
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ  

ʀʥʩʪʠʪʫʪ ʭʠʤʠʯʝʩʢʦʡ ʙʠʦʣʦʛʠʠ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʤʝʜʠʮʠʥʳ ʉʆ ʈɸʅ 

 

ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

 

 

 

 

ɸʣʝʢʩʝʝʚʘ ʀʨʠʥʘ ɺʣʘʜʠʤʠʨʦʚʥʘ 

 

ʇʦʣʠʤʦʨʬʠʟʤʳ ʙʝʣʢʦʚ-ʫʯʘʩʪʥʠʢʦʚ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ: 

ʚʣʠʷʥʠʝ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʦʪʜʝʣʴʥʳʭ ʬʝʨʤʝʥʪʦʚ ʠ ʠʭ ʚʟʘʠʤʥʫʶ ʨʝʛʫʣʷʮʠʶ 

 

 

1.5.4 ï ʙʠʦʭʠʤʠʷ 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ  

ʢʘʥʜʠʜʘʪʘ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ 
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ɺʚʝʜʝʥʠʝ 

ʂʣʝʪʦʯʥʘʷ ɼʅʂ ʧʦʩʪʦʷʥʥʦ ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʶ ʨʘʟʣʠʯʥʳʭ ʵʥʜʦʛʝʥʥʳʭ ʠ ʵʢʟʦʛʝʥʥʳʭ 

ʬʘʢʪʦʨʦʚ, ʢʦʪʦʨʳʝ ʥʝʠʟʙʝʞʥʦ ʧʨʠʚʦʜʷʪ ʢ ʧʦʚʨʝʞʜʝʥʠʶ ɼʅʂ: ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʭʠʤʠʯʝʩʢʠʤ 

ʤʦʜʠʬʠʢʘʮʠʷʤ ʧʝʨʚʠʯʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ɼʅʂ (ʨʠʩ. 1). ɻʝʥʝʨʘʮʠʷ ʘʢʪʠʚʥʳʭ ʬʦʨʤ 

ʢʠʩʣʦʨʦʜʘ (ɸʌʂ), ʧʦʜʜʝʨʞʠʚʘʝʤʘʷ ʘʵʨʦʙʥʳʤ ʜʳʭʘʥʠʝʤ, ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʩʫʧʝʨʦʢʩʠʜ ʘʥʠʦʥʦʚ, ʧʝʨʝʢʠʩʠ ʚʦʜʦʨʦʜʘ ʠ ʜʨʫʛʠʭ ʬʦʨʤ, ʢʦʪʦʨʳʝ 

ʷʚʣʷʪʁʩʷ ʦʩʥʦʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ɻ ʥʜʦʛʝʥʥʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ. ʀʜʝʥʪʠʬʠʮʠʨʦʚʘʥʦ ʦʢʦʣʦ 80 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʧʦʚʨʝʞʜʝʥʠʡ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʠ ʩʘʭʘʨʦʚ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ɸʌʂ [1]. 

ʉʚʦʙʦʜʥʳʝ ʨʘʜʠʢʘʣʳ ʤʦʛʫʪ ʧʨʷʤʦ ʠʣʠ ʢʦʩʚʝʥʥʦ ʧʦʚʨʝʜʠʪʴ ʘʟʦʪʠʩʪʳʝ ʦʩʥʦʚʘʥʠʷ ʠ ʦʩʪʘʪʢʠ 

ʩʘʭʘʨʦʚ ʚ ɼʅʂ. ʇʦʤʠʤʦ ʵʥʜʦʛʝʥʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ, ʢʣʝʪʢʠ ʪʘʢʞʝ ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʚʦʟʜʝʡʩʪʚʠʶ ʜʨʫʛʠʭ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʢʘʥʮʝʨʦʛʝʥʦʚ, ʢʦʪʦʨʳʝ 

ʠʥʜʫʮʠʨʫʶʪ ʙʦʣʝʝ ʦʙʲʝʤʥʳʝ ʘʜʜʫʢʪʳ ɼʅʂ. ʕʪʠ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ, ʢʘʢ ʧʨʘʚʠʣʦ, ʵʬʬʝʢʪʠʚʥʦ 

ʫʜʘʣʷʶʪʩʷ ʩʠʩʪʝʤʘʤʠ ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʥʦ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʤʫʪʘʛʝʥʥʳʤʠ ʠʣʠ 

ʛʝʥʦʪʦʢʩʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʅʘʢʦʧʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ɼʅʂ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʫʪʘʮʠʡ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʩʦʛʣʘʩʦʚʘʥʥʦʝ ʜʝʡʩʪʚʠʝ ʬʝʨʤʝʥʪʦʚ 

ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʩʧʦʩʦʙʥʳʭ ʨʘʩʧʦʟʥʘʚʘʪ ɹʠ ʫʜʘʣʷʪʴ ʧʦʚʨʝʞʜʝʥʠʷ ʠʟ ɼʅʂ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʥʠʚʝʣʠʨʦʚʘʪʴ ʧʘʛʫʙʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʩʝʭ ʵʪʠʭ ʬʘʢʪʦʨʦʚ, ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʠʤ ʢʣʝʪʦʯʥʳʤ 

ʧʨʦʮʝʩʩʦʤ. 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʚʦʟʤʦʞʥʳʭ ʧʫʪʝʡ ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʚʳʟʚʘʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʧʦʚʨʝʞʜʘʶʱʠʤʠ ʘʛʝʥʪʘʤ, ʧʦ ʜʘʥʥʳʤ 

ʦʙʟʦʨʘ [2] ʩ ʜʦʧʦʣʥʝʥʠʷʤʠ. 
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ʉʫʱʝʩʪʚʫʝʪ ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ ʧʷʪʴ ʦʩʥʦʚʥʳʭ ʧʫʪʝʡ ʨʝʧʘʨʘʮʠʠ ɼʅʂ: (1) ʵʢʩʮʠʟʠʦʥʥʘʷ 

ʨʝʧʘʨʘʮʠʷ ʦʩʥʦʚʘʥʠʡ (BER), ʦʪʚʝʪʩʪʚʝʥʥʘʷ ʟʘ ʧʦʠʩʢ, ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʠ ʫʜʘʣʝʥʠʝ ʥʝʦʙʲʝʤʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʦʢʠʩʣʝʥʥʳʝ ʠ ʘʣʢʠʣʠʨʦʚʘʥʥʳʝ ʘʟʦʪʠʩʪʳʝ ʦʩʥʦʚʘʥʠʷ, ʫʨʘʮʠʣ ʚ ɼʅʂ, 

ʘʧʫʨʠʥʦʚʳʝ/ʘʧʠʨʠʤʠʜʠʥʦʚʳʝ (ɸʇ) ʩʘʡʪʳ; (2) ʵʢʩʮʠʟʠʦʥʥʘʷ ʨʝʧʘʨʘʮʠʷ ʥʫʢʣʝʦʪʠʜʦʚ (NER), 

ʦʪʚʝʯʘʶʱʘʷ ʟʘ ʨʝʧʘʨʘʮʠʶ ʦʙʲʝʤʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ, ʪʘʢʠʭ ʢʘʢ ʧʠʨʠʤʠʜʠʥʦʚʳʝ ʜʠʤʝʨʳ, 

ʘʜʜʫʢʪr  ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʩ ʘʨʦʤʘʪʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ; (3) ʤʠʩʤʘʪʯ ʨʝʧʘʨʘʮʠʷ (MMR) 

ʨʘʩʧʦʟʥʘʝʪ ʠ ʫʜʘʣʷʝʪ ʥʝʧʨʘʚʠʣʴʥʦ ʩʧʘʨʝʥʥʳʝ ʘʟʦʪʠʩʪʳʝ ʦʩʥʦʚʘʥʠʷ, (4) ʛʦʤʦʣʦʛʠʯʥʘʷ 

ʨʝʢʦʤʙʠʥʘʮʠʷ (HR) ʠ (5) ʥʝʛʦʤʦʣʦʛʠʯʥʘ ̫ʨʝʢʦʤʙʠʥʘʮʠʷ ʢʦʥʮʦʚ (NHEJ) ʦʪʚʝʯʘʶʪ ʟʘ ʫʜʘʣʝʥʠʝ 

ʜʚʦʡʥʳʭ ʨʘʟʨʳʚʦʚ ʚ ɼʅʂ [2]. ɺʩʝ ʵʪʠ ʧʫʪʠ ʨʝʧʘʨʘʮʠʠ ʘʢʪʠʚʠʨʫʶʪʩʷ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ 

ʢʣʝʪʦʯʥʦʛʦ ʮʠʢʣʘ, ʧʦʟʚʦʣʷ ̫ ʢʣʝʪʢʘʤ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʧʦʚʨʝʞʜʝʥʥʫ ʁ ɼʅʂ. ʕʪʠ ʧʨʦʮʝʩʩʳ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʤʠ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʛʝʥʝʪʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʚ ʢʣʝʪʢʘʭ. 

ʇʦ ʧʫʪʠ BER ʫʜʘʣʷʝʪʩʷ ʙʦʣʴʰʠʥʩʪʚʦ ʥʝʦʙʲʝʤʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʠ 

ɸʇ-ʩʘʡʪʳ [3,4]. ɼʣʷ ʨʝʧʘʨʘʮʠʠ ʦʜʥʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ ʪʨʝʙʫʶʪʩʷ ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʜʝʡʩʪʚʠʷ ʢʘʢ 

ʤʠʥʠʤʫʤ 4 ʬʝʨʤʝʥʪʦʚ: ʩʧʝʮʠʬʠʯʝʩʢʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ, ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ 

ʠ ɼʅʂ-ʣʠʛʘʟʳ [5]. ʇʦʵʪʦʤʫ ʧʨʘʚʠʣʴʥʦʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʬʝʨʤʝʥʪʦʚ BER ʷʚʣʷʝʪʩʷ ʟʘʣʦʛʦʤ 

ʩʦʭʨʘʥʝʥʠʷ ʛʝʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʠ ʟʘʱʠʱʘʝʪ ʢʣʝʪʢʫ ʦʪ ʥʝʛʘʪʠʚʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ 

ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ ʦʩʪʘʝʪʩʷ ʩʦʤʥʝʥʠʡ, ʯʪʦ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ ʠʛʨʘʶʪ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʦʥʢʦʣʦʛʠʯʝʩʢʠʝ, ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʝ, ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʝ ʠ ʜʨʫʛʠʝ. ʆʜʥʘʢʦ, ʫ ʯʝʣʦʚʝʢʘ 

ʫʤʝʥʴʰʝʥʠʝ ʦʙʱʝʛʦ ʫʨʦʚʥʷ ʨʝʧʘʨʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ BER ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ 

ʧʨʠʨʦʜʥʳʤʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʤʠ ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ ʚ ʛʝʥʘʭ ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ɼʅʂ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʚ ʯʝʣʦʚʝʯʝʩʢʦʡ ʧʦʧʫʣʷʮʠʠ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ (SNP) ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʚʣʠʷʪʴ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ BER [6]. ʃʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [7] ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 

ʪʦʤ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ, ʩʚʷʟʘʥʥʳʝ ʩ SNP, ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʢ ʫʭʫʜʰʝʥʠʶ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʢʦʥʢʨʝʪʥʦʛʦ ʬʝʨʤʝʥʪʘ, ʥʦ ʠ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʥʘʨʫʰʝʥʠʷ ʙʝʣʦʢ-

ʙʝʣʢʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ BER. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ 

SNP ʠ ʵʪʠʦʣʦʛʠʝʡ ʥʝʢʦʪʦʨʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʯʝʣʦʚʝʢʘ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʦʡ ʦʙʣʘʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʇʨʠ ʵʪʦʤ ʦʜʠʥ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʚʦʧʨʦʩʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʷʩʥʝʥʠʠ ʨʦʣʠ SNPs ʚ 

ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʠ ʢ ʨʘʟʚʠʪʠʶ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢ ʤʦʤʝʥʪʫ ʥʘʯʘʣʘ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʠʤʝʣʠʩʴ ʜʘʥʥʳʝ ʢʘʢ ʦ ʩʪʨʫʢʪʫʨʘʭ 

ʢʣʶʯʝʚʳʭ ʬʝʨʤʝʥʪʦʚ BER, ʪʘʢ ʠ ʦ ʥʘʙʦʨʝ SNP ʚ ʛʝʥʘʭ ʜʘʥʥʳʭ ʬʝʨʤʝʥʪʦʚ. ʆʜʥʘʢʦ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʜʘʥʥʳʝ ʦ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʦʪʜʝʣʴʥʳʭ ʬʝʨʤʝʥʪʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʟʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʩʣʦʞʥʦʩʪʴ 
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ʦʧʨʝʜʝʣʝʥʠʷ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ ʚ ʛʝʥʘʭ ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ʠ 

ʠʭ ʵʬʬʝʢʪʦʤ ʥʘ ʨʝʧʘʨʘʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ 

ʟʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢʘʢ ʢ ʧʦʪʝʨʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʘʤʠʭ 

ʬʝʨʤʝʥʪʦʚ, ʪʘʢ ʠ ʥʘʨʫʰʝʥʠʶ ʠʭ ʢʦʦʨʜʠʥʘʮʠʠ ʩ ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ ʧʨʦʮʝʩʩʘ ʨʝʧʘʨʘʮʠʠ. 

ʇʦʵʪʦʤʫ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʵʪʠʭ ʘʩʧʝʢʪʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʞʥʫʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫʶ 

ʟʘʜʘʯʫ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʫʩʪʘʥʦʚʣʝʥʠʠ ʚʣʠʷʥʠʷ ʥʘ ʧʦʩʪʘʜʠʡʥʳʡ 

ʤʝʭʘʥʠʟʤ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ ʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʟʘʤʝʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ 

ʬʝʨʤʝʥʪʦʚ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ɼʅʂ ʯʝʣʦʚʝʢʘ ʥʘ ʧʨʠʤʝʨʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ 

SMUG1 ʠ MBD4 ʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ APE1. 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

Å ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ ʟʘʤʝʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ APE1 ʚ ʩʦʩʪʘʚʝ 

ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ D210N, N212A, T268D, M270A ʠ D308A ʥʘ ʩʢʦʨʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʫʟʥʘʚʘʥʠʷ, ʩʚʷʟʳʚʘʥʠʷ ʠ ʧʨʝʚʨʘʱʝʥʠʷ ʤʦʜʝʣʴʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ; 

Å ʫʩʪʘʥʦʚʠʪʴ ʨʦʣɹ ʠʦʥʠʟʦʚʘʥʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ APE1 ʚ 

ʧʨʦʮʝʩʩʘʭ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ 

ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ; 

Å ʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʟʘʤʝʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ɸʈɽ1 ʯʝʣʦʚʝʢʘ (R221C, N222H, 

R237A, G241R, M270T, R274Q, P311S), ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ ʧʨʠʨʦʜʥʳʤʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʤʠ 

ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ (SNPs), ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ɼʅʂ; 

Å ʦʧʨʝʜʝʣʠʪʴ ʵʬʬʝʢʪ ʟʘʤʝʥ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ ʧʨʠʨʦʜʥʳʤʠ SNPs, ʥʘ ʨʝʛʫʣʷʮʠʶ 

ʘʢʪʠʚʥʦʩʪʠ APE1 ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ ʧʨʦʮʝʩʩʘ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ, ʘ ʠʤʝʥʥʦ 

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ OGG1, UNG2 ʠ AAG, ɼʅʂ-ʧʦʣʠʤʝʨʘʟʦʡ POLɓ ʠ ʙʝʣʢʦʚʳʤʠ ʬʘʢʪʦʨʘʤʠ 

XRCC1 ʠ PCNA; 

Å ʚʳʷʚʠʪʴ ʚʣʠʷʥʠʝ ʨʷʜʘ ʧʨʠʨʦʜʥʳʭ SNP ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʯʝʣʦʚʝʢʘ SMUG1 (G90C, 

P240H, N244S ʠ N248Y) ʠ MBD4cat (S470L, G507S, R512W ʠ H557D) ʥʘ ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʢʘʪʘʣʠʟ ʠ ʨʝʛʫʣʷʮʠʶ ʠʭ ʘʢʪʠʚʥʦʩʪʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʦʡ ɸʈɽ1; 

Å ʧʨʦʚʝʩʪʠ ʘʧʨʦʙʘʮʠʶ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʢʣʶʯʝʚʳʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʠ ɸʇ-

ʵʥʜʦʥʫʢʣʝʘʟʳ 1 ʯʝʣʦʚʝʢʘ ʚ ʢʣʝʪʦʯʥʳʭ ʵʢʩʪʨʘʢʪʘʭ ʨʘʢʦʚʳʭ ʣʠʥʠʡ ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ. 

 

 



8 
 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1) ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ɸʈɽ1 ʚʳʧʦʣʥʷʶʪ ʦʧʨʝʜʝʣʝʥʥʳʝ ʬʫʥʢʮʠʠ ʚ 

ʧʨʦʮʝʩʩʝ ʩʚʷʟʳʚʘʥʠʷ ɸʇ-ʩʘʡʪ-ʩʦʜʝʨʞʘʱʝʛʦ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʛʠʜʨʦʣʠʟʘ 

ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ: Thr268 ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʝʥ ʥʘ ʵʪʘʧʝ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ-ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ; Asn212 ʠʤʝʝʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʩʪʘʜʠʠ 

ʠʟʛʠʙʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʟʘ; Asp210, ʧʦʤʠʤʦ ʢʘʪʘʣʠʟʘ, ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʥʘ ʵʪʘʧʝ ʩʚʷʟʳʚʘʥʠʷ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘ; Asp308, ʦʪʚʝʪʩʪʚʝʥʥʳʡ ʟʘ ʢʦʦʨʜʠʥʘʮʠʶ ʠʦʥʘ Mg2+, ʪʘʢʞʝ ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʥʘ 

ʵʪʘʧʝ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ; Met270, ʫʯʘʩʪʚʫʶʱʠʡ ʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʳʚʝʨʥʫʪʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, ʚʘʞʝʥ ʥʘ ʵʪʘʧʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

2) ʉʢʦʨʦʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʩʪʘʜʠʡ ʫʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ, ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪ- 

ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʢʘʪʘʣʠʟʘ ʟʘʚʠʩʠʪ ʦʪ ʨʅ ʩʨʝʜʳ ʠ ʫʚʝʣʠʯʠʚʘʝʪʩ̫ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʟʥʘʯʝʥʠʷ 

ʨʅ. ʂʣʶʯʝʚʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ 1 ʯʝʣʦʚʝʢʘ, ʚʳʧʦʣʥʷʶʱʠʤʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʩʪʘʜʠʶ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʚ ɼʅʂ-ʩʫʙʩʪʨʘʪʝ, ʷʚʣʷʶʪʩʷ Tyr171 ʠ 

His309. ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʨʦʣʠ His309 ʠ Tyr171 ʥʘʭʦʜʷʪʩʷ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʵʪʠʭ ʦʩʪʘʪʢʦʚ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʤʦʣʝʢʫʣʷʨʥʳʤ ʧʝʨʝʢʣʶʯʘʪʝʣʝʤ ʤʝʞʜʫ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʤʝʭʘʥʠʟʤʘʤʠ, ʚʢʣʶʯʘʶʱʠʤʠ ʵʪʠ ʦʩʪʘʪʢʠ ʚ 

ʧʨʦʪʦʥʠʨʦʚʘʥʥʦʡ ʠʣʠ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʦʡ ʬʦʨʤʘʭ. 

3) ʌʝʨʤʝʥʪʘʪʠʚʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʨʦʚʝʨʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ ɸʈɽ1 

ʤʦʞʝʪ ʙʳʪʴ, ʢʘʢ ʚʳʰʝ, ʪʘʢ ʠ ʥʠʞʝ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʥʦ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʥʠʞʝ 

ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʫʨʦʚʥʷ ʨʝʧʘʨʘʮʠʠ, ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ 

ʚʳʞʠʚʘʥʠʷ ʦʨʛʘʥʠʟʤʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʠʨʦʜʥʳʝ ʧʦʣʠʤʦʨʬʠʟʤʳ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ SMUG1 ʠ 

MBD4 ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʡ ʧʦʪʝʨʝ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʯʪʦ ʥʝ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʛʘʪʠʚʥʳʤ ʧʦʩʣʝʜʩʪʚʠʷʤ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ ʜʘʥʥʳʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʤʦʞʝʪ 

ʙʳʪʴ ʢʦʤʧʝʥʩʠʨʦʚʘʥʘ ʟʘ ʩʯʝʪ ʜʨʫʛʠʭ ʬʝʨʤʝʥʪʦʚ. 

4) ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ SMUG1 ʠ MBD4 ʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ ɸʈɽ1, 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʩ ʧʨʠʨʦʜʥʳʤʠ ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ, ʚʣʠʷʶʪ ʢʘʢ ʥʘ ʠʭ ʩʦʙʩʪʚʝʥʥʫʶ 

ʬʝʨʤʝʥʪʘʪʠʚʥʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʪʘʢ ʠ ʥʘ ʚʟʘʠʤʥʫʶ ʨʝʛʫʣʷʮʠʶ ʠʭ ʘʢʪʠʚʥʦʩʪʠ ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ 

ʧʨʦʮʝʩʩʘ ʨʝʧʘʨʘʮʠʠ. 

5) ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʩʧʦʩʦʙ ʪʝʩʪʠʨʦʚʘʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟ ʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ 1, ʢʘʢ ʢʣʶʯʝʚʳʭ ʬʝʨʤʝʥʪʦʚ BER, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʫʨʦʚʥʷ ʨʝʧʘʨʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʙʝʣʢʦʚʳʭ ʵʢʩʪʨʘʢʪʘʭ ʨʘʢʦʚʳʭ ʣʠʥʠʡ ʢʣʝʪʦʢ 

ʯʝʣʦʚʝʢʘ. 
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʨʦʜʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʨʷʜʘ ʬʝʨʤʝʥʪʦʚ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ɼʅʂ, ʘ ʠʤʝʥʥʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ SMUG1 ʠ 

MBD4 ʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ APE1 ʯʝʣʦʚʝʢʘ. ɼʣʷ ʵʪʦʛʦ ʥʘ ʧʨʠʤʝʨʝ APE1 ʚʳʧʦʣʥʝʥ ʜʝʪʘʣʴʥʳʡ 

ʘʥʘʣʠʟ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʨʷʜʘ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ, ʩʦʜʝʨʞʘʱʠʭ ʟʘʤʝʥʳ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʘʞʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, ʧʦʟʚʦʣʠʚʰʠʡ ʢʘʨʪʠʨʦʚʘʪʴ 

ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʫ  ʁ ʨʦʣʴ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʘʥʥʳʝ ʦʙ ʠʟʚʝʩʪʥʳʭ SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ 

ʚʘʨʠʘʥʪʘʭ ʬʝʨʤʝʥʪʦʚ SMUG1, MBD4 ʠ APE1. ʀʥʬʦʨʤʘʮʠʷ ʦʙ ʠʟʚʝʩʪʥʳʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ 

ʧʦʣʠʤʦʨʬʠʟʤʘʭ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ NCBI dbSNP (http://www.ncbi.nlm.nih.gov/snp). 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʙʳʣʦ ʫʜʝʣʝʥʦ ʧʦʣʠʤʦʨʬʠʟʤʘʤ, ʢʦʪʦʨʳʝ (1) ʧʨʠʚʦʜʠʣʠ ʢ ʩʤʝʥʝ ʢʣʘʩʩʘ 

ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ, (2) ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʚʘʞʥʳʭ ʫʯʘʩʪʢʘʭ ʙʝʣʢʦʚʦʡ 

ʛʣʦʙʫʣʳ ʠ (3) ʚʩʪʨʝʯʘʣʠʩʴ ʚ ʦʧʫʭʦʣʷʭ. ʀʩʧʦʣʴʟʫʷ ʵʪʠ ʢʨʠʪʝʨʠʠ, ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʚʧʝʨʚʳʝ 

ʙʳʣ ʦʪʦʙʨʘʥ ʨʷʜ SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʟʘʤʝʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ ʬʝʨʤʝʥʪʦʚ. ɺ 

ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʝʢʦʤʙʠʥʘʥʪʥʳʝ ʧʨʝʧʘʨʘʪʳ 15 SNP-ʚʘʨʠʘʥʪʦʚ ʬʝʨʤʝʥʪʦʚ SMUG1, 

MBD4 ʠ APE1, ʠʟʫʯʝʥʳ ʠʭ ʬʝʨʤʝʥʪʘʪʠʚʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʦ ʚʣʠʷʥʠʝ ʜʨʫʛʠʭ 

ʫʯʘʩʪʥʠʢʦʚ ʧʨʦʮʝʩʩʘ BER ʥʘ ʠʭ ʘʢʪʠʚʥʦʩʪʴ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦ ʨʦʣʠ SNP-

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʟʘʤʝʥ ʚʦ ʚʟʘʠʤʥʦʡ ʨʝʛʫʣʷʮʠʠ ʬʝʨʤʝʥʪʦʚ ʚ ʧʨʦʮʝʩʩʝ ʨʝʧʘʨʘʮʠʠ ɼʅʂ. 

ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʢʣʶʯʝʚʳʭ ʬʝʨʤʝʥʪʦʚ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ 

ʦʩʥʦʚʘʥʠʡ ʚ ʙʝʣʢʦʚʳʭ ʵʢʩʪʨʘʢʪʘʭ ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ, ʢʦʪʦʨʳʡ ʙʳʣ ʘʧʨʦʙʠʨʦʚʘʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʰʝʩʪʠ ʣʠʥʠʡ ʢʣʝʪʦʢ ʦʧʫʭʦʣʠ ʷʠʯʥʠʢʘ ʯʝʣʦʚʝʢʘ TOV112, 79, OVCAR3, MESOV, SCOV3 ʠ TOV21 

ʠ ʟʘʧʘʪʝʥʪʦʚʘʥ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɺʩʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʣʠʯʥʦ 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 6 ʥʘʫʯʥʳʭ 

ʩʪʘʪʝʡ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ ʙʘʟʘʭ Web of Science ʠ Scopus. ʇʦʣʫʯʝʥ 1 ʧʘʪʝʥʪ. 

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

ʢʦʥʛʨʝʩʩʝ FEBS (ʇʨʘʛʘ, ʏʝʭʠʷ, 2018), IX ʈʦʩʩʠʡʩʢʦʤ ʩʠʤʧʦʟʠʫʤʝ çɹʝʣʢʠ ʠ ʧʝʧʪʠʜʳè (ɼʘʛʦʤʳʩ, 

2019), ʢʦʥʬʝʨʝʥʮʠʠ BGRS-SB (ʅʦʚʦʩʠʙʠʨʩʢ, 2020), 45ʦʤ ʢʦʥʛʨʝʩʩʝ FEBS (ʦʥʣʘʡʥ-ʢʦʥʬʝʨʝʥʮʠʷ, 

2021), ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʉʠʥʪʝʪʠʯʝʩʢʘʷ ʙʠʦʣʦʛʠʷ ʠ ʙʠʦʬʘʨʤʘʮʝʚʪʠʢʘè 

(ʅʦʚʦʩʠʙʠʨʩʢ, 2022), ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʆʪ ʤʠʢʨʦʙʠʦʣʦʛʠʠ ʢ ʛʝʥʝʪʠʯʝʩʢʠʤ 
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ʪʝʭʥʦʣʦʛʠʷʤè (ʅʦʚʦʩʠʙʠʨʩʢ, 2023), V ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ 

ʙʠʦʣʦʛʠʷè (ʅʦʚʦʩʠʙʠʨʩʢ, 2024). 

