūŦŹũůŞŭ ůŞ řůūμŞ CŞ. 
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Ų2 ŧŞŦ ůūŰ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū ůŤŭ 

πŬūŮūμūŜŴŮŤŭ, ŢũŹ ůŞ ŬŞşšūŠŬřμμŞůŞ ůŤŭ ńŦŧŷũŞŭ 4.7 ůŦŭ ůŦμŚŭ ůŴũ šŸū 

ŞŰůŹũ ŮůŞůŦŮůŦŧŹũ šŢŦŧůŹũ ŠŦŞ ŧřťŢ μs ůŤŭ πŬūŮūμūŜŴŮŤŭ ŪŢŲŴŬŦŮůř.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ł ł 

ńŦŧŷũŞ 4.6: Ł. ŋŢůŞşūŨś ůŤŭ ůŦμśŭ ůūŰ šŢŜŧůŤ ŮŰŮŲŚůŦŮŤŭ reduced Ų2 μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ 
ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŧŞŦ ůŴũ ŞũůŜŮůūŦŲŴũ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ ŠŦŞ ůŞ řůūμŞ CŞ, Cş ŧŞŦ CO ůŴũ ŧŞůŞŨūŜπŴũ 42-
60 ůūŰ πŢπůŦšŜūŰ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū. ł. ŋŢůŞşūŨś ůŤŭ ůŦμśŭ ůūŰ ŠŬŞμμŦŧūŸ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ μŢůŞŪŸ 
ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŧŞŦ ůŴũ ŞũůŜŮůūŦŲŴũ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ ŠŦŞ ůŞ řůūμŞ 
CŞ, Cş ŧŞŦ CO ůŴũ ŧŞůŞŨūŜπŴũ 42-60 ůūŰ πŢπůŦšŜūŰ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū. 

Ł ł 

ńŦŧŷũŞ 4.7: Ł. ŋŚŮŤ ůŦμś ůūŰ šŢŜŧůŤ ŮŰŮŲŚůŦŮŤŭ reduced Ų2 μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ 
μŢůŞůūπŜŮŢŴũ ŧŞŦ ůŴũ ŞũůŜŮůūŦŲŴũ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ ŠŦŞ ůŞ řůūμŞ CŞ, Cş ŧŞŦ CO ůŴũ ŧŞůŞŨūŜπŴũ 42-60 ůūŰ 
πŢπůŦšŜūŰ ŠŦŞ ŧřťŢ μs ůŤŭ πŬūŮūμūŜŴŮŤŭ. ł. ŋŚŮŤ ůŦμś ůūŰ ŠŬŞμμŦŧūŸ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ μŢůŞŪŸ ůŴũ 
πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŧŞŦ ůŴũ ŞũůŜŮůūŦŲŴũ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ ŠŦŞ ůŞ řůūμŞ CŞ, Cş 
ŧŞŦ CO ůŴũ ŧŞůŞŨūŜπŴũ 42-60 ůūŰ πŢπůŦšŜūŰ ŠŦŞ ŧřťŢ μs ůŤŭ πŬūŮūμūŜŴŮŤŭ. 
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Œū ŮŰμπŚŬŞŮμŞ πūŰ μπūŬŢŜ ŧŞũŢŜŭ ũŞ ŢŪŞŠřŠŢŦ Şπŷ ůŞ πŞŬŞπřũŴ 

šŦŞŠŬřμμŞůŞ ŢŜũŞŦ ůū ŢŪśŭ: ŢűŷŮūũ ūŦ πŢŦŬŞμŞůŦŧŚŭ ůŦμŚŭ ůŴũ šŢŰůŢŬūůŞŠŹũ 

ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŧŞŦ ŞŰůŚŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŮŰŮŲŢůŜţūũůŞŦ 

ŮŤμŞũůŦŧř ŧŞŦ ŮůŦŭ šŸū ŮůŞůŦŮůŦŧŚŭ ŞũŞŨŸŮŢŦŭ ŠŦŞ ůŞ ŲŬūũŦŧř šŦŞŮůśμŞůŞ 6-7 

ŧŞŦ 13-14 μs, řŬŞ ŮůŞ ŮŰŠŧŢŧŬŦμŚũŞ šŦŞŮůśμŞůŞ πŢŬŦŚŲūũůŞŦ Ůůū ůŬūŲŦŞŧŷ 

šŦŞμūŬűŹŮŢŦŭ πūŰ μūŦřţūŰũ μŢ ůŤũ űŰŮŦŧś šūμś. ΩŮůŷŮū, ŮŸμűŴũŞ μŢ ůūũ 

πŜũŞŧŞ RMSD ŷŨŤŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ (ńŦŧŷũŞ 4.3), ūŦ šŦŞμūŬűŹŮŢŦŭ ŠŦŞ ůŞ 

šŸū ŞŰůř ŲŬūũŦŧř šŦŞŮůśμŞůŞ μŞţŜ μŢ ŢŧŢŜũŢŭ ŠŦŞ ůū šŦřŮůŤμŞ 10-10.5 μs, 

ŚŲūŰũ ůŞŪŦũūμŤťŢŜ ŨŷŠŴ ůŤŭ ūμūŦŷůŤůřŭ μŢůŞŪŸ ůūŰŭ ŮůŤũ πŬŹůŤ ūμřšŞ 

ŞũŞšŦπŨŴμŚũŴũ šŦŞμūŬűŹŮŢŴũ. őŰũŢπŹŭ, űŞŜũŢůŞŦ ŷůŦ ūŦ šŦŞμūŬűŹŮŢŦŭ ůŤŭ 

ūμřšŞŭ ŞŰůśŭ ŰŦūťŢůūŸũ πŞŬŷμūŦŞ šŦŢŰťŚůŤŮŤ Ůůū ŲŹŬū μŢ ůŤ űŰŮŦŧś šūμś.  

ŇŚŨūũůŞŭ ũŞ ŢπŦşŢşŞŦŹŮūŰμŢ ŞŰůś ůŤ šŦŞπŜŮůŴŮŤ, πŬūŮšŦūŬŜŮŞμŢ πūŮūůŦŧř 

ůŤũ ūμūŦŷůŤůŞ ŷŨŴũ ůŴũ šŦŞμūŬűŹŮŢŴũ ůūŰ ůŬūŲŦŞŧūŸ ŮŢ ŮŲŚŮŤ μŢ ůŦŭ 

πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŢŭ šūμŚŭ ůŤŭ ŢπŦŧŬřůŢŦŞŭ headpiece ŧŞŦ ůūŰ 

πŢπůŦšŜūŰ HP36 ŠŦŞ ůŞ ŧŞůřŨūŦπŞ πūŰ ŞũůŦŮůūŦŲūŸũ Ůůū HP21 μŚŮŞ Şπŷ ůūũ 

ŰπūŨūŠŦŮμŷ ůŴũ űŰŮŦŧŹũ ŢπŞűŹũ (native contacts) [105]. ŒŞ ŞπūůŢŨŚŮμŞůŞ 

πŞŬūŰŮŦřţūũůŞŦ ŮůŤũ ńŦŧŷũŞ 4.8. 
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Simulation vs 1YU5 
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4.5 ŁũŞŨŸŮŢŦŭ μŢ şřŮŤ ůŤũ ťŢŬμūŧŬŞŮŜŞ 
 

ņ ŲŬśŮŤ ůūŰ adaptive tempering ŧŞůř ůŤ šŦŢŪŞŠŴŠś ůŤŭ πŬūŮūμūŜŴŮŤŭ μŢ ůū 

NAMD μŞŭ ŚšŴŮŢ ůŤ šŰũŞůŷůŤůŞ ũŞ ŞũŞŨŸŮūŰμŢ ŢπŦπŨŚūũ ůū ůŬūŲŦŞŧŷ πūŰ 

πŞŬřŲťŤŧŢ μŢ şřŮŤ ůŤũ ťŢŬμūŧŬŞŮŜŞ šŤμŦūŰŬŠŹũůŞŭ ŚũŞ šŦřŠŬŞμμŞ 

ŧŞůŞũūμśŭ ůŤŭ ťŢŬμūŧŬŞŮŜŞŭ ŧřťŢ ŮůŢŬŢūšŦŞμŷŬűŴŮŤŭ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū 

ŲŬŷũū ůŤŭ πŬūŮūμūŜŴŮŤŭ, ůū ūπūŜū ŞπŢŦŧūũŜţŢůŞŦ ŮůŤũ ńŦŧŷũŞ 4.9. ŎŦ μπŨŢ 

ŧŞŦ ŧŜůŬŦũŢŭ ŞπūŲŬŹŮŢŦŭ ŞũůŦŮůūŦŲūŸũ ŮŢ μŦŧŬŷ ŧŞŦ μŢŮŞŜū ŞŬŦťμŷ 

šŦŞμūŬűŹŮŢŴũ, ŢũŹ ūŦ ŧŷŧŧŦũŢŭ ŧŞŦ μŞŸŬŢŭ ŞπūŲŬŹŮŢŦŭ ŮŢ μŢŠřŨū πŨśťūŭ 

šŦŞμūŬűŹŮŢŴũ (ŧūŬŰűŚŭ ůŤŭ ŧŞůŞũūμśŭ). ĽπŴŭ ŢŜũŞŦ ŨūŠŦŧŷ, ūŦ 

ŮůŞťŢŬŷůŢŬŢŭ šūμŚŭ ŧŞŦ ůŴũ ůŬŦŹũ ūμřšŴũ šŦŞμūŬűŹŮŢŴũ, πūŰ šŦŞŧŬŜũŞμŢ 

ŮůŦŭ πŬūŤŠūŸμŢũŢŭ ŞũŞŨŸŮŢŦŭ, ŮŰũŞũůŹũůŞŦ ŮŢ ŲŞμŤŨŚŭ ťŢŬμūŧŬŞŮŜŢŭ, 

μŦŧŬŷůŢŬŢŭ Şπŷ 320 ŉ, (ŮŧūŸŬŢŭ πŢŬŦūŲŚŭ ůūŰ šŦŞŠŬřμμŞůūŭ) ŨŷŠŴ ůŤŭ 

ł 

ńŦŧŷũŞ 4.8: ŎμūŦŷůŤůŞ πŢŦŬŞμŞůŦŧŹũ šūμŹũ ŧŞŦ šūμŹũ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū. Ŏ šŢŜŧůŤŭ 
ūμūŦŷůŤůŞŭ q ŰπūŨūŠŜŮůŤŧŢ μŢ şřŮŤ ůŦŭ űŰŮŦŧŚŭ ŢπŞűŚŭ ŧŞŦ πŞŜŬũŢŦ ůŦμŚŭ Şπŷ 0 (πŞũůŢŨŹŭ ŞũŷμūŦŢŭ šūμŚŭ) ŚŴŭ 1 
(πŞũūμūŦŷůŰπŢŭ šūμŚŭ). Ł. ŃŬŞűŦŧś πŞŬřŮůŞŮŤ ůŤŭ ūμūŦŷůŤůŞŭ μŢůŞŪŸ ůŴũ šŦŞμūŬűŹŮŢŴũ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŧŞŦ 
ůŤŭ πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŤŭ šūμśŭ ůŤŭ ŢπŦŧŬřůŢŦŞŭ headpiece (ŧŴšŦŧŷŭ ŧŞůŞŲŹŬŤŮŤŭ ŮůŤũ PDB: 1YU5) ŠŦŞ ůŞ 
ŧŞůřŨūŦπŞ 42-61 ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū. ł. ŃŬŞűŦŧś πŞŬřŮůŞŮŤ ůŤŭ ūμūŦŷůŤůŞŭ μŢůŞŪŸ ůŴũ šŦŞμūŬűŹŮŢŴũ ůŤŭ 
πŬūŮūμūŜŴŮŤŭ ŧŞŦ ůŤŭ πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŤŭ šūμśŭ ůūŰ πŢπůŦšŜūŰ HP36 (ŧŴšŦŧŷŭ ŧŞůŞŲŹŬŤŮŤŭ ŮůŤũ PDB: 
1VII) ŠŦŞ ůŞ ŧŞůřŨūŦπŞ 41-61 ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū. 

Simulation vs 1VII 
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μŢŦŴμŚũŤŭ ŧŦũŤůŦŧŷůŤůŞŭ ůūŰ ŮŰŮůśμŞůūŭ. ńŪŞŜŬŢŮŤ ŞπūůŢŨŢŜ μŜŞ ŧūŬŰűś μŢ 

ŞŮŰũśťŦŮůŞ ŰųŤŨŚŭ ťŢŬμūŧŬŞŮŜŢŭ, Ť ūπūŜŞ ŢũůūπŜţŢůŞŦ μŢůř ůŞ 3 μs, ŲŴŬŜŭ, 

ŷμŴŭ ũŞ ŰπřŬŲŢŦ ŧřπūŦŞ řŨŨŤ ŚũšŢŦŪŤ ŷůŦ ŰπřŬŲŢŦ ŠŢŠūũŷŭ ŞũŞšŜπŨŴŮŤŭ ŠŦŞ 

ůū ŮŰŠŧŢŧŬŦμŚũū ŲŬūũŦŧŷ šŦřŮůŤμŞ. 

 

 

 

 

 

 

 

 

 

 

ńπŦπŬŷŮťŢůŞ, ŰπūŨūŠŜŮŞμŢ ůŦŭ šŢŰůŢŬūůŞŠŢŜŭ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ ŠŦŞ ůŦŭ 

šŦŞμūŬűŹŮŢŦŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive tempering πūŰ ŞũśŧŢŦ ŮůŞ 

šŦŞŮůśμŞůŞ ťŢŬμūŧŬŞŮŦŹũ < 300 ŉ, 290-310 ŉ, 300-320 ŉ, 310-330 ŉ, 320-

340 ŉ, 330-350 ŉ, 340-360 ŉ ŧŞŦ ůŦŭ ŮŰŠŧŬŜũŞμŢ μŢ ůŦŭ πŢŦŬŞμŞůŦŧŚŭ 

šŢŰůŢŬūůŞŠŢŜŭ ŲŤμŦŧŚŭ μŢůŞůūπŜŮŢŦŭ ůūŰ HP21 ŲŬŤŮŦμūπūŦŹũůŞŭ ůŷŮū ůū 

šŢŜŧůŤ reduced Ų2 ŷŮū ŧŞŦ ůū ŠŬŞμμŦŧŷ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ (ńŦŧŷũŞ 

4.10). ŒŞ ŞπūůŢŨŚŮμŞůŞ ŧŞůŞšŢŦŧũŸūŰũ ŷůŦ Ť μŢŜŴŮŤ ůŤŭ ťŢŬμūŧŬŞŮŜŞŭ 

ūšŤŠŢŜ ŮŢ ŞŸŪŤŮŤ ůŤŭ ŮŸŠŧŨŦŮŤŭ μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢšūμŚũŴũ ŧŞŦ 

ŞŰůŹũ πūŰ πŬūŚŬŲūũůŞŦ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ. ńπūμŚũŴŭ, ūŦ šŦŞμūŬűŹŮŢŦŭ 

πūŰ μūŦřţūŰũ μŢ ůŤ űŰŮŦŧś šūμś ŚŲūŰũ ťŢŬμūŧŬŞŮŜŢŭ μŦŧŬŷůŢŬŢŭ Şπŷ 320 ŉ. 

łŚşŞŦŞ ŢŜũŞŦ šŸŮŧūŨū ũŞ ŢũůūπŜŮūŰμŢ ůū šŦřŮůŤμŞ ťŢŬμūŧŬŞŮŦŹũ Ůůū ūπūŜū 

ŢμűŞũŜţŢůŞŦ Ť μŚŠŦŮůŤ ŮŰŮŲŚůŦŮŤ μŢůŞŪŸ πŢŦŬřμŞůūŭ ŧŞŦ πŬūŮūμūŜŴŮŤŭ, 

ŧŞťŹŭ šŢũ ŰπřŬŲŢŦ ŧŞťūŨŦŧś ŮŰμűŴũŜŞ ŮůŦŭ ůŦμŚŭ ůŴũ ŮůŞůŦŮůŦŧŹũ šŢŦŧůŹũ 

ŠŦŞ ůŞ 3 ŢŜšŤ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ. 

