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ɺɺɽɼɽʅʀɽ 

 ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʉʦʭʨʘʥʝʥʠʝ ʛʝʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʟʘʧʠʩʘʥʥʦʡ ʚ ʚʠʜʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʥʫʢʣʝʦʪʠʜʦʚ ɼʅʂ, ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʦ ʜʣʷ ʥʦʨʤʘʣʴʥʦʛʦ ʢʣʝʪʦʯʥʦʛʦ ʨʦʩʪʘ, 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʢʣʝʪʢʠ, ʦʨʛʘʥʠʟʤʘ ʠ ʚʳʞʠʚʘʥʠʷ ʚʠʜʘ ʚ ʮʝʣʦʤ [1]. ʆʜʥʘʢʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʳʭ ʬʘʢʪʦʨʦʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʚʥʫʪʨʝʥʥʠʭ ʤʝʪʘʙʦʣʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʤʦʣʝʢʫʣʝ ɼʅʂ ʨʝʛʫʣʷʨʥʦ ʚʦʟʥʠʢʘʶʪ ʧʦʚʨʝʞʜʝʥʠʷ [2]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʜ ʚʣʠʷʥʠʝʤ ʜʘʥʥʳʭ ʬʘʢʪʦʨʦʚ ʚ ʢʘʞʜʦʡ ʢʣʝʪʢʝ ʚ ʜʝʥʴ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʜʦ 

100000 ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ [3]. ɺ ʩʚʷʟʠ ʩ ʨʝʛʫʣʷʨʥʳʤ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʪʘʢʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʨʘʟʣʠʯʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ ʫ ʚʩʝʭ ʞʠʚʳʭ ʦʨʛʘʥʠʟʤʦʚ ʦʪ ʙʘʢʪʝʨʠʡ ʜʦ ʯʝʣʦʚʝʢʘ 

ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʩʠʩʪʝʤʳ ʨʝʧʘʨʘʮʠʠ ʪʦʢʩʠʯʥʳʭ ʠ ʤʫʪʘʛʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ʚ ɼʅʂ 

[3ï5]. ɹʦʣʴʰʫʶ ʯʘʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ɼʅʂ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʢʘʢ 

ʙʣʦʢʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʨʝʧʣʠʢʘʮʠʠ ʠ ʪʨʘʥʩʢʨʠʧʮʠʠ, ʪʘʢ ʠ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʫʪʘʮʠʡ, 

ʧʨʠʟʚʘʥʘ ʫʜʘʣʷʪʴ ʠʟ ʛʝʥʦʤʘ ʩʠʩʪʝʤʘ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ (BER) [6,7]. 

ɸʧʫʨʠʥʦʚʳʝ/ʘʧʠʨʠʤʠʜʠʥʦʚʳʝ (AP) ʵʥʜʦʥʫʢʣʝʘʟʳ ʠʛʨʘʶʪ ʦʜʥʫ ʠʟ ʢʣʶʯʝʚʳʭ ʨʦʣʝʡ ʚ 

ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ɼʅʂ. ʆʩʥʦʚʥʦʡ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ 

ʩʯʠʪʘʝʪʩʷ ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ɸʈ-ʩʘʡʪʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘ 5ǋ-

ʢʦʥʮʝ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʟʦʬʦʩʬʘʪʥʦʡ (dRp) ʛʨʫʧʧʳ ʠ 3ǋ-ʆʅ ʛʨʫʧʧʳ (AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ) [8,9]. ʀʟʚʝʩʪʥʦ ʪʘʢʞʝ, ʯʪʦ ʵʪʠ ʬʝʨʤʝʥʪʳ ʤʦʛʫʪ ʫʟʥʘʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʩʫʙʩʪʨʘʪʦʚ ʥʝ 

ʪʦʣʴʢʦ ɸʈ-ʩʘʡʪʳ, ʥʦ ʠ ʨʷʜ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ, ʪʘʢʠʭ ʢʘʢ 2ǋ-ʜʝʟʦʢʩʠ-5,6-ʜʠʛʠʜʨʦʫʨʠʜʠʥ 

(DHU), ʘʣʴʬʘ-ʘʥʦʤʝʨ 2ǋ-ʜʝʟʦʢʩʠʘʜʝʥʦʟʠʥʘ (ŬA), 2ǋ-ʜʝʟʦʢʩʠ-1,N
6
-ʵʪʝʥʦʘʜʝʥʦʟʠʥ (ŮA), 2ǋ-

ʜʝʟʦʢʩʠʫʨʠʜʠʥ (U) ʠ ʜʨʫʛʠʝ (NIR-ʘʢʪʠʚʥʦʩʪʴ) [10]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʯʠʩʣʦ ʘʢʪʠʚʥʦʩʪʝʡ ʥʝʢʦʪʦʨʳʭ 

ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ ʚʭʦʜʷʪ 3ǋ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʘʷ, 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ [11ï13], 3ǋ-ʬʦʩʬʘʪʘʟʥʘʷ ʠ 

ʈʅʂʘʟʥʘʷ [14ï17]. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʢ ʚʳʷʩʥʝʥʠʶ ʤʝʭʘʥʠʟʤʦʚ ʨʘʩʧʦʟʥʘʚʘʥʠʷ 

ʥʫʢʣʝʦʪʠʜʦʚ-ʤʠʰʝʥʝʡ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ ʠ ʧʨʠʨʦʜʳ ʢʦʥʪʘʢʪʦʚ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ ʢ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʨʘʟʣʠʯʥʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ, ʚʦʧʨʦʩ ʦ ʪʦʤ, ʢʘʢ ʢʦʥʢʨʝʪʥʳʡ ʥʫʢʣʝʦʪʠʜ ʨʘʩʧʦʟʥʘʝʪʩʷ ʘʢʪʠʚʥʳʤ 

ʮʝʥʪʨʦʤ ʬʝʨʤʝʥʪʘ, ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʥʝʷʩʥʳʤ. ʉʫʙʩʪʨʘʪʥʘʷ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʢ ʨʘʟʣʠʯʥʳʤ 

ʧʦʚʨʝʞʜʝʥʥʳʤ ʥʫʢʣʝʦʪʠʜʘʤ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʨʘʟʣʠʯʥʳʤ ʭʘʨʘʢʪʝʨʦʤ ʠ ʩʪʝʧʝʥʴʶ 

ʠʩʢʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ɼʅʂ ʚ ʦʙʣʘʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ, ʯʪʦ ʚʣʠʷʝʪ 

ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʤ. ɽʱʝ ʦʜʥʠʤ ʬʘʢʪʦʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʟʣʠʯʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʳʚʦʨʘʯʠʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʘʢʪʠʚʥʳʡ 

ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ, ʢʦʪʦʨʘʷ, ʚʝʨʦʷʪʥʦ, ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʦʩʥʦʚʘʥʠʷ, ʪʘʢ ʠ ʦʪ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʧʘʨʳ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ ʩ ʦʩʥʦʚʘʥʠʝʤ ʚ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʮʝʧʠ [18ï20]. 
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 ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʷʪʠ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʩʝʤʝʡʩʪʚʘʤ Xth ʠ EndoQ, ʩ ʤʦʜʝʣʴʥʳʤʠ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʦʙʣʘʜʘʶʱʠʤʠ 

ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʤʝʪʦʜʘʤʠ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ.  

 ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

¶ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʬʝʨʤʝʥʪʘ hAPE1 ʯʝʣʦʚʝʢʘ ʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ G-ʢʚʘʜʨʫʧʣʝʢʩ, ʘ ʪʘʢʞʝ ʩʦʜʝʨʞʘʱʠʭ ʚʳʧʝʪʣʠʚʘʥʠʝ 

ʧʦʚʨʝʞʜʝʥʥʦʡ ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ, ʚ ʭʦʜʝ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ ʩ 

ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ; 

¶ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ 

ʨʘʟʣʠʯʥʳʝ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʘ ʪʘʢʞʝ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, ʚ ʧʨʦʮʝʩʩʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ AP-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ ʩʝʤʝʡʩʪʚʫ Xth: 

Rrp1 ʠʟ Drosophila melanogaster (D. melanogaster), xAPE1 ʠʟ Xenopus laevis (X. laevis) ʠ 

zAPE1 ʠʟ Danio rerio (D. rerio), ʜʣʷ ʦʧʨʝʜʝʣʝʥʠ ̫ ʦʙʱʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ 

ʫʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʬʝʨʤʝʥʪʘʤʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʝʤʝʡʩʪʚʘ Xth; 

¶ ʘʥʘʣʠʟ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʷʚʣʝʥʠʷ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʬʝʨʤʝʥʪʘ EndoQ ʠʟ 

Pyrococcus furiosus (P. furiosus) ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʪʘʢʠʤ ʧʦʚʨʝʞʜʝʥʠʷʤ ɼʅʂ ʢʘʢ ʦʩʪʘʪʦʢ 2-

ʛʠʜʨʦʢʩʠʤʝʪʠʣ-3-ʛʠʜʨʦʢʩʠ-ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ (ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʘʥʘʣʦʛ AP-ʩʘʡʪʘ, F-ʩʘʡʪ), 

ʫʨʠʜʠʥ, ʦʩʪʘʪʦʢ ʛʠʧʦʢʩʘʥʪʠʥʘ (Hx), 5,6-ʜʠʛʠʜʨʦʫʨʠʜʠʥ, ʘʣʴʬʘ-ʘʥʦʤʝʨ ʘʜʝʥʦʟʠʥʘ ʠ 

ʵʪʝʥʦʘʜʝʥʦʟʠʥ; ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʨʘʟʣʠʯʥʳʝ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʘ ʪʘʢʞʝ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, ʚ 

ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ EndoQ ʠ ʚʳʷʚʣʝʥʠʝ ʦʪʣʠʯʠʪʝʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʝʭʘʥʠʟʤʘ 

ʫʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʬʝʨʤʝʥʪʦʤ EndoQ. 

 ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1) AP-ʵʥʜʦʥʫʢʣʝʘʟʘ hAPE1 ʢʘʪʘʣʠʟʠʨʫʝʪ ʛʠʜʨʦʣʠʟ ʦʩʪʘʪʢʘ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ ʚ ʧʝʪʣʝ ʠʣʠ ʚ ʷʜʨʝ 

ʪʝʣʦʤʝʨʥʦʛʦ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʯʝʣʦʚʝʢʘ.  

2) hAPE1 ʧʨʦʷʚʣʷʝʪ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤ ʩ 

ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʩʦʜʝʨʞʘʱʠʤ ʚʳʧʝʪʣʠʚʘʥʠʝ ʧʦʚʨʝʞʜʝʥʥʦʡ ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ 

ʮʝʧʠ; ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʚʳʧʝʪʣʠʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ ʠ 

ʧʦʣʦʞʝʥʠʷ ʦʩʪʘʪʢʘ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ.  

3) ʄʝʭʘʥʠʟʤ ʮʝʣʝʚʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʦʚ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʢ 

ʩʝʤʝʡʩʪʚʫ Xth, ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ: ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʬʝʨʤʝʥʪ-
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ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʝʛʦ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʝʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʳʡ ʢʦʤʧʣʝʢʩ. 

4) ʌʝʨʤʝʥʪ Rrp1 ʦʙʣʘʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʩ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʡ ʦʩʪʘʪʦʢ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʙʨʘʟʦʚʘʥʠʷ 

ʢʦʤʧʣʝʢʩʦʚ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʘʣʴʬʘ-ʘʥʦʤʝʨ 2ǋ-ʜʝʟʦʢʩʠʘʜʝʥʦʟʠʥʘ, 2ǋ-ʜʝʟʦʢʩʠ-ʵʪʝʥʦʘʜʝʥʦʟʠʥ, 

2ǋ-ʜʝʟʦʢʩʠʫʨʠʜʠʥ ʠʣʠ 2ǋ-ʜʝʟʦʢʩʠ-5,6-ʜʠʛʠʨʦʫʨʠʜʠʥ, ʠ ʩ ʥʝʧʦʚʨʝʞʜʝʥʥʳʤ ɼʅʂ-ʣʠʛʘʥʜʦʤ, ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʬʝʨʤʝʥʪʘʤʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʝʤʝʡʩʪʚʘ Xth, ʘ ʠʤʝʥʥʦ hAPE1, zAPE1 ʠ 

xAPE1. 

5) ʌʝʨʤʝʥʪ EndoQ ʨʘʩʱʝʧʣʷʝʪ ʦʜʥʦʮʝʧʦʯʝʯʥʫʶ ɼʅʂ, ʩʦʜʝʨʞʘʱʫʶ ʦʩʪʘʪʦʢ ʛʠʧʦʢʩʘʥʪʠʥʘ ʠʣʠ 

ʫʨʘʮʠʣʘ, ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ, ʯʝʤ ʜʚʫʭʮʝʧʦʯʝʯʥʫʶ ɼʅʂ, ʩʦʜʝʨʞʘʱʫʶ ʪʝ ʞʝ ʧʦʚʨʝʞʜʝʥʠʷ; 

ʧʨʦʮʝʩʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ EndoQ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʨʘʟʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ, ʠʤʝʝʪ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʦʪʣʠʯʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʪʜʝʣʴʥʳʤʠ ʵʪʘʧʘʤʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʚʟʘʠʤʦʩʦʛʣʘʩʦʚʘʥʥʳʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʩʪʨʦʝʢ ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ.  

 ʈʘʥʝʝ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʩʫʙʩʪʨʘʪʥʫ  ʁʩʧʝʮʠʬʠʯʥʦʩʪ ɹhAPE1 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʧʦʚʨʝʞʜʝʥʥʳʝ ʘʟʦʪʠʩʪʳʝ ʦʩʥʦʚʘʥʠʷ [18,19]. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʩʫʙʩʪʨʘʪʥʘʷ ʩʧʝʮʠʬʠʯʥʦʩʪʴ hAPE1 ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ 

ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚʳʚʦʨʘʯʠʚʘʪʴʩʷ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʚ 

ʦʪʚʝʪ ʥʘ ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʬʝʨʤʝʥʪʦʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɼʅʂ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ 

ʨʘʙʦʪʝ ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʦʚʝʨʠʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʥʫʢʣʝʦʪʠʜʘ ʚʳʚʦʨʘʯʠʚʘʪʴʩʷ ʠʟ ɼʅʂ ʠ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʚ ʢʘʨʤʘʥʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ 

ʤʦʞʝʪ ʙʳʪʴ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ, ʦʪʚʝʯʘʶʱʠʤ ʟʘ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ hAPE1, ʚ 

ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ G-

ʢʚʘʜʨʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ ʯʝʪʳʨʝ ʧʦʚʪʦʨʘ TTAGGG ʪʝʣʦʤʝʨʥʦʡ ɼʅʂ ʯʝʣʦʚʝʢʘ, ʘ ʪʘʢʞʝ ɼʅʂ-

ʜʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʚʳʧʝʪʣʠʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ 

ʮʝʧʠ. ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʮʠʬʠʯʝʩʢʠ ʨʘʩʱʝʧʣʷʝʤʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ F-ʩʘʡʪ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʣʦʢʘʣʴʥʳʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ 

ʚ ʦʙʣʘʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ hAPE1 ʚ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʙʳʣʘ ʚʚʝʜʝʥʘ ʬʣʫʦʨʦʬʦʨʥʘʷ ʛʨʫʧʧʘ 2-ʘʤʠʥʦʧʫʨʠʥ (aPu), 

ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʩ 3ǋ- ʣʠʙʦ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ 

çʛʣʦʙʘʣʴʥʳʭè ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʚ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʩ 

ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʦʡ G-ʢʚʘʜʨʫʧʣʝʢʩʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚʚʦʜʠʣʠ FRET-ʧʘʨʫ FAM/BHQ1, ʥʘ 5ǋ- ʠ 3ǋ-

ʢʦʥʮʘʭ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ.  

ʏʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ, ʷʚʣʷʝʪʩʷ ʣʠ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʭʘʥʠʟʤ ʦʙʱʠʤ ʜʣʷ ʚʩʝʭ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ 

APE1, ʥʘ ʦʩʥʦʚʘʥʠʠ ʚʳʩʦʢʦʡ ʠʜʝʥʪʠʯʥʦʩʪʠ C-ʢʦʥʮʝʚʦʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ ʩ hAPE1 ʙʳʣʠ 
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ʧʦʜʦʙʨʘʥʳ ʪʨʠ AP-ʵʥʜʦʥʫʢʣʝʘʟʳ ʠʟ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʟʤʦʚ: Rrp1 ʥʘʩʝʢʦʤʦʛʦ D. melanogaster, 

xAPE1 ʘʤʬʠʙʠʠ X. laevis ʠ zAPE1 ʨʳʙʳ D. rerio. ʏʪʦʙʳ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ NIR-ʘʢʪʠʚʥʦʩʪʴ AP-

ʵʥʜʦʥʫʢʣʝʘʟ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢ ʨʘʟʣʠʯʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʩʝʤʝʡʩʪʚʘʤ ʠʟ ʵʚʦʣʶʮʠʦʥʥʦ 

ʦʪʜʘʣʝʥʥʳʭ ʦʨʛʘʥʠʟʤʦʚ, ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʜʠʥʘʤʠʢʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʨʘʟʣʠʯʥʳʝ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʘ ʪʘʢʞʝ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʚ ʧʨʦʮʝʩʩʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ɼʅʂ-ʵʥʜʦʥʫʢʣʝʘʟʦʡ EndoQ ʠʟ P. furiosus. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʦʩʣʝʜʠʪʴ ʟʘ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ɼʅʂ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʬʝʨʤʝʥʪʘʤʠ zAPE1, xAPE1, Rrp1 

ʠ EndoQ, ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ɼʅʂ-ʜʫʧʣʝʢʩʳ, ʤʝʯʝʥʳʝ FAM ʧʦ 5ǋ-ʢʦʥʮʫ ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ, ʠ 

ʩʦʜʝʨʞʘʱʠʝ ʪʫʰʠʪʝʣʴ BHQ1 ʥʘ 5ǋ-ʢʦʥʮʝ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ. ɺ ʢʘʯʝʩʪʚʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ 

ʬʝʨʤʝʥʪʦʚ, ʢʘʪʘʣʠʟʠʨʫʶʱʠʭ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ, ʙʳʣ ʚʳʙʨʘʥ ɼʅʂ-ʜʫʧʣʝʢʩ, 

ʩʦʜʝʨʞʘʱʠʡ F-ʩʘʡʪ. ɺ ʢʘʯʝʩʪʚʝ NIR-ʩʫʙʩʪʨʘʪʦʚ ʜʣʷ ʬʝʨʤʝʥʪʦʚ zAPE1, xAPE1 ʠ Rrp1 ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ɼʅʂ-ʜʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʢ U, DHU, ŬA ʠ ŮA. ɺ ʢʘʯʝʩʪʚʝ 

NIR-ʩʫʙʩʪʨʘʪʦʚ ʜʣʷ ʬʝʨʤʝʥʪʘ EndoQ, ʧʦʤʠʤʦ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ, ʙʳʣ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥ 

ɼʅʂ-ʜʫʧʣʝʢʩ, ʩʦʜʝʨʞʘʱʠʡ ʦʩʪʘʪʦʢ Hx. ɼʣʷ ʠʟʫʯʝʥʠʷ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʚʷʟʳʚʘʥʠʷ ʩ ɼʅʂ ʜʣʷ 

ʚʩʝʭ ʬʝʨʤʝʥʪʦʚ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʥʝʧʦʚʨʝʞʜʝʥʥʳʡ ɼʅʂ-ʜʫʧʣʝʢʩ.  

ʇʦʩʢʦʣʴʢʫ ʨʘʩʧʦʟʥʘʚʘʥʠʝ AP-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʘʡʪʘ ʚ ɼʅʂ-ʩʫʙʩʪʨʘʪʝ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʩʪʨʦʡʢʦʡ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ, ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʠʩʩʣʝʜʫʝʤʳʭ ʬʝʨʤʝʥʪʦʚ ʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ ʚ ʭʦʜʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè, 

ʧʦʟʚʦʣʷʶʱʠʡ ʩʤʝʰʠʚʘʪʴ ʨʘʩʪʚʦʨʳ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ ʟʘ 1,4 ʤʩ ʠ ʥʘʙʣʶʜʘʪʴ ʟʘ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʚ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ. 

 ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ 

ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʝʪʘʣʴʥʦʝ ʢʠʥʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ AP-

ʵʥʜʦʥʫʢʣʝʘʟʳ ʯʝʣʦʚʝʢʘ hAPE1 ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ; 

AP-ʵʥʜʦʥʫʢʣʝʘʟ zAPE1 ʠʟ Danio rerio, xAPE1 ʠʟ Xenopus laevis ʠ Rrp1 ʠʟ Drosophila 

melanogaster, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢ ʩʝʤʝʡʩʪʚʫ Xth, ʠ ɼʅʂ-ʵʥʜʦʥʫʢʣʝʘʟʳ EndoQ ʠʟ Pyrococcus 

furiosus, ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʧʦʚʨʝʞʜʝʥʠʡ, ʘ ʪʘʢʞʝ ʩ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʝʨʤʝʥʪʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʢʣʘʩʩʘ Xth ʩʭʦʞʠʤ ʦʙʨʘʟʦʤ 

ʩʚʷʟʳʚʘʶʪ F-ʩʦʜʝʨʞʘʱʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʚʷʟʳʚʘʥʠʝ ʙʦʣʝʝ ʦʙʲʝʤʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ DHU, ŬA ʠʣʠ ŮA, ʪʨʝʙʫʶʱʝʝ ʪʦʥʢʦʡ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʩʪʨʦʡʢʠ 

ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ ʚʥʫʪʨʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ, ʧʨʦʠʩʭʦʜʠʪ ʩ ʟʘʤʝʪʥʳʤʠ ʦʪʣʠʯʠʷʤʠ ʚ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʝʨʤʝʥʪʘ EndoQ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʧʦʚʨʝʞʜʝʥʥʳʤʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʬʝʨʤʝʥʪʦʚ ʩʝʤʝʡʩʪʚʘ Xth, 

ʥʝʩʤʦʪʨʷ ʥʘ ʧʝʨʝʢʨʳʚʘʶʱʫʶʩʷ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʚ 
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ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʠʤʝʶʱʠʤʠʩʷ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ ʤʝʭʘʥʠʟʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʫʩʪʘʥʦʚʠʪʴ ʦʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʭʘʥʠʟʤʦʚ 

ʫʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʚ ɼʅʂ ʬʝʨʤʝʥʪʘʤʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʢ ʩʪʨʫʢʪʫʨʥʳʤ 

ʩʝʤʝʡʩʪʚʘʤ Xth ʠ EndoQ, ʠ ʧʨʝʜʣʦʞʠʪʴ ʤʦʜʝʣʴ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʩʝʭ 

ʠʟʫʯʝʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʩ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ.  

 ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɺʩʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʩʘʤʠʤ 

ʘʚʪʦʨʦʤ ʠʣʠ ʧʨʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʝʛʦ ʫʯʘʩʪʠʠ. ɸʚʪʦʨ ʧʨʠʥʠʤʘʣ ʘʢʪʠʚʥʦʝ ʫʯʘʩʪʠʝ ʚ ʘʥʘʣʠʟʝ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʥʘʧʠʩʘʥʠʠ ʩʪʘʪʝʡ.  

 ʇʫʙʣʠʢʘʮʠʠ ʠ ʘʧʨʦʙʘʮʠʠ ʨʘʙʦʪʳ. ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 3 

ʥʘʫʯʥʳʭ ʩʪʘʪʴʠ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʘʭ Web of Science ʠ Scopus.  

 ʈʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ: 44
ʦʤ

 

ʢʦʥʛʨʝʩʩʝ FEBS (ʂʨʘʢʦʚ, ʇʦʣʴʰʘ, 2019), IX ʈʦʩʩʠʡʩʢʦʤ ʩʠʤʧʦʟʠʫʤʝ çɹʝʣʢʠ ʠ ʧʝʧʪʠʜʳ» 

(ɼʘʛʦʤʳʩ, 2019), ʢʦʥʬʝʨʝʥʮʠʠ BGRS-SB (ʅʦʚʦʩʠʙʠʨʩʢ, 2020), 45
ʦʤ

 ʢʦʥʛʨʝʩʩʝ FEBS (ʦʥʣʘʡʥ-

ʢʦʥʬʝʨʝʥʮʠʷ, 2021), ʢʦʥʬʝʨʝʥʮʠʠ EEMGS (ʦʥʣʘʡʥ-ʢʦʥʬʝʨʝʥʮʠʷ, 2021), III ʆʙʲʝʜʠʥʝʥʥʦʤ 

ʅʘʫʯʥʦʤ ʌʦʨʫʤʝ ʌʠʟʠʦʣʦʛʦʚ, ɹʠʦʭʠʤʠʢʦʚ ʠ ʄʦʣʝʢʫʣʷʨʥʳʭ ɹʠʦʣʦʛʦʚ (ɼʘʛʦʤʳʩ, 2021) ʠ 

ʢʦʥʬʝʨʝʥʮʠʠ BGRS-SB (ʅʦʚʦʩʠʙʠʨʩʢ, 2022). 

 ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʸʤ ʜʠʩʩʝʨʪʘʮʠʠ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ, 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ, ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʷ, ʟʘʢʣʶʯʝʥʠʷ, ʚʳʚʦʜʦʚ ʠ ʩʧʠʩʢʘ 

ʣʠʪʝʨʘʪʫʨʳ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 183 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 48 ʨʠʩʫʥʢʦʚ, 9 ʩʭʝʤ ʠ 9 ʪʘʙʣʠʮ. 

ɹʠʙʣʠʦʛʨʘʬʠʷ ʚʢʣʶʯʘʝʪ 347 ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ.  
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1. ʇʦʚʨʝʞʜʝʥʠʷ ɼʅʂ: ʬʦʨʤʠʨʦʚʘʥʠʝ, ʧʫʪʠ ʫʜʘʣʝʥʠʷ ʠ ʬʝʨʤʝʥʪʘʪʠʚʥʳʝ ʩʚʦʡʩʪʚʘ 

ʢʣʶʯʝʚʳʭ ʫʯʘʩʪʥʠʢʦʚ ʨʝʧʘʨʘʮʠʠ ï ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ 

(ʆɹɿʆʈ ʃʀʊɽʈɸʊʋʈʓ) 

1.1. ʀʩʪʦʯʥʠʢʠ ʠ ʧʦʩʣʝʜʩʪʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ 

 ʈʘʟʣʠʯʥʳʝ ʪʠʧʳ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʤʫʪʘʛʝʥʝʟʘ, 

ʨʘʢʦʚʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʠ ʩʪʘʨʝʥʠʠ. ʇʨʠ ʵʪʦʤ ʙʦʣʴʰʠʥʩʪʚʦ ʤʫʪʘʮʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʢʣʝʪʢʘʭ 

ʪʢʘʥʝʡ ʯʝʣʦʚʝʢʘ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʥʦʩʷʪ ʵʥʜʦʛʝʥʥʳʡ ʭʘʨʘʢʪʝʨ. ʇʝʨʝʯʝʥʴ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, 

ʧʨʠʚʦʜʷʱʠʭ ʢ ʧʦʚʨʝʞʜʝʥʠʶ ɼʅʂ, ʚʢʣʶʯʘʝʪ ʛʠʜʨʦʣʠʟ, ʚʦʟʜʝʡʩʪʚʠʝ ʘʢʪʠʚʥʳʭ ʬʦʨʤ ʢʠʩʣʦʨʦʜʘ 

(ɸʌʂ) ʠ ʜʨʫʛʠʭ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʤʝʪʘʙʦʣʠʪʦʚ. ʀ, ʭʦʪʷ ʵʪʠ ʨʝʘʢʮʠʠ ʤʦʛʫʪ ʨʘʟʚʠʚʘʪʴʩʷ ʧʦʜ 

ʚʣʠʷʥʠʝʤ ʬʘʢʪʦʨʦʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʤʫʪʘʛʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ʠʟʚʝʩʪʥʳʭ 

ʢʘʥʮʝʨʦʛʝʥʦʚ, ʩ ʢʦʪʦʨʳʤʠ ʤʳ ʚʩʪʨʝʯʘʝʤʩʷ ʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ, ʥʝʜʦʩʪʘʪʦʯʥʳ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ 

ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʧʦʨʘʜʠʯʝʩʢʠʭ ʨʘʢʦʚʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʚ ʧʦʧʫʣʷʮʠʠ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʫʪʘʮʠʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʠʟʚʝʩʪʥʳʭ ʧʦʢʘ ʵʥʜʦʛʝʥʥʳʭ ʬʘʢʪʦʨʦʚ, ʘ ʪʘʢʞʝ 

ʚʩʣʝʜʩʪʚʠʝ ʨʦʩʪʘ ʫʨʦʚʥʷ ʵʥʜʦʛʝʥʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ, ʤʦʜʫʣʠʨʫʝʤʦʛʦ ʵʢʟʦʛʝʥʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, 

ʜʦʣʞʥʦ ʙʳʪʴ, ʚʤʝʩʪʝ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʟʚʠʪʠʠ ʙʦʣʴʰʠʥʩʪʚʘ ʨʘʢʦʚʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʚ 

ʜʦʧʦʣʥʝʥʠʝ ʢ ʠʟʤʝʥʝʥʠʷʤ ʚ ʵʢʩʧʨʝʩʩʠʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʛʝʥʦʚ ʚ ʩʚʷʟʠ ʩ ʫʩʣʦʚʠʷʤʠ ʚʥʝʰʥʝʡ 

ʩʨʝʜʳ. ʕʥʜʦʛʝʥʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ ʚʦʟʥʠʢʘʶʪ ʩ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝʡ ʯʘʩʪʦʪʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʵʢʟʦʛʝʥʥʳʤʠ, ʠ ʪʠʧʳ ʧʦʚʨʝʞʜʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʭʦʜʝ ʧʨʦʪʝʢʘʥʠʷ ʥʦʨʤʘʣʴʥʳʭ ʢʣʝʪʦʯʥʳʭ 

ʧʨʦʮʝʩʩʦʚ, ʠʜʝʥʪʠʯʥʳ ʠʣʠ ʩʭʦʜʥʳ ʩ ʪʘʢʦʚʳʤʠ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʚʳʟʚʘʥʳ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʝʢʦʪʦʨʳʭ 

ʘʛʝʥʪʦʚ ʠʟ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ [21]. 

1.1.1. ɻʠʧʦʢʩʘʥʪʠʥ 

 ɻʠʜʨʦʣʠʪʠʯʝʩʢʦʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝ ʘʜʝʥʠʥʘ ʠ ʛʫʘʥʠʥʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ɼʅʂ ʚ ʥʦʨʤʘʣʴʥʳʭ 

ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʫʶʪʩʷ ʛʠʧʦʢʩʘʥʪʠʥ (Hx) ʠ ʢʩʘʥʪʠʥ (X) (ʨʠʩʫʥʦʢ 

1), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [3,22]. ʇʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʩʧʦʥʪʘʥʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʘʜʝʥʠʥʘ ʚ Hx ʩʦʩʪʘʚʣʷʝʪ 

2% ʦʪ ʩʢʦʨʦʩʪʠ ʧʨʝʚʨʘʱʝʥʠʷ ʮʠʪʦʟʠʥʘ ʚ ʫʨʘʮʠʣ [3]. ɻʠʧʦʢʩʘʥʪʠʥ ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʦ 

ʤʫʪʘʛʝʥʥʳʤ ʧʦʚʨʝʞʜʝʥʠʝʤ ɼʅʂ, ʧʦʩʢʦʣʴʢʫ ʦʥ ʩʧʦʩʦʙʝʥ ʦʙʨʘʟʦʚʳʚʘʪʴ ʧʘʨʳ ʥʝ ʪʦʣʴʢʦ ʩ 

ʪʠʤʠʥʦʤ, ʥʦ ʪʘʢʞʝ ʠ ʩ ʮʠʪʦʟʠʥʦʤ, ʧʨʠʚʦʜʷ ʢ ʟʘʤʝʥʘʤ ATŸGC [23]. ʋ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʠ 

Escherichia coli (E. coli) Hx ʠʟ ɼʅʂ ʫʜʘʣʷʶʪ ʩʧʝʮʠʬʠʯʥʳʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ [24ï27]. ʇʨʠ ʵʪʦʤ 

ʫ E. coli ʬʫʥʢʮʠʶ ʛʠʧʦʢʩʘʥʪʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʚʳʧʦʣʥʷʝʪ AlkA, ʪʘʢʞʝ ʠʟʚʝʩʪʥʳʡ ʢʘʢ 3-

ʤʝʪʠʣʘʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ. ɻʦʤʦʣʦʛʠʯʥʳʝ AlkA ʬʝʨʤʝʥʪʳ ʯʝʣʦʚʝʢʘ (3-ʤʝʪʠʣʘʜʝʥʠʥ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘ (MPG), ʢʨʳʩʳ (APDG) ʠ ʜʨʦʞʞʝʡ (MAG) ʪʘʢʞʝ ʧʨʦʷʚʣʷʶʪ ʘʢʪʠʚʥʦʩʪʴ ʧʦ 
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ʦʪʥʦʰʝʥʠʶ ʢ ʛʠʧʦʢʩʘʥʪʠʥʫ. ʌʝʨʤʝʥʪ E. coli ʥʝ ʦʢʘʟʳʚʘʝʪ ʧʨʝʜʧʦʯʪʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʤʫ 

ʦʩʥʦʚʘʥʠʶ ʥʘʧʨʦʪʠʚ Hx, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʬʝʨʤʝʥʪʳ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʨʘʩʱʝʧʣʷʶʪ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʫʶ ʧʘʨʳ Hx/T ʠ Hx/G ʩ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. ʇʨʠ ʵʪʦʤ ʥʠ ʦʜʠʥ ʠʟ 

ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ ʥʝ ʨʘʩʱʝʧʣʷʝʪ ʦʜʥʦʮʝʧʦʯʝʯʥʫʶ (ʦ.ʮ.) ɼʅʂ, ʩʦʜʝʨʞʘʱʫʶ ʛʠʧʦʢʩʘʥʪʠʥ [28]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʧʘʨ ʥʫʢʣʝʦʪʠʜʦʚ ʩ ʫʯʘʩʪʠʝʤ ʛʠʧʦʢʩʘʥʪʠʥʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʙʨʘʟʫʝʤʦʡ ʧʘʨʳ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʨʷʜʫ Hx/C > Hx/A > Hx/G å Hx/T [29]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʛʠʧʦʢʩʘʥʪʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ ʯʝʣʦʚʝʢʘ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʦʢʘʟʳʚʘʝʪ ʧʨʝʜʧʦʯʪʝʥʠʝ 

ʤʝʥʝʝ ʩʪʘʙʠʣʴʥʳʤ ʧʘʨʘʤ. ʂʨʦʤʝ ʪʦʛʦ ʫ E. coli ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʵʥʜʦʥʫʢʣʝʘʟʘ Endo V, ʢʦʪʦʨʘʷ 

ʩʧʦʩʦʙʥʘ ʨʘʩʱʝʧʣʷʪʴ ʚʪʦʨʫʶ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ʩ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ ʜʝʟʘʤʠʥʠʨʦʚʘʥʥʳʭ 

ʦʩʥʦʚʘʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ Hx ʠ U (ʨʠʩʫʥʦʢ 1) [30ï32].  

1.1.2. ɸʣʴʬʘ-ʘʥʦʤʝʨʳ ʥʫʢʣʝʦʪʠʜʦʚ 

 ʀʦʥʠʟʠʨʫʶʱʝʝ ʠʟʣʫʯʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʤʥʦʞʝʩʪʚʘ ʧʦʚʨʝʞʜʝʥʠʡ ʦʩʥʦʚʘʥʠʡ ʠ 

ʩʘʭʘʨʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ ɼʅʂ, ʘ ʪʘʢʞʝ ʢ ʨʘʟʨʳʚʘʤ ʮʝʧʠ ɼʅʂ [33]. ɸʣʴʬʘ-ʘʥʦʤʝʨ ʘʜʝʥʦʟʠʥʘ 

(ŬA, ʨʠʩʫʥʦʢ 1) ï ʦʩʥʦʚʥʦʝ ʧʦʚʨʝʞʜʝʥʠʝ ʘʜʝʥʠʥʘ, ʚʦʟʥʠʢʘʶʱʝʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʪʘʢʠ 

ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ, ʧʨʦʜʫʮʠʨʫʝʤʳʤʠ ʠʦʥʠʟʠʨʫʶʱʠʤ ʠʟʣʫʯʝʥʠʝʤ, ʧʨʠʯʝʤ ʝʛʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʦʣʠʥʫʢʣʝʦʪʠʜʘʭ, ʯʝʤ ʚ ʩʚʦʙʦʜʥʳʭ ʥʫʢʣʝʦʟʠʜʘʭ 

ʠʣʠ ʥʫʢʣʝʦʪʠʜʘʭ [34]. In vitro ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ŬA ʚ ɼʅʂ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʩʪʘʥʦʚʢʝ 

ʨʝʧʣʠʢʘʪʠʚʥʦʡ ʚʠʣʢʠ, ʘ ʪʘʢʞʝ ʢ ʦʰʠʙʦʯʥʦʡ ʚʩʪʘʚʢʝ ʥʘʧʨʦʪʠʚ ʥʝʛʦ ʘʜʝʥʠʥʘ ʠ ʮʠʪʦʟʠʥʘ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʥʘʤ ATŸGC ʠ ATŸTA [35]. ɹʦʣʝʝ ʪʦʛʦ, ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ in vivo ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦ.ʮ. ʚʝʢʪʦʨ M13, ʩʦʜʝʨʞʘʱʠʡ ŬA ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʟʠʮʠʠ, ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʜʝʣʝʮʠʠ [36], ʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʬʣʘʥʢʠʨʫʶʱʘʷ ŬA, 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʜʝʣʝʮʠʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʭʦʞʜʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ. 

ʋʥʠʢʘʣʴʥʦʩʪʴ ʧʦʚʨʝʞʜʝʥʠʷ ŬA ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʝʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚ ɼʅʂ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳ ʙʝʩʢʠʩʣʦʨʦʜʥʳʝ ʫʩʣʦʚʠʷ [34].  

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ BER ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʧʫʪʝʤ ʨʝʧʘʨʘʮʠʠ ʤʥʦʛʠʭ ʦʢʠʩʣʠʪʝʣʴʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ʦʩʥʦʚʘʥʠʡ ʚ ɼʅʂ [7], ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʠʧʳ ʧʦʚʨʝʞʜʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʘʣʴʬʘ-

ʘʥʦʤʝʨʳ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ (ŬdN), ʥʝ ʫʜʘʣʷʶʪʩʷ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ, ʠ ʷʚʣʷʶʪʩʷ 

ʩʫʙʩʪʨʘʪʘʤʠ ʜʣʷ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʚ ʧʫʪʠ ʠʥʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʥʫʢʣʝʦʪʠʜʦʚ (NIR) [10,37,38]. 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʫ E. coli ŬA ʠ ŬT ʫʜʘʣʷʶʪʩʷ ʠʟ ɼʅʂ ʬʝʨʤʝʥʪʦʤ Nfo [37], ʘ ʫ ʜʨʦʞʞʝʡ 

Saccharomyces cerevisiae (S. cerevisiae) ʛʦʤʦʣʦʛʠʯʥʳʤ ʬʝʨʤʝʥʪʦʤ Apn1 [39]. AP-ʵʥʜʦʥʫʢʣʝʘʟʘ 1 

ʯʝʣʦʚʝʢʘ (hAPE1) ʪʘʢʞʝ ʩʧʦʩʦʙʥʘ ʫʜʘʣʷʪʴ ŬA ʠ ŬT ʠʟ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ. ɸʢʪʠʚʥʦʩʪʴ 
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ʛʦʤʦʣʦʛʠʯʥʦʛʦ ʬʝʨʤʝʥʪʘ ʠʟ E. coli Xth ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ŬA ʠ ŬT-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ ʥʝ ʙʳʣʘ 

ʫʩʪʘʥʦʚʣʝʥʘ [10,40]. ɺ ʪʘʢʦʤ ʘʣʴʪʝʨʥʘʪʠʚʥʦʤ ʧʫʪʠ ʢʘʢ NIR AP-ʵʥʜʦʥʫʢʣʝʘʟʘ ʨʘʩʱʝʧʣʷʝʪ 

ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʡ ʦʩʪʦʚ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʦʙʨʘʟʫʶʪʩʷ 3ǋ-OH ʛʨʫʧʧʘ ʠ ʩʚʠʩʘʶʱʠʡ ʥʘ 5ǋ-ʢʦʥʮʝ ʧʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ [40]. ʇʦʩʢʦʣʴʢʫ 

NIR ʷʚʣʷʝʪʩʷ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤ ʧʫʪʝʤ ʨʝʧʘʨʘʮʠʠ, ʥʘʯʠʥʘʷ ʦʪ ʙʘʢʪʝʨʠʡ ʠ ʟʘʢʘʥʯʠʚʘʷ ʯʝʣʦʚʝʢʦʤ, 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʦʥ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʟʘʧʘʩʥʦʛʦ ʜʣʷ ʦʧʦʩʨʝʜʦʚʘʥʥʦʛʦ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘʤʠ BER-ʧʫʪʠ [39].  

1.1.3. 2ǋ-ɼʝʟʦʢʩʠ-5,6-ʜʠʛʠʜʨʦʫʨʠʜʠʥ 

 ʅʘʨʷʜʫ ʩ ŬA, 2ǋ-ʜʝʟʦʢʩʠ-5,6-ʜʠʛʠʜʨʦʫʨʠʜʠʥ (DHU, ʨʠʩʫʥʦʢ 1) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦ 

ʠʟ ʦʩʥʦʚʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʦʩʥʦʚʘʥʠʡ ɼʅʂ, ʬʦʨʤʠʨʫʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʘʥʘʵʨʦʙʥʳʭ ʫʩʣʦʚʠʷʭ. DHU ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʚʷʟʠ C5-C6 ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʪʘʢʠ ʮʠʪʦʟʠʥʘ ĿOH ʨʘʜʠʢʘʣʦʤ [41]. ʕʪʦ ʧʦʚʨʝʞʜʝʥʠʝ 

ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʫʪʘʛʝʥʥʳʤ, ʪʘʢ ʢʘʢ ʦʥʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʘʤʝʥʝ CŸT [10]. DHU, ʢʘʢ 

ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʧʨʦʜʫʢʪʳ ʦʢʠʩʣʝʥʠʷ ʧʠʨʠʤʠʜʠʥʦʚ, ʫʜʘʣʷʝʪʩʷ ʠʟ ɼʅʂ ʧʦ ʧʫʪʠ BER ʫ E. coli 

ʵʥʜʦʥʫʢʣʝʘʟʦʡ III (Nth) [42,43], ʘ ʫ ʯʝʣʦʚʝʢʘ ʛʦʤʦʣʦʛʠʯʥʳʤ ʬʝʨʤʝʥʪʦʤ hNTH1 [44]. ʂʨʦʤʝ ʪʦʛʦ, 

DHU ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʩʫʙʩʪʨʘʪʦʤ ʜʣʷ AP-ʵʥʜʦʥʫʢʣʝʘʟ Nfo ʠʟ E. coli, Apn1 ʠʟ S. cerevisiae [40] ʠ 

hAPE1 ʯʝʣʦʚʝʢʘ [10], ʠ ʫʜʘʣʷʝʪʩʷ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦ NIR-ʧʫʪʠ.  

1.1.4. ʕʪʝʥʦʧʨʦʠʟʚʦʜʥʳʝ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ 

 ɸʵʨʦʙʥʦʝ ʜʳʭʘʥʠʝ ʩʦʧʨʷʞʝʥʦ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʘʢʪʠʚʥʳʭ ʬʦʨʤ ʢʠʩʣʦʨʦʜʘ (ɸʌʂ) ʚ ʭʦʜʝ 

ʧʨʦʪʝʢʘʥʠʷ ʥʦʨʤʘʣʴʥʳʭ ʤʝʪʘʙʦʣʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʢʣʝʪʢʠ. ɸʌʂ ï ʵʪʦ ʢʣʘʩʩ ʨʝʘʢʪʠʚʥʳʭ ʠʦʥʦʚ 

ʠ ʩʚʦʙʦʜʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʢʣʝʪʢʝ ʚ ʭʦʜʝ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʘʢ 

ʵʥʜʦʛʝʥʥʳʭ ʢʣʝʪʦʯʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʪʘʢ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʵʢʟʦʛʝʥʥʳʭ ʬʘʢʪʦʨʦʚ [45]. ʆʥʠ ʩʧʦʩʦʙʥʳ 

ʨʝʘʛʠʨʦʚʘʪʴ ʩ ʙʝʣʢʘʤʠ, ʣʠʧʠʜʘʤʠ ʠ ɼʅʂ. ʄʦʜʠʬʠʢʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ɼʅʂ, AP-ʩʘʡʪʳ, 

ʧʦʚʨʝʞʜʝʥʠʷ ʩʘʭʘʨʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ, ʦ.ʮ. ʠ ʜʚʫʭʮʝʧʦʯʝʯʥʳʝ (ʜ.ʮ.) ʨʘʟʨʳʚʳ ɼʅʂ ï ʚʩʝ ʵʪʠ 

ʧʦʚʨʝʞʜʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʩʧʨʦʚʦʮʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʤʠ ʬʦʨʤʘʤʠ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ. 

ʇʦʣʥʳʡ ʩʧʠʩʦʢ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʥʘʩʯʠʪʳʚʘʝʪ ʙʦʣʝʝ 100 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ [46]. ɸʌʂ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʢʠʩʥʦʤʫ ʦʢʠʩʣʝʥʠʶ ʣʠʧʠʜʦʚ ʠ ʧʦʚʨʝʞʜʝʥʠʶ 

ʧʦʣʠʥʝʥʘʩʳʱʝʥʥʳʭ ʞʠʨʥʳʭ ʢʠʩʣʦʪ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʢʣʝʪʦʯʥʳʭ 

ʤʝʤʙʨʘʥ. ʂʨʦʤʝ ʪʦʛʦ, ʣʠʧʦʧʨʦʪʝʠʥʳ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʪʨʘʥʩʧʦʨʪʠʨʫʶʱʠʝ ʣʠʧʠʜʳ ʧʦ 

ʢʨʦʚʦʪʦʢʫ, ʪʘʢʞʝ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʦʢʠʩʣʝʥʠʶ [47,48]. ɺʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʠʭ 

ʧʨʦʮʝʩʩʦʚ ʵʧʦʢʩʠʘʣʴʜʝʛʠʜʳ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ɼʅʂ, ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚ ʥʝʡ 
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ʵʢʟʦʮʠʢʣʠʯʝʩʢʠʭ ʘʜʜʫʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ 2ǋ-ʜʝʟʦʢʩʠ-3,N
4
-ʵʪʝʥʦʮʠʪʠʜʠʥ (ŮC), 2ǋ-ʜʝʟʦʢʩʠ-N

2
-3-

ʵʪʝʥʦʛʫʘʥʦʟʠʥ (N
2
-3-ŮG), 2ǋ-ʜʝʟʦʢʩʠ-1,N

2
-ʵʪʝʥʦʛʫʘʥʦʟʠʥ (1,N

2
-ŮG) ʠ 2ǋ-ʜʝʟʦʢʩʠ-1,N

6
-

ʵʪʝʥʦʘʜʝʥʦʟʠʥ (ŮA, ʨʠʩʫʥʦʢ 1). ʂʦʣʴʮʝʚʘʷ ʩʠʩʪʝʤʘ ʵʪʝʥʦ-ʘʜʜʫʢʪʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʘʪʘʢʠ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʵʧʦʢʩʠʜʦʚ ʠʣʠ ʘʣʴʜʝʛʠʜʦʚ ʥʘ ʘʪʦʤ ʘʟʦʪʘ 

ʦʩʥʦʚʘʥʠʷ ɼʅʂ, ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʫʶʪ ʜʝʛʠʜʨʘʪʘʮʠʷ ʩ ʟʘʤʳʢʘʥʠʝʤ ʮʠʢʣʘ [49,50]. ʕʪʝʥʦ-ʘʜʜʫʢʪʳ 

ʧʫʨʠʥʦʚʳʭ ʠ ʧʠʨʠʤʠʜʠʥʦʚʳʭ ʦʩʥʦʚʘʥʠʡ ʪʘʢʞʝ ʤʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʪʘʢʠʭ ʢʘʥʮʝʨʦʛʝʥʦʚ ʢʘʢ ʚʠʥʠʣʭʣʦʨʠʜ ʠ ʫʨʝʪʘʥ [51]. ʕʢʟʦʮʠʢʣʠʯʝʩʢʠʝ ɼʅʂ-ʘʜʜʫʢʪʳ, ʪʘʢʠʝ ʢʘʢ 

ŮA ʠ ŮC, ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʤʥʦʛʦʩʪʘʜʠʡʥʦʤ ʨʘʟʚʠʪʠʠ ʦʥʢʦʣʦʛʠʯʝʩʢʠʭ ʠ ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ 

ʚʦʩʧʘʣʠʪʝʣʴʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʟʘʙʦʣʝʚʘʥʠʡ ʯʝʣʦʚʝʢʘ [50].  

 ʕʪʝʥʦ-ʘʜʜʫʢʪʳ ʦʩʥʦʚʘʥʠʡ ɼʅʂ ʦʙʣʘʜʘʶʪ ʤʫʪʘʛʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʪʘʢ ʢʘʢ ʩʧʦʩʦʙʥʳ 

ʧʨʠʚʦʜʠʪʴ ʢ ʟʘʤʝʥʝ ʦʩʥʦʚʘʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ŮA ʩʯʠʪʘʝʪʩʷ ʚʳʩʦʢʦ ʤʫʪʘʛʝʥʥʳʤ ʧʦʚʨʝʞʜʝʥʠʝʤ 

ɼʅʂ ʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʘʤʝʥʘʤ ATŸGC, ATŸTA ʠ ATŸCG [52]. ŮC ʚ ɼʅʂ ʧʨʠʚʦʜʠʪ ʢ 

ʟʘʤʝʥʘʤ CGŸAT ʠ CGŸTA [53], N
2
-3-ŮG ï ʢ ʟʘʤʝʥʝ GCŸAT [54], ʘ 1,N

2
-ŮG ï ʢ ʟʘʤʝʥʘʤ 

GCŸTA ʠ GCŸCG [55]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʫʪʘʛʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ŮA ʠ ŮC ʩʨʘʚʥʠʤʳ ʚ 

ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ [52]. ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ in vitro ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʷʚʣʝʥʠʝ 1,N
2
-ŮG ʚ 

ɼʅʂ ʧʨʠʚʦʜʠʪ ʢ ʙʣʦʢʠʨʦʚʘʥʠʶ ʨʝʧʣʠʢʘʮʠʠ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʜʝʣʝʮʠʡ [55]. ʋʨʦʚʝʥʴ 

ʩʦʜʝʨʞʘʥʠʷ ʵʪʝʥʦ-ʘʜʜʫʢʪʦʚ ʚ ɼʅʂ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ ʠ 

ʘʩʩʦʮʠʠʨʦʚʘʥ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʠʩʢʘ ʨʘʟʚʠʪʠʷ ʨʘʢʘ [51]. ʂʠʩʣʦʨʦʜ- ʠ ʘʟʦʪ-ʩʦʜʝʨʞʘʱʠʝ 

ʠʥʪʝʨʤʝʜʠʘʪʳ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʚʠʪʠʷ ʚʦʩʧʘʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʪʘʢʞʝ ʧʨʠʚʦʜʷʪ 

ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʵʪʝʥʦ-ʘʜʜʫʢʪʦʚ [21].  

 ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʵʥʜʦʛʝʥʥʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ɼʅʂ ʫʜʘʣʷʝʪʩʷ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘʤʠ BER. ɺ ʪʦʤ ʯʠʩʣʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ŮA ʠ ŮC ʨʘʩʧʦʟʥʘʶʪʩʷ ʠ ʫʜʘʣʷʶʪʩʷ 

ʤʦʥʦ-ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ ʯʝʣʦʚʝʢʘ: 3-ʤʝʪʠʣʘʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ 

(MPG) ʠ ʤʠʩʤʘʪʯ-ʩʧʝʮʠʬʠʯʥʦʡ ʪʠʤʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ (TDG), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [56ï58]. ʋ E. 

coli ŮC ʫʜʘʣʷʝʪʩʷ ʤʠʩʤʘʪʯ-ʩʧʝʮʠʬʠʯʥʦʡ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ (MUG), ʛʦʤʦʣʦʛʠʯʥʦʡ TDG 

[56]. ʊʘʢʞʝ ŮA ʠ ŮC ʤʦʛʫʪ ʫʜʘʣʷʪʴʩʷ ʠʟ ɼʅʂ ʧʫʪʝʤ ʧʨʷʤʦʡ ʨʝʧʘʨʘʮʠʠ ʧʦʚʨʝʞʜʝʥʠʡ ʯʝʨʝʟ 

ʦʢʠʩʣʠʪʝʣʴʥʦʝ ʜʝʘʣʢʠʣʠʨʦʚʘʥʠʝ, ʢʘʪʘʣʠʟʠʨʫʝʤʦʝ ʬʝʨʤʝʥʪʘʤʠ ʩʝʤʝʡʩʪʚʘ AlkB. ʕʪʠ ʬʝʨʤʝʥʪʳ 

ʫʜʘʣʷʶʪ ʘʣʢʠʣʴʥʳʝ ʛʨʫʧʧʳ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ʙʝʟ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ ʠ ʩʠʥʪʝʟʘ de novo 

[59,60]. ʌʝʨʤʝʥʪ ʯʝʣʦʚʝʢʘ ABH2, ʛʦʤʦʣʦʛʠʯʥʳʡ AlkB, ʪʘʢʞʝ ʩʧʦʩʦʙʝʥ ʫʜʘʣʷʪʴ ŮA ʠ ŮC ʠʟ ɼʅʂ, 

ʭʦʪʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ABH2 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ŮA ʙʳʣʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʦʣʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ 

ʦʪʩʫʪʩʪʚʠʷ MPG [61,62].  
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 ʂʨʦʤʝ ʪʦʛʦ, ŮA ʠ ŮC ʤʦʛʫʪ ʫʜʘʣʷʪʴʩʷ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ ʯʝʣʦʚʝʢʘ hAPE1 ʧʦ ʧʫʪʠ NIR, 

ʭʦʪʷ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʛʦʚʦʨʷʪ ʦ ʪʦʤ, ʯʪʦ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʵʪʝʥʦ-ʘʜʜʫʢʪʦʚ 

ʚ ɼʅʂ ʢʣʝʪʢʠ ʜʦʣʞʥʘ ʫʜʘʣʷʪʴʩʷ ʩʧʝʮʠʬʠʯʥʳʤʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ AP-

ʵʥʜʦʥʫʢʣʝʘʟʳ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʩʝʤʝʡʩʪʚʫ Nfo, ʘ ʠʤʝʥʥʦ Nfo E. coli ʠ Apn1 S. cerevisiae, ʥʝ 

ʧʨʦʷʚʣʷʶʪ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʵʪʝʥʦ-ʘʜʜʫʢʪʳ, ʭʦʪʷ ʦʥʠ ʪʘʢʞʝ 

ʷʚʣʷʶʪʩʷ NIR-AP-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʨʫʛʠʤ ʩʫʙʩʪʨʘʪʘʤ [63].  

1.1.5. 2ǋ-ɼʝʟʦʢʩʠʫʨʠʜʠʥ 

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʫʪʝʡ ʧʦʷʚʣʝʥʠʷ ʫʨʘʮʠʣʘ ʚ ɼʅʂ, ʠ ʩʘʤʳʤʠ ʚʘʞʥʳʤʠ ʩʨʝʜʠ ʥʠʭ 

ʷʚʣʷʶʪʩʷ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝ ʮʠʪʦʟʠʥʘ ʠ ʧʨʠʩʦʝʜʠʥʝʥʠʝ ʢ ʧʨʘʡʤʝʨʫ dUMP ʚʤʝʩʪʦ dTMP ʚ 

ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ɼʅʂ. ʎʠʪʦʟʠʥ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʜʝʛʨʘʜʘʮʠʠ ʧʦʜ ʚʣʠʷʥʠʝʤ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ, ʯʝʤ ʪʨʠ ʜʨʫʛʠʭ ʦʩʥʦʚʘʥʠʷ ɼʅʂ, ʠ ʛʠʜʨʦʣʠʪʠʯʝʩʢʦʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝ ʮʠʪʦʟʠʥʘ ʠ 

2ǋ-ʜʝʟʦʢʩʠʮʠʪʠʜʠʥʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʝʡʪʨʘʣʴʥʳʭ pH. ʉʧʦʥʪʘʥʥʦʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝ ʮʠʪʦʟʠʥʘ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʦʨʷʜʢʘ 100-500 ʦʩʪʘʪʢʦʚ ʫʨʘʮʠʣʘ ʥʘ ʢʣʝʪʢʫ ʯʝʣʦʚʝʢʘ ʚ ʪʝʯʝʥʠʝ ʜʥʷ [3], 

ʘ ʜʣʷ ʦ.ʮ. ʫʯʘʩʪʢʦʚ ɼʅʂ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʩʚʷʟʠ ʩ ʧʨʦʮʝʩʩʘʤʠ ʨʝʧʣʠʢʘʮʠʠ ʠ ʪʨʘʥʩʣʷʮʠʠ, 

ʩʢʦʨʦʩʪʴ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ ʮʠʪʦʟʠʥʘ ʤʦʞʝʪ ʫʚʝʣʠʯʠʪʩʷ ʚ 200-300 ʨʘʟ [64]. ʇʦʤʠʤʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʢ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʶ ʮʠʪʦʟʠʥʘ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʚʦʟʜʝʡʩʪʚʠʝ ʥʝʢʦʪʦʨʳʭ ʛʨʫʧʧʦ-ʩʧʝʮʠʬʠʯʥʳʭ 

ʘʛʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʙʠʩʫʣʴʬʠʪ ʠʣʠ ʘʟʦʪʠʩʪʘʷ ʢʠʩʣʦʪʘ.  

 ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ ʩʧʦʩʦʙʥʳ ʚʩʪʘʚʣʷʪʴ dUMP ʚʤʝʩʪʦ dTMP ʚ ʭʦʜʝ ʨʝʧʣʠʢʘʮʠʠ [65]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʵʪʠʭ ʧʦʣʠʤʝʨʘʟ, ʨʘʟʤʝʨ ʛʝʥʦʤʘ ʠ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʘʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ rNTP ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ dNTP ʚ ʢʣʝʪʢʝ ʧʨʠʚʦʜʠʪ ʢ ʚʢʣʶʯʝʥʠʶ ʙʦʣʝʝ ʯʝʤ 13 ʪʳʩʷʯ 

ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʚ ʭʦʜʝ ʢʘʞʜʦʛʦ ʨʘʫʥʜʘ ʨʝʧʣʠʢʘʮʠʠ ɼʅʂ ʚ ʧʦʯʢʫʶʱʠʭʩʷ ʜʨʦʞʞʘʭ, ʘ ʚ ʢʣʝʪʢʝ 

ʯʝʣʦʚʝʢʘ ï ʥʘ ʧʦʨʷʜʢʠ ʙʦʣʴʰʝ [66]. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʙʦʨʴʙʳ ʩ ʥʝʧʨʘʚʠʣʴʥʳʤ ʚʢʣʶʯʝʥʠʝʤ 

ʫʨʘʮʠʣʘ ʚ ɼʅʂ ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʥʦʩʪʴ dUTPʘʟ, ʛʠʜʨʦʣʠʟʫʶʱʠʭ dUTP [67].  

ɺʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʫʪʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʫʨʘʮʠʣ ʫʜʘʣʷʝʪʩʷ ʠʟ ɼʅʂ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʘʢʪʠʚʥʦʩʪʠ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ (UDG), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ AP-ʩʘʡʪʦʚ. ʋʨʘʮʠʣ-

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, ʚʦʟʤʦʞʥʦ, ʥʘʠʙʦʣʝʝ ʢʦʥʩʝʨʚʘʪʠʚʥʳ ʩʨʝʜʠ ʜʨʦʞʞʝʡ, ʙʘʢʪʝʨʠʡ ʠ ʢʣʝʪʦʢ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ. ɺʧʝʨʚʳʝ UDG ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ Lindahl ʚ E. coli [68], ʦʥʘ ʞʝ ʙʳʣʘ ʧʝʨʚʳʤ 

ʥʘʡʜʝʥʥʳʤ ʬʝʨʤʝʥʪʦʤ ʨʝʧʘʨʘʮʠʠ, ʩʧʦʩʦʙʥʳʤ ʢ ʨʘʩʱʝʧʣʝʥʠʶ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ ʚ ɼʅʂ [69].  
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ʈʠʩʫʥʦʢ 1. ʇʨʠʤʝʨʳ ʧʦʚʨʝʞʜʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ɼʅʂ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʥʜʦʛʝʥʥʳʭ ʠ 

ʵʢʟʦʛʝʥʥʳʭ ʬʘʢʪʦʨʦʚ. 
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ʇʦʤʠʤʦ ʩʧʝʮʠʬʠʯʥʳʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʫʨʠʜʠʥ ʪʘʢʞʝ ʤʦʞʝʪ ʫʜʘʣʷʪʴʩʷ ʠʟ ɼʅʂ hAPE1 

ʯʝʣʦʚʝʢʘ ʚ ʭʦʜʝ NIR. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ hAPE1 ʠʤʝʝʪ ʚʳʩʦʢʦʝ ʩʨʦʜʩʪʚʦ ʢ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ 

ʧʘʨʫ U/G, ʦʜʥʘʢʦ ʩʢʦʨʦʩʪʴ ʫʜʘʣʝʥʠʷ ʫʨʠʜʠʥʘ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʘʷ, ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ AP-

ʵʥʜʦʥʫʢʣʝʘʟʳ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʪʝʢʩʪʘ ʠ ʦʩʥʦʚʘʥʠʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʧʨʦʪʠʚ ʫʨʘʮʠʣʘ. ʀʥʪʝʨʝʩʥʦ, 

ʯʪʦ ʫ ʥʝʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʘʨʭʝʡ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ, ʩʧʝʮʠʬʠʯʥʳʭ ʢ U, 

ʦʜʥʘʢʦ ʦʙʥʘʨʫʞʝʥʳ ʬʝʨʤʝʥʪʳ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʩʝʤʝʡʩʪʚʫ AP-ʵʥʜʦʥʫʢʣʝʘʟ Xth. ʕʪʦ ʤʦʞʝʪ 

ʛʦʚʦʨʠʪʴ ʦ ʪʦʤ, ʯʪʦ ʧʫʪʴ ʨʝʧʘʨʘʮʠʠ NIR ʚʦʟʥʠʢ ʧʘʨʘʣʣʝʣʴʥʦ ʩ BER ʠʣʠ ʨʘʥʴʰʝ, ʯʪʦʙʳ ʧʦʤʦʛʘʪʴ 

ʦʨʛʘʥʠʟʤʘʤ ʩʧʨʘʚʣʷʪʴʩʷ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʫʨʘʮʠʣʘ ʚ ɼʅʂ [70].  

1.1.6. ɸʧʫʨʠʥʦʚʳʝ/ʘʧʠʨʠʤʠʜʠʥʦʚʳʝ ʩʘʡʪʳ 

 AP-ʩʘʡʪʳ ʚ ɼʅʂ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʱʝʧʣʝʥʠʷ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ, 

ʩʦʝʜʠʥʷʶʱʝʡ ʧʫʨʠʥʦʚʦʝ ʠʣʠ ʧʠʨʠʤʠʜʠʥʦʚʦʝ ʦʩʥʦʚʘʥʠʝ ʩ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʟʦʡ. ʕʪʫ ʨʝʘʢʮʠʶ 

ʥʘʟʳʚʘʶʪ ʜʝʧʫʨʠʥʠʟʘʮʠʝʡ ʠʣʠ ʜʝʧʠʨʠʤʠʜʠʥʠʟʘʮʠʝʡ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʚʦʟʥʠʢʘʶʱʝʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʦʚʨʝʞʜʝʥʠʝ ɼʅʂ ï AP-ʩʘʡʪʦʤ. AP-ʩʘʡʪʳ ʩʫʱʝʩʪʚʫʶʪ ʚ ʨʘʩʪʚʦʨʝ ʚ ʚʠʜʝ ʘʥʦʤʝʨʦʚ 

2ǋ-ʜʝʟʦʢʩʠ-D-ʨʠʙʦʟʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʨʘʚʥʦʚʝʩʥʫʶ ʩʤʝʩʴ (ʨʠʩʫʥʦʢ 2) ʬʫʨʘʥʦʟʥʦʡ 

ʬʦʨʤʳ ʩ ʟʘʢʨʳʪʳʤ ʢʦʣʴʮʦʤ (99%) ʠ ʘʣʴʜʝʛʠʜʘ ʩ ʦʪʢʨʳʪʳʤ ʢʦʣʴʮʦʤ (1%) [71,72].  

 

ʈʠʩʫʥʦʢ 2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʠ ʩʪʨʫʢʪʫʨʘ AP-ʩʘʡʪʦʚ [71].  

1.1.6.1. ʌʦʨʤʠʨʦʚʘʥʠʝ AP-ʩʘʡʪʦʚ 

1.1.6.1.1. ʉʧʦʥʪʘʥʥʳʡ ʛʠʜʨʦʣʠʟ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ 

 AP-ʩʘʡʪʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʭʩʷ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ. ɹʳʣʦ 

ʧʦʩʯʠʪʘʥʦ, ʯʪʦ ʢʣʝʪʢʘ E. coli ʚ ʬʠʟʠʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʪʝʨʷʝʪ ʧʨʠʤʝʨʥʦ ʦʜʥʦ ʦʩʥʦʚʘʥʠʝ ʟʘ 

ʜʚʘ ʧʦʢʦʣʝʥʠʷ, ʘ ʜʣʷ ʢʣʝʪʦʢ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʵʪʘ ʮʠʬʨʘ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 10000 ʦʩʥʦʚʘʥʠʡ ʥʘ 

ʢʣʝʪʢʫ ʚ ʪʝʯʝʥʠʝ ʜʥʷ [73]. ʉʢʦʨʦʩʪʴ ʩʧʦʥʪʘʥʥʦʡ ʜʝʧʠʨʠʤʠʜʠʥʠʟʘʮʠʠ ʧʨʠʤʝʨʥʦ ʚ 20 ʨʘʟ ʥʠʞʝ 

ʩʢʦʨʦʩʪʠ ʜʝʧʫʨʠʥʠʟʘʮʠʠ, ʦʜʥʘʢʦ ʫ ʵʪʠʭ ʩʦʙʳʪʠʡ ʦʜʠʥʘʢʦʚʳʡ ʨʝʟʫʣʴʪʘʪ ï ʧʦʪʝʨʷ ʦʩʥʦʚʘʥʠʷ 
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ɼʅʂ. ʉʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ ʚ ʜ.ʮ. ɼʅʂ ʚ ʯʝʪʳʨʝ ʨʘʟʘ ʥʠʞʝ, ʯʝʤ ʚ ʦ.ʮ. 

