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 ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʨʘʙʦʪʳ ʠ ʩʪʝʧʝʥʴ ʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ. 

ʌʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ 

ʞʠʚʳʭ ʩʠʩʪʝʤ, ʚʭʦʜʷʱʠʤʠ ʚ ʩʦʩʪʘʚ ʚʘʞʥʝʡʰʠʭ ʙʠʦʤʦʣʝʢʫʣ, ʪʘʢʠʭ ʢʘʢ ɼʅʂ, ʈʅʂ, ʤʥʦʛʠʭ 

ʢʦʬʘʢʪʦʨʦʚ ʠ ʤʝʪʘʙʦʣʠʪʦʚ. ʇʦʤʠʤʦ ʞʠʚʳʭ ʦʨʛʘʥʠʟʤʦʚ, ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʦʠʟʚʦʜʷʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʝʩʪʠʮʠʜʦʚ, ʛʝʨʙʠʮʠʜʦʚ, 

ʘʥʪʠʧʠʨʝʥʦʚ, ʘ ʪʘʢʞʝ ʚ ʩʦʩʪʘʚʝ ʙʦʝʚʳʭ ʦʪʨʘʚʣʷʶʱʠʭ ʚʝʱʝʩʪʚ. 

ɹʠʦʣʦʛʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʨʝʘʢʮʠʡ ʩ ʫʯʘʩʪʠʝʤ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʭ ʢʣʶʯʝʚʦʡ ʨʦʣʴʶ ʚ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʘʭ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʨʘʟʨʳʚʦʤ ʩʚʷʟʠ P-O. ɼʘʥʥʳʝ ʨʝʘʢʮʠʠ ʥʝ ʪʦʣʴʢʦ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʥʦʨʤʘʣʴʥʦʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʞʠʚʳʭ ʦʨʛʘʥʠʟʤʦʚ, ʥʦ ʠ ʫʯʘʩʪʚʫʶʪ ʚ ʧʨʦʮʝʩʩʘʭ 

ʜʝʪʦʢʩʠʢʘʮʠʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʦʪ ʦʨʛʘʥʦʬʦʩʬʘʪʥʳʭ ʟʘʛʨʷʟʥʝʥʠʡ. 

ʄʝʭʘʥʠʟʤʳ ʨʝʘʢʮʠʡ ʨʘʟʨʳʚʘ ʩʚʷʟʠ P-O ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʣʦʞʥʳʝ ʧʨʦʮʝʩʩʳ 

ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʦʪʝʢʘʪʴ ʢʘʢ ʧʦ ʩʪʫʧʝʥʯʘʪʦʤʫ (ʯʝʨʝʟ 

ʦʙʨʘʟʦʚʘʥʠʝ ʠʥʪʝʨʤʝʜʠʘʪʘ), ʪʘʢ ʠ ʧʦ ʩʦʛʣʘʩʦʚʘʥʥʦʤʫ ʤʝʭʘʥʠʟʤʫ (ʚ ʦʜʥʫ ʵʣʝʤʝʥʪʘʨʥʫʶ 

ʩʪʘʜʠʶ), ʧʨʠ ʵʪʦʤ ʨʝʘʢʮʠʷ ʨʘʟʨʳʚʘ P-O ʤʦʞʝʪ ʩʣʝʜʦʚʘʪʴ ʣʠʙʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ, ʣʠʙʦ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʜʝʪʘʣʠʟʘʮʠʷ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʚʦʟʤʦʞʥʘ ʜʘʣʝʢʦ ʥʝ ʚʦ ʚʩʝʭ 

ʩʣʫʯʘʷʭ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʬʠʢʩʠʨʦʚʘʪʴ ʠʥʪʝʨʤʝʜʠʘʪʳ ʨʝʘʢʮʠʠ ʠ ʦʧʨʝʜʝʣʷʪʴ 

ʠʭ ʚʦʟʤʦʞʥʦʝ ʩʪʨʦʝʥʠʝ. ʄʝʪʦʜʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʚʩʝʭ ʵʣʝʤʝʥʪʘʨʥʳʭ ʩʪʘʜʠʡ, ʚʢʣʶʯʘʷ 

ʩʪʨʫʢʪʫʨʳ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʢʘʭ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʧʨʦʬʠʣʷ. ʆʜʥʘʢʦ ʧʦʩʪʨʦʝʥʠʝ ʧʦʣʥʦʛʦ ʧʨʦʬʠʣʷ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʠ ʪʨʫʜʦʟʘʪʨʘʪʥʦʡ 

ʟʘʜʘʯʝʡ.  

ɺ ʩʚʷʟʠ ʩ ʚʳʰʝʠʟʣʦʞʝʥʥʳʤ, ʨʘʟʨʘʙʦʪʢʘ ʢʨʠʪʝʨʠʝʚ ʜʣʷ ʙʳʩʪʨʦʛʦ ʠ ʥʘʜʝʞʥʦʛʦ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʢʮʠʡ ʨʘʟʨʳʚʘ ʩʚʷʟʠ P-O ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʧʦʟʚʦʣʠʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʙʠʦʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠ 

ʵʥʟʠʤʦʣʦʛʠʠ.  
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ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʪʘʣʴʥʦ ʠʟʫʯʝʥʳ ʤʝʭʘʥʠʟʤ rʨʝʘʢʮʠʡ ʩ ʨʘʟʨʳʚʦʤ 

P-O ʩʚʷʟʝʡ, ʠʤʝʶʱʠʭ ʢʘʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ, ʪʘʢ ʠ ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ: ʛʠʜʨʦʣʠʟ 

ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta 

(Pd-PTE); ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʩʫʙʩʪʨʘʪʘ SP20 ʤʦʣʝʢʫʣʦʡ ɸʊʌ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ (PKA); ʫʜʣʠʥʝʥʠʝ ʮʝʧʠ ɼʅʂ ʤʦʣʝʢʫʣʦʡ ʥʫʢʣʝʦʪʠʜʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʦʙʨʘʪʥʦʛʦ ʪʨʘʥʩʢʨʠʧʪʘʟʥʦʛʦ ʜʦʤʝʥʘ ʙʝʣʢʘ ʦʪʢʨʳʪʦʡ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ 2 (ORF2p). 

ʈʝʘʢʮʠʷ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 

ʠʤʝʝʪ ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʫʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʯʠʩʪʢʠ 

ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʟʘʛʨʷʟʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ ʟʘ ʩʯʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʝʩʪʠʮʠʜʦʚ, ʛʝʨʙʠʮʠʜʦʚ ʠ ʘʥʪʠʧʠʨʝʥʦʚ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʝʨʤʝʥʪʘʪʠʚʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ Pd-PTE ʟʘʚʠʩʠʪ ʦʪ ὴὑ  ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʛʠʜʨʦʣʠʟʫʝʤʦʛʦ ʦʨʛʘʥʦʬʦʩʬʘʪʘ. 

ʊʝʢʫʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʠʟʫʯʝʥʠʠ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʧʘʨʘʦʢʩʦʥʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʠʤʝʶʱʠʝʩʷ 

ʨʘʙʦʪʳ ʧʦ ʤʦʣʝʢʫʣʷʨʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ, ʦʩʪʘʝʪʩʷ ʤʥʦʛʦ ʩʧʦʨʥʳʭ 

ʤʦʤʝʥʪʦʚ ʩʚʷʟʘʥʥʳʭ ʩ ʨʦʣʴʶ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp301 ʚ ʨʝʘʢʮʠʠ, ʘ ʪʘʢʞʝ ʩ 

ʟʘʨʷʜʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ ʧʨʦʜʫʢʪʘ ʛʠʜʨʦʣʠʟʘ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʧʦʜʨʦʙʥʦʝ ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʯʝʪʳʨʝʭ ʨʘʟʥʳʭ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ, ʘ ʪʘʢʞʝ ʩʨʘʚʥʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʥʥʦ-

ʧʣʦʪʥʦʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʘʟʣʠʯʠʷ ʚ ʧʨʦʪʝʢʘʥʠʠ ʨʝʘʢʮʠʠ. 

ʈʝʘʢʮʠʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʚʘʞʥʝʡʰʠʭ ʚʥʫʪʨʠʢʣʝʪʦʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʨʝʛʫʣʷʮʠʶ ʠ ʧʝʨʝʜʘʯʫ 

ʩʠʛʥʘʣʦʚ. ʇʦʵʪʦʤʫ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ʷʚʣʷʶʪʩʷ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʡ ʤʠʰʝʥʴʶ ʜʣʷ ʣʝʯʝʥʠʷ 

ʤʥʦʛʠʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʦʥʢʦʣʦʛʠʯʝʩʢʠʝ, ʚʦʩʧʘʣʠʪʝʣʴʥʳʝ, ʠʤʤʫʥʥʳʝ ʠ 

ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʝ. ʮɸʄʌ-ʟʘʚʠʩʠʤʘʷ ʧʨʦʪʝʠʥʢʠʥʘʟʘ ɸ (PKA) ï ʧʝʨʚʘʷ ʦʧʠʩʘʥʥʘʷ 

ʢʠʥʘʟʘ ʯʝʣʦʚʝʢʘ, ʠ ʩ ʪʝʭ ʧʦʨ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʦʡ, ʩʪʘʚ ʨʝʬʝʨʝʥʩʦʤ ʜʣʷ ʚʩʝʛʦ 

ʩʝʤʝʡʩʪʚʘ ʧʨʦʪʝʠʥʢʠʥʘʟ ʙʣʘʛʦʜʘʨʷ ʦʯʝʥʴ ʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ. 

ʌʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʙʝʣʢʦʚ ʷʚʣʷʝʪʩʷ ʩʘʤʳʤ ʚʘʞʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʝʛʫʣʷʮʠʠ ʚ ʢʣʝʪʢʘʭ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʨʝʘʛʠʨʦʚʘʥʠʝ ʢʣʝʪʦʢ ʥʘ ʚʥʝʰʥʠʝ ʩʪʠʤʫʣʳ, ʪʘʢʠʝ ʢʘʢ 

ʛʦʨʤʦʥʳ, ʥʝʡʨʦʪʨʘʥʩʤʠʪʪʝʨʳ ʠʣʠ ʣʶʙʦʡ ʪʠʧ ʩʪʨʝʩʩʘ. ʅʘʧʨʠʤʝʨ, ʚ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʦʤ 

ʥʝʡʨʦʥʝ ʧʨʦʪʝʠʥʢʠʥʘʟʘ ɸ ʬʦʩʬʦʨʠʣʠʨʫʝʪ ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧʳ ʩʝʨʠʥʘ ʠʣʠ ʪʨʝʦʥʠʥʘ ʚ 

ʢʘʣʠʝʚʦʤ ʢʘʥʘʣʝ ʟʘ ʩʯʝʪ ʦʪʱʝʧʣʝʥʠʷ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʦʪ ʤʦʣʝʢʫʣʳ ɸʊʌ. ʇʦʥʠʤʘʥʠʝ 



7 

 

ʤʝʭʘʥʠʟʤʘ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ ʤʝʞʜʫ ʮɸʄʌ, PKA ʠ ʂ+ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʚʳʷʚʣʝʥʠʷ ʧʨʠʯʠʥ ʢʦʛʥʠʪʠʚʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʠ ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʩ 

ʮʝʣʴʶ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʦ ʧʦʜʨʦʙʥʦʝ ʠʟʫʯʝʥʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʩ ʩʫʙʩʪʨʘʪʦʤ SP20, ʘ ʪʘʢʞʝ 

ʜʘʣʴʥʝʡʰʝʝ ʦʧʨʝʜʝʣʝʥʠʝ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʬʝʨʤʝʥʪʘ ʠ ʤʝʭʘʥʠʟʤʘ 

ʨʝʘʢʮʠʠ. 

ɹʝʣʦʢ ʦʪʢʨʳʪʦʡ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ 2 (ORF2p) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʣʶʯʝʚʦʡ 

ʢʦʤʧʦʥʝʥʪ ʙʠʦʤʦʣʝʢʫʣʷʨʥʦʡ ʩʠʩʪʝʤʳ LINE-1, ʫʯʘʩʪʚʫʶʱʝʡ ʚ ʤʝʭʘʥʠʟʤʘʭ ʩʪʘʨʝʥʠʷ. ʕʪʦʪ 

ʙʝʣʦʢ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʬʝʨʤʝʥʪʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʨʝʪʨʦʪʨʘʥʩʧʦʟʠʮʠʶ LINE-1, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʵʣʝʤʝʥʪʦʚ ʚ ʛʝʥʦʤʝ ʠ ʨʘʟʚʠʪʠʶ ʚʦʟʨʘʩʪʥʳʭ ʧʘʪʦʣʦʛʠʡ. ʕʪʫ 

ʨʝʘʢʮʠʶ ʢʘʪʘʣʠʟʠʨʫʝʪ ʦʙʨʘʪʥʳʡ ʪʨʘʥʩʢʨʠʧʪʘʟʥʳʡ ʜʦʤʝʥ, ʠʤʝʶʱʠʡ ʩʪʨʫʢʪʫʨʥʦʝ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʩʭʦʜʩʪʚʦ ʩ ʠʟʫʯʝʥʥʳʤʠ ʨʝʪʨʦʚʠʨʫʩʥʳʤʠ ʦʙʨʘʪʥʳʤʠ ʪʨʘʥʩʢʨʠʧʪʘʟʘʤʠ. 

ʂʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʝʘʢʮʠʠ ʫʜʣʠʥʝʥʠʷ ʮʝʧʠ ɼʅʂ ʬʝʨʤʝʥʪʦʤ ORF2p 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʝ ʠʟʫʯʝʥʳ. ɼʝʪʘʣʠʟʘʮʠʷ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ, ʚʢʣʶʯʘʷ ʨʦʣʴ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʩʦʜʝʨʞʘʥʠʷ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʵʣʝʤʝʥʪʘʨʥʳʭ ʩʪʘʜʠʡ, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʪʴ ʧʦʥʠʤʘʥʠʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʩʠʩʪʝʤʳ LINE-1, ʯʪʦ ʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʩʠʩʪʝʤʘʪʠʟʘʮʠʷ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʜʘʥʥʳʭ ʦ ʤʝʭʘʥʠʟʤʘʭ 

ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ, ʧʨʦʪʝʢʘʶʱʠʭ ʩ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ, ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʠʟʫʯʝʥʠʝ 

ʩʠʩʪʝʤ, ʠʤʝʶʱʠʭ ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ ʤʝʪʦʜʘʤʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʡ ʮʝʣʠ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʈʘʟʨʘʙʦʪʢʘ ʢʨʠʪʝʨʠʝʚ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ, ʧʦ ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ. 

2. ʆʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʩ ʭʦʨʦʰʠʤʠ ʠ ʧʣʦʭʠʤʠ 

ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ ʠʟ ʙʘʢʪʝʨʠʡ Pseudomonas 

diminuta. 
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3. ʆʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ. 

4. ʆʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʠ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʫʜʣʠʥʝʥʠʷ ʮʝʧʠ ɼʅʂ ʟʘ ʩʯʝʪ ʥʫʢʣʝʦʪʠʜʘ 

ʪʠʤʠʜʠʥʪʨʠʬʦʩʬʘʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʪʘʟʳ ORF2p 

ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʬʝʨʤʝʥʪʳ, ʢʘʪʘʣʠʟʠʨʫʶʱʠʝ ʨʝʘʢʮʠʠ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʝʩʷ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ ʚ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ: 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʘ ʠʟ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta (Pd-PTE), ʧʨʦʪʝʠʥʢʠʥʘʟʘ A (PKA) ʠ 

ʙʝʣʦʢ ʦʪʢʨʳʪʦʡ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ 2 (ORF2p). ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ 

ʨʝʘʢʮʠʠ ʨʘʟʨʳʚʘ P-O ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʦʚ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ: 

1. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʢʨʠʪʝʨʠʡ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʢʮʠʡ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ, ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʦʚ. ɼʘʥʥʳʡ 

ʢʨʠʪʝʨʠʡ ʨʘʟʨʘʙʦʪʘʥ ʥʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʧʦʜʨʦʙʥʦʛʦ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʘ ʪʘʢʞʝ 

ʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ. 

2. ʉ ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʜʭʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥ r

ʤʝʭʘʥʠʟʤ r ʨʝʘʢʮʠʡ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE, 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ ʤʦʣʝʢʫʣʦʡ ɸʊʌ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʠ ʫʜʣʠʥʝʥʠʷ ʮʝʧʠ ɼʅʂ ʦʙʨʘʪʥʳʤ ʪʨʘʥʩʢʨʠʧʪʘʟʥʳʤ ʜʦʤʝʥʦʤ ʙʝʣʢʘ 

ORF2p. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʢʨʠʪʝʨʠʠ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ, ʧʦʟʚʦʣʷʶʪ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 

ʦʙʣʘʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʣʶʯʝʚʳʭ ʨʝʘʢʮʠʡ ʩ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʶʪ ʫʛʣʫʙʣʝʥʥʦʝ ʧʦʥʠʤʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʢʮʠʡ ʛʠʜʨʦʣʠʟʘ 

ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE, ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ 

ʩʫʙʩʪʨʘʪʘ SP20 ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ PKA ʠ ʫʜʣʠʥʝʥʠʷ ʮʝʧʠ ɼʅʂ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ORF2p, 

ʧʦʢʘʟʳʚʘʶʪ ʢʣʶʯʝʚʳʝ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʢʠʥʝʪʠʢʫ ʨʝʘʢʮʠʠ, ʯʪʦ ʚ ʜʘʣʴʥʝʡʰʠʤ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʦʜʦʙʥʳʤʠ ʨʝʘʢʮʠʷʤʠ. 
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ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʙʦʪʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʩʦʚʨʝʤʝʥʥʳʝ ʧʦʜʭʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʜʝʪʘʣʠʟʠʨʦʚʘʪʴ ʤʦʣʝʢʫʣʷʨʥʳʝ ʧʨʦʮʝʩʩʳ ʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʠʥʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ. ɼʣʷ 

ʦʧʠʩʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ ʧʨʠʤʝʥʷʣʩʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ (ʂʄ/ʄʄ). ʕʪʦʪ ʤʝʪʦʜ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʦʧʠʩʘʥʠʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʦʩʪʘʣʴʥʘʷ ʙʝʣʢʦʚʘʷ ʤʘʢʨʦʤʦʣʝʢʫʣʘ ʠ ʦʢʨʫʞʘʶʱʠʝ ʝʝ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʦʧʠʩʳʚʘʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʠʣʦʚʳʭ ʧʦʣʝʡ. ɼʣʷ ʫʯʝʪʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʜʠʥʘʤʠʢʠ 

ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ ʠʣʠ, ʠʥʳʤʠ ʩʣʦʚʘʤʠ, ʵʥʪʨʦʧʠʡʥʦʛʦ ʚʢʣʘʜʘ ʚ ʨʝʘʢʮʠʶ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʜʭʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ (ʄɼ). ɼʣʷ ʨʝʰʝʥʠʷ 

ʧʨʦʙʣʝʤʳ ʦʙʭʦʜʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʟʦʥʪʠʯʥʦʡ 

ʚʳʙʦʨʢʠ. ʂʦʤʙʠʥʘʮʠʷ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʤʝʭʘʥʠʟʤʳ 

ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ, ʘ ʪʘʢʞʝ ʧʝʨʝʭʦʜʠʪʴ ʦʪ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʘʩʯʝʪʘʭ, ʢ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ, ʥʘʙʣʶʜʘʝʤʳʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʧʦʤʠʤʦ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʬʝʨʤʝʥʪʦʚ.  

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʝʚ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʡ ʨʘʟʨʳʚʘ P-O ʩʚʷʟʠ ʚ 

ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʬʝʨʤʝʥʪʦʚ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ 

ʩʚʷʟʠ ʠ ʧʨʦʬʠʣʴ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ P-O ʩʚʷʟʠ. 

2. ʈʝʘʢʮʠʷ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 

ʧʨʦʪʝʢʘʝʪ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʜʚʫʭʩʪʘʜʠʡʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʧʝʥʪʘʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʠʥʪʝʨʤʝʜʠʘʪʘ ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʩ 

ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʥʘ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ Asp301. 

3. ʃʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʝʡ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ̫ ʚʣʷʝʪʩʷ ʜʠʬʬʫʟʠʷ ʧʨʦʜʫʢʪʦʚ, ʩʢʦʨʦʩʪʴ ʢʦʪʦʨʦʡ ʟʘʚʠʩʠʪ ʦʪ 

ʧʨʦʯʥʦʩʪʠ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʚʷʟʠ ʢʘʪʠʦʥʦʚ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʤʝʪʘʣʣʦʚ ʩ ʧʨʦʜʫʢʪʦʤ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. 

4. ʈʝʘʢʮʠʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ SP20 ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ 

ʧʨʦʪʝʢʘʝʪ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʩʦʛʣʘʩʦʚʘʥʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 
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ʤʝʪʘʬʦʩʬʘʪʘ ʚ ʧʝʨʝʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʚ ʢʘʯʝʩʪʚʝ ʘʢʮʝʧʪʦʨʘ ʧʨʦʪʦʥʘ ʚʳʩʪʫʧʘʝʪ 

ʦʩʪʘʪʦʢ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp166. 

5. ɼʝʧʨʦʪʦʥʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʛʦ ʩʝʨʠʥʘ ʢʘʢ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʚʳʛʦʜʥʝʝ, ʯʝʤ ʝʛʦ ʧʨʦʪʦʥʠʨʦʚʘʥʥʘʷ ʬʦʨʤʘ. 

6. ʇʨʦʮʝʩʩ ʫʜʣʠʥʝʥʠʷ ʮʝʧʠ ɼʅʂ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʙʝʣʢʘ ORF2p ʧʨʦʪʝʢʘʝʪ ʧʦ 

ʩʦʛʣʘʩʦʚʘʥʥʦʤʫ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʩ ʢʦʥʩʪʘʥʪʦʡ ʩʢʦʨʦʩʪʠ 60 ʩ-1. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʚʘʣʠʜʘʮʠʝʡ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ 

ʫʩʪʥʳʭ ʠ ʩʪʝʥʜʦʚʳʭ ʜʦʢʣʘʜʦʚ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ çʉʦʚʨʝʤʝʥʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘ ï ʥʘ ʩʪʳʢʝ ʬʠʟʠʢʠ, ʭʠʤʠʠ ʠ ʙʠʦʣʦʛʠʠè 

(ʏʝʨʥʦʛʦʣʦʚʢʘ, 2021), XXIX -XXXI  ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʄʘʪʝʤʘʪʠʢʘ. 

ʂʦʤʧʴʶʪʝʨ. ʆʙʨʘʟʦʚʘʥʠʝ.è (ɼʫʙʥʘ, 2022, ʄʦʩʢʚʘ, 2023, ɼʫʙʥʘ, 2024), ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʃʦʤʦʥʦʩʦʚè (ʄʦʩʢʚʘ, 

2022, 2023, 2024), IX-X ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʤʦʣʦʜʝʞʥʘʷ ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ çʍʠʤʠʷ, 

ʬʠʟʠʢʘ, ʙʠʦʣʦʛʠʷ: ʧʫʪʠ ʠʥʪʝʛʨʘʮʠʠè (ʄʦʩʢʚʘ, 2022, 2024), XXII -XXIII  ɽʞʝʛʦʜʥʘʷ 

ʤʦʣʦʜʝʞʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʀɹʍʌ ʈɸʅ-ɺʋɿʳ 

çɹʠʦʭʠʤʠʯʝʩʢʘʷ ʬʠʟʠʢʘè (ʄʦʩʢʚʘ, 2022, 2023), XXXV  ɿʠʤʥʷʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʘʷ 

ʰʢʦʣʘ çʇʝʨʩʧʝʢʪʠʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʙʠʦʣʦʛʠʠ ʠ ʙʠʦʪʝʭʥʦʣʦʛʠʠè 

(ʄʦʩʢʚʘ, 2023), XVII -XIX ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʦ-ʠʥʥʦʚʘʮʠʦʥʥʘʷ ʰʢʦʣʘ 

çʄʘʪʝʤʘʪʠʢʘ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝè (ʉʘʨʦʚ, 2023, 2024, 2025), 13-ʷ 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɹʠʦʢʘʪʘʣʠʟ. ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ 

ʧʨʠʤʝʥʝʥʠʷè (ʉʫʟʜʘʣʴ, 2023), 66-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʄʌʊʀ (ʄʦʩʢʚʘ, 

2024), XXVII  ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ-ʭʠʤʠʢʦʚ (ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 

2024), XIII  International conference on chemistry for young scientists çMendeleevè (ʉʘʥʢʪ-

ʇʝʪʝʨʙʫʨʛ, 2024), XXX  Symposium on bioinformatics and computer-aided drug discovery 

(ʆʥʣʘʡʥ, ʈʦʩʩʠʷ, 2024). 
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ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʙʦʨ ʠ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, 

ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯ ʠ ʚʳʙʦʨ ʤʝʪʦʜʦʚ ʠʭ ʨʝʰʝʥʠʷ, ʧʨʦʚʝʜʝʥʠʝ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʝʪʦʜʘ 

ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ, ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʤʝʭʘʥʠʢʠ, ʘ ʪʘʢʞʝ ʘʥʘʣʠʟ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʠ ʧʦʜʛʦʪʦʚʢʘ ʧʦ ʥʠʤ ʜʦʢʣʘʜʦʚ ʠ 

ʧʫʙʣʠʢʘʮʠʡ. ɺ ʨʘʙʦʪʘʭ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʩʦʘʚʪʦʨʩʪʚʝ, ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ ʷʚʣʷʝʪʩʷ 

ʦʧʨʝʜʝʣʷʶʱʠʤ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 65% ʜʦ 85%. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 21-33-

70001), ʈʅʌ (ʧʨʦʝʢʪʳ ˉ 19-73-20032, ˉ 23-13-0011) ʠ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʉʦʛʣʘʰʝʥʠʝ ˉ 075-15-2024-643) ʚ ʨʘʤʢʘʭ ʪʝʤʳ 

çɺʣʠʷʥʠʝ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʣʘʜʘʶʱʠʭ ʛʝʨʦʧʨʦʪʝʢʪʠʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʘ ʝʜʠʥʠʯʥʳʝ 

ʙʠʦʤʘʢʨʦʤʦʣʝʢʫʣʳ, ʤʦʜʝʣʴʥʳʝ ʦʙʲʝʢʪʳ ʠ ʦʨʛʘʥʠʟʤ ʯʝʣʦʚʝʢʘè 

ʇʫʙʣʠʢʘʮʠʠ. ʆʩʥʦʚʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ 7 ʩʪʘʪʴʷʭ ʦʙʱʠʤ 

ʦʙʲʝʤʦʤ 4,0625 ʧ.ʣ., ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ, 

ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʝ ʷʜʨʘ ʈʦʩʩʠʡʩʢʦʛʦ ʠʥʜʝʢʩʘ ʥʘʫʯʥʦʛʦ ʮʠʪʠʨʦʚʘʥʠʷ "eLibrary Science 

Index" ʠ ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ʜʣʷ ʟʘʱʠʪʳ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʤ ʩʦʚʝʪʝ ʄɻʋ ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 

1.4.4. ʌʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ: 

1. Khrenova M. G., Mulashkina T. I. , Stepanyuk R. A., Nemukhin A. V. Modeling of enzyme-

catalyzed PïO bond cleavage in the adenosine triphosphate molecule // Mendeleev 

Communications. ï 2024. ï Vol. 34, ˉ 1. ï P. 1ï7. EDN: DGBHXW. 0,4375 ʧ.ʣ. ɺʢʣʘʜ 

ʘʚʪʦʨʘ 65% (ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 1,7 (JIF)) 

2. Mulashkina T. I. , Kulakova A. M., Khrenova M. G. Enzymatic PïO Bond Cleavage: 

Criteria of Dissociative and Associative Mechanisms // Journal of Chemical Information and 

Modeling. ï 2025. ï Vol. 65, ̄  15 ï P. 8181-8193. 0,8125 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 85% (ʀʤʧʘʢʪ-

ʬʘʢʪʦʨ 5,3 (JIF)) 

3. ʂʫʣʘʢʦʚʘ ɸ. ʄ., ʄʫʣʘʰʢʠʥʘ ʊ. ʀ., ʅʝʤʫʭʠʥ ɸ. ɺ., ʍʨʝʥʦʚʘ ʄ. ɻ. ɺʣʠʷʥʠʝ ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʳ ʥʘ ʤʝʭʘʥʠʟʤ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʦʡ 

ʠʟ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta // ʀʟʚʝʩʪʠʷ ɸʢʘʜʝʤʠʠ ʥʘʫʢ. ʉʝʨʠʷ ʭʠʤʠʯʝʩʢʘʷ. ð 

2022. ð ˉ 5. ð ʉ. 921ï926. EDN: QQSHXU. 0,375 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 65% (ʀʤʧʘʢʪ-

ʬʘʢʪʦʨ 1,74 (ʈʀʅʎ)) 
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Kulakova A.M., Mulashkina T.I. , Nemukhin A.V., Khrenova M.G. Influence of the leaving 

group on the mechanism of hydrolysis of organophosphorus compounds by 

phosphotriesterase from bacterium Pseudomonas diminuta // Russian Chemical Bulletin ð 

2022. ð Vol. 71, ˉ. 5. ð P. 921ï926. EDN: PLOUEE.0,375 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 65% 

(ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 1,7 (JIF)) 

4. ʄʫʣʘʰʢʠʥʘ ʊ. ʀ., ʂʫʣʘʢʦʚʘ ɸ. ʄ., ʅʝʤʫʭʠʥ ɸ. ɺ., ʍʨʝʥʦʚʘ ʄ. ɻ. ʉʨʘʚʥʝʥʠʝ 

ʤʝʭʘʥʠʟʤʦʚ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʩ ʭʦʨʦʰʝʡ ʠ ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʦʡ ʠʟ Pseudomonas diminuta // ɾʫʨʥʘʣ ʬʠʟʠʯʝʩʢʦʡ ʭʠʤʠʠ. ð 2024. ð 

ʊ. 98, ˉ 2. ð ʉ. 128ï135. EDN: RCUVJH. 0,5 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 85% (ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 

1,106 (ʈʀʅʎ)) 

Mulashkina T.I. , Kulakova A.M., Nemukhin A.V., Khrenova M. G. Comparison of the 

mechanisms of hydrolysis of organophosphates with good and poor leaving group by 

phosphotriesterase from pseudomonas diminuta // Russian Journal of Physical Chemistry A. 

ð 2024. ð Vol. 98, ˉ. 2. ð P. 283ï289. EDN: NZEYRJ. 0,4375 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 85% 

(ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 0,8 (JIF)) 

5. Mulashkina T. I. , Kulakova A. M., Khrenova M. G. Molecular basis of the substrate 

specificity of phosphotriesterase from pseudomonas diminuta: A combined QM/MM MD 

and electron density study // Journal of Chemical Information and Modeling. ð 2024. ð 

Vol. 64, ̄  18. ð P. 7035ï7045. EDN: YFOHVV. 0,6875 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 85% (ʀʤʧʘʢʪ-

ʬʘʢʪʦʨ 5,3 (JIF)) 

6. ʄʫʣʘʰʢʠʥʘ ʊ. ʀ., ʃʝʦʥʦʚʘ ʄ. ʉ., ʍʨʝʥʦʚʘ ʄ. ɻ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʜʠʥʘʤʠʢʘ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʩ ʧʩʝʚʜʦʩʫʙʩʪʨʘʪʦʤ SP20 ʠ 

ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪʦʤ // ɹʠʦʤʝʜʠʮʠʥʩʢʘʷ ʭʠʤʠʷ. ð 2024. ð ʊ. 70, ˉ 6. ð ʉ. 421ï427. 

EDN: WHKFGS 0,4375 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 85% (ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 1,032 (ʈʀʅʎ)) 

Mulashkina T. I. , Leonova M. S., Khrenova M. G. Conformational dynamics of the enzyme-

substrate complex of protein kinase A with pseudosubstrate SP20 and adenosine triphosphate 

//Biomeditsinskaia khimiia. ï 2024. ï Vol. 70.ˉ. 6. ï P. 421-427. EDN: WHKFGS. 0,4375 

ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 85% (ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 0,22 (SJR)) 

7. Polyakov I.V., Miroshnichenko K.D., Mulashkina T.I ., Kulakova A.M., Khrenova M.G. 

Mechanism for Nucleotidyl Transfer in LINE-1 ORF2p Revealed by QM/MM Simulations 

// International Journal of Molecular Sciences. ð 2025. ð Vol. 26, ˉ 17.  ð P. 8661ï8673. 

0,8125 ʧ.ʣ. ɺʢʣʘʜ ʘʚʪʦʨʘ 65% (ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 4,9 (JIF)) 
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʦʙʟʦʨʘ 

ʣʠʪʝʨʘʪʫʨʳ (ʛʣʘʚʘ 1), ʦʧʠʩʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

(ʛʣʘʚʘ 2), ʠʟʣʦʞʝʥʠʷ ʠ ʦʙʩʫʞʜʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ (ʛʣʘʚʘ 3, ʛʣʘʚʘ 4, ʛʣʘʚʘ 5 ʠ 

ʛʣʘʚʘ 6), ʟʘʢʣʶʯʝʥʠʷ, ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʩʦʢʨʘʱʝʥʠʡ ʠ ʚʚʝʜʝʥʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ ʠ ʩʧʠʩʢʘ 

ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 145 ʩʪʨʘʥʠʮʘʭ ʤʘʰʠʥʦʧʠʩʥʦʛʦ ʪʝʢʩʪʘ, 

ʩʦʜʝʨʞʠʪ 48 ʨʠʩʫʥʢʦʚ, 12 ʪʘʙʣʠʮ ʠ 197 ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʭ ʩʩʳʣʦʢ. 
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ɻʣʘʚʘ 1. ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ 

1.1. ʌʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ 

ʌʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ (ʌʆʉ), ʪʘʢʞʝ ʠʟʚʝʩʪʥʳʝ ʢʘʢ ʦʨʛʘʥʦʬʦʩʬʘʪʳ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʣʦʞʥʳʝ ʵʬʠʨʳ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ, ʩʦʜʝʨʞʘʱʠʝ ʘʣʢʠʣʴʥʳʝ ʠʣʠ 

ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʟʘʤʝʩʪʠʪʝʣʠ (ʈʠʩʫʥʦʢ 1.1.1). ʕʪʠ ʩʦʝʜʠʥʝʥʠʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ, ʚʢʣʶʯʘʷ ʩʝʣʴʩʢʦʝ ʭʦʟʷʡʩʪʚʦ ʚ ʢʘʯʝʩʪʚʝ ʧʝʩʪʠʮʠʜʦʚ ʠ ʛʝʨʙʠʮʠʜʦʚ, ʘ 

ʪʘʢʞʝ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʢʘʢ ʘʥʪʠʧʠʨʝʥʳ ʠ ʚ ʚʦʝʥʥʳʭ ʮʝʣʷʭ ʚ ʢʘʯʝʩʪʚʝ ʙʦʝʚʳʭ 

ʦʪʨʘʚʣʷʶʱʠʭ ʚʝʱʝʩʪʚ [1,2]. ʂʨʦʤʝ ʪʦʛʦ, ʵʬʠʨʳ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ 

ʨʦʣʴ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʷʚʣʷʷʩʴ ʩʪʨʫʢʪʫʨʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʪʘʢʠʭ ʞʠʟʥʝʥʥʦ 

ʚʘʞʥʳʭ ʙʠʦʤʦʣʝʢʫʣ, ʢʘʢ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʠʥʦʚʘʷ ʢʠʩʣʦʪʘ (ɼʅʂ), ʨʠʙʦʥʫʢʣʝʠʥʦʚʘʷ 

ʢʠʩʣʦʪʘ (ʈʅʂ) ʠ ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪ (ɸʊʌ) [3]. ʀʩʢʫʩʩʪʚʝʥʥʳʝ ʌʆʉ ʯʘʱʝ ʚʩʝʛʦ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʨʠʵʬʠʨʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʦʨʛʘʥʦʬʦʩʬʘʪʳ ʦʙʳʯʥʦ 

ʷʚʣʷʶʪʩʷ ʤʦʥʦ- ʠ ʜʠʵʬʠʨʘʤʠ. 

 

ʈʠʩʫʥʦʢ 1.1.1. ʆʙʱʘʷ ʭʠʤʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. R1, R2 ʠ R3 ï 

ʨʘʜʠʢʘʣʳ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚʦʜʦʨʦʜʳ, ʘʣʢʠʣʴʥʳʝ ʠ ʘʨʠʣʴʥʳʝ ʛʨʫʧʧʳ. 

ʈʝʘʢʮʠʠ ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʬʦʩʬʦʨʥʳʭ ʮʝʥʪʨʘʭ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʜʥʫ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʵʬʠʨʦʚ 

ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ [4]. ʂ ʵʪʠʤ ʨʝʘʢʮʠʷʤ ʦʪʥʦʩʷʪʩʷ ʛʠʜʨʦʣʠʟ ʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ. 

ɻʠʜʨʦʣʠʟ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʤʝʱʝʥʠʝ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʛʠʜʨʦʢʩʠʜʦʤ 

ʠʣʠ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ. ɻʠʜʨʦʣʠʟ ʌʆʉ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʨʝʘʢʮʠʡ ʚ ʙʠʦʭʠʤʠʠ, 

ʫʯʘʩʪʚʫ ̫ʚ ʨʝʛʫʣʷʮʠʠ ʬʫʥʢʮʠʡ ʙʝʣʢʦʚ, ʚʳʨʘʙʦʪʢʝ ʵʥʝʨʛʠʠ, ʘ ʪʘʢʞʝ ʚ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ 

ʤʝʪʘʙʦʣʠʯʝʩʢʠʭ ʠ ʩʠʛʥʘʣʴʥʳʭ ʧʨʦʮʝʩʩʘʭ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʪʨʠʵʬʠʨʳ ʥʝ ʷʚʣʷʶʪʩʷ 
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ʧʨʠʨʦʜʥʳʤʠ ʙʠʦʤʦʣʝʢʫʣʘʤʠ, ʬʝʨʤʝʥʪʳ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣʠ ʜʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʛʠʜʨʦʣʠʟʘ ʵʪʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦ ʪʦʢʩʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʌʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʙʝʣʢʦʚ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʨʝʛʫʣʷʮʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ 

ʢʣʶʯʝʚʳʭ ʢʣʝʪʦʯʥʳʭ ʙʝʣʢʦʚ, ʠʛʨʘʶʱʠʡ ʮʝʥʪʨʘʣʴʥʫʶ ʨʦʣʴ ʚ ʩʠʛʥʘʣʴʥʳʭ ʧʫʪʷʭ ʠ 

ʤʝʪʘʙʦʣʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ. ɺ ʭʦʜʝ ʜʘʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʝʨʝʥʦʩ 

ʦʩʪʘʪʢʘ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʦʪ ʜʦʥʦʨʘ ʥʘ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʙʝʣʢʘ ʠʣʠ ʠʥʦʛʦ 

ʩʫʙʩʪʨʘʪʘ. ʆʩʥʦʚʥʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʘʤʠ, ʧʦʜʚʝʨʛʘʶʱʠʤʠʩʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʶ, 

ʷʚʣʷʶʪʩʷ ʩʝʨʠʥ, ʪʨʝʦʥʠʥ, ʪʠʨʦʟʠʥ ʠ ʛʠʩʪʠʜʠʥ.  

1.2. ʌʝʨʤʝʥʪʳ, ʢʘʪʘʣʠʟʠʨʫʶʱʠʝ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

1.2.1. ʌʦʩʬʘʪʘʟʳ 

ʌʦʩʬʘʪʘʟʳ ï ʬʝʨʤʝʥʪ,r ʢʦʪʦʨʳʝ ʢʘʪʘʣʠʟʠʨʫʶʪ ʛʠʜʨʦʣʠʟ ʬʦʩʬʘʪʥʳʭ ʤʦʥʦʵʬʠʨʦʚ. 

ʀʟʚʝʩʪʥʳ ʱʝʣʦʯʥʳʝ ʠ ʢʠʩʣʳʝ ʬʦʩʬʘʪʘʟʳ, ʬʠʦʣʝʪʦʚʳʝ ʢʠʩʣʳʝ ʬʦʩʬʘʪʘʟʳ ʠ 

ʬʦʩʬʦʧʨʦʪʝʠʥʬʦʩʬʘʪʘʟʳ [3].  

ʑʝʣʦʯʥʳʝ ʬʦʩʬʘʪʘʟʳ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʦʨʛʘʥʠʟʤʦʚ ʠ ʢʘʪʘʣʠʟʠʨʫʶʪ 

ʛʠʜʨʦʣʠʟ ʜʠʘʥʠʦʥʥʦʡ ʬʦʨʤʳ ʬʦʩʬʦʤʦʥʦʵʬʠʨʦʚ. ʈʝʘʢʮʠʷ, ʢʘʪʘʣʠʟʠʨʫʝʤʘʷ ʱʝʣʦʯʥʳʤʠ 

ʬʦʩʬʘʪʘʟʘʤʠ, ʧʨʦʪʝʢʘʝʪ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʬʦʩʬʦʩʝʨʠʥ. ɺʩʝ ʱʝʣʦʯʥʳʝ ʬʦʩʬʘʪʘʟʳ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʩʦʜʝʨʞʘʪ ʜʚʘ ʢʘʪʠʦʥʘ ʮʠʥʢʘ Zn2+ ʠ ʦʜʠʥ ʢʘʪʠʦʥ ʤʘʛʥʠʷ Mg2+, ʘ ʪʘʢʞʝ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʘʨʛʠʥʠʥʘ, ʢʦʪʦʨʳʡ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʩʚʷʟʳʚʘʥʠʠ ʌʆʉ. 

ʂʘʪʠʦʥʳ ʮʠʥʢʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʛʨʘʶʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʨʦʣʴ, ʘ ʤʘʛʥʠʡ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ 

ʦʩʥʦʚʘʥʠʷ, ʜʝʧʨʦʪʦʥʠʨʫʶʱʝʛʦ ʩʝʨʠʥ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʘʣʢʦʛʦʣʷʪʘ 

ʩʝʨʠʥʘ [5]. 

ʂʘʢ ʠ ʱʝʣʦʯʥʳʝ ʬʦʩʬʘʪʘʟʳ, ʢʠʩʣʳʝ ʬʦʩʬʘʪʘʟʳ ʥʝʩʧʝʮʠʬʠʯʥʦ ʢʘʪʘʣʠʟʠʨʫʶʪ 

ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʤʦʥʦʵʬʠʨʦʚ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʬʦʩʬʦʬʝʨʤʝʥʪ. ʂʠʩʣʳʝ ʬʦʩʬʘʪʘʟʳ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤ ʥʫʢʣʝʦʬʠʣʴʥʳʤ ʛʠʩʪʠʜʠʥʦʤ, ʦʪʩʫʪʩʪʚʠʝʤ ʠʦʥʦʚ 

ʤʝʪʘʣʣʦʚ, ʢʠʩʣʳʤ pH-ʦʧʪʠʤʫʤʦʤ ʠ ʥʘʣʠʯʠʝʤ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʘʩʧʘʨʘʛʠʥʦʚʦʡ 

ʢʠʩʣʦʪʳ, ʢʦʪʦʨʳʡ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʨʝʘʢʮʠʠ ʫʯʘʩʪʚʫʝʪ ʚ ʧʨʦʪʦʥʠʨʦʚʘʥʠʠ ʫʭʦʜʷʱʝʡ 
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ʛʨʫʧʧʳ, ʘ ʥʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʘʥʠʷ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʷ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʤʦʣʝʢʫʣʳ ʚʦʜʳ [6]. 

ʌʠʦʣʝʪʦʚʳʝ ʢʠʩʣʳʝ ʬʦʩʬʘʪʘʟʳ ʢʘʪʘʣʠʟʠʨʫʶʪ ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʤʦʥʦʵʬʠʨʦʚ. ɺ 

ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ ʚ ʵʪʠʭ ʬʝʨʤʝʥʪʘʭ ʚʳʩʪʫʧʘʝʪ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ, ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʡ 

ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ. ʍʘʨʘʢʪʝʨʥʳʡ ʬʠʦʣʝʪʦʚʳʡ ʮʚʝʪ ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ ʦʙʫʩʣʦʚʣʝʥ 

ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʩ ʪʠʨʦʟʠʥʘʪʘ ʥʘ ʢʦʥʩʝʨʚʘʪʠʚʥʳʡ ʢʘʪʠʦʥ ʞʝʣʝʟʘ Fe3+. ɺ ʢʘʯʝʩʪʚʝ ʚʪʦʨʦʛʦ 

ʢʘʪʠʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʠʦʣʝʪʦʚʳʭ ʬʦʩʬʘʪʘʟ ʚʩʪʨʝʯʘʶʪʩʷ ʢʘʪʠʦʥʳ ʜʚʫʭʚʘʣʝʥʪʥʳʭ 

ʤʝʪʘʣʣʦʚ: ʞʝʣʝʟʘ, ʮʠʥʢʘ ʠ ʤʘʨʛʘʥʮʘ. ʂʨʦʤʝ ʪʦʛʦ, ʘʢʪʠʚʥʳʝ ʮʝʥʪʨʳ ʬʠʦʣʝʪʦʚʳʭ ʢʠʩʣʳʭ 

ʬʦʩʬʘʪʘʟ ʩʦʜʝʨʞʘʪ ʩʝʤʴ ʠʥʚʘʨʠʘʥʪʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪ, ʢʦʦʨʜʠʥʠʨʫʶʱʠʭ ʙʠʷʜʝʨʥʳʡ 

ʤʝʪʘʣʣʦʮʝʥʪʨ.  

ʌʦʩʬʦʧʨʦʪʝʠʥʬʦʩʬʘʪʘʟʳ ʦʙʳʯʥʦ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪ ʥʘ ʜʚʝ ʛʨʫʧʧʳ ʧʦ ʩʫʙʩʪʨʘʪʥʦʡ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʠ ʛʝʥʝʪʠʯʝʩʢʦʡ ʛʦʤʦʣʦʛʠʠ: ʪʠʨʦʟʠʥʦʚʳʝ ʧʨʦʪʝʠʥʬʦʩʬʘʪʘʟʳ ʠ 

ʬʦʩʬʦʩʝʨʠʥ/ʬʦʩʬʦʪʨʝʦʥʠʥ-ʩʧʝʮʠʬʠʯʥʳʝ ʬʦʩʬʘʪʘʟʳ [7]. ʌʦʩʬʦʩʝʨʠʥ/ʬʦʩʬʦʪʨʝʦʥʠʥ-

ʩʧʝʮʠʬʠʯʥʳʝ ʬʦʩʬʘʪʘʟʳ, ʢʘʢ ʩʣʝʜʫʝʪ ʠʟ ʥʘʟʚʘʥʠʷ, ʜʝʬʦʩʬʦʨʠʣʠʨʫʶʪ ʦʩʪʘʪʢʠ 

ʬʦʩʬʦʩʝʨʠʥʘ ʠ ʬʦʩʬʦʪʨʝʦʥʠʥʘ. ʕʪʠ ʬʦʩʬʘʪʘʟʳ, ʘʥʘʣʦʛʠʯʥʦ ʬʠʦʣʝʪʦʚʳʤ ʢʠʩʣʳʤ 

ʬʦʩʬʘʪʘʟʘʤ, ʠʤʝʶʪ ʙʠʷʜʝʨʥʳʡ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ ʪʘʢʞʝ ʚʳʩʪʫʧʘʝʪ 

ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʥʠʭ, ʪʠʨʦʟʠʥʦʚʳʝ ʧʨʦʪʝʠʥʬʦʩʬʘʪʘʟʳ ʥʝ ʩʦʜʝʨʞʘʪ 

ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ.  