ńŦŧŷũŞ 4.9: ΔŦřŠŬŞμμŞ ŧŞůŞũūμśŭ ůŤŭ ťŢŬμūŧŬŞŮŜŞŭ ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū ůŤŭ πŬūŮūμūŜŴŮŤŭ. ŎŦ μπŨŢ ŧŞŦ 
ŧŜůŬŦũŢŭ ŞπūŲŬŹŮŢŦŭ ŞũůŦŮůūŦŲūŸũ ŮŢ μŦŧŬŷ ŧŞŦ μŢŮŞŜū ŞŬŦťμŷ šŦŞμūŬűŹŮŢŴũ, ŢũŹ ūŦ ŧŷŧŧŦũŢŭ ŧŞŦ μŞŸŬŢŭ 
ŞπūŲŬŹŮŢŦŭ ŮŢ μŢŠřŨū πŨśťūŭ šŦŞμūŬűŹŮŢŴũ (ŧūŬŰűŚŭ ůŤŭ ŧŞůŞũūμśŭ). 
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ńŦŧŷũŞ 4.10: őŸŠŧŬŦŮŤ ůŴũ ůŦμŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ μŢ ťŢŬμūŧŬŞŮŜŞ 
adaptive tempering πūŰ ũŞ ŞũśŧŢŦ ŮůŞ šŦŞŮůśμŞůŞ ťŢŬμūŧŬŞŮŦŹũ < 300 ŉ, 290-310 ŉ, 300-320 ŉ, 310-330 ŉ, 320-
340 ŉ, 330-350 ŉ, 340-360 ŉ μŢ ůŦŭ ůŦμŚŭ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ůūŰ πŢπůŦšŜūŰ 
HP21 ŠŦŞ ůŞ řůūμŞ CŞ, Cş, CO ůŴũ ŧŞůŞŨūŜπŴũ 42-60. Ł. őŸŠŧŬŦŮŤ μŢ şřŮŤ ůūũ šŢŜŧůŤ ŮŰŮŲŚůŦŮŤŭ reduced Ų2. ł. 
őŸŠŧŬŦŮŤ μŢ şřŮŤ ůūũ ŠŬŞμμŦŧŷ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ. 

ł 

Ł 
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4.6 ŏŬŷşŨŢųŤ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ 
 

Ŏ πŬūŮšŦūŬŦŮμŷŭ ŮůūŦŲŢŜŴũ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ ŞπūůŢŨŢŜ ŚũŞ ŮŤμŞũůŦŧŷ 

şśμŞ ŠŦŞ ůūũ ŲŞŬŞŧůŤŬŦŮμŷ ůŴũ ůŬŦŮšŦřŮůŞůŴũ πŬŴůŢŵũŦŧŹũ šūμŹũ. ŃŢũŦŧř, 

Ť ŞũŞŠũŹŬŦŮŤ šŢŰůŢŬūůŞŠŹũ šūμŹũ μŚŮŴ Ţũŷŭ ŞŨŠūŬŜťμūŰ ŢŜũŞŦ μŦŞ 

ŦšŦŞŜůŢŬŞ πūŨŸπŨūŧŤ šŦŞšŦŧŞŮŜŞ. ŃŦ’ ŞŰůŷũ ůūũ ŨŷŠū, ŰπřŬŲŢŦ μŦŞ πŨŤťŹŬŞ 

μŢťŷšŴũ, ŧŞťŢμŜŞ Şπŷ ůŦŭ ūπūŜŢŭ πŬūŮŢŠŠŜţŢŦ ůū πŬŷşŨŤμŞ μŢ ŚũŞũ 

šŦŞűūŬŢůŦŧŷ ůŬŷπū. ŋŢŬŦŧŚŭ Şπŷ ůŦŭ πŬūŮŢŠŠŜŮŢŦŭ ŞŰůŚŭ ŢŜũŞŦ ū ŢũůūπŦŮμŷŭ 

μūůŜşŴũ μŢůŞŪŸ ůŴũ ŞπūŮůřŮŢŴũ ůŴũ ŞůŷμŴũ CŞ, Ť ŞũřŨŰŮŤ ůŴũ ŠŴũŦŹũ ŧŞŦ 

ůūŰ μśŧūŰŭ ůŴũ šŢŮμŹũ μŢůŞŪŸ šŦŞšūŲŦŧŹũ ŞůŷμŴũ CŞ, Ť ŞũřŨŰŮŤ μūůŜşŴũ 

ŠŦŞ ůūŰŭ šŢŮμūŸŭ ŰšŬūŠŷũūŰ, Ť ŮŸŠŧŬŦŮŤ ůŴũ šŦŞůūμŦŧŹũ πŦũřŧŴũ 

ŞπūŮůřŮŢŴũ šūμŦŧŹũ ůμŤμřůŴũ μŢ ŲŞŬŞŧůŤŬŦŮůŦŧř ŠŦŞ ŧřťŢ šŢŰůŢŬūůŞŠś 

šūμś šŢšūμŚũŞ ŞũŞűūŬřŭ.  

őůŤũ πŢŬŜπůŴŮś μŞŭ Ť ŞũřťŢŮŤ ůŤŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ ůūŰ ůŬūŲŦŞŧūŸ ůūŰ 

πŢπůŦšŜūŰ HP21 şŞŮŜŮůŤŧŢ Ůůūũ ŞŨŠŷŬŦťμū STRIDE. Ŏ ŞŨŠŷŬŦťμūŭ ŞŰůŷŭ 

πŬūŮšŦūŬŜţŢŦ ůŞ ŮůūŦŲŢŜŞ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ μŢ ůŤ ŮŰũšŰŞŮμŚũŤ ŲŬśŮŤ 

ůŤŭ ŢũŚŬŠŢŦŞŭ ůŴũ šŢŮμŹũ ŰšŬūŠŷũūŰ ŧŞŦ πŨŤŬūűūŬŦŹũ πūŰ ŞűūŬūŸũ ůŦŭ 

šŜŢšŬŢŭ ŠŴũŜŢŭ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ [103ΐ. ŏŞŬŞŧřůŴ πŞŬūŰŮŦřţūũůŞŦ ůŞ 

ŞπūůŢŨŚŮμŞůŞ ůūŰ STRIDE μŢ ŲŬŴμŞůŦŧś ŞũŞπŞŬřŮůŞŮŤ ŠŦŞ ŷŨū ůū ůŬūŲŦŞŧŷ 

ŧŞťŹŭ ŢπŜŮŤŭ ŧŞŦ Ť ŞũřťŢŮŤ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ Şũř ŧŞůřŨūŦπū ŠŦŞ ŷŨŢŭ 

ůŦŭ šŦŞμūŬűŹŮŢŦŭ ůŦŭ πŬūŮūμūŜŴŮŤŭ ŧŞŦ ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ μŢ 

ťŢŬμūŧŬŞŮŜŞ adaptive tempering μŦŧŬŷůŢŬŤ Şπŷ 320 ŉ μŢ ůŤ şūśťŢŦŞ ůūŰ 

πŬūŠŬřμμŞůūŭ WebLogo [106] (ńŦŧŷũŞ 4.11). ņ ŞũůŦŮůūŜŲŤŮŤ ůŴũ 

ŞπūŲŬŹŮŢŴũ μŢ ůŞ ŮůūŦŲŢŜŞ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ ŢŜũŞŦ Ť ŢŪśŭ: 

 Ł-ŚŨŦŧŞ (H)  Ŭūţ 

 ł-űŸŨŨŞ (ń)  ŧŜůŬŦũū 

 3-10 ŚŨŦŧŞ (G)  μŴş 

 őůŬūűś (Œ)  μπŨŢ 

 ŒŰŲŞŜū ŮπŢŜŬŞμŞ (C)  ŨŢŰŧŷ 
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őůŤŬŦţŷμŢũūŦ ŮůŞ πŞŬŞπřũŴ ŞπūůŢŨŚŮμŞůŞ μπūŬūŸμŢ ŪŢŧřťŞŬŞ ũŞ 

šŦŞŧŬŜũūŰμŢ μŜŞ ŮůŞťŢŬś πŬūůŜμŤŮŤ ůūŰ πŢπůŦšŜūŰ ŠŦŞ ŢŨŦŧūŢŦšŢŜŭ 

šŢŰůŢŬūůŞŠŢŜŭ šūμŚŭ, ŠŢŠūũŷŭ πūŰ ůŞŰůŜţŢůŞŦ μŢ ůŞ ŠũŴŮůř πŢŦŬŞμŞůŦŧř 

ńŦŧŷũŞ 4.11: ŁũřťŢŮŤ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ. Ł. ŕŬŴμŞůŦŧś ŞũŞπŞŬřŮůŞŮŤ ůŴũ ŮůūŦŲŢŜŴũ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ ŮŢ 
ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū ůŤŭ πŬūŮūμūŜŴŮŤŭ. ŎŦ Ŭūţ ŞπūŲŬŹŮŢŦŭ ŞũůŦŮůūŦŲūŸũ ŮŢ Ş-ŚŨŦŧŢŭ, ūŦ ŧŜůŬŦũŢŭ ŮŢ ş-űŸŨŨŞ, ūŦ 
μŴş ŮŢ 3-10 ŚŨŦŧŢŭ, ūŦ μπŨŢ ŮŢ ŮůŬūűŚŭ ŧŞŦ ūŦ ŨŢŰŧŚŭ ŮŢ ůŰŲŞŜŞ ŮπŢŦŬřμŞůŞ. őůŞ šŢŪŦř ůŤŭ ŢŦŧŷũŞŭ ŚŲūŰũ ŮŤμŞũťŢŜ 
ůŞ ŷŬŦŞ ůŴũ šŸū Ş-ŢŨŦŧŹũ ŮŸμűŴũŞ μŢ ůŤũ πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŤ šūμś ůūŰ πŢπůŦšŜūŰ HP36. ł. ΔŦřŠŬŞμμŞ 
ŞũřťŢŮŤŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ Şũř ŧŞůřŨūŦπū μŢ ůū WebLogo [106] ŠŦŞ ŷŨŢŭ ůŦŭ šŦŞμūŬűŹŮŢŦŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ, 
ŠŦŞ ůū ūπūŜū ůū ŠŬřμμŞ H ŞũůŦŮůūŦŲŢŜ ŮŢ Ş-ŚŨŦŧŞ, ůū ń ŮŢ ş-űŸŨŨŞ, ůū G ŮŢ 3-10 ŚŨŦŧŞ, ůū T ŮŢ ŮůŬūűś ŧŞŦ ůū C ŮŢ 
ůŰŲŞŜū ŮπŢŜŬŞμŞ. Ń. ΔŦřŠŬŞμμŞ ŞũřťŢŮŤŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ Şũř ŧŞůřŨūŦπū μŢ ůū WebLogo ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ 
ůŤŭ πŬūŮūμūŜŴŮŤŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive tempering μŦŧŬŷůŢŬŤ Şπŷ 320 ŉ. ŎŦ ŞũůŦŮůūŦŲŜŮŢŦŭ ůŴũ ŠŬŞμμřůŴũ μŢ 
ůŞ ŮůūŦŲŢŜŞ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ ŢŜũŞŦ ūŦ ŜšŦŢŭ μŢ ůū (ł). 

Ł 

ł Ń All frames Frames with T < 320 K 
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šŢšūμŚũŞ. ńŦšŦŧŷůŢŬŞ, ůŞ ŧŞůřŨūŦπŞ ůūŰ ŞμŦũūůŢŨŦŧūŸ řŧŬūŰ (44-51), πūŰ 

ŞπŞŬůŜţūŰũ ůŤũ πŬŹůŤ ŚŨŦŧŞ, űŞŜũŢůŞŦ ũŞ ŰŦūťŢůūŸũ ŠŦŞ ůū μŢŠŞŨŸůŢŬū 

μŚŬūŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ šūμś Ş-ŚŨŦŧŞŭ. ŏŞŬŷμūŦŞ ŢŜũŞŦ Ť ŧŞůřŮůŞŮŤ ŧŞŦ ŠŦŞ 

ůŞ ŧŞůřŨūŦπŞ ůŤŭ šŢŸůŢŬŤŭ ŚŨŦŧŞŭ (55-60) ŢŪŞŦŬŹũůŞŭ ůū ŲŬūũŦŧŷ šŦřŮůŤμŞ 

2-3 μs, ŷπūŰ ŰπřŬŲŢŦ μŦŞ ŮŞűśŭ ůřŮŤ ŠŦŞ ŮŲŤμŞůŦŮμŷ ş-πůŰŲŴůŹũ űŸŨŨŴũ.  

ΩŮůŷŮū, ūŦ ŞũŞŨŸŮŢŦŭ μŞŭ šŢũ ŮůŞμřůŤŮŞũ ŢšŹ. ŎŬμŹμŢũūŦ Şπŷ ůŤũ 

ŞπŷπŢŦŬŞ ůŤŭ ūμřšŞŭ ůūŰ Raleigh ũŞ πūŮūůŦŧūπūŦśŮŢŦ ůŤũ ůřŮŤ ŮŲŤμŞůŦŮμūŸ  

šŢŰůŢŬūůŞŠūŸŭ šūμśŭ (secondary structure propensity – SSP) Şũř ŧŞůřŨūŦπū 

ůūŰ πŢπůŦšŜūŰ HP21 [74], πŬŞŠμŞůūπūŦśŮŞμŢ ůūũ ŞŧŷŨūŰťū ŰπūŨūŠŦŮμŷ: Şπŷ 

ůŞ ŞπūůŢŨŚŮμŞůŞ ŞũřťŢŮŤŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ ůūŰ STRIDE ŰπūŨūŠŜŮŞμŢ 

ůū πūŮūŮůŷ ŢμűřũŦŮŤŭ ůŤŭ ŞũřťŢŮŤŭ Ş-ŚŨŦŧŞ Şũř ŧŞůřŨūŦπū ŞűŞŦŬŹũůŞŭ ůŦŭ 

ŞũŞťŚŮŢŦŭ πūŰ ŞũůŦŮůūŦŲūŸŮŞũ ŮůŞ ş-űŸŨŨŞ ůŷŮū ŠŦŞ ŷŨŢŭ ůŦŭ šŦŞμūŬűŹŮŢŦŭ 

ůŤŭ πŬūŮūμūŜŴŮŤŭ ŷŮū ŧŞŦ ŠŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive 

tempering μŦŧŬŷůŢŬŤ Şπŷ 320 ŉ. őůŤũ ńŦŧŷũŞ 4.12 πŢŬŦŚŲŢůŞŦ μŦŞ ŠŬŞűŦŧś 

ŞũŞπŞŬřŮůŞŮŤ ůŴũ ŞπūůŢŨŢŮμřůŴũ πūŰ πŬūŚŧŰųŞũ Şπŷ ůŤũ ŞũřŨŰŮŤ ŞŰůś. 

ŎŦ ůŦμŚŭ SSP ŜŮŢŭ μŢ 1 ŧŞůŞšŢŦŧũŸūŰũ ŞπŷŨŰůŤ Ŭūπś πŬūŭ ůŤ šūμś Ş-ŚŨŦŧŞŭ, 

ŢũŹ ūŦ ůŦμŚŭ ŜŮŢŭ μŢ -1 πŬūŭ ůŤ šūμś ş-űŸŨŨŴũ. 