ɼʅʂ, ʘ ʛʠʜʨʦʣʠʟ ʩʚʦʙʦʜʥʳʭ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʟʠʜʦʚ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʦʠʩʭʦʜʠʪ ʚ 10-50 

ʨʘʟ ʙʳʩʪʨʝʝ, ʯʝʤ ʚ ʦ.ʮ. ɼʅʂ [73,74].  

 ʇʦʤʠʤʦ ʩʧʦʥʪʘʥʥʦʛʦ ʛʠʜʨʦʣʠʟʘ ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ, AP-ʩʘʡʪʳ ʤʦʛʫʪ 

ʚʦʟʥʠʢʘʪʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʚʨʝʞʜʝʥʠʷ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ɼʅʂ, ʥʘʧʨʷʤʫʶ ʯʝʨʝʟ 

ʜʝʩʪʘʙʠʣʠʟʘʮʠʶ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ, ʠʣʠ ʢʦʩʚʝʥʥʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ.  

 ʀʥʪʝʨʝʩ ʢ ʠʟʫʯʝʥʠʶ ʘʣʢʠʣʠʨʦʚʘʥʠʷ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ ʥʘʯʘʣʩʷ ʩ ʥʘʙʣʶʜʝʥʠʷ ʪʦʛʦ, ʯʪʦ 

ʘʣʢʠʣʠʨʫʶʱʠʝ ʘʛʝʥʪʳ, ʪʘʢʠʝ ʢʘʢ ʠʧʨʠʪ, ʦʙʣʘʜʘʶʪ ʤʫʪʘʛʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʅʘʠʙʦʣʝʝ ʘʢʪʠʚʥʦ 

ʘʣʢʠʣʠʨʫʶʱʠʝ ʘʛʝʥʪʳ ʨʝʘʛʠʨʫʶʪ ʩ N
7
 ʛʫʘʥʠʥʘ, ʯʪʦ ʜʝʩʪʘʙʠʣʠʟʠʨʫʝʪ N-ʛʣʠʢʦʟʠʜʥʫʶ ʩʚʷʟʴ 7-

ʘʣʢʠʣʛʫʘʥʠʥʘ ʠ ʧʨʠʚʦʜʠʪ ʢ ʝʝ ʩʧʦʥʪʘʥʥʦʤʫ ʨʘʟʨʳʚʫ ʧʫʪʝʤ ɓ-ʵʣʠʤʠʥʠʨʦʚʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, N-

ʥʠʪʨʦʟʦʘʣʢʠʣʠʨʫʶʱʠʝ ʘʛʝʥʪʳ ʩʢʣʦʥʥʳ ʘʣʢʠʣʠʨʦʚʘʪʴ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʥʫʢʣʝʠʥʦʚʳʭ 

ʦʩʥʦʚʘʥʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ O
6
 ʠ O

2
. O

6
-ʘʣʢʠʣʠʨʦʚʘʥʥʳʡ ʛʫʘʥʠʥ ʘʢʪʠʚʥʦ ʫʜʘʣʷʝʪʩʷ ʠʟ ɼʅʂ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʝʡʩʪʚʠʷ ʛʣʠʢʦʟʠʣʘʟ, ʘ N-ʛʣʠʢʦʟʠʜʥʘʷ ʩʚʷʟʴ O
2
-ʘʣʢʣʠʨʦʚʘʥʥʦʛʦ ʪʠʤʠʥʘ ʯʨʝʟʚʳʯʘʡʥʦ 

ʣʘʙʠʣʴʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, N-ʥʠʪʨʦʟʦʘʣʢʠʣʠʨʫʶʱʠʝ ʘʛʝʥʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʧʘʩʥʳʝ 

ʢʘʥʮʝʨʦʛʝʥʳ ʠ ʩʧʦʩʦʙʥʳ ʘʣʢʠʣʠʨʦʚʘʪʴ ʚʩʝ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʚ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪʘʭ [75].  

 ʊʘʢʠʝ ɸʌʂ ʢʘʢ ʩʫʧʝʨʦʢʩʠʜ, ʧʝʨʦʢʩʠʜ ʚʦʜʦʨʦʜʘ ʠ ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ, ʷʚʣʷʶʪʩʷ 

ʧʦʙʦʯʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʢʣʝʪʦʯʥʦʛʦ ʤʝʪʘʙʦʣʠʟʤʘ ʠ ʩʧʦʩʦʙʥʳ ʨʝʘʛʠʨʦʚʘʪʴ ʩʦ ʚʩʝʤʠ ʯʝʪʳʨʴʤʷ 

ʦʩʥʦʚʘʥʠʷʤʠ ɼʅʂ [76]. ɺʚʠʜʫ ʥʠʟʢʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʩʪʘʪʢʦʚ 

ʛʫʘʥʠʥʘ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʭʩʷ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʦʩʥʦʚʘʥʠʡ ɼʅʂ 

ʷʚʣʷʝʪʩʷ 2ǋ-ʜʝʟʦʢʩʠ-8-ʦʢʩʦ-7,8-ʜʠʛʠʜʨʦʛʫʘʥʦʟʠʥ (8-oxoG, ʨʠʩʫʥʦʢ 1) [77,78]. ʊʘʢʞʝ ʩʚʦʙʦʜʥʳʝ 

ʨʘʜʠʢʘʣʳ ʩʢʣʦʥʥʳ ʘʪʘʢʦʚʘʪʴ 5,6-ʜʚʦʡʥʫʶ ʩʚʷʟʴ ʦʩʪʘʪʢʦʚ ʧʠʨʠʤʠʜʠʥʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʦʩʥʦʚʘʥʠʡ [76,78]. ʆʢʠʩʣʠʪʝʣʴʥʳʤʠ 

ʧʨʝʤʫʪʘʛʝʥʥʳʤʠ ʧʦʚʨʝʞʜʝʥʠʷʤʠ ʷʚʣʷʶʪʩʷ, ʥʘʧʨʠʤʝʨ, 2ǋ-ʜʝʟʦʢʩʠʪʠʤʠʥʛʣʠʢʦʣʴ (Tg), 2ǋ-ʜʝʟʦʢʩʠ-

5-ʛʠʜʨʦʢʩʠʮʠʪʠʜʠʥ (5hC), 2ǋ-ʜʝʟʦʢʩʠ-5-ʛʠʜʨʦʢʩʠʫʨʠʜʠʥ (5hU) ʠ ʫʞʝ ʫʧʦʤʷʥʫʪʳʡ ʚʳʰʝ DHU 

(ʨʠʩʫʥʦʢ 1) [77]. ʕʪʠ ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ AP-

ʩʘʡʪʦʚ ʢʘʢ ʥʘʧʨʷʤʫʶ, ʯʝʨʝʟ ʜʝʩʪʘʙʠʣʠʟʘʮʠʶ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ, ʪʘʢ ʠ ʢʦʩʚʝʥʥʦ, ʚʩʣʝʜʩʪʚʠʝ 

ʫʜʘʣʝʥʠʷ ʵʪʠʭ ʧʦʚʨʝʞʜʝʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ [79].  

 ʀʦʥʠʟʠʨʫʶʱʝʝ ʠʟʣʫʯʝʥʠʝ ʧʨʦʚʦʮʠʨʫʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʦʚʨʝʞʜʝʥʠʡ ʚ 

ɼʅʂ, ʠ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʜʚʦʡʥʳʝ ʨʘʟʨʳʚʳ ʮʝʧʠ ɼʅʂ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʨʷʜʫ 

ʩʝʨʴʝʟʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ, ʚʧʣʦʪʴ ʜʦ ʢʣʝʪʦʯʥʦʡ ʩʤʝʨʪʠ. ɺ ʪʦʤ ʯʠʩʣʝ, ʠʦʥʠʟʠʨʫʶʱʝʝ ʠʟʣʫʯʝʥʠʝ 

ʩʧʦʩʦʙʥʦ ʢʦʩʚʝʥʥʦ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʷʚʣʝʥʠʶ AP-ʩʘʡʪʦʚ. ʅʘʩʳʱʝʥʠʝ ʛʝʪʝʨʦʮʠʢʣʠʯʝʩʢʠʭ ʢʦʣʝʮ 
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ʥʫʢʣʝʠʥʦʚʳʭ ʦʩʥʦʚʘʥʠʡ ʧʫʪʝʤ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʨʘʜʠʢʘʣʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʥʦʚʥʦʡ ʪʠʧ 

ʨʝʘʢʮʠʡ ʚ ɼʅʂ, ʧʨʦʚʦʮʠʨʫʝʤʳʭ ʠʦʥʠʟʠʨʫʶʱʠʤ ʠʟʣʫʯʝʥʠʝʤ. ʅʘʩʳʱʝʥʠʝ 5,6-ʜʚʦʡʥʦʡ ʩʚʷʟʠ 

ʧʠʨʠʤʠʜʠʥʦʚʳʭ ʥʫʢʣʝʦʟʠʜʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ. ʕʪʦ 

ʧʦʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʩʧʦʥʪʘʥʥʦʛʦ ʛʠʜʨʦʣʠʟʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ AP-

ʩʘʡʪʦʚ [80,81]. ʂʨʦʤʝ ʪʦʛʦ, AP-ʩʘʡʪʳ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʫʜʘʣʝʥʠʷ ʜʨʫʛʠʭ ʵʣʝʢʪʨʦʥʥʦ-

ʥʘʩʳʱʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ Tg, ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘʤʠ [82]. 

 ʆʩʥʦʚʥʳʤʠ ʬʦʪʦʧʨʦʜʫʢʪʘʤʠ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ɼʅʂ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ (ʋʌ) ʠʟʣʫʯʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʮʠʪʠʜʠʥ-ʩʦʜʝʨʞʘʱʠʝ ʧʠʨʠʤʠʜʠʥʦʚʳʝ ʜʠʤʝʨʳ (CPD) ʠ ʜʠʛʠʜʨʦʮʠʪʠʜʠʥ. ʊʝʤ ʥʝ 

ʤʝʥʝʝ, ʫʨʠʜʠʥ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʚʪʦʨʠʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ-ʠʟʣʫʯʝʥʠʷ, 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʳʩʪʨʦʛʦ ʩʧʦʥʪʘʥʥʦʛʦ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ 

ʤʦʥʦʤʝʨʠʟʘʮʠʠ CPD [67], ʣʠʙʦ ʚ ʧʨʦʮʝʩʩʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ 2ǋ-ʜʝʟʦʢʩʠʜʠʛʠʜʨʦʮʠʪʠʜʠʥʘ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʜʝʛʠʜʨʠʨʦʚʘʥʠʝʤ ʚʦʟʥʠʢʰʝʛʦ DHU [83].  

1.1.6.1.2. ʌʝʨʤʝʥʪʘʪʠʚʥʳʡ ʛʠʜʨʦʣʠʟ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ 

 ɸʢʪʠʚʥʦʩʪʴ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ AP-ʩʘʡʪʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʠʥʪʝʨʤʝʜʠʘʪʘ ʚ ʭʦʜʝ ʨʝʧʘʨʘʮʠʠ ɼʅʂ ʧʦ ʧʫʪʠ BER. ʕʪʠ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ 

ʬʝʨʤʝʥʪʳ ʚʳʩʦʢʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳ ʜʣʷ ʚʩʝʭ ʬʦʨʤ ʞʠʟʥʠ, ʟʘ ʨʝʜʢʠʤ ʠʩʢʣʶʯʝʥʠʝʤ [84]. ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʳ ʢʘʪʘʣʠʟʠʨʫʶʪ ʛʠʜʨʦʣʠʟ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʦʩʥʦʚʘʥʠʝʤ ɼʅʂ ʠ 

ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ ʩ ʚʳʩʚʦʙʦʞʜʝʥʠʝʤ ʦʩʥʦʚʘʥʠʷ. ʀʭ ʨʘʟʜʝʣʷʶʪ ʥʘ ʤʦʥʦ- ʠ 

ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʝ. ʉʨʝʜʠ 11 ʠʟʚʝʩʪʥʳʭ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʯʝʣʦʚʝʢʘ ʰʝʩʪʴ 

ʷʚʣʷʶʪʩʷ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ [85]. ʄʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʣʠʢʦʟʠʣʘʟʳ ʦʩʪʘʚʣʷʶʪ ʧʦʩʣʝ 

ʩʝʙʷ ʠʥʪʘʢʪʥʳʡ AP-ʩʘʡʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʦʙʣʘʜʘʶʪ ʪʘʢʞʝ ʣʠʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʨʘʩʱʝʧʣʷʝʪ ɼʅʂ ʩ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʬʦʨʤʠʨʫʶʪʩʷ 3ǋ-ʥʝʥʘʩʳʱʝʥʥʳʡ ʘʣʴʜʝʛʠʜʥʳʡ ʠ 5ǋ-ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʳʡ ʢʦʥʮʳ [77]. ɼʨʫʛʠʝ 

ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʫʜʘʣʷʶʪ AP-ʩʘʡʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 3ǋ-ʬʦʩʬʘʪʥʦʡ ʠ 5ǋ-

ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʢʦʥʮʝʚʳʭ ʛʨʫʧʧ [86] ʠʣʠ ʦʩʪʘʚʣʷʶʪ ʧʦʩʣʝ ʩʝʙʷ ʬʦʩʬʘʪʥʳʝ ʛʨʫʧʧʳ ʥʘ ʦʙʦʠʭ 

ʢʦʥʮʘʭ ʨʘʟʨʳʚʘ ʮʝʧʠ ɼʅʂ [87]. 

 ʅʝʢʦʪʦʨʳʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʩʧʝʮʠʬʠʯʝʩʢʠ ʫʜʘʣʷʶʪ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʳʝ ʦʩʥʦʚʘʥʠʷ. 

ɺʳʰʝʫʧʦʤʷʥʫʪʘʷ TDG ʠ ʤʝʪʠʣ-CpG-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ ʙʝʣʦʢ 4 (MBD4) ʫʟʥʘʶʪ ʥʝʧʨʘʚʠʣʴʥʦ 

ʩʧʘʨʝʥʥʳʝ ʧʘʨʳ G/T ʠʣʠ G/U ʠ G/T, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [88,89]. ɸʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ MUTYH 
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ʫʜʘʣʷʝʪ 2ǋ-ʜʝʟʦʢʩʠʘʜʝʥʦʟʠʥ ʠʟ ʫʯʘʩʪʢʦʚ, ʚ ʢʦʪʦʨʳʭ ʦʥ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥ ʩ 8-oxoG ʠ 2,6-

ʜʠʘʤʠʥʦ-4-ʦʢʩʠ-5-ʬʦʨʤʘʤʠʜʦʧʠʨʠʤʠʜʠʥʦʤ (fapyG, ʨʠʩʫʥʦʢ 1) [90]. ɼʨʫʛʠʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ 

ʩʧʝʮʠʘʣʠʟʠʨʫʶʪʩʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʷʭ, ʚʢʣʶʯʘʷ 8-ʦʢʩʦʛʫʘʥʠʥ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʫ (OGG1), ʢʦʪʦʨʘʷ ʫʟʥʘʝʪ ʠ ʫʜʘʣʷʝʪ 8-oxoG ʠ fapyG, ʠ MPG, ʢʦʪʦʨʘʷ ʫʯʘʩʪʚʫʝʪ ʚ 

ʨʝʧʘʨʘʮʠʠ 2ǋ-ʜʝʟʦʢʩʠ-3-ʤʝʪʠʣʘʜʝʥʦʟʠʥʘ (3meA), 2ǋ-ʜʝʟʦʢʩʠ-7-ʤʝʪʠʣʛʫʘʥʦʟʠʥʘ (7meG), ʠ 2ǋ-

ʜʝʟʦʢʩʠ-3-ʤʝʪʠʣʛʫʘʥʦʟʠʥʘ (3meG, ʨʠʩʫʥʦʢ 1) [91,92].  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʦʢʘʫʪ ʦʜʥʦʡ ʠʟ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ, ʥʝ ʷʚʣʷʶʪʩʷ ʣʝʪʘʣʴʥʳʤ ʜʣʷ ʢʣʝʪʦʢ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʧʝʨʝʩʝʯʝʥʠʝ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ ʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʧʫʪʝʡ ʫʜʘʣʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʧʦʚʨʝʞʜʝʥʠʡ [77,79]. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʝʣʝʢʪʠʚʥʘʷ ʢ ʦ.ʮ. ʫʯʘʩʪʢʘʤ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ 1 

(SMUG1) ʠʤʝʝʪ ʤʥʦʛʦ ʩʫʙʩʪʨʘʪʦʚ, ʦʙʱʠʭ ʩ UDG, ʚ ʪʦʤ ʯʠʩʣʝ 2ǋ-ʜʝʟʦʢʩʠ-5-

ʛʠʜʨʦʢʩʠʤʝʪʠʣʫʨʠʜʠʥ (5hmU, ʨʠʩʫʥʦʢ 1) [90,93]. ɹʦʣɹh ʘʷ ʯʘʩʪʴ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʛʣʠʢʦʟʠʣʘʟ, ʪʘʢʠʭ ʢʘʢ NEIL1, NEIL2, ʠ NEIL3 (ʛʦʤʦʣʦʛʠ ʵʥʜʦʥʫʢʣʝʘʟʳ VIII) ʠ NTHL1 (ʛʦʤʦʣʦʛ 

ʵʥʜʦʥʫʢʣʝʘʟʳ III) ʩʧʝʮʠʘʣʠʟʠʨʫʶʪʩʷ ʥʘ ʦʢʠʩʣʝʥʥʳʭ ʧʠʨʠʤʠʜʠʥʘʭ ʠ ʧʫʨʠʥʘʭ ʩ ʨʘʩʢʨʳʪʳʤ 

ʢʦʣʴʮʦʤ [94ï98]. 

1.1.6.2. ʇʦʩʣʝʜʩʪʚʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ AP-ʩʘʡʪʦʚ ʚ ɼʅʂ 

 ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʢʣʝʪʢʠ ʦʙʣʘʜʘʶʪ ʥʝʩʢʦʣʴʢʠʤʠ ʯʘʩʪʠʯʥʦ ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ 

ʤʝʭʘʥʠʟʤʘʤʠ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʦʚ ʚ ɼʅʂ, ʵʪʠ ʤʝʭʘʥʠʟʤʳ ʤʦʛʫʪ ʙʳʪʴ ʥʝ ʚʩʝʛʜʘ ʵʬʬʝʢʪʠʚʥʳ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʧʣʦʪʥʘʷ ʫʧʘʢʦʚʢʘ ʢʣʝʪʦʯʥʦʡ ɼʅʂ ʵʫʢʘʨʠʦʪ ʚ ʭʨʦʤʦʩʦʤʫ ʤʦʞʝʪ ʦʛʨʘʥʠʯʠʚʘʪʴ ʜʦʩʪʫʧ 

ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ʢ ʧʦʚʨʝʞʜʝʥʠʶ. ʍʦʪʷ AP-ʩʘʡʪʳ ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʜʨʘʤʘʪʠʯʝʩʢʦʤʫ 

ʥʘʨʫʰʝʥʠʶ ʢʣʘʩʩʠʯʝʩʢʦʡ B-ʬʦʨʤʳ ɼʅʂ [99], ʠʟʚʝʩʪʥʦ, ʯʪʦ ʦʥʠ ʵʬʬʝʢʪʠʚʥʦ ʙʣʦʢʠʨʫʶʪ ʩʠʥʪʝʟ 

ɼʅʂ, ʦʩʫʱʝʩʪʚʣʷʝʤʳʡ ʧʦʣʠʤʝʨʘʟʘʤʠ Ŭ, ŭ ʠ Ů [100ï102]. ɹʦʣʝʝ ʪʦʛʦ, ʙʳʣ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʨʝʧʣʠʮʠʨʫʝʤʳʝ ʫʯʘʩʪʢʠ ɼʅʂ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʦʢʠʩʣʠʪʝʣʴʥʦʤʫ ʧʦʚʨʝʞʜʝʥʠʶ, ʠ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ AP-ʩʘʡʪʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʠʤʝʥʥʦ ʚ ʫʯʘʩʪʢʘʭ ʨʝʧʣʠʢʘʮʠʠ ɼʅʂ [45]. ʆʜʥʘʢʦ 

ʪʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ in vitro [103] ʠ in vivo [102], ʯʪʦ AP-ʩʘʡʪʳ ʦʙʣʘʜʘʶʪ 

ʤʫʪʘʛʝʥʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ. ʉʦʛʣʘʩʥʦ SOS-ʛʠʧʦʪʝʟʝ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʠʧʳ ʧʦʚʨʝʞʜʝʥʠʡ, ʩ 

ʢʦʪʦʨʳʤʠ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʥʝ ʩʧʦʩʦʙʥʳ ʩʧʨʘʚʠʪʴʩʷ ʨʝʧʣʠʢʘʪʠʚʥʳʝ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ, 

ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʡʜʝʥʳ ʩʧʝʮʠʘʣʴʥʳʤʠ ʧʦʣʠʤʝʨʘʟʘʤʠ SOS-ʩʠʩʪʝʤ, ʩʢʣʦʥʥʳʤʠ ʢ ʦʰʠʙʢʘʤ. ʇʨʠ 

ʵʪʦʤ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ ʧʨʦʢʘʨʠʦʪ ʩʢʣʦʥʥʳ ʚʩʪʘʚʣʷʪʴ ʥʘʧʨʦʪʠʚ AP-ʩʘʡʪʘ ʘʜʝʥʦʟʠʥ ʯʘʱʝ ʜʨʫʛʠʭ 

ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ (ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ çA-ʧʨʘʚʠʣʦè) [101ï104]. ɺ ʢʣʝʪʢʘʭ ʵʫʢʘʨʠʦʪ AP-ʩʘʡʪʳ, 
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ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʧʨʠʚʦʜʷʪ ʢ ʧʦʷʚʣʝʥʠʶ ʤʫʪʘʮʠʡ ʝʱʝ ʯʘʱʝ, ʯʝʤ ʫ ʧʨʦʢʘʨʠʦʪ, ʚʚʠʜʫ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʫʧʘʢʦʚʢʠ ɼʅʂ ʠ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʛʝʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʥʘ ʢʣʝʪʢʫ. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ɼʅʂ-ʧʦʣʠʤʝʨʘʟ ʵʫʢʘʨʠʦʪ in vitro ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʥʠ «ʧʨʦʭʦʜʷʪ» AP-ʩʘʡʪʳ ʩ ʙʦʣʴʰʝʡ ʯʘʩʪʦʪʦʡ 

[105]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʟʘ ʩʯʝʪ AP-ʩʘʡʪʦʚ ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʚʦʟʥʠʢʘʝʪ 1 ï 3% ʤʫʪʘʮʠʡ ʥʘ 

ʛʝʥʦʤ. ʇʨʠ ʵʪʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʨʦʢʘʨʠʦʪʠʯʝʩʢʠʭ ʢʣʝʪʦʢ, ʚʢʣʶʯʝʥʠʝ SOS-ʩʠʩʪʝʤʳ ʥʝ ʷʚʣʷʝʪʩʷ 

ʦʙʷʟʘʪʝʣʴʥʳʤ ʜʣʷ ʤʫʪʘʛʝʥʝʟʘ, ʚʳʟʚʘʥʥʦʛʦ AP-ʩʘʡʪʦʤ, ʠ çA-ʧʨʘʚʠʣʦè ʚ ʩʣʫʯʘʝ ʢʣʝʪʦʢ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʥʝ ʩʦʙʣʶʜʘʝʪʩʷ, ʪʘʢ ʢʘʢ ʥʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʦʜʥʦʟʥʘʯʥʦʛʦ ʧʨʝʜʧʦʯʪʝʥʠʷ ʜʣʷ 

ʚʢʣʶʯʝʥʠʷ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʥʘʧʨʦʪʠʚ AP-ʩʘʡʪʘ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʤʝʞʜʫ ʘʜʝʥʦʟʠʥʦʤ, 

ʪʠʤʠʜʠʥʦʤ ʠ ʮʠʪʠʜʠʥʦʤ [106]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʨʦʞʞʝʡ ʪʘʢʞʝ ʥʝ ʧʦʢʘʟʘʣʠ ʦʜʥʦʟʥʘʯʥʦʛʦ 

ʩʦʙʣʶʜʝʥʠʷ çA-ʧʨʘʚʠʣʘè ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʧʦʣʠʤʝʨʘʟʘʤʠ AP-ʩʘʡʪʦʚ. Pag¯s ʠ ʢʦʣʣʝʛʠ ʚ ʩʚʦʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʠʜʥʦʡ ɼʅʂ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ S. cerevisiae ʥʘʧʨʦʪʠʚ AP-

ʩʘʡʪʘ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʚʩʪʨʘʠʚʘʝʪʩʷ dAMP [107]. ʆʜʥʘʢʦ ʜʘʥʥʳʝ ʜʨʫʛʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ 

ʜʨʦʞʞʘʭ ʛʦʚʦʨʷʪ ʦ ʧʨʝʜʧʦʯʪʝʥʠʠ ʢ ʚʩʪʘʚʢʝ dCMP ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʯʝʨʝʟ ʧʦʚʨʝʞʜʝʥʠʝ [108].  

 ʆʜʥʠʤ ʠʟ ʩʘʤʳʭ ʦʧʘʩʥʳʭ ʜʣʷ ʢʣʝʪʢʠ ʧʦʩʣʝʜʩʪʚʠʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ AP-ʩʘʡʪʦʚ ʷʚʣʷʝʪʩʷ ʠʭ 

ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʚʦʮʠʨʦʚʘʪʴ ʨʘʟʨʳʚʳ ʚ ʮʝʧʠ ɼʅʂ. ɸʣʴʜʝʛʠʜʥʘʷ ʬʦʨʤʘ AP-ʩʘʡʪʘ ʩ ʦʪʢʨʳʪʳʤ 

ʢʦʣʴʮʦʤ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ [109]. ʉʚʦʙʦʜʥʘʷ ʘʣʴʜʝʛʠʜʥʘʷ ʛʨʫʧʧʘ ʥʘ 

C1ǋ ʘʪʦʤʝ ʦʪʢʨʳʪʦʡ ʬʦʨʤʳ AP-ʩʘʡʪʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ɓ-ʵʣʠʤʠʥʠʨʦʚʘʥʠʶ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʥʫʢʣʝʦʬʠʣʴʥʳʭ ʤʦʣʝʢʫʣ, ʪʘʢʠʭ ʢʘʢ ʪʠʦʣʳ, ʧʝʨʚʠʯʥʳʝ ʠ ʚʪʦʨʠʯʥʳʝ ʘʤʠʥʳ, ʧʦʣʠʘʤʠʥʳ ʠ ʙʝʣʢʠ, 

ʩʦʜʝʨʞʘʱʠʝ ʦʩʥʦʚʥʳʝ ʛʨʫʧʧʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʪʝʢʘʥʠʷ ʵʪʦʡ ʨʝʘʢʮʠʠ 3ǋ-ʬʦʩʬʦʜʠʵʬʠʨʥʘʷ ʩʚʷʟʴ 

ʛʠʜʨʦʣʠʟʫʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 3ǋ-ʢʦʥʮʝʚʦʛʦ ʥʝʥʘʩʳʱʝʥʥʦʛʦ ʩʘʭʘʨʘ ʠ 5ǋ-ʬʦʩʬʘʪʘ [110]. 

 AP-ʩʘʡʪʳ ʪʘʢʞʝ ʩʧʦʩʦʙʥʳ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʦʜʥʠʭ ʠʟ ʥʘʠʙʦʣʝʝ ʚʨʝʜʦʥʦʩʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ï ʤʝʞʮʝʧʦʯʝʯʥʳʭ ʩʰʠʚʦʢ ʚ ɼʅʂ. ʄʝʞʮʝʧʦʯʝʯʥʳʝ ʩʰʠʚʢʠ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ 

ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʴʶ ʠ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʙʣʦʢʠʨʦʚʘʥʠʶ ʨʝʧʣʠʢʘʮʠʠ ʠ ʪʨʘʥʩʢʨʠʧʮʠʠ [111,112]. 

ɸʣʴʜʝʛʠʜʥʘʷ ʛʨʫʧʧʘ ʨʘʩʢʨʳʪʦʡ ʬʦʨʤʳ AP-ʩʘʡʪʘ ʩʧʦʩʦʙʥʘ ʨʝʘʛʠʨʦʚʘʪʴ ʩ ʵʢʟʦʮʠʢʣʠʯʝʩʢʦʡ 

ʘʤʠʥʦʛʨʫʧʧʦʡ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʛʦ ʦʩʥʦʚʘʥʠʷ, ʦʩʦʙʝʥʥʦ ʛʫʘʥʠʥʘ [113,114]. AP-ʩʘʡʪʳ ʪʘʢʞʝ 

ʩʧʦʩʦʙʥʳ ʬʦʨʤʠʨʦʚʘʪʴ ʩʰʠʚʢʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʙʝʣʢʘʤʠ, ʫʯʘʩʪʚʫʶʱʠʤʠ ʚ ʨʝʧʘʨʘʮʠʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʩ Polɓ [115,116] ʠ ʧʦʣʠ(ɸɼʌ-ʨʠʙʦʟʘ)-ʧʦʣʠʤʝʨʘʟʦʡ 1(PARP1) [117ï119]. 

1.1.6.3. ʇʫʪʠ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʦʚ 

 ʇʦʩʢʦʣʴʢʫ ʧʦʪʝʨʷ ʦʩʥʦʚʘʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦ ʥʝʩʝʪ ʟʘ ʩʦʙʦʡ ʫʪʨʘʪʫ ʣʦʢʘʣʴʥʦʛʦ ʫʯʘʩʪʢʘ 

ʛʝʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʚʦ ʚʩʝʭ ʞʠʚʳʭ ʦʨʛʘʥʠʟʤʘʭ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ ʙʳʣʠ ʨʘʟʚʠʪʳ ʤʝʪʦʜʳ 
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ʟʘʱʠʪʳ ʦʪ ʨʝʛʫʣʷʨʥʦ ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʛʝʥʦʤʝ AP-ʩʘʡʪʦʚ. AP-ʩʘʡʪʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʥʘ ʦ.ʮ. 

ʫʯʘʩʪʢʘʭ ɼʅʂ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʪʜʝʣʴʥʫʶ ʫʛʨʦʟʫ ʜʣʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ, ʧʦʩʢʦʣʴʢʫ ʠʭ 

ʩʣʦʞʥʝʝ ʧʨʦʮʝʩʩʠʨʦʚʘʪʴ ʬʝʨʤʝʥʪʘʤ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ. ʇʨʠʥʮʠʧʠʘʣʴʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

AP-ʩʘʡʪʦʚ ʚ ʦ.ʮ. ɼʅʂ ʚʦʟʤʦʞʥʦ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ, ʢʦʛʜʘ ɼʅʂ ʩʫʱʝʩʪʚʫʝʪ ʚ ʪʘʢʦʤ ʩʦʩʪʦʷʥʠʠ, 

ʥʘʧʨʠʤʝʨ, ʚ ʪʝʣʦʤʝʨʘʭ, ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʘʭ ʠʣʠ ʚ ʧʨʦʮʝʩʩʝ ʨʝʧʣʠʢʘʮʠʠ. hAPE1 

ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʩʧʦʩʦʙʥʘ ʨʘʩʱʝʧʣʷʪʴ AP-ʩʘʡʪʳ ʠ ʥʘ ʦ.ʮ. ʫʯʘʩʪʢʘʭ ɼʅʂ, ʭʦʪʷ ʝʝ ʧʨʦʮʝʩʩʠʚʥʦʩʪʴ 

ʧʨʠʤʝʨʥʦ ʚ 20 ʨʘʟ ʥʠʞʝ ʥʘ ʪʘʢʠʭ ʫʯʘʩʪʢʘʭ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜ.ʮ. ɼʅʂ [120]. ʆʜʥʘʢʦ, ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʤʘʪʨʠʮʳ ʠ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ AP-ʩʘʡʪ ʩʘʤ ʧʦ ʩʝʙʝ ʥʝ ʥʝʩʝʪ ʥʠʢʘʢʦʡ ʛʝʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, 

ʪʘʢʦʡ ʧʨʦʮʝʩʩ ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʨʠʩʢ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʦʰʠʙʦʢ [79,120]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʢʦʪʦʨʳʝ 

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʩʠʩʪʝʤʳ BER, ʚ ʪʦʤ ʯʠʩʣʝ NEIL1 ʠ NEIL2, ʩʧʦʩʦʙʥʳ ʫʜʘʣʷʪʴ ʨʷʜ 

ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʠʟ ʦ.ʮ. ʫʯʘʩʪʢʦʚ ɼʅʂ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʚʦʟʤʦʞʥʦʡ ʟʥʘʯʠʤʦʡ ʨʦʣʠ 

BER ʚ ʨʝʧʘʨʘʮʠʠ, ʩʦʧʨʷʞʝʥʥʦʡ ʩ ʪʨʘʥʩʢʨʠʧʮʠʝʡ ʠ/ʠʣʠ ʨʝʧʣʠʢʘʮʠʝʡ [96].  

 ʇʦʤʠʤʦ ʩʠʩʪʝʤ ʨʝʧʘʨʘʮʠʠ ʢʣʝʪʢʠ ʤʦʛʫʪ ʧʨʠʚʣʝʢʘʪʴ ʠ ʜʨʫʛʠʝ ʤʝʭʘʥʠʟʤʳ ʟʘʱʠʪʳ, ʯʪʦʙʳ 

ʩʧʨʘʚʠʪʴʩʷ ʩ AP-ʩʘʡʪʘʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʥʘ ʦ.ʮ. ʫʯʘʩʪʢʘʭ. ʅʘʧʨʠʤʝʨ, ʥʝʢʦʪʦʨʳʝ ɼʅʂ-

ʧʦʣʠʤʝʨʘʟʳ ʤʦʛʫʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʠʥʪʝʟ ʯʝʨʝʟ ʧʦʚʨʝʞʜʝʥʠʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʩʪʨʘʠʚʘʷ dAMP 

ʥʘʧʨʦʪʠʚ AP-ʩʘʡʪʘ. ɻʦʤʦʣʦʛʠʯʥʘʷ ʨʝʢʦʤʙʠʥʘʮʠʷ ʠʣʠ ʨʘʟʚʦʨʦʪ ʨʝʧʣʠʢʘʪʠʚʥʦʡ ʚʠʣʢʠ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩʦ ʩʤʝʥʦʡ ʰʘʙʣʦʥʦʚ ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʪʴ ʙʝʟʦʰʠʙʦʯʥʳʡ ʤʝʭʘʥʠʟʤ. ʇʨʠ ʩʤʝʥʝ ʰʘʙʣʦʥʘ 

ʠʥʪʘʢʪʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʩʝʩʪʨʠʥʩʢʦʡ ʭʨʦʤʘʪʠʜʳ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ, 

ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʤʦʞʝʪ ʚʦʚʣʝʢʘʪʴʩʷ ʚ ʦʜʠʥ ʠʟ ʤʝʭʘʥʠʟʤʦʚ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʘ ʚ ʜ.ʮ. ɼʅʂ. ʉʤʝʥʘ 

ʰʘʙʣʦʥʘ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʮʝʩʩʘ ʨʘʟʚʦʨʦʪʘ ʨʝʧʣʠʢʘʪʠʚʥʦʡ ʚʠʣʢʠ, ʚ ʢʦʪʦʨʦʤ 

ʪ.ʥ. ʧʝʨʝʢʨʝʩʪʦʢ ʍʦʣʣʠʜʝʷ ʦʙʨʘʟʫʝʪʩʷ ʧʫʪʝʤ ʛʠʙʨʠʜʠʟʘʮʠʠ ʜʚʫʭ ʟʘʨʦʞʜʘʶʱʠʭʩʷ ʮʝʧʝʡ ɼʅʂ, 

ʠʣʠ ʤʝʭʘʥʠʟʤʘ ʚʥʝʜʨʝʥʠʷ ʮʝʧʝʡ, ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʙʝʣʢʦʚ ʛʦʤʦʣʦʛʠʯʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ, ʪʘʢʠʭ ʢʘʢ 

Rad51 ʠʣʠ Rad52 [121]. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʠʥʪʝʟ ɼʅʂ ʧʦʟʚʦʣʷʝʪ ʦʙʦʡʪʠ ʧʦʚʨʝʞʜʝʥʠʝ ʙʝʟ 

ʚʚʝʜʝʥʠʷ ʤʫʪʘʮʠʠ [122].  

ʅʘʢʦʥʝʮ, ʥʝʜʘʚʥʦ ʙʳʣʠ ʦʧʠʩʘʥʳ ʜʚʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʥʠʮʠʠʨʫʶʱʠʭ ʤʝʭʘʥʠʟʤʘ ʜʣʷ 

ʨʝʧʘʨʘʮʠʠ ʠʣʠ ʦʙʭʦʜʘ AP-ʩʘʡʪʦʚ ʚ ʦ.ʮ. ɼʅʂ, ʢʦʪʦʨʳʝ ʦʧʦʩʨʝʜʫʶʪʩʷ ʧʘʨʘʣʦʛʘʤʠ Rad51 [123] 

ʠʣʠ ʵʚʦʣʶʮʠʦʥʥʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʤ ʙʝʣʢʦʤ 5-hydroxymethylcytosine (5hmC) binding, ESC-specific 

HMCES, ʩʢʨʳʚʘʶʱʠʤ AP-ʩʘʡʪʳ ʦʪ ʩʢʣʦʥʥʦʛʦ ʢ ʦʰʠʙʢʘʤ ʩʠʥʪʝʟʘ ʯʝʨʝʟ ʧʦʚʨʝʞʜʝʥʠʝ ʠ ʦʪ 

ʩʠʩʪʝʤ ʨʝʧʘʨʘʮʠʠ [124].  

ɺ ʜ.ʮ. ɼʅʂ AP-ʩʘʡʪʳ ʨʝʧʘʨʠʨʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʪʦʯʥʳʭ ʩʠʩʪʝʤ ʵʢʩʮʠʟʠʦʥʥʦʡ 

ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ʠ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʥʫʢʣʝʦʪʠʜʦʚ (NER) [77,125,126], ʧʦʩʢʦʣʴʢʫ 
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ʠʥʪʘʢʪʥʘʷ ʤʘʪʨʠʮʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ ɼʅʂ ʩʦʜʝʨʞʠʪ ʢʦʜʠʨʫʶʱʫʶ ʠʥʬʦʨʤʘʮʠʶ ʜʣʷ 

ʨʝʧʘʨʘʪʠʚʥʦʛʦ ʩʠʥʪʝʟʘ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʵʪʠ ʧʫʪʠ ʦʩʫʱʝʩʪʚʣʷʶʪ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʨʝʧʘʨʘʮʠʠ AP-

ʩʘʡʪʦʚ ʚ ɼʅʂ [76]. 

1.1.6.3.1. ʕʢʩʮʠʟʠʦʥʥʘʷ ʨʝʧʘʨʘʮʠʷ ʦʩʥʦʚʘʥʠʡ (BER) 

 ʕʢʩʮʠʟʠʦʥʥʘʷ ʨʝʧʘʨʘʮʠʷ ʦʩʥʦʚʘʥʠʡ (BER) ï ʵʪʦ ʵʚʦʣʶʮʠʦʥʥʦ ʢʦʥʩʝʨʚʘʪʠʚʥʳʡ ʠ 

ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʚʳʞʠʚʘʥʠʷ ʢʣʝʪʦʢ ʧʫʪʴ ʨʝʧʘʨʘʮʠʠ ɼʅʂ. ʅʘʨʫʰʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ BER 

ʧʨʠʚʦʜʷʪ ʢ ʩʥʠʞʝʥʠʶ ʚʳʞʠʚʘʝʤʦʩʪʠ ʢʣʝʪʦʢ, ʫʚʝʣʠʯʝʥʠʶ ʫʨʦʚʥʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʤʫʪʘʮʠʡ ʠ 

ʛʠʧʝʨʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʘʛʝʥʪʘʤ, ʧʦʚʨʝʞʜʘʶʱʠʤ ɼʅʂ [77]. BER ʠʩʧʨʘʚʣʷʝʪ ʙʦʣʴʰʫʶ ʯʘʩʪʴ 

ʧʨʦʜʫʢʪʦʚ ʩʧʦʥʪʘʥʥʦʛʦ ʛʠʜʨʦʣʠʟʘ ʚ ɼʅʂ, ʨʝʛʫʣʷʨʥʦ ʚʦʟʥʠʢʘʶʱʠʝ ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʠ 

ʘʣʢʠʣʠʨʫʶʱʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ʠʣʠ ʩʘʭʘʨʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ, ʘ ʪʘʢʞʝ ʫʨʘʮʠʣ ʚ ɼʅʂ 

[127]. ɺ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ BER ʠʥʠʮʠʠʨʫʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʜʠʥʥʘʜʮʘʪʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ (ʨʠʩʫʥʦʢ 

3), ʢʦʪʦʨʳʝ ʵʬʬʝʢʪʠʚʥʦ ʦʙʥʘʨʫʞʠʚʘʶʪ ʠ ʫʜʘʣʷʶʪ ʥʝʙʦʣʴʰʠʝ, ʥʝ ʦʢʘʟʳʚʘʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ 

ʚʣʠʷʥʠʷ ʥʘ ʩʧʠʨʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ɼʅʂ, ʧʦʚʨʝʞʜʝʥʥʳʝ ʦʩʥʦʚʘʥʠʷ [86]. ʂʘʢ ʫʞʝ ʙʳʣʦ 

ʫʧʦʤʷʥʫʪʦ ʚʳʰʝ, ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʜʝʣʷʪʩʷ ʥʘ ʤʦʥʦ- ʠ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʝ, ʠ ʪʦ, ʢʘʢʦʛʦ ʪʠʧʘ 

ʛʣʠʢʦʟʠʣʘʟʘ ʠʥʠʮʠʠʨʫʝʪ ʨʝʧʘʨʘʮʠʶ, ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴ ʧʦʩʣʝʜʫʶʱʠʝ ʬʝʨʤʝʥʪʘʪʠʚʥʳʝ ʵʪʘʧʳ 

ʧʨʦʮʝʩʩʘ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʚʣʠʷʝʪ ʥʘ ʪʠʧ ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʥʘ ʢʦʥʮʘʭ ʦ.ʮ. ʨʘʟʨʳʚʘ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʩʪʨʫʢʪʫʨ.  

 ʇʦʩʢʦʣʴʢʫ ʨʘʙʦʪʘ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʥʝ ʪʨʝʙʫʝʪ ʟʘʪʨʘʪ ʵʥʝʨʛʠʠ, ʧʦʠʩʢ ʧʦʚʨʝʞʜʝʥʠʡ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʪʝʧʣʦʚʦʡ ʜʠʬʬʫʟʠʠ. ɺʝʨʦʷʪʥʦ, ʧʦʠʩʢ ʧʦʚʨʝʞʜʝʥʠʷ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʛʣʠʢʦʟʠʣʘʟʘʤʠ ʯʝʨʝʟ ʢʦʤʙʠʥʘʮʠʶ ʧʨʦʮʝʩʩʦʚ ʩʢʦʣʴʞʝʥʠʷ ʧʦ ʮʝʧʠ ɼʅʂ ʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʘʢʪʦʚ ʜʠʩʩʦʮʠʘʮʠʠ-ʩʚʷʟʳʚʘʥʠʷ [90]. ɺ ʭʦʜʝ ʪʘʢʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ 

ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʚʠʯʥʳʡ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, ʢʦʪʦʨʳʡ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʢʦʤʧʣʝʢʩ ʧʨʠ ʦʙʥʘʨʫʞʝʥʠʠ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʥʫʢʣʝʦʪʠʜʘ. ʃʦʢʘʣʴʥʦʝ ʥʘʨʫʰʝʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ɼʅʂ ʚ ʧʝʨʚʠʯʥʦʤ ʢʦʤʧʣʝʢʩʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʠʟʛʠʙʘʥʠʶ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʠ ʚ 

ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʚʳʚʦʨʘʯʠʚʘʥʠʶ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ ʠʟ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʚ ʩʘʡʪ ʩʚʷʟʳʚʘʥʠʷ 

ʬʝʨʤʝʥʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʝʪʩʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ. 

ɺʳʚʦʨʘʯʠʚʘʥʠʝ ʘʟʦʪʠʩʪʦʛʦ ʦʩʥʦʚʘʥʠʷ, ʷʚʣʷʝʪʩʷ ʥʝʦʪʲʝʤʣʝʤʦʡ ʩʪʘʜʠʝʡ, ʧʨʠʩʫʱʝʡ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʤʫ ʧʨʦʮʝʩʩʫ ʚʩʝʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ [128], ʟʘ ʠʩʢʣʶʯʝʥʠʝ ʬʝʨʤʝʥʪʦʚ, 

ʧʨʠʥʘʜʣʝʞʘʱʠʡ ʩʪʨʫʢʪʫʨʥʦʤʫ ʩʝʤʝʡʩʪʚʫ AlkD [129].  
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ʈʠʩʫʥʦʢ 3. çʂʦʨʦʪʢʦʟʘʧʣʘʪʦʯʥʳʡè (short patch, SP-BER) ʠ çʜʣʠʥʥʦʟʘʧʣʘʪʦʯʥʳʡè (long patch, 

LP-BER) ʧʫʪʠ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ʫ ʯʝʣʦʚʝʢʘ [128].  

 ʀʥʪʝʨʝʩʥʦ ʪʦ, ʯʪʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʥʛʠʙʠʨʫʶʪʩʷ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ, 

ʪʝʤ ʩʘʤʳʤ ʦʛʨʘʥʠʯʠʚʘʷ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʠ ʦʙʝʩʧʝʯʠʚʘʷ çʧʝʨʝʜʘʯʫè ʠʥʪʘʢʪʥʦʛʦ ʠʣʠ 

ʨʘʩʱʝʧʣʝʥʥʦʛʦ AP-ʩʘʡʪʘ ʩʣʝʜʫʶʱʝʤʫ ʬʝʨʤʝʥʪʫ ʩʠʩʪʝʤʳ BER ï AP-ʵʥʜʦʥʫʢʣʝʘʟʝ hAPE1 

[130,131]. ɽʩʣʠ ʧʦʚʨʝʞʜʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ ʙʳʣʦ ʫʜʘʣʝʥʦ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʦʡ, hAPE1 ʨʘʩʱʝʧʣʷʝʪ ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʡ ʦʩʪʦʚ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, 

ʦʩʪʘʚʣʷʷ ʧʦʩʣʝ ʩʝʙʷ 3ǋ-ʢʦʥʮʝʚʦʡ ʛʠʜʨʦʢʩʠʣ ʠ 5ǋ-dRp [132]. ʊʘʢʞʝ ʢʘʢ ʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, 

hAPE1 ʠʥʛʠʙʠʨʫʝʪʩʷ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ ʠ ʦʩʪʘʝʪʩʷ ʩʚʷʟʘʥʥʳʤ ʩ ʨʘʩʱʝʧʣʝʥʥʳʤ AP-ʩʘʡʪʦʤ, 

ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʟʘʱʠʱʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʦ.ʮ. ʨʘʟʨʳʚ ʠ, ʚʤʝʩʪʝ ʩ ʪʝʤ, 

ʧʨʠʚʣʝʢʘʷ Polɓ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʦʮʝʩʩʠʨʦʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ [130,133]. ʅʘʧʨʦʪʠʚ, ʝʩʣʠ 
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ʧʦʚʨʝʞʜʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ ʙʳʣʦ ʫʜʘʣʝʥʦ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ, ʦʥʘ ʤʦʞʝʪ 

ʪʘʢʞʝ ʨʘʩʱʝʧʠʪʴ ɼʅʂ ʩ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʫʶʪʩʷ 3ǋ-ʢʦʥʮʝʚʦʡ Ŭ-ɓ-

ʥʝʥʘʩʳʱʝʥʥʳʡ ʘʣʴʜʝʛʠʜ ʣʠʙʦ 3ǋ-ʬʦʩʬʘʪʥʳʡ ʢʦʥʝʮ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʨʘʩʱʝʧʣʷʝʪ ʣʠ 

ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʛʣʠʢʦʟʠʣʘʟʘ AP-ʩʘʡʪ ʯʝʨʝʟ ɓ- ʠʣʠ ɓ/ŭ-ʵʣʠʤʠʥʠʨʦʚʘʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [86]. 

3ǋ-Ŭ-ɓ-ʥʝʥʘʩʳʱʝʥʥʳʡ ʘʣʴʜʝʛʠʜ ʠ 3ǋ-ʬʦʩʬʘʪ, ʙʫʜʫʯʠ ʙʣʦʢʠʨʫʶʱʠʤʠ 3ǋ-ʢʦʥʮʝʚʳʤʠ ʦʩʪʘʪʢʘʤʠ, 

ʫʜʘʣʷʶʪʩʷ hAPE1 ʠ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʧʦʣʠʥʫʢʣʝʦʪʠʜ-ʬʦʩʬʘʪʘʟʦʡ/ʢʠʥʘʟʦʡ (PNKP), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʡʩʪʚʠʷ ʦʙʦʠʭ ʬʝʨʤʝʥʪʦʚ ʬʦʨʤʠʨʫʝʪʩʷ 3ǋ-ʢʦʥʮʝʚʦʡ ʛʠʜʨʦʢʩʠʣ, 

ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʨʘʙʦʪʳ ʨʝʧʘʨʘʪʠʚʥʳʭ ɼʅʂ-ʧʦʣʠʤʝʨʘʟ [134].  

 BER ʜʝʣʠʪʩʷ ʥʘ ʜʚʘ ʦʩʥʦʚʥʳʭ ʪʠʧʘ: ʢʦʨʦʪʢʦʟʘʧʣʘʪʦʯʥʳʡ (short patch, SP-BER), ʚ ʭʦʜʝ 

ʢʦʪʦʨʦʛʦ ʨʝʧʘʨʘʮʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʯʝʨʝʟ ʟʘʤʝʥʫ ʦʜʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ, ʠ ʜʣʠʥʥʦʟʘʧʣʘʪʦʯʥʳʡ 

(long patch, LP-BER), ʦʩʫʱʝʩʪʚʣʷʝʤʳʡ ʧʫʪʝʤ ʟʘʤʝʥʳ ʥʝʩʢʦʣʴʢʠʭ ʥʫʢʣʝʦʪʠʜʦʚ. Polɓ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʨʝʧʘʨʘʪʠʚʥʦʡ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʦʡ ʧʫʪʠ BER, ʭʦʪʷ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʧʦʣʠʤʝʨʘʟʳ ʤʦʛʫʪ 

ʧʨʠʥʠʤʘʪʴ ʫʯʘʩʪʠʝ ʚ ʧʨʦʮʝʩʩʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʨʦʜʩʪʚʝʥʥʳʡ ʬʝʨʤʝʥʪ Polɚ [135,136]. Polɓ ʦʙʣʘʜʘʝʪ 

C-ʢʦʥʮʝʚʳʤ ʧʦʣʠʤʝʨʘʟʥʳʤ ʜʦʤʝʥʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʠʥʪʝʟ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ 

ʧʨʦʙʝʣʘ ʚ ɼʅʂ, ʠ N-ʢʦʥʮʝʚʳʤ ʣʠʘʟʥʳʤ ʜʦʤʝʥʦʤ, ʢʦʪʦʨʳʡ ʫʜʘʣʷʝʪ 5ǋ-dRp, ʚʦʟʥʠʢʰʠʡ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ hAPE1 [137,138].  

 Polɓ ʷʚʣʷʝʪʩʷ ʨʝʧʘʨʘʪʠʚʥʦʡ ʧʦʣʠʤʝʨʘʟʦʡ SP-BER, ʭʦʪʷ ʦʥʘ ʤʦʞʝʪ ʧʨʠʥʠʤʘʪʴ ʫʯʘʩʪʠʝ ʠ ʚ 

LP-BER. ʆʜʥʘʢʦ ʦʩʥʦʚʥʳʤʠ ʫʯʘʩʪʥʠʢʘʤʠ LP-BER ʩʯʠʪʘʶʪʩʷ ʨʝʧʣʠʢʘʪʠʚʥʳʝ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʬʝʨʤʝʥʪʘʤʠ, ʧʨʠʥʠʤʘʶʱʠʤʠ ʫʯʘʩʪʠʝ ʚ LP-BER, ʷʚʣʷʶʪʩʷ ʬʘʢʪʦʨ 

ʨʝʧʣʠʢʘʮʠʠ C (RF-C), ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʷʜʝʨʥʦʛʦ ʘʥʪʠʛʝʥʘ ʧʨʦʣʠʬʝʨʠʨʫʶʱʠʭ 

ʢʣʝʪʦʢ (PCNA) ʩ ɼʅʂ, ʩʘʤ PCNA, ʠʛʨʘʶʱʠʡ ʨʦʣʴ ʩʢʦʣʴʟʷʱʝʛʦ ʟʘʞʠʤʘ ʜʣʷ Polɓ, ʠ ʬʣʵʧ-

ʵʥʜʦʥʫʢʣʝʘʟʘ 1 (FEN-1), ʫʜʘʣʷʶʱʘʷ ʩʚʠʩʘʶʱʠʡ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜ. ʉʣʝʜʫʶʱʠʡ ʵʪʘʧ 

ʣʠʛʠʨʦʚʘʥʠʷ ʚ ʩʣʫʯʘʝ SP-BER ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʦʤ X-ray repair cross complementing 1 

ʙʝʣʢʘ (XRCC1) ʠ ɼʅʂ-ʣʠʛʘʟʳ IIIŬ (LIGIIIŬ), ʘ ʚ ʩʣʫʯʘʝ LP-BER - ɼʅʂ-ʣʠʛʘʟʦʡ I (LIGI) 

(ʨʠʩʫʥʦʢ 3). ʅʘ ʪʦ, ʧʦ ʢʘʢʦʤʫ ʧʫʪʠ ʧʧʨʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ BER, ʚʣʠʷʝʪ ʤʥʦʞʝʩʪʚʦ ʬʘʢʪʦʨʦʚ, 

ʪʘʢʠʭ ʢʘʢ ʠʥʠʮʠʠʨʫʶʱʘʷ ʛʣʠʢʦʟʠʣʘʟʘ [139], ʪʠʧ ʵʫʢʘʨʠʦʪʠʯʝʩʢʦʡ ʢʣʝʪʢʠ ʠ ʬʘʟʘ ʢʣʝʪʦʯʥʦʛʦ 

ʮʠʢʣʘ [140ï142]. Petermann ʩ ʢʦʣʣʝʛʘʤʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ ʚʳʙʦʨ ʤʝʞʜʫ SP ʠ LP-BER ʚʣʠʷʝʪ 

ʪʘʢʞʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ATP [143]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʝʦʙʣʘʜʘʝʪ SP-BER. 

ʇʨʝʦʙʣʘʜʘʶʱʠʡ ʚʢʣʘʜ LP-BER ʚ ʫʩʣʚʦʠʷʭ ʜʝʬʠʮʠʪʘ ATP ʘʚʪʦʨʳ [143] ʦʙʲʷʩʥʷʶʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʝʛʦ ʛʝʥʝʨʘʮʠʠ ʠʟ ʧʦʣʠ(ɸɼʌ)ʨʠʙʦʟʳ, ʩʠʥʪʝʟ ʢʦʪʦʨʦʡ ʧʨʠ ʵʪʦʤ ʪʘʢʞʝ 

ʩʪʠʤʫʣʠʨʫʝʪʩʷ.  



26 
 

 ʂʨʦʤʝ ʪʦʛʦ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦʟʤʦʞʥʘʷ ʧʝʨʝʜʘʯʘ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʦʪ 

ʦʜʥʦʛʦ ʬʝʨʤʝʥʪʘ BER ʢ ʜʨʫʛʦʤʫ ʥʘʧʦʜʦʙʠʝ ʵʩʪʘʬʝʪʥʦʡ ʧʘʣʦʯʢʠ ʚ ʧʨʦʮʝʩʩʝ ʨʝʧʘʨʘʮʠʠ ʷʚʣʷʝʪʩʷ 

ʚʘʞʥʳʤ ʩʚʦʡʩʪʚʦʤ BER [131,144ï150]. ʋʨʦʚʝʥʴ ʢʦʦʨʜʠʥʘʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʜʘʯʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʢʦʤʙʠʥʘʮʠʝʡ ʙʝʣʦʢ-ʙʝʣʢʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʩʚʷʟʳʚʘʥʠʝʤ ʬʝʨʤʝʥʪʘ ʩ 

ʧʨʦʜʫʢʪʦʤ, ʢʦʪʦʨʳʝ ʨʝʛʫʣʠʨʫʶʪ ʩʢʦʨʦʩʪʴ ʨʝʧʘʨʘʮʠʠ ʠ ʟʘʱʠʱʶʪ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʪ 

ʥʝʩʘʥʢʮʠʦʥʠʨʦʚʘʥʥʦʡ ʘʪʘʢʠ ʜʨʫʛʠʤʠ ʬʝʨʤʝʥʪʘʤʠ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʤʠ ʩ ɼʅʂ. ɺ ʥʝʜʘʚʥʝʡ 

ʨʘʙʦʪʝ [151] ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʘʩʧʝʢʪʳ ʵʪʦʡ çʤʦʣʝʢʫʣʷʨʥʦʡ ʭʦʨʝʦʛʨʘʬʠʠè 

ʤʦʛʫʪ ʨʝʛʫʣʠʨʦʚʘʪʴʩʷ ʙʝʣʢʦʚʳʤ ʢʦʤʧʣʝʢʩʦʤ, ʩʚʷʟʳʚʘʶʱʠʤ ʧʦʚʨʝʞʜʝʥʥʫʶ ʋʌ ɼʅʂ (UV-

damaged DNA binding protein complex, UV-DDB), ʧʦʩʨʝʜʩʪʚʦʤ ʫʩʠʣʝʥʠʷ ʠʥʛʠʙʠʨʦʚʘʥʠʷ 

ʧʨʦʜʫʢʪʦʤ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ, ʢʘʪʘʣʠʟʠʨʫʝʤʦʡ ʬʝʨʤʝʥʪʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ OGG1, 

hAPE1 ʠ Polɓ [151,152].  

1.1.6.3.2. ʕʢʩʮʠʟʠʦʥʥʘʷ ʨʝʧʘʨʘʮʠʷ ʥʫʢʣʝʦʪʠʜʦʚ (NER) 

 ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʩʚʠʜʝʪʝʣʴʩʪʚ, ʯʪʦ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʤʝʭʘʥʠʟʤʦʚ ʨʝʧʘʨʘʮʠʠ BER ʠ 

NER ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʟʣʠʯʥʳʤ ʧʦʚʨʝʞʜʝʥʠʷʤ ʯʘʩʪʠʯʥʦ ʧʝʨʝʢʨʳʚʘʝʪʩʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ AP-ʩʘʡʪʘʤ. ʋ ʜʨʦʞʞʝʡ S. cerevisiae ʠʥʘʢʪʠʚʘʮʠʷ NER ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʦʤʫ ʘʣʢʠʣʠʨʫʶʱʝʤʫ ʘʛʝʥʪʫ ʤʝʪʠʣʤʝʪʘʥʩʫʣʴʬʦʥʘʪʫ 

(ʄʄʉ) ʠ ʧʨʠʚʦʜʠʪ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʥʘʨʫʰʝʥʠʶ ʩʧʦʩʦʙʥʦʩʪʠ ʢʣʝʪʦʢ ʢ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʦʚ 

[153]. In vitro ʪʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʙʝʣʢʠ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʧʨʦʮʝʩʩʝ NER ʫ ʵʫʢʘʨʠʦʪ, 

ʩʧʦʩʦʙʥʳ ʨʝʧʘʨʠʨʦʚʘʪʴ AP-ʩʘʡʪʳ [154].  

 ʇʨʦʮʝʩʩ ʨʝʧʘʨʘʮʠʠ NER ʨʘʟʜʝʣʷʶʪ ʥʘ ʜʚʘ ʦʩʥʦʚʥʳʭ ʪʠʧʘ: ʛʣʦʙʘʣʴʥʳʡ ʛʝʥʦʤʥʳʡ NER 

(global genomic NER, GG-NER) ʠ NER, ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʩ ʪʨʘʥʩʢʨʠʧʮʠʝʡ (transcription-coupled 

NER, TC-NER). ʕʪʠ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʦʪʣʠʯʘʶʪʩʷ ʪʦʣʴʢʦ ʵʪʘʧʦʤ, ʚʢʣʶʯʘʶʱʠʤ ʫʟʥʘʚʘʥʠʝ 

ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ, ʘ ʧʦʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ ʫʜʘʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʠʜʝʥʪʠʯʥʳ [125]. ɺ ʩʣʫʯʘʝ ʩ 

GG-NER ʥʘʨʫʰʝʥʠʝ ʢʣʘʩʩʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʠʨʘʣʠ ɼʅʂ, ʚʳʟʚʘʥʥʦʝ ʦʙʲʝʤʥʳʤ 

ʧʦʚʨʝʞʜʝʥʠʝʤ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʨʘʩʧʦʟʥʘʝʪʩʷ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ʙʝʣʢʘʤʠ, ʢʦʪʦʨʳʝ 

ʠʥʠʮʠʠʨʫʶʪ ʜʘʣʴʥʝʡʰʠʝ ʵʪʘʧʳ ʨʝʧʘʨʘʮʠʠ [155].  

 ʆʩʥʦʚʥʫʶ ʨʦʣʴ ʚ ʫʜʘʣʝʥʠʠ AP-ʩʘʡʪʦʚ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʠʛʨʘʝʪ ʠʤʝʥʥʦ TC-NER. ʕʪʦʪ 

ʧʨʦʮʝʩʩ ʥʘʮʝʣʝʥ ʥʘ ʫʜʘʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʡ ʠʟ ʪʨʘʥʩʢʨʠʙʠʨʫʝʤʦʡ ʮʝʧʠ ɼʅʂ. ʉʠʛʥʘʣʦʤ ʜʣʷ 

ʠʥʠʮʠʘʮʠʠ TC-NER ʩʣʫʞʠʪ çʘʨʝʩʪè ʪʨʘʥʩʢʨʠʧʮʠʠ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ AP-ʩʘʡʪʳ ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ ʙʣʦʢʠʨʫʶʪ ʪʨʘʥʩʢʨʠʧʮʠʶ, ʦʩʫʱʝʩʪʚʣʷʝʤʫʶ T7 ʈʅʂ-ʧʦʣʠʤʝʨʘʟʦʡ (T7 



27 
 

RNAP), ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʦʩʪʘʥʘʚʣʠʚʘʶʪ ʪʨʘʥʩʢʨʠʧʮʠʶ ʈʅʂ-ʧʦʣʠʤʝʨʘʟʳ II (RNAPII) 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ [156]. ʉʪʨʫʢʪʫʨʘ ɼʅʂ ʚ ʦʙʣʘʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʷ AP-ʩʘʡʪʘ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʚʢʣʶʯʝʥʠʶ ʥʫʢʣʝʦʪʠʜʦʚ, ʠ ʧʦʩʣʝʜʫʶʱʠʡ ʩʠʥʪʝʟ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ AP-ʩʘʡʪʘ ʧʨʦʪʝʢʘʝʪ 

ʤʝʜʣʝʥʥʦ [157]. ɿʘʤʝʜʣʝʥʠʝ ʪʨʘʥʩʢʨʠʧʮʠʠ ʥʘ AP-ʩʘʡʪʘʭ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʨʠʩʢʘ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʤʫʪʘʮʠʡ [158], ʧʨʠ ʵʪʦʤ RNAPII ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʚʩʪʨʘʠʚʘʝʪ AMP ʥʘʧʨʦʪʠʚ 

AP-ʩʘʡʪʦʚ [157].  

 ʊʨʘʥʩʢʨʠʙʠʨʫʝʤʘʷ ɼʅʂ ʫʷʟʚʠʤʘ ʜʣʷ ʧʦʷʚʣʝʥʠʷ ʚ ʥʝʡ ʨʘʟʣʠʯʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ, ʚ ʪʦʤ 

ʯʠʩʣʝ AP-ʩʘʡʪʦʚ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʢʪʠʚʘʮʠʷ ʪʨʘʥʩʢʨʠʧʮʠʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʯʘʩʪʢʦʚ ɼʅʂ 

ʩʚʷʟʘʥʘ ʩ ʧʦʚʳʰʝʥʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴʶ ʛʝʥʦʤʘ ʵʫʢʘʨʠʦʪ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʫʚʝʣʠʯʝʥʠʶ ʫʨʦʚʥʷ 

ʤʠʪʦʪʠʯʝʩʢʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʠ ʤʫʪʘʛʝʥʝʟʘ. ʅʘʢʦʧʣʝʥʠʝ AP-ʩʘʡʪʦʚ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʚ ʘʢʪʠʚʥʦ 

ʪʨʘʥʩʢʨʠʙʠʨʫʝʤʳʭ ʛʝʥʘʭ ʜʨʦʞʞʝʡ, ʠ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʚʦʟʥʠʢʘʶʱʠʭ ʧʦʚʨʝʞʜʝʥʠʡ ʷʚʣʷʝʪʩʷ 

ʩʣʝʜʩʪʚʠʝʤ ʫʜʘʣʝʥʠʷ ʫʨʘʮʠʣʘ, ʧʦʷʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʩʚʷʟʘʥʦ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʩ ʥʝʧʨʘʚʠʣʴʥʳʤ 

ʚʩʪʨʘʠʚʘʥʠʝʤ dUTP ʚʤʝʩʪʦ dTTP ʚ ʭʦʜʝ ʨʝʧʣʠʢʘʪʠʚʥʦʛʦ ʠʣʠ ʨʝʧʘʨʘʪʠʚʥʦʛʦ ʩʠʥʪʝʟʘ ɼʅʂ, ʯʝʤ ʩ 

ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝʤ ʮʠʪʦʟʠʥʘ [155,159,160]. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ TC-NER ʤʦʞʝʪ ʠʛʨʘʪʴ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʦʚ ʚ ɼʅʂ.  