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

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

ʣʠʪʝʨʘʪʫʨʳ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 150 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 45 ʨʠʩʫʥʢʦʚ, 5 ʩʭʝʤ ʠ 23 ʪʘʙʣʠʮ.r 

ɹʠʙʣʠʦʛʨʘʬʠʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 278 ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ.  
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1. ɺʣʠʷʥʠʝ ʧʨʠʨʦʜʥʳʭ ʧʦʣʠʤʦʨʬʠʟʤʦʚ ʬʝʨʤʝʥʪʦʚ ʵʢʩʮʠʟʠʦʥʥʦʡ 

ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ (BER) ʥʘ ʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ 

ʧʨʦʮʝʩʩʳ ʙʝʣʦʢ-ʙʝʣʢʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

(ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ) 

1.1  ʕʢʩʮʠʟʠʦʥʥʘʷ ʨʝʧʘʨʘʮʠʷ ʦʩʥʦʚʘʥʠʡ 

ʇʦ ʧʫʪʠ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ʫʩʪʨʘʥʷʶʪʩʷ ʧʦʚʨʝʞʜʝʥʠʷ, ʚʳʟʚʘʥʥʳʝ 

ʦʢʠʩʣʝʥʠʝʤ, ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝʤ, ʘʣʢʠʣʠʨʦʚʘʥʠʝʤ ʠ ʧʨʦʯʠʝ ʥʝʦʙʲʝʤʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʥʝ ʚʦʩʧʨʠʥʠʤʘʶʪʩʷ ʢʣʝʪʢʦʡ ʢʘʢ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ ʩʧʠʨʘʣʠ ɼʅʂ. ʉʭʝʤʘʪʠʯʝʩʢʠ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩ. 2 ʧʨʦʮʝʩʩ BER ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʧʦ ʜʚʫʤ ʧʫʪʷʤ ï ʜʣʠʥʥʦ-ʟʘʧʣʘʪʦʯʥʳʡ 

(ʤʠʥʦʨʥʳʡ) ʧʫʪʴ ʠ ʢʦʨʦʪʢʦ-ʟʘʧʣʘʪʦʯʥʳʡ (ʦʩʥʦʚʥʦʡ) ʧʫʪʴ ʠ ʚʦʚʣʝʢʘʝʪ ʤʥʦʞʝʩʪʚʦ ʫʯʘʩʪʥʠʢʦʚ. 

 

ʈʠʩ. 2. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ BER ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ [8]. 
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ɺ ʧʨʦʮʝʩʩʝ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ çʨʝʤʦʥʪè ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʫʯʘʩʪʢʘ ɼʅʂ 

ʥʘʯʠʥʘʝʪʩʷ ʩ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ [9]. ɼʣʷ ʵʪʠʭ ʮʝʣʝʡ ʫ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʩʫʱʝʩʪʚʫʝʪ, ʢʘʢ ʤʠʥʠʤʫʤ 11 ʨʘʟʣʠʯʥʳʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ, ʟʘʜʝʡʩʪʚʦʚʘʥʥʳʭ ʚ 

ʧʨʦʮʝʩʩʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʧʦʚʨʝʞʜʝʥʠʷ [10,11] (ʊʘʙʣʠʮʘ 1).  

ʊʘʙʣʠʮʘ 1. ɼʅʂ ʛʣʠʢʦʟʠʣʘʟʳ ʤʣʝʢʦʧʠʪʘʶʱʠʭ 

ʇʦʩʣʝʜʫʶʱʠʝ ʰʘʛʠ: ʛʠʜʨʦʣʠʟ 

ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ, çʦʙʨʘʙʦʪʢʘè ʢʦʥʮʦʚ, 

ʟʘʧʦʣʥʝʥʠʝ ʙʨʝʰʠ ʠ ʣʠʛʠʨʦʚʘʥʠʝ ʦʙʳʯʥʦ ʥʘʟʳʚʘʶʪ 

çʦʙɦʠʤʠ ʰʘʛʘʤʠè, ʥʦ ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʨʝʘʣʠʟʫʶʪʩʷ ʦʥʠ 

ʧʦ ʨʘʟʣʠʯʥʳʤ ʤʝʭʘʥʠʟʤʘʤ, ʟʘʚʠʩʷʱʠʤ ʦʪ ʪʠʧʘ 

ʛʣʠʢʦʟʠʣʘʟʳ ʠ ʬʠʟʠʦʣʦʛʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʣʝʪʢʠ. 

ʏʪʦ ʠʤʝʥʥʦ ʩʣʫʞʠʪ ʩʠʛʥʘʣʦʤ ʜʣʷ ʟʘʧʫʩʢʘ ʪʦʛʦ ʠʣʠ 

ʠʥʦʛʦ ʧʫʪʠ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʜʠʩʢʫʩʩʠʡ. 

ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʤʳʰʠ 

ʥʦʢʘʫʪʥʳʝ ʧʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤ ʦʙʳʯʥʦ 

ʞʠʟʥʝʩʧʦʩʦʙʥʳ ʠ ʬʝʨʪʠʣʴʥʳ [12,13]. ʀʩʢʣʶʯʝʥʠʝ 

ʩʦʩʪʘʚʣʷʶʪ ʥʦʢʘʫʪʳ ʛʝʥʘ ʪʠʤʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ 

(TDG), ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʩʤʝʨʪʝʣʴʥʳʤʠ ʜʣʷ 

ʵʤʙʨʠʦʥʦʚ, ʚʝʨʦʷʪʥʦ, ʧʦʪʦʤʫ, ʯʪʦ TDG ʪʘʢʞʝ 

ʚʳʧʦʣʥʷʝʪ ʵʧʠʛʝʥʝʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ ʚ ʨʝʛʫʣʷʮʠʠ 

ʤʝʪʠʣʠʨʦʚʘʥʠʷ ɼʅʂ [14,15]. ʅʝʬʘʪʘʣʴʥʳʡ ʬɻʬʝʢʪ 

ʥʦʢʘʫʪʘ ʧʦ ʦʜʥʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʝ, ʚʝʨʦʷʪʥʦ, 

ʦʙʲ̫ʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʦʜʥʦ ʠ ʪʦ ʞʝ ʧʦʚʨʝʞʜʝʥʠʝ 

ʤʦʞʝʪ ʨʘʩʧʦʟʥʘʚʘʪʴʩʷ ʨʘʟʣʠʯʥʳʤʠ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘʤʠ, ʘ ʪʘʢʞʝ ʪʝʤ, ʯʪʦ BER ʤʦʞʝʪ 

ʜʫʙʣʠʨʦʚʘʪʴʩʷ ʠ ʜʨʫʛʠʤʠ ʧʫʪʷʤʠ ʨʝʧʘʨʘʮʠʠ. 

ʇʦʜʪʚʝʨʞʜʝʥʠʝʤ ʵʪʦʡ ʛʠʧʦʪʝʟʳ ʩʣʫʞʠʪ ʪʦ, ʯʪʦ ʧʨʠ 

ʜʚʦʡʥʦʤ ʠʣʠ ʪʨʦʡʥʦʤ ʥʦʢʘʫʪʝ ʨʝʟʢʦ ʩʥʠʞʘʶʪʩʷ 

ʟʘʱʠʪʥʳʝ ʬʫʥʢʮʠʠ ʦʩʦʙʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫ ʤʳʝhʡ ʩ 

ʜʚʦʡʥʳʤ ʥʦʢʘʫʪʦʤ ʧʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤ, OGG1 (8-ʦʢʩʦʛʫʘʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ) ʠ MUTYH 

(ʘʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ), ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʴ ʢ ʨʘʢʫ ʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʦʢʨʘʱʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʞʠʟʥʠ [16]. ʕʪʦ ʦʪʢʨʳʪʠʝ ʟʘʢʦʥʦʤʝʨʥʦ, ʧʦʩʢʦʣʴʢʫ MUTYH 

ʫʜʘʣʷʝʪ ʘʜʝʥʠʥʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʥʝʧʨʘʚʠʣʴʥʦ ʚʩʪʨʦʝʥʳ ʥʘʧʨʦʪʠʚ 8-oxoG ï ʧʦʚʨʝʞʜʝʥʠʷ, 

ʫʜʘʣʷʝʤʦʛʦ 8-ʦʢʩʦʛʫʘʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ. NTHL1 (ʵʥʜʦʥʫʢʣʝʘʟʘ III) ʠ NEIL1/2 

ʌʝʨʤʝʥʪ  ʃʦʢʘʣʠʟʘʮʠʷ 

ʚ ʢʣʝʪʢʝ 

ʄʦʥʦ- / 

ʙʠʬʫʥʢʮʠ- 

ʦʥʘʣʴʥʦʩʪʴ 

UNG2 ʷʜʨʦ ʤʦʥʦ 

UNG1 ʤʠʪʦʭʦʥʜʨʠʷ ʤʦʥʦ 

SMUG1 ʷʜʨʦ ʤʦʥʦ 

TDG ʷʜʨʦ ʤʦʥʦ 

MBD4 

(MED1) 

ʷʜʨʦ ʤʦʥʦ 

MPG 

(AAG)  

ʷʜʨʦ ʤʦʥʦ 

OGG1 ʷʜʨʦ ʙʠ 

MUTYH  ʷʜʨʦ ʤʦʥʦ 

NTHL1  ʷʜʨʦ ʙʠ 

NEIL1  ʷʜʨʦ ʙʠ 

NEIL2  ʷʜʨʦ ʙʠ 

NEIL3  ʷʜʨʦ ʙʠ 
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(ʵʥʜʦʥʫʢʣʝʘʟʘ VIII ), ʢʦʪʦʨʳʝ ʚ ʦʩʥʦʚʥʦʤ ʫʜʘʣʷʶʪ ʦʢʠʩʣʝʥʥʳʝ ʧʠʨʠʤʠʜʠʥʳ ʠ ʧʫʨʠʥʳ ʩ 

ʨʘʩʢʨʳʪʳʤ ʢʦʣʴʮʦʤ, ʠʤʝʶʪ ʧʝʨʝʢʨʳʚʘʶʱʫʶʩʷ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʠ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʚ 

ʢʘʯʝʩʪʚʝ ʨʝʟʝʨʚʥʳʭ ʢʦʧʠʡ ʜʨʫʛ ʜʣʷ ʜʨʫʛʘ. ʇʨʠ ʜʚʦʡʥʦʤ ʥʦʢʘʫʪʝ ʵʪʠʭ ʛʣʠʢʦʟʠʣʘʟ ʫ ʤʳʰʝʡ 

ʨʘʟʚʠʚʘʶʪʩʷ ʦʧʫʭʦʣʠ ʣʝʛʢʠʭ ʠ ʧʝʯʝʥʠ [17]. ʋʜʠʚʠʪʝʣʴʥʦ, ʥʦ ʜʚʦʡʥʳʝ ʥʦʢʘʫʪʳ ʧʦ UNG (ʫʨʘʮʠʣ-

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʝ) ʠ SMUG1 (ʦʜʥʦʥʠʪʝʚʦʡ ʩʝʣʝʢʪʠʚʥʦʡ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʫʨʘʮʠʣ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʝ) ʞʠʟʥʝʩʧʦʩʦʙʥʳ ʙʝʟ ʷʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʝʥʦʪʠʧʘ. ʆʜʥʘʢʦ ʫ ʤʳʝhʡ ʩ ʪʨʦʡʥʳʤ 

ʥʦʢʘʫʪʦʤ, ʜʝʬʠʮʠʪʥʳʭ ʧʦ ʫʨʘʮʠʣʛʣʠʢʦʟʠʣʘʟʘʤ UNG, SMUG1 ʠ ʙʝʣʢʫ ʤʠʩʤʘʪʯ ʨʝʧʘʨʘʮʠʠ MSH2, 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʱʘʝʪʩ ̫ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʞʠʟʥʠ ʠ ʫʤʠʨʘʶʪ ʦʥʠ ʚ ʦʩʥʦʚʥʦʤ ʦʪ ʣʠʤʬʦʤ [18]. 

ʉʢʦʨʝʝ ʚʩʝʛʦ, MMR ʩʣʫʞʠʪ ʦʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ʛʝʥʦʤʥʦʛʦ ʫʨʘʮʠʣʘ. ɺʩʝ 

ʪɻʠ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʦʙʰʠʨʥʦʤ ʨʝʟʝʨʚʝ ʚʥʫʪʨʠ ʠ ʤʝʞʜʫ ʧʫʪʷʤʠ ʵʢʩʮʠʟʠʦʥʥʦʡ 

ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ 

ʧʦʣʠʤʦʨʬʠʟʤʦʚ, ʢʦʪʦʨʳʝ, ʧʨʠʚʦʜʷʪ ʢ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʟʘʤʝʥʘʤ ʚ ʨʘʟʣʠʯʥʳʭ ʙʝʣʢʘʭ BER, 

ʚʢʣʶʯʘʷ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, APE1, XRCC1 ʠ POLɓ. ʀʟʚʝʩʪʥʦ ʪʘʢʞʝ, ʯʪʦ ʧʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ 

ʥʝʢʦʪʦʨʳʭ ʙʝʣʢʦʚ BER ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʦʧʫʭʦʣʷʭ [19,20]. 

ʇʦʩʢʦʣʴʢʫ BER ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʩʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤ ʧʫʪʝʤ ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʢʦʪʦʨʳʡ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʙʝʣʦʢ-ʙʝʣʢʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʵʪʠʭ ʙʝʣʢʘʭ, ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʤʫʪʘʛʝʥʝʟʫ 

ʠ / ʠʣʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ. 

1.2 ʇʦʣʠʤʦʨʬʠʟʤʳ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ 

1.2.1 8-ʆʢʩʦʛʫʘʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ OGG1  

ɺ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʩʫʱʝʩʪʚʫʝʪ ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ 11 ʨʘʟʣʠʯʥʳʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ 

(ʊʘʙʣʠʮʘ 1), ʢʦʪʦʨʳʝ ʨʘʩʧʦʟʥʘʚ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʥʠʭ ʩʫʙʩʪʨʘʪʳ ɼʅʂ, 

ʚʳʚʦʨʘʯʠʚʘʶʪ ʧʦʚʨʝʞʜʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ ʚ ʩʚʦʡ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʠ ʨʘʩʱʝʧʣʷʪʁ N-ʛʣʠʢʦʟʠʜʥʫʶ 

ʩʚʷʟʴ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʫʪʘʛʝʥʥʳʭ ʘʜʜʫʢʪʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ, ʷʚʣʷʝʪʩʷ 7,8-ʜʠʛʠʜʨʦ-8-ʦʢʩʦʛʫʘʥʠʥ (8-oxoG) [16]. ʇʘʨʳ 

ʘʜʝʥʠʥʘ ʩ 8-oxoG ʚ ʧʨʦʮʝʩʩʝ ʪʨʘʥʩʢʨʠʧʮʠʠ ʧʨʠʚʦʜʷʪ ʢ ʪʨʘʥʩʚʝʨʩʠʷʤ [21]. 8-ʆʢʩʦʛʫʘʥʠʥ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘ (OGG1) ʫʜʘʣʷʝʪ ʢʘʢ 8-oxoG, ʪʘʢ ʠ 2,6-ʜʠʘʤʠʥʦ-4-ʛʠʜʨʦʢʩʠ-5-ʬʦʨʤʘʤʠʜʦʧʠʨʠʤʠʜʠʥ 

(FapyG) ʠʟ ʧʘʨ ʦʩʥʦʚʘʥʠʡ Gʧʦʚʨ.:C [22,23]. ʄʝʭʘʥʠʟʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʪʠʭ ʧʦʚʨʝʞʜʝʥʠʡ ʠʟʦʙʨʘʞʝʥ 

ʥʘ ʨʠʩʫʥʢʝ 3. OGG1 ʷʚʣʷʝʪʩʷ ʯʣʝʥʦʤ HhH ʩʝʤʝʡʩʪʚʘ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ, ʩʦʜʝʨʞʠʪ ʚ ʩʚʦʝʡ 

ʩʪʨʫʢʪʫʨʝ ʤʦʪʠʚ ʩʧʠʨʘʣʴ-ʰʧʠʣʴʢʘ-ʩʧʠʨʘʣʴ (HhH), ʟʘ ʢʦʪʦʨʳʤ ʩʣʝʜʫʝʪ Gly-Pro-ʙʦʛʘʪʘʷ ʧʝʪʣʷ ʠ 

ʢʦʥʩʝʨʚʘʪʠʚʥʘʷ ʘʩʧʘʨʘʛʠʥʦʚʘʷ ʢʠʩʣʦʪʘ, ʢʦʪʦʨʘʷ ʠʥʠʮʠʠʨʫʝʪ ʥʫʢʣʝʦʬʠʣʴʥʫʶ ʘʪʘʢʫ ʥʘ ὑ-

ʘʤʠʥʦʛʨʫʧʧʫ ʢʦʥʩʝʨʚʘʪʠʚʥʦʛʦ ʦʩʪʘʪʢʘ ʣʠʟʠʥʘ. ɿʘʪʝʤ ʵʪʦʪ ʦʩʪʘʪʦʢ ʘʪʘʢʫʝʪ ʘʪʦʤ ʫʛʣʝʨʦʜʘ ʚ N-
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ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʚʦʙʦʞʜʝʥʠʶ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ. ʆʙʨʘʟʫʶʱʝʝʩʷ 

ʟʘʪʝʤ ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʦʩʥʦʚʘʥʠʝ ʐʠʬʬʘ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʱʝʧʣʝʥʠʶ ʨʠʙʦʟʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ 

ʮʝʧʠ ɼʅʂ. 

 

ʈʠʩ. 3. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʤʝʭʘʥʠʟʤʳ ʦʙʨʘʟʦʚʘʥʠʷ 8-oxoG ʠ FapyG ʠʟ ʧʨʠʨʦʜʥʦʛʦ G. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʧʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ OGG1, Ser326Cys, ʥʘʙʣʶʜʘʝʪʩʷ ʩʦ 

ʩʨʝʜʥʝʡ ʯʘʩʪʦʪʦʡ ʚ ʧʦʧʫʣʷʮʠʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 32% ʠ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤ 

ʚʘʨʠʘʥʪʦʤ OGG1 [24]. ʇʦ ʵʪʦʤʫ ʚʘʨʠʘʥʪʫ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʥʝ ʤʝʥʝʝ 100 ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ ʥʝʢʦʪʦʨʳʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʢʘ ʧʠʱʝʚʦʜʘ, 

ʣʝʛʢʠʭ, ʥʦʩʦʛʣʦʪʢʠ ʠ ʧʨʝʜʩʪʘʪʝʣʴʥʦʡ ʞʝʣʝʟʳ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʧʦʣʠʤʦʨʬʠʟʤʦʤ Ser326Cys, ʧʨʠ ʵʪʦʤ 

ʨʠʩʢ ʨʘʟʚʠʪʠʷ ʨʘʢʘ ʛʨʫʜʠ ʦʙʥʘʨʫʞʝʥ ʥʝ ʙʳʣ [24,25]. ʊʘʢʞʝ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʵʪʦʪ ʚʘʨʠʘʥʪ ʥʝ ʩʚʷʟʘʥ 

ʩ ʨʘʟʚʠʪʠʝʤ ʨʘʢʘ ʪʦʣʩʪʦʡ ʢʠʰʢʠ [26]. ɹʳʣ ʧʨʦʚʝʜʝʥ ʨʷʜ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʘʨʠʘʥʪʘ 

Ser326Cys. ʉʝʨʴʝʟʥʳʭ ʦʪʣʠʯʠʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʵʪʦʛʦ ʤʫʪʘʥʪʘ ʥʝ ʦʙʥʘʨʫʞʝʥʦ, ʝʛʦ kcat 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 78% ʦʪ kcat ʜʣʷ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ [27] (ʊʘʙʣʠʮʘ 2). ɺ ʣʠʤʬʦʮʠʪʘʭ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʜʘʣʝʥʠʷ 8-oxoG ʵʪʠʤ ʚʘʨʠʘʥʪʦʤ ʩʭʦʜʥʘ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ 

ʪʠʧʘ [28]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʘʨʠʘʥʪ Ser326Cys ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʙʝʨʨʘʥʪʥʦʝ ʩʚʷʟʳʚʘʥʠʝ ʩ ɼʅʂ, 

ʚʝʨʦʷʪʥʦ, ʚʢʣʶʯʘʶʱʝʝ ʜʠʤʝʨʠʟʘʮʠʶ [29], ʢʨʦʤʝ ʪʦʛʦ, ʦʢʠʩʣʝʥʠʝ Cys ʚ ʵʪʦʤ ʧʦʣʠʤʦʨʬʥʦʤ 

ʚʘʨʠʘʥʪʝ, ʠʟʤʝʥʷʝʪ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʨʝʧʘʨʘʮʠʠ. ʊʘʢʞʝ ʙʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʟʘʤʝʥʘ Ser ʥʘ Cys ʚʣʠʷʝʪ ʥʘ ʷʜʝʨʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ OGG1, ʚʦʟʤʦʞʥʦ, ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠ̫ ʝʛʦ 

ʧʦʩʪʪʨʘʥʩʣʷʮʠʦʥʥʦʛʦ ʩʪʘʪʫʩʘ (ʬʦʩʬʦʨʠʣʠʨʦʚʘʥʠʷ). 

ʊʘʙʣʠʮʘ 2. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʫʜʘʣʝʥʠʷ 8-oxoG ʠ FapyG ʠʟ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ ʙʝʣʢʦʤ ʜʠʢʦʛʦ ʪʠʧʘ GST-Ŭ-

hOgg1-Ser326 ʠ ʧʦʣʠʤʦʨʬʥʳʤ ʚʘʨʠʘʥʪʦʤ GST-Ŭ-hOgg1-Cys326 [27] 

Protein  kcatĬ103(minï1) Km(nM) kcat/KmĬ105(minï1nMï1) 

 8-oxoG  FapyG 8-oxoG FapyG 8-oxoG FapyG 

GSTïŬ-hOgg1-Ser326 83,4Ñ1,6 211,4Ñ4,0 1863Ñ144 2356Ñ184 4,47Ñ0,09 8,97Ñ0,17 

GSTïŬ-hOgg1-Cys326  65,5Ñ2,2 111,3Ñ1,3 2319Ñ305 2513Ñ112 2,82Ñ0,09 4,43Ñ0,05 
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ɼʨʫʛʠʝ ʚʘʨʠʘʥʪʳ OGG1, ʪʘʢʠʝ ʢʘʢ Arg154His, Arg46Gln ʠ Asp322Asn, ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʝʝ ʥʠʟʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʢʪʠʚʥʦʩʪʴʶ OGG1 ʜʠʢʦʛʦ ʪʠʧʘ [30,31]. ɼʚʘ SNP 

ʚʘʨʠʘʥʪʘ OGG1 (Ala53Thr ʠ Ala288Val), ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʝ ʚ ʪʢʘʥʷʭ ʤʦʟʛʘ ʙʦʣʴʥʳʭ ʙʦʣʝʟʥʴʶ 

ɸʣʴʮʛʝʡʤʝʨʘ [32], ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʥʠʟʢʦʡ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʠʢʠʤ 

ʪʠʧʦʤ ʬʝʨʤʝʥʪʘ. SNP-ʚʘʨʠʘʥʪ Ala53Thr ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʦʝ ʩʨʦʜʩʪʚʦ ʢ ʩʫʙʩʪʨʘʪʫ, ʘ ʚʘʨʠʘʥʪ 

Ala288Val ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʦʥʠʞʝʥʥʫʶ Aʇ-ʣʠʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ. ʇʨʠ ʵʪʦʤ ʦʙʝ ʵʪʠ SNP-

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʟʘʤʝʥʳ ʧʨʠʚʦʜʷʪ ʢ ʩʥʠʞʝʥʠʶ ʩʪʝʧʝʥʠ ʩʚʷʟʳʚʘʥʠʷ OGG1 ʩ ʙʝʣʢʘʤʠ BER, 

ʪʘʢʠʤʠ ʢʘʢ PARP1 ʠ XRCC1 [32]. ɹʦʣʝʝ ʪʦʛʦ, ʬʠʙʨʦʙʣʘʩʪʳ ʵʤʙʨʠʦʥʦʚ ʤʳʰʝʡ, ʵʢʩʧʨʝʩʩʠʨʫʶʱʠʝ 

SNP-ʚʘʨʠʘʥʪʳ Ala53Thr ʠʣʠ Ala288Val, ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʤʫ 

ʧʦʚʨʝʞʜʝʥʠʶ ɼʅʂ [33]. ʉʚʷʟʴ ʤʝʞʜʫ SNP ʚ OGG1 ʠ ʨʘʟʣʠʯʥʳʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ ʠʟʫʯʘʣʘʩʴ ʚ 

ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʦʪʦʨʳʝ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʪʦʤ, ʯʪʦ ʧʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ ʵʪʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʷʚʣʷʶʪʩʷ ʬʘʢʪʦʨʘʤʠ 

ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʠ ʢ ʙʦʣʴʰʦʤʫ ʩʧʝʢʪʨʫ ʟʘʙʦʣʝʚʘʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʦʢʠʩʣʠʪʝʣʴʥʳʤ ʩʪʨʝʩʩʦʤ, 

ʚʢʣʯʁʘʷ ʦʥʢʦʣʦʛʠʯʝʩʢʠʝ, ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʝ ʠ ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʝ. ʇʨʦʚʝʜʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʙʝʜʠʪʝʣʴʥʦ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ OGG1 ʷʚʣʷʝʪʩʷ ʙʠʦʤʘʨʢʝʨʦʤ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʢ ʪʘʢʠʤ ʦʥʢʦʣʦʛʠʯʝʩʢʠʤ ʟʘʙʦʣʝʚʘʥʠʷʤ ʢʘʢ ʥʝʤʝʣʢʦʢʣʝʪʦʯʥʳʡ ʨʘʢ ʣʝʛʢʦʛʦ [34] 

ʠ ʨʘʢ ʛʦʣʦʚʳ ʠ ʰʝʠ [35]. 

ʇʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ OGG1 Ile321Thr ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʟʘʨʦʜʳʰʝʚʦʡ ʣʠʥʠʠ ʦʜʥʦʛʦ 

ʧʘʮʠʝʥʪʘ ʩ ʢʦʣʦʨʝʢʪʘʣʴʥʳʤʠ ʘʜʝʥʦʤʘʤʠ, ʥʦ ʥʝ ʚ ʢʦʥʪʨʦʣʴʥʦʡ ʛʨʫʧʧʝ [36]. ɼʚʘ ʧʦʣʠʤʦʨʬʥʳʭ 

ʚʘʨʠʘʥʪʘ OGG1, Thr398Ser ʠ Ser31Pro, ʥʘʙʣʶʜʘʣʠʩʴ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʧʝʨʚʠʯʥʳʤ ʩʢʣʝʨʦʟʠʨʫʶʱʠʤ 

ʭʦʣʘʥʛʠʪʦʤ [37]. ɹr ʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚʘʨʠʘʥʪ Ser31Pro ʦʙʣʘʜʘʝʪ ʛʣʠʢʦʟʠʣʘʟʥʦʡ ʠ ɼʅʂ-

ʩʚʷʟʳʚʘʶʱʝʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʘʥʘʣʦʛʠʯʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʜʠʢʦʛʦ ʪʠʧʘ. ʄʫʪʘʥʪʥʘʷ ʬʦʨʤʘ OGG1 

Arg154His ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ ʢʣʝʪʦʯʥʳʭ ʣʠʥʠʷʭ ʨʘʢʘ ʞʝʣʫʜʢʘ, ʘ Arg46Gln - ʚ ʦʧʫʭʦʣʷʭ ʣʝʛʢʠʭ 

ʠ ʧʦʯʝʢ. ʋ ʦʙʦʠʭ ʚʘʨʠʘʥʪʦʚ ʩʥʠʞʝʥʘ N-ʛʣʠʢʦʟʠʣʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ [38]. 