 

 

 

 

 

 

 

 

 

 

 

ńŦŧŷũŞ 4.12: ŃŬŞűŦŧś πŞŬřŮůŞŮŤ ůŴũ ůŦμŹũ ůŤŭ ůřŮŤŭ šŢŰůŢŬūůŞŠūŸŭ šūμśŭ (SSP) ŠŦŞ ůŞ ŧŞůřŨūŦπŞ 
42-60 ůūŰ πŢπůŦšŜūŰ HP21. ņ μŞŸŬŤ ŠŬŞμμś ŞũůŦŮůūŦŲŢŜ ŮůŞ πŢŦŬŞμŞůŦŧř ŞπūůŢŨŚŮμŞůŞ, Ť ŧŷŧŧŦũŤ ŮůŞ 
ŞπūůŢŨŚŮμŞůŞ ŠŦŞ ŷŨŢŭ ůŦŭ šŦŞμūŬűŹŮŢŦŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ ŧŞŦ Ť πŬřŮŦũŤ ŮůŞ ŞπūůŢŨŚŮμŞůŞ ŠŦŞ ůŦŭ 
šŦŞμūŬűŹŮŢŦŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive tempering μŦŧŬŷůŢŬŤ Şπŷ 320 ŉ.  
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ņ ŮŸŠŧŨŦŮŤ μŢůŞŪŸ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢšūμŚũŴũ ŧŞŦ ŞŰůŹũ ůŤŭ 

πŬūŮūμūŜŴŮŤŭ ŢŜũŞŦ ūŨūűřũŢŬŤ ŧŞŦ ŮůŤ ŮŰŠŧŢŧŬŦμŚũŤ πŢŬŜπůŴŮŤ, ŞűūŸ Ť 

πŬūůŜμŤŮŤ ŠŦŞ ŢŨŦŧūŢŦšŢŜŭ šŦŞμūŬűŹŮŢŦŭ ŮŰũůŤŬŢŜůŞŦ ŧŞŦ ŮůŤũ πŬūŮūμūŜŴŮŤ. 

ŏŦū ŮŰŠŧŢŧŬŦμŚũŞ, ūŦ ůŦμŚŭ SSP ŠŦŞ ůŞ ŧŞůřŨūŦπŞ ůŤŭ πŬŹůŤŭ ŚŨŦŧŞŭ ŢŜũŞŦ 

ŞŬŧŢůř ŰųŤŨŚŭ űůřũūũůŞŭ μŚŲŬŦ ŧŞŦ ůū 0.45 ŠŦŞ ůū ŧŞůřŨūŦπū 47, ŢũŹ ŠŦŞ ůŞ 

ŧŞůřŨūŦπŞ ůŤŭ šŢŸůŢŬŤŭ ŚŨŦŧŞŭ ŢμűŞũŜţūŰũ μŦŞ μŦŧŬś πůŹŮŤ μŢ μŚŠŦŮůŤ ůŦμś 

ůū 0.3 ŠŦŞ ůū ŧŞůřŨūŦπū 55. ŒŚŨūŭ, ŷπŴŭ ŞũŞμŢũŷůŞũ, ūŦ ŮůŞťŢŬŷůŢŬŢŭ 

šŦŞμūŬűŹŮŢŦŭ (Œ < 320 ŉ) ŚŲūŰũ ŰųŤŨŷůŢŬŢŭ ůŦμŚŭ SSP ŮŢ ŮŲŚŮŤ μŢ ůū 

ŮŸũūŨū ůūŰ ůŬūŲŦŞŧūŸ. 

 

 

 

4.7 ŁũřŨŰŮŤ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ ŧŞŦ 
ūμŞšūπūŜŤŮŤ 

 

 

ņ ŞũřŨŰŮŤ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ (PCA) ŞπūůŢŨŢŜ μŜŞ ŮůŞůŦŮůŦŧś μŚťūšū 

ŞũŞŠũŹŬŦŮŤŭ μūůŜşŴũ ŮŢ šŢšūμŚũŞ ŧŞťŹŭ ŢπŜŮŤŭ ŧŞŦ ŚŧűŬŞŮŤŭ ůŴũ 

šŢšūμŚũŴũ ŞŰůŹũ μŢ ůŚůūŦū ůŬŷπū, ŹŮůŢ ũŞ ŞũŞšŢŦŧũŸūũůŞŦ ůŷŮū ūŦ 

ūμūŦŷůŤůŢŭ ŷŮū ŧŞŦ ūŦ šŦŞűūŬŚŭ ůūŰŭ. ņ ŲŬŤŮŦμŷůŤůŞŭ ůŤŭ ŞũřŨŰŮŤŭ ŧŸŬŦŴũ 

ŮŰũŦŮůŴŮŹũ ŚŠŧŢŦůŞŦ ŮůŤũ ŞũřŨŰŮŤ πūŨŰšŦřŮůŞůŴũ šŢšūμŚũŴũ, ŷπūŰ Ť 

ŠŬŞűŦŧś ŞũŞπŞŬřŮůŞŮŤ ŢŜũŞŦ ŞšŸũŞůŤ, ŧŞťŹŭ μŢŦŹũŢŦ ůūũ ŞŬŦťμŷ ůŴũ 

šŦŞŮůřŮŢŴũ šŦŞůŤŬŹũůŞŭ ŞũŞŨŨūŜŴůū ůū μŢŠŞŨŸůŢŬū πūŮūŮůŷ ůŤŭ 

πŞŬŢŲŷμŢũŤŭ πŨŤŬūűūŬŜŞŭ.  

ņ PCA ŲŬŤŮŦμūπūŦŢŜůŞŦ ŢŰŬŸůŞůŞ ŠŦŞ ůŤũ ŞũřŨŰŮŤ ůūŰ μŢŠřŨūŰ ŷŠŧūŰ 

šŢšūμŚũŴũ πūŰ πŬūŚŬŲŢůŞŦ Şπŷ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ, μŢ 

ŮůŷŲū ůŤũ ŢŪŞŠŴŠś şŦūŨūŠŦŧŹũ πŨŤŬūűūŬŦŹũ šŜŲŴŭ ŮŤμŞũůŦŧŚŭ ŞπŹŨŢŦŢŭ. 

ŃŢũŦŧř, ŰπřŬŲūŰũ šŸū ŧŞůŤŠūŬŜŢŭ ŞũřŨŰŮŤŭ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ πūŰ 

ŢűŞŬμŷţūũůŞŦ ŮŢ ůŬūŲŦŞŧř μūŬŦŞŧśŭ šŰũŞμŦŧśŭ: ŮůŤũ cPCA (Cartesian PCA) Ť 

μŢŜŴŮŤ ůŴũ šŦŞŮůřŮŢŴũ ůŴũ šŢšūμŚũŴũ şŞŮŜţŢůŞŦ ŮůŦŭ ŧŞŬůŢŮŦŞũŚŭ 



 
53 

ŮŰũůŢůŞŠμŚũŢŭ ůŴũ ŞůŷμŴũ ůūŰ ŮŰŮůśμŞůūŭ, ŢũŹ ŮůŤũ dPCA (dihedral PCA) 

[107-109] ŮůŦŭ šŜŢšŬŢŭ ŠŴũŜŢŭ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ. 

ņ ūμŞšūπūŜŤŮŤ (clustering) ŢŜũŞŦ Ť šŦŞšŦŧŞŮŜŞ ŧŞůř ůŤũ ūπūŜŞ ŠŜũŢůŞŦ 

šŦŞŲŴŬŦŮμŷŭ šŢšūμŚũŴũ ŮŢ šŦŞŧŬŦůŚŭ ūμřšŢŭ (clusters) ŨŞμşřũūũůŞŭ ŰπŷųŤ 

ůŞ ŧūŦũř ůūŰŭ ŲŞŬŞŧůŤŬŦŮůŦŧř. ŋŢ ŞŰůŷũ ůūũ ůŬŷπū, ŧŞťŜŮůŞũůŞŦ ŢŰŧūŨŷůŢŬŤ 

Ť ŧŞůŞũŷŤŮŤ ŧŞŦ ŞũřšŢŦŪŤ ůŤŭ πŨŤŬūűūŬŜŞŭ πūŰ ŢμπŢŬŦŚŲŢůŞŦ ŮůŞ šŢšūμŚũŞ. 

Ŏ ŮŰũšŰŞŮμŷŭ ůŤŭ PCA ŧŞŦ ůŤŭ ūμŞšūπūŜŤŮŤŭ ŢŜũŞŦ μŦŞ Şπŷ ůŦŭ 

ŮŤμŞũůŦŧŷůŢŬŢŭ ŮůŬŞůŤŠŦŧŚŭ ŠŦŞ ůŤũ ŞũřŨŰŮŤ ůŬūŲŦŞŧŹũ μūŬŦŞŧśŭ 

šŰũŞμŦŧśŭ. ŎŦ ŞũŞŨŸŮŢŦŭ PCA πūŰ ŞŧūŨūŰťūŸũ πŬŞŠμŞůūπūŦśťŤŧŞũ μŢ ůū 

πŬŷŠŬŞμμŞ CARMA ŧŞŦ ūŦ ūμŞšūπūŦśŮŢŦŭ μŢ ůū cluster5D, ŚũŞ ŨūŠŦŮμŦŧŷ πūŰ 

ūμŞšūπūŦŢŜ πŢũůŞšŦřŮůŞůŞ šŢšūμŚũŞ πūŰ πŬūŚŬŲūũůŞŦ Şπŷ ŞũřŨŰŮŤ PCA 

(ŏŞŬřŬůŤμŞ 4).  

ŁŬŲŦŧř, ŢπŦŨŚŪŞμŢ ũŞ ŞũŞŨŸŮūŰμŢ ůū ůŬūŲŦŞŧŷ μŞŭ μŢ şřŮŤ ůŦŭ šŜŢšŬŢŭ 

ŠŴũŜŢŭ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ (dPCA) ŧŞŦ ŷŲŦ ůŦŭ ŧŞŬůŢŮŦŞũŚŭ ŮŰũůŢůŞŠμŚũŢŭ 

ůŴũ ŞůŷμŴũ (cPCA), ŧŞťŹŭ ŠũŴŬŜţŞμŢ ŷůŦ Ůůū ŮŸŮůŤμŞ ŢπŦŧŬŞůŢŜ ŞůŞŪŜŞ ŠŦŞ 

ůū μŢŠŞŨŸůŢŬū μŚŬūŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ. ŒŞ ŞπūůŢŨŚŮμŞůŞ ŮŰũūųŜţūũůŞŦ 

Ůůūũ πŞŬŞŧřůŴ πŜũŞŧŞ ŧŞŦ ůŤũ ńŦŧŷũŞ 4.13. ŁŪŜţŢŦ ũŞ ŮŤμŢŦŴťŢŜ πŴŭ ŠŦŞ 

ŧřťŢ ūμřšŞ πūŰ şŬŚťŤŧŢ ŚŠŦũŢ ŰπūŨūŠŦŮμŷŭ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ 

μŢůŞůūπŜŮŢŴũ ŧŞŦ ŮůŞůŦŮůŦŧś ŮŰŮŲŚůŦŮŤ μŢ ůŞ ŞũůŜŮůūŦŲŞ πŢŦŬŞμŞůŦŧř 

šŢšūμŚũŞ. 

ŁŬŦťμŷŭ 

ūμřšŞŭ 

ŏŨśťūŭ 

šŦŞμūŬűŹŮŢŴũ 

Reduced Ų2 
ŃŬŞμμŦŧŷŭ ŮŰũůŢŨŢŮůśŭ 

ŮŰŮŲŚůŦŮŤŭ 

Δš13CŞ Δš13Cş Δš13CO Δš13CŞ Δš13Cş Δš13CO 

1 2357930 (12.5 %) 1.03 0.68 0.40 0.71 0.78 0.84 

2 1068469 (5.7 %) 3.80 1.38 3.38 0.30 0.57 0.46 

3 1244992 (6.6 %) 2.76 2.15 2.16 0.25 -0.01 0.13 

4 207213 (1.1 %) 2.88 2.61 3.64 0.64 0.44 0.48 

5 168517 (0.9 %) 2.26 3.32 1.85 0.39 -0.13 0.19 

6 232566 (1.2 %) 4.16 1.48 2.73 -0.11 0.27 0.26 

7 280721 (1.5 %) 3.57 1.67 2.77 0.26 -0.07 0.15 

8 43787 (0.23 %) 1.11 1.49 0.62 0.75 0.41 0.78 
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9 49092 (0.26 %) 2.38 1.27 1.74 0.63 0.52 0.51 

10 41324 (0.22 %) 3.89 4.16 2.21 0.11 -0.42 0.07 

11 35004 (0.18 %) 2.76 1.84 2.75 0.60 0.54 0.38 

12 37508 (0.2 %) 2.34 1.67 1.34 0.36 0.10 0.42 

13 50149 (0.26 %) 2.68 1.25 1.55 0.09 0.32 0.35 

14 110283 (0.58 %) 1.97 1.56 1.50 -0.02 0.09 0.12 

15 59774 (0.31 %) 2.26 1.87 1.18 0.47 0.14 0.56 

16 29263 (0.15 %) 2.51 2.09 1.73 0.38 0.13 0.21 

17 32070 (0.17 %) 2.75 3.85 1.87 0.34 -0.28 0.22 

18 39155 (0.2 %) 4.14 1.71 2.90 -0.18 0.05 0.01 

19 42343 (0.22 %) 4.64 3.77 3.27 -0.30 -0.44 -0.13 

20 38166 (0.2 %) 4.97 1.08 2.62 -0.17 -0.05 0.12 

21 20304 (0.1 %) 2.82 3.37 2.63 0.08 -0.07 -0.17 

22 33737 (0.18 %) 2.52 1.85 1.77 0.44 0.11 0.43 

23 12068 (0.064 %) 3.24 2.46 1.54 0.15 -0.37 0.35 

24 8597 (0.045 %) 2.62 1.88 2.23 0.31 0.30 0.16 

25 7126 (0.038 %) 3.38 3.11 2.58 0.34 -0.24 0.21 

26 11929 (0.063 %) 2.36 2.85 1.60 0.36 -0.28 0.20 

27 9534 (0.05 %) 4.70 2.31 4.05 0.33 0.12 0.05 

28 5241 (0.028 %) 5.44 2.29 2.80 -0.35 0.24 -0.12 

29 2533 (0.013 %) 2.37 1.83 2.27 0.53 0.22 0.32 

30 370 (0.002 %) 1.28 1.12 1.45 0.63 0.34 0.40 

31 2021 (0.01 %) 1.55 1.70 1.14 0.54 0.13 0.43 

32 633 (0.003 %) 2.35 2.41 1.87 0.42 0.14 0.29 

33 1874 (0.01 %) 1.87 2.47 1.48 0.54 -0.24 0.32 

34 581 (0.003 %) 2.45 1.96 2.10 0.50 0.26 0.43 

őŸũūŨū 
6284874 Şπŷ 

18835852 (33.3 %) 
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ĽπŴŭ ŠŜũŢůŞŦ űŞũŢŬŷ, Ť ŞŮůŞťśŭ űŸŮŤ ůūŰ HP21 ŢŜŲŢ Ŵŭ ŮŰũŚπŢŦŞ ůŤũ 

πŞŬŞŠŴŠś Ţũŷŭ μŢŠřŨūŰ ŞŬŦťμūŸ šŦŞŧŬŦůŹũ ūμřšŴũ, ūŦ πŢŬŦŮŮŷůŢŬŢŭ Şπŷ 

ůŦŭ ūπūŜŢŭ ŞπūůŢŨūŸũůŞŦ Şπŷ ŨŜŠŢŭ šŦŞμūŬűŹŮŢŦŭ. ŃŦ’ ŞŰůŷ ůū ŨŷŠū, 

ŢŮůŦřŮŞμŢ ůŤũ πŬūŮūŲś μŞŭ ŮůŦŭ ůŬŢŦŭ ŧŰŬŜŞŬŲŢŭ ūμřšŢŭ πūŰ ŞũůŦŮůūŦŲūŸũ ŮŢ 

πūŮūŮůŷ πŢŬŜπūŰ 24% Şπŷ ůū ŮŸũūŨū ůŴũ šŦŞμūŬűŹŮŢŴũ. őŰŠŧŬŜũūũůŞŭ ůŤũ 

ŧŞůŞũūμś ůŴũ šŦŞμūŬűŹŮŢŴũ ŠŦŞ ŧřťŢ ūμřšŞ μŢůř Şπŷ ůŤũ dPCA (ńŦŧŷũŞ 

4.13) μŢ ůūũ πŜũŞŧŞ RMSD ŷŨūŰ ůūŰ ůŬūŲŦŞŧūŸ (ńŦŧŷũŞ 4.3) πŞŬŞůŤŬśŮŞμŢ 

ŷůŦ ūŦ ůŬŢŦŭ ŧŰŬŜŞŬŲŢŭ ūμřšŢŭ πŢŬŦŚŲūŰũ ůŦŭ šūμŚŭ ŢŧŢŜũŢŭ πūŰ ŮŰμμŢůŚŲūŰũ 

ŮůŞ ůŬŜŞ ŮŤμŞũůŦŧŷůŢŬŞ ŠŢŠūũŷůŞ ŞũŞšŜπŨŴŮŤŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ. ŏŦū 

ŞũŞŨŰůŦŧř, Ť ūμřšŞ 1 (A) ŮŰũšŚŢůŞŦ μŢ ůŞ ŠŢŠūũŷůŞ ŞũŞšŜπŨŴŮŤŭ ŠŦŞ ůŞ 

ŲŬūũŦŧř šŦŞŮůśμŞůŞ 6-7 μs, 10-10.5 μs ŧŞŦ 13-14 μs, Ť ūμřšŞ 2 (C) ŠŦŞ ůŞ 

ŲŬūũŦŧŷ šŦřŮůŤμŞ 2-3 μs ŧŞŦ, ůŚŨūŭ, Ť ūμřšŞ 3 (B) ŠŦŞ ůŞ ŲŬūũŦŧř 

šŦŞŮůśμŞůŞ 0-1 μs, 12-13 μs ŧŞŦ 14-14.5 μs. 