1.2. AP-ʵʥʜʦʥʫʢʣʝʘʟʳ 

 AP-ʵʥʜʦʥʫʢʣʝʘʟʳ ʷʚʣʷʶʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʬʝʨʤʝʥʪʘʤʠ ʨʝʧʘʨʘʮʠʠ, ʦʙʣʘʜʘʶʱʠʤʠ 

ʤʥʦʞʝʩʪʚʦʤ ʘʢʪʠʚʥʦʩʪʝʡ, ʚʢʣʶʯʘʷ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ, 3ǋ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ, ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʥʘ ʥʝʢʦʪʦʨʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʷʭ, 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʠ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ. AP-ʵʥʜʦʥʫʢʣʝʘʟʳ ʨʘʟʜʝʣʷʶʪ ʥʘ 

ʜʚʘ ʙʦʣʴʰʠʭ ʩʝʤʝʡʩʪʚʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʪʝʧʝʥʠ ʛʦʤʦʣʦʛʠʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ, ʧʨʠ ʵʪʦʤ ʯʣʝʥʳ ʜʚʫʭ ʩʝʤʝʡʩʪʚ ʥʝ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʩʪʨʫʢʪʫʨʥʦ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʦʥʠ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣʠ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʕʪʦ ʩʝʤʝʡʩʪʚʘ Xth ʠ Nfo, 

ʦʩʥʦʚʦʧʦʣʦʞʥʠʢʘʤʠ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʵʢʟʦʥʫʢʣʝʘʟʘ III (Xth) ʠ ʵʥʜʦʥʫʢʣʝʘʟʘ IV (Nfo) E. coli, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʯʣʝʥʳ ʩʝʤʝʡʩʪʚʘ Xth ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʦ ʚʩʝʭ ʜʦʤʝʥʘʭ 

ʞʠʟʥʠ, AP-ʵʥʜʦʥʫʢʣʝʘʟʳ ʩʝʤʝʡʩʪʚʘ Nfo ʧʨʠʩʫʱʠ ʥʠʟʰʠʤ ʦʨʛʘʥʠʟʤʘʤ, ʥʦ ʦʪʩʫʪʩʪʚʫʶʪ ʫ 

ʨʘʩʪʝʥʠʡ, ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʠ ʜʨʫʛʠʭ ʧʦʟʚʦʥʦʯʥʳʭ [161]. ʋ ʯʝʣʦʚʝʢʘ ʙʦʣʴʰʘʷ ʯʘʩʪʴ AP-ʩʘʡʪʦʚ 

ʧʨʦʮʝʩʩʠʨʫʝʪʩʷ hAPE1, ʛʦʤʦʣʦʛʦʤ Xth, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʫ ʜʨʦʞʞʝʡ ʦʩʥʦʚʥʦʡ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ 

ʷʚʣʷʝʪʩʷ Apn1, ʦʪʥʦʩʷʱʘʷʩʷ ʢ ʩʝʤʝʡʩʪʚʫ Nfo [162].  
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1.2.1. ʉʪʨʫʢʪʫʨʥʦʝ ʩʝʤʝʡʩʪʚʦ Xth 

1.2.1.1. AP-ʵʥʜʦʥʫʢʣʝʘʟʘ E. coli Xth 

 ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ɸʈ-

ʩʘʡʪʳ, ʠʥʢʫʙʘʮʠʷ ʯʘʩʪʠʯʥʦ ʜʝʧʫʨʠʥʠʟʦʚʘʥʥʦʡ ɼʅʂ ʩ ʢʣʝʪʦʯʥʳʤʠ ʵʢʩʪʨʘʢʪʘʤʠ ʧʨʠ 

ʥʝʡʪʨʘʣʴʥʦʤ pH ʧʨʠʚʦʜʠʪ ʢ ʜʦʚʦʣʴʥʦ ʙʳʩʪʨʦʤʫ ʬʝʨʤʝʥʪʘʪʠʚʥʦʤʫ ʨʘʩʱʝʧʣʝʥʠʶ [163,164]. ɺ 

ʙʦʣʝʝ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʘʧʫʨʠʥʦʚʳʭ ʩʘʡʪʦʚ ʚ ɼʅʂ ʧʨʠʧʠʩʳʚʘʣʠ 

ʧʨʝʧʘʨʘʪʘʤ ʵʥʜʦʥʫʢʣʝʘʟʳ II E. coli [165], ʦʜʥʘʢʦ ʬʨʘʢʮʠʷ, ʩʦʜʝʨʞʘʱʘʷ ʬʝʨʤʝʥʪ, ʪʘʢʞʝ 

ʧʨʦʷʚʣʷʣʘ ʜʨʫʛʠʝ ʘʢʪʠʚʥʦʩʪʠ, ʠ ʧʝʨʚʦʝ ʩʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʥʘʣʠʯʠʠ ʫ E. coli ʵʥʜʦʥʫʢʣʝʘʟʳ, 

ʩʧʝʮʠʬʠʯʥʦʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ AP-ʩʘʡʪʘʤ, ʙʳʣʦ ʧʦʣʫʯʝʥʦ Verly ʠ ʢʦʣʣʝʛʘʤʠ [164,166]. ʀʤ 

ʫʜʘʣʦʩʴ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ, ʯʪʦ ʚʳʜʝʣʝʥʥʳʡ ʠʤʠ ʬʝʨʤʝʥʪ ʥʝ ʪʦʣʴʢʦ ʨʘʩʱʝʧʣʷʣ ɼʅʂ ʚ ʤʝʩʪʘʭ 

ʣʦʢʘʣʠʟʘʮʠʠ AP-ʩʘʡʪʦʚ, ʥʦ ʪʘʢʞʝ ʥʝ ʙʳʣ ʘʢʪʠʚʝʥ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʠʣʠ 

ʘʣʢʠʣʠʨʦʚʘʥʥʦʡ ɼʅʂ. ʕʢʟʦʥʫʢʣʝʘʟʘ III (Xth) E. coli, ʦʪʚʝʯʘʶʱʘ ̫ ʟʘ ʙʦʣʴʰʫʶ ʜʦʣʶ 

ʨʘʩɦʝʧʣʝʥʠʷ AP-ʩʘʡʪʦʚ ʚ ɼʅʂ, ʚʧʦʩʣʝʜʩʪʚʠʠ ʙʳʣʘ ʦʯʠʱʝʥ ʜʦ ʛʦʤʦʛʝʥʥʦʩʪʠ ʠ, ʢʘʢ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʥʦʤʝʨʥʳʡ ʙʝʣʦʢ ʩ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ ʦʢʦʣʦ 30 ï 32 ʢɼʘ 

[167]. ʆʧʪʠʤʘʣʴʥʳʡ pH ʜʣʷ ʨʘʙʦʪʳ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ ʩʦʩʪʘʚʣʷʝʪ 8,0 - 8,5; ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ 

ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʚʨʝʤʷ ʧʦʣʫʠʥʘʢʪʠʚʘʮʠʠ ʧʨʠ 45ÁC ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ ʦʢʦʣʦ ʜʚʫʭ 

ʤʠʥʫʪ), ʢʦʥʮʝʥʪʨʘʮʠʠ Mg
2+

 ʠ ʠʥʛʠʙʠʨʫʝʪʩʷ ʕɼʊɸ [161]. ʕʪʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ 

ʬʝʨʤʝʥʪ ʦʙʣʘʜʘʝʪ ʢʘʢ ʤʠʥʠʤʫʤ ʯʝʪʳʨʴʤʷ ʘʢʪʠʚʥʦʩʪʷʤʠ: 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʥʘ 

ʜ.ʮ. ɼʅʂ, AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ, ʈʅʂʘʟʥʦʡ ʠ 3ǋ-ʬʦʩʬʘʪʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʷʤʠ. ɼʅʂ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʥʝʧʨʦʮʝʩʩʠʚʥʘ, ʠ ʬʝʨʤʝʥʪ ʯʘʩʪʦ ʜʠʩʩʦʮʠʠʨʫʝʪ ʠʟ ʢʦʤʧʣʝʢʩʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʩʱʝʧʣʝʥʠʷ [67,168]. ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ Xth ʧʨʦʷʚʣʷʝʪ ʘʢʪʠʚʥʦʩʪʴ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʫʨʠʜʠʥʫ, ʨʘʩʱʝʧʣʷʷ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ [169]. ʅʦʢʘʫʪʥʳʝ ʧʦ ʛʝʥʫ 

xth
 
ʢʣʝʪʢʠ E.coli ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʁ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ 

[170]. 

 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ Xth ʙʳʣʘ ʨʘʩʰʠʬʨʦʚʘʥʘ Mol ʠ ʢʦʣʣʝʛʘʤʠ, ʠ ʦʥʠ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʬʝʨʤʝʥʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʧʘʢʪʥʳʡ ʛʣʦʙʫʣʷʨʥʳʡ ʙʝʣʦʢ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʜʚʫʭ ɓ-ʣʠʩʪʦʚ, 

ʦʢʨʫʞʝʥʥʳʭ ʯʝʪʳʨʴʤʷ Ŭ-ʩʧʠʨʘʣʷʤʠ, ʚʤʝʩʪʝ ʬʦʨʤʠʨʫʶʱʠʤʠ ʯʝʪʳʨʝʭʩʣʦʡʥʳʡ Ŭɓ-ʩʵʥʜʚʠʯ 

(ʨʠʩʫʥʦʢ 4ɸ). ɸʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ ʨʘʩʧʦʣʦʞʝʥ ʤʝʞʜʫ ʜʚʫʤʷ ɓ-ʣʠʩʪʘʤʠ ʠ ʩʬʦʨʤʠʨʦʚʘʥ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Gln112, Asn153, Tyr109, Asn7, His259 ʠ Trp212 (ʨʠʩʫʥʦʢ 4ɹ). 
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ɽʜʠʥʩʪʚʝʥʥʳʡ ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʠʦʥ ʤʝʪʘʣʣʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʢʦʦʨʜʠʥʠʨʦʚʘʥ, 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ Glu34 [171].  

ɸ

 

ɹ 

 

ʈʠʩʫʥʦʢ 4. (ɸ) ʉʪʨʫʢʪʫʨʘ ʬʝʨʤʝʥʪʘ Xth E. coli. ɺ ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ Ŭ-ʩʧʠʨʘʣʠ (ʛʦʣʫʙʦʡ), ɓ-

ʮʝʧʠ (ʩʠʨʝʥʝʚʳʡ) ʠ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʝʪʣʝʚʳʝ ʫʯʘʩʪʢʠ (ʞʝʣʪʳʡ). (ɹ) ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ 

ʦʩʪʘʪʢʠ, ʬʦʨʤʠʨʫʶʱʠʝ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ Xth. (PDB ID: 1AKO) 

1.2.1.2. AP-ʵʥʜʦʥʫʢʣʝʘʟʘ ʯʝʣʦʚʝʢʘ hAPE1 

 ʌʝʨʤʝʥʪ hAPE1 ʯʝʣʦʚʝʢʘ ʷʚʣʷʝʪʩʷ ʛʦʤʦʣʦʛʦʤ Xth E. coli [132,172] ʠ ʚ ʣʠʪʝʨʘʪʫʨʝ ʪʘʢʞʝ 

ʠʟʚʝʩʪʝʥ ʢʘʢ HAP1 [9], REF1 [173], ʠ APEX [174]. hAPE1 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʯʨʝʟʚʳʯʘʡʥʦ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʬʝʨʤʝʥʪ, ʦʙʣʘʜʘʶʱʠʡ ʥʘʨʷʜʫ ʩ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ, ʪʘʢʞʝ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ, 3ǋ-ʬʦʩʬʘʪʘʟʥʦʡ, 3ǋ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʦʡ, NIR ʠ ʈʅʂʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʷʤʠ [9]. 

ʆʜʥʘʢʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ Xth, AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʷʨʢʦ ʚʳʨʘʞʝʥʘ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ʪʠʧʘʤʠ ʘʢʪʠʚʥʦʩʪʠ [175]. ɹʦʣʝʝ 95% AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʚ ʵʢʩʪʨʘʢʪʘʭ ʢʣʝʪʦʢ HeLa ʧʨʠʧʠʩʳʚʘʝʪʩʷ ʠʤʝʥʥʦ hAPE1 [176]. ɹʫʜʫʯʠ ʦʩʥʦʚʥʦʡ 

ʢʣʝʪʦʯʥʦʡ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ, hAPE1 ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʥʝ ʪʦʣʴʢʦ ʚ ʨʝʧʘʨʘʮʠʠ ʤʥʦʛʠʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ, ʥʦ ʠ ʚ ʢʘʯʝʩʪʚʝ redox-ʩʪʠʤʫʣʷʪʦʨʘ ʩʚʷʟʳʚʘʶʱʝʡ ʘʢʪʠʚʥʦʩʪʠ ʤʥʦʞʝʩʪʚʘ 

ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ p53, ̫ ʜʝʨʥʦʛʦ ʬʘʢʪʦʨʘ ʢʘʧʧʘ-B (nuclear factor-kappa 

B, NF-əB), ʙʝʣʢʘ ʨʝʘʢʮʠʠ ʨʘʥʥʝʛʦ ʨʦʩʪʘ 1 (early growth response protein-1, Egr-1) ʠ 

ʠʥʜʫʮʠʨʫʝʤʦʛʦ ʛʠʧʦʢʩʠʝʡ ʬʘʢʪʦʨʘ (hypoxia-inducible factor, Hif-1Ŭ) [9]. ʌʝʨʤʝʥʪ hAPE1 ʪʘʢʞʝ 
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ʩʧʦʩʦʙʝʥ ʩʘʤ ʚʳʧʦʣʥʷʪʴ ʬʫʥʢʮʠʶ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦʛʦ ʬʘʢʪʦʨʘ ʠ ʩʚʷʟʳʚʘʪʴʩʷ ʩ ʧʨʦʤʦʪʦʨʘʤʠ, 

ʩʦʜʝʨʞʘʱʠʤʠ ʵʣʝʤʝʥʪʳ ʥʝʛʘʪʠʚʥʦʛʦ Ca
2+

-ʟʘʚʠʩʠʤʦʛʦ ʦʪʚʝʪʘ [177,178]. ʉʥʠʞʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ 

ʛʝʥʘ, ʢʦʜʠʨʫʶʱʝʛʦ hAPE1, ʚ ʥʝʩʢʦʣʴʢʠʭ ʪʠʧʘʭ ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ ʧʨʠʚʦʜʠʣʦ ʢ ʦʩʪʘʥʦʚʢʝ 

ʧʨʦʣʠʬʝʨʘʮʠʠ, ʥʘʢʦʧʣʝʥʠʶ AP-ʩʘʡʪʦʚ ʚ ɼʅʂ ʠ ʛʠʙʝʣʠ ʢʣʝʪʦʢ ʯʝʨʝʟ ʘʧʦʧʪʦʟ [179]. 

ʕʤʙʨʠʦʥʘʣʴʥʘʷ ʣʝʪʘʣʴʥʦʩʪʴ ʢʣʝʪʦʢ ʤʣʝʢʦʧʠʪʘʶʱʠʭ, ʫ ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʫʝʪ APE1, ʪʘʢʞʝ 

ʧʦʜʯʝʨʢʠʚʘʝʪ ʯʨʝʟʚʳʯʘʡʥʦʝ ʙʠʦʣʦʛʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ [78].  

1.2.1.2.1. AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 

 ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʤʫʪʘʛʝʥʝʟʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʝʨʤʝʥʪ hAPE1 ʩʦʩʪʦʠʪ ʠʟ ʚʳʩʦʢʦʢʦʥʩʝʨʚʘʪʠʚʥʦʡ ʫ ʵʫʢʘʨʠʦʪ ʠ 

ʧʨʦʢʘʨʠʦʪ ʞʝʩʪʢʦʡ ʛʣʦʙʫʣʷʨʥʦʡ ʥʫʢʣʝʘʟʥʦʡ ʯʘʩʪʠ, ʚ ʢʦʪʦʨʫʶ ʚʭʦʜʷʪ ʜʚʘ ʜʦʤʝʥʘ (ʜʦʤʝʥ 1: 44-

136 ʠ 295ï318 ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ; ʜʦʤʝʥ 2: 137-206 ʠ 282ï294 ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ), 

ʠ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʵʫʢʘʨʠʦʪ N-ʢʦʥʮʝʚʦʡ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʯʘʩʪʠ (1-44 ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ 

ʦʩʪʘʪʢʠ) (ʨʠʩʫʥʦʢ 5) [130,180ï183]. N-ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ, ʧʨʠʥʠʤʘʶʱʠʡ ʫʯʘʩʪʠʝ ʚ redox-

ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʠ ʦʧʦʩʨʝʜʫʶʱʠʡ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʬʫʥʢʮʠʠ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ, ʥʝ ʩʚʷʟʘʥʥʳʝ ʩ 

ʨʝʧʘʨʘʮʠʝʡ, ʚʢʣʶʯʘʝʪ ʧʝʨʚʳʝ 127 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ C-ʢʦʥʮʝʚʦʡ ʜʦʤʝʥ 

(61-318 ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ) ʦʪʚʝʯʘʝʪ ʟʘ ʩʚʷʟʳʚʘʥʠʝ ʩ ɼʅʂ ʠ ʦʩʫʱʝʩʪʚʣʝʥʠʝ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. ʕʥʜʦʥʫʢʣʝʘʟʥʳʡ ʜʦʤʝʥ hAPE1 ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʬʦʩʬʦʵʩʪʝʨʘʟʥʦʤʫ 

ʩʫʧʝʨʩʝʤʝʡʩʪʚʫ ʬʝʨʤʝʥʪʦʚ. ʌʝʨʤʝʥʪʳ ʵʪʦʛʦ ʩʫʧʝʨʩʝʤʝʡʩʪʚʘ ʩʦʩʪʦʷʪ ʠʟ ʦʙʱʝʛʦ ʜʣʷ ʚʩʝʭ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʷʜʨʘ, ʫʣʦʞʝʥʥʦʛʦ ʚ ʯʝʪʳʨʝʭʩʣʦʡʥʳʡ Ŭ/ɓ ʩʵʥʜʚʠʯ, ʠ ʨʘʟʣʠʯʥʳʭ ʧʝʪʣʝʚʳʭ ʫʯʘʩʪʢʦʚ, 

ʠ ʦʙʣʘʜʘʶʪ ʨʘʟʣʠʯʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʘʢʪʠʚʥʳʭ ʩʘʡʪʦʚ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʫʙʩʪʨʘʪʥʦʡ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ. ɼʅʂ ʩʚʷʟʳʚʘʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʫʢʣʝʘʟʥʳʤ ʜʦʤʝʥʦʤ, ʠ ʟʘʪʝʤ ʦʥ ʩʢʦʣʴʟʠʪ 

ʚʜʦʣʴ ʩʚʷʟʘʥʥʦʡ ʮʝʧʠ ʚ ʧʦʠʩʢʘʭ AP-ʩʘʡʪʘ, ʢʦʪʦʨʳʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʯʝʨʝʟ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ [184,185].  

 ʈʘʩʰʠʬʨʦʚʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʢʦʤʧʣʝʢʩʘ hAPE1 ʩ ɼʅʂ-ʧʨʦʜʫʢʪʦʤ, 

ʩʦʜʝʨʞʘʱʠʤ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥ (F-ʩʘʡʪ, ʘʥʘʣʦʛ AP-ʩʘʡʪʘ) (ʨʠʩʫʥʦʢ 6), ʧʦʢʘʟʘʣʘ, ʯʪʦ hAPE1 

ʚʳʚʦʨʘʯʠʚʘʝʪ AP-ʩʘʡʪ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ɼʅʂ ʠ ʨʘʟʤʝʱʘʝʪ ʝʛʦ ʚ ʢʘʨʤʘʥʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ 

ʬʝʨʤʝʥʪʘ, ʧʨʠ ʵʪʦʤ ʠʟʛʠʙʘʷ ɼʅʂ ʥʘ 35Á [181]. ɼʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʘ ʠʟʛʠʙʘʥʠʷ ɼʅʂ 

ʬʝʨʤʝʥʪʦʤ ʩʫʱʝʩʪʚʫʝʪ ʪʝʨʤʠʥ çʩʢʫʣʴʧʪʫʨʠʨʦʚʘʥʠʝ ɼʅʂè. hAPE1 ʩʢʫʣʴʧʪʫʨʠʨʫʝʪ ɼʅʂ ʜʣʷ 

ʪʦʛʦ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʧʨʘʚʠʣʴʥʦʝ ʨʘʟʤʝʱʝʥʠʝ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʫʯʘʩʪʢʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʝʨʤʝʥʪʘ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʩʱʝʧʣʝʥʠʷ [186].  
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ʈʠʩʫʥʦʢ 5. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʜʦʤʝʥʦʚ ʠ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʦʙʣʘʩʪʝʡ 

ʬʝʨʤʝʥʪʘ hAPE1. ɹʝʣʦʢ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʩʪʨʫʢʪʫʨʥʳʭ ʜʦʤʝʥʦʚ; ʧʝʨʚʳʝ 35 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʤʫ ʬʨʘʛʤʝʥʪʫ ʚʳʩʦʢʦʢʦʥʩʝʨʚʘʪʠʚʥʳ ʫ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ. ɺʳʩʦʢʦʢʦʥʩʝʨʚʘʪʠʚʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 62-318 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ 

ʦʪʚʝʯʘʝʪ ʚ ʪʦʤ ʯʠʩʣʝ ʟʘ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ [183].  

ʉʧʝʮʠʬʠʯʝʩʢʦʝ ʩʚʷʟʳʚʘʥʠʝ hAPE1 ʩ ʚʳʚʝʨʥʫʪʳʤ AP-ʩʘʡʪʦʤ ʚ ʪʦʤ ʯʠʩʣʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʥʘʣʠʯʠʝʤ ʛʠʜʨʦʬʦʙʥʦʛʦ ʢʘʨʤʘʥʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Phe266, 

Trp280 ʠ Leu282. ʊʝʩʥʳʝ ʢʦʥʪʘʢʪʳ, ʢʦʪʦʨʳʝ ʦʥʠ ʬʦʨʤʠʨʫʶʪ ʩ ʛʠʜʨʦʬʦʙʥʦʡ ʯʘʩʪʴʶ 2ǋ-

ʜʝʟʦʢʩʠʨʠʙʦʟʳ AP-ʩʘʡʪʘ, ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʢʣʶʯʘʶʪ ʩʚʷʟʳʚʘʥʠʝ ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ʉʪʘʙʠʣʠʟʘʮʠʷ ʠʟʦʛʥʫʪʦʡ ʩʪʨʫʢʪʫʨʳ ɼʅʂ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʢʦʥʪʘʢʪʦʚ ʩ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʠʟ ʯʝʪʳʨʝʭ ʧʝʪʝʣʴ ʠ Ŭ-ʩʧʠʨʘʣʠ 

ʬʝʨʤʝʥʪʘ. ɺ ʧʨʦʮʝʩʩʝ ʩʚʟ̫ʳʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʪʨʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʘ hAPE1 (Arg73, 

Ala74 ʠ Lys78) ʬʦʨʤʠʨʫʶʪ ʢʦʥʪʘʢʪʳ ʩ ʪʨʝʤʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʬʦʩʬʘʪʘʤʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ 

ʮʝʧʠ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, ʘ Tyr128 ʠ Gly127 ʚʥʝʜʨʷʶʪʩʷ ʚ ʤʘʣʫʶ ʙʦʨʦʟʜʢʫ ɼʅʂ, ʨʘʩʰʠʨʷʷ 

ʝʝ. ʉʪʘʙʠʣʠʟʘʮʠʶ ʚʳʚʝʨʥʫʪʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Arg177 ʠ 

Met270, ʚʭʦʜʷʱʠʝ ʚ ʧʝʪʣʝʚʳʝ ʫʯʘʩʪʢʠ Ŭ5 (ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 176ï181) ʠ Ŭ11 (267ï277), 

ʢʦʪʦʨʳʝ ʠʥʪʝʛʨʠʨʫʶʪʩʷ ʚ ʙʦʣʴʰʫʶ ʠ ʤʘʣʫʶ ʙʦʨʦʟʜʢʠ ɼʅʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦʙʳ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʪʵʢʠʥʛʦʚʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [130,181,182].  

ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʥʝʜʘʚʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝ ʠ 

ʬʫʥʢʮʠʠ ʠʥʪʝʨʢʘʣʠʨʫʶʱʝʡ ʧʝʪʣʠ Ŭ11 ʚʦʟʤʦʞʥʦ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʥʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ 

Met270, ʢʘʢ ʩʯʠʪʘʣʦʩʴ ʜʦ ʩʠʭ ʧʦʨ, ʥʦ ʩʦʩʝʜʥʠʤ ʩ ʥʠʤ Tyr269 [186]. ʂʨʦʤʝ ʪʦʛʦ, ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʪʦʜʦʚ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʠ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ, ʪʘʢʞʝ ʥʝ 

ʧʦʢʘʟʘʣʠ ʢʨʠʪʠʯʝʩʢʦʡ ʨʦʣʠ Met270 ʚ ʩʚʷʟʳʚʘʥʠʠ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʨʘʩʱʝʧʣʝʥʠʠ AP-

ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ [187].  
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ʈʠʩʫʥʦʢ 6. ʉʪʨʫʢʪʫʨʘ ʬʝʨʤʝʥʪʘ hAPE1 ʯʝʣʦʚʝʢʘ ʚ ʢʦʤʧʣʝʢʩʝ ʩ AP-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ. ɺ 

ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ Ŭ-ʩʧʠʨʘʣʠ (ʬʠʦʣʝʪʦʚʳʡ), ɓ-ʮʝʧʠ (ʙʠʨʶʟʦʚʳʡ), ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ 

ʧʝʪʣʝʚʳʝ ʫʯʘʩʪʢʠ (ʞʝʣʪʳʡ) ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ (PDB ID: 

1DE8). 

ɼʚʘ ʜʨʫʛʠʭ ʧʝʪʣʝʚʳʭ ʫʯʘʩʪʢʘ ʪʘʢʞʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ɼʅʂ ʩ 5ǋ- ʠ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-

ʩʘʡʪʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ hAPE1 ʩ ɼʅʂ. ʇʨʠ ʵʪʦʤ hAPE1 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʧʨʠʤʝʨʥʦ ʩ 9-10 ʥʫʢʣʝʦʪʠʜʘʤʠ ɼʅʂ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʫʶʪ 

ʧʦʩʘʜʦʯʥʳʡ ʩʘʡʪ ʬʝʨʤʝʥʪʘ [188]. ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Asn174, Asn212 ʠ His309 

ʢʦʦʨʜʠʥʠʨʫʶʪ ʬʦʩʬʘʪ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʬʦʨʤʠʨʫʝʪʩʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ-ʢʦʤʧʝʪʝʥʪʥʳʡ ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ [189]. AP-ʩʘʡʪ 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʧʦʟʠʮʠʠ, ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ 5ǋ-ʬʦʩʬʘʪʥʦʡ ʩʚʷʟʠ, ʘ ʥʘʧʨʦʪʠʚ 

ʧʦʚʨʝʞʜʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʥʝʩʧʘʨʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ [130]. ɺ ʦʨʛʘʥʠʟʘʮʠʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ 

ʬʝʨʤʝʥʪʘ ʫʯʘʩʪʚʫʶʪ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Asp308, His309, Glu96, Asp210, Tyr171, Asn212, ʠ 

Asn174 [190] (ʨʠʩʫʥʦʢ 7).  
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ʈʠʩʫʥʦʢ 7. ʉʪʨʫʢʪʫʨʘ ʬʝʨʤʝʥʪʘ hAPE1 ʯʝʣʦʚʝʢʘ ʚ ʢʦʤʧʣʝʢʩʝ ʩ AP-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ. ɺ 

ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ AP-ʩʘʡʪ (ʢʨʘʩʥʳʡ), ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ 

(ʧʫʨʧʫʨʥʳʡ), ʘ ʪʘʢʞʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʝ ʚʳʚʝʨʥʫʪʫʶ ʢʦʥʬʦʨʤʘʮʠʶ 

AP-ʩʘʡʪʘ (ʟʝʣʝʥʳʡ) (PDB ID: 1DE8). 

ɼʣʷ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ, ʢʘʪʘʣʠʟʠʨʫʝʤʦʛʦ ʬʝʨʤʝʥʪʦʤ hAPE1, ʪʨʝʙʫʝʪʩʷ ʜʚʫʭʚʘʣʝʥʪʥʳʡ 

ʢʘʪʠʦʥ ʤʝʪʘʣʣʘ [191ï194]. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ hAPE1 ʩ 

ʨʘʩʱʝʧʣʝʥʥʦʡ ɼʅʂ (ʨʠʩʫʥʦʢ 8ɸ), ʩʦʜʝʨʞʘʱʝʡ F-ʩʘʡʪ, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ 

ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ ʧʦʟʚʦʣʠʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ ʤʝʪʘʣʣʘ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ Asp70 ʠ Glu96, ʘ 

ʪʘʢʞʝ ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʬʦʨʤʠʨʫʝʪ ʢʦʥʪʘʢʪ ʩ ʥʝʤʦʩʪʠʢʦʚʳʤ ʢʠʩʣʦʨʦʜʦʤ 

ʵʣʝʢʪʨʦʬʠʣʴʥʦʛʦ ʬʦʩʬʘʪʘ [181,184,192,193,195]. ʏʝʨʝʟ ʵʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʦʥ ʤʝʪʘʣʣʘ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʘʚʠʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʩʘʭʘʨʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ ɼʅʂ ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʝʝ ʚ ʵʪʦʤ 

ʧʦʣʦʞʝʥʠʠ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʚʫʝʪ ʚ ʧʦʣʷʨʠʟʘʮʠʠ ʩʚʷʟʠ P-O ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʘʷ ʤʦʣʝʢʫʣʘ ʚʦʜʳ, ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Asn212 ʠ 

Asp210, ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʟʠʮʠʠ ʜʣʷ ʧʨʷʤʦʡ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʬʦʩʬʘʪʘ. ʕʪʦʡ ʘʪʘʢʝ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʥʝʡʪʨʘʣʠʟʘʮʠʷ ʟʘʨʷʜʘ, ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʜʚʫʤʷ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ, 

ʬʦʨʤʠʨʫʝʤʳʤʠ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Tyr171 ʠ His309 ʠ ʥʝʤʦʩʪʠʢʦʚʳʤʠ 

ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ ʬʦʩʬʘʪʘ [196]. ɺʦʟʥʠʢʘʶʱʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʥʪʘʢʦʚʘʣʝʥʪʥʳʡ ʠʥʪʝʨʤʝʜʠʘʪ 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʥ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʢʘʪʠʦʥʦʤ Me
2+

 ʠ ʢʣʶʯʝʚʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ 
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ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ Tyr171, His309, Asp210 ʠ Asn212. ɺ ʧʨʦʮʝʩʩʝ ʢʘʪʘʣʠʟʘ ʠʦʥ ʤʝʪʘʣʣʘ 

ʩʤʝʱʘʝʪʩʷ, ʢʦʦʨʜʠʥʠʨʫʷ ʥʝʤʦʩʪʠʢʦʚʳʡ ʢʠʩʣʦʨʦʜ ʬʦʩʬʘʪʘ ʠ 3ǋ-ʛʠʜʨʦʢʩʠʣʴʥʫʶ ʫʭʦʜʷʱʫʶ 

ʛʨʫʧʧʫ [197]. ɺ ʭʦʜʝ ʨʘʩʱʝʧʣʝʥʠʷ, ʠʣʠ ʩʨʘʟʫ ʞʝ ʧʦʩʣʝ ʥʝʛʦ, ʥʫʢʣʝʦʬʠʣʴʥʘʷ ʤʦʣʝʢʫʣʘ ʚʦʜʳ 

ʦʪʜʘʝʪ ʧʨʦʪʦʥ ʘʤʠʥʦʢʠʩʣʦʪʥʦʤʫ ʦʩʪʘʪʢʫ Asp210 ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ ʚʳʩʚʦʙʦʞʜʘʝʪʩʷ ʠʟ ʢʦʤʧʣʝʢʩʘ. 

ɺ ʢʦʤʧʣʝʢʩʝ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ 5ǋ-dRp ʠ 3ǋ-OH ʢʦʦʨʜʠʥʠʨʦʚʘʥʳ ʠʦʥʦʤ 

Me
2+

 ʠ ʦʩʪʘʪʢʘʤʠ Asn174, Asp70, Glu96, His309, Tyr171 ʠ Asn212 (ʨʠʩʫʥʦʢ 8ɹ). ɺ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ ʪʘʢʞʝ ʠʛʨʘʝʪ ʨʦʣʴ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ 

ʦʩʪʘʪʦʢ Arg181. ɺ ʙʦʣʝʝ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ ʠ ʚ ʩʚʦʙʦʜʥʦʡ 

ʬʦʨʤʝ ʬʝʨʤʝʥʪʘ ʦʩʪʘʪʦʢ Arg181 ʥʘʭʦʜʠʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʦʪ ʦʩʪʘʪʢʘ Glu154 

[130,198]. ʇʦʟʜʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ Arg181 ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʝʪ ʩʚʦʝ ʧʦʣʦʞʝʥʠʝ ʚ ʢʦʤʧʣʝʢʩʝ 

ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʩʪʘʙʠʣʠʟʘʮʠʶ ʢʦʤʧʣʝʢʩʘ 

ʧʦʩʣʝ ʢʘʪʘʣʠʟʘ [181]. ʆʧʠʩʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ (ʨʠʩʫʥʦʢ 9) ʷʚʣʷʝʪʩʷ 

ʦʜʥʦʡ ʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʚʝʨʩʠʡ, ʠ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝʪ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʢʦʥʩʝʥʩʫʩʘ 

ʢʘʩʘʪʝʣʴʥʦ ʝʛʦ ʜʝʪʘʣʝʡ.  

ɸ

 

ɹ

 

ʈʠʩʫʥʦʢ 8. ʉʪʨʫʢʪʫʨʘ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ Asp148Glu ʬʝʨʤʝʥʪʘ hAPE1 ʯʝʣʦʚʝʢʘ ʩ ʧʨʦʜʫʢʪʦʤ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʨʝʘʢʮʠʠ. (ɸ) ɺ ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ Ŭ-ʩʧʠʨʘʣʠ (ʛʦʣʫʙʦʡ), ɓ-ʮʝʧʠ (ʩʠʨʝʥʝʚʳʡ) ʠ 

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʝʪʣʝʚʳʝ ʫʯʘʩʪʢʠ (ʞʝʣʪʳʡ), ʠʦʥ Mg
2+

 (ʩʠʥʠʡ) ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, 

ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ. (ɹ) ʇʦʢʘʟʘʥʳ ʠʦʥ Mg
2+

 (ʩʠʥʠʡ) ʠ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ. PDB ID: 

6W0Q. 
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ʈʠʩʫʥʦʢ 9. ʂʘʪʘʣʠʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ hAPE1 ʯʝʣʦʚʝʢʘ ʩ AP-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ [184].  

 ɺ ʢʘʯʝʩʪʚʝ ʜʚʫʭʟʘʨʷʜʥʦʛʦ ʢʘʪʠʦʥʘ ʤʝʪʘʣʣʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʩʯʠʪʘʝʪʩʷ ʠʦʥ Mg
2+
. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʤʝʥʥʦ ʠʦʥ Mg
2+

 ʩʪʘʙʠʣʠʟʠʨʫʝʪ 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ ʠ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ. ɺ ʧʨʠʩʫʪʩʪʚʠʠ ʜʨʫʛʠʭ ʜʚʫʭʟʘʨʷʜʥʳʭ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʩʢʦʨʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ, ʢʘʪʘʣʠʟʠʨʫʝʤʘʷ hAPE1, ʩʥʠʞʘʣʘʩʴ ʚ ʧʦʨʷʜʢʝ Mg
2+ 

> Mn
2+ 

> Ni
2+ 

> Zn
2+

. 

ʀʦʥʳ Cu
2+

 ʧʦʣʥʦʩʪʴʶ ʠʥʛʠʙʠʨʦʚʘʣʠ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʥʘ AP-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ, ʯʪʦ ʤʦʞʝʪ 

ʙʳʪʴ ʩʣʝʜʩʪʚʠʝʤ ʧʨʦʯʥʦʛʦ ʩʚʷʟʳʚʘʥʠʷ Cu
2+

 ʩ ʦʩʪʘʪʢʘʤʠ ʦʩʥʦʚʘʥʠʡ ɼʅʂ ʠ ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʤ 

ʦʩʪʦʚʦʤ. ɺ ʩʣʫʯʘʝ ʩ Ca
2+

 ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʪʘʢʞʝ ʙʳʣʘ ʥʘʨʫʰʝʥʘ, ʢʨʦʤʝ 

ʪʦʛʦ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʵʪʦʛʦ ʢʘʪʠʦʥʘ ʩʧʦʩʦʙʥʦʩʪʴ hAPE1 ʩʚʷʟʳʚʘʪʴʩʷ ʩ ɼʅʂ ʪʘʢʞʝ ʩʥʠʞʘʣʘʩʴ, 

ʚʦʟʤʦʞʥʦ, ʚʚʠʜʫ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ. ʉʥʠʞʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

Mn
2+

, Ni
2+ 
ʠ Zn

2+
, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Mg

2+
, ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʥʝʢʦʨʨʝʢʪʥʳʤ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʵʪʠʭ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʢʘʪʠʦʥʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ ʠ ʥʘʨʫʰʝʥʥʦʡ ʚ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʨʠʝʥʪʘʮʠʝʡ ʨʘʩʱʝʧʣʷʝʤʦʡ ʮʝʧʠ ɼʅʂ [199]. ɹʦʣʝʝ ʪʦʛʦ, ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ (CD) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʪʠ ʠʦʥʳ ʤʝʪʘʣʣʦʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

ʠʥʜʫʮʠʨʫʶʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʬʝʨʤʝʥʪʘ [200]. ʉʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ ʚʝʨʩʠʠ, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʳʤ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʪʨʝʙʫʝʪʩʷ ʥʘʣʠʯʠʝ ʥʝ 

ʦʜʥʦʛʦ, ʘ ʜʚʫʭ ʠʦʥʦʚ ʤʝʪʘʣʣʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ [201]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ 
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ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʙʳʣʦ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ 

ʢʘʪʘʣʠʟʘ ʦʜʠʥ ʠʦʥ Mg
2+

 ʧʝʨʝʤʝʱʘʝʪʩʷ ʤʝʞʜʫ ʜʚʫʤʷ ʩʘʡʪʘʤʠ ʩʚʷʟʳʚʘʥʠʷ ʤʝʪʘʣʣʘ [202]. ʀ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʦ ʧʨʝʜʧʨʠʥʷʪʦ ʤʥʦʞʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʠʟʚʘʥʥʳʭ ʨʘʟʨʝʰʠʪʴ ʵʪʦʪ ʚʦʧʨʦʩ, ʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ ʠ 

ʢʦʣʠʯʝʩʪʚʦ ʠʦʥʦʚ Mg
2+
, ʩʚʷʟʘʥʥʳʭ ʩ ʬʝʨʤʝʥʪʦʤ, ʦʩʪʘʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʩʧʦʨʦʚ [189,197,198,203ï

206].  

 ʀʩʩʣʝʜʦʚʘʥʠʷ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʪʦʜʦʚ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ ʧʦʟʚʦʣʠʣʠ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʨʦʣʴ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ɼʅʂ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʩʱʝʧʣʝʥʠʷ AP-ʩʘʡʪʘ, ʚ ʢʦʦʨʜʠʥʘʮʠʠ Mg
2+

 ʠ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ hAPE1. 

ɿʘʤʝʥʳ His309 ʥʘ ʜʨʫʛʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʪʦʪ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʠ ʥʘ ʩʚʷʟʳʚʘʥʠʝ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ, ʠ ʥʘ ʩʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ AP-ʩʘʡʪʘ 

[175]. ʂʨʦʤʝ ʪʦʛʦ, ʟʘʤʝʥʘ His309Asn ʧʨʠʚʦʜʠʣʘ ʢ ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʝʡ [11]. ʊʦʯʝʯʥʳʝ ʟʘʤʝʥʳ Asp210 ʥʘ ʜʨʫʛʠʝ ʘʤʠʥʦʢʠʩʣʦʪʳ, ʭʦʪʷ ʠ 

ʧʨʠʚʦʜʠʣʠ ʢ ʫʣʫʯʰʝʥʠʶ ʩʚʷʟʳʚʘʥʠʷ ʩ ʩʫʙʩʪʨʘʪʦʤ ʧʦ ʜʘʥʥʳʤ ʥʝʢʦʪʦʨʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʦʜʥʘʢʦ 

ʜʦʩʪʦʚʝʨʥʦ ʩʥʠʞʘʣʠ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʠʨʦʚʘʥʠʷ AP-ʩʘʡʪʘ [175,193]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʩʘʡʪ-

ʥʘʧʨʘʚʣʝʥʥʳʡ ʤʫʪʘʛʝʥʝʟ ʪʘʢʞʝ ʧʦʢʘʟʘʣ, ʯʪʦ ʟʘʤʝʥʳ Asp210 ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ ʠ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ [11]. ʄʫʪʘʮʠʠ Glu96 ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʠ ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʠ hAPE1. ʇʨʠ ʵʪʦʤ ʟʘʤʝʥʘ ʥʘ ʘʣʘʥʠʥ ʧʨʠʚʦʜʠʣʘ ʢ 

ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʤʫ ʩʥʠʞʝʥʠʶ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʯʝʤ ʟʘʤʝʥʘ ʥʘ 

ʛʣʫʪʘʤʠʥ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʢʘʨʙʦʢʩʠʣʴʥʘʷ ʛʨʫʧʧʘ Glu96 ʤʦʞʝʪ ʠʤʝʪʴ ʨʝʰʘʶʱʝʝ 

ʟʥʘʯʝʥʠʝ ʜʣʷ ʦʙʝʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʬʝʨʤʝʥʪʘ [11]. ɿʘʤʝʥʳ Asn212, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʣʠ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ AP-ʩʘʡʪʘ: ʚ 550 ʨʘʟ ʧʨʠ ʟʘʤʝʥʝ ʥʘ 

ʘʩʧʘʨʘʛʠʥʦʚʫʶ ʢʠʩʣʦʪʫ ʠ ʚ 70 ʪʳʩ. ʨʘʟ ʧʨʠ ʟʘʤʝʥʝ ʥʘ ʘʣʘʥʠʥ. ʇʨʠ ʵʪʦʤ ʩʧʦʩʦʙʥʦʩʪʴ ʤʫʪʘʥʪʥʳʭ 

ʬʦʨʤ ʬʝʨʤʝʥʪʘ ʩʚʷʟʳʚʘʪʴ AP-ʩʦʜʝʨʞʘʱʫʶ ɼʅʂ ʦʩʪʘʚʘʣʘʩʴ ʥʘ ʫʨʦʚʥʝ, ʩʦʧʦʩʪʘʚʠʤʦʤ ʩ 

ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ. ɼʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʧʦʜʯʝʨʢʠʚʘʝʪ ʚʘʞʥʦʩʪʴ Asn212 ʜʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ AP-ʩʘʡʪʘ, ʥʦ ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʛʦ ʥʝʢʨʠʪʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʨʦʮʝʩʩʦʚ 

ʩʚʷʟʳʚʘʥʠʷ ʠ ʫʟʥʘʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ [207]. ɺ ʙʦʣʝʝ ʨʘʥʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʪʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʟʘʤʝʥʘ Asn212 ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ hAPE1 

[208]. ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ Tyr128 ʠ Tyr269, ʢʦʪʦʨʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ɼʅʂ ʧʦ ʦʙʝ 

ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, ʚʦʚʣʝʯʝʥʳ ʚ ʧʨʦʮʝʩʩ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠ ʩʚʷʟʳʚʘʥʠʷ ʩ AP-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ. 

Tyr171 ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʦʚʣʝʯʝʥ ʥʝ ʪʦʣʴʢʦ ʚ ʧʨʦʮʝʩʩ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ, ʥʦ ʠ ʚ ʢʘʪʘʣʠʟ. ɿʘʤʝʥʳ 
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Tyr171 ʧʨʠʚʦʜʠʣʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ (ʚ 5000ï50000 ʨʘʟ, ʧʦ ʜʘʥʥʳʤ ʨʘʟʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ) 

ʩʥʠʞʝʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ hAPE1 [193,209]. ɺʘʞʥʘʷ ʨʦʣʴ ʛʠʜʨʦʬʦʙʥʦʛʦ ʢʘʨʤʘʥʘ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Phe266, Trp280 ʠ Leu282, ʚ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ APE1 ʙʳʣʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥʘ ʩ ʧʦʤʦʱʴʶ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ. ʄʫʪʘʥʪʳ 

hAPE1, ʩʦʜʝʨʞʘʱʠʝ ʟʘʤʝʥʳ ʵʪʠʭ ʘʤʠʥʦʢʠʩʣʦʪ, ʧʦʢʘʟʳʚʘʣʠ ʩʥʠʞʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ AP-ʩʘʡʪʫ ʜʦ 450 ʪʳʩʷʯ ʨʘʟ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʚʝʜʝʥʠʝ ʪʘʢʦʛʦ ʛʠʜʨʦʬʦʙʥʦʛʦ ʢʘʨʤʘʥʘ 

ʚ hAPE2, ʛʦʤʦʣʦʛʘ hAPE1, ʦʙʣʘʜʘʶʱʝʛʦ ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʦʡ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ [210], ʧʨʠʚʦʜʠʣʦ ʢ ʨʦʩʪʫ ʵʪʦʡ ʘʢʪʠʚʥʦʩʪʠ ʫ ʬʝʨʤʝʥʪʘ [211].  

 ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ F-ʩʘʡʪ ʚ ʢʘʯʝʩʪʚʝ ʘʥʘʣʦʛʘ AP-

ʩʘʡʪʘ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʛʦ hAPE1, ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʪʦʜʦʚ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ Maher ʠ Bloom [175]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ «ʧʨʝʨʳʚʘʥʠʷ 

ʨʝʘʢʮʠʠ» (quenched-flow), ʧʨʠʥʮʠʧ ʢʦʪʦʨʦʛʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʙʳʩʪʨʦʤ ʩʤʝʰʠʚʘʥʠʠ ʬʝʨʤʝʥʪʘ ʠ 

ʩʫʙʩʪʨʘʪʘ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʙʳʩʪʨʦʡ ʦʩʪʘʥʦʚʢʝ ʨʝʘʢʮʠʠ ʜʦʙʘʚʣʝʥʠʝʤ ʢ ʨʘʩʪʚʦʨʫ 

ʦʩʪʘʥʘʚʣʠʚʘʶʱʠʭ ʨʝʘʢʮʠʶ ʚʝʱʝʩʪʚ (çʛʘʩʠʪʝʣʝʡè ʨʝʘʢʮʠʠ). ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ 

ʦʜʥʦʛʦ ʦʙʦʨʦʪʘ ʬʝʨʤʝʥʪʘ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʩʪʘʜʠʷ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʦʪʝʢʘʝʪ ʙʳʩʪʨʦ, 

ʠ ʩʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʣʠʤʠʪʠʨʦʚʘʥʘ ʩʢʦʨʦʩʪʴʶ ʜʠʬʬʫʟʠʠ ʬʝʨʤʝʥʪʘ ʢ ɼʅʂ. ʇʨʠ ʵʪʦʤ 

ʩʪʘʮʠʦʥʘʨʥʘʷ ʩʢʦʨʦʩʪʴ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʢʘʢ ʤʠʥʠʤʫʤ ʥʘ ʜʚʘ 

ʧʦʨʷʜʢʘ, ʠ ʣʠʤʠʪʠʨʦʚʘʥʘ ʤʝʜʣʝʥʥʦʡ ʜʠʩʩʦʮʠʘʮʠʝʡ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ [175,199]. 

ɹʳʩʪʨʳʡ ʢʘʪʘʣʠʟ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʝʥ ʜʣʷ ʛʝʥʦʤʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʩ ʫʯʝʪʦʤ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʨʝʛʫʣʷʨʥʦ ʚʦʟʥʠʢʘʶʱʠʭ AP-ʩʘʡʪʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʝʜʣʝʥʥʦʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʝ 

ʨʘʩʱʝʧʣʝʥʠʝ ʤʦʛʣʦ ʙʳ ʧʨʠʚʦʜʠʪʴ ʢ ʥʘʢʦʧʣʝʥʠʶ ʮʠʪʦʪʦʢʩʠʯʝʩʢʠʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ BER [78]. 

ʄʠʥʠʤʘʣʴʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ AP-ʩʘʡʪʘ hAPE1, ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʩʭʝʤʝ 1.  

ʉʭʝʤʘ 1. ʄʠʥʠʤʘʣʴʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʦʧʠʩʳʚʘʶʱʠʡ ʨʝʘʢʮʠʶ hAPE1 ʩ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʡ AP-ʩʘʡʪ, ʧʨʝʜʣʦʞʝʥʥʳʡ Maher ʠ Bloom [175]. 

 

ʛʜʝ E ï ʬʝʨʤʝʥʪ, S ï ɼʅʂ-ʩʫʙʩʪʨʘʪ, (EĿS) ï ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, (EĿP) ï ʢʦʤʧʣʝʢʩ 

ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ, P ï ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ.  
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 ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʝ [175] ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʨʝʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 c ɼʅʂ ʩʫʙʩʪʨʘʪʦʤ, ʩʦʜʝʨʞʘʱʠʤ, AP-ʩʘʡʪ, ʩʦʜʝʨʞʠʪ ʢʘʢ ʤʠʥʠʤʫʤ ʝʱʝ 

ʦʜʥʫ ʩʪʘʜʠʶ. ʇʨʠʚʣʝʯʝʥʠʝ ʤʝʪʦʜʘ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè ʚ ʜʘʣʴʥʝʡʰʠʭ ʨʘʙʦʪʘʭ ʧʦʟʚʦʣʠʣʦ 

ʠʟʫʯʠʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʩ ʫʯʘʩʪʠʝʤ hAPE1 ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ, ʩʦʜʝʨʞʘʱʠʡ ʯʝʪʳʨʝ ʩʪʘʜʠʠ (ʩʭʝʤʘ 2): ʜʚʝ 

ʦʙʨʘʪʠʤʳʝ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʠ ʫʟʥʘʚʘʥʠʷ ɸʈ-ʩʘʡʪʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ 

ʬʦʨʤʠʨʫʝʪʩʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʳʡ ʢʦʤʧʣʝʢʩ, ʩʪʘʜʠʶ ʥʝʦʙʨʘʪʠʤʦʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ɸʈ-ʩʘʡʪʘ ʠ ʤʝʜʣʝʥʥʫʶ ʩʪʘʜʠʶ 

ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ [212,213].  

ʉʭʝʤʘ 2. ʄʠʥʠʤʘʣʴʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʦʧʠʩʳʚʘʶʱʠʡ ʨʝʘʢʮʠʶ hAPE1 ʩ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʡ AP-ʩʘʡʪ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʊʠʤʦʬʝʝʚʦʡ ʠ ʢʦʣʣʝʛʘʤʠ [212]. 

 

ʛʜʝ E ï ʬʝʨʤʝʥʪ, S ï ɼʅʂ-ʩʫʙʩʪʨʘʪ, (E·S)i ï ʬʦʨʤʳ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, (E·P) ï 

ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ, P ï ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ.  

 ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʪʦʜʘ «ʧʨʝʨʳʚʘʥʠʷ ʨʝʘʢʮʠʠ» ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʝʪ ʥʝʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʩʢʦʨʦʩʪʴʶ ʨʘʩʱʝʧʣʝʥʠʷ ʥʘʪʫʨʘʣʴʥʦʛʦ AP-ʩʘʡʪʘ ʠ F-

ʩʘʡʪʘ: ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʦʚʳʡ ʘʥʘʣʦʛ ʨʘʩʱʝʧʣʷʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 1,5 ʨʘʟʘ ʤʝʜʣʝʥʥʝʝ. ʂʣʶʯʝʚʦʝ 

ʨʘʟʣʠʯʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʤʝʞʜʫ ʵʪʠʤʠ ʧʦʚʨʝʞʜʝʥʠʷʤʠ ï ʦʪʩʫʪʩʪʚʠʝ ʫ F-ʩʘʡʪʘ ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ ʥʘ 

C1ǋ. ɺ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ hAPE1 ʦʙʨʘʟʫʝʪʩʷ ʦʙʰʠʨʥʘʷ ʩʝʪʴ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʢʦʪʦʨʘʷ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʘʢʪʠʚʘʮʠʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ, ʚʳʩʪʫʧʘʶʱʝʡ ʚ ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ ʜʣʷ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʮʝʧʠ ɼʅʂ [182,214]. ɸ ʚ ʩʣʫʯʘʝ 

ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʦʜʦʨʦʜʥʦʡ ʩʚʷʟʠ ʩ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ ʚ ʧʦʣʦʞʝʥʠʠ C1ǋ 

ʥʝʚʦʟʤʦʞʥʦ. ʀ ʭʦʪʷ ʵʪʦ ʨʘʟʣʠʯʠʝ ʥʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʬʝʨʤʝʥʪʦʤ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʦʥʦ ʤʦʞʝʪ ʠʛʨʘʪʴ ʦʧʨʝʜʝʣʝʥʥʫʶ ʨʦʣʴ ʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʠ 

ʦʧʪʠʤʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʦʚʨʝʞʜʝʥʠʷ ʚʥʫʪʨʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ [199,215].  
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1.2.1.2.2. 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 

 hAPE1 ʯʝʣʦʚʝʢʘ, ʢʘʢ ʠ Xth, ʦʙʣʘʜʘʝʪ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ [216]. ʌʝʨʤʝʥʪʳ 

ʩʧʦʩʦʙʥʳ ʫʜʘʣʷʪʴ 3ǋ-ʢʦʥʮʝʚʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʚʢʣʶʯʘʶʱʠʝ ʢʘʢ ʧʨʠʨʦʜʥʳʝ, ʪʘʢ ʠ ʧʦʚʨʝʞʜʝʥʥʳʝ 

ʦʩʥʦʚʘʥʠʷ ɼʅʂ, 3ǋ-ʢʦʥʮʝʚʳʝ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʝ ʘʥʘʣʦʛʠ ʥʫʢʣʝʦʟʠʜʦʚ, ʙʣʦʢʠʨʫʶʱʠʝ ʢʦʥʮʝʚʳʝ 

ʛʨʫʧʧʳ ʠ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʳʝ ʦʩʥʦʚʘʥʠʷ [11,12,217,218]. ʆʧʪʠʤʫʤ pH ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʩʦʣʝʡ, ʚ ʯʘʩʪʥʦʩʪʠ, Mg
2+
, ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʣʷ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʝʡ hAPE1, ʠʤʝʥʥʦ ʧʦʵʪʦʤʫ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʥʝʷʩʥʳʤ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʵʪʠʭ ʜʚʫʭ ʬʫʥʢʮʠʡ ʚ ʢʣʝʪʢʝ [11]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʯʝʣʦʚʝʢʘ ʷʚʣʷʝʪʩʷ ʥʠʟʢʦʧʨʦʮʝʩʩʠʚʥʦʡ ʠ ʢʘʢ 

ʤʠʥʠʤʫʤ ʚ 100 ʨʘʟ ʥʠʞʝ, ʯʝʤ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ [11,219ï222]. ʕʪʦʪ 

ʬʘʢʪ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʢ ʘʨʛʫʤʝʥʪ ʢ ʪʦʤʫ, ʯʪʦ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʥʝ 

ʷʚʣʷʝʪʩʷ ʙʠʦʣʦʛʠʯʝʩʢʠ ʨʝʣʝʚʘʥʪʥʦʡ. ʆʜʥʘʢʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʘ ʵʪʫ ʪʝʤʫ ʥʝʪ ʝʜʠʥʦʛʦ ʤʥʝʥʠʷ. 

Whitaker ʠ Freudenthal ʚ ʩʚʦʝʤ ʦʙʟʦʨʝ [184] ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩʪʦʠʪ ʩʨʘʚʥʠʚʘʪʴ ʥʝ ʩ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʬʝʨʤʝʥʪʘ, ʘ 

ʩ ʘʢʪʠʚʥʦʩʪʴʶ ʜʨʫʛʠʭ ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ, ʧʨʦʮʝʩʩʠʨʫʶʱʠʭ ʨʘʟʣʠʯʥʳʝ ʭʠʤʠʯʝʩʢʠʝ 

ʛʨʫʧʧʠʨʦʚʢʠ ʥʘ ʢʦʥʮʘʭ ɼʅʂ. ʊʘʢ, 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʦʢʘʟʘʣʘʩʴ ʩʨʘʚʥʠʤʘ 

ʧʦ ʩʚʦʝʡ ʩʢʦʨʦʩʪʠ ʩ ʘʢʪʠʚʥʦʩʪʷʤʠ ʬʝʨʤʝʥʪʦʚ hAPE2, ʪʠʨʦʟʠʣ-ɼʅʂ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟ r1 (TDG1), 

ʧʦʣʠʥʫʢʣʝʦʪʠʜʢʠʥʘʟ r(PNK) ʠ ʪ.ʜ. [184].  

 ʇʨʠ ʚʦʩʩʦʟʜʘʥʠʠ ʧʨʦʮʝʩʩʘ BER in vitro ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʨʘʩʱʝʧʣʝʥʥʦʡ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ, ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʩʫʪʩʪʚʠʷ 

hAPE1. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʚʦʟʤʦʞʥʦʡ ʨʦʣʠ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ ʚ ʪʦʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ BER ʠ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʨʝʧʘʨʘʮʠʠ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ʥʘ 3ǋ-ʢʦʥʮʝ [217]. ɺ 

ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ ʪʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʳʤ ʥʫʢʣʝʦʪʠʜʘʤ ʥʘ 3ǋ-ʢʦʥʮʝ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʝʤ ʢ 

ʥʫʢʣʝʦʪʠʜʘʤ, ʬʦʨʤʠʨʫʶʱʠʤ ʢʣʘʩʩʠʯʝʩʢʠʝ ʋʦʪʩʦʥ-ʂʨʠʢʦʚʩʢʠʝ ʧʘʨʳ ʩ ʦʩʥʦʚʘʥʠʝʤ ʚ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ [11,211,217]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʜʘʥʥʳʭ ʠ ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ hAPE1 

ʬʦʨʤʠʨʫʝʪ ʢʦʤʧʣʝʢʩ ʩ Polɓ [133], ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʢʦʨʨʝʢʪʦʨʘ ʜʣʷ Polɓ ʚ ʭʦʜʝ BER, 

ʧʦʚʳʰʘʷ ʪʦʯʥʦʩʪʴ ʨʝʧʘʨʘʪʠʚʥʦʛʦ ʩʠʥʪʝʟʘ [184]. 3ǋ-5ǋ-ʕʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʪʘʢʞʝ 

ʫʯʘʩʪʚʫʝʪ ʚ çʟʘʯʠʩʪʢʝè 3ǋ-ʢʦʥʮʦʚ ɼʅʂ, ʫʜʘʣʷʷ ʪʘʢʠʝ ʛʨʫʧʧʳ ʢʘʢ 3ǋ-ʬʦʩʬʘʪʳ, ʵʬʠʨʳ 3ǋ-
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ʬʦʩʬʦʛʣʠʢʦʣʷʪʦʚ ʠ 3ǋ-ʢʦʥʮʝʚʳʝ ʬʨʘʛʤʝʥʪʳ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʟʳ [172,216,223]. 3ǋ-ɿʘʤʝʩʪʠʪʝʣʠ 

ʙʣʦʢʠʨʫʶʪ ʨʝʧʣʠʢʘʮʠʶ ʠ ʨʝʧʘʨʘʮʠʶ ɼʅʂ, ʠ ʧʦʵʪʦʤʫ ʜʦʣʞʥʳ ʙʳʪʴ ʫʜʘʣʝʥʳ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʩʠʥʪʝʟʘ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʛʦ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʘʤʠ. ʊʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʜʝʡʩʪʚʠʷ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ʥʘ ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʡ ʦʩʪʦʚ ɼʅʂ [224] ʠʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʚ ʧʨʦʮʝʩʩʝ ʨʝʧʘʨʘʮʠʠ ɼʅʂ [225]. ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ hAPE1 

ʤʦʞʝʪ ʫʜʘʣʷʪʴ 8-oxoG ʩ 3ǋ-ʩʪʦʨʦʥʳ ʨʘʩʱʝʧʣʝʥʥʳʭ ɼʅʂ ʩʫʙʩʪʨʘʪʦʚ in vitro [13]. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʝʪʦʯʥʳʭ ʵʢʩʪʨʘʢʪʦʚ ʧʦʜʪʚʝʨʞʜʘʶʪ ʨʦʣʴ hAPE1 ʚ ʫʜʘʣʝʥʠʠ 3ǋ-8-oxoG ʚ 

ʢʣʝʪʢʝ. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʤʫʪʘʮʠʷ Asp70Ala ʧʨʠʚʦʜʠʣʘ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʜʘʣʝʥʠʷ 3ǋ-ʙʣʦʢʠʨʫʶʱʠʭ ʢʦʥʮʝʚʳʭ ʬʨʘʛʤʝʥʪʦʚ ʬʝʨʤʝʥʪʦʤ 

hAPE1 [226,227]. 

 ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ hAPE1 ʪʘʢʞʝ ʧʨʦʷʚʣʷʝʪ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʪʘʢʠʤ 3ǋ-ʢʦʥʮʝʚʳʤ ʘʥʘʣʦʛʘʤ ʥʫʢʣʝʦʟʠʜʦʚ, ʢʘʢ 3ǋ-ʘʟʠʜʦ-3ǋ-ʜʝʟʦʢʩʠʪʠʤʠʜʠʥ ʠ 2ǋ,3ǋ-

ʜʠʜʝʛʠʜʨʦ-2ǋ3ǋ-ʜʠʜʝʟʦʢʩʠʪʠʤʠʜʠʥ, ʧʨʠʤʝʥʷʝʤʳʤ ʚ ʘʥʪʠʨʝʪʨʦʚʠʨʫʩʥʦʡ ʪʝʨʘʧʠʠ. ʕʪʠ ʜʘʥʥʳʝ 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ hAPE1 ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʡ ʠʥʜʝʢʩ 

ʧʨʦʪʠʚʦʚʠʨʫʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʵʪʦʛʦ ʪʠʧʘ [217].  

1.2.1.2.3. 3ǋ-ʬʦʩʬʘʪʘʟʥʘʷ ʠ 3ǋ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʝʪʦʯʥʳʭ ʵʢʩʪʨʘʢʪʦʚ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʤʝʥʥʦ 

ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʷʚʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʝʡ ʜʣʷ ʨʝʧʘʨʘʮʠʠ ʨʘʟʨʳʚʦʚ ʮʝʧʠ ɼʅʂ, 

ʩʧʨʦʚʦʮʠʨʦʚʘʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 3ǋ-ʬʦʩʬʘʪʳ) ʠ 

ʙʣʝʦʤʠʮʠʥʘ (3ǋ-ʬʦʩʬʦʛʣʠʢʦʣʷʪʳ) [228]. hAPE1 ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʥʦʚʥʦʡ ʬʝʨʤʝʥʪ 

ʜʣʷ ʫʜʘʣʝʥʠʷ ʦʩʪʘʪʢʦʚ 3ǋ-ʬʦʩʬʦʛʣʠʢʦʣʷʪʦʚ ʠʟ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʧʨʦʙʝʣʦʚ ʚ ɼʅʂ [229]. 

ɹʠʦʭʠʤʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʞʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʘʞʥʫʶ ʨʦʣʴ hAPE1 ʚ ʫʜʘʣʝʥʠʠ 3ǋ-

ʙʣʦʢʠʨʫʶʱʠʭ ʛʨʫʧʧ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʜʘʣʝʥʠʷ AP-ʩʘʡʪʦʚ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ ɓ-

ʵʣʠʤʠʥʠʨʦʚʘʥʠʷ, ʢʘʪʘʣʠʟʠʨʫʝʤʦʡ ʥʝʢʦʪʦʨʳʤʠ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʣʠʢʦʟʠʣʘʟʘʤʠ (ʥʘʧʨʠʤʝʨ, 

OGG1 ʠ NTH1). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʧʦʩʦʙʥʦʩʪʴ hAPE1 ʫʜʘʣʷʪʴ 3ǋ-ʙʣʦʢʠʨʫʶʱʠʝ ʛʨʫʧʧʳ 

ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʪʦʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ɼʅʂ. ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ hAPE1 ʫʜʘʣʷʝʪ 3ǋ- 

ʬʦʩʬʦʛʣʠʢʦʣʷʪ ʠʟ ʦ.ʮ. ʨʘʟʨʳʚʘ ɼʅʂ, ʪʦ ʝʩʪʴ ʚ ʩʫʙʩʪʨʘʪʘʭ, ʩ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʤ ʧʨʦʙʝʣʦʤ ʩ 3ǋ-

ʩʪʦʨʦʥ r ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ. ʉʫʙʩʪʨʘʪʳ ʩ çʪʫʧʳʤʠè ʢʦʥʮʘʤʠ ʠʣʠ ʩʦ ʩʚʠʩʘʶʱʠʤ 5ǋ-ʢʦʥʮʦʤ 

ʦʢʘʟʘʣʠʩʴ ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʧʦʜʭʦʜʷʱʠʤʠ ʜʣʷ hAPE1. ʀ, ʥʘʢʦʥʝʮ, hAPE1 ʥʝ ʧʨʦʷʚʣʷʣ 3ǋ-

ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ ʩ 3ǋ-ʩʚʠʩʘʶʱʠʤ ʢʦʥʮʦʤ [230].  
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1.2.1.2.4. ʀʥʮʠʟʠʦʥʥʘʷ ʨʝʧʘʨʘʮʠʷ ʦʩʥʦʚʘʥʠʡ (NIR) 

 ʇʦʤʠʤʦ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʘʢʪʠʚʥʦʩʪʝʡ, ʬʝʨʤʝʥʪ hAPE1 ʪʘʢʞʝ ʩʧʦʩʦʙʝʥ 

ʛʠʜʨʦʣʠʟʦʚʘʪʴ ʜ.ʮ. ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʥʝʢʦʪʦʨʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ 

ʩʪʨʝʩʩʘ, [ʪʘʢʠʝ ʢʘʢ DHU, 2ǋ-ʜʝʟʦʢʩʠ-5,6-ʜʠʛʠʜʨʦʪʠʤʠʜʠʥ (DHT), 5hU, ŬA ʠ ŬT, ʨʠʩʫʥʦʢ 1], ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʬʦʨʤʠʨʫʶʪʩʷ 3ǋ-ʢʦʥʮʝʚʘʷ ʛʠʜʨʦʢʩʠʣʴʥʘʷ ʛʨʫʧʧʘ ʠ 5ǋ-ʢʦʥʮʝʚʦʡ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʥʫʢʣʝʦʪʠʜ [10]. ʇʦʩʢʦʣʴʢʫ ʵʪʘ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʦʪʣʠʯʘʝʪʩʷ ʦʪ AP-

ʵʥʜʦʥʫʢʣʝʘʟʦʡ ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʨʝʘʢʮʠʡ, ʪ.ʢ. ʨʘʩʱʝʧʣʝʥʠʝ ʮʝʧʠ ɼʅʂ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʦʪʩʫʪʩʪʚʠʝ AP-ʩʘʡʪʘ ʠʣʠ ʨʘʟʨʳʚʘ ʚ ɼʅʂ, ʵʪʦʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʧʫʪʴ ʨʝʧʘʨʘʮʠʠ, ʠʥʠʮʠʠʨʫʝʤʳʡ 

hAPE1, ʙʳʣ ʚʳʜʝʣʝʥ ʦʪʜʝʣʴʥʦ ʠ ʥʘʟʚʘʥ ʠʥʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʝʡ ʥʫʢʣʝʦʪʠʜʦʚ. ʕʪʦʪ ʧʫʪʴ 

ʨʝʧʘʨʘʮʠʠ, ʥʝʟʘʚʠʩʠʤʳʡ ʦʪ ʘʢʪʠʚʥʦʩʪʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ, ʥʝ ʛʝʥʝʨʠʨʫʝʪ ʪʦʢʩʠʯʥʳʭ 

ʠʥʪʝʨʤʝʜʠʘʪʦʚ ɼʅʂ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʨʝʧʘʨʘʮʠʠ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ 

ɼʅʂ ʬʝʨʤʝʥʪʘʤʠ BER [40]. ʃʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʠ, 

ʪʘʢʠʝ ʢʘʢ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʦʣʝʡ ʠ pH ʩʨʝʜʳ, ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ NIR-ʘʢʪʠʚʥʦʩʪ ɹ

hAPE1, ʧʨʠʯʝʤ ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʩʭʦʜʥʳ ʩ ʪʘʢʦʚʳʤʠ ʜʣʷ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. 