ɺʘʨʠʘʥʪ OGG1 Ser326Cys ʚ ʩʦʯʝʪʘʥʠʠ ʩ SNP-ʚʘʨʠʘʥʪʦʤ APE1 Asp148Glu ʩʚʷʟʘʥʳ ʩ 

ʧʦʚʳʰʝʥʥʦʡ ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʴʶ ʥʘʩʝʣʝʥʠʷ ʂʦʨʝʠ ʢ ʨʘʢʫ ʤʦʣʦʯʥʦʡ ʞʝʣʝʟʳ [39]. ʂʨʦʤʝ ʪʦʛʦ, 

ʧʦʢʘʟʘʥʦ, ʯʪʦ OGG1 Ser326Cys ʪʘʢʞʝ ʩʚʷʟʘʥ ʩ ʧʦʚʳʰʝʥʥʳʤ ʨʠʩʢʦʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʢʦʣʦʨʝʢʪʘʣʴʥʦʛʦ ʨʘʢʘ [40,41] ʠ ʨʠʩʢʦʤ ʨʘʢʘ ʤʦʯʝʚʦʛʦ ʧʫʟʳʨʷ ʫ ʢʠʪʘʡʩʢʦʛʦ ʠ ʝʚʨʦʧʝʡʩʢʦʛʦ 

ʥʘʩʝʣʝʥʠʷ [42,43]. ɸʥʘʣʠʟ ʤʝʞʛʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʳʷʚʠʣ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʨʠʩʢʘ 

ʢʦʣʦʨʝʢʪʘʣʴʥʦʛʦ ʨʘʢʘ, ʦʩʦʙʝʥʥʦ ʜʣʷ ʢʦʤʙʠʥʘʮʠʡ ʛʝʥʦʪʠʧʦʚ Ser326Cys OGG1 ʠ Gln324His 

MUTYH [40]. ʅʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʘʪʦʛʝʥʥʫʶ ʨʦʣʴ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ 

ʚ ʨʘʟʚʠʪʠʠ ʛʣʘʟʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʪʘʢʠʭ, ʥʘʧʨʠʤʝʨ, ʢʘʢ ʛʣʘʫʢʦʤʘ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʳʤ ʪʠʧʦʤ 

ʛʣʘʫʢʦʤʳ ʷʚʣʷʝʪʩʷ ʧʝʨʚʠʯʥʘʷ ʦʪʢʨʳʪʦʫʛʦʣʴʥʘʷ ʛʣʘʫʢʦʤʘ, ʥʘ ʢʦʪʦʨʫʶ ʧʨʠʭʦʜʠʪʩʷ ʙʦʣʝʝ 50% 

ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʥʳʭ ʩʣʫʯʘʝʚ ʛʣʘʫʢʦʤʳ ʚ ʨʘʟʚʠʪʳʭ ʩʪʨʘʥʘʭ [44]. ʆʜʥʦ ʠʟ ʠʩʩʣʝʜʦʚʘʥʠʡ 
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ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʚʷʟʴ ʤʝʞʜʫ ʧʦʣʠʤʦʨʬʠʟʤʦʤ OGG1 Ser326Cys ʠ ʧʨʦʛʨʝʩʩʠʨʦʚʘʥʠʝʤ ʵʪʦʛʦ 

ʟʘʙʦʣʝʚʘʥʠʷ [45]. ʂʘʪʘʨʘʢʪʘ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʩʣʝʧʦʪʳ ʚʦ ʚʩʝʤ ʤʠʨʝ. ʇʦʤʫʪʥʝʥʠʝ 

ʭʨʫʩʪʘʣʠʢʘ ʷʚʣʷʝʪʩʷ ʧʨʷʤʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ ʩʪʨʝʩʩʘ [46]. ɺ ʨʘʙʦʪʝ [47] ʧʦʢʘʟʘʥʘ 

ʘʩʩʦʮʠʘʮʠʷ ʤʝʞʜʫ ʧʦʣʠʤʦʨʬʠʟʤʦʤ OGG1 Ser326Cys ʠ ʚʦʟʨʘʩʪʥʦʡ ʢʘʪʘʨʘʢʪʦʡ. 

ʄʦʟʛ ʦʩʦʙʝʥʥʦ ʫʷʟʚʠʤ ʢ ʦʢʠʩʣʠʪʝʣʴʥʦʤʫ ʩʪʨʝʩʩʫ ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʧʦʪʨʝʙʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ, 

ʩʣʘʙʦʡ ʘʥʪʠʦʢʩʠʜʘʥʪʥʦʡ ʩʠʩʪʝʤʳ ʠ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʥʝʡʨʦʥʦʚ ʪʝʨʤʠʥʘʣʴʥʦʡ ʜʠʬʬʝʨʝʥʮʠʨʦʚʢʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʢʠʩʣʠʪʝʣʴʥʳʡ ʩʪʨʝʩʩ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʯʠʥʦʡ ʨʘʟʣʠʯʥʳʭ ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʭ 

ʟʘʙʦʣʝʚʘʥʠʡ. ʅʦʩʠʪʝʣʠ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʦʜʥʦʡ ʢʦʧʠʠ ʘʣʣʝʣʷ Cys326 OGG1 ʧʦʢʘʟʘʣʠ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʝʝ ʨʘʥʥʝʝ ʥʘʯʘʣʦ ʙʦʣʝʟʥʠ ʍʘʥʪʠʥʛʪʦʥʘ, ʯʝʤ ʥʦʩʠʪʝʣʠ Ser326. ʕʪʦ ʦʪʢʨʳʪʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʚʦʟʤʦʞʥʫʶ ʨʦʣʴ ʧʦʣʠʤʦʨʬʠʟʤʘ OGG1 Ser326Cys ʚ ʨʘʟʚʠʪʠʠ ʬʝʥʦʪʠʧʘ ʙʦʣʝʟʥʠ ʍʘʥʪʠʥʛʪʦʥʘ 

[48,49]. ʆʜʥʘʢʦ ʵʪʘ ʘʩʩʦʮʠʘʮʠʷ ʥʝ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʫ 419 ʥʝʤʝʮʢʠʭ ʧʘʮʠʝʥʪʦʚ ʩ ʜʘʥʥʳʤ 

ʟʘʙʦʣʝʚʘʥʠʝʤ [50]. ʊʘʢʞʝ ʥʠʢʘʢʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʚʘʨʠʘʥʪʦʤ OGG1 Ser326Cys ʠ ʩʧʦʨʘʜʠʯʝʩʢʦʡ 

ʙʦʣʝʟʥʴʶ ɸʣʴʮʛʝʡʤʝʨʘ ʥʝ ʦʙʥʘʨʫʞʠʣʦʩʴ ʚ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [51,52]. ʆʜʥʘʢʦ ʝʩʪʴ 

ʜʘʥʥʳʝ ʦʙ ʘʩʩʦʮʠʘʮʠʠ ʤʝʞʜʫ ʢʦʛʥʠʪʠʚʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠ ʧʦʣʠʤʦʨʬʠʟʤʦʤ OGG1 

Ser326Cys [53].  

ʀʥʬʘʨʢʪ ʤʠʦʢʘʨʜʘ ʚʩʣʝʜʩʪʚʠʝ ʘʪʝʨʦʩʢʣʝʨʦʟʘ ʢʦʨʦʥʘʨʥʳʭ ʘʨʪʝʨʠʡ ʷʚʣʷʝʪʩʷ ʚʝʜʫʱʝʡ 

ʧʨʠʯʠʥʦʡ ʟʘʙʦʣʝʚʘʝʤʦʩʪʠ ʠ ʩʤʝʨʪʥʦʩʪʠ ʚʦ ʚʩʝʤ ʤʠʨʝ [54]. ʇʘʪʦʣʦʛʠʷ, ʣʝʞʘʱʘʷ ʚ ʦʩʥʦʚʝ 

ʘʪʝʨʦʩʢʣʝʨʦʟʘ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʥʦʛʦʬʘʢʪʦʨʥʳʡ ʧʨʦʮʝʩʩ, ʚ ʢʦʪʦʨʦʤ ʛʣʘʚʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ 

ʦʢʠʩʣʠʪʝʣʴʥʳʡ ʩʪʨʝʩʩ [55,56]. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ hOGG1 Ser326Cys 

ʩʚʷʟʘʥ ʩ ʠʰʝʤʠʯʝʩʢʦʡ ʙʦʣʝʟʥʴʶ ʩʝʨʜʮʘ ʫ ʪʫʨʝʮʢʦʛʦ ʥʘʩʝʣʝʥʠʷ [57] ʠ ʩ ʨʘʟʚʠʪʠʝʤ ʢʦʨʦʥʘʨʥʦʡ 

ʵʢʪʘʟʠʠ ʫ ʢʠʪʘʡʩʢʦʛʦ ʥʘʩʝʣʝʥʠʷ [58]. 

ʈʝʟʫʣʴʪʘʪʳ, ʩʫʤʤʠʨʫʶʱʠʝ ʦʧʠʩʘʥʥʳʝ ʜʘʥʥʳʝ ʦ SNP-ʚʘʨʠʘʥʪʘʭ, ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 3. 

ʊʘʙʣʠʮʘ 3. SNP-ʚʘʨʠʘʥʪʳ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ OGG1 

SNP-ʚʘʨʠʘʥʪ 

OGG1 
ʘʢʪʠʚʥʦʩʪʴ 

ʩʨʦʜʩʪʚʦ ʢ 

ʩʫʙʩʪʨʘʪʫ 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʳʝ ʘʩʩʦʮʠʘʮʠʠ ʩ 

ʦʥʢʦʟʘʙʦʣʝʚʘʥʠʷʤʠ 

Ser31Pro WT WT ʧʝʨʚʠʯʥʳʡ ʩʢʣʝʨʦʟʠʨʫʶʱʠʡ ʭʦʣʘʥʛʠʪ 

Arg46Glu ʩʥʠʞʝʥʘ  ʨʘʢ ʣʝʛʢʠʭ, ʨʘʢ ʧʦʯʝʢ 

Ala53Thr ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʝʥʘ ʩʥʠʞʝʥʦ ʙʦʣʝʟʥʴ ɸʣʴʮʛʝʡʤʝʨʘ 

Arg154His ʩʥʠʞʝʥʘ  ʨʘʢ ʞʝʣʫʜʢʘ 

Ala288Val 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʝʥʘ ɸʇ-

ʣʠʘʟʥʘʷ ʠ ʛʣʠʢʦʟʠʣʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ 

 ʙʦʣʝʟʥʴ ɸʣʴʮʛʝʡʤʝʨʘ 

Ile321Thr   ʢʦʣʦʨʝʢʪʘʣʴʥʘʷ ʘʜʝʥʦʤʘ 

Asp322Asn ʩʥʠʞʝʥʘ   

Ser326Cys ʩʥʠʞʝʥʘ ʥʘ 25% / WT 
ʘʙʝʨʨʘʥʪʥʦʝ 

(ʜʠʤʝʨʠʟʘʮʠʷ) 

ʨʘʢ ʤʦʣʦʯʥʦʡ ʞʝʣʝʟʳ, 

ʢʦʣʦʨʝʢʪʘʣʴʥʳʡ ʨʘʢ, ʠʰʝʤʠʯʝʩʢʘʷ 

ʙʦʣʝʟʥʴ ʩʝʨʜʮʘ, ʨʘʢ ʧʠʱʝʚʦʜʘ, ʣʝʛʢʠʭ, 

ʥʦʩʦʛʣʦʪʢʠ, ʧʨʝʜʩʪʘʪʝʣʴʥʦʡ ʞʝʣʝʟʳ 

Thr398Ser   ʧʝʨʚʠʯʥʳʡ ʩʢʣʝʨʦʟʠʨʫʶʱʠʡ ʭʦʣʘʥʛʠʪ 
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1.2.2. ɸʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ MUTYH 

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ MUTYH ʧʦʩʪʨʝʧʣʠʢʘʪʠʚʥʦ ʫʜʘʣʷʝʪ ʦʰʠʙʦʯʥʦ ʚʢʣʶʯʝʥʥʳʡ ʘʜʝʥʠʥ 

ʥʘʧʨʦʪʠʚ 8-oxoG, ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʰʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʜʘʣʝʥʠ ̫8-oxoG. ʋ ʯʝʣʦʚʝʢʘ ʦʧʠʩʘʥʳ ʜʚʝ 

ʨʘʟʣʠʯʥʳʝ ʠʟʦʬʦʨʤʳ MUTYH, ʦʪʣʠʯʘʶʱʠʝʩʷ ʩʚʦʝʡ ʣʦʢʘʣʠʟʘʮʠʝʡ (ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʘʷ ʠ 

ʷʜʝʨʥʘʷ) [59]. MUTYH ʩʦʩʪʦʠʪ ʠʟ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʠ ʉ-ʢʦʥʮʝʚʦʛʦ ʜʦʤʝʥʦʚ, ʨʘʟʜʝʣʝʥʥʳʭ 

ʣʠʥʢʝʨʥʦʡ ʦʙʣʘʩʪʴʶ [60]. N-ʢʦʥʮʝʚʦʡ ʜʦʤʝʥ ʩʦʜʝʨʞʠʪ ʤʦʪʠʚ HhH, ʟʘ ʥʠʤ ʩʣʝʜʫʝʪ Gly/Pro 

ʙʦʛʘʪʘʷ ʧʝʪʣʷ ʠ ʦʩʪʘʪʦʢ ʘʩʧʘʨʪʘʪʘ (Asp222), ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ. 

ʀʤʝʥʥʦ N-ʢʦʥʮʝʚʦʡ ʜʦʤʝʥ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʮʝʧʴʶ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʦʩʪʘʪʦʢ ʘʜʝʥʠʥʘ, 

ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʦʣʥʦʩʪʴʶ ʚʳʪʝʩʥʷʝʪʩʷ ʠʟ ʩʧʠʨʘʣʠ ɼʅʂ ʠ ʩʚʷʟʳʚʘʝʪʩʷ ʬʝʨʤʝʥʪʦʤ. ʉ-ʢʦʥʮʝʚʦʡ 

ʜʦʤʝʥ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʮʝʧʴʶ, ʩʦʜʝʨʞʘʱʝʡ 8-oxoG, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʧʦʟʥʘʚʘʪʴ 8-oxoG [60]. 

MUTYH ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʙʝʣʢʘʤʠ, ʜʨʫʛʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʪʘʢʠʤʠ ʢʘʢ APE1, 

ʢʦʪʦʨʳʡ ʩʪʠʤʫʣʠʨʫʝʪ ʝʛʦ ʛʣʠʢʦʟʠʣʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ 

ʧʨʦʮʝʩʩʠʚʥʦʩʪʠ [61], ʠ PCNA, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʶʪ ʝʛʦ ʩʚʷʟʴ ʩ ʨʝʧʣʠʢʘʮʠʝʡ ɼʅʂ [62]. ʋ 

ʤʳʝhʡ ʩ ʥʦʢʘʫʪʦʤ ʛʝʥʘ myh, ʢʘʢ ʩʦʦʙʱʘʣʦʩʴ ʧʝʨʚʦʥʘʯʘʣʴʥʦ, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʚʠʪʠʷ ʨʘʢʘ [63], 

ʥʦ ʧʦʟʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ [64], ʯʪʦ ʫ ʥʠʭ ʧʦʚʳʰʝʥʘ ʯʘʩʪʦʪʘ ʢʠʰʝʯʥʳʭ ʦʧʫʭʦʣʝʡ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʧʦʪʝʨʷ ʘʢʪʠʚʥʦʩʪʠ MUTYH ʩʘʤʘ ʧʦ ʩʝʙʝ ʧʨʠʚʦʜʠʪ ʢ ʩʧʦʥʪʘʥʥʦʤʫ 

ʦʥʢʦʛʝʥʝʟʫ. ʋ ʤʳʰʝʡ ʩ ʜʚʦʡʥʳʤ ʥʦʢʘʫʪʦʤ ʠ ʧʦ myh, ʠ ʧʦ ogg1 ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʦʧʫʭʦʣʝʡ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʧʫʭʦʣʝʡ ʣʝʛʢʠʭ ʠ ʷʠʯʥʠʢʦʚ, ʘ ʪʘʢʞʝ ʣʠʤʬʦʤ 

[63]. ʊʘʢʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʫ ʤʳʰʝʡ ʩ ʜʚʦʡʥʳʤ ʥʦʢʘʫʪʦʤ ʧʦ myh ʠ ogg1 ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʚʳʰʝʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʥʘ ʬʦʥʝ ʩʥʠʞʝʥʥʦʡ ʪʨʝʚʦʞʥʦʩʪʠ ʠ ʥʘʨʫʰʝʥʠʝ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʦʙʫʯʝʥʠʶ, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʦʣʴ ʵʪʠʭ ʛʣʠʢʦʟʠʣʘʟ ʚʣʠʷʪʴ ʥʘ ʧʦʚʝʜʝʥʠʝ ʠ ʧʦʟʥʘʥʠʝ [65]. ʋ ʣʶʜʝʡ 

ʙʠʘʣʣʝʣʴʥʳʝ ʤʫʪʘʮʠʠ ʟʘʨʦʜʳʰʝʚʦʡ ʣʠʥʠʠ myh ʩʚʷʟʘʥʳ ʩ ʨʝʮʝʩʩʠʚʥʳʤ ʥʘʩʣʝʜʦʚʘʥʠʝʤ 

ʤʥʦʞʝʩʪʚʝʥʥʦʛʦ ʢʦʣʦʨʝʢʪʘʣʴʥʦʛʦ ʨʘʢʘ (MYH-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʧʦʣʠʧʦʟ) [66], ʘ ʤʦʥʦʘʣʣʝʣʴʥʳʝ 

ʤʫʪʘʮʠʠ ʟʘʨʦʜʳʰʝʚʦʡ ʣʠʥʠʠ ʫʚʝʣʠʯʠʚʘʶʪ ʨʠʩʢ ʟʣʦʢʘʯʝʩʪʚʝʥʥʳʭ ʦʧʫʭʦʣʝʡ ʛʦʣʦʚʥʦʛʦ ʤʦʟʛʘ [67]. 

ɺ ʨʘʙʦʪʘʭ [68,69] ʦʧʠʩʘʥ ʩʣʫʯʘʡ ʦʜʥʦʡ ʙʨʠʪʘʥʩʢʦʡ ʩʝʤʴʠ, ʢʦʪʦʨʦʡ ʙʳʣ ʧʦʩʪʘʚʣʝʥ ʜʠʘʛʥʦʟ 

ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʢʦʣʦʨʝʢʪʘʣʴʥʳʝ ʘʜʝʥʦʤʳ ʠ ʢʘʨʮʠʥʦʤʳ, ʥʦ ʫ ʯʣʝʥʦʚ ʩʝʤʴʠ ʦʪʩʫʪʩʪʚʦʚʘʣ 

ʥʘʩʣʝʜʩʪʚʝʥʥʳʡ ʜʝʬʝʢʪ ʛʝʥʘ ʘʜʝʥʦʤʘʪʦʟʥʦʛʦ ʧʦʣʠʧʦʟʘ ʢʠʰʝʯʥʦʡ ʧʘʣʦʯʢʠ (APC). ɼʝʪʘʣʴʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʧʫʭʦʣʝʡ, ʧʦʢʘʟʘʣʦ ʚʳʩʦʢʫʶ ʜʦʣʶ ʪʨʘʥʩʚʝʨʩʠʡ GC ʚ TA ʚ ʛʝʥʝ APC, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʧʨʠʟʥʘʢʦʤ ʜʝʬʝʢʪʘ ʚ MUTYH (ʠ OGG1), ʢʦʪʦʨʳʡ ʫʜʘʣʷʝʪ ʥʝʧʨʘʚʠʣʴʥʦ ʚʩʪʨʦʝʥʥʳʡ ʘʜʝʥʠʥ 

ʥʘʧʨʦʪʠʚ 8-ʦʢʩʦʛʫʘʥʠʥʘ ʠʣʠ FapyG. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ ʙʦʣʝʝ 50 ʤʠʩʩʝʥʩ-ʤʫʪʘʮʠʡ ʚ 

ʛʝʥʝ myh, ʙʦʣʝʝ 30 ʠʟ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʣʠʩʴ ʫ ʣʶʜʝʡ ʩ MUTYH-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʤ ʧʦʣʠʧʦʟʦʤ 

[70]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʤʠʩʩʝʥʩ-ʚʘʨʠʘʥʪʘʤʠ, ʦʙʥʘʨʫʞʠʚʘʝʤʳʤʠ ʫ ʧʘʮʠʝʥʪʦʚ ʩ 

MUTYH-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʤ ʧʦʣʠʧʦʟʦʤ (ʦʢʦʣʦ 70%), ʷʚʣʷʶʪʩʷ Tyr165Cys ʠ Gly382Asp. ɺ ʵʪʦʤ 

ʚʘʨʠʘʥʪʝ Tyr ʟʘʤʝʥʷʝʪʩʷ ʥʘ ʤʝʥʴʰʠʡ ʧʦ ʨʘʟʤʝʨʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ Cys, ʯʪʦ ʚʳʟʳʚʘʝʪ 
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ʨʝʟʢʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʥʘʨʫʰʘʝʪ ʩʪʵʢʠʥʛ-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʬʝʨʤʝʥʪʘ [60]. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʚ Bacillus 

stearothermophilus Tyr88, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ Tyr165 ʚ MUTYH, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʩʪʘʪʦʢ, 

ʚʳʩʪʫʧʘʶʱʠʡ ʚ ʨʦʣʠ ʢʣʠʥʘ, ʢʦʪʦʨʳʡ ʠʥʪʝʨʢʘʣʠʨʫʝʪ ʩ 5'-ʩʪʦʨʦʥʳ ʦʪ 8-oxoG ʚ ʤʦʣʝʢʫʣʝ ɼʅʂ ʠ 

ʫʯʘʩʪʚʫʝʪ ʚ ʚʳʚʦʨʘʯʠʚʘʥʠʠ ʘʜʝʥʠʥʘ ʚ ʢʘʨʤʘʥ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ [60]. ʕʪʦʪ ʦʩʪʘʪʦʢ ʚʳʧʦʣʥʷʝʪ ʪʝ 

ʞʝ ʬʫʥʢʮʠʠ, ʯʪʦ ʠ ʬʝʥʠʣʘʣʘʥʠʥ ʚ ʙʘʢʪʝʨʠʘʣʴʥʳʭ ʬʦʨʤʘʤʠʜʦʧʠʨʠʤʠʜʠʥ-ɼʅʂ ʛʣʠʢʦʟʠʣʘʟʘʭ 

(Fpg), ʢʦʪʦʨʳʡ, ʩʦʛʣʘʩʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʠʥʪʝʨʢʘʣʠʨʫʝʪ ʨʷʜʦʤ ʩ 

ʮʠʪʦʟʠʥʦʤ ʥʘʧʨʦʪʠʚ 8-oxoG ʠ ʦʧʨʝʜʝʣʷʝʪ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ 8-oxoG ʠ G [71]. ʕʪʦʪ ʞʝ ʦʩʪʘʪʦʢ 

ʬʝʥʠʣʘʣʘʥʠʥʘ ʚ Fpg ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ ʟʦʥʜʘ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ [72]. 

ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʚʘʨʠʘʥʪʦʚ Tyr165Cys ʠ Gly382Asp ʧʦʢʘʟʘʣ, ʯʪʦ ʚʘʨʠʘʥʪ MUTYH 

Tyr165Cys ʠʤʝʝʪ ʥʠʟʢʦʝ ʩʨʦʜʩʪʚʦ ʢ ʩʫʙʩʪʨʘʪʫ, ʠ ʫ ʥʝʛʦ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʝʪ 

ʛʣʠʢʦʟʠʣʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ [73]. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʦʚʝʜʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʛʦ ʦʙʦʨʦʪʘ 

ʬʝʨʤʝʥʪʘ, ʚʘʨʠʘʥʪ MUTYH Gly382Asp ʧʦʢʘʟʘʣ ʦʢʦʣʦ 30-40% ʦʪ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ 

ʪʠʧʘ [74].  

ʅʝʩʢʦʣʴʢʦ SNP-ʚʘʨʠʘʥʪʦʚ MUTYH, ʚʳʟʚʘʥʥʳʭ ʤʠʩʩʝʥʩ-ʤʫʪʘʮʠʷʤʠ ʠʣʠ 

ʠʥʩʝʨʮʠʤ̫ʠ/ʜʝʣʝʮʠʤ̫ʠ, ʙʳʣʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [73,75]. ʆʙʳʯʥʦ 

ʚʘʨʠʘʥʪʳ MUTYH ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʯʪʦ 

ʚʝʨʦʷʪʥʦ ʚʳʟʚʘʥʦ ʟʘʤʝʥʦʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ ʠʣʠ ʚ ʦʙʣʘʩʪʠ 

ʫʟʥʘʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ. ɺʘʨʠʘʥʪ Gln324His MUTYH ʜʦʩʪʘʪʦʯʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥr ʡ ʠ 

ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʫ 40% ʣʶʜʝʡ. ɼʣʷ ʵʪʦʛʦ ʤʫʪʘʥʪʘ ʙʳʣʘ ʧʦʢʘʟʘʥʘ, ʘʢʪʠʚʥʦʩʪʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʘʷ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʥʦ ʧʨʠ ʵʪʦʤ ʘʩʩʦʮʠʠʨʦʚʘʥ ʩ 

ʧʦʚʳʰʝʥʥʳʤ ʨʠʩʢʦʤ ʨʘʢʘ ʣʝʛʢʠʭ [76] ʠ ʢʦʣʦʨʝʢʪʘʣʴʥʳʤ ʨʘʢʦʤ [77]. ɼʚʘ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʘ 

MUTYH (Arg260Gln ʠ His434Asp) ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʧʝʨʚʠʯʥʳʤ ʩʢʣʝʨʦʟʠʨʫʶʱʠʤ 

ʭʦʣʘʥʛʠʪʦʤ [37], ʢʦʪʦʨʳʡ ʯʘʩʪʦ ʦʩʣʦʞʥʷʝʪʩʷ ʨʘʟʚʠʪʠʝʤ ʭʦʣʘʥʛʠʦʢʘʨʮʠʥʦʤʳ. 