Œū ŢπŷμŢũū şśμŞ śůŞũ Ť ŞπūμŷũŴŮŤ ůŴũ ŮůŞťŢŬŷůŢŬŴũ šŦŞμūŬűŹŮŢŴũ πūŰ 

ŞũśŧūŰũ ŮůŦŭ ůŬŢŦŭ ŧŰŬŜŞŬŲŢŭ ūμřšŢŭ, ŹŮůŢ ũŞ ŞũŞŠũŴŬŦŮůūŸũ ůŞ šūμŦŧř 

ńŦŧŷũŞ 4.13: ŉŞůŞũūμś ůŴũ šŦŞμūŬűŹŮŢŴũ ŠŦŞ ŧřťŢ ūμřšŞ μŢůř Şπŷ dPCA ŮŢ ūŨŷŧŨŤŬū ůū ůŬūŲŦŞŧŷ 
ůūŰ πŢπůŦšŜūŰ HP21 ŮŢ ŮŰũřŬůŤŮŤ μŢ ůū ŲŬŷũū πŬūŮūμūŜŴŮŤŭ.  
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ŲŞŬŞŧůŤŬŦŮůŦŧř ůŤŭ ŧřťŢ ūμřšŞŭ ŧŞŦ ũŞ πŬūŮšŦūŬŦŮůŢŜ Ť ūμūŦŷůŤůř ůūŰŭ μŢ 

ůŤ űŰŮŦŧś šŦŞμŷŬűŴŮŤ. ŃŦŞ ũŞ πŢůŸŲūŰμŢ ůūũ πŞŬŞπřũŴ ŮůŷŲū 

ŞŧūŨūŰťśŮŞμŢ ůŤũ ŢŪśŭ šŦŞšŦŧŞŮŜŞ: ŞŬŲŦŧř, ŢπŦŨŚŲťŤŧŞũ ūŦ šŦŞμūŬűŹŮŢŦŭ 

ůŤŭ πŬūŮūμūŜŴŮŤŭ μŢ ťŢŬμūŧŬŞŮŜŞ adaptive tempering μŦŧŬŷůŢŬŤ Şπŷ 300 

ŉ. ŃŦŞ ůŦŭ šŦŞμūŬűŹŮŢŦŭ ŞŰůŚŭ ŚŠŦũŢ ŞũřŨŰŮŤ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ μŢ şřŮŤ 

ůŦŭ šŜŢšŬŢŭ ŠŴũŜŢŭ (dPCA) ŧŞŦ ūμŞšūπūŜŤŮŤ. ĺπŢŦůŞ, ŢũůūπŜŮůŤŧŞũ ūŦ ůŬŢŦŭ 

ūμřšŢŭ, πūŰ ŞũůŦŮůūŦŲūŸũ ŮůŦŭ ůŬŢŦŭ ŧŰŬŜŞŬŲŢŭ ūμřšŢŭ A,B ŧŞŦ C ŷŨūŰ ůūŰ 

ůŬūŲŦŞŧūŸ, ŧŞŦ ŠŦŞ ŧŞťŢμŜŞ Şπŷ ůŦŭ ūμřšŢŭ ŞŰůŚŭ πŬŞŠμŞůūπūŦśťŤŧŢ 

ŞũřŨŰŮŤ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ μŢ şřŮŤ ůŦŭ ŧŞŬůŢŮŦŞũŚŭ ŮŰũůŢůŞŠμŚũŢŭ ůŴũ 

ŞůŷμŴũ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ (backbone cPCA) ŧŞŦ ūμŞšūπūŜŤŮŤ. Łπŷ ůŦŭ 

ūμřšŢŭ πūŰ πŞŬřŲťŤŧŞũ ŮŰŨŨŚŲťŤŧŢ Ť πŬŹůŤ ŧŰŬŜŞŬŲŤ ūμřšŞ ŧŞŦ ŮůŦŭ ůŬŢŦŭ 

πŢŬŦπůŹŮŢŦŭ. ŒŚŨūŭ, ŞŧūŨūŸťŤŮŢ μŜŞ ŞŧŷμŤ ŞũřŨŰŮŤ ŧŸŬŦŴũ ŮŰũŦŮůŴŮŹũ 

ŞŰůś ůŤ űūŬř μŢ şřŮŤ ůŦŭ ŧŞŬůŢŮŦŞũŚŭ ŮŰũůŢůŞŠμŚũŢŭ ŷŨŴũ ůŴũ ŞůŷμŴũ 

Ţŧůŷŭ Şπŷ ůŞ ŰšŬūŠŷũŞ (heavy cPCA) ŧŞŦ ŠŦŞ ůŦŭ ůŬŢŦŭ ŧŰŬŜŞŬŲŢŭ ūμřšŢŭ Şπŷ 

ůŤũ backbone cPCA ŪŢŲŴŬŦŮůř. Œū ŞπūůŚŨŢŮμŞ ůŤŭ πŞŬŞπřũŴ šŦŞšŦŧŞŮŜŞŭ 

śůŞũ Ť šŤμŦūŰŬŠŜŞ ůŬŦŹũ ŞũůŦπŬūŮŴπŢŰůŦŧŹũ ūμřšŴũ ŠŦŞ ůŦŭ A, B ŧŞŦ C μŢ 

πŨśťūŭ šŦŞμūŬűŹŮŢŴũ 71800, 32774 ŧŞŦ 87441 ŞũůŜŮůūŦŲŞ. 

őůŤũ ńŦŧŷũŞ 4.14 πŞŬūŰŮŦřţūũůŞŦ ūŦ šūμŚŭ ůŴũ ůŬŦŹũ ŞŰůŹũ ŧŰŬŜŞŬŲŴũ 

ūμřšŴũ. ņ ūμřšŞ A ŞũůŦπŬūŮŴπŢŸŢŦ μŜŞ šŦŞμŷŬűŴŮŤ πŞŬŷμūŦŞ μŢ ůŤ 

űŰŮŦŧś šūμś ŷπūŰ ŢπŦŧŬŞůŢŜ ůū μūůŜşū ŚŨŦŧŞ-ŮůŬūűś-ŚŨŦŧŞ (helix-turn-helix) 

μŢ πŞŬřŨŨŤŨŤ šŦŢŰťŚůŤŮŤ ůŴũ šŸū Ş-ŢŨŜŧŴũ. ņ šŦŞμŷŬűŴŮŤ ůŤŭ ūμřšŞŭ ł 

ŢŜũŞŦ ŢπŜŮŤŭ ůŤŭ μūŬűśŭ ŚŨŦŧŞ-ŮůŬūűś-ŚŨŦŧŞ μŢ ŞũůŦπŞŬřŨŨŤŨŤ, ŷμŴŭ, 

šŦŢŰťŚůŤŮŤ ůŴũ šŸū Ş-ŢŨŜŧŴũ. őŢ ŞũůŜťŢŮŤ μŢ ůŦŭ šŸū πŞŬŞπřũŴ ŧŰŬŜŞŬŲŢŭ 

ūμřšŢŭ, Ť ūμřšŞ C ŢμűŞũŜţŢŦ μŜŞ ŞŬŧŢůř šŦŞűūŬŢůŦŧś šŦŞμŷŬűŴŮŤ, Ť ūπūŜŞ 

ŢŜũŞŦ ůūŰ ůŸπūŰ Ş/ş. ńŦšŦŧŷůŢŬŞ, Ůůū ŞμŦũūůŢŨŦŧŷ řŧŬū ŮŲŤμŞůŜţŢůŞŦ μŦŞ 

ŞŮůŞťśŭ Ş-ŚŨŦŧŞ, ŢũŹ Ůůū ŧŞŬşūŪŰůŢŨŦŧŷ řŧŬū ŰπřŬŲŢŦ μŦŞ šūμś ş-

űūŰŬŧŚůŞŭ, Ť ūπūŜŞ, ŮŸμűŴũŞ ŧŞŦ μŢ ůū šŦřŠŬŞμμŞ ůūŰ STRIDE, ŧřũŢŦ ůŤũ 

ŢμűřũŦŮŤ ůŤŭ μŷũū Ůůū ŲŬūũŦŧŷ šŦřŮůŤμŞ 2-3 μs. 
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ŒŚŨūŭ ŢπŦŲŢŦŬśŮŞμŢ ũŞ ŮŰŠŧŬŜũūŰμŢ ůŦŭ šūμŚŭ ůŴũ ūμřšŴũ A, B ŧŞŦ C ůŷŮū 

μŢ ůŦŭ πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŢŭ šūμŚŭ ůŴũ HP36 (1VII) ŧŞŦ HP (1YU5) 

ŰπūŨūŠŜţūũůŞŭ ůŦŭ ůŦμŚŭ RMSD ŠŦŞ řůūμŞ ůŤŭ ŧŸŬŦŞŭ ŞŨŰŮŜšŞŭ (backbone) ŧŞŦ 

ŠŦŞ ŷŨŞ ůŞ řůūμŞ Ţŧůŷŭ Şπŷ ůŞ ŰšŬūŠŷũŞ (heavy) ŢŪŞŦŬŹũůŞŭ ůŞ ŧŞůřŨūŦπŞ 

ůŴũ řŧŬŴũ (πŜũŞŧŞŭ πŞŬŞŧřůŴ) ŷŮū ŧŞŦ μŢ ůŤũ űŰŮŦŧś šūμś ůūŰ HP21 μŢ ůŤ 

şūśťŢŦŞ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ (ńŦŧŷũŞ 4.15). 

 

 
1VII (ŧŞůřŨūŦπŞ 44-59) 1YU5 (ŧŞůřŨūŦπŞ 44-59) 

Backbone Heavy Backbone Heavy 

ŎμřšŞ Ł 0.9 1.9 1.2 2.0 

ŎμřšŞ ł 3.9 5.6 3.8 5.5 

ŎμřšŞ C 4.9 6.4 4.9 6.2 

 

ńŦŧŷũŞ 4.14: ńπřũŴ: ΔūμŚŭ ůŴũ ŧŰŬŜŞŬŲŴũ ūμřšŴũ A, B, ŧŞŦ C (Şπŷ ŞŬŦŮůŢŬř πŬūŭ ůŞ šŢŪŦř) Şπŷ ůŤũ 
ŰπŚŬťŢŮŤ 500 šŦŞμūŬűŹŮŢŴũ. ŉřůŴ: ŁũůŦπŬūŮŴπŢŰůŦŧŚŭ šūμŚŭ ůŴũ ŧŰŬŜŞŬŲŴũ ūμřšŴũ A,B ŧŞŦ C (Şπŷ 
ŞŬŦŮůŢŬř πŬūŭ ůŞ šŢŪŦř).  

B A C 
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őŰμπŢŬŞŮμŞůŦŧř, ūŦ šŦŞμūŬűŹŮŢŦŭ ůŤŭ ūμřšŞŭ A ŮŰμűŴũūŸũ ŦŧŞũūπūŦŤůŦŧř 

μŢ ůŤ űŰŮŦŧś šŦŞμŷŬűŴŮŤ ŮŢ ŢπŜπŢšū šūμŹũ ŞŨŨř ŧŞŦ šŢŰůŢŬūůŞŠŹũ 

ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ, ŠŢŠūũŷŭ πūŰ ŞũŞšŢŦŧũŸŢůŞŦ πŢŬŞŦůŚŬŴ ŮůŦŭ ńŦŧŷũŢŭ 

4.16 ŧŞŦ 4.17.  

 

 

ńŦŧŷũŞ 4.15: őŸŠŧŬŦŮŤ ůŴũ ůŦμŹũ ůŴũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ůŴũ šŦŞμūŬűŹŮŢŴũ ůŴũ 
ūμřšŴũ A,B ŧŞŦ C μŢ ůŦŭ ůŦμŚŭ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ ůūŰ πŢπůŦšŜūŰ 
HP21 ŠŦŞ ůŞ řůūμŞ CŞ, Cş ŧŞŦ CO ůŴũ ŧŞůŞŨūŜπŴũ 42-60. Ł. őŸŠŧŬŦŮŤ μŢ şřŮŤ ůū ŮůŞůŦŮůŦŧŷ šŢŜŧůŤ 
reduced Ų2. ł. őŸŠŧŬŦŮŤ μŢ şřŮŤ ůū ŠŬŞμμŦŧŷ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ.  

ł 

Ł 
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ńŦŧŷũŞ 4.16: œπŚŬťŢŮŤ ůŤŭ πŢŦŬŞμŞůŦŧř πŬūŮšŦūŬŦŮμŚũŤŭ šūμśŭ ůūŰ πŢπůŦšŜūŰ HP36 ŠŦŞ ůŞ ŧŞůřŨūŦπŞ 
41-61 (πūŬůūŧŞŨŜ ŞπŷŲŬŴŮŤ) ŧŞŦ ůŤŭ ŞũůŦπŬūŮŴπŢŰůŦŧśŭ šūμśŭ ůŤŭ ūμřšŞŭ A ůŤŭ πŬūŮūμūŜŴŮŤŭ (μŴş 
ŞπŷŲŬŴŮŤ). őůū ŧŚũůŬū ŧřťŢ šūμśŭ ŰπřŬŲŢŦ ū ŰšŬŷűūşūŭ πŰŬśũŞŭ ŞπūůŢŨūŸμŢũūŭ Şπŷ ůŬŢŦŭ  
űŞŦũŰŨŞŨŞũŜũŢŭ (ŧŞůřŨūŦπŞ 47,51,58).  