NIR-ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʘ ʚ ʜʠʘʧʘʟʦʥʝ pH ʦʪ 6,4 ʜʦ 6,8 ʠ ʧʨʠ ʥʠʟʢʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ Mg
2+

 ʠ K
+
 [10]. ɿʘʤʝʥʘ Lys98 ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ hAPE1 ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʝ 

ʪʦʣʴʢʦ ʥʘ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ, ʥʦ ʠ ʥʘ ʝʛʦ NIR-ʘʢʪʠʚʥʦʩʪʴ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ 

ʚʦʚʣʝʯʝʥʥʦʩʪʠ ʝʜʠʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ ʚ ʦʙʝ ʵʪʠ ʨʝʘʢʮʠʠ [231]. ʇʦʩʢʦʣʴʢʫ 

ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʠ ʩʭʦʜʥʳ ʜʣʷ NIR ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʝʩʪʴ ʚʝʨʩʠʷ, 

ʯʪʦ NIR-ʘʢʪʠʚʥʦʩʪʴ ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʨʦʪʝʢʘʶʪ ʧʦ ʩʭʦʜʥʦʤʫ ʤʝʭʘʥʠʟʤʫ [232]. 

ʂʨʦʤʝ ʪʦʛʦ, ʨʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ hAPE1 ʦʪʚʝʯʘʝʪ ʟʘ ʫʜʘʣʝʥʠʝ ʪʘʢʠʭ ʛʨʦʤʦʟʜʢʠʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ ʢʘʢ 3,N
4
-ʙʝʥʟʵʪʝʥʦ-2ǋ-ʜʝʟʦʢʩʠʮʠʪʠʜʠʥ (pBQ-dC), 1,N

6
-ʙʝʥʟʵʪʝʥʦ-2ǋ-

ʜʝʟʦʢʩʠʘʜʝʥʦʟʠʥ (pBQ-dA) ʠ 1,N
2
-ʙʝʥʟʵʪʝʥʦ-2ǋ-ʜʝʟʦʢʩʠʛʫʘʥʦʟʠʥ (pBQ-dG, ʨʠʩʫʥʦʢ 1), ʢʦʪʦʨʳʝ 

ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ ʧ-ʙʝʥʟʦʭʠʥʦʥʘ ï ʦʜʥʦʛʦ ʠʟ ʚʳʩʦʢʦʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ 

ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʙʝʥʟʦʣʘ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʤʦʣʝʢʫʣʷʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʫʧʣʝʢʩʘ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʛʦ pBQ-dC, ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʣʝʢʩʘ ʩ hAPE1 ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʥʝʩʧʠʨʘʣʴʥʳʡ pBQ-dC 

ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʤʝʱʝʥ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ ʩʭʦʜʥʳʤ ʩ AP-ʩʘʡʪʦʤ ʦʙʨʘʟʦʤ, ʧʦʩʨʝʜʩʪʚʦʤ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ ʠ ʬʝʨʤʝʥʪʘ [233]. ʕʪʠ ʜʘʥʥʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʛʦʚʦʨʷʪ ʚ ʧʦʣʴʟʫ ʪʦʛʦ, ʯʪʦ hAPE1 ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ NIR-ʘʢʪʠʚʥʦʩʪʴ ʯʝʨʝʟ ʤʝʭʘʥʠʟʤ, 
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ʩʭʦʜʥʳʡ ʩ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʩʫʱʝʩʪʚʫʝʪ 

ʪʦʯʥʦʡ ʤʦʜʝʣʠ ʪʦʛʦ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ hAPE1 ʩʚʷʟʳʚʘʝʪ ʠ ʨʘʩʱʝʧʣʷʝʪ ɼʅʂ, ʩʦʜʝʨʞʘʱʫʶ 

ʧʦʚʨʝʞʜʝʥʥʳʝ ʦʩʥʦʚʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʨʦʣʴ ʵʪʦʡ ʘʢʪʠʚʥʦʩʪʠ ʥʝ ʜʦ ʢʦʥʮʘ ʷʩʥʘ.  

1.2.1.2.5. ʕʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 

 ʊʘʢʞʝ ʢʘʢ ʠ Xth, ʛʦʤʦʣʦʛʠʯʥʳʡ ʝʤʫ ʬʝʨʤʝʥʪ hAPE1 ʧʨʦʷʚʣʷʝʪ ʘʢʪʠʚʥʦʩʪʴ ʈʅʂʘʟʳ H, 

ʭʦʪʷ ʠ ʤʝʥʝʝ ʚʳʨʘʞʝʥʥʫʶ, ʯʝʤ ʫ E. coli [16]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ hAPE1 ʩʧʦʩʦʙʝʥ ʨʘʩʱʝʧʣʷʪʴ 

ʈʅʂ, ʩʦʜʝʨʞʘʱʫʶ AP-ʩʘʡʪʳ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʤʦʞʥʦʝ ʫʯʘʩʪʠʝ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ ʚ çʢʦʥʪʨʦʣʝ 

ʢʘʯʝʩʪʚʘè ʈʅʂ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʦʚʨʝʞʜʝʥʥʳʝ ʈʅʂ-ʤʘʪʨʠʮʳ ʫʜʘʣʷʶʪʩʷ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʦʰʠʙʦʯʥʦʡ ʪʨʘʥʩʣʷʮʠʠ [15]. hAPE1 ʪʘʢʞʝ ʚʦʚʣʝʯʝʥ ʚ ʫʜʘʣʝʥʠʝ ʤʦʣʝʢʫʣ ʈʅʂ ʠʟ ɼʅʂ-ʈʅʂ 

ʜʫʧʣʝʢʩʦʚ [15] ʠ 3ǋ-ʬʦʩʬʘʪʥʳʭ ʛʨʫʧʧ ʠʟ ʧʨʦʜʫʢʪʦʚ ʨʘʩʧʘʜʘ ʈʅʂ, ʦʙʝʩʧʝʯʠʚʘʷ ʠʭ ʧʦʩʣʝʜʫʶʱʝʝ 

ʨʘʟʨʫʰʝʥʠʝ [184]. ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʶʪ ʜʘʥʥʳʝ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʬʝʨʤʝʥʪ hAPE1 ʩʧʦʩʦʙʝʥ 

ʫʜʘʣʷʪʴ ʧʦʚʨʝʞʜʸʥʥʳʝ ʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʦʰʠʙʦʯʥʦ ʚʩʪʨʦʝʥʥʳʝ ʚ ɼʅʂ. ɺ ʯʘʩʪʥʦʩʪʠ, ʬʝʨʤʝʥʪ 

ʵʬʬʝʢʪʠʚʥʦ ʫʜʘʣʷʝʪ ʠʟ ɼʅʂ ʨʠʙʦ-AP-ʩʘʡʪ, ʠ ʧʨʦʷʚʣʷʝʪ ʩʣʘʙʫʶ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʫʶ ʠ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ r8-oxoG ʚ ɼʅʂ [234]. ɹʦʣʝʝ ʪʦʛʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ hAPE1 ʨʘʩʱʝʧʣʷʝʪ c-myc ʤʈʅʂ ʚ ʢʦʜʠʨʫʶʱʝʡ ʦʙʣʘʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ 

ʵʢʩʧʨʝʩʩʠʠ c-myc, ʥʘʧʨʷʤʫʶ ʩʚʷʟʳʚʘʷ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʩ ʦʙʦʨʦʪʦʤ 

ʤʈʅʂ ʚ ʢʣʝʪʢʘʭ [16]. ɺ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʩʱʝʧʣʝʥʠʝ c-myc 

ʤʈʅʂ ʥʝ ʷʚʣʷʝʪʩʷ ʯʘʩʪʥʳʤ ʩʣʫʯʘʝʤ, ʧʦʩʢʦʣʴʢʫ ʤʠʢʨʦ-ʈʅʂ, CD44 ʠ ʥʝʢʦʪʦʨʳʝ ʢʦʤʧʦʥʝʥʪʳ 

ʢʦʨʦʥʘʚʠʨʫʩʘ SARS ʪʘʢʞʝ ʨʘʩʱʝʧʣʷʶʪʩʷ hAPE1. ʇʨʠ ʵʪʦʤ ʨʘʩʱʝʧʣʝʥʠʝ ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ ʈʅʂ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʜʠʥʫʢʣʝʦʪʠʜʘʤʠ UA, 

UG ʠ CA ʚ ʦ.ʮ. ʫʯʘʩʪʢʘʭ ʈʅʂ [235]. ʊʘʢ ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʙʦʛʘʪʳʝ CA, ʯʘʩʪʦ ʷʚʣʷʶʪʩʷ 

ʩʠʣʴʥʳʤʠ ʵʥʭʘʥʩʝʨʘʤʠ ʠʣʠ ʩʘʡʣʝʥʩʝʨʘʤʠ ʩʧʣʘʡʩʠʥʛʘ [236], hAPE1 ʤʦʞʝʪ ʠʛʨʘʪʴ ʨʦʣʴ ʚ 

ʩʧʣʘʡʩʠʥʛʝ ʥʝʢʦʪʦʨʳʭ ʤʈʅʂ [178,237].  

 ʃʶʙʦʧʳʪʥʦ, ʯʪʦ ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ ʈʅʂ hAPE1 ʥʝ ʪʨʝʙʫʶʪʩʷ ʠʦʥʳ ʜʚʫʭʚʘʣʝʥʪʥʳʭ 

ʤʝʪʘʣʣʦʚ, ʙʦʣʝʝ ʪʦʛʦ, 2 ʤʄ Zn
2+

, Ni
2+

, Cu
2+
, ʠʣʠ Co

2+
 ʠʥʛʠʙʠʨʫʶʪ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ [235]. ʆʜʥʘʢʦ ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ ʈʅʂ ʘʙʩʦʣʶʪʥʦ ʥʝʦʙʭʦʜʠʤʘ ʩʚʦʙʦʜʥʘʷ 2ǋ-

ʛʠʜʨʦʢʩʠʣʴʥʘʷ ʛʨʫʧʧʘ. ʉ ʧʦʤʦʱʴʶ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, 

ʯʪʦ ʤʥʦʛʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ hAPE1, ʠʛʨʘʶʱʠʝ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʦʩʫʱʝʩʪʚʣʝʥʠʠ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʳ ʠ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ. ʕʪʠ ʜʘʥʥʳʝ ʪʘʢʞʝ ʧʦʜʜʝʨʞʠʚʘʶʪ ʤʦʜʝʣʴ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʚʩʝ 
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ʥʫʢʣʝʘʟʥʳʝ ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʨʝʘʣʠʟʫʶʪʩʷ ʙʣʘʛʦʜʘʨʷ ʦʜʥʦʤʫ ʘʢʪʠʚʥʦʤʫ ʮʝʥʪʨʫ ʬʝʨʤʝʥʪʘ. ʊʝʤ 

ʥʝ ʤʝʥʝʝ, ʧʦʩʣʝʜʥʠʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʦʡ ʠ 

AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʠʩʧʦʣʴʟʫʝʪ ʨʘʟʣʠʯʥʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ. 

ɿʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ hAPE1 Asn212, Asp210 ʠ Tyr171 ʧʨʠʚʦʜʷʪ 

ʢ ʧʦʪʝʨʝ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʦʜʥʘʢʦ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʫ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ, ʩʦʜʝʨʞʘʱʠʭ ʵʪʠ ʟʘʤʝʥʳ, ʩʦʭʨʘʥʷʝʪʩʷ. ʊʘʢʞʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʟʘʤʝʥʳ Thr268Asp ʠ Met270Ala ʧʨʠʚʦʜʷʪ ʢ ʧʦʪʝʨʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ hAPE1 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʦʥʪʝʢʩʪʫ ʨʘʩʱʝʧʣʷʝʤʦʡ ʈʅʂ, ʘ ʟʘʤʝʥʳ Arg177Phe ʠ Arg181Ala ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ. ʇʨʠ ʵʪʦʤ ʟʘʤʝʥʘ Asp308Ala ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʩʥʠʞʝʥʠʶ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ hAPE1, ʚʩʣʝʜʩʪʚʠʝ ʧʦʪʝʨʠ ʟʥʘʯʠʤʳʭ ʜʣʷ ʢʘʪʘʣʠʟʘ 

ʢʦʥʪʘʢʪʦʚ ʩ ʦʩʪʘʪʢʦʤ His309 [238].  

 ʂʣʶʯʝʚʦʡ ʨʘʟʥʠʮʝʡ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʘʭ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ 

ʨʘʩʱʝʧʣʷʝʤʦʛʦ ɼʅʂ- ʠʣʠ ʈʅʂ-ʩʫʙʩʪʨʘʪʘ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʘʝʤʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʫʢʪ: ʚʤʝʩʪʦ 3ǋ-

ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʚ ʩʣʫʯʘʝ ɼʅʂ, ʧʨʠ ʨʘʩʱʝʧʣʝʥʠʠ ʈʅʂ hAPE1 ʦʩʪʘʚʣʷʝʪ ʥʘ 3ǋ-ʢʦʥʮʝ 

ʬʦʩʬʘʪʥʫʶ ʛʨʫʧʧʫ [239].  

 ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʩʫʙʩʪʨʘʪʦʚ ʜʣʷ hAPE1 ʈʅʂ-ʰʧʠʣʝʢ, 

ʩʦʜʝʨʞʘʱʠʭ CA ʠʣʠ UA ʜʠʥʫʢʣʝʦʪʠʜʳ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʧʝʪʣʠ ʠʣʠ ʩʪʝʙʣʷ ʰʧʠʣʴʢʠ, ʠ 

ʨʘʟʣʠʯʥʦʡ ʜʣʠʥʦʡ ʧʝʪʣʠ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʢʦʥʪʝʢʩʪʘ ʛʠʜʨʦʣʠʟʫʝʤʦʡ 

ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ, ʥʦ ʠ ʦʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʱʝʧʣʷʝʤʦʛʦ ʩʫʙʩʪʨʘʪʘ. ɸ 

ʧʦʩʢʦʣʴʢʫ ʦʜʥʦʮʝʧʦʯʝʯʥʳʡ ʈʅʂ-ʩʫʙʩʪʨʘʪ ʨʘʩʱʝʧʣʷʝʪʩʷ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦ, ʯʝʤ ʦʙʣʘʜʘʶʱʠʡ 

ʰʧʠʣʝʯʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʜ.ʮ. ʯʘʩʪʴ ʰʧʠʣʴʢʠ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʢʦʥʪʘʢʪʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʤʝʞʜʫ ʬʝʨʤʝʥʪʦʤ ʠ 

ʩʫʙʩʪʨʘʪʦʤ [240].  

1.2.1.2.6. ʈʝʛʫʣʷʮʠʷ ʪʨʘʥʩʢʨʠʧʮʠʠ 

 hAPE1 ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʝʛʫʣʷʮʠʠ ʪʨʘʥʩʢʨʠʧʮʠʠ ʧʦʩʨʝʜʩʪʚʦʤ ʩʪʠʤʫʣʷʮʠʠ 

ʩʚʷʟʳʚʘʥʠʷ ʥʝʢʦʪʦʨʳʭ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʯʝʨʝʟ redox-ʨʝʛʫʣʷʪʦʨʥʳʡ ʤʝʭʘʥʠʟʤ 

[173,241]. ʕʪʦʪ ʬʝʨʤʝʥʪ ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʚ ʨʝʛʫʣʷʮʠʠ ʵʢʩʧʨʝʩʩʠʠ ʥʝʢʦʪʦʨʳʭ ʛʝʥʦʚ ʯʝʣʦʚʝʢʘ 

ʚ ʫʩʣʦʚʠʷʭ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ ʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʟʘʜʝʡʩʪʚʦʚʘʥ ʚ ʨʘʟʚʠʪʠʠ ʥʝʢʦʪʦʨʳʭ 

ʨʘʢʦʚʳʭ ʟʘʙʦʣʝʚʘʥʠʡ [242]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʩʧʦʩʦʙʥʦʩʪʴ hAPE1 ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦ 
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ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʠ redox ʘʢʪʠʚʥʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʫʥʠʢʘʣʴʥʘ ʜʣʷ ʤʣʝʢʦʧʠʪʘʶʱʠʭ. 

ʅʘʧʨʠʤʝʨ, zAPE1 ʨʳʙʳ Danio rerio ʥʝ ʦʙʣʘʜʘʝʪ redox-ʘʢʪʠʚʥʦʩʪʴʶ, ʭʦʪʷ ʚ ʦʩʪʘʣʴʥʦʤ ʷʚʣʷʝʪʩʷ 

ʧʦʣʥʦʮʝʥʥʦʡ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ [243]. ʏʝʨʝʟ ʨʝʛʫʣʷʮʠʶ ʵʢʩʧʨʝʩʩʠʠ ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ 

ʦʧʫʭʦʣʷʤʠ ʛʝʥʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʩʪʠʤʫʣʷʮʠʠ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʡ ʘʢʪʠʚʥʦʩʪʠ ʪʘʢʠʭ 

ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʢʘʢ Egr1, NF-əB, p53, ʠ Hif-1Ŭ, hAPE1 ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ 

ʥʘ ʥʘʯʘʣʦ ʨʘʟʚʠʪʠʷ ʚʦʩʧʘʣʠʪʝʣʴʥʦʛʦ ʠ ʤʝʪʘʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʦʚ [241]. ɹʦʣʝʝ ʪʦʛʦ, ʙʝʣʦʢ 

hAPE1 ʦʢʘʟʘʣʩʷ ʚʦʚʣʝʯʝʥ ʚ ʭʠʤʠʦʨʝʟʠʩʪʝʥʩʪʥʦʩʪʴ ʧʦʩʨʝʜʩʪʚʦʤ ʩʚʦʝʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʩʪʠʤʫʣʠʨʦʚʘʪʴ ʵʢʩʧʨʝʩʩʠʶ ʛʝʥʘ ʤʫʣʴʪʠʨʝʟʠʩʪʝʥʪʥʦʩʪʠ MDR1 ʯʝʨʝʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʝʣʢʦʤ, 

ʩʚʷʟʳʚʘʶʱʠʤ Y-ʙʦʢʩ 1 (Y-box-binding protein 1, YB-1) [244]. ɺ ʥʝʜʘʚʥʦ ʦʧʫʙʣʠʢʦʚʘʥʥʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣʘ ʪʘʢʞʝ ʧʨʝʜʣʦʞʝʥʘ ʨʦʣʴ hAPE1 ʚ ʵʧʠʛʝʥʝʪʠʯʝʩʢʦʡ ʨʝʛʫʣʷʮʠʠ, ʯʝʨʝʟ redox-

ʤʦʜʫʣʷʮʠʶ ʵʢʩʧʨʝʩʩʠʠ ɼʅʂ-ʤʝʪʠʣʪʨʘʥʩʬʝʨʘʟʳ 1 (DNA methyltransferase 1, DNMT1) ʠ 

ʧʦʩʣʝʜʫʶʱʝʝ ʧʦʜʘʚʣʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ Oct4 ʠ Nanog, 

ʨʝʛʫʣʠʨʫʶʱʠʭ ʧʨʦʣʠʬʝʨʘʮʠʶ ʩʪʚʦʣʦʚʳʭ ʢʣʝʪʦʢ ʠ ʩʘʤʦʦʙʥʦʚʣʝʥʠʝ, ʯʝʨʝʟ ʩʧʝʮʠʬʠʯʝʩʢʦʝ 

ʤʝʪʠʣʠʨʦʚʘʥʠʝ ʧʨʦʤʦʪʦʨʦʚ [245]. ʂʨʦʤʝ ʪʦʛʦ, ʥʝ ʪʘʢ ʜʘʚʥʦ ʙʳʣʘ ʚʳʜʚʠʥʫʪʘ ʛʠʧʦʪʝʟʘ, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʦʡ ʨʠʙʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʤʝʪʘʙʦʣʠʟʤʝ ʈʅʂ ʚ ʢʣʝʪʢʝ, 

ʫʯʘʩʪʚʫʷ ʚ ʧʦʩʪ-ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦʤ ʢʦʥʪʨʦʣʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ [242,246ï248].  

 ʂʘʢ ʫʞʝ ʙʳʣʦ ʫʧʦʤʷʥʫʪʦ ʚʳʰʝ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʟʘ ʦʩʫʱʝʩʪʚʣʝʥʠʝ redox-ʘʢʪʠʚʥʦʩʪʠ 

hAPE1 ʦʪʚʝʯʘʝʪ N-ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ ʬʝʨʤʝʥʪʘ, ʧʨʠʯʝʤ 1-61 ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 

ʘʙʩʦʣʶʪʥʦ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʩʪʠʤʫʣʷʮʠʠ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ [146]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ hAPE1 ʤʦʞʥʦ ʠʟʙʠʨʘʪʝʣʴʥʦ ʣʠʰʠʪʴ redox-ʨʝʛʫʣʷʪʦʨʥʦʡ ʬʫʥʢʮʠʠ ʠ ʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, 

ʠʩʧʦʣʴʟʫʷ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʳʡ ʤʫʪʘʛʝʥʝʟ [249,250], ʪʦʯʥʳʝ ʜʝʪʘʣʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʝʭʘʥʠʟʤʘ, 

ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʪʦʨʦʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʘʢʪʠʚʘʮʠʷ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʵʪʠʤ ʬʝʨʤʝʥʪʦʤ 

ʦʩʪʘʝʪʩʷ ʥʝʷʩʥʦʡ [251]. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʠ ʦʜʠʥ ʠʟ ʦʩʪʘʪʢʦʚ ʮʠʩʪʝʠʥʘ ʚ hAPE1 ʥʝ ʚʭʦʜʠʪ ʚ ʤʦʪʠʚ 

C-X-X-C, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʦʙʱʠʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ redox-ʨʝʛʫʣʷʪʦʨʥʳʭ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ 

ʪʠʦʨʝʜʦʢʩʠʥ, ʢʣʝʪʦʯʥʳʡ ʢʦʤʧʦʥʝʥʪ, ʢʦʪʦʨʳʡ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚʦʚʣʝʯʝʥ ʚ redox-ʨʝʛʫʣʷʮʠʶ 

hAPE1 ʯʝʨʝʟ ʪʠʦʣ/ʜʠʩʫʣʴʬʠʜʥʳʡ ʦʙʤʝʥ ʩ ʬʝʨʤʝʥʪʦʤ [9,252]. ʂʨʦʤʝ ʪʦʛʦ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ redox-ʘʢʪʠʚʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʠʩʫʣʴʬʠʜʥʦʡ ʩʚʷʟʠ. ʀ, ʭʦʪʷ 

ʨʝʟʫʣʴʪʘʪʳ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʦʚʦʨʷʪ ʚ ʧʦʣʴʟʫ ʪʦʛʦ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ Cys65 

ʠʛʨʘʝʪ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʚ ʦʧʦʩʨʝʜʦʚʘʥʥʦʡ ʪʠʦʣʦʤ redox ʨʝʘʢʮʠʠ [249,252,253], 3D-ʣʦʢʘʣʠʟʘʮʠʷ 

ʦʩʪʘʣʴʥʳʭ ʰʝʩʪʠ ʦʩʪʘʪʢʦʚ ʮʠʩʪʝʠʥʘ hAPE1 ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʤ ʩʬʦʨʤʠʨʦʚʘʪʴ ʜʠʩʫʣʴʬʠʜʥʫʶ ʩʚʷʟʴ 

ʩ Cys65. ʇʦ ʜʘʥʥʳʤ Bazlekowa-Karaban ʩ ʢʦʣʣʝʛʘʤʠ [146], ʪʘʢʘʷ ʩʚʷʟʴ ʚʦʟʤʦʞʥʘ ʤʝʞʜʫ 



45 
 

ʦʩʪʘʪʢʘʤʠ Cys65 ʠ Cys93, ʦʜʥʘʢʦ, ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʵʪʦ ʤʘʣʦʚʝʨʦʷʪʥʦ 

[9]. ʊʘʢʞʝ, ʧʦ ʥʝʢʦʪʦʨʳʤ ʜʘʥʥʳʤ, ʧʨʠʥʠʤʘʪʴ ʫʯʘʩʪʠʝ ʚ redox ʬʫʥʢʮʠʠ hAPE1 ʤʦʞʝʪ ʦʩʪʘʪʦʢ 

Cys99 [254].  

 ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʝʪ ʠʥʪʝʨʝʩʥʘʷ ʪʝʦʨʠʷ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ, ʦʧʦʩʨʝʜʦʚʘʥʥʘʷ hAPE1 

ʨʝʛʫʣʷʮʠʷ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʟʘ ʩʯʸʪ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʥʦ ʧʦ ʩʦʚʝʨʰʝʥʥʦ ʠʥʦʤʫ ʧʫʪʠ. ʅʝʜʘʚʥʦ ʛʨʫʧʧʦʡ ʉʘʧʘʨʙʘʝʚʘ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʝʨʤʝʥʪ hAPE1 ʩʚʷʟʳʚʘʝʪʩʷ ʩ ɼʅʂ ʢʦʦʧʝʨʘʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ, ʬʦʨʤʠʨʫʷ 

ʩʪʨʫʢʪʫʨʳ, ʧʦʜʦʙʥʳʝ ʬʠʣʘʤʝʥʪʘʤ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤ 

ʠʟʤʝʥʝʥʠʷʤ ʮʝʧʠ ɼʅʂ ʠ ʫʚʝʣʠʯʝʥʠʶ ʘʬʬʠʥʥʦʩʪʠ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ ʢ 

ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʯʘʩʪʢʘʤ ɼʅʂ [146].  

1.2.1.3. AP-ʵʥʜʦʥʫʢʣʝʘʟʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʝʤʝʡʩʪʚʘ Xth ʠʟ ʜʨʫʛʠʭ ʚʠʜʦʚ  

 ɻʝʥʳ, ʢʦʜʠʨʫʶʱʠʝ ʬʝʨʤʝʥʪʳ APE1 ʫ ʧʦʟʚʦʥʦʯʥʳʭ, ʚʳʩʦʢʦʢʦʥʩʝʨʚʘʪʠʚʥʳ, ʠ ʛʝʥ ape1 D. 

rerio (zebrafish, zAPE1) ʥʘ 67% ʠʜʝʥʪʠʯʝʥ ʛʝʥʫ hape1 ʯʝʣʦʚʝʢʘ [253]. ʕʪʦʪ ʛʝʥ ʢʦʜʠʨʫʝʪ ʙʝʣʦʢ ʩ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ ʧʨʠʤʝʨʥʦ 35 ʢɼʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ zAPE1, ʪʘʢʞʝ ʢʘʢ ʠ hAPE1, ʦʙʣʘʜʘʝʪ 

AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ ʩʣʘʙʦʡ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʷʤʠ [255].  

 ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ zAPE1, ʚ ʦʪʣʠʯʠʝ ʦʪ ʬʝʨʤʝʥʪʘ ʯʝʣʦʚʝʢʘ, ʥʝ ʧʨʦʷʚʣʷʝʪ redox-

ʘʢʪʠʚʥʦʩʪʠ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

ʦʩʪʘʪʢʫ Cys65 hAPE1, ʫ ʬʝʨʤʝʥʪʘ zAPE1 ʟʘʤʝʥʝʥ ʥʘ ʦʩʪʘʪʦʢ Thr58. ɺ ʧʦʣʴʟʫ ʵʪʦʡ ʛʠʧʦʪʝʟʳ 

ʛʦʚʦʨʠʪ ʪʘʢ ʞʝ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʤʫʪʘʥʪʥʘʷ ʬʦʨʤʘ zAPE1 ʩ ʟʘʤʝʥʦʡ Thr58Cys ʧʨʦʷʚʣʷʝʪ ʵʪʫ 

ʘʢʪʠʚʥʦʩʪʴ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʜʪʚʝʨʞʜʘʝʪ ʫʥʠʢʘʣʴʥʫ  ʁ ʨʦʣɹ ʦʩʪʘʪʢʘ Cys65 hAPE1 ʚ 

ʨʝʘʣʠʟʘʮʠʠ redox-ʘʢʪʠʚʥʦʩʪʠ ʜʘʥʥʦʛʦ ʬʝʨʤʝʥʪʘ [253]. ɺ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʨʘʙʦʪʘʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ zAPE1, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʧʨʠʥʠʤʘʝʪ ʘʢʪʠʚʥʦʝ ʫʯʘʩʪʠʝ ʚ ʵʢʩʧʨʝʩʩʠʠ ʜʨʫʛʠʭ ʙʝʣʢʦʚ ʚ ʦʨʛʘʥʠʟʤʝ 

zebrafish ʯʝʨʝʟ ʨʝʛʫʣʷʮʠʶ ʨʘʙʦʪʳ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦʛʦ ʬʘʢʪʦʨʘ Creb1. ʉʫʜʷ ʧʦ ʚʩʝʤʫ, ʵʪʘ 

ʨʝʛʫʣʷʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʨʝʜʩʪʚʦʤ ʤʝʭʘʥʠʟʤʘ, ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʢʦʪʦʨʦʤ ʠʛʨʘʝʪ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ zAPE1. ʆʪʩʫʪʩʪʚʠʝ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ ʧʨʠʚʦʜʠʪ ʢ Creb1-ʟʘʚʠʩʠʤʦʤʫ 

ʩʥʠʞʝʥʠʶ ʵʢʩʧʨʝʩʩʠʠ ʪʘʢʠʭ ʨʝʧʘʨʘʮʠʦʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʢʘʢ OGG1 ʠ Polɓ [256,257]. ʊʘʢʞʝ 

ʧʨʦʤʦʪʦʨʳ ʤʥʦʛʠʭ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʬʘʢʪʦʨʦʚ, ʚʦʚʣʝʯʝʥʥʳʭ ʚ ʨʘʟʚʠʪʠʝ ʤʦʟʛʘ, ʩʦʜʝʨʞʘʪ 

ʩʘʡʪʳ ʩʚʷʟʳʚʘʥʠʷ Creb1 [257].  

 ɺ 1994 Matsumoto ʠ ʢʦʣʣʝʛʘʤʠ ʙʳʣʘ ʠʟʫʯʝʥʘ ʘʢʪʠʚʥʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʬʨʘʢʮʠʡ, 

ʚʳʜʝʣʝʥʥʳʭ ʠʟ ʦʦʮʠʪʦʚ Xenopus laevis, ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ AP-ʩʘʡʪ. ʆʜʥʘ ʠʟ 
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ʦʯʠʱʝʥʥʳʭ ʬʨʘʢʮʠʡ ʧʨʦʷʚʣʷʣʘ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʨʘʩʱʝʧʣʷʷ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ 

ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ ʠ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʩʦʜʝʨʞʘʣʘ ʛʦʤʦʣʦʛ hAPE1 [258]. ʇʦʟʜʥʝʝ ʧʨʠ ʩʝʢʚʝʥʠʨʦʚʘʥʠʠ 

ʛʝʥʦʤʘ X. laevis ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʛʝʥ, ʢʦʜʠʨʫʶʱʠʡ ʛʦʤʦʣʦʛ AP-ʵʥʜʦʥʫʢʣʝʘʟʳ 1 ʯʝʣʦʚʝʢʘ, 

ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʝʩʪʴ [259], ʦʜʥʘʢʦ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʳʜʝʣʝʥʠʶ ʠ ʠʟʫʯʝʥʠʶ ʜʘʥʥʦʛʦ 

ʬʝʨʤʝʥʪʘ ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ.  

 AP-ʵʥʜʦʥʫʢʣʝʘʟʘ Drosophila melanogaster Rrp1 (recombination repair protein 1) ʪʘʢʞʝ 

ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʩʝʤʝʡʩʪʚʫ ʵʥʜʦʥʫʢʣʝʘʟ Xth [260]. 252 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʘ ʉ-ʢʦʥʮʝʚʦʛʦ 

ʬʨʘʛʤʝʥʪʘ Rrp1 ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ ʛʦʤʦʣʦʛʠʠ ʩ Xth ʠ hAPE1, ʠ ʠʤʝʥʥʦ ʵʪʦʪ ʜʦʤʝʥ 

ʬʝʨʤʝʥʪʘ ʧʨʦʷʚʣʷʝʪ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ, 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ, 3ǋ-ʬʦʩʬʘʪʘʟʥʫʶ ʠ 3ǋ-

ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ N-ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ Rrp1, ʩʦʩʪʦʷʱʠʡ ʠʟ 421 

ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ, ʥʘʩʢʦʣʴʢʦ ʠʟʚʝʩʪʥʦ, ʥʝ ʦʙʣʘʜʘʝʪ ʛʦʤʦʣʦʛʠʝʡ ʥʠ ʩ ʢʘʢʠʤ ʜʨʫʛʠʤ 

ʙʝʣʢʦʤ ʠ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ in vitro, ʧʨʦʷʚʣʷʝʪ ʫʥʠʢʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 

ʪʘʢʠʝ ʢʘʢ ʧʝʨʝʥʦʩ ʮʝʧʝʡ ɼʅʂ ʠ ʨʝʥʘʪʫʨʘʮʠʷ ʦʜʥʦʮʝʧʦʯʝʯʥʦʡ ɼʅʂ ʚ ʛʦʤʦʣʦʛʠʯʥʦʡ 

ʨʝʢʦʤʙʠʥʘʮʠʠ [261]. ʉʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ ʜʘʥʥʳʝ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ Rrp1 ʤʦʞʝʪ ʧʨʠʥʠʤʘʪʴ 

ʫʯʘʩʪʠʝ ʚ ʨʝʧʘʨʘʮʠʠ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ in vivo [262]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ Rrp1 ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʪʝʢʩʪʘ ʠ ʧʨʠʨʦʜʳ ʫʜʘʣʷʝʤʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʠ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʘ ʥʘ ʫʯʘʩʪʢʘʭ ɼʅʂ, ʙʦʛʘʪʳʭ ʧʫʨʠʥʘʤʠ, ʯʝʤ ʧʠʨʠʤʠʜʠʥʘʤʠ [263]. ʊʘʢʞʝ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʬʝʨʤʝʥʪ ʦʢʘʟʳʚʘʝʪ ʧʨʝʜʧʦʯʪʝʥʠʝ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʳʤ ʥʫʢʣʝʦʪʠʜʘʤ 

ʥʘ 3ǋ-ʢʦʥʮʝ, ʪʘʢʞʝ ʢʘʢ ʠ hAPE1 [264]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 3ǋ-

ʘʢʪʠʚʥʦʩʪʠ Rrp1 ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʝʪ N-ʢʦʥʮʝʚʦʡ ʜʦʤʝʥ ʬʝʨʤʝʥʪʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

ʩʣʫʯʘʝ hAPE1 ʯʝʣʦʚʝʢʘ ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ [265]. 

1.2.2. ʉʪʨʫʢʪʫʨʥʦʝ ʩʝʤʝʡʩʪʚʦ Nfo 

 ɻʦʤʦʣʦʛʠ ʵʥʜʦʥʫʢʣʝʘʟʳ IV E. coli (Nfo) ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʠ ʠʟʫʯʝʥʳ ʚ ʥʝʩʢʦʣʴʢʠʭ 

ʢʣʶʯʝʚʳʭ ʤʦʜʝʣʴʥʳʭ ʦʨʛʘʥʠʟʤʘʭ. ʋ ʜʨʦʞʞʝʡ S. cerevisiae ʧʨʝʜʩʪʘʚʠʪʝʣʴ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʩʝʤʝʡʩʪʚʘ Nfo Apn1 ʦʩʫʱʝʩʪʚʣʷʝʪ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʦʚ ʚ ʢʣʝʪʢʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ, ʚ ʢʦʪʦʨʳʭ ʚʝʜʫʱʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʛʦʤʦʣʦʛ Xth hAPE1 [266,267]. APN1 ʪʘʢʞʝ 

ʚʥʦʩʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʫ ʥʝʤʘʪʦʜ Caenorhabditis elegans 

(C. elegans) [268]. ʋ ʜʨʫʛʦʛʦ ʚʠʜʘ ʜʨʦʞʞʝʡ, Schizosaccharomyces pombe (S. pombe), ʪʘʢʞʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʛʦʤʦʣʦʛ Nfo, ʦʜʥʘʢʦ ʦʥ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʥʝ ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʦʡ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ 

ʵʪʦʛʦ ʦʨʛʘʥʠʟʤʘ, ʯʪʦ ʜʝʣʘʝʪ ʩʧʦʩʦʙ ʨʝʧʘʨʘʮʠʠ AP-ʩʘʡʪʦʚ ʫ S. pombe ʩʭʦʜʥʳʤ ʩʢʦʨʝʝ ʩ 



47 
 

ʤʣʝʢʦʧʠʪʘʶʱʠʤʠ, ʥʝʞʝʣʠ ʩ S. cerevisiae [269]. ʅʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʷʟʳʚʘʶʪ ʥʠʟʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ ʛʦʤʦʣʦʛʘ Apn1 S. pombe ʩ ʪʝʤ, ʯʪʦ ʣʘʙʦʨʘʪʦʨʥʳʡ ʰʪʘʤʤ ʵʪʠʭ ʜʨʦʞʞʝʡ ʩʦʜʝʨʞʠʪ 

ʥʝʢʦʜʠʨʫʶʱʫʶ ʤʫʪʘʮʠʶ ʚ ʛʝʥʝ apn1 [270]. ʇʨʝʜʩʪʘʚʠʪʝʣʠ ʩʝʤʝʡʩʪʚʘ Nfo ʪʘʢʞʝ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʫ ʥʝʢʦʪʦʨʳʭ ʨʳʙ (D. rerio) ʠ ʣʷʛʫʰʝʢ (Xenopus tropicalis), ʦʜʥʘʢʦ ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʵʪʠ ʬʝʨʤʝʥʪʳ ʥʝ ʙʳʣʠ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʳ. ɻʦʤʦʣʦʛʠ Nfo ʦʙʥʘʨʫʞʝʥʳ ʠ ʫ ʥʝʢʦʪʦʨʳʭ 

ʧʘʪʦʛʝʥʥʳʭ ʦʨʛʘʥʠʟʤʦʚ, ʪʘʢʠʭ ʢʘʢ Candida albicans ʠ Plasmodium falciparum, ʯʪʦ ʚ ʧʝʨʩʧʝʢʪʠʚʝ 

ʜʝʣʘʝʪ ʵʪʦʪ ʬʝʨʤʝʥʪ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʤʠʰʝʥʴʶ ʜʣʷ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ, ʧʨʦʪʠʚʦʛʨʠʙʢʦʚʳʭ ʠ 

ʘʥʪʠʤʘʣʷʨʠʡʥʳʭ ʘʛʝʥʪʦʚ [271]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʧʦʢʘ ʥʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʛʦʤʦʣʦʛʦʚ Nfo ʫ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʠ ʥʘʩʝʢʦʤʳʭ, ʠ ʨʝʧʘʨʘʮʠʷ AP-ʩʘʡʪʦʚ ʫ ʵʪʠʭ ʦʨʛʘʥʠʟʤʦʚ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʧʦʣʥʦʩʪʴʶ ʟʘʚʠʩʠʪ ʦʪ ʯʣʝʥʦʚ ʩʝʤʝʡʩʪʚʘ Xth [161]. ʊʘʢʞʝ ʢʘʢ ʠ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ, ʫ E. coli 

ʦʩʥʦʚʥʳʤ ʬʝʨʤʝʥʪʦʤ, ʦʪʚʝʯʘʶʱʠʤ ʟʘ ʨʝʧʘʨʘʮʠʶ AP-ʩʘʡʪʦʚ, ʷʚʣʷʝʪʩʷ Xth, ʦʜʥʘʢʦ ʚ ʫʩʣʦʚʠʷʭ 

ʩʪʨʝʩʩʘ ʙʘʢʪʝʨʠʠ ʩʧʦʩʦʙʥʳ ʧʨʠʚʣʝʢʘʪʴ ʠ Nfo [272,273]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʩʪʘʝʪʩʷ 

ʥʝʷʩʥʳʤ, ʢʘʢʦʝ ʠʟ ʩʝʤʝʡʩʪʚ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ ʚʦʟʥʠʢʣʦ ʨʘʥʴʰʝ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ, ʩ ʫʯʝʪʦʤ ʪʦʛʦ, 

ʯʪʦ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʠ Xth ʠ Nfo ʤʦʞʥʦ ʚʩʪʨʝʪʠʪʴ ʫ ʥʝʢʦʪʦʨʳʭ ʚʠʜʦʚ ʘʨʭʝʡ. 

ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʜʚʫʭ ʩʝʤʝʡʩʪʚ ʠʤʝʶʪ 

ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʣʠʯʥʳʝ, ʥʝʟʘʚʠʩʠʤʦ ʚʦʟʥʠʢʰʠʝ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ 

ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʟʘʜʘʯʠ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʪʨʫʢʪʫʨʥʦʝ ʷʜʨʦ ʯʣʝʥʦʚ ʩʝʤʝʡʩʪʚʘ Xth ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʯʝʪʳʨʝʭʩʣʦʡʥʳʡ Ŭ/ɓ ʩʵʥʜʚʠʯ, ʦʩʥʦʚʫ ʬʝʨʤʝʥʪʘ Nfo ʩʦʩʪʘʚʣʷʝʪ ʪʨʠʦʟʦʬʦʩʬʘʪʠʟʦʤʝʨʘʟʥʘʷ 

ʫʢʣʘʜʢʘ ʪʠʧʘ çʙʦʯʦʥʦʢè (TIM-barrel, triosephosphate isomerase), ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ ʚʦʩʴʤʴʶ Ŭ-

ʩʧʠʨʘʣʷʤʠ ʠ ʜʝʚʷʪʴʶ ʧʘʨʘʣʣʝʣʴʥʳʤʠ ɓ-ʩʢʣʘʜʢʘʤʠ [161]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʬʝʨʤʝʥʪʳ ʦʙʦʠʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʩʝʤʝʡʩʪʚ ʠʩʧʦʣʴʟʫʶʪ ʫʚʝʣʠʯʝʥʥʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʚ ʦʙʣʘʩʪʠ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ, ʠ ʜʣʷ ʦʙʦʠʭ ʭʘʨʘʢʪʝʨʥʦ ʚʥʝʜʨʝʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ 

ʤʘʣʫʶ ʙʦʨʦʟʜʢʫ ɼʅʂ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, Nfo, ʚ ʦʪʣʠʯʠʝ ʦʪ hAPE1, 

ʧʨʝʪʝʨʧʝʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʩʚʷʟʳʚʘʥʠʷ ʩ AP-

ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ. ʀ hAPE1, ʠ Nfo ʨʘʩʱʝʧʣʷʶʪ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ɼʅʂ ʧʦʩʨʝʜʩʪʚʦʤ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ, ʥʦ ʢʣʶʯʝʚʳʤ ʨʘʟʣʠʯʠʝʤ ʚ ʤʝʭʘʥʠʟʤʝ ʛʠʜʨʦʣʠʟʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʜʣʷ 

ʢʘʪʘʣʠʟʘ ʬʝʨʤʝʥʪʘʤ ʪʠʧʘ Xth ʪʨʝʙʫʝʪʩʷ ʠʦʥ Mg
2+
, ʘ ʬʝʨʤʝʥʪʘʤ ʪʠʧʘ Nfo ʪʨʠ ʠʦʥʘ Zn

2+
 

[162,199,200,274].  
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1.2.2.1. ʕʥʜʦʥʫʢʣʝʘʟʘ IV E. coli 

 ʅʦʢʘʫʪʠʨʦʚʘʥʥʳʝ ʧʦ ʛʝʥʫ ʦʩʥʦʚʥʦʡ ʢʣʝʪʦʯʥʦʡ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʳ ʚʘʨʠʘʥʪʳ E. coli ʪʝʤ ʥʝ 

ʤʝʥʝʝ ʩʦʭʨʘʥʷʶʪ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʵʪʦʡ ʦʩʪʘʪʦʯʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʦʪʥʦʩʠʪʩʷ ʢ Nfo. ʆʙʥʘʨʫʞʝʥʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʪʣʠʯʠʷ Nfo ʦʪ Xth. ʅʘʧʨʠʤʝʨ, Nfo 

ʧʨʦʷʚʣʷʝʪ ʚʳʩʦʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʠ ʥʝ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʜʦʙʘʚʣʝʥʠʶ ʚ ʨʘʩʪʚʦʨ 

ʕɼʊɸ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʦʯʥʦʤ ʩʚʷʟʳʚʘʥʠʠ ʠʦʥʦʚ ʤʝʪʘʣʣʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ [275]. 

ʊʘʢʞʝ ʢʘʢ hAPE1 ʠ Xth, Nfo ʷʚʣʷʝʪʩʷ 5ǋ-AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ ʠ 3ǋ-ʨʝʧʘʨʘʮʠʦʥʥʦʡ ʜʠʵʩʪʝʨʘʟʦʡ, 

ʢʦʪʦʨʘʷ ʩʧʦʩʦʙʥʘ ʫʜʘʣʷʪʴ 3ǋ-ʙʣʦʢʠʨʫʶʱʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ [276,277]. Nfo ʚʦʚʣʝʯʝʥ ʚ ʧʫʪʴ 

ʨʝʧʘʨʘʮʠʠ NIR ʠ ʩʧʦʩʦʙʝʥ ʫʟʥʘʚʘʪʴ ʚ ɼʅʂ ʰʠʨʦʢʠʡ ʨʷʜ ʧʦʚʨʝʞʜʝʥʠʡ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ ʠʣʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ DHU, 

5hU, 5hC ʠ Ŭ-ʘʥʦʤʝʨʳ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ [38,40,41,278].  

 ʆʯʠʱʝʥʥʳʡ ʬʝʨʤʝʥʪ Nfo ʦʙʣʘʜʘʝʪ ʪʘʢʞʝ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʧʨʠʯʝʤ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʘ ʘʢʪʠʚʥʦʩʪʴ ʜʦʚʦʣʴʥʦ ʭʦʨʦʰʦ ʨʘʙʦʪʘʝʪ ʚ ʢʦʥʪʝʢʩʪʝ ʨʘʩʱʝʧʣʝʥʠʷ AP-

ʩʘʡʪʘ ʠ ʩʧʝʮʠʬʠʯʥʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ çʫʪʦʧʣʝʥʥʳʤè 3ǋ-ʢʦʥʮʘʤ [279]. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ NIR-ʘʢʪʠʚʥʦʩʪʴ ʠ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ Nfo ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʠ ʛʝʥʝʪʠʯʝʩʢʠ ʩʚʷʟʘʥʳ, ʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʙʦʠʭ 

ʪʠʧʦʚ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪ ʠʩʧʦʣʴʟʫʝʪ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʠ ʤʝʭʘʥʠʟʤ ʢʘʪʘʣʠʟʘ 

[278]. Nfo ʦʙʣʘʜʘʝʪ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 30 ï 33 ʢɼʘ, ʦʧʪʠʤʘʣʴʥʳʡ ʜʣʷ ʨʘʙʦʪʳ pH ʣʝʞʠʪ ʚ 

ʜʠʘʧʘʟʦʥʝ 8,0 - 8,5. AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Mg
2+

, 

ʦʜʥʘʢʦ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʢʦʥʮʝʥʪʨʘʮʠʠ NaCl ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ [67]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ 

ʵʢʩʧʨʝʩʩʠʷ Nfo ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ [273], ʪʘʢʞʝ ʢʘʢ 

ʠ ʵʢʩʧʨʝʩʩʠʷ hAPE1 ʯʝʣʦʚʝʢʘ [280].  

 ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ Nfo E. coli ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʩʝʤʝʡʩʪʚʘ Endo 

IV, ʢʦʪʦʨʳʡ ʙʳʣ ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥ [271,274]. ʉʚʷʟʳʚʘʥʠʝ ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ AP-

ʩʘʡʪ, ʦʧʦʩʨʝʜʦʚʘʥʦ ʧʷʪʴʶ ʧʝʪʣʝʚʳʤʠ ʫʯʘʩʪʢʘʤʠ ʬʝʨʤʝʥʪʘ, ʨʘʩʧʦʟʥʘʶʱʠʤʠ ɼʅʂ, ʢʦʪʦʨʳʝ 

ʨʘʩʧʦʣʦʞʝʥʳ ʚ C-ʢʦʥʮʝʚʦʤ ʫʯʘʩʪʢʝ ʬʝʨʤʝʥʪʘ. ʕʪʠ ʧʝʪʣʠ ʬʦʨʤʠʨʫʶʪ ʧʦʚʝʨʭʥʦʩʪʴ ʩ 

ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʟʘʨʷʜʦʤ, ʢʦʪʦʨʘʷ ʭʦʨʦʰʦ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʤ 

ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ ɼʅʂ. ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʚʭʦʜʷʱʠʝ ʚ ʩʦʩʪʘʚ ʵʪʠʭ ʧʝʪʝʣʴ, 

ʬʦʨʤʠʨʫʶʪ ʢʦʥʪʘʢʪʳ ʩ ʥʫʢʣʝʦʪʠʜʘʤʠ ʥʘ ʦʙʝʠʭ ʮʝʧʷʭ ɼʅʂ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠ ʯʝʨʝʟ 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʤʦʣʝʢʫʣʳ ʚʦʜʳ [162]. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʚʘ ʠʦʥʘ 
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Zn
2+

 ʢʦʦʨʜʠʥʠʨʫʶʪ ʤʦʣʝʢʫʣʫ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʥʫʢʣʝʦʬʠʣʘ. ʊʨʝʪʠʡ ʠʦʥ Zn
2+

 

ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʚʦʟʥʠʢʘʶʱʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʱʝʧʣʝʥʠʷ 3ǋ-ʛʠʜʨʦʢʩʠʣ (ʨʠʩʫʥʦʢ 10). ɿʘʤʝʥʘ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ, ʢʦʦʨʜʠʥʠʨʫʶʱʠʭ ʠʦʥ ʤʝʪʘʣʣʘ, ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʚʘʞʥʦʡ ʨʦʣʠ ʚʩʝʭ ʪʨʝʭ ʠʦʥʦʚ 

Zn
2+

 ʚ ʢʘʪʘʣʠʟʝ [271]. 

 ʂʘʢ ʠ hAPE1, Nfo ʚʳʚʦʨʘʯʠʚʘʝʪ AP-ʩʘʡʪ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ɼʅʂ, ʦʜʥʘʢʦ ʧʘʨʘʣʣʝʣʴʥʦ 

ʵʪʦʪ ʬʝʨʤʝʥʪ ʚʳʚʦʨʘʯʠʚʘʝʪ ʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʡ ʥʫʢʣʝʦʪʠʜ (ʨʠʩʫʥʦʢ 11). ʇʨʠ ʵʪʦʤ Nfo ʠʟʛʠʙʘʝʪ 

ɼʅʂ ʧʦʜ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳʤ ʫʛʣʦʤ, ʯʝʤ hAPE1 ï 90Á ʠ 35Á ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [181,274]. 

ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʧʦʚʳʰʝʥʥʘʷ ʛʠʙʢʦʩʪʴ ɼʅʂ ʚ ʦʙʣʘʩʪʠ AP-ʩʘʡʪʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʧʝʮʠʬʠʯʥʦʤʫ 

ʫʟʥʘʚʘʥʠʶ ʧʦʚʨʝʞʜʝʥʠʷ ʠ ʧʦʤʦʛʘʝʪ ʠʟʙʝʞʘʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ [162]. ɺ ʭʦʜʝ 

ʚʳʚʦʨʘʯʠʚʘʥʠʷ AP-ʩʘʡʪʘ Nfo ʩʘʤ ʧʨʝʪʝʨʧʝʚʘʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʧʦʟʚʦʣʷʶʪ ʚʳʩʦʢʦʢʦʥʩʝʨʚʘʪʠʚʥʳʤ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʘʤ Tyr72 ʠ Arg37 ʩʬʦʨʤʠʨʦʚʘʪʴ 

ʩʪʵʢʠʥʛʦʚʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʦʩʝʜʥʠʤʠ ʦʩʥʦʚʘʥʠʷʤʠ ʩ 5ǋ- ʠ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ, ʯʪʦʙʳ 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʚʳʚʝʨʥʫʪʫʶ ʢʦʥʬʦʨʤʘʮʠʶ ɼʅʂ [271]. ʉʫʜʷ ʧʦ ʚʩʝʤʫ, ʧʨʠʨʦʜʘ ʦʩʥʦʚʘʥʠʷ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʧʨʦʪʠʚ ʧʦʚʨʝʞʜʝʥʠʷ, ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʧʦʚʨʝʞʜʝʥʠʷ, 

ʪʘʢ ʢʘʢ ʬʝʨʤʝʥʪ ʥʝ ʬʦʨʤʠʨʫʝʪ ʢʦʥʪʘʢʪʳ ʩ ʚʳʚʝʨʥʫʪʳʤ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʤ ʦʩʥʦʚʘʥʠʝʤ. ʆʜʥʘʢʦ 

ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ, ʚʳʚʝʨʥʫʪʘʷ ʢʦʥʬʦʨʤʘʮʠʷ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ Trp39, ʘʪʦʤʳ ʘʟʦʪʘ ʦʩʥʦʚʥʦʡ ʘʤʠʜʥʦʡ ʠ ʙʦʢʦʚʦʡ 

ʠʥʜʦʣʴʥʦʡ ʛʨʫʧʧ ʢʦʪʦʨʦʛʦ ʬʦʨʤʠʨʫʶʪ ʢʦʥʪʘʢʪʳ ʩ ʬʦʩʬʘʪʥʳʤʠ ʛʨʫʧʧʘʤʠ ʩ ʜʚʫʭ ʩʪʦʨʦʥ ʦʪ 

ʦʩʥʦʚʘʥʠʷ [162].  

 ʉʨʘʚʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʬʝʨʤʝʥʪʘ Nfo ʜʠʢʦʛʦ ʪʠʧʘ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ ʠʣʠ ʧʨʦʜʫʢʪʦʤ ʧʦʢʘʟʘʣʦ, ʯʪʦ 

ʢʦʦʨʜʠʥʘʮʠʷ ʚʩʝʭ ʪʨʝʭ ʠʦʥʦʚ ʤʝʪʘʣʣʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʧʨʠʯʝʤ ʧʦʣʦʞʝʥʠʝ ʪʨʝʪʴʝʛʦ ʠʦʥʘ Zn
2+

 (ʜʘʣʝʝ Zn3) 

ʧʦʜʚʝʨʛʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʠʟʤʝʥʝʥʠʷʤ. ɺ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪʘ, ʥʝ ʩʚʷʟʘʥʥʦʛʦ ʩ ɼʅʂ, 

ʚ ʢʦʦʨʜʠʥʘʮʠʠ ʠʦʥʘ Zn3 ʫʯʘʩʪʚʫʶʪ ʜʚʘ ʦʩʪʘʪʢʘ ʛʠʩʪʠʜʠʥʘ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ His182 ʠ 

His231, ʤʦʣʝʢʫʣʘ ʚʦʜʳ ʠ ʦʙʘ ʘʪʦʤʘ O ʢʘʨʙʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ Asp229 

[271]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʧʦʟʚʦʣʠʣʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʤʝʭʘʥʠʟʤ, ʚ ʭʦʜʝ 

ʢʦʪʦʨʦʛʦ ʤʦʣʝʢʫʣʘ ʚʦʜʳ, ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ Glu261, ʢʦʪʦʨʳʡ ʪʘʢʞʝ ʢʦʦʨʜʠʥʠʨʫʝʪ ʚʪʦʨʦʡ ʠʦʥ 

Zn
2+

 ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, ʙʫʜʫʯʠ ʤʝʞʜʫ ʜʚʫʤʷ ʠʦʥʘʤʠ Zn
2+
, ʥʘʭʦʜʠʪʩʷ ʚ ʦʧʪʠʤʘʣʴʥʦʤ 

ʧʦʣʦʞʝʥʠʠ ʜʣʷ ʠʥʠʮʠʘʮʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ [281].  



50 
 

 

ʈʠʩʫʥʦʢ 10. ʉʪʨʫʢʪʫʨʘ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ Glu261Gln ʬʝʨʤʝʥʪʘ Nfo ʠʟ E. coli (PDB ID: 2NQH). 

ɺ ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ Ŭ-ʩʧʠʨʘʣʠ (ʛʦʣʫʙʦʡ), ɓ-ʮʝʧʠ (ʩʠʨʝʥʝʚʳʡ), ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ 

ʫʯʘʩʪʢʠ (ʞʝʣʪʳʡ), ʪʨʠ ʠʦʥʘ Zn
2+

 (ʟʝʣʝʥʳʡ) ʠ ʢʦʦʨʜʠʥʠʨʫʶʱʠʝ ʠʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 

His69, His109, Glu145, His182, Asp229, Asp179, His231, His216 ʠ Gln261. 

 

ʈʠʩʫʥʦʢ 11. ʉʪʨʫʢʪʫʨʘ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ Glu261Gln ʬʝʨʤʝʥʪʘ Nfo ʠʟ E. coli ʚ ʢʦʤʧʣʝʢʩʝ ʩ 

ʧʦʚʨʝʞʜʝʥʥʳʤ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ (PDB ID: 2NQJ). ɺ ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ Ŭ-ʩʧʠʨʘʣʠ (ʛʦʣʫʙʦʡ), 

ɓ-ʮʝʧʠ (ʩʠʨʝʥʝʚʳʡ), ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʫʯʘʩʪʢʠ (ʞʝʣʪʳʡ), ʪʨʠ ʠʦʥʘ Zn
2+

 (ʟʝʣʝʥʳʡ), 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʠʭ ʢʦʦʨʜʠʥʠʨʫʶʱʠʝ ʠ AP-ʩʘʡʪ (ʢʨʘʩʥʳʡ). 
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ʂʘʪʘʣʠʟ ʧʨʦʪʝʢʘʝʪ ʯʝʨʝʟ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʝʥʪʘʢʦʚʘʣʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, 

ʧʨʠʯʝʤ ʚʩʝ ʪʨʠ ʠʦʥʘ Zn
2+

 ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʚ ʨʝʘʢʮʠʠ. ʈʘʩʰʠʬʨʦʚʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʣʘ, ʯʪʦ Zn3 ʢʦʦʨʜʠʥʠʨʫʝʪ ʥʝʤʦʩʪʠʢʦʚʳʡ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ ʬʦʩʬʘʪʘ ʩ 5ǋ-ʩʪʦʨʦʥʳ 

ʦʪ AP-ʩʘʡʪʘ, ʘ ʪʘʢʞʝ 3ǋ-O, ʢʦʪʦʨʳʡ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ 3ǋ-ʛʠʜʨʦʢʩʠʣʴʥʫʶ ʛʨʫʧʧʫ (ʨʠʩʫʥʦʢ 12).  

ɺ ʥʝʢʦʪʦʨʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʥʘ ʦʩʥʦʚʘʥʠʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʪʨʝʪʴʝʛʦ ʠʦʥʘ Zn
2+

 ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪʘ ʚʳʩʢʘʟʳʚʘʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʥʘ ʝʛʦ ʤʝʩʪʝ ʤʦʞʝʪ ʙʳʪʴ ʠʦʥ Mn
2+
. ɿʘʤʝʥʘ Tyr72 ʥʘ ʘʣʘʥʠʥ ʩʥʠʞʘʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʬʝʨʤʝʥʪʘ, ʥʦ ʥʝ ʤʝʰʘʝʪ ʩʚʷʟʳʚʘʥʠʶ ɼʅʂ ʠ ʚʳʚʦʨʘʯʠʚʘʥʠʶ AP-ʩʘʡʪʘ. ʇʨʠ ʵʪʦʤ ʧʨʦʩʪʨʘʥʩʪʚʦ, 

ʦʩʚʦʙʦʞʜʝʥʥʦʝ ʚʳʚʝʨʥʫʪʳʤ ʧʦʚʨʝʞʜʝʥʠʝʤ, ʟʘʧʦʣʥʷʝʪʩʷ ʯʝʪʳʨʴʤʷ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ ʚʤʝʩʪʦ 

Tyr72 [271]. ɸʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʬʝʨʤʝʥʪʘ Nfo Glu261, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʠʛʨʘʝʪ ʚʘʞʥʫʶ 

ʨʦʣʴ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʨʘʩʱʝʧʣʝʥʠʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ, ʪʘʢ ʢʘʢ ʟʘʤʝʥʘ ʥʘ ʛʣʫʪʘʤʠʥ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʦʡ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ [271].  

 

ʈʠʩʫʥʦʢ 12. ʉʪʨʫʢʪʫʨʘ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ Glu261Gln ʬʝʨʤʝʥʪʘ Nfo ʠʟ E. coli ʚ ʢʦʤʧʣʝʢʩʝ ʩ 

ʧʦʚʨʝʞʜʝʥʥʳʤ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ. ʇʦʢʘʟʘʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʢʦʦʨʜʠʥʠʨʫʶʱʠʝ ʠʦʥʳ 

Zn
2+

 ʠ ʧʨʠʥʠʤʘʶʱʠʝ ʫʯʘʩʪʠʝ ʚ ʢʘʪʘʣʠʟʝ (PDB ID: 2NQJ).  

1.2.2.2 Apn1 S. cerevisiae 

 AP-ʵʥʜʦʥʫʢʣʝʘʟʘ ʜʨʦʞʞʝʡ S. cerevisiae Apn1 ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ ʢʘʢ 

3ǋ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʘ [282,283]. ʇʦʟʜʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʝʨʤʝʥʪ Apn1, ʪʘʢʞʝ ʢʘʢ ʠ Nfo, 

ʦʙʣʘʜʘʝʪ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʨʘʩʱʝʧʣʷʷ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ 

[161,267], ʠ 3ǋ-ʜʠʵʩʪʝʨʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʫʜʘʣʝʥʠʝ 3ǋ-ʙʣʦʢʠʨʫʶʱʠʭ 



52 
 

ʛʨʫʧʧ, ʚʢʣʶʯʘʷ 3ǋ-ʬʦʩʬʘʪʳ ʠ 3ǋ-ʬʦʩʬʦʛʣʠʢʦʣʷʪʳ [282,284]. ʂʨʦʤʝ ʪʦʛʦ, Apn1 ʧʨʦʷʚʣʷʝʪ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ [285] ʠ NIR-ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʝʢʦʪʦʨʳʤ ʦʢʠʩʣʝʥʥʳʤ ʥʫʢʣʝʦʪʠʜʘʤ 

[10,40]. ʏʣʝʥʳ ʩʝʤʝʡʩʪʚʘ Nfo ʠʤʝʶʪ ʥʝʩʢʦʣʴʢʦ ʚʳʩʦʢʦʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ, ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʧʦ ʩʪʨʫʢʪʫʨʝ ʙʝʣʢʦʚ [286]. ʆʙʱʠʡ ʧʨʦʮʝʥʪ ʛʦʤʦʣʦʛʠʠ Apn1 S. 

cerevisiae ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ Nfo E. coli ʨʘʚʝʥ 41% [266]. ʇʨʠ ʵʪʦʤ ʵʢʩʧʨʝʩʩʠʷ Apn1 ʚ ʢʣʝʪʢʘʭ E. 

coli ʩ ʚʳʢʣʶʯʝʥʥʳʤʠ ʛʝʥʘʤʠ nfo ʠ xth ʧʦʣʥʦʩʪʴʶ ʢʦʤʧʝʥʩʠʨʫʝʪ ʦʪʩʫʪʩʪʚʠʝ ʩʦʙʩʪʚʝʥʥʳʭ AP-

ʵʥʜʦʥʫʢʣʝʘʟ ʙʘʢʪʝʨʠʠ [287]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʢʩʧʨʝʩʩʠʷ Apn1 ʚ ʜʨʦʞʞʘʭ ʥʝ ʠʥʜʫʮʠʨʫʝʪʩʷ ʚ 

ʫʩʣʦʚʠʷʭ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ Nfo [161]. ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʭʦʞʝʩʪʠ Apn1 ʠ Nfo, ʤʝʞʜʫ ʵʪʠʤʠ ʬʝʨʤʝʥʪʘʤʠ ʩʫʱʝʩʪʚʫʶʪ ʥʝʢʦʪʦʨʳʝ 

ʫʥʠʢʘʣʴʥʳʝ ʨʘʟʣʠʯʠʷ, ʢʘʩʘʶʱʠʝʩʷ ʨʦʣʠ ʢʦʥʩʝʨʚʘʪʠʚʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ 

ʮʝʥʪʨʘ. ʊʘʢ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ [288], ʯʪʦ ʟʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ Glu158 ʠ Asp192 Apn1, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ Glu145 ʠ Asp179 Nfo, ʚʭʦʜʷʱʠʭ ʚ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ ʠ 

ʢʦʦʨʜʠʥʠʨʫʶʱʠʭ ʧʦʣʦʞʝʥʠʝ ʪʨʝʭʷʜʝʨʥʦʛʦ Zn
2+

 ʢʣʘʩʪʝʨʘ, ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ, 3ǋ-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʫʶ ʠ NIR-ʘʢʪʠʚʥʦʩʪʠ Apn1. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʪʠ ʤʫʪʘʥʪʥʳʝ 

ʬʦʨʤʳ Apn1 ʥʝ ʧʨʦʷʚʣʷʶʪ ʪʝʭ ʞʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʯʪʦ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʫʪʘʥʪʳ E. coli. ɸ 

ʠʤʝʥʥʦ, ʬʝʨʤʝʥʪ Apn1, ʩʦʜʝʨʞʘʱʠʡ ʟʘʤʝʥʫ Glu158Gly, ʚʩʝ ʝʱʝ ʩʧʦʩʦʙʝʥ ʩʚʷʟʳʚʘʪʴ ɼʅʂ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʫ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ Glu145Gly Nfo ʵʪʘ ʩʧʦʩʦʙʥʦʩʪʴ ʫʪʨʘʯʝʥʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʤʫʪʘʥʪʥʘʷ ʬʦʨʤʘ Apn1, ʩʦʜʝʨʞʘʱʘʷ ʟʘʤʝʥʫ Asp192Gly, ʧʦʣʥʦʩʪʴʶ ʪʝʨʷʝʪ ʬʝʨʤʝʥʪʘʪʠʚʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ, ʦʜʥʘʢʦ ʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʫʪʘʥʪʘ Nfo ʩ ʟʘʤʝʥʦʡ Asp179Gly ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ 

ʚ 40 ʨʘʟ, ʥʦ ʚʩʝ ʝʱʝ ʩʦʭʨʘʥʷʝʪʩʷ [288].  