1.2.2. ʈʝʛʫʣʷʪʦʨʥʳʝ ʬʝʨʤʝʥʪʳ 

ʆʙʨʘʪʠʤʦʝ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʙʝʣʢʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʜʠʥ ʠʟ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʦʚ 

ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ ʢʘʢ ʫ ʧʨʦʢʘʨʠʦʪ, ʪʘʢ ʠ ʫ ʵʫʢʘʨʠʦʪ. ɺ ʵʫʢʘʨʠʦʪʠʯʝʩʢʠʭ ʢʣʝʪʢʘʭ 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʘʤ ʩʝʨʠʥʘ, ʪʨʝʦʥʠʥʘ ʠʣʠ 

ʪʠʨʦʟʠʥʘ. ɸ ʫ ʧʨʦʢʘʨʠʦʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʡ ʤʝʭʘʥʠʟʤ 

ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʬʦʩʬʘʪʥʘʷ ʛʨʫʧʧʘ ʧʝʨʝʥʦʩʠʪʩʷ ʩ ɸʊʌ ʩʥʘʯʘʣʘ ʥʘ 

ʛʠʩʪʠʜʠʥ ʩʝʥʩʦʨʥʦʛʦ ʙʝʣʢʘ, ʘ ʟʘʪʝʤ ʥʘ ʘʩʧʘʨʪʘʪ ʙʝʣʢʘ-ʨʝʛʫʣʷʪʦʨʘ [8]. 

ʆʜʥʠʤ ʠʟ ʢʣʘʩʩʦʚ ʙʝʣʢʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʜʘʯʠ ʩʠʛʥʘʣʘ, ʷʚʣʷʶʪʩʷ 

ʛʫʘʥʠʥ-ʥʫʢʣʝʦʪʠʜ-ʩʚʷʟʳʚʘʶʱʠʝ ʙʝʣʢʠ, ʪʘʢʞʝ ʠʟʚʝʩʪʥʳʝ ʢʘʢ ɻʊʌ-ʩʚʷʟʳʚʘʶʱʠʝ ʙʝʣʢʠ 

ʠʣʠ G-ʙʝʣʢʠ [9]. ʕʪʠ ʙʝʣʢʠ ʢʘʪʘʣʠʟʠʨʫʶʪ ʛʠʜʨʦʣʠʪʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ɻʊʌ, ʚ ʨʝʟʫʣʴʪʘʪʝ 
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ʢʦʪʦʨʦʡ ʦʙʨʘʟʫʝʪʩʷ ʛʫʘʥʦʟʠʥʜʠʬʦʩʬʘʪ (ɻɼʌ). ɻʊʌ-ʙʝʣʢʠ ʨʘʟʜʝʣʷʶʪ ʥʘ ʜʚʘ ʢʣʘʩʩʘ: 

ʤʦʥʦʤʝʨʥʳʝ ʤʘʣʳʝ ɻʊʌʘʟʳ ʠ ʛʝʪʝʨʦʪʨʠʤʝʨʥʳʝ G-ʙʝʣʢʠ ʢʦʤʧʣʝʢʩʳ. ʂ ʧʝʨʚʦʤʫ ʠʟ ʥʠʭ 

ʦʪʥʦʩʠʪʩʷ ʩʫʧʝʨʩʝʤʝʡʩʪʚʦ ʙʝʣʢʦʚ Ras, ʢʦʪʦʨʦʝ ʧʦ ʩʪʨʫʢʪʫʨʝ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ 

ʚʳʧʦʣʥʷʝʤʳʤ ʬʫʥʢʮʠʷʤ ʜʝʣʠʪʩʷ ʥʘ ʧʷʪɹ ʦʩʥʦʚʥʳʭ ʩʝʤʝʡʩʪʚ Ras, Rho, Ran, Rab ʠ Arf . 

ʉʝʤʝʡʩʪʚʦ G-ʙʝʣʢʦʚ Ras ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʠʟʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʧʠʯʥʳʤʠ 

ɻʊʌʘʟʘʤʠ. ɸʢʪʠʚʠʨʫʶʱʠʝ ɻʊʌʘʟʫ ʙʝʣʢʠ, ʥʘʟʳʚʘʝʤʳʝ GAP, ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʷʶʪ 

ʛʠʜʨʦʣʠʟ ɻʊʌ ʚ Ras-ʙʝʣʢʘʭ. 

1.2.3. ʌʦʩʬʦʛʣʶʢʦʤʫʪʘʟʳ 

Ŭ- ʠ ɓ-ʬʦʩʬʦʛʣʶʢʦʤʫʪʘʟʳ (PGM) ʢʘʪʘʣʠʟʠʨʫʶʪ ʧʨʝʚʨʘʱʝʥʠʝ D-ʛʣʶʢʦʟʳ-1-ʬʦʩʬʘʪʘ 

(G1P) ʚ ʛʣʶʢʦʟʦ-6-ʬʦʩʬʘʪ (G6P) ʠ ʥʘʦʙʦʨʦʪ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʘ ʬʝʨʤʝʥʪʘ ʩʦʜʝʨʞʘʪ 

ʢʘʪʠʦʥ ʤʘʛʥʠʷ ʠ Ŭ- ʠ ɓ-ʛʣʶʢʦʟʦ-1,6-ʜʠʬʦʩʬʘʪ ʚ ʢʘʯʝʩʪʚʝ ʢʦʬʘʢʪʦʨʦʚ. ʈʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ 

ʯʝʨʝʟ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʬʦʩʬʦʬʝʨʤʝʥʪʘ ʢʘʢ ʨʝʟʫʣʴʪʘʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʛʣʶʢʦʟʦ-1,6-ʜʠʬʦʩʬʘʪʘ ʩ ʥʫʢʣʝʦʬʠʣʦʤ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʥʫʢʣʝʦʬʠʣʘ ʚ Ŭ-PGM ʚʳʩʪʫʧʘʝʪ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʩʝʨʠʥʘ, ʘ ʚ ɓ-PGM ï 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ. ʌʦʩʬʦʨʠʣʠʨʦʚʘʥʥʘʷ 

ʬʦʩʬʦʛʣʶʢʦʤʫʪʘʟʘ ʩʚʷʟʳʚʘʝʪʩʷ ʣʠʙʦ ʩ G1P, ʣʠʙʦ c G6P ʠ ʢʘʪʘʣʠʟʠʨʫʝʪ ʧʝʨʝʥʦʩ 

ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʥʘ C(6)OH ʠʣʠ C(1)OH ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [10].  

1.2.4. ʂʠʥʘʟʳ 

ʂʠʥʘʟʳ ï ʵʪʦ ʬʝʨʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʢʘʪʘʣʠʟʠʨʫʶʪ ʧʝʨʝʥʦʩ ɔ-ʬʦʩʬʘʪʘ ʦʪ ʜʦʥʦʨʦʚ 

ʬʦʩʬʘʪʦʚ ʢ ʦʧʨʝʜʝʣʝʥʥʳʤ ʩʫʙʩʪʨʘʪʘʤ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʠʟʚʝʩʪʝʥ ʢʘʢ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ, 

ʧʨʠ ʢʦʪʦʨʦʤ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʤʦʣʝʢʫʣʘ ɸʊʌ ʧʝʨʝʜʘʝʪ ʬʦʩʬʘʪʥʫʶ ʛʨʫʧʧʫ ʤʦʣʝʢʫʣʝ 

ʩʫʙʩʪʨʘʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʦʙʨʘʟʫʝʪʩʷ ʘʜʝʥʦʟʠʥʜʠʬʦʩʬʘʪ 

(ɸɼʌ) ʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʳʡ ʩʫʙʩʪʨʘʪ. ɹʦʣʴʰʠʥʩʪʚʦ ʢʠʥʘʟ ʩʦʜʝʨʞʠʪ ʢʘʪʠʦʥʳ ʤʘʛʥʠʷ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, ʢʦʪʦʨʳʝ ʫʯʘʩʪʚʫʶʪ ʚ ʢʦʦʨʜʠʥʠʨʦʚʘʥʠʠ ɸʊʌ. ʂʠʥʘʟʳ 

ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʫʙʩʪʨʘʪʘ, ʧʦʜʚʝʨʛʘʶʱʝʛʦʩʷ 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʶ [11]. ʆʩʥʦʚʥʳʝ ʛʨʫʧʧʳ ʚʢʣʶʯʘʶʪ ʧʨʦʪʝʠʥʢʠʥʘʟʳ (ʧʦʜʨʦʙʥʝʝ ʧʨʦ 
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ʦʜʥʫ ʠʟ ʧʨʦʪʝʠʥʢʠʥʘʟ ʙʫʜʝʪ ʠʟʣʦʞʝʥʦ ʚ ʨʘʟʜʝʣʝ 1.5), ʣʠʧʠʜʢʠʥʘʟʳ ʠ ʫʛʣʝʚʦʜʥʳʝ ʢʠʥʘʟʳ. 

ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʠʥʘʟ, ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʥʫʢʣʝʦʪʠʜʳ, 

ʪʘʢʠʝ ʢʘʢ ʥʫʢʣʝʦʟʠʜʬʦʩʬʘʪʢʠʥʘʟʘ ʠ ʥʫʢʣʝʦʟʠʜʜʠʬʦʩʬʘʪʢʠʥʘʟʘ. ɺ ʢʘʯʝʩʪʚʝ ʩʫʙʩʪʨʘʪʦʚ ʚ 

ʨʝʘʢʮʠʷʭ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ, ʢʘʪʘʣʠʟʠʨʫʝʤʳʭ ʢʠʥʘʟʘʤʠ, ʪʘʢʞʝ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʠ 

ʥʝʙʦʣʴʰʠʝ ʤʦʣʝʢʫʣʳ, ʪʘʢʠʝ ʢʘʢ ʢʨʝʘʪʠʥ, ʬʦʩʬʦʛʣʠʮʝʨʘʪ, ʨʠʙʦʬʣʘʚʠʥ, ʰʠʢʠʤʘʪ ʠ ʜʨʫʛʠʝ. 

1.2.5. ʌʝʨʤʝʥʪʳ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʢʘʨʙʦʢʩʠʬʦʩʬʘʪʦʤ 

ʎʝʣʳʡ ʨʷʜ ʬʝʨʤʝʥʪʦʚ ʢʘʪʘʣʠʟʠʨʫʝʪ ʧʨʦʮʝʩʩ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʙʠʢʘʨʙʦʥʘʪʘ, 

ʠʩʧʦʣʴʟʫʷ ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪ (ɸʊʌ) ʠʣʠ ʬʦʩʬʦʝʥʦʣʧʠʨʫʚʘʪ (ʌɽʇ) ʜʣʷ ʩʠʥʪʝʟʘ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ð ʢʘʨʙʦʢʩʠʬʦʩʬʘʪʘ. ʕʪʦʪ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʠʥʪʝʨʤʝʜʠʘʪ 

ʷʚʣʷʝʪʩʷ ʣʘʙʠʣʴʥʳʤ ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ ʚʩʪʫʧʘʝʪ ʚ ʨʝʘʢʮʠʶ ʩ ʘʤʤʠʘʢʦʤ, ʦʙʨʘʟʫʷ ʢʘʨʙʘʤʘʪ, 

ʠʣʠ ʢʘʨʙʦʢʩʠʣʠʨʫʝʪ ʘʢʮʝʧʪʦʨ. ʅʘʠʙʦʣʝʝ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʝ ʬʝʨʤʝʥʪʳ ʵʪʦʛʦ ʢʣʘʩʩʘ: 

ʌɽʇ-ʢʘʨʙʦʢʩʠʣʘʟʘ, ʙʠʦʪʠʥʢʘʨʙʦʢʩʠʣʘʟʘ ʠ ʢʘʨʙʘʤʦʠʣʬʦʩʬʘʪʩʠʥʪʝʪʘʟʘ.  

ʌɽʇ-ʢʘʨʙʦʢʩʠʣʘʟʘ [12] ʢʘʪʘʣʠʟʠʨʫʝʪ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʙʠʢʘʨʙʦʥʘʪʘ ʩ ʧʦʤʦʱʴʶ 

ʬʦʩʬʦʝʥʦʣʧʠʨʫʚʘʪʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʢʩʘʣʦʘʮʝʪʘʪʘ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʛʦ ʬʦʩʬʘʪʘ. 

ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʚʢʣʶʯʘʝʪ ʧʝʨʝʥʦʩ ʬʦʩʬʦʨʠʣʘ ʦʪ ʌɽʇ ʢ ʙʠʢʘʨʙʦʥʘʪʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʩʚʷʟʘʥʥʦʛʦ ʩ ʢʘʪʠʦʥʦʤ ʤʘʛʥʠʷ ʝʥʦʣʷʪʘ ʧʠʨʫʚʘʪʘ ʠ ʢʘʨʙʦʢʩʠʬʦʩʬʘʪʘ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ 

ʜʝʢʘʨʙʦʢʩʠʣʠʨʫʝʪʩʷ ʜʦ HP/  ʠ CO2. ʇʦʣʫʯʝʥʥʳʡ ʫʛʣʝʢʠʩʣʳʡ ʛʘʟ ʨʝʘʛʠʨʫʝʪ ʩ ʝʥʦʣʷʪʦʤ 

ʧʠʨʫʚʘʪʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʢʩʘʣʦʘʮʝʪʘʪʘ. 

ɺ ʬʝʨʤʝʥʪʘʭ ʙʠʦʪʠʥʢʘʨʙʦʢʩʠʣʘʟ r [13] ʠ ʢʘʨʙʘʤʦʠʣʬʦʩʬʘʪʩʠʥʪʝʪʘʟ r [14] 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʩ ʧʦʤʦʱʴʶ ɸʊʌ. ɺ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʙʠʦʪʠʥʢʘʨʙʦʢʩʠʣʘʟʳ ʧʨʦʠʩʭʦʜʠʪ ʢʘʨʙʦʢʩʠʣʠʨʦʚʘʥʠʝ ʙʠʦʪʠʥʘ. ʄʝʭʘʥʠʟʤ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ 

ʩʭʦʞ ʩ ʨʝʘʢʮʠʝʡ ʧʨʦʪʝʢʘʶʱʝʡ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʌɽʇ-ʢʘʨʙʦʢʩʠʣʘʟʳ. 

ʂʘʨʙʘʤʦʠʣʬʦʩʬʘʪʩʠʥʪʝʪʘʟʘ ʢʘʪʘʣʠʟʠʨʫʝʪ ʩʠʥʪʝʟ ʢʘʨʙʘʤʦʠʣʬʦʩʬʘʪʘ ʠʟ ʛʣʫʪʘʤʠʥʘ ʠʣʠ 

ʘʤʤʠʘʢʘ ʠ ʙʠʢʘʨʙʦʥʘʪʘ. ʂʘʨʙʦʢʩʠʬʦʩʬʘʪ, ʦʙʨʘʟʦʚʘʥʥʳʡ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝʤ 

ʙʠʢʘʨʙʦʥʘʪʘ ɸʊʌ, ʨʝʘʛʠʨʫʝʪ ʩ ʘʤʤʠʘʢʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʘʤʠʥʦʚʦʡ ʢʠʩʣʦʪʳ, ʢʦʪʦʨʘʷ 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʩʪʫʧʘʝʪ ʚ ʨʝʘʢʮʠʶ ʩʦ ʚʪʦʨʦʡ ʤʦʣʝʢʫʣʦʡ ɸʊʌ, ʦʙʨʘʟʫʷ ʢʘʨʙʘʤʦʠʣʬʦʩʬʘʪ 

ʠ ɸɼʌ. 
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1.2.6. ɸʊʌʘʟʳ ʠʣʠ ɸʊʌ-ʩʠʥʪʘʟʳ 

ɸʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪʘʟʳ (ɸʊʌʘʟʳ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʣʘʩʩ ʬʝʨʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ 

ʢʘʪʘʣʠʟʠʨʫʶʪ ʨʘʟʣʦʞʝʥʠʝ ɸʊʌ ʥʘ ɸɼʌ ʠ ʬʦʩʬʘʪ-ʠʦʥ. ʕʪʘ ʨʝʘʢʮʠʷ ʚʳʩʚʦʙʦʞʜʘʝʪ 

ʵʥʝʨʛʠʶ, ʢʦʪʦʨʫʶ ʬʝʨʤʝʥʪ ʠʩʧʦʣʴʟʫʝʪ ʜʣʷ ʟʘʧʫʩʢʘ ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ. ɸʊʌ-ʩʠʥʪʘʟʳ ï 

ʬʝʨʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʢʘʪʘʣʠʟʠʨʫʶʪ ʦʙʨʘʪʥʫʶ ʨʝʘʢʮʠʶ ï ʦʙʨʘʟʦʚʘʥʠʝ ɸʊʌ ʠʟ ɸɼʌ ʠ 

ʥʝʦʨʛʘʥʠʯʝʩʢʦʛʦ ʬʦʩʬʘʪʘ. ʂ ʢʣʘʩʩʫ ɸʊʌʘʟ ʦʪʥʦʩʷʪʩʷ ʪʘʢʠʝ ʬʝʨʤʝʥʪʳ, ʢʘʢ ʤʠʦʟʠʥ, 

ʢʠʥʝʟʠʥ ʠ F1-ɸʊʌʘʟʘ.  

ʄʠʦʟʠʥ ï ʵʪʦ ʤʦʪʦʨʥʳʡ ʙʝʣʦʢ, ʢʦʪʦʨʳʡ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ 

ʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʛʠʜʨʦʣʠʟʘ ɸʊʌ ʚ ʤʝʭʘʥʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʜʣʷ ʩʦʢʨʘʱʝʥʠʷ ʤʳʰʮ. 

ʂʠʥʝʟʠʥ ï ʤʦʪʦʨʥʳʡ ʙʝʣʦʢ, ʠʩʧʦʣʴʟʫʶʱʠʡ ʵʥʝʨʛʠʶ ʛʠʜʨʦʣʠʟʘ ɸʊʌ ʜʣʷ ʪʘʢʠʭ ʢʣʝʪʦʯʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʢʘʢ ʤʠʪʦʟ, ʤʝʡʦʟ ʠ ʪʨʘʥʩʧʦʨʪ ʚʝʟʠʢʫʣ. F1-ɸʊʌʘʟʘ ï ʵʪʦ ʚʨʘʱʘʪʝʣʴʥʳʡ ʙʝʣʦʢ-

ʤʦʪʦʨ, ʨʘʙʦʪʘʶʱʠʡ ʟʘ ʩʯʝʪ ʛʠʜʨʦʣʠʟʘ ɸʊʌ, ʢʦʪʦʨʳʡ ʚʳʩʚʦʙʦʞʜʘʝʤʫʶ ʵʥʝʨʛʠʶ 

ʛʠʜʨʦʣʠʟʘ ʧʨʝʦʙʨʘʟʫʝʪ ʚ ʤʝʭʘʥʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ [15], ʧʨʦʚʝʜʝʥʥʦʛʦ ʨʘʟʣʠʯʥʳʤʠ ʥʝʟʘʚʠʩʠʤʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ 

ʛʨʫʧʧʘʤʠ, ʚʳʷʚʠʣ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʛʠʜʨʦʣʠʟʘ ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪʘ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ 

ʫʢʘʟʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʧʦʜʯʠʥʷʝʪʩʷ ʦʙʱʠʤ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʤ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʙʨʘʟʫʝʪʩʷ ʤʝʪʘʬʦʩʬʘʪ, ʢʦʪʦʨʳʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ 

ʘʪʘʢʫʝʪʩʷ ʥʫʢʣʝʦʬʠʣʴʥʳʤ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʤ. ɸʪʘʢʫʶʱʘʷ ʚʦʜʘ ʢʦʦʨʜʠʥʠʨʫʝʪʩʷ 

ʛʣʫʪʘʤʘʪʥʳʤ ʦʩʥʦʚʘʥʠʝʤ ʠ ʢʘʨʙʦʥʠʣʴʥʦʡ ʛʨʫʧʧʦʡ ʦʩʥʦʚʥʦʡ ʮʝʧʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʦʪɦʝʧʠʪʴ ʧʨʦʪʦʥ ʦʪ ʚʦʜʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʠʜʨʦʢʩʠʣʴʥʦʛʦ ʥʫʢʣʝʦʬʠʣʘ. ɼʘʣʝʝ 

ʦʪʱʝʧʣʝʥʥʳʡ ʧʨʦʪʦʥ ʧʝʨʝʥʦʩʠʪʩʷ ʥʘ ɔ-ʬʦʩʬʘʪ ʚ ʩʚʷʟʘʥʥʦʤ ʧʨʦʜʫʢʪʝ ɸɼʌ ʩ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ ʬʦʩʬʘʪʦʤ. 

1.2.7. ʌʦʩʬʦʜʠʵʩʪʝʨʘʟʳ 

ʌʦʩʬʦʜʠʵʩʪʝʨʘʟʳ (ʌɼʕ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʣʘʩʩ ʬʝʨʤʝʥʪʦʚ, ʢʘʪʘʣʠʟʠʨʫʶʱʠʭ 

ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʜʠʵʬʠʨʥʳʭ ʩʚʷʟʝʡ [16]. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʦʜ ʪʝʨʤʠʥʦʤ 

çʬʦʩʬʦʜʠʵʩʪʝʨʘʟʳè ʧʦʜʨʘʟʫʤʝʚʘʶʪʩʷ ʮʠʢʣʠʯʝʩʢʠʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʳ, 

ʢʦʪʦʨʳʝ ʨʘʩʱʝʧʣʷʶʪ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ʚ ʤʦʣʝʢʫʣʘʭ çʚʪʦʨʠʯʥʳʭ ʤʝʩʩʝʥʜʞʝʨʦʚè, 
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ʪʘʢʠʭ ʢʘʢ ʮʠʢʣʠʯʝʩʢʠʡ ʘʜʝʥʦʟʠʥʤʦʥʦʬʦʩʬʘʪ (ɸʄʌ) ʠ ʮʠʢʣʠʯʝʩʢʠʡ 

ʛʫʘʥʦʟʠʥʤʦʥʦʬʦʩʬʘʪ (ɻʄʌ). ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʜʨʫʛʠʭ ʩʝʤʝʡʩʪʚ 

ʬʦʩʬʦʜʠʵʩʪʝʨʘʟ, ʚʢʣʶʯʘʷ ʬʦʩʬʦʣʠʧʘʟʳ C ʠ D, ʘʫʪʦʪʘʢʩʠʥ, ɼʅʂʘʟʳ ʠ ʈʅʂʘʟʳ. ʕʪʠ 

ʬʝʨʤʝʥʪʳ ʢʘʪʘʣʠʟʠʨʫʶʪ ʨʘʟʨʳʚ ʬʦʩʬʦʜʠʵʬʠʨʥʳʭ ʩʚʷʟʝʡ ʚ ɼʅʂ ʠʣʠ ʈʅʂ. 

1.2.8. ʅʫʢʣʝʦʪʠʜʠʣʪʨʘʥʩʬʝʨʘʟʳ 

ʅʫʢʣʝʦʪʠʜʠʣʪʨʘʥʩʬʝʨʘʟʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʛʨʫʧʧʫ ʬʝʨʤʝʥʪʦʚ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ 

ʢʣʘʩʩʫ ʪʨʘʥʩʬʝʨʘʟ, ʢʦʪʦʨʳʝ ʢʘʪʘʣʠʟʠʨʫʶʪ ʧʝʨʝʥʦʩ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʳʭ ʛʨʫʧʧ, ʪʘʢʠʭ ʢʘʢ 

ʥʫʢʣʝʦʪʠʜʠʣʦʚʳʝ ʦʩʪʘʪʢʠ ʠʣʠ ʥʫʢʣʝʦʟʠʜʤʦʥʦʬʦʩʬʘʪʳ. ʕʪʠ ʬʝʨʤʝʥʪʳ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ 

ʨʦʣʴ ʚ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʚʢʣʶʯʘʷ ʩʠʥʪʝʟ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ ʠ 

ʨʝʧʘʨʘʮʠʠ ɼʅʂ. 

1.2.9. ʌʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ 

ʂʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ ʨʘʥʝʝ ʚ ʨʘʟʜʝʣʝ 1.1, ʪʨʠʵʬʠʨʳ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʥʝ ʚʩʪʨʝʯʘʶʪʩʷ 

ʚ ʧʨʠʨʦʜʝ, ʘ ʧʦʧʘʜʘʶʪ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʪʨʦʧʦʛʝʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ. 

ʕʪʠ ʭʠʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʝʩʪʠʮʠʜʦʚ, ʠʥʩʝʢʪʠʮʠʜʦʚ ʠ 

ʘʥʪʠʧʠʨʝʥʦʚ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʠʭ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʵʢʦʩʠʩʪʝʤʘʭ. 

ʌʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ (ʌʊʕ ʠʣʠ PTE) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʬʝʨʤʝʥʪʳ, ʢʘʪʘʣʠʟʠʨʫʶʱʠʝ 

ʧʨʦʮʝʩʩ ʛʠʜʨʦʣʠʟʘ ʪʨʠʵʬʠʨʦʚ. ʀʭ ʦʪʢʨʳʪʠʝ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʙʣʘʛʦʜʘʨʷ ʠʟʫʯʝʥʠʶ 

ʤʝʭʘʥʠʟʤʦʚ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʝʢʦʪʦʨʳʭ ʚʠʜʦʚ ʥʘʩʝʢʦʤʳʭ ʢ ʠʥʩʝʢʪʠʮʠʜʘʤ ʠ ʩʧʦʩʦʙʥʦʩʪʠ 

ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ ʢ ʙʠʦʜʝʛʨʘʜʘʮʠʠ ʧʝʩʪʠʮʠʜʦʚ [17,18]. ʅʘʠʙʦʣʝʝ ʭʦʨʦʰʦ ʠʟʫʯʝʥʘ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʘ ʧʦʯʚʝʥʥʦʡ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta. ʇʦʜʨʦʙʥʝʝ ʧʨʦ ʵʪʦʪ 

ʬʝʨʤʝʥʪ ʙʫʜʝʪ ʠʟʣʦʞʝʥʦ ʚ ʨʘʟʜʝʣʝ 1.4. 
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1.3. ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʠ ʘʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ rʨʘʟʨʳʚʘ P-O ʩʚʷʟʠ 

ʅʫʢʣʝʦʬʠʣʴʥʦʝ ʟʘʤʝʱʝʥʠʝ ʚ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʧʦ 

ʨʘʟʣʠʯʥʳʤ ʤʝʭʘʥʠʟʤʘʤ (ʈʠʩʫʥʦʢ 1.3.1). ɺ ʧʨʦʮʝʩʩʝ ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʟʘʤʝʱʝʥʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʘʪʘʢʘ ʘʪʦʤʘ ʬʦʩʬʦʨʘ ʥʫʢʣʝʦʬʠʣʦʤ Nu: ʠ ʨʘʟʨʳʚ ʩʚʷʟʠ P-OLG, ʧʨʠʚʦʜʷʱʠʡ ʢ 

ʦʪʱʝʧʣʝʥʠʶ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ (-ORLG). ɼʘʥʥʘʷ ʨʝʘʢʮʠʷ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʚ ʦʜʥʫ 

(ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ) ʠʣʠ ʜʚʝ ʩʪʘʜʠʠ (ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ). ʂʨʦʤʝ ʪʦʛʦ, ʨʝʘʢʮʠʷ 

ʤʦʞʝʪ ʠʜʪʠ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʠʣʠ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ. ʇʨʠ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤ 

ʤʝʭʘʥʠʟʤʝ ʨʝʘʢʮʠʠ ʨʘʟʨʳʚ P-OLG ʩʚʷʟʠ ʧʨʝʜʰʝʩʪʚʫʝʪ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʝ ʠ ʦʙʨʘʟʫʝʪʩʷ 

ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʤʝʪʘʬʦʩʬʘʪ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʥʳʭ (DNAN) ʠ 

ʩʪʫʧʝʥʯʘʪʳʭ (DN+AN) ʨʝʘʢʮʠʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʘʩʩʦʮʠʘʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʝ, ʥʘʦʙʦʨʦʪ, 

ʥʫʢʣʝʦʬʠʣʴʥʘʷ ʘʪʘʢʘ ʧʨʦʠʩʭʦʜʠʪ ʜʦ ʨʘʟʨʳʚʘ P-OLG ʩʚʷʟʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩ ʧʝʥʪʘʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤ ʘʪʦʤʦʤ ʬʦʩʬʦʨʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʝʨʝʭʦʜʥʳʤ 

ʩʦʩʪʦʷʥʠʝʤ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʨʝʘʢʮʠʠ (ANDN) ʠʣʠ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʠʥʪʝʨʤʝʜʠʘʪʦʤ ʜʣʷ 

ʩʪʫʧʝʥʯʘʪʦʡ ʨʝʘʢʮʠʠ (AN+DN). ɺ ʩʣʫʯʘʝ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʩʪʝʧʝʥʴ ʦʙʨʘʟʦʚʘʥʠʷ 

ʩʚʷʟʠ P-Nu ʠ ʨʘʟʨʳʚʘ P-OLG ʩʚʷʟʠ ʦʧʨʝʜʝʣʷʝʪ ʧʦ ʢʘʢʦʤʫ ʧʫʪʠ (ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʠʣʠ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ) ʠʜʝʪ ʨʝʘʢʮʠʷ [19]. 

ʆʜʥʘ ʠʟ ʧʝʨʚʳʭ ʢʣʘʩʩʠʬʠʢʘʮʠʡ ʨʘʟʨʳʚʘ P-OLG ʚ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ 

ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ɺʦʨʰʝʣʦʤ [20], ʢʦʪʦʨʳʡ ʚ ʩʚʦʠʭ ʨʘʙʦʪʘʭ ʧʨʦʚʦʜʠʣ ʪʝʦʨʝʪʠʯʝʩʢʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥɻʝʨʛʠʠ ɻʠʙʙʩʘ ʥʝʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʛʠʜʨʦʣʠʟʘ 

ʤʦʥʦʤʝʪʠʣʬʦʩʬʘʪʘ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʚʩʝ ʩʦʩʪʦʷʥʠʷ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ 

ʬʦʩʬʘʪʥʳʭ ʛʨʫʧʧ ʠ ʜʚʝ ʬʦʨʤʳ ʥʫʢʣʝʦʬʠʣʘ (ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ ʠ ʤʦʣʝʢʫʣʘ ʚʦʜʳ). ɼʘʥʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ab initio ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʝʡ ʥʝʷʚʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʛʠʜʨʦʣʠʟ ʥʝʡʪʨʘʣʴʥʦʛʦ ʤʝʪʠʣʬʦʩʬʘʪʘ ʧʨʦʪʝʢʘʝʪ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʪʦʛʜʘ ʢʘʢ 

ʛʠʜʨʦʣʠʟ ʤʦʥʦ- ʠ ʜʠʘʥʠʦʥʥʳʭ ʤʝʪʠʣʬʦʩʬʘʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʩʦ ʩʭʦʞʠʤʠ ʘʢʪʠʚʘʮʠʦʥʥʳʤʠ 

ʙʘʨʴʝʨʘʤʠ (ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʙʘʨʴʝʨʘʤʠ ʥʠʞʝ ʧʦʛʨʝʰʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʝʪʦʜʘ) ʢʘʢ ʧʦ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʪʘʢ ʠ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʷʤ. ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʘʩʩʦʮʠʘʪʠʚʥʳʤ ʠ ʜʠʩʩʦʮʠʘʪʠʚʥʳʤ ʤʝʭʘʥʠʟʤʘʤʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʢʘʟʘʥʦ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʚʳʯʥʳʭ ʥʘʙʣʶʜʘʝʤʳʭ ʤʘʨʢʝʨʦʚ, ʥʘʧʨʠʤʝʨ, ʪʘʢʠʭ ʢʘʢ ʣʠʥʝʡʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʦ ɹʨʸʥʩʪʝʜʫ (LFER) ʠʣʠ ʠʟʦʪʦʧʥʳʡ ʵʬʬʝʢʪ [21]. ɸ 
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ʪʘʢʞʝ ʚ ʨʘʙʦʪʝ [22] ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʨʝʘʢʮʠʠ 

ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ. ʏʪʦ 

ʧʦʢʘʟʘʣʦ ʚʣʠʷʥʠʝ ὴὑ  ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʥʘ ʪʠʧ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ: ʧʨʠ ʚʳʩʦʢʦʤ 

ʟʥʘʯʝʥʠʠ ὴὑ  ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʘ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʤ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ. 

 

ʈʠʩʫʥʦʢ 1.3.1. ʄʝʭʘʥʠʟʤʳ ʨʘʟʨʳʚʘ P-OLG ʩʚʷʟʠ. ʅʫʢʣʝʦʬʠʣ Nu: ʘʪʘʢʫʝʪ ʘʪʦʤ ʬʦʩʬʦʨʘ ʠ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʳʚ P-OLG ʩʚʷʟʠ. ʈʝʘʢʮʠʷ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʩʦʛʣʘʩʦʚʘʥʥʦ ʯʝʨʝʟ ʦʙʨʘʟʦʚʘʥʠʝ 

ʦʜʥʦʛʦ ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (TS) ʠʣʠ ʚ ʜʚʝ ʩʪʘʜʠʠ (ʩʪʫʧʝʥʯʘʪʦ) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʠʥʪʝʨʤʝʜʠʘʪʘ (INT). ʇʨʠ ʘʩʩʦʮʠʘʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʝ ʦʙʨʘʟʦʚʘʥʠʝ ʩʚʷʟʠ P-Nu 

ʧʨʝʜʰʝʩʪʚʫʝʪ ʨʘʟʨʳʚʫ P-OLG ʩʚʷʟʠ (ʬʠʦʣʝʪʦʚʳʡ ʮʚʝʪ). ʇʨʠ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʝ ʩʥʘʯʘʣʘ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʳʚ P-OLG ʩʚʷʟʠ, ʘ ʟʘʪʝʤ ʦʙʨʘʟʦʚʘʥʠʝ ʩʚʷʟʠ P-Nu (ʨʦʟʦʚʳʡ ʮʚʝʪ) 

ʇʦʟʜʥʝʝ ʜʘʥʥʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʪʠʧʦʚ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʡ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʜʣʷ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ. ʇʨʘʨʦʜʠʪʝʣʝʤ ʪʘʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʘʣʦ ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʛʫʘʥʦʟʠʥʪʨʠʬʦʩʬʘʪʘ (ɻʊʌ) 

ʜʦ ʛʫʘʥʦʟʠʥʜʠʬʦʩʬʘʪʘ (ɻɼʌ) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʙʝʣʢʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ Ras-GAP. 

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʨʘʩʩʯʠʪʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʤʝʪʦʜʦʤ ʵʤʧʠʨʠʯʝʩʢʦʡ ʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ 

(EVB) ʦʪʥʝʩʣʠ ʢ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʪʠʧʫ ʨʝʘʢʮʠʠ [23]. ɺ ʩʚʷʟʠ ʩ ʙʠʦʤʝʜʠʮʠʥʩʢʦʡ 
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ʟʥʘʯʠʤʦʩʪʴʶ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ, ʘ ʪʘʢʞʝ ʨʘʟʚʠʪʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʨʦʩ ʠʥʪʝʨʝʩ ʢ 

ʜʘʣʴʥʝʡʰʝʤʫ ʠʟʫʯʝʥʠʶ ʵʪʦʡ ʨʝʘʢʮʠʠ. ʊʘʢ, ʚ 2010 ʛʦʜʫ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʙʳʣ 

ʧʝʨʝʩʤʦʪʨʝʥ ʚ ʥʝʩʢʦʣʴʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ [24,25] ʠ EVB ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ [26], 

ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʙʦʣʝʝ ʪʦʯʥʦ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʤʝʭʘʥʠʟʤ ʠ ʦʪʥʝʩʪʠ ʨʝʘʢʮʠʶ ʛʠʜʨʦʣʠʟʘ ɻʊʌ ʢ 

ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʪʠʧʫ.  

ʇʦʩʣʝʜʫʶʱʠʡ ʨʘʩʪʫʱʠʡ ʠʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʤʝʭʘʥʠʟʤʦʚ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʨʘʟʨʳʚʘ 

P-OLG ʩʚʷʟʠ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʚʝʣ ʢ ʘʢʪʠʚʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ 

ʪʝʨʤʠʥʦʣʦʛʠʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʪʠʧʦʚ ʤʝʭʘʥʠʟʤʦʚ ʠ ʩʜʝʣʘʣ ʝʝ ʦʙʱʝʧʨʠʥʷʪʦʡ [15,27]. 

ʆʜʥʘʢʦ, ʥʘʙʣʶʜʘʣʠʩʴ ʠ ʧʨʦʪʠʚʦʨʝʯʠʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ 

ʨʝʘʢʮʠʠ. ʅʘʧʨʠʤʝʨ, ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ɸʊʌ ʜʦ ʘʜʝʥʦʟʠʥʜʠʬʦʩʬʘʪʘ ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ ʤʠʦʟʠʥʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥ ʢʘʢ ʘʩʩʦʮʠʘʪʠʚʥʳʡ [28ï30]. 

ʆʜʥʘʢʦ, ʧʦʟʜʥʝʝ ʚ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [31ï33] ʙʳʣ ʜʦʢʘʟʘʥ ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ 

ʨʝʘʢʮʠʠ.  

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʠʪʴ ʪʠʧ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ, ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʨʫʛʠʝ ʧʦʜʭʦʜʳ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʧʨʦʚʦʜʷʪʩʷ ʢʠʥʝʪʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʜʣʷ ʛʦʤʦʣʦʛʠʯʝʩʢʠʭ ʨʷʜʦʚ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʣʠʥʝʡʥʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (LFER) [34]. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʘ 

ʨʝʘʢʮʠʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʘʥʘʣʠʟ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʩʠʣ [35], ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʜʚʘ 

ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʚ ʧʝʨʝʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʦʜʥʘʢʦ ʦʥ ʪʨʝʙʫʝʪ ʦʧʨʝʜʝʣʝʥʠ ̫ʩʪʘʮʠʦʥʘʨʥʦʡ 

ʪʦʯʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ (ʇʇʕ). ʊʘʢʞʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ 

ʤʝʭʘʥʠʟʤʘ ʤʦʞʥʦ ʨʘʩʩʯʠʪʳʚʘʪʴ ʢʠʥʝʪʠʯʝʩʢʠʡ ʠʟʦʪʦʧʥʳʡ ʵʬʬʝʢʪ ʠ ʵʥʪʘʣʴʧʠʶ/ʵʥʪʨʦʧʠʶ 

ʘʢʪʠʚʘʮʠʠ [36ï38], ʘ ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʴ ʤʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɼʣʷ ʵʪʦʛʦ ʪʨʝʙʫʝʪʩʷ 

ʨʘʩʯʝʪ ʧʦʣʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʨʘʩʯʝʪʦʚ 

ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʝʢ, ʦʪʚʝʯʘʶʱʠʭ ʤʠʥʠʤʫʤʘʤ ʠ ʧʝʨʝʭʦʜʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʥʘ ʇʇʕ, ʣʠʙʦ 

ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ.  

ʂʨʦʤʝ ʪʦʛʦ, ʦʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʫʨʘʚʥʝʥʠʷ ʇʦʣʠʥʛʘ [39], ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʜʨʦʙʥʦʝ ʯʠʩʣʦ ʩʚʷʟʝʡ (ὲ): 

 Ὀὲ Ὀὰ πȟφÌÏÇὲ, (1.3.1) 
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ʛʜʝ Ὀὲ ï ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʜʣʠʥʘʤʠ ʨʘʟʨʳʚʘʝʤʦʡ ʠ ʦʙʨʘʟʫʶʱʝʡʩʷ 

ʩʚʷʟʝʡ ʚ ʧʝʨʝʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ, Ὀὰ ï ʩʨʝʜʥʷʷ ʜʣʠʥʘ P-O ʩʚʷʟʠ, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ 

ʩʦʩʪʘʚʣʷʝʪ 1,73 ¡. ɿʥʘʯʝʥʠʝ ὲ ʦʧʨʝʜʝʣʷʝʪ ʩʦʙʦʡ ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʟʨʳʚʘ P-OLG ʩʚʷʟʠ ʧʦ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ.  

1.4. ʌʦʩʬʦʪʨʠʵʩʪʝʨʘʟʘ ʠʟ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta (Pd-PTE) 

1.4.1. ɸʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 

ʌʦʩʬʦʪʨʠʵʩʪʝʨʘʟʘ ʠʟ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta (Pd-PTE) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʛʦʤʦʜʠʤʝʨ ʩ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 72 ʢɼʘ, ʢʘʞʜʳʡ ʤʦʥʦʤʝʨ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʠʟ 329 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʘ ʠ ʩʚʦʨʘʯʠʚʘʝʪʩʷ ʚ (Ŭ/ɓ)8-ʙʦʯʢʫ (TIM-ʙʦʯʢʘ) [40]. ɸʢʪʠʚʥʳʡ 

ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ ʨʘʩʧʦʣʦʞʝʥ ʥʘ ʉ-ʢʦʥʮʝ ʮʝʥʪʨʘʣʴʥʦʛʦ ʷʜʨʘ ɓ-ʣʠʩʪʘ ʠ ʩʦʜʝʨʞʠʪ 

ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʡ ʮʝʥʪʨ (ʈʠʩʫʥʦʢ 1.4.1) [41ï49]. ʅʘʪʠʚʥʳʤ ʤʝʪʘʣʣʦʤ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ 

ʷʚʣʷʝʪʩʷ ʮʠʥʢ.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʤʝʪʘʣʣʦʬʝʨʤʝʥʪʘʭ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʣʠʛʘʥʜʦʤ ʜʣʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʮʠʥʢʦʚʳʭ ʮʝʥʪʨʦʚ ʚʳʩʪʫʧʘʶʪ ʦʩʪʘʪʢʠ ʛʠʩʪʠʜʠʥʘ. ɼʚʝ ʧʘʨʳ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʛʠʩʪʠʜʠʥʘ His55/His57 ʠ His201/His230 ʷʚʣʷʶʪʩʷ 

ʙʠʜʝʥʪʘʪʥʳʤʠ ʣʠʛʘʥʜʘʤʠ, ʧʨʠʯʝʤ ʧʝʨʚʘʷ ʧʘʨʘ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʧʝʨʚʠʯʥʳʤ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ 

ʮʝʥʪʨʦʤ ZnŬ, ʘ ʚʪʦʨʘʷ ï ʩʦ ʚʪʦʨʠʯʥʳʤ Znɓ. ʇʦʤʠʤʦ ʛʠʩʪʠʜʠʥʦʚ His55 ʠ His57 ʢʘʪʠʦʥ ZnŬ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥ ʩ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp301. ʂʨʦʤʝ ʪʦʛʦ, 

ʦʙʘ ʢʘʪʠʦʥʘ ʮʠʥʢʘ ʩʚʷʟʘʥʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʯʝʨʝʟ ʤʦʩʪʠʢʦʚʳʡ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ ʠ 

ʢʘʨʙʘʤʘʪʥʫʶ ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʛʨʫʧʧʫ ʢʘʨʙʦʢʩʠʣʠʨʦʚʘʥʦʛʦ ʣʠʟʠʥʘ Lys169 ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʝʨʚʠʯʥʳʡ ʮʝʥʪʨ ZnŬ ʠʤʝʝʪ ʪʨʠʛʦʥʘʣʴʥʦ-ʙʠʧʠʨʘʤʠʜʘʣʴʥʫʶ ʢʦʦʨʜʠʥʘʮʠʶ, ʘ 

ʚʪʦʨʠʯʥʳʡ Znɓ ï ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʠ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʧʦʜʚʝʨʞʝʥ ʚʣʠʷʥʠʶ 

ʨʘʩʪʚʦʨʠʪʝʣʷ [50]. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʨʦʣʠ ʛʠʩʪʠʜʠʥʦʚʳʭ ʦʩʪʘʪʢʦʚ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ Pd-PTE 

ʩʝʤʴ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʙʳʣʠ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʟʘʤʝʥʝʥʳ ʥʘ ʘʩʧʘʨʘʛʠʥ ʩ ʧʦʤʦʱʴʶ 

ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ [51]. ʉʨʘʚʥʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʤʫʪʘʥʪʥʳʭ 



25 

 

ʬʦʨʤ ʬʝʨʤʝʥʪʘ ʩ ʝʛʦ ʜʠʢʠʤ ʪʠʧʦʤ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʪʦʣʴʢʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ His123 

ʥʠʢʘʢ ʥʝ ʩʚʷʟʘʥ ʩ ʨʝʘʢʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʠʣʠ ʩʪʨʫʢʪʫʨʥʦʡ ʮʝʣʦʩʪʥʦʩʪʴʶ Pd-PTE. 

ɿʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ His257 ʠ His254 ʦʢʘʟʘʣʠ ʩʣʘʙʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʬʝʨʤʝʥʪʘ. 

 

ʈʠʩʫʥʦʢ 1.4.1. ʉʣʝʚʘ: ʩʪʨʫʢʪʫʨʘ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ ʠʟ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta (Pd-PTE), 

ʚ ʢʦʪʦʨʦʡ ʘʪʦʤʳ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʧʦʢʘʟʘʥʳ ʩʬʝʨʘʤʠ. ʉʧʨʘʚʘ: ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ Pd-PTE ʩ 

ʦʨʛʘʥʦʬʦʩʬʘʪʦʤ, ʛʜʝ ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʚʷʟʠ Ŭ ʠ ɓ ʢʘʪʠʦʥʦʚ 

ʤʝʪʘʣʣʘ Me2+ 

ʅʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʤ ʦʨʛʘʥʦʬʦʩʬʘʪʦʤ, ʛʠʜʨʦʣʠʟ ʢʦʪʦʨʦʛʦ ʢʘʪʘʣʠʟʠʨʫʝʪʩʷ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʦʡ Pd-PTE, ʷʚʣʷʝʪʩʷ ʧʘʨʘʦʢʩʦʥ (ʜʠʵʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ). ɼʣʷ 

ʢʦʤʧʣʝʢʩʘ ʧʘʨʘʦʢʩʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʳ ʨʘʟʣʠʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʠʟʫʯʝʥʠʶ 

ʩʚʷʟʳʚʘʥʠʷ ʧʘʨʘʦʢʩʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE ʠ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʝʛʦ ʛʠʜʨʦʣʠʟʘ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ ʜʦʩʪʫʧʥʦ ʪʨʠ ʢʘʨʤʘʥʘ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʪʨʝʭ 

ʬʦʩʬʘʪʥʳʭ ʛʨʫʧʧ (ʈʠʩʫʥʦʢ 1.4.2): ʤʘʣʳʡ ʢʘʨʤʘʥ (Gly60, Ile106, Leu303 ʠ Ser308), 

ʙʦʣʴʰʦʡ (His254, His257, Leu271 ʠ Met317) ʠ ʚʳʭʦʜʥʦʡ (Trp131, Phe132, Phe306 ʠ Tyr309) 

ʢʘʨʤʘʥʳ [52,53]. ɹʦʢʦʚʳʝ ʵʪʠʣʴʥʳʝ ʟʘʤʝʩʪʠʪʝʣʠ ʧʘʨʘʦʢʩʦʥʘ ʩʚʷʟʳʚʘʶʪʩʷ ʚ ʙʦʣʴʰʦʤ ʠ 

ʤʘʣʦʤ ʢʘʨʤʘʥʘʭ, ʘ ʫʭʦʜʷʱʘʷ ʛʨʫʧʧʘ ʦʨʛʘʥʦʬʦʩʬʘʪʘ ʩʚʷʟʳʚʘʝʪʩʷ ʚ ʚʳʭʦʜʥʦʤ ʢʘʨʤʘʥʝ. 
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ʈʠʩʫʥʦʢ 1.4.2. ʂʘʨʤʘʥʳ ʩʚʷʟʳʚʘʥʠʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 

1.4.2. ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ 

ʊʦʯʥʳʡ ʤʝʭʘʥʠʟʤ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʥʝ ʫʩʪʘʥʦʚʣʝʥ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʛʠʜʨʦʣʠʟ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ 

ʥʘʯʠʥʘʝʪʩʷ ʩ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʘʪʦʤʘ ʬʦʩʬʦʨʘ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʠʥʪʝʨʤʝʜʠʘʪʘ ʩ ʧʝʥʪʘʢʦʦʨʜʠʨʦʚʘʥʥʳʤ ʬʦʩʬʦʨʦʤ (ʈʠʩʫʥʦʢ 1.4.3) [47,50,54ï63]. ʅʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʧʘʨʘʦʢʩʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE. 