ńŦŧŷũŞ 4.17: őŸŠŧŬŦŮŤ Şũř ŧŞůřŨūŦπū μŢůŞŪŸ ůŴũ ůŦμŹũ ůŴũ πŢŦŬŞμŞůŦŧŹũ šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ 
μŢůŞůūπŜŮŢŴũ ŧŞŦ ůŴũ ŞũůŜŮůūŦŲŴũ ůŤŭ ūμřšŞŭ A ůŤŭ πŬūŮūμūŜŴŮŤŭ ŠŦŞ ůŞ řůūμŞ CŞ, CO ŧŞŦ Cş ůŴũ 
ŧŞůŞŨūŜπŴũ 42-60. 
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őŰμπŢŬřŮμŞůŞ ŧŞŦ ŮŰţśůŤŮŤ 
 

ņ μŢŨŚůŤ ůŴũ μŤŲŞũŦŮμŹũ ŞũŞšŜπŨŴŮŤŭ ŮŰŮůŤμřůŴũ πūŰ ŲŞŬŞŧůŤŬŜţūũůŞŦ 

Şπŷ ŰųŤŨŷ şŞťμŷ ŢŰŢŨŦŪŜŞŭ μŢ πŬūŮūμūŦŹŮŢŦŭ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ ŞπūůŢŨŢŜ 

μŦŞ ŦšŦŞŜůŢŬŞ ŢπŜπūũŤ ŧŞŦ, ŮŰŲũř, ŞůŢŨŚŮűūŬŤ šŦŞšŦŧŞŮŜŞ. Œū πŢπůŜšŦū 

HP21, ůū ūπūŜū ŲŬŤŮŦμūπūŦśťŤŧŢ Ŵŭ μūũůŚŨū ŮůŤũ πůŰŲŦŞŧś ŞŰůś ŢŬŠŞŮŜŞ, 

ŢŜũŞŦ ŚũŞ ůŚůūŦūŰ ŢŜšūŰŭ ŮŸŮůŤμŞ. ŏŦū ŮŰŠŧŢŧŬŦμŚũŞ, ůū HP21 πŢŬŦŨŞμşřũŢŦ 

ůŞ ŧŞůřŨūŦπŞ πūŰ ŮŲŤμŞůŜţūŰũ ůŦŭ šŸū πŬŹůŢŭ ŚŨŦŧŢŭ ůŤŭ ŰπūŢπŦŧŬřůŢŦŞŭ 

HP36 ůŤŭ πŬŴůŢŀũŤŭ villin (41-61). Ŏ ŰπūŨūŠŦŮμŷŭ ůŴũ ŲŤμŦŧŹũ 

μŢůŞůūπŜŮŢŴũ μŢ πŢŦŬřμŞůŞ NMR ŠŦŞ ůū HP21 ŞũŚšŢŦŪŢ ůŤũ ŦŧŞũŷůŤůŞ ůūŰ 

πŢπůŦšŜūŰ ũŞ ŰŦūťŢůŢŜ ŮŢ ŰšŞůŦŧŷ šŦřŨŰμŞ μŜŞ šūμś πŞŬŷμūŦŞ μŢ ůŤ űŰŮŦŧś 

ůūŰ šŦŞμŷŬűŴŮŤ, πŞŬř ůŤũ ŞŮůŞťś űŸŮŤ ůūŰ [73,74ΐ. 

ŇŚŨūũůŞŭ ũŞ ŢŪŢůřŮūŰμŢ ůŤ ŮŰμπŢŬŦűūŬř ŞũŞšŜπŨŴŮŤŭ ůūŰ HP21 μŢ physics-

based μŢťŷšūŰŭ, πŬŞŠμŞůūπūŦśŮŞμŢ μŜŞ πŬūŮūμūŜŴŮŤ μūŬŦŞŧśŭ šŰũŞμŦŧśŭ 

ŢŧůŢůŞμŚũŤŭ ŲŬūũŦŧśŭ šŦřŬŧŢŦŞŭ (15 μs) ŲŬŤŮŦμūπūŦŹũůŞŭ ůū šŰũŞμŦŧŷ πŢšŜū 

AMBER99SB-STAR-ILDN. ŒŞ ŞπūůŢŨŚŮμŞůŞ ŚšŢŦŪŞũ ŷůŦ ůū πŢπůŜšŦū ŢŜũŞŦ, ŷπŴŭ 

ŞũŞμŢũŷůŞũ, ŞŮůŞťŚŭ ŠŦŞ ůū μŢŠŞŨŸůŢŬū ŲŬūũŦŧŷ šŦřŮůŤμŞ ůŤŭ 

πŬūŮūμūŜŴŮŤŭ ŢμűŞũŜţūũůŞŭ, ŴŮůŷŮū, μŢμūũŴμŚũŞ ŠŢŠūũŷůŞ ŞũŞšŜπŨŴŮŤŭ. 

ŋŢůŞŪŸ ůŴũ ŞũŞšŦπŨŴμŚũŴũ šŦŞμūŬűŹŮŢŴũ šŦŞŧŬŜťŤŧŞũ ůŬŢŦŭ ŧŰŬŜŞŬŲŢŭ 

ūμřšŢŭ: Ť πŬŹůŤ ŧŞŦ ŮůŞťŢŬŷůŢŬŤ Şπ’ ŞŰůŚŭ ŞũůŦπŬūŮŴπŢŸŢŦ μŦŞ šūμś πūŰ 

μūŦřţŢŦ ŮŢ ŰųŤŨŷ şŞťμŷ μŢ ůŤũ űŰŮŦŧś šŦŞμŷŬűŴŮŤ, ŧřůŦ πūŰ ŞπūšŢŜŲťŤŧŢ 

ůŷŮū μŢ ůŦŭ ŮŤμŞũůŦŧř ŲŞμŤŨŚŭ ůŦμŚŭ RMSD μŢ ůŦŭ πŢŦŬŞμŞůŦŧř 

πŬūŮšŦūŬŦŮμŚũŢŭ šūμŚŭ ůŤŭ HP36 ŧŞŦ ůŤŭ ŢπŦŧŬřůŢŦŞŭ HP ŠŦŞ ůŞ ŞũůŜŮůūŦŲŞ 

ŧŞůřŨūŦπŞ ŷŮū ŧŞŦ μŢ ůŤ ŮŸŠŧŨŦŮŤ ůŴũ ůŦμŹũ ůŴũ πŢŦŬŞμŞůŦŧŹũ 

šŢŰůŢŬūůŞŠŹũ ŲŤμŦŧŹũ μŢůŞůūπŜŮŢŴũ μŢ ůŦŭ ŞũůŜŮůūŦŲŢŭ ůŤŭ πŬūŮūμūŜŴŮŤŭ. 

ŁũŞűūŬŦŧř μŢ ůŤũ μŤ ŞũŞšŦπŨŴμŚũŤ ŧŞůřŮůŞŮŤ ůūŰ HP21, Ť μŢŦŴμŚũŤ 

ŢπřŬŧŢŦŞ ůūŰ šŢŜŠμŞůūŭ Şπŷ ůŤũ πŬūŮūμūŜŴŮŤ, ŮŸμűŴũŞ μŢ ůŦŭ ŢŧůŦμśŮŢŦŭ 

ůūŰ Good Turing, ŨŢŦůūŸŬŠŤŮŢ ŞπūůŬŢπůŦŧř ŮůŤũ μŢŨŚůŤ ůŴũ ŢũšŦřμŢŮŴũ 

ŮůŞšŜŴũ ůŤŭ ŞũŞšŜπŨŴŮŤŭ. ŏŞŬūŨ’ ŞŰůř, μπūŬŚŮŞμŢ ũŞ ŢŪŞŠřŠūŰμŢ šŸū 

ŠŢũŦŧř ŮŰμπŢŬřŮμŞůŞ Şπŷ ůŦŭ ŞũŞŨŸŮŢŦŭ μŞŭ: ůū πŬŹůū ŚŲŢŦ ũŞ ŧřũŢŦ μŢ ůŤũ 

πŬūůŜμŤŮŤ ŠŦŞ ŢŨŦŧūŢŦšŢŜŭ šŦŞμūŬűŹŮŢŦŭ ŧŞŦ ŮůŞ šŸū řŧŬŞ ůūŰ πŢπůŦšŜūŰ 
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ŧŞť’ ŷŨŤ ůŤ šŦřŬŧŢŦŞ ůŤŭ πŬūŮūμūŜŴŮŤŭ, μŢ ŢŪŞŜŬŢŮŤ ůū šŦřŮůŤμŞ 2-3 μs ŠŦŞ 

ůŞ ŧŞůřŨūŦπŞ ůūŰ ŧŞŬşūŪŰůŢŨŦŧūŸ řŧŬūŰ. Œū šŢŸůŢŬū  ŞűūŬř ůŤ μūŬűś ůūŰ 

ŢũŢŬŠŢŦŞŧūŸ ůūπŜūŰ ŞũŞšŜπŨŴŮŤŭ ůūŰ HP21, ůū ūπūŜū űŞŜũŢůŞŦ ũŞ ŢŜũŞŦ 

ŞŬŧŢůř ůŬŞŲŸ ŞπūůŢŨūŸμŢũū Şπŷ ŧŦũŤůŦŧř ŢμπŷšŦŞ πūŰ šŢũ ŢπŦůŬŚπūŰũ ůŤ 

ŮůŞťŢŬūπūŜŤŮŤ ůŤŭ űŰŮŦŧśŭ ŧŞůřŮůŞŮŤŭ.  
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ŏŞŬřŬůŤμŞ 1 
 

# 
# Input files 
# 
amber                   on 
readexclusions          yes 
parmfile                hp21.prmtop 
coordinates             heat_out.coor 
velocities              heat_out.vel 
extendedSystem          heat_out.xsc 
 
 
# 
# Adaptive ... 
# 
adaptTempMD             on 
adaptTempTmin           280 
adaptTempTmax           380 
adaptTempBins           1000 
adaptTempRestartFile    output/restart.tempering 
adaptTempRestartFreq    10000 
adaptTempLangevin       on 
adaptTempRescaling      off 
adaptTempOutFreq        400 
adaptTempDt             0.000050 
 
 
# 
# Output files & writing frequency for DCD 
# and restart files 
# 
outputname              output/equi_out 
binaryoutput            off 
restartname             output/restart 
restartfreq             10000 
binaryrestart           yes 
dcdFile                 output/equi_out.dcd 
dcdFreq                 400 
DCDunitcell             yes 
 
 
# 
# Frequencies for logs and the xst file 
# 
outputEnergies          400 
outputTiming            1600 
xstFreq                 400 
 
# 
# Timestep & friends 
# 
timestep                2.0 
stepsPerCycle           20 
nonBondedFreq           1 
fullElectFrequency      2 
 
# 
# Simulation space partitioning 
# 
switching               on 
switchDist              7 
cutoff                  8 
pairlistdist            9 
# twoAwayX                yes 
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# 
# Basic dynamics 
# 
COMmotion               no 
dielectric              1.0 
exclude                 scaled1-4 
1-4scaling              0.833333 
rigidbonds              all 
 
# 
# Particle Mesh Ewald parameters.  
# 
Pme                     on 
PmeGridsizeX            48                      # <===== CHANGE ME 
PmeGridsizeY            48                      # <===== CHANGE ME 
PmeGridsizeZ            48                      # <===== CHANGE ME 
 
 
# 
# Periodic boundary things 
# 
wrapWater               on 
wrapNearest             on 
wrapAll                 on 
 
 
 
# 
# Langevin dynamics parameters 
# 
langevin                on 
langevinDamping         1 
langevinTemp            320                     # <===== Check me 
langevinHydrogen        off 
 
langevinPiston          on 
langevinPistonTarget    1.01325 
langevinPistonPeriod    400 
langevinPistonDecay     200 
langevinPistonTemp      320                     # <===== Check me 
 
useGroupPressure        yes 
 
firsttimestep           10000                 # <===== CHANGE ME 
run                     500000000              ;# <===== CHANGE ME 
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ŏŞŬřŬůŤμŞ 2 
 

#!/usr/bin/perl -w 
 
(@ARGV == 2) or die "Usage: calc_shifts <dcd> <psf>\n"; 
 
# 
# How many shifts we will be collecting ? 
# 
 
(`carmanox -atmid ALLID -pdb -first 1 -last 1 $ARGV[0] $ARGV[1]` eq "" ) or 
die "Carma made a boo-boo. Too bad ...\n"; 
`sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1`; 
`/bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb`; 
 
open ( IN, "pred.tab" ) or die "Can not open pred.tab. Usage: calc_shifts 
<dcd> <psf>\n"; 
while ( $line = <IN> ) 
  { 
    if ( $line =~ /^FORMAT/ ) 
      { 
        last; 
      } 
  } 
 
$line = <IN>; 
$tot = 0; 
while ( $line = <IN> ) 
  { 
    $ids[ $tot ] = substr( $line, 0, 14 ); 
    $tot++; 
  } 
 
close( IN ); 
 
`/bin/rm -rf *.tab`; 
 
if ( $tot < 1 ) 
  { 
    print "Too few atoms for calculating shifts. Something is wrong. 
Bye.\n"; 
    exit; 
  } 
 
 
print "Will be collecting data for $tot atoms. Starting ...\n"; 
 
# 
# Will do it in sets of 800 structures ... 
# 
 
`mkdir tmp1`; 
`mkdir tmp2`; 
`mkdir tmp3`; 
`mkdir tmp4`; 
`mkdir tmp5`; 
`mkdir tmp6`; 
`mkdir tmp7`; 
`mkdir tmp8`; 
 
$first = 1; 
 
print "Now processing set starting at frame          "; 
while( 1 ) 
{ 
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printf("%8d", $first ); 
 
$last = $first + 99; 
`cd tmp1 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp1 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp2 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp2 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp3 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp3 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp4 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp4 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp5 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp5 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp6 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp6 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp7 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp7 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
$first += 100; 
$last = $first + 99; 
`cd tmp8 ; carmanox -atmid ALLID -pdb -first $first -last $last ../$ARGV[0] 
../$ARGV[1]`; 
`cd tmp8 ; sparta+ -in $ARGV[0].*.pdb > /dev/null 2>&1 &`; 
 
 
$first += 100; 
 
$procs = `ps -aef | grep 'sparta+' | wc -l`; 
while( $procs > 2 ) 
  { 
    sleep(1); 
    $procs = `ps -aef | grep 'sparta+' | wc -l`; 
  } 
 
`cd tmp1 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
`cd tmp2 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
`cd tmp3 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
`cd tmp4 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
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`cd tmp5 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
`cd tmp6 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
`cd tmp7 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
`cd tmp8 ; /bin/rm -rf $ARGV[0].*.pdb $ARGV[1].*.pdb *_struct.tab ; mv * ../ 
> /dev/null 2>&1`; 
 
 
@files = glob("$ARGV[0]*.tab"); 
 
if ( @files == 0 ) 
  { 
    last; 
  } 
 
foreach $file ( @files ) 
{ 
 
`tail -$tot $file | awk '{printf "%8.3f ", \$5}' >> SHIFTS`; 
`echo >> SHIFTS`; 
`tail -$tot $file | awk '{printf "%8.3f ", \$4}' >> SS_SHIFTS`; 
`echo >> SS_SHIFTS`; 
} 
 
`/bin/rm -rf $ARGV[0]*.tab`; 
 
 
} 
 
`rmdir tmp1 tmp2 tmp3 tmp4 tmp5 tmp6 tmp7 tmp8`; 
print "\n\n"; 
 
# 
# Calculate means + sigmas 
# 
open ( IN, "SHIFTS" ) or die "Can not open SHIFTS ??? How did this happen 
???\n"; 
open ( IN_SS, "SS_SHIFTS" ) or die "Can not open SS_SHIFTS ??? How did this 
happen ???\n"; 
open ( OUT,'>', "OUTPUT") or die "Cannot open output file!\n"; 
 
for ( $i=0 ; $i < $tot ; $i++ ) 
{ 
    $mean= 0.0; 
    $nof_lines = 0; 
    $std = 0.0; 
     
    $mean_SS = 0.0; 
        $std_SS = 0.0;  
                     
    while ( defined($line = <IN>) && defined($line_SS = <IN_SS>) ) 
      { 
        @data = split( ' ', $line ); 
         
        $nof_lines++; 
        $delta = $data[ $i ] - $mean; 
        $mean += $delta / $nof_lines; 
        $std += $delta * ($data[ $i ] - $mean); 
         
        @data_SS = split ( ' ', $line_SS ); 
         
        $delta_SS = $data_SS[ $i ] - $mean_SS; 
        $mean_SS += $delta_SS / $nof_lines; 
        $std_SS += $delta_SS * ($data_SS[ $i ] - $mean_SS); 
      }   
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        printf OUT "%s    %8.4f %8.4f %8.4f %8.4f\n", $ids[ $i ], $mean, 
sqrt( $std / ($nof_lines -1)), $mean_SS, sqrt( $std_SS / ($nof_lines -1)); 
        seek( IN, 0, 0 ); 
        seek ( IN_SS, 0, 0 );         
} 
 
close( OUT ); 
close( IN ); 
close (IN_SS); 
     
print "\nAll done.\n\n"; 
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ŏŞŬřŬůŤμŞ 3 
 