1.3. ɼʅʂ-ʵʥʜʦʥʫʢʣʝʘʟʘ EndoQ ʠʟ Pyrococcus furiosus 

 ʉʨʝʜʠ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʘʨʭʝʡ ʙʳʣʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ ʯʣʝʥʦʚ ʩʝʤʝʡʩʪʚ Xth ʠ 

Nfo. ɺ Pyrococcus furiosus ʚ ʧʨʦʮʝʩʩʝ ʩʢʨʠʥʠʥʛʘ ʛʝʥʦʤʘ ʙʳʣʦ ʥʘʡʜʝʥʦ ʜʚʘ ʧʦʪʝʥʮʠʘʣʴʥʳʭ 

ʛʦʤʦʣʦʛʘ Nfo, ʦʜʥʘʢʦ ʪʦʣʴʢʦ ʦʜʠʥ ʠʟ ʛʝʥʦʚ ʢʦʜʠʨʦʚʘʣ ʬʝʨʤʝʥʪ, ʩʧʦʩʦʙʥʳʡ ʨʘʩʱʝʧʣʷʪʴ 

ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ʚ ɼʅʂ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ AP-ʩʘʡʪʘ [289]. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʠʟʫʯʝʥʠʝ ʨʦʣʠ ɼʅʂ-ʵʥʜʦʥʫʢʣʝʘʟʳ Endo V ʠʟ P. furiosus, ʩʧʦʩʦʙʥʦʡ 

ʨʘʩʱʝʧʣʷʪʴ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ʩ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ ʜʝʟʘʤʠʥʠʨʦʚʘʥʥʳʭ ʦʩʥʦʚʘʥʠʡ, ʪʘʢʠʭ ʢʘʢ 

Hx ʠ U, ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʥʦʚʳʡ ʬʝʨʤʝʥʪ, ʨʘʩʱʝʧʣʷʶʱʠʡ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ɼʅʂ ʩ 5ǋ-

ʩʪʦʨʦʥʳ ʦʪ Hx. ʕʪʘ ʥʦʚʘʷ ʵʥʜʦʥʫʢʣʝʘʟʘ ʠʟ P. furiosus, ʢʦʪʦʨʫʶ ʥʘʟʚʘʣʠ EndoQ, ʚʧʦʩʣʝʜʩʪʚʠʠ 

ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʝʱʝ ʚ ʥʝʩʢʦʣʴʢʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʷʭ ʘʨʭʝʡ, ʠ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ 
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ʙʦʣʴʰʠʥʩʪʚʝ ʙʘʢʪʝʨʠʡ ʠ ʵʫʢʘʨʠʦʪʠʯʝʩʢʠʭ ʦʨʛʘʥʠʟʤʦʚ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʨʦʤʝ ʘʢʪʠʚʥʦʩʪʠ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ Hx-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ, EndoQ ʪʘʢʞʝ ʨʘʩʱʝʧʣʷʝʪ ʜ.ʮ. ʠ ʦ.ʮ. ɼʅʂ, ʩʦʜʝʨʞʘʱʠʝ U, 

5hU, 5hC, DHU, X ʠ AP-ʩʘʡʪ [290ï292]. ʇʨʠ ʵʪʦʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʦ.ʮ. ɼʅʂ ʙʳʣʘ 

ʟʘʤʝʪʥʦ ʥʠʞʝ, ʯʝʤ ʜ.ʮ. ɼʅʂ; ʦʩʦʙʝʥʥʦ ʜʨʘʤʘʪʠʯʝʩʢʦʝ ʧʘʜʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʦ.ʮ. ʫʯʘʩʪʢʘʭ 

ʥʘʙʣʶʜʘʣʦʩʴ ʜʣʷ AP-ʩʘʡʪʘ [292]. ʅʘ ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ ʜ.ʮ. ʠ ʦ.ʮ. ɼʅʂ, ʘ ʪʘʢʞʝ ʥʘ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʡ ʤʠʩʤʘʪʯ G/T, ʥʦʚʳʡ ʬʝʨʤʝʥʪ ʥʝ ʧʨʦʷʚʣʷʣ ʥʠʢʘʢʦʡ ʘʢʪʠʚʥʦʩʪʠ [290]. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʥʘʧʨʦʪʠʚ 

ʧʦʚʨʝʞʜʝʥʠʷ ʥʘʭʦʜʠʣʦʩʴ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ. ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ EndoQ 

ʩʧʦʩʦʙʥʘ ʨʘʩʱʝʧʣʷʪʴ ɼʅʂ, ʩʦʜʝʨʞʘʱʫʶ ʨʠʙʦʥʫʢʣʝʦʪʠʜ, ʚ ʯʘʩʪʥʦʩʪʠ, rU [292]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ Hx-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ ʬʝʨʤʝʥʪʫ ʪʨʝʙʫʝʪʩʷ ʢʘʪʠʦʥ ʜʚʫʭʚʘʣʝʥʪʥʦʛʦ ʤʝʪʘʣʣʘ 

[290], ʧʨʠ ʵʪʦʤ ʬʝʨʤʝʥʪ ʨʘʙʦʪʘʣ ʣʫʯʰʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠʦʥʦʚ Mn
2+
, ʯʝʤ Mg

2+
. ʆʧʪʠʤʘʣʴʥʳʤ ʜʣʷ 

ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʷʚʣʷʝʪʩʷ pH 9,5, ʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ 

ʜʦʩʪʠʛʘʣʘʩʴ ʧʨʠ 75Áʉ [293]. ʊʘʢʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʝ ʫʜʠʚʠʪʝʣʴʥʘ, ʩ ʫʯʝʪʦʤ ʪʦʛʦ, 

ʯʪʦ P. furiosus ʷʚʣʷʶʪʩʷ ʪʝʨʤʦʬʠʣʴʥʳʤʠ ʘʨʭʝʷʤʠ.  

 ʌʠʣʦʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʛʝʥ, ʢʦʜʠʨʫʶʱʠʡ ʛʦʤʦʣʦʛʠ EndoQ, ʚʩʪʨʝʯʘʝʪʩʷ ʫ 

ʥʝʩʢʦʣʴʢʠʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʘʨʭʝʡ, ʘ ʪʘʢʞʝ ʫ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʙʘʢʪʝʨʠʡ. ʉʫʜʷ ʧʦ ʚʩʝʤʫ, 

ʵʪʦʪ ʬʝʨʤʝʥʪ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣ ʚ ʜʦʤʝʥʝ ʘʨʭʝʡ, ʠ ʪʦ, ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʦʥ ʧʦʧʘʣ ʚ ʛʝʥʦʤ 

ʥʝʢʦʪʦʨʳʭ ʙʘʢʪʝʨʠʡ, ʧʦʢʘ ʦʩʪʘʝʪʩʷ ʥʝʷʩʥʳʤ [290]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʛʦʤʦʣʦʛ EndoQ, ʚʳʜʝʣʝʥʥʳʡ 

ʠʟ ʙʘʢʪʝʨʠʡ Bacillus pumilus, ̫ ʚʣʷʝʪʩʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʘʢʪʠʚʥʳʤ ʠ ʧʨʦʷʚʣʷʝʪ ʩʭʦʞʠʝ ʩ 

ʬʝʨʤʝʥʪʦʤ ʠʟ P. furiosus ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ [291]. 

 ɺ 2018 ʛʦʜʫ Miyazono ʩ ʢʦʣʣʝʛʘʤʠ ʨʘʩʰʠʬʨʦʚʘʣʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʬʝʨʤʝʥʪʘ 

EndoQ ʠʟ P. furiosus, ʩʦʜʝʨʞʘʱʝʛʦ ʧʝʨʚʳʝ 400 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʠʟ 424 (ʨʠʩʫʥʦʢ 13). 

ʇʦʣʥʦʨʘʟʤʝʨʥʳʡ ʙʝʣʦʢ ʥʝ ʫʜʘʣʦʩʴ ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴ, ʘ C-ʢʦʥʮʝʚʦʡ ʫʯʘʩʪʦʢ ʩ Gly401 ʧʦ 

Asn424, ʢʘʢ ʙʳʣʦ ʧʨʝʜʧʦʣʦʞʝʥʦ, ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥ. ɹʦʣʝʝ ʪʦʛʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ 

ʧʦʣʥʦʨʘʟʤʝʨʥʦʡ ʠ ʜʝʣʝʮʠʦʥʥʦʡ ʬʦʨʤ ʬʝʨʤʝʥʪʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ Hx- ʠ U-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ [294].  

ʅʝʜʘʚʥʦ ʪʘʢʞʝ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʦʚ EndoQ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ 

ʪʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʢ U, Hx ʠ AP-ʩʘʡʪ [295]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʙʝʣʦʢ EndoQ ʩʦʩʪʦʠʪ ʠʟ N-

ʢʦʥʮʝʚʦʛʦ ʧʦʣʠʤʝʨʘʟʥʦʛʦ ʠ ʛʠʩʪʠʜʠʥʦʣ-ʬʦʩʬʘʪʘʟʥʦʛʦ (Polymerase and Histidinol Phosphatase, 

PHP) ʜʦʤʝʥʘ (ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 1-238), ʩʦʜʝʨʞʘʱʝʛʦ ʵʥʜʦʥʫʢʣʝʘʟʥʳʡ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ 

ʬʝʨʤʝʥʪʘ, Zn-ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ (239-303) ʠ C-ʢʦʥʮʝʚʦʛʦ ʩʧʠʨʘʣʴʥʦʛʦ ʜʦʤʝʥʘ (304-400). ɺ 
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PHP-ʜʦʤʝʥʝ ʦʜʠʥʥʘʜʮʘʪʴ ɓ-ʮʝʧʝʡ ʬʦʨʤʠʨʫʶʪ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ çʙʦʯʦʥʦʢè, ʦʢʨʫʞʝʥʥʫʶ ʜʝʩʷʪʴʶ 

ʩʧʠʨʘʣʷʤʠ ʪʠʧʘ Ŭ ʠ ɖ. Zn-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ɓ-ʮʝʧʝʡ ʠ ʪʨʝʭ ʩʧʠʨʘʣʝʡ (ʜʚʫʭ Ŭ-

ʪʠʧʘ ʠ ʦʜʥʦʡ ɖ-ʪʠʧʘ). C-ʢʦʥʮʝʚʦʡ ʩʧʠʨʘʣʴʥʳʡ ʜʦʤʝʥ ʩʦʩʪʦʠʪ ʠʟ ʢʣʘʩʪʝʨʘ ʩʧʠʨʘʣʝʡ ʠ ɓ-ʣʠʩʪʘ 

[294]. ʊʨʠ ʩʪʨʫʢʪʫʨʥʳʭ ʜʦʤʝʥʘ EndoQ ʚʤʝʩʪʝ ʬʦʨʤʠʨʫʶʪ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʫʶ ʱʝʣʴ, ʚ 

ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʩʚʷʟʳʚʘʥʠʝ ɼʅʂ (ʨʠʩʫʥʦʢ 14). ʂʘʪʘʣʠʪʠʯʝʩʢʠʡ ʠ Zn-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥʳ 

ʦʙʨʘʟʫʶʪ ʤʥʦʞʝʩʪʚʦ ʢʦʥʪʘʢʪʦʚ ʩ ʨʘʩʱʝʧʣʷʝʤʦʡ ʮʝʧʴʶ ɼʅʂ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʩʦ ʩʪʦʨʦʥʳ ʤʘʣʦʡ ʙʦʨʦʟʜʢʠ ʚʙʣʠʟʠ ʧʦʚʨʝʞʜʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʝʝ 

ʨʘʩʰʠʨʝʥʠʶ. ɺ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ C-ʢʦʥʮʝʚʦʡ ʜʦʤʝʥ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘʜ ʙʦʣʴʰʦʡ 

ʙʦʨʦʟʜʢʦʡ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʚ ʦʩʥʦʚʥʦʤ ʩ ʦʪʜʘʣʸʥʥʦʡ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ ʯʘʩʪʴʶ 

ʥʝʨʘʩʱʝʧʣʷʝʤʦʡ ʮʝʧʠ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʩʝʭ ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʬʝʨʤʝʥʪʦʤ ʠ ɼʅʂ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʛʠʙʘʥʠʶ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʥʘ 40Á. ʇʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ ʥʘʭʦʜʠʪʩʷ ʥʘ ʚʝʨʰʠʥʝ ʠʟʛʠʙʘ, ʧʨʠ 

ʵʪʦʤ ʦʥ ʚʳʚʝʨʥʫʪ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʠ ʧʦʛʨʫʞʝʥ ʚ ʛʣʫʙʦʢʠʡ ʢʘʨʤʘʥ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʡ ʤʝʞʜʫ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʠ Zn-ʩʚʷʟʳʚʘʶʱʠʤ ʜʦʤʝʥʘʤʠ. ɺ ʦʙʣʘʩʪʠ ʠʟʛʠʙʘ ɼʅʂ ʩʪʵʢʠʥʛ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʧʘʨʘʤʠ ʦʩʥʦʚʘʥʠʡ, ʩʦʩʝʜʥʠʤʠ ʩ ʧʦʚʨʝʞʜʝʥʠʝʤ, ʟʥʘʯʠʪʝʣʴʥʦ ʥʘʨʫʰʝʥʳ. ʉʨʘʚʥʝʥʠʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ EndoQ ʚ ʩʚʦʙʦʜʥʦʡ ʬʦʨʤʝ ʠ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ ʧʦʢʘʟʘʣʦ, ʯʪʦ Zn-

ʩʚʷʟʳʚʘʶʱʠʡ ʠ C-ʢʦʥʮʝʚʦʡ ʜʦʤʝʥʳ ʩʦʛʣʘʩʦʚʘʥʥʦ ʩʤʝʱʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʜʦʤʝʥʘ, ʧʦʚʦʨʘʯʠʚʘʷʩʴ ʚ ʩʪʦʨʦʥʫ ɼʅʂ ʠ ʦʙʨʘʟʫʷ ʟʘʢʨʳʪʫʶ ʢʦʥʬʦʨʤʘʮʠʶ [295].  

 

ʈʠʩʫʥʦʢ 13. ʉʪʨʫʢʪʫʨʘ EndoQ ʠʟ P. furiosus. ɺ ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ N-ʢʦʥʮʝʚʦʡ PHP-ʜʦʤʝʥ 

(ʞʝʣʪʳʡ), Zn-ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ (ʩʠʨʝʥʝʚʳʡ) ʠ C-ʢʦʥʮʝʚʦʡ ʩʧʠʨʘʣʴʥʳʡ ʜʦʤʝʥ (ʛʦʣʫʙʦʡ). 

ʊʨʠ ʠʦʥʘ Zn
2+

 ʧʦʢʘʟʘʥʳ ʢʘʢ ʟʝʣʝʥʳʝ ʩʬʝʨʳ (PDB ID: 5ZB8). 
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ʈʠʩʫʥʦʢ 14. ʉʪʨʫʢʪʫʨʘ EndoQ ʚ ʢʦʤʧʣʝʢʩʝ ʩ U-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ. ɺ ʩʪʨʫʢʪʫʨʝ ʚʳʜʝʣʝʥʳ Ŭ-

ʩʧʠʨʘʣʠ (ʛʦʣʫʙʦʡ), ɓ-ʮʝʧʠ (ʩʠʨʝʥʝʚʳʡ), ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʝʪʣʝʚʳʝ ʫʯʘʩʪʢʠ (ʞʝʣʪʳʡ), ʠʦʥ 

Mg
2+

 (ʩʠʥʠʡ) ʠ ʜʚʘ ʠʦʥʘ Zn
2+

 (ʟʝʣʝʥʳʡ). PDB ID: 7K30. 

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʩʧʝʮʠʬʠʯʝʩʢʦʝ ʫʟʥʘʚʘʥʠʝ U ʠ Hx 

ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ EndoQ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʷʜʘ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʚ ʥʝʙʦʣʴʰʦʤ 

ʢʘʨʤʘʥʝ, ʢʦʪʦʨʳʡ ʩʬʦʨʤʠʨʦʚʘʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ His139, Thr142, Glu167, Leu170, 

Asp193, Leu168, Gly169 ʠ Asn191 [294,295]. ɺ ʩʣʫʯʘʝ U ʦʙʨʘʟʫʶʪʩʷ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʢʦʥʪʘʢʪʳ 

ʤʝʞʜʫ ʘʪʦʤʦʤ O2 ʧʠʨʠʤʠʜʠʥʦʚʦʛʦ ʢʦʣʴʮʘ ʠ Ŭ-ʘʤʠʜʥʦʡ ʛʨʫʧʧʦʡ Lys243, ʘʪʦʤʦʤ N3 ʠ 

ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʦʡ ʙʦʢʦʚʦʛʦ ʨʘʜʠʢʘʣʘ Ser171 ʠ ʘʪʦʤʦʤ O4 ʠ Ŭ-ʘʤʠʜʥʦʡ ʛʨʫʧʧʦʡ Ser171 

(ʨʠʩʫʥʦʢ 15ɸ). Hx ʪʘʢʞʝ ʨʘʩʧʦʟʥʘʝʪʩʷ ʬʝʨʤʝʥʪʦʤ ʯʝʨʝʟ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʝʭ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, 

ʘ ʠʤʝʥʥʦ ʘʪʦʤ O6 ʧʫʨʠʥʦʚʦʛʦ ʢʦʣʴʮʘ ʠ ʘʪʦʤ N1 ʬʦʨʤʠʨʫʶʪ ʩʚʷʟʠ ʩ Ŭ-ʘʤʠʜʥʦʡ ʛʨʫʧʧʦʡ ʠ 

ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʦʡ ʙʦʢʦʚʦʛʦ ʨʘʜʠʢʘʣʘ Ser171, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʘʪʦʤ N7 ï ʩ Ŭ-ʘʤʠʜʥʦʡ 

ʛʨʫʧʧʦʡ Leu170 (ʨʠʩʫʥʦʢ 15ɹ). ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ U ʠ Hx ʧʦ-ʨʘʟʥʦʤʫ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ 

ʢʘʨʤʘʥʝ ʬʝʨʤʝʥʪʘ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʚʦʜʦʨʦʜʥʳʤ ʩʚʷʟʷʤ, U ʠ Hx ʦʢʨʫʞʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ 

ʦʩʪʘʪʢʘʤʠ His139, Gly169, Leu170, Lys243 ʠ Tyr244, ʬʦʨʤʠʨʫʶʱʠʤʠ ʢʘʨʤʘʥ ʠ ʚʩʪʫʧʘʶʱʠʤʠ ʚ 

ʛʠʜʨʦʬʦʙʥʳʝ ʣʠʙʦ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʜʝʟʘʤʠʥʠʨʦʚʘʥʥʳʤʠ ʦʩʥʦʚʘʥʠʷʤʠ. 

ʆʩʪʘʪʢʠ Lys243 ʠ Tyr244 ʦʙʨʘʟʫʶʪ ʢʦʥʪʘʢʪʳ ʩ ʦʩʪʦʚʦʤ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, ʠ ʩʦʟʜʘʶʪ ʦʜʥʫ ʠʟ 

çʚʥʫʪʨʝʥʥʠʭè ʧʦʚʝʨʭʥʦʩʪʝʡ U/Hx-ʩʚʷʟʳʚʘʶʱʝʛʦ ʢʘʨʤʘʥʘ [295]. 
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ʈʠʩʫʥʦʢ 15. ʉʧʝʮʠʬʠʯʝʩʢʦʝ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ɼʅʂ ʬʝʨʤʝʥʪʦʤ 

EndoQ. (ɸ) ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʨʤʘʥʘ ʠ 

ʩʧʝʮʠʬʠʯʝʩʢʦʤ ʩʚʷʟʳʚʘʥʠʠ ʫʨʠʜʠʥʘ. ʇʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ 

ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Ser171 ʠ Lys243 ʠ U. PDB ID: 7K30. (ɹ) ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ 

ʦʩʪʘʪʢʠ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʨʤʘʥʘ ʠ ʩʧʝʮʠʬʠʯʝʩʢʦʤ ʩʚʷʟʳʚʘʥʠʠ ʛʠʧʦʢʩʘʥʪʠʥʘ. 

ʇʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ 

Leu170 ʠ Ser171 ʠ Hx. PDB ID: 7K31. ʀʦʥ Mg
2+

 ʠʟʦʙʨʘʞʝʥ ʢʘʢ ʩʠʥʷʷ ʩʬʝʨʘ, ʠʦʥʳ Zn
2+

 - 

ʟʝʣʝʥʳʝ ʩʬʝʨʳ.  

 ʉ ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʪʦʜʦʚ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʥʳ 

Gly169Ala ʠ Leu170Ala ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʣʠ ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ Hx-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ, ʦʜʥʘʢʦ ʚ ʩʣʫʯʘʝ Gly169Ala AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ 

ʬʝʨʤʝʥʪʘ ʦʩʪʘʚʘʣʘʩʴ ʩʨʘʚʥʠʤʦʡ ʩ ʘʢʪʠʚʥʦʩʪʴʶ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʚʦʟʤʦʞʥʦʡ 

ʨʦʣʠ ʵʪʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʠʤʝʥʥʦ ʚ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʛʠʧʦʢʩʘʥʪʠʥʘ [294]. 

ʀʩʢʣʶʯʠʪʝʣʴʥʫʶ ʨʦʣʴ Ser171 ʚ ʨʘʩʧʦʟʥʘʚʘʥʠʠ U ʠ Hx ʧʦʜʪʚʝʨʞʜʘʝʪ ʪʦ, ʯʪʦ ʟʘʤʝʥʘ Ser171Ala 

ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ EndoQ ʥʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʵʪʠ 

ʧʦʚʨʝʞʜʝʥʠʷ, ʥʦ ʥʝ ʩʢʘʟʳʚʘʝʪʩʷ ʪʘʢ ʩʠʣʴʥʦ ʥʘ ʨʘʩʱʝʧʣʝʥʠʠ AP-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ [295].  

 ʈʘʩʱʝʧʣʷʝʤʘʷ ʬʦʩʬʦʜʠʵʬʠʨʥʘʷ ʩʚʷʟʴ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ɺ ʢʦʤʧʣʝʢʩʝ ʩ U-ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ ʝʜʠʥʩʪʚʝʥʥʳʡ ʢʘʪʠʦʥ Zn
2+

 ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʢʦʦʨʜʠʥʠʨʦʚʘʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Glu76, His84 ʠ His139, ʘ ʪʘʢʞʝ 

ʦʜʥʠʤ ʠʟ ʥʝʤʦʩʪʠʢʦʚʳʭ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʨʘʩʱʝʧʣʷʝʤʦʡ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʛʨʫʧʧʳ. ɼʨʫʛʦʡ 

ʥʝʤʦʩʪʠʢʦʚʳʡ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʨʫʞʝʥʠʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ His10, Arg114, 
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His195 ʠ Asp193 [295]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ EndoQ ʚʪʦʨʦʛʦ 

ʢʘʪʠʦʥʘ Zn
2+
, ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ His8, His10, Glu76 ʠ Asp193, 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ Miyazono ʩ ʢʦʣʣʝʛʘʤʠ [294] ʜʣʷ ʩʚʦʙʦʜʥʦʛʦ ʬʝʨʤʝʥʪʘ (ʨʠʩʫʥʢʠ 16ɸ, ɹ), 

ʦʜʥʘʢʦ Shi ʩ ʢʦʣʣʝʛʘʤʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʪʘʢʦʡ ʢʘʪʠʦʥ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʢʦʤʧʣʝʢʩʘ EndoQ ʩ Hx-

ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ [295]. ɺ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪʘ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʨʝʪʠʡ ʢʘʪʠʦʥ Zn
2+

 (ʨʠʩʫʥʢʠ 

16ɺ, ɻ), ʩʚʷʟʘʥʥʳʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Cys249, Cys252, Cys268 ʠ Cys271 Zn-

ʩʚʷʟʳʚʘʶʱʝʡ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ çʮʠʥʢʦʚʳʡ ʧʘʣʝʮè, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʜʚʫʤʷ ɓ-ʮʝʧʷʤʠ ʙʝʣʢʘ [294]. 

ɿʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ His8Ala, His10Ala, Glu76Gln, His84Ala, His139Ala ʠ 

Asp193Asn ʧʨʠʚʦʜʷʪ ʢ ʩʥʠʞʝʥʠʶ ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ EndoQ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ Hx-

ʩʦʜʝʨʞʘʱʝʡ ɼʅʂ, ʧʨʠʯʝʤ ʤʫʪʘʥʪʥʳʝ ʬʦʨʤʳ Glu76Gln, His84Ala, His139Ala ʠ Asp193Asn 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʫʪʨʘʯʠʚʘʶʪ ʘʢʪʠʚʥʦʩʪʴ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʚʘʞʥʦʡ ʨʦʣʠ ʢʘʪʠʦʥʦʚ Zn
2+

 

ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ ʚ ʢʘʪʘʣʠʟʝ [294]. 

ʈʷʜʦʤ ʩ U/Hx-ʨʘʩʧʦʟʥʘʶʱʠʤ ʩʘʡʪʦʤ ʨʘʩʧʦʣʦʞʝʥ ʩʘʡʪ ʩʚʷʟʳʚʘʥʠʷ ʢʘʪʠʦʥʘ Mg
2+

. 

ʂʦʦʨʜʠʥʘʮʠʷ Mg
2+

 ʘʪʦʤʘʤʠ ʦʩʥʦʚʥʦʡ ʮʝʧʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ Gly169-Ala172 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʳʝ ʢʦʥʬʦʨʤʘʮʠʠ ʜʣʷ Leu170 ʠ Ser171. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, Mg
2+
, ʩʫʜʷ ʧʦ 

ʚʩʝʤʫ, ʠʛʨʘʝʪ ʚ ʪʦʤ ʯʠʩʣʝ ʩʪʨʫʢʪʫʨʥʫʶ ʨʦʣʴ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʘʚʠʣʴʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʜʝʟʘʤʠʥʠʨʦʚʘʥʥʳʭ ʦʩʥʦʚʘʥʠʡ. ʂʨʦʤʝ 

ʪʦʛʦ, ʵʪʦʪ ʢʘʪʠʦʥ ʪʘʢʞʝ ʤʦʞʝʪ ʠʛʨʘʪʴ ʨʦʣʴ ʚ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʷʭ ʬʝʨʤʝʥʪʘ ʚ ʧʨʦʮʝʩʩʝ 

ʢʘʪʘʣʠʟʘ [295]. 

 ʉʦʛʣʘʩʥʦ ʤʦʜʝʣʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ ʘʢʪʠʚʥʦʩʪʠ EndoQ, ʧʨʝʜʣʦʞʝʥʥʦʡ Shiraishi 

ʠ Iwai [292], EndoQ ʚʳʚʦʨʘʯʠʚʘʝʪ ʧʦʚʨʝʞʜʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ɼʅʂ, ʧʦʩʣʝ 

ʯʝʛʦ ʦʥʦ ʧʦʧʘʜʘʝʪ ʚ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ ʠ ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʨʷʜʦʤ ʨʘʩʧʦʟʥʘʶʱʠʡ ʢʘʨʤʘʥ, 

ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʥʘ ʦʩʥʦʚʘʥʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ 

ʩ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʚʳʜʚʠʥʫʪʦ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʜʣʷ ʢʘʪʘʣʠʟʘ ʨʘʟʤʝʱʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʦʩʥʦʚʘʥʠʷ, ʚʳʚʝʨʥʫʪʘʷ ʢʦʥʬʦʨʤʘʮʠʷ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʚʥʝʜʨʝʥʠʝʤ ʦʜʥʦʛʦ ʠʟ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ ʚ ɼʅʂ ʥʘ ʤʝʩʪʦ, ʦʩʚʦʙʦʞʜʝʥʥʦʝ ʚʳʚʝʨʥʫʪʳʤ ʧʦʚʨʝʞʜʝʥʠʝʤ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ 

ʤʝʭʘʥʠʟʤʘʤʠ, ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʩʝʤʝʡʩʪʚ Xth ʠ Nfo, ʘ ʪʘʢʞʝ 

ʨʷʜʘ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ [128,232,274]. ʅʘ ʨʦʣʴ ʪʘʢʦʛʦ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ 

ʦʩʪʘʪʢʘ ʚ ʩʣʫʯʘʝ EndoQ ʙʳʣ ʧʨʝʜʣʦʞʝʥ Trp144. ɺ ʧʦʣʴʟʫ ʵʪʦʡ ʪʝʦʨʠʠ ʛʦʚʦʨʠʪ ʪʦ, ʯʪʦ ʟʘʤʝʥʘ 

Trp144Ala ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʥʝ ʪʦʣʴʢʦ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ Hx, ʥʦ ʠ ʢ 
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AP-ʩʘʡʪʫ [294]. ʆʜʥʘʢʦ ʙʦʣʝʝ ʧʦʟʜʥʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝ ʧʦʜʪʚʝʨʜʠʣʠ ʵʪʦ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ. ʉʫʜʷ ʧʦ ʚʩʝʤʫ, ʚ ʩʣʫʯʘʝ EndoQ ʩʪʘʙʠʣʠʟʘʮʠʷ ʚʳʚʝʨʥʫʪʦʡ ʢʦʥʬʦʨʤʘʮʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʟʘ ʩʯʝʪ ʚʩʪʨʘʠʚʘʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʥʘ ʤʝʩʪʦ, ʦʩʚʦʙʦʞʜʝʥʥʦʝ 

ʧʦʚʨʝʞʜʝʥʠʝʤ. ɹʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ ʚʳʚʦʨʘʯʠʚʘʥʠʝ ʦʩʥʦʚʘʥʠʷ ʠ ʩʪʘʙʠʣʠʟʘʮʠʷ ʵʪʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʰʠʨʦʢʠʤ ʥʘʙʦʨʦʤ ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʬʝʨʤʝʥʪʘ ʠ 

ʦʩʪʦʚʦʤ ɼʅʂ ʩ 5ǋ- ʠ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ, ʥʘʨʫʰʘʶʱʠʤ ʩʪʵʢʠʥʛ ʩʦʩʝʜʥʠʭ ʧʘʨ ʦʩʥʦʚʘʥʠʡ 

[295].  

ɸ ɹ 

  

ɺ ɻ 

 

 

ʈʠʩʫʥʦʢ 16. ʉʘʡʪʳ ʩʚʷʟʳʚʘʥʠʷ ʠʦʥʦʚ Zn
2+

 ʚ ʩʪʨʫʢʪʫʨʝ EndoQ. (ɸ) Zn
2+

-ʩʚʷʟʳʚʘʶʱʠʡ ʩʘʡʪ N-

ʢʦʥʮʝʚʦʛʦ PHP-ʜʦʤʝʥʘ. (ɹ) ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʢʘʪʠʦʥʦʚ Zn
2+

 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ PHP-ʜʦʤʝʥʘ. (ɺ) ʢʘʪʠʦʥ Zn
2+

 ʚ Zn
2+

-ʩʚʷʟʳʚʘʶʱʝʤ ʜʦʤʝʥʝ. (ɻ) 

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʢʘʪʠʦʥʘ Zn
2+

 ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Zn
2+

-

ʩʚʷʟʳʚʘʶʱʝʛʦ ʜʦʤʝʥʘ (PDB ID: 5ZB8). 
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 ʅʘ ʦʩʥʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ EndoQ ʩ ʧʦʚʨʝʞʜʝʥʥʳʤʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘʤʠ Shi ʠ ʢʦʣʣʝʛʠ [295] ʧʨʝʜʣʦʞʠʣʠ ʤʝʭʘʥʠʟʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ (ʨʠʩʫʥʦʢ 17). 

ʉʦʛʣʘʩʥʦ ʵʪʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ Asp193 

ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʦʙʱʝʛʦ ʦʩʥʦʚʘʥʠʷ ʚ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʪʠʧʘ SN2 ʥʘ ʨʘʩʱʝʧʣʷʝʤʫʶ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ. ɺʦʟʥʠʢʘʶʱʠʡ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʡ ʧʷʪʠʚʘʣʝʥʪʥʳʡ ʠʥʪʝʨʤʝʜʠʘʪ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤ ʢʘʪʠʦʥʦʤ Zn
2+

 ʠ ʦʢʨʫʞʘʶʱʠʤʠ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʟʘʨʷʞʝʥʥʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ Arg114 ʠ His195.  

 

ʈʠʩʫʥʦʢ 17. ʄʝʭʘʥʠʟʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʜʣʷ EndoQ. 

ʀʟʦʙʨʘʞʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ [295].  

ʇʦʩʣʝ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, ʢʘʪʘʣʠʟʠʨʫʝʤʦʛʦ ʬʝʨʤʝʥʪʦʤ EndoQ, ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʜʫʢʪʦʚ ʬʦʨʤʠʨʫʶʪʩʷ 5ǋ-ʬʦʩʬʘʪ ʠ 3ǋ-ʢʦʥʮʝʚʘʷ ʛʠʜʨʦʢʩʠʣʴʥʘʷ ʛʨʫʧʧʘ. ʇʦ ʩʫʙʩʪʨʘʪʥʦʡ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʠ ʭʘʨʘʢʪʝʨʫ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʬʝʨʤʝʥʪ EndoQ 

ʚʦ ʤʥʦʛʦʤ ʩʭʦʞ ʩ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ ʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʩʝʤʝʡʩʪʚ Xth ʠ Nfo. ɻʨʫʧʧʦʡ ʫʯʝʥʳʭ, 

ʚʧʝʨʚʳʝ ʚʳʜʝʣʠʚʰʠʭ EndoQ, ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʡ ʨʦʣʠ ʵʪʦʛʦ 

ʬʝʨʤʝʥʪʘ ʚ ʧʨʦʮʝʩʩʝ NIR [293]. ʂʨʦʤʝ ʪʦʛʦ, EndoQ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʤʦʞʝʪ ʠʛʨʘʪʴ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʫʜʘʣʝʥʠʠ U ʠʟ ɼʅʂ ʥʝʢʦʪʦʨʳʭ ʦʨʛʘʥʠʟʤʦʚ, ʜʦʧʦʣʥʷʷ ʬʫʥʢʮʠʠ AP-ʵʥʜʦʥʫʢʣʝʘʟʳ ʠ ʫʨʘʮʠʣ-

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, ʘ ʠʥʦʛʜʘ ʠ ʢʦʤʧʝʥʩʠʨʫʷ ʦʪʩʫʪʩʪʚʠʝ ʦʜʥʦʛʦ ʠʟ ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ [84]. 



60 
 

1.4. ɿʘʢʣʶʯʝʥʠʝ 

AP-ʩʘʡʪʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʦʟʥʠʢʘʶʱʠʭ ʚ ɼʅʂ ʧʦʚʨʝʞʜʝʥʠʡ [73]. 

ʀʭ ʧʦʷʚʣʝʥʠʝ ʚ ʛʝʥʦʤʝ ʪʨʝʙʫʝʪ ʥʝʤʝʜʣʝʥʥʦʛʦ ʚʤʝʰʘʪʝʣʴʩʪʚʘ ʩʦ ʩʪʦʨʦʥʳ ʩʠʩʪʝʤ ʨʝʧʘʨʘʮʠʠ, 

ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʩʧʦʩʦʙʥʳ ʥʝ ʪʦʣʴʢʦ ʧʨʠʚʦʜʠʪʴ ʢ ʦʩʪʘʥʦʚʢʝ ʨʝʧʣʠʢʘʮʠʠ [100] ʠ ʧʦʷʚʣʝʥʠʶ 

ʤʫʪʘʮʠʡ [102,103], ʥʦ ʠʤʝʶʪ ʪʝʥʜʝʥʮʠʶ ʚʳʟʳʚʘʪʴ ʨʘʟʨʳʚʳ [110] ʠ ʤʝʞʮʝʧʦʯʝʯʥʳʝ ʩʰʠʚʢʠ ʚ 

ɼʅʂ [113,114]. ʏʪʦʙʳ ʙʦʨʦʪʴʩʷ ʩ ʪʘʢʠʤʠ ʩʝʨʴʝʟʥʳʤʠ ʧʦʩʣʝʜʩʪʚʠʷʤʠ, ʞʠʚʳʝ ʦʨʛʘʥʠʟʤʳ ʚ ʭʦʜʝ 

ʵʚʦʣʶʮʠʠ ʚʳʨʘʙʦʪʘʣʠ ʙʳʩʪʨʳʝ ʠ ɻʬʬʝʢʪʠʚʥʳʝ ʩʠʩʪʝʤr  ʨʝʧʘʨʘʮʠʠ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʚ ʪʦʤ ʯʠʩʣʝ 

ʥʘ ʫʜʘʣʝʥʠʝ AP-ʩʘʡʪʦʚ ʚ ɼʅʂ [76]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʬʫʥʢʮʠʝʡ AP-ʵʥʜʦʥʫʢʣʝʘʟ - 

ʬʝʨʤʝʥʪʦʚ, ʟʘʜʝʡʩʪʚʦʚʘʥʥʳʭ ʚ ʩʠʩʪʝʤʝ BER, - ʷʚʣʷʝʪʩʷ ʫʜʘʣʝʥʠʝ AP-ʩʘʡʪʦʚ [132], ʵʪʠ 

ʬʝʨʤʝʥʪʳ ʪʘʢʞʝ ʩʧʦʩʦʙʥʳ ʫʟʥʘʚʘʪʴ ʚ ɼʅʂ ʠ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʨʘʩʱʝʧʣʷʪʴ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʫʶ ʨʘʟʣʠʯʥʳʝ ʧʦ ʩʚʦʝʡ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʝ ʠ ʩʪʨʫʢʪʫʨʝ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, 

ʪʘʢʠʝ ʢʘʢ ŬA, DHU, DHT, 5hU [10], U [70], ŮA ʠ ŮC [63]. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʚʩʝ 

ʵʪʠ ʧʦʚʨʝʞʜʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʤʫʪʘʛʝʥʳ ʠ ʤʥʦʛʠʝ ʩʧʦʩʦʙʥʳ ʧʨʠʚʦʜʠʪʴ ʢ 

ʙʣʦʢʠʨʦʚʘʥʠʶ ʨʝʧʣʠʢʘʮʠʠ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʜʝʣʝʮʠʡ ʚ ɼʅʂ ʢʣʝʪʢʠ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʜʣʷ 

ʛʦʤʦʣʦʛʘ hAPE1 ʠʟ E. coli Xth ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʘʢʪʠʚʥʦʩʪʴ ʪʦʣʴʢʦ ʥʘ ʪʘʢʦʤ ʧʦʚʨʝʞʜʝʥʥʦʤ 

ʦʩʥʦʚʘʥʠʠ ʢʘʢ U [40,169]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʟʥʘʯʠʤʦʩʪʴ ʵʪʦʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ 

ʛʦʤʦʣʦʛʦʚ Xth ʫ ʥʝʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʘʨʭʝʡ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʘ, ʧʦʩʢʦʣʴʢʫ ʫ ʥʠʭ ʥʝ 

ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʩʧʝʮʠʬʠʯʥʳʭ ʢ ʫʨʘʮʠʣʫ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ. ʕʪʦ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ 

ʧʘʨʘʣʣʝʣʴʥʦʝ ʠʣʠ ʜʘʞʝ ʙʦʣʝʝ ʨʘʥʥʝʝ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʠʩʪʝʤʳ NIR, ʠ ʝʝ ʨʦʣʴ ʚ ʙʦʨʴʙʝ 

ʦʨʛʘʥʠʟʤʦʚ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʫʨʦʚʥʷʤʠ ʫʨʘʮʠʣʘ ʚ ɼʅʂ [70].  

ʇʦʤʠʤʦ ʪʦʛʦ, ʯʪʦ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʳ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʩʪʨʫʢʪʫʨʥʦʤʫ ʩʝʤʝʡʩʪʚʫ Xth, 

ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʚʦ ʤʥʦʛʠʭ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʪʘʢʠʭ ʢʘʢ BER ʠ 

NIR, ʦʥʠ ʩʧʦʩʦʙʥʳ ʨʘʩʱʝʧʣʷʪʴ ʈʅʂ, ʧʨʦʮʝʩʩʠʨʦʚʘʪʴ 3ǋ-ʢʦʥʮʳ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʨʝʧʘʨʘʪʠʚʥʦʛʦ 

ʧʨʦʮʝʩʩʘ, ʧʨʦʷʚʣʷʶʪ redox ʬʫʥʢʮʠʶ ʠ ʤʦʛʫʪ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʢʣʝʪʦʯʥʦʡ ʧʨʦʣʠʬʝʨʘʮʠʠ 

[10,16,218,223,296,297]. ʇʨʝʜʩʪʘʚʠʪʝʣʠ ʚʪʦʨʦʛʦ ʭʦʨʦʰʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʩʝʤʝʡʩʪʚʘ AP-ʵʥʜʦʥʫʢʣʝʘʟ Nfo ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʬʝʨʤʝʥʪʘʤʠ, ʠ 

ʧʨʦʷʚʣʷʶʪ NIR-ʘʢʪʠʚʥʦʩʪʴ, ʫʜʘʣʷʷ ʪʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʢ 5hU, 5hC, DHU, ŬA ʠ ŬT 

[38,40,41,278]. ɹʠʦʣʦʛʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʤʳʰʠ ʩ 

ʧʦʜʘʚʣʝʥʥʦʡ ʵʢʩʧʨʝʩʩʠʝʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʛʝʥʘ ʧʦʜʚʝʨʞʝʥʳ ʵʤʙʨʠʦʥʘʣʴʥʦʡ ʣʝʪʘʣʴʥʦʩʪʠ. 

ʂʨʦʤʝ ʪʦʛʦ, ʵʢʩʧʨʝʩʩʠʷ ʥʝʘʢʪʠʚʥʳʭ ʚʘʨʠʘʥʪʦʚ ʬʝʨʤʝʥʪʘ ʚ ʢʣʝʪʢʘʭ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʠʭ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʧʦʚʨʝʞʜʘʶʱʠʤ ɼʅʂ ʧʨʝʧʘʨʘʪʘʤ, ʘ ʥʝʢʦʪʦʨʳʝ ʧʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ 
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ʬʝʨʤʝʥʪʘ ʠ ʥʘʨʫʰʝʥʠʝ ʫʨʦʚʥʝʡ ʝʛʦ ʵʢʩʧʨʝʩʩʠʠ ʫ ʣʶʜʝʡ ʩʚʷʟʳʚʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʠʩʢʘ 

ʨʘʟʚʠʪʠʷ ʨʘʢʦʚʳʭ, ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʭ ʠ ʥʝʚʨʦʣʦʛʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ [298ï301]. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ, ʥʝʢʦʪʦʨʳʝ ʘʛʨʝʩʩʠʚʥʳʝ ʪʠʧʳ ʦʧʫʭʦʣʝʡ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʵʢʩʧʨʝʩʩʠʝʡ hAPE1, ʯʪʦ 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʱʠʱʘʝʪ ʤʝʪʘʙʦʣʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʦʧʫʭʦʣʝʚʳʝ ʢʣʝʪʢʠ ʦʪ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ 

ʘʢʪʠʚʥʳʭ ʬʦʨʤ ʢʠʩʣʦʨʦʜʘ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʫʩʠʣʝʥʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ 

ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ [206]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʷʚʣʝʥʠʝʤ hAPE1 ʩʪʘʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʤʠʰʝʥʠ ʜʣʷ ʭʠʤʠʦʪʝʨʘʧʝʚʪʠʯʝʩʢʦʛʦ ʣʝʯʝʥʠʷ ʨʘʢʘ [297]. 

 ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʧʠʩʦʢ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ 

ʧʝʨʝʩʝʢʘʝʪʩʷ ʜʣʷ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʦʙʦʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʩʝʤʝʡʩʪʚ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʜʚʫʭ 

ʩʝʤʝʡʩʪʚ ʩʪʨʫʢʪʫʨʥʦ ʥʝ ʩʚʷʟʘʥʳ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʠ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣʠ ʥʝʟʘʚʠʩʠʤʦ 

ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʬʫʥʢʮʠʝʡ ʠ hAPE1 ʠ Nfo ʷʚʣʷʝʪʩʷ 

ʫʜʘʣʝʥʠʝ AP-ʩʘʡʪʦʚ ʠʟ ɼʅʂ, ʵʪʠ ʬʝʨʤʝʥʪʳ ʠʩʧʦʣʴʟʫʶʪ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʣʠʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʜʣʷ 

ʚʳʧʦʣʥʝʥʠʷ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʟʘʜʘʯʠ. ɺ ʭʦʜʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩ ɼʅʂ, 

ʬʝʨʤʝʥʪ hAPE1 ʚʳʚʦʨʘʯʠʚʘʝʪ AP-ʩʘʡʪ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʠ ʨʘʟʤʝʱʘʝʪ ʝʛʦ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, 

ʧʨʠ ʵʪʦʤ ʠʟʛʠʙʘʷ ɼʅʂ ʥʘ 35Á [181]. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, AP-ʵʥʜʦʥʫʢʣʝʘʟʘ ʯʝʣʦʚʝʢʘ ʠʥʜʫʮʠʨʫʝʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ ɼʅʂ, ʜʦʩʪʠʛʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʘʚʠʣʴʥʦʛʦ 

ʨʘʟʤʝʱʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʢʘʨʤʘʥʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʛʠʜʨʦʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ [186]. ʌʝʨʤʝʥʪ Nfo ʪʘʢʞʝ ʠʟʛʠʙʘʝʪ ɼʅʂ ʚ ʭʦʜʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʦʜʥʘʢʦ ʧʦʜ ʛʦʨʘʟʜʦ ʙʦʣʴʰʠʤ ʫʛʣʦʤ ʚ 90Á. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʦʤʠʤʦ ʚʳʚʦʨʘʯʠʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ, Nfo 

ʚʳʚʦʨʘʯʠʚʘʝʪ ʪʘʢʞʝ ʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʡ ʧʦʚʨʝʞʜʝʥʥʦʤʫ ʦʩʥʦʚʘʥʠʶ ʥʫʢʣʝʦʪʠʜ [274]. ʄʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʬʝʨʤʝʥʪʳ ʦʙʦʠʭ ʩʝʤʝʡʩʪʚ ʠʩʧʦʣʴʟʫʶʪ ʩʚʦʡʩʪʚʦ ʧʦʚʳʰʝʥʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ 

ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ɼʅʂ ʚ ʦʙʣʘʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʩʧʝʮʠʬʠʯʥʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʠ AP-ʩʘʡʪʘ. ʀ ʜʣʷ hAPE1, ʠ ʜʣʷ Nfo ʭʘʨʘʢʪʝʨʥʦ 

ʚʥʝʜʨʝʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʥʘ ʤʝʩʪʦ ʚʳʚʝʨʥʫʪʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ Nfo ʚ 

ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʨʝʪʝʨʧʝʚʘʝʪ ʢʫʜʘ ʙʦʣʝʝ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʯʝʤ ʬʝʨʤʝʥʪ hAPE1. ʆʙʘ ʬʝʨʤʝʥʪʘ ʦʩʫʱʝʩʪʚʣʷʶʪ 

ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʥʫʢʣʝʦʬʠʣʴʥʦʡ 

ʘʪʘʢʠ ʯʝʨʝʟ ʦʙʨʘʟʦʚʘʥʠʝ ʧʝʥʪʘʢʦʚʘʣʝʥʪʥʦʛʦ ʠʥʪʝʨʤʝʜʠʘʪʘ, ʦʜʥʘʢʦ ʵʪʦʪ ʠʥʪʝʨʤʝʜʠʘʪ 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʢʘʪʠʦʥʘʤʠ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʤʝʪʘʣʣʦʚ [162]. ɼʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʛʠʜʨʦʣʠʟʘ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʬʝʨʤʝʥʪʫ hAPE1 ʪʨʝʙʫʝʪʩʷ ʢʘʢ ʤʠʥʠʤʫʤ ʦʜʠʥ 
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ʜʚʫʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ ʤʝʪʘʣʣʘ [191ï194]. ʉʦʛʣʘʩʥʦ ʙʦʣʴʰʠʥʩʪʚʫ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, 

ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʚ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʢʘʪʠʦʥʘ ʩʯʠʪʘʝʪʩʷ Mg
2+
. ʆʜʥʘʢʦ ʧʦʣʥʦʛʦ ʢʦʥʩʝʥʩʫʩʘ 

ʥʘ ʪʝʤʫ ʪʦʯʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʢʘʪʠʦʥʦʚ Mg
2+

 ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪʘ hAPE1, ʠ ʠʭ ʢʦʣʠʯʝʩʪʚʘ, ʜʦ 

ʩʠʭ ʧʦʨ ʥʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʪʠʦʥʘ Mg
2+

 ʜʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʬʝʨʤʝʥʪʘʤʠ ʩʝʤʝʡʩʪʚʘ Xth ʷʚʣʷʝʪʩʷ ʝʱʝ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ 

ʦʪʣʠʯʠʡ ʦʪ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ Nfo, ʪʘʢ ʢʘʢ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤ ʵʪʦʛʦ ʩʝʤʝʡʩʪʚʘ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʢʘʪʘʣʠʟʘ ʪʨʝʙʫʶʪʩʷ ʪʨʠ ʢʘʪʠʦʥʘ Zn
2+ 

[162,199,200,274]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝʪ ʜʘʥʥʳʭ, 

ʢʦʪʦʨʳʝ ʫʢʘʟʳʚʘʣʠ ʙʳ ʥʘ ʪʦ, ʢʘʢʦʝ ʩʝʤʝʡʩʪʚʦ ʚʦʟʥʠʢʣʦ ʨʘʥʴʰʝ ʚ ʭʦʜʝ ʵʚʦʣʶʮʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ 

ʪʦ, ʯʪʦ NIR-ʘʢʪʠʚʥʦʩʪʴ ʧʦʷʚʠʣʘʩʴ ʥʝʟʘʚʠʩʠʤʦ ʫ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʥʘʩʪʦʣʴʢʦ ʨʘʟʥʳʭ 

ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʩʝʤʝʡʩʪʚ ʥʘʨʷʜʫ ʩ ʦʩʥʦʚʥʦʡ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʛʦʚʦʨʠʪ ʦ ʪʦʤ, 

ʯʪʦ ʩʧʦʩʦʙʥʦʩʪʴ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʫʜʘʣʷʪʴ ʠʟ ɼʅʂ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʚʘʞʥʦʡ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ.  

 ɺ ʭʦʜʝ ʥʝʜʘʚʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫ ʧʨʝʜʩʪʘʚʠʪʝʣ ̫ʘʨʭʝʡ P. furiosus ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ɼʅʂ-

ʵʥʜʦʥʫʢʣʝʘʟʘ EndoQ, ʩʪʨʫʢʪʫʨʥʦ ʥʝʨʦʜʩʪʚʝʥʥʘʷ ʢʘʢʠʤ ʙʳ ʪʦ ʥʠ ʙʳʣʦ ʠʟʚʝʩʪʥʳʤ AP-

ʵʥʜʦʥʫʢʣʝʘʟʘʤ ʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤ, ʠ ʪʝʤ ʥʝ ʤʝʥʝʝ ʥʝʢʦʪʦʨʳʝ ʝʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠʤʝʶʪ ʩʭʦʜʩʪʚʦ 

ʩ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʩʪʨʫʢʪʫʨʥʳʭ ʩʝʤʝʡʩʪʚ Xth ʠ Nfo. EndoQ ʨʘʩʱʝʧʣʷʝʪ ɼʅʂ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʪʘʢʠʭ ʧʦʚʨʝʞʜʝʥʠʡ ʢʘʢ AP-ʩʘʡʪ, Hx, U, 5hU, DHU ʠ 

ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ [290ï292]. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʬʠʣʦʛʝʥʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʵʪʦʪ ʬʝʨʤʝʥʪ 

ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣ ʥʝʟʘʚʠʩʠʤʦ ʚ ʜʦʤʝʥʝ ʘʨʭʝʡ, ʠ ʝʛʦ ʛʦʤʦʣʦʛʦʚ ʥʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʚ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷʭ ʜʨʫʛʠʭ ʜʦʤʝʥʦʚ ʞʠʟʥʠ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʢʦʪʦʨʳʭ ʙʘʢʪʝʨʠʡ. ʇʨʠ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩ EndoQ ɼʅʂ ʠʟʛʠʙʘʝʪʩʷ ʥʘ 40Á, ʘ 

ʧʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ ʚʳʚʦʨʘʯʠʚʘʝʪʩʷ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʠ ʧʦʛʨʫʞʘʝʪʩʷ ʚ ʛʣʫʙʦʢʠʡ 

ʩʚʷʟʳʚʘʶʱʠʡ ʢʘʨʤʘʥ [295]. ʆʜʥʘʢʦ ʩʪʘʙʠʣʠʟʘʮʠʷ ʚʳʚʝʨʥʫʪʦʡ ʢʦʥʬʦʨʤʘʮʠʠ, ʩʫʜʷ ʧʦ ʚʩʝʤʫ, 

ʧʨʦʠʩʭʦʜʠʪ ʥʝ ʟʘ ʩʯʝʪ ʚʩʪʨʘʠʚʘʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʬʦʨʤʠʨʫʶʱʫʶʩʷ ʧʦʣʦʩʪʴ, ʘ 

ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʰʠʨʦʢʦʡ ʩʝʪʠ ʢʦʥʪʘʢʪʦʚ ʚʦʢʨʫʛ ʧʦʚʨʝʞʜʝʥʠʷ, ʥʘʨʫʰʘʶʱʠʭ ʩʪʵʢʠʥʛ-

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦʩʝʜʥʠʭ ʧʘʨ ʦʩʥʦʚʘʥʠʡ [295]. ɼʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ 

ʬʝʨʤʝʥʪʫ EndoQ, ʪʘʢʞʝ ʢʘʢ hAPE1 ʠ Nfo, ʪʨʝʙʫʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝ ʢʘʪʠʦʥʘ ʜʚʫʭʚʘʣʝʥʪʥʦʛʦ 

ʤʝʪʘʣʣʘ [290]. ʉʦʛʣʘʩʥʦ ʩʪʨʫʢʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪʘ ʢʦʦʨʜʠʥʠʨʦʚʘʥʳ ʜʚʘ ʠʣʠ 

ʪʨʠ ʢʘʪʠʦʥʘ Zn
2+
, ʘ ʪʘʢʞʝ ʦʜʠʥ ʢʘʪʠʦʥ Mg

2+
. ʇʨʠ ʵʪʦʤ, ʩʫʜʷ ʧʦ ʠʤʝʶʱʠʤʩʷ ʜʘʥʥʳʤ, ʢʘʪʠʦʥʳ 

Zn
2+

 ʠʛʨʘʶʪ ʢʘʢ ʩʪʨʫʢʪʫʨʥʫʶ ʨʦʣʴ, ʪʘʢ ʠ ʧʨʠʥʠʤʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʚ 

ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʘ ʢʘʪʠʦʥ Mg
2+

 ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʩʪʨʫʢʪʫʨʥʫʶ ʨʦʣʴ 
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[294,295]. ɺʩʝ ʵʪʠ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʬʝʨʤʝʥʪ EndoQ ʤʦʞʝʪ ʠʛʨʘʪʴ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʨʘʙʦʪʝ ʩʠʩʪʝʤʳ NIR ʫ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʘʨʭʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʫ ʥʝʢʦʪʦʨʳʭ ʦʨʛʘʥʠʟʤʦʚ EndoQ 

ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʚ ʨʦʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʬʝʨʤʝʥʪʘ ʜʣʷ ʫʜʘʣʝʥʠʷ U ʠʟ ɼʅʂ, ʘ ʠʥʦʛʜʘ ʠ 

ʧʦʣʥʦʩʪʴʶ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʦʪʩʫʪʩʪʚʠʝ ʜʨʫʛʠʭ ʩʧʝʮʠʬʠʯʥʳʭ ʢ ʫʨʘʮʠʣʫ ʬʝʨʤʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ 

AP-ʵʥʜʦʥʫʢʣʝʘʟʘ ʠʣʠ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ [84].  

ɺʦʧʨʦʩ ʦ ʜʠʩʢʨʠʤʠʥʘʮʠʠ ʰʠʨʦʢʦʛʦ ʥʘʙʦʨʘ ʨʘʟʣʠʯʥʳʭ ɼʅʂ- ʠ ʈʅʂ-ʩʫʙʩʪʨʘʪʦʚ 

ʝʜʠʥʩʪʚʝʥʥʳʤ ʘʢʪʠʚʥʳʤ ʮʝʥʪʨʦʤ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ ʧʨʦʜʦʣʞʘʝʪ ʠʥʪʝʨʝʩʦʚʘʪʴ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ. ʅʝʩʤʦʪʨʷ ʥʘ ʤʥʦʞʝʩʪʚʦ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ 

ʨʝʥʪʝʛʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʉɸ) ʠ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʦʣʴ 

ʦʪʜʝʣʴʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʤ ʜʘʥʥʳʤʠ 

ʬʝʨʤʝʥʪʘʤʠ, ʘ ʪʘʢʞʝ ʜʘʥʥʳʭ, ʦʧʠʩʳʚʘʶʱʠʭ ʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʦʪʚʝʪʘ ʥʘ ʵʪʦʪ 

ʚʦʧʨʦʩ ʪʘʢ ʠ ʥʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ. ʇʦʩʢʦʣʴʢʫ ʦʧʪʠʤʘʣʴʥʳʝ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ NIR-ʘʢʪʠʚʥʦʩʪʠ 

ʬʝʨʤʝʥʪʘ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʠ ʙʣʠʟʢʠ ʢ ʪʘʢʦʚʳʤ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ [10], ʥʝʢʦʪʦʨʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ [232] ʚʳʜʚʠʛʘʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ 

ʫʜʘʣʝʥʠʠ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ʠʟ ɼʅʂ ʬʦʨʤʠʨʫʝʪʩʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, 

ʘʥʘʣʦʛʠʯʥʳʡ ʪʦʤʫ, ʢʦʪʦʨʳʡ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʠ ʫʜʘʣʝʥʠʠ ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʙʣʦʢʠʨʫʶʱʠʭ ʛʨʫʧʧ ʩ 

3ǋ-ʢʦʥʮʘ ɼʅʂ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʨʫʛʠʝ ʜʘʥʥʳʝ ʛʦʚʦʨʷʪ ʦ ʪʦʤ, ʯʪʦ ʜʘʞʝ ʪʘʢʠʝ ʦʙʲʝʤʥʳʝ 

ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʢ, ʥʘʧʨʠʤʝʨ, pBQ-dC, ʩʧʦʩʦʙʥʳ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ 

ʧʦʜʦʙʥʦ AP-ʩʘʡʪʫ, ʯʪʦ ʛʦʚʦʨʠʪ ʚ ʧʦʣʴʟʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʦʛʦ ʪʠʧʘ [233]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʜʣʷ ʬʝʨʤʝʥʪʘ Nfo ʪʘʢʞʝ ʩʫʱʝʩʪʚʫʶʪ ʜʘʥʥʳʝ, 

ʫʢʘʟʳʚʘʶʱʠʝ ʥʘ ʦʙʱʥʦʩʪʴ ʤʝʭʘʥʠʟʤʦʚ ʢʘʪʘʣʠʟʘ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ NIR ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ [278]. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʧʨʠʨʦʜʫ ʚʳʩʦʢʦʡ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ AP-

ʵʥʜʦʥʫʢʣʝʘʟ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʭʘʥʠʟʤʦʚ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦ ʠ ʭʠʤʠʯʝʩʢʠ ʨʘʟʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʚʣʝʢʘʪʴ ʥʝ ʪʦʣʴʢʦ ʤʝʪʦʜʳ ʈʉɸ ʠ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ, 

ʥʦ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʝʨʤʝʥʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʦʚʨʝʞʜʝʥʠʷʤʠ ʠ ʨʘʟʣʠʯʥʳʤʠ 

ʪʠʧʘʤʠ ʩʪʨʫʢʪʫʨ ɼʅʂ, ʥʘʯʠʥʘʷ ʩ ʩʘʤʳʭ ʨʘʥʥʠʭ ʵʪʘʧʦʚ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʩʪʨʦʡʢʠ 

ʤʦʣʝʢʫʣ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʥʘʯʠʥʘʷ ʩ ʧʝʨʚʳʭ ʤʠʣʣʠʩʝʢʫʥʜ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʭʦʜʦʚ 

ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʝʡ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʬʝʨʤʝʥʪʘ ʠ ɼʅʂ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʜʘʥʥʳʝ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʝʨʤʝʥʪ-
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ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ ʫʩʪʘʥʦʚʠʪʴ ʧʨʠʨʦʜʫ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʥʘ ʵʪʠʭ ʩʪʘʜʠʷʭ. 

ɹʦʣʝʝ ʪʦʛʦ, ʠʤʝʥʥʦ ʵʪʠ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʩʪʦʷʥʠʷ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦ ʤʝʭʘʥʠʟʤʝ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʤ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʬʝʨʤʝʥʪʘ, ʠ ʦʧʨʝʜʝʣʠʪʴ ʦʩʥʦʚʥʳʝ ʧʨʠʥʮʠʧʳ 

ʨʝʘʣʠʟʘʮʠʠ ʦʙʰʠʨʥʦʡ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʫʯʝʥʠʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʛʦʤʦʣʦʛʠʯʥʳʤʠ 

ʬʝʨʤʝʥʪʘʤʠ ʠʟ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʟʤʦʚ, ʘ ʪʘʢʞʝ ʬʝʨʤʝʥʪʘʤʠ, ʧʨʠʥʘʜʣʝʞʘʱʠʤʠ ʢ ʨʘʟʥʳʤ 

ʩʪʨʫʢʪʫʨʥʳʤ ʩʝʤʝʡʩʪʚʘʤ, ʥʦ ʦʙʣʘʜʘʶʱʠʤʠ ʙʣʠʟʢʠʤʠ ʩʧʝʢʪʨʘʤʠ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʠ 

ʩʭʦʜʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʧʦʟʚʦʣʷʪ ʦʧʨʝʜʝʣʠʪʴ ʢʣʶʯʝʚʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʜʝʡʩʪʚʠʷ ʬʝʨʤʝʥʪʦʚ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʠ ʚʳʷʚʠʪʴ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʨʘʟʣʠʯʠʷ, 

ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʤʫʣʴʪʠʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʠ ʚʳʩʦʢʫʶ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ AP-

ʵʥʜʦʥʫʢʣʝʘʟ. 
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2. ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ 

2.1. ɹʫʬʝʨʥʳʝ ʨʘʩʪʚʦʨʳ 

 ɹʫʬʝʨʥʳʝ ʨʘʩʪʚʦʨʳ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʠʟ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʳʭ ʨʝʘʛʝʥʪʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. ɹʫʬʝʨ BER ʩʦʩʪʦʷʣ ʠʟ 50 ʤʄ Tris-HCl (pH 7,5), 

50 ʤʄ KCl, 5 ʤʄ MgCl2, 1 ʤʄ ʜʠʪʠʦʪʨʝʠʪʦʣʘ (DTT), 1 ʤʄ ʕɼʊɸ [ʧʨʠ ʧʨʠʛʦʪʦʚʣʝʥʠʠ ʚʩʝʭ 

ʙʫʬʝʨʥʳʭ ʨʘʩʪʚʦʨʦʚ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʨʘʩʪʚʦʨ Na2ʕɼʊɸ, ʦʪʪʠʪʨʦʚʘʥʥʳʡ ʜʦ pH 7,8] ʠ 7% 

ʛʣʠʮʝʨʠʥʘ (v/v). ɹʫʬʝʨ NIR ʩʦʩʪʦʷʣ ʠʟ 50 ʤʄ Tris-HCl (pH 7,5), 50 ʤʄ KCl, 1 ʤʄ MgCl2, 1 ʤʄ 

DTT, 1 ʤʄ ʕɼʊɸ ʠ 7% ʛʣʠʮʝʨʠʥ (v/v). ɺʳʙʦʨ 1 ʤʄ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʦʚ Mg
2+

 ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ 1 ʤʄ ʕɼʊɸ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ NIR-ʘʢʪʠʚʥʦʩʪʠ AP-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ ʜʦʩʪʘʪʦʯʥʦ ʥʘʣʠʯʠʷ ʢʘʪʠʦʥʦʚ Mg
2+

 ʚ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʜʘʞʝ ʚ ʩʣʝʜʦʚʳʭ ʢʦʣʠʯʝʩʪʚʘʭ (0,01-0,5 ʤʄ) [10,19,63,212,302,303]. 

ʕʥʜʦʥʫʢʣʝʘʟʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ G-ʢʚʘʜʨʫʧʣʝʢʩ, ʧʨʦʚʦʜʠʣʠʩʴ 

ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʙʫʬʝʨʝ Q4, ʩʦʜʝʨʞʘʱʝʤ 50 ʤʄ Tris-HCl (pH 7,5), 5 ʤM MgCl2 ʠ KCl ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ 140 ʤM, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ G-ʢʚʘʜʨʫʧʣʝʢʩʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺʩʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʚʦʜʠʣʠʩʴ ʧʨʠ 25ÁC, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʬʝʨʤʝʥʪʦʤ EndoQ, 

ʢʦʪʦʨʳʝ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 40ÁC. 