ʈʷʜ ʜʨʫʛʠʭ ʚʘʨʠʘʥʪʦʚ MUTYH ʙʳʣ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ ʚ ʨʘʙʦʪʝ [78] (ʊʘʙʣʠʮʘ 4), ʠ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʥʦʛʠʝ ʠʟ ʥʠʭ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʚʷʟʳʚʘʥʠʷ 8-oxoG:A ʠ 

ʛʣʠʢʦʟʠʣʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ ʚ ʧʦʥʠʤʘʥʠʠ ʪʦʛʦ, ʢʘʢʠʝ ʚʘʨʠʘʥʪʳ 

MUTYH ʩʣʫʯʘʡʥʦ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʫ ʧʘʮʠʝʥʪʦʚ ʩ MUTYH-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʤ ʧʦʣʠʧʦʟʦʤ, ʠ 

ʢʘʢʠʝ ʧʦʣʠʤʦʨʬʠʟʤʳ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʤʘʨʢʝʨʘʤʠ ʵʪʦʛʦ ʟʘʙʦʣʝʚʘʥʠʷ. 
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ʊʘʙʣʠʮʘ 4. ɺʘʨʠʘʥʪʳ ʛʣʠʢʦʟʠʣʘʟʳ MUTYH, ʦʙʥʘʨʫʞʝʥʥʳʝ ʫ ʧʘʮʠʝʥʪʦʚ ʩ MUTYH-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʤ ʧʦʣʠʧʦʟʦʤ [78] 

ɺʘʨʠʘʥʪʳ ʛʣʠʢʦʟʠʣʘʟʳ ɸʢʪʠʚʥʦʩʪʴ ʉʨʦʜʩʪʚʦ ʢ ʩʫʙʩʪʨʘʪʫ 

V22M WT WT 

V61E WT  

R83X ʅʝ ʘʢʪʠʚʝʥ  

Y90X ʅʝ ʘʢʪʠʚʝʥ ʅʝ ʩʚʷʟʳʚʘʝʪʩʷ  

I103delC ʅʝ ʘʢʪʠʚʝʥ ʅʝ ʩʚʷʟʳʚʘʝʪʩʷ 

Y165C ʅʝ ʘʢʪʠʚʝʥ ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

R168H ʅʝ ʘʢʪʠʚʝʥ  

R171W ʅʝ ʘʢʪʠʚʝʥ ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

I209V 66.9%  

D222N ʅʝ ʘʢʪʠʚʝʥ  

R227W ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

R231H ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

R231L ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

V232F ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ ʏʘʩʪʠʯʥʦ ʩʚʷʟʳʚʘʝʪ 

R260Q ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ ʉʥʠʞʝʥʦ 

M269V 10.7%  

P281L ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

R295C WT  

Q324H ʉʥʠʞʝʥʘ  

Q324R ʅʝ ʘʢʪʠʚʝʥ, 30-40% WT 

A359V WT  

L374P ʅʝ ʘʢʪʠʚʝʥ  

Q377X ʅʝ ʘʢʪʠʚʝʥ ʅʝ ʩʚʷʟʳʚʘʝʪʩʷ 

G382D 30-40%, ʩʥʠʞʝʥʘ  ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ 

P391L ʅʝ ʘʢʪʠʚʝʥ, 30-40%  

H434D WT  

A459D ʉʝʨʴʝʟʥʳʡ ʜʝʬʝʢʪ  

E466del ʅʝ ʘʢʪʠʚʝʥ 
ʉʠʣʴʥʦ ʩʥʠʞʝʥʦ, ʥʝ 

ʩʚʷʟʳʚʘʝʪʩʷ 

S501F WT  

 

1.2.3. ʋʨʘʮʠʣ/ʪʠʤʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ UNG, SMUG1, TDG ʠ MBD4 

ʋʨʘʮʠʣ ʚʦʟʥʠʢʘʝʪ ʚ ɼʅʂ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʧʨʘʚʠʣʴʥʦʛʦ ʚʢʣʶʯʝʥʠʷ dUTP ʠʟ ʧʫʣʦʚ 

ʥʫʢʣʝʦʟʠʜʪʨʠʬʦʩʬʘʪʦʚ, ʘ ʪʘʢʞʝ ʧʨʠ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʠ ʮʠʪʦʟʠʥʘ (ʨʠʩ. 4ʘ). ʋʨʘʮʠʣ ʦʙʣʘʜʘʝʪ 

ʩʠʣʴʥʳʤ ʤʫʪʘʛʝʥʥʳʤ ʵʬʬʝʢʪʦʤ, ʪʘʢ ʢʘʢ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʪʨʘʥʩʚʝʨʩʠʠ G ʚ A (ʨʠʩ. 4ʙ). 
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ʀʜʝʥʪʠʬʠʢʘʮʠʷ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ Escherichia coli (UNG) ʚ 1974 ʛʦʜʫ ʊʦʤʘʩʦʤ 

ʃʠʥʜʘʣʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʟʥʘʤʝʥʫʝʪ ʩʦʙʦʡ ʦʪʢʨʳʪʠʝ ʧʝʨʚʦʛʦ ʫʯʘʩʪʥʠʢʘ ʧʫʪʠ BER. ʃʠʥʜʘʣ ʠʩʢʘʣ 

ʬʝʨʤʝʥʪʥʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʚʦʟʜʝʡʩʪʚʦʚʘʣʘ ʙʳ ʥʘ ʛʝʥʦʤʥʳʡ ʫʨʘʮʠʣ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ ʮʠʪʦʟʠʥʘ. ʊʘʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ, ʥʦ ʜʦʚʦʣʴʥʦ 

ʥʝʦʞʠʜʘʥʥʦ ʦʢʘʟʘʣʘʩʴ ʥʝ ʥʫʢʣʝʘʟʥʦʡ. ɺʤʝʩʪʦ ʵʪʦʛʦ ʃʠʥʜʘʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣ ʬʝʨʤʝʥʪ, 

ʨʘʩʱʝʧʣʷʶʱʠʡ ʩʚʷʟʴ ʤʝʞʜʫ ʫʨʘʮʠʣʦʤ ʠ ʜʝʟʦʢʩʠʨʠʙʦʟʦʡ. ʇʦʣʫʯʝʥʥʳʡ Aʇ-ʩʘʡʪ, ʢʘʢ ʙʳʣʦ 

ʧʨʝʜʧʦʣʦʞʝʥʦ, ʜʘʣʝʝ ʧʨʦʮʝʩʩʠʨʫʝʪʩʷ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʦʡ, ɼʅʂ-ʧʦʣʠʤʝʨʘʟʦʡ ʠ ʣʠʛʘʟʦʡ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʧʫʪʠ BER ʙʳʣʠ ʥʘʤʝʯʝʥʳ ʫʞʝ ʚ ʩʘʤʦʡ ʧʝʨʚʦʡ ʩʪʘʪʴʝ [79]. ɺ ʢʣʝʪʢʘʭ 

ʵʫʢʘʨʠʦʪ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʝ ʨʘʟʥʳʝ ʠʟʦʬʦʨʤʳ UNG: UNG1 ʠ UNG2, ʢʦʪʦʨʳʝ ʣʦʢʘʣʠʟʫʶʪʩʷ ʚ 

ʤʠʪʦʭʦʥʜʨʠʷʭ ʠ ʷʜʨʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [80]. ʕʪʠ ʠʟʦʬʦʨʤʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʨʘʥʩʢʨʠʧʮʠʠ 

ʩ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʩʪʘʨʪʦʚʳʭ ʩʘʡʪʦʚ, ʘ ʪʘʢʞʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʩʧʣʘʡʩʠʥʛʘ ʤʈʅʂ, 

ʪʨʘʥʩʢʨʠʙʠʨʫʝʤʳʭ ʩ ʛʝʥʘ ung [80]. ʈʦʣʴ UNG1 ʚ ʧʨʦʮʝʩʩʠʥʛʝ ʫʨʘʮʠʣʘ ʚ ʤʠʪʦʭʦʥʜʨʠʷʭ ʪʦʯʥʦ ʥʝ 

ʦʧʨʝʜʝʣʝʥʘ ʠ ʥʫʞʜʘʝʪʩʷ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ [81,82]. UNG2 ʷʚʣʷʝʪʩʷ ʷʜʝʨʥʦʡ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʦʡ, ʢʦʪʦʨʘʷ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʨʝʧʣʠʢʘʮʠʦʥʥʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ [83ï85], ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ, 

ʩʨʝʜʠ ʧʨʦʯʝʛʦ, ʩ PCNA ʠ ʨʝʧʣʠʢʘʪʠʚʥʳʤ ʙʝʣʢʦʤ A [86], ʢʦʪʦʨʳʝ ʩʪʠʤʫʣʠʨʫʶʪ ʦʩʥʦʚʥʫ  ʁ

ʬʫʥʢʮʠ ʁUNG2, ʘ ʠʤʝʥʥʦ ʫʜʘʣʝʥʠʝ ʫʨʘʮʠʣʘ. ɺ ɺ-ʢʣʝʪʢʘʭ UNG2 ʪʘʢʞʝ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʩʦʤʘʪʠʯʝʩʢʦʡ ʛʠʧʝʨʤʫʪʘʮʠʠ (SHM) ʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʢʣʘʩʩʦʚ ʘʥʪʠʪʝʣ (CSR), ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ 

ʟʘ ʩʯʝʪ ʫʜʘʣʝʥʠʷ ʫʨʘʮʠʣʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʮʠʪʦʟʠʥʜʝʟʘʤʠʥʘʟʦʡ (AID). ʉʫʱʝʩʪʚʫʶʪ ʣʠʪʝʨʘʪʫʨʥʳʝ 

ʜʘʥʥʳʝ ʦ ʪʦʤ, ʯʪʦ UNG2 ʚʦʚʣʝʢʘʝʪʩʷ ʚ ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʝ ɼʅʂ ʚ ʟʠʛʦʪʘʭ ʤʳʰʝʡ, ʚ ʢʦʪʦʨʳʭ 

ʪʠʤʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ TDG, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʷ ɼʅʂ ʚ CpG-ʦʩʪʨʦʚʢʘʭ, 

ʧʣʦʭʦ ʵʢʩʧʨʝʩʩʠʨʫʝʪʩʷ, ʥʦ ʧʨʠ ʵʪʦʤ ʥʝʟʘʤʝʥʠʤʘ ʧʨʠ ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʠ ɼʅʂ [87]. ʋ ʤʳʰʝʡ ʩ 

ʜʝʬʠʮʠʪʦʤ UNG2 ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʥʝʨʝʧʘʨʠʨʦʚʘʥʥʳʡ ʫʨʘʮʠʣ ʚ ʧʨʦʣʠʬʝʨʠʨʫʶʱʠʭ ʢʣʝʪʢʘʭ, ʥʦ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʢʘʢʦʛʦ-ʣʠʙʦ ʟʥʘʯʠʤʦʛʦ ʧʦʚʳʰʝʥʠʷ ʯʘʩʪʦʪʳ ʩʧʦʥʪʘʥʥʳʭ ʤʫʪʘʮʠʡ [88], ʪʦʛʜʘ ʢʘʢ ʫ 

ʚʟʨʦʩʣʳʭ ʤʳʰʝʡ (> 18 ʤʝʩʷʮʝʚ) ʨʘʟʚʠʚʘʝʪʩʷ ɺ-ʢʣʝʪʦʯʥʘʷ ʣʠʤʬʦʤʘ [89]. ʄʳʰʠ ʥʦʢʘʫʪʥʳʝ ʧʦ 

ʛʝʥʫ ung ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʳʩʦʢʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʟʚʠʪʠʷ ʣʠʤʬʦʤ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʢʣʶʯʝʚʦʡ ʨʦʣʠ ʵʪʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʚ ʩʦʟʜʘʥʠʠ ʨʘʟʥʦʦʙʨʘʟʠʷ ʠʤʤʫʥʦʛʣʦʙʫʣʠʥʦʚ [90]. 

ɻʦʤʦʟʠʛʦʪʥʳʝ ʧʘʮʠʝʥʪʳ ʩ ʨʝʮʝʩʩʠʚʥʳʤʠ ʤʫʪʘʮʠʷʤʠ UNG2 ʜʝʬʝʢʪʥʳ ʢʘʢ ʚ ʧʨʦʮʝʩʩʘʭ CSR, ʪʘʢ 

ʠ ʚ ʧʨʦʮʝʩʩʘʭ SHM ʠ ʧʨʦʷʚʣʷʶʪ ʩʠʥʜʨʦʤ ʛʠʧʝʨ-IgM ʩ ʨʝʮʠʜʠʚʠʨʫʶʱʠʤʠ ʠʥʬʝʢʮʠʷʤʠ [91]. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ ʥʝʤʥʦʛʦ ʜʘʥʥʳʭ ʦ ʧʨʠʨʦʜʥʳʭ ʤʫʪʘʮʠʷʭ ʛʝʥʘ ung, ʦʜʥʘʢʦ, 

ʩʨʝʜʠ ʥʠʭ ʦʙʥʘʨʫʞʝʥʦ ʜʚʝ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʘʩʩʦʮʠʠʨʦʚʘʥʳ ʩ ʨʘʢʦʤ [92,93] . ʆʜʥʘ ʠʟ ʥʠʭ, UNG 

Arg88Cys, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʠʤʦʨʬʠʟʤ, ʦʙʥʘʨʫʞʝʥʥʳʡ ʚ ʟʘʨʦʜʳʰʝʚʦʡ ʣʠʥʠʠ ʩʝʤʴʠ ʩ 

ʢʦʣʦʨʝʢʪʘʣʴʥʳʤ ʨʘʢʦʤ [92], ʘ ʚʪʦʨʘʷ , ʚʳʟʳʚʘʶʱʘʷ ʟʘʤʝʥʫ UNG Gly143Arg, ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ 

ʢʣʝʪʢʘʭ ʩʧʦʨʘʜʠʯʝʩʢʦʡ ʛʣʠʦʙʣʘʩʪʦʤʳ [93]. ʈʷʜ ʧʦʣʠʤʦʨʬʠʟʤʦʚ ung ʙʳʣ ʠʟʫʯʝʥ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʣʠʥʠʷʭ ʢʣʝʪʦʢ, ʥʦ ʥʠ ʦʜʠʥ ʠʟ ʥʠʭ ʥʝ ʧʦʢʘʟʘʣ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʩʥʠʞʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʫʨʘʮʠʣ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʳ [94]. 
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ʈʠʩ. 4 (ʘ) ɻʠʜʨʦʣʠʪʠʯʝʩʢʦʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʝ ʮʠʪʦʟʠʥʘ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʫʨʘʮʠʣʘ. (ʙ) ʅʝʨʝʧʘʨʠʨʦʚʘʥʥʳʝ 

ʤʠʩʤʘʪʯʠ ʧʨʠʚʦʜʷʪ ʢ G:A ʪʨʘʥʩʚʝʨʩʠʠ ʚ ʧʦʣʦʚʠʥʝ ʜʦʯʝʨʥʠʭ ʜʫʧʣʝʢʩʦʚ ʧʨʠ ʨʝʧʣʠʢʘʮʠʠ. 

ʂʨʦʤʝ UNG ʫʜʘʣʝʥʠʝ ʫʨʘʮʠʣʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ ʮʠʪʦʟʠʥʘ, 

ʦʩʫʱʝʩʪʚʣʷʝʪ ʝʱʝ ʦʜʥʘ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ SMUG1 (single strand selective mono-functional 

uracil-DNA-glycosylase). SMUG1 ʠʤʝʝʪ ʷʜʝʨʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ ʠ ʧʨʝʜʧʦʯʠʪʘʝʪ ʦʜʥʦʮʝʧʦʯʝʯʥʳʝ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʳ [95]. ʆʜʥʘʢʦ, ʬʝʨʤʝʥʪ ʩʧʦʩʦʙʝʥ ʫʜʘʣʪ̫ʴ ʫʨʘʮʠʣ ʠ ʚ ʥʝʢʘʥʦʥʠʯʝʩʢʦʡ ʧʘʨʝ U:G. 

ʇʦʩʢʦʣʴʢʫ SMUG1 ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʫʶ KM ʢ ʪʘʢʦʛʦ ʨʦʜʘ ʩʫʙʩʪʨʘʪʫ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ UNG [96], ʪʦ 

ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʧʘʨʘʮʠʠ ʨʝʜʢʠʭ ʧʦʚʨʝʞʜʝʥʠʡ ʚ 

ʥʝʨʝʧʣʠʮʠʨʫʶʱʠʭʩʷ ʫʯʘʩʪʢʘʭ ɼʅʂ [97]. ʂʨʦʤʝ ʪʦʛʦ, SMUG1 ʫʯʘʩʪʚʫʝʪ ʚ ʫʜʘʣʝʥʠʠ 5-

ʛʠʜʨʦʢʩʠʤʝʪʠʣʫʨʘʮʠʣʘ (5-hmU) ʠʟ ʈʅʂ ʚ ʷʜʨʳʰʢʝ [98]. ʄʳʰʠ ʩ ʥʦʢʘʫʪʦʤ ʛʝʥʘ smug1 ʥʦʨʤʘʣʴʥʦ 

ʨʘʟʤʥʦʞʘʶʪʩʷ, ʠ ʠʭ ʟʜʦʨʦʚʴʝ ʠ ʚʳʞʠʚʘʝʤʦʩʪʴ ʜʦ 1 ʛʦʜʘ ʥʝ ʫʭʫʜʰʘʶʪʩʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʦʣʥʫʶ 

ʦʩʪʘʥʦʚʢʫ ʫʜʘʣʝʥʠ ̫5-hmU ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʪʢʘʥʝʡ [18]. ʆʜʥʘʢʦ, ʢʦʛʜʘ ʥʦʢʘʫʪ ʛʝʥʘ smug1 

ʩʦʯʝʪʘʝʪʩʷ ʩ ʥʦʢʘʫʪʘʤʠ ʧʦ ʛʝʥʘʤ ung ʠ msh2, ʫ ʤʳʰʝʡ ʩ ʪʨʦʡʥʳʤ ʥʦʢʘʫʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʚʳʰʝʥʥʘʷ ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʴ ʢ ʨʘʢʫ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢ ʣʠʤʬʦʠʜʥʳʤ ʦʧʫʭʦʣʷʤ [99]. ʕʪʦ 

ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʪʦʤ, ʯʪʦ SMUG1 ʪʘʢʞʝ ʚʥʦʩʠʪ ʩʚʦʡ ʚʢʣʘʜ ʚ ʨʘʟʥʦʦʙʨʘʟʠʝ ʘʥʪʠʪʝʣ, 

ʪʝʤ ʩʘʤʳʤ ʫʯʘʩʪʚʫʷ ʚ ʘʜʘʧʪʠʚʥʦʤ ʠ ʚʨʦʞʜʝʥʥʦʤ ʠʤʤʫʥʥʦʤ ʦʪʚʝʪʝ. ʀ UNG, ʠ SMUG1 ʷʚʣʷʶʪʩʷ 

ʯʣʝʥʘʤʠ ʩʫʧʝʨʩʝʤʝʡʩʪʚʘ UDG, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʩʭʦʜʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʤʦʪʠʚʳ. ʍʦʪʷ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ SMUG1 ʯʝʣʦʚʝʢʘ ʥʝ ʦʧʨʝʜʝʣʝʥʘ, ʦʜʥʘʢʦ ʦʥʘ ʙʳʣʘ ʜʝʪʘʣʴʥʦ 

ʧʨʝʜʩʢʘʟʘʥʘ ʧʫʪʝʤ ʛʦʤʦʣʦʛʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʩʪʨʫʢʪʫʨʥʦʛʦ ʚʳʨʘʚʥʠʚʘʥʠʷ ʩ 

GmeSMUG1 ʠʟ Geobacter metallireducens (PDB IDs 5H98 ʠ 5H9I) [100] ʠ xSMUG1 ʠʟ Xenopus 

laevis (PDB IDs 1OE4 ʠ 1OE5) [11] (ʨʠʩ. 5). ʀʟ ʜʘʥʥʳʭ ʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʷʭ SMUG1 

ʯʝʣʦʚʝʢʘ [83] ʠʟʚʝʩʪʥʦ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Asn85 ʠ His239 ʢʘʪʘʣʠʟʠʨʫʶʪ ʨʘʩʱʝʧʣʝʥʠʝ 

N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ. ʆʩʪʘʪʢʠ Asn163 ʠ Phe98 ʨʘʩʧʦʟʥʘʶʪ ʧʠʨʠʤʠʜʠʥʦʚʳʝ ʦʩʥʦʚʘʥʠʷ, ʦʙʨʘʟʫʷ 

ʩʧʝʮʠʬʠʯʝʩʢʫʶ ʚʦʜʦʨʦʜʥʫʶ ʩʚʷʟʴ ʠ ḯ́-ʩʪɻʢʠʥʛ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʣʘʩʪʴ Gly87ïMet91 

ʨʘʩʧʦʟʥʘʝʪ ʟʘʤʝʩʪʠʪʝʣʴ ʚ ʧʦʣʦʞʝʥʠʠ C5 ʯʝʨʝʟ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʦʜʥʳʭ ʤʦʩʪʠʢʦʚʳʭ (ʫʨʘʮʠʣ) ʠʣʠ 

ʧʨʷʤʳʭ (ʛʠʜʨʦʢʩʠ-U, ʛʠʜʨʦʢʩʠʤʝʪʠʣ-U ʠ ʬʦʨʤʠʣ-U) ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ [83]. ɺ SMUG1 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʩ 239 ʧʦ 249, ʥʘʟʳʚʘʝʤʘʷ ʠʥʪʝʨʢʘʣʠʨʫʶʱʝʡ 
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ʧʝʪʣʝʡ, ʩʣʫʞʠʪ ʚ ʨʦʣʠ çʢʣʠʥʘè, ʚʩʪʨʘʠʚʘʝʤʦʛʦ ʚ ʜʚʦʡʥʫʶ ʩʧʠʨʘʣʴ ɼʅʂ ʚ ʨʘʡʦʥʝ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʥʫʢʣʝʦʪʠʜʘ [11,83]. ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʚ ʠʥʪʝʨʢʘʣʠʨʫʶʱʝʡ ʧʝʪʣʝ ʦʪʚʝʯʘʶʪ ʟʘ 

ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ, ʚʳʚʦʨʘʯʠʚʘʥʠʝ ʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʝʛʦ ʚʥʝʩʧʠʨʘʣʴʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʧʫʪʝʤ ʟʘʧʦʣʥʝʥʠʷ ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ ʧʫʩʪʦʪʳ ʙʦʢʦʚʦʡ ʮʝʧʴʶ Arg243 [82]. 

 

 

 

 

 

 

 

 

ʈʠʩ. 5 ʉʫʧʝʨʧʦʟʠʮʠʷ ʩʪʨʫʢʪʫʨ ʩʚʦʙʦʜʥʦʛʦ ʬʝʨʤʝʥʪʘ SMUG1 (ʢʨʘʩʥʳʡ) ʠ SMUG1 ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ (ʟʝʣʝʥʳʡ). 

ʇʦʚʨʝʞʜʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ (U) ʨʘʩʧʦʣʦʞʝʥʦ ʚ ʢʘʨʤʘʥʝ ʘʢʪʠʚʥʦʛʦ ʩʘʡʪʘ [101]. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʦ ʜʘʥʥʳʤ ʧʦʨʪʘʣʘ www.cbioportal.org ʠʟʚʝʩʪʥʦ ʦʢʦʣʦ 40 ʤʠʩʩʝʥʩ 

ʤʫʪʘʮʠʡ ʚ ʛʝʥʝ SMUG1. ʅʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʦʣʴʢʦ ʜʚʘ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʘ SMUG1 (G90C 

ʠ G90V) ʫʤʝʨʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʨʠʩʢ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʨʘʢʘ ʣʝʛʢʠʭ [102]. ʄʫʪʘʮʠʠ ʚ smug1 ʪʘʢʞʝ 

ʤʦʛʫʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʘʟʚʠʪʠʶ ʨʘʢʘ ʪʦʣʩʪʦʡ ʢʠʰʢʠ [103,104]. ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ [104] ʘʚʪʦʨʳ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ ʧʦʣʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʛʝʥʦʤʘ 37 ʧʘʮʠʝʥʪʦʚ ʩ ʜʠʘʛʥʦʟʦʤ ʨʘʢ ʪʦʣʩʪʦʡ 

ʢʠʰʢʠ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʤʫʪʘʮʠʷʤ ʚ ʛʝʥʝ smug1 ʛʝʥʝʪʠʯʝʩʢʠʡ ʩʢʨʠʥʠʥʛ ʦʙʥʘʨʫʞʠʣ ʤʫʪʘʮʠʠ ʚ 

ʛʝʥʘʭ, ʭʘʨʘʢʪʝʨʥʳʭ ʧʨʠ ʨʘʢʝ ʪʦʣʩʪʦʡ ʢʠʰʢʠ, ʪʘʢʠʭ ʢʘʢ apc, kras, pik3ca ʠ p53. ɹʦʣʝʝ ʪʦʛʦ, ʫ 

ʧʘʮʠʝʥʪʦʚ ʩ ʠʥʘʢʪʠʚʠʨʫʶʱʠʤʠ ʟʘʤʝʥʘʤʠ ʚ SMUG1, ʪʘʢʠʤʠ ʢʘʢ Q93K, R66H, R66C ʠ R220W ʠ 

ʜʠʘʛʥʦʟʦʤ ʨʘʢ ʪʦʣʩʪʦʡ ʢʠʰʢʠ ʥʘʙʣʶʜʘʣʘʩʴ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʣʝʪʘʣʴʥʦʩʪʴ (ʧʦʨʷʜʢʘ 33%) ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʛʨʫʧʧʦʡ ʧʘʮʠʝʥʪʦʚ ʙʝʟ ʜʘʥʥʳʭ ʤʫʪʘʮʠʡ, ʥʦ ʩ ʪʘʢʠʤ ʞʝ ʜʠʘʛʥʦʟʦʤ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʣʶʜʷʭ, ʘʩʩʦʮʠʠʨʫʶʱʠʝ ʫʨʦʚʥʠ ʘʢʪʠʚʥʦʩʪʠ SMUG1 ʩ ʨʘʢʦʤ, 

ʙʳʣʠ ʪʦʣʴʢʦ ʢʦʨʨʝʣʷʮʠʦʥʥʳʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʝʱʸ ʦʩʪʘʝʪʩʷ ʥʝ ʷʩʥʦ, ʢʘʢ ʩʥʠʞʝʥʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ SMUG1 ʠ/ʠʣʠ ʩʥʠʞʝʥʥʘʷ ʵʢʩʧʨʝʩʩʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤʘʭ ʨʘʢʘ ʚʣʠʷʝʪ ʥʘ ʪʝʯʝʥʠʝ 

ʙʦʣʝʟʥʠ ʠ ʧʨʦʛʥʦʟʳ ʚ ʪʝʨʘʧʠʠ. 

ʉʣʝʜʫʶʱʠʝ ʜʚʘ ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʩʝʤʝʡʩʪʚʘ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʵʪʦ TDG (ʪʠʤʠʥ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʘ) ʠ MBD4 (ʤʝʪʠʣʮʠʪʦʟʠʥ ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ 4), ʢʦʪʦʨʳʝ ʫʜʘʣʷʶʪ ʪʠʤʠʥ ʠ ʫʨʘʮʠʣ 

ʠʟ ʤʠʩʤʘʪʯʝʡ ʩ ʛʫʘʥʠʥʦʤ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ 5-ʤʝʪʠʣʮʠʪʦʟʠʥʘ ʠ 
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ʮʠʪʦʟʠʥʘ [105]. TDG ʠʤʝʝʪ ʙʦʣʴʰʦʡ ʛʠʜʨʦʬʦʙʥʳʡ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʢʘʨʤʘʥ, ʚʤʝʱʘʶʱʠʡ 

ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʦʚʨʝʞʜʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʢʠʩʣʝʥʠʷ, ʘʣʢʠʣʠʨʦʚʘʥʠʷ ʠ 

ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʷ C, 5-mC ʠ A, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʨʘʮʠʣʫ, ʪʠʤʠʥʫ ʠ 6-ʛʠʜʨʦʢʩʠʧʫʨʠʥʫ (ʪʘʢʞʝ 

ʠʟʚʝʩʪʥʦʤʫ ʢʘʢ ʛʠʧʦʢʩʘʥʪʠʥ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [15]. ʇʦʩʣʝ ʛʠʜʨʦʣʠʟʘ N-ʛʣʠʢʦʟʠʜʥʦʡ ʩʚʷʟʠ ʩ 

ʘʟʦʪʠʩʪʳʤ ʦʩʥʦʚʘʥʠʝʤ TDG ʧʨʦʯʥʦ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʚʰʠʤʩʷ ɸʇ-ʩʘʡʪʦʤ, ʠ ʩʢʦʨʦʩʪʴ 

ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʷʚʣʷʝʪʩʷ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʝʡ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ TDG ʩ APE1 ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʜʠʩʩʦʮʠʘʮʠʠ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ Aʇ-ʩʘʡʪ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʜʘʣʴʥʝʡʰʠʡ ʧʨʦʮʝʩʩʠʥʛ ʧʦʚʨʝʞʜʝʥʠʷ [105]. ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʙʠʦʣʦʛʠʯʝʩʢʦʡ 

ʬʫʥʢʮʠʝʡ TDG, ʧʦʤʠʤʦ ʫʜʘʣʝʥʠʷ ʫʨʘʮʠʣʘ ʠʟ ʤʠʩʤʘʪʯʝʡ ʠ ʟʘʱʠʪʳ ʦʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʤʫʪʘʮʠʡ, 

ʷʚʣʷʝʪʩʷ ʨʝʛʫʣʷʮʠʷ ʵʢʧʨʝʩʩʠʠ ʛʝʥʦʚ, ʟʘ ʩʯʝʪ ʘʢʪʠʚʥʦʛʦ ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʷ ɼʅʂ. ʀʟʚʝʩʪʥʦ, ʯʪʦ 5-

mC, ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʨʠ ʩʧʝʮʠʬʠʯʝʩʢʦʤ ʤʝʪʠʣʠʨʦʚʘʥʠʠ ɼʅʂ ʚʳʩʰʠʭ ʵʫʢʘʨʠʦʪ, ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ 

ʤʘʨʢʝʨʦʤ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʦʚ, ʠʥʘʢʪʠʚʘʮʠʠ ʍ-ʭʨʦʤʦʩʦʤ ʠ ʨʷʜʘ ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʩʦʚ ʨʘʟʚʠʪʠʷ 

ʦʨʛʘʥʠʟʤʘ [106]. TDG ʪʘʢʞʝ ʠʛʨʘʝʪ ʨʦʣʴ ʚ ʘʢʪʠʚʥʦʤ ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʠ ʫʯʘʩʪʢʦʚ CpG-ʦʩʪʨʦʚʢʦʚ 

[15], ʩ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʚʩʪʨʝʯʘʶʱʠʭʩʷ ʚ ʧʨʦʤʦʪʦʨʘʭ ʛʝʥʦʚ ʠʣʠ ʨʷʜʦʤ ʩ ʥʠʤʠ [107]. ʅʝʜʘʚʥʦ 

ʙʳʣ ʚʳʷʩʥʝʥ ʠ ʚʦʩʩʦʟʜʘʥ in vitro ʤʝʭʘʥʠʟʤ ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ, ʢʦʪʦʨʳʡ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ TDG-ʦʧʦʩʨʝʜʦʚʘʥʥʦʛʦ BER, ʧʨʝʚʨʘʱʘʝʪʩʷ ʠʟ 5-mC ʚ ʮʠʪʦʟʠʥ [108]. ʕʪʘ ʭʦʨʦʰʦ 

ʩʢʦʦʨʜʠʥʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʩʧʦʩʦʙʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʥʘ ʦʙʝ ʥʠʪʠ ʩʠʤʤʝʪʨʠʯʥʦ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ CpG, ʪʝʤ ʩʘʤʳʤ ʧʨʝʜʦʪʚʨʘʱʘʷ ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʫʭʮʝʧʦʯʝʯʥʳʭ ʨʘʟʨʳʚʦʚ ɼʅʂ, 

ʥʦ ʧʨʠʚʦʜʷ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʝʨʝʭʦʜʦʚ C Ÿ T [108,109]. ɺ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ 

ʜʝʤʝʪʠʣʠʣʦʚʘʥʠʝ 5-mC ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʫʪʝʤ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʤʝʪʠʣʴʥʦʡ ʛʨʫʧʧʳ 

5-mC ʬʝʨʤʝʥʪʘʤʠ TET ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 5-hmC, 5-fC ʠ 5-caC [87]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ TDG ʩ 

ʦʜʠʥʘʢʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʫʜʘʣʷʝʪ ʦʩʥʦʚʘʥʠʷ T, 5-fC ʠ 5-caC, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘʧʨʦʪʠʚ G 

[110]. ʅʘ ʨʠʩʫʥʢʝ 6 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ TDG ʩ ʧʨʦʜʫʢʪʦʤ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ 5-

ʛʠʜʨʦʢʩʠʤʝʪʠʣʫʨʘʮʠʣʘ, ʘ ʪʘʢʞʝ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ 5-ʤʝʪʠʣʮʠʪʦʟʠʥʘ ʬʝʨʤʝʥʪʘʤʠ 

ʊɽʊ. 