œπūŨūŠŦŮμŷŭ reduced Ų2: 

 

#!/usr/bin/perl -w 
 
open ( IN , "$ARGV[0]") or die "Usage: calc_chi-square <input_file>\n"; 
$sum = 0; 
$num_of_lines= 0; 
while ( $line = <IN> ) 
{ 
  @data = split (' ', $line); 
  $col_num = @data; 
  if ( $col_num == 3 ) 
  { 
    $num_of_lines++; 
    $subtract = $data[0] - $data[2]; 
    $val = $subtract * $subtract / $data[1] * $data[1]; 
    $sum += $val; 
  } 
  else 
  { 
    die "Not 3 columns in input file\n"; 
  } 
} 
 
close (IN); 
 
print "The reduced chi-square value is\t", $sum / ($num_of_lines - 1), "\n"; 
 

 

œπūŨūŠŦŮμŷŭ ŠŬŞμμŦŧūŸ ŮŰũůŢŨŢŮůś ŮŰŮŲŚůŦŮŤŭ: 

 

#!/usr/bin/perl -w 
 
 
(@ARGV == 2) or die "Usage: calc_corr <file1> <file2>\n"; 
open (IN_1, "$ARGV[0]") or die "Cannot open <file1>\n"; 
open (IN_2, "$ARGV[1]") or die "Cannot open <file2>\n"; 
 
@file1 = <IN_1>; 
@file2 = <IN_2>; 
 
close (IN_1); 
close (IN_2); 
 
$N = @file1; 
$sum1 = 0; 
$sum2 = 0; 
 
for ( $i = 0; $i < $N; $i++) 
{ 
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    $sum1 += $file1[$i]; 
    $sum2 += $file2[$i]; 
} 
 
$mean1 = $sum1 / $N; 
$mean2 = $sum2 / $N; 
 
$sum_xy = 0; 
$sum_x_square = 0; 
$sum_y_square = 0;  
 
for ( $i = 0; $i < $N; $i++) 
{ 
    $x = $file1[$i] - $mean1; 
    $y = $file2[$i] - $mean2; 
 
    $xy = $x * $y; 
    $sum_xy += $xy; 
    $sum_x_square += $x * $x; 
    $sum_y_square += $y * $y; 
} 
 
 
print "corr =\t", $sum_xy / sqrt($sum_x_square * $sum_y_square), "\n"; 
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ŏŞŬřŬůŤμŞ 4 
 

ŏŤŠŞŜūŭ ŧŹšŦŧŞŭ ůūŰ πŬūŠŬřμμŞůūŭ ūμŞšūπūŜŤŮŤŭ πŢũůŞšŦřŮůŞůŴũ 

šŢšūμŚũŴũ Şπŷ PCA – cluster5D (https://github.com/athbaltzis/cluster5D):  

 

#include <stdio.h> 
#include <math.h> 
#include <dirent.h> 
#include <stdlib.h> 
#include <time.h> 
#include <string.h> 
#include <unistd.h> 
#include <fcntl.h> 
 
#define     YES     1 
 
#define     NO      0 
 
#define     DIMENSIONS      40 
 
#define     MIN_ADD     1000000 
 
#define     MAX_SD_POINTER      40 
 
 
/***********************************/ 
/*                      */ 
/*Variable declarations            */ 
/*                      */ 
/***********************************/ 
 
 
clock_t begin, end; 
double  time_spent; 
 
int AUTO_FILENAME = NO; 
int AUTO_FRACTION = YES; 
int FRACTION = 0; 
int VERBOSE = NO; 
 
int 
original_matrix[DIMENSIONS+1][DIMENSIONS+1][DIMENSIONS+1][DIMENSIONS+1][DIME
NSIONS+1]; 
int 
matrix[DIMENSIONS+1][DIMENSIONS+1][DIMENSIONS+1][DIMENSIONS+1][DIMENSIONS+1]
; 
int projection[DIMENSIONS+1][DIMENSIONS+1]; 
int DIM; 
float cutoff; 
void recursion (int, int, int, int, int); 
void smoothing (int, int, int, int, int); 
int add = MIN_ADD; 
int main(int argc,char *argv[]) 
{ 
 
int count , count_dpca , count_pca ; 
DIR *dir; 
struct dirent   *dp; 
char    line[10000]; 

https://github.com/athbaltzis/cluster5D


 
78 

 
int num; 
FILE    *fp; 
float   pca1,pca2,pca3,pca4,pca5; 
float   pca1_max, pca1_min; 
float   pca2_max, pca2_min; 
float   pca3_max, pca3_min; 
float   pca4_max, pca4_min; 
float   pca5_max, pca5_min; 
int have_limits; 
 
int pointer1; 
int pointer2; 
int pointer3; 
int pointer4; 
int pointer5; 
 
int i, k, j, l, m; 
int value,value1; 
 
float   sum; 
float   N; 
float   mean; 
float   val; 
float   sum_sd; 
float   variance , sd; 
 
int frames_count;    
 
double  sd_pointer; 
float   local_val; 
float   local_sum_sd; 
float   local_variance; 
 
float   variance_explained; 
float   variance_explained_array[200]; 
float   cluster_num_array[200]; 
float   func_array[200]; 
float   sd_pointer_array[200]; 
float   first_diff[200]; 
float   sec_diff[200]; 
float   third_diff[200]; 
float   val_diff; 
float   max_third_diff; 
float   max_variance_explained; 
float   cluster_num_of_max; 
 
int frames; 
int all_frames; 
int sum_frames = 0; 
int cluster_frames; 
int times; 
 
 
int matrix_max; 
  
FILE *op; 
int cluster_num = 1; 
 
int cluster_pixels; 
float   func; 
 
int max_cluster_frames = 0; 
float   cutoff_number_of_frames = -1; 
 
setlinebuf( stdout ); 
 
begin = clock(); 



 
79 

 
 
 
/************************************************************/ 
/*                                         */ 
/*Arguments sanity checks, opening file                     */ 
/*                                         */ 
/************************************************************/ 
 
 
 
for (i = 0; i < argc; i++) 
{ 
    if ( strncasecmp( argv[i], "-F", 2) == 0 ) 
    { 
        if ( sscanf( argv[i+1], "%d", &FRACTION ) != 1 ) 
        { 
            printf("Error : -fraction expects an integer argument\n"); 
            printf("Usage : cluster5D [-v] [-fract <integer>] [PCA 
filename]\n"); 
            exit(1); 
        } 
        if ( FRACTION < 0 || FRACTION > 100 ) 
        { 
            printf("Error : argument to -fraction should be an integer 
between 0 and 100.\n"); 
            printf("Usage : cluster5D [-v] [-fract <integer>] [PCA 
filename]\n"); 
            exit(1); 
        } 
        AUTO_FRACTION = NO; 
        i++; 
    } 
 
    if ( strncasecmp (argv[i], "-V", 2) == 0 ) 
    { 
        VERBOSE = YES; 
    } 
    if ( i == argc - 1) 
    { 
        if ( i == 0 ) 
        { 
            AUTO_FILENAME = YES; 
        } 
        else 
        { 
            fp = fopen(argv[i], "r"); 
            if (fp == NULL) 
            { 
         
                AUTO_FILENAME = YES; 
            } 
        } 
    } 
} 
 
if ( AUTO_FILENAME == YES ) 
{ 
    count = 0; 
    count_dpca = 0; 
    count_pca = 0; 
    if ( (dir = opendir(".")) != NULL ) 
    { 
        while ( (dp = readdir(dir)) != NULL) 
        { 
            if ( strcmp(dp->d_name,"carma.dPCA.fluctuations.dat") == 0 ) 
            { 
                count_dpca++; 
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                count++; 
            } 
            if ( strcmp(dp->d_name,"carma.PCA.fluctuations.dat") == 0 ) 
            { 
                count_pca++; 
                count++; 
            } 
        } 
        if ( count == 1 ) 
        { 
            if ( count_dpca == 1) 
            { 
                fp = fopen("carma.dPCA.fluctuations.dat", "r"); 
                if (fp == NULL) 
                { 
                    printf ("Error: Cannot open file 
carma.dPCA.fluctuations.dat\n"); 
                    exit(1); 
                } 
            } 
            if ( count_pca == 1) 
            { 
                fp = fopen("carma.PCA.fluctuations.dat", "r"); 
                if (fp == NULL) 
                { 
                    printf ("Error: Cannot open file 
carma.PCA.fluctuations.dat\n"); 
                    exit(1); 
                } 
            }    
        } 
        else 
        if ( count == 2 ) 
        { 
            printf ("Error: There are more than one PCA files in the current 
folder. Please select one PCA file.\n"); 
            exit(1);  
        } 
        else 
        {  
            {  
                printf ("Error: There is neither an argument for a PCA file 
nor a PCA file in the current directory.\n"); 
                exit(1); 
            }    
        } 
    } 
} 
while ( (fgets(line, sizeof(line), fp)) != NULL ) 
{ 
    if ( strlen(line) > 9999) 
    { 
        printf ("Error: Too big number of columns in the PCA file.\n"); 
        exit(1); 
    } 
    if ( (sscanf(line,"%d   %f   %f   %f   %f   
%f",&num,&pca1,&pca2,&pca3,&pca4,&pca5)) != 6 ) 
    { 
            printf ("Error: Invalid file. It must have at least 6 
columns.\n"); 
            exit(1); 
    } 
} 
 
 
/******************************************************/ 
/*                                               */ 
/*First pass to determine limits for each PCA row    */ 
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/*                                              */ 
/******************************************************/ 
 
 
rewind(fp); 
have_limits = 0; 
all_frames = 0; 
if( VERBOSE == YES) 
{ 
printf("First pass to determine limits ...\n"); 
printf("Now processing frame "); 
} 
while( ( fgets (line, sizeof(line), fp) ) != NULL ) 
{ 
    if ( (sscanf(line,"%d   %f   %f   %f   %f   
%f",&num,&pca1,&pca2,&pca3,&pca4,&pca5)) == 6 ) 
    { 
        all_frames++; 
        if ( VERBOSE == YES)     
        {printf("%8d\b\b\b\b\b\b\b\b",num);} 
        if (have_limits == 0) 
        { 
            pca1_max = pca1; 
            pca1_min = pca1; 
            pca2_max = pca2; 
            pca2_min = pca2; 
            pca3_max = pca3; 
            pca3_min = pca3; 
            pca4_max = pca4; 
            pca4_min = pca4; 
            pca5_max = pca5; 
            pca5_min = pca5; 
     
            have_limits = 1; 
        } 
   
        if ( pca1 > pca1_max ) 
        pca1_max = pca1; 
        if ( pca1 < pca1_min ) 
        pca1_min = pca1; 
        if ( pca2 > pca2_max) 
        pca2_max = pca2; 
        if ( pca2 < pca2_min) 
        pca2_min = pca2; 
        if (pca3 > pca3_max) 
        pca3_max = pca3; 
        if (pca3 < pca3_min) 
        pca3_min = pca3; 
        if (pca4 > pca4_max) 
        pca4_max = pca4; 
        if (pca4 <pca4_min) 
        pca4_min = pca4; 
        if (pca5 > pca5_max) 
        pca5_max = pca5; 
        if (pca5 < pca5_min) 
        pca5_min = pca5; 
    } 
} 
     
if(VERBOSE == YES) 
{printf("\n"); 
printf("%d\tframes will enter the calculation.\n", num);} 
 
 
/********************************************************/ 
/*                                                      */ 
/*Second pass to populate the 5-dimensional matrix      */ 
/*                                                      */ 
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/********************************************************/ 
 
DIM = (int) ( pow(all_frames*2, 0.2 ) + 0.5); 
rewind (fp); 
if(VERBOSE == YES) 
{printf("Second pass to populate the 5D matrix ...\n"); 
printf("Now processing frame ");} 
while( ( fgets (line, sizeof(line), fp) ) != NULL ) 
{ 
    if ( (sscanf(line,"%d   %f   %f   %f   %f   
%f",&num,&pca1,&pca2,&pca3,&pca4,&pca5)) == 6 ) 
    { 
        if(VERBOSE == YES) 
        {printf("%8d\b\b\b\b\b\b\b\b",num);} 
        pointer1= (int)( ((pca1 - pca1_min) / (pca1_max - pca1_min)) * DIM + 
0.5); 
        pointer2= (int)( ((pca2 - pca2_min) / (pca2_max - pca2_min)) * DIM + 
0.5); 
        pointer3= (int)( ((pca3 - pca3_min) / (pca3_max - pca3_min)) * DIM + 
0.5); 
        pointer4= (int)( ((pca4 - pca4_min) / (pca4_max - pca4_min)) * DIM + 
0.5); 
        pointer5= (int)( ((pca5 - pca5_min) / (pca5_max - pca5_min)) * DIM + 
0.5); 
 
        original_matrix[pointer1][pointer2][pointer3][pointer4][pointer5]++; 
    } 
} 
 
if(VERBOSE == YES) 
{printf("\n"); 
fflush(stdout);} 
 
/****************************************/ 
/*      */ 
/*Smoothing                        */ 
/*                     */ 
/****************************************/ 
 
if(VERBOSE == YES) 
{printf("Now smoothing ..."); 
fflush(stdout);} 
 
for ( i=0 ; i <= DIM ; i++ ) 
for ( k=0 ; k <= DIM ; k++ ) 
for ( j=0 ; j <= DIM ; j++ ) 
for ( l=0 ; l <= DIM ; l++ ) 
for ( m=0 ; m <= DIM ; m++ ) 
{ 
    smoothing(i,k,j,l,m); 
} 
 
if(VERBOSE == YES) 
{printf("\n");} 
 
 
/******************************************************/ 
/*                              */ 
/*Calculation of the density threshold               */ 
/*                                  */ 
/******************************************************/ 
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/************************************************************/ 
/*                                                  */ 
/*Calculation of mean, standard deviation and variance      */ 
/*                                                */ 
/************************************************************/ 
 
 
N = 0; 
sum = 0.0; 
mean = 0.0; 
for ( i=0 ; i <= DIM ; i++ ) 
for ( k=0 ; k <= DIM ; k++ ) 
for ( j=0 ; j <= DIM ; j++ ) 
for ( l=0 ; l <= DIM ; l++ ) 
for ( m=0 ; m <= DIM ; m++ ) 
    { 
        value = matrix[i][k][j][l][m]; 
        if ( value > 0 ) 
        { 
            sum += value; 
            N++; 
        } 
        if ( value > add ) 
        { 
            printf("Error. Increase ... and recompile.\n"); 
            exit(1); 
        }        
    } 
mean = sum / N;          
 
 
sum_sd = 0.0; 
val = 0.0; 
for ( i=0 ; i <= DIM ; i++ ) 
for ( k=0 ; k <= DIM ; k++ ) 
for ( j=0 ; j <= DIM ; j++ ) 
for ( l=0 ; l <= DIM ; l++ ) 
for ( m=0 ; m <= DIM ; m++ ) 
    { 
        value = matrix[i][k][j][l][m]; 
        if ( value > 0 ) 
        { 
            val = ( value - mean); 
            sum_sd += (val * val); 
        } 
    } 
variance = sum_sd / N; 
sd = sqrt (variance); 
 
/*******************************************************************/ 
/*                                                 */ 
/*Calculation of the density threshold from the given argument     */ 
/*                                                      */ 
/*******************************************************************/ 
 
if ( AUTO_FRACTION == NO ) 
{ 
    if (VERBOSE == YES) 
    {printf ("Testing density threshold: "); 
    fflush(stdout);} 
    frames =(int) ( (all_frames * FRACTION / 100) + 0.5 ); 
    frames_count = all_frames; 
    times = 0; 
    sd_pointer = 0.0; 
    while ( frames <= frames_count ) 
    { 
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        cutoff = mean + ( sd_pointer * sd ); 
        frames_count = 0; 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            value1 = original_matrix[i][k][j][l][m]; 
            value = matrix[i][k][j][l][m]; 
            if ( (float) value >= cutoff) 
            { 
                frames_count += value1; 
            } 
        } 
        if (VERBOSE == YES) 
        {printf("%10.2f\b\b\b\b\b\b\b\b\b\b", cutoff); 
        fflush(stdout);} 
        if ( frames >= frames_count ) 
        { 
            break; 
        } 
        times++; 
        sd_pointer = times * 0.1000l; 
    } 
if (VERBOSE == YES) 
{printf("\n");} 
if (VERBOSE == YES) 
{printf ("Density threshold set to %.2f.\n", cutoff);} 
} 
 