2.2. ʉʠʥʪʝʟ ʠ ʦʯʠʩʪʢʘ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ 

 ʀʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʙʦʪʝ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜ r (ʪʘʙʣʠʮʘ 1) ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ 

ʃʘʙʦʨʘʪʦʨʠʠ ʙʠʦʤʝʜʠʮʠʥʩʢʦʡ ʭʠʤʠʠ ʀʍɹʌʄ ʉʆ ʈɸʅ ʥʘ ɼʅʂ/ʈʅʂ ʩʠʥʪʝʟʘʪʦʨʝ ASM-800 

(ɹʠʦʩʩʝʪ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʢʦʤʤʝʨʯʝʩʢʠʭ ʬʦʩʬʦʨʘʤʠʜʠʪʦʚ 

ʠ ʥʦʩʠʪʝʣʝʡ CPG ʦʪ Glen Research (ʉʐɸ). ʆʯʠʩʪʢʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩ ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ ʞʠʜʢʦʩʪʥʦʡ 

ʭʨʦʤʘʪʦʛʨʘʬʠʠ (ɺʕɾʍ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʦʥʦʦʙʤʝʥʥʦʡ ʢʦʣʦʥʢʠ [PRP-X500 Hamilton 

Company (12-30 ʤʢʤ) 3,9Ĭ300 ʤʤ] ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʱʝʥʥʦ-ʬʘʟʦʚʦʡ ʭʨʦʤʘʪʦʛʨʘʬʠʝʡ ʥʘ 

ʢʦʣʦʥʢʝ [Bondapak C18 (15-20 ʤʢʤ) 3,9Ĭ300 ʤʤ, Waters, ʀʨʣʘʥʜʠʷ]. ɻʦʤʦʛʝʥʥʦʩʪʴ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ 20% (w/v) 

ʧʦʣʠʘʢʨʠʣʘʤʠʜʥʦʤ ʛʝʣʝ (ʇɸɸɻ) ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ (7 ʄ ʤʦʯʝʚʠʥʘ). ʂʦʥʮʝʥʪʨʘʮʠʠ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʯʝʩʢʠ ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 260 ʥʤ (A260); ʨʘʩʯʝʪ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʧʨʦʠʟʚʦʜʠʣʩʷ ʧʦ ʟʘʢʦʥʫ ɹʫʛʝʨʘ-ʃʘʤʙʝʨʪʘ-ɹʝʨʘ ʩ ʫʯʝʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʦʣʷʨʥʦʡ ʵʢʩʪʠʥʢʮʠʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ [304]. 
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ʊʘʙʣʠʮʘ 1. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ 

ʊʠʧ 

ʩʪʨʫʢʪʫʨʳ 

ʉʦʢʨʘʱʝʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

1 2 3 

G-ʢʚʘʜʨʫʧʣʝʢʩ Q4 5ǋ -  TTAGGGTTAGGGTTAGGGTTAGGGTT -  3ǋ 

F14-Q4 5ǋ -  TTAGGGTTAGGGTFAGGGTTAGGGTT -  3ǋ 

F17-Q4 5ǋ -  TTAGGGTTAGGGTTAGFGTTAGGGTT -  3ǋ 

FRET-Q4 5ǋ -  FAM- TTAGGGTTAGGGTTAGGGTTAGGGTT- BHQ1 -  3ǋ 

FRET-F14-Q4 5ǋ -  FAM- TTAGGGTTAGGGTFAGGGTTAGGGTT- BHQ1 -  3ǋ 

F14-aPu13-Q4 5ǋ -  TTAGGGTTAGGG(aPu) FAGGGTTAGGGTT -  3ǋ 

F14-aPu15-Q4 5ǋ -  TTAGGGTTAGGGTF( aPu)GGGTTAGGGTT -  3ǋ 

FRET-F17-Q4 5ǋ -  FAM- TTAGGGTTAGGGTTAGFGTTAGGGTT- BHQ1 -  3ǋ 

F17-aPu16-Q4 5ǋ -  TTAGGGTTAGGGTTA(aPu) FGTTAGGGTT -  3ǋ 

F17-aPu18-Q4 5ǋ -  TTAGGGTTAGGGTTAGF( aPu)TTAGGGTT -  3ǋ 

ʉʪʨʫʢʪʫʨʳ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʷʤʠ 

F/-ȹ1 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGTA- TAGTCCCTTCACCC -  5ǋ 

F/-ȹ2(5в) 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGT-- TAGTCCCTTCACCC -  5ǋ 

F/-ȹ2(3в) 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGTA-- AGTCCCTTCACCC -  5ǋ 

F/-ȹ3 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGT- -- AGTCCCTTCACCC -  5ǋ 

F/-ȹ5 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCG- --- - GTCCCTTCACCC -  5ǋ 

F/+ȹ3 5ǋ- FAM- GCGCATACGGCAT- F- ATCAGGGAAGTGGG- BHQ1- 3ǋ 

    3ǋ- CGCGTATGCCGTAGGGTAGTCCCTTCACCC- 5ǋ 

F/+ȹ4 5ǋ- FAM- GCGCATACGGCAT- - F- ATCAGGGAAGTGGG- BHQ1- 3ǋ 

    3ǋ- CGCGTATGCCGTACGGGTAGTCCCTTCACCC- 5ǋ 

F/+ȹ5 5ǋ -  FAM- GCGCATACGGCAT-- F-- ATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGTACGGGCTAGTCCCTTCACCC -  5ǋ 

F/+ȹ7 5ǋ -  FAM- GCGCATACGGCAT--- F--- ATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGTACCGGGCCTAGTCCCTTCACCC -  5ǋ 

ɼʫʧʣʝʢʩ dsF/G28 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

    3ǋ -  CGCGTATGCCGTAGTAGTCCCTTCACCC -  5ǋ 

F/G  5ǋ -  GCTCAFGTACAGAGCTG -  3ǋ  

 3ǋ -  CGAGTGCATGTCTCGAC -  5ǋ 

F-aPu 5ǋ -  GCTCAF( aPu)TACAGAGCTG -  3ǋ 

3ǋ -  CGAGTG T ATGTCTCGAC -  5ǋ 

FRET-F/N 

N = A, C, G, T 

5ǋ -  FAM- GCTCAFGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGTNCATGTCTCGAC- BHQ1 -  5ǋ 

FRET-Hx/N 

N = A, C, G, T 

5ǋ -  FAM- GCTCAHxGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGTN CATGTCTCGAC- BHQ1 -  5ǋ 

FRET-U/N 

N = A, C, G, T 

5ǋ -  FAM- GCTCAUGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGTNCATGTCTCGAC- BHQ1 -  5ǋ 

FRET-ŬA/T  

 

5ǋ -  FAM- GCTCAŬAGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGTT CATGTCTCGAC- BHQ1 -  5ǋ 

FRET-ŮA/T 
5ǋ -  FAM- GCTCAŮAGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGTT CATGTCTCGAC- BHQ1 -  5ǋ 

FRET-DHU/G 
5ǋ -  FAM- GCTCADHUGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGT G CATGTCTCGAC- BHQ1 -  5ǋ 
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1 2 3 

ɼʫʧʣʝʢʩ FRET-C/G 5ǋ -  FAM- GCTCACGTACAGAGCTG -  3ǋ 

    3ǋ -  CGAGTGCATGTCTCGAC- BHQ1 -  5ǋ 

ʆ.ʮ. ɼʅʂ ssF28 5ǋ -  FAM- GCGCATACGGCATFATCAGGGAAGTGGG- BHQ1 -  3ǋ 

FAM-F 5ǋ -  FAM- GCTCAFGTACAGAGCTG -  3ǋ 

FAM-Hx 5ǋ -  FAM- GCTCAHxGTACAGAGCTG -  3ǋ 

FAM-U 5ǋ -  FAM- GCTCAUGTACAGAGCTG -  3ǋ 

ʕʢʟʦ-ʩʫʙʩʪʨʘʪ Exo-ɼʅʂ 5ǋ -  GTGTCACCACTGCTCACGTACAGAGCTG -  3ǋ 

           3ǋ -  CGAGTGCATGTCTCGAC- FAM -  5ǋ 

 ɺ ʢʘʯʝʩʪʚʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʬʦʨʤʠʨʫʶʱʠʝ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʥʝʧʦʚʨʝʞʜʝʥʥʳʝ 

ʠʣʠ ʩʦʜʝʨʞʘʱʠʝ ʚ ʩʚʦʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʩʪʘʪʦʢ 2-ʛʠʜʨʦʢʩʠʤʝʪʠʣ-3-ʛʠʜʨʦʢʩʠ-

ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ ʚ ʢʘʯʝʩʪʚʝ ʥʝʨʘʩʱʝʧʣʷʝʤʦʛʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ ʘʥʘʣʦʛʘ AP-ʩʘʡʪʘ (F-ʩʘʡʪ), 

ʘ ʪʘʢʞʝ ʧʦʚʨʝʞʜʝʥʥʳʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ F-ʩʘʡʪ ʠ ʚʳʧʝʪʣʠʚʘʥʠʝ ʧʦʚʨʝʞʜʝʥʥʦʡ ʠʣʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ. ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʜʣʷ ʬʝʨʤʝʥʪʦʚ hAPE1, 

zAPE1, xAPE1 ʠ Rrp1 ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʘʢʠʝ 

ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʢ F-ʩʘʡʪ, U, DHU, ŬA ʠʣʠ ŮA. ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʜʣʷ 

ʬʝʨʤʝʥʪʘ EndoQ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʘʢʠʝ 

ʜʝʟʘʤʠʥʠʨʦʚʘʥʥʳʝ ʦʩʥʦʚʘʥʠʷ ɼʅʂ, ʢʘʢ Hx, U ʠʣʠ DHU, ʘ ʪʘʢʞʝ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, 

ʩʦʜʝʨʞʘʱʠʝ ʚ ʩʚʦʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ F-ʩʘʡʪ, ŬA ʠʣʠ ŮA. ɺ ʢʘʯʝʩʪʚʝ ʥʝʩʧʝʮʠʬʠʯʝʩʢʠʭ 

ʩʫʙʩʪʨʘʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʝʧʦʚʨʝʞʜʝʥʥʳʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʣʦʢʘʣʴʥʳʭ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ ʚ ʩʫʙʩʪʨʘʪ,r ʩʦʜʝʨʞʘʱʠʝ ʧʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ, 

ʚʚʦʜʠʣʠ ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʡ ʘʥʘʣʦʛ ʦʩʥʦʚʘʥʠʷ aPu ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ 3ǋ- ʠʣʠ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ 

ʧʦʚʨʝʞʜʝʥʠʷ; ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʛʣʦʙʘʣʴʥʳʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʩʪʨʦʝʢ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʬʝʨʤʝʥʪʘʤʠ, ʠʩʧʦʣʴʟʦʚʘʣʠ FRET 

ʧʘʨʫ: ʦʩʪʘʪʦʢ 6-ʢʘʨʙʦʢʩʠʬʣʫʦʨʝʩʮʝʠʥʘ (FAM) ʚ ʢʘʯʝʩʪʚʝ ʬʣʫʦʨʦʬʦʨʘ ʠ ʦʩʪʘʪʦʢ black hole 

quencher 1 (BHQ1) ʚ ʢʘʯʝʩʪʚʝ ʪʫʰʠʪʝʣʷ. ʇʨʠ ʵʪʦʤ ʚ ʩʣʫʯʘʝ ʧʦʚʨʝʞʜʝʥʥʳʭ ʠ ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʝ ʩʪʨʫʢʪʫʨʳ, FAM ʚʚʦʜʠʣʠ ʥʘ 5ǋ-ʢʦʥʝʮ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʘ, ʘ BHQ1 ï ʥʘ 3ǋ-ʢʦʥʝʮ. ɸ ʚ ʩʣʫʯʘʝ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ FAM ʚʚʦʜʠʣʠ 

ʥʘ 5ǋ-ʢʦʥʝʮ ʩʦʜʝʨʞʘʱʝʡ ʧʦʚʨʝʞʜʝʥʠʝ ʮʝʧʠ ɼʅʂ (ʠʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʝʡ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ 

ʮʝʧʠ), ʘ BHQ1 ï ʥʘ 5ǋ-ʢʦʥʝʮ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ. ʉʪʨʫʢʪʫʨʳ F-ʩʘʡʪʘ ʠ ʬʣʫʦʨʦʬʦʨʥʳʭ ʛʨʫʧʧ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 18. ʉʪʨʫʢʪʫʨʳ ʜʨʫʛʠʭ ʧʦʚʨʝʞʜʝʥʥʳʭ 

ʥʫʢʣʝʦʪʠʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ, ʘ ʠʤʝʥʥʦ U, DHU, ŬA, ŮA ʠʣʠ Hx, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 1 ʚ ʨʘʟʜʝʣʝ 1.1.5 ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ.  
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ʈʠʩʫʥʦʢ 18. ʉʪʨʫʢʪʫʨʳ F-ʩʘʡʪʘ ʠ ʬʣʫʦʨʦʬʦʨʥʳʭ ʛʨʫʧʧ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ. 

2.3. ʇʦʜʪʚʝʨʞʜʝʥʠʝ ʩʪʨʫʢʪʫʨʳ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ ʤʝʪʦʜʦʤ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ (CD) 

 ʉʧʝʢʪʨʳ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʩʧʝʢʪʨʦʧʦʣʷʨʠʤʝʪʨʝ Jasco J-600 (Jasco, 

ʗʧʦʥʠʷ), ʧʨʠ 25ÁC ʚ ʢʚʘʨʮʝʚʳʭ ʢʶʚʝʪʘʭ ʩ ʜʣʠʥʦʡ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ ʨʘʚʥʦʡ 1 ʩʤ. ʂʦʥʮʝʥʪʨʘʮʠʷ 

ɼʅʂ ʚ ʢʶʚʝʪʝ ʩʦʩʪʘʚʣʷʣʘ 10 ʤʢʄ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʙʫʬʝʨʝ, ʩʦʜʝʨʞʘʱʝʤ 50 ʤʄ 

Tris-HCl (pH 7,5), 140 ʤM KCl, 1 ʤM ʕɼʊɸ ʠ 5 ʤM MgCl2. ʉʧʝʢʪʨʳ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʧʨʠ ʰʠʨʠʥʝ 

ʱʝʣʠ 1,0 ʥʤ ʠ ʨʘʟʨʝʰʝʥʠʠ 1,0 ʥʤ ʧʨʠ ʩʢʦʨʦʩʪʠ ʟʘʧʠʩʠ ʨʘʚʥʦʡ 50 ʥʤ/ʤʠʥ.  

2.4. ʂʣʦʥʠʨʦʚʘʥʠʝ ʛʝʥʦʚ AP-ʵʥʜʦʥʫʢʣʝʘʟ 

 ɼʣʷ ʩʦʟʜʘʥʠʷ ʵʢʩʧʨʝʩʩʠʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʬʝʨʤʝʥʪʦʚ zAPE1 (D. rerio), 

Rrp1 (D. melanogaster) ʠ EndoQ (P. furiosus) ʠʩʧʦʣʴʟʦʚʘʥ rʩʠʥʪʝʪʠʯʝʩʢʠʝ ʛʝʥʳ zAPE1, EndoQ 

ʠʣʠ Rrp1, ʚʩʪʨʦʝʥʥʳʝ ʚ ʧʣʘʟʤʠʜʫ pBluescript II SK(+). ʇʣʘʟʤʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʜʘʥʥʳʝ ʛʝʥʳ, 

ʙʳʣʠ ʣʶʙʝʟʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥʳ Dr. ʄ.ʂ. ʉʘʧʘʨʙʘʝʚʳʤ (ʀʥʩʪʠʪʫʪ ʠʤ. ɻʫʩʪʘʚʘ ʈʦʩʩʠ, ɺʠʣʴʞʶʠʬ, 

ʌʨʘʥʮʠʷ). ʇʣʘʟʤʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʛʝʥʳ ʬʝʨʤʝʥʪʦʚ zAPE1, EndoQ ʠ Rrp1 ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ 

ʬʝʨʤʝʥʪʘʤʠ ʨʝʩʪʨʠʢʮʠʠ BamHI ʠ NdeI [NheI ʚ ʩʣʫʯʘʝ Rrp1]. ɻʝʥr ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʠʟ 1,0% 

ʘʛʘʨʦʟʥʦʛʦ/TAE ʛʝʣʷ ʠ ʦʯʠʱʝʥʳ ʩʦʛʣʘʩʥʦ ʧʨʦʪʦʢʦʣʫ QIAquick PCR purification kit (Qiagen, 

ʍʠʣʴʜʝʥ, ɻʝʨʤʘʥʠʷ). ʆʯʠʱʝʥʥʳʝ ʛʝʥʳ ʙʳʣʠ ʢʣʦʥʠʨʦʚʘʥʳ ʚ ʚʝʢʪʦʨ pET28c, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʦʙʨʘʙʦʪʘʥʥʳʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʨʝʩʪʨʠʢʪʘʟʘʤʠ. ʂʣʝʪʢʠ E.coli ElectroMAXÊ DH10B 

(Invitrogen, ʋʦʣʪʝʤ, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ) ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʣʠ ʧʨʦʜʫʢʪʦʤ ʢʣʦʥʠʨʦʚʘʥʠʷ ʧʫʪʝʤ 

ʵʣʝʢʪʨʦʧʦʨʘʮʠʠ. ʇʨʦʚʝʨʢʫ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʨʝʩʩʠʦʥʥʳʭ ʚʝʢʪʦʨʦʚ ʧʨʦʚʦʜʠʣʠ ʧʫʪʝʤ 
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ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚʢʣʶʯʝʥʥʦʛʦ ʛʝʥʘ. ʉ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʨʝʢʦʤʙʠʥʘʥʪʥʳʝ ʙʝʣʢʠ zAPE1, Rrp1 ʠ EndoQ, ʤʝʯʝʥʳʝ His6 ʧʦ N-ʢʦʥʮʫ. 

2.5. ɺʳʜʝʣʝʥʠʝ ʠ ʦʯʠʩʪʢʘ ʬʝʨʤʝʥʪʦʚ 

 ʇʨʝʧʘʨʘʪ ʬʝʨʤʝʥʪʘ ʯʝʣʦʚʝʢʘ hAPE1 ʙʳʣ ʣʶʙʝʟʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥ ɸʣʝʢʩʘʥʜʨʦʡ ɸ. 

ʂʫʟʥʝʮʦʚʦʡ (ʀʍɹʌʄ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ). ʌʝʨʤʝʥʪʳ Rrp1 (D. melanogaster), xAPE1 

(X. laevis) ʠ zAPE1 (D. rerio) ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʠʟ ʢʣʝʪʦʢ-ʧʨʦʜʫʮʝʥʪʦʚ E. coli Rosetta2 (DE3), 

ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʣʘʟʤʠʜʦʡ pET28c, ʥʝʩʫʱʝʡ ʛʝʥ, ʢʦʜʠʨʫʶʱʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʙʝʣʦʢ ʩ 

N-ʢʦʥʮʝʚʦʡ ʤʝʪʢʦʡ His6. ɼʣʷ ʵʪʦʛʦ 1 ʣ ʢʫʣʴʪʫʨʳ ʢʣʝʪʦʢ E. coli, ʥʝʩʫʱʠʭ ʥʝʦʙʭʦʜʠʤʫʶ 

ʚʝʢʪʦʨʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʨʘʩʪʠʣʠ ʚ ʩʨʝʜʝ ʃʫʨʠʘ-ɹʝʨʪʘʥʠ (LB) ʚ ʧʨʠʩʫʪʩʪʚʠʠ 50 ʤʢʛ/ʤʣ 

ʢʘʥʘʤʠʮʠʥʘ ʧʨʠ 37ÁC ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʟʥʘʯʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʧʨʠ 600 ʥʤ (A600) ʥʝ 

ʜʦʩʪʠʛʣʦ 0,6-0,7. ʅʘʨʘʙʦʪʢʘ ʬʝʨʤʝʥʪʦʚ ʙʳʣʘ ʠʥʜʫʮʠʨʦʚʘʥʘ ʚ ʪʝʯʝʥʠʝ ʥʦʯʠ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ 

ʠʟʦʧʨʦʧʠʣ-ɓ-D-1-ʪʠʦʛʘʣʘʢʪʦʧʠʨʘʥʦʟʠʜʘ (IPTG) ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 0,3 ʤʄ. ʂʣʝʪʢʠ ʙʳʣʠ ʩʦʙʨʘʥʳ 

ʧʫʪʝʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ (5000 × g, 10 ʤʠʥ) ʠ ʟʘʪʝʤ ʨʝʩʫʩʧʝʥʜʠʨʦʚʘʥʳ ʚ ʙʫʬʝʨʝ [20 ʤʄ 

HEPES-KOH (pH 7,8), 40 ʤʄ NaCl, ʠ 0,1% NP40] ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʤʝʩʠ ʠʥʛʠʙʠʪʦʨʦʚ ʧʨʦʪʝʘʟ 

(Inhibitor cocktail, Complete, ʄʘʥʛʝʡʤ, ɻʝʨʤʘʥʠʷ). ʈʝʩʫʩʧʝʥʜʠʨʦʚʘʥʥʳʝ ʢʣʝʪʢʠ ʙʳʣʠ 

ʣʠʟʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʝʩʩʘ ʌʨʵʥʯʘ (Thermo Electron Corporation, ʅʠʜʝʤ, ʉʐɸ). ɺʩʝ 

ʧʨʦʮʝʜʫʨʳ ʧʦ ʦʯʠʩʪʢʝ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 4ÁC. ʂʘʞʜʳʡ ʛʦʤʦʛʝʥʘʪ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ ʧʨʠ 

40000 × g ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥ, ʢʦʥʮʝʥʪʨʘʮʠʷ NaCl ʚ ʩʫʧʝʨʥʘʪʘʥʪʝ ʙʳʣʘ ʜʦʚʝʜʝʥʘ ʜʦ 250 ʤʄ 

(400 ʤʄ ʚ ʩʣʫʯʘʝ Rrp1), ʧʦʩʣʝ ʯʝʛʦ ʩʫʧʝʨʥʘʪʘʥʪ ʙʳʣ ʬʨʘʢʮʠʦʥʘʨʦʚʘʥ ʧʫʪʝʤ ʠʦʥʦʦʙʤʝʥʥʦʡ 

ʭʨʦʤʘʪʦʛʨʘʬʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʣʦʥʢʠ ʩ 30 ʤʣ Q-Sepharose Fast Flow (Cytiva, GE Healthcare 

Life Sciences, ʄʘʣʴʙʦʨʦ, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ), ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʫʨʘʚʥʦʚʝʰʝʥʥʦʡ ʪʝʤ ʞʝ 

ʙʫʬʝʨʦʤ. ʕʣʶʠʨʦʚʘʥʠʝ ʙʝʣʢʘ ʧʨʦʚʦʜʠʣʠ ʙʫʬʝʨʦʤ, ʩʦʜʝʨʞʘʱʠʤ 250 ʤʄ (400 ʤʄ ʚ ʩʣʫʯʘʝ Rrp1) 

NaCl, 20 ʤʄ HEPES-NaOH (pH 7,8). ʇʨʦʰʝʜʰʠʝ ʯʝʨʝʟ ʢʦʣʦʥʢʫ ʬʨʘʢʮʠʠ, ʩʦʜʝʨʞʘʱʠʝ ʙʝʣʦʢ, 

ʙʳʣʠ ʦʙʲʝʜʠʥʝʥʳ, ʢ ʥʠʤ ʙʳʣ ʜʦʙʘʚʣʝʥ ʨʘʩʪʚʦʨ ʠʤʠʜʘʟʦʣʘ ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 20 ʤʄ ʠ ʨʘʩʪʚʦʨ 

NaCl ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 500 ʤʄ. ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʙʳʣ ʥʘʥʝʩʝʥ ʥʘ 1 ʤʣ ʭʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʫʶ 

ʭʝʣʘʪʠʨʫʶʱʫʶ ʢʦʣʦʥʢʫ HiTrap-Chelating
TM

 (Cytiva, GE Healthcare Life Sciences, ʄʘʣʴʙʦʨʦ, 

ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ɹʝʣʢʠ, ʩʚʷʟʘʚʰʠʝʩʷ ʩʦ ʩʤʦʣʦʡ, ʩʤʳʚʘʣʠʩʴ ʩ ʥʝʝ ʚ ʣʠʥʝʡʥʦʤ ʛʨʘʜʠʝʥʪʝ 

ʠʤʠʜʘʟʦʣʘ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʦʪ 20 ʜʦ 500 ʤʄ. ʈʝʛʠʩʪʨʘʮʠʷ ʧʦʛʣʦʱʝʥʠʷ ʨʘʩʪʚʦʨʘ ʧʨʦʚʦʜʠʣʘʩʴ 

ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 280 ʥʤ. ɻʦʤʦʛʝʥʥʦʩʪʴ ʚʳʜʝʣʝʥʥʳʭ ʙʝʣʢʦʚ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʤʝʪʦʜʦʤ ʛʝʣʴ-

ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʇɸɸɻ, ʧʨʠʤʝʨ ʪʘʢʦʛʦ ʛʝʣʷ ʜʣʷ xAPE1 ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 19ɸ.  
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ʈʠʩʫʥʦʢ 19. ɸʥʘʣʠʟ ʛʦʤʦʛʝʥʥʦʩʪʠ ʚʳʜʝʣʝʥʥʳʭ ʙʝʣʢʦʚ xAPE1 (ɸ) ʠ EndoQ (ɹ) ʤʝʪʦʜʦʤ ʛʝʣʴ-

ʵʣʝʢʪʨʦʬʦʨʝʟʘ. ɹʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʨʦʙʳ, ʩʦʜʝʨʞʘʱʠʝ ʛʦʤʦʛʝʥʘʪ, ʧʦʣʫʯʝʥʥʳʡ ʩ 

ʧʦʤʦʱʴʶ ʧʨʝʩʩʘ ʌʨʵʥʯʘ, ʢʣʝʪʦʯʥʳʡ ʜʝʙʨʠʩ, ʬʨʘʢʮʠʠ «ʧʨʦʩʢʦʢʘ» ʩ ʢʦʣʦʥʦʢ Q-Sepharose Fast 

Flow (Q-ʩʝʬʘʨʦʟʘ) ʠ HiTrap-Chelating (Ni), ʘ ʪʘʢʞʝ ʬʨʘʢʮʠʠ ʙʝʣʢʘ, ʵʣʶʠʨʦʚʘʥʥʳʝ ʩ Ni-

ʭʝʣʘʪʠʨʫʶʱʝʡ ʩʤʦʣʳ ʚ ʣʠʥʝʡʥʦʤ ʛʨʘʜʠʝʥʪʝ ʠʤʠʜʘʟʦʣʘ. ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʙʝʣʢʦʚ ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʦʢʨʘʰʠʚʘʥʠʝ Coomassie Brilliant Blue R-250 (Sangon Biotech, ʐʘʥʭʘʡ, ʂʠʪʘʡ). 

 ʂʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʘ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʧʦ ʤʝʪʦʜʫ ɹʨʝʜʬʦʨʜʘ [305]. ɼʣʷ ʵʪʦʛʦ ʢ 500 ʤʢʣ 

ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʙʝʣʢʘ ʜʦʙʘʚʣʷʣʠ 500 ʤʢʣ ʨʝʘʛʝʥʪʘ ɹʨʵʜʬʦʨʜʘ (100 ʤʛ Coomassie G-250, 50 ʤʣ 

ʵʪʘʥʦʣʘ, 100 ʤʣ ʦʨʪʦʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʥʘ ʦʜʠʥ ʣʠʪʨ ʚʦʜʳ) ʠ ʞʜʘʣʠ ʦʢʨʘʩʢʠ ʙʝʣʢʘ ʚ ʪʝʯʝʥʠʝ 

5 ʤʠʥ. ʆʧʪʠʯʝʩʢʫʶ ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʠʟʤʝʨʷʣʠ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʯʝʩʢʠ ʥʘ 

ʜʣʠʥʝ ʚʦʣʥʳ 595 ʥʤ. ɺ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʘ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʘʣʠʙʨʦʚʦʯʥʦʡ ʢʨʠʚʦʡ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʨʘʩʪʚʦʨ ʙʳʯʴʝʛʦ ʩʳʚʦʨʦʪʦʯʥʦʛʦ ʘʣʴʙʫʤʠʥʘ (BSA) ʩ ʠʟʚʝʩʪʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ. 

ɺʳʜʝʣʝʥʥʳʝ ʙʝʣʢʠ, ʩʦʜʝʨʞʘʱʠʝ ʤʝʪʢʫ His6, ʘ ʠʤʝʥʥʦ zAPE1, xAPE1 ʠ Rrp1, ʙʳʣʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʯʠʱʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʮʝʜʫʨʳ ʦʙʤʝʥʘ ʙʫʬʝʨʘ ʥʘ ʬʠʣʴʪʨʘʭ Amicon® 

Ultra Centrifugal Filters (EMD Millipore, ɹʝʨʣʠʥʛʪʦʥ, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ɹʫʬʝʨ, ʧʨʦʪʠʚ 

ʢʦʪʦʨʦʛʦ ʧʨʦʚʦʜʠʣʩʷ ʦʙʤʝʥ, ʩʦʜʝʨʞʘʣ 50 ʤʄ Tris-HCl (pH 7,5), 50 ʤʄ NaCl, 5 ʤʄ MgCl2, 1 ʤʄ 

DTT ʠ 50% ʛʣʠʮʝʨʠʥ (v/v). ʉʪʦʢʦʚʳʝ ʨʘʩʪʚʦʨʳ ʙʝʣʢʦʚ ʭʨʘʥʠʣʠʩʴ ʧʨʠ -20°C. 

ʌʝʨʤʝʥʪ EndoQ ʠʟ Pyrococcus furiosus ʙʳʣ ʚʳʜʝʣʝʥ ʠʟ ʢʣʝʪʦʢ-ʧʨʦʜʫʮʝʥʪʦʚ E. coli 

ArcticExpress (DE3), ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʣʘʟʤʠʜʦʡ pET28c, ʥʝʩʫʱʝʡ ʛʝʥ, ʢʦʜʠʨʫʶʱʠʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʙʝʣʦʢ ʩ N-ʢʦʥʮʝʚʦʡ ʤʝʪʢʦʡ His6. ɼʣʷ ʦʯʠʩʪʢʠ ʜʘʥʥʦʛʦ ʬʝʨʤʝʥʪʘ ʚ ʢʘʯʝʩʪʚʝ 

ʨʝʢʦʤʙʠʥʘʥʪʥʦʛʦ ʙʝʣʢʘ, 2 ʣ ʢʫʣʴʪʫʨʳ ʢʣʝʪʦʢ E. coli [ʚ ʧʠʪʘʪʝʣʴʥʦʡ ʩʨʝʜʝ 2×YT], ʩʦʜʝʨʞʘʱʠʭ 

ʥʝʦʙʭʦʜʠʤʫʶ ʚʝʢʪʦʨʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʨʘʩʪʠʣʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 50 ʤʢʛ/ʤʣ ʢʘʥʘʤʠʮʠʥʘ, 

20 ʤʢʛ/ʤʣ ʛʝʥʪʘʤʠʮʠʥʘ ʠ 10 ʤʢʛ/ʤʣ ʪʝʪʨʘʮʠʢʣʠʥʘ ʧʨʠ 37ÁC ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʟʥʘʯʝʥʠʝ 
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ʧʦʛʣʦʱʝʥʠʷ A600 ʥʝ ʜʦʩʪʠʛʣʦ 0,6ï0,7. ʅʘʨʘʙʦʪʢʫ ʬʝʨʤʝʥʪʘ ʠʥʜʫʮʠʨʦʚʘʣʠ ʜʦʙʘʚʣʝʥʠʝʤ 0,2 ʤʄ 

IPTG ʠ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 24 ʯ ʧʨʠ 16ÁC. ʂʣʝʪʢʠ ʙʳʣʠ ʩʦʙʨʘʥʳ ʧʫʪʝʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ 

(5,000 × g, 20 ʤʠʥ), ʠ ʟʘʪʝʤ ʨʝʩʫʩʧʝʥʜʠʨʦʚʘʥ rʚ ʣʠʟʠʩ-ʙʫʬʝʨʝ [20 ʤʄ HEPES-KOH (pH 7,8), 

40 ʤʄ NaCl] ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʤʝʩʠ ʠʥʛʠʙʠʪʦʨʦʚ ʧʨʦʪʝʘʟ (Inhibitor cocktail, Complete, ʄʘʥʛʝʡʤ, 

ɻʝʨʤʘʥʠʷ). ʂʣʝʪʦʯʥʫʶ ʩʫʩʧʝʥʟʠʶ ʣʠʟʠʨʦʚʘʣʠ ʥʘ ʧʨʝʩʩʝ ʌʨʵʥʯʘ. ɺʩʝ ʧʨʦʮʝʜʫʨʳ ʧʦ ʦʯʠʩʪʢʝ 

ʬʝʨʤʝʥʪʘ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 4ÁC. ɻʦʤʦʛʝʥʘʪ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ ʧʨʠ 40,000 × g ʚ ʪʝʯʝʥʠʝ 45 ʤʠʥ, 

ʧʦʩʣʝ ʯʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ NaCl ʚ ʩʫʧʝʨʥʘʪʘʥʪʝ ʜʦʚʦʜʠʣʘʩʴ ʜʦ 400 ʤʄ, ʠ ʩʫʧʝʨʥʘʪʘʥʪ ʥʘʥʦʩʠʣʠ 

ʥʘ ʢʦʣʦʥʢʫ ʩ 30 ʤʣ Q-Sepharose Fast Flow (Cytiva, GE Healthcare Life Sciences, ʄʘʣʴʙʦʨʦ, 

ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ɹʝʣʦʢ ʵʣʶʠʨʦʚʘʣʠ ʩ ʢʦʣʦʥʢʠ ʙʫʬʝʨʦʤ, ʩʦʜʝʨʞʘʱʠʤ 400 ʤʄ NaCl ʠ 20 ʤʄ 

HEPES-NaOH (pH 7,8). ʌʨʘʢʮʠʠ ʩ ʢʦʣʦʥʢʠ, ʩʦʜʝʨʞʘʱʠʝ ʬʝʨʤʝʥʪ, ʙʳʣʠ ʩʦʙʨʘʥʳ ʚʤʝʩʪʝ, ʢ ʥʠʤ 

ʙʳʣ ʜʦʙʘʚʣʝʥ ʨʘʩʪʚʦʨ ʠʤʠʜʘʟʦʣʘ ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 20 ʤʄ ʠ ʨʘʩʪʚʦʨ NaCl ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 

500 ʤʄ, ʠ ʟʘʪʝʤ ʦʥʠ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʥʘ 1 ʤʣ ʢʦʣʦʥʢʫ HiTrap-Chelating
TM

 (Cytiva, GE Healthcare 

Life Sciences, ʄʘʣʴʙʦʨʦ, ʄʘʩʩʘʯʫʩʝʪʩ, ʉʐɸ). ʉʚʷʟʘʥʥʳʡ ʙʝʣʦʢ ʚʳʜʝʣʷʣʠ ʚ ʣʠʥʝʡʥʦʤ ʛʨʘʜʠʝʥʪʝ 

ʠʤʠʜʘʟʦʣʘ 20Ÿ600 ʤʄ. ʈʝʛʠʩʪʨʘʮʠʷ ʧʦʛʣʦʱʝʥʠʷ ʨʘʩʪʚʦʨʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 

280 ʥʤ. ʌʨʘʢʮʠʶ, ʩʦʜʝʨʞʘʱʫʶ ʙʝʣʦʢ, ʜʠʘʣʠʟʦʚʘʣʠ ʧʨʦʪʠʚ ʙʫʬʝʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 20 ʤʄ Tris-

HCl (pH 7,5), 200 ʤʄ NaCl, 5 ʤʄ DTT ʠ 20% ʛʣʠʮʝʨʠʥ (v/v) ʠ ʭʨʘʥʠʣʠ ʧʨʠ ī20ÁC. 

ɻʦʤʦʛʝʥʥʦʩʪʴ ʙʝʣʢʘ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʇɸɸɻ (ʨʠʩʫʥʦʢ 19ɹ). 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʘ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʧʦ ʤʝʪʦʜʫ ɹʨʵʜʬʦʨʜʘ, ʢʘʢ ʦʧʠʩʘʥʦ ʨʘʥʝʝ. 

2.6. ʆʧʨʝʜʝʣʝʥʠʝ ʚʣʠʷʥʠ̫ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʜʥʦ- ʠ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʥʘ 

ʘʢʪʠʚʥʦʩʪʴ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ 

 ʆʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʤʝʯʝʥʳʝ FAM ʧʦ 5ǋ-ʢʦʥʮʫ, ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʘʥʘʣʠʟʫ ʧʨʦʜʫʢʪʦʚ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-

ʵʣʝʢʪʨʦʬʦʨʝʟʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʛʦ ʦʙʦʨʦʪʘ ʬʝʨʤʝʥʪʘ ʧʨʦʚʦʜʠʣʠ ʚ ʨʘʟʣʠʯʥʳʭ 

ʨʝʘʢʮʠʦʥʥʳʭ ʙʫʬʝʨʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ 50 ʤʄ Tris-HCl pH 7,5, 0ï300 ʤʄ KCl, 0,0ï10,0 ʤʄ MgCl2, 

1,0 ʤʄ DTT, 1,0 ʤʄ ʕɼʊɸ ʠ 7% ʛʣʠʮʝʨʠʥʘ (v/v). ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʧʨʠʩʫʩʪʚʠʝ 

ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʚ ʨʘʩʪʚʦʨʝ ʙʝʣʢʘ ʜʦ ʜʦʙʘʚʣʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʛʦ ʙʫʬʝʨʘ, 

ʬʝʨʤʝʥʪʳ ʠʥʢʫʙʠʨʦʚʘʣʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 1,0 ʤʄ ʕɼʊɸ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ ʥʘ ʣʴʜʫ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩ ʢʘʞʜʳʤ ʩʫʙʩʪʨʘʪʦʤ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 25ÁC ʚ 

10 ʤʢʣ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ. ʇʦʩʢʦʣʴʢʫ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʠ 3ǋ-5ǋ- ʢɻʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʠ 

ʠʤʝʶʪ ʨʘʟʥʳʝ ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ, ʨʝʘʢʮʠʦʥʥʳʝ ʩʤʝʩʠ ʠʥʢʫʙʠʨʦʚʘʣʠ 

ʚ ʪʝʯʝʥʠʝ ʨʘʟʥʦʛʦ ʚʨʝʤʝʥʠ ʠ ʨʝʘʢʮʠʶ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʨʘʟʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʨʝʘʛʝʥʪʦʚ (ʪʘʙʣʠʮʘ 

2).  
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ʊʘʙʣʠʮʘ 2. ʋʩʣʦʚʠʷ ʨʝʘʢʮʠʠ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1 

ʉʫʙʩʪʨʘʪ ʂʦʥʮʝʥʪʨʘʮʠʠ 

ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ 

ʋʩʣʦʚʠʷ ʨʝʘʢʮʠʠ 

FRET-F/G 

(AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ) 

(1) [ʬʝʨʤʝʥʪ] = 0,1 ʤʢʄ, 

[ʩʫʙʩʪʨʘʪ] = 1,0 ʤʢʄ 
(1) [MgCl2] = 5,0 ʤʄ, [KCl] = 0ï300 ʤʄ, 25°C, 20 ʩ 

(2) [ʬʝʨʤʝʥʪ] = 1,0 ʤʢʄ, 

[ʩʫʙʩʪʨʘʪ] = 1,0 ʤʢʄ 
(2) [MgCl2] = 0ï10 ʤʄ, [KCl] = 50 ʤʄ, 25°C, 20 ʩ 

Exo-ɼʅʂ 

(3ǋ-5ǋ-

ʢɻʟʦʥʫʢʣʝʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ) 

[ʬʝʨʤʝʥʪ] = 1,0 ʤʢʄ, 

[ʩʫʙʩʪʨʘʪ] = 1,0 ʤʢʄ 

(1) [MgCl2] = 5,0 ʤʄ, [KCl] = 50 ʤʄ, 25 °C, 30 ʤʠʥ 

(2) [MgCl2] = 5,0 ʤʄ, [KCl] = 0ï300 ʤʄ, 25°C, 

30 ʤʠʥ 

(3) [MgCl2] = 0ï10 ʤʄ, [KCl] = 50 ʤʄ, 25°C, 30 ʤʠʥ 

ʈʝʘʢʮʠʶ ʠʥʠʮʠʠʨʦʚʘʣʠ ʜʦʙʘʚʣʝʥʠʝʤ 5 ʤʢʣ ʬʝʨʤʝʥʪʘ ʢ 5 ʤʢʣ ʩʫʙʩʪʨʘʪʘ ʠ ʦʩʪʘʥʘʚʣʠʚʘʣʠ 

ʜʦʙʘʚʣʝʥʠʝʤ 10 ʤʢʣ ʢʨʘʩʢʠ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʥʘ ʛʝʣʴ, ʩʦʜʝʨʞʘʱʝʡ 7 ʄ ʤʦʯʝʚʠʥʫ ʠ 25 ʤʄ ʕɼʊɸ, ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʥʘʛʨʝʚʘʥʠʝʤ ʧʨʠ 95Áʉ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥ ʠ ʥʘʥʝʩʝʥʠʝʤ ʥʘ 20% (w/v) ʇɸɸɻ, 

ʩʦʜʝʨʞʘʱʠʡ 7 ʄ ʤʦʯʝʚʠʥʫ. ɻʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 55ÁC ʠ 200-300 V. ɺʠʟʫʘʣʠʟʘʮʠʷ 

ɼʅʂ ʚ ʛʝʣʝ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʜʦʢʫʤʝʥʪʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ E-Box CX.5 TS (Vilber 

Lourman, France). ɸʥʘʣʠʟ ʩʪʝʧʝʥʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʫʪʝʤ 

ʩʢʘʥʠʨʫʶʱʝʡ ʜʝʥʩʠʪʦʤʝʪʨʠʠ ʚ ʧʨʦʛʨʘʤʤʝ Gel-Pro Analyzer v.4.0 (Media Cybernetics, ʉʐɸ). 

ɿʥʘʯʝʥʠʝ ʫʨʦʚʥʷ ʨʘʩʱʝʧʣʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʧʣʦʱʘʜʠ ʧʠʢʘ ʧʨʦʜʫʢʪʘ ʢ ʩʫʤʤʝ 

ʧʣʦʱʘʜʝʡ ʧʠʢʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʦʜʫʢʪʫ ʠ ʠʩʭʦʜʥʦʤʫ ɼʅʂ-ʩʫʙʩʪʨʘʪʫ. 

2.7. ɸʥʘʣʠʟ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ zAPE1, xAPE1 ʠ Rrp1 ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ 

 ʀʩʩʣʝʜʦʚʘʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ zAPE1, xAPE1 ʠ Rrp1 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ-

ʩʫʙʩʪʨʘʪʫ FRET-F/G ʧʨʦʚʦʜʠʣʠ ʧʨʠ 25ÁC ʚ 10 ʤʢʣ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ, ʩʦʜʝʨʞʘʱʝʡ ʙʫʬʝʨ BER. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ FRET-U/G, FRET-ŬA/T, FRET-ŮA/T ʠ FRET-DHU/G 

ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ NIR. ʈʝʘʢʮʠʷ ʙʳʣʘ ʠʥʠʮʠʠʨʦʚʘʥʘ ʜʦʙʘʚʣʝʥʠʝʤ 5 ʤʢʣ ʬʝʨʤʝʥʪʘ ʚ 

ʢʦʥʮʝʥʪʨʘʮʠʠ 2 ʤʢʄ ʢ 5 ʤʢʣ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʚ ʪʦʡ ʞʝ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʇʦʩʣʝ ʠʥʢʫʙʠʨʦʚʘʥʠʷ ʚ 

ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʢʘʢ ʦʧʠʩʘʥʦ ʨʘʥʝʝ (ʨʘʟʜʝʣ 2.6). 

ʆʪʦʙʨʘʥʥʳʝ ʧʨʦʙʳ ʧʦ 15 ʤʢʣ ʥʘʥʦʩʠʣʠ ʥʘ ʜʝʥʘʪʫʨʠʨʫʶʱʠʡ ʇɸɸɻ; ʵʣʝʢʪʨʦʬʦʨʝʟ, 

ʚʠʟʫʘʣʠʟʘʮʠʷ ɼʅʂ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ (ʨʘʟʜʝʣ 2.6).  

2.8. ɸʥʘʣʠʟ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ EndoQ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ 

ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ ʥʘ ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ EndoQ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʫʙʩʪʨʘʪʫ FRET-F/G, ʬʝʨʤʝʥʪ ʙʳʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 
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ʠʥʢʫʙʠʨʦʚʘʥ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 1,0 ʤʄ ʕɼʊɸ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ ʥʘ ʣʴʜʫ. ɿʘʪʝʤ ʬʝʨʤʝʥʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʥʢʫʙʠʨʦʚʘʣʠ ʝʱʝ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ ʚ ʧʨʠʩʫʪʩʪʚʠʠ MeCl2 (ʛʜʝ Me = Mg, Mn, Ca 

ʠʣʠ Zn) ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (0; 0,05; 0,1; 0,5; 1,0; 1,5; 2,0; 2,5; 3,0 ʠʣʠ 5,0 ʤʄ). ɼʘʣʝʝ 

ʢ 5 ʤʢʣ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2 ʤʢʄ ʠ ʙʫʬʝʨʥʦʤ ʨʘʩʪʚʦʨʝ, ʩʦʜʝʨʞʘʱʝʤ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʠʦʥ Me
2+

 ʚ ʥʫʞʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʜʦʙʘʚʣʷʣʠ 5 ʤʢʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʬʝʨʤʝʥʪʘ EndoQ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2 ʤʢʄ. ʈʝʘʢʮʠʦʥʥʳʝ ʩʤʝʩʠ ʠʥʢʫʙʠʨʦʚʘʣʠ 

ʧʨʠ 40ÁC. ɸʣʠʢʚʦʪʳ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʦʪʙʠʨʘʣʠ ʧʦʩʣʝ 3 ʤʠʥ (ʚ ʩʣʫʯʘʝ ʨʘʩʪʚʦʨʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ Mg
2+
) ʠʣʠ 30 ʤʠʥ (ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ) ʧʦʩʣʝ ʥʘʯʘʣʘ ʨʝʘʢʮʠʠ, 

ʧʦʩʣʝ ʯʝʛʦ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ (ʨʘʟʜʝʣ 2.6).  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ EndoQ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤ FRET-F/N, 

FRET-Hx/N, FRET-U/N (ʛʜʝ N = A, C, G, T), ʘ ʪʘʢʞʝ ʩʫʙʩʪʨʘʪʘʤ FRET-ŬA/T, FRET-ŮA/T, 

FRET-DHU/G, FRET-C/G ʠ exo-ʩʫʙʩʪʨʘʪʫ, ʧʨʦʚʦʜʠʣʠ ʧʨʠ 40ÁC ʚ 10 ʤʢʣ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ, 

ʩʦʜʝʨʞʘʱʝʡ ʨʝʘʢʮʠʦʥʥʳʡ ʙʫʬʝʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ 50 ʤʄ Tris-HCl (pH 8,0), 50 ʤʄ KCl, 1 ʤʄ 

MgCl2, 1 ʤʄ DTT ʠ 7% ʛʣʠʮʝʨʠʥʘ (v/v). ʈʘʩʪʚʦʨʳ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ ʜʦ ʥʘʯʘʣʘ ʨʝʘʢʮʠʠ 

ʙʳʣʠ ʚʳʜʝʨʞʘʥʳ ʚ ʪʝʯʝʥʠʝ 4 ʤʠʥ ʧʨʠ 40ÁC. ʂ 5 ʤʢʣ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2 ʤʢʄ 

ʜʦʙʘʚʣʷʣʠ 5 ʤʢʣ EndoQ ʚ ʪʦʡ ʞʝ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʇʦʩʣʝ ʠʥʢʫʙʠʨʦʚʘʥʠʷ ʚ ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ 

ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʢʘʢ ʦʧʠʩʘʥʦ ʨʘʥʝʝ (ʨʘʟʜʝʣ 2.6). ʇʦʩʣʝ ʦʩʪʘʥʦʚʢʠ ʨʝʘʢʮʠʠ 

ʘʣʠʢʚʦʪʳ ʩ ʢʨʘʩʢʦʡ ʧʦ 15 ʤʢʣ ʥʘʥʦʩʠʣʠ ʥʘ ʜʝʥʘʪʫʨʠʨʫʶʱʠʡ ʇɸɸɻ; ʵʣʝʢʪʨʦʬʦʨʝʟ, 

ʚʠʟʫʘʣʠʟʘʮʠʷ ɼʅʂ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ (ʨʘʟʜʝʣ 2.6). 

2.9. ɸʥʘʣʠʟ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ hAPE1 ʧʨʠ ʨʘʩʱʝʧʣʝʥʠʠ ʩʫʙʩʪʨʘʪʦʚ ʩ 

ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ 

 ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʬʦʨʤʠʨʫʶʱʠʤʠ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʝ ʩʪʨʫʢʪʫʨʳ, 

ʧʨʦʚʦʜʠʣʠ ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʙʫʬʝʨʝ Q4, ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ KCl 140 ʤM. ɺ ʩʣʫʯʘʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʷʤʠ, ʢʦʥʮʝʥʪʨʘʮʠʷ KCl ʙʳʣʘ ʩʥʠʞʝʥʘ ʜʦ 50 ʤʄ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʨʘʟʜʝʣʝʥʠʶ 

ʧʨʦʜʫʢʪʦʚ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʛʝʣʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 5ǋ-FAM-ʤʝʯʝʥʳʝ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʨʦʚʥʷ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʘʩʱʝʧʣʝʥʠʷ 

G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʨʝʘʢʮʠʶ ʠʥʠʮʠʠʨʦʚʘʣʠ ʜʦʙʘʚʣʝʥʠʝʤ 5 ʤʢʣ ʨʘʩʪʚʦʨʘ ʬʝʨʤʝʥʪʘ hAPE1 ʚ 

ʢʦʥʮʝʥʪʨʘʮʠʠ 6,0 ʤʢʄ (ʝʩʣʠ ʥʝ ʫʢʘʟʘʥʦ ʠʥʦʝ) ʢ 5 ʤʢʣ ʨʘʩʪʚʦʨʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ FRET-Q4, 

FRET-F14-Q4 ʠʣʠ FRET-F17-Q4 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2,0 ʤʢʄ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʫʨʦʚʥʷ 

ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʘʩʱʝʧʣʝʥʠʷ 2,0 ʤʢʄ FRET-F17-Q4-ʩʫʙʩʪʨʘʪʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1, 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʬʝʨʤʝʥʪʘ ʚʘʨʴʠʨʦʚʘʣʠ ʦʪ 2,0 ʤʢʄ ʜʦ 40,0 ʤʢʄ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʨʦʚʥʷ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʦʚ ʩ ʚʳʧʝʪʣʠʚʘʥʠʷʤʠ, ʘ ʪʘʢʞʝ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʠ ʦ.ʮ. ʩʫʙʩʪʨʘʪʘ, ʩʦʜʝʨʞʘʱʠʭ F-ʩʘʡʪ, ʨʝʘʢʮʠʶ ʠʥʠʮʠʠʨʦʚʘʣʠ 
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ʜʦʙʘʚʣʝʥʠʝʤ 5 ʤʢʣ ʨʘʩʪʚʦʨʘ ʬʝʨʤʝʥʪʘ hAPE1 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 20,0 ʥʄ ʢ 5 ʤʢʣ ʨʘʩʪʚʦʨʘ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ dsF/G28, F/-ȹ1, F/-ȹ2(5ǋ), F/-ȹ2(3ǋ), F/-ȹ3, F/-ȹ5, ʦ.ʮ. ɼʅʂ ssF28, F/+ȹ3, F/+ȹ4, F/+ȹ5 

ʠʣʠ F/+ȹ7 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2,0 ʤʢʄ. ʆʩʪʘʥʦʚʢʫ ʨʝʘʢʮʠʠ ʦʩʫʱʝʩʪʚʣʷʣʠ ʢʘʢ ʦʧʠʩʘʥʦ ʨʘʥʝʝ 

(ʨʘʟʜʝʣ 2.6). ʇʦʩʣʝ ʦʩʪʘʥʦʚʢʠ ʨʝʘʢʮʠʠ ʘʣʠʢʚʦʪʳ ʩ ʢʨʘʩʢʦʡ ʧʦ 15 ʤʢʣ ʥʘʥʦʩʠʣʠ ʥʘ 

ʜʝʥʘʪʫʨʠʨʫʶʱʠʡ ʇɸɸɻ; ʵʣʝʢʪʨʦʬʦʨʝʟ, ʚʠʟʫʘʣʠʟʘʮʠʷ ɼʅʂ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ (ʨʘʟʜʝʣ 2.6). ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʢʨʠʚʦʡ ʚ 

ʧʨʦʛʨʘʤʤʝ Origin 8.1 (OriginLab Corp., ʉʐɸ; ʫʨʘʚʥʝʥʠʝ 1).  

˚́̋̏̐̌̆̎̉̆ ̐̑̏̅̔̋̓́ ὃ ρ ÅØÐὯ ὸ  (1) 

ʛʜʝ A ï ʘʤʧʣʠʪʫʜʘ, kobs (ʩ
-1

) ï ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ, ʘ t ï ʚʨʝʤʷ ʨʝʘʢʮʠʠ.  

 ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʤʦʡ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ kobs ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1 ʙʳʣʘ 

ʦʙʨʘʙʦʪʘʥʘ ʫʨʘʚʥʝʥʠʝʤ 2: 

Ὧ  ὑ ὬὃὖὉρȾὑ ὬὃὖὉρ ρ  Ὧ  (2) 

ʛʜʝ Kbind ï ʨʘʚʥʦʚʝʩʥʘʷ ʢʦʥʩʪʘʥʪʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ hAPE1-ʩʫʙʩʪʨʘʪ (ʄ
-1
), ʘ k2 ʠ k-2 ï 

ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (ʩ
-1
) ʚʪʦʨʦʛʦ ʵʪʘʧʘ ʩʚʷʟʳʚʘʥʠʷ.  

 ɺ ʩʣʫʯʘʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʚʳʧʝʪʣʠʚʘʥʠʷ, ʥʘʯʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ʙʳʣʘ ʦʮʝʥʝʥʘ ʢʘʢ ʥʘʯʘʣʴʥʳʡ ʥʘʢʣʦʥ ʢʠʥʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ, ʧʦʣʫʯʝʥʥʦʡ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʫʩʣʦʚʠʷʭ. 

2.10. ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʤʝʪʦʜʦʤ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè 

 ʇʨʝʜʩʪʘʮʠʦʥʘʨʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠʣʠ 

FRET-ʩʠʛʥʘʣʘ. ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʳ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè SX.18MV 

ʠ SX20 (Applied Photophysics Ltd., ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ), ʦʩʥʘʱʝʥʥʳʝ ʢʩʝʥʦʥʦʚʦʡ ʣʘʤʧʦʡ ʥʘ 150 W 

ʠ ʢʶʚʝʪʦʡ ʩ ʜʣʠʥʦʡ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ 2 ʤʤ. ʄʝʨʪʚʦʝ ʚʨʝʤʷ ʧʨʠʙʦʨʦʚ ʩʦʩʪʘʚʣʷʣʦ 1,4 ʠ 1,0 ʤʩ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʦʟʙʫʞʜʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʪʨʠʧʪʦʬʘʥʘ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ɚex = 

290 ʥʤ, ʨʝʛʠʩʪʨʘʮʠʶ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ɚem > 320 ʥʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʣʴʪʨʘ WG-320 (Schott, 

Mainz, ɻʝʨʤʘʥʠʷ). ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜ ʩʦʜʝʨʞʘʣ aPu, ʚʦʟʙʫʞʜʝʥʠʝ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ɚex = 310 ʥʤ, ʘ ʨʝʛʠʩʪʨʘʮʠʶ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ɚem > 

370 ʥʤ (ʬʠʣʴʪʨ Corion LG-370). ʌʣʫʦʨʝʩʮʝʥʮʠʶ FAM ʚʦʟʙʫʞʜʘʣʠ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ ɚex = 

494 ʥʤ, ʘ ʠʟʤʝʥʝʥʠʷ FRET-ʩʠʛʥʘʣʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʥʘ ɚem > 530 ʥʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʣʴʪʨʘ 

OG-530 (Schott, Mainz, ɻʝʨʤʘʥʠʷ). ɼʝʪʝʢʮʠʶ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʫʤʥʦʞʠʪʝʣʷ (ʌʕʋ). ʂʘʞʜʘʷ ʬʣʫʦʨʝʩʮʝʥʪʥʘʷ 
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ʢʨʠʚʘʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʫʩʨʝʜʥʝʥʠʷ ʦʪ ʪʨʝʭ ʠʣʠ ʙʦʣʝʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʥʝ ʧʨʝʚʳʰʘʣʘ 5%. ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ G-ʢʚʘʜʨʫʧʣʝʢʩ, ʧʨʦʚʦʜʠʣʠ ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʙʫʬʝʨʝ Q4. 

ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ ʢʨʠʚʳʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʝʨʤʝʥʪʦʚ zAPE1, xAPE1 ʠ Rrp1 ʩ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ŬA, ŮA, DHU ʠ U, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʢʦʪʦʨʳʝ 

ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ NIR. ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʫʯʘʩʪʠʝʤ ʬʝʨʤʝʥʪʦʚ hAPE1, zAPE1, xAPE1 ʠ Rrp1 ʠ 

ʩʫʙʩʪʨʘʪʘ FRET-F/G ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ BER. ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 

ʫʯʘʩʪʠʝʤ ʬʝʨʤʝʥʪʦʚ hAPE1, zAPE1, xAPE1 ʠ Rrp1 ʧʨʦʚʦʜʠʣʠ ʧʨʠ 25ÁC. ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ 

ʫʯʘʩʪʠʝʤ EndoQ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 40ÁC ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʙʫʬʝʨʝ, ʩʦʜʝʨʞʘʱʝʤ 50 ʤʄ Tris-HCl (pH 

8,0), 50 ʤʄ KCl ʠ 1 ʤʄ MgCl2.  

 ɼʣʷ ʨʘʩʯʝʪʘ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ɼʅʂ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʬʝʨʤʝʥʪʘʤʠ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʝʨʠʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʜʣʷ ʨʘʟʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʬʝʨʤʝʥʪʘ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩʦʩʪʘʚʣʷʣʘ 1,0 ʤʢʄ, ʘ ʢʦʥʮʝʥʪʨʘʮʠʶ ʬʝʨʤʝʥʪʘ ʚʘʨʴʠʨʦʚʘʣʠ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0,5 

ʜʦ 2,5 ʤʢʄ (ʜʦ 20 ʤʢʄ ʚ ʩʣʫʯʘʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʬʦʨʤʠʨʫʶʱʠʤʠ G-

ʢʚʘʜʨʫʧʣʝʢʩʥʳʝ ʩʪʨʫʢʪʫʨʳ). ʈʘʩʪʚʦʨʳ, ʩʦʜʝʨʞʘʱʠʝ ʬʝʨʤʝʥʪ ʠ ʩʫʙʩʪʨʘʪ, ʧʦʤʝʱʘʣʠ ʚ ʜʚʘ 

ʦʪʜʝʣʴʥʳʭ ʰʧʨʠʮʘ ʩʧʝʢʪʨʦʤʝʪʨʘ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè ʠ ʠʥʢʫʙʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥ ʜʦ 

ʩʤʝʰʠʚʘʥʠʷ ʧʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʋʢʘʟʘʥʥʳʝ ʚ ʧʦʷʩʥʝʥʠʠ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʝʘʛʠʨʫʶʱʠʭ ʚʝʱʝʩʪʚ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʦʥʝʯʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʢʶʚʝʪʝ ʜʣʷ 

ʩʤʝʠhʚʘʥʠʷ.  

 ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʣʠʪʝʣʴʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʬʣʫʦʨʦʬʦʨʥʳʭ ʛʨʫʧʧ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʩʚʝʪʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʠʭ ʧʦʩʪʝʧʝʥʥʘʷ ʜʝʛʨʘʜʘʮʠʷ, ʢʦʪʦʨʘʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʘʜʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʩʠʛʥʘʣʘ (çʙʣʠʯʠʥʛè). ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʵʪʦʪ ʵʬʬʝʢʪ ʚʥʦʩʠʣ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ 

ʚʠʜ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʚʥʦʩʠʣʠ ʧʦʧʨʘʚʢʫ ʥʘ çʙʣʠʯʠʥʛè, ʧʨʠʤʝʥʷʷ ʫʨʘʚʥʝʥʠʝ 3: 

Ὂ  Ὂ̞̋̒  ̐Ὂ ÅØÐ Ὧ ὸ (3) 

ʛʜʝ F ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ çʙʣʠʯʠʥʛè, Fʵʢʩʧ ï ʟʥʘʯʝʥʠʝ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʧʦʣʫʯʝʥʥʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, F0 ï ʟʥʘʯʝʥʠʝ ʬʦʥʦʚʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, kbleach ï 

ʢʦʥʩʪʘʥʪʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʧʨʦʮʝʩʩ çʙʣʠʯʠʥʛʘè, t ï ʚʨʝʤʷ.  

2.11. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ  

 ʅʘʙʦʨʳ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ FRET-F/G ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʬʝʨʤʝʥʪʘʤʠ zAPE1, xAPE1 ʠʣʠ Rrp1, ʙʳʣʠ 

ʦʙʨʘʙʦʪʘʥʳ ʚ ʧʨʦʛʨʘʤʤʝ Origin 8.1 (Originlab Corp., ʉʐɸ) ʩʣʝʜʫʶʱʠʤ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ 
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ʫʨʘʚʥʝʥʠʝʤ (4) ʩ ʘʤʧʣʠʪʫʜʘʤʠ A1 ʠ A2, ʠ ʢʦʥʩʪʘʥʪʘʤʠ ʩʢʦʨʦʩʪʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ kobs1 ʠ kobs2, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 

ώ  ὃÅØÐὯ ὸ  ὃÅØÐὯ ὸ  ˞ (4) 

 ɼʘʣʝʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ kobsi ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʘ [E], ʢʦʪʦʨʳʝ ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʫʨʘʚʥʝʥʠʷʤʠ 5 ʠ 6: 

Ὧ  Ὧ %  Ὧ  (5) 

ʛʜʝ k1 ʠ k-1 ï ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʨʝʘʢʮʠʠ, ʘ [E] ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʝʨʤʝʥʪʘ. 

Ὧ  Ὧ % (6) 

ʛʜʝ kcat ï ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʥʝʦʙʨʘʪʠʤʦʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʨʝʘʢʮʠʠ, ʘ 

[E] ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʝʨʤʝʥʪʘ. 

 ʅʘʙʦʨʳ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʬʝʨʤʝʥʪʘʤʠ hAPE1, zAPE1, xAPE1 ʠʣʠ 

Rrp1; ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ FRET-F/G, FRET-Hx/A ʠʣʠ FRET-U/A ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

EndoQ; ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ F17-aPu16-Q4 ʠʣʠ FRET-F17-Q4 ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ hAPE1 

ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ DynaFit (BioKin, Pullman, WA) [306], ʢʘʢ 

ʦʧʠʩʘʥʦ ʨʘʥʝʝ [307ï310]. 

 ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʠʟʤʝʥʝʥʠʷ FRET-ʩʠʛʥʘʣʘ ʚ ʧʨʦʮʝʩʩʝ ʨʝʘʢʮʠʠ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʜʘʣʴʥʝʡʰʠʭ ʧʨʝʚʨʘʱʝʥʠʡ 

ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ 

ʤʠʢʨʦʦʢʨʫʞʝʥʠʶ ʵʪʦʛʦ ʦʩʪʘʪʢʘ ʠ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʣʦʢʘʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʚ ʦʙʣʘʩʪʠ, ʙʣʠʟʢʦʡ ʢ ʤʝʩʪʫ ʨʘʩʧʦʣʦʞʝʥʠʷ aPu. ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ 

ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè, ʙʳʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʙʨʘʙʦʪʘʥʳ ʢʘʢ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (F) ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ (t), ʨʘʚʥʘʷ ʩʫʤʤʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʬʦʥʦʚʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢʘʞʜʦʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʬʝʨʤʝʥʪʦʤ ʩ ɼʅʂ: 

Ὂ Ὂ Ὢ %3 (7) 

ʛʜʝ Fb ï ʬʦʥʦʚʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ ʠʣʠ ʩʚʷʟʘʥʥʳʡ ʩ ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʧʘʨʘʤʝʪʨ ʬʦʪʦʫʤʥʦʞʠʪʝʣʷ 

(çʰʫʤè), fi - ʤʦʣʷʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʢʣʠʢʘ i-ʛʦ ʠʥʪʝʨʤʝʜʠʘʪʘ ESi (i = 0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʝʣʢʫ ʚ 

ʩʚʦʙʦʜʥʦʡ ʬʦʨʤʝ, ʘ i > 0 ï ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʤ ʢʦʤʧʣʝʢʩʘʤ). 
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 ʂʦʥʮʝʥʪʨʘʮʠʷ ʢʘʞʜʦʡ ʬʦʨʤʳ ʚ ʤʝʭʘʥʠʟʤʝ ʦʧʠʩʳʚʘʝʪʩʷ ʥʘʙʦʨʦʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʝ. ʇʨʦʛʨʘʤʤʘ ʚʳʧʦʣʥʷʝʪ ʯʠʩʣʝʥʥʦʝ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʥʝʣʠʥʝʡʥʳʤ ʨʝʛʨʝʩʩʠʦʥʥʳʤ ʘʥʘʣʠʟʦʤ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʢʨʠʚʦʡ ʦʧʪʠʤʠʟʠʨʫʶʪʩʷ ʟʥʘʯʝʥʠʷ ʚʩʝʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ 

ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʨʝʘʢʮʠʡ, ʢʘʢ ʠ ʢʦʥʢʨʝʪʥʳʝ ʤʦʣʷʨʥʳʝ çʬʘʢʪʦʨʳ ʦʪʢʣʠʢʘè ʜʣʷ ʚʩʝʭ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʢʦʤʧʣʝʢʩʦʚ.  

 ʅʘʙʦʨʳ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ FRET-

F/N, FRET-Hx/N ʠʣʠ FRET-U/N (ʛʜʝ N = A, C, G ʠʣʠ T) ʩ EndoQ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʪʠʧʘ ʫʨʘʚʥʝʥʠʷ (8), ʚ ʢʦʪʦʨʦʤ Ai ï ʘʤʧʣʠʪʫʜʳ, ʘ kobsi ï 

ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʧʨʠ ʵʪʦʤ ʯʠʩʣʦ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ ʯʣʝʥʦʚ 

ʟʘʚʠʩʝʣʦ ʦʪ ʢʨʠʚʦʡ ʠ ʩʦʩʪʘʚʣʷʣʦ ʦʪ 2 ʜʦ 4. ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʧʨʦʛʨʘʤʤʘ Origin 

8.1 (Originlab Corp., ʉʐɸ):  

ώ !ÅØÐὯ ὸ  ˞
(8) 

2.12. ɸʥʘʣʠʟ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʠʢʨʦʪʝʨʤʦʬʦʨʝʟʘ (MST) 

 ʂʦʥʩʪʘʥʪʳ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ FRET-Q4, FRET-F14-Q4 ʠ FRET-F17-Q4 

ʬʝʨʤʝʥʪʦʤ hAPE1 ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʤʠʢʨʦʪʝʨʤʦʬʦʨʝʟʘ (MST) ʥʘ ʧʨʠʙʦʨʝ 

Monolith NT.115 (NanoTemper Technologies, ɻʝʨʤʘʥʠʷ). ʂʦʥʮʝʥʪʨʘʮʠʷ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʪʠʪʨʦʚʘʥʠʶ ʩʦʩʪʘʚʣʷʣʘ 0,5 ʤʢʄ, ʘ 

ʢʦʥʮʝʥʪʨʘʮʠʶ hAPE1 ʚʘʨʴʠʨʦʚʘʣʠ ʦʪ 0,001 ʜʦ 30,0 ʤʢʄ. ʈʝʘʢʮʠʦʥʥʳʝ ʩʤʝʩʠ ʙʳʣʠ 

ʧʨʦʠʥʢʫʙʠʨʦʚʘʥʳ ʧʨʠ 25ÁC ʚ ʙʫʬʝʨʝ, ʩʦʜʝʨʞʘʱʝʤ 50 ʤʄ Tris-HCl (pH 7,5), 140 ʤʄ KCl ʠ 

5,0 ʤʄ MgCl2 ʚ ʩʣʫʯʘʝ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ, ʠʣʠ ʚ ʙʫʬʝʨʝ, ʩʦʜʝʨʞʘʱʝʤ 50 ʤʄ Tris-HCl (pH 7,5), 

50 ʤʄ KCl ʠ 5,0 ʤʄ ʕɼʊɸ ʚ ʩʣʫʯʘʝ ʜʫʧʣʝʢʩʦʚ ʩ ʚʳʧʝʪʣʠʚʘʥʠʝʤ. ɿʘ ʚʨʝʤʷ ʠʥʢʫʙʘʮʠʠ ʚ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʙʫʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ ʥʝ ʧʨʦʠʩʭʦʜʠʣʦ ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ (ʨʠʩʫʥʦʢ 23).  