ʅʦʢʘʫʪ ʛʝʥʘ tdg ʫ ʤʳʰʝʡ ʚʳʟʳʚʘʝʪ ʵʤʙʨʠʦʥʘʣʴʥʫʶ ʣʝʪʘʣʴʥʦʩʪʴ [111]. ʕʪʦ ʢʦʥʪʨʘʩʪʠʨʫʝʪ 

ʩʦ ʚʩʝʤʠ ʜʨʫʛʠʤʠ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ, ʮʝʣʝʚʘʷ ʜʝʣʝʮʠʷ ʛʝʥʘ ʢʦʪʦʨʳʭ ʚ ʤʦʜʝʣʷʭ ʪʨʘʥʩʛʝʥʥʳʭ 

ʤʳʰʝʡ ʥʝ ʦʩʦʙʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʠ ʠ ʬʝʨʪʠʣʴʥʦʩʪʠ ʦʩʦʙʝʡ. ʕʪʦʪ ʵʬʬʝʢʪ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʩʥʦʚʥʦʡ ʬʫʥʢʮʠʝʡ TDG ʚ ʫʧʨʘʚʣʝʥʠʠ ʧʨʘʚʠʣʴʥʦʡ ʵʧʠʛʝʥʝʪʠʯʝʩʢʦʡ ʧʨʦʛʨʘʤʤʦʡ 

ʚʦ ʚʨʝʤʷ ʨʘʟʚʠʪʠʷ ʵʤʙʨʠʦʥʘ, ʢʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ ʚʳʰʝ. 
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ʘ) 

 

ʙ) 

 

ʈʠʩ. 6 (ʘ) ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ TDG ʩ ʧʨʦʜʫʢʪʦʤ (ɸʇ-ʩʘʡʪ ʥʘʧʨʦʪʠʚ G), ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ 5-hmU ʠʟ ɼʅʂ 

(PDBID 4FNC). ɺ ʫʚʝʣʠʯʝʥʥʦʡ ʯʘʩʪʠ ʧʦʢʘʟʘʥʘ ʧʝʪʣʷ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ, ʢʦʪʦʨʘʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ 

ʚʳʚʝʨʥʫʪʦʡ ʦʙʣʘʩʪʴʶ ɼʅʂ. (ʙ) ʉʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ 5-ʤʝʪʠʣʮʠʪʦʟʠʥʘ (5-mʉ) ʬʝʨʤʝʥʪʘʤʠ ʊɽʊ. 

ɼʣʷ ʪʠʤʠʥʦʚʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ (TDG) ʯʝʣʦʚʝʢʘ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ ʧʦʨʷʜʢʘ 

70 ʤʠʩʩʝʥʩ ʤʫʪʘʮʠʡ (ʧʦ ʜʘʥʥʳʤ ʧʦʨʪʘʣʘ www.cbioportal.org). ʆʜʥʘʢʦ ʩʨʝʜʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʦʧʫʭʦʣʝʡ ʥʠʢʘʢʠʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʘʩʩʦʮʠʘʮʠʡ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩ 

ʨʠʩʢʦʤ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʚʠʜʘ ʨʘʢʘ ʦʙʥʘʨʫʞʝʥʦ ʥʝ ʙʳʣʦ. ɺʘʨʠʘʥʪ TDG Gly199Ser 

ʥʘʙʣʶʜʘʝʪʩʷ ʫ 10% ʤʠʨʦʚʦʛʦ ʥʘʩʝʣʝʥʠʷ. Gly199 ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʳʚʝʨʥʫʪʦʛʦ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʢʘʨʤʘʥ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʠ ʙʣʦʢʠʨʫʝʪ ʝʛʦ ʚʳʚʦʨʘʯʠʚʘʥʠʝ ʦʙʨʘʪʥʦ 

ʚ ʩʧʠʨʘʣʴ [112]. ɿʘʤʝʥʘ Gly199 ʥʘ ʙʦʣʝʝ ʢʨʫʧʥʳʡ ʠ ʥʫʢʣʝʦʬʠʣʴʥʳʡ ʦʩʪʘʪʦʢ Ser ʫʩʠʣʠʚʘʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ TDG ʢʘʢ ʩ ɸʇ-ʩʘʡʪʦʤ, ʪʘʢ ʠ ʩ ʩʫʙʩʪʨʘʪʦʤ. ʅʘʢʦʧʣʝʥʠʝ ɸʇ-ʩʘʡʪʦʚ ʚ ʢʣʝʪʢʘʭ, 

ʵʢʩʧʨʝʩʩʠʨʫʶʱʠʭ ʵʪʦʪ ʚʘʨʠʘʥʪ, ʠʥʜʫʮʠʨʫʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʫʮʭʝʧʦʯʝʯʥʳʭ ʨʘʟʨʳʚʦʚ, 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ ʠ ʢʣʝʪʦʯʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ [113]. ʅʝʜʘʚʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚ ʢʠʪʘʡʩʢʦʡ 

ʧʦʧʫʣʷʮʠʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʤ SNP ʜʣʷ ʨʠʩʢʘ ʨʘʟʚʠʪʠʷ ʥʝʤʝʣʘʥʦʤʥʦʛʦ ʨʘʢʘ ʢʦʞʠ 

ʷʚʣʷʝʪʩʷ TDG Gly199Ser [114]. SNP ʚʘʨʠʘʥʪ TDG Val367Met ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʠʩʢʫ ʨʘʟʚʠʪʠʷ 

ʥʝʤʝʣʘʥʦʤʥʦʛʦ ʨʘʢʘ ʢʦʞʠ [115]. ɺʘʨʠʘʥʪ TDG Arg66Gly ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʫ ʧʘʮʠʝʥʪʦʚ ʩ 

ʩʝʤʝʡʥʳʤ ʢʦʣʦʨʝʢʪʘʣʴʥʳʤ ʨʘʢʦʤ, ʥʦ ʥʝ ʚʩʪʨʝʯʘʣʩʷ ʫ ʟʜʦʨʦʚʳʭ ʣʶʜʝʡ [116].  

ʉʣʝʜʫʶʱʠʡ ʧʨʝʜʩʪʘʚʠʪʝʣʴ ʩʝʤʝʡʩʪʚʘ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ - ʄBD4, ʪʘʢʞʝ ʥʘʟʳʚʘʝʤʳʡ 

MED1, ʩʦʜʝʨʞʠʪ ʜʚʘ ʜʦʤʝʥʘ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʨʘʩʧʦʟʥʘʝʪ ʤʝʪʠʣʠʨʦʚʘʥʥʳʝ ʠ 
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ʧʦʣʫʤʝʪʠʣʠʨʦʚʘʥʥʳʝ CpG ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʘ ʜʨʫʛʦʡ, ʧʨʦʷʚʣʷʷ ʛʣʠʢʦʟʠʣʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ, 

ʫʜʘʣʷʝʪ ʤʠʩʤʘʪʯ ʥʘʧʨʦʪʠʚ G. ɻʣʠʢʦʟʠʣʘʟʥʳʡ ʜʦʤʝʥ MBD4 ʛʦʤʦʣʦʛʠʯʝʥ ʩʫʧʝʨʩʝʤʝʡʩʪʚʫ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟ ʩʧʠʨʘʣʴ-ʰʧʠʣʴʢʘ-ʩʧʠʨʘʣʴ (HhH) [117], ʘ ʤʝʪʠʣ-CpG ʩʚʷʟʳʚʘʶʱʠʡ ʜʦʤʝʥ ʩʦʩʪʦʠʪ ʠʟ 

ʢʦʤʧʘʢʪʥʦʡ Ŭ/ɓ ʩʢʣʘʜʢʠ ʩ ʧʝʪʣʝʡ ʤʝʞʜʫ ʜʚʫʤʷ ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʳʤʠ ɓ-ʮʝʧʷʤʠ, ʢʦʪʦʨʘʷ 

ʚʢʣʠʥʠʚʘʝʪʩʷ ʚ ʙʦʣʴʰʫʶ ʙʦʨʦʟʜʢʫ ɼʅʂ, ʩʦʜʝʨʞʘʱʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪ ɹʤʝʪʠʣ-CpG [118]. 

MBD4 ʨʘʩʧʦʟʥʘʝʪ ʥʝ ʪʦʣʴʢʦ ʤʝʪʠʣʠʨʦʚʘʥʥʳʝ ʜʠʥʫʢʣʝʦʪʠʜʳ CpG, ʥʦ ʠ ʤʠʩʤʘʪʯʠ T:G, 

ʦʙʨʘʟʦʚʘʥʥʳʝ ʧʨʠ ʩʧʦʥʪʘʥʥʦʤ ʜʝʟʘʤʠʥʠʨʦʚʘʥʠʠ 5-mC. ʇʦʤʠʤʦ ʫʜʘʣʝʥʠʷ T ʠ U ʚ ʧʘʨʝ ʩ G, MBD4 

ʧʨʦʷʚʣʷʝʪ ʰʠʨʦʢʫʶ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʧʝʨʝʢʨʳʚʘʶʱʫʶʩʷ ʩ TDG, ʠ ʚʢʣʶʯʘʶʱʫʶ 

ʪʘʢʠʝ ʘʟʦʪʠʩʪʳʝ ʦʩʥʦʚʘʥʠʷ ʢʘʢ 5-ʬʪʦʨʫʨʘʮʠʣ, 5,6-ʜʠʛʠʜʨʦʢʩʠ-5,6-ʜʠʛʠʜʨʦʪʠʤʠʥ, ʪʠʤʠʥʛʣʠʢʦʣʴ 

(Tg) ʠ 5-ʙʨʦʤʫʨʘʮʠʣ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘʧʨʦʪʠʚ G, ʘ ʪʘʢʞʝ ʫʥʠʢʘʣʴʥʳʝ ʩʫʙʩʪʨʘʪʳ, ʦʙʨʘʟʫʶʱʠʝʩʷ 

ʧʨʠ ʦʰʠʙʦʯʥʦʡ ʨʝʧʣʠʢʘʮʠʠ [105,119]. 

ʄʳʰʠ ʩ ʥʦʢʘʫʪʦʤ ʛʝʥʘ mbd4 ʨʘʟʚʠʚʘʶʪʩʷ ʥʦʨʤʘʣʴʥʦ ʠ ʥʝ ʦʙʥʘʨʫʞʠʚʘʶʪ ʢʘʢʦʛʦ-ʣʠʙʦ 

ʘʙʝʨʨʘʥʪʥʦʛʦ ʬʝʥʦʪʠʧʘ, ʭʦʪʷ ʩʦʦʙʱʘʣʦʩʴ [120] ʦ 3-ʢʨʘʪʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʝ ʤʫʪʘʮʠʡ ʚ 

ʩʘʡʪʘʭ CpG ʚ ʵʧʠʪʝʣʠʠ ʩʝʣʝʟʝʥʢʠ ʠ ʢʠʰʝʯʥʠʢʘ. ɹʦʣʝʝ ʪʦʛʦ, ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʵʢʩʧʨʝʩʩʠʠ MBD4 

ʫ ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢ ʨʘʢʫ ʤʦʜʝʣʝʡ ʤʳʰʝʡ apc -/+  ʧʨʠʚʦʜʠʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʦʧʫʭʦʣʝʡ 

ʞʝʣʫʜʦʯʥʦ-ʢʠʰʝʯʥʦʛʦ ʪʨʘʢʪʘ. ʅʘ ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ ʦʧʫʭʦʣʠ ʞʝʣʫʜʦʯʥʦ-ʢʠʰʝʯʥʦʛʦ ʪʨʘʢʪʘ 

ʧʦʢʘʟʘʣʠ ʫʚʝʣʠʯʝʥʠʝ ʧʝʨʝʭʦʜʦʚ C Ÿ T ʚ ʩʘʡʪʘʭ CpG ʘʣʣʝʣʷ apc ʜʠʢʦʛʦ ʪʠʧʘ. ʕʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʧʦʜʜʝʨʞʠʚʘʝʪ ʠʜʝʶ ʦ ʪʦʤ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ MBD4 ʥʝ ʷʚʣʷʝʪʩʷ 

ʦʥʢʦʛʝʥʥʳʤ ʩʘʤʦ ʧʦ ʩʝʙʝ, ʥʦ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʧʨʦʛʨʝʩʩʠʨʦʚʘʥʠʝ ʨʘʢʘ ʥʘ ʬʦʥʝ ʛʝʥʝʪʠʯʝʩʢʠʭ 

ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʝʡ [120,121]. 

ɺʘʨʠʘʥʪʳ MBD4 Asp568His ʠ Cys61Arg ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʥʠʞʝʥʠʝ ʢʘʢ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ, ʪʘʢ ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʫʟʥʘʚʘʪʴ T ʠ U ʥʘʧʨʦʪʠʚ G, ʚ ʢʦʥʪʝʢʩʪʝ CpG [105]. ʕʪʠ ʚʘʨʠʘʥʪʳ 

ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʚ ʦʧʫʭʦʣʷʭ ʞʝʣʫʜʢʘ ʩ ʤʠʢʨʦʩʘʪʝʣʣʠʪʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴʶ [122]. ɺ 

ʠʩʩʣʝʜʦʚʘʥʠʠ [123] ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ SNP Glu346Lys ʙʳʣ ʩʚʷʟʘʥ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʩʥʠʞʝʥʠʝʤ ʨʠʩʢʘ ʨʘʢʘ ʰʝʡʢʠ ʤʘʪʢʠ ʚ ʢʠʪʘʡʩʢʦʡ ʧʦʧʫʣʷʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ [124,125] 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʚʘʨʠʘʥʪ MBD4 Glu346Lys ʙʳʣ ʩʚʷʟʘʥ ʩʦ ʩʥʠʞʝʥʠʝʤ ʨʠʩʢʘ ʨʘʢʘ 

ʣʝʛʢʠʭ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʟʘʱʠʪʥʦʡ ʨʦʣʠ ʵʪʦʛʦ SNP. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʣʠʤʦʨʬʠʟʤʘ MBD4 Glu346Lys ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʥ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʩʚʷʟʘʥ ʩ ʨʠʩʢʦʤ ʢʦʣʦʨʝʢʪʘʣʴʥʦʛʦ ʨʘʢʘ ʠ ʨʘʢʦʤ ʞʝʣʫʜʢʘ [126]. ʊʘʢʞʝ ʵʪʦʪ ʧʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ 

MBD4 Glu346Lys ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 6 ʤʘʨʢʝʨʦʚ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ [127]. ɸʚʪʦʨʳ ʵʪʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ 568 ʧʘʮʠʝʥʪʦʚ ʚ ʢʠʪʘʡʩʢʦʡ ʧʦʧʫʣʷʮʠʠ ʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʭʠʤʠʦʪʝʨʘʧʠʠ ʥʘ ʦʩʥʦʚʝ ʧʣʘʪʠʥʳ ʠ ʦʙʱʫʶ ʚʳʞʠʚʘʝʤʦʩʪʴ ʧʨʠ 

ʥʝʤʝʣʢʦʢʣʝʪʦʯʥʦʡ ʢʘʨʮʠʥʦʤʝ ʣʝʛʢʦʛʦ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘʣʠʯʠʝ ʧʦʣʠʤʦʨʬʠʟʤʦʚ ʚ ʩʧʠʩʢʝ ʠʟ 6 
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ʬʝʨʤʝʥʪʦʚ ʨʘʟʣʠʯʥʳʭ ʧʫʪʝʡ ʨʝʧʘʨʘʮʠʠ (ɸʊʄ, MRE11A, ERʉʉ1, MBD4 Glu346Lys, XRCC1 

Arg399Gln ʠ PMC1). 

ʈʝʟʫʣʴʪʘʪʳ, ʩʫʤʤʠʨʫʶʱʠʝ ʜʘʥʥʳʝ ʦ SNP-ʚʘʨʠʘʥʪʘʭ, ʦʧʠʩʘʥʥʳʭ ʚ ʛʣʘʚʝ, ʧʨʠʚʝʜʝʥʳ ʚ 

ʊʘʙʣʠʮʝ 5. 

ʊʘʙʣʠʮʘ 5. SNP-ʚʘʨʠʘʥʪʳ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ 

SNP-ʚʘʨʠʘʥʪ UDG ʘʢʪʠʚʥʦʩʪʴ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʳʝ ʘʩʩʦʮʠʘʮʠʠ ʩ ʦʥʢʦʟʘʙʦʣʝʚʘʥʠʷʤʠ 

UNG 
Arg88Cys 

WT 
ʢʦʣʦʨʝʢʪʘʣʴʥʳʡ ʨʘʢ 

Gly143Arg ʩʧʘʨʘʜʠʯʝʩʢʘʷ ʛʣʠʦʙʣʘʩʪʦʤʘ 

SMUG1 

Arg 66 His 

ʥʝ ʘʢʪʠʚʝʥ ʨʘʢ ʪʦʣʩʪʦʡ ʢʠʰʢʠ 
Arg66Cys 

Gln93Lys 

Ag220Trp 
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 ʨʘʢ ʣʝʛʢʠʭ 

Gly90Val 

TDG 

Arg66Gly 

 

ʢʦʣʦʨʝʢʪʘʣʴʥʳʡ ʨʘʢ 

Gly199Ser 
ʥʝʤʝʣʢʦʢʣʝʪʦʯʥʳʡ ʨʘʢ ʢʦʞʠ 

Val367Met 

MBD4 

Cys61Arg 
ʩʥʠʞʝʥʘ ʦʧʫʭʦʣʴ ʞʝʣʫʜʢʘ ʩ ʤʠʢʨʦʩʘʪʝʣʣʠʪʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴʶ 

Asp568His 

Gly346Lys  ʢʦʣʦʨʝʢʪʘʣʴʥʳʡ ʨʘʢ, ʨʘʢ ʞʝʣʫʜʢʘ 

 

1.2.4 ɸʣʢʠʣʘʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ AAG 

ɸʣʢʠʣʘʜʝʥʠʥ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ (AAG) ʨʘʩʧʦʟʥʘʝʪ ʠ ʫʜʘʣʷʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʘʣʢʠʣʠʨʦʚʘʥʥʳʭ ʦʩʥʦʚʘʥʠʡ, ʚʢʣʶʯʘʷ ʥʝ ʪʦʣʴʢʦ 3-ʤʝʪʠʣʘʜʝʥʠʥ, ʥʦ ʠ ʛʫʘʥʠʥ, ʤʝʪʠʣʠʨʦʚʘʥʥʳʡ ʚ 

ʧʦʣʦʞʝʥʠʠ N3 ʠʣʠ N7, 1N6-ʵʪʝʥʦʘʜʝʥʠʥ, ʛʠʧʦʢʩʘʥʪʠʥ ʠ 8-ʦʢʩʦʛʫʘʥʠʥ, ʘ ʪʘʢʞʝ ʜʨʫʛʠʝ 

ʘʣʢʠʣʠʨʦʚʘʥʥʳʝ ʠ ʦʢʠʩʣʝʥʥʳʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ [128] (ʨʠʩ. 7). AAG ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʛʣʠʢʦʟʠʣʘʟʫ. ɽ yʵʢʩʧʨʝʩʩʠʷ ʟʘʚʠʩʠʪ ʦʪ ʢʣʝʪʦʯʥʦʛʦ ʮʠʢʣʘ [129], ʠ ʬʝʨʤʝʥʪ 

ʣʦʢʘʣʠʟʫʝʪʩʷ ʢʘʢ ʚ ʷʜʨʝ, ʪʘʢ ʠ ʚ ʤʠʪʦʭʦʥʜʨʠʷʭ [130]. ɸʢʪʠʚʥʦʩʪʴ AAG ʫʩʠʣʠʚʘʝʪʩʷ ʙʝʣʢʦʤ 

XRCC1 ʠ ʬʘʢʪʦʨʦʤ HR23B ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʥʫʢʣʝʦʪʠʜʦʚ (NER) [131,132].  
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ʈʠʩ. 7. ʇʨʠʤʝʨʳ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʨʝʧʘʨʠʨʦʚʘʪʴʩʷ ʩ ʫʯʘʩʪʠʝʤ AAG. 
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ʘ) 

 

ʙ) 

 

ʈʠʩ. 8. ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ AAG ʯʝʣʦʚʝʢʘ ʩ ɼʅʂ. (ʘ) ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 3-ʤʝʪʠʣʘʜʝʥʠʥ-ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʳ (AAG) ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʠʥʛʠʙʠʪʦʨ ʬʝʨʤʝʥʪʘ-ʧʠʨʨʦʣʠʜʠʥ (ʢʨʘʩʥʳʡ). AAG 

ʩʚʷʟʳʚʘʝʪʩʷ ʚ ʤʘʣʦʡ ʙʦʨʦʟʜʢʝ ɼʅʂ ʠ ʚʳʪʝʩʥʷʝʪ ʧʠʨʨʦʣʠʜʠʥ ʚ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʬʝʨʤʝʥʪʘ. Tyr-162 (ʬʠʦʣʝʪʦʚʳʡ) 

ʚʩʪʨʘʠʚʘʝʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʦʙʨʘʟʦʚʘʚʰʝʝʩʷ ʧʦʩʣʝ ʚʳʚʦʨʘʯʠʚʘʥʠʷ ʥʫʢʣʝʦʪʠʜʘ. (ʙ) ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ 

ʢʦʥʪʘʢʪʦʚ ʙʝʣʦʢ-ɼʅʂ. ʇʠʨʨʦʣʠʜʠʥ (Pyr7) ʥʘʭʦʜʠʪʩʷ ʚʦ ʚʥʝʩʧʠʨʘʣʴʥʦʡ ʢʦʥʬʦʨʤʘʮʠʠ ʠ ʫʯʘʩʪʚʫʝʪ ʚ ʨʷʜʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʦʧʦʩʨʝʜʦʚʘʥʥʳʭ ʚʦʜʦʡ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ) ʩ ʦʩʪʘʪʢʘʤʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ Tyr-162, Met-164 ʠ 

Tyr-165. ɺʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʠ ʩʦʣʝʚʳʝ ʤʦʩʪʠʢʠ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) ʩ ʨʠʙʦʟʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ ɼʅʂ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʚʷʟʳʚʘʥʠʝ ʙʝʣʦʢ-ɼʅʂ. 

ɹʦʣʝʝ ʪʦʛʦ, AAG ʩʚʷʟʳʚʘʝʪ PCNA ʠ ʩʪʠʤʫʣʠʨʫʝʪʩʷ APE1 ʧʫʪʝʤ ʫʩʢʦʨʝʥʠʷ ʜʠʩʩʦʮʠʘʮʠʠ 

ʧʨʦʜʫʢʪʘ ʩ ɸʇ-ʩʘʡʪʘ [132,133]. ʍʦʪʷ AAG ʯʝʣʦʚʝʢʘ ʠʤʝʝʪ ʩʭʦʜʥʫʶ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ 

ʩ ʙʘʢʪʝʨʠʘʣʴʥʳʤ ʠ ʜʨʦʞʞʝʚʳʤ ʬʝʨʤʝʥʪʦʤ AlkA , ʵʪʠ ʬʝʨʤʝʥʪʳ ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʨʘʟʥʳʤ 

ʩʪʨʫʢʪʫʨʥʳʤ ʩʝʤʝʡʩʪʚʘʤ. AAG ʷʚʣʷʝʪʩʷ ʯʣʝʥʦʤ ʩʫʧʝʨʩʝʤʝʡʩʪʚʘ ʩʧʠʨʘʣʴ-ʰʧʠʣʴʢʘ-ʩʧʠʨʘʣʴ 

(HhH). ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ AAG ʩʦʩʪʦʠʪ ʠʟ ʦʜʥʦʛʦ ʩʤʝʰʘʥʥʦʛʦ Ŭ/ɓ-ʜʦʤʝʥʘ, ʢʦʪʦʨʳʡ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʜʨʫʛʠʭ ʛʣʠʢʦʟʠʣʘʟ, ʥʦ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ AlkA, ʝʝ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ ʦʙʨʘʟʦʚʘʥ ʘʨʦʤʘʪʠʯʝʩʢʠʤʠ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ, ʥʝʦʙʭʦʜʠʤʳʤʠ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʵʣʝʢʪʨʦʥ-ʜʝʬʠʮʠʪʥʳʭ 

ʘʣʢʠʣʠʨʦʚʘʥʥʳʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ [134] (ʨʠʩ. 8). 

ʄʳʰʠ ʩ ʜʝʬʝʢʪʦʤ ʛʝʥʘ aag ʙʳʣʠ ʞʠʟʥʝʩʧʦʩʦʙʥʳʤʠ ʠ ʥʦʨʤʘʣʴʥʦ ʨʘʟʚʠʚʘʣʠʩʴ, ʧʨʠ ʵʪʦʤ ʦʥʠ 

ʙʳʣʠ ʫʤʝʨʝʥʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʘʣʢʠʣʠʨʫʶʱʠʤ ʘʛʝʥʪʘʤ ʠ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʜʘʣʝʥʠʷ 3-mA, ʥʦ ʥʝ 7-mG [128]. ʂʨʦʤʝ ʪʦʛʦ, ʫ aag-ʥʫʣʝʚʳʭ ʤʳʰʝʡ 

ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʘʟʦʢʩʠʤʝʪʘʥʦʤ ʜʣʷ ʠʥʜʫʢʮʠʠ ʘʣʢʠʣʠʨʫʶʱʠʭ ʧʦʚʨʝʞʜʝʥʠʡ ʠʣʠ 
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ʜʝʢʩʪʨʘʥʩʫʣʴʬʘʪʦʤ ʜʣʷ ʠʥʜʫʢʮʠʠ ʚʦʩʧʘʣʝʥʠʷ ʥʘʙʣʶʜʘʣʘʩʴ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʯʘʩʪʦʪʘ ʨʘʢʘ ʪʦʣʩʪʦʡ 

ʢʠʰʢʠ, ʯʝʤ ʫ ʤʳʰʝʡ ʜʠʢʦʛʦ ʪʠʧʘ, ʧʦʣʫʯʘʚʰʠʭ ʘʥʘʣʦʛʠʯʥʫʶ ʪʝʨʘʧʠʶ [135]. ʄʳʰʠ ʩ ʥʦʢʘʫʪʦʤ 

aag ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʝʝ ʪʷʞʝʣʳʝ ʧʦʨʘʞʝʥʠʷ ʞʝʣʫʜʢʘ, ʯʝʤ ʤʳʰʠ ʜʠʢʦʛʦ ʪʠʧʘ, ʧʦʩʣʝ 

ʟʘʨʘʞʝʥʠʷ Helicobacter pylori [136]. ʍʦʪʷ ʩʫʱʝʩʪʚʫʝʪ ʜʦʚʦʣʴʥʦ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʦʣʠʤʦʨʬʠʟʤʦʚ 

ʬʝʨʤʝʥʪʘ AAG ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝ ʧʦʢʘʟʳʚʘʶʪ ʩʚʷʟʠ ʤʝʞʜʫ ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ ʛʝʥʘ 

aag ʠ ʨʘʟʚʠʪʠʝʤ ʦʥʢʦʣʦʛʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ. 

1.2.4. NEI-ʧʦʜʦʙʥʳʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʠ (NEIL1, NEIL2 ʠ NEIL3) ʠ ʵʥʜʦʥʫʢʣʝʘʟʘ III (NTH1) 

ɺ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ ʦʙʥʘʨʫʞʝʥʳ ʯʝʪʳʨʝ ʙʠʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, ʢʦʪʦʨʳʝ 

ʨʘʩʧʦʟʥʘʶʪ ʦʢʠʩʣʝʥʥʳʝ ʧʠʨʠʤʠʜʠʥʳ ʠ ʬʦʨʤʘʤʠʜʦʧʠʨʠʤʠʜʠʥ  r (ʨʠʩ. 9). ʕʥʜʦʥʫʢʣʝʘʟʘ III  

(NTH1), ʢʘʢ ʠ ʚʩʝ ʦʨʪʦʣʦʛʠ EcoNth, ʦʙʣʘʜʘʝʪ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʥʦʡ/ʣʠʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʚ 

ʦʪʥʦʰʝʥʠʠ ʦʢʠʩʣʝʥʥʳʭ ʧʠʨʠʤʠʜʠʥʦʚ, ʬʦʨʤʘʤʠʜʦʧʠʨʠʤʠʜʠʥʦʚ, 5-ʬʦʨʤʠʣʫʨʘʮʠʣʘ, ʘ ʪʘʢʞʝ 

ʛʠʜʨʦʣʠʟʫʝʪ Aʇ-ʩʘʡʪʳ. NTH1, ʧʦʜʦʙʥʦ OGG1 ʠ MUTYH, ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʯʣʝʥʦʤ ʩʫʧʝʨʩʝʤʝʡʩʪʚʘ 

ʩʧʠʨʘʣʴ-ʰʧʠʣʴʢʘ-ʩʧʠʨʘʣʴ (HhH) [137,138]  
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ʈʠʩ. 9. ʇʨʠʤʝʨʳ ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ ʚ ʩʫʙʩʪʨʘʪʘʭ ʜʣʷ NTH1, NEIL1, NEIL2, NEIL3. 