 
 
/************************************************************/ 
/*                                                          */ 
/*Automatically calculation of the density threshold        */ 
/*                                                          */ 
/************************************************************/ 
 
if ( AUTO_FRACTION == YES ) 
{ 
    for ( i=0 ; i <= DIM ; i++ ) 
    for ( k=0 ; k <= DIM ; k++ ) 
    for ( j=0 ; j <= DIM ; j++ ) 
    for ( l=0 ; l <= DIM ; l++ ) 
    for ( m=0 ; m <= DIM ; m++ ) 
    { 
        original_matrix[i][k][j][l][m] = matrix[i][k][j][l][m]; 
 
    } 
 
    op = fopen ("cluster5D_variance_explained.dat", "w+"); 
    times = 0; 
    sd_pointer = 1.0; 
    local_variance = variance ; 
    variance_explained = 100 * (local_variance / variance); 
    if (VERBOSE == YES) 
    {printf ("Testing density threshold: "); 
    fflush(stdout);} 
    while ( sd_pointer <= 15.0 ) 
    { 
        cutoff = mean + ( sd_pointer * sd ); 
 
        if (VERBOSE == YES) 
        {printf("%10.2f\b\b\b\b\b\b\b\b\b\b", cutoff); 
        fflush(stdout);} 
         
        add = MIN_ADD; 
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        local_sum_sd = 0.0; 
        cluster_num = 0; 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            value = matrix[i][k][j][l][m]; 
            if ( (float) value >= cutoff ) 
            { 
                local_val = (value - mean); 
                local_sum_sd += (local_val * local_val); 
            } 
        } 
         
        local_variance = local_sum_sd / N ;      
         
        matrix_max = matrix[0][0][0][0][0]; 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            value = matrix[i][k][j][l][m]; 
            if ( value > matrix_max ) 
            { 
                matrix_max = value; 
                pointer1 = i; 
                pointer2 = k; 
                pointer3 = j; 
                pointer4 = l; 
                pointer5 = m; 
            } 
        } 
         
 
 
        while ( (float) matrix_max > cutoff ) 
        { 
            recursion (pointer1,pointer2,pointer3,pointer4,pointer5); 
            cluster_num++; 
            matrix_max = matrix[0][0][0][0][0]; 
            for ( i=0 ; i <= DIM ; i++ ) 
            for ( k=0 ; k <= DIM ; k++ ) 
            for ( j=0 ; j <= DIM ; j++ ) 
            for ( l=0 ; l <= DIM ; l++ ) 
            for ( m=0 ; m <= DIM ; m++ ) 
            { 
                value = matrix[i][k][j][l][m]; 
                if ( value > matrix_max && value < MIN_ADD ) 
                { 
                    matrix_max = value; 
                    pointer1 = i; 
                    pointer2 = k; 
                    pointer3 = j; 
                    pointer4 = l; 
                    pointer5 = m; 
                } 
            } 
 
            add += 1000000;  
             
        } 
 
         
        variance_explained = 100 * (local_variance / variance); 
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        func = variance_explained * cluster_num;  
        func_array[times] = func; 
        sd_pointer_array[times] = sd_pointer; 
        variance_explained_array[times] = variance_explained; 
        cluster_num_array[times] = cluster_num; 
        
fprintf(op,"%4d\t%7.4f\t%7.2f\n",cluster_num,variance_explained,cutoff); 
        times++; 
        sd_pointer += 0.1000l; 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            matrix[i][k][j][l][m] = original_matrix[i][k][j][l][m]; 
 
        } 
    } 
 
 
    for ( i = 0 ; i <= times - 1 ; i++) 
    { 
        val_diff = ( func_array[i+1] - func_array[i] ) / ( 
sd_pointer_array[i+1] - sd_pointer_array[i] ); 
        first_diff[i] = val_diff; 
    } 
 
    for ( i = 0 ; i <= times - 2 ; i++) 
    { 
        val_diff = ( first_diff[i+1] - first_diff[i] ) / ( 
sd_pointer_array[i+1] - sd_pointer_array[i] ); 
        sec_diff[i] = val_diff; 
    } 
 
    for ( i = 0 ; i <= times - 3 ; i++) 
    { 
        val_diff = ( sec_diff[i+1] - sec_diff[i] ) / ( sd_pointer_array[i+1] 
- sd_pointer_array[i] ); 
        third_diff[i] = val_diff; 
    } 
 
    max_third_diff = third_diff[0]; 
    sd_pointer = sd_pointer_array[0]; 
    max_variance_explained = 0.0; 
    cluster_num_of_max = 0;  
     
    for ( i = 0 ; i <= times - 3 ; i++) 
    {    
        val_diff = third_diff[i]; 
        if ( val_diff > max_third_diff ) 
        { 
            max_third_diff = val_diff; 
            cluster_num_of_max = cluster_num_array[i]; 
        } 
    } 
             
    for ( j = 0 ; j <= times - 3 ; j++) 
    { 
        if ( ( cluster_num_array[j] == cluster_num_of_max ) && ( 
variance_explained_array[j] > max_variance_explained ) ) 
                { 
                    max_variance_explained = variance_explained_array[j]; 
                     
                    sd_pointer = sd_pointer_array[j]; 
                } 
    } 
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    cutoff =  mean + ( sd_pointer * sd ); 
    if (VERBOSE == YES) 
    {printf("\n");} 
    if (VERBOSE == YES) 
    {printf ("Density threshold set to %.2f.\n", cutoff);} 
 
    fclose(op); 
 
    for ( i=0 ; i <= DIM ; i++ ) 
    for ( k=0 ; k <= DIM ; k++ ) 
    for ( j=0 ; j <= DIM ; j++ ) 
    for ( l=0 ; l <= DIM ; l++ ) 
    for ( m=0 ; m <= DIM ; m++ ) 
    { 
        matrix[i][k][j][l][m] = original_matrix[i][k][j][l][m]; 
 
    } 
 
} 
 
 
cluster_num = 1; 
 
/***************************/ 
/*             */           
/*Clustering         */ 
/*                 */ 
/**************************/ 
 
 
 
/****************************************************/ 
/*                                  */ 
/*Finding the pixel with the maximum value         */ 
/*                                    */ 
/****************************************************/ 
 
 
matrix_max = matrix[0][0][0][0][0]; 
    for ( i=0 ; i <= DIM ; i++ ) 
    for ( k=0 ; k <= DIM ; k++ ) 
    for ( j=0 ; j <= DIM ; j++ ) 
    for ( l=0 ; l <= DIM ; l++ ) 
    for ( m=0 ; m <= DIM ; m++ ) 
    { 
        value = matrix[i][k][j][l][m]; 
        if ( value > matrix_max ) 
        { 
            matrix_max = value; 
            pointer1 = i; 
            pointer2 = k; 
            pointer3 = j; 
            pointer4 = l; 
            pointer5 = m; 
        } 
    } 
 
 
 
/******************************************************************/ 
/*                                      */ 
/*Creating the output files and clustering using the recursive */ 
/*function          */ 
/*                                       */ 
/******************************************************************/ 
 
op = fopen ("carma.5-D.clusters.dat", "w+"); 
if (VERBOSE == YES) 
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{printf("Clustering now ...\n");} 
 
while ( (float) matrix_max > cutoff ) 
{ 
     
    cluster_pixels = 0; 
    cluster_frames = 0; 
    recursion (pointer1,pointer2,pointer3,pointer4,pointer5); 
 
 
/*******************************************************************/ 
/*                                              */ 
/* PCA file pass to write the frames that belong to this cluster   */ 
/*and to calculate the percentage of pixels and frames             */ 
/*                                               */ 
/*******************************************************************/ 
 
 
 
    rewind(fp); 
    while( ( fgets (line, sizeof(line), fp) ) != NULL ) 
    { 
        if ( (sscanf(line,"%d   %f   %f   %f   %f   
%f",&num,&pca1,&pca2,&pca3,&pca4,&pca5)) == 6 ) 
        { 
            pointer1= (int)( ((pca1 - pca1_min) / (pca1_max - pca1_min)) * 
DIM + 0.5); 
            pointer2= (int)( ((pca2 - pca2_min) / (pca2_max - pca2_min)) * 
DIM + 0.5); 
            pointer3= (int)( ((pca3 - pca3_min) / (pca3_max - pca3_min)) * 
DIM + 0.5); 
            pointer4= (int)( ((pca4 - pca4_min) / (pca4_max - pca4_min)) * 
DIM + 0.5); 
            pointer5= (int)( ((pca5 - pca5_min) / (pca5_max - pca5_min)) * 
DIM + 0.5); 
     
            if ( -matrix[pointer1][pointer2][pointer3][pointer4][pointer5] 
>= add + cutoff ) 
            { 
                fprintf (op,"%10d  %10d  %10f   %10f   %10f   %10f   
%10f\n", num,cluster_num,pca1,pca2,pca3,pca4,pca5); 
                cluster_frames++; 
            } 
        } 
    } 
    for ( i=0 ; i <= DIM ; i++ ) 
    for ( k=0 ; k <= DIM ; k++ ) 
    for ( j=0 ; j <= DIM ; j++ ) 
    for ( l=0 ; l <= DIM ; l++ ) 
    for ( m=0 ; m <= DIM ; m++ ) 
    { 
        value = -matrix[i][k][j][l][m]; 
        if ( value >= add + cutoff ) 
        { 
            cluster_pixels++; 
        } 
    } 
    if ( cluster_frames != 0) 
    { 
        if (VERBOSE == YES) 
        {printf ("Cluster %5d located, contains %10d frames.\n", 
cluster_num, cluster_frames);} 
        sum_frames += cluster_frames; 
        if ( cluster_frames > max_cluster_frames ) 
        { 
            max_cluster_frames = cluster_frames; 
        } 
        if ( cluster_num == 20 ) 
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        { 
            cutoff_number_of_frames = max_cluster_frames / 10000; 
        } 
        if ( cutoff_number_of_frames > 0 && cluster_frames < 
cutoff_number_of_frames ) 
        { 
            if (VERBOSE == YES) 
            {printf ("With several small (<%d frames) clusters following 
...\n", (int) cutoff_number_of_frames);} 
            end = clock(); 
            time_spent = (double) (end - begin) / CLOCKS_PER_SEC; 
            if (VERBOSE == YES) 
            {printf("All done in %.1f minutes.\n", time_spent / 60);} 
            exit(1); 
        }        
 
        cluster_num++; 
    }    
 
     
     
 
 
/*******************************************************************/ 
/*                                              */               
/*Finding the pixel with the next maximum value and repeating      */ 
/*the above steps until the value of pixel reaches the threshold   */ 
/*                                               */ 
/*******************************************************************/ 
 
 
    matrix_max = matrix[0][0][0][0][0]; 
    for ( i=0 ; i <= DIM ; i++ ) 
    for ( k=0 ; k <= DIM ; k++ ) 
    for ( j=0 ; j <= DIM ; j++ ) 
    for ( l=0 ; l <= DIM ; l++ ) 
    for ( m=0 ; m <= DIM ; m++ ) 
    { 
        value = matrix[i][k][j][l][m]; 
        if ( value > matrix_max && value < MIN_ADD ) 
            { 
                matrix_max = value; 
                pointer1 = i; 
                pointer2 = k; 
                pointer3 = j; 
                pointer4 = l; 
                pointer5 = m; 
            } 
    } 
    add += 1000000; 
} 
    fclose(op); 
    if ( AUTO_FRACTION == YES ) 
    { 
        if (VERBOSE == YES) 
        {printf("%.2f%% of frames have been clustered.\n", 100.0 * 
sum_frames / all_frames);} 
    }    
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/***************************************************************/ 
/*                                         */  
/*If the percentage of frames assigned to clusters is less than*/ 
/*10%, repeat the whole procedure without smoothing            */    
/***************************************************************/ 
     
    if ( (100.0 * sum_frames / all_frames) < 10 ) 
    { 
        if (VERBOSE == YES)  
        {printf("Too few frames assigned to clusters.\nRepeating the 
procedure without smoothing:\n");} 
         
        sum_frames = 0;      
     
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            original_matrix[i][k][j][l][m] = 0; 
        } 
 
/********************************************************/ 
/*                                                      */ 
/*Second pass to populate the 5-dimensional matrix      */ 
/*                                                      */ 
/********************************************************/ 
 
        DIM = (int) ( pow(all_frames*2, 0.2 ) + 0.5); 
        rewind (fp); 
        if(VERBOSE == YES) 
        {printf("Second pass to populate the 5D matrix ...\n"); 
        printf("Now processing frame ");} 
        while( ( fgets (line, sizeof(line), fp) ) != NULL ) 
        { 
            if ( (sscanf(line,"%d   %f   %f   %f   %f   
%f",&num,&pca1,&pca2,&pca3,&pca4,&pca5)) == 6 ) 
            { 
                if(VERBOSE == YES) 
                {printf("%8d\b\b\b\b\b\b\b\b",num);} 
                pointer1= (int)( ((pca1 - pca1_min) / (pca1_max - pca1_min)) 
* DIM + 0.5); 
                pointer2= (int)( ((pca2 - pca2_min) / (pca2_max - pca2_min)) 
* DIM + 0.5); 
                pointer3= (int)( ((pca3 - pca3_min) / (pca3_max - pca3_min)) 
* DIM + 0.5); 
                pointer4= (int)( ((pca4 - pca4_min) / (pca4_max - pca4_min)) 
* DIM + 0.5); 
                pointer5= (int)( ((pca5 - pca5_min) / (pca5_max - pca5_min)) 
* DIM + 0.5); 
 
                
original_matrix[pointer1][pointer2][pointer3][pointer4][pointer5]++; 
            } 
        } 
 
        if(VERBOSE == YES) 
        {printf("\n"); 
        fflush(stdout);} 
 
         
         
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
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        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            matrix[i][k][j][l][m] = original_matrix[i][k][j][l][m]; 
        } 
 
 
 
 
 
 
/****************************************************************/ 
/*                                  */ 
/*Calculation of the density threshold                   */ 
/*                                      */ 
/****************************************************************/ 
 
     
 
 
 
/****************************************************************/ 
/*                                                      */ 
/*Calculation of mean, standard deviation and variance       */ 
/*                                                         */ 
/****************************************************************/ 
 
 
 
 
        N = 0; 
        sum = 0.0; 
        mean = 0.0; 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            value = matrix[i][k][j][l][m]; 
            if ( value > 0 ) 
            { 
                sum += value; 
                N++; 
            } 
            if ( value > add ) 
            { 
                printf("Error. Increase ... and recompile.\n"); 
                exit(1); 
            }        
        } 
        mean = sum / N;          
 
 
        sum_sd = 0.0; 
        val = 0.0; 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            value = matrix[i][k][j][l][m]; 
            if ( value > 0 ) 
            { 
                val = ( value - mean); 
                sum_sd += (val * val); 
            } 
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        } 
        variance = sum_sd / N; 
        sd = sqrt (variance); 
 