ʆʩʥʦʚʥʦʡ ʚʦʧʨʦʩ, ʧʦʜʥʠʤʘʝʤʳʡ ʚ ʦʙʩʫʞʜʝʥʠʷʭ ʤʝʭʘʥʠʟʤʘ ʜʘʥʥʦʡ ʨʝʘʢʮʠʠ, ʩʚʷʟʘʥ ʩʦ 

ʩʪʘʜʠʝʡ ʦʙʨʘʟʦʚʘʥʠʷ ʠʥʪʝʨʤʝʜʠʘʪʘ, ʘ ʠʤʝʥʥʦ ʩ ʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ. ɺ 

ʨʷʜʝ ʨʘʙʦʪ [54,59] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʠʥʪʝʨʤʝʜʠʘʪʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʩ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʥʘ ʘʩʧʘʨʘʛʠʥʦʚʫʶ ʢʠʩʣʦʪʫ Asp301 (ʈʠʩʫʥʦʢ 

1.4.3(ɹ)), ʪʦʛʜʘ ʢʘʢ ʚ ʜʨʫʛʠʭ ʨʘʙʦʪʘʭ [56,58,60] ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʧʨʦʪʦʥ ʦʩʪʘʝʪʩʷ ʥʘ 

ʥʫʢʣʝʦʬʠʣʴʥʦʤ ʢʠʩʣʦʨʦʜʝ ʚ ʭʦʜʝ ʚʩʝʡ ʨʝʘʢʮʠʠ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ 

ʷʚʣʷʝʪʩʷ ʧʨʦʪʦʥʠʨʦʚʘʥʥʘʷ ʬʦʨʤʘ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʦʛʦ ʧʨʦʜʫʢʪʘ (ʈʠʩʫʥʦʢ 1.4.3(ɸ)). 

ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ [56] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʘʟʣʠʯʠʷ ʚ ʧʨʠʨʦʜʝ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʤʦʛʫʪ ʦʧʨʝʜʝʣʷʪʴ 
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ʩʦʩʪʦʷʥʠʷ ʧʨʦʜʫʢʪʘ (ʧʨʦʪʦʥʠʨʦʚʘʥʥʘʷ ʠʣʠ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʘʷ ʬʦʨʤʘ). ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʦʮʝʥʢʠ ʩʦʩʪʦʷʥʠʷ ʧʨʦʪʦʥʠʨʦʚʘʥʠʷ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʩ ʧʦʤʦʱʴʶ ʨʘʩʯʝʪʦʚ 

ʧʦʪʝʥʮʠʘʣʦʚ ʩʨʝʜʥʝʡ ʩʠʣʳ (PMF). ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʘʨʘʦʢʩʦʥʘ ʧʨʦʪʦʥʠʨʦʚʘʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʧʨʦʜʫʢʪʘ ʛʠʜʨʦʣʠʟʘ ʥʘ 5,5 ʢʢʘʣ/ʤʦʣʴ ʩʪʘʙʠʣʴʥʝʝ ʥʝʧʨʦʪʦʥʠʨʦʚʘʥʥʦʛʦ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʚ ʩʣʫʯʘʝ ʜʠʵʪʠʣ-4-ʭʣʦʨʬʝʥʠʣʬʦʩʬʘʪʘ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʘʷ ʬʦʨʤʘ ʩʪʘʙʠʣʴʥʝʝ ʥʘ 

13,2 ʢʢʘʣ/ʤʦʣʴ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʧʘʨʘʦʢʩʦʥʘ ʩ ʫʯʘʩʪʠʝʤ 

çʮʝʥʪʨʘʣʴʥʦʡè ʤʦʣʝʢʫʣʳ ʚʦʜʳ (ʈʠʩʫʥʦʢ 1.4.3(ɺ)), ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʤʝʞʜʫ ʜʚʫʤʷ 

ʢʘʪʠʦʥʘʤʠ ʮʠʥʢʘ ʠ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʤ, ʢʦʪʦʨʳʡ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʢʦʦʨʜʠʥʠʨʫʝʪʩʷ 

ZnŬ [61,62]. ʆʜʥʘʢʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ ʦʙʣʘʜʘʝʪ ʜʦʩʪʘʪʦʯʥʦʡ 

ʥʫʢʣʝʦʬʠʣʴʥʦʩʪʴʶ ʜʣʷ ʧʨʷʤʦʡ ʘʪʘʢʠ ʥʘ ʬʦʩʬʦʨʥʦʡ ʮʝʥʪʨ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ 

ʨʝʘʢʮʠʠ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʦʢʘʟʳʚʘʶʪʩʷ ʥʠʞʝ [54,59].  

 

ʈʠʩʫʥʦʢ 1.4.3. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʤʝʭʘʥʠʟʤʳ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ. (ɸ) ʈʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʙʝʟ ʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ ʩ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʦʪʦʥʠʨʦʚʘʥʥʦʛʦ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ. (ɹ) ɺ ʭʦʜʝ ʦʙʨʘʟʦʚʘʥʠʷ 

ʠʥʪʝʨʤʝʜʠʘʪʘ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʩ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʥʘ ʘʩʧʘʨʘʛʠʥʦʚʫʶ ʢʠʩʣʦʪʫ 

Asp301 ʠ ʦʙʨʘʟʫʝʪʩʷ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʳʡ ʧʨʦʜʫʢʪ. (ɺ) ʄʝʭʘʥʠʟʤ ʘʥʘʣʦʛʠʯʥʳʡ ʤʝʭʘʥʠʟʤʫ (ɸ), ʥʦ 

ʚʢʣʶʯʘʶʱʠʡ çʮʝʥʪʨʘʣʴʥʫʶè ʤʦʣʝʢʫʣʫ ʚʦʜʳ, ʩʪʘʙʠʣʠʟʠʨʫʶʱʫʶ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ 
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ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʨʝʜʠ ʚʩʝʭ ʫʢʘʟʘʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʜʫʢʪʳ 

ʨʝʘʢʮʠʠ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʝʘʛʝʥʪʦʚ ʪʦʣʴʢʦ ʚ ʨʘʙʦʪʝ [59], ʚ ʜʨʫʛʠʭ ʩʣʫʯʘʷʭ 

ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʜʝʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʥʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʨʦʬʠʣʷʭ. ɺ ʨʘʙʦʪʘʭ [56,58,60] ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʚʫʭʫʨʦʚʥʝʚʳʡ ʧʦʜʭʦʜ, 

ʢʦʪʦʨʳʡ ʟʘʢʣʶʯʘʣʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ (AM1 ʠʣʠ PM3), ʘ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʧʦʣʫʯʝʥʥʳʭ ʵʥʝʨʛʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʝʦʨʠʶ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʂʦʥʘ-ʐʵʤʘ (ʊʌʇ) ʩ 

ʬʫʥʢʮʠʦʥʘʣʦʤ B3LYP. ʆʜʥʘʢʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʚ ʯʘʩʪʥʦʩʪʠ 

AM1 ʠ PM3 ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʦʚ ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ [64,65] ʠ 

ʤʝʪʘʣʣʦʬʝʨʤʝʥʪʦʚ [66]. ʇʦ ʩʣʦʚʘʤ ʘʚʪʦʨʦʚ, ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʙʳʣ ʚʳʙʨʘʥ ʚ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʊʌʇ ʪʨʝʙʦʚʘʣʦ ʚʳʩʦʢʠʭ ʚʨʝʤʝʥʥʳʭ ʠ ʨʝʩʫʨʩʥʳʭ ʟʘʪʨʘʪ. ʈʘʟʚʠʪʠʝ 

ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʱʥʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʩʠʩʪʝʤ [67]. 

ɺ ʨʘʙʦʪʝ [63] ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ kʢʘʪ ʠ kʢʘʪ/Km ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʨʦʣʠ Asp301. ɼʣʷ ʵʪʦʛʦ ʵʪʠ ʢʦʥʩʪʘʥʪʳ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʯʝʩʢʠ ʜʣʷ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ Asp301Ala ʠ 

Asp301Asn. ɿʘʤʝʥʘ ʟʘʨʷʞʝʥʥʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ ʥʘ 

ʥʝʟʘʨʷʞʝʥʥʳʡ ʘʣʘʥʠʥ ʠʣʠ ʘʩʧʘʨʘʛʠʥ ʧʨʠʚʦʜʠʪ ʢ ʧʘʜʝʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ 

ʬʝʨʤʝʥʪʘ ʥʘ 2-3 ʧʦʨʷʜʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ. ʇʦʥʠʞʝʥʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʨʠ ʟʘʤʝʥʝ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ ʥʘ ʥʝʟʘʨʷʞʝʥʥʳʝ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʘʢʮʝʧʪʦʨʘ ʜʣʷ ʧʨʦʪʦʥʘ 

ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ.  

1.4.3. ʂʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʆʧʨʝʜʝʣʝʥʠʝ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ Pd-PTE ʜʣʷ ʛʠʜʨʦʣʠʟʘ ʥʝʢʦʪʦʨʳʭ 

ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [68]. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʩʭʝʤʳ 

ʄʠʭʘʵʣʠʩʘ-ʄʝʥʪʝʥ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1.4.1. ʉʦʛʣʘʩʥʦ ʵʪʠʤ ʜʘʥʥʳʤ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʘ Pd-PTE ʛʠʜʨʦʣʠʟʫʝʪ ʧʘʨʘʦʢʩʦʥ ʩ kʢʘʪ = 2230 ʩ-1 ʠ ʜʠʙʫʪʠʣ-4-
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ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ ʩ kʢʘʪ = 570 ʩ-1 ʠ ʥʝ ʧʨʦʷʚʣʷʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩ ʪʘʢʠʤʠ 

ʦʨʛʘʥʦʬʦʩʬʘʪʘʤʠ, ʢʘʢ ʜʠʙʫʪʠʣʬʝʥʠʣʬʦʩʬʘʪ ʠ ʪʨʠʬʝʥʠʣʬʦʩʬʘʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ Pd-PTE ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ὴὑ  ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ.  

ʊʘʙʣʠʮʘ 1.4.1. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 30Áʉ [68] 

ʆʨʛʘʥʦʬʦʩʬʘʪ kʢʘʪ, c-1 Km, ʤʢʄ kʢʘʪ/Km, ʄ-1 Ā ʩ-1 

ʧʘʨʘʦʢʩʦʥ 2230 Ñ 40 140 Ñ 10 (2,4 Ñ 0,2) Ŀ 107 

ʜʠʙʫʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ 570 Ñ 40 380 Ñ 30 (1,5 Ñ 0,2) Ŀ 106 

ʜʠʙʫʪʠʣʬʝʥʠʣʬʦʩʬʘʪ - - (1,1 Ñ 0,1) Ŀ 100 

ʪʨʠʬʝʥʠʣʬʦʩʬʘʪ - - < 10-3 

 

ɿʘʤʝʥʘ ʢʘʪʠʦʥʦʚ ʮʠʥʢʘ ʥʘ ʜʨʫʛʠʝ ʜʚʫʭʚʘʣʝʥʪʥʳʝ ʤʝʪʘʣʣʳ ï ʢʘʜʤʠʡ, ʢʦʙʘʣʴʪ, 

ʤʘʨʛʘʥʝʮ ʠʣʠ ʥʠʢʝʣʴ ʥʝ ʚʣʠʷʝʪ ʥʘ ʢʦʥʬʦʨʤʘʮʠʶ ʙʝʣʢʘ, ʥʦ ʧʦʚʳʰʘʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ [51]. ʅʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ 

ʧʘʨʘʦʢʩʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE ʩ ʨʘʟʣʠʯʥʳʤʠ ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ (ʊʘʙʣʠʮʘ 1.4.2): 

kʢʘʪ = 2300 c-1 ʜʣʷ ʮʠʥʢʦʩʦʜʝʨʞʘʱʝʡ Pd-PTE, kʢʘʪ =  6000 ʩ-1 ʜʣʷ Pd-PTE ʩ ʢʘʜʤʠʝʤ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, kʢʘʪ = 7800 c-1 ʜʣʷ ʢʦʙʘʣʴʪʩʦʜʝʨʞʘʱʝʡ Pd-PTE. 

ʊʘʙʣʠʮʘ 1.4.2. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE, ʩʦʜʝʨʞʘʱʝʡ ʨʘʟʣʠʯʥʳʝ ʢʘʪʠʦʥʳ ʤʝʪʘʣʣʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 25Áʉ [51] 

ʂʘʪʠʦʥʳ kʢʘʪ, c-1 Km, ʤʢʄ kʢʘʪ/Km, ʄ-1 Ā ʩ-1 

Zn2+ 2300 68 3,4 Ŀ 107 

Cd2+ 6000 460 1,3 Ŀ 107 

Co2+ 7800 130 6,0 Ŀ 107 

 

ɺ ʨʘʙʦʪʝ [69] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʛʨʘʬʠʢʠ ɹʨʥyʩʪʝʜʘ, ʩʚʷʟʳʚʘʶʱʠʝ ὴὑ  ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʳ ʩ ʥʘʙʣʶʜʘʝʤʳʤʠ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, Vmax ʠ V/Km. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʝʡ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʢʘʢ ʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ, ʪʘʢ ʠ 

ʬʠʟʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʦʨʛʘʥʦʬʦʩʬʘʪʘ. ʊʦ ʝʩʪʴ, 

ʛʠʜʨʦʣʠʟ ʩʫʙʩʪʨʘʪʦʚ, ʫ ʢʦʪʦʨʳʭ ὴὑ  < 7, ʤʦʞʝʪ ʙʳʪʴ ʦʛʨʘʥʠʯʝʥ ʢʘʢʠʤ-ʣʠʙʦ ʬʠʟʠʯʝʩʢʠʤ 

ʧʨʦʮʝʩʩʦʤ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʥʦ ʩ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʠʣʠ 
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ʜʠʬʬʫʟʠʦʥʥʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ, ʚʳʟʚʘʥʥʳʤʠ ʩʚʷʟʳʚʘʥʠʝʤ ʩʫʙʩʪʨʘʪʘ ʠ/ʠʣʠ 

ʜʠʩʩʦʮʠʘʮʠʝʡ ʧʨʦʜʫʢʪʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʬʝʨʤʝʥʪʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʛʠʜʨʦʣʠʟ ʧʘʨʘʦʢʩʦʥʘ (ὴὑ  = 7,14) ʧʨʦʪʝʢʘʝʪ ʩʦ ʩʢʦʨʦʩʪʴʶ ʦʯʝʥʴ ʙʣʠʟʢʦʡ ʢ ʩʢʦʨʦʩʪʠ 

ʜʠʬʬʫʟʠʦʥʥʦ-ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʨʝʘʢʮʠʠ.  

1.5. ʇʨʦʪʝʠʥʢʠʥʘʟʘ A (PKA)  

1.5.1. ʈʦʣʴ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʚ ʛʣʫʪʘʤʘʪʝʨʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʤʦʟʛʘ ʯʝʣʦʚʝʢʘ 

ʅʦʨʤʘʣʴʥʘʷ ʜʝʷʪʝʣʴʥʦʩʪʴ ʮʝʥʪʨʘʣʴʥʦʡ ʥʝʨʚʥʦʡ ʩʠʩʪʝʤʳ (ʎʅʉ) ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʙʘʣʘʥʩʦʤ ʛʣʫʪʘʤʠʥʦʚʦʡ ʢʠʩʣʦʪʳ (Glu) ʠ ɔ-ʘʤʠʥʦʤʘʩʣʷʥʦʡ ʢʠʩʣʦʪʳ (ɻɸʄʂ): 

ʛʣʫʪʘʤʠʥʦʚʘʷ ʢʠʩʣʦʪʘ ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʚʦʟʙʫʞʜʘʶʱʠʤ ʤʝʜʠʘʪʦʨʦʤ, ʦʪʚʝʪʩʪʚʝʥʥʳʤ ʟʘ 

ʧʨʦʚʝʜʝʥʠʝ ʦʩʥʦʚʥʳʭ ʧʦʪʦʢʦʚ ʠʥʬʦʨʤʘʮʠʠ ʚ ʎʅʉ (ʩʝʥʩʦʨʥʳʝ ʩʠʛʥʘʣʳ, ʜʚʠʛʘʪʝʣʴʥʳʝ 

ʢʦʤʘʥʜʳ, ʧʘʤʷʪʴ), ʘ ɻɸʄʂ ï ʛʣʘʚʥʳʤ ʪʦʨʤʦʟʥʳʤ ʤʝʜʠʘʪʦʨʦʤ, ʟʘʧʨʝʱʘʶʱʠʤ ʧʨʦʚʝʜʝʥʠʝ 

çʥʝʥʫʞʥʦʡè ʠʥʬʦʨʤʘʮʠʠ (ʚʥʠʤʘʥʠʝ, ʜʚʠʛʘʪʝʣʴʥʳʡ ʢʦʥʪʨʦʣʴ). ʅʘʨʫʰʝʥʠʝ ʙʘʣʘʥʩʘ ʤʝʞʜʫ 

ʛʣʫʪʘʤʠʥʦʚʦʡ ʢʠʩʣʦʪʦʡ ʠ ɻɸʄʂ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʤʥʦʛʠʭ ʢʦʛʥʠʪʠʚʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ï 

ʩʠʥʜʨʦʤʘ ʜʝʬʠʮʠʪʘ ʚʥʠʤʘʥʠʷ ʠ ʛʠʧʝʨʘʢʪʠʚʥʦʩʪʠ, ʧʦʚʳʰʝʥʥʦʡ ʥʝʨʚʦʟʥʦʩʪʠ ʠ 

ʪʨʝʚʦʞʥʦʩʪʠ ʫ ʚʟʨʦʩʣʳʭ, ʥʘʨʫʰʝʥʠʷ ʩʥʘ ʠ ʙʝʩʩʦʥʥʠʮʳ, ʵʧʠʣʝʧʩʠʠ. ɿʘ ʧʦʜʜʝʨʞʘʥʠʝ ʵʪʦʛʦ 

ʙʘʣʘʥʩʘ ʦʪʚʝʪʩʪʚʝʥʥʘ ʛʣʫʪʘʤʘʪʝʨʛʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʤʦʟʛʘ ï ʙʘʟʦʚʘʷ ʩʠʩʪʝʤʘ ʧʘʤʷʪʠ ʠ 

ʦʙʫʯʝʥʠ ̫[70ï72].  

ɺʘʞʥʝʡʰʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʠʤʝʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʤʦʣʝʢʫʣ ʛʣʫʪʘʤʠʥʦʚʦʡ ʢʠʩʣʦʪʳ ʠ N-ʘʮʝʪʠʣʘʩʧʘʨʪʠʣʛʣʫʪʘʤʘʪʘ (NAAG) ʩ 

ʤʝʪʘʙʦʪʨʦʧʥʳʤʠ ʨʝʮʝʧʪʦʨʘʤʠ mGluR3 ʠ mGluR2. ʈʝʟʫʣʴʪʘʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ NAAG ʩ 

mGluR3 ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʘʮʠʷ ʢʘʣʴʮʠʡ-ʟʘʚʠʩʠʤʦʛʦ ʬʝʨʤʝʥʪʘ ʘʜʝʥʠʣʘʪʢʠʥʘʟʳ, ʢʦʪʦʨʳʡ 

ʢʘʪʘʣʠʟʠʨʫʝʪ ʭʠʤʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ɸʊʌ ʚ ʮɸʄʌ ʩ ʦʪʱʝʧʣʝʥʠʝʤ 

ʧʠʨʦʬʦʩʬʘʪʘ (ʈʠʩʫʥʦʢ 1.5.1). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʤʦʣʝʢʫʣʘ ʮɸʄʌ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ 

ʨʝʛʫʣʷʪʦʨʥʳʤʠ ʜʦʤʝʥʘʤʠ ʬʝʨʤʝʥʪʘ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ (PKA), ʧʝʨʝʜʘʚʘʷ ʩʠʛʥʘʣ ʚ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʜʦʤʝʥʳ PKA ʜʣʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʩʝʨʠʥʘ ʠʣʠ 

ʪʨʝʦʥʠʥʘ ʚ ʢʘʣʠʝʚʦʤ ʢʘʥʘʣʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʩʚʦʙʦʞʜʝʥʠʶ ʢʘʪʠʦʥʦʚ ʢʘʣʠʷ (K+) ʯʝʨʝʟ 

ʠʦʥʥʳʡ ʢʘʥʘʣ ʠ ʢ ʛʝʥʝʨʘʮʠʠ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʤʝʤʙʨʘʥʝ. ʌʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ PKA 
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ʩʫʙʲʝʜʠʥʠʮ AMPA-ʨʝʮʝʧʪʦʨʦʚ ʨʝʛʫʣʠʨʫʝʪ ʩʠʥʘʧʪʠʯʝʩʢʫʶ ʧʝʨʝʜʘʯʫ, ʣʝʞʘʱʫʶ ʚ ʦʩʥʦʚʝ 

ʥʝʡʨʦʧʣʘʩʪʠʯʥʦʩʪʠ, ʚʦʟʙʫʞʜʝʥʠʷ ʥʝʡʨʦʥʦʚ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚʥʝʰʥʠʭ ʩʪʠʤʫʣʦʚ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʠʛʥʘʣʳ.  

  

ʈʠʩʫʥʦʢ 1.5.1. ʉʭʝʤʘ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʛʣʫʪʘʤʘʪʝʨʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ 

ʤʦʟʛʘ ʯʝʣʦʚʝʢʘ [70] 

1.5.2. ʉʪʨʫʢʪʫʨʘ ʠ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ PKA 

ʇʨʦʪʝʠʥʢʠʥʘʟʘ ɸ (PKA) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʝʪʝʨʦʪʝʪʨʘʤʝʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʨʝʛʫʣʷʪʦʨʥʦʛʦ ʜʠʤʝʨʘ ʠ ʜʚʫʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʫʙʲʝʜʠʥʠʮ [73,74]. ʂʘʪʘʣʠʪʠʯʝʩʢʠʝ 

ʩʫʙʲʝʜʠʥʠʮʳ ʘʢʪʠʚʠʨʫʶʪʩʷ ʧʨʠ ʩʚʷʟʳʚʘʥʠʠ ʮʠʢʣʠʯʝʩʢʦʛʦ ʘʜʝʥʦʟʠʥʤʦʥʦʬʦʩʬʘʪʘ 

(ʮɸʄʌ) ʩ ʨʝʛʫʣʷʪʦʨʥʳʤ ʜʠʤʝʨʦʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʠʩʩʦʮʠʘʮʠʠ ʪʝʪʨʘʤʝʨʘ. 

ʂʘʪʘʣʠʪʠʯʝʩʢʘʷ ʩʫʙʲʝʜʠʥʠʮʘ ʩʦʩʪʦʠʪ ʠʟ ʤʘʣʦʡ ʜʦʣʠ (N-ʜʦʣʷ), ʙʦʣʴʰʦʡ ʜʦʣʠ (C-ʜʦʣʷ) ʠ 

ʱʝʣʠ ʤʝʞʜʫ ʥʠʤʠ (ʈʠʩʫʥʦʢ 1.5.2). ʄʘʣʘ ̫ ʜʦʣʷ, ʚʢʣʶʯʘʶʱʘʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʝʩʪʦ ʩʚʷʟʳʚʘʥʠʷ ʜʣʷ ɸʊʌ. ɹʦʣʴʰʘʷ ʜʦʣʷ 

ʩʦʜʝʨʞʠʪ ʦʪʢʨʳʪʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʜʦʩʪʫʧʥʫʶ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʧʝʧʪʠʜʥʳʭ ʩʫʙʩʪʨʘʪʦʚ, ʘ 

ʪʘʢʞʝ ʩʦʜʝʨʞʠʪ ʢʣʶʯʝʚʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ (ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ 

ʧʝʪʣʷ ʠʟ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ 166-171). ʆʩʥʦʚʘʥʠʝ ʱʝʣʠ ʤʝʞʜʫ ʤʘʣʦʡ ʠ ʙʦʣʴʰʦʡ 

ʜʦʣʷʤʠ ʦʙʨʘʟʫʝʪ ʛʣʫʙʦʢʠʡ ʛʠʜʨʦʬʦʙʥʳʡ ʢʘʨʤʘʥ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʘʜʝʥʠʥʦʚʦʛʦ ʢʦʣʴʮʘ 
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ɸʊʌ. ʀʤʝʥʥʦ ʚ ʵʪʦʡ ʱʝʣʠ ʧʨʦʠʩʭʦʜʠʪ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ 

ʩʫʙʩʪʨʘʪʘ ʤʦʣʝʢʫʣʦʡ ɸʊʌ.  

ʄʦʣʝʢʫʣʘ ɸʊʌ ʠʛʨʘʝʪ ʨʦʣʴ ʩʚʷʟʫʶʱʝʛʦ ʟʚʝʥʘ ʤʝʞʜʫ ʤʘʣʦʡ ʠ ʙʦʣʴʰʦʡ ʜʦʣʷʤʠ, 

ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʩ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʚ ʵʪʦʡ 

ʦʙʣʘʩʪʠ [75]. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʛʠʙʢʠʭ ʩʝʛʤʝʥʪʦʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʷʜʨʘ ʷʚʣʷʝʪʩʷ 

ʛʣʠʮʠʥ-ʙʦʛʘʪʘʷ ʧʝʪʣʷ (ʦʩʪʘʪʢʠ 50-55), ʢʦʪʦʨʘʷ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʠ ɔ-ʬʦʩʬʘʪʘ ɸʊʌ [76]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʝʪʣʷ, ʧʦʟʠʮʠʦʥʠʨʫʶʱʘʷ 

Mg2+ (ʦʩʪʘʪʢʠ 184-187), ʩʦʜʝʨʞʘʱʘʷ ʤʦʪʠʚ DFG (Asp184-Phe185-Gly186), ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ 

ʠʟ ʥʘʠʙʦʣʝʝ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʩʝʛʤʝʥʪʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʷʜʨʘ [77]. 

 

ʈʠʩʫʥʦʢ 1.5.2. ʉʣʝʚʘ: ʩʪʨʫʢʪʫʨʘ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ. ʉʪʨʫʢʪʫʨʥʳʝ ʤʦʪʠʚʳ ʦʙʦʟʥʘʯʝʥʳ ʮʚʝʪʦʤ: 

ʱʝʣʴ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ï ʞʝʣʪʳʡ, ʘʢʪʠʚʘʮʠʦʥʥʘʷ ʧʝʪʣʷ ï ʩʠʥʠʡ, ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʧʝʪʣʷ ï ʟʝʣʝʥʳʡ, 

ʛʣʠʮʠʥ-ʙʦʛʘʪʘʷ ʧʝʪʣʷ ï ʬʠʦʣʝʪʦʚʳʡ ʠ ʤʦʪʠʚ DFG ï ʦʨʘʥʞʝʚʳʡ. ʉʫʙʩʪʨʘʪ SP20 ʧʨʝʜʩʪʘʚʣʝʥ 

ʨʦʟʦʚʳʤ ʮʚʝʪʦʤ. ʉʧʨʘʚʘ: ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ. ʇʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʦʙʦʟʥʘʯʝʥʳ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʚʷʟʠ, ʪʦʯʝʯʥʦʡ ʩʠʥʝʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥʘ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʚʦʜʦʨʦʜʦʤ 

ʛʠʜʨʦʢʩʦ-ʛʨʫʧʧ rʩʫʙʩʪʨʘʪʘ ʠ ʦʩʪʘʪʢʦʤ Asp166 

ʂʘʪʘʣʠʪʠʯʝʩʢʠʡ ʮʝʥʪʨ PKA (ʈʠʩʫʥʦʢ 1.5.2), ʢʘʢ ʠ ʙʦʣʴʰʠʥʩʪʚʦ ʢʠʥʘʟ, ʩʦʜʝʨʞʠʪ 

ʢʘʪʠʦʥʳ ʤʘʛʥʠʷ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʧʦʩʢʦʣʴʢʫ ʤʘʛʥʠʡ 

ʫʚʝʣʠʯʠʚʘʝʪ ʩʨʦʜʩʪʚʦ ʬʝʨʤʝʥʪʘ ʢ ɸʊʌ [78]. ʂʘʪʠʦʥʳ ʤʘʛʥʠʷ ʩʯʠʪʘʶʪʩʷ 

ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʤ ʢʦʬʘʢʪʦʨʦʤ ʠʟ-ʟʘ ʠʭ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʢʣʝʪʢʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʜʨʫʛʠʤʠ ʠʦʥʘʤʠ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʤʝʪʘʣʣʦʚ. ʆʜʥʘʢʦ, ʜʨʫʛʠʝ ʢʘʪʠʦʥʳ ʜʚʫʭʚʘʣʝʥʪʥʳʭ 

ʤʝʪʘʣʣʦʚ ʤʦʛʫʪ ʟʘʤʝʱʘʪʴ Mg2+ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ. ʅʘʧʨʠʤʝʨ, ʢʘʪʠʦʥʳ ʤʘʨʛʘʥʮʘ, 

ʢʦʙʘʣʴʪʘ, ʢʘʣʴʮʠʷ, ʩʪʨʦʥʮʠʷ ʠ ʢʘʜʤʠʷ ʩʧʦʩʦʙʩʪʚʫʶʪ ʩʚʷʟʳʚʘʥʠʶ ɸʊʌ, ʥʦ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʩ ʢʘʪʠʦʥʘʤʠ ʤʘʨʛʘʥʮʘ, ʢʦʙʘʣʴʪʘ ʠ ʢʘʜʤʠʷ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ PKA [77]. ʂʨʦʤʝ ʪʦʛʦ, ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʪʠʦʥʦʚ ʤʘʛʥʠʷ ʚ 2-10 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʪʠʦʥʦʚ ʜʨʫʛʠʭ 

ʤʝʪʘʣʣʦʚ. 

ʆʜʠʥ ʠʟ ʢʘʪʠʦʥʦʚ ʤʘʛʥʠʷ (Mg1) ʦʙʨʘʟʫʝʪ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʚʷʟʠ ʩ ɓ- ʠ ɔ-ʬʦʩʬʘʪʘʤʠ 

ɸʊʌ, ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp184 ʠ ʜʚʫʤʷ ʤʦʣʝʢʫʣʘʤʠ 

ʚʦʜʳ. ɺʪʦʨʦʡ ʢʘʪʠʦʥ ʤʘʛʥʠʷ (Mg2) ʢʦʦʨʜʠʥʠʨʫʝʪʩʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ 

ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp184, ʘʩʧʘʨʘʛʠʥʘ Asn171, ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ, ʘ ʪʘʢʞʝ Ŭ- ʠ ɔ-

ʬʦʩʬʘʪʘʤʠ ɸʊʌ. ʂʨʦʤʝ ʪʦʛʦ, ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ PKA ʩʦʜʝʨʞʠʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʪʨʠʘʜʫ, 

ʚʢʣʶʯʘʶʱʫʶ ʚ ʩʝʙʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʣʠʟʠʥʘ Lys72, ʛʣʫʪʘʤʠʥʦʚʦʡ Glu91 ʠ 

ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪ Asp184. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʢʣʶʯʝʚʳʤ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʷʚʣʷʝʪʩʷ ʘʩʧʘʨʘʛʠʥʦʚʘʷ ʢʠʩʣʦʪʘ Asp166, ʢʦʪʦʨʘʷ 

ʷʚʣʷʝʪʩʷ ʘʢʮʝʧʪʦʨʦʤ ʧʨʦʪʦʥʘ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ [79ï81]. ɽʛʦ ʟʘʤʝʥʘ ʥʘ 

ʥʝʟʘʨʷʞʝʥʥʳʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʘʣʘʥʠʥ ʧʦʢʘʟʳʚʘʝʪ ʩʥʠʞʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ. ʊʘʢʞʝ ʦʪʤʝʯʘʝʪʩʷ ʚʘʞʥʘʷ ʨʦʣʴ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʣʠʟʠʥʘ 

Lys72 ʠ Lys168 ʚ ʩʚʷʟʳʚʘʥʠʠ ɸʊʌ ʠ ʚʦʟʤʦʞʥʦʡ ʧʦʩʣʝʜʫʶʱʝʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʝʨʝʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ [79,82ï84]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʟʘʤʝʥʝ ʣʠʟʠʥʘ Lys72 

ʧʦʢʘʟʘʣʠ ʩʥʠʞʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ, ʪʦʛʜʘ ʢʘʢ, ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ 

ʦʩʪʘʪʦʢ Lys168 ʥʝ ʷʚʣʷʝʪʩʷ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤ ʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʤʝʥʝʥ ʥʘ ʘʣʘʥʠʥ ʙʝʟ ʧʦʪʝʨʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ. 

1.5.3. ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ PKA 

ʇʨʦʪʝʠʥʢʠʥʘʟʘ ɸ ʬʦʩʬʦʨʠʣʠʨʫʝʪ ʦʩʪʘʪʢʠ ʩʝʨʠʥʘ ʠʣʠ ʪʨʝʦʥʠʥʘ ʚ ʙʝʣʢʦʚʳʭ 

ʩʫʙʩʪʨʘʪʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʩʧʝʮʠʬʠʯʥʳʝ ʢʦʥʩʝʥʩʫʩʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʪʠʧʘ [85]: Arg-

Arg-X-Ser/Thr-Y ʠ Arg-X-X-Arg-X-X-Ser/Thr-Y, ʛʜʝ X ï ʣʶʙʦʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ, 

Y ï ʙʦʣʴʰʦʡ ʛʠʜʨʦʬʦʙʥʳʡ ʦʩʪʘʪʦʢ (ʈʠʩʫʥʦʢ 1.5.3). ʂʘʥʦʥʠʯʝʩʢʠʤ ʧʩʝʚʜʦʩʫʙʩʪʨʘʪʦʤ 
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ʷʚʣʷʝʪʩʷ ʢʝʤʧʪʠʜ [86], ʧʦʣʫʯʘʝʤʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ PKA ʚ ʧʠʨʫʚʘʪʢʠʥʘʟʝ 

ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ Leu-Arg-Arg-Ala-Ser-Leu-Gly. ʊʘʢʞʝ ʠʟʚʝʩʪʝʥ ʪʝʨʤʦʩʪʘʙʠʣʴʥʳʡ 

ʠʥʛʠʙʠʪʦʨ ʧʨʦʪʝʠʥʢʠʥʘʟʳ (PKI) [87], ʩʦʩʪʦʷʱʠʡ ʠʟ 75 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʠ 

ʠʤʝʶʱʠʡ ʚʳʩʦʢʦʝ ʩʨʦʜʩʪʚʦ ʢ PKA. ʏʘʩʪʴ ʵʪʦʛʦ ʠʥʛʠʙʠʪʦʨʘ (ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 5-

24), IP20, ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʘʬʬʠʥʥʳʤ ʧʝʧʪʠʜ-ʠʥʛʠʙʠʪʦʨʦʤ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ. ɺ ʩʚʷʟʠ ʩ 

ʪʝʤ, ʯʪʦ IP20 ʚ ʩʘʡʪʝ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ (P) ʩʦʜʝʨʞʠʪ ʘʣʘʥʠʥ ʚʤʝʩʪʦ ʩʝʨʠʥʘ ʠʣʠ 

ʪʨʝʦʥʠʥʘ, ʦʥ ʩʯʠʪʘʝʪʩʷ ʧʩʝʚʜʦʩʫʙʩʪʨʘʪʦʤ. ɼʣʷ ʧʨʝʚʨʘʱʝʥʠʷ ʝʛʦ ʚ ʩʫʙʩʪʨʘʪ ʜʦʩʪʘʪʦʯʥʦ 

ʧʨʦʚʝʩʪʠ ʘʤʠʥʦʢʠʩʣʦʪʥʫʶ ʟʘʤʝʥʫ ʘʣʘʥʠʥʘ ʥʘ ʩʝʨʠʥ ʚ ʩʘʡʪʝ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ. ʊʘʢʫʶ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʫʙʩʪʨʘʪ PKS (ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʨʷʜ 14-22) [88]. 

ʆʜʥʘʢʦ ʧʨʠ ʠʟʫʯʝʥʠʠ PKI ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʟʘʤʝʥʘ ʘʩʧʘʨʘʛʠʥʘ ʥʘ ʘʣʘʥʠʥ ʚ 

ʧʦʣʦʞʝʥʠʠ P-1 ʩʥʠʞʘʝʪ ʩʪʝʧʝʥʴ ʩʚʷʟʳʚʘʥʠʷ ʠʥʛʠʙʠʪʦʨʘ, ʯʪʦ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ 

ʠʟʫʯʝʥʠʶ ʢʠʥʝʪʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʪʝʠʥʢʠʥʘʟʳ [89]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʙʳʣ 

ʩʠʥʪʝʟʠʨʦʚʘʥ ʩʫʙʩʪʨʘʪ SP20. ɼʣʷ ʩʫʙʩʪʨʘʪʦʚ ʢʝʤʧʪʠʜ ʠ PKS ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʧʨʝʜʝʣʝʥʳ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ: kʢʘʪ = 400 ʩ-1 ʜʣʷ 

ʢʝʤʧʪʠʜ ʠ kʢʘʪ = 170 ʩ-1 ʜʣʷ PKS [88]. 

 

ʈʠʩʫʥʦʢ 1.5.3. ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠʥʛʠʙʠʪʦʨʘ PKI ʠ ʩʫʙʩʪʨʘʪʦʚ PKS, SP20 ʠ 

ʢʝʤʧʪʠʜʘ, ʩʚʷʟʳʚʘʶʱʠʝʩʷ ʩ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʩʘʡʪʦʤ PKA. ʏʝʨʥʘʷ ʨʘʤʢʘ ʧʦʢʘʟʳʚʘʝʪ ʦʙʱʠʡ ʜʣʷ 

ʥʠʭ ʩʘʡʪ ʠʥʛʠʙʠʨʦʚʘʥʠʷ, ʟʘʥʠʤʘʶʱʠʡ ʧʦʟʠʮʠʠ ʦʪ P-3 ʜʦ P+1. ʂʨʘʩʥʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ 

ʦʩʪʘʪʢʠ, ʟʘʥʠʤʘʶʱʠʝ ʩʘʡʪ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ, ʩʠʥʠʤ ï ʛʠʜʨʦʬʦʙʥʳʡ ʦʩʪʘʪʦʢ, ʟʝʣʝʥʳʤ ï 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ X 

ʈʝʘʢʮʠʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʘʷʩʷ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ, ʤʦʞʝʪ 

ʧʨʦʪʝʢʘʪʴ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʠʣʠ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ɺ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤ 

ʧʝʨʝʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʟʨʳʚ ʩʚʷʟʠ ʤʝʞʜʫ ʬʦʩʬʦʨʥʳʤ ʮʝʥʪʨʦʤ ʠ ʘʪʦʤʦʤ ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʳ ʧʨʦʠʩʭʦʜʠʪ ʨʘʥʴʰʝ, ʯʝʤ ʦʙʨʘʟʦʚʘʥʠʝ ʩʚʷʟʠ ʩ ʘʪʦʤʦʤ ʥʫʢʣʝʦʬʠʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠ ̫ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʝʪʘʬʦʩʬʘʪ. ʀ ʥʘʦʙʦʨʦʪ, ʧʨʠ ʘʩʩʦʮʠʘʪʠʚʥʦʤ 

ʤʝʭʘʥʠʟʤʝ ʦʙʨʘʟʫʝʪʩʷ ʧʝʥʪʘʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʝ ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ɺ ʨʘʙʦʪʝ [90] ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʨʦʬʠʣʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʜʚʫʭ 

ʵʪʠʭ ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ SP20 ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ PKA. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʙʦʣʝʝ ʚʳʛʦʜʝʥ, ʯʝʤ ʘʩʩʦʮʠʘʪʠʚʥʳʡ. ʇʨʠʯʝʤ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʝ, ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʚ ʦʜʥʫ ʩʪʘʜʠʶ ʩ ʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʩ 

ʛʠʜʨʦʢʩʦ-ʛʨʫʧʧʳ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ ʥʘ ʢʠʩʣʦʨʦʜ ɸʊʌ. ʀ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢʦʡ ʠʟ 

ʢʠʩʣʦʨʦʜʦʚ ɸʊʌ ʷʚʣʷʝʪʩʷ ʘʢʮʝʧʪʦʨʦʤ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʚ 27,00 ʠ 

33,81 ʢʢʘʣ/ʤʦʣʴ. ɺ ʩʣʫʯʘʝ ʜʠʩʩʦʮʠʘʪʠʚʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʘʚʪʦʨʳ ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʨʝʘʢʮʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʚʘ ʵʪʘʧʘ: 1) ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʩʫʙʩʪʨʘʪʘ ʠ ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ 

ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʩʝʨʠʥʘ ʥʘ ʦʩʪʘʪʦʢ Asp166, 2) ʦʙʨʘʪʥʦʝ ʧʨʦʪʦʥʠʨʦʚʘʥʠʝ 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʛʦ ʩʫʙʩʪʨʘʪʘ. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʵʪʠʭ ʩʪʘʜʠʡ ʨʝʘʢʮʠʠ ʨʘʚʥʳ 9,22 

ʠ 5,32 ʢʢʘʣ/ʤʦʣʴ (ʠʣʠ 12,82 ʢʢʘʣ/ʤʦʣʴ ʜʣʷ ʜʨʫʛʦʛʦ ʢʠʩʣʦʨʦʜʘ ɸʊʌ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɺʦ ʤʥʦʛʠʭ ʧʨʦʪʝʠʥʢʠʥʘʟʘʭ ʵʪʘʧ ʧʝʨʝʥʦʩʘ ʬʦʩʬʦʨʠʣʘ ʩʯʠʪʘʝʪʩʷ ʣʠʤʠʪʠʨʫʶʱʝʡ 

ʩʪʘʜʠʝʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʮʠʢʣʘ. ʅʘ ʩʢʦʨʦʩʪʴ ʧʝʨʝʥʦʩʘ ʬʦʩʬʦʨʠʣʘ ʤʦʛʫʪ ʚʣʠʷʪʴ ʪʘʢʠʝ 

ʬʘʢʪʦʨʳ, ʢʘʢ ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʢʘʪʠʦʥʦʚ ʤʘʛʥʠʷ 

ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʫʙʩʪʨʘʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ʆʜʥʘʢʦ, ʚʳʩʚʦʙʦʞʜʝʥʠʝ 

ʧʨʦʜʫʢʪʦʚ ï ɸɼʌ ʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʛʦ ʩʫʙʩʪʨʘʪʘ ï ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʣʠʤʠʪʠʨʫʶʱʝʡ 

ʩʪʘʜʠʝʡ ʚ ʜʘʥʥʳʭ ʨʝʘʢʮʠʷʭ [78].  