ὓὛὝ̒̉̄̎́ ̌Ὂ  Ὂ ὬὃὖὉρȾρȾὑ ὬὃὖὉρ  (9) 

ʛʜʝ Fnois ï ʬʦʥʦʚʳʡ ʩʠʛʥʘʣ, Famp ï ʘʤʧʣʠʪʫʜʘ ʠʟʤʝʥʝʥʠʷ MST ʩʠʛʥʘʣʘ, ʘ Kbind ï ʨʘʚʥʦʚʝʩʥʘʷ 

ʢʦʥʩʪʘʥʪʘ ʘʩʩʦʮʠʘʮʠʠ (ʄ
-1
) ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ.  
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2.13. ʉʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

 ɼʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʘʥʘʣʠʟʝ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ 

zAPE1, xAPE1, Rrp1 ʠ EndoQ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʜʥʦʬʘʢʪʦʨʥʳʡ 

ʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʩ ʘʧʦʩʪʝʨʠʦʨʥʳʤ ʢʨʠʪʝʨʠʝʤ ʥʘʠʤʝʥʴʰʝʡ ʟʥʘʯʠʤʦʩʪʠ ʊʴʶʢʠ (Tukey 

LSD). ɿʥʘʯʝʥʠʝ pÒ0.05 ʦʪʨʘʞʘʣʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʜʦʩʪʦʚʝʨʥʳʝ ʦʪʣʠʯʠʷ. ɼʣʷ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʛʨʘʤʤʫ STATISTICA 10.0. 
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3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

3.1. ɸʢʪʠʚʥʦʩʪʴ ʘʧʫʨʠʥʦʚʦʡ/ʘʧʠʨʠʤʠʜʠʥʦʚʦʡ ʵʥʜʦʥʫʢʣʝʘʟʳ ʯʝʣʦʚʝʢʘ hAPE1 ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʩ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ 

 ɸʥʘʣʠʟ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʜʫʧʣʝʢʩʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ 

ʨʘʟʣʠʯʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ, ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʣʝʢʩʘ ʩ ʬʝʨʤʝʥʪʦʤ hAPE1 ʤʝʪʦʜʦʤ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʦʥ-

ʵʣʝʢʪʨʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ [18] ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʧʨʠ ʜʠʩʢʨʠʤʠʥʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ. ɺ ʵʪʦʡ ʞʝ ʨʘʙʦʪʝ 

ʘʚʪʦʨʳ ʧʨʦʚʝʣʠ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʩ ʜʘʥʥʳʤʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ. ʉʦʚʦʢʫʧʥʳʡ ʘʥʘʣʠʟ ʨʘʚʥʦʚʝʩʥʳʭ ʜʘʥʥʳʭ PELDOR ʠ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʧʦ FRET ʧʦʟʚʦʣʠʣ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʩʚʷʟʳʚʘʥʠʝ ɼʅʂ ʬʝʨʤʝʥʪʦʤ 

hAPE1 ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ, ʟʘʚʠʩʷʱʝʤʫ ʦʪ ʪʠʧʘ ʧʦʚʨʝʞʜʝʥʠʷ, ʠʟʛʠʙʘʥʠʶ ɼʅʂ-ʜʫʧʣʝʢʩʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʠʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʨʫʰʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ɼʅʂ ʚ ʦʪʚʝʪ ʥʘ 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʥʪʘʢʪʦʚ ʩ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʮʝʥʪʨʘ ʚ ʧʝʨʚʠʯʥʦʤ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʢ ʢʦʥʢʨʝʪʥʦʤʫ ʥʘʙʦʨʫ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ. ʄʝʪʦʜʦʤ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [18], ʯʪʦ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʪʘʢʠʝ ʢʘʢ ŮA, ŬA, 

DHU ʠ F-ʩʘʡʪ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ hAPE1, ʥʝ ʦʙʨʘʟʫʶʪ ʩ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ 

ʦʩʪʘʪʢʘʤʠ ʬʝʨʤʝʥʪʘ ʥʠʢʘʢʠʭ ʩʧʝʮʠʬʠʯʥʳʭ ʢʦʥʪʘʢʪʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʧʦʟʚʦʣʠʣʠ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʩʘʤʘ ʧʦ ʩʝʙʝ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚʳʚʦʨʘʯʠʚʘʪʴʩʷ 

ʠʟ ʜʚʦʡʥʦʡ ʮʝʧʠ ɼʅʂ ʠ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʚ ʢʘʨʤʘʥʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʚ ʦʪʚʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʮʝʥʪʨʘ ʠ ʤʦʣʝʢʫʣʦʡ ɼʅʂ 

ʤʦʞʝʪ ʙʳʪʴ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ, ʦʪʚʝʯʘʶʱʠʤ ʟʘ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ hAPE1 [18,19]. 

ʇʨʘʚʜʦʧʦʜʦʙʥʦʡ ʵʢʩʪʨʘʧʦʣʷʮʠʝʡ ʵʪʦʡ ʤʦʜʝʣʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʘʡʪʘ ʷʚʣʷʝʪʩʷ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʬʝʨʤʝʥʪ hAPE1 ʩʧʦʩʦʙʝʥ ʨʘʩʱʝʧʣʷʪʴ ɼʅʂ ʚ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨʘʭ, ʦʙʣʝʛʯʘʶʱʠʭ ʚʳʚʦʨʘʯʠʚʘʥʠʝ ʥʫʢʣʝʦʪʠʜʦʚ ʠʟ ɼʅʂ. 

3.1.1. ʈʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʴʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʥʝʢʘʥʦʥʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ 

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʦʚʝʨʠʪʴ ʘʜʝʢʚʘʪʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ, ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʯʝʪʳʨʝ ʧʦʚʪʦʨʘ TTAGGG ʪʝʣʦʤʝʨʥʦʡ ɼʅʂ 

ʯʝʣʦʚʝʢʘ, ʘ ʪʘʢʞʝ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʬʦʨʤʠʨʫʶʱʠʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʧʦʚʨʝʞʜʝʥʥʦʡ ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ (ʨʠʩʫʥʦʢ 20).  
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ʈʠʩʫʥʦʢ 20. ʉʭʝʤʘʪʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʢʦʥʪʨʦʣʴʥʦʛʦ ɼʅʂ ʜʫʧʣʝʢʩʘ (ʩʦʜʝʨʞʘʱʝʛʦ F-ʩʘʡʪ) ʠ 

ɼʅʂ ʜʫʧʣʝʢʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ F-ʩʘʡʪ ʩ ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʧʦʚʨʝʞʜʝʥʥʦʡ (1-5 ʥʫʢʣʝʦʪʠʜʦʚ) ʠʣʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ (3-7 ʥʫʢʣʝʦʪʠʜʦʚ) ʮʝʧʠ. ʆʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʩʦʜʝʨʞʘʣʠ FRET-ʧʘʨʫ 

FAM/BHQ1, ʥʘ 5ǋ- ʠ 3ǋ-ʢʦʥʮʘʭ ʮʝʧʠ, ʩʦʜʝʨʞʘʱʝʡ F-ʩʘʡʪ. 

ʉʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʣʦʤʝʨʥʦʛʦ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʯʝʣʦʚʝʢʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʥʝʧʦʚʨʝʞʜʝʥʥʳʤʠ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘʤʠ ʚ ʨʘʩʪʚʦʨʝ, ʩʦʜʝʨʞʘʱʝʤ Na
+
 ʣʠʙʦ K

+
, ʙʳʣʠ ʦʧʠʩʘʥʳ 

ʨʘʥʝʝ [311ï315]. ʉʪʘʥʜʘʨʪʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʫʢʣʘʜʢʠ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ ɼʅʂ ʷʚʣʷʝʪʩʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ [316]. ʉʫʱʝʩʪʚʫʝʪ ʪʨʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ 

ʪʦʧʦʣʦʛʠʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʚʟʘʠʤʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʩʦʩʝʜʥʠʭ ʮʝʧʝʡ, ʘ ʠʤʝʥʥʦ ʧʘʨʘʣʣʝʣʴʥʘʷ 

(ʨʠʩʫʥʦʢ 21ɸ), ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʘʷ (ʨʠʩʫʥʦʢ 21ɹ) ʠ ʛʠʙʨʠʜʥʘʷ (ʨʠʩʫʥʦʢ 21ɺ), ʠ ʢʘʞʜʘʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʚʦʠʤ ʪʠʧʦʤ CD-ʩʧʝʢʪʨʘ [317,318].  

ɺ ʢʘʯʝʩʪʚʝ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ F-ʩʘʡʪ, ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʘʛʘʣʠ 

ʣʠʙʦ ʚ ʧʝʪʣʝʚʦʡ ʣʠʙʦ ʚ ʢʦʨʦʚʦʡ ʯʘʩʪʠ G-ʢʚʘʜʨʫʧʣʝʢʩʘ (ʨʠʩʫʥʢʠ 21ɻ-ɽ). ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ 

ʨʝʛʠʩʪʨʘʮʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ hAPE1 ʚ 

ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʙʳʣʠ ʚʚʝʜʝʥʳ ʣʠʙʦ ʬʣʫʦʨʦʬʦʨʥʘʷ ʛʨʫʧʧʘ aPu, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʩ 

3ǋ- ʣʠʙʦ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ, ʣʠʙʦ FRET-ʧʘʨʘ FAM/BHQ1, ʥʘ 5ǋ- ʠ 3ǋ-

ʢʦʥʮʘʭ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ.  

 ʌʦʨʤʠʨʦʚʘʥʠʝ ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ G-ʢʚʘʜʨʫʧʣʝʢʩʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ Q4, ʩʦʜʝʨʞʘʱʝʡ ʯʝʪʳʨʝ ʪʝʣʦʤʝʨʥʳʭ ʧʦʚʪʦʨʘ TTAGGG (ʪʘʙʣʠʮʘ 1) ʙʳʣʦ 

ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʦʩʨʝʜʩʪʚʦʤ CD-ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʨʠʩʫʥʦʢ 22). CD-ʩʧʝʢʪʨ Q4 ʢʚʘʜʨʫʧʣʝʢʩʘ, ʥʝ 

ʩʦʜʝʨʞʘʱʝʛʦ ʬʣʫʦʨʦʬʦʨʥʳʭ ʤʝʪʦʢ (ʨʠʩʫʥʦʢ 22ɹ), ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʩʠʛʥʘʣʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 
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295 ʥʤ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʛʠʙʨʠʜʥʦʛʦ ʪʠʧʘ ʫʢʣʘʜʢʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ CD-ʩʧʝʢʪʨ FRET-Q4 G-

ʢʚʘʜʨʫʧʣʝʢʩʘ, ʤʝʯʝʥʦʛʦ FAM ʩ 5ǋ-ʢʦʥʮʘ ʠ BHQ1 ʩ 3ǋ-ʢʦʥʮʘ, ʦʙʣʘʜʘʣ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʘʤʧʣʠʪʫʜʦʡ 

ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 265 ʥʤ, ʯʪʦ ʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʘʨʘʣʣʝʣʴʥʦʡ ʫʢʣʘʜʢʠ G-ʢʚʘʜʨʫʧʣʝʢʩʘ 

(ʨʠʩʫʥʦʢ 21ɻ). ʆʞʠʜʘʝʤʦ, ʚʚʝʜʝʥʠʝ F-ʩʘʡʪʘ ʚ ʦʙʣʘʩʪʴ ʧʝʪʣʠ G-ʢʚʘʜʨʫʧʣʝʢʩʘ (FRET-F14-Q4, 

ʨʠʩʫʥʦʢ 21ɼ) ʥʝ ʧʨʠʚʦʜʠʣʦ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ CD-ʩʧʝʢʪʨʝ. ɹʦʣʝʝ ʪʦʛʦ, CD-ʩʧʝʢʪʨ 

G-ʢʚʘʜʨʫʧʣʝʢʩʘ FRET-F17-Q4 (ʨʠʩʫʥʦʢ 21ɽ), ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʘʣ F-ʩʘʡʪ ʚ ʦʙʣʘʩʪʠ G-ʷʜʨʘ 

ʢʚʘʜʨʫʧʣʝʢʩʘ, ʪʘʢʞʝ ʙʳʣ ʦʯʝʥʴ ʧʦʭʦʞ ʥʘ ʩʧʝʢʪʨ G-ʢʚʘʜʨʫʧʣʝʢʩʘ FRET-Q4, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʚʨʝʞʜʝʥʥʳʤʠ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʘʤʠ 

FRET-F14-Q4 ʠ FRET-F17-Q4.  

ɸ ɹ ɺ 

   

ɻ ɼ ɽ 

   
ʈʠʩʫʥʦʢ 21. ʊʠʧʳ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʫʢʣʘʜʢʠ ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʳʭ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʭ ʩʪʨʫʢʪʫʨ: 

ʧʘʨʘʣʣʝʣʴʥʘʷ (ɸ), ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʘʷ (ɹ) ʠ ʛʠʙʨʠʜʥʘʷ (ɺ). ʉʭʝʤʘʪʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ 

ʤʦʥʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʪʝʣʦʤʝʨʥʦʛʦ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʯʝʣʦʚʝʢʘ ʚ ʧʘʨʘʣʣʝʣʴʥʦʡ ʪʦʧʦʣʦʛʠʠ, 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ (ɻ) ʠʣʠ ʩʦʜʝʨʞʘʱʝʛʦ F-ʩʘʡʪ ʚ ʧʝʪʣʝʚʦʡ ʯʘʩʪʠ (ɼ), ʠʣʠ ʢʦʨʦʚʦʡ ʯʘʩʪʠ G-

ʢʚʘʜʨʫʧʣʝʢʩʥʦʡ ʩʪʨʫʢʪʫʨʳ (ɽ).  
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ɸ 

 

ɹ 

 
ʈʠʩʫʥʦʢ 22. CD-ʩʧʝʢʪʨʳ ʧʦʚʨʝʞʜʝʥʥʳʭ ʠ ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʚ ʨʘʙʦʪʝ. (ɸ) ʉʨʘʚʥʝʥʠʝ FAM-ʤʝʯʝʥʳʭ FRET-Q4, FRET-F14-Q4 ʠ FRET-F17-Q4 G-

ʢʚʘʜʨʫʧʣʝʢʩʦʚ. (ɹ) ʉʨʘʚʥʝʥʠʝ ʥʝʤʝʯʝʥʦʛʦ Q4 G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʠ ʤʝʯʝʥʳʭ aPu F14-Q4 ʠ F17-Q4 

G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ. CD-ʩʧʝʢʪʨʳ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʧʨʠ 25ÁC ʚ ʙʫʬʝʨʝ, ʩʦʜʝʨʞʘʱʝʤ 50 ʤʄ Tris-HCl 

(pH 7,5) 140 ʤʄ KCl ʠ 5 ʤʄ MgCl2. 

3.1.2. ɸʥʘʣʠʟ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ 

ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ 

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ hAPE1 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʚʨʝʞʜʝʥʥʳʤ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤ, ʬʦʨʤʠʨʫʶʱʠʤ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ 

ʢɻʩʧʝʨʠʤʝʥʪʳ ʧʦ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ 5ǋ-FAM-ʤʝʯʝʥʳʭ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ FRET-Q4, FRET-F17-Q4 ʠ FRET-F14-Q4, ʢʘʪʘʣʠʟʠʨʫʝʤʦʡ ʬʝʨʤʝʥʪʦʤ hAPE1. 

ʌʝʨʤʝʥʪ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 6,0 ʤʢʄ ʜʦʙʘʚʣʷʣʠ ʢ 2,0 ʤʢʄ ʩʫʙʩʪʨʘʪʘ, ʧʦʩʣʝ ʯʝʛʦ ʘʣʠʢʚʦʪʳ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʦʪʙʠʨʘʣʠ ʯʝʨʝʟ ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ, ʠ ʨʝʘʢʮʠʶ ʚ ʥʠʭ 

ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʢʘʢ ʦʧʠʩʘʥʦ ʨʘʥʝʝ (ʨʘʟʜʝʣ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ). ʆʪʦʙʨʘʥʥʳʝ ʧʨʦʙʳ 

ʥʘʥʦʩʠʣʠ ʥʘ ʜʝʥʘʪʫʨʠʨʫʶʱʠʡ ʇɸɸɻ; ʵʣʝʢʪʨʦʬʦʨʝʟ, ʚʠʟʫʘʣʠʟʘʮʠʷ ɼʅʂ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ 

ʘʥʘʣʠʟ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ, ʢʘʢ ʦʧʠʩʘʥʦ ʚ ʨʘʟʜʝʣʝ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ. ɸʥʘʣʠʟ ʧʨʦʜʫʢʪʦʚ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʘʤʠ FRET-F17-

Q4 ʠ FRET-F14-Q4, ʧʦʢʘʟʘʣ, ʯʪʦ ʨʘʩʱʝʧʣʝʥʠʝ F-ʩʘʡʪʘ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ (ʨʠʩʫʥʢʠ 

23ɸ, ɹ). ʕʪʠ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʬʝʨʤʝʥʪ hAPE1 ʩʧʦʩʦʙʝʥ ʨʘʩʧʦʟʥʘʚʘʪʴ ʠ 

ʧʨʦʮʝʩʩʠʨʦʚʘʪʴ F-ʩʘʡʪ ʠ ʚ G-ʷʜʨʝ, ʠ ʚ ʧʝʪʣʝʚʦʤ ʫʯʘʩʪʢʝ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʩ ʧʘʨʘʣʣʝʣʴʥʦʡ 

ʪʦʧʦʣʦʛʠʝʡ ʫʢʣʘʜʢʠ. ʇʨʠ ʵʪʦʤ ʨʘʩʱʝʧʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʚ G-ʷʜʨʝ ʢʚʘʜʨʫʧʣʝʢʩʘ ʧʨʦʠʩʭʦʜʠʣʦ ʚ 

ʧʷʪʴ ʨʘʟ ʵʬʬʝʢʪʠʚʥʝʝ, ʯʝʤ ʚ ʧʝʪʣʝʚʦʤ ʫʯʘʩʪʢʝ (kobs = 0,021 ± 0,003 ʩ
-1

 ʠ 0,0044 ± 0,0004 ʩ
-1

, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʠʩʫʥʦʢ 23ɻ). ʂʨʦʤʝ ʪʦʛʦ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ hAPE1 ʩ ʜʚʫʤʷ ʧʦʚʨʝʞʜʝʥʥʳʤʠ G-

ʢʚʘʜʨʫʧʣʝʢʩʘʤʠ ʠ ʥʝʧʦʚʨʝʞʜʸʥʥʳʤ FRET-Q4 ʧʨʠʚʦʜʠʣʦ ʢ ʤʝʜʣʝʥʥʦʡ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ 

ʜʝʛʨʘʜʘʮʠʠ ɼʅʂ. ʕʪʘ ʨʝʘʢʮʠʷ ʧʨʠʚʦʜʠʣʘ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʥʘʢʦʧʣʝʥʠʶ ʝʜʠʥʩʪʚʝʥʥʦʛʦ 

ʧʨʝʚʘʣʠʨʫʶʱʝʛʦ ʧʨʦʜʫʢʪʘ (ʨʠʩʫʥʢʠ 23ɸ-ɺ), ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʥʝʨʘʩʱʝʧʣʷʝʤʳʡ 
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ʚʚʠʜʫ ʩʚʦʝʛʦ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʢʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ ʤʝʜʣʝʥʥʦʡ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʜʝʛʨʘʜʘʮʠʠ 

ʩʫʙʩʪʨʘʪʘ. ʕʪʠ ʜʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʠ ʜʦʧʦʣʥʷʶʪ ʜʘʥʥʳʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ Zhou ʩ 

ʢʦʣʣʝʛʘʤʠ [319], ʚ ʢʦʪʦʨʦʡ ʚʳʩʢʘʟʳʚʘʝʪʩʷ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ hAPE1 ʨʘʩʱʝʧʣʷʝʪ F-ʩʘʡʪ ʚ 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʤ ʚ ʧʨʠʩʫʪʩʪʚʠʠ Na
+
 ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʦʤ G-ʢʚʘʜʨʫʧʣʝʢʩʝ (ʧʨʠ ʵʪʦʤ F-ʩʘʡʪ 

ʨʘʩʧʦʣʦʞʝʥ ʚ ʮʝʥʪʨʝ G-ʷʜʨʘ), ʥʦ ʥʝ ʨʘʩʱʝʧʣʷʝʪ ʛʠʙʨʠʜʥʫʶ ʪʦʧʦʣʦʛʠʶ ʪʝʣʦʤʝʨʥʦʛʦ G-

ʢʚʘʜʨʫʧʣʝʢʩʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʫʶ ʚ ʧʨʠʩʫʪʩʪʚʠʠ K
+
 (F-ʩʘʡʪ ʥʘʭʦʜʠʪʩʷ ʩ 5ǋ-ʩʪʦʨʦʥʳ ʚ G-ʷʜʨʝ). 

ɹʦʣʝʝ ʪʦʛʦ, ʚ ʥʝʜʘʚʥʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [314] ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʦ, ʯʪʦ ʨʘʟʤʝʱʝʥʠʝ F-

ʩʘʡʪʘ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʷʭ ʷʜʨʘ ʪʝʣʦʤʝʨʥʦʛʦ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʠʟʤʝʥʝʥʠʷʤ ʚ ʝʛʦ ʛʠʙʨʠʜʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʚʨʝʞʜʝʥʥʳʡ G-

ʢʚʘʜʨʫʧʣʝʢʩ ʩ ʧʨʝʚʘʣʠʨʫʶʱʝʡ ʧʘʨʘʣʣʝʣʴʥʦʡ ʪʦʧʦʣʦʛʠʝʡ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʝʥ ʜʣʷ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ [314]. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦ 

ʪʦʤ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ F-ʩʘʡʪʘ ʟʘʚʠʩʠʪ ʦʪ ʪʦʧʦʣʦʛʠʠ ʫʢʣʘʜʢʠ G-ʢʚʘʜʨʫʧʣʝʢʩʘ. 

ʕʪʘ ʪʦʧʦʣʦʛʠʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʠ ʩ ʨʘʩʧʦʣʦʞʝʥʠʝʤ F-ʩʘʡʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ G-ʷʜʨʘ 

ʢʚʘʜʨʫʧʣʝʢʩʘ, ʠ ʩ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ Na
+
/K

+
. ɹʦʣʝʝ ʪʦʛʦ, ʨʘʩʱʝʧʣʝʥʠʝ F-ʩʘʡʪʘ ʚ ʧʝʪʣʝʚʦʡ ʦʙʣʘʩʪʠ 

ʦʢʘʟʘʣʦʩʴ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʳʤ, ʯʝʤ ʚ G-ʷʜʨʝ.  

ɸ 

 

ɻ 

 
 

ɹ 
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ʈʠʩʫʥʦʢ 23. ʕʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʚʨʝʞʜʝʥʥʳʤ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘʤ ʩ G-ʢʚʘʜʨʫʧʣʝʢʩʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʈʘʟʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʦʚ ʨʘʩʱʝʧʣʝʥʠʷ FRET-F17-Q4 

(ɸ), FRET-F14-Q4 (ɹ) ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ FRET-Q4 (ɺ) G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʬʝʨʤʝʥʪʦʤ hAPE1 ʩ 

ʧʦʤʦʱʴʶ ʜʝʥʘʪʫʨʠʨʫʶʱʠʝʛʦ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ. (ɻ) ʅʘʢʦʧʣʝʥʠʝ ʧʨʦʜʫʢʪʘ ʚʦ ʚʨʝʤʝʥʠ. 

ʂʦʥʮʝʥʪʨʘʮʠʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʠ hAPE1 ʩʦʩʪʘʚʣʷʶʪ 1,0 ʠ 3,0 ʤʢʄ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. çONè 

ʦʟʥʘʯʘʝʪ ʠʥʢʫʙʘʮʠʶ ʚ ʪʝʯʝʥʠʝ ʥʦʯʠ. S ï 26-ʥʫʢʣʝʦʪʠʜʥʳʡ ʩʫʙʩʪʨʘʪ, ʬʦʨʤʠʨʫʶʱʠʡ G-

ʢʚʘʜʨʫʧʣʝʢʩʥʫʶ ʩʪʨʫʢʪʫʨʫ, Pendo ï ʧʨʦʜʫʢʪ ʨʘʩʱʝʧʣʝʥʠʷ FRET-F14-Q4 ʠ FRET-F17-Q4 

ʩʫʙʩʪʨʘʪʦʚ ʜʣʠʥʦʡ 13 ʠʣʠ 16 ʥʫʢʣʝʦʪʠʜʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, Pexo - ʢʦʨʦʪʢʠʝ ʧʨʦʜʫʢʪʳ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʩʫʙʩʪʨʘʪʘ. ʂʨʠʚʳʝ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʢʨʠʚʦʡ (ʫʨʘʚʥʝʥʠʝ 1), ʫʢʘʟʘʥʥʳʝ ʦʰʠʙʢʠ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʦʙʨʘʙʦʪʢʠ; 

ʟʥʘʯʝʥʠʝ r
2
 >0,97.  
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 ʏʪʦʙʳ ʦʙʣʝʛʯʠʪʴ ʧʨʦʪʝʢʘʥʠʝ ʚʪʦʨʦʡ ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ 

ʩʫʙʩʪʨʘʪʘ ʩ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʚʳʚʦʨʘʯʠʚʘʥʠʷ ʮʝʣʝʚʦʛʦ ʥʫʢʣʝʦʪʠʜʘ 

ʚ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ ʩʦʜʝʨʞʘʱʠʭ F-ʩʘʡʪ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʧʦʚʨʝʞʜʝʥʥʦʡ (1-5 ʥʫʢʣʝʦʪʠʜʦʚ) ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ (3-7 ʥʫʢʣʝʦʪʠʜʦʚ) ʮʝʧʠ 

(ʨʠʩʫʥʦʢ 20). ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ hAPE1 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʧʦʚʨʝʞʜʝʥʥʳʤ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤ ʩ ʚʳʧʝʪʣʠʚʘʥʠʷʤʠ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ 

ʨʝʛʠʩʪʨʘʮʠʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʛʝʣʝ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 

ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ F/-ȹ1, F/-ȹ2(5ǋ), F/-ȹ2(3ǋ), F/-ȹ3, F/-ȹ5 (ʨʠʩʫʥʦʢ 24ɸ), F/+ȹ3, F/+ȹ4, F/+ȹ5 

ʠʣʠ F/+ȹ7 (ʨʠʩʫʥʦʢ 24ɹ), ʘ ʪʘʢʞʝ ʢʦʥʪʨʦʣʴʥʳʤʠ ɼʅʂ-ʜʫʧʣʝʢʩʦʤ dsF/G28 ʠ ʦ.ʮ. ɼʅʂ ssF28 

(ʨʠʩʫʥʢʠ 24ɸ, ɹ), ʩʦʜʝʨʞʘʱʠʤʠ FAM ʥʘ 5ǋ-ʢʦʥʮʝ. ʌʝʨʤʝʥʪ hAPE1 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 20,0 ʥʄ 

ʜʦʙʘʚʣʷʣʠ ʢ 2,0 ʤʢʄ ʩʫʙʩʪʨʘʪʫ, ʧʦʩʣʝ ʯʝʛʦ ʘʣʠʢʚʦʪʳ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʦʪʙʠʨʘʣʠ ʯʝʨʝʟ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ, ʠ ʨʝʘʢʮʠʶ ʚ ʥʠʭ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʢʘʢ ʦʧʠʩʘʥʦ ʨʘʥʝʝ (ʨʘʟʜʝʣ 

2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ). ʆʪʦʙʨʘʥʥʳʝ ʧʨʦʙʳ ʥʘʥʦʩʠʣʠ ʥʘ ʜʝʥʘʪʫʨʠʨʫʶʱʠʡ ʇɸɸɻ; 

ʵʣʝʢʪʨʦʬʦʨʝʟ, ʚʠʟʫʘʣʠʟʘʮʠʷ ɼʅʂ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ, ʢʘʢ ʦʧʠʩʘʥʦ ʚʳʰʝ 

(ʨʘʟʜʝʣ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ). ʉʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ ʙʳʣʘ ʦʮʝʥʝʥʘ ʢʘʢ 

ʧʝʨʚʦʥʘʯʘʣʴʥʳʡ ʥʘʢʣʦʥ ʢʠʥʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ (ʨʠʩʫʥʢʠ 24ɺ, ɻ).  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʳʧʝʪʣʠʚʘʥʠʝ ʦʜʥʦʛʦ ʪʦʣʴʢʦ F-ʩʘʡʪʘ (F/-ȹ1) ʩʥʠʞʘʝʪ ʥʘʯʘʣʴʥʫʶ 

ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʚ ʜʚʘ ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʥʦʩʪʴʶ ʜ.ʮ. ʩʫʙʩʪʨʘʪʦʤ dsF/G28 (ʨʠʩʫʥʦʢ 24ɺ), 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʠʟʛʠʙ ʩʫʙʩʪʨʘʪʘ, ʚʳʟʚʘʥʥʳʡ ʚʥʝʩʧʠʨʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ F-

ʩʘʡʪʘ, ʯʘʩʪʠʯʥʦ ʥʘʨʫʰʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʠʤ ʩʘʡʪʦʤ hAPE1 ʠ 

ʩʫʙʩʪʨʘʪʦʤ. ɹʦʣʝʝ ʪʦʛʦ, ʫʚʝʣʠʯʝʥʠʝ ʚʳʧʷʯʝʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʜʦ ʜʚʫʭ (F/-ȹ2(5ǋ)) ʠʣʠ ʪʨʝʭ (F/-ȹ3) 

ʥʫʢʣʝʦʪʠʜʦʚ ʥʝ ʦʢʘʟʘʣʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʬʝʨʤʝʥʪʘʪʠʚʥʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʠ ʦʥʘ ʪʘʢ ʠ 

ʦʩʪʘʣʘʩʴ ʥʘ ʫʨʦʚʥʝ 50% ʦʪ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʧʦʣʥʦʩʪʴʶ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʤ ʜʫʧʣʝʢʩʝ (ʨʠʩʫʥʦʢ 24ɺ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʢʣʶʯʝʥʠʝ F-ʩʘʡʪʘ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ɼʅʂ ʚʩʣʝʜʩʪʚʠʝ ʚʳʧʝʪʣʠʚʘʥʠʷ 

ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ ʥʝ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʰʘʛʦʤ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ. 

ʅʝʦʞʠʜʘʥʥʦ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʝʨʤʝʥʪʘʪʠʚʥʫʶ ʘʢʪʠʚʥʦʩʪʴ (ʨʠʩʫʥʦʢ 24ɺ) ʦʢʘʟʳʚʘʝʪ 

ʚʳʧʝʪʣʠʚʘʥʠʝ ʜʚʫʭ ʥʫʢʣʝʦʪʠʜʦʚ [ʚ ʩʫʙʩʪʨʘʪʝ F/-ȹ2(3ǋ), ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʠʪ F-ʩʘʡʪ ʩ 3ǋ-ʩʪʦʨʦʥʳ 

ʦʪ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʯʘʩʪʠ ʜʫʧʣʝʢʩʘ], ʯʪʦ ʧʦʜʢʨʝʧʣʷʝʪ ʟʘʢʣʶʯʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʵʪʘ ʧʦʟʠʮʠʷ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʙʣʦʢʠʨʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ɼʅʂ- ʠ ʈʅʂ-ʜʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ ʚʳʧʝʪʣʠʚʘʥʠʝ, 

ʩʧʦʩʦʙʥʳ ʧʨʠʥʠʤʘʪʴ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʦʨʤʘʮʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ 

ʚʳʧʝʪʣʠʚʘʥʠʷ [320ï322]. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʡ ʚʳʧʝʪʣʠʚʘʥʠʷ, ʟʘʚʠʩʠʪ ʠ ʦʪ ʩʧʦʩʦʙʥʦʩʪʠ ʢʦʥʢʨʝʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʚʦʨʘʯʠʚʘʪʴ 

ʧʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ, ʠ ʦʪ ʪʦʧʦʣʦʛʠʯʝʩʢʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʵʪʦʡ 

ʩʪʨʫʢʪʫʨʝ.  
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 hAPE1 ʥʝ ʛʠʜʨʦʣʠʟʫʝʪ F-ʩʘʡʪ ʚ ʦ.ʮ. ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʝ ssF28 (ʨʠʩʫʥʦʢ 24ɸ), 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʩʧʦʩʦʙʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʬʦʨʤʠʨʦʚʘʪʴ ʢʦʥʪʘʢʪʳ ʩ ʦ.ʮ. ʩʫʙʩʪʨʘʪʦʤ, 

ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʧʦʪʝʨʷ ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʫʙʩʪʨʘʪʫ F/-ȹ5 (ʨʠʩʫʥʦʢ 24ɸ) ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʳʧʝʪʣʠʚʘʥʠʝ 

ʩʨʘʟʫ ʧʷʪʠ ʥʫʢʣʝʦʪʠʜʦʚ ʧʦʣʥʦʩʪʴʶ ʠʤʠʪʠʨʫʝʪ ʦʜʥʦʮʝʧʦʯʝʯʥʳʡ ʫʯʘʩʪʦʢ ʮʝʧʠ, ʠ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʬʝʨʤʝʥʪʫ ʩʬʦʨʤʠʨʦʚʘʪʴ ʧʦʜʭʦʜʷʱʠʝ ʢʦʥʪʘʢʪʳ ʩ ʩʫʙʩʪʨʘʪʦʤ. ɺʳʧʝʪʣʠʚʘʥʠʝ ʦʪ 3 ʜʦ 7 

ʥʫʢʣʝʦʪʠʜʦʚ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ ʥʘʧʨʦʪʠʚ F-ʩʘʡʪʘ (ʨʠʩʫʥʦʢ 24ɻ) ʩʥʠʞʘʝʪ ʘʢʪʠʚʥʦʩʪʴ 

ʬʝʨʤʝʥʪʘ ʜʦ 50% ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʦʣʥʦʩʪʴʶ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʤ ʜʫʧʣʝʢʩʦʤ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʨʘʟʤʝʨʘ ʚʳʧʝʪʣʠʚʘʥʠʷ. ʕʪʦʪ ʵʬʬʝʢʪ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʬʝʨʤʝʥʪ ʧʦ ʙʦʣʴʰʝʡ ʯʘʩʪʠ 

ʬʦʨʤʠʨʫʝʪ ʢʦʥʪʘʢʪʳ ʠʤʝʥʥʦ ʩ ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʴʶ ɼʅʂ.  

ɸ 

 

ɹ 

 

ɺ 

 

ɻ 

 

ʈʠʩʫʥʦʢ 24. ʕʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤ, ʩʦʜʝʨʞʘʱʠʤ 

ʚʳʧʝʪʣʠʚʘʥʠʷ. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ F-ʩʘʡʪ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʧʦʚʨʝʞʜʝʥʥʦʡ (ɸ) ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ (ɹ) ʮʝʧʠ, ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-

ʵʣʝʢʪʨʦʬʦʨʝʟʘ. ʉʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʙʳʣʘ ʦʮʝʥʝʥʘ ʢʘʢ ʧʝʨʚʦʥʘʯʘʣʴʥʳʡ 

ʥʘʢʣʦʥ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ (ɺ, ɻ). ʂʦʥʮʝʥʪʨʘʮʠʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʠ APE1 

ʩʦʩʪʘʚʣʷʣʠ 1,0 ʤʢʄ ʠ 10,0 ʥʄ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʩʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʠ ʦʧʠʩʘʥʳ ʚ ʨʘʟʜʝʣʝ 

2.9 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ.  
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 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚʳʧʝʪʣʠʚʘʥʠʝ 5 ʥʫʢʣʝʦʪʠʜʦʚ ʚ ʧʦʚʨʝʞʜʝʥʥʦʡ 

ʮʝʧʠ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʥʳʤ ʧʦ ʜʣʠʥʝ ʦ.ʮ. ʫʯʘʩʪʢʦʤ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ F-ʩʘʡʪʘ ʚ ɼʅʂ ʠ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʅʘʧʨʦʪʠʚ, ʧʦʪʝʨʷ ʘʢʪʠʚʥʦʩʪʠ ʚ ʩʣʫʯʘʝ 

ʩʫʙʩʪʨʘʪʘ F/-ȹ2(3ǋ) ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʧʦʣʦʞʝʥʠʝ F-ʩʘʡʪʘ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʜʚʫʭ ʥʫʢʣʝʦʪʠʜʦʚ TF [F/-ȹ2(5ǋ)] ʠʣʠ FA [F/-ȹ2(3ǋ)] ʪʘʢʞʝ ʠʛʨʘʝʪ ʯʨʝʟʚʳʯʘʡʥʦ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ.  

3.1.3. ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʳʚʘʥʠʷ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʬʝʨʤʝʥʪʦʤ 

hAPE1 

 ʏʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʥʠʟʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʚ ʨʘʩʱʝʧʣʝʥʠʠ 

ʧʦʚʨʝʞʜʝʥʥʳʭ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ ʩʚʷʟʘʥʘ ʩ ʥʝʵʬʬʝʢʪʠʚʥʳʤ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʢʦʤʧʣʝʢʩʘ ʤʝʞʜʫ 

ʩʫʙʩʪʨʘʪʦʤ ʠ ʬʝʨʤʝʥʪʦʤ ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʙʳʣ ʧʨʦʚʝʜʝʥ MST 

ʘʥʘʣʠʟ ʜʣʷ ʦʮʝʥʢʠ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʳʚʘʥʠʷ ʤʝʞʜʫ hAPE1 ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʬʦʨʤʠʨʫʶʱʠʤʠ 

G-ʢʚʘʜʨʫʧʣʝʢʩ (ʨʠʩʫʥʦʢ 25ɸ). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʳʚʘʥʠʷ Kbind ʜʣʷ 

FRET-F14-Q4-ʩʫʙʩʪʨʘʪʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʨʠʚʦʡ ʪʠʪʨʦʚʘʥʠʷ MST, ʦʢʘʟʘʣʦʩʴ ʥʝʚʦʟʤʦʞʥʳʤ 

ʚʩʣʝʜʩʪʚʠʝ ʥʠʟʢʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʫʨʦʚʥʷ ʩʠʛʥʘʣ/ʰʫʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ MST ʧʦʢʘʟʘʣʦ, ʯʪʦ hAPE1 ʩʚʷʟʳʚʘʝʪ ʩʫʙʩʪʨʘʪʳ FRET-Q4 ʠ FRET-F17-Q4 ʩ ʦʯʝʥʴ 

ʙʣʠʟʢʠʤ ʫʨʦʚʥʝʤ ʘʬʬʠʥʥʦʩʪʠ (0,4 ± 0,2 ʠ 0,5 ± 0,2 ʤʢʄ
-1
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ).  

ɸ 

 

ɹ 

 
ʈʠʩʫʥʦʢ 25. ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʥʩʪʘʥʪ ʩʚʷʟʳʚʘʥʠʷ ʜʣʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʩ G-

ʢʚʘʜʨʫʧʣʝʢʩʘʤʠ (ɸ) ʠ ʜʫʧʣʝʢʩʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʚʳʧʝʪʣʠʚʘʥʠʝ (ɹ) c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ MST. 

ɹʫʬʝʨʥʳʝ ʫʩʣʦʚʠʷ ʦʧʠʩʘʥʳ ʚ ʨʘʟʜʝʣʝ 2.12 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ; ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ 

ʩʚʷʟʳʚʘʥʠʷ ʙʳʣʠ ʧʦʩʯʠʪʘʥʳ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ 9. ʋʢʘʟʘʥʥʳʝ ʦʰʠʙʢʠ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ 

ʦʙʨʘʙʦʪʢʠ; ʟʥʘʯʝʥʠʝ r
2
 >0,86. 
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ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ʤʝʞʜʫ ʩʫʙʩʪʨʘʪʘʤʠ, 

ʩʦʜʝʨʞʘʱʠʤʠ ʚʳʧʝʪʣʠʚʘʥʠʷ, ʠ ʬʝʨʤʝʥʪʦʤ ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʙʳʣ 

ʧʨʦʚʝʜʝʥ MST ʘʥʘʣʠʟ ʜʣʷ ʦʮʝʥʢʠ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʳʚʘʥʠʷ ʤʝʞʜʫ hAPE1 ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ ʩ 

ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ (ʨʠʩʫʥʦʢ 25ɹ). ɺr ʧʝʪʣʠʚʘʥʠʝ ʝʜʠʥʩʪʚʝʥʥʦʛʦ F-ʩʘʡʪʘ (F/-

ȹ1) ʥʝ ʪʦʣʴʢʦ ʩʥʠʞʘʝʪ ʥʘʯʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ, ʥʦ ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʯʝʪʳʨʝʭʢʨʘʪʥʦʤʫ 

ʩʥʠʞʝʥʠʶ ʢʦʥʩʪʘʥʪ rʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Kbind, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

dsF/G28 (ʨʠʩʫʥʦʢ 25ɹ). ʇʨʠ ʵʪʦʤ ʫʚʝʣʠʯʝʥʠʝ ʚʳʧʝʪʣʠʚʘʥʠʷ ʜʦ ʜʚʫʭ (F/-ȹ2(5ǋ) ʠʣʠ F/-ȹ2(3ǋ)) ʠʣʠ 

ʪʨʝʭ (F/-ȹ3) ʥʫʢʣʝʦʪʠʜʦʚ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʳʧʝʪʣʠʚʘʥʠʝʤ ʝʜʠʥʩʪʚʝʥʥʦʛʦ F-ʩʘʡʪʘ 

(ʨʠʩʫʥʦʢ 25ɹ). ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʣʥʫʶ ʧʦʪʝʨʶ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʩʪʨʫʢʪʫʨʝ F/-ȹ5, 

Kbind ʜʣʷ ʵʪʦʛʦ ʩʫʙʩʪʨʘʪʘ ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʩʨʝʜʠ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʫʙʩʪʨʘʪʦʚ 

(ʨʠʩʫʥʦʢ 25ɹ). 

3.1.4. ɺʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʘ hAPE1 ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ 

 ɼʣʷ ʜʘʣʴʥʝʡʰʝʡ ʦʮʝʥʢʠ ʩʪʘʜʠʡ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʪʘʜʠʡ ʚ ʧʨʦʮʝʩʩʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ FRET-F17-Q4-ʩʫʙʩʪʨʘʪʦʤ ʙʳʣʘ ʠʟʫʯʝʥʘ ʢʠʥʝʪʠʢʘ ʥʘʢʦʧʣʝʥʠʷ 

ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ hAPE1 (ʨʠʩʫʥʦʢ 26ɸ). ʇʦʣʫʯʝʥʥʳʝ 

ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʧʦʟʚʦʣʠʣʠ ʨʘʩʩʯʠʪʘʪʴ ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʨʘʩʱʝʧʣʝʥʠʝ FRET-F17-Q4-ʩʫʙʩʪʨʘʪʘ. ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ 

ʩʢʦʨʦʩʪʠ kobs ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1 ʠʤʝʣʘ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʡ ʚʠʜ (ʨʠʩʫʥʦʢ 26ɹ), ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʫʭʩʪʘʜʠʡʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʝ ʩ ʙʳʩʪʨʳʤ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ ʨʘʚʥʦʚʝʩʥʳʤ 

ʩʚʷʟʳʚʘʥʠʝʤ ʩʫʙʩʪʨʘʪʘ [323]. ɼʝʡʩʪʚʠʪʝʣʴʥʦ ʟʘʚʠʩʠʤʦʩʪʴ kobs ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1 

ʫʜʦʚʣʝʪʚʦʨʷʣʘ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʤʫ ʫʨʘʚʥʝʥʠʶ 2 ʠ ʧʦʟʚʦʣʠʣʘ ʨʘʩʩʯʠʪʘʪʴ ʢʦʥʩʪʘʥʪʫ ʨʘʚʥʦʚʝʩʠʷ 

ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ. ɿʥʘʯʝʥʠʝ 

ʨʘʚʥʦʚʝʩʥʦʡ ʢʦʥʩʪʘʥʪʳ Kbind, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʝʨʚʠʯʥʦʛʦ ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʙʳʣʦ ʨʘʚʥʦ 0,5 ± 0,1 ʤʢʄ
-1
. ɼʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʝ ʩʚʷʟʳʚʘʥʠʝ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤ G-ʢʚʘʜʨʫʧʣʝʢʩʦʤ ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʂʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ k2, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʚʪʦʨʫʶ ʩʪʘʜʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, 

ʙʳʣʘ ʨʘʚʥʘ 0,034 ± 0,002 ʩ
-1
, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ k-2 ʙʳʣʦ ʙʣʠʟʢʦ ʢ ʥʫʣʶ. ʕʪʦ 

ʫʢʘʟʳʚʘʣʦ ʥʘ ʪʦ, ʯʪʦ ʤʝʜʣʝʥʥʘʷ ʚʪʦʨʘʷ ʩʪʘʜʠʷ ʜʦʣʞʥʘ ʫʚʝʣʠʯʠʚʘʪʴ ʦʙʱʫʶ ʢʦʥʩʪʘʥʪʫ 

ʩʚʷʟʳʚʘʥʠʷ, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ, ʦʧʨʝʜʝʣʝʥʥʦʝ ʤʝʪʦʜʦʤ MST, ʨʘʚʥʦ 19,1 ± 5,0 ʤʢʄ
-1

. 
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ʈʠʩʫʥʦʢ 26. ɺʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1 ʥʘ ʨʘʩʱʝʧʣʝʥʠʝ ʩʫʙʩʪʨʘʪʘ FRET-F17-Q4 ʚ 

ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ. (ɸ) ʅʘʢʦʧʣʝʥʠʝ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ. [FRET-F17-Q4] = 1,0 ʤʢʄ, 

ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1 ʫʢʘʟʘʥʳ ʨʷʜʦʤ ʩ ʢʨʠʚʳʤʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ. ʆʩʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʨʝʘʢʮʠʠ ʦʧʠʩʘʥʳ ʚ ʨʘʟʜʝʣʝ 2.9 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ. (ɹ) ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ 

ʩʢʦʨʦʩʪʠ kobs ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ hAPE1. ɼʘʥʥʳʝ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ 

(2), ʫʢʘʟʘʥʥʳʝ ʦʰʠʙʢʠ ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʦʙʨʘʙʦʪʢʠ; ʟʥʘʯʝʥʠʝ r
2
 >0,96.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʨʘʩʱʝʧʣʝʥʠʷ F-ʩʘʡʪʘ ʚ ʜʫʧʣʝʢʩʥʳʭ ʩʫʙʩʪʨʘʪʘʭ ʷʚʣʷʝʪʩʷ ʙʳʩʪʨʳʤ, 

ʠ ʟʥʘʯʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʵʪʦʪ ʧʨʦʮʝʩʩ, ʚʘʨʴʠʨʫʶʪ ʧʦ ʨʘʟʥʳʤ 

ʠʩʪʦʯʥʠʢʘʤ ʦʪ 0,3 ʜʦ 5,5 ʩ
-1

 [190,200,213,215,231], ʦʪ 68 ʜʦ 97 ʩ
-1
 [212] ʠʣʠ ʜʘʞʝ ʚ ʧʨʝʜʝʣʘʭ 700-

850 ʩ
-1

 [175,199], ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ, ʙʫʬʝʨʥʳʭ ʫʩʣʦʚʠʡ, ʠ 

ʤʝʪʦʜʦʚ ʨʝʛʠʩʪʨʘʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʚʪʦʨʦʡ 

ʩʪʘʜʠʠ k2, ʧʦʣʫʯʝʥʥʦʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʙʳʣʦ ʢʘʢ ʤʠʥʠʤʫʤ ʚ 10 ʨʘʟ ʤʝʥʴʰʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ, ʠʟ ʯʝʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʩʣʫʯʘʝ G-ʢʚʘʜʨʫʧʣʝʢʩʥʦʛʦ ʩʫʙʩʪʨʘʪʘ ʷʚʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ-

ʣʠʤʠʪʠʨʫʶʱʠʤ ʵʪʘʧʦʤ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ (ʨʠʩʫʥʦʢ 26ɹ). 

3.1.5. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʬʝʨʤʝʥʪʦʤ 

hAPE1  

 ʇʦʩʢʦʣʴʢʫ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʘʡʪʘ ʚ ʩʫʙʩʪʨʘʪʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʧʦʜʩʪʨʦʡʢʦʡ hAPE1 ʠ ɼʅʂ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʚ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ, ʥʘʤʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʢʠʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʠʟʤʝʥʝʥʠʡ hAPE1 ʠ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʚ ʭʦʜʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ʚ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʤʝʪʦʜʦʤ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè. ʕʪʦʪ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ 

ʦʙʣʘʩʪʠ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʨʘʟʣʠʯʥʳʭ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʬʣʫʦʨʝʩʮʝʥʮʠʠ [18,324ï326]. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ hAPE1 ʠ ɼʅʂ ʚ 

ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʚ ʭʦʜʝ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʳʣʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʳ ʧʦʩʨʝʜʩʪʚʦʤ ʨʝʛʠʩʪʨʘʮʠʠ 

ʩʦʙʩʪʚʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʙʝʣʢʘ hAPE1 ʠʣʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʤʝʪʦʢ, 
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ʚʩʪʨʦʝʥʥʳʭ ʚ ɼʅʂ-ʩʫʙʩʪʨʘʪ, ʥʘʧʨʠʤʝʨ aPu ʠ FAM/BHQ1 FRET-ʧʘʨʳ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʬʝʨʤʝʥʪ hAPE1 ʩʦʜʝʨʞʠʪ ʩʝʤʴ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ (Trp67, Trp75, Trp83, Trp119, Trp188, 

Trp267 ʠ Trp280). ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʨʝʛʠʩʪʨʘʮʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ hAPE1 ʚ 

ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʫʙʩʪʨʘʪʘʤʠ ʚʦʟʤʦʞʥʘ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʙʣʘʛʦʜʘʨʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʠʟʤʝʥʝʥʠʷʤ ʤʠʢʨʦʦʢʨʫʞʝʥʠʷ ʦʩʪʘʪʢʘ Trp280, ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʦʞʝʥ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ [18,190,200]. ʇʨʦʬʠʣʴ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ hAPE1 ʩ ʢʦʥʪʨʦʣʴʥʳʤ ɼʅʂ-ʜʫʧʣʝʢʩʦʤ dsF/G28, 

ʩʦʜʝʨʞʘʱʠʤ F-ʩʘʡʪ, ʩʦʩʪʦʷʣ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʭʘʨʘʢʪʝʨʥʳʭ ʬʘʟ (ʨʠʩʫʥʦʢ 27ɸ), ʢʦʪʦʨʳʝ ʙʳʣʠ 

ʦʧʠʩʘʥʳ ʨʘʥʝʝ ʢʘʢ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ʠ ʢʘʪʘʣʠʟʘ [212]. ʉʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʥʘʯʘʣʴʥʦʡ ʯʘʩʪʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʂʘʪʘʣʠʪʠʯʝʩʢʘʷ ʩʪʘʜʠʷ ʧʨʦʮʝʩʩʘ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʨʦʜʫʢʪʘ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ, ʯʪʦ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʦʩʪʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʪʨʠʧʪʦʬʘʥʘ ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ 

(ʥʘʯʠʥʘʷ ʧʨʠʤʝʨʥʦ ʩ 0,1 ʩ, ʨʠʩʫʥʦʢ 27ɸ). ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤ ʠʣʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʳʤ G-ʢʚʘʜʨʫʧʣʝʢʩʘʤʠ ʥʝ ʧʨʠʚʦʜʠʣʦ ʢ ʢʘʢʦʤʫ-ʣʠʙʦ ʠʟʤʝʥʝʥʠʶ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʪʨʠʧʪʦʬʘʥʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʜʢʨʝʧʣʷʷ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ (ʨʠʩʫʥʦʢ 26ɹ), ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʨʝʘʢʮʠʷ 

ʨʘʩʱʝʧʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʛʠʩʪʨʘʮʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʦʩʨʝʜʩʪʚʦʤ 

ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʪʨʠʧʪʦʬʘʥʘ ʦʢʘʟʘʣʘʩʴ ʥʝʚʦʟʤʦʞʥʘ ʚʚʠʜʫ ʥʠʟʢʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʪʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʵʪʠ ʜʘʥʥʳʝ ʪʘʢʞʝ 

ʤʦʛʫʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʪʦ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʩʚʷʟʳʚʘʥʠʷ Q4 ʩʪʨʫʢʪʫʨ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʘʢʦʚʦʛʦ ʜʣʷ ɼʅʂ-

ʜʫʧʣʝʢʩʦʚ, ʠ ʪʦʛʜʘ ʩʚʷʟʳʚʘʥʠʝ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʬʝʨʤʝʥʪʦʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʪʫʰʝʥʠʶ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ.  

 ʏʪʦʙʳ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ 

ʧʦʚʨʝʞʜʝʥʥʳʭ G-ʢʚʘʜʨʫʧʣʝʢʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʦʩʪʘʪʦʢ aPu ʩ 3ǋ ʠʣʠ 5ǋ-ʩʪʦʨʦʥʳ ʦʪ F-ʩʘʡʪʘ ʚ 

ʩʫʙʩʪʨʘʪʘʭ F14-Q4 ʠ F17-Q4. ɸʥʘʣʠʟ CD-ʩʧʝʢʪʨʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʚʝʜʝʥʠʝ aPu ʚ ʦʙʣʘʩʪʴ G-ʷʜʨʘ 

ʢʚʘʜʨʫʧʣʝʢʩʘ ʨʷʜʦʤ ʩ F17 (F17-aPu16-Q4 ʠ F17-aPu18-Q4, ʨʠʩʫʥʦʢ 22ɹ) ʧʨʠʚʦʜʠʪ ʢ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʤʫ ʬʦʨʤʠʨʦʚʘʥʠʶ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʪʠʧʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ G-

ʢʚʘʜʨʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ aPu ʚ ʦʙʣʘʩʪʠ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ʧʝʪʣʝʚʦʤ ʫʯʘʩʪʢʝ (F14-aPu13-Q4 ʠ 

F14-aPu15-Q4), ʧʨʠʥʠʤʘʣʠ ʛʠʙʨʠʜʥʫʶ ʢʦʥʬʦʨʤʘʮʠʶ. ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

ʦʩʪʘʪʢʦʚ aPu ʚʦ ʚʩʝʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʭ ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ hAPE1 (ʨʠʩʫʥʦʢ 27ɹ) 

ʧʦʢʘʟʘʣ, ʯʪʦ ʪʦʣʴʢʦ F17-aPu16-Q4 ʦʢʘʟʘʣʩʷ ʜʦʩʪʘʪʦʯʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʨʝʛʠʩʪʨʘʮʠʷ FRET-ʩʠʛʥʘʣʘ 

ʧʦʟʚʦʣʠʣʘ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʠ ʩ FRET-F14-Q4, ʠ ʩ FRET-F17-Q4 ɼʅʂ-
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ʩʫʙʩʪʨʘʪʘʤʠ, ʥʝʩʫʱʠʤʠ F-ʩʘʡʪ ʚ ʧʝʪʣʝʚʦʡ ʠ ʢʦʨʦʚʦʡ ʦʙʣʘʩʪʷʭ G-ʢʚʘʜʨʫʧʣʝʢʩʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʨʠʩʫʥʦʢ 27ɺ).  

ɸ 

 

ɹ 

 

ɺ 

 

 

ʈʠʩʫʥʦʢ 27. ʉʨʘʚʥʝʥʠʝ ʧʨʦʬʠʣʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

hAPE1 ʩ G-ʢʚʘʜʨʫʧʣʝʢʩʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ F-ʩʘʡʪ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʜʣʷ Trp (ɸ), aPu (ɹ) 

ʠʣʠ FAM (ɺ). [ɼʅʂ] = 1,0 ʤʄ, [hAPE1] = 2,0 ʤʢʄ. 

3.1.5.1. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ G-ʢʚʘʜʨʫʧʣʝʢʩʥʳʭ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ FRET-ʧʘʨʫ ʠʣʠ aPu 

 ʉʨʘʚʥʝʥʠʝ ʧʨʦʬʠʣʝʡ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

hAPE1 ʩ G-ʢʚʘʜʨʫʧʣʝʢʩʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ F-ʩʘʡʪ, ʧʦʟʚʦʣʠʣʦ ʥʘʤ ʚʳʙʨʘʪʴ FAM/BHQ1-ʤʝʯʝʥʳʡ 

FRET-F17-Q4 G-ʢʚʘʜʨʫʧʣʝʢʩ ʠ F17-aPu16-Q4 G-ʢʚʘʜʨʫʧʣʝʢʩ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʭʦʜʷʱʠʭ ʤʦʜʝʣʝʡ 

ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʨʝʘʢʮʠʠ ʩ hAPE1 (ʨʠʩʫʥʦʢ 27). ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʤʠʢʨʦʦʢʨʫʞʝʥʠʶ ʵʪʦʛʦ ʦʩʪʘʪʢʘ ʠ ʧʦʟʚʦʣʷʝʪ 

ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʣʦʢʘʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʚ ʦʙʣʘʩʪʠ, ʙʣʠʟʢʦʡ ʢ 

F-ʩʘʡʪʫ (ʨʠʩʫʥʦʢ 28ɸ). FAM/BHQ1-ʤʝʯʝʥʳʡ FRET-F17-Q4-ʩʫʙʩʪʨʘʪ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʠʣ 

ʥʘʙʣʶʜʘʪʴ çʛʣʦʙʘʣʴʥʳʝè ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʠʟʤʝʥʝʥʠʶ 
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ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʨʘʩʠʪʝʣʝʤ FAM ʠ ʪʫʰʠʪʝʣʝʤ BHQ1 ʚ ʭʦʜʝ ʩʚʷʟʳʚʘʥʠʷ ʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ (ʨʠʩʫʥʦʢ 28ɹ). ʂʦʥʮʝʥʪʨʘʮʠʶ ʬʝʨʤʝʥʪʘ hAPE1 ʚʘʨʴʠʨʦʚʘʣʠ ʦʪ 0,5 ʜʦ 20,0 ʤʢʄ. 

ʇʦʣʫʯʝʥʥʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʤʝʭʘʥʠʟʤʫ, ʩʦʜʝʨʞʘʱʝʤʫ ʦʜʥʫ 

ʦʙʨʘʪʠʤʫʶ ʩʪʘʜʠʶ ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʦʤ, ʠ ʚʪʦʨʦʡ ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʠʡ ʵʪʘʧ 

ʧʨʝʚʨʘʱʝʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʳʡ, ʚ ʢʦʪʦʨʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʘʷ ʨʝʘʢʮʠʷ ʛʠʜʨʦʣʠʟʘ (ʩʭʝʤʘ 3). ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʣʠ ʥʘ ʪʦ, ʯʪʦ 

ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʠʚʦʜʷʪ ʢ ʨʘʟʣʠʯʥʳʤ ʟʥʘʯʝʥʠʷʤ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʢʦʥʩʪʘʥʪʳ 

ʩʚʷʟʳʚʘʥʠʷ Kbind
initial

 (ʪʘʙʣʠʮʘ 3), ʩʚʠʜʝʪʝʣʴʩʪʚʫʷ ʦ ʪʦʤ, ʯʪʦ ʧʝʨʚʦʥʘʯʘʣʴʥʳʡ ʧʝʨʝʭʦʜʥʳʡ 

ʢʦʤʧʣʝʢʩ (EĿS), ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ, ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʦʪʨʘʞʘʝʪ ʪʦʣʴʢʦ 

ʯʘʩʪʴ ʧʨʦʮʝʩʩʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʨʘʟʥʫʶ çʛʣʫʙʠʥʫè ʧʨʦʮʝʩʩʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ 

ʧʦʚʨʝʞʜʝʥʠʷ. ʇʨʠ ʵʪʦʤ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʩʝ ʤʝʪʦʜʳ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʠʚʝʣʠ ʢ 

ʧʦʣʫʯʝʥʠʶ ʦʜʠʥʘʢʦʚʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ k2, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ ʚʪʦʨʦʡ ʤʝʜʣʝʥʥʳʡ 

ʵʪʘʧ ʩʚʷʟʳʚʘʥʠʷ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ 

ʧʦʩʣʝʜʫʶʱʝʡ ʙʳʩʪʨʦʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ 

ʤʦʣʝʢʫʣʷʨʥʳʝ ʧʨʦʮʝʩʩʳ, ʢʦʪʦʨʳʝ ʧʨʦʪʝʢʘʶʪ ʚ ʭʦʜʝ ʚʪʦʨʦʛʦ ʵʪʘʧʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʤʠ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʥʫʢʣʝʦʪʠʜʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʙʣʝʛʯʝʥʠʝ ʠʭ ʧʨʦʪʝʢʘʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʝʨʤʝʥʪʘ. ɹʦʣʝʝ ʪʦʛʦ, ʥʘ ʵʪʦʪ ʵʪʘʧ ʧʨʦʮʝʩʩʘ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʚʪʦʨʠʯʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ɼʅʂ.  

ɸ 

 

ɹ 

 

ʈʠʩʫʥʦʢ 28. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤ G-ʢʚʘʜʨʫʧʣʝʢʩʦʤ, ʩʦʜʝʨʞʘʱʠʤ F-ʩʘʡʪ 

ʚ 17
ʤ
 ʧʦʣʦʞʝʥʠʠ. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʦ ʠʟʤʝʥʝʥʠʶ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

aPu (ɸ) ʠʣʠ FRET-ʧʘʨʳ (ɹ). [ɼʅʂ] = 1,0 ʤʄ, ʢʦʥʮʝʥʪʨʘʮʠʷ hAPE1 ʫʢʘʟʘʥʘ ʥʘ ʧʘʥʝʣʠ ʩʧʨʘʚʘ. 
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ʉʭʝʤʘ 3. ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤ G-ʢʚʘʜʨʫʧʣʝʢʩʦʤ.  

 

ʛʜʝ E ï ʬʝʨʤʝʥʪ hAPE1, S ï ɼʅʂ-ʩʫʙʩʪʨʘʪ, (E·S) ï ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʳʡ ʢʦʤʧʣʝʢʩ, P ï ʧʨʦʜʫʢʪ 

ʨʝʘʢʮʠʠ.  

ʊʘʙʣʠʮʘ 3. ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʠ ʨʘʚʥʦʚʝʩʥʳʝ ʢʦʥʩʪʘʥʪʳ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ hAPE1 ʩ ʧʦʚʨʝʞʜʝʥʥʳʤ G-

ʢʚʘʜʨʫʧʣʝʢʩʦʤ 

ʂʦʥʩʪʘʥʪʳ 

ʄʝʪʦʜ 

çʆʩʪʘʥʦʚʣʝʥʥʳʡ ʧʦʪʦʢè ɻʝʣʴ-

ʵʣʝʢʪʨʦʬʦʨʝʟ FRET aPu 

Kbind
initial
, ʤʢʄ

-1 
0,08±0,02 0,003±0,001 0,5±0,1 

k2, ʩ
-1 

0,03±0,01 0,03±0,01 0,034±0,002 

 

3.1.6. ʇʨʝʜʧʦʣʘʛʘʝʤʳʡ ʤʝʭʘʥʠʟʤ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʦʚ-ʤʠʰʝʥʝʡ ʬʝʨʤʝʥʪʦʤ hAPE1 

 ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʪʝʣʦʤʝʨʥʳʡ G-ʢʚʘʜʨʫʧʣʝʢʩ 

ʯʝʣʦʚʝʢʘ, ʩʦʜʝʨʞʘʱʠʡ F-ʩʘʡʪ, ʨʘʩʱʝʧʣʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʨʝʘʢʮʠʠ ʩ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ hAPE1. ʄʝʭʘʥʠʟʤ ʮʝʣʝʚʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʦʚ ʩʦʩʪʦʠʪ ʠʟ 

ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ: ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʝʨʝʭʦʜʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʝʛʦ 

ʧʦʩʣʝʜʫʶʱʝʝ ʩʢʦʨʦʩʪʴ-ʣʠʤʠʪʠʨʫʶʱʝʝ ʧʨʝʚʨʘʱʝʥʠʝ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʳʡ. 

 ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʘʥʘʣʠʟʘ ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʚ ʨʘʩʱʝʧʣʝʥʠʠ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʚʳʧʝʪʣʠʚʘʥʠʝ F-ʩʦʜʝʨʞʘʱʝʡ ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʨʘʩʱʝʧʣʝʥʠ ̫ ɼʅʂ ʠ ʨʘʟʤʝʨʦʤ ʚʳʧʝʪʣʠʚʘʥʠʷ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʨʘʟʤʝʱʘʪʴ ʙʦʣʴʰʠʝ 

ʥʫʢʣʝʦʪʠʜʥʳʝ ʬʨʘʛʤʝʥʪʳ ʟʘ ʧʨʝʜʝʣʘʤʠ ʩʚʦʝʛʦ ʘʢʪʠʚʥʦʛʦ ʩʘʡʪʘ. ʕʪʠ ʜʘʥʥʳʝ ʪʘʢʞʝ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʠʜʝʶ ʦ ʪʦʤ, ʯʪʦ ʨʘʩʱʝʧʣʝʥʠʝ F-ʩʘʡʪʘ ʚ G-ʢʚʘʜʨʫʧʣʝʢʩʘʭ ʧʨʦʠʩʭʦʜʠʪ ʙʝʟ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʥʘʨʫʰʝʥʠʷ ʩʪʨʫʢʪʫʨʳ G-ʢʚʘʜʨʫʧʣʝʢʩʘ, ʧʨʠ ʵʪʦʤ ʦ.ʮ. ʫʯʘʩʪʦʢ ʚ ʦʙʣʘʩʪʠ 

ʨʘʩʧʦʣʦʞʝʥʠʷ F-ʩʘʡʪʘ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 5 ʥʫʢʣʝʦʪʠʜʦʚ, ʘ ʢʨʫʧʥʳʝ ʥʝʧʦʚʨʝʞʜʝʥʥʳʝ ʫʯʘʩʪʢʠ 

G-ʢʚʘʜʨʫʧʣʝʢʩʥʦʡ ʩʪʨʫʢʪʫʨʳ ʨʘʟʤʝʱʘʶʪʩʷ ʚʥʝ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʬʝʨʤʝʥʪʘ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ 

ʥʘ ʩʫʙʩʪʨʘʪʘʭ ʩ ʨʘʟʤʝʨʦʤ ʚʳʧʝʪʣʠʚʘʥʠʷ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ ʦʪ 3 ʜʦ 7 

ʥʫʢʣʝʦʪʠʜʦʚ.  