ɺ E. coli ʙʳʣʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ ʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʘ ʨʝʟʝʨʚʥʘʷ ʘʢʪʠʚʥʦʩʪʴ EcoNth ʚ 

ʫʜʘʣʝʥʠʠ ʦʢʠʩʣʝʥʥʳʭ ʧʠʨʠʤʠʜʠʥʦʚ, EcoNei. ɽʛʦ ʧʝʨʚʳʝ ʵʫʢʘʨʠʦʪʠʯʝʩʢʠʝ ʛʦʤʦʣʦʛʠ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʫ ʣʶʜʝʡ ʠ ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ NEIL1, NEIL2 ʠ NEIL3 (NEI-ʧʦʜʦʙʥʳʝ) [139]. NEIL1 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ ʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʳʝ ʧʫʨʠʥʳ, ʥʘʩʳʱʝʥʥʳʝ ʧʠʨʠʤʠʜʠʥʳ ʠ ʥʝʢʦʪʦʨʳʝ 

ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ, ʚʢʣʶʯʘʷ Tg, FapyG, FapyA, 8-oxoG, 5-hU ʠ 5-hC [140]. ʉʪʨʫʢʪʫʨʘ 

NEIL1 ʯʝʣʦʚʝʢʘ ʙʳʣʘ ʨʘʟʨʝʰʝʥʘ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ [141]. NEIL1 

ʩʦʜʝʨʞʠʪ ʩʪʨʫʢʪʫʨʥʳʡ ʤʦʪʠʚ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʜʚʫʭ ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʳʭ ɓ-ʮʝʧʝʡ, ʢʦʪʦʨʳʝ 

ʠʤʠʪʠʨʫʶʪ ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʳʝ ɓ-ʰʧʠʣʴʢʠ ʮʠʥʢʦʚʦʛʦ ʧʘʣʴʮʘ, ʦʙʥʘʨʫʞʝʥʥʳʝ ʫ ʜʨʫʛʠʭ ʯʣʝʥʦʚ 

ʩʝʤʝʡʩʪʚʘ Nei. ʕʪʦʪ ʤʦʪʠʚ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ NEIL1, ʧʦʩʢʦʣʴʢʫ 
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ʟʘʤʝʥʘ ʦʜʥʦʡ ʘʤʠʥʦʢʠʩʣʦʪʳ (Arg277Ala) ʚ ʵʪʦʤ ʙʝʟʮʠʥʢʦʚʦʤ ʧʘʣʴʮʝʦʙʨʘʟʥʦʤ ʤʦʪʠʚʝ ʩʥʠʞʘʝʪ 

ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠ ̫ʩʫʙʩʪʨʘʪʘ (ʨʠʩ. 10) [141].  

ʈʠʩ. 10. ʄʦʜʝʣʴ ʢʦʤʧʣʝʢʩʘ NEIL1ï ɼʅʂ. ɼʅʂ ʮʝʧʴ, ʩʦʜʝʨʞʘʱʘʷ ʧʦʚʨʝʞʜʝʥʠʝ, ʚʳʜʝʣʝʥʘ ʟʝʣʝʥrʤ ʮʚʝʪʦʤ, 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʘʷ ʮʝʧʴ ʨʦʟʦʚʦʛʦ ʮʚʝʪʘ, NEIL1 ʩʠʥʝʛʦ ʮʚʝʪʘ. ɹʝʟʮʠʥʢʦʚʳʡ ʧʘʣʝʮ, H2TH, ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʦʩʪʘʪʢʠ 

ʧʨʦʣʠʥʘ ʠ ʢʦʥʩʝʨʚʘʪʠʚʥʦʛʦ ʘʨʛʠʥʠʥʘ ʚʳʜʝʣʝʥʳ ʟʦʣʦʪʳʤ ʮʚʝʪʦʤ. 

NEIL1 ʤʦʞʝʪ ʨʘʩʱʝʧʣʷʪʴ ʧʦʚʨʝʞʜʝʥʠʷ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʚ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ, 

ʜʚʫʭʮʝʧʦʯʝʯʥʳʭ ʠ ʧʫʟʳʨʴʢʦʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ɼʅʂ [142]. ʇʦʩʣʝ ʫʜʘʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʦʩʥʦʚʘʥʠ ̫ NEIL1 ʨʘʩʱʝʧʣʷʝʪ ɸʇ-ʩʘʡʪ ʧʦ ʤʝʭʘʥʠʟʤʫ ɓ-ŭ-ʵʣʠʤʠʥʠʨʦʚʘʥʠʷ, ʜʣʷ ʢʦʪʦʨʦʛʦ 

ʥʝʦʙʭʦʜʠʤʘ ʧʦʣʠʥʫʢʣʝʦʪʠʜʢʠʥʘʟʘ (PNK) ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ 3'-ʆʅ-ʢʦʥʮʘ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, NEIL1 

ʟʘʧʫʩʢʘʝʪ APE1-ʥʝʟʘʚʠʩʠʤʳʡ ʧʫʪʴ BER [143]. NEIL1 ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʠ ʩʪʠʤʫʣʠʨʫʝʪʩʷ 

ʨʝʧʣʠʢʘʮʠʦʥʥʳʤʠ ʙʝʣʢʘʤʠ POLŭ, RF-C, Lig1 ʠ FEN1 ʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʫʯʘʩʪʚʫʝʪ ʚ BER, 

ʩʚʷʟʘʥʥʦʡ ʩ ʨʝʧʣʠʢʘʮʠʝʡ [144]. ʂʨʦʤʝ ʪʦʛʦ, NEIL1 ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʙʝʣʢʘʤʠ BER, 

ʪʘʢʠʤʠ ʢʘʢ POLɓ, ɼʅʂ-ʣʠʛʘʟʘ III (LigIII), PCNA ʠ XRCC1, ʧʦʩʨʝʜʩʪʚʦʤ ʩʚʦʝʛʦ ʉ-ʢʦʥʮʝʚʦʛʦ 

ʜʦʤʝʥʘ [140]. ʄʳʰʠ ʥʦʢʘʫʪʥʳʝ ʧʦ neil1 ʞʠʟʥʝʩʧʦʩʦʙʥʳ ʠ ʥʝ ʦʙʥʘʨʫʞʠʚʘʶʪ ʢʘʢʠʭ-ʣʠʙʦ ʷʚʥʳʭ 

ʧʦʩʪʥʘʪʘʣʴʥʳʭ ʜʝʬʝʢʪʦʚ [145]. ʉʦʦʙʱʘʣʦʩʴ ʣʠʰʴ ʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʘʜʝʥʦʤ 

ʣʝʛʢʠʭ ʠ ʛʝʧʘʪʦʢʘʨʮʠʥʦʤ ʫ ʩʪʘʨʝʶʱʠʭ ʞʠʚʦʪʥʳʭ. ʆʜʥʘʢʦ ʷʚʥʳʡ ʩʢʣʦʥʥʳʡ ʢ ʨʘʢʫ ʬʝʥʦʪʠʧ 

ʥʘʙʣʶʜʘʣʩʷ ʫ ʤʳʰʝʡ ʩ ʜʚʦʡʥʳʤ ʥʦʢʘʫʪʦʤ neil1/nth1, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʣʝʛʦʯʥʳʤʠ ʠ 

ʛʝʧʘʪʦʮʝʣʣʶʣʷʨʥʳʤʠ ʢʘʨʮʠʥʦʤʘʤʠ ʠ C Ÿ T ʪʨʘʥʩʚʝʨʩʠʷʤʠ ʚ ʛʝʥʝ k-ras [17]. ʕʪʠ ʥʘʙʣʶʜʝʥʠʷ ʥʝ 

ʪʦʣʴʢʦ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʝʨʝʢʨʳʚʘʶʱʫʶʩʷ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʤʝʞʜʫ NEIL1 ʠ NTHL1, 

ʥʦ ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʚ ʠʥʠʮʠʘʮʠʠ ʦʧʫʭʦʣʠ ʫʯʘʩʪʚʫʶʪ ʜʨʫʛʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʢʨʦʤʝ ʭʦʨʦʰʦ 

ʠʟʚʝʩʪʥʦʛʦ ʧʨʦʢʘʥʮʝʨʦʛʝʥʥʦʛʦ 8-oxoG. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫ ʤʳʰʝʡ ʩ ʥʦʢʘʫʪʦʤ neil1 

ʩʧʦʥʪʘʥʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʦʞʠʨʝʥʠʝ ʩ ʧʦʟʜʥʠʤ ʥʘʯʘʣʦʤ, ʩʚʷʟʘʥʥʦʝ ʩ ʛʠʧʝʨʣʝʧʪʠʥʝʤʠʝʡ, 

ʛʠʧʝʨʠʥʩʫʣʠʥʝʤʠʝʡ, ʩʪʝʘʪʦʟʦʤ ʧʝʯʝʥʠ ʠ ʧʦʚʳʰʝʥʥʳʤ ʧʦʚʨʝʞʜʝʥʠʝʤ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ɼʅʂ 

[145]. ʋ ʣʶʜʝʡ ʠʥʘʢʪʠʚʠʨʫʶʱʠʝ ʤʫʪʘʮʠʠ neil1 ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ ʧʦʜʤʥʦʞʝʩʪʚʝ ʧʝʨʚʠʯʥʳʭ 

ʨʘʢʦʚ ʞʝʣʫʜʢʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʠʟʢʘʷ ʘʢʪʠʚʥʦʩʪʴ NEIL1 ʤʦʞʝʪ ʙʳʪʴ ʚʦʚʣʝʯʝʥʘ 
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ʚ ʧʘʪʦʛʝʥʝʟ ʨʘʢʘ ʞʝʣʫʜʢʘ [146]. ʆʧʠʩʘʥʥʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʦʣʠʤʦʨʬʠʟʤʳ NEIL1 ʚ ʦʩʥʦʚʥʦʤ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʯʘʩʪʠʯʥʫ  ʁ ʠʣʠ ʧʦʣʥʫ  ʁ ʧʦʪʝʨʶ ʛʣʠʢʦʟʠʣʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. ʇʦʣʠʤʦʨʬʥʳʡ 

ʚʘʨʠʘʥʪ Gly83Asp NEIL1 ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʫ ʜʚʫʭ ʧʘʮʠʝʥʪʦʚ ʩ ʭʦʣʘʛʠʦʢʘʨʮʠʥʦʤʦʡ. Gly83 

ʨʘʩʧʦʣʦʞʝʥ ʚ N-ʢʦʥʮʝʚʦʤ ʜʦʤʝʥʝ, ʚ ʧʝʪʣʝ ʚʥʫʪʨʠ ʞʝʣʦʙʢʘ NEIL1, ʢʦʪʦʨʳʡ, ʢʘʢ ʧʦʣʘʛʘʶʪ, 

ʫʯʘʩʪʚʫʝʪ ʚ ʩʚʷʟʳʚʘʥʠʠ ʩ ɼʅʂ. ʕʪʦʪ ʚʘʨʠʘʥʪ Gly83Asp ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʥʠʞʝʥʠʝ Aʇ-ʣʠʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ɼʅʂ ʠ ʜʝʬʝʢʪʝʥ ʚ ʫʜʘʣʝʥʠʠ 8-oxoG, Tg, FapyA, FapyG ʠ 

ʜʠʛʠʜʨʦʪʠʤʠʥʘ ʚ ʜʫʧʣʝʢʩʥʦʡ ɼʅʂ, ʥʦ ʧʨʠ ʵʪʦʤ ʦʥ ʠʤʝʝʪ ʥʦʨʤʘʣʴʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʫʜʘʣʝʥʠʠ 5-

ʛʠʜʨʦʢʩʠʮʠʪʦʟʠʥʘ (5-hC) ʠ 5-ʛʠʜʨʦʢʩʠʫʨʘʮʠʣʘ (5-hU) ʠʟ ʦʜʥʦʮʝʧʦʯʝʯʥʦʡ ɼʅʂ [37]. ʋ ʚʘʨʠʘʥʪʘ 

Cys136Arg ʩʦʚʩʝʤ ʦʪʩʫʪʩʪʚʫʝʪ ʛʣʠʢʦʟʠʣʘʟʥʘ ̫ʘʢʪʠʚʥʦʩʪ ɹ [147]. ʕʪʘ ʘʤʠʥʦʢʠʩʣʦʪʥʘʷ ʟʘʤʝʥʘ 

ʠʟʤʝʥʷʝʪ ʬʦʣʜʠʥʛ ʙʝʣʢʘ, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʩʪʘʚʠʪ ʧʦʜ ʫʛʨʦʟʫ ʜʘʞʝ ʩʘʤʫ ʩʧʦʩʦʙʥʦʩʪʴ ʬʝʨʤʝʥʪʘ 

ʩʚʷʟʳʚʘʪʴ ʧʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ. ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ [147] ʩʦʦʙʱʘʣʦʩʴ, ʯʪʦ ʛʣʠʢʦʟʠʣʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʜʚʫʭ ʜʨʫʛʠʭ ʚʘʨʠʘʥʪʦʚ, Ser82Cys ʠ Asp252Asn ʦʯʝʥʴ ʩʭʦʞʘ ʩ ʘʢʪʠʚʥʦʩʪʴ ʁʬʝʨʤʝʥʪʘ 

ʜʠʢʦʛʦ ʪʠʧʘ. ɺ ʜʨʫʛʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [142] ʙʳʣʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʩʫʙʩʪʨʘʪʥʘʷ ʩʧʝʮʠʬʠʯʥʦʩʪʴ 

ʚʘʨʠʘʥʪʦʚ NEIL1 Ser82Cys, Pro208Ser ʠ ȹE28. ɺʘʨʠʘʥʪ Pro208Ser ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ 

ʘʢʪʠʚʥʦʩʪʴ, ʧʦʜʦʙʥʫʶ ʜʠʢʦʤʫ ʪʠʧʫ, ʥʘ ʚʩʝʭ ʧʨʦʪʝʩʪʠʨʦʚʘʥʥʳʭ ʩʫʙʩʪʨʘʪʘʭ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚʘʨʠʘʥʪʳ Ser82Cys ʠ ȹE28 ʙʳʣʠ ʜʝʬʝʢʪʥʳ ʧʨʠ ʫʜʘʣʝʥʠʠ Tg. ɺʘʨʠʘʥʪ NEIL1 Glu181Lys ʙʳʣ 

ʥʘʡʜʝʥ ʫ ʧʘʮʠʝʥʪʘ ʩ ʧʝʨʚʠʯʥʳʤ ʩʢʣʝʨʦʟʠʨʫʶʱʠʤ ʭʦʣʘʥʛʠʪʦʤ, ʥʦ ʙʝʣʦʢ ʦʢʘʟʘʣʩʷ ʥʝʨʘʩʪʚʦʨʠʤ 

ʧʨʠ ʧʦʧʳʪʢʝ ʵʢʩʧʨʝʩʩʠʠ ʝʛʦ ʚ ʙʘʢʪʝʨʠʘʣʴʥʳʭ ʢʣʝʪʢʘʭ [37]. ɼʚʘ ʨʝʜʢʠʭ ʚʘʨʠʘʥʪʘ NEIL1, 

Pro208Ser ʠ Arg339Gln, ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʢʦʣʦʨʝʢʪʘʣʴʥʳʤʠ ʘʜʝʥʦʤʘʤʠ, ʥʦ 

ʚʘʨʠʘʥʪ Arg339Gln ʪʘʢʞʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʢʦʥʪʨʦʣʝ [68]. ʊʨʠ ʚʘʨʠʘʥʪʘ NEIL1, Lys242Arg, 

Gly245Arg ʠ Arg334Gly ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʚ ʦʧʫʭʦʣʷʭ ʞʝʣʫʜʢʘ. ɺʩʝ ʵʪʠ ʚʘʨʠʘʥʪʳ ʤʘʣʦ 

ʦʪʣʠʯʘʣʠʩʴ ʧʦ ʘʢʪʠʚʥʦʩʪʠ ʦʪ NEIL1 ʜʠʢʦʛʦ ʪʠʧʘ [147]. 

NEIL2 ʠʤʝʝʪ ʪʘʢʫʶ ʞʝ ʩʫʙʩʪʨʘʪʥʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʯʪʦ ʠ ʬʝʨʤʝʥʪʳ NTHL1 ʠ NEIL1. 

ʉʪʨʫʢʪʫʨʘ ʙʝʣʢʘ NEIL2 ʝʱʝ ʥʝ ʨʘʟʨʝʰʝʥʘ ʩ ʧʦʤʦʱʴʶ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ, ʦʜʥʘʢʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʬʝʨʤʝʥʪ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʜʦʤʝʥʦʚ: N-ʢʦʥʮʝʚʦʛʦ ʠ ʉ-ʢʦʥʮʝʚʦʛʦ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʪʠʧʠʯʥʳʡ 

ʤʦʪʠʚ H2TH ʠ ʥʝʦʙʳʯʥʳʡ ʤʦʪʠʚ ʮʠʥʢʦʚʳʭ ʧʘʣʴʮʝʚ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ 

ʢʘʪʘʣʠʟʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [148,149]. ɸʇ-ʩʘʡʪ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʦʩʥʦʚʘʥʠʷ, ʨʘʩʱʝʧʣʷʝʪʩʷ ʧʦ ʤʝʭʘʥʠʟʤʫ ɓ-ŭ-ʵʣʠʤʠʥʠʨʦʚʘʥʠʷ, ʩʭʦʜʥʦʤʫ ʩ ʤʝʭʘʥʠʟʤʦʤ ʜʝʡʩʪʚʠʷ 

NEIL1 [150]. NEIL2, ʢʘʢ ʠ NEIL1, ʦʙʣʘʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʡ dRP-ʣʠʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ [151]. NEIL2, 

ʧʦ-ʚʠʜʠʤʦʤʫ, ʠʛʨʘʝʪ ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʨʝʧʘʨʘʮʠʠ ʦʢʠʩʣʝʥʥʳʭ ʦʩʥʦʚʘʥʠʡ ʚ ʘʢʪʠʚʥʳʭ ʛʝʥʘʭ 

(ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦ-ʩʚʷʟʘʥʥʳʡ BER, TC-BER), ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʈʅʂ-

ʧʦʣʠʤʝʨʘʟʦʡ II, TFIIH, CSB ʠ LIGIII ʢʘʢ in vitro, ʪʘʢ ʠ in vivo [152,153]. ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʠ NEIL1, ʠ NEIL2 ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ TDG ʚʦ ʚʨʝʤʷ ʫʜʘʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ, ʩʪʠʤʫʣʠʨʫʷ ʵʪʦʪ 

ʧʨʦʮʝʩʩ [154]. ɹʦʣʝʝ ʪʦʛʦ, NEIL ʬʫʥʢʮʠʦʥʠʨʫʶʪ ʢʘʢ Aʇ-ʣʠʘʟʳ ʚʦ ʚʨʝʤʷ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ 

ʜʝʤʝʪʠʣʠʨʦʚʘʥʠʷ ɼʅʂ [154]. 
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ʋ ʤʳʰʝʡ ʩ ʥʦʢʘʫʪʦʤ ʛʝʥʘ neil2 ʥʝʪ ʷʚʥʦʛʦ ʬʝʥʦʪʠʧʘ ʠʣʠ ʩʧʦʥʪʘʥʥʦʛʦ ʦʥʢʦʛʝʥʝʟʘ, ʭʦʪʷ 

ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʪʨʘʥʩʢʨʠʧʮʠʠ neil2 ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʪʝʣʦʤʝʨ ʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ ʠ 

ʚʳʟʳʚʘʝʪ ʚʨʦʞʜʝʥʥʦʝ ʚʦʩʧʘʣʝʥʠʝ [153]. ʋ ʞʠʚʦʪʥʳʭ ʩʨʝʜʥʝʛʦ ʠ ʧʦʞʠʣʦʛʦ ʚʦʟʨʘʩʪʘ 

ʥʘʢʘʧʣʠʚʘʶʪʩ ̫ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ ʚ ʦʩʥʦʚʥʦʤ ʚ ʪʨʘʥʩʢʨʠʙʠʨʫʝʤʳʭ ʦʙʣʘʩʪʷʭ 

ʛʝʥʦʤʘ [153], ʯʪʦ ʝʱʝ ʨʘʟ ʧʦʜʪʚʝʨʞʜʘʝʪ ʨʦʣɹ NEIL2 ʚ TC-BER. 

ʊʨʠ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʘ NEIL2: Arg103Gln, Pro123Thr ʠ Arg257Leu, ʙʳʣʠ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʩʝʤʝʡʥʳʤ ʘʥʘʤʥʝʟʦʤ ʢʦʣʦʨʝʢʪʘʣʴʥʦʛʦ ʨʘʢʘ ʠ ʥʝ ʥʘʙʣʶʜʘʣʠʩʴ 

ʚ ʢʦʥʪʨʦʣʝ [92]. ɺʘʨʠʘʥʪʳ NEIL2 Arg103Gln ʠ Arg257Leu ʪʘʢʞʝ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʫ ʧʘʮʠʝʥʪʦʚ 

ʩ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʢʦʣʦʨʝʢʪʘʣʴʥʳʤʠ ʢʘʨʮʠʥʦʤʘʤʠ ʠ ʫ ʙʦʣʴʥʳʭ ʨʘʢʦʤ ʣʝʛʢʦʛʦ [68]. 

ɻʣʠʢʦʟʠʣʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʚʘʨʠʘʥʪʘ Arg257Leu ʙʳʣʘ ʣʠʰʴ ʥʝʤʥʦʛʦ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʝʣʢʦʤ 

ʜʠʢʦʛʦ ʪʠʧʘ. ʆʜʥʘʢʦ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʛʣʠʢʦʟʠʣʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʩʦʜʝʨʞʘʱʝʤ 

NEIL2 ʜʠʢʦʛʦ ʪʠʧʘ ʠʣʠ ʚʘʨʠʘʥʪʳ Arg257Leu ʠ Arg103Gln ʚʤʝʩʪʝ ʩ ʜʨʫʛʠʤʠ ɼʅʂ-ʙʝʣʢʘʤʠ BER 

(PNKP, POLɓ, LigIII Ŭ ʠ XRCC1), ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠʤʝʨʥʦ 5-ʢʨʘʪʥʦʝ ʩʥʠʞʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʜʣʷ 

ʚʘʨʠʘʥʪʘ Arg257Leu ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ WT ʠʣʠ Arg103Gln NEIL2, ʯʪʦ ʚʠʜʠʤʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʥʠʟʢʦʡ ʘʬʬʠʥʥʦʩʪʠ ʢ ʜʨʫʛʠʤ ʙʝʣʢʘʤ ʨʝʧʘʨʘʮʠʠ, ʦʩʦʙʝʥʥʦ ʢ POLɓ [155]. ɺʘʨʠʘʥʪ Arg257Leu 

ʤʦʞʝʪ ʙʳʪʴ ʬʘʢʪʦʨʦʤ ʨʠʩʢʘ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʛʠʩʪʦʣʦʛʠʯʝʩʢʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʘʢʘ ʣʝʛʢʦʛʦ ʚ 

ʢʠʪʘʡʩʢʦʡ ʧʦʧʫʣʷʮʠʠ, ʛʜʝ ʚʩʪʨʝʯʘʝʤʦʩʪʴ ʵʪʦʛʦ SNP ʦʯʝʥʴ ʚʳʩʦʢʘ [155]. 

NEIL3 ʚ ʦʩʥʦʚʥʦʤ ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ [156] ʠ ʫʜʘʣʷʝʪ 

ʛʠʜʘʥʪʦʠʥʦʚʳʝ ʧʦʚʨʝʞʜʝʥʠʷ ʠʟ ʦʜʥʦ- ʠ ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ɼʅʂ ʠ 5-ʛʠʜʨʦʢʩʠʮʠʪʦʟʠʥ (5-hC) ʠ 5-

ʛʠʜʨʦʢʩʠʫʨʘʮʠʣ (5-hU) ʠʟ ʦʜʥʦʮʝʧʦʯʝʯʥʦʡ ɼʅʂ. N-ʢʦʥʮʝʚʘʷ ʯʘʩʪʴ NEIL3 ʩʦʜʝʨʞʠʪ ʤʦʪʠʚ H2TH, 

ʘ C-ʢʦʥʝʮ ʩʦʜʝʨʞʠʪ ʤʦʪʠʚ ʮʠʥʢʦʚʦʛʦ ʧʘʣʴʮʘ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ. ɺ ʢʦʥʩʝʨʚʘʪʠʚʥʦʤ N-ʢʦʥʮʝ 

ʦʩʪʘʪʦʢ Val ʟʘʤʝʥʷʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ Pro, ʦʙʥʘʨʫʞʝʥʥʳʡ ʫ ʙʦʣʴʰʠʥʩʪʚʘ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʩʝʤʝʡʩʪʚʘ Nei [157]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʘ neil3-ʜʝʬʠʮʠʪʥʳʭ ʤʳʰʘʭ [158,159] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʪʠ 

ʞʠʚʦʪʥʳʝ ʞʠʟʥʝʩʧʦʩʦʙʥʳ, ʧʣʦʜʦʚʠʪʳ ʠ ʟʜʦʨʦʚʳ ʚʦ ʚʟʨʦʩʣʦʤ ʚʦʟʨʘʩʪʝ ʠ ʥʝ ʧʨʦʷʚʣʷʶʪ 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʫ ʩʪʘʨʳʭ ʤʳʰʝʡ ʩ ʥʦʢʘʫʪʦʤ ʛʝʥʘ neil3 ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ 

ʥʘʨʫʰʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʥʠʞʝʥʥʳʤ ʦʙʫʯʝʥʠʝʤ ʠ ʧʘʤʷʪʴʶ, ʜʝʤʦʥʩʪʨʠʨʫʷ, ʯʪʦ NEIL3 ʠʛʨʘʝʪ 

ʦʧʨʝʜʝʣʝʥʥʫʶ ʨʦʣʴ ʚ ʧʦʜʜʝʨʞʘʥʠʠ ʥʝʡʨʦʛʝʥʝʟʘ [158,159]. 

ʅʝʜʘʚʥʦ ʙʳʣʘ ʚʳʜʚʠʥʫʪʘ ʛʠʧʦʪʝʟʘ ʦ ʨʦʣʠ NEIL3 ʚ ʘʪʝʨʦʛʝʥʝʟʝ ʠ ʨʝʛʫʣʷʮʠʠ ʤʝʪʘʙʦʣʠʟʤʘ 

ʣʠʧʠʜʦʚ ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʪʠʤʫʣʷʮʠʠ ʘʪʝʨʦʩʢʣʝʨʦʟʘ ʫ ʤʳʰʝʡ ʥʘ ʜʠʝʪʝ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʞʠʨʦʚ [160]. ʕʪʦ ʦʪʢʨʳʪʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʫʯʘʩʪʠʝ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʚ ʨʝʛʫʣʷʮʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʤʝʪʘʙʦʣʠʟʤʘ. ʋ ʧʘʮʠʝʥʪʦʚ ʩ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʢʦʣʦʨʝʢʪʘʣʴʥʳʤʠ ʘʜʝʥʦʤʘʤʠ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 

ʰʝʩʪʴ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ NEIL3 (Pro117Arg, Arg38Cys, Gln172His, Arg315Gln, Arg520Gly 

ʠ Glu132Val), ʥʦ ʪʦʣʴʢʦ Glu132Val, ʦʙʥʘʨʫʞʠʚʘʣʩʷ ʫ ʧʘʮʠʝʥʪʘ, ʠ ʥʝ ʙʳʣ ʥʘʡʜʝʥ ʚ ʢʦʥʪʨʦʣʴʥʦʡ 

ʛʨʫʧʧʝ [68]. 
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ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʙʥʘʨʫʞʝʥ ʨʷʜ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʬʝʨʤʝʥʪʘ NTH1, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʚ ʙʘʟʘʭ, ʧʦʢʘ ʥʠ ʦʜʠʥ ʠʟ ʥʠʭ ʥʝ ʙʳʣ ʩʚʷʟʘʥ ʩ ʢʘʢʠʤ-ʣʠʙʦ 

ʟʘʙʦʣʝʚʘʥʠʝʤ [161]. 