1.6. ɹʝʣʦʢ ʦʪʢʨʳʪʦʡ ʨʘʤʢʠ ʩʯʠʪʳʚʘʥʠʷ 2 (ORF2p) 

1.6.1. ʆʙʨʘʪʥʘʷ ʪʨʘʥʩʢʨʠʧʮʠʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ORF2p 

ɼʣʠʥʥʳʡ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʡ ʷʜʝʨʥʳʡ ʵʣʝʤʝʥʪ-1 (LINE-1) ʧʨʠʥʘʜʣʝʞʠʪ ʢ 

ʨʝʪʨʦʪʨʘʥʩʧʦʥʦʟʦʥʘʤ ʩ ʥʝʜʣʠʥʥʳʤʠ ʢʦʥʮʝʚʳʤʠ ʧʦʚʪʦʨʘʤʠ (non-LTR), ʢʦʪʦʨʳʝ 

ʠʩʧʦʣʴʟʫʶʪ ʩʪʨʘʪʝʛʠʶ çʢʦʧʠʨʦʚʘʥʠʷ ʠ ʚʩʪʘʚʢʠè ʜʣʷ ʩʘʤʦʨʝʧʣʠʢʘʮʠʠ [91]. ʀʭ ʘʢʪʠʚʥʦʩʪʴ 

ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʘʙʝʨʨʘʥʪʥʦʡ ʪʨʘʥʩʢʨʠʧʮʠʠ, ʠʥʩʝʨʮʠʦʥʥʦʤʫ ʤʫʪʘʛʝʥʝʟʫ, 
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ʧʦʚʨʝʞʜʝʥʠʶ ɼʅʂ ʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ [92,93]. ʕʪʠ ʧʨʦʮʝʩʩʳ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ 

ʨʦʣʴ ʚ ʧʘʪʦʬʠʟʠʦʣʦʛʠʠ ʨʘʢʘ, ʘʫʪʦʠʤʤʫʥʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʧʨʦʮʝʩʩʦʚ ʩʪʘʨʝʥʠʷ. ʂʘʞʜʳʡ 

ʯʝʣʦʚʝʢ ʥʘʩʣʝʜʫʝʪ ʦʢʦʣʦ 100 ʧʦʪʝʥʮʠʘʣʴʥʦ ʘʢʪʠʚʥʳʭ ʢʦʧʠʡ LINE-1 ʩʨʝʜʠ ʧʦʣʫʤʠʣʣʠʦʥʘ 

ʥʝʘʢʪʠʚʥʳʭ ʢʦʧʠʡ LINE-1, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 17% ʛʝʥʦʤʘ ʯʝʣʦʚʝʢʘ [94]. ʇʦʣʥʦʩʪʴʶ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ LINE-1 ʢʦʜʠʨʫʝʪ ʪʨʠ ʙʝʣʢʘ: ORF0p, ORF1p ʠ ORF2p [95]. ʇʦʩʣʝʜʥʠʝ 

ʜʚʘ ʙʝʣʢʘ ʫʯʘʩʪʚʫʶʪ ʚ ʨʝʪʨʦʪʨʘʥʩʧʦʟʠʮʠʠ. ORF1p ʦʙʣʘʜʘʝʪ ʘʢʪʠʚʥʦʩʪʴʶ ʥʫʢʣʝʠʥʦʚʦʛʦ 

ʰʘʧʝʨʦʥʘ. ʊʦʛʜʘ ʢʘʢ ORF2p ʦʙʣʘʜʘʝʪ ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʪʘʟʥʦʡ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʡ ʤʠʰʝʥʴʶ 

1.6.2. ʉʪʨʫʢʪʫʨʘ ʠ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ORF2p 

ʌʝʨʤʝʥʪ ORF2p ʩʦʩʪʦʠʪ ʠʟ ʩʝʤʠ ʜʦʤʝʥʦʚ (ʈʠʩʫʥʦʢ 1.6.1): N-ʢʦʥʮʝʚʦʡ ʵʥʜʦʥʫʢʣʝʘʟʳ 

(EN, ʦʩʪʘʪʢʠ 1-238), ʢʘʨʙʦʢʩʠʢʦʥʮʝʚʦʛʦ ʜʦʤʝʥʘ (CTD, ʦʩʪʘʪʢʠ 1061-1275) ʠ ʧʷʪʠ 

ʦʩʥʦʚʥʳʭ ʜʦʤʝʥʦʚ ORF2p, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʪʨʠ ʢʘʥʦʥʠʯʝʩʢʠʭ ʜʦʤʝʥʘ ʦʙʨʘʪʥʦʡ 

ʪʨʘʥʩʢʨʠʧʪʘʟʳ: ʧʘʣʴʮʳ (ʦʩʪʘʪʢʠ 440-557), ʣʘʜʦʥʴ (ʦʩʪʘʪʢʠ 558-775) ʠ ʙʦʣʴʰʦʡ ʧʘʣʝʮ 

(ʦʩʪʘʪʢʠ 776-862), ʘ ʪʘʢʞʝ ʜʚʘ ʫʥʠʢʘʣʴʥʳʭ ʜʣʷ ORF2p ʜʦʤʝʥʘ: ʙʘʰʥʷ (ʦʩʪʘʪʢʠ 239-439) ʠ 

ʟʘʧʷʩʪʴʝ (ʦʩʪʘʪʢʠ 863-1061) [96]. EN ʜʦʤʝʥ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʤ ʠ ʦʪʚʝʯʘʝʪ ʟʘ 

ʦʙʨʘʟʦʚʘʥʠʝ ʨʘʟʨʳʚʦʚ ɼʅʂ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʦʤʝʥʘʤʠ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʪʘʟʳ ʜʣʷ 

ʠʥʠʮʠʘʮʠʠ ʩʠʥʪʝʟʘ ʢɼʅʂ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚʩʪʘʚʦʢ LINE-1 de novo. ɼʦʤʝʥʳ 

EN ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʦʣʝʨʘʥʪʥʦʩʪʴ ʢ ʦʜʠʥʦʯʥʳʤ ʠ ʤʥʦʞʝʩʪʚʝʥʥʳʤ ʪʦʯʝʯʥʳʤ ʤʫʪʘʮʠʷʤ 

ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʥʘʨʫʰʝʥʠʷ ʠʭ ʩʧʦʩʦʙʥʦʩʪʠ ʚʳʟʳʚʘʪʴ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ. ɼʦʤʝʥʳ 

ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʪʘʟʳ ʠʩʧʦʣʴʟʫʶʪ 3-ʛʠʜʨʦʢʩʠʣʴʥʫʶ ʮʝʧʴ ɼʅʂ, ʨʘʩʱʝʧʣʝʥʥʫʶ 

ʭʨʦʤʦʩʦʤʦʡ, ʜʣʷ ʩʦʟʜʘʥʠʷ ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ɼʅʂ. ɼʦʤʝʥ ʙʘʰʥʠ ʠʤʝʝʪ ʩʧʠʨʘʣʠ ʠ ʛʠʙʢʠʡ 

ʣʠʥʢʝʨ ʩ ʜʦʤʝʥʦʤ EN, ʧʨʠ ʵʪʦʤ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 270-274 ʦʪʚʝʯʘʶʪ ʟʘ ʩʥʠʞʝʥʠʝ 

ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʠ ORF2p. ɼʦʤʝʥ CTD ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʈʅʂ-ʤʘʪʨʠʮʝʡ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʨʘʩʢʨʫʯʠʚʘʥʠʶ ʈʅʂ.  
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ʈʠʩʫʥʦʢ 1.6.1. ʉʪʨʫʢʪʫʨʘ ʙʝʣʢʘ ORF2p: ʩʣʝʚʘ ï ʦʪʢʨʳʪʘʷ ʢʦʥʬʦʨʤʘʮʠʷ, ʩʧʨʘʚʘ ï ʟʘʢʨʳʪʘʷ 

ʢʦʥʬʦʨʤʘʮʠʷ. ʎʚʝʪʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʩʝʤʴ ʜʦʤʝʥʦʚ ORF2p 

 

ʈʠʩʫʥʦʢ 1.6.2. ɸʢʪʠʚʥʳʡ ʮʝʥʪʨ ORF2p, ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʪʨʠʘʜʫ ʠʟ ʪʨʝʭ 

ʘʩʧʘʨʘʛʠʥʦʚʳʭ ʢʠʩʣʦʪ ʠ ʢʘʪʠʦʥ ʤʘʛʥʠʷ, ʢʦʪʦʨʳʡ ʢʦʦʨʜʠʥʠʨʫʝʪ ʥʫʢʣʝʦʪʠʜ ʪʠʤʠʜʠʥʪʨʠʬʦʩʬʘʪ 

(dTTP). ʇʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʦʙʦʟʥʘʯʝʥʳ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʚʷʟʠ ʢʘʪʠʦʥʘ ʤʘʛʥʠʷ, ʪʦʯʝʯʥʦʡ 

ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥʘ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʩ ʈʅʂ 

ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʙʝʣʢʘ ORF2p, ʘ ʠʤʝʥʥʦ ʝʛʦ ʢʦʥʬʦʨʤʘʮʠʠ, ʩʠʣʴʥʦ ʚʣʠʷʶʪ 

ʥʘ ʝʛʦ ʘʢʪʠʚʥʦʩʪʠ. ɺ ʦʪʢʨʳʪʦʡ ʢʦʥʬʦʨʤʘʮʠʠ (ʠʣʠ ʦʪʢʨʳʪʦʝ ʢʦʣʴʮʦ) ORF2p ʩʢʣʦʥʝʥ ʢ 

ʨʝʪʨʦʪʨʘʥʩʧʦʟʠʮʠʠ, ʘ ʟʘʢʨʳʪʘʷ ʢʦʥʬʦʨʤʘʮʠʷ (ʠʣʠ ʟʘʢʨʳʪʦʝ ʢʦʣʴʮʦ), ʚ ʢʦʪʦʨʦʡ ʜʦʤʝʥʳ 

ʙʘʰʥʷ ʠ CTD ʨʘʩʧʦʣʦʞʝʥʳ ʙʣʠʟʢʦ ʢ ʜʨʫʛ ʜʨʫʛʫ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʜʝʨʞʘʥʠʶ ʈʅʂ. ʊʘʢʞʝ 
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ʚʳʜʝʣʷʶʪ ʜʚʝ ʢʦʥʬʦʨʤʘʮʠʠ ORF2p, ʦʪʣʠʯʘʶʱʠʝʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ 

ʜʦʤʝʥʦʚ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʪʘʟʳ (ʧʘʣʴʮʳ, ʣʘʜʦʥʴ, ʙʦʣʴʰʦʡ ʧʘʣʝʮ) ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ 

ʜʨʫʛʘ: çʙʦʣʴʰʦʡ ʧʘʣʝʮ ʚʚʝʨʭè ʠ çʙʦʣʴʰʦʡ ʧʘʣʝʮ ʚʥʠʟè. ʂʦʥʬʦʨʤʘʮʠʷ çʙʦʣʴʰʦʡ ʧʘʣʝʮ 

ʚʚʝʨʭè ʘʢʪʠʚʥʘ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʫʧ ʢ ʘʢʪʠʚʥʦʤʫ ʮʝʥʪʨʫ ʜʣʷ ʈʅʂ-ʤʘʪʨʠʮʳ, ʪʦʛʜʘ ʢʘʢ 

ʢʦʥʬʦʨʤʘʮʠʷ çʙʦʣʴʰʦʡ ʧʘʣʝʮ ʚʥʠʟè, ʥʘʦʙʦʨʦʪ, ʥʝʘʢʪʠʚʥʘ. ʇʨʠ ʵʪʦʤ, ʚ ʢʦʥʬʦʨʤʘʮʠʠ 

çʙʦʣʴʰʦʡ ʧʘʣʝʮ ʚʥʠʟè ʜʦʤʝʥ ʙʦʣʴʰʦʡ ʧʘʣʝʮ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʠ ʟʘʥʠʤʘʝʪ 

ʩʘʡʪ ʩʚʷʟʳʚʘʥʠʷ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ.  

ʇʨʦʮʝʩʩ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ (ʈʠʩʫʥʦʢ 1.6.1), 

ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʦʞʝʥ ʚ ʜʦʤʝʥʝ ʣʘʜʦʥʠ. ɸʢʪʠʚʥʳʡ ʮʝʥʪʨ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʪʨʠʘʜʫ ʠʟ ʪʨʝʭ ʘʩʧʘʨʘʛʠʥʦʚʳʭ ʢʠʩʣʦʪ Asp600, Asp702 ʠ Asp703 ʠ ʢʘʪʠʦʥ ʤʘʛʥʠʷ, ʢʦʪʦʨʳʡ 

ʦʪʚʝʯʘʝʪ ʟʘ ʩʚʷʟʳʚʘʥʠʝ ʠ ʢʦʦʨʜʠʥʘʮʠʶ ʪʨʠʬʦʩʬʘʪʦʚ, ʠʟ ʢʦʪʦʨʳʭ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʜʦʩʪʨʘʠʚʘʝʪʩʷ ɼʅʂ. 
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ɻʣʘʚʘ 2. ʄʝʪʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

2.1. ʄʝʪʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ 

ɺ ʧʨʦʮʝʩʩʝ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʦʧʠʩʳʚʘʪʴʩʷ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʣʦʞʝʥʠʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ (ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ) ʠʣʠ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʝʮʠʬʠʢʠ ʟʘʜʘʯʠ ʠ ʤʘʩʰʪʘʙʦʚ ʠʩʩʣʝʜʫʝʤʦʡ 

ʩʠʩʪʝʤʳ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʙʦʣʴʰʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ, ʪʘʢʠʭ ʢʘʢ ʙʠʦʣʦʛʠʯʝʩʢʠʝ 

ʤʘʢʨʦʤʦʣʝʢʫʣʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʜʭʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ [97]. 

ʆʩʥʦʚʦʧʦʣʘʛʘʶʱʠʤ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ, ʥʘ ʢʦʪʦʨʦʤ ʙʘʟʠʨʫʶʪʩʷ ʤʝʪʦʜʳ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ, ʷʚʣʷʝʪʩʷ ʘʜʠʘʙʘʪʠʯʝʩʢʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ɹʦʨʥʘ-

ʆʧʧʝʥʛʝʡʤʝʨʘ [98]. ʕʪʦ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʨʘʟʜʝʣʠʪʴ ʜʚʠʞʝʥʠʝ ʷʜʝʨ ʠ ʵʣʝʢʪʨʦʥʦʚ, 

ʧʨʝʜʩʪʘʚʣʷʷ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ ʢʘʢ ʬʫʥʢʮʠʶ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʷʜʝʨʥʳʭ ʢʦʦʨʜʠʥʘʪ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʦʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʴ ʘʪʦʤʦʚ, ʩʚʷʟʘʥʥʳʭ 

ʛʘʨʤʦʥʠʯʝʩʢʠʤʠ ʩʠʣʘʤʠ. 

ɺ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʝ ʧʨʠʤʝʥʷʶʪʩʷ ʜʚʘ ʢʣʶʯʝʚʳʭ ʜʦʧʫʱʝʥʠʷ: ʘʜʜʠʪʠʚʥʦʩʪʴ ʠ 

ʧʝʨʝʥʦʩʠʤʦʩʪʴ. ʇʝʨʚʦʝ ʜʦʧʫʱʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ 

ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʢʘʢ ʩʫʤʤʘ ʧʦʪʝʥʮʠʘʣʦʚ, ʦʧʠʩʳʚʘʶʱʠʭ ʢʦʚʘʣʝʥʪʥʳʝ (ʨʘʩʪʷʞʝʥʠʝ 

ʩʚʷʟʝʡ, ʠʟʤʝʥʝʥʠʝ ʚʘʣʝʥʪʥʳʭ ʠ ʪʦʨʩʠʦʥʥʳʭ ʫʛʣʦʚ) ʠ ʥʝʢʦʚʘʣʝʥʪʥʳʝ (ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʠʣʳ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ ʠ ʜʨʫʛʠʝ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ɺʪʦʨʦʝ ʜʦʧʫʱʝʥʠʝ ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʬʫʥʢʮʠʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ 

ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʥʘʙʦʨʘ ʤʦʣʝʢʫʣ, ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʥʘ ʜʨʫʛʠʝ ʤʦʣʝʢʫʣʳ ʩ 

ʘʥʘʣʦʛʠʯʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ. 

ʉʦʚʦʢʫʧʥʦʩʪʴ ʬʫʥʢʮʠʡ ʠ ʥʘʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʨʘʩʯʝʪʘ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʚ ʨʘʤʢʘʭ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ, ʥʘʟʳʚʘʝʪʩʷ ʩʠʣʦʚʳʤ 

ʧʦʣʝʤ [99]. ʂʦʥʢʨʝʪʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʥʘ ʩʦʩʪʘʚʣʷʶʱʠʝ ʟʘʚʠʩʠʪ ʦʪ 

ʩʠʣʦʚʦʛʦ ʧʦʣʷ, ʥʦ ʦʙʱʘʷ ʬʦʨʤʘ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʢʘʢ: 

 Ὁ̏ ̂̚  Ὁ̒ Ȣ̃  Ὁ̔ Ȣ̄  Ὁ̓ ̏̑̒Ȣ  Ὁˏ ̅ˏ Ὁ̞ Ȣ̌  Ὁ̅ Ȣ̑ (2.1.1) 
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ʛʜʝ ʧʝʨʚʳʝ ʪʨʠ ʚʢʣʘʜʘ ʦʪʥʦʩʷʪʩʷ ʢ ʢʦʚʘʣʝʥʪʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ. ɺʢʣʘʜʳ Ὁ̒ Ȣ̃ ʠ Ὁ̔ Ȣ̄ 

ʦʪʚʝʯʘʶʪ ʟʘ ʨʘʩʪʷʞʝʥʠʝ ʩʚʷʟʝʡ ʠ ʠʟʤʝʥʝʥʠʝ ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ ʠ ʯʘʩʪʦ ʦʧʠʩʳʚʘʶʪʩʷ 

ʧʨʦʩʪʳʤ ʛʘʨʤʦʥʠʯʝʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ. ʉʣʘʛʘʝʤʦʝ  Ὁ̓ ̏̑̒Ȣ ʦʪʚʝʯʘʝʪ ʟʘ ʜʝʬʦʨʤʘʮʠʶ 

ʜʚʫʛʨʘʥʥʳʭ ʫʛʣʦʚ ʠ ʟʘʜʘʝʪʩʷ ʪʨʠʛʦʥʦʤʝʪʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ. ʂ ʥʝʢʦʚʘʣʝʥʪʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ ʦʪʥʦʩʷʪʩʷ ʚʢʣʘʜʳ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ (Ὁˏ ̅)ˏ, ʯʘʩʪʦ 

ʦʧʠʩʳʚʘʝʤʳʭ ʧʦʪʝʥʮʠʘʣʦʤ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ (Ὁ̞ Ȣ̌), 

ʦʧʨʝʜʝʣʷʝʤʳʭ ʟʘʢʦʥʦʤ ʂʫʣʦʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʩʚʦʡ ʚʢʣʘʜ ʚ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʜʘʚʘʪʴ 

ʠ ʜʨʫʛʠʝ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (Ὁ̅ Ȣ̑), ʢʫʜʘ ʤʦʛʫʪ ʚʭʦʜʠʪʴ ʵʥʝʨʛʠʠ ʚʦʜʦʨʦʜʥʳʭ 

ʩʚʷʟʝʡ ʠʣʠ ʧʝʨʝʢʨʸʩʪʥʳʝ ʩʣʘʛʘʝʤʳʝ, ʦʧʠʩʳʚʘʶʱʠʝ ʚʟʘʠʤʥʦʝ ʚʣʠʷʥʠʝ 

ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʜʨʫʛ ʥʘ ʜʨʫʛʘ. ʊʦʛʜʘ ʙʦʣʝʝ ʨʘʟʚʝʨʥʫʪʦʝ ʚʳʨʘʞʝʥʠʝ 

ʜʣʷ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ: 

 Ὁ̏ ̂Ȣ̚ В Ὧ Ὠ Ὠ̒Ȣ̃ В Ὧ • •̔Ȣ̄ В Ὧ ρ ὧέίὲ— —̓̏̑̒Ȣ  

  В ‐ ςˏ̅ˏ В̞ Ȣ̌ Ὁ̅ Ȣ̑ (2.1.2) 

ʛʜʝ Ὠȟ•ȟ— ï ʪʝʢʫʱʠʝ ʟʥʘʯʝʥʠʷ ʜʣʠʥʳ ʩʚʷʟʠ, ʚʝʣʠʯʠʥʳ ʚʘʣʝʥʪʥʦʛʦ ʠ ʜʚʫʛʨʘʥʥʦʛʦ ʫʛʣʦʚ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ὯȟὯȟὯ ï ʩʠʣʦʚʳʝ ʢʦʥʩʪʘʥʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʪʝʥʮʠʘʣʦʚ, Ὠȟ• ï 

ʨʘʚʥʦʚʝʩʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʠʥʳ ʩʚʷʟʠ ʠ ʚʘʣʝʥʪʥʦʛʦ ʫʛʣʘ, ὲȟ— ï ʢʨʘʪʥʦʩʪʴ ʠ ʬʘʟʘ 

ʪʦʨʩʠʦʥʥʦʛʦ ʫʛʣʘ. ɺ ʧʦʪʝʥʮʠʘʣʝ ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ: Ὑ  ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʝʩʚʷʟʘʥʥʳʤʠ 

ʘʪʦʤʘʤʠ i ʠ j, ‐ ï ʧʘʨʘʤʝʪʨ, ʦʪʚʝʯʘʶʱʠʡ ʟʘ ʛʣʫʙʠʥʫ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ, Ὑ  ï 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʘʤʠ i ʠ j ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ. ɺ ʟʘʢʦʥʝ 

ʂʫʣʦʥʘ: ήȟή ï ʪʦʯʝʯʥʳʝ ʟʘʨʷʜʳ ʥʘ ʘʪʦʤʘʭ i ʠ j, ‐ ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ. 

ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʨʘʟʨʘʙʦʪʘʥʦ ʤʥʦʞʝʩʪʚʦ ʩʠʣʦʚʳʭ ʧʦʣʝʡ. ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʝ 

ʩʠʣʦʚʳʝ ʧʦʣʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʙʠʦʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ ï CHARMM [100], AMBER [101], 

GROMOS [102] ʠ OPLS [103]. 

2.2. ʄʝʪʦʜʳ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ, ʚʢʣʶʯʘʷ ʤʝʭʘʥʠʟʤ 

ʨʝʘʢʮʠʠ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ, ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʜʭʦʜʳ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ, 
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ʚ ʬʦʨʤʘʣʠʟʤʝ ʢʦʪʦʨʦʡ ʤʦʣʝʢʫʣʷʨʥʘʷ ʩʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʪʦʡʯʠʚʫʶ ʩʠʩʪʝʤʫ 

ʷʜʝʨ ʠ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʤʝʪʦʜʘʭ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ 

ʧʨʠʙʣʠʞʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ [104]: 

 Ὄɰ Ὁɰ (2.2.1) 

ʛʜʝ Ὄ ï ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʷʜʝʨ ʠ 

ʵʣʝʢʪʨʦʥʦʚ, ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʤʝʞʲʷʜʝʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʜʝʨ ʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥ-

ʵʣʝʢʪʨʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ 

ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ: ʥʝʵʤʧʠʨʠʯʝʩʢʠʝ ʠʣʠ ab initio ʤʝʪʦʜʳ, ʤʝʪʦʜʳ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ) ʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ.  

ʅʝʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʨʝʰʝʥʠʠ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʧʫʪʝʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʧʨʠʙʣʠʞʝʥʠʡ. ʂ ʥʝʵʤʧʠʨʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤ ʦʪʥʦʩʷʪʩʷ: 

ʤʝʪʦʜ ʍʘʨʪʨʠ-ʌʦʢʘ (HF ʠʣʠ ʍʌ), ʤʝʪʦʜʳ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʄʸʣʣʝʨʘ-ʇʣʝʩʩʝʪʘ (MP2, 

MP4 ʠ ʜʨ.), ʤʝʪʦʜʳ ʩʚʷʟʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ (CC ʠ ʠʭ ʚʘʨʠʘʥʪʳ CCSD, CCSD(T)) ʠ ʤʝʪʦʜʳ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (CI, CIS, CISD, MCSCF, CASSCF). ʍʦʪʷ ʪʦʯʥʦʩʪʴ 

ʤʝʪʦʜʘ ʍʘʨʪʨʠ-ʌʦʢʘ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʩʦʚʨʝʤʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ ʢ ʪʦʯʥʦʩʪʠ ʨʘʩʯʝʪʦʚ, 

ʦʜʥʘʢʦ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʤ ʜʣʷ ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʦʜʦʚ ab initio, ʢʦʪʦʨʳʝ ʥʘʧʨʷʤʫʶ ʨʝʰʘʶʪ ʧʨʠʙʣʠʞʝʥʥʳʝ ʚʘʨʠʘʥʪʳ 

ʫʨʘʚʥʝʥʠ ̫ʐʨʸʜʠʥʛʝʨʘ, ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʠʩʧʦʣʴʟʫʶʪ ʫʧʨʦʱʸʥʥʳʝ ʤʦʜʝʣʠ ʠ 

ʵʤʧʠʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʯʘʩʪʠʯʥʦ ʟʘʤʝʥʷʷ ʨʘʩʯʸʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠʣʠ 

ʟʘʨʘʥʝʝ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʙʦʣʝʝ ʪʦʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʟʥʘʯʝʥʠʷʤʠ, ʯʪʦ ʟʘʤʝʪʥʦ ʫʩʢʦʨʷʝʪ 

ʨʘʩʯʝʪ. ʆʜʥʘʢʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʤʝʶʪ ʨʷʜ ʩʫʱʝʩʪʚʝʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ: 

ʤʝʥʴʰʘʷ ʪʦʯʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ab initio ʤʝʪʦʜʘʤʠ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʪʱʘʪʝʣʴʥʦʛʦ 

ʧʦʜʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʢʘʞʜʦʡ ʩʠʩʪʝʤʳ, ʦʛʨʘʥʠʯʝʥʥʘʷ ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʣʷ ʥʝʢʦʪʦʨʳʭ 

ʪʠʧʦʚ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʩʚʦʡʩʪʚ. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʤʠ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ ʷʚʣʷʶʪʩʷ: PM3 ʠ ʝʛʦ ʨʘʟʥʦʚʠʜʥʦʩʪʠ (PM6, PM7), AM1, ZINDO ʠ ʝʛʦ 

ʨʘʟʥʦʚʠʜʥʦʩʪʴ (ZINDO/S). 

ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʤʝʪʦʜʦʤ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʷʚʣʷʝʪʩʷ ʪʝʦʨʠʷ ʬʫʥʢʮʠʦʥʘʣʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʊʌʇ), ʚ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʥʥʘʷ ʵʥʝʨʛʠʷ ʚʳʨʘʞʘʝʪʩʷ ʥʝ ʯʝʨʝʟ 
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ʚʦʣʥʦʚʫʶ ʬʫʥʢʮʠʶ, ʘ ʢʘʢ ʬʫʥʢʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦ ʪʝʦʨʝʤʝ ʍʦʵʥʙʝʨʛʘ-

ʂʦʥʘ [105]: 

 Ὁ ”► ὠ ”► ὐ”► Ὕ”► ὗ”►  (2.2.2) 

ʛʜʝ ὠ ”►  ï ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ, ʦʧʠʩʳʚʘʶʱʘʷ ʧʨʠʪʷʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʢ ʷʜʨʘʤ, 

ὐ”►  ï ʢʣʘʩʩʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ, Ὕ”►  ï 

ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ὗ”►  ï ʥʝʢʣʘʩʩʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʦʚ. ɺʠʜ ʧʝʨʚʳʭ ʜʚʫʭ ʩʣʘʛʘʝʤʳʭ ʠʟʚʝʩʪʝʥ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 ὠ ”►   В
ȿ᷿►  ╡ ȿ

”►Ὠ► (2.2.3) 

 ὐ”► Ḁ
► ►

Ὠ►Ὠ► (2.2.4) 

ʆʜʥʘʢʦ ʚʠʜ ʩʣʘʛʘʝʤʳʭ Ὕ”►  ʠ ὗ”►  ʥʝʠʟʚʝʩʪʝʥ.  

ʅʘ ʧʨʘʢʪʠʢʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʨʙʠʪʘʣʴʥʳʡ ʚʘʨʠʘʥʪ ʊʌʇ (ʬʦʨʤʘʣʠʟʤ ʂʦʥʘ-

ʐʵʤʘ) [106], ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʠʜʝʷ ʦ ʪʦʤ, ʯʪʦ ʩʣʦʞʥʳʝ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʦʧʠʩʘʪʴ, 

ʨʘʩʩʤʘʪʨʠʚʘʷ ʜʚʠʞʝʥʠʝ ʢʘʞʜʦʛʦ ʵʣʝʢʪʨʦʥʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʜʨʫʛʠʭ, ʩ ʫʯʸʪʦʤ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ, ʩʦʟʜʘʥʥʦʛʦ ʦʩʪʘʣʴʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ ʠ ʷʜʨʘʤʠ. ɺ ʜʘʥʥʦʤ ʚʘʨʠʘʥʪʝ ʊʌʇ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʘʷ 

ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 

 Ὕ̠ ˥  В ‰᷿ᶻ►ᶯ‰ ►Ὠ► (2.2.5) 

ʇʦʩʢʦʣʴʢʫ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʥʝʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ ʥʝ ʨʘʚʥʘ Ὕ”► , 

ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʵʪʠʤʠ ʚʝʣʠʯʠʥʘʤʠ ʚ ʩʫʤʤʝ ʩ ʥʝʢʣʘʩʩʠʯʝʩʢʦʡ ʵʥʝʨʛʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʦʧʨʝʜʝʣʷʝʪ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʵʥʝʨʛʠʶ: 

 Ὁ ”►  Ὕ”►  Ὕ̠ ˥ ὗ”►  (2.2.6) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʂʦʥʘ-ʐʵʤʘ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʥʝʠʟʚʝʩʪʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʦʩʪʘʝʪʩʷ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʬʫʥʢʮʠʦʥʘʣ, 

ʢʦʪʦʨʳʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʩʫʤʤʳ ʦʙʤʝʥʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ (Ὁ ”► ), 

ʦʧʠʩʳʚʘʶʱʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʥʦʚ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʩʧʠʥʘʤʠ, ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ 

ʬʫʥʢʮʠʦʥʘʣʘ (Ὁ ”► ), ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʤʛʥʦʚʝʥʥʳʝ ʦʪʪʘʣʢʠʚʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʵʣʝʢʪʨʦʥʘ ʩ ʦʩʪʘʣʴʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. 
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ɿʘ ʧʦʩʣʝʜʥʠʝ 40 ʣʝʪ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʤʥʦʞʝʩʪʚʦ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʭ ʠ 

ʥʝʵʤʧʠʨʠʯʝʩʢʠʭ ʬʫʥʢʮʠʦʥʘʣʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʦʙʣʘʜʘʝʪ 

ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʠ ʥʝʜʦʩʪʘʪʢʘʤʠ ʠ ʯʘʩʪʦ ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʢ 

ʨʘʟʣʠʯʥʳʤ ʩʠʩʪʝʤʘʤ [107]. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʛʨʫʧʧʳ ʬʫʥʢʮʠʦʥʘʣʦʚ: 

ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ (Local Density Approximation, LDA), ʧʨʠʙʣʠʞʝʥʠʝ 

ʣʦʢʘʣʴʥʦʡ ʩʧʠʥʦʚʦʡ ʧʣʦʪʥʦʩʪʠ (Local Spin Density Approximation, LSDA), ʦʙʦʙʱʝʥʥʦ-

ʛʨʘʜʠʝʥʪʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ (Generalized gradient approximation, GGA), ʤʝʪʘ-GGA 

ʠ ʛʠʙʨʠʜʥʳʝ ʬʫʥʢʮʠʦʥʘʣʳ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʫʥʢʮʠʦʥʘʣʦʚ GGA ʜʣʷ ʨʘʩʯʸʪʘ ʤʝʭʘʥʠʟʤʦʚ 

ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ ʧʦʣʫʯʘʶʪʩʷ ʥʝʜʦʩʪʦʚʝʨʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩ ʟʘʚʳʰʝʥʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ. ɼʣʷ ʨʘʩʯʸʪʦʚ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʦʢʘʟʳʚʘʶʪʩʷ ʜʚʦʡʥʳʝ ʛʠʙʨʠʜʥʳʝ ʬʫʥʢʮʠʦʥʘʣʳ [108]. ʆʜʥʘʢʦ ʠʭ 

ʧʨʠʤʝʥʝʥʠʝ ʦʛʨʘʥʠʯʝʥʦ ʨʘʟʤʝʨʘʤʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʧʨʠʤʝʥʷʶʪ ʛʠʙʨʠʜʥʳʝ ʬʫʥʢʮʠʦʥʘʣʳ (PBE0 ʠ B3LYP). ɺ ʩʦʯʝʪʘʥʠʠ ʩ ʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʧʦʧʨʘʚʢʦʡ ʠ ʩ ʙʘʟʠʩʥʳʤ ʥʘʙʦʨʦʤ, ʚʢʣʶʯʘʶʱʠʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʬʫʥʢʮʠʠ ʥʘ ʚʩʝʭ 

ʘʪʦʤʘʭ (6-31G**  ʠʣʠ cc-pVDZ ʠ ʜʨʫʛʠʝ ʙʘʟʠʩʳ ʘʥʘʣʦʛʠʯʥʦʛʦ ʨʘʟʤʝʨʘ), ʪʘʢʠʝ 

ʬʫʥʢʮʠʦʥʘʣʳ ʧʦʢʘʟʳʚʘʶʪ ʨʝʟʫʣʴʪʘʪʳ, ʩʦʧʦʩʪʘʚʠʤʳʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

[107,109].  

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʠʙʨʠʜʥʳʡ ʬʫʥʢʮʠʦʥʘʣï 

PBE0 [110], ʩʦʜʝʨʞʘʱʠʡ 25% ʪʦʯʥʦʡ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʠ ʍʘʨʪʨʠ-ʌʦʢʘ. ɼʘʥʥʳʡ 

ʬʫʥʢʮʠʦʥʘʣ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʧʫʣʷʨʝʥ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʭʦʨʦʰʫʶ ʪʦʯʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ 

ʜʣʷ ʨʘʩʯʝʪʦʚ ʙʠʦʤʘʢʨʦʩʠʩʪʝʤ: 

 Ὁ πȟςυὉˢˡ πȟχυὉ  Ὁ  (2.2.7) 

2.3. ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʨʘʟʨʳʚʦʤ ʠ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʷʪʴ ʤʝʪʦʜʳ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ. 

ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʤʝʪʦʜʦʚ ʦʛʨʘʥʠʯʝʥʦ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤʠ ʨʝʩʫʨʩʘʤʠ. ɼʘʞʝ ʩʘʤʳʝ 

ʩʦʚʨʝʤʝʥʥʳʝ ʠ ʤʦʱʥʳʝ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ ʥʝ ʩʧʦʩʦʙʥʳ ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʜʣʷ 
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ʙʦʣʴʰʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ, ʚ ʨʘʩʯʝʪʘʭ ʤʝʭʘʥʠʟʤʦʚ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ ʥʘʰʝʣ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠ 

ʨʘʟʚʠʪʠʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʧʦʜʭʦʜ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ 

(ʂʄ/ʄʄ) [111]. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʤʦʣʝʢʫʣʷʨʥʘʷ ʩʠʩʪʝʤʘ ʧʦʜʚʝʨʛʘʝʪʩʷ 

ʨʘʟʜʝʣʝʥʠʶ ʥʘ ʜʚʝ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʧʦʜʩʠʩʪʝʤʳ [112]. ʇʝʨʚʘʷ ʠʟ ʥʠʭ, ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʘʷ (ʂʄ) ʧʦʜʩʠʩʪʝʤʘ, ʦʭʚʘʪʳʚʘʝʪ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ, ʛʜʝ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʦʪʝʢʘʝʪ ʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ, ʠ ʜʨʫʛʠʭ ʫʯʘʩʪʥʠʢʦʚ ʨʝʘʢʮʠʠ. ɺʪʦʨʘʷ 

ʧʦʜʩʠʩʪʝʤʘ, ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ (ʄʄ), ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʩʪʘʚʰʫʶʩʷ ʯʘʩʪʴ 

ʙʝʣʢʦʚʦʡ ʤʘʢʨʦʤʦʣʝʢʫʣʳ ʠ ʩʦʣʴʚʘʪʥʫʶ ʦʙʦʣʦʯʢʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʪʨʫʢʪʫʨʥʫʶ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʧʦʜʜʝʨʞʢʫ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ.  

ɺʦʧʨʦʩ ʚʳʙʦʨʘ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤʳ (ʂʄ-ʧʦʜʩʠʩʪʝʤʳ), ʦʧʨʝʜʝʣʝʥʠʷ 

ʝʸ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʨʘʟʤʝʨʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʪʨʠʚʠʘʣʴʥʫʶ 

ʟʘʜʘʯʫ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʜʩʠʩʪʝʤ ʙʦʣʴʰʝʛʦ 

ʨʘʟʤʝʨʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʪʦʯʥʦʝ ʦʧʠʩʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ. ʆʜʥʘʢʦ 

ʵʪʦ ʪʘʢʞʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ. ɺ ʩʚʷʟʠ 

ʩ ʵʪʠʤ, ʪʠʧʠʯʥʳʝ ʨʘʟʤʝʨʳ ʢʚʘʥʪʦʚʦʡ ʧʦʜʩʠʩʪʝʤʳ ʩʦʩʪʘʚʣʷʶʪ ʦʪ 100 ʜʦ 200 ʘʪʦʤʦʚ. 

ʆʙʱʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳʙʦʨʫ ʩʦʩʪʘʚʘ ʢʚʘʥʪʦʚʦʡ ʧʦʜʩʠʩʪʝʤʳ ʚʢʣʶʯʘʶʪ ʩʣʝʜʫʶʱʠʝ 

ʘʩʧʝʢʪʳ: ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʬʨʘʛʤʝʥʪʳ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʧʨʦʮʝʩʩʘʭ 

ʨʘʟʨʳʚʘ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, ʙʣʠʟʣʝʞʘʱʠʝ ʟʘʨʷʞʝʥʥʳʝ ʦʩʪʘʪʢʠ, ʘ ʪʘʢʞʝ 

ʬʨʘʛʤʝʥʪʳ, ʬʦʨʤʠʨʫʶʱʠʝ ʢʣʶʯʝʚʳʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ. 

ɺ ʨʘʩʯʸʪʘʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʂʄ/ʄʄ ʛʨʘʥʠʮʘ 

ʤʝʞʜʫ ʢʚʘʥʪʦʚʦʡ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʯʘʩʪʷʤʠ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʢʦʚʘʣʝʥʪʥʫʶ 

ʩʚʷʟʴ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘ ʘʪʦʤʝ ʚ ʢʚʘʥʪʦʚʦʡ ʯʘʩʪʠ ʦʙʨʘʟʫʝʪʩʷ ʩʚʦʙʦʜʥʘʷ ʚʘʣʝʥʪʥʦʩʪʴ. ɼʣʷ 

ʢʦʤʧʝʥʩʘʮʠʠ ʵʪʦʡ ʚʘʣʝʥʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ, ʥʘʧʨʠʤʝʨ, ʜʦʙʘʚʣʝʥʠʝ 

ʩʚʷʟʫʶʱʠʭ ʘʪʦʤʦʚ (link-ʘʪʦʤʦʚ) ʠʣʠ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʦʨʙʠʪʘʣʝʡ. 

ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ link-ʘʪʦʤʳ, ʢʦʪʦʨʳʝ ʜʦʙʘʚʣʷʶʪʩʷ ʚ ʢʚʘʥʪʦʚʫʶ 

ʯʘʩʪʴ ʥʘ ʣʠʥʠʶ ʨʘʟʨʳʚʘ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ ʠ ʷʚʥʦ ʫʯʘʩʪʚʫʶʪ ʚ ʨʘʩʯʸʪʘʭ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ 

ʘʪʦʤʦʚ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ. 

ʇʦʣʥʘʷ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ ʚ ʤʝʪʦʜʝ ʂʄ/ʄʄ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ: 
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¶ ʩʫʙʪʨʘʢʪʠʚʥʦʛʦ ʧʦʜʭʦʜʘ (ʩʭʝʤʘ ʚʳʯʠʪʘʥʠʷ): 

 Ὁ̠ Ⱦ̇̇ ˙  Ὁ̇ ˙˙˙ ˗˙  Ὁ̠ ˙˗˙  Ὁ̇ ˙˗  ̇ (2.3.1) 

ʛʜʝ Ὁ̇ ˙˙˙ ˗  ̇ ʠ Ὁ̇ ˙˗  ̇ ï ʵʥʝʨʛʠʠ ʚʩʝʡ ʩʠʩʪʝʤʳ ʠ ʂʄ-ʧʦʜʩʠʩʪʝʤʳ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʤʝʪʦʜʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ, Ὁ̠ ˙˗  ̇ï ʵʥʝʨʛʠʷ 

ʂʄ-ʧʦʜʩʠʩʪʝʤʳ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʤʝʪʦʜʘʤʠ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ. 

¶ ʘʜʜʠʪʠʚʥʦʛʦ ʧʦʜʭʦʜʘ (ʩʭʝʤʘ ʩʣʦʞʝʥʠʷ): 

 Ὁ̠ Ⱦ̇̇ ˙  Ὁ̇ ˙˙˙  Ὁ̠ ˙˗˙  Ὁ̠ ˙˙˙˗ ȟ̇̇ ˙  (2.3.2) 

ʛʜʝ Ὁ̇ ˙˙˙ ï ʵʥʝʨʛʠʷ ʄʄ-ʧʦʜʩʠʩʪʝʤʳ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʤʝʪʦʜʘʤʠ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʤʝʭʘʥʠʢʠ, ʘ Ὁ̠ ˙˙˙˗ ȟ̇̇ ˙ ï ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʂʄ- ʠ ʄʄ- ʧʦʜʩʠʩʪʝʤ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʤʦʣʝʢʫʣʷʨʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʂʄ/ʄʄ 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʭʝʤʘ ʩʣʦʞʝʥʠʷ. 

ʕʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-

ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤʘʤʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʷʭ ʩʣʦʞʥʦʩʪʠ, 

ʢʦʪʦʨʳʝ ʨʘʟʣʠʯʘʶʪʩʷ ʩʪʝʧʝʥʴʶ ʚʟʘʠʤʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʕʪʠ ʫʨʦʚʥʠ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ 

ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʦʝ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʝ ʚʥʝʜʨʝʥʠʷ. ʉʭʝʤʘ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʥʝʜʨʝʥʠʷ ʥʝ ʫʯʠʪʳʚʘʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʧʦʣʝ, ʩʦʟʜʘʚʘʝʤʦʝ ʙʝʣʢʦʚʦʡ 

ʩʨʝʜʦʡ ʠ ʨʘʩʪʚʦʨʠʪʝʣʝʤ. ʆʜʥʘʢʦ ʵʪʦ ʧʦʣʝ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʧʨʦʪʝʢʘʥʠʝ 

ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʣʷ ʨʘʩʯʝʪʦʚ ʚ ʙʝʣʢʦʚʳʭ ʩʠʩʪʝʤʘʭ ʯʘʱʝ ʧʨʠʤʝʥʷʝʪʩʷ 

ʩʭʝʤʘ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʥʝʜʨʝʥʠʷ. ɺ ʵʪʦʡ ʩʭʝʤʝ ʟʘʜʘʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ 

ʂʄ-ʧʦʜʩʠʩʪʝʤʳ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʦʛʦ ʫʯʠʪʳʚʘʶʪʩʷ ʟʘʨʷʜʳ ʄʄ-ʧʦʜʩʠʩʪʝʤʳ. ɺʳʙʨʘʥʥʳʝ 

ʪʦʯʝʯʥʳʝ ʟʘʨʷʜʳ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤʳ ʚʢʣʶʯʘʶʪʩʷ ʚ ʢʚʘʥʪʦʚʦ-

ʤʝʭʘʥʠʯʝʩʢʠʡ ʛʘʤʠʣʴʪʦʥʠʘʥ ʚ ʚʠʜʝ ʦʜʥʦʵʣʝʢʪʨʦʥʥʳʭ ʯʣʝʥʦʚ. ʅʘʠʙʦʣʝʝ ʧʦʣʥʦʝ 

ʧʦʥʠʤʘʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʚʥʝʜʨʝʥʠʷ. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʧʦʜʭʦʜʘ, ʂʄ- ʠ 

ʄʄ-ʧʦʜʩʠʩʪʝʤʳ ʩʧʦʩʦʙʥʳ ʚʟʘʠʤʥʦ ʧʦʣʷʨʠʟʦʚʘʪʴ ʜʨʫʛ ʜʨʫʛʘ. ʆʜʥʘʢʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʫʥʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʠʣʦʚʳʭ ʧʦʣʝʡ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʠʪʝʨʘʮʠʦʥʥʳʝ ʩʘʤʦʩʦʛʣʘʩʦʚʘʥʥʳʝ ʨʘʩʯʝʪʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʶʪ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ. 
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2.4. ʇʦʚʝʨʭʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʚ ʨʘʟʜʝʣʝ 2.2, ʚ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʘʭ ʧʨʠʤʝʥʷʝʪʩʷ 

ʧʨʠʙʣʠʞʝʥʠʝ ɹʦʨʥʘ-ʆʧʧʝʥʛʝʡʤʝʨʘ. ʆʥʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʚʠʞʝʥʠʝ ʷʜʝʨ 

ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ 

ʩʚʦʜʠʪʩʷ ʢ ʠʟʫʯʝʥʠʶ ʜʚʠʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʝ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʷʜʝʨ. ʈʝʰʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʦʨʜʠʥʘʪ ʷʜʝʨ ʜʘʝʪ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʴʥʦʡ 

ʵʥʝʨʛʠʠ (ʇʇʕ) [113]. ʂʘʞʜʦʤʫ ʟʥʘʯʝʥʠʶ ʢʦʦʨʜʠʥʘʪ ʷʜʝʨ ʦʪʚʝʯʘʝʪ ʦʧʨʝʜʝʣʝʥʥʘʷ 

ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʠ ʥʝʢʦʪʦʨʘʷ ʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʤʦʣʝʢʫʣʳ.  

ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʤʦʛʫʪ ʙʳʪʴ 

ʦʙʥʘʨʫʞʝʥʳ ʩʪʘʮʠʦʥʘʨʥʳʝ ʪʦʯʢʠ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʘʷ ʬʫʥʢʮʠʠ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ ʨʘʚʥʘ 

ʥʫʣʶ. ʊʠʧ ʩʪʘʮʠʦʥʘʨʥʦʡ ʪʦʯʢʠ (ʤʘʢʩʠʤʫʤ, ʤʠʥʠʤʫʤ ʠʣʠ ʩʝʜʣʦʚʘʷ ʪʦʯʢʘ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʛʝʩʩʠʘʥʘ ð ʤʘʪʨʠʮʳ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ. ʉ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʛʝʩʩʠʘʥ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʘʪʨʠʮʫ ʩʠʣʦʚʳʭ ʧʦʩʪʦʷʥʥʳʭ ʤʦʣʝʢʫʣʳ, ʢʦʪʦʨʘʷ ʚ ʛʘʨʤʦʥʠʯʝʩʢʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʦʧʨʝʜʝʣʷʝʪ ʵʥʝʨʛʠʶ ʠ ʯʘʩʪʦʪʳ ʥʦʨʤʘʣʴʥʳʭ ʢʦʣʝʙʘʥʠʡ ʷʜʝʨ. ɺ ʪʦʯʢʝ 

ʤʠʥʠʤʫʤʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʤʘʪʨʠʮʘ ʚʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʠʤʝʝʪ 

ʪʦʣʴʢʦ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʝ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ 

ʷʚʣʷʶʪʩʷ ʜʝʡʩʪʚʠʪʝʣʴʥʳʤʠ ʯʠʩʣʘʤʠ. ɺ ʩʝʜʣʦʚʦʡ ʪʦʯʢʝ ʩʨʝʜʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

ʧʦʷʚʣʷʶʪʩʷ ʦʜʥʦ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʷʚʣʝʥʠʶ ʤʥʠʤʦʡ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʷ. ʂʦʣʠʯʝʩʪʚʦ ʤʥʠʤʳʭ ʯʘʩʪʦʪ ʦʧʨʝʜʝʣʷʝʪ ʧʦʨʷʜʦʢ 

ʩʝʜʣʦʚʦʡ ʪʦʯʢʠ. ʉʝʜʣʦʚʳʝ ʪʦʯʢʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʙʘʨʴʝʨʘʤ ʇʇʕ. 

ʇʦʠʩʢ ʪʦʯʝʢ ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 

ʥʘʟʳʚʘʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʝʡ ʛʝʦʤʝʪʨʠʠ. ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʪʝʨʘʪʠʚʥʫʶ 

ʧʨʦʮʝʜʫʨʫ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, 

ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦʨʷʜʢʦʤ ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʧʨʦʠʟʚʦʜʥʳʭ: ʤʝʪʦʜʳ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, 

ʤʝʪʦʜʳ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ (ʠʣʠ ʛʨʘʜʠʝʥʪʥʳʝ ʤʝʪʦʜʳ), ʤʝʪʦʜʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. 

ɸʣʛʦʨʠʪʤʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʦʠʟʚʦʜʥʳʭ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, ʠʟʚʝʩʪʥʳʝ ʢʘʢ 

ʥʴʶʪʦʥʦʚʩʢʠʝ ʤʝʪʦʜʳ, ʧʨʠʤʝʥʷʶʪ ʥʝ ʪʦʣʴʢʦ ʛʨʘʜʠʝʥʪʳ, ʥʦ ʠ ʛʝʩʩʠʘʥ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 
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ʨʝʩʫʨʩʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʢʚʘʟʠʥʴʶʪʦʥʦʚʩʢʠʝ ʤʝʪʦʜʳ, ʢʦʪʦʨʳʝ 

ʠʩʧʦʣʴʟʫʶʪ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠ ʦʩʫʱʝʩʪʚʣʷʶʪ ʨʘʩʯʝʪ ʦʙʨʘʪʥʦʛʦ ʛʝʩʩʠʘʥʘ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʜʣʷ ʫʩʧʝʰʥʳʭ ʠʪʝʨʘʮʠʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʥʘʛʨʫʟʢʫ. 

ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʚ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʛʨʘʤʤʘʭ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ ɹʨʦʡʜʝʥʘ-ʌʣʝʪʯʝʨʘ-ɻʦʣʴʜʬʘʨʙʘ-ʐʘʥʥʦ (BFGS) [114] ʠʣʠ ʝʛʦ 

ʨʘʟʥʦʚʠʜʥʦʩʪʠ (L-BFGS, L-BFGS-B). 

2.5. ɼʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʘʥʘʣʠʟ ʧʦʨʷʜʢʘ ʩʚʷʟʠ 

ʆʜʥʦʡ ʠʟ ʟʘʜʘʯ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʢʨʠʪʝʨʠʷ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʤʝʭʘʥʠʟʤʳ ʨʘʟʨʳʚʘ ʩʚʷʟʠ PïO ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ 

ʙʠʦʤʦʣʝʢʫʣ. ɼʣʷ ʵʪʦʛʦ ʧʨʦʚʦʜʠʣʩʷ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʥʝ ʪʦʣʴʢʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʥʦ ʜʝʩʢʨʠʧʪʦʨʦʚ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ.  

ɼʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʠʭ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʠʩʪʝʤʳ ʠ ʤʦʛʫʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʘʢ ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʦʯʢʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, 

ʥʘʧʨʠʤʝʨ, ʛʨʘʜʠʝʥʪ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʪʘʢ ʠ ʢʫʤʫʣʷʪʠʚʥʦʝ ʩʚʦʡʩʪʚʦ, ʥʘʧʨʠʤʝʨ 

ʟʘʨʷʜ ʥʘ ʘʪʦʤʝ.  

ʂʨʠʪʠʯʝʩʢʠʝ ʪʦʯʢʠ ʩʚʷʟʠ (ʂʊʉ) ʚ ʢʚʘʥʪʦʚʳʭ ʩʠʩʪʝʤʘʭ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʦʨʠʠ ʘʪʦʤʦʚ ʚ ʤʦʣʝʢʫʣʘʭ (QTAIM) [115], ʢʦʪʦʨʘʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ 

ʘʥʘʣʠʟʝ ʛʨʘʜʠʝʥʪʥʦʛʦ ʧʦʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʕʇ). ʕʪʘ ʪʝʦʨʠʷ ʧʦʟʚʦʣʷʝʪ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʪʦʤʥʳʭ ʙʘʩʩʝʡʥʦʚ ʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʝ. ɺ 

ʨʘʤʢʘʭ QTAIM ʚʳʜʝʣʷʶʪʩʷ ʢʨʠʪʠʯʝʩʢʠʝ ʪʦʯʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, 

ʛʜʝ ʟʥʘʯʝʥʠʝ ʛʨʘʜʠʝʥʪʘ ʕʇ ʨʘʚʥʦ ʥʫʣʶ. 

ʂʨʠʪʠʯʝʩʢʠʝ ʪʦʯʢʠ ʩʚʷʟʠ ʤʦʛʫʪ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴʩʷ ʧʦ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʡ ʛʝʩʩʠʘʥʘ ʕʇ. ʀʭ ʦʙʦʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʚʠʜ (A, B), ʛʜʝ A 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʟʤʝʨʥʦʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʘ (ʢʘʢ ʧʨʘʚʠʣʦ, 3), ʘ B ð ʩʫʤʤʫ ʟʥʘʢʦʚ 

ʛʨʘʜʠʝʥʪʦʚ ʕʇ ʧʦ ʢʦʦʨʜʠʥʘʪʥʳʤ ʦʩʷʤ ʧʨʦʩʪʨʘʥʩʪʚʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʫʱʝʩʪʚʫʶʪ ʯʝʪʳʨʝ 

ʥʝʚʳʨʦʞʜʝʥʥʳʝ ʢʨʠʪʠʯʝʩʢʠʝ ʪʦʯʢʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ: 
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¶ (3, -3) ð ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʦʢʘʣʴʥʳʤ ʤʘʢʩʠʤʫʤʘʤ ʕʇ ʠ ʩʦʚʧʘʜʘʶʪ ʩ ʧʦʣʦʞʝʥʠʷʤʠ 

ʷʜʝʨ ʘʪʦʤʦʚ. 

¶ (3, -1) ð ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʝʜʣʦʚʳʝ ʪʦʯʢʠ. ɺ ʵʪʦʡ ʪʦʯʢʝ ʜʚʘ ʩʦʙʩʪʚʝʥʥʳʭ 

ʟʥʘʯʝʥʠʷ ʛʝʩʩʠʘʥʘ ʕʇ ʧʨʠʥʠʤʘʶʪ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. 

¶ (3, 1) ð ʷʚʣʷʶʪʩʷ ʮʠʢʣʠʯʝʩʢʠʤʠ ʢʨʠʪʠʯʝʩʢʠʤʠ ʪʦʯʢʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʩʦʙʩʪʚʝʥʥʳʝ 

ʚʝʢʪʦʨʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʚʫʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʩʦʙʩʪʚʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ 

ʛʝʩʩʠʘʥʘ, ʬʦʨʤʠʨʫʶʪ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʕʇ. ʕʪʦʪ ʪʠʧ 

ʢʨʠʪʠʯʝʩʢʠʭ ʪʦʯʝʢ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʮʠʢʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ. 

¶ (3, +3) ð ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʦʢʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘʤ ʕʇ ʠ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʢʣʝʪʦʯʥʳʭ 

ʤʦʣʝʢʫʣʘʭ. 

ʂʨʠʪʠʯʝʩʢʘʷ ʪʦʯʢʘ ʪʠʧʘ (3, -1) ʥʘʟʳʚʘʝʪʩʷ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʦʡ ʩʚʷʟʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʜʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, 

ʢʦʪʦʨʳʝ ʫʩʧʝʰʥʦ ʨʘʥʝʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʨʘʟʣʠʯʠʡ ʚ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʷʭ [116ï119]: 

¶ ʕʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ: 

 ”►  В–ȿ• ►ȿ (2.5.1) 

ʛʜʝ – ï ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ i-ʡ ʦʨʙʠʪʘʣʠ, • ï ʦʨʙʠʪʘʣʴʥʘʷ ʚʦʣʥʦʚʘʷ ʬʫʥʢʮʠʷ. 

¶ ʃʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ: 

 ᶯ”►  
►
 

►
 

►
 (2.5.2) 

ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʵʪʦʡ ʬʫʥʢʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʣʦʢʘʣʴʥʦʡ 

ʜʝʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

¶ ʕʣʣʠʧʪʠʯʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ: 

 ‐►  
►

►
ρ (2.5.3) 

ʛʜʝ ‗ ʠ ‗ ï ʥʘʠʤʝʥʴʰʝʝ ʠ ʚʪʦʨʦʝ ʥʘʠʤʝʥʴʰʝʝ ʩʦʙʩʪʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʛʝʩʩʠʘʥʘ ”. ɺ 

ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʝ ʩʚʷʟʠ ‗ ʠ ‗ ʦʙʘ ʦʪʨʠʮʘʪʝʣʴʥʳ ʠ ʦʪʦʙʨʘʞʘʶʪ ʢʨʠʚʠʟʥʫ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʚ ʜʚʫʭ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʩʚʷʟʠ. ɿʥʘʯʝʥʠʝ 

ʵʣʣʠʧʪʠʯʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʂʊʉ ʷʚʣʷʝʪʩʷ ʠʥʜʠʢʘʪʦʨʦʤ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ 
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ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʦʢʨʫʛ ʩʚʷʟʠ: ʯʝʤ ʙʦʣʴʰʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʪʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʝ. 

¶ ʇʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ: 

 Ὄ Ὁ►  ὑ► В–•ᶻ►ᶯ• ► (2.5.4) 

ʛʜʝ ὑ► ï ʧʣʦʪʥʦʩʪʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ɻʘʤʠʣʴʪʦʥʘ.  

¶ ʌʫʥʢʮʠʷ ʣʦʢʘʣʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ (Electron localization function, ELF) [120,121]: 

 ὉὒὊ►  
►Ⱦ ►

 (2.5.5) 

ʛʜʝ ʜʣʷ ʩʠʩʪʝʤ ʩ ʟʘʢʨʳʪʦʡ ʦʙʦʣʦʯʢʦʡ: 

 Ὀ► В–ȿɳ• ►ȿ
ȿɳ ►ȿ

►
 (2.5.6) 

 Ὀ ► σ“ Ⱦ”► Ⱦ (2.5.7) 

ʌʫʥʢʮʠʷ ʣʦʢʘʣʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪ 0 ʜʦ 1 ʠ ʦʧʨʝʜʝʣʷʝʪ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ ʵʣʝʢʪʨʦʥʦʚ. ʏʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʝ ELF, ʪʝʤ ʩʠʣʴʥʝʝ 

ʣʦʢʘʣʠʟʦʚʘʥʳ ʵʣʝʢʪʨʦʥʳ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ, ʥʝʧʦʜʝʣʸʥʥʦʡ 

ʧʘʨʳ ʠʣʠ ʚʥʫʪʨʝʥʥʠʭ ʦʙʦʣʦʯʝʢ ʘʪʦʤʘ. 

¶ ʃʦʢʘʣʠʟʦʚʘʥʥʳʡ ʦʨʙʠʪʘʣʴʥʳʡ ʣʦʢʘʪʦʨ (Localized orbital locator, LOL) [122]: 

 ὒὕὒ►  
►

►
 (2.5.8) 

ʛʜʝ  †►  
►

ȾВ ȿɳ ►ȿ
 (2.5.9) 

ʃʦʢʘʣʠʟʦʚʘʥʥʳʡ ʦʨʙʠʪʘʣʴʥʳʡ ʣʦʢʘʪʦʨ ʠʤʝʝʪ ʩʭʦʞʝʝ ʚʳʨʘʞʝʥʠʝ ʩ ELF ʠ ʦʜʠʥʘʢʦʚʳʡ 

ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ ʦʪ 0 ʜʦ 1. ʂʘʯʝʩʪʚʝʥʥʦ LOL ʠ ELF ʜʘʶʪ ʩʦʧʦʩʪʘʚʠʤʳʝ ʨʝʟʫʣʴʪʘʪʳ, 

ʭʦʪʷ LOL ʤʦʞʝʪ ʧʝʨʝʜʘʚʘʪʴ ʙʦʣʝʝ ʯʝʪʢʫʶ ʠ ʷʩʥʫʶ ʢʘʨʪʠʥʫ [123]. 

ʂʨʦʤʝ ʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʧʦʨʷʜʢʘ ʩʚʷʟʠ: 

¶ ʇʦʨʷʜʦʢ ʩʚʷʟʠ ʃʘʧʣʘʩʘ (Laplacian bond order, LBO) [124]: 

 ὒȟ  ρπ᷿ ύ ►ύ ►​”►Ὠ► (2.5.10) 
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ʛʜʝ ύ ï ʧʣʘʚʥʦ ʤʝʥʷʶʱʘʷʩʷ ʚʝʩʦʚʘʷ ʬʫʥʢʮʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʥʝʯʝʪʢʦʝ ʘʪʦʤʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʝʤ ʙʦʣʴʰʝ ʚʝʣʠʯʠʥʘ ʠʥʪʝʛʨʘʣʘ ʧʦ ʦʙʣʘʩʪʠ, ʛʜʝ ​” π, 

ʪʝʤ ʙʦʣʝʝ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʙʫʜʝʪ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʩʚʷʟʠ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʝʤ ʧʨʦʯʥʝʝ ʙʫʜʝʪ ʢʦʚʘʣʝʥʪʥʘʷ ʩʚʷʟʴ. 

¶ ʀʥʜʝʢʩ ʚʥʫʪʨʝʥʥʝʡ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʠ (Intrinsic bond strength index, IBSI) [125]: 

 ὍὄὛὍ 
Ⱦ ᷿ ►

Ⱦ ᷿ ►
 (2.5.11) 

ʛʜʝ Ὠ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʘʪʦʤʘʤʠ, ‏Ὣ ï ʠʥʜʝʢʩ ʘʪʦʤʥʦʡ ʧʘʨʳ, ʘ ʟʥʘʤʝʥʘʪʝʣʴ 

ʩʦʜʝʨʞʠʪ ʜʘʥʥʳʝ ʜʣʷ ʩʠʩʪʝʤʳ ʦʪʩʯʝʪʘ. ʀʥʜʝʢʩ ʚʥʫʪʨʝʥʥʝʡ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʠ ʙʳʣ 

ʧʨʝʜʣʦʞʝʥ ʢʘʢ ʩʧʦʩʦʙ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʧʨʦʯʥʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, ʘ ʪʘʢʞʝ 

ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʙʦʣʝʝ ʩʣʘʙʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

2.6. ʄʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʵʚʦʣʶʮʠʠ ʩʠʩʪʝʤʳ ʚʦ ʚʨʝʤʝʥʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ (ʄɼ) [126]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʪʦʜʦʤ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʯʠʩʣʝʥʥʦʤ ʧʦʰʘʛʦʚʦʤ ʨʝʰʝʥʠʠ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʅʴʶʪʦʥʘ: 

 ά►  Ὂ►ȟ̄ ̅ ̆Ὂ►   
►

 (2.6.1)  

ʅʘ ʦʩʥʦʚʝ ʥʘʯʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ ʠ ʩʢʦʨʦʩʪʝʡ ʚʳʯʠʩʣʷʶʪʩʷ ʩʠʣʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 

ʩʦʙʦʡ ʛʨʘʜʠʝʥʪ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ, ʠ ʫʩʢʦʨʝʥʠʷ. ʈʘʩʯʝʪ ʩʠʣ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ, 

ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʠʣʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʂʄ/ʄʄ (ʂʄ/ʄʄ-ʄɼ). ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʳʭ ʢʦʦʨʜʠʥʘʪ ʤʦʣʝʢʫʣ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʉɸ) ʠ ʷʜʝʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʗʄʈ). 

ʅʘʯʘʣʴʥʳʝ ʩʢʦʨʦʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʦʨʝʤʳ ʦ ʨʘʚʥʦʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʧʦ ʩʪʝʧʝʥʷʤ ʩʚʦʙʦʜʳ, ʢʦʪʦʨʘʷ ʚʳʨʘʞʘʝʪʩʷ ʬʦʨʤʫʣʦʡ: 

 ộὉ̋ ̉Ớ̎ В άὺ σὔὯὝ (2.6.2) 
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ʅʘ ʢʘʞʜʦʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʤʦʤʝʥʪʫ 

ʚʨʝʤʝʥʠ t, ʥʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʠ ʩʢʦʨʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʧʨʦʠʟʚʦʜʥʦʡ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʧʦ ʢʦʦʨʜʠʥʘʪʘʤ. ɿʘʪʝʤ ʘʪʦʤʳ ʧʝʨʝʤʝʱʘʶʪʩʷ ʚ ʥʦʚʳʝ ʧʦʣʦʞʝʥʠʷ 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤʠ ʟʥʘʯʝʥʠʷʤʠ. ʈʝʟʫʣʴʪʘʪʦʤ ʚʳʧʦʣʥʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ 

ʷʚʣʷʝʪʩʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʘʷ ʪʨʘʝʢʪʦʨʠʷ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ ʟʘʚʠʩʠʤʦʩʪʴ 

ʢʦʦʨʜʠʥʘʪ ʩʠʩʪʝʤʳ ʦʪ ʚʨʝʤʝʥʠ. 

ɸʣʛʦʨʠʪʤ ɺʝʨʣʝ [127] ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʤ ʤʝʪʦʜʦʤ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʦʧʪʠʤʘʣʴʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʪʦʯʥʦʩʪʴʶ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. ɺ ʧʨʦʮʝʩʩʝ 

ʚʳʧʦʣʥʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ɺʝʨʣʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʫʤʤʠʨʦʚʘʥʠʝ ʨʘʟʣʦʞʝʥʠʡ ʊʝʡʣʦʨʘ ʜʣʷ 

►ὸ  Ўὸ ʠ ►ὸ  Ўὸ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʨʝʤʝʥʠ t, ʢʦʪʦʨʦʝ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

 ► ὸ Ўὸ ς►ὸ  ►ὸ Ўὸ ╕ ὸЎὸ  (2.6.3) 

ʉʢʦʨʦʩʪʴ, ʢʦʪʦʨʘʷ ʚ ʷʚʥʦʤ ʚʠʜʝ ʥʝ ʫʢʘʟʘʥʘ ʚ ʘʣʛʦʨʠʪʤʝ ɺʝʨʣʝ, ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 ○ ὸ  
► Ў ► Ў

Ў
 (2.6.4) 

ɺ ʬʦʨʤʫʣʘʭ (2.6.3) ʠ (2.6.4) Ўὸ ï ʰʘʛ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ. ʆʧʨʝʜʝʣʝʥʠʝ ʰʘʛʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 

ð ʵʪʦ ʢʣʶʯʝʚʦʡ ʤʦʤʝʥʪ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʩʣʠʰʢʦʤ ʤʘʣʝʥʴʢʠʡ ʰʘʛ 

ʥʝ ʧʦʟʚʦʣʠʪ ʦʭʚʘʪʠʪʴ ʙʦʣʴʰʦʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʘ ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʡ ʰʘʛ 

ʤʦʞʝʪ ʚʳʟʚʘʪʴ ʧʨʦʙʣʝʤʳ ʩ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʤʦʜʝʣʠ. ɺʳʙʦʨ ʚʨʝʤʝʥʥʦʛʦ ʰʘʛʘ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʮʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʧʪʠʤʘʣʴʥʳʤ ʩʯʠʪʘʝʪʩʷ ʰʘʛ, 

ʢʦʪʦʨʳʡ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʧʝʨʠʦʜʘ ʩʘʤʦʛʦ ʙʳʩʪʨʦʛʦ ʜʚʠʞʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. ɺʨʝʤʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʢʦʪʦʨʳʭ ʧʨʦʮʝʩʩʦʚ ʚʢʣʶʯʘʶʪ: ʢʦʣʝʙʘʥʠʷ ʩʚʷʟʠ ï 1 ʬʝʤʪʦʩʝʢʫʥʜʘ (ʬʩ), 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ï ʦʪ 1 ʧʠʢʦʩʝʢʫʥʜʳ (ʧʩ), ʬʝʨʤʝʥʪʘʪʠʚʥʳʡ ʢʘʪʘʣʠʟ ï 

ʤʠʢʨʦʩʝʢʫʥʜʳ (ʤʢʩ) ï ʤʠʣʣʠʩʝʢʫʥʜʳ (ʤʩ), ʩʚʷʟʳʚʘʥʠʝ ʩ ʣʠʛʘʥʜʦʤ ï ʤʢʩ ï ʤʩ, 

ʩʚʦʨʘʯʠʚʘʥʠʝ ʙʝʣʢʘ ï ʤʩ ï ʩʝʢʫʥʜʳ (ʩ). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʧʨʠʤʝʥʷʝʪʩʷ ʚʨʝʤʝʥʥʦʡ ʰʘʛ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚ 1 ʬʩ. 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʨʘʩʩʯʠʪʘʪʴ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʩʪʝʤʳ, ʥʝʦʙʭʦʜʠʤʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʦʚʦʢʫʧʥʦʩʪʴ ʢʦʥʬʦʨʤʘʮʠʡ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʩʠʩʪʝʤʳ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʥʘʩʢʦʣʴʢʦ ʩʠʩʪʝʤʘ ʠʟʦʣʠʨʦʚʘʥʘ ʦʪ 
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ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʨʘʟʥʳʝ ʘʥʩʘʤʙʣʠ: ʦʪ ʧʦʣʥʦʩʪʴʶ ʠʟʦʣʠʨʦʚʘʥʥʳʭ 

ʩʠʩʪʝʤ (ʤʠʢʨʦʢʘʥʦʥʠʯʝʩʢʠʡ ʘʥʩʘʤʙʣʴ, NVE) ʜʦ ʧʦʣʥʦʩʪʴʶ ʦʪʢʨʳʪʳʭ (ʙʦʣʴʰʦʡ 

ʢʘʥʦʥʠʯʝʩʢʠʡ ʘʥʩʘʤʙʣʴ, ɛVT). ʇʦʩʢʦʣʴʢʫ ʵʢʩʧʝʨʠʤʝʥʪʳ ʯʘʩʪʦ ʧʨʦʚʦʜʷʪʩʷ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ/ʠʣʠ ʧʦʩʪʦʷʥʥʦʤ ʜʘʚʣʝʥʠʠ, ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʴ ʚ ʢʘʥʦʥʠʯʝʩʢʦʤ ʘʥʩʘʤʙʣʝ (NVT ʘʥʩʘʤʙʣʴ), ʛʜʝ 

ʜʦʧʫʩʢʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʠʣʠ ʚ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠ-ʠʟʦʙʘʨʠʯʝʩʢʦʤ ʘʥʩʘʤʙʣʝ (NPT ʘʥʩʘʤʙʣʴ), ʛʜʝ ʧʦʤʠʤʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʩʪʚʦ ʜʘʚʣʝʥʠʷ.  

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʙʠʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʧʨʠʤʝʥʷʶʪʩʷ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʧʝʮʠʘʣʴʥʳʝ ʩʭʝʤʳ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʪʝʨʤʦʩʪʘʪ  rʠ ʙʘʨʦʩʪʘʪ.r ʂ ʯʠʩʣʫ 

ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʪʝʨʤʦʩʪʘʪʦʚ ʠ ʙʘʨʦʩʪʘʪʦʚ ʦʪʥʦʩʷʪʩʷ ʪʝʨʤʦʩʪʘʪ/ʙʘʨʦʩʪʘʪ 

ʅʦʟʝ-ɻʫʚʝʨʘ, ɹʝʨʝʥʜʩʝʥʘ, ʃʘʥʞʝʚʝʥʘ ʠ ɸʥʜʝʨʩʦʥʘ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʥʘʫʯʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʝʨʤʦʩʪʘʪ ʃʘʥʞʝʚʝʥʘ ʠ ʙʘʨʦʩʪʘʪ ʅʦʟʝ-ɻʫʚʝʨʘ.  

ʊʝʨʤʦʩʪʘʪ ʃʘʥʞʝʚʝʥʘ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʙʨʦʫʥʦʚʩʢʦʡ 

ʜʠʥʘʤʠʢʠ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʚ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ ʅʴʶʪʦʥʘ ʚʚʦʜʷʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ: ʩʠʣʘ ʪʨʝʥʠʷ, ʢʦʪʦʨʘʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʪʚʦʜʫ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ ʠʟ ʩʠʩʪʝʤʳ, ʠ ʩʣʫʯʘʡʥʘʷ ʩʠʣʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʧʝʨʝʜʘʯʫ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʚ ʩʠʩʪʝʤʫ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩʨʝʜʥʠʡ ʫʨʦʚʝʥʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʯʘʩʪʠʮ ʥʘ 

ʟʘʜʘʥʥʦʤ ʟʥʘʯʝʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʪʨʝʙʫʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʝ: 

 ά►  Ὂ►  άɜ►  Ⱪὸ (2.6.5) 

ʛʜʝ ɜ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ, Ⱪὸ ï ʩʣʫʯʘʡʥʘʷ ʩʠʣʘ, ʢʦʪʦʨʘʷ ʦʙʣʘʜʘʝʪ ʛʘʫʩʩʦʚʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ. 

ɹʘʨʦʩʪʘʪ ʅʦʟʝ-ɻʫʚʝʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ ʤʝʪʦʜʘ ʅʦʟʝ-ɻʫʚʝʨʘ [128] ʩ 

ʧʦʩʪʦʷʥʥʳʤ ʜʘʚʣʝʥʠʝʤ ʠ ʩ ʢʦʥʪʨʦʣʝʤ ʢʦʣʝʙʘʥʠʡ ʧʦʨʰʥʷ, ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʩ ʧʦʤʦʱʴʶ 

ʜʠʥʘʤʠʢʠ ʃʘʥʞʝʚʝʥʘ [129]. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʚʳʙʨʘʪʴ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ [126]. ɺ ʦʪʢʨʳʪʦʡ ʩʠʩʪʝʤʝ ʯʘʩʪʠʮʳ ʤʦʛʫʪ 

ʧʝʨʝʤʝʱʘʪʴʩʷ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ. ɺ ʩʣʫʯʘʝ ʟʘʤʢʥʫʪʳʭ ʛʨʘʥʠʮ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʯʘʩʪʠʮ 

ʙʫʜʝʪ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʚʣʠʷʥʠʶ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʬʬʝʢʪʦʚ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʶʪʩʷ 
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ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʨʘʩʯʝʪʥʘʷ ʦʙʣʘʩʪʴ ʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʙʝʩʢʦʥʝʯʥʦʡ ʨʝʰʝʪʢʠ, ʟʘʧʦʣʥʷʶʱʝʡ ʚʩʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʧʦʜʭʦʜʘ 

ʤʦʣʝʢʫʣʳ ʚ ʢʘʞʜʦʤ ʠʟ ʚʦʩʧʨʦʠʟʚʝʜʝʥʥʳʭ ʙʣʦʢʦʚ ʤʦʛʫʪ ʜʚʠʛʘʪʴʩʷ ʘʥʘʣʦʛʠʯʥʦ ʠʩʭʦʜʥʳʤ 

ʤʦʣʝʢʫʣʘʤ, ʘ ʧʨʠ ʚʳʭʦʜʝ ʤʦʣʝʢʫʣʳ ʠʟ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʦʣʷ ʝʸ ʟʝʨʢʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʧʦʷʚʣʷʝʪʩʷ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʧʦʣʝ. 

2.7. ʄʝʪʦʜ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʳʝ ʠ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʦʩʪʦʷʥʠʷ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʟʘʩʝʣʝʥʥʦʩʪʴʶ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʝʨʝʭʦʜʥʳʝ ʦʙʣʘʩʪʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʨʘʡʥʝ ʥʠʟʢʦʡ 

ʟʘʩʝʣʝʥʥʦʩʪʴʶ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʧʦʣʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʪʨʝʙʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʚʨʝʤʝʥʥʳʝ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʨʝʩʫʨʩʳ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʳʭ 

ʧʨʦʙʣʝʤ ʚ ʨʘʤʢʘʭ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ ʤʝʪʦʜʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪʘʥʦ 

ʤʥʦʞʝʩʪʚʦ ʧʦʜʭʦʜʦʚ ʠ ʤʝʪʦʜʦʚ ʫʩʢʦʨʝʥʥʦʛʦ ʩʵʤʧʣʠʨʦʚʘʥʠʷ [130], ʧʦʟʚʦʣʷʶʱʠʭ 

ʧʦʣʫʯʠʪʴ ʧʨʦʬʠʣʴ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ (ʧʦʜ ʪʝʨʤʠʥʦʤ çʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷè 

ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ ʠʣʠ ʵʥʝʨʛʠʷ ɻʝʣʴʤʛʦʣʴʮʘ) ʚʜʦʣʴ ʢʦʣʣʝʢʪʠʚʥʳʭ 

ʧʝʨʝʤʝʥʥʳʭ ʠʣʠ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ. ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʟʦʥʪʠʯʥʦʡ 

ʚʳʙʦʨʢʠ (umbrella sampling, US). 

ɺ ʤʝʪʦʜʝ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ [131] ʚʝʩʴ ʠʩʩʣʝʜʫʝʤʳʡ ʠʥʪʝʨʚʘʣ ʟʥʘʯʝʥʠʡ 

ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ (‚ȟ‚) ʨʘʟʙʠʚʘʝʪ ʥʘ N çʦʢʦʥè c ʮʝʥʪʨʘʤʠ ‚ ʚ ʢʘʞʜʦʤ. ɺ ʢʘʞʜʦʤ 

ʦʢʥʝ ʧʨʦʚʦʜʠʪʩʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʩ ʥʘʣʦʞʝʥʠʝʤ ʩʤʝʱʘʶʱʝʛʦ 

ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ: 

 ὠ‚ ‚ ‚ȟ  (2.7.1) 

ʛʜʝ Ὧ ï ʢʦʥʩʪʘʥʪʘ ʞʸʩʪʢʦʩʪʠ, ‚ȟ ï ʮʝʥʪʨ i-ʦʛʦ ʦʢʥʘ. ʅʘʣʦʞʝʥʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʫʤʝʥʴʰʘʶʪ 

ʙʘʨʴʝʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ, ʠ ʩʠʩʪʝʤʘ ʩ ʙʦʣʴʰʝʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʤʦʞʝʪ ʠʭ 

ʧʨʝʦʜʦʣʝʪʴ.  

ɼʣʷ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʩʵʤʧʣʠʨʦʚʘʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʳʝ 

ʠʥʪʝʛʨʘʣʳ ʜʣʷ ʩʠʩʪʝʤʳ ʙʝʟ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ: 
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 ὖ‚  
᷿ ►  ► ►

᷿ ► ►
 (2.7.2) 

ʠ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʧʨʠʣʦʞʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ: 

 ὖ ‚  
᷿ ►  ► ► ►

᷿ ► ► ►
 (2.7.3) 

ʛʜʝ ► ï ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ, Ὗ► ï ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ, ὠ‚►  ï ʩʤʝʱʘʶʱʠʡ 

ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ, ‚► ï ʢʦʦʨʜʠʥʘʪʘ ʨʝʘʢʮʠʠ.  

ʇʦʩʢʦʣʴʢʫ ʧʨʠʣʦʞʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ, ʘ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʷʝʪ ʧʦ ʚʩʝʤ ʢʦʦʨʜʠʥʘʪʘʤ ʨʝʘʢʮʠʠ ʠʟ ʠʥʪʝʛʨʘʣʦʚ (2.7.2) ʠ (2.7.3) 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ: 

 ὖ‚  
᷿ ►  ► ► ► ►

᷿ ► ►

᷿ ► ► ►

᷿ ► ► ►
 

 ὖ ‚Ὡ ► ᷿ ► ► ►

᷿ ► ►
 ὖ ‚Ὡ ► ộὩ ► Ớ (2.7.4)  

ʊʦʛʜʘ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ ʚʜʦʣʴ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ‚ ʜʣʷ ʢʘʞʜʦʛʦ ʦʢʥʘ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʢʘʢ: 

 Ὂ‚  ὯὝὰὲὖȟ‚ ὠ‚ Ὢ (2.7.5) 

ɼʣʷ ʦʮʝʥʢʠ Ὢ ʠ ʦʙʲʝʜʠʥʝʥʠʷ ʦʢʦʥ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ 

ʟʦʥʪʠʯʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ (umbrella integration, UI) ʠ ʤʝʪʦʜ ʚʟʚʝʰʝʥʥʳʭ ʛʠʩʪʦʛʨʘʤʤ 

(Weighted Histogram Analysis Method, WHAM).  

ɺ ʤʝʪʦʜʝ WHAM [132] ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʦʨʜʠʥʘʪʳ ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʢ ʚʟʚʝʰʝʥʥʘʷ 

ʩʫʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʦʪʜʝʣʴʥʳʭ ʦʢʦʥ (ὖ‚), ʛʜʝ ʚʝʩʘ (ὴ) ʧʦʜʙʠʨʘʶʪʩʷ ʜʣʷ 

ʤʠʥʠʤʠʟʘʮʠʠ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʧʦʛʨʝʰʥʦʩʪʠ: 

 ὖ‚  Вὴ‚ὖ‚ (2.7.6) 

ɺʝʩʘ ὴ‚, ʩ ʫʯʝʪʦʤ ʠʭ ʥʦʨʤʘʣʠʟʘʮʠʠ, ʚʳʨʘʞʘʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 ὴ‚  
В

 (2.7.7.) 
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ʛʜʝ ὔ ï ʯʠʩʣʦ ʢʘʜʨʦʚ ʚ i-ʪʦʤ ʦʢʥʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʷ ʚʳʨʘʞʝʥʠʷ (2.7.5), (2.7.6) ʠ 

(2.7.7), ʠʪʝʨʘʮʠʦʥʥʦ ʥʘʭʦʜʷʪʩʷ ʢʦʥʩʪʘʥʪʳ Ὢ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ὖ‚ ʜʦ ʪʝʭ ʧʦʨ ʧʦʢʘ ʥʝ 

ʙʫʜʝʪ ʜʦʩʪʠʛʥʫʪʘ ʩʭʦʜʠʤʦʩʪʴ. 

ʄʝʪʦʜ ʚʟʚʝʰʝʥʥʳʭ ʛʠʩʪʦʛʨʘʤʤ ʪʨʝʙʫʝʪ ʧʝʨʝʢʨʳʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʝʞʜʫ ʦʢʥʘʤʠ 

ʠ, ʢʨʦʤʝ ʪʦʛʦ, ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʰʠʨʠʥʝ ʷʯʝʝʢ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʙʠʚʘʝʪʩʷ ʢʦʦʨʜʠʥʘʪʘ ʨʝʘʢʮʠʠ. 

ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʤʝʪʦʜʝ WHAM ʫʩʨʝʜʥʷʶʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʚ ʤʝʪʦʜʝ ʟʦʥʪʠʯʥʦʛʦ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ [133] ʫʩʨʝʜʥʷʝʪʩʷ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ, ʜʣʷ ʵʪʦʛʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʝʝ 

ʧʨʦʠʟʚʦʜʥʘʷ: 

  ὯὝ Ὧ‚  ‚ȟ  (2.7.8) 

ʇʨʠ ʨʘʟʣʦʞʝʥʠʠ Ὂ‚ ʚ ʩʪʝʧʝʥʥʦʡ ʨʷʜ ʜʦ ʢʚʘʜʨʘʪʠʯʥʦʛʦ ʯʣʝʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʦʢʥʘʭ 

ʩʪʘʥʦʚʷʪʩʷ ʥʦʨʤʘʣʴʥʳʤʠ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʝ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ ʷʚʥʦ: 

 ὯὝ
 
 Ὧ‚  ‚ȟ  (2.7.9) 

ʛʜʝ ‚Ӷ ʠ „  ï ʩʨʝʜʥʝʝ ʠ ʜʠʩʧʝʨʩʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʚ i-ʪʦʤ ʦʢʥʝ. ɼʣʷ 

ʦʙʲʝʜʠʥʝʥʠʷ ʦʢʦʥ ʚʝʩʴ ʜʠʘʧʘʟʦʥ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʷʯʝʡʢʠ, ʚ ʧʨʝʜʝʣʘʭ 

ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʥʘʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠʥʠʤʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʠ ʩʫʤʤʠʨʫʝʪʩʷ ʧʦ ʚʩʝʤ 

ʦʢʥʘʤ: 

 
ȟ

 Вὴ‚
ȟ

 (2.7.10) 

ʛʜʝ ‚ȟ ï ʢʦʦʨʜʠʥʘʪʘ ʮʝʥʪʨʘ j-ʦʡ ʷʯʝʡʢʠ, ὴ‚  ὔὖ‚ȾВὔὖ‚ ï ʚʝʩ ʦʢʥʘ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʟ ʟʥʘʯʝʥʠʡ ʧʨʦʠʟʚʦʜʥʳʭ ʚ ʢʘʞʜʦʤ ʦʢʥʝ ʯʠʩʣʝʥʥʳʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʦʜʘ ʚʟʚʝʰʝʥʥʳʭ ʛʠʩʪʦʛʨʘʤʤ, ʢʦʪʦʨʳʡ ʚʳʧʦʣʥʷʝʪʩʷ ʠʪʝʨʘʪʠʚʥʦ, 

ʤʝʪʦʜ ʟʦʥʪʠʯʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʧʨʦʬʠʣʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʧʨʦʙʣʝʤ ʩʦ ʩʭʦʜʠʤʦʩʪʴʶ ʠ 

ʚʨʝʤʝʥʝʤ ʨʘʩʯʝʪʘ, ʦʜʥʘʢʦ UI ʠʤʝʝʪ ʷʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ, ʩʚʷʟʘʥʥʳʡ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ ʦ 

ʥʦʨʤʘʣʴʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʚ ʢʘʞʜʦʤ ʦʢʥʝ. 

ʄʝʪʦʜʳ ʫʩʢʦʨʝʥʥʦʛʦ ʩʵʤʧʣʠʨʦʚʘʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʝʪʦʜ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ, ʦʙʳʯʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʚ NVT-ʘʥʩʘʤʙʣʝ ʠ ʨʘʩʩʯʠʪʳʚʘʶʪ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ɻʝʣʴʤʛʦʣʴʮʘ. 
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ʆʜʥʘʢʦ, ʧʨʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚ NPT-ʘʥʩʘʤʙʣʝ ʦʙʲʝʤ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ ʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦʩʪʴʶ 

ʩʯʠʪʘʪʴ, ʯʪʦ Ὃ‚ Ὂ‚ ʠ ʨʘʩʩʯʠʪʳʚʘʪʴ ʵʥʝʨʛʠʶ ɻʠʙʙʩʘ. 
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ɻʣʘʚʘ 3. ʌʝʨʤʝʥʪʘʪʠʚʥʳʡ ʨʘʟʨʳʚ P-O ʩʚʷʟʠ: ʢʨʠʪʝʨʠʠ ʜʠʩʩʦʮʠʘʪʠʚʥʦʛʦ ʠ 

ʘʩʩʦʮʠʘʪʠʚʥʦʛʦ ʤʝʭʘʥʠʟʤʦʚ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ, ʠʟʣʦʞʝʥʳ ʚ ʨʘʙʦʪʝ [15,134]1. 

3.1. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ 

ɿʘʜʘʯʝʡ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʢʨʠʪʝʨʠʝʚ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ 

ʤʝʭʘʥʠʟʤʘ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʨʘʟʨʳʚʦʤ P-O ʩʚʷʟʠ, ʧʦ 

ʩʪʨʫʢʪʫʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʝʛʦ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ 

ʯʝʪʳʨʥʘʜʮʘʪʴ ʩʠʩʪʝʤ ʩ ʠʟʚʝʩʪʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʨʝʘʢʮʠʡ. ʂ ʚʳʙʨʘʥʥʳʤ ʨʝʘʢʮʠʷʤ 

ʦʪʥʦʩʷʪʩʷ ʛʠʜʨʦʣʠʟ ʛʫʘʥʦʟʠʥʪʨʠʬʦʩʬʘʪʘ (ɻʊʌ) ʜʦ ʛʫʘʥʦʟʠʥʜʠʬʦʩʬʘʪʘ (ɻɼʌ) ʠ ʬʦʩʬʘʪʘ 

ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ Ras-GAP [24], Ran-GAP [135] ʠ Arl3-RP2 [136]; ʛʠʜʨʦʣʠʟ 

ʮʠʢʣʠʯʝʩʢʦʛʦ ʜʠʤʝʨʥʦʛʦ ʛʫʘʥʦʟʠʥʤʦʥʦʬʦʩʬʘʪʘ (ʮ-ʜʠ-ɻʄʌ) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ EAL ʙʝʣʢʘ BlrP1 [137]; ʧʨʝʚʨʘʱʝʥʠʝ ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪʘ (ɸʊʌ) 

ʚ ʮʠʢʣʠʯʝʩʢʠʡ ʘʜʝʥʦʟʠʥʤʦʥʦʬʦʩʬʘʪ (ʮɸʄʌ) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʘʜʝʥʠʣʘʪʮʠʢʣʘʟʳ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ (mAC) [138] ʠ ʬʦʪʦʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʜʝʥʠʣʘʪʮʠʢʣʘʟʳ 

(bPAC) [139]; ʛʠʜʨʦʣʠʟ ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪʘ ʜʦ ʘʜʝʥʦʟʠʥʜʠʬʦʩʬʘʪʘ (ɸɼʌ) ʚ ʘʢʪʠʚʥʳʭ 

ʮʝʥʪʨʘʭ F1-ɸʊʌʘʟʳ [140], ʤʝʚʘʣʦʥʘʪʢʠʥʘʟʳ (MVK ) [141], 

ʤʝʚʘʣʦʥʘʪʜʠʬʦʩʬʘʪʜʝʢʘʨʙʦʢʩʠʣʘʟʳ (MDD) [142] ʠ ʤʠʦʟʠʥʘ [143]; ʨʝʘʢʮʠʷ ʛʠʜʨʦʣʠʟʘ 

ʬʦʩʬʘʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʥʫʢʣʝʦʪʠʜʧʠʨʦʬʦʩʬʦʪʘʟʳ/ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʳ (NPP) [35]; 

ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʜʠʵʬʠʨʥʳʭ ʩʚʷʟʝʡ ɼʅʂ ʚ ʨʠʙʦʥʫʢʣʝʘʟʝ H ʯʝʣʦʚʝʢʘ (ʈʅʂʘʟʘ H(h)) [144] ʠ 

ʙʘʢʪʝʨʠʘʣʴʥʦʡ ʨʠʙʦʥʫʢʣʝʘʟʝ H (ʈʅʂʘʟʘ H(b) ʩ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʤ ʠʣʠ ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ 

 
1 ʇʨʠ ʦʧʠʩʘʥʠʠ ʜʘʥʥʦʡ ʛʣʘʚʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ, ʚʳʧʦʣʥʝʥʥʳʝ ʩʦʠʩʢʘʪʝʣʝʤ ʚ ʩʦʘʚʪʦʨʩʪʚʝ 

ʧʫʙʣʠʢʘʮʠʠ, ʚ ʢʦʪʦʨʳʭ, ʩʦʛʣʘʩʥʦ ʧ.ʧ. 2.2-2.5 ʇʦʣʦʞʝʥʠʝ ʦ ʧʨʠʩʫʞʜʝʥʠʠ ʫʯʝʥʳʭ ʩʪʝʧʝʥʝʡ ʚ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. 

ʃʦʤʦʥʦʩʦʚʘ, ʦʪʨʘʞʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʦʞʝʥʠʷ ʠ ʚʳʚʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

Khrenova M. G., Mulashkina T. I., Stepanyuk R. A., Nemukhin A. V. Modeling of enzyme-catalyzed PïO bond cleavage in 

the adenosine triphosphate molecule // Mendeleev Communications. ï 2024. ï Vol. 34, ˉ 1. ï P. 1ï7 ʇʦʜʛʦʪʦʚʢʘ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ, ʧʨʠʯʝʤ ʚʢʣʘʜ ʄʫʣʘʰʢʠʥʦʡ ʊ.ʀ. ʩʦʩʪʘʚʠʣ 65%  

Mulashkina T. I., Kulakova A. M., Khrenova M. G. Enzymatic PïO Bond Cleavage: Criteria of Dissociative and Associative 

Mechanisms // Journal of Chemical Information and Modeling. ï 2025. ï Vol. 65, ˉ 15 ï P. 8181-8193.ʇʦʜʛʦʪʦʚʢʘ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ, ʧʨʠʯʝʤ ʚʢʣʘʜ ʄʫʣʘʰʢʠʥʦʡ ʊ.ʀ. ʩʦʩʪʘʚʠʣ 85% 
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ʚ ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ) [145]. ʄʝʭʘʥʠʟʤʳ ʵʪʠʭ ʨʝʘʢʮʠʡ ʙʳʣʠ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʧʦ 

ʪʠʧʘʤ ʥʘ ʦʩʥʦʚʝ ʠʟʚʝʩʪʥʳʭ ʜʘʥʥʳʭ ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʨʦʬʠʣʝʡ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ (ʊʘʙʣʠʮʘ 3.1.1). ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʠʩʪʝʤʳ ʩ 

ʥʝʠʟʚʝʩʪʥʳʤʠ ʪʠʧʘʤʠ ʤʝʭʘʥʠʟʤʦʚ (ʨʝʘʢʮʠʷ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʚ ʘʜʝʥʠʣʘʪʢʠʥʘʟʘʭ 

ECAK, MtAK , APAK) [146ï148] ʜʣʷ ʚʘʣʠʜʘʮʠʠ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʢʨʠʪʝʨʠʝʚ. 

ʊʘʙʣʠʮʘ 3.1.1. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʧʦ ʤʝʭʘʥʠʟʤʫ ʨʘʟʨʳʚʘ P-O ʩʚʷʟʠ. ʋʢʘʟʘʥʳ 

ʩʩʳʣʢʠ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦ ʢʦʪʦʨʳʤ ʧʨʦʚʝʜʝʥʘ ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

 ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ 

ʉ
ʪ
ʫ
ʧ
ʝ
ʥ
ʯ
ʘ
ʪ
ʳ
ʡ

 

Arl3- RP2 [136] EAL [137] 

Ran-GAP [135] ʈʅʂʘʟʘ H(h) [144] 

Ras-GAP [24]  

F1-ATPase [140]  

ʉ
ʦ
ʛ
ʣ
ʘ
ʩ
ʦ
ʚ
ʘ
ʥ
ʥ
ʳ
ʡ

 

NPP [35] mAC [138] 

MVK  [141] ʈʅʂʘʟʘ H(b) + OHï [145] 

ʄʠʦʟʠʥ [143] ʈʅʂʘʟʘ H(b) + H2O [145] 

MDD [142] bPAC [139] 

 

3.2. ʇʦʜʛʦʪʦʚʢʘ ʩʠʩʪʝʤ ʠ ʧʨʦʪʦʢʦʣʳ ʨʘʩʯʝʪʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʙʳʣʠ ʚʟʷʪʳ 

ʜʘʥʥʳʝ ʠʟ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ PDB ID: 1WQ1 [149], 1K5D [150], 

3BH7 [151], 3GG0 [152], 1CJK [153], 5M2A [154], 1E79 [155], 1KVK  [156], 4DPW [157], 

1VOM [158], 2GSO [159], 2QKK [160], 1ZBL [161], 1AKE [162], 2CDN[146] ʠ 6LN3 [148]. 

ʅʝʨʘʟʨʝʰʝʥʥʳʝ ʬʨʘʛʤʝʥʪʳ (Gly73-Leu88 ʚ MVK , Ala205-Ser208 ʚ ʤʠʦʟʠʥʝ ʠ Asp62-His66 

ʚ F1-ɸʊʌʘʟʝ) ʙʳʣʠ ʜʦʩʪʨʦʝʥʳ ʚʨʫʯʥʫʶ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʚ ʩʪʨʫʢʪʫʨʳ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Reduce [163] ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʝ ʩʦʩʪʦʷʥʠʷ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʥʝʡʪʨʘʣʴʥʦʤʫ pH. ɺʩʝ ʦʩʪʘʪʢʠ ʣʠʟʠʥʘ ʠ 

ʘʨʛʠʥʠʥʘ ʚ ʧʦʣʫʯʝʥʥʳʭ ʩʠʩʪʝʤʘʭ ʙʳʣʠ ʧʨʦʪʦʥʠʨʦʚʘʥʳ, ʘ ʪʘʢʞʝ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʤ 
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ʦʢʘʟʘʣʩʷ ʦʩʪʘʪʦʢ His20 ʚ MVK, ʪʦʛʜʘ ʢʘʢ ʚʩʝ ʦʩʪʘʪʢʠ ʛʣʫʪʘʤʠʥʦʚʦʡ ʠ ʘʩʧʘʨʘʛʠʥʦʚʦʡ 

ʢʠʩʣʦʪ ʙʳʣʠ ʚ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʤʧʣʝʢʩʳ ʙʳʣʠ 

ʩʦʣʴʚʘʪʠʨʦʚʘʥʳ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʘʪʦʤʦʚ ʙʝʣʢʘ ʜʦ 

ʛʨʘʥʠʮʳ ʷʯʝʡʢʠ ʚ ʚʠʜʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 10 ¡. 

ʇʦʜʛʦʪʦʚʢʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʷ ʧʦʣʥʦʘʪʦʤʥʳʭ ʤʦʜʝʣʝʡ ʩʠʩʪʝʤ ʧʨʦʚʦʜʠʣʘʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ VMD [164]. 

ɼʣʷ ʨʝʣʘʢʩʘʮʠʠ ʩʦʣʴʚʘʪʥʦʡ ʦʙʦʣʦʯʢʠ ʜʣʷ ʚʩʝʭ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʪʝʯʝʥʠʠ 2 ʥʩ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʘʪʦʤʘʤʠ 

ʙʝʣʢʘ ʠ ʩʫʙʩʪʨʘʪʘ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ NAMD [165]. ɼʘʣʝʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʨʝʣʘʢʩʘʮʠʷ 

ʙʝʣʢʦʚʦʛʦ ʦʢʨʫʞʝʥʠʷ ʚ ʪʝʯʝʥʠʝ 5 ʥʩ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ. ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʟʘ ʧʦʩʣʝʜʥʠʝ 2 ʥʩ. ɼʣʷ 

ʬʝʨʤʝʥʪʦʚ, ʦʩʥʦʚʘʥʠʡ ɼʅʂ ʠ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʩʠʣʦʚʦʝ 

ʧʦʣʝ CHARMM [166ï168], ʜʣʷ ʤʦʣʝʢʫʣ ʚʦʜʳ ï ʤʦʜʝʣʴ TIP3P [169]. 

ʉʣʝʜʫʶʱʠʤ ʵʪʘʧʦʤ ʷʚʣʷʣʦʩʴ ʧʨʦʚʝʜʝʥʠʝ ʄɼ-ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ. ʂʚʘʥʪʦʚʘʷ 

ʯʘʩʪʴ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʢʣʶʯʘʣʘ ʩʫʙʩʪʨʘʪ, ʢʣʶʯʝʚʳʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʘʢʪʠʚʥʦʛʦ 

ʮʝʥʪʨʘ, ʢʘʪʠʦʥ ʤʝʪʘʣʣʘ ʠ ʝʛʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʫʶ ʩʬʝʨʫ, ʘ ʪʘʢʞʝ ʤʦʣʝʢʫʣʫ ʥʫʢʣʝʦʬʠʣʘ. ʅʘ 

ʛʨʘʥʠʮʝ ʨʘʟʨʳʚʘ C-C ʩʚʷʟʝʡ ʜʦʙʘʚʣʷʣʠ link-ʘʪʦʤʳ (ʘʪʦʤʳ ʚʦʜʦʨʦʜʘ). ʇʦʜʨʦʙʥʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʦ ʂʄ ʧʦʜʩʠʩʪʝʤʘʭ, ʠʭ ʨʘʟʤʝʨʦʚ ʠ ʟʘʨʷʜʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʮʝ 3.2.1, ʘ ʠʭ 

ʚʠʜ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 3.2.1. ɼʣʷ ʦʧʠʩʘʥʠʷ ʢʚʘʥʪʦʚʳʭ ʧʦʜʩʠʩʪʝʤ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʝʦʨʠʶ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʂʦʥʘ-ʐʵʤʘ ʩ ʛʠʙʨʠʜʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ PBE0 [110] ʠ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʦʧʨʘʚʢʦʡ D3 [170] ʠ ʙʘʟʠʩʥʳʡ ʥʘʙʦʨ ʩ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʤʠ 

ʬʫʥʢʮʠʷʤʠ ï 6-31G** . 

ʇʨʦʬʠʣʴ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʧʝʨʝʥʦʩʘ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʦʪ ɸʊʌ ʢ ɸʄʌ ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ MtAK  ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʩ ʧʦʤʦʱʴʶ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʤʝʪʦʜʦʤ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ [131]. ɺ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪʳ 

ʨʝʘʢʮʠʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʜʣʠʥʦʡ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʘʪʦʤʦʤ ʬʦʩʬʦʨʘ 

ʠ ʢʠʩʣʦʨʦʜʦʤ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ (d(P-OLG)) ʠ ʨʘʩʩʪʦʷʥʠʝʤ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ  

(d(P-ONu)). ʂʦʦʨʜʠʥʘʪʘ ʨʝʘʢʮʠʠ ʙʳʣʘ ʨʘʟʙʠʪʘ ʥʘ 11 ʦʢʦʥ ʩ ʮʝʥʪʨʘʤʠ ʚ ʟʥʘʯʝʥʠʷʭ -1,6, -

1,2, -0,8, -0,4, -0,1, 0,1, 0,4, 0,8, 1,2, 1,6 ʠ 2,3 ¡. ʉʠʣʦʚʘʷ ʢʦʥʩʪʘʥʪʘ ʧʨʠʣʦʞʝʥʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʩʦʩʪʘʚʣʷʣʘ 40 ʢʢʘʣ/ʤʦʣʴ/¡2, ʚʙʣʠʟʠ ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʜʣʷ ʦʢʦʥ ʩ 
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ʮʝʥʪʨʘʤʠ -0,1 ʠ 0,1) ï 80 ʢʢʘʣ/ʤʦʣʴ/¡2. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʢʦʦʨʜʠʥʘʪʳ 

ʨʝʘʢʮʠʠ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ WHAM [132] ʠ UI [133]. 

ɼʣʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ 

NAMD [165], ʘ ʜʣʷ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʥʪʝʨʬʝʡʩ [171] 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ TeraChem [172]. ɺʩʝ ʄɼ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʰʘʛʦʤ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ 1 ʬʩ ʚ ʠʟʦʙʘʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʘʥʩʘʤʙʣʝ NPT ʧʨʠ p = 1 ʘʪʤ ʠ T = 298 K, 

ʢʦʪʦʨʳʝ ʧʦʜʜʝʨʞʠʚʘʣʠʩʴ ʟʘ ʩʯʝʪ ʙʘʨʦʩʪʘʪʘ ʅʦʟʝ-ɻʫʚʝʨʘ [173] ʠ ʪʝʨʤʦʩʪʘʪʘ 

ʃʘʥʞʝʚʝʥʘ [127]. 

ʀʟ ʪʨʘʝʢʪʦʨʠʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʩ ʂʄ/ʄʄ ʧʦʪʝʥʮʠʘʣʘʤʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ (d(P-ONu)) ʠ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ 

(d(P-OLG)). ʉʪʨʫʢʪʫʨʳ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ (ES), ʦʪʚʝʯʘʶʱʠʝ ʤʘʢʩʠʤʫʤʘʤ 

ʵʪʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ, ʙʳʣʠ ʚʳʙʨʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʳʭ ʪʦʯʝʢ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʂʄ/ʄʄ 

ʦʧʪʠʤʠʟʘʮʠʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʚʥʦʚʝʩʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩʦʣʴʚʘʪʥʳʝ 

ʦʙʦʣʦʯʢʠ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʙʳʣʠ ʫʩʝʯʝʥʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ 

ʢʦʤʧʣʝʢʩ ʙʳʣ ʦʢʨʫʞʝʥ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʥʝ ʤʝʥʝʝ 4 ¡. ʂʄ/ʄʄ 

ʦʧʪʠʤʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Tcl ChemShell [174] ʩ 

ʵʬʬʝʢʪʠʚʥʳʤ ʦʧʪʠʤʠʟʘʪʦʨʦʤ DL-FIND [175] ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʧʘʢʝʪʘ 

TURBOMOLE [176]. ʂʚʘʥʪʦʚʘʷ ʧʦʜʩʠʩʪʝʤʘ ʠ ʝʝ ʦʧʠʩʘʥʠʝ ʙʳʣʠ ʚʳʙʨʘʥʳ ʘʥʘʣʦʛʠʯʥʦ 

ʧʨʝʜʳʜʫʱʝʤʫ ʵʪʘʧʫ. 

ɺ ʨʘʚʥʦʚʝʩʥʳʭ ʛʝʦʤʝʪʨʠʷʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʙʳʣʠ ʨʘʩcʯʠʪʘʥʳ 

ʜʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʨʷʜʦʢ ʩʚʷʟʠ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ 

Multiwfn [177]. 
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ʊʘʙʣʠʮʘ 3.2.1. ʄʦʜʝʣʴʥʳʝ ʩʠʩʪʝʤʳ, ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, 

ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʥʳʝ ʧʦ ʪʠʧʫ ʤʝʭʘʥʠʟʤʘ. ʇʨʠʚʝʜʝʥʳ PDB ID, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʢʘʯʝʩʪʚʝ ʜʘʥʥʳʭ 

ʦ ʥʘʯʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ, ʂʄ ʯʘʩʪʠ, ʘ ʪʘʢʞʝ ʯʠʩʣʦ ʘʪʦʤʦʚ ʠ ʟʘʨʷʜ ʂʄ ʯʘʩʪʠ 

ʉʠʩʪʝʤʘ 
PDB 

ID 
ʂʄ ʯʘʩʪʴ 

ʏʠʩʣʦ 

ʘʪʦʤʦʚ 

ɿʘʨʷʜ 

ʂʄ 

ʯʘʩʪʠ 

ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ 

Arl3-RP2 3BH7 

GTP, Mg2+, Asp26, Asn27, Lys30, Thr31, Pro47, 

Thr48, Gln49, Gly69, Gly70, Gln71, Arg118, 

3 H2O 

115  

(103+12) 
0 

Ran-GAP 1K5D 

GTP, Mg2+, Gly19, Gly20, Lys23, Thr24, Tyr39, 

Ala41, Thr42, Leu43, Ala67, Gly68, Gln69, 

5 H2O 

124  

(113+11) 
-1 

Ras-GAP 1WQ1 

GTP, Mg2+, Ala11, Gly12, Gly13, Lys16, Ser17, 

Pro34, Thr35, Ile36, Ala59, Gly60, Gln61, 

Arg789, 3 H2O 

126  

(114+12) 
0 

F1-ɸʊʌʘʟʘ 1E79 
ɸʊʌ, Mg2+, Lys162, Thr163, Glu188, Arg189, 

Glu192, 7 H2O 

80  

(73+7) 
-2 

ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ 

NPP 2GSO 

ʄʝʪʠʣ-ʧ-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ (MNP), 2 Zn2+, 

Asp54, Leu89, Thr90, Phe91, Asn111, Asp210, 

His214, Asp257, His258, His383, 3 H2O 

121  

(111 + 10) 
-1 

MVK  1KVK  
ʄʝʚʘʣʦʥʘʪ (MV), ɸʊʌ, Mg2+, Lys13, Ser146, 

Asp204, Arg241, 7 H2O 

94  

(89+5) 
-2 

ʄʠʦʟʠʥ 1VOM 
ɸʊʌ, Mg2+, Ser181, Thr186, Ser236, Ser237, 

Arg238, Glu459, 4 H2O 

74  

(66+8) 
-2 

MDD 4DPW 
MVAPP, ɸʊʌ, 2 Mg2+, Ser107, Ser141, Lys188, 

Ser192, Asp283 

109  

(104+5) 
-4 

Associative stepwise mechanism 

EAL 3GG0 
ʮ-ʜʠ-ɻʄʌ, 2 Mg2+, Glu188, Asn239, Glu272, 

Asp302, Asp303, Glu359, Gln379, 7 H2O 

144  

(137+7) 
-3 

ʈʅʂʘʟʘ H(h) 2QKK 
A4, C5, C6, 2 Mg2+, Asp145, Glu186, Asp210, 

Asp274, 7 H2O 

93  

(85+8) 
-2 

ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ 

mAC 1CJK 
ɸʊʌ, 2 Mg2+, Asp396, Asp440, Arg484, Glu518, 

Ser1028, Arg1029, Lys1065, 14 H2O 

135  

(127+8) 
0 

ʈʅʂʘʟʘ H(b) 

OH 
1ZBL 

A4, C5, C6, 2 Mg2+, OH-, Asp71, Glu109, 

Asp132, Asp192, 8 H2O 

98  

(90+8) 
-3 

ʈʅʂʘʟʘ H(b) 

H2O 
1ZBL 

A4, C5, C6, 2 Mg2+, Asp71, Glu109, Asp132, 

Asp192, 5 H2O 

87  

(79+8) 
-2 

bPAC 5M2A 
ɸʊʌ, 2 Mg2+, Asp157, Asp201, Glu280, Arg278, 

6 H2O 

84  

(79+5) 
-2 

ʂʠʥʘʟʳ 

APAK 6LN3  
ɸʊʌ, AMP, Mg2+, Lys18, Thr19, Arg58, His99, 

Arg145, Arg147 

114  

(106+8) 
+1 

ECAK 1AKE 
ɸʊʌ, AMP, Mg2+, Lys13, Arg36, Arg88, 

Arg123, Arg156 

111  

(104+7) 
+1 

MtAK  2CDN 
ɸʊʌ, AMP, Mg2+, Lys13, Arg88, Arg127, 

Arg129, Arg140 

105  

(98+7) 
+1 
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3.3. ʉʨʘʚʥʝʥʠʝ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʬʝʨʤʝʥʪʦʚ 

ʈʘʟʨʳʚ P-O ʩʚʷʟʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʤʝʪʘʣʣʦʟʘʚʠʩʠʤʳʭ ʬʝʨʤʝʥʪʦʚ. ɺ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤʘʭ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʚʩʪʨʝʯʘʶʪʩʷ ʣʠʙʦ ʢʘʪʠʦʥ rʤʘʛʥʠʷ (Mg2+) ʣʠʙʦ 

ʮʠʥʢʘ (Zn2+). ɺ ʥʝʢʦʪʦʨʳʭ ʬʝʨʤʝʥʪʘʭ (Ras-GAP, Ran-GAP, Arl3-RP2, ʤʠʦʟʠʥ, F1-ɸʊʌʘʟʘ, 

bPAC, mAC) ʵʪʠ ʢʘʪʠʦʥʳ ʢʦʦʨʜʠʥʠʨʫʶʪ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʬʦʩʬʘʪʥʳʝ ʛʨʫʧʧʳ, ʚ 

ʜʨʫʛʠʭ ʞʝ ʬʝʨʤʝʥʪʘʭ (NPP, MVK , MDD, EAL, ʈʅʂʘʟʘ H(h), ʈʅʂʘʟʘ H(b)) ʢʘʪʠʦʥʳ 

ʘʢʪʠʚʠʨʫʶʪ ʥʫʢʣʝʦʬʠʣ, ʧʦʟʠʮʠʦʥʠʨʫʷ ʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʦʩʬʘʪʘ. ʕʪʠ ʬʫʥʢʮʠʠ ʢʘʪʠʦʥʦʚ 

ʤʝʪʘʣʣʦʚ ʥʝ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʪʠʧʦʤ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ. 

ɸʤʠʥʦʢʠʩʣʦʪʥʦʝ ʦʢʨʫʞʝʥʠʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʤʦʞʝʪ ʙʳʪʴ ʢʘʢ ʩʠʣʴʥʦ ʟʘʨʷʞʝʥʥʳʤ 

(ʥʘʧʨʠʤʝʨ, ʯʝʪʳʨʝ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ ʦʩʪʘʪʢʘ ʚ ʈʅʂʘʟʘ H(h), ʈʅʂʘʟʘ H(b) ʠ NPP), 

ʪʘʢ ʠ ʥʝʟʘʨʷʞʝʥʥʳʤ (ʥʘʧʨʠʤʝʨ, F1-ɸʊʌʘʟʘ, mAC, MDD ʠ ʤʠʦʟʠʥ). ʀʟ ʠʤʝʶʱʠʭʩʷ 

ʜʘʥʥʳʭ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʬʝʨʤʝʥʪʳ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʟʘʨʷʞʝʥʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, ʩʢʦʨʝʝ ʠʥʠʮʠʠʨʫʶʪ ʨʝʘʢʮʠʶ, 

ʧʨʦʪʝʢʘʶʱʫʶ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ʆʜʥʘʢʦ, ʷʚʥʳʭ ʢʦʨʨʝʣʷʮʠʡ ʤʝʞʜʫ 

ʩʪʨʦʝʥʠʝʤ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʬʝʨʤʝʥʪʦʚ ʠ ʪʠʧʦʤ ʤʝʭʘʥʠʟʤʘ ʧʨʦʪʝʢʘʶʱʝʡ ʚ ʥʝʡ ʨʝʘʢʮʠʠ 

ʫʩʪʘʥʦʚʠʪʴ ʥʝ ʫʜʘʣʦʩʴ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʯʝʩʪʴ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ʙʝʣʢʦʚʦʛʦ ʦʢʨʫʞʝʥʠʷ ʠ ʤʦʣʝʢʫʣ 

ʨʘʩʪʚʦʨʠʪʝʣʷ ʥʘ ʪʠʧ ʧʨʦʪʝʢʘʶʱʝʡ ʨʝʘʢʮʠʠ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (ʊʘʙʣʠʮʘ 3.3.1). ɿʥʘʯʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʝ ʟʘʨʷʜʦʚ ʠʟ ʩʠʣʦʚʳʭ ʧʦʣʝʡ CHARMM ʠ TIP3P ʠ 

ʫʩʨʝʜʥʷʣʠʩʴ ʧʦ ʚʩʝʡ ʪʨʘʝʢʪʦʨʠʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ. ʆʧʨʝʜʝʣʠʪʴ ʪʠʧ ʤʝʭʘʥʠʟʤʘ ʥʘ 

ʦʩʥʦʚʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʠʣʠ ʝʛʦ ʨʘʟʥʦʩʪʠ (æű(P-ONu) ʠʣʠ æű(P-OLG)) 

ʦʢʘʟʘʣʦʩʴ ʥʝʚʦʟʤʦʞʥʳʤ. 

  



64 

 
ʊʘʙʣʠʮʘ 3.3.1. ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ (ʚ ʘ.ʝ.), ʨʘʩʩʯʠʪʘʥʥʳʡ ʥʘ ʘʪʦʤʝ ʬʦʩʬʦʨʘ ű(P), 

ʘʪʦʤʘʭ ʢʠʩʣʦʨʦʜʘ ʥʫʢʣʝʦʬʠʣʘ ű(ONu) ʠ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ű(OLG), ʘ ʪʘʢʞʝ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ 

ȹű(P-ONu) ʠ ȹű(P-OLG) 

ʉʠʩʪʝʤʳ ű(P) ű(ONu) ű(OLG) ȹű(P-ONu) ȹű(P-OLG) 

ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ 

Arl3-RP2 -1,066 Ñ 0,014 0,049 Ñ 0,015 0,003 Ñ 0,015 -1,115 Ñ 0,016 -1,068 Ñ 0,012 

Ran-GAP -0,982 Ñ 0,015 0,146 Ñ 0,015 0,079 Ñ 0,016 -1,128 Ñ 0,015 -1,060 Ñ 0,012 

Ras-GAP -1,021 Ñ 0,015 0,099 Ñ 0,014 0,050 Ñ 0,015 -1,120 Ñ 0,015 -1,071 Ñ 0,013 

F1-ɸʊʌʘʟʘ -1,209 Ñ 0,015 -0,077 Ñ 0,017 -0,153 Ñ 0,014 -1,132 Ñ 0,021 -1,056 Ñ 0,012 

ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ 

NPP -0,510 Ñ 0,015 0,402 Ñ 0,021 0,224 Ñ 0,020 -0,912 Ñ 0,019 -0,734 Ñ 0,015 

MVK  -0,762 Ñ 0,021 0,308 Ñ 0,023 0,241 Ñ 0,020 -1,071 Ñ 0,023 -1,003 Ñ 0,016 

ʄʠʦʟʠʥ -0,935 Ñ 0,013 0,182 Ñ 0,016 0,135 Ñ 0,014 -1,118 Ñ 0,016 -1,070 Ñ 0,012 

MDD -0,819 Ñ 0,021 0,155 Ñ 0,023 0,163 Ñ 0,016 -0,973 Ñ 0,025 -0,982 Ñ 0,017 

ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ 

EAL -0,842 Ñ 0,017 0,397 Ñ 0,028 0,050 Ñ 0,020 -1,238 Ñ 0,025 -0,892 Ñ 0,014 

ʈʅʂʘʟʘ H(h) -0,934 Ñ 0,016 0,290 Ñ 0,020 -0,014 Ñ 0,015 -1,224 Ñ 0,021 -0,920 Ñ 0,012 

ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ 

mAC -0,893 Ñ 0,017 0,110 Ñ 0,018 0,231 Ñ 0,019 -1,003 Ñ 0,018 -1,124 Ñ 0,015 

ʈʅʂʘʟʘ H(b) OH -1,353 Ñ 0,022 -0,144 Ñ 0,025 -0,375 Ñ 0,029 -1,209 Ñ 0,034 -0,978 Ñ 0,016 

ʈʅʂʘʟʘ H(b) H2O -1,157 Ñ 0,022 -0,004 Ñ 0,024 -0,204 Ñ 0,023 -1,152 Ñ 0,024 -0,953 Ñ 0,015 

bPAC -0,731 Ñ 0,017 0,275 Ñ 0,017 0,396 Ñ 0,018 -1,006 Ñ 0,018 -1,127 Ñ 0,014 

 

3.4. ɸʥʘʣʠʟ ʢʣʶʯʝʚʳʭ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʩʠʩʪʝʤ 

ɺ ʦʙʟʦʨʥʦʡ ʩʪʘʪʴʝ [15] ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʨʘʩʩʪʦʷʥʠʡ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʠ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʤʦʞʝʪ ʩʣʫʞʠʪʴ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʠʟ 

ʜʘʥʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʂʄ/ʄʄ-ʄɼ ʜʣʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʚʩʝʭ ʩʠʩʪʝʤ ʙʳʣʠ 

ʧʦʩʪʨʦʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʘʪʦʤʦʤ ʬʦʩʬʦʨʘ ʠ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ 

ʥʫʢʣʝʦʬʠʣʘ ʠ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ. ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 3.2.1, ʘ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʠ ʩʪʘʥʜʘʨʪʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʜʣʷ ʵʪʠʭ ʨʘʩʩʪʦʷʥʠʡ 
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ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.4.1. ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʩʠʩʪʝʤ, ʨʝʘʢʮʠʷ ʚ ʢʦʪʦʨʳʭ ʧʨʦʪʝʢʘʝʪ ʧʦ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ, d(P-OLG) ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 1,5 ʜʦ 1,75 ¡, ʪʦʛʜʘ ʢʘʢ d(P-ONu) 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 2,8 ʜʦ 4,0 ¡. ɼʣʷ ʩʠʩʪʝʤ ʩ ʜʠʩʩʦʮʠʘʪʠʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʝʘʢʮʠʠ ʵʪʠ 

ʨʘʩʩʪʦʷʥʠʷ ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,6 ʜʦ 1,9 ¡ ʠ ʦʪ 2,4 ʜʦ 3,6 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʦʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʷ ʨʘʩʩʪʦʷʥʠʷ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʩʠʣʴʥʦ 

ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʜʣʷ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʨʝʘʢʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʠ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ʀʟ ʯʝʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ d(P-ONu) ʥʝ ʷʚʣʷʝʪʩʷ 

ʢʣʶʯʝʚʳʤ ʤʝʞʘʪʦʤʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, 

ʜʘʣʝʝ ʙʳʣ ʧʨʦʚʝʜʝʥ ʙʦʣʝʝ ʧʦʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʠʤʝʥʥʦ ʨʘʟʨʳʚʘʶʱʝʡʩʷ ʩʚʷʟʠ d(P-OLG). 

 

ʈʠʩʫʥʦʢ 3.4.1. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʥʫʢʣʝʦʬʠʣʴʥʳʡ ʘʪʘʢʠ d(P-ONu) ʠ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ 

ʩʚʷʟʠ d(P-OLG) ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʘʭ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʪʨʘʝʢʪʦʨʠʡ ʂʄ/ʄʄ-ʄɼ 
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ʊʘʙʣʠʮʘ 3.4.1. ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʠ ʩʪʘʥʜʘʨʪʥʳʝ ʦʪʢʣʦʥʝʥʠʷ (ʚ ¡) ʨʘʩʩʪʦʷʥʠʷ ʥʫʢʣʝʦʬʠʣʴʥʦʡ 

ʘʪʘʢʠ d(P-ONu) ʠ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ d(P-OLG) ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ 

 ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ 

 ʉʠʩʪʝʤʘ d(P-OLG) d(P-ONu) ʉʠʩʪʝʤʘ d(P-OLG) d(P-ONu) 

ʉ
ʪ
ʫ
ʧ
ʝ
ʥ
ʯ
ʘ
ʪ
ʳ
ʡ

e
 

Arl3-RP2 1,74Ñ0,05 2,93Ñ0,15 EAL 1,63Ñ0,03 2,95Ñ0,11 

Ran-GAP 1,73Ñ0,04 2,90Ñ0,15 ʈʅʂʘʟʘ H(h) 1,64Ñ0,03 3,28Ñ0,17 

Ras-GAP 1,75Ñ0,05 3,07Ñ0,16    

F1-ɸʊʌʘʟʘ 1,71Ñ0,04 3,91Ñ0,57    

ʉ
ʦ
ʛ
ʣ
ʘ
ʩ
ʦ
ʚ
ʘ
ʥ
ʥ
ʳ
ʡ

 

NPP 1,70Ñ0,04 3,04Ñ0,17 mAC 1,63Ñ0,04 3,45Ñ0,11 

MVK  1,67Ñ0,04 3,31Ñ0,23 ʈʅʂʘʟʘ H(b) OH 1,64Ñ0,03 3,18Ñ0,17 

ʄʠʦʟʠʥ 1,76Ñ0,04 2,87Ñ0,16 ʈʅʂʘʟʘ H(b) H2O 1,64Ñ0,03 3,18Ñ0,17 

MDD 1,67Ñ0,04 3,53Ñ0,14 bPAC 1,59Ñ0,03 3,56Ñ0,12 

 

ʅʘ ʨʠʩʫʥʢʝ 3.4.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ d(P-OLG) ʜʣʷ ʚʩʝʭ ʯʝʪʳʨʥʘʜʮʘʪʠ 

ʩʠʩʪʝʤ. ɼʣʷ ʩʠʩʪʝʤ ʩ ʜʠʩʩʦʮʠʘʪʠʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʝʘʢʮʠʠ (DN+AN ʠ DNAN) 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʦʣʝʝ ʰʠʨʦʢʠʝ ʩ ʜʣʠʥʘʤʠ ʩʚʷʟʝʡ ʦʪ 1,6 ʜʦ 1,9 ¡. ɼʣʷ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ 

ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ (AN+DN ʠ ANDN), ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʦʣʝʝ 

ʫʟʢʠʝ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʝ 1,75 ¡. ʏʪʦ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ ʪʦʤ, ʯʪʦ ʨʘʟʨʳʚʘʝʤʘʷ ʩʚʷʟʴ 

ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʙʦʣʝʝ ʛʠʙʢʘʷ ʠ ʩʣʘʙʘʷ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʬʝʨʤʝʥʪʦʚ, 

ʚ ʢʦʪʦʨʳʭ ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʜʣʠʥʘ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ d(P-OLG) 

ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʢʨʠʪʝʨʠʝʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʪʠʧ ʤʝʭʘʥʠʟʤʘ. ʂʨʦʤʝ 

ʪʦʛʦ, ʵʪʦʪ ʢʨʠʪʝʨʠʡ ʙʳʣ ʦʮʝʥʝʥ ʠ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʢʘʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ (ʊʘʙʣʠʮʘ 3.4.2). ʄʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʛʨʘʥʠʮʘ ʢʨʠʪʝʨʠʷ ʧʨʦʭʦʜʠʪ ʦʢʦʣʦ 

1,66 ¡: ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʠʩʪʝʤʘʤ ʩ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʦʤ 

ʨʝʘʢʮʠʠ, ʘ ʙʦʣʝʝ ʥʠʟʢʠʝ ï ʩ ʘʩʩʦʮʠʘʪʠʚʥʳʤ. ʕʪʘ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʥʘʜʝʞʥʘ ʢʘʢ ʜʣʷ ʙʦʣʴʰʠʭ, 

ʪʘʢ ʠ ʜʣʷ ʤʘʣʳʭ ʜʣʠʥ ʩʚʷʟʝʡ, ʦʜʥʘʢʦ ʜʣʷ ʟʥʘʯʝʥʠʡ ʚ ʧʦʛʨʘʥʠʯʥʦʡ ʦʙʣʘʩʪʠ ʚʳʚʦʜʳ ʤʝʥʝʝ 

ʫʙʝʜʠʪʝʣʴʥʳ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʩʠʩʪʝʤ MDD ʠ MVK). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʜʘʣʝʝ ʙʳʣʠ 

ʨʘʩʩʤʦʪʨʝʥʳ ʠ ʜʨʫʛʠʝ ʚʦʟʤʦʞʥʳʝ ʢʨʠʪʝʨʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʵʣʝʢʪʨʦʥʥʦ-ʧʣʦʪʥʦʩʪʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ. 
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ʈʠʩʫʥʦʢ 3.4.2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʩʩʪʦʷʥʠʡ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ d(P-OLG) ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ 

ʢʦʤʧʣʝʢʩʘʭ ʯʝʪʳʨʥʘʜʮʘʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʠʩʪʝʤ. ʉʭʝʤʳ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʧʦ ʤʝʭʘʥʠʟʤʘʤ 

ʩʦʛʣʘʩʥʦ ʪʘʙʣʠʮʝ 3.1.1. ɼʚʝ ʚʝʨʭʥʠʝ ʧʘʥʝʣʠ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʢʘʢ DN+AN ʠ DNAN, ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ ʤʝʭʘʥʠʟʤʘ, ʜʚʝ ʥʠʞʥʠʝ ʧʘʥʝʣʠ (AN+DN, ANDN) ï ʘʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ 

ʤʝʭʘʥʠʟʤʘ 

ʊʘʙʣʠʮʘ 3.4.2. ʈʘʩʩʪʦʷʥʠʝ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ d(P-ONu) ʠ ʜʣʠʥʘ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ d(PïOLG) 

ʚ ¡, ʧʦʣʫʯʝʥʥʳʝ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʢʘʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

 ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ 

 ʉʠʩʪʝʤʘ d(P-ONu), ¡ d(PïOLG), ¡ ʉʠʩʪʝʤʘ d(P-ONu), ¡ d(PïOLG), ¡ 

ʉ
ʪ
ʫ
ʧ
ʝ
ʥ
ʯ
ʘ
ʪ
ʳ
ʡ

 

Arl3-RP2 2,87 1,74 EAL 2,93 1,62 

Ran-GAP 2,86 1,73 ʈʅʂʘʟʘ H(h) 3,04 1,63 

Ras-GAP 3,03 1,73    

F1-ɸʊʌʘʟʘ 2,87 1,68    

ʉ
ʦ
ʛ
ʣ
ʘ
ʩ
ʦ
ʚ
ʘ
ʥ
ʥ
ʳ
ʡ

 

NPP 3,33 1,69 mAC 3,28 1,64 

MVK  3,52 1,66 ʈʅʂʘʟʘ H(b) OH 3,44 1,64 

ʄʠʦʟʠʥ 2,75 1,75 ʈʅʂʘʟʘ H(b) H2O  3,16 1,65 

MDD 3,60 1,67 bPAC 3,16 1,63 
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ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʢ ʠʟʤʝʥʝʥʠʶ ʛʠʙʨʠʜʥʦʛʦ 

ʬʫʥʢʮʠʦʥʘʣʘ ʊʌʇ. ʅʘ ʨʠʩʫʥʢʝ 3.4.3ɸ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ d(P-OLG) ʠ d(P-ONu), 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʥʢʮʠʦʥʘʣʦʚ PBE0-D3, B3LYP-D3 ʠ ɤB97X ʩ 

ʦʜʠʥʘʢʦʚʳʤ ʙʘʟʠʩʥʳʤ ʥʘʙʦʨʦʤ. ɺʠʜʥʦ, ʯʪʦ ʚ ʨʘʤʢʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʝʪʦʜʦʚ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳ. 

ʊʘʢʞʝ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ (ʈʠʩʫʥʦʢ 3.4.3B) ʜʣʷ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ d(P-OLG) ʠ d(P-ONu) ʜʣʷ ʩʠʩʪʝʤʳ ʈʅʂʘʟʳ ʩ ʜʚʫʤʷ ʚʦʟʤʦʞʥʳʤʠ ʥʫʢʣʝʦʬʠʣʘʤʠ 

(ʛʠʜʨʦʢʩʠʜʦʤ-ʘʥʠʦʥʦʤ ʠ ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ). ɺ ʦʙʦʠʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʘʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,55 ʜʦ 1,75 ¡. ʆʜʥʘʢʦ, 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʝʪʩʷ. ɺ ʩʠʩʪʝʤʝ ʩ ʛʠʜʨʦʢʩʠʜ-

ʘʥʠʦʥʦʤ, ʚ ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ, ʵʪʦ ʨʘʩʩʪʦʷʥʠʝ ʙʦʣʴʰʝ, ʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʤʘʢʩʠʤʫʤʘʤʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʚ ʜʚʫʭ ʩʠʩʪʝʤʘʭ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,5 ¡. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʥʫʢʣʝʦʬʠʣʘ, ʜʣʠʥʘ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʘʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ ʤʝʭʘʥʠʟʤʘ. 

 

ʈʠʩʫʥʦʢ 3.4.3. ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ d(P-ONu) ʠ d(P-OLG) ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʘʭ 

ʚ ʭʦʜʝ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠ:̫ ɸ ï ʤʠʦʟʠʥ ʩ ʩʫʙʩʪʨʘʪʦʤ ɸʊʌ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, 

ʨʘʩʩʯʠʪʘʥʥʳʡ ʚ ʨʘʟʥʳʭ ʬʫʥʢʮʠʦʥʘʣʘʭ ʊʌʇ ʂʦʥʘ-ʐʵʤʘ B3LYP-D3 (ʪʝʤʥʦ-ʩʝʨʳʡ ʮʚʝʪ), PBE0-

D3 (ʩʠʥʠʡ ʮʚʝʪ) ʠ ɤB97X (ʩʝʨʳʡ ʮʚʝʪ). B ï ʈʅʂʘʟʘ H ʩ ʬʨʘʛʤʝʥʪʦʤ ɼʅʂ ʩ ʚʦʜʦʡ (ʨʦʟʦʚʦʡ ʮʚʝʪ) 

ʠʣʠ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʤ (ʩʝʨʳʡ ʮʚʝʪ) ʚ ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ 
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3.5. ɸʥʘʣʠʟ ʜʝʩʢʨʠʧʪʦʨʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʨʷʜʢʘ ʩʚʷʟʠ 

ɺ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʢʘʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʜʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʧʦʨʷʜʢʦʚ 

ʩʚʷʟʠ. ɼʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʪʘʢʠʝ ʢʘʢ ʣʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʠ ELF, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʚ ʧʣʦʩʢʦʩʪʠ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʠ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʥʫʢʣʝʦʬʠʣʘ. 

ʅʘ ʢʘʨʪʘʭ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʈʠʩʫʥʦʢ 3.5.1) ʜʣʷ ʩʠʩʪʝʤ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ 

ʨʘʟʥʳʤ ʪʠʧʘʤ ʤʝʭʘʥʠʟʤʦʚ, ʦʙʥʘʨʫʞʝʥʳ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʳʚʘʝʤʦʡ 

ʩʚʷʟʠ. ɺ ʩʣʫʯʘʝ ʜʠʩʩʦʮʠʘʪʠʚʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʝʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ, ʘ ʧʨʠ ʘʩʩʦʮʠʘʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʝ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. 

ʉʨʘʚʥʝʥʠʝ ʢʘʨʪ ELF (ʈʠʩʫʥʦʢ 3.5.2) ʥʝ ʚʳʷʚʠʣʦ ʩʫʱʝʩʪʚʝʥʥʳʭ ʨʘʟʣʠʯʠʡ. 
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ʈʠʩʫʥʦʢ 3.5.1. ʂʘʨʪʳ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʧʣʦʩʢʦʩʪʠ ʘʪʦʤʘ 

ʬʦʩʬʦʨʘ P, ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ OLG ʠ ʥʫʢʣʝʦʬʠʣʘ ONu ʜʣʷ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ. 

ʂʘʨʪʳ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʧʦ ʤʝʭʘʥʠʟʤʘʤ ʩʦʛʣʘʩʥʦ ʪʘʙʣʠʮʝ 3.1.1. ɼʚʝ ʚʝʨʭʥʠʝ ʧʘʥʝʣʠ, ʦʙʦʟʥʘʯʝʥʥʳʝ 

ʢʘʢ DN+AN ʠ DNAN, ʧʨʝʜʩʪʘʚʣʷʶʪ ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ ʤʝʭʘʥʠʟʤʘ, ʜʚʝ ʥʠʞʥʠʝ ʧʘʥʝʣʠ (AN+DN, 

ANDN) ï ʘʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ ʤʝʭʘʥʠʟʤʘ. ʂʦʥʪʫʨʥʳʝ ʣʠʥʠʠ ʠʤʝʶʪ ʟʥʘʯʝʥʠʷ Ñ(2;4;8)Ŀ10n ʘ.ʝ., -2  

n  1, ʩʠʥʠʝ ʧʫʥʢʪʠʨʥʳʝ ʢʦʥʪʫʨʥʳʝ ʣʠʥʠʠ ʦʙʦʟʥʘʯʘʶʪ ʦʙʣʘʩʪʠ ʧʦʥʠʞʝʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ (​”► π), ʢʨʘʩʥʳʝ ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ (​”► π), ʘ ʟʝʣʝʥʘʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ​”► π. ʆʙʣʘʩʪʴ ʩ 

​”► π ʦʢʨʘʰʝʥʘ ʚ ʩʚʝʪʣʦ-ʟʝʣʝʥʳʡ ʮʚʝʪ 
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ʈʠʩʫʥʦʢ 3.5.2. ʂʘʨʪʳ ELF ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ. ʂʘʨʪʳ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʧʦ ʤʝʭʘʥʠʟʤʘʤ ʩʦʛʣʘʩʥʦ 

ʪʘʙʣʠʮʝ 3.1.1. ɼʚʝ ʚʝʨʭʥʠʝ ʧʘʥʝʣʠ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʢʘʢ DN+AN ʠ DNAN, ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ ʤʝʭʘʥʠʟʤʘ, ʜʚʝ ʥʠʞʥʠʝ ʧʘʥʝʣʠ (AN+DN, ANDN) ï ʘʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ 

ʤʝʭʘʥʠʟʤʘ. ʂʦʥʪʫʨʥʳʝ ʣʠʥʠʠ ʦʙʦʟʥʘʯʝʥʳ: ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ ï 0,5, ʢʨʘʩʥʳʤ ï 0,6, 0,7, 0,8, 0,9. 

ʆʙʣʘʩʪʴ ʩ ELF > 0,5 ʦʢʨʘʰʝʥʘ ʚ ʩʚʝʪʣʦ-ʟʝʣʝʥʳʡ ʮʚʝʪ 
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ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʠ ʘʥʘʣʠʟ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʢʘʨʪ ʣʘʧʣʘʩʠʘʥʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʣʶʯʝʚʳʤ ʜʝʩʢʨʠʧʪʦʨʦʤ ʚʳʩʪʫʧʘʝʪ ʨʘʟʨʳʚʘʝʤʘʷ 

ʩʚʷʟʴ P-OLG, ʜʘʣʴʥʝʡʰʠʡ ʘʥʘʣʠʟ ʙʳʣ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥ ʠʤʝʥʥʦ ʥʘ ʩʚʦʡʩʪʚʘʭ ʵʪʦʡ ʩʚʷʟʠ. 

ʅʘ ʨʠʩʫʥʢʝ 3.5.3 ʧʨʝʜʩʪʘʚʣʝʥ ʣʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ 

P-OLG. ɼʣʷ ʨʝʘʢʮʠʡ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ᶯ”► ʧʨʠʥʠʤʘʝʪ 

ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ 0,8 ʜʦ 1,3 ¡ ʦʪ ʘʪʦʤʘ ʬʦʩʬʦʨʘ. ʅʘʧʨʦʪʠʚ, ʜʣʷ 

ʩʠʩʪʝʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ, ᶯ”► ʧʦʣʦʞʠʪʝʣʝʥ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʣʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʙʠʥʘʨʥʦʛʦ ʢʨʠʪʝʨʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ. 

 

ʈʠʩʫʥʦʢ 3.5.3. ʃʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ​”► ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ P-OLG ʚ 

ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ɼʚʝ 

ʚʝʨʭʥʠʝ ʧʘʥʝʣʠ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʢʘʢ DN+AN ʠ DNAN, ʧʨʝʜʩʪʘʚʣʷʶʪ ʜʠʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ 

ʤʝʭʘʥʠʟʤʘ, ʜʚʝ ʥʠʞʥʠʝ ʧʘʥʝʣʠ (AN+DN, ANDN) ï ʘʩʩʦʮʠʘʪʠʚʥʳʡ ʪʠʧ ʤʝʭʘʥʠʟʤʘ 
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ɺ ʪʘʙʣʠʮʝ 3.5.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʟʣʠʯʥʳʝ ʜʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʠʩʪʝʤ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʝ ʩʚʷʟʠ P-OLG. ɸʥʘʣʠʟ ʵʪʠʭ 

ʟʥʘʯʝʥʠʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʝʢʦʪʦʨʳʝ ʜʝʩʢʨʠʧʪʦʨʳ ʨʘʟʣʠʯʘʶʪʩʷ ʜʣʷ ʜʠʩʩʦʮʠʘʪʠʚʥʳʭ ʠ 

ʘʩʩʦʮʠʘʪʠʚʥʳʭ ʤʝʭʘʥʠʟʤʦʚ. ʅʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʩʠʩʪʝʤ ʩ ʘʩʩʦʮʠʘʪʠʚʥʳʤ 

ʤʝʭʘʥʠʟʤʦʤ ʙʦʣʴʰʝ 0,14 ʘ.ʝ., ʘ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ʥʠʭ ʤʝʥʴʰʝ -0,075 ʘ.ʝ. 

ʍʦʪʷ ʥʝʢʦʪʦʨʳʝ ʠʟ ʜʝʩʢʨʠʧʪʦʨʦʚ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ 

ʤʝʭʘʥʠʟʤʘ, ʦʥʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʘʧʣʘʩʠʘʥʦʤ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ. 

ʊʘʙʣʠʮʘ 3.5.1. ɼʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʪʦʯʢʝ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ: 

ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ, ⱬ (ʘ.ʝ.), ʣʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ♩ⱬ (ʘ.ʝ.), ʵʣʣʠʧʪʠʯʥʦʩʪʴ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, Ⱡ, ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ, ╗ ́Ȣ̆Ȣ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʦʨʙʠʪʘʣʴʥʳʡ 

ʣʦʢʘʪʦʨ, LOL, ʠ ʬʫʥʢʮʠʷ ʣʦʢʘʣʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ, ELF  

ʉʠʩʪʝʤʘ ⱬ ⱬ Ⱡ ╗ LOL  ELF 

ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ 

Arl3-RP2 0,115 0,340 0,028 -0,065 0,342 0,028 

Ran-GAP 0,118 0,373 0,026 -0,066 0,339 0,026 

Ras-GAP 0,116 0,353 0,021 -0,065 0,341 0,021 

F1-ɸʊʌʘʟʘ 0,127 0,518 0,038 -0,066 0,320 0,182 

ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ 

NPP 0,128 0,455 0,061 -0,072 0,335 0,061 

MVK  0,135 0,595 0,039 -0,069 0,318 0,039 

ʄʠʦʟʠʥ 0,110 0,305 0,032 -0,062 0,345 0,032 

MDD 0,136 0,546 0,029 -0,075 0,328 0,192 

ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ 

EAL 0,263 0,729 0,065 -0,069 0,318 0,179 

ʈʅʂʘʟʘ H(h) 0,198 1,375 0,024 -0,110 0,299 0,154 

ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ 

mAC 0,144 0,669 0,059 -0,076 0,318 0,179 

ʈʅʂʘʟʘ H(b) OH 0,145 0,630 0,054 -0,080 0,325 0,188 

ʈʅʂʘʟʘ H(b) H2O 0,143 0,594 0,057 -0,081 0,329 0,193 

bPAC 0,144 0,678 0,036 -0,076 0,317 0,178 
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ʊʘʢʞʝ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʢʘʭ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʘʥʘʣʠʟ ʧʦʨʷʜʢʘ ʩʚʷʟʠ P-OLG (ʊʘʙʣʠʮʘ 3.5.2). ɼʣʷ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʨʝʘʢʮʠʷ ʧʨʦʭʦʜʠʪ ʧʦ 

ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ, ʟʥʘʯʝʥʠʷ LBO ʠ IBSI ʙʦʣʴʰʝ, ʯʝʤ ʜʣʷ ʩʠʩʪʝʤ, ʨʝʘʛʠʨʫʶʱʠʭ ʧʦ 

ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ɽʩʣʠ LBO ʙʦʣʴʰʝ 0,2 ʠʣʠ IBSI ʙʦʣʴʰʝ 0,23, ʨʝʘʢʮʠʷ 

ʧʨʦʪʝʢʘʝʪ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʥʘʧʨʦʪʠʚ, ʝʩʣʠ LBO ʠ IBSI ʤʝʥʴʰʝ ʫʢʘʟʘʥʥʳʭ 

ʟʥʘʯʝʥʠʡ, ʪʦ ʨʝʘʢʮʠʷ ʠʜʝʪ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʨʷʜʢʠ ʩʚʷʟʠ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʤʝʪʦʜʘʤʠ LBO ʠ IBSI, ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʝʚ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ. ʆʜʥʘʢʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ 

ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʚʳʛʣʷʜʠʪ ʙʦʣʝʝ ʫʜʦʙʥʳʤ ʠ ʥʘʛʣʷʜʥʳʤ ʢʨʠʪʝʨʠʝʤ, ʢʦʪʦʨʳʡ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʯʝʪʢʫʶ ʙʠʥʘʨʥʫʶ ʢʣʘʩʩʠʬʠʢʘʮʠʶ. 