/*******************************************************************/ 
/*                                                       */ 
/*Calculation of the density threshold from the given argument     */ 
/*                                                    */ 
/*******************************************************************/ 
 
        if ( AUTO_FRACTION == NO ) 
        { 
            if (VERBOSE == YES) 
            {printf ("Testing density threshold: "); 
            fflush(stdout);} 
            frames =(int) ( (all_frames * FRACTION / 100) + 0.5 ); 
            frames_count = all_frames; 
            times = 0; 
            sd_pointer = 0.0; 
            while ( frames <= frames_count ) 
            { 
                cutoff = mean + ( sd_pointer * sd ); 
                frames_count = 0; 
                for ( i=0 ; i <= DIM ; i++ ) 
                for ( k=0 ; k <= DIM ; k++ ) 
                for ( j=0 ; j <= DIM ; j++ ) 
                for ( l=0 ; l <= DIM ; l++ ) 
                for ( m=0 ; m <= DIM ; m++ ) 
                { 
                    value1 = original_matrix[i][k][j][l][m]; 
                    value = matrix[i][k][j][l][m]; 
                    if ( (float) value >= cutoff) 
                    { 
                        frames_count += value1; 
                    } 
                } 
                if (VERBOSE == YES) 
                {printf("%10.2f\b\b\b\b\b\b\b\b\b\b", cutoff); 
                fflush(stdout);} 
                if ( frames >= frames_count ) 
                { 
                    break; 
                } 
                times++; 
                sd_pointer = times * 0.1000l; 
            } 
        if (VERBOSE == YES) 
        {printf("\n");} 
        if (VERBOSE == YES) 
        {printf ("Density threshold set to %.2f.\n", cutoff);} 
        } 
 
 
 
/*****************************************************************/ 
/*                                                         */ 
/*Automatically calculation of the density threshold             */ 
/*                                                            */     
/****************************************************************/ 
 
        if ( AUTO_FRACTION == YES ) 
        { 
            op = fopen ("cluster5D_variance_explained.dat", "w+"); 
            times = 0; 
            sd_pointer = 0.0; 
            local_variance = variance ; 
            variance_explained = 100 * (local_variance / variance); 
            if (VERBOSE == YES) 
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            {printf ("Testing density threshold: "); 
            fflush(stdout);} 
            while ( sd_pointer <= 15.0 ) 
            { 
                cutoff = mean + ( sd_pointer * sd ); 
 
                if (VERBOSE == YES) 
                {printf("%10.2f\b\b\b\b\b\b\b\b\b\b", cutoff); 
                fflush(stdout);} 
         
                add = MIN_ADD; 
                local_sum_sd = 0.0; 
                cluster_num = 0; 
                for ( i=0 ; i <= DIM ; i++ ) 
                for ( k=0 ; k <= DIM ; k++ ) 
                for ( j=0 ; j <= DIM ; j++ ) 
                for ( l=0 ; l <= DIM ; l++ ) 
                for ( m=0 ; m <= DIM ; m++ ) 
                { 
                    value = matrix[i][k][j][l][m]; 
                    if ( (float) value >= cutoff ) 
                    { 
                        local_val = (value - mean); 
                        local_sum_sd += (local_val * local_val); 
                    } 
                } 
         
                local_variance = local_sum_sd / N ;      
         
                matrix_max = matrix[0][0][0][0][0]; 
                for ( i=0 ; i <= DIM ; i++ ) 
                for ( k=0 ; k <= DIM ; k++ ) 
                for ( j=0 ; j <= DIM ; j++ ) 
                for ( l=0 ; l <= DIM ; l++ ) 
                for ( m=0 ; m <= DIM ; m++ ) 
                { 
                    value = matrix[i][k][j][l][m]; 
                    if ( value > matrix_max ) 
                    { 
                        matrix_max = value; 
                        pointer1 = i; 
                        pointer2 = k; 
                        pointer3 = j; 
                        pointer4 = l; 
                        pointer5 = m; 
                    } 
                } 
         
 
 
                while ( (float) matrix_max > cutoff ) 
                { 
                    recursion 
(pointer1,pointer2,pointer3,pointer4,pointer5); 
                    cluster_num++; 
                    matrix_max = matrix[0][0][0][0][0]; 
                    for ( i=0 ; i <= DIM ; i++ ) 
                    for ( k=0 ; k <= DIM ; k++ ) 
                    for ( j=0 ; j <= DIM ; j++ ) 
                    for ( l=0 ; l <= DIM ; l++ ) 
                    for ( m=0 ; m <= DIM ; m++ ) 
                    { 
                        value = matrix[i][k][j][l][m]; 
                        if ( value > matrix_max && value < MIN_ADD ) 
                        { 
                            matrix_max = value; 
                            pointer1 = i; 
                            pointer2 = k; 
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                            pointer3 = j; 
                            pointer4 = l; 
                            pointer5 = m; 
                        } 
                    } 
         
                    add += 1000000;  
                     
                } 
 
         
                variance_explained = 100 * (local_variance / variance); 
                func = variance_explained * cluster_num;  
                func_array[times] = func; 
                sd_pointer_array[times] = sd_pointer; 
                variance_explained_array[times] = variance_explained; 
                cluster_num_array[times] = cluster_num; 
                
fprintf(op,"%4d\t%7.4f\t%7.2f\n",cluster_num,variance_explained,cutoff); 
                times++; 
                sd_pointer += 0.1000l; 
                for ( i=0 ; i <= DIM ; i++ ) 
                for ( k=0 ; k <= DIM ; k++ ) 
                for ( j=0 ; j <= DIM ; j++ ) 
                for ( l=0 ; l <= DIM ; l++ ) 
                for ( m=0 ; m <= DIM ; m++ ) 
                { 
                    matrix[i][k][j][l][m] = original_matrix[i][k][j][l][m]; 
         
                } 
            }        
 
 
            for ( i = 0 ; i <= times - 1 ; i++) 
            { 
                val_diff = ( func_array[i+1] - func_array[i] ) / ( 
sd_pointer_array[i+1] - sd_pointer_array[i] ); 
                first_diff[i] = val_diff; 
            } 
 
            for ( i = 0 ; i <= times - 2 ; i++) 
            { 
                val_diff = ( first_diff[i+1] - first_diff[i] ) / ( 
sd_pointer_array[i+1] - sd_pointer_array[i] ); 
                sec_diff[i] = val_diff; 
            } 
 
            for ( i = 0 ; i <= times - 3 ; i++) 
            { 
                val_diff = ( sec_diff[i+1] - sec_diff[i] ) / ( 
sd_pointer_array[i+1] - sd_pointer_array[i] ); 
                third_diff[i] = val_diff; 
            } 
 
            max_third_diff = third_diff[0]; 
            sd_pointer = sd_pointer_array[0]; 
            max_variance_explained = 0.0; 
            cluster_num_of_max = 0;  
     
            for ( i = 0 ; i <= times - 3 ; i++) 
            {    
                val_diff = third_diff[i]; 
                if ( val_diff > max_third_diff ) 
                { 
                    max_third_diff = val_diff; 
                    cluster_num_of_max = cluster_num_array[i]; 
                } 
            } 
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            for ( j = 0 ; j <= times - 3 ; j++) 
            { 
                if ( ( cluster_num_array[j] == cluster_num_of_max ) && ( 
variance_explained_array[j] > max_variance_explained ) ) 
                { 
                    max_variance_explained = variance_explained_array[j]; 
                     
                    sd_pointer = sd_pointer_array[j]; 
                } 
            } 
     
            cutoff =  mean + ( sd_pointer * sd ); 
            if (VERBOSE == YES) 
            {printf("\n");} 
            if (VERBOSE == YES) 
            {printf ("Density threshold set to %.2f.\n", cutoff);} 
 
            fclose(op); 
        } 
 
        for ( i=0 ; i <= DIM ; i++ ) 
        for ( k=0 ; k <= DIM ; k++ ) 
        for ( j=0 ; j <= DIM ; j++ ) 
        for ( l=0 ; l <= DIM ; l++ ) 
        for ( m=0 ; m <= DIM ; m++ ) 
        { 
            matrix[i][k][j][l][m] = original_matrix[i][k][j][l][m]; 
         
        } 
 
        cluster_num = 1; 
 
 
        *************/ 
        /*          */           
        /*Clustering*/ 
        /*          */ 
        *************/ 
 
 
 
/****************************************************/ 
/*                              */ 
/*Finding the pixel with the maximum value          */ 
/*                                   */       
/****************************************************/ 
 
 
        matrix_max = matrix[0][0][0][0][0]; 
            for ( i=0 ; i <= DIM ; i++ ) 
            for ( k=0 ; k <= DIM ; k++ ) 
            for ( j=0 ; j <= DIM ; j++ ) 
            for ( l=0 ; l <= DIM ; l++ ) 
            for ( m=0 ; m <= DIM ; m++ ) 
            { 
                value = matrix[i][k][j][l][m]; 
                if ( value > matrix_max ) 
                { 
                    matrix_max = value; 
                    pointer1 = i; 
                    pointer2 = k; 
                    pointer3 = j; 
                    pointer4 = l; 
                    pointer5 = m; 
                } 
            } 
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/******************************************************************/ 
/*                                      */ 
/*Creating the output files and clustering using the recursive */ 
/*function          */ 
/*                                       */        
/******************************************************************/ 
 
        op = fopen ("carma.5-D.clusters.dat", "w+"); 
        if (VERBOSE == YES) 
        {printf("Clustering now ...\n");} 
 
        while ( (float) matrix_max > cutoff ) 
        { 
     
            cluster_pixels = 0; 
            cluster_frames = 0; 
            recursion (pointer1,pointer2,pointer3,pointer4,pointer5); 
         
 
        
/*******************************************************************/ 
/*                                             */ 
/*PCA file pass to write the frames that belong to this cluster    */ 
/*and to calculate the percentage of pixels and frames             */ 
/*                                             */        
/*******************************************************************/ 
 
 
 
            rewind(fp); 
            while( ( fgets (line, sizeof(line), fp) ) != NULL ) 
            { 
                if ( (sscanf(line,"%d   %f   %f   %f   %f   
%f",&num,&pca1,&pca2,&pca3,&pca4,&pca5)) == 6 ) 
                { 
                    pointer1= (int)( ((pca1 - pca1_min) / (pca1_max - 
pca1_min)) * DIM + 0.5); 
                    pointer2= (int)( ((pca2 - pca2_min) / (pca2_max - 
pca2_min)) * DIM + 0.5); 
                    pointer3= (int)( ((pca3 - pca3_min) / (pca3_max - 
pca3_min)) * DIM + 0.5); 
                    pointer4= (int)( ((pca4 - pca4_min) / (pca4_max - 
pca4_min)) * DIM + 0.5); 
                    pointer5= (int)( ((pca5 - pca5_min) / (pca5_max - 
pca5_min)) * DIM + 0.5); 
         
                    if ( -
matrix[pointer1][pointer2][pointer3][pointer4][pointer5] >= add + cutoff ) 
                    { 
                        fprintf (op,"%10d  %10d  %10f   %10f   %10f   %10f   
%10f\n", num,cluster_num,pca1,pca2,pca3,pca4,pca5); 
                        cluster_frames++; 
                    } 
                } 
            } 
            for ( i=0 ; i <= DIM ; i++ ) 
            for ( k=0 ; k <= DIM ; k++ ) 
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            for ( j=0 ; j <= DIM ; j++ ) 
            for ( l=0 ; l <= DIM ; l++ ) 
            for ( m=0 ; m <= DIM ; m++ ) 
            { 
                value = -matrix[i][k][j][l][m]; 
                if ( value >= add + cutoff ) 
                { 
                    cluster_pixels++; 
                } 
            } 
     
            if (VERBOSE == YES) 
            {printf ("Cluster %5d located, contains %10d frames.\n", 
cluster_num, cluster_frames);} 
            sum_frames += cluster_frames; 
            if ( cluster_frames > max_cluster_frames ) 
            { 
                max_cluster_frames = cluster_frames; 
            } 
            if ( cluster_num == 20 ) 
            { 
                cutoff_number_of_frames = max_cluster_frames / 10000; 
            } 
            if ( cutoff_number_of_frames > 0 && cluster_frames < 
cutoff_number_of_frames ) 
            { 
                if (VERBOSE == YES) 
                {printf ("With several small (<%d frames) clusters following 
...\n", (int) cutoff_number_of_frames);} 
                end = clock(); 
                time_spent = (double) (end - begin) / CLOCKS_PER_SEC; 
                if (VERBOSE == YES) 
                {printf("All done in %.1f minutes.\n", time_spent / 60);} 
                exit(1); 
            } 
            cluster_num++; 
 
 
        
/*******************************************************************/ 
/*                                             */              
/*Finding the pixel with the next maximum value and repeating      */ 
/*the above steps until the value of pixel reaches the threshold   */ 
/*                                               */        
/*******************************************************************/ 
 
 
            matrix_max = matrix[0][0][0][0][0]; 
            for ( i=0 ; i <= DIM ; i++ ) 
            for ( k=0 ; k <= DIM ; k++ ) 
            for ( j=0 ; j <= DIM ; j++ ) 
            for ( l=0 ; l <= DIM ; l++ ) 
            for ( m=0 ; m <= DIM ; m++ ) 
            { 
                value = matrix[i][k][j][l][m]; 
                if ( value > matrix_max && value < MIN_ADD ) 
                { 
                    matrix_max = value; 
                    pointer1 = i; 
                    pointer2 = k; 
                    pointer3 = j; 
                    pointer4 = l; 
                    pointer5 = m; 
                } 
            } 
            add += 1000000; 
        } 
        fclose(op); 
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        if ( AUTO_FRACTION == YES ) 
        { 
            if (VERBOSE == YES) 
            {printf("%.2f%% of frames have been clustered.\n", 100.0 * 
sum_frames / all_frames);} 
        }    
 
 
 
 
 
 
    } 
 
 
 
    /********************************/ 
    /*                   */ 
    /*End of repeating procedure    */ 
    /*                   */ 
    /********************************/ 
 
 
 
    end = clock(); 
    time_spent = (double) (end - begin) / CLOCKS_PER_SEC; 
         
    if (VERBOSE == YES) 
    {printf("All done in %.1f minutes.\n", time_spent / 60);} 
    return 0; 
} 
 
 
/*******************************************************************/ 
/*                                             */ 
/*The recursive function "recursion" checks the value of pixels  */ 
/*that are around the pixel with the maximum value.         */ 
/*For these pixels that have value >= threshold, it checks   */ 
/*recursively the value of their around pixels           */ 
/*                                               */ 
/*******************************************************************/ 
 
 
 
 
void recursion(int p1, int p2, int p3, int p4, int p5) 
    { 
        int i,k,j,l,m; 
        int val; 
        for ( i = p1 - 1; i <= p1 + 1; i++ ) 
        for ( k = p2 - 1; k <= p2 + 1; k++ ) 
        for ( j = p3 - 1; j <= p3 + 1; j++ ) 
        for ( l = p4 - 1; l <= p4 + 1; l++ ) 
        for ( m = p5 - 1; m <= p5 + 1; m++ ) 
        { 
        if( i >= 0 && i <= DIM && k >= 0 && k <= DIM && j >= 0 && j <= DIM 
&& l >= 0 && l <= DIM && m >= 0 && m <= DIM ) 
        { 
            val = matrix[i][k][j][l][m]; 
            if ( (float) val >= cutoff && val < add ) 
            { 
                val += add; 
                matrix[i][k][j][l][m] = -val; 
                recursion(i,k,j,l,m); 
            } 
        } 
        } 
    } 
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/********************************/ 
/*                              */ 
/*Smoothing function            */ 
/*                              */ 
/********************************/ 
 
void smoothing(int p1, int p2, int p3, int p4, int p5) 
{ 
    int i,k,j,l,m; 
    int val; 
    int sum, count, average; 
    sum = 0; 
    count = 0; 
    for ( i = p1 - 1; i <= p1 + 1; i++ ) 
    for ( k = p2 - 1; k <= p2 + 1; k++ ) 
    for ( j = p3 - 1; j <= p3 + 1; j++ ) 
    for ( l = p4 - 1; l <= p4 + 1; l++ ) 
    for ( m = p5 - 1; m <= p5 + 1; m++ ) 
    { 
        if( i >= 0 && i <= DIM && k >= 0 && k <= DIM && j >= 0 && j <= DIM 
&& l >= 0 && l <= DIM && m >= 0 && m <= DIM ) 
        { 
            val = original_matrix[i][k][j][l][m]; 
            sum += val; 
            count++; 
        } 
    } 
    average = (int) ( sum / count + 0.5); 
    matrix[p1][p2][p3][p4][p5] = average; 
} 

 

 