 

1.3 ʇʦʣʠʤʦʨʬʠʟʤʳ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ 1 (APE1) 

Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʘ 1 ʯʝʣʦʚʝʢʘ (APE1) ï ʢʣʶʯʝʚʦʡ ʬʝʨʤʝʥʪ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ 

ʦʩʥʦʚʘʥʠʡ, ʦʪʚʝʯʘʶʱʠʡ ʟʘ ʛʠʜʨʦʣʠʟ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ Aʇ-ʩʘʡʪ rʠ ʨʷʜ ʜʨʫʛʠʭ ʥʝʦʙʲʝʤʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ɼʅʂ [162]. APE1 ï ʵʪʦ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʙʝʣʦʢ, ʩʦʩʪʦʷʱʠʡ ʠʟ 318 

ʘʤʠʥʦʢʠʩʣʦʪ, ʢʦʪʦʨʳʡ ʫʯʘʩʪʚʫʝʪ ʚ ʨʝʧʘʨʘʮʠʠ ɼʅʂ ʠ ʨʝʛʫʣʷʮʠʠ ʪʨʘʥʩʢʨʠʧʮʠʠ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ 

ʝʛʦ ʛʣʘʚʥʘʷ ʬʠʟʠʦʣʦʛʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ ï ʛʠʜʨʦʣʠʟ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʚ ɼʅʂ ʩ 5'-ʩʪʦʨʦʥʳ ʦʪ 

Aʇ-ʩʘʡʪʘ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʨʘʟʨʳʚʫ ʨʠʙʦʟʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʬʨʘʛʤʝʥʪʦʚ ʮʝʧʠ, 

ʩʦʜʝʨʞʘʱʠʭ 3'-ʛʠʜʨʦʢʩʠʣʴʥʫʶ ʛʨʫʧʧʫ ʠ 2'-ʜʝʟʦʢʩʠʨʠʙʦʟʦ-5'-ʬʦʩʬʘʪ. ɻʝʥ apex1 ʢʦʜʠʨʫʝʪ 

ʦʩʥʦʚʥʦʡ ʬʝʨʤʝʥʪ APE1, ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʢʘʢ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʪʘʢ ʠ 3'-

ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʦʡ, 3'-ʬʦʩʬʘʪʘʟʥʦʡ, 3'-5'-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʠ ʈʅʂʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʷʤʠ [163]. 

APE1 ʠʤʝʝʪ ʟʘʤʝʪʥʫʶ ʛʦʤʦʣʦʛʠʶ ʩ ʵʢʟʦʥʫʢʣʝʘʟʦʡ III (Xth) E. coli, ʬʝʨʤʝʥʪʦʤ ʦʙʣʘʜʘʶʱʠʤ 

Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ, 3'-ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʥʦʡ ʠ 3'-5'-ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ [164]. ɻʦʤʦʣʦʛʠʷ 

ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 63%, ~ 260 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʩ ʉ-ʢʦʥʮʘ APE1 ʷʚʣʷʶʪʩʷ 

ʢʦʥʩʝʨʚʘʪʠʚʥʳʤʠ. ʀʤʝʥʥʦ ʵʪʦʪ ʫʯʘʩʪʦʢ ʩʦʩʪʘʚʣʷʝʪ ʥʫʢʣʝʘʟʥʦʝ ʷʜʨʦ ʵʪʦʛʦ ʙʝʣʢʘ ʫ 

ʤʣʝʢʦʧʠʪʘʶʱʠʭ (ʨʠʩ. 11ʘ). ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʧʨʠʦʙʨʝʪʝʥʥʘʷ N-ʢʦʥʮʝʚʘʷ ʦʙʣʘʩʪʴ APE1, 

ʦʪʚʝʯʘʝʪ ʟʘ ʚʥʫʪʨʠʷʜʝʨʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ ʵʪʦʛʦ ʬʝʨʤʝʥʪʘ, ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʥʫʢʣʝʠʥʦʚʳʤʠ 

ʢʠʩʣʦʪʘʤʠ ʠ ʙʝʣʢʘʤʠ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦʷʚʣʝʥʠʶ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ (RedOx) 

ʬʫʥʢʮʠʠ (REF1) [165]. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ APE1 (ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ 

ʦʩʪʘʪʢʠ ʩ 43 ʧʦ 318) ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʩʫʧʝʨʩʝʤʝʡʩʪʚʫ ʬʝʨʤʝʥʪʦʚ ʬʦʩʬʦʵʩʪʝʨʘʟ, ʠʤʝʷ ʚ ʩʚʦʝʡ 

ʩʪʨʫʢʪʫʨʝ ʯʝʪʳʨʝʭʩʣʦʡʥʦʝ ʷʜʨʦ ʚ ʚʠʜʝ Ŭ/ɓ-ʩʵʥʜʚʠʯʘ (ʨʠʩ. 11ʙ), ʜʝʤʦʥʩʪʨʠʨʫʷ ʷʚʥʦʝ ʩʭʦʜʩʪʚʦ ʩ 

ʜʨʫʛʠʤʠ ʥʫʢʣʝʘʟʘʤʠ (Xth, ɼʅʂʘʟʦʡ I, ʈʅʂʘʟʦʡ H) [166]. 

ʂʣʶʯʝʚʳʝ ʵʣʝʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ APE1 ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʚʘʞʥʳʝ ʦʪʜʝʣʴʥʳʝ 

ʦʙʣʘʩʪʠ ʠ ʫʥʠʢʘʣʴʥʳʡ ʘʢʪʠʚʥʳʡ ʩʘʡʪ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ APE1 ʩʧʝʮʠʬʠʯʝʩʢʠ ʨʘʩʧʦʟʥʘʚʘʪʴ, 

ʩʚʷʟʳʚʘʪʴʩʷ ʠ ʩʢʦʣʴʟʠʪʴ ʧʦ ʮʝʧʠ ɼʅʂ ʚ ʧʦʠʩʢʘʭ Aʇ-ʩʘʡʪʘ, ʧʦʩʨʝʜʩʪʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ 

ʨʠʙʦʟʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ ɼʅʂ [167]. 
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ʘ) 

 

ʙ) 

 

ʈʠʩ. 11. ʂʣʶʯʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ APE 1. (ʘ) ʃʠʥʝʡʥʦʝ ʩʨʘʚʥʝʥʠʝ ʙʝʣʢʦʚ APE1 ʯʝʣʦʚʝʢʘ Xth E. coli (Exo III). ʈʝʜʦʢʩ-

ʜʦʤʝʥ APE1 ʠʟʦʙʨʘʞʝʥ ʦʨʘʥʞʝʚʳʤ, ʘ ʥʫʢʣʝʘʟʥʳʝ ʜʦʤʝʥʳ APE1 ʠ Exo III - ʟʝʣʝʥʳʤ. ʋʢʘʟʘʥʳ ʢʣʶʯʝʚʳʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʦʩʪʘʪʢʠ ʚ APE1. (ʙ) ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ APE1 ʠ ʝʸ ʙʠʦʭʠʤʠʯʝʩʢʠʝ 

ʬʫʥʢʮʠʠ. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ APE1 ʩ ʯʝʪʳʨʝʭʩʣʦʡʥʦʡ Ŭ/ɓ-ʩʢʣʘʜʢʦʡ ʪʠʧʘ çʩʵʥʜʚʠʯè (ʚ ʮʝʥʪʨʝ). ɺʩʝ 

ʦʧʠʩʘʥʥʳʝ ʙʠʦʭʠʤʠʯʝʩʢʠʝ ʬʫʥʢʮʠʠ ʙʝʣʢʘ ʫʢʘʟʘʥʳ ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ, ʢʦʥʢʨʝʪʥʳʝ ʘʢʪʠʚʥʦʩʪʠ ʠʣʠ ʮʝʣʝʚʳʝ 

ʙʝʣʢʠ/ʛʝʥʳ ʫʢʘʟʘʥʳ ʥʠʞʝ ʠʣʠ ʚ ʩʢʦʙʢʘʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ [168ï172] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ APE1-ɼʅʂ 

ʚʳʟʳʚʘʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ ʚ ʦʙʝʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʦʣʝʢʫʣʘʭ. ʇʨʦʠʩʭʦʜʠʪ 

ʠʟʛʠʙ ɼʅʂ, ʧʦʚʨʝʞʜʝʥʥʳʡ ʥʫʢʣʝʦʪʠʜ ʚr ʚʦʨʘʯʠʚʘʝʪʩʷ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʚ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ 

ʬʝʨʤʝʥʪʘ, ʠ ɻʪʘ ʚʳʚʝʨʥʫʪʘʷ ʢʦʥʬʦʨʤʘʮʠʷ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʧʫʪʝʤ ʚʩʪʨʘʠʚʘʥʠʷ ʥʝʢʦʪʦʨʳʭ 

ʙʦʢʦʚʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʛʨʫʧʧ ʚ ʜʚʦʡʥʫ  ʁʩʧʠʨʘʣʴ ɼʅʂ (ʨʠʩ. 12ʘ). 

ɺ ʩʘʡʪʝ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʫ APE1 ʥʘʭʦʜʷʪʩʷ ʦʩʪʘʪʢʠ Arg73, Ala74, Lys78, Trp280, Asn222, 

Asn226 ʠ Asn229, ʢʦʪʦʨʳʝ ʚʩʪʫʧʘʶʪ ʚ ʢʦʥʪʘʢʪ ʩ ʬʦʩʬʘʪʥʳʤʠ ʛʨʫʧʧʘʤʠ ɼʅʂ ʜʫʧʣʝʢʩʘ ʩ 5'- ʠ 3'-

ʩʪʦʨʦʥʳ ʦʪ ɸʇ-ʩʘʡʪʘ (ʨʠʩ. 12ʘ). ʉʪʘʙʠʣʠʟʘʮʠʷ ʚʳʚʝʨʥʫʪʦʛʦ ʠʟ ʜʚʦʡʥʦʡ ʩʧʠʨʘʣʠ ʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʥʫʢʣʝʦʪʠʜʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ Met270 ʠ Arg177. ɸʢʪʠʚʥʳʡ ʮʝʥʪʨ 

ʬʝʨʤʝʥʪʘ ʩʦʜʝʨʞʠʪ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Glu96, Tyr171, Asn174, Asp210, Asn212, Asp308 ʠ 

His309 (ʨʠʩ. 12ʙ). ɺ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʤ ʩʦʩʪʦʷʥʠʠ ʛʠʜʨʦʣʠʟʫʝʤʘʷ ʬʦʩʬʦʜʠʵʬʠʨʥʘʷ 

ʩʚʷʟʴ, ʨʘʩʧʦʣʦʞʝʥʥʘʷ ʩ 5'-ʩʪʦʨʦʥʳ ʦʪ ɸʇ-ʩʘʡʪʘ, ʥʘʧʨʷʤʫʶ ʢʦʦʨʜʠʥʠʨʫʝʪʩʷ ʦʩʪʘʪʢʘʤʠ Asn174, 

Asn212 ʠ His309. 
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ʘ) 

 

ʙ) 

 

ʈʠʩ. 12. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ APE1 ï ɼʅʂ. (ʘ) ʉʪʨʫʢʪʫʨʘ APE1 ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ 

F-ʩʘʡʪ [PDB ID 1DE8]. ɺʩʪʨʘʠʚʘʶʱʠʝʩʷ ʚ ʜʫʧʣʝʢʩ ɼʅʂ ʦʩʪʘʪʢʠ Met270 ʠ Arg177 ʧʦʢʘʟʘʥʳ ʩʠʥʠʤ ʮʚʝʪʦʤ. 

ɺʘʞʥʳʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʮʝʥʪʨʘ ʚʳʜʝʣʝʥʳ ʨʦʟʦʚʳʤ. (ʙ) ʂʦʥʪʘʢʪʳ ʤʝʞʜʫ 

ʢʣʶʯʝʚʳʤʠ ʦʩʪʘʪʢʘʤʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ, ʢʦʪʦʨʳʝ ʫʯʘʩʪʚʫʶʪ ʚ ʢʦʦʨʜʠʥʘʮʠʠ ʧʦʜʚʠʞʥʦʡ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ, 

ʠʦʥʘ Mg2+ (ʟʝʣʝʥʳʡ) ʠ ʤʦʣʝʢʫʣ ʚʦʜʳ (ʩʠʥʠʡ); ʨʘʩʩʪʦʷʥʠʷ ʚʳʨʘʞʝʥʳ ʚ ¡ (PDB ID 5DFF). 
 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʢʘʪʘʣʠʟʠʨʫʝʤʦʛʦ 

APE1 ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʚ ɼʅʂ (ʨʠʩ. 13). ɼʣʷ ʧʨʦʚʝʨʢʠ ʵʪʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʤʝʭʘʥʠʟʤʦʚ ʘʚʪʦʨʘʤʠ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʨʘʙʦʪ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʠhʨʦʢʠʡ ʩʧʝʢʪʨ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ 

ʬʝʨʤʝʥʪʘ (ʊʘʙʣʠʮʘ 6). 

ʇʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʭʝʤʝ (ʨʠʩ. 13ʘ) [173] ʦʩʪʘʪʦʢ His309 ʜʝʡʩʪʚʫʝʪ ʢʘʢ 

ʦʩʥʦʚʘʥʠʝ. Asp283 ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʧʨʦʪʦʥʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ His309, ʦʙʨʘʟʫʷ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʪʨʠʘʜʫ (ʚʦʜʘ-ʛʠʩʪʠʜʠʥ-ʘʩʧʘʨʪʘʪ). ʂʦʦʨʜʠʥʠʨʦʚʘʥʥʳʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤ ʦʩʪʘʪʢʦʤ Glu96 ʠʦʥ Mg2+ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʦʡ, ʪʝʤ ʩʘʤʳʤ ʥʝʡʪʨʘʣʠʟʫʷ ʝ y ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʟʘʨʷʜ ʠ 

ʦʙʣʝʛʯʘʷ ʥʫʢʣʝʦʬʠʣʴʥʫ  ʁʘʪʘʢʫ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ɸsp210 ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʜʦʥʦʨ ʧʨʦʪʦʥʘ ʜʣʷ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ.  

ʇʦʟʞʝ ʥʘ ʦʩʥʦʚʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ [172], ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʢʦʤʧʣʝʢʩʦʚ 

ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʠ ʧʨʦʜʫʢʪʦʤ, ʤʝʭʘʥʠʟʤ ʜʝʡʩʪʚʠʷ APE1 ʙʳʣ ʧʝʨʝʩʤʦʪʨʝʥ (ʨʠʩ. 13ʙ). ɺ 

ʥʦʚʦʡ ʩʭʝʤʝ ʦʩʪʘʪʦʢ Asp210 ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʦʙʳʯʥʦʝ ʦʩʥʦʚʘʥʠʝ, ʘʢʪʠʚʠʨʫʷ ʤʦʣʝʢʫʣʫ ʚʦʜʳ ʜʣʷ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʚ ɼʅʂ, ʘ ʦʩʪʘʪʦʢ His309 ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʦʪʨʠʮʘʪʝʣʴʥʦ 

ʟʘʨʷʞʝʥʥʦʝ ʧʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʆʩʪʘʪʢʠ ɸsn174 ʠ Asn212, ʦʙʨʘʟʫʶʱʠʝ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʩ 

ʛʠʜʨʦʣʠʟʫʝʤʦʡ ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʦʡ, ʚʣʠʷʶʪ ʥʘ ʝʸ ʦʨʠʝʥʪʘʮʠʶ ʠ ʩʪʘʙʠʣʠʟʘʮʠ ʁʧʝʨʝʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. 
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ʊʘʙʣʠʮʘ 6. ʌʫʥʢʮʠʠ ʥʝʢʦʪʦʨʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʦʚ, ʚʳʷʚʣʝʥʥʳʝ 

ʩ ʧʦʤʦʱʴʶ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ 

ɸʤʠʥʦʢʠʩʣʦʪʥʘʷ 

ʟʘʤʝʥʘ 

ɺʣʠʷʥʠʝ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʇʨʝʜʧʦʣʘʛʘʝʤʘʷ ʨʦʣʴ 

ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ 
ʉʩʳʣʢʠ  

Asp210Asn, 

Asp210Ala, 

Asp210His 

ʧʦʣʥʘʷ ʠʥʘʢʪʠʚʘʮʠʷ ʜʦʥʦʨ ʅ+,* ʘʢʪʠʚʘʮʠʷ ʚʦʜʳ [173ï177] 

His309Asn ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ Ḑ104 

ʨʘʟ, ʩʨʦʜʩʪʚʦ ʢ ɼʅʂ 

ʩʥʠʞʝʥʦ ʚ 5 ʨʘʟ 

ʘʢʪʠʚʘʮʠʷ ʚʦʜʳ,* ʩʪʘʙʠʣʠʟʘʮʠʷ 

ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘ ʩʯʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʬʦʩʬʘʪʥʦʡ 

ʛʨʫʧʧʦʡ 

[172,175,176,178] 

Tyr171His, 

Tyr171Phe, Tyr171Ala 
ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ Ḑ104 

ʨʘʟ 

ʚʦʟʤʦʞʥʳʡ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʦʩʪʘʪʦʢ 

ʚ ʬʝʥʦʣʷʪʥʦʡ ʬʦʨʤʝ, ʩʪʘʙʠʣʠʟʘʮʠʷ 

ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘ ʩʯʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʬʦʩʬʘʪʥʦʡ 

ʛʨʫʧʧʦʡ 

[173,175,178ï

180] 

Glu96Ala, Glu96Gln ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ 400-

600 ʨʘʟ 

ʢʦʦʨʜʠʥʘʮʠʷ ʠʦʥʦʚ Mg2+ [173ï175] 

Asp308Ala ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ 25 

ʨʘʟ 

ʢʦʦʨʜʠʥʘʮʠʷ ʠʦʥʦʚ Mg2+ [173,178,181] 

Asp283Ala ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ 2000 

ʨʘʟ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ His309 [172,178] 

Asp70Ala, Asp70Arg ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ 25 

ʨʘʟ 

ʢʦʦʨʜʠʥʘʮʠʷ ʠʦʥʦʚ Mg2+ [173,174,178] 

Arg177Ala ʥʝʙʦʣʴʰʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʘʢʪʠʚʥʦʩʪʠ 

ʩʧʝʮʠʬʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ɸʇ-ʩʘʡʪʦʤ ʚ ɼʅʂ 

[172] 

Met270Ala ʧʦʣʥʦʩʪʴʶ ʘʢʪʠʚʝʥ ʩʧʝʮʠʬʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ɸʇ-ʩʘʡʪʦʤ ʚ ɼʅʂ 

[172] 

Asn212Ala ʧʦʣʥʘʷ ʠʥʘʢʪʠʚʘʮʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʛʠʜʨʦʣʠʟʦʚʘʥʥʦʡ 

ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʦʡ, ʢʦʦʨʜʠʥʘʮʠʷ 

ʚʦʜʳ ʠ ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʝʨʝʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ 

[172,175,178,182] 

Thr268Asp ʘʢʪʠʚʥʦʩʪʴ ʩʥʠʞʝʥʘ ʚ 15 

ʨʘʟ 

ʢʦʥʪʘʢʪ ʩ 5'-ʬʦʩʬʘʪʦʤ ʩʦʩʝʜʥʝʛʦ 3'-

ʥʫʢʣʝʦʪʠʜʘ ɸʇ-ʩʘʡʪʘ 

[183] 

*ʕʪʘ ʨʦʣʴ ʥʝ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. 

ɺ ʙʦʣʝʝ ʧʦʟʜʥʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [178] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠ ̫ʢʦʤʧʣʝʢʩʘ APE1 ʩ ʩʫʙʩʪʨʘʪʦʤ ʠ ʧʨʦʜʫʢʪʦʤ, ʘ ʩʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʨʝʘʢʮʠʠ ʫʪʦʯʥʝʥʘ. ɹʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʚ ʢʦʤʧʣʝʢʩʝ ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʠʦʥ 

Mg2+ ʩʚʷʟʘʥ ʩ Asp70, Glu96 ʠ ʤʦʣʝʢʫʣʦʡ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ 

ʛʠʜʨʦʣʠʟʫʝʤʦʡ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ. ʄʦʣʝʢʫʣʘ ʚʦʜr, ʜʝʡʩʪʚʫʶʱʘʷ ʢʘʢ ʥʫʢʣʝʦʬʠʣ, ʦʙʨʘʟʫʝʪ 

ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʩ Asn212 ʠ Asp210. ʇʝʨʝʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʠʦʥʦʤ Mg2+ ʠ 

ʦʩʪʘʪʢʘʤʠ Tyr171, His309, Asp210 ʠ Asn212. ɺ ʵʪʦʤ ʩʣʫʯʘʝ Mg2+ ʤʝʥʷʝʪ ʩʚʦʝ ʧʦʣʦʞʝʥʠʝ ʠ 

ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ ʛʠʜʨʦʣʠʟʫʝʤʦʡ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʠ ʘʪʦʤʦʤ ʢʠʩʣʦʨʦʜʘ 

ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ. ɺ ʢʦʤʧʣʝʢʩʝ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ, ʦʩʪʘʪʦʢ Asn212 ʦʨʠʝʥʪʠʨʦʚʘʥ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, 

ʦʙʨʘʟʫ ̫ʚʦʜʦʨʦʜʥʫ  ʁʩʚʷʟ ɹʩ ʧʨʦʜʫʢʪʦʤ (ʨʠʩ. 13ʚ). ɸʣʴʪʝʨʥʘʪʠʚʥʳʝ ʤʝʭʘʥʠʟʤʳ ʧʨʝʜʧʦʣʘʛʘʶʪ, 

ʯʪʦ Tyr171 ʚ ʬʦʨʤʝ ʬʝʥʦʣʷʪʘ ʘʪʘʢʫʝʪ ʨʘʩʱʝʧʣʷʝʤʫʶ ʬʦʩʬʘʪʥʫʶ ʛʨʫʧʧʫ [179] ʠʣʠ His309, 

ʚʳʩʪʫʧʘʷ ʢʘʢ ʦʩʥʦʚʘʥʠʝ, ʛʝʥʝʨʠʨʫʝʪ ʘʪʘʢʫʶʱʠʡ ʥʫʢʣʝʦʬʠʣ [180]. ɸʚʪʦʨʳ ʪɻʠʭ ʨʘʙʦʪ 
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ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ Tyr171 ʚ ʬʝʥʦʣʷʪʥʦʡ ʬʦʨʤʝ ʥʝ ʪʦʣʴʢʦ ʚʦʚʣʝʯʝʥ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʝʡ ɸʇ-ʩʘʡʪ, ʥʦ ʪʘʢʞʝ ʤʦʞʝʪ ʥʘʧʨʷʤʫʶ ʘʪʘʢʦʚʘʪʴ ʨʘʩʱʝʧʣʷʝʤʫʶ ʬʦʩʬʘʪʥʫʶ ʛʨʫʧʧʫ. 

ʘ) 

 
ʙ)

 
ʚ) 

 

ʈʠʩ. 13. ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ ʨʘʩʱʝʧʣʝʥʠʷ ɸʇ-ʩʘʡʪʘ ʩ ʧʦʤʦʱʴʶ APE1: (ʘ) ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ [173], (ʙ) ʩʭʝʤʘ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ [172], (ʚ) ʩʭʝʤʘ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ [178]. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʬʝʥʦʣʷʪʥʳʡ ʢʠʩʣʦʨʦʜ Tyr171 ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʚʩʝʛʦ ~ 1,5 ¡ ʦʪ 

ʛʠʜʨʦʣʠʟʫʝʤʦʡ ʩʚʷʟʠ, ʯʪʦ ʜʝʣʘʝʪ ʚʳʩʦʢʦʚʝʨʦʷʪʥʦʡ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʷʤʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. Arg156, 

ʨʘʩʧʦʣʘʛʘʶʱʠʡʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 4,51 ¡ ʦʪ ʪʠʨʦʟʠʣʴʥʦʛʦ ʢʠʩʣʦʨʦʜʘ, ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʘʢʮʝʧʪʦʨʦʤ 
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ʧʨʦʪʦʥʦʚ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʬʝʥʦʣʷʪ-ʠʦʥʘ. ʅʘʭʦʜʷʱʘʷʩʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʩʪʦʨʦʥʝ 

ʛʠʜʨʦʣʠʟʫʝʤʦʡ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ, ʧʘʨʘ His309/Asp210 ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʩʪʘʙʠʣʠʟʘʪʦʨʦʤ 

ʧʝʨʝʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʥʝʤʦʩʪʠʢʦʚʳʤ ʢʠʩʣʦʨʦʜʦʤ. 

ʏʪʦʙʳ ʨʘʟʨʝʰʠʪʴ ʩʫʱʝʩʪʚʫʶʱʫʶ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪ ɹʦ ʨʦʣʠ ʠʦʥʘ ʤʝʪʘʣʣʘ ʠ 

ʥʝʩʢʦʣʴʢʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʘʭ ʧʨʦʮʝʩʩ ʛʠʜʨʦʣʠʟʘ ɸʇ-ʩʘʡʪʘ ʙʳʣ ʪʱʘʪʝʣʴʥʦ ʠʟʫʯʝʥ ʩ 

ʧʦʤʦʱʴʶ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʢʚʘʥʪʦʚʦʡ ʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʝʭʘʥʠʢʠ [184]. ɹʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʡ ʤʝʭʘʥʠʟʤ ʨʘʩʱʝʧʣʝʥʠʷ ʠʥʠʮʠʠʨʫʝʪʩʷ ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʦʡ 

ʦʩʪʘʪʢʦʤ Asp210 ʤʦʣʝʢʫʣʳ ʚʦʜr. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʨʠʪʠʯʥʳʡ ʜʣʷ ʧʨʦʮʝʩʩʘ ʠʦʥ Mg2+ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʝʨʝʥʦʩʫ ʧʨʦʪʦʥʘ ʦʪ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʪʝʤ ʩʘʤʳʤ ʦʙʣʝʛʯʘʷ 

ʜʠʩʩʦʮʠʘʮʠʶ ʫʭʦʜʷʱʝʡ ʛʨʫʧʧʳ. His309, ʘ ʪʘʢʞʝ Tyr171 ʠ Asn212, ʩʪʘʙʠʣʠʟʠʨʫʪʁ ʟʘʨʷʜ ʥʘ 

ʩʫʙʩʪʨʘʪʝ ʧʦ ʤʝʨʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ. Asn212 ʠ Tyr171 ʪʘʢʞʝ ʠʛʨʘʪʁ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʥʘ 

ʥʘʯʘʣʴʥʳʭ ʵʪʘʧʘʭ ʧʨʦʮʝʩʩʘ, ʧʫʪʝʤ ʦʨʠʝʥʪʠʨʦʚʘʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʩʪʘʪʢʘ Asp210 ʠ 

ʥʫʢʣʝʦʬʠʣʴʥʦʡ ʘʪʘʢʠ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ 

ʨʘʥʝʝ ʙʳʣʦ ʧʨʝʜʧʦʣʦʞʝʥʦ [180], ʯʪʦ His309 ʜʦʣʞʝʥ ʙʳʪʴ ʥʝʡʪʨʘʣʴʥʳʤ ʠ ʠʥʠʮʠʠʨʦʚʘʪʴ ʨʝʘʢʮʠʶ, 

ʛʝʥʝʨʠʨʫʷ ʥʫʢʣʝʦʬʠʣ ʠʟ ʤʦʣʝʢʫʣʳ ʚʦʜʳ, ʨʘʩʯʝʪʳ [184] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ His309 ʜʦʣʞʝʥ ʙʳʪʴ 

ʧʨʦʪʦʥʠʨʦʚʘʥ, ʯʪʦʙʳ ʥʝʡʪʨʘʣʠʟʦʚʘʪʴ ʟʘʨʷʜ ʥʘ ʧʨʦʤʝʞʫʪʦʯʥʦ ʚʦʟʥʠʢʘʶʱʝʤ ʬʦʩʬʦʨʘʥʝ, ʯʪʦ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ ʗʄʈ ʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ [171,178,185]. 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, APE1 ʫʯʘʩʪʚʫʝʪ ʚ ʢʘʯʝʩʪʚʝ ʮʝʥʪʨʘʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ BER. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʦʩʥʦʚʘʥʠʷ ʩʫʙʩʪʨʘʪ-ʩʧʝʮʠʬʠʯʥʦʡ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʦʡ, 

APE1 ʨʘʩʱʝʧʣʷʝʪ ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ Aʇ-ʩʘʡʪ, ʛʝʥʝʨʠʨʫʷ 3'-ʛʠʜʨʦʢʩʠʣʴʥʫ  ʁʛʨʫʧʧʫ ʥʘ ʦʜʥʦʤ ʢʦʥʮʝ 

ʨʘʟʨʳʚʘ ʮʝʧʠ ʠ ʦʩʪʘʪʦʢ 2'-ʜʝʟʦʢʩʠʨʠʙʦʟʦʬʦʩʬʘʪʘ (dRP) ʥʘ 5'-ʢʦʥʮʝ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ 

ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʵʚʦʣʶʮʠʷ APE1, ʧʦ-

ʚʠʜʠʤʦʤʫ, ʙʳʣʘ ʥʝʦʙʭʦʜʠʤʘ ʥʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ɻ ʬʬʝʢʪʠʚʥʦʩʪʠ, ʘ ʜʣʷ ʨʝʛʫʣʷʮʠʠ 

ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ BER. ɺʝʨʦʷʪʥʦ, ʯʪʦ, ʦʩʪʘʚʘʷʩʴ ʩʚʷʟʘʥʥʳʤ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ, 

APE1 ʧʳʪʘʝʪʩʷ ʦʙʣʝʛʯʠʪʴ çʧʝʨʝʜʘʯʫè ɼʅʂ ʩʣʝʜʫʶʱʝʤʫ ʬʝʨʤʝʥʪʫ ʚ ʧʫʪʠ BER, ʘ ʠʤʝʥʥʦ POLɓ. 