ʊʘʙʣʠʮʘ 3.5.2. ʇʦʨʷʜʦʢ ʨʘʟʨʳʚʘʝʤʦʡ P-OLG ʩʚʷʟʠ ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʘʭ, 

ʨʘʩʩʯʠʪʘʥʥʳʡ ʤʝʪʦʜʘʤʠ LBO (ʧʦʨʷʜʦʢ ʩʚʷʟʠ ʃʘʧʣʘʩʘ) ʠ IBSI (ʠʥʜʝʢʩ ʚʥʫʪʨʝʥʥʝʡ ʧʨʦʯʥʦʩʪʠ 

ʩʚʷʟʠ) 

 ɼʠʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ ɸʩʩʦʮʠʘʪʠʚʥʳʡ ʤʝʭʘʥʠʟʤ 

 ʉʠʩʪʝʤʘ LBO IBSI ʉʠʩʪʝʤʘ LBO IBSI 

ʉ
ʪ
ʫ
ʧ
ʝ
ʥ
ʯ
ʘ
ʪ
ʳ
ʡ

 

Arl3-RP2 0,127 0,193 EAL 0,249 0,249 

Ran-GAP 0,134 0,200 ʈʅʂʘʟʘ H(h) 0,235 0,246 

Ras-GAP 0,126 0,199    

F1-ɸʊʌʘʟʘ 0,160 0,220    

ʉ
ʦ
ʛ
ʣ
ʘ
ʩ
ʦ
ʚ
ʘ
ʥ
ʥ
ʳ
ʡ

 

NPP 0,183 0,211 mAC 0,193 0,245 

MVK  0,177 0,226 ʈʅʂʘʟʘ H(b) OH 0,212 0,246 

ʄʠʦʟʠʥ 0,118 0,182 ʈʅʂʘʟʘ H(b) H2O 0,210 0,244 

MDD 0,174 0,174 bPAC 0,202 0,247 

3.6. ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʠʢʠ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʧʝʨʝʥʦʩʘ ʬʦʩʬʦʨʠʣʘ 

ʚ ʘʜʝʥʠʣʘʪʢʠʥʘʟʘʭ 

ʇʦʣʫʯʝʥʥʳʝ ʢʨʠʪʝʨʠʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʤʝʭʘʥʠʟʤʘ (ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʥʳ ʩʚʷʟʠ 

d(P-OLG) (ʈʠʩʫʥʦʢ 3.6.1), ɳ ”► ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ (ʈʠʩʫʥʦʢ 3.6.2), ʧʦʨʷʜʢʠ ʩʚʷʟʠ 

LBO ʠ IBSI (ʊʘʙʣʠʮʘ 3.6.1)) ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ 
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ʧʝʨʝʥʦʩʘ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʩ ɸʊʌ ʥʘ ɸʄʌ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʪʨʝʭ ʘʜʝʥʠʣʘʪʢʠʥʘʟ 

ECAK, MtAK  ʠ APAK. ɺʩʝ ʢʨʠʪʝʨʠʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ 

ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ: ᶯ”► π, d(P-OLG) ᶰρȟυυȠρȟψχ, LBO < 0,2 ʠ IBSI < 0,23. 

 

ʈʠʩʫʥʦʢ 3.6.1. ʈʘʩʧʨʝʜʝʣʝʥʠ ̫ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ P-OLG ɸʊʌ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ 

ʘʜʝʥʠʣʘʪʢʠʥʘʟ ECAK, APAK, MtAK  

 

ʈʠʩʫʥʦʢ 3.6.2. ʃʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ P-OLG ʚ ʤʠʥʠʤʫʤʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʜʣʷ ɸʊʌ ʚ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʘʭ ʘʜʝʥʠʣʘʪʢʠʥʘʟ ECAK, APAK, 

MtAK  
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ʊʘʙʣʠʮʘ 3.6.1. ʇʦʨʷʜʦʢ ʨʘʟʨʳʚʘʝʤʦʡ P-OLG ʩʚʷʟʠ ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʘʭ 

ʘʜʝʥʠʣʘʪʢʠʥʘʟ ECAK, APAK ʠ MtAK, ʨʘʩʩʯʠʪʘʥʥʳʡ ʤʝʪʦʜʘʤʠ LBO (ʧʦʨʷʜʦʢ ʩʚʷʟʠ ʃʘʧʣʘʩʘ) ʠ 

IBSI (ʠʥʜʝʢʩ ʚʥʫʪʨʝʥʥʝʡ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʠ) 

ʉʠʩʪʝʤʘ LBO IBSI 

ECAK 0,170 0,219 

APAK 0,149 0,213 

MtAK  0,171 0,219 

 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʧʨʝʜʣʦʞʝʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʂʄ/ʄʄ-ʄɼ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʤʝʪʦʜʦʤ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ MtAK. ʇʦʣʫʯʝʥʥʳʡ ʧʨʦʬʠʣʴ ʵʥʝʨʛʠʠ 

ɻʠʙʙʩʘ ʠ ʩʪʨʫʢʪʫʨʘ, ʦʪʚʝʯʘʶʱʘʷ ʧʝʨʝʭʦʜʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʨʝʘʢʮʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 3.6.3.  

 

ʈʠʩʫʥʦʢ 3.6.3. ʇʨʦʬʠʣʴ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʨʝʘʢʮʠʠ ʧʝʨʝʥʦʩʘ ʬʦʩʬʘʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʘʜʝʥʠʣʘʪʢʠʥʘʟʳ MtAK. ʉʪʨʫʢʪʫʨʘ ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʢʘʟʘʥʘ ʚ ʩʥʦʩʢʝ. ES ï ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, TS ï ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ, EP ï ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ 
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ɺ ʧʝʨʝʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ d(P-OLG) ʠ d(P-ONu) ʩʦʩʪʘʚʣʷʶʪ 2,17 Ñ 0,12 ¡ ʠ 2,29 Ñ 0,12 

¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ, ʯʪʦ ʨʝʘʢʮʠʷ ʧʝʨʝʥʦʩʘ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʩ ɸʊʌ ʚ ɸʄʌ 

ʚ ʘʜʝʥʠʣʘʪʢʠʥʘʟʝ MtAK  ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ 0/ . ɸ ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʟʨʳʚʘ ʩʚʷʟʠ 

P-O ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʬʦʨʤʫʣʝ ʇʦʣʠʥʛʘ [39], ʩʦʩʪʘʚʣʷʝʪ 

0,16 Ñ 0,06. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʘʢʮʠʷ ʧʝʨʝʥʦʩʘ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʩ ɸʊʌ ʥʘ ɸʄʌ ʚ 

ʘʜʝʥʠʣʘʪʢʠʥʘʟʘʭ ʧʨʦʪʝʢʘʝʪ ʧʦ ʜʠʩʩʦʮʠʘʪʠʚʥʦʤʫ ʪʠʧʫ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʝʜʣʦʞʝʥʥʳʝ 

ʢʨʠʪʝʨʠʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ. 
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ɻʣʘʚʘ 4. ɻʠʜʨʦʣʠʟ ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟ rʙʘʢʪʝʨʠʠ Pseudomonas diminuta  

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ, ʠʟʣʦʞʝʥʳ ʚ ʨʘʙʦʪʘʭ [178ï180]2. 

4.1. ʇʦʜʛʦʪʦʚʢʘ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʠ ʧʨʦʪʦʢʦʣ ʨʘʩʯʝʪʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ ʥʝʚʦʜʦʨʦʜʥʳʭ ʘʪʦʤʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʘʥʥʳʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ (PDB ID: 3CAK [50]) ʜʠʤʝʨʘ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ ʙʘʢʪʝʨʠʠ 

Pseudomonas diminuta (Pd-PTE). ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʚ ʩʪʨʫʢʪʫʨʫ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʳ Reduce [163] ʪʘʢ, ʯʪʦʙʳ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ ʙʝʣʢʘ ʦʪʚʝʯʘʣʠ ʥʝʡʪʨʘʣʴʥʦʤʫ ʨʅ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʦʠʭ ʤʦʥʦʤʝʨʘʭ Pd-PTE 

ʚʩʝ ʦʩʪʘʪʢʠ ʛʠʩʪʠʜʠʥʘ, ʢʨʦʤʝ His254, ʦʢʘʟʘʣʠʩʴ ʥʝʡʪʨʘʣʴʥʳʤʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ Lys169 ʙʳʣ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʥʘ ʢʘʨʙʦʢʩʠʣʠʨʦʚʘʥʥʫʶ ʬʦʨʤʫ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʦʨʜʠʥʠʨʦʚʘʪʴ ʦʙʘ ʢʘʪʠʦʥʘ ʤʝʪʘʣʣʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʩʫʙʩʪʨʘʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥ rʯʝʪʳʨʝ ʦʨʛʘʥʦʬʦʩʬʘʪʘ (ʈʠʩʫʥʦʢ 4.1.1) ʩ ʫʭʦʜʷʱʠʤʠ 

ʛʨʫʧʧʘʤʠ ʨʘʟʥʦʡ ʣʘʙʠʣʴʥʦʩʪʠ: ʩ ʭʦʨʦʰʝʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ ï ʜʠʙʫʪʠʣ-4-

ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ (1) ʠ ʜʠʵʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ (2) ʠ ʩ ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ ï 

ʜʠʙʫʪʠʣʬʝʥʠʣʬʦʩʬʘʪ (3) ʠ ʪʨʠʬʝʥʠʣʬʦʩʬʘʪ (4). ɼʘʥʥʳʝ ʩʫʙʩʪʨʘʪʳ, ʘ ʪʘʢʞʝ 

ʥʫʢʣʝʦʬʠʣʴʥʳʡ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥ ʜʦʙʘʚʣʷʣʠ ʚ ʩʪʨʫʢʪʫʨʫ ʘʥʘʣʦʛʠʯʥʦ ʢʦʤʧʣʝʢʩʫ 

ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʩ ʧʘʨʘʦʢʩʦʥʦʤ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ [50]. ɺʩʝ ʯʝʪʳʨʝ ʢʦʤʧʣʝʢʩʘ 

 
2 ʇʨʠ ʦʧʠʩʘʥʠʠ ʜʘʥʥʦʡ ʛʣʘʚʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ, ʚʳʧʦʣʥʝʥʥʳʝ ʩʦʠʩʢʘʪʝʣʝʤ ʚ ʩʦʘʚʪʦʨʩʪʚʝ 

ʧʫʙʣʠʢʘʮʠʠ, ʚ ʢʦʪʦʨʳʭ, ʩʦʛʣʘʩʥʦ ʧ.ʧ. 2.2-2.5 ʇʦʣʦʞʝʥʠʝ ʦ ʧʨʠʩʫʞʜʝʥʠʠ ʫʯʝʥʳʭ ʩʪʝʧʝʥʝʡ ʚ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. 

ʃʦʤʦʥʦʩʦʚʘ, ʦʪʨʘʞʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʦʞʝʥʠʷ ʠ ʚʳʚʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

ʂʫʣʘʢʦʚʘ ɸ. ʄ., ʄʫʣʘʰʢʠʥʘ ʊ. ʀ., ʅʝʤʫʭʠʥ ɸ. ɺ., ʍʨʝʥʦʚʘ ʄ. ɻ. ɺʣʠʷʥʠʝ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʥʘ ʤʝʭʘʥʠʟʤ ʛʠʜʨʦʣʠʟʘ 

ʬʦʩʬʦʨʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʦʡ ʠʟ ʙʘʢʪʝʨʠʠ Pseudomonas diminuta // ʀʟʚʝʩʪʠʷ ɸʢʘʜʝʤʠʠ ʥʘʫʢ. 

ʉʝʨʠʷ ʭʠʤʠʯʝʩʢʘʷ. ð 2022. ð ˉ 5. ð ʉ. 921ï926. ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ 

ʩʦʘʚʪʦʨʘʤʠ, ʧʨʠʯʝʤ ʚʢʣʘʜ ʄʫʣʘʰʢʠʥʦʡ ʊ.ʀ. ʩʦʩʪʘʚʠʣ 65% 

ʄʫʣʘʰʢʠʥʘ ʊ. ʀ., ʂʫʣʘʢʦʚʘ ɸ. ʄ., ʅʝʤʫʭʠʥ ɸ. ɺ., ʍʨʝʥʦʚʘ ʄ. ɻ. ʉʨʘʚʥʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ 

ʩ ʭʦʨʦʰʝʡ ʠ ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʦʡ ʠʟ Pseudomonas diminuta // ɾʫʨʥʘʣ ʬʠʟʠʯʝʩʢʦʡ ʭʠʤʠʠ. 

ð 2024. ð ʊ. 98, ˉ 2. ð ʉ. 128ï135. ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ, 

ʧʨʠʯʝʤ ʚʢʣʘʜ ʄʫʣʘʰʢʠʥʦʡ ʊ.ʀ. ʩʦʩʪʘʚʠʣ 85%  

Mulashkina T. I., Kulakova A. M., Khrenova M. G. Molecular basis of the substrate specificity of phosphotriesterase from 

pseudomonas diminuta: A combined QM/MM MD and electron density study // Journal of Chemical Information and 

Modeling. ð 2024. ð Vol. 64, ˉ 18. ð P. 7035ï7045. ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ 

ʩʦʘʚʪʦʨʘʤʠ, ʧʨʠʯʝʤ ʚʢʣʘʜ ʄʫʣʘʰʢʠʥʦʡ ʊ.ʀ. ʩʦʩʪʘʚʠʣ 85%  
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ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ ʩʦʜʝʨʞʘʣʠ ʢʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ Co2+, ʘ ʪʘʢʞʝ ʙʳʣʠ 

ʧʦʜʛʦʪʦʚʣʝʥʳ ʢʦʤʧʣʝʢʩʳ Pd-PTE ʩ ʩʫʙʩʪʨʘʪʘʤʠ (1) ʠ (3) ʩ ʥʘʪʠʚʥʳʤ ʤʝʪʘʣʣʦʤ 

(ʢʘʪʠʦʥʘʤʠ ʮʠʥʢʘ Zn2+) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ʇʦʜʛʦʪʦʚʣʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʩʠʩʪʝʤʳ ʙʳʣʠ ʩʦʣʴʚʘʪʠʨʦʚʘʥʳ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, ʘ ʜʣʷ ʥʝʡʪʨʘʣʠʟʘʮʠʠ ʩʠʩʪʝʤʳ ʙʳʣʠ 

ʜʦʙʘʚʣʝʥʳ ʪʨʠ ʭʣʦʨʠʜ-ʠʦʥʘ. ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʥʦʘʪʦʤʥʳʭ ʤʦʜʝʣʝʡ, ʘ ʪʘʢʞʝ ʠʭ 

ʚʠʟʫʘʣʠʟʘʮʠ ̫ʠ ʧʦʩʣʝʜʫʶʱʠʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʚ ʧʨʦʛʨʘʤʤʝ VMD [164]. 

ɺʩʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʰʘʛʦʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʚ 1 ʬʩ 

ʚ NPT-ʘʥʩʘʤʙʣʝ ʧʨʠ ʜʘʚʣʝʥʠʠ 1 ʘʪʤ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 K, ʧʦʩʪʦʷʥʩʪʚʦ ʢʦʪʦʨʳʭ 

ʧʦʜʜʝʨʞʠʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʙʘʨʦʩʪʘʪʘ ʅʦʟʝ-ɻʫʚʝʨʘ [173] ʠ ʪʝʨʤʦʩʪʘʪʘ ʃʘʥʞʝʚʝʥʘ [129]. 

ɼʣʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʩʠʩʪʝʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩ:ɹ ʩʠʣʦʚʦʝ ʧʦʣʝ 

CHARMM [166ï168] ʜʣʷ ʦʧʠʩʘʥʠʷ ʬʝʨʤʝʥʪʘ, CGenFF [181,182] ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʫʙʩʪʨʘʪʦʚ 

ʠ ʢʘʨʙʦʢʩʠʣʠʨʦʚʘʥʥʦʡ ʬʦʨʤʳ Lys169 ʠ ʤʦʜʝʣʴ TIP3P [169] ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʦʣʝʢʫʣ ʚʦʜʳ. 

ɼʣʷ ʨʝʣʘʢʩʘʮʠʠ ʩʦʣʴʚʘʪʥʦʡ ʦʙʦʣʦʯʢʠ ʧʨʦʚʦʜʠʣʦʩʴ ʢʣʘʩʩʠʯʝʩʢʦʝ ʄɼ-

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʘʪʦʤʘʤʠ ʙʝʣʢʘ ʠ ʩʫʙʩʪʨʘʪʘ ʚ ʪʝʯʝʥʠʠ 1 ʥʩ. ɿʘʪʝʤ ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʨʝʣʘʢʩʘʮʠʷ ʙʝʣʢʦʚʦʛʦ ʦʢʨʫʞʝʥʠʷ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʪʝʯʝʥʠʠ 100 ʥʩ. ɼʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʥʘʠʙʦʣʝʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ ʟʘ 

ʧʦʩʣʝʜʥʠʝ 40 ʥʩ.  

 

ʈʠʩʫʥʦʢ 4.1.1. ʉʫʙʩʪʨʘʪʳ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ: ʜʠʙʫʪʠʣ-4-

ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ (1) ʠ ʜʠʵʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ (2) ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ; 

ʜʠʙʫʪʠʣʬʝʥʠʣʬʦʩʬʘʪ (3) ʠ ʪʨʠʬʝʥʠʣʬʦʩʬʘʪ (4) ʩ ʧʣʦʭʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ 

ɺʩʝ ʜʘʣʴʥʝʡʰʠʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ. ʂʚʘʥʪʦʚʘʷ ʯʘʩʪʴ (ʈʠʩʫʥʦʢ 4.1.2) ʚʢʣʶʯʘʣʘ 
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ʚ ʩʝʙʷ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ: ʛʠʜʨʦʢʩʠʜ ʘʥʠʦʥ, ʩʫʙʩʪʨʘʪ, ʢʘʪʠʦʥʳ ʤʝʪʘʣʣʦʚ (Co2+ ʠʣʠ 

Zn2+) ʠ ʠʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʬʝʨʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʙʦʢʦʚʳʤʠ ʮʝʧʷʤʠ ʧʷʪʠ ʛʠʩʪʠʜʠʥʦʚ 

ï His55, His57, His201, His230 ʠ His254,  ʢʘʨʙʦʢʩʠʣʠʨʦʚʘʥʦʛʦ ʣʠʟʠʥʘ Lys169 ʠ 

ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp301. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʤʝʨ ʢʚʘʥʪʦʚʦʡ ʧʦʜʩʠʩʪʝʤʳ ʩʦʩʪʘʚʠʣ: 

ʩ ʩʫʙʩʪʨʘʪʦʤ (1) ï 127 ʘʪʦʤʦʚ, ʩ ʩʫʙʩʪʨʘʪʦʤ (2) ï 113 ʘʪʦʤʦʚ, ʩ ʩʫʙʩʪʨʘʪʦʤ (3) ï 125 ʘʪʦʤʦʚ 

ʠ ʩ ʩʫʙʩʪʨʘʪʦʤ (4) ï 119 ʘʪʦʤʦʚ. ʉʫʤʤʘʨʥʳʡ ʟʘʨʷʜ ʂʄ-ʯʘʩʪʠ ʢʘʞʜʦʡ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ 

ʙʳʣ +2. ʉʠʩʪʝʤʳ ʩ ʢʘʪʠʦʥʘʤʠ ʮʠʥʢʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʚ 

ʩʠʥʛʣʝʪʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʊʘʢ ʢʘʢ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʢʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ ʦʙʳʯʥʦ ʚ ʩʭʦʞʝʡ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʧʨʠʥʠʤʘʶʪ ʚʳʩʦʢʦʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ [183ï185], ʜʣʷ 

ʩʠʩʪʝʤ, ʩʦʜʝʨʞʘʱʠʭ ʢʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, ʨʘʩʯʝʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʤʫʣʴʪʠʧʣʝʪʥʦʩʪʴʶ 7. 

 

ʈʠʩʫʥʦʢ 4.1.2. ʂʚʘʥʪʦʚʘʷ ʧʦʜʩʠʩʪʝʤʘ: ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʩ 

ʦʨʛʘʥʦʬʦʩʬʘʪʦʤ ʠ ʥʫʢʣʝʦʬʠʣʴʥʳʤ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʦʤ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʦʙʦʟʥʘʯʘʶʪ 

ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʩʚʷʟʠ 

ʂʚʘʥʪʦʚʘʷ ʧʦʜʩʠʩʪʝʤʘ ʦʧʠʩʳʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ (ʊʌʇ) ʂʦʥʘ-ʐʵʤʘ ʩ ʛʠʙʨʠʜʥʳʤ ʬʫʥʢʮʠʦʥʘʣʦʤ PBE0 [110] ʠ ʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʧʦʧʨʘʚʢʦʡ D3 [170] ʠ ʙʘʟʠʩʥʳʤ ʥʘʙʦʨʦʤ ʩ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʤʠ ʬʫʥʢʮʠʷʤʠ 6-31G**. 

ʂʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ ʠ ʮʠʥʢʘ ʦʧʠʩʳʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʘ 

LANL 2DZ [186]. ɼʣʷ ʩʠʩʪʝʤ ʩ Zn2+ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʛʨʘʥʠʯʝʥʥʳʡ ʚʘʨʠʘʥʪ ʊʌʇ, ʘ ʜʣʷ 
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ʩʠʩʪʝʤ ʩ Co2+ ï ʥʝʦʛʨʘʥʠʯʝʥʥʳʡ ʚʘʨʠʘʥʪ. ʅʘ ʛʨʘʥʠʮʝ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʘʜʜʠʪʠʚʥʘʷ ʩʭʝʤʘ ʩ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʚʥʝʜʨʝʥʠʝʤ ʠ ʚʦʜʦʨʦʜʥʳʝ link-ʘʪʦʤʳ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʧʨʠʤʝʥʷʣʠʩʴ ʢʨʠʪʝʨʠʠ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ɻʣʘʚʘ 3. ɼʣʷ 

ʵʪʦʛʦ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʪʝʯʝʥʠʠ 5 ʧʩ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE ʠ ʂʄ/ʄʄ ʦʧʪʠʤʠʟʘʮʠʷ ʢʦʤʧʣʝʢʩʘ ʩ ʜʠʙʫʪʠʣ-4-

ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪʦʤ.  

ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʚʦʜʠʣʘʩʴ ʂʄ/ʄʄ ʦʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʦʢʩʦʥʘ (ʜʠʵʪʠʣ-4-

ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪʘ) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʢʘʪʠʦʥʳ ʮʠʥʢʘ.  

ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 

ʦʧʨʝʜʝʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʤʝʱʘʶʱʝʛʦ 

ʧʦʪʝʥʮʠʘʣʘ [131]. ɺ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʜʣʷ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʙʳʣʦ ʚʟʷʪʦ 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʦʤ ʬʦʩʬʦʨʘ ʠ ʢʠʩʣʦʨʦʜʦʤ ʥʫʢʣʝʦʬʠʣʘ (d(P-ONu)), ʘ ʜʣʷ ʚʪʦʨʦʡ 

ʩʪʘʜʠʠ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʦʤ ʬʦʩʬʦʨʘ ʠ ʢʠʩʣʦʨʦʜʦʤ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ (d(P-OLG)). 

ɼʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ ʢʦʦʨʜʠʥʘʪ ʨʝʘʢʮʠʠ ʩʦʩʪʘʚʠʣ ʦʪ 1,8 ʜʦ 3,2 ¡ ʠ ʦʪ 1,8 ʜʦ 3,6 ¡ ʠ ʙʳʣ 

ʨʘʟʙʠʪ ʥʘ 8 ʠ 10 ʦʢʦʥ ʜʣʷ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʢʘʞʜʦʝ ʦʢʥʦ 

ʥʘʢʣʘʜʳʚʘʣʩʷ ʩʤʝʱʘʶʱʠʡ ʧʦʪʝʥʮʠʘʣ ʮʝʥʪʨʠʨʦʚʘʥʥʳʡ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʟʥʘʯʝʥʠʠ 

ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʩ ʢʦʥʩʪʘʥʪʘʤʠ ʞʝʩʪʢʦʩʪʠ 40 ʢʢʘʣ/ʤʦʣʴ/¡ ʚʙʣʠʟʠ ʦʙʣʘʩʪʝʡ 

ʣʦʢʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ ʠ 80 ʢʢʘʣ/ʤʦʣʴ/¡ ʠ 120 ʢʢʘʣ/ʤʦʣʴ/¡ ʚ ʦʙʣʘʩʪʷʭ, ʦʪʚʝʯʘʶʱʠʭ 

ʧʝʨʝʭʦʜʥʳʤ ʩʦʩʪʦʷʥʠʷʤ. ɼʣʠʥʘ ʢʘʞʜʦʡ ʪʨʘʝʢʪʦʨʠʠ ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 5 ʧʩ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʧʨʦʬʠʣʝʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʘʥʥʳʝ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʚʟʚʝʰʝʥʥʳʭ ʛʠʩʪʦʛʨʘʤʤ 

WHAM [132] ʠ ʟʦʥʪʠʯʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ UI [133].  

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʨʝʘʢʮʠʠ ʚʩʝʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʩʠʩʪʝʤ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 5 ʧʩ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʅʘʯʘʣʴʥʳʝ 

ʛʝʦʤʝʪʨʠʠ ʢʦʪʦʨʳʭ ʙʳʣʠ ʚʳʙʨʘʥʳ ʠʟ ʩʪʨʫʢʪʫʨ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʙʣʘʩʪʷʤ ʤʠʥʠʤʫʤʦʚ 

ʥʘ ʧʨʦʬʠʣʷʭ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʨʘʝʢʪʦʨʠʡ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʣʶʯʝʚʳʭ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʷ (d(P-OLG) ʠ d(P-ONu)), 

ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʢʘʨʪ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʚ 

ʧʣʦʩʢʦʩʪʠ ʘʪʦʤʘ ʬʦʩʬʦʨʘ ʠ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʥʫʢʣʝʦʬʠʣʘ ʠ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ. 
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ʄʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ 

NAMD [165]. ɸ ʪʘʢʞʝ ʜʣʷ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʤʙʠʥʘʮʠʷ 

ʧʨʦʛʨʘʤʤ NAMD ʜʣʷ ʄɼ ʨʘʩʯʝʪʦʚ ʠ TeraChem [172] ʜʣʷ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʨʘʩʯʝʪʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʪʦʨʳʭ ʦʙʝʩʧʝʯʠʚʘʣʦʩʴ ʩʧʝʮʠʘʣʴʥʳʤ ʠʥʪʝʨʬʝʡʩʦʤ [171]. 

ʆʧʪʠʤʠʟʘʮʠʷ ʂʄ/ʄʄ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Tcl ChemShell [174] ʩ 

ʵʬʬʝʢʪʠʚʥʳʤ ʦʧʪʠʤʠʟʘʪʦʨʦʤ DL-FIND [175] ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤ ʧʨʦʛʨʘʤʤʥʳʤ 

ʧʘʢʝʪʦʤ TURBOMOLE [176]. ɼʝʩʢʨʠʧʪʦʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʚ 

ʧʨʦʛʨʘʤʤʝ Multiwfn [177]. 

4.2. ʇʨʠʤʝʥʝʥʠʝ ʢʨʠʪʝʨʠʝʚ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ɻʣʘʚʘ 3 ʢʨʠʪʝʨʠʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʪʠʧʘ ʤʝʭʘʥʠʟʤʘ. ɸ ʠʤʝʥʥʦ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ P-OLG ʚ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ ʜʠʙʫʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪʘ (1) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

Pd-PTE, ʧʦʣʫʯʝʥʥʦʝ ʠʟ ʂʄ/ʄʄ-ʄɼ ʪʨʘʝʢʪʦʨʠʡ (ʈʠʩʫʥʦʢ 4.2.1), ʘ ʪʘʢʞʝ ʣʘʧʣʘʩʠʘʥ ʚʜʦʣʴ 

ʣʠʥʠʠ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʚ ʩʪʨʫʢʪʫʨʝ ES, ʦʪʚʝʯʘʶʱʝʡ ʤʠʥʠʤʫʤʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ (ʈʠʩʫʥʦʢ 4.2.2).  

 

ʈʠʩʫʥʦʢ 4.2.1. ʈʘʩʧʨʝʜʝʣʝʥʠ ̫ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ P-OLG ʚ ʜʠʙʫʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪ 

(ʩʫʙʩʪʨʘʪ (1)) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE, ʩʦʜʝʨʞʘʱʝʡ ʢʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ 

ɺʠʜʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʜʣʠʥʳ ʩʚʷʟʠ P-OLG ʣʝʞʘʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,55 ¡ ʜʦ 1,75 ¡, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʩʪʝʤʘʤ, ʚ ʢʦʪʦʨʳʭ ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʧʫʪʠ. ʊʠʧ 

ʤʝʭʘʥʠʟʤʘ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʣʘʧʣʘʩʠʘʥʘ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ 

(ʈʠʩʫʥʦʢ 4.2.2), ʪʘʢ ʢʘʢ ʚ ʦʙʣʘʩʪʠ, ʢʦʛʜʘ ʩʚʷʟʴ P-OLG ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪ 0,8 ʜʦ 1,3 ¡ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʝʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. 
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ʈʠʩʫʥʦʢ 4.2.2. ʃʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʜʦʣʴ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ P-OLG ʚ ʤʠʥʠʤʫʤʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤʫ ʢʦʤʧʣʝʢʩʫ ʜʣʷ 

ʜʠʙʫʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪʘ (ʩʫʙʩʪʨʘʪ (1)) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE, 

ʩʦʜʝʨʞʘʱʝʡ ʢʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ 

4.3. ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE ʠ 

ʧʨʦʬʠʣʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʥʘʣʦʞʝʥʠʝʤ ʩʤʝʱʘʶʱʠʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʪʦʜʦʤ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʝʯʝʥʠʷ ʧʨʦʬʠʣʝʡ ʵʥʝʨʛʠʠ 

ɻʠʙʙʩʘ ʜʣʷ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʯʝʪʳʨʝʭ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ: ʜʚʫʭ ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ 

ʛʨʫʧʧʘʤʠ (1) ʠ (2) ʠ ʜʚʫʭ ʜʨʫʛʠʭ ʩ ʧʣʦʭʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ (3) ʠ (4) ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE ʩ ʢʘʪʠʦʥʘʤʠ ʢʦʙʘʣʴʪʘ (ʈʠʩʫʥʦʢ 4.3.1). ɸ ʪʘʢʞʝ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʢʘʪʠʦʥʘ ʤʝʪʘʣʣʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʩʨʘʚʥʝʥʠʝ ʧʨʦʬʠʣʝʡ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʩʫʙʩʪʨʘʪʦʚ (1) ʠ (3) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE, 

ʩʦʜʝʨʞʘʱʠʡ ʢʘʪʠʦʥʳ ʮʠʥʢʘ ʠʣʠ ʢʦʙʘʣʴʪʘ (ʈʠʩʫʥʦʢ 4.3.3). 
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ʈʠʩʫʥʦʢ 4.3.1. ʇʨʦʬʠʣʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʯʝʪʳʨʝʭ 

ʩʫʙʩʪʨʘʪʦʚ: (1) -ʢʨʘʩʥʳʡ ʮʚʝʪ, (2) ï ʞʝʣʪʳʡ ʮʚʝʪ, (3) ï ʩʠʥʠʡ ʮʚʝʪ ʠ (4) ï ʟʝʣʝʥʳʡ ʮʚʝʪ ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE, ʩʦʜʝʨʞʘʱʝʡ ʢʘʪʠʦʥʳ ʢʦʙʘʣʴʪʘ. ɿʜʝʩʴ ʠ ʜʘʣʝʝ: ES ï ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, TS1 ʠ TS2 ï ʧʝʨʝʭʦʜʥʳʝ ʩʦʩʪʦʷʥʠʷ, INT ï ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʠʥʪʝʨʤʝʜʠʘʪ 

ʠ EP ï ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ 

ɼʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʠʩʪʝʤ ʙʳʣ ʧʦʣʫʯʝʥ ʜʚʫʭʩʪʘʜʠʡʥʳʡ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ. 

ʇʨʠʯʝʤ, ʧʝʨʚʘʷ ʩʪʘʜʠʷ ʨʝʘʢʮʠʠ, ʘ ʠʤʝʥʥʦ ʥʫʢʣʝʦʬʠʣʴʥʘʷ ʘʪʘʢʘ, ʧʨʦʪʝʢʘʝʪ ʩ ʥʠʟʢʠʤ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʙʘʨʴʝʨʦʤ (< 3 ʢʢʘʣ/ʤʦʣʴ). ɺʪʦʨʘʷ ʞʝ ʩʪʘʜʠʷ ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ (1) ʠ (2) 

(ʦʨʛʘʥʦʬʦʩʬʘʪʳ ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ) ʪʘʢʞʝ ʧʨʦʪʝʢʘʝʪ ʩ ʥʠʟʢʠʤʠ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʙʘʨʴʝʨʘʤʠ, 3 Ñ 1 ʠ 4 Ñ 1 ʢʢʘʣ/ʤʦʣʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦʛʜʘ ʢʘʢ, ʜʣʷ 

ʩʫʙʩʪʨʘʪʦʚ ʩ ʧʣʦʭʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ (ʦʨʛʘʥʦʬʦʩʬʘʪʳ (3) ʠ (4)) ʥʘʙʣʶʜʘʶʪʩʷ 

ʚʳʩʦʢʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʜʣʷ ʚʪʦʨʦʡ ʩʪʘʜʠʠ (14 Ñ 1 ʠ 27 Ñ 1 ʢʢʘʣ/ʤʦʣʴ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ (1) ʠ (2) ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʘ ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ (3) ʠ (4), ʥʘʦʙʦʨʦʪ, 

ʧʨʦʜʫʢʪʳ ʜʝʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ES. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʢʘʯʝʩʪʚʝʥʥʦ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ [68], ʠʟ ʢʦʪʦʨʳʭ ʩʣʝʜʫʝʪ ʦʪʩʫʪʩʪʚʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ Pd-PTE ʩ ʜʠʙʫʪʠʣʬʝʥʠʣʬʦʩʬʘʪʦʤ (3) ʠ ʪʨʠʬʝʥʠʣʬʦʩʬʘʪʦʤ 

(4). ʆʜʥʘʢʦ, ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʫʙʩʪʨʘʪʦʚ ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 
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ʢʦʥʩʪʘʥʪʘʤ ʩʢʦʨʦʩʪʠ, ʯʝʤ ʥʘʙʣʶʜʘʝʤʳʝ ʟʥʘʯʝʥʠʷ kʢʘʪ (kʢʘʪ = 570 Ñ 40 ʩ-1 ʜʣʷ (1) ʠ kʢʘʪ = 

2230 Ñ 40 ʩ-1 ʜʣʷ (2)) [68]. ʀʟ ʯʝʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ ʩ 

ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʝʡ ʷʚʣʷʝʪʩʷ ʜʠʬʬʫʟʠʷ ʧʨʦʜʫʢʪʘ, ʘ 

ʥʝ ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʜʠʷ ʨʝʘʢʮʠʠ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʨʫʛʠʤʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ [50,57,59,63] ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ 

ʭʠʤʠʯʝʩʢʘʷ ʩʪʘʜʠʷ ʧʨʦʪʝʢʘʝʪ ʜʦʚʦʣʴʥʦ ʙʳʩʪʨʦ ʠ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʯʝʥʠʷ ὴὑ  ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʳ [69]. 

ʅʘ ʨʠʩʫʥʢʝ 4.3.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʦʣʝʢʫʣʷʨʥʳʝ ʤʦʜʝʣʠ ʚ ʦʙʣʘʩʪʠ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʝʢ 

ʜʣʷ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʜʠʙʫʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE. 

ʈʝʘʢʮʠʷ ʠʥʠʮʠʠʨʫʝʪʩʷ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʦʡ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʥʘ ʘʪʦʤ ʬʦʩʬʦʨʘ 

ʩʫʙʩʪʨʘʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʝʥʪʘʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʬʦʩʬʦʨʥʦʛʦ 

ʠʥʪʝʨʤʝʜʠʘʪʘ (INT). ʆʙʨʘʟʦʚʘʥʠʝ ʠʥʪʝʨʤʝʜʠʘʪʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʝʨʝʥʦʩʦʤ ʧʨʦʪʦʥʘ ʩ 

ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʥʘ ʘʩʧʘʨʘʛʠʥʦʚʫʶ ʢʠʩʣʦʪʫ Asp301 ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ (1), (2) ʠ (4), ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ INT ʦʪʥʦʩʠʪʝʣʴʥʦ ES. ɼʣʷ ʩʫʙʩʪʨʘʪʘ (3) ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʝʨʝʥʦʩʘ ʧʨʦʪʦʥʘ, ʘ ʠʥʪʝʨʤʝʜʠʘʪ ʠʤʝʝʪ ʪʫ ʞʝ ʵʥʝʨʛʠʶ, ʯʪʦ ʠ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ 

ʢʦʤʧʣʝʢʩ, ʪʦ ʝʩʪʴ ʩʠʣʴʥʦ ʜʝʩʪʘʙʠʣʠʟʠʨʦʚʘʥ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʥʪʝʨʤʝʜʠʘʪʘʤʠ ʜʨʫʛʠʭ 

ʩʦʝʜʠʥʝʥʠʡ. ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʳʚ P-OLG ʩʚʷʟʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ 

ʛʨʫʧʧʘʤʠ ʧʨʦʪʝʢʘʝʪ ʧʦ ʩʪʫʧʝʥʯʘʪʦʤʫ ʘʩʩʦʮʠʘʪʠʚʥʦʤʫ ʪʠʧʫ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʧʨʠʤʝʥʷʝʤʳʤʠ ʢʨʠʪʝʨʠʷʤʠ ʚ ʨʘʟʜʝʣʝ 4.2. 

 

ʈʠʩʫʥʦʢ 4.3.2. ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʜʠʙʫʪʠʣ-4-ʥʠʪʨʦʬʝʥʠʣʬʦʩʬʘʪʘ (ʩʫʙʩʪʨʘʪ (1)) ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE. ʎʚʝʪʦʚʘʷ ʢʦʜʠʨʦʚʢʘ: ʫʛʣʝʨʦʜ ï ʟʝʣʝʥʳʡ, ʢʠʩʣʦʨʦʜ ï 

ʢʨʘʩʥʳʡ, ʘʟʦʪ ï ʩʠʥʠʡ, ʬʦʩʬʦʨ ï ʦʨʘʥʞʝʚʳʡ, ʚʦʜʦʨʦʜ ï ʙʝʣʳʡ, ʢʦʙʘʣʴʪ - ʨʦʟʦʚʳʡ 

ʅʘ ʨʠʩʫʥʢʝ 4.3.3 ʪʘʢʞʝ ʧʦʢʘʟʘʥʦ ʩʨʘʚʥʝʥʠʝ ʧʨʦʬʠʣʝʡ ʨʝʘʢʮʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ 

ʛʠʜʨʦʣʠʟʘ ʩʫʙʩʪʨʘʪʦʚ (1) ʠ (3) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE ʩ ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ ʢʘʪʠʦʥʘʤʠ 
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ʤʝʪʘʣʣʦʚ Co2+ ʠ Zn2+. ɺʠʜʥʦ, ʯʪʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʧʨʠ 

ʟʘʤʝʥʝ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʘ. ʉʦʛʣʘʩʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ [51,187], 

ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ ʩ ʢʘʪʠʦʥʘʤʠ ʢʦʙʘʣʴʪʘ ʚʳʰʝ ʧʨʠʤʝʨʥʦ ʚ 

ʪʨʠ ʨʘʟʘ, ʯʝʤ Pd-PTE ʩ ʢʘʪʠʦʥʘʤʠ ʮʠʥʢʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ. ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʚʳʰʝ ʙʳʣ 

ʩʜʝʣʘʣ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʝʡ ʨʝʘʢʮʠʠ ʷʚʣʷʝʪʩʷ ʜʠʬʬʫʟʠʷ ʧʨʦʜʫʢʪʘ, 

ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʘʢʘʷ ʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʩ ʨʘʟʥʳʤʠ ʢʘʪʠʦʥʘʤʠ 

ʤʝʪʘʣʣʦʚ ʩʚʷʟʘʥʘ ʩ ʨʘʟʣʠʯʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʚʷʟʠ ʩ ʧʨʦʜʫʢʪʦʤ 

ʨʝʘʢʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ kʢʘʪ ʜʣʷ Pd-PTE ʩ Co2+ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʤ, 

ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ ʙʝʣʢʦʚ ʩ Zn2+ ʠ Co2+ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʦʤʧʣʝʢʩʳ ʩ ʢʘʪʠʦʥʘʤʠ ʢʦʙʘʣʴʪʘ ʦʙʳʯʥʦ ʠʤʝʶʪ ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ 

ʚʳʩʦʢʫʶ ʢʦʥʩʪʘʥʪʫ ʜʠʩʩʦʮʠʘʮʠʠ [188,189], ʪʦ ʝʩʪʴ ʢʦʤʧʣʝʢʩʳ ʩ ʢʦʙʘʣʴʪʦʤ ʤʝʥʝʝ 

ʫʩʪʦʡʯʠʚʳ.  

 

ʈʠʩʫʥʦʢ 4.3.3. ʉʨʘʚʥʝʥʠʝ ʧʨʦʬʠʣʝʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʛʠʜʨʦʣʠʟʘ ʩʫʙʩʪʨʘʪʘ (1) 

((1)ʘ, ʢʨʘʩʥʳʡ) ʠ (3) ((3)ʘ, ʩʠʥʠʡ) ʚ Pd-PTE ʩ ʢʘʪʠʦʥʘʤʠ ʢʦʙʘʣʴʪʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʠ (1) ((1)ʙ, 

ʨʦʟʦʚʳʡ) ʠ (3) ((3)ʙ, ʬʠʦʣʝʪʦʚʳʡ) ʚ Pd-PTE ʩ ʢʘʪʠʦʥʘʤʠ ʮʠʥʢʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʧʨʠʨʦʜʳ ʨʘʟʣʠʯʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʣʘʥʜʰʘʬʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʩʫʙʩʪʨʘʪʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʢʦʦʨʜʠʥʘʪ ʨʝʘʢʮʠʠ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʪʦʯʢʘʭ ʦʙʝʠʭ 

ʩʪʘʜʠʡ (ʈʠʩʫʥʦʢ 4.3.4). ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʚ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʚʳʩʪʫʧʘʣʦ 
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ʨʘʩʩʪʦʷʥʠʝ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ d(P-ONu), ʘ ʥʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʘʪʦʤʦʤ 

ʬʦʩʬʦʨʘ ʠ ʢʠʩʣʦʨʦʜʦʤ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ d(P-OLG). ʌʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʤʠʥʠʤʫʤʫ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʘʩʩʪʦʷʥʠʷʤʠ d(P-ONu) 

ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʥʘ 0,3 ¡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʫʙʩʪʨʘʪʘ. ʅʘʠʤʝʥʴʰʝʝ ʨʘʩʩʪʦʷʥʠʝ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ (2,65 ¡) ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʦʨʛʘʥʦʬʦʩʬʘʪʘ (2) ʩ ʥʘʠʤʝʥʴʰʠʤʠ 

ʟʘʤʝʩʪʠʪʝʣʷʤʠ (ʵʪʠʣʴʥʳʤʠ). ɼʣʷ ʩʫʙʩʪʨʘʪʦʚ (1) ʠ (3) ʩ ʥ-ʙʫʪʠʣʴʥʳʤʠ ʟʘʤʝʩʪʠʪʝʣʷʤʠ d(P-

ONu) ʩʦʩʪʘʚʣʷʝʪ 2,90 ʠ 2,94 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʚ 2,8 ¡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʫʙʩʪʨʘʪʫ (4) ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤʠ ʧʦ ʨʘʟʤʝʨʫ ʟʘʤʝʩʪʠʪʝʣʷʤʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʟʘʚʠʩʠʪ ʦʪ 

ʙʦʢʦʚʳʭ ʟʘʤʝʩʪʠʪʝʣʝʡ ʚ ʩʫʙʩʪʨʘʪʘʭ. ɸʥʘʣʦʛʠʯʥʦ, ʜʣʷ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ (EP) 

ʜʣʠʥʘ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʢʦʨʦʯʝ ʜʣʷ ʧʨʦʜʫʢʪʘ ʛʠʜʨʦʣʠʟʘ ʩʫʙʩʪʨʘʪʘ (2). ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ ʦʨʛʘʥʦʬʦʩʬʘʪ (1) ʠʤʝʝʪ ʪʘʢʫʶ ʞʝ ʫʭʦʜʷʱʫʶ ʛʨʫʧʧʫ, ʯʪʦ ʠ (2), ʥʦ ʫ ʥʝʛʦ ʙʦʣʝʝ 

ʢʨʫʧʥʳʝ ʙʦʢʦʚʳʝ ʟʘʤʝʩʪʠʪʝʣʠ (ʙʫʪʠʣʳ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʜʣʠʥʝʥʠʶ ʨʘʩʩʪʦʷʥʠʷ d(P-OLG) 

ʚ ʢʦʤʧʣʝʢʩʝ EP ʥʘ 0,6 ¡. 

 

ʈʠʩʫʥʦʢ 4.3.4. ʇʨʦʬʠʣʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʣʷ ʧʝʨʚʦʡ (ʩʣʝʚʘ) ʠ ʚʪʦʨʦʡ (ʩʧʨʘʚʘ) ʩʪʘʜʠʡ ʨʝʘʢʮʠʠ 

ʛʠʜʨʦʣʠʟʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʢʦʙʘʣʴʪʦʩʦʜʝʨʞʘʱʝʡ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE. ʏʝʨʥʳʤʠ ʪʦʯʢʘʤʠ 

ʦʪʤʝʯʝʥʳ ʩʪʘʮʠʦʥʘʨʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʫʢʘʟʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʨʝʘʢʮʠʠ 

(d(P-ONu) ʜʣʷ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʠ d(P-OLG) ʜʣʷ ʚʪʦʨʦʡ ʩʪʘʜʠʠ) 
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4.4. ʉʨʘʚʥʝʥʠʝ ʢʣʶʯʝʚʳʭ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ 

ʢʦʤʧʣʝʢʩʝ ʧʘʨʘʦʢʩʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE, ʩʦʜʝʨʞʘʱʝʡ ʢʘʪʠʦʥʳ ʮʠʥʢʘ 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʛʠʜʨʦʣʠʟʘ ʧʘʨʘʦʢʩʦʥʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE, 

ʩʦʜʝʨʞʘʱʝʡ ʮʠʥʢ, ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʢʣʶʯʝʚʳʭ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩ ʜʨʫʛʠʤʠ ʠʤʝʶʱʠʤʠʩ ̫

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ [54,56,58ï60] (ʊʘʙʣʠʮʘ 4.4.1). ɼʣʷ ʵʪʦʛʦ ʙʳʣʘ ʚʳʙʨʘʥʘ 

ʩʪʨʫʢʪʫʨʘ, ʦʪʚʝʯʘʶʱʘʷ ʤʠʥʠʤʫʤʫ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʠ ʧʨʦʚʝʜʝʥʘ ʂʄ/ʄʄ ʦʧʪʠʤʠʟʘʮʠʷ. 

ʅʘʠʙʦʣʝʝ ʩʠʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʟʥʘʯʝʥʠʡ ʜʣʠʥʳ ʩʚʷʟʠ P-ONu. ɺ ʥʘʰʝʡ 

ʤʦʜʝʣʠ ʨʘʩʩʪʦʷʥʠʝ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʩʦʩʪʘʚʣʷʝʪ 2,65 ¡, ʪʦʛʜʘ ʢʘʢ ʚ ʜʨʫʛʠʭ ʤʦʜʝʣʷʭ 

ʦʥʦ ʧʨʝʚʳʰʘʝʪ 3 ¡. ʏʪʦ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ. ɺ ʤʦʜʝʣʠ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ ʤʝʞʜʫ 

ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʠ ʢʘʨʙʦʢʩʠʣʘʪʦʤ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp301, ʯʪʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʚ ʜʚʫʭ ʜʨʫʛʠʭ ʨʘʙʦʪʘʭ [54,59]. ɺʦ ʚʩʝʭ ʵʪʠʭ ʤʦʜʝʣʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʥʦʩ 

ʧʨʦʪʦʥʘ ʩ ʛʠʜʨʦʢʩʠʜ-ʘʥʠʦʥʘ ʥʘ Asp301, ʘ ʚ ʪʝʭ ʨʘʙʦʪʘʭ, ʛʜʝ ʥʝʪ ʵʪʦʡ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ, 

ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ [56,58,60]. 