 ʐʠʨʦʢʘʷ ʩʫʙʩʪʨʘʪʥʘʷ ʩʧʝʮʠʬʠʯʥʦʩʪʴ hAPE1 ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ F-ʩʘʡʪʫ, ʥʝʢʦʪʦʨʳʤ 

ʧʦʚʨʝʞʜʝʥʥʳʤ ʥʫʢʣʝʦʪʠʜʘʤ (NIR-ʘʢʪʠʚʥʦʩʪʴ), ʧʨʠʨʦʜʥʳʤ 2ǋ-ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʘʤ (3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ) ʠ ʨʠʙʦʥʫʢʣʝʦʪʠʜʘʤ (ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ), ʘ ʪʘʢʞʝ 

ʚʳʩʦʢʘʷ ʬʝʨʤʝʥʪʘʪʠʚʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʥʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʭ ʩ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʛʦʚʦʨʠʪ 
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ʚ ʧʦʣʴʟʫ ʪʦʛʦ, ʯʪʦ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ hAPE1 ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʷʤʳʭ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʩ ʧʦʚʨʝʞʜʝʥʥʳʤʠ ʠʣʠ ʧʨʠʨʦʜʥʳʤʠ ʮʝʣʝʚʳʤʠ ʥʫʢʣʝʦʪʠʜʘʤʠ. 

ʉʦʚʦʢʫʧʥʦʩʪʴ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʣʦʞʠʪʴ ʦʙʱʠʡ ʤʝʭʘʥʠʟʤ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʦʚ-ʤʠʰʝʥʝʡ ʬʝʨʤʝʥʪʦʤ 

hAPE1 (ʨʠʩʫʥʦʢ 29). ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʫʟʥʘʚʘʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʘʡʪʘ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʝʨʚʠʯʥʦʛʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʢ ʦʧʨʝʜʝʣʝʥʥʳʤ ʧʦʚʨʝʞʜʝʥʥʳʤ ʠʣʠ ʥʝʧʦʚʨʝʞʜʝʥʥʳʤ ʥʫʢʣʝʦʪʠʜʘʤ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʚ ʦʪʚʝʪ ʥʘ ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ 

ʬʝʨʤʝʥʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʳ ʜʣ ̫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʂʦʤʧʣʝʢʩʥʦʝ ʩʦʯʝʪʘʥʠʝ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ 

ʭʦʜʝ ʵʪʠʭ ʧʝʨʝʩʪʨʦʝʢ, ʪʘʢʠʭ ʢʘʢ ʦʙʨʘʟʦʚʘʥʠʝ ʩʝʪʠ ʥʝʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʚ ʩʫʙʩʪʨʘʪ-

ʩʚʷʟʳʚʘʶʱʝʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, ʠʟʛʠʙʘʥʠʝ ʩʫʙʩʪʨʘʪʘ, ʣʦʢʘʣʴʥʦʝ ʧʣʘʚʣʝʥʠʝ, ʚʳʚʦʨʘʯʠʚʘʥʠʝ 

ʮʝʣʝʚʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʠʟ ʩʪʨʫʢʪʫʨʳ ʩʫʙʩʪʨʘʪʘ ʠ ʝʛʦ ʨʘʟʤʝʱʝʥʠʝ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, 

ʚʥʝʜʨʝʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʩʪʨʫʢʪʫʨʫ ʩʫʙʩʪʨʘʪʘ, ʬʦʨʤʠʨʫʝʪ ʧʦʵʪʘʧʥʫʶ 

ʜʠʩʢʨʠʤʠʥʘʮʠʶ ʤʦʣʝʢʫʣʳ ʩʫʙʩʪʨʘʪʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʧʦʩʦʙʥʦʩʪʠ ʝʛʦ ʩʪʨʫʢʪʫʨʳ ʧʝʨʝʩʪʨʘʠʚʘʪʴʩʷ 

ʚ ʭʦʜʝ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʠʤʝʥʥʦ çʢʦʥʬʦʨʤʘʮʠʦʥʥʳʡ ʦʪʚʝʪè ʤʦʣʝʢʫʣʳ ɼʅʂ ʠʣʠ ʈʅʂ ʥʘ ʥʝʩʧʝʮʠʬʠʯʝʩʢʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʫʙʩʪʨʘʪ-ʩʚʷʟʳʚʘʶʱʝʤ ʮʝʥʪʨʝ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʤʝʭʘʥʠʟʤʘ 

ʜʠʩʢʨʠʤʠʥʘʮʠʠ ʩʫʙʩʪʨʘʪʦʚ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʘʷ ʯʘʩʪʴ N-ʢʦʥʮʝʚʦʛʦ ʬʨʘʛʤʝʥʪʘ hAPE1 

ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ɼʅʂ ʠ ʈʅʂ [212,327], ʘ ʪʘʢʞʝ 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʙʝʣʦʢ-ʙʝʣʢʦʚʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ ʥʫʢʣʝʦʬʦʟʤʠʥʦʤ [328] ʠ 

ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ BER [150,183]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ N-ʢʦʥʮʝʚʘ ̫

ʯʘʩʪʴ hAPE1 ʪʘʢʞʝ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʩʚʷʟʳʚʘʪʴ 

ʥʝʢʘʥʦʥʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʥʫʢʣʝʦʪʠʜʘ-ʤʠʰʝʥʠ.  

ɹʫʜʝʪ ʟʘʢʦʥʦʤʝʨʥʳʤ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʙʣʝʛʯʝʥʠʝ ʧʨʦʪʝʢʘʥʠʷ ʥʝʢʦʪʦʨʳʭ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʭʦʜʝ ʩʚʷʟʳʚʘʥʠʷ, ʥʘʧʨʠʤʝʨ ʚʳʚʦʨʘʯʠʚʘʥʠʝ ʮʝʣʝʚʦʛʦ 

ʥʫʢʣʝʦʪʠʜʘ ʠʣʠ ʠʟʛʠʙʘʥʠʝ ʩʫʙʩʪʨʘʪʘ, ʚʩʣʝʜʩʪʚʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʫʙʩʪʨʘʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʥʝʢʘʥʦʥʠʯʝʩʢʠʝ ʫʯʘʩʪʢʠ ʩʪʨʫʢʪʫʨʳ, ʤʦʞʝʪ ʫʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʪʘʢʦʛʦ ʩʫʙʩʪʨʘʪʘ. ʆʜʥʘʢʦ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʤʠʤʦ ʚʳʚʦʨʘʯʠʚʘʥʠʷ 

ʮʝʣʝʚʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʠʟ ʩʪʨʫʢʪʫʨʳ ʩʫʙʩʪʨʘʪʘ, ʜʦʣʞʝʥ ʙʳʪʴ ʫʯʪʝʥ ʠ ʧʨʦʮʝʩʩ ʝʛʦ ʨʘʟʤʝʱʝʥʠʷ ʚ 

ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ʀʤʝʶʱʠʝʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʦʙ ʘʢʪʠʚʥʦʩʪʠ 

hAPE1 ʚ ʦʪʥʦʰʝʥʠʠ ʧʦʚʨʝʞʜʝʥʥʳʭ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʩ ʢʘʥʦʥʠʯʝʩʢʦʡ B-ʬʦʨʤʦʡ ʧʦʟʚʦʣʷʶʪ 

ʧʨʦʚʦʜʠʪʴ ʩʨʘʚʥʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʚʨʝʞʜʝʥʥʳʭ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʠ, 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʨʘʚʥʠʚʘʪʴ ʩʢʦʨʦʩʪʠ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʠ. ʈʘʩʧʦʟʥʘʚʘʥʠʝ ʠ ʨʘʩʱʝʧʣʝʥʠʝ F-
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ʩʘʡʪʘ ʚ ʧʦʣʥʦʩʪʴʶ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʜʫʧʣʝʢʩʘʭ ɼʅʂ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʝʯʝʥʠʝ 1 ʩ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʚ ʜʫʧʣʝʢʩʘʭ, ʥʘʧʨʠʤʝʨ ὑA, 

ŬA ʠʣʠ DHU [18], ʩʦʩʪʘʚʣʷʝʪ ʙʦʣʝʝ 1000 ʩ. ɹʦʣʝʝ ʪʦʛʦ, ʧʨʠʨʦʜʥʳʝ ʨʠʙʦʥʫʢʣʝʦʪʠʜʳ 

ʧʨʦʮʝʩʩʠʨʫʶʪʩʷ ʬʝʨʤʝʥʪʦʤ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ [329]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 

ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʠʨʦʜʘ ʮʝʣʝʚʦʛʦ ʥʫʢʣʝʦʪʠʜʘ, ʢʦʪʦʨʳʡ ʨʘʟʤʝʱʘʝʪʩʷ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʝʨʤʝʥʪʘ, ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʤʧʣʝʢʩʘ hAPE1-ʩʫʙʩʪʨʘʪ. 

 

ʈʠʩʫʥʦʢ 29. ʇʨʝʜʧʦʣʘʛʘʝʤʘʷ ʤʦʜʝʣʴ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʘ-ʤʠʰʝʥʠ ʬʝʨʤʝʥʪʦʤ hAPE1. 

ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ hAPE1-ɼʅʂ [18]. 
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3.2. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʠʟ ʩʝʤʝʡʩʪʚʘ Xth 

3.2.1. ɺʳʙʦʨ AP-ʵʥʜʦʥʫʢʣʝʘʟ, ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʠʜʝʥʪʠʯʥʦʩʪʴʶ C-ʢʦʥʮʝʚʦʛʦ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ ʩ hAPE1 

AP-ʵʥʜʦʥʫʢʣʝʘʟʘ ʯʝʣʦʚʝʢʘ hAPE1 ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʥʳʭ AP-

ʵʥʜʦʥʫʢʣʝʘʟ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʦʚʦʢʫʧʥʦʩʪʴ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ [162,181,182,189,201,330,331], 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [190,200,212,332], ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʤʝʪʦʜʦʚ ʩʘʡʪ-

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ [17,193], ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʟʚʦʣʠʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʣʶʯʝʚʳʝ ʩʪʘʜʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ 

ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ AP-ʩʘʡʪ, ʘ ʪʘʢʞʝ ʨʷʜ ʧʦʚʨʝʞʜʝʥʥʳʭ [18,19,333,334] ʠʣʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʳʭ [13,240] ʥʫʢʣʝʦʪʠʜʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦ ʪʦʤ, ʷʚʣʷʶʪʩʷ ʣʠ ʦʩʦʙʝʥʥʦʩʪʠ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ, 

ʫʩʪʘʥʦʚʣʝʥʥʳʝ ʜʣʷ AP-ʵʥʜʦʥʫʢʣʝʘʟʳ hAPE1, ʦʙʱʠʤʠ ʜʣʷ ʚʩʝʭ ʬʝʨʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʩʝʤʝʡʩʪʚʘ Xth. ʏʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ, ʷʚʣʷʝʪʩʷ ʣʠ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʭʘʥʠʟʤ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ 

ʢʦʥʪʨʦʣʴ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ hAPE1 ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʠʣʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ ʮʝʣʝʚʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚʳʚʦʨʘʯʠʚʘʪʴʩʷ ʠʟ ɼʅʂ ʠ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʚ ʩʚʷʟʳʚʘʶʱʝʤ 

ʢʘʨʤʘʥʝ ʬʝʨʤʝʥʪʘ ʚ ʦʪʚʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ ʩʝʪʠ ʥʝʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ ʚ ʩʫʙʩʪʨʘʪ-

ʩʚʷʟʳʚʘʶʱʝʤ ʮʝʥʪʨʝ, ʦʙʱʠʤ ʜʣʷ ʨʷʜʘ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1 ʚ ʨʘʙʦʪʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʳ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʦʨʛʘʥʠʟʤʦʚ, ʘ ʠʤʝʥʥʦ Rrp1 ʥʘʩʝʢʦʤʦʛʦ D. 

melanogaster, xAPE1 ʘʤʬʠʙʠʠ X. laevis ʠ zAPE1 ʨʳʙʳ D. rerio (ʨʠʩʫʥʦʢ 30).  

 ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ N-ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1, ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʧʦ ʨʘʟʤʝʨʘʤ. ʉʨʝʜʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ, 

ʥʘʠʙʦʣʝʝ ʢʨʫʧʥʳʡ ʜʦʤʝʥ (ʩʦʩʪʦʷʱʠʡ ʠʟ 417 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ) ʧʨʠʥʘʜʣʝʞʘʣ Rrp1. 

ɹʦʣʝʝ ʪʦʛʦ, ʢʦʣʠʯʝʩʪʚʦ ʦʩʥʦʚʥʳʭ ʦʩʪʘʪʢʦʚ ʚ N-ʢʦʥʮʝʚʦʤ ʬʨʘʛʤʝʥʪʝ ʠ ʝʛʦ ʩʫʤʤʘʨʥʳʡ ʟʘʨʷʜ ʧʨʠ 

pH = 7,0 (z) ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʫ ʙʝʣʢʘ Rrp1, ʯʝʤ ʫ ʦʩʪʘʣʴʥʳʭ ʠʟʫʯʘʝʤʳʭ ʬʝʨʤʝʥʪʦʚ: 

ʜʚʘʜʮʘʪʴ ʦʩʪʘʪʢʦʚ ʘʨʛʠʥʠʥʘ ʠ ʩʝʤʴʜʝʩʷʪ ʯʝʪʳʨʝ ʦʩʪʘʪʢʘ ʣʠʟʠʥʘ ʫ Rrp1 [ʠʟʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʪʦʯʢʘ 

(pI) = 10,2, z = 20,1], ʜʚʘ ʦʩʪʘʪʢʘ ʘʨʛʠʥʠʥʘ ʠ ʦʜʠʥʥʘʜʮʘʪʴ ʦʩʪʘʪʢʦʚ ʣʠʟʠʥʘ ʫ hAPE1 (pI = 9,6, z = 

1), ʦʜʠʥ ʦʩʪʘʪʦʢ ʘʨʛʠʥʠʥʘ ʠ ʜʝʚʷʪʴ ʦʩʪʘʪʢʦʚ ʣʠʟʠʥʘ ʫ xAPE1 (pI = 8,9, z = 0,9), ʠ ʜʚʘ ʦʩʪʘʪʢʘ 

ʘʨʛʠʥʠʥʘ ʠ ʜʝʩ̫ ʪʴ ʦʩʪʘʪʢʦʚ ʣʠʟʠʥʘ ʫ zAPE1 (pI = 7,3, z = 0). ʆʮʝʥʢʫ ʟʥʘʯʝʥʠʡ pI ʠ z ʜʣʷ N-

ʢʦʥʮʝʚʳʭ ʬʨʘʛʤʝʥʪʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʙʝʣʢʦʚ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʣʴʢʫʣʷʪʦʨʘ ʩʚʦʡʩʪʚ 

ʧʝʧʪʠʜʦʚ Innovagen (URL: https://pepcalc.com/).  

 ɸʥʘʣʠʟ ʫʢʦʨʦʯʝʥʥʳʭ ʧʦ N-ʢʦʥʮʫ ʚʘʨʠʘʥʪʦʚ hAPE1 ʧʦʢʘʟʘʣ, ʯʪʦ ʵʪʘ ʙʦʛʘʪʘʷ ʦʩʥʦʚʥʳʤʠ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʦʙʣʘʩʪʴ, ʧʦʤʠʤʦ ʫʯʘʩʪʠʷ ʚ redox ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ, ʚʳʧʦʣʥʷʝʪ 

ʩʪʘʙʠʣʠʟʠʨʫʶʱʫʶ ʨʦʣʴ ʧʨʠ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʤ ʩʚʷʟʳʚʘʥʠʠ ʩ ʥʫʢʣʝʠʥʦʚʳʤʠ ʢʠʩʣʦʪʘʤʠ 

ʧʦʩʨʝʜʩʪʚʦʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ [327,328]. ʇʦʪʝʨʷ N-ʢʦʥʮʝʚʦʛʦ ʬʨʘʛʤʝʥʪʘ 
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ʚʣʠʷʝʪ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʘ ʪʘʢʞʝ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ 

ʧʨʦʜʫʢʪʦʤ [335,336], ʥʦ ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʩʢʦʨʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʝʨʚʠʯʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʠʣʠ ʥʘ ʢʘʪʘʣʠʟ [212] ʚ ʩʣʫʯʘʝ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ AP-ʩʘʡʪ. ʅʘʧʨʦʪʠʚ, 

ʵʪʦʪ ʬʨʘʛʤʝʥʪ ʚʣʠʷʝʪ ʠ ʥʘ ʩʢʦʨʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʝʨʚʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ 

ʩʣʫʯʘʝ NIR ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʝʡ [10,41,212]. ɺʦ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʪʘʢʞʝ 

ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ, ʯʪʦ N-ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ ʤʦʞʝʪ ʚʩʪʫʧʘʪʴ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʙʝʣʢʘʤʠ, ʫʯʘʩʪʚʫʶʱʠʤʠ ʚ ʨʝʧʘʨʘʮʠʠ ɼʅʂ [150,183,337], ʪʨʘʥʩʢʨʠʧʮʠʠ 

[146,243,253] ʠ ʤʝʪʘʙʦʣʠʟʤʝ ʈʅʂ [247,328,338]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ N-

ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʠʟʢʦ-ʘʬʬʠʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʩʚʷʟʳʚʘʥʠʷ 

ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʠʛʨʘʪʴ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ ʧʦʠʩʢʘ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ɼʅʂ ʠʣʠ ʩʘʡʪʘ ʨʘʩʱʝʧʣʝʥʠʷ ʚ ʈʅʂ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʚʫʝʪ ʚ ʙʝʣʦʢ-

ʙʝʣʢʦʚʦʡ ʢʦʦʨʜʠʥʘʮʠʠ ʬʝʨʤʝʥʪʘ ʩ ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ ʨʝʧʘʨʘʮʠʠ.  

ʇʦʩʢʦʣʴʢʫ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʬʝʨʤʝʥʪʦʤ ʠ ʩʫʙʩʪʨʘʪʦʤ 

ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʉ-ʢʦʥʮʝʚʳʤ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʜʦʤʝʥʦʤ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩʚʦʡʩʪʚ 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1 ʚʥʠʤʘʥʠʝ ʙʳʣʦ ʩʦʩʨʝʜʦʪʦʯʝʥʦ ʥʘ ʨʘʟʣʠʯʠʷʭ ʠʤʝʥʥʦ ʚ ʠʭ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ. ɺʳʨʘʚʥʠʚʘʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ C-ʢʦʥʮʝʚʦʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʜʦʤʝʥʘ ʯʝʪʳʨʝʭ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦʯʪʠ ʚʩʝ ʦʩʪʘʪʢʠ ʘʤʠʥʦʢʠʩʣʦʪ, ʫʯʘʩʪʚʫʶʱʠʝ ʚ 

ʩʚʷʟʳʚʘʥʠʠ ɼʅʂ, ʠʜʝʥʪʠʯʥʳ ʩʨʝʜʠ ʠʩʩʣʝʜʫʝʤʳʭ ʬʝʨʤʝʥʪʦʚ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʦʩʪʘʪʢʘ Arg181 

(ʥʫʤʝʨʘʮʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ hAPE1), ʢʦʪʦʨʳʡ 

ʟʘʤʝʥʝʥ ʥʘ ʦʩʪʘʪʦʢ ʘʩʧʘʨʘʛʠʥʘ ʚ ʩʣʫʯʘʝ Rrp1, ʠ ʦʩʪʘʪʢʘ Asn229, ʢʦʪʦʨʳʡ ʟʘʤʝʥʝʥ ʥʘ ʦʩʪʘʪʦʢ 

ʪʨʝʦʥʠʥʘ ʚ xAPE1. ʇʦʤʠʤʦ ʦʩʪʘʪʢʘ Asn229, ʨʘʩʧʦʣʘʛʘʶʱʝʛʦʩʷ ʚ ʢʘʨʤʘʥʝ ʬʝʨʤʝʥʪʘ, ʢʦʪʦʨʳʡ 

ʦʪʚʝʯʘʝʪ ʟʘ ʩʚʷʟʳʚʘʥʠʝ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ, ʫ ʬʝʨʤʝʥʪʘ xAPE1 ʝʱʝ ʦʜʠʥ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ, ʧʨʠʥʠʤʘʶʱʠʡ ʫʯʘʩʪʠʝ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʜʘʥʥʦʛʦ ʢʘʨʤʘʥʘ (Ala230), 

ʟʘʤʝʥʝʥ ʥʘ ʦʩʪʘʪʦʢ ʧʨʦʣʠʥʘ. ʀʥʪʝʨʢʘʣʠʨʫʶʱʠʝ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʦʩʪʘʪʢʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʬʝʨʤʝʥʪʦʚ ʠʜʝʥʪʠʯʥʳ, ʢʨʦʤʝ ʝʜʠʥʩʪʚʝʥʥʦʡ ʟʘʤʝʥʳ ʦʩʪʘʪʢʘ Asp70, ʢʦʦʨʜʠʥʠʨʫʶʱʝʛʦ ʠʦʥ 

Mg
2+
, ʥʘ ʦʩʪʘʪʦʢ ʘʣʘʥʠʥʘ ʚ ʩʣʫʯʘʝ Rrp1.  
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ʈʠʩʫʥʦʢ 30. ɺʳʨʘʚʥʠʚʘʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ ʉ-ʢʦʥʮʝʚʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʜʦʤʝʥʦʚ hAPE1, xAPE1, zAPE1 ʠ Rrp1. ɺʳʜʝʣʝʥʳ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ - 

Asp70, Glu96, Tyr171, Asp210, Asn212, Asp308 ʠ His309 (ʢʨʘʩʥʳʝ, ʥʫʤʝʨʘʮʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ hAPE1); ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ɼʅʂ-

ʩʚʷʟʳʚʘʶʱʝʛʦ ʮʝʥʪʨʘ - Arg73, Ala74, Lys78, Tyr128, Arg156, Arg181, Asn222, Asn226, Asn229 ʠ 

Thr268 (ʛʦʣʫʙʦʡ); ʠʥʪʝʨʢʘʣʠʨʫʶʱʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ - Met270 ʠ Arg177 (ʩʚʝʪʣʦ-

ʟʝʣʸʥʳʡ); ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Asn174, Asn229, Ala230, Phe266 ʠ Trp280, ʬʦʨʤʠʨʫʶʱʠʝ 

ʢʘʨʤʘʥ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ (ʞʝʣʪʳʡ). ʂʦʥʩʝʨʚʘʪʠʚʥʳʝ ʦʩʪʘʪʢʠ 

ʪʨʠʧʪʦʬʘʥʘ ʚʳʜʝʣʝʥʳ ʪʝʤʥʦ-ʟʝʣʝʥʳʤʠ ʨʘʤʢʘʤʠ. ɿʚʝʟʜʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʠʜʝʥʪʠʯʥʳʝ ʦʩʪʘʪʢʠ, 

ʜʚʦʝʪʦʯʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʢʦʥʩʝʨʚʘʪʠʚʥʳʝ ʟʘʤʝʥʳ, ʘ ʪʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʟʘʤʝʥʳ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʠʭ ʥʝʢʦʪʦʨʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

3.2.2. ɺʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʜʥʦ- ʠ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ɸʈ-

ʵʥʜʦʥʫʢʣʝʘʟ  

 ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʝʭʘʥʠʟʤʘ ʮʝʣʝʚʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ 

ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʠʭ ʨʘʩʱʝʧʣʝʥʠʷ ʛʦʤʦʣʦʛʠʯʥʳʤʠ ʬʝʨʤʝʥʪʘʤʠ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ 

ʚʣʠʷʥʠʝ ʦʜʥʦ- ʠ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ʵʢʟʦ- ʠ ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʯʝʪʳʨʝʭ 

ʵʥʜʦʥʫʢʣʝʘʟ ʪʠʧʘ APE1: hAPE1, Rrp1, xAPE1 ʠ zAPE1. ʀʩʧʦʣʴʟʦʚʘʥʥʳʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ 

ʩʦʜʝʨʞʘʣʠ FAM ʥʘ 5ǋ-ʢʦʥʮʝ ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ ʜʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʨʦʜʫʢʪʦʚ ʨʘʩʱʝʧʣʝʥʠʷ ʚ 

ʛʝʣʝ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʥʝʩʧʝʮʠʬʠʯʥʦʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʚʣʠʷʥʠʝ ʦʜʥʦʚʘʣʝʥʪʥʳʭ 

ʢʘʪʠʦʥʦʚ (K
+
) ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ, ʩʦʜʝʨʞʘʱʝʛʦ F-ʩʘʡʪ, ʬʝʨʤʝʥʪʘʤʠ 

ʪʠʧʘ APE1, ʬʝʨʤʝʥʪ (hAPE1, zAPE1, xAPE1 ʠʣʠ Rrp1) ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 0,2 ʤʢʄ ʜʦʙʘʚʣʷʣʠ ʢ 
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2,0 ʤʢʄ FRET-F/G-ʩʫʙʩʪʨʘʪʫ, ʧʦʩʣʝ ʯʝʛʦ ʧʦ ʠʩʪʝʯʝʥʠʠ 20 ʩ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʠ ʘʣʠʢʚʦʪʳ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ, ʢʘʢ ʦʧʠʩʘʥʦ ʚ ʨʘʟʜʝʣʝ 2.6 

ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ (ʨʠʩʫʥʦʢ 31ɸ).  

 ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʚʩʝʭ ʯʝʪʳʨʝʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʠʤʝʣʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ K
+ 
ʩ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ 

ʦʧʪʠʤʘʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʝʤ 

ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʟʘ, ʦʩʫʱʝʩʪʚʣʷʝʤʳʭ ʬʝʨʤʝʥʪʦʤ hAPE1 ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ 

[200]. ɸʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʦʚ zAPE1, xAPE1 ʠ Rrp1 ʙʳʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʘʢʪʠʚʥʦʩʪʴʶ hAPE1. ɺʩʝ ʬʝʨʤʝʥʪʳ ʦʩʪʘʚʘʣʠʩʴ ʘʢʪʠʚʥʳʤʠ ʜʘʞʝ ʚ ʦʪʩʫʪʩʪʚʠʝ ʠʦʥʦʚ K
+
. 

ʋʨʦʚʝʥʴ ʘʢʪʠʚʥʦʩʪʠ xAPE1 ʠ Rrp1 ʚ ʧʨʠʩʫʪʩʪʚʠʠ K
+
 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 50ï100 ʤʄ ʙʳʣ ʙʣʠʟʦʢ, ʠ 

ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʜʦʩʪʠʛʘʣʘ ~50%. ɺ ʪʦʤ ʞʝ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ K
+
 zAPE1 

ʨʘʩʱʝʧʣʷʣ ~40% ʩʫʙʩʪʨʘʪʘ (ʨʠʩʫʥʦʢ 31ɹ). ʇʦʩʣʝʜʫʶʱʝʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ K+ 

ʚʧʣʦʪʴ ʜʦ 200 ʤʄ ʥʝ ʧʨʠʚʦʜʠʣʦ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ F-

ʩʫʙʩʪʨʘʪʫ ʜʣʷ ʬʝʨʤʝʥʪʘ hAPE1. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʪʘʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ K
+
 ʘʢʪʠʚʥʦʩʪʴ ʜʨʫʛʠʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʩʥʠʞʘʣʘʩʴ ʚ ʧʦʨʷʜʢʝ Rrp1 > xAPE1 > zAPE1. ɼʘʣʴʥʝʡʰʝʝ 

ʧʦʚʳʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ K
+
 ʜʦ 300 ʤʄ ʧʨʠʚʦʜʠʣʦ ʢ ʪʦʤʫ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ ʵʪʠʭ ʪʨʝʭ ʬʝʨʤʝʥʪʦʚ 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʘʜʘʣʘ. ʌʝʨʤʝʥʪ hAPE1 ʧʨʦʷʚʣʷʣ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʤʝʥʥʳʡ ʫʨʦʚʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ 

F-ʩʘʡʪʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ K
+
 ʚ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʦʪ 50 ʜʦ 200 ʤʄ, ʘ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʧʦʚʳʰʝʥʠʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ K
+
 ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʯʝʣʦʚʝʢʘ ʧʦʩʪʝʧʝʥʥʦ ʩʥʠʞʘʣʘʩʴ. 

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Mg
2+

 ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ, ʩʦʜʝʨʞʘʱʝʛʦ F-ʩʘʡʪ, ʬʝʨʤʝʥʪʘʤʠ ʪʠʧʘ APE1, ʬʝʨʤʝʥʪ (hAPE1, 

zAPE1, xAPE1 ʠʣʠ Rrp1) ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2,0 ʤʢʄ ʜʦʙʘʚʣʷʣʠ ʢ 2,0 ʤʢʄ FRET-F/G-ʩʫʙʩʪʨʘʪʫ, 

ʧʦʩʣʝ ʯʝʛʦ ʧʦ ʠʩʪʝʯʝʥʠʠ 20 ʩ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʠ ʘʣʠʢʚʦʪʳ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ, ʢʘʢ ʦʧʠʩʘʥʦ ʚ ʨʘʟʜʝʣʝ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ 

(ʨʠʩʫʥʦʢ 32ɸ). 

 ɺ ʩʣʫʯʘʝ hAPE1 ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʦʩʣʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Mg
2+

 ʚʧʣʦʪʴ ʜʦ 1,0 ʤʄ, ʘ ʟʘʪʝʤ ʩʦʭʨʘʥʷʣʘʩʴ ʥʘ ʦʜʥʦʤ ʫʨʦʚʥʝ ʚ ʜʠʘʧʘʟʦʥʝ 

ʢʦʥʮʝʥʪʨʘʮʠʡ 1,0ï10,0 ʤʄ MgCl2. ʇʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ Mg
2+

 

ʘʢʪʠʚʥʦʩʪʴ Rrp1 ʧʘʜʘʣʘ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʬʝʨʤʝʥʪʦʚ xAPE1 ʠ zAPE1. ɺ ʧʨʠʩʫʪʩʪʚʠʠ 

10 ʤʄ Mg
2+

 ʩʪʝʧʝʥʴ ʧʨʝʚʨʘʱʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʚ ʧʨʦʜʫʢʪ ʜʦʩʪʠʛʘʣʘ ~60% ʚ ʩʣʫʯʘʝ Rrp1, ʘ ʚ ʩʣʫʯʘʝ 

xAPE1 ʠ zAPE1 ʪʦʣʴʢʦ ~30%. ʀʥʛʠʙʠʨʦʚʘʥʠʝ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ ʚʳʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 

Mg
2+

 ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʩʚʷʟʳʚʘʥʠʝʤ ʤʝʪʘʣʣʘ ʚ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʤ ʮʝʥʪʨʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʥʘʨʫʰʝʥʠʶ ʢʦʥʪʘʢʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ. ʇʨʠ ʵʪʦʤ ʩʪʝʧʝʥʴ ʚʣʠʷʥʠʷ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ 

ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʦʢʘʟʘʣʘʩʴ ʨʘʟʣʠʯʥʘ. 
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ʈʠʩʫʥʦʢ 31. ɺʣʠʷʥʠʝ ʦʜʥʦʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ (K
+
) ʥʘ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1. (ɸ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ FRET-F/G-ʩʫʙʩʪʨʘʪʘ 

ʬʝʨʤʝʥʪʘʤʠ hAPE1, zAPE1, xAPE1 ʠʣʠ Rrp1 ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ K
+
 ʧʦʩʣʝ 

ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ. S ï ʩʫʙʩʪʨʘʪ, P ï 

ʧʨʦʜʫʢʪ ʵʥʜʦʥʫʢʣʝʘʟʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʮʝʧʠ ɼʅʂ, ʥ/ʦ ï ʩʫʙʩʪʨʘʪ, ʥʝ ʧʦʜʚʝʨʛʘʚʰʠʡʩʷ 

ʦʙʨʘʙʦʪʢʝ ʬʝʨʤʝʥʪʦʤ. (ɹ) ɺʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʂ
+
 ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ FRET-F/G 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʘʤʠ hAPE1, zAPE1, xAPE1 ʠʣʠ Rrp1. [ʌʝʨʤʝʥʪ] = 0,1 ʤʢʄ, [FRET-F/G] 

= 1,0 ʤʢʄ. ʈʝʘʢʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 20 ʩ. ʇʦʜʨʦʙʥʳʝ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʡ ʧʨʠʚʝʜʝʥʳ ʚ 

ʨʘʟʜʝʣʝ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ.  

 ʅʝʧʦʚʨʝʞʜʝʥʥʳʡ ɼʅʂ ʜʫʧʣʝʢʩ, ʩʦʜʝʨʞʘʱʠʡ 5ǋ-ʩʚʠʩʘʶʱʠʡ ʢʦʥʝʮ, ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʯʝʪʳʨʝʭ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠʦʥʦʚ 

ʤʝʪʘʣʣʦʚ ʚ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ ʵʥʜʦʥʫʢʣʝʘʟ ʪʠʧʘ APE1 ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʠʭ ʦʩʥʦʚʥʦʤʫ ʙʠʦʣʦʛʠʯʝʩʢʦʤʫ ʩʫʙʩʪʨʘʪʫ, ʩʦʜʝʨʞʘʱʝʤʫ F-ʩʘʡʪ, ʙʳʣʘ ʦʯʝʥʴ 

ʩʭʦʜʥʦʡ, ʩʧʦʩʦʙʥʦʩʪʴ ʛʦʤʦʣʦʛʠʯʥʳʭ ʬʝʨʤʝʥʪʦʚ ʢ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʦʣʠʪʠʯʝʩʢʦʡ ʜʝʛʨʘʜʘʮʠʠ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʣʘʩʴ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 33ɸ, ʩʨʝʜʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʪʦʣʴʢʦ hAPE1 ʦʙʣʘʜʘʣ ʚʳʨʘʞʝʥʥʦʡ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 1,0 ʤʄ MgCl2. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ MgCl2 ʠʣʠ KCl ʥʘ ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʜʝʛʨʘʜʘʮʠʶ ɼʅʂ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʪʦʣʴʢʦ 

ʜʣʷ ʬʝʨʤʝʥʪʘ hAPE1 (ʨʠʩʫʥʦʢ 33ɹ). ɼʣʷ ɻʪʦʛʦ ʬʝʨʤʝʥʪ hAPE1 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 2,0 ʤʢʄ 

ʜʦʙʘʚʣʷʣʠ ʢ 2,0 ʤʢʄ exo-ʩʫʙʩʪʨʘʪʫ, ʧʦʩʣʝ ʯʝʛʦ ʧʦ ʠʩʪʝʯʝʥʠʠ 30 ʤʠʥ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ, ʠ 

ʘʣʠʢʚʦʪʳ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ, ʢʘʢ ʦʧʠʩʘʥʦ ʚ 

ʨʘʟʜʝʣʝ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ (ʨʠʩʫʥʦʢ 33ɹ).  
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ɸ ɹ 

 

 

ʈʠʩʫʥʦʢ 32. ɺʣʠʷʥʠʝ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ (Mg
2+

) ʥʘ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1. (ɸ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ FRET-F/G-ʩʫʙʩʪʨʘʪʘ 

ʬʝʨʤʝʥʪʘʤʠ hAPE1, zAPE1, xAPE1 ʠʣʠ Rrp1 ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Mg
2+

 

ʧʦʩʣʝ ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ. S ï ʩʫʙʩʪʨʘʪ, 

P ï ʧʨʦʜʫʢʪ ʵʥʜʦʥʫʢʣʝʘʟʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʮʝʧʠ ɼʅʂ, ʥ/ʦ ï ʩʫʙʩʪʨʘʪ, ʥʝ ʧʦʜʚʝʨʛʘʚʰʠʡʩʷ 

ʦʙʨʘʙʦʪʢʝ ʬʝʨʤʝʥʪʦʤ. (ɹ) ɺʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Mg
2+

 ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ FRET-

F/G ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʘʤʠ hAPE1, zAPE1, xAPE1 ʠʣʠ Rrp1. [ʌʝʨʤʝʥʪ] = 1,0 ʤʢʄ, [FRET-

F/G] = 1,0 ʤʢʄ. ʈʝʘʢʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 20 ʩ. ʇʦʜʨʦʙʥʳʝ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʡ ʧʨʠʚʝʜʝʥʳ ʚ 

ʨʘʟʜʝʣʝ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ.  

 ʊʘʢʞʝ ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ (ʨʠʩʫʥʢʠ 31ɹ, 32ɹ), 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ hAPE1 ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʦʧʪʠʤʘʣʴʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ K
+
 (ʨʠʩʫʥʦʢ 33ɺ), ʠ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʣʘ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ Mg

2+
 1,0 ʤʄ 

(ʨʠʩʫʥʦʢ 33ɻ). Wang Y. ʠ ʢʦʣʣʝʛʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ zAPE1 ʦʙʣʘʜʘʝʪ ʦʯʝʥʴ ʩʣʘʙʦʡ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʧʨʠʤʝʨʥʦ ʚ 100 ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ [255]. ɹʦʣʝʝ ʪʦʛʦ, ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʠʩʩʣʝʜʦʚʘʥʠʡ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ xAPE1. ɺ ʮʝʣʦʤ, ʝʜʚʘ ʟʘʤʝʪʥʘʷ 3ǋ-5ǋ-

ʵʢʟʦʥʫʢʣʝʦʣʠʪʠʯʝʩʢʘʷ ʜʝʛʨʘʜʘʮʠʷ ʤʦʜʝʣʴʥʦʡ ɼʅʂ ʵʪʠʤʠ ʬʝʨʤʝʥʪʘʤʠ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʠ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʥʝ ʩʚʷʟʘʥʘ ʩ ʧʨʦʮʝʜʫʨʦʡ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʧʣʘʟʤʠʜ, 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʪʠʭ ʬʝʨʤʝʥʪʦʚ ʚ ʩʠʩʪʝʤʝ ʵʢʩʧʨʝʩʩʠʠ E. coli.  

 ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʝʦʞʠʜʘʥʥʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ Rrp1 ʥʝ ʦʙʣʘʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʡ 3ǋ-

5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʧʦʩʢʦʣʴʢʫ 30 ʛʦʜʘʤʠ ʨʘʥʝʝ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʜʘʥʥʳʝ, 

ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʵʪʦʪ ʬʝʨʤʝʥʪ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʦʣʠʪʠʯʝʩʢʫʶ ʜʝʛʨʘʜʘʮʠʶ 

ɼʅʂ [260]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʟʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ Rrp1 

ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʪʝʢʩʪʘ ɼʅʂ [263]. ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [265] ʯʪʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ hAPE1, 3ǋ-5ǋ-
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ʵʢʟʦʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ Rrp1 ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʩʫʪʩʪʚʠʷ ʫ ʬʝʨʤʝʥʪʘ ʧʦʣʥʦʨʘʟʤʝʨʥʦʛʦ N-

ʢʦʥʮʝʚʦʛʦ ʜʦʤʝʥʘ. ʋʯʠʪʳʚʘʷ, ʯʪʦ Rrp1 ʦʙʣʘʜʘʝʪ ʩʘʤʳʤ ʙʦʣʴʰʠʤ N-ʢʦʥʮʝʚʳʤ ʜʦʤʝʥʦʤ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʥʥʳʤʠ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʘʥʥʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ Rrp1 ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʬʝʨʤʝʥʪʘ. 

ɸ ɹ 

   

ɺ ɻ 

  

ʈʠʩʫʥʦʢ 33. ɿʘʚʠʩʠʤʦʩʪʴ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ hAPE1 ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ 

ʤʝʪʘʣʣʦʚ. (ɸ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʦʣʠʪʠʯʝʩʢʦʡ ʜʝʛʨʘʜʘʮʠʠ 

ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ ɼʅʂ ʜʫʧʣʝʢʩʘ, ʩʦʜʝʨʞʘʱʝʛʦ 5ǋ-ʩʚʠʩʘʶʱʠʡ ʢʦʥʝʮ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ 1 ʤʄ Mg
2+

 

ʠ 50 ʤʄ K
+
 ʧʦʩʣʝ ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ. S 

ï ʩʫʙʩʪʨʘʪ, Pexo ï ʧʨʦʜʫʢʪ rʵʥʜʦʥʫʢʣʝʘʟʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʮʝʧʠ ɼʅʂ, ʥ/ʦ ï ʩʫʙʩʪʨʘʪ, ʥʝ 

ʧʦʜʚʝʨʛʘʚʰʠʡʩʷ ʦʙʨʘʙʦʪʢʝ ʬʝʨʤʝʥʪʦʤ. (ɹ) ɺʠʟʫʘʣʠʟʘʮʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ exo-

ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʦʤ hAPE1 ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ K
+ 
ʠʣʠ Mg

2+
 ʧʦʩʣʝ ʠʭ 

ʨʘʟʜʝʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ. ɺʣʠʷʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ K
+
 (ɺ) ʠʣʠ Mg

2+
 (ɻ) ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ exo-ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʦʤ 

hAPE1. [ʌʝʨʤʝʥʪ] = 1,0 ʤʢʄ, [exo-ɼʅʂ] = 1,0 ʤʢʄ. ʈʝʘʢʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. 

ʇʦʜʨʦʙʥʳʝ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʡ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʟʜʝʣʝ 2.6 ʄʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʦʚ.  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʠʣʠ ʩʨʘʚʥʠʪʴ ʚʣʠʷʥʠʝ ʦʜʥʦ- ʠ ʜʚʫʭʚʘʣʝʥʪʥʳʭ 

ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʠ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʠ APE1-ʧʦʜʦʙʥʳʭ 

ʬʝʨʤʝʥʪʦʚ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʠ ʙʣʠʟʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʦʩʥʦʚʥʦʡ ɸʈ-

ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʘʪʠʦʥʦʚ Mg
2+
, ʵʪʠ ʬʝʨʤʝʥʪʳ ʦʙʣʘʜʘʶʪ 
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ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʱʝʡʩʷ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ 

ɼʅʂ. ʉʨʝʜʠ ʯʝʪʳʨʝʭ ɸʈ-ʵʥʜʦʥʫʢʣʝʘʟ, ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʫʩʣʦʚʠʷʭ ʪʦʣʴʢʦ hAPE1 

ʧʨʦʷʚʣʷʣ 3ǋ-5ǋ-ʵʢʟʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʥʘ ʤʦʜʝʣʴʥʦʡ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ.  

3.2.3. ʂʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʜʠʥʘʤʠʢʘ ʠ ʢʠʥʝʪʠʢʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1 ʩ 

ʧʦʚʨʝʞʜʝʥʥʦʡ ʠ ʥʝʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ 

 ɼʣʷ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠʩʩʣʝʜʫʝʤʳʭ AP-ʵʥʜʦʥʫʢʣʝʘʟ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ, ʥʘʤʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè. ɺʘʞʥʦ ʚʳʙʨʘʪʴ 

ʧʦʜʭʦʜʷʱʫʶ ʩʠʩʪʝʤʫ ʜʣʷ ʦʪʩʣʝʞʠʚʘʥʠʷ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʠʣʠ 

ʬʝʨʤʝʥʪʘ, ʪʘʢ ʢʘʢ ʧʨʦʬʠʣʴ ʠʟʤʝʥʝʥʠʡ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʩʠʛʥʘʣʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʤʦʞʝʪ ʙʳʪʴ ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʳʤ, ʠ ʩʢʦʨʝʝ ʚʩʝʛʦ, ʙʫʜʝʪ ʦʪʣʠʯʘʪʴʩʷ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʦʪ ʦʜʥʦʛʦ ʪʠʧʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʢ ʜʨʫʛʦʤʫ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘʥʘʣʠʟ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ 

ʧʨʦʮʝʩʩʘ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʥʝʩʢʦʣʴʢʠʭ ʪʠʧʦʚ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʤʘʨʢʝʨʦʚ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʤʝʭʘʥʠʟʤʝ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ. ʂ ʥʘʩʪʦʷʱʝʤʫ 

ʤʦʤʝʥʪʫ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʘʥʥʳʭ ʧʦ ʢʠʥʝʪʠʢʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ hAPE1 ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʩʫʙʩʪʨʘʪʘʤʠ ʩ ʨʝʛʠʩʪʨʘʮʠʝʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʙʝʣʢʘ 

[18,187,212,333], ʘ ʪʘʢʞʝ ʩ ʨʝʛʠʩʪʨʘʮʠʝʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ aPu ʚ 

ʢʘʯʝʩʪʚʝ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʦʛʘ ʥʫʢʣʝʦʪʠʜʘ [13,213,339] ʠʣʠ ʧʘʨʫ ʢʨʘʩʠʪʝʣʝʡ 

ʠʟʣʫʯʘʪʝʣʴ/ʪʫʰʠʪʝʣʴ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ FRET-ʩʠʛʥʘʣʘ [17,200,332]. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʚʦʡʩʪʚ ʨʘʟʣʠʯʥʳʭ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1 ʙʳʣʦ ʙʳ ʨʘʮʠʦʥʘʣʴʥʦ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʳʝ, ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ hAPE1 [17,18,200,212,213,333]. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʢʘʟʘʣʦʩʴ ʥʝʚʦʟʤʦʞʥʳʤ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʢʘʢʠʝ-ʣʠʙʦ ʟʥʘʯʠʪʝʣʴʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ʚʦ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʙʝʣʢʦʚ xAPE1, zAPE1 ʠ Rrp1 ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ 

ʩ F-ʩʦʜʝʨʞʘʱʠʤ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ (ʨʠʩʫʥʦʢ 34ɸ). ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʘʤʧʣʠʪʫʜʘ ʠʟʤʝʥʝʥʠʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠʩʩʣʝʜʫʝʤʳʭ AP-

ʵʥʜʦʥʫʢʣʝʘʟ ʩ F-ʩʫʙʩʪʨʘʪʦʤ ʙʳʣʘ ʯʨʝʟʚʳʯʘʡʥʦ ʤʘʣʘ ʠʣʠ ʦʪʩʫʪʩʪʚʦʚʘʣʘ ʚʦʚʩʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

hAPE1. ʇʨʠ ʵʪʦʤ ʩʝʤʴ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʬʝʨʤʝʥʪʘ hAPE1 ʷʚʣʷʶʪʩʷ ʘʙʩʦʣʶʪʥʦ 

ʢʦʥʩʝʨʚʘʪʠʚʥʳʤʠ ʩʨʝʜʠ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ AP-ʵʥʜʦʥʫʢʣʝʘʟ (ʨʠʩʫʥʦʢ 30), ʢʨʦʤʝ ʬʝʨʤʝʥʪʘ Rrp1, 

ʫ ʢʦʪʦʨʦʛʦ ʦʪʩʫʪʩʪʚʫʝʪ Trp83. ʀ, ʭʦʪʷ ʦʩʪʘʪʢʠ ʪʨʠʧʪʦʬʘʥʘ ʢʦʥʩʝʨʚʘʪʠʚʥʳ ʚʦ ʚʩʝʭ ʬʝʨʤʝʥʪʘʭ, ʠ 

ʨʘʥʝʝ ʧʨʝʜʧʦʣʘʛʘʣʠ, ʯʪʦ Trp280 ʚʥʦʩʠʪ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʩʦʙʩʪʚʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʙʝʣʢʘ ʚʦ ʚʨʝʤʷ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʨʝʘʢʮʠʠ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ, 

ʩʣʘʙʳʝ ʠʟʤʝʥʝʥʠʷ ʩʠʛʥʘʣʘ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʨʘʟʥʠʮʫ ʚ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ 

ʧʦʜʚʠʞʥʦʩʪʠ ʯʘʩʪʝʡ ʙʝʣʢʦʚʳʭ ʤʦʣʝʢʫʣ, ʩʦʜʝʨʞʘʱʠʭ ʦʩʪʘʪʢʠ ʪʨʠʧʪʦʬʘʥʘ. ʊʘʢʞʝ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʨʘʟʣʠʯʠʷ ʚ ʧʦʚʝʜʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ 

ʟʘʚʠʩʷʪ ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ N-ʢʦʥʮʝʚʳʤ ʬʨʘʛʤʝʥʪʦʤ 
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ʬʝʨʤʝʥʪʦʚ. ʈʦʣʴ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʩʪʨʦʝʢ ʚ ʦʙʣʘʩʪʷʭ, ʛʨʘʥʠʯʘʱʠʭ ʩ N-ʢʦʥʮʝʚʳʤ 

ʬʨʘʛʤʝʥʪʦʤ, ʚ ʧʨʦʮʝʩʩʘʭ ʩʧʝʮʠʬʠʯʥʦʛʦ ʫʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʦʩʪʘʝʪʩʷ ʥʝʷʩʥʦʡ. 

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʦʩʣʝʜʠʪʴ ʟʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ɼʅʂ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʠʩʩʣʝʜʫʝʤʳʤʠ ʬʝʨʤʝʥʪʘʤʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ɼʅʂ-ʜʫʧʣʝʢʩʳ, ʩʦʜʝʨʞʘʱʠʝ 

ʬʣʫʦʨʦʬʦʨʥʫʶ ʛʨʫʧʧʫ aPu ʩ 3ǋ-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʠʷ, ʣʠʙʦ ʤʝʯʝʥʳʝ FAM ʧʦ 5ǋ-ʢʦʥʮʫ 

ʧʦʚʨʝʞʜʝʥʥʦʡ ʮʝʧʠ, ʠ ʩʦʜʝʨʞʘʱʠʝ ʪʫʰʠʪʝʣʴ BHQ1 ʥʘ 5ǋ-ʢʦʥʮʝ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ. ɺ 

ʢʘʯʝʩʪʚʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ɼʅʂ-ʜʫʧʣʝʢʩ, 

ʩʦʜʝʨʞʘʱʠʡ F-ʩʘʡʪ. ɺ ʢʘʯʝʩʪʚʝ NIR-ʩʫʙʩʪʨʘʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ɼʅʂ-ʜʫʧʣʝʢʩʳ, 

ʩʦʜʝʨʞʘʱʠʝ ʪʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʢ U, DHU, ŬA ʠ ŮA. ɼʣʷ ʠʟʫʯʝʥʠʷ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʛʦ 

ʩʚʷʟʳʚʘʥʠʷ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʥʝʧʦʚʨʝʞʜʝʥʥʳʡ ɼʅʂ-ʜʫʧʣʝʢʩ.  

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʝʨʤʝʥʪʦʚ ʪʠʧʘ APE1 ʩ F-aPu-ʩʫʙʩʪʨʘʪʦʤ, ʩʦʜʝʨʞʘʱʠʤ aPu ʩ 3ǋ-

ʩʪʦʨʦʥʳ ʦʪ F-ʩʘʡʪʘ, ʧʨʠʚʦʜʠʣʦ ʢ ʨʦʩʪʫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʨʝʘʢʮʠʠ ʚ ʨʘʡʦʥʝ 1 ʩ (ʨʠʩʫʥʦʢ 34ɹ). ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ 

ʬʝʨʤʝʥʪʦʤ hAPE1 ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu [213]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ xAPE1 ʠ zAPE1, ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʙʳʩʪʨʳʤ 

ʨʘʩʱʝʧʣʝʥʠʝʤ F-ʩʘʡʪʘ ʵʪʠʤʠ ʬʝʨʤʝʥʪʘʤʠ. ɺ ʩʣʫʯʘʝ Rrp1 ʠʟ D. melanogaster ʬʘʟʘ ʨʦʩʪʘ ʙʳʣʘ 

ʤʝʜʣʝʥʥʝʝ ʠ ʟʘʢʦʥʯʠʣʘʩʴ ʣʠʰʴ ʙʣʠʞʝ ʢ 300 ʩ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʩʣʘʙʫʶ AP-

ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ.  

 ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʦʩʣʝʜʠʪʴ ʟʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ɼʅʂ ʧʦʩʨʝʜʩʪʚʦʤ 

ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ FRET-ʩʠʛʥʘʣʘ, ʥʘʤʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ɼʅʂ-ʜʫʧʣʝʢʩ FRET-F/G. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʛʠʩʪʨʘʮʠʷ FRET-ʩʠʛʥʘʣʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʨʘʥʝʝ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ ʬʝʨʤʝʥʪʦʤ hAPE1 [17,332,340]. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 

34ɺ, ʥʘ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʟʥʘʯʠʪʝʣʴʥʳʡ ʨʦʩʪ FRET-ʩʠʛʥʘʣʘ, ʢʦʪʦʨʳʡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ ʨʘʩʱʝʧʣʝʥʠʶ F-ʩʘʡʪʘ ʚ ʩʣʫʯʘʝ ʚʩʝʭ ʪʨʝʭ ʠʩʩʣʝʜʫʝʤʳʭ AP-

ʵʥʜʦʥʫʢʣʝʘʟ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ aPu, ʨʘʩʱʝʧʣʝʥʠʝ F-ʩʘʡʪʘ ʬʝʨʤʝʥʪʦʤ Rrp1 ʦʢʘʟʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʜʣʝʥʥʝʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʜʨʫʛʠʭ AP-ʵʥʜʦʥʫʢʣʝʘʟ. ɺ ʮʝʣʦʤ, ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʢʨʠʚʳʭ, ʢʦʪʦʨʳʝ ʦʪʨʘʞʘʶʪ (1) ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʤʦʣʝʢʫʣʳ ʬʝʨʤʝʥʪʘ ʚ ʧʨʦʮʝʩʩʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʫʙʩʪʨʘʪʦʤ (2) ʠʟʤʝʥʝʥʠʷ ʦʢʨʫʞʝʥʠʷ ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʦʩʪʘʪʢʘ aPu ʚ ʩʫʙʩʪʨʘʪʝ ʠ 

(3) ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʦʥʮʝʚʳʤʠ ʬʣʫʦʨʦʬʦʨʘʤʠ ʚ ʜ.ʮ. ʩʫʙʩʪʨʘʪʝ, ʧʦʢʘʟʘʣ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ 

ʬʝʨʤʝʥʪʘʤʠ ʥʘʩʝʢʦʤʦʛʦ D. melanogaster, ʘʤʬʠʙʠʠ X. laevis, ʨʳʙʳ D. rerio ʠ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʦʛʦ 

hAPE1. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ Rrp1 ʦʙʣʘʜʘʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʦʡ 

AP-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʠʜʝʥʪʠʯʥʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʩʨʝʜʠ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ. 

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʚʦʟʤʦʞʥʳʭ ʦʙʲʷʩʥʝʥʠʡ ʪʦʤʫ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ Rrp1 ʦʢʘʟʘʣʘʩʴ ʤʝʜʣʝʥʥʝʝ, 
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ʯʝʤ ʚ ʩʣʫʯʘʝ xAPE1 ʠ zAPE1. ɺʦ-ʧʝʨʚʳʭ, ʘʥʘʣʠʟ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ɼʅʂ-

ʩʚʷʟʳʚʘʶʱʝʤ ʮʝʥʪʨʝ ʧʦʢʘʟʘʣ, ʯʪʦ Arg181 (ʢʦʥʩʝʨʚʘʪʠʚʥʳʡ ʩʨʝʜʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ 

ʪʠʧʘ APE1, ʨʠʩʫʥʦʢ 30) ʟʘʤʝʥʝʥ ʥʘ ʘʩʧʘʨʘʛʠʥ ʚ ʩʣʫʯʘʝ Rrp1. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, Rrp1 ʪʘʢʞʝ 

ʩʦʜʝʨʞʠʪ ʟʘʤʝʥʫ ʢʦʥʩʝʨʚʘʪʠʚʥʦʛʦ Asp70, ʫʯʘʩʪʚʫʶʱʝʛʦ ʚ ʢʦʦʨʜʠʥʘʮʠʠ ʠʦʥʘ Mg
2+
, ʥʘ ʘʣʘʥʠʥ. 

ʂʨʦʤʝ ʪʦʛʦ, ʨʘʟʣʠʯʠʷ ʚ ʠʟʤʝʥʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʤʝʞʜʫ 

ʚʩʝʤʠ ʬʝʨʤʝʥʪʘʤʠ ʩ ʠʜʝʥʪʠʯʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʩʪʘʪʢʘʤʠ ʪʨʠʧʪʦʬʘʥʘ ʚ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ N-ʢʦʥʮʝʚʦʡ ʬʨʘʛʤʝʥʪ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ 

ʚʣʠʷʥʠʝ ʥʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʫʶ ʧʦʜʚʠʞʥʦʩʪʴ ʧʦʣʥʦʨʘʟʤʝʨʥʦʛʦ ʬʝʨʤʝʥʪʘ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʭʦʪʷ 

ʨʦʣʴ N-ʢʦʥʮʝʚʦʛʦ ʬʨʘʛʤʝʥʪʘ ʜʦ ʢʦʥʮʘ ʥʝ ʷʩʥʘ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʘʤʳʡ ʤʝʜʣʝʥʥʳʡ ʬʝʨʤʝʥʪ 

Rrp1 ʦʙʣʘʜʘʝʪ ʥʘʠʙʦʣʝʝ ʢʨʫʧʥʳʤ N-ʢʦʥʮʝʚʳʤ ʬʨʘʛʤʝʥʪʦʤ ʩʨʝʜʠ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʬʝʨʤʝʥʪʦʚ.  

ɸ 

 

ɹ 

 
ɺ 

 
 

 

*  

 

ʈʠʩʫʥʦʢ 34. ʀʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ (ɸ), aPu (ɹ) ʠ 

FRET-ʩʠʛʥʘʣʘ (ɺ) ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʬʝʨʤʝʥʪʦʚ zAPE1, xAPE1 ʠ Rrp1 ʩ F/G (ɸ), F-aPu (ɹ) ʠʣʠ 

FRET-F/G-ʩʫʙʩʪʨʘʪʦʤ (ɺ). [ɼʅʂ-ʩʫʙʩʪʨʘʪ] = [ʬʝʨʤʝʥʪ] = 1,0 ʤʢʄ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ 

ʧʨʠ 25ÁC. ʂʨʠʚʳʝ ʜʣʷ ʬʝʨʤʝʥʪʘ hAPE1 ʧʨʠʚʝʜʝʥʳ ʜʣʷ ʩʨʘʚʥʝʥʠʷ. * ʇʨʠʚʝʜʝʥʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ 

ʢʨʠʚʘʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ hAPE1 ʩ FRET-F/G-ʩʫʙʩʪʨʘʪʦʤ, ʚʟʷʪʘ ʠʟ ʧʫʙʣʠʢʘʮʠʠ 

ɸʣʝʢʩʝʝʚʦʡ ʩ ʢʦʣʣʝʛʘʤʠ [341]. 
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3.2.3.1. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ F-ʩʦʜʝʨʞʘʱʝʛʦ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʩ ʬʝʨʤʝʥʪʘʤʠ ʪʠʧʘ APE1  

 ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʢʠʥʝʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ, 

ʩʦʜʝʨʞʘʱʠʤ F-ʩʘʡʪ, ʠ AP-ʵʥʜʦʥʫʢʣʝʘʟʦʡ (zAPE1, xAPE1 ʠʣʠ Rrp1), 2 ʤʢʄ FRET-F/G ɼʅʂ-

ʩʫʙʩʪʨʘʪ ʙʳʩʪʨʦ ʩʤʝʰʠʚʘʣʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʬʝʨʤʝʥʪʘ ʩ ʧʦʤʦʱʴʶ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦè ʧʦʪʦʢʘ ʠ ʟʘʪʝʤ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʠʟʤʝʥʝʥʠʷ FRET-ʩʠʛʥʘʣʘ 

(ʨʠʩʫʥʦʢ 35). ʂʦʥʮʝʥʪʨʘʮʠ ʁ ʬʝʨʤʝʥʪʘ ʚʘʨʴʠʨʦʚʘʣʠ ʦʪ 0,5 ʜʦ 2,5 ʤʢʄ. ʅʘ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʢʨʠʚʳʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ʩ F-ʩʦʜʝʨʞʘʱʠʤ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʤ, ʤʦʞʥʦ ʙʳʣʦ ʥʘʙʣʶʜʘʪʴ ʬʘʟʫ ʙʳʩʪʨʦʛʦ ʠ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʦʩʪʘ FRET-ʩʠʛʥʘʣʘ ʠʟ-ʟʘ 

ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʦʩʪʘʪʢʘʤʠ FAM ʠ BHQ1, ʩʚʷʟʘʥʥʦʛʦ ʩ ʧʨʦʪʝʢʘʥʠʝʤ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʢʦʪʦʨʦʡ ʧʨʝʜʰʝʩʪʚʦʚʘʣ ʢʦʨʦʪʢʠʡ 

ʥʘʯʘʣʴʥʳʡ ʫʯʘʩʪʦʢ ʙʝʟ ʠʟʤʝʥʝʥʠʡ ʩʠʛʥʘʣʘ. ɼʘʣʝʝ ʚʩʝ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʢʨʠʚʳʝ ʜʦʩʪʠʛʘʣʠ ʧʣʘʪʦ.  

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʠʚʳʝ, ʦʧʠʩʳʚʘʶʱʠʝ ʠʟʤʝʥʝʥʠʷ FRET-ʩʠʛʥʘʣʘ, ʚ ʩʣʫʯʘʝ 

xAPE1 ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠʩʴ ʥʝʙʦʣʴʰʠʤ, ʥʦ ʟʘʤʝʪʥʳʤ ʧʘʜʝʥʠʝʤ ʩʠʛʥʘʣʘ ʚ ʥʘʯʘʣʴʥʦʡ ʯʘʩʪʠ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʚʧʣʦʪʴ ʜʦ 10-20 ʤʩ (ʨʠʩʫʥʦʢ 35ɸ). ʕʪʘ ʬʘʟʘ ʧʘʜʝʥʠʷ, ʩʢʦʨʝʝ ʚʩʝʛʦ, 

ʦʪʨʘʞʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʳʩʦʢʘʷ ʘʤʧʣʠʪʫʜʘ 

ʧʦʩʣʝʜʫʶʱʝʡ ʬʘʟʳ ʨʦʩʪʘ ʩʠʛʥʘʣʘ (ʦʪʨʘʞʘʶʱʝʡ ʨʘʩʱʝʧʣʝʥʠʝ F-ʩʘʡʪʘ) ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʣʘ 

ʨʝʛʠʩʪʨʘʮʠʶ ʠʟʤʝʥʝʥʠʡ FRET-ʩʠʛʥʘʣʘ (ʦʙʣʘʜʘʚʰʠʭ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʘʤʧʣʠʪʫʜʦʡ), 

ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʦʮʝʩʩʘʤʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʩʣʫʯʘʝ ʬʝʨʤʝʥʪʦʚ 

zAPE1 ʠ Rrp1 (ʨʠʩʫʥʢʠ 35ɺ, ɼ). ʕʪʦ ʥʘʙʣʶʜʝʥʠʝ ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ xAPE1 ʚʳʟʳʚʘʝʪ 

ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʠʟʛʠʙʘʥʠʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʚ ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ, ʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʩʙʣʠʞʝʥʠʝ ʦʩʪʘʪʢʦʚ FAM ʠ BHQ1 ʜʝʣʘʝʪ ʧʘʜʝʥʠʝ FRET-ʩʠʛʥʘʣʘ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳʤ.  

 ʌʝʨʤʝʥʪʘʪʠʚʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʩʫʙʩʪʨʘʪʘ FRET-F/G ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʬʝʨʤʝʥʪʘʤʠ 

zAPE1 ʠ xAPE1 ʚ ʮʝʣʦʤ ʟʘʚʝʨʰʘʣʦʩʴ ʢ 1 ʩ, ʘ ʚ ʩʣʫʯʘʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʬʝʨʤʝʥʪʦʤ Rrp1 

ʧʨʦʜʦʣʞʘʣʦʩʴ ʚʧʣʦʪʴ ʜʦ 100 ʩ. ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʚʩʝʭ ʪʨʝʭ AP-

ʵʥʜʦʥʫʢʣʝʘʟ, ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʫʨʘʚʥʝʥʠʝʤ ʩ ʜʚʫʤʷ ʵʢʩʧʦʥʝʥʪʘʤʠ (4). ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʦʙʨʘʙʦʪʢʠ ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ k
i
obs ʠʤʝʣʠ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʘ (ʨʠʩʫʥʢʠ 35ɹ, ɻ, ɽ), ʧʦʜʪʚʝʨʞʜʘʶʱʫʶ ʙʠʤʦʣʝʢʫʣʷʨʥʳʡ ʭʘʨʘʢʪʝʨ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʦʝ ʧʨʦʪʝʢʘʥʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʢʠʥʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʦʪʨʘʞʝʥʥʘʷ ʚ ʩʭʝʤʝ 4. ʕʪʘ ʢʠʥʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʩʦʜʝʨʞʠʪ ʦʜʥʫ ʨʘʚʥʦʚʝʩʥʫʶ ʩʪʘʜʠʶ ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ ʠ ʥʝʦʙʨʘʪʠʤʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʩʪʘʜʠʶ.  
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ʈʠʩʫʥʦʢ 35. ʀʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ FRET-ʩʠʛʥʘʣʘ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʝʨʤʝʥʪʦʚ 

xAPE1 (ɸ, ɹ), zAPE1 (ɺ, ɻ) ʠʣʠ Rrp1 (ɼ, ɽ) ʩ FRET-F/G. [FRET-F/G] = 1,0 ʤʢʄ, ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʬʝʨʤʝʥʪʦʚ ʫʢʘʟʘʥʳ ʥʘ ʛʨʘʬʠʢʘʭ. ʀʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʨʠʚʳʝ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʫʨʘʚʥʝʥʠʝʤ ʩ 

ʜʚʦʡʥʦʡ ʵʢʩʧʦʥʝʥʪʦʡ (4), ʘ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ kobs1 ʠ kobs2 ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʘ ʙʳʣʘ ʦʙʨʘʙʦʪʘʥʘ ʣʠʥʝʡʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ (5) ʠ (6), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

ʟʥʘʯʝʥʠʝ r
2
 >0,99 ʜʣʷ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʨʘʙʦʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʫʨʘʚʥʝʥʠʝʤ (4) ʠ r

2
 

>0,92 ʜʣʷ ʨʝʟʫʣʴʪʘʪʦʚ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʘ.  

ɺʩʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʠ ʨʘʚʥʦʚʝʩʥʳʝ ʢʦʥʩʪʘʥʪʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʘʥʥʦʤʫ 

ʤʝʭʘʥʠʟʤʫ, ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4. ʍʦʪʷ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʬʦʨʤʠʨʦʚʘʥʠʝ 