ʊʘʙʣʠʮʘ 4.4.1. ʂʣʶʯʝʚʳʝ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠ ̫ ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ 

ʮʠʥʢʦʩʦʜʝʨʞʘʱʝʡ Pd-PTE ʠ ʧʘʨʘʦʢʩʦʥʘ (ʩʫʙʩʪʨʘʪ (2)) 

 [59] [60] [58] [56] [54] ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʇʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʜʘ ʥʝʪ ʥʝʪ ʥʝʪ ʜʘ ʜʘ 

P ï ONu 3,42 3,6 Ñ 0,0 3,82 Ñ 0,13 3,40 Ñ 0,04 3,2 2,65 

HNu ïOAsp301 1,79 2,4 Ñ 0,7  3,96 Ñ 0,38 1,9 1,83 

ZnŬ ï ONu 2,00 2,1 Ñ 0,1 2,00 Ñ 0,03 1,97 Ñ 0,05  1,93 

Znɓ ï ONu 1,99 2,1 Ñ 0,1 2,00 Ñ 0,03 4,41 Ñ 0,15  1,98 

Znɓ ï OG 2,24 3,8 Ñ 0,3 2,03 Ñ 0,01 2,21 Ñ 0,09  2,17 

P ï OLG  1,6 Ñ 0,0 1,70 Ñ 0,04 1,66 Ñ 0,03  1,65 

ZnŬ ï OAsp301 2,14  2,01 Ñ 0,04 2,11 Ñ 0,07  2,12 

ZnŬ ï OLys169  2,4 Ñ 0,4 2,01 Ñ 0,03 5,12 Ñ 0,20  2,16 

Znɓ ï OLys169  2,1 Ñ 0,1 1,99 Ñ 0,04 2,26 Ñ 0,09  1,98 

ZnŬ ï Znɓ  3,5 Ñ 0,1 3,71 5,77 Ñ 0,14  3,39 

 



89 

 

4.5. ʆʩʦʙʝʥʥʦʩʪʠ ʛʝʦʤʝʪʨʠʠ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʠʥʪʝʨʤʝʜʠʘʪʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE 

ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩʦʩʪʦʷʥʠʡ ʠʥʪʝʨʤʝʜʠʘʪʦʚ 

(INT) ʜʣʷ ʩʠʩʪʝʤ ʩ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʤʠ ʩʫʙʩʪʨʘʪʘʤʠ ʠ ʢʘʪʠʦʥʘʤʠ ʢʦʙʘʣʴʪʘ ʠ ʮʠʥʢʘ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʬʦʩʬʦʨʘ 

ʠ ʢʠʩʣʦʨʦʜʘʤʠ ʥʫʢʣʝʦʬʠʣʘ ʠ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ, d(P-ONu) ʠ d(P-OLG) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʈʠʩʫʥʦʢ 4.5.1). ʉʨʘʚʥʝʥʠʝ ʩʫʙʩʪʨʘʪʦʚ ʩ ʦʜʠʥʘʢʦʚʳʤʠ ʟʘʤʝʩʪʠʪʝʣʷʤʠ, ʥʦ ʨʘʟʣʠʯʘʶʱʠʭʩʷ 

ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ (ʩʫʙʩʪʨʘʪʳ (1) ʠ (3)) ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʣʷ ʦʨʛʘʥʦʬʦʩʬʘʪʘ ʩ ʭʦʨʦʰʝʡ 

ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ ʨʘʩʩʪʦʷʥʠʝ d(P-OLG) ʙʦʣʴʰʝ, ʯʝʤ ʥʫʢʣʝʦʬʠʣʴʥʘʷ ʘʪʘʢʘ, ʘ ʜʣʷ 

ʦʨʛʘʥʦʬʦʩʬʘʪʘ ʩ ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ, ʥʘʦʙʦʨʦʪ, d(P-OLG) ʟʥʘʯʠʪʝʣʴʥʦ ʢʦʨʦʯʝ. 

ʇʨʠʯʝʤ, ʵʪʠ ʞʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘʙʣʶʜʘʶʪʩʷ ʠ ʜʣʷ ʩʠʩʪʝʤ ʩ ʪʝʤʠ ʞʝ ʩʫʙʩʪʨʘʪʘʤʠ, ʥʦ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE, ʩʦʜʝʨʞʘʱʝʡ ʢʘʪʠʦʥʳ ʮʠʥʢʘ (ʈʠʩʫʥʦʢ 4.5.2). ɸʥʘʣʦʛʠʯʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʠ ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ (2) ʠ (4). ɺʠʜʥʦ, ʯʪʦ ʢʘʢ ʠ ʜʣʷ ʛʝʦʤʝʪʨʠʡ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ ʢʦʤʧʣʝʢʩʦʚ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ, ʦʙʩʫʞʜʘʝʤʳʭ ʨʘʥʝʝ, 

ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ ʩ ʤʝʥʴʰʠʤʠ ʙʦʢʦʚʳʤʠ ʟʘʤʝʩʪʠʪʝʣʷʤʠ ʭʘʨʘʢʪʝʨʥʳ ʙʦʣʝʝ ʢʦʨʦʪʢʠʝ 

ʨʘʩʩʪʦʷʥʠʷ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʚ ʩʦʩʪʦʷʥʠʠ INT ʜʘʞʝ ʜʣʷ ʩʫʙʩʪʨʘʪʘ ʩ ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʦʡ (4). ʂʣʶʯʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʟʘʚʠʩʠʪ ʦʪ ʣʘʙʠʣʴʥʦʩʪʠ ʫʭʦʜʷʱʠʭ 

ʛʨʫʧʧ. ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ (3) ʠ (4) ʩ ʧʣʦʭʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ d(P-OLG) 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1,7 ¡, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ (1) ʠ (2) ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ 

ʛʨʫʧʧʘʤʠ ʵʪʦ ʟʥʘʯʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, 1,9 ʠ 1,8 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʩʦʩʪʦʷʥʠʠ ʠʥʪʝʨʤʝʜʠʘʪʘ ʨʘʟʨʳʚʘʝʤʘʷ ʩʚʷʟʴ ʠʤʝʝʪ ʙʦʣʴʰʫʶ 

ʪʝʥʜʝʥʮʠʶ ʢ ʨʘʟʨʳʚʫ ʚ ʩʫʙʩʪʨʘʪʘʭ ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʢʘʨʪʳ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

(ʈʠʩʫʥʦʢ 4.5.3), ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʧʣʦʩʢʦʩʪʠ ʘʪʦʤʦʚ ʬʦʩʬʦʨʘ ʠ ʢʠʩʣʦʨʦʜʦʚ ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʳ ʠ ʥʫʢʣʝʦʬʠʣʘ. ɼʣʷ ʚʩʝʭ ʯʝʪʳʨʝʭ ʦʨʛʘʥʦʬʦʩʬʘʪʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʚʘ ʪʠʧʘ ʢʘʨʪ: 

ʜʣʷ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʭ ʩʪʨʫʢʪʫʨ (ʨʘʩʩʪʦʷʥʠʷ d(P-OLG) ʠ d(P-ONu) ʦʪʚʝʯʘʶʪ ʤʘʢʩʠʤʫʤʘʤ 

ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷʭ ʥʘ ʨʠʩʫʥʢʝ 4.5.1) ʠ ʜʣʷ ʩʪʨʫʢʪʫʨ, ʛʜʝ ʨʘʩʩʪʦʷʥʠʷ d(P-OLG) ʠ d(P-ONu) 

ʧʦʯʪʠ ʦʜʠʥʘʢʦʚʳʝ, 1,75 ¡ ʠ 1,74 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʩʫʙʩʪʨʘʪʦʚ ʩ ʭʦʨʦʰʝʡ ʫʭʦʜʷʱʝʡ 

ʛʨʫʧʧʦʡ (ʩʦʝʜʠʥʝʥʠʷ (1) ʠ (2)) ʚ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʝʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ P-OLG ʩʚʷʟʠ, ʘ ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ ʩ 
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ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ (ʩʦʝʜʠʥʝʥʠʷ (3) ʠ (4)) ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ, ʥʘʧʨʦʪʠʚ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʚʷʟʠ. 

 

ʈʠʩʫʥʦʢ 4.5.1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʥ ʩʚʷʟʝʡ d(P-ONu) ʠ d(P-OLG) ʚ ʂʄ/ʄʄ-ʄɼ ʪʨʘʝʢʪʦʨʠʷʭ ʜʣʷ 

ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʨʝʘʢʮʠʠ ʩʫʙʩʪʨʘʪʦʚ ʩ ʭʦʨʦʰʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ ((1) ï ʢʨʘʩʥʳʡ ʮʚʝʪ, (2) ï 

ʦʨʘʥʞʝʚʳʡ ʮʚʝʪ) ʠ ʩ ʧʣʦʭʠʤʠ ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ ((3) ï ʩʠʥʠʡ ʮʚʝʪ, (4) ï ʟʝʣʝʥʳʡ ʮʚʝʪ) ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʢʦʙʘʣʴʪʦʩʦʜʝʨʞʘʱʝʡ ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 

 

ʈʠʩʫʥʦʢ 4.5.2. ʉʨʘʚʥʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʣʠʥ ʩʚʷʟʝʡ d(P-ONu) ʠ d(P-OLG) ʚ ʂʄ/ʄʄ-ʄɼ 

ʪʨʘʝʢʪʦʨʠʷʭ ʜʣʷ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʨʝʘʢʮʠʠ ʩʫʙʩʪʨʘʪʦʚ ʩ ʭʦʨʦʰʝʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ ((1) ï ʢʨʘʩʥʳʡ 

ʮʚʝʪ) ʠ ʩ ʧʣʦʭʦʡ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʦʡ ((3) ï ʩʠʥʠʡ ʮʚʝʪ) ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʢʦʙʘʣʴʪʦʩʦʜʝʨʞʘʱʝʡ 

(ʩʣʝʚʘ) ʠ ʮʠʥʢʦʩʦʜʝʨʞʘʱʝʡ (ʩʧʨʘʚʘ) ʬʦʩʬʦʪʨʠʵʩʪʝʨʘʟʳ Pd-PTE 
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ʃʘʙʠʣʴʥʦʩʪʴ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ ʚʣʠʷʝʪ ʥʘ ʩʚʦʡʩʪʚʘ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʜʘʞʝ ʜʣʷ 

ʩʠʩʪʝʤ ʩ ʙʣʠʟʢʠʤʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɼʣʷ ʩʫʙʩʪʨʘʪʦʚ ʩ ʭʦʨʦʰʠʤʠ 

ʫʭʦʜʷʱʠʤʠ ʛʨʫʧʧʘʤʠ ʥʘʙʣʶʜʘʝʪʩʷ ʫʟʢʘʷ ʦʙʣʘʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʩʚʷʟʴ ʜʦʚʦʣʴʥʦ ʩʣʘʙʘʷ ʠ ʝʝ ʣʝʛʢʦ ʨʘʟʦʨʚʘʪʴ. ʊʦʛʜʘ ʢʘʢ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ (3) ʠ (4) ʥʘʙʣʶʜʘʝʪʩʷ ʰʠʨʦʢʘʷ ʦʙʣʘʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. 

ɸʥʘʣʦʛʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʫʭʦʜʷʱʠʤʠ 

ʛʨʫʧʧʘʤʠ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ Pd-PTE, ʩʦʜʝʨʞʘʝɦʡ ʢʘʪʠʦʥʳ ʮʠʥʢʘ[178].  

 

ʈʠʩʫʥʦʢ 4.5.3. ʂʘʨʪʳ ʣʘʧʣʘʩʠʘʥʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʚ ʧʣʦʩʢʦʩʪʠ ʘʪʦʤʦʚ 

ʬʦʩʬʦʨʘ (P) ʠ ʢʠʩʣʦʨʦʜʦʚ ʥʫʢʣʝʦʬʠʣʘ (ONu) ʠ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ (OLG): ʢʦʥʪʫʨʥʳʝ ʣʠʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʷʤ Ñ(2;4;8)Ŀ10n ʘ.ʝ., -2  n  1, ʩʠʥʠʝ ʧʫʥʢʪʠʨʥʳʝ ʢʦʥʪʫʨʥʳʝ ʣʠʥʠʠ 

ʦʙʦʟʥʘʯʘʶʪ ʦʙʣʘʩʪʠ ʧʦʥʠʞʝʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (♩ⱬ► ), ʢʨʘʩʥʳʝ ʩʧʣʦʰʥʳʝ 

ʣʠʥʠʠ ï ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (♩ⱬ► ), ʘ ʟʝʣʝʥʘʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ♩ⱬ► . ʆʙʣʘʩʪʴ ʩ ♩ⱬ►  ʦʢʨʘʰʝʥʘ ʚ ʩʚʝʪʣʦ-ʟʝʣʝʥʳʡ ʮʚʝʪ. ʉʪʦʣʙʝʮ ɸ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʩʪʨʫʢʪʫʨʘʤ, ʩʪʦʣʙʝʮ ɹ ï ʩʪʨʫʢʪʫʨʘʤ ʩ ʦʜʠʥʘʢʦʚʳʤʠ 

ʨʘʩʩʪʦʷʥʠʷʤʠ d(P-OLG) = 1,75 ¡ ʠ d(P-ONu) = 1,74 ¡  
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ɻʣʘʚʘ 5. ʌʦʩʬʦʨʠʣʠʨʦʚʘʥʠʝ ʩʫʙʩʪʨʘʪʘ SP20 ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ, ʠʟʣʦʞʝʥʳ ʚ ʨʘʙʦʪʝ [190]3. 

5.1. ʇʦʜʛʦʪʦʚʢʘ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʠ ʧʨʦʪʦʢʦʣʳ ʨʘʩʯʝʪʦʚ 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ (PKA) ʠ ʧʝʧʪʠʜʘ SP20 ʚ ʢʘʯʝʩʪʚʝ 

ʩʫʙʩʪʨʘʪʘ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 2,15 ¡ (PDB ID: 4IAC [191]) ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ ʢʘʯʝʩʪʚʝ 

ʥʘʯʘʣʴʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʢʦʦʨʜʠʥʘʪ ʪʷʞʝʣʳʭ ʘʪʦʤʦʚ. ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʚ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʚʤʝʩʪʦ ɸʊʌ ʧʨʠʩʫʪʩʪʚʫʝʪ ʝʛʦ ʥʝʛʠʜʨʦʣʠʟʫʝʤʳʡ ʘʥʘʣʦʛ 

ʘʜʝʥʦʟʠʥ-5ô-[ɓ,ɔ-ʤʝʪʠʣʝʥ]ʪʨʠʬʦʩʬʘʪ (ACP), ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʟʘʤʝʥʘ ɓ,ɔ-ʤʦʩʪʠʢʦʚʳʭ 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʥʘ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ. ɼʣʷ ʩʦʭʨʘʥʝʥʠʷ ʘʢʪʠʚʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʫʙʲʝʜʠʥʠʮʳ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʝʢʦʪʦʨʳʭ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ (pSer139, pThr197 ʠ pSer338) ʙʳʣʦ ʩʦʭʨʘʥʝʥʦ. ɸʪʦʤʳ ʚʦʜʦʨʦʜʘ 

ʜʦʙʘʚʣʷʣʠʩʴ ʚ ʩʪʨʫʢʪʫʨʫ ʚ ʧʨʦʛʨʘʤʤʝ Reduce [163], ʪʘʢ ʯʪʦʙʳ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʝ ʬʦʨʤʳ 

ʘʤʠʥʦʢʠʩʣʦʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʨʅ ʨʘʚʥʦʤʫ 7. ʇʨʦʪʦʥʠʨʦʚʘʥʥʳʝ ʩʦʩʪʦʷʥʠʷ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʛʠʩʪʠʜʠʥʘ ʦʧʨʝʜʝʣʷʣʠʩʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʣʦʢʘʣʴʥʦʛʦ 

ʦʢʨʫʞʝʥʠʷ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʩʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʛʠʩʪʠʜʠʥʘ, ʢʨʦʤʝ His87 ʦʢʘʟʘʣʠʩʴ ʚ ʥʝʡʪʨʘʣʴʥʦʡ 

ʬʦʨʤʝ. ʇʦʣʫʯʝʥʥʳʡ ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪʘ, ʩʫʙʩʪʨʘʪʘ ʠ ɸʊʌ ʙʳʣ ʩʦʣʴʚʘʪʠʨʦʚʘʥ 

ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, ʪʘʢ ʯʪʦʙʳ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʘʪʦʤʦʚ ʙʝʣʢʘ ʜʦ ʛʨʘʥʠʮʳ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʥʦʡ 

ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 10 ¡. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʝʡʪʨʘʣʴʥʦʛʦ ʦʙʱʝʛʦ ʟʘʨʷʜʘ ʩʠʩʪʝʤʳ 

ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʯʝʪʳʨʝ ʭʣʦʨʠʜ-ʘʥʠʦʥʘ. ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʥʦʘʪʦʤʥʦʡ ʤʦʜʝʣʠ, ʘ ʪʘʢʞʝ 

ʧʦʩʣʝʜʫʶʱʠʡ ʘʥʘʣʠʟ ʠ ʚʠʟʫʘʣʠʟʘʮʠʷ ʩʪʨʫʢʪʫʨ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ 

VMD [164]. 

 
3 ʇʨʠ ʦʧʠʩʘʥʠʠ ʜʘʥʥʦʡ ʛʣʘʚʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ, ʚʳʧʦʣʥʝʥʥʳʝ ʩʦʠʩʢʘʪʝʣʝʤ ʚ ʩʦʘʚʪʦʨʩʪʚʝ 

ʧʫʙʣʠʢʘʮʠʠ, ʚ ʢʦʪʦʨʳʭ, ʩʦʛʣʘʩʥʦ ʧ.ʧ. 2.2-2.5 ʇʦʣʦʞʝʥʠʝ ʦ ʧʨʠʩʫʞʜʝʥʠʠ ʫʯʝʥʳʭ ʩʪʝʧʝʥʝʡ ʚ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. 

ʃʦʤʦʥʦʩʦʚʘ, ʦʪʨʘʞʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʦʞʝʥʠʷ ʠ ʚʳʚʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

ʄʫʣʘʰʢʠʥʘ ʊ. ʀ., ʃʝʦʥʦʚʘ ʄ. ʉ., ʍʨʝʥʦʚʘ ʄ. ɻ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʜʠʥʘʤʠʢʘ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʩ ʧʩʝʚʜʦʩʫʙʩʪʨʘʪʦʤ SP20 ʠ ʘʜʝʥʦʟʠʥʪʨʠʬʦʩʬʘʪʦʤ // ɹʠʦʤʝʜʠʮʠʥʩʢʘʷ ʭʠʤʠʷ. ð 2024. ð ʊ. 70, ˉ 

6. ð ʉ. 421ï427. ʇʦʜʛʦʪʦʚʢʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ, ʧʨʠʯʝʤ ʚʢʣʘʜ 

ʄʫʣʘʰʢʠʥʦʡ ʊ.ʀ. ʩʦʩʪʘʚʠʣ 85% 
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ɺʦ ʚʩʝʭ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ ʜʣʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ 

ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩ:ɹ ʩʠʣʦʚʦʝ ʧʦʣʝ CHARMM [166,181,182] ʜʣʷ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ 

SP20, CGenFF [181,182] ʜʣʷ ʤʦʣʝʢʫʣʳ ɸʊʌ ʠ ʤʦʜʝʣʴ TIP3P [169] ʜʣʷ ʦʧʠʩʘʥʠʷ ʤʦʣʝʢʫʣ 

ʚʦʜʳ.  

ɺʩʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ NPT-ʘʥʩʘʤʙʣʝ ʧʨʠ ʜʘʚʣʝʥʠʠ 

ʚ 1 ʘʪʤ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 298 K, ʢʦʪʦʨʳʝ ʧʦʜʜʝʨʞʠʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ 

ʙʘʨʦʩʪʘʪʘ ʅʦʟʝ-ɻʫʚʝʨʘ [173] ʠ ʪʝʨʤʦʩʪʘʪʘ ʃʘʥʞʝʚʝʥʘ [129] ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʐʘʛ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʣʷʣ 1 ʬʩ. 

ʂʣʘʩʩʠʯʝʩʢʦʝ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʜʚʘ ʵʪʘʧʘ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʨʝʣʘʢʩʘʮʠʷ ʩʦʣʴʚʘʪʥʦʡ ʦʙʦʣʦʯʢʠ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ 

ʘʪʦʤʘʭ ʬʝʨʤʝʥʪʘ, ɸʊʌ ʠ ʩʫʙʩʪʨʘʪʘ ʚ ʪʝʯʝʥʠʠ 1 ʥʩ. ɼʘʣʝʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʠʟ 

ʯʝʪʳʨʝʭ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʠʨʦʚʘʥʠʡ ʧʦ 250 ʥʩ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʜʠʥʘʤʠʢʠ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʘʥʘʣʠʟʘ ʩʫʤʤʘʨʥʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 40000 ʢʘʜʨʦʚ ʄɼ-ʪʨʘʝʢʪʦʨʠʡ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʠʝʨʘʨʭʠʯʝʩʢʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʷ ʄɼ-ʪʨʘʝʢʪʦʨʠʡ ʩ ʧʦʤʦʱʴʶ ʠʥʩʪʨʫʤʝʥʪʘ 

TTClust [192]. ʂʣʘʩʪʝʨʠʟʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʤʦʣʝʢʫʣʷʨʥʳʤ ʬʨʘʛʤʝʥʪʘʤ, 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʝʘʢʮʠʠ, ʘ ʠʤʝʥʥʦ ɸʊʌ ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʦʤʫ ʦʩʪʘʪʢʫ 

ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ SP20 (SerSP20), ʘ ʪʘʢʞʝ ʘʤʠʥʦʢʠʩʣʦʪʥʦʤʫ ʦʩʪʘʪʢʫ ʘʩʧʘʨʘʛʠʥʦʚʦʡ 

ʢʠʩʣʦʪʳ Asp166. ɼʣʷ ʵʪʦʛʦ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚʳʨʘʚʥʠʚʘʥʠʝ ʪʨʘʝʢʪʦʨʠʠ, ʧʦʣʫʯʝʥʥʦʡ 

ʦʙʲʝʜʠʥʝʥʠʝʤ ʄɼ-ʪʨʘʝʢʪʦʨʠʡ ʧʨʝʜʳʜʫʱʝʛʦ ʵʪʘʧʘ, ʧʦ ʦʩʥʦʚʥʦʡ ʮʝʧʠ ʙʝʣʢʘ ʠ ʨʘʩʩʯʠʪʘʥʦ 

RMSD ʤʝʞʜʫ ʧʘʨʘʤʠ ʢʘʜʨʦʚ ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ. ɼʣʷ ʨʘʩʯʝʪʘ 

ʤʘʪʨʠʮ ʩʚʷʟʝʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʛʦʨʠʪʤ ʋʦʨʜʘ [193]. 

ɼʘʣʴʥʝʡʰʠʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ/ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ. ʂʚʘʥʪʦʚʘʷ ʧʦʜʩʠʩʪʝʤʘ (ʈʠʩʫʥʦʢ 5.1.1), 

ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ ʜʚʘ ʢʘʪʠʦʥʘ ʤʘʛʥʠʷ, ʙʦʢʦʚʳʝ ʮʝʧʠ ʦʩʪʘʪʢʦʚ Asp166, Asn171, Asp184 

ʬʝʨʤʝʥʪʘ, ʬʦʩʬʘʪʥʳʡ ʭʚʦʩʪ ɸʊʌ, ʦʩʪʘʪʢʠ Lys72, Lys168 ʬʝʨʤʝʥʪʘ, ʦʩʪʘʪʢʠ ʩʫʙʩʪʨʘʪʘ 

SP20 Ser621, Ala620, ʘ ʪʘʢʞʝ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʝ ʤʘʛʥʠʷ ʠ ʚ 

ʙʣʠʞʘʡʰʝʤ ʦʢʨʫʞʝʥʠʠ ɸʊʌ. ʂʚʘʥʪʦʚʘʷ ʯʘʩʪʴ ʦʧʠʩʳʚʘʣʘʩʴ ʪʝʦʨʠʝʡ ʬʫʥʢʮʠʦʥʘʣʘ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʂʦʥʘ-ʐʵʤʘ (ʊʌʇ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʙʨʠʜʥʦʛʦ ʬʫʥʢʮʠʦʥʘʣʘ 

PBE0 [110] ʩ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʦʧʨʘʚʢʦʡ D3 [170] ʠ ʙʘʟʠʩʥʦʛʦ ʥʘʙʦʨʘ 6-31G** . ʅʘ ʛʨʘʥʠʮʝ 
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ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʘʜʜʠʪʠʚʥʘʷ ʩʭʝʤʘ ʩ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʚʥʝʜʨʝʥʠʝʤ ʠ ʚʦʜʦʨʦʜʥʳʝ link-ʘʪʦʤʳ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ 

ʧʦʣʫʯʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʠʥʳ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩ ʂʄ/ʄʄ ʧʦʪʝʥʮʠʘʣʘʤʠ ʚ ʪʝʯʝʥʠʠ 5 ʧʩ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ 

ʨʘʩʯʝʪʘ ʣʘʧʣʘʩʠʘʥʘ ʚʜʦʣʴ ʣʠʥʠʠ ʨʘʟʨʳʚʘʝʤʦʡ ʩʚʷʟʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʂʄ/ʄʄ 

ʦʧʪʠʤʠʟʘʮʠʷ. 

 

ʈʠʩʫʥʦʢ 5.1.1. ʂʚʘʥʪʦʚʘʷ ʧʦʜʩʠʩʪʝʤʘ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʂʄ/ʄʄ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʄʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ PKA ʦʧʨʝʜʝʣʷʣʩʷ ʠʟ 

ʂʄ/ʄʄ-ʄɼ ʨʘʩʯʝʪʦʚ ʩ ʥʘʣʦʞʝʥʠʝʤ ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʤʝʪʦʜʦʤ ʟʦʥʪʠʯʥʦʡ 

ʚʳʙʦʨʢʠ [131]. ɺ ʢʘʯʝʩʪʚʝ ʢʦʦʨʜʠʥʘʪʳ ʨʝʘʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʨʘʟʥʦʩʪʴ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʘʪʦʤʦʤ ʬʦʩʬʦʨʘ ʠ ʢʠʩʣʦʨʦʜʘʤʠ ɸʊʌ ʠ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ SP20. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʟʫʯʘʝʤʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʢʦʦʨʜʠʥʘʪʘ ʨʝʘʢʮʠʠ ʙʳʣʘ ʨʘʟʙʠʪʘ ʥʘ 10 ʠ 8 ʦʢʦʥ, 

ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ -1,3 ʜʦ 1,4 ¡ ʩ ʰʘʛʦʤ 0,3 ¡ ʠ ʦʪ -1,6 ʜʦ 1,6 ¡ ʩ ʰʘʛʦʤ 0,4 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʢʥʘ ʚʳʙʠʨʘʣʠʩʴ ʯʘʱʝ ʩ ʰʘʛʦʤ 0,1 ¡. ʉʠʣʦʚʘʷ 

ʢʦʥʩʪʘʥʪʘ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʩʦʩʪʘʚʣʷʣʘ 40 ʢʢʘʣ/ʤʦʣʴ/¡2 ʚʦ ʚʩʝʭ ʦʙʣʘʩʪʷʭ, 

ʢʨʦʤʝ ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʛʜʝ ʦʥʘ ʩʦʩʪʘʚʠʣʘ 80 ʢʢʘʣ/ʤʦʣʴ/¡2. 
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ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʘ ʠʟʫʯʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʨʝʘʢʮʠʠ, ʚʢʣʶʯʘʶʱʝʡ ʚ ʩʝʙʷ 

ʧʝʨʝʥʦʩ ʧʨʦʪʦʥʘ ʩ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp166 ʢ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʤʫ ʩʝʨʠʥʫ 

ʩʫʙʩʪʨʘʪʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʦʨʜʠʥʘʪʘ ʨʝʘʢʮʠʠ ʟʘʜʘʚʘʣʘʩʴ ʢʘʢ ʨʘʟʥʦʩʪʴ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʧʨʦʪʦʥʦʤ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp166 ʠ ʢʠʩʣʦʨʦʜʘʤʠ 

ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp166 ʠ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʛʦ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʘʢʮʝʧʪʦʨʘ ʧʨʦʪʦʥʘ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʢʠʩʣʦʨʦʜʘ ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʦʛʦ ʩʝʨʠʥʘ 

ʩʫʙʩʪʨʘʪʘ. ʂʦʦʨʜʠʥʘʪʘ ʨʝʘʢʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ -2,0 ʜʦ 1,0 ¡ ʠ 

ʨʘʟʙʠʚʘʣʘʩʴ ʥʘ 8 ʦʢʦʥ ʩ ʰʘʛʦʤ 0,4 ¡ ʚʜʦʣʴ ʚʩʝʡ ʢʦʦʨʜʠʥʘʪʳ ʠ 0,1 ¡ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʂʦʥʩʪʘʥʪʳ ʞʝʩʪʢʦʩʪʠ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʙʳʣʠ ʚʳʙʨʘʥʳ ʘʥʘʣʦʛʠʯʥʦ 

ʧʨʝʜʳʜʫʱʝʤʫ ʵʪʘʧʫ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʦʬʠʣʷ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʨʝʟʫʣʴʪʘʪʳ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ ʩʤʝʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʤʝʪʦʜʦʤ ʟʦʥʪʠʯʥʦʡ ʚʳʙʦʨʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʤʝʪʦʜ ʘʥʘʣʠʟʘ ʚʟʚʝʰʝʥʥʳʭ ʛʠʩʪʦʛʨʘʤʤ WHAM [132] ʠ ʟʦʥʪʠʯʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ [133]. 

ʄʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ 

NAMD [165]. ɼʣʷ ʂʄ/ʄʄ-ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʤʙʠʥʘʮʠʷ ʧʨʦʛʨʘʤʤ 

NAMD ʜʣʷ ʄɼ ʨʘʩʯʝʪʦʚ ʠ TeraChem [172] ʜʣʷ ʢʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʪʦʨʳʭ ʦʙʝʩʧʝʯʠʚʘʣʦʩʴ ʩʧʝʮʠʘʣʴʥʳʤ ʠʥʪʝʨʬʝʡʩʦʤ [171]. ʆʧʪʠʤʠʟʘʮʠʠ 

ʂʄ/ʄʄ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Tcl ChemShell [174] ʩ ʵʬʬʝʢʪʠʚʥʳʤ 

ʦʧʪʠʤʠʟʘʪʦʨʦʤ DL-FIND [175] ʠ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʤ ʧʨʦʛʨʘʤʤʥʳʤ ʧʘʢʝʪʦʤ 

TURBOMOLE [176]. ʃʘʧʣʘʩʠʘʥ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʚ ʧʨʦʛʨʘʤʤʝ 

Multiwfn [177]. 

5.2. ʂʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʜʠʥʘʤʠʢʘ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʧʨʦʪʝʠʥʢʠʥʘʟʳ ɸ ʩ ʧʩʝʚʜʦʩʫʙʩʪʨʘʪʦʤ SP20 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʚ ʧʨʦʛʨʘʤʤʝ TTClust ʙʳʣʦ ʧʦʣʫʯʝʥʦ 

ʯʝʪʳʨʝ ʢʣʘʩʪʝʨʘ, ʦʪʚʝʯʘʶʱʠʝ ʨʘʟʣʠʯʥʳʤ ʢʦʥʬʦʨʤʘʮʠʷʤ ɸʊʌ ʠ ʦʩʪʘʪʢʦʚ Asp166 ʠ SerSP20 

ʩʦ ʩʨʝʜʥʠʤ RMSD ʨʘʚʥʳʤ 0,79. ʉʨʘʚʥʝʥʠʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʢʘʜʨʦʚ (ʈʠʩʫʥʦʢ 5.2.1ɹ) 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʘʥʥʳʝ ʢʣʘʩʪʝʨʳ ʦʪʣʠʯʘʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʢʦʥʬʦʨʤʘʮʠʝʡ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ 

SerSP20, ʘ ʠʤʝʥʥʦ ʧʦʣʦʞʝʥʠʝʤ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʨʝʘʣʠʟʫʝʤʘʷ 
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ʢʦʥʬʦʨʤʘʮʠʷ ʚ ʭʦʜʝ ʜʠʥʘʤʠʢʠ K2, ʜʨʫʛʠʝ ʢʦʥʬʦʨʤʘʮʠʠ ʨʝʘʣʠʟʫʶʪʩʷ ʩ ʨʘʚʥʦʡ ʯʘʩʪʦʪʦʡ 

(ʈʠʩʫʥʦʢ 5.2.1ɺ). ʅʘʠʤʝʥʴʰʝʝ RMSD ʤʝʞʜʫ ʢʣʘʩʪʝʨʘʤʠ (ʈʠʩʫʥʦʢ 5.2.1ɸ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʜʣʷ ʧʘʨ K2 ʠ K3, K2 ʠ K4, 0,60 ʠ 0,47 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

 

ʈʠʩʫʥʦʢ 5.2.1. ɸ) RMSD ʤʝʞʜʫ ʢʣʘʩʪʝʨʘʤʠ ʂ1, ʂ2, ʂ3 ʠ ʂ4; ɹ) ʅʘʣʦʞʝʥʠʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ 

ʢʘʜʨʦʚ ʢʣʘʩʪʝʨʦʚ; ɺ) ɻʠʩʪʦʛʨʘʤʤʘ ʢʦʣʠʯʝʩʪʚʘ ʢʘʜʨʦʚ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʦʚ; ɻ) ʈʘʟʚʸʨʪʢʘ ʧʦ 

ʢʣʘʩʪʝʨʘʤ ʚʜʦʣʴ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʘʝʢʪʦʨʠʠ 

ʉʨʘʚʥʝʥʠʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨ (ʈʠʩʫʥʦʢ 5.2.2) ʢʣʘʩʪʝʨʦʚ K2 ʠ K3 ʧʦʢʘʟʘʣʦ, 

ʯʪʦ ʵʪʦ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʦʯʝʥʴ ʧʦʭʦʞʠʝ ʩʪʨʫʢʪʫʨʳ. ɺ ʜʘʥʥʳʭ ʢʦʥʬʦʨʤʘʮʠʷʭ ʩʝʨʠʥʘ 

ʩʫʙʩʪʨʘʪʘ ʚʦʜʦʨʦʜ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʦʙʨʘʟʫʝʪ ʚʦʜʦʨʦʜʥʫʶ ʩʚʷʟʴ ʩ ɔ-ʬʦʩʬʘʪʥʦʡ 

ʛʨʫʧʧʦʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʢʠʩʣʦʨʦʜ ɸʊʌ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʘʢʮʝʧʪʦʨʘ ʧʨʦʪʦʥʘ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ. ʉʨʘʚʥʝʥʠʝ ʢʣʶʯʝʚʳʭ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ, 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʨʦʪʦʥʦʤ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ SerSP20 ʠ ʢʠʩʣʦʨʦʜʦʤ ɔ-

ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ɸʊʌ (H(SerSP20)-O3G(ɸʊʌ)) ʠ ʨʘʩʩʪʦʷʥʠʝ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ 

ʤʝʥʴʰʝ ʚ ʩʣʫʯʘʝ ʢʦʥʬʦʨʤʘʮʠʠ ʂ3, ʯʝʤ ʚ ʂ2. ʆʜʥʘʢʦ, ʚ ʩʪʨʫʢʪʫʨʝ ʂ3 ʥʝʧʦʜʝʣʸʥʥʘʷ ʧʘʨʘ 

ʥʫʢʣʝʦʬʠʣʴʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʥʝ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʥʘ ʘʪʦʤ ʬʦʩʬʦʨʘ, ʯʪʦ ʤʦʞʝʪ ʟʘʪʨʫʜʥʷʪʴ 

ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟ ʵʪʠʭ ʜʚʫʭ ʢʦʥʬʦʨʤʘʮʠʡ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʦʡ 

ʤʦʞʝʪ ʙʳʪʴ ʢʦʥʬʦʨʤʘʮʠʷ ʂ2. ɺ ʢʦʥʬʦʨʤʘʮʠʠ ʂ4 ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʜʦʨʦʜʥʘʷ ʩʚʷʟʴ 

ʤʝʞʜʫ ʚʦʜʦʨʦʜʦʤ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ SerSP20 ʠ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʦʡ ɸʊʌ, ʦʜʥʘʢʦ ʧʨʠ 
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ʜʘʥʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʥʫʢʣʝʦʬʠʣ ʥʝ ʦʨʠʝʥʪʠʨʦʚʘʥ ʥʘ ʘʪʦʤ ʬʦʩʬʦʨʘ ɸʊʌ. ʇʦʵʪʦʤʫ, 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʜʘʥʥʫʶ ʢʦʥʬʦʨʤʘʮʠʶ ʢʘʢ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʡ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ 

ʢʦʤʧʣʝʢʩ ʥʝ ʨʝʢʦʤʝʥʜʫʝʪʩʷ. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʦʡ 

ʢʦʥʬʦʨʤʘʮʠʝʡ ʷʚʣʷʝʪʩʷ ʂ1, ʚ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʝ ʨʘʩʩʪʦʷʥʠʝ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ (3,38 ¡), ʘ ʛʠʜʨʦʢʩʠʣʴʥʘʷ ʛʨʫʧʧʘ SerSP20 ʦʙʨʘʟʫʝʪ ʚʦʜʦʨʦʜʥʫʶ ʩʚʷʟʴ 

ʩ ʦʩʪʘʪʢʦʤ ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp166, ʢʦʪʦʨʳʡ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ 

ʘʢʮʝʧʪʦʨʦʤ ʧʨʦʪʦʥʘ.  

 

ʈʠʩʫʥʦʢ 5.2.2. ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʢʘʜʨʳ ʢʣʘʩʪʝʨʦʚ, ʦʪʚʝʯʘʶʱʠʝ ʨʘʟʣʠʯʥʳʤ ʢʦʥʬʦʨʤʘʮʠʷʤ ɸʊʌ 

ʠ ʦʩʪʘʪʢʦʚ Asp166 ʠ SerSP20 

ʂʨʦʤʝ ʪʦʛʦ, ʢʣʶʯʝʚʳʝ ʨʘʩʩʪʦʷʥʠʷ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʥʝ ʪʦʣʴʢʦ ʜʣʷ 

ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨ, ʥʦ ʠ ʜʣʷ ʚʩʝʭ ʢʘʜʨʦʚ ʢʘʞʜʦʛʦ ʢʣʘʩʪʝʨʘ. ɹʳʣʠ ʦʧʨʝʜʝʣʝʥʳ 

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʠ ʜʦʚʝʨʠʪʝʣʴʥʳʝ ʠʥʪʝʨʚʘʣʳ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʚʦʜʦʨʦʜʦʤ 

ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʦʩʪʘʪʢʘ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ ʠ ʢʠʩʣʦʨʦʜʘʤʠ ɔ-ʬʦʩʬʘʪʘ ɸʊʌ ʠ ʦʩʪʘʪʢʘ 

ʘʩʧʘʨʘʛʠʥʦʚʦʡ ʢʠʩʣʦʪʳ Asp166 (ʊʘʙʣʠʮʘ 5.2.1).  

ʊʘʙʣʠʮʘ 5.2.1. ʉʨʘʚʥʝʥʠʝ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ ʠ ʩʪʘʥʜʘʨʪʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʜʣʷ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʧʨʦʪʦʥʦʤ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ SP20 (H(SerSP20)) ʠ 

ʢʠʩʣʦʨʦʜʘʤʠ ʦʩʪʘʪʢʘ Asp166 (O(Asp166)) ʠ ʬʦʩʬʘʪʥʦʛʦ ʭʚʦʩʪʘ (O3G(ɸʊʌ) ʠ O1G(ɸʊʌ)), 

ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʢʘʞʜʦʛʦ ʢʣʘʩʪʝʨʘ (ʂ1, ʂ2, ʂ3 ʠ ʂ4) 

 ʂ1 ʂ2 ʂ3 ʂ4 

H(SerSP20)-O(Asp166), ¡ 2,45Ñ1,08 3,75Ñ0,30 3,64Ñ0,35 4,08Ñ0,56 

H(SerSP20)-O3G(ɸʊʌ), ¡ 3,01Ñ0,26 1,76Ñ0,21 1,71Ñ0,14 2,07Ñ0,40 

H(SerSP20)-O1G(ɸʊʌ), ¡ 3,23Ñ0,90 2,60Ñ0,30 2,70Ñ0,24 2,33Ñ0,50 
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ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʨʘʩʩʪʦʷʥʠʡ H(SerSP20)-

O(Asp166) ʜʣʷ ʂ1 ʠ H(SerSP20)-O1G(ɸʊʌ) ʜʣʷ ʂ4 ʩʠʣʴʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʵʪʠ ʟʥʘʯʝʥʠʷ ʚ 

ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʙʦʣʴʰʠʝ ʜʦʚʝʨʠʪʝʣʴʥʳʝ ʠʥʪʝʨʚʘʣʳ. 

ʂʨʦʤʝ ʪʦʛʦ, ʘʥʘʣʠʟ ʜʨʫʛʠʭ ʢʣʶʯʝʚʳʭ ʨʘʩʩʪʦʷʥʠʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘʙʦʨ ʩʪʨʫʢʪʫʨ ʠʟ ʢʣʘʩʪʝʨʘ 

ʂ4 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʭʦʞʠʝ ʥʘ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ ʜʨʫʛʠʭ 

ʢʣʘʩʪʝʨʦʚ.  

ʅʘ ʨʠʩʫʥʢʝ 5.2.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʣʶʯʝʚʳʭ ʨʘʩʩʪʦʷʥʠʡ. ʇʦ ʵʪʠʤ 

ʜʘʥʥʳʤ ʚʠʜʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʢʣʘʩʪʝʨʘ ʂ4. ʈʝʧʨʝʟʝʥʪʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʝ ʦʪʚʝʯʘʝʪ ʪʦʣʴʢʦ 35% ʢʘʜʨʦʚ 

ʠʟ ʢʣʘʩʪʝʨʘ. ʊʘʢʞʝ ʯʘʩʪʳʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ 

ʂ1 (63% ʢʘʜʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʝ). ɼʣʷ ʂ2 ʠ ʂ3 ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʘʠʙʦʣʴʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʢʘʜʨʦʚ ʢʣʘʩʪʝʨʘ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʝ. 

 

ʈʠʩʫʥʦʢ 5.2.3. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʧʨʦʪʦʥʦʤ ʛʠʜʨʦʢʩʦ-ʛʨʫʧʧʳ ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ 

SP20 (H(SerSP20)) ʠ ʢʠʩʣʦʨʦʜʘʤʠ ʦʩʪʘʪʢʘ Asp166 (O(Asp166)) ʠ ʬʦʩʬʘʪʥʦʛʦ ʭʚʦʩʪʘ (O3G(ɸʊʌ) ʠ 

O1G(ɸʊʌ)), ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʢʘʞʜʦʛʦ ʢʣʘʩʪʝʨʘ (ʂ1, ʂ2, ʂ3 ʠ ʂ4) 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʠ ʜʨʫʛʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ (ʈʠʩʫʥʦʢ 5.2.4) ʜʚʫʛʨʘʥʥʦʛʦ ʫʛʣʘ OG-CB-CA-N ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ 

(ɼʋ(SerSP20)) ʦʪ ʨʘʩʩʪʦʷʥʠʷ H(SerSP20)-O(Asp166) ʧʦʢʘʟʘʣʦ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʶ ʂ1 ʤʦʞʥʦ 
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ʯʸʪʢʦ ʦʪʜʝʣʠʪʴ ʦʪ ʜʨʫʛʠʭ. ʅʘ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʩʦʩʪʦʷʥʠʶ ʂ1 ʦʪʚʝʯʘʝʪ ʦʙʣʘʩʪʴ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ ɼʋ(SerSP20) ʦʪ -20Á ʜʦ -90Á ʠ H(SerSP20)-O(Asp166) ʦʪ 1,4 ʜʦ 2,5 ¡. ʇʨʠ ʵʪʦʤ 

ʨʘʟʣʠʯʠʪʴ ʢʦʥʬʦʨʤʘʮʠʠ ʂ2, ʂ3 ʠ ʂ4 ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʚʫʛʨʘʥʥʦʛʦ ʫʛʣʘ OG-CB-CA-N ʩʝʨʠʥʘ 

ʩʫʙʩʪʨʘʪʘ ʠ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʚʦʜʦʨʦʜʦʤ ʩʝʨʠʥʘ ʠ ʢʠʩʣʦʨʦʜʘʤʠ ʦʩʪʘʪʢʘ 

Asp166 ʠ ɸʊʌ ʥʝ ʫʜʘʣʦʩʴ, ʪʘʢ ʢʘʢ ɼʋ(SerSP20) ʚ ʵʪʠʭ ʢʦʥʬʦʨʤʘʮʠʷʭ ʤʦʞʝʪ ʧʨʠʥʠʤʘʪʴ 

ʟʥʘʯʝʥʠʷ ʢʘʢ ʦʪ 20Á ʜʦ 90Á, ʪʘʢ ʠ ʦʪ -40Á ʜʦ -90Á. ʇʨʠʯʝʤ, ʜʣʷ ʢʦʥʬʦʨʤʘʮʠʡ ʂ2 ʠ ʂ3 (ʂ2/3) 

ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʳʤʠ ʷʚʣʷʶʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ɼʋ(SerSP20), ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʂ4 

ʚ ʨʘʚʥʦʡ ʩʪʝʧʝʥʠ ʥʘʙʣʶʜʘʶʪʩʷ ʠ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ɼʋ(SerSP20). 

ʇʦʧʳʪʢʠ ʥʘʡʪʠ ʜʨʫʛʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʢʨʠʪʝʨʠʠ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʙʳ ʦʪʜʝʣʠʪʴ ʚʩʝ 

ʢʦʥʬʦʨʤʘʮʠʠ, ʜʘʣʠ ʩʭʦʞʠʝ ʨʝʟʫʣʴʪʘʪʳ. 

 

ʈʠʩʫʥʦʢ 5.2.4. ɿʥʘʯʝʥʠʷ ʜʚʫʛʨʘʥʥʦʛʦ ʫʛʣʘ OG-CB-CA-N ʩʝʨʠʥʘ ʩʫʙʩʪʨʘʪʘ (ɼʋ(SerSP20)) ʠ 

ʨʘʩʩʪʦʷʥʠʡ ʤʝʞʜʫ ʘʪʦʤʦʤ ʚʦʜʦʨʦʜʘ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʠ ʢʠʩʣʦʨʦʜʘʤʠ Asp166 (ɸ) ʠ ɔ-

ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ɸʊʌ (ɹ ʠ ɺ). ʂ1, ʂ2/3 (ʢʦʥʬʦʨʤʘʮʠʠ ʂ2 ʠ ʂ3) ʠ ʂ4 ï ʢʦʥʬʦʨʤʘʮʠʠ ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ PKA 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʜʚʝ ʚʦʟʤʦʞʥʳʝ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʝ 

ʢʦʥʬʦʨʤʘʮʠʠ ʂ1 ʠ ʂ2, ʨʘʟʣʠʯʘʶʱʠʝʩʷ ʚʦʟʤʦʞʥʳʤ ʘʢʮʝʧʪʦʨʦʤ ʧʨʦʪʦʥʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, 

ʜʘʣʴʥʝʡʰʠʝ ʨʘʩʯʝʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʵʪʠʭ ʜʚʫʭ ʢʦʥʬʦʨʤʘʮʠʡ. 
















