ɺ ʧʦʣʴʟʫ ʤʦʜʝʣʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʦʙʦʨʦʪʦʚ ʬʝʨʤʝʥʪʘ ʧʨʠ ʟʘʤʝʥʝ ʦʩʪʘʪʢʘ 

Arg177 ʚ APE1 [172,186]. ʆʜʥʘʢʦ ʯʝʪʢʠʭ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʵʪʦʛʦ ʤʝʭʘʥʠʟʤʘ ʥʝʪ. 

ʇʦʤʠʤʦ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, APE1 ʦʙʣʘʜʘʝʪ ʩʧʦʩʦʙʥʦʩʪʴ ʁʫʜʘʣʷʪʴ ʦʰʠʙʦʯʥʦ 

ʩʧʘʨʝʥʥʳʝ ʠʣʠ ʧʦʚʨʝʞʜʝʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ ʥʘ 3'-ʢʦʥʮʝ ʮʝʧʠ ʧʦʩʨʝʜʩʪʚʦʤ ʩʚʦʝʡ 3'-5'-

ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʬʫʥʢʮʠʠ; ʫʜʘʣʷʪʴ ʙʣʦʢʠʨʫʶʱʠʝ ʛʨʫʧʧʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʥʘ 3'-ʢʦʥʮʝ, ʪʘʢʠʝ ʢʘʢ Ŭ,ɓ-

ʥʝʥʘʩʳʱʝʥʥʳʝ ʘʣʴʜʝʛʠʜʳ, ʬʦʩʬʦʛʣʠʢʦʣʘʪʳ ʠ ʬʦʩʬʘʪʳ; ʠʥʠʮʠʠʨʦʚʘʪʴ ʨʝʧʘʨʘʮʠʶ ʦʙʲʝʤʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ʦʩʥʦʚʘʥʠʡ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʮʝʩʩʘ, ʥʘʟʳʚʘʝʤʦʛʦ ʠʥʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʝʡ 

ʥʫʢʣʝʦʪʠʜʦʚ (NIR), ʠ ʜʝʛʨʘʜʠʨʦʚʘʪʴ ʧʦʚʨʝʞʜʝʥʥʳʝ ʤʦʣʝʢʫʣʳ ʈʅʂ [187,188]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʢʘʢ ʙʠʦʭʠʤʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʫʥʠʢʘʣʴʥʳʝ ʢʦʥʪʘʢʪʳ 
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ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʩ ʫʯʘʩʪʠʝʤ Phe266 ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʜʝʙʣʦʢʠʨʦʚʘʥʠʠ 3'-ʢʦʥʮʦʚ APE1 

[189]. ɺ ʜʦʧʦʣʥʝʥʠʝ ʢ ʩʚʦʝʡ ʨʘʟʣʠʯʥʦʡ ʥʫʢʣʝʘʟʥʦʡ ʠ RedOx-ʨʝʛʫʣʷʪʦʨʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, APE1, 

ʤʦʞʝʪ ʜʝʡʩʪʚʦʚʘʪʴ ʢʘʢ ʥʝʦʪʲʝʤʣʝʤʳʡ ʢʦʤʧʦʥʝʥʪ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʵʢʩʧʨʝʩʩʠʶ ʜʘʞʝ ʩʦʙʩʪʚʝʥʥʦʛʦ ʛʝʥʘ [190]. ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʚʳʰʝ, 

APE1 (REF1) ʯʘʩʪʦ ʷʚʣʷʝʪʩʷ ʥʝʦʪʲʝʤʣʝʤʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʠʟ-ʟʘ 

ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʠ ʩʪʠʤʫʣʠʨʦʚʘʪʴ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʫʶ ʘʢʪʠʚʥʦʩʪʴ ʥʝʩʢʦʣʴʢʠʭ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʭ 

ʬʘʢʪʦʨʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʤʦʜʫʣʷʮʠʠ ʠʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʪʘʪʫʩʘ [191]. ʕʪʠʤʠ 

ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʚ ʢʦʪʦʨʳʭ APE1 ʘʢʪʠʚʠʨʫʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʵʪʦʛʦ ʤʝʭʘʥʠʟʤʘ, 

ʷʚʣʷʶʪʩʷ AP-1, NFəɓ, HIF1Ŭ ʠ p53 [192]. RedOx -ʘʢʪʠʚʥʦʩʪʴ APE1 ʤʦʞʝʪ ʙʳʪʴ ʦʪʢʣʶʯʝʥʘ 

ʟʘʤʝʥʦʡ ʦʩʪʘʪʢʘ Cys65 ʥʘ Ala. ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ APE1 ʣʠʰʝʥ ʤʦʪʠʚʘ C-X-X-C, ʦʙʱʝʛʦ ʜʣʷ 

ʙʦʣʴʰʠʥʩʪʚʘ ʙʝʣʢʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʛʫʣʷʮʠʷʭ, 

ʠʟʦʤʝʨʠʟʘʮʠʠ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʜʠʩʫʣʴʬʠʜʥʳʭ ʩʚʷʟʝʡ, ʪʦʯʥʳʡ ʤʝʭʘʥʠʟʤ, ʢʦʪʦʨʳʡ APE1 

ʠʩʧʦʣʴʟʫʝʪ ʜʣʷ ʘʢʪʠʚʘʮʠʠ ʬʘʢʪʦʨʦʚ ʪʨʘʥʩʢʨʠʧʮʠʠ, ʦʩʪʘʝʪʩʷ ʟʘʛʘʜʢʦʡ [193,194]. ɽʩʪʴ ʥʝʢʦʪʦʨʳʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʪʦʛʦ, ʯʪʦ Cys93 ʠʛʨʘʝʪ ʨʦʣʴ ʚ RedOx-ʘʢʪʠʚʥʦʩʪʠ APE1, ʥʦ ʠ Cys65, ʠ Cys93 ʩʢʨʳʪʳ 

ʚ ʩʪʨʫʢʪʫʨʝ ʙʝʣʢʘ ʠ ʨʘʩʧʦʣʦʞʝʥʳ ʩʣʠʰʢʦʤ ʜʘʣʝʢʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʯʪʦʙʳ ʦʙʨʘʟʦʚʳʚʘʪʴ 

ʜʠʩʫʣʴʬʠʜʥʫʶ ʩʚʷʟʴ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ, ʚ ʢʦʪʦʨʦʡ Cys65 ʜʝʡʩʪʚʫʝʪ ʢʘʢ 

ʥʫʢʣʝʦʬʠʣ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʜʠʩʫʣʴʬʠʜʥʦʡ ʩʚʷʟʠ ʚ ʮʝʣʝʚʦʤ ʬʘʢʪʦʨʝ ʪʨʘʥʩʢʨʠʧʮʠʠ, ʘ Cys93 

ʩʣʫʞʠʪ ʚ ʢʘʯʝʩʪʚʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʦʩʪʘʪʢʘ [195]. ɺ ʵʪʦʡ ʤʦʜʝʣʠ APE1 ʜʦʣʞʝʥ ʧʨʝʪʝʨʧʝʚʘʪʴ 

ʙʦʣʴʰʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʠʣʠ ʯʘʩʪʠʯʥʦ ʨʘʟʚʦʨʘʯʠʚʘʪʴʩʷ, ʯʪʦʙʳ ʩʜʝʣʘʪʴ ʜʦʩʪʫʧʥʳʤ 

ʪʨʝʪʠʡ ʦʩʪʘʪʦʢ Cys, ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʙʣʝʛʯʠʪʴ ʨʝʘʢʮʠʶ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʳ ʜʘʣʴʥʝʡʰʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʯʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ APE1 ʚ ʨʦʣʠ ʬʘʢʪʦʨʘ 

REF1 [196]. 

ɺ ʛʝʥʝ apex1 ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʨʷʜ ʧʦʣʠʤʦʨʬʠʟʤʦʚ, ʥʦ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ 

ʧʦʣʠʤʦʨʬʥʳʤ ʚʘʨʠʘʥʪʦʤ ʷʚʣʷʝʪʩʷ Asp148Glu, ʧʨʠʩʫʪʩʪʚʫʶʱʠʡ ʧʨʠʤʝʨʥʦ ʫ 46% ʥʘʩʝʣʝʥʠʷ. 

ɺʘʨʠʘʥʪ ʙʝʣʢʘ Asp148Glu, ʘ ʪʘʢʞʝ ʜʨʫʛʠʝ ʚʘʨʠʘʥʪʳ, ʪʘʢʠʝ ʢʘʢ Gly241Arg ʠ Gly306Ala, ʙʳʣʠ 

ʙʠʦʭʠʤʠʯʝʩʢʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʠ ʧʦʢʘʟʘʣʠ ʩʭʦʞʫʶ ʩ ʜʠʢʠʤ ʪʠʧʦʤ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʠ ɼʅʂ-

ʩʚʷʟʳʚʘʶʱʫʶ ʘʢʪʠʚʥʦʩʪʠ [197,198]. ʇʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ APE1 Leu104Arg, Glu126Asp ʠ 

Arg237Ala ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʥʠʞʝʥʠʝ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʥʘ 40-60%, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚʘʨʠʘʥʪ Asp283Gly ʧʨʦʷʚʣʷʝʪ ʪʦʣʴʢʦ 10% ʨʝʧʘʨʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ APE1 

ʜʠʢʦʛʦ ʪʠʧʘ [199]. ɺ ʪʘʙʣʠʮʝ 7 ʠ ʥʘ ʨʠʩʫʥʢʝ 14 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʘʩʧʦʣʦʞʝʥʠʝ ʜʘʥʥʳʭ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʙʝʣʢʘ ʠ ʚʦʟʤʦʞʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʟʘʤʝʥʳ. 

ɺ ʨʘʙʦʪʝ [200] ʘʚʪʦʨʳ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʢʘʟʘʣʠ ʚʣʠʷʥʠʝ 

ʜʚʫʭ SNP ʚʘʨʠʘʥʪʦʚ APE1 I64T ʠ P311S ʥʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ (ʨʠʩ. 

15). ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʠ ʠʟʤʝʥʝʥʠʷ ʚʳʟʳʚʘʶʪ ʧʦʪʝʨʶ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʘ 
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ʪʘʢʞʝ ʘʙʝʨʨʘʥʪʥʫʶ ʫʢʣʘʜʢʫ ʙʝʣʢʘ. ʕʪʠ ʠʟʤʝʥʝʥʠʷ ʤʦʛʫʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʫ APE1, ʯʪʦ 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʦʞʝʪ ʚʣʠʷʪ ɹʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ʙʝʣʢʘ APE1 ʩʚʷʟʳʚʘʪʴʩʷ ʩ ɼʅʂ. ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʵʪʠʭ ʤʫʪʘʮʠʡ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʛʠʜʨʦʬʠʣʴʥʦʡ ʦʙʣʘʩʪʠ ʚ APE1. 

ʊʘʙʣʠʮʘ 7. SNP-ʚʘʨʠʘʥʪʳ APE1 ʠ ʧʨʝʜʧʦʣʘʛʘʝʤʦʝ ʚʣʠʷʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʳ ʥʘ ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʬʫʥʢʮʠʶ ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ [197] 

ʇʦʣʠʤʦʨʬʥʳʝ 

ʚʘʨʠʘʥʪʳ ɸʈɽ1 

ʇʨʦʛʥʦʟʠʨʫʝʤʦʝ ʚʣʠʷʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʳ  

L104R ʈʘʩʧʦʣʦʞʝʥ ʤʝʞʜʫ ɓ-ʣʠʩʪʦʤ ˉ 2 ʠ Ŭ-ʩʧʠʨʘʣʠ ˉ 3; ʟʘʤʝʥʘ Leu ʥʘ Arg ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ 

ʣʦʢʘʣʥɹʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʙʝʣʢʝ ʟʘ ʩʯʝʪ ʥʘʨʫʰʝʥʠʷ ʛʠʜʨʦʬʦʙʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ L72, L108 ʠ W119 ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ E106 ʠ E107 

E126D ʇʦʚʝʨʭʥʦʩʪʥʳʡ ʦʩʪʘʪʦʢ, ʫʯʘʩʪʚʫʶʱʠʡ ʚ ʦʪʪʘʣʢʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʦʩʪʦʚʦʤ ɼʅʂ; ʟʘʤʝʥʘ Glu ʥʘ ʘʥʘʣʦʛʠʯʥʳʡ Asp ʥʝ ʜʦʣʞʥʘ ʚʣʠʷʪʴ ʥʘ 

ʩʚʷʟʳʚʘʥʠʝ 

D148E ʈʘʩʧʦʣʦʞʝʥ ʧʝʨʝʜ ʥʘʯʘʣʦʤ Ŭ-ʩʧʠʨʘʣʠ ˉ 4 ð ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʝʣʢʘ; ʢʦʥʩʝʨʚʘʪʠʚʥʘʷ 

ʟʘʤʝʥʘ ʚʨʷʜ ʣʠ ʧʦʚʣʠʷʝʪ ʥʘ ʬʝʨʤʝʥʪʘʪʠʚʥʫʶ ʘʢʪʠʚʥʦʩʪʴ 

R237A ʈʘʩʧʦʣʦʞʝʥ ʚʥʫʪʨʠ Ŭ-ʩʧʠʨʘʣʠ  ̄9; R237 ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʜʚʘ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ 

ʦʩʪʘʪʢʘ E216 ʠ E217; ʟʘʤʝʥʘ Arg ʥʘ Ala, ʚʝʨʦʷʪʥʦ, ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʣʦʢʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ 

G241R ʈʘʩʧʦʣʦʞʝʥ ʚ ʩʝʨʝʜʠʥʝ Ŭ-ʩʧʠʨʘʣʠ  ̄9; ʥʝʢʦʥʩʝʨʚʘʪʠʚʥʘʷ ʟʘʤʝʥʘ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʥʝʤʥʦʛʦ 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʩʧʠʨʘʣʴ ʠʟ-ʟʘ ʙʦʣʝʝ ʩʠʣʴʥʦʡ ʩʢʣʦʥʥʦʩʪʠ Arg ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʧʠʨʘʣʠ 

D283G ʌʫʥʢʮʠʦʥʘʣʴʥʳʡ ʦʩʪʘʪʦʢ ʘʢʪʠʚʥʦʛʦ ʩʘʡʪʘ (ʦʨʠʝʥʪʠʨʫʝʪ H309 ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʝʛʦ 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʘʨʷʜ); ɿʘʤʝʥʳ D283A ʠʣʠ D283N ʧʨʠʚʦʜʷʪ ʢ 10-ʢʨʘʪʥʦʤʫ ʩʥʠʞʝʥʠ ʁ

ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ 

G306A ʈʘʩʧʦʣʦʞʝʥ ʧʝʨʝʜ ɓ-ʣʠʩʪʦʤ ˉ 14; ʟʘʤʝʥʘ ʥʘ Ala ʤʦʞʝʪ ʩʥʠʟʠʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʫʛʣʦʚ phi, psi G306, ʪʝʤ ʩʘʤʳʤ ʩʧʦʩʦʙʩʪʚʫʷ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʧʝʨʝʤʝʱʝʥʠʶ ʠ 

ʚʳʨʘʚʥʠʚʘʥʠ ʁɼʅʂ ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ H309 

 

 

ʈʠʩ. 14. ʇʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ [197] ʧʦʢʘʟʘʥʳ ʚ ʢʦʥʪʝʢʩʪʝ ʪʨʝʭʤʝʨʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ APE1 ʚ 

ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ (PDB ID 1DE8). L104 (ʦʨʘʥʞʝʚʳʡ), E126 (ʟʝʣʝʥʳʡ), D148 (ʞʝʣʪʳʡ), R237 (ʢʨʘʩʥʳʡ), G241 

(ʟʝʣʝʥʳʡ), D283 (ʬʠʦʣʝʪʦʚʳʡ) ʠ G306 (ʨʦʟʦʚʳʡ). ɼʅʂ ʦʙʦʟʥʘʯʝʥʘ ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ. 
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ʈʠʩ. 15. ʄʦʜʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ APE1-ɼʅʂ ʩ ʥʘʪʠʚʥʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʠʟʦʣʝʡʮʠʥʦʤ ʠ ʧʨʦʣʠʥʦʤ ʚ 

ʧʦʣʦʞʝʥʠʷʭ 64 ʠ 311 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [200]. 

ʇʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ APE1 Gln51His, Ile64Val, Pro12Leu ʠ Arg237Cys ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 

ʚ ʦʧʫʭʦʣʷʭ ʵʥʜʦʤʝʪʨʠʷ [201]. Arg237Cys ʚʝʜʝʪ ʩʝʙʷ ʘʥʘʣʦʛʠʯʥʦ Arg237Ala, ʦʙʣʘʜʘʷ ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʥʠʞʝʥʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ɸʈɽ1 ʜʠʢʦʛʦ ʪʠʧʘ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ [197]. 

ɺʘʞʥʳʤ ʚʳʚʦʜʦʤ ʠʟ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʝʜʝʥʥʳʭ ʩ ʮʝʣʴʶ ʚʳʷʚʣʝʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ APE1 ʠ ʠʭ ʚʦʟʤʦʞʥʦʡ ʘʩʩʦʮʠʘʮʠʠ ʩ 

ʟʘʙʦʣʝʚʘʥʠʷʤʠ, ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʤʝʪʦʜʳ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʣʠʷʥʠʷ SNP ʥʘ ʩʪʨʫʢʪʫʨʫ/ʬʫʥʢʮʠʶ ʙʝʣʢʘ ʠ ʥʝ ʩʦʚʧʘʜʘʣʠ ʩ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [202] ʧʦ ʠʟʫʯʝʥʠʶ ʚʘʨʠʘʥʪʦʚ 

ʧʦʧʫʣʷʮʠʠ, ʢʦʪʦʨʳʝ ʥʝ ʙʳʣʠ ʢʦʥʢʨʝʪʥʦ ʩʚʷʟʘʥʳ ʩ ʟʘʙʦʣʝʚʘʥʠʝʤ ʯʝʣʦʚʝʢʘ (Q51H, I64V, D148E, 

G241R, P311S ʠ A317V (ʨʠʩ. 16)), ʘʚʪʦʨʳ ʥʝ ʚʳʷʚʠʣʠ ʟʥʘʯʠʤʳʭ ʠʟʤʝʥʝʥʠʡ ʬʫʥʢʮʠʠ ʙʝʣʢʘ. ʊʘʢʦʡ 

ʨʝʟʫʣʴʪʘʪ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʪʦ, ʯʪʦ ʣʶʙʦʝ ʢʘʨʜʠʥʘʣʴʥʦʝ ʥʘʨʫʰʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ APE1 ʙʫʜʝʪ 

ʥʝʩʦʚʤʝʩʪʠʤʦ ʩ ʚʳʞʠʚʘʥʠʝʤ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝ ʩʦʭʨʘʥʠʪʩʷ ʚ ʟʜʦʨʦʚʦʡ ʧʦʧʫʣʷʮʠʠ. ʊʦʪ ʬʘʢʪ, 

ʯʪʦ ʧʦʣʠʤʦʨʬʥʳʝ ʟʘʤʝʥʳ Q51H, I64V ʠʣʠ D148E (ʢʘʢ ʚʠʜʥʦ ʠʟ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [198,203]), 

ʥʝ ʠʤʝʣʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʠʣʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ, ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʠ 

ʙʝʣʢʠ ʥʝ ʠʛʨʘʶʪ ʧʨʷʤʦʡ ʨʦʣʠ ʚ ʨʠʩʢʝ ʟʘʙʦʣʝʚʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʩ ʨʘʢʦʤ ʤʫʪʘʥʪ 

P112L ʚʝʣ ʩʝʙʷ ʧʦʜʦʙʥʦ ʬʝʨʤʝʥʪʫ ʜʠʢʦʛʦ ʪʠʧʘ ʚʦ ʚʩʝʭ ʘʥʘʣʠʟʘʭ, ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʪʦʪ ʚʘʨʠʘʥʪ 

ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ ʢʘʥʮʝʨʦʛʝʥʥʦʤ ʠʩʭʦʜʝ. ɽʜʠʥʩʪʚʝʥʥʳʤ ʚʘʨʠʘʥʪʦʤ, ʢʦʪʦʨʳʡ ʜʝʡʩʪʚʠʪʝʣʴʥʦ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʜʝʬʝʢʪ, ʙʳʣ ʙʝʣʦʢ R237C, ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʩ ʨʘʢʦʤ ʵʥʜʦʤʝʪʨʠʷ. 
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ʈʠʩ. 16. ʇʦʣʦʞʝʥʠʷ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ SNP-ʟʘʤʝʥʘʤʠ, ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ɸʈɽ1 

[202]. NLS ï ʩʠʛʥʘʣʴʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʷʜʝʨʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ; REF-1 ï ʨʝʜʦʢʩ-ʨʝʛʫʣʷʪʦʨʥʘʷ ʯʘʩʪʴ ʙʝʣʢʘ; * 

ʦʪʤʝʯʝʥʳ ʫʥʠʢʘʣʴʥʳʝ ʚʘʨʠʘʥʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʟʘʙʦʣʝʚʘʥʠʷʤʠ; ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʚʘʨʠʘʥʪʳ ʩʦ 

ʩʥʠʞʝʥʥʦʡ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʦʙʦʟʥʘʯʝʥʳ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʚʘʞʥʳʝ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ (ʉ65, ɽ96, D210, D283 ʠ ʅ309). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʥʘʩʣʝʜʦʚʘʥʠʝ ʤʫʪʘʮʠʡ ʚ ʛʝʥʘʭ ʙʝʣʢʦʚ BER ʩ ʧʦʪʝʨʝʡ 

ʬʫʥʢʮʠʠ, ʚʝʜʫʱʠʭ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʟʘʙʦʣʝʚʘʥʠʡ ʯʝʣʦʚʝʢʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʜʣʷ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟ (MUTYH-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʧʦʣʠʧʦʟ ʠ ʩʠʥʜʨʦʤ ʥʘʩʣʝʜʩʪʚʝʥʥʦʛʦ ʢʦʣʦʨʝʢʪʘʣʴʥʦʛʦ 

ʨʘʢʘ, ʚʦʟʥʠʢʘʶʱʠʡ ʠʟ-ʟʘ ʜʝʬʝʢʪʘ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ MUTYH; ʩʠʥʜʨʦʤ ʛʠʧʝʨ-IgM V - 

ʠʤʤʫʥʦʜʝʬʠʮʠʪʥʦʝ ʟʘʙʦʣʝʚʘʥʠʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʬʝʢʪʘ ʫʨʘʮʠʣ-ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ), 

ʯʪʦ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʢʨʳʚʘʶʱʝʡʩʷ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ ʫ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ. ɼʣʷ 

APE1 ʥʦʨʤʘʣʴʥʦʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʞʠʟʥʝʥʥʦ ʚʘʞʥʳʤ ʜʣʷ ʚʳʞʠʚʘʥʠʷ ʢʣʝʪʢʠ, 

ʧʦʩʢʦʣʴʢʫ ʜʘʞʝ ʥʦʢʜʘʫʥ APE1 ʧʦʚʳʰʘʝʪ ʯʘʩʪʦʪʫ ʤʫʪʘʮʠʡ, ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʦʢʠʩʣʠʪʝʣʴʥʦʤʫ 

ʩʪʨʝʩʩʫ ʠ ʯʘʩʪʦʪʫ ʦʙʨʘʟʦʚʘʥʠʷ ʦʧʫʭʦʣʝʡ [204,205], ʘ ʥʦʢʘʫʪ ʚʝʜʝʪ ʢ ʵʤʙʨʠʦʥʘʣʴʥʦʡ ʣʝʪʘʣʴʥʦʩʪʠ. 

ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʩʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʨʠʨʦʜʥʳʝ ʚʘʨʠʘʥʪʳ ɸʈɽ1 ʜʦʣʞʥʳ 

ʦʙʣʘʜʘʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʥʝ ʥʠʞʝ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ, ʜʦʩʪʘʪʦʯʥʦʛʦ 

ʜʣʷ ʧʦʣʥʦʮʝʥʥʦʡ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʢʣʝʪʢʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʩʢʦʣʴʢʫ Aʇ-

ʵʥʜʦʥʫʢʣʝʘʟʘ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʬʝʨʤʝʥʪʦʤ, ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ, 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʩ SNP, ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʢʘʢ ʥʘ ʨʘʟʣʠʯʥʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ 

ʬʫʥʢʮʠʠ APE1, ʪʘʢ ʠ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʜʨʫʛʠʤʠ ʬʝʨʤʝʥʪʘʤʠ BER ʠʣʠ ʥʫʢʣʝʦʩʦʤʦʡ. 

ɺʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʛʦ ʟʘʙʦʣʝʚʘʥʠʷ ʯʝʣʦʚʝʢʘ ʚʩʣʝʜʩʪʚʠʝ ʥʘʨʫʰʝʥʠʷ 

ʨʝʧʘʨʘʮʠʠ ɼʅʂ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʥʝ SNP ʢʦʥʢʨʝʪʥʦʛʦ ʙʝʣʢʘ, ʘ ʩʦʯʝʪʘʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʧʦʣʠʤʦʨʬʠʟʤʦʚ ʙʝʣʢʦʚ BER [7,206]. 

1.4 ʇʦʣʠʤʦʨʬʠʟʤʳ ʧʦʣʠʤʝʨʘʟʳ ɓ (POLɓ) 

POLɓ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʦʡ, ʫʯʘʩʪʚʫʶʱʝʡ ʚ BER, ʠ ʦʙʣʘʜʘʝʪ ɼʅʂ-

ʧʦʣʠʤʝʨʘʟʥʦʡ ʠ dRP-ʣʠʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʷʤʠ (ʨʠʩ. 17ʘ). POLɓ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʙʦʣʴʰʦʡ 

ʬʝʨʤʝʥʪ (39 ʢɼʘ), ʢʦʪʦʨʳʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʨʝʧʣʠʢʘʪʠʚʥʳʭ ɼʅʂ-ʧʦʣʠʤʝʨʘʟ, ʥʝ ʦʙʣʘʜʘʝʪ ʢʘʢʦʡ-ʣʠʙʦ 
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ʵʢʟʦʥʫʢʣʝʘʟʥʦʡ ʢʦʨʨʝʢʪʠʨʫʶʱʝʡ ʘʢʪʠʚʥʦʩʪʴʶ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ POLɓ ʩʧʦʩʦʙʥʘ 

ʦʰʠʙʦʯʥʦ ʚʢʣʶʯʘʪʴ ʥʝʧʨʘʚʠʣʴʥʳʡ ʥʫʢʣʝʦʪʠʜ ʧʨʠʤʝʨʥʦ ʦʜʠʥ ʥʘ ʢʘʞʜʳʝ 10 000 [207]. ʊʘʢʞʝ 

POLɓ, ʢʘʢ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ, ʤʦʞʝʪ ʢʘʪʘʣʠʟʠʨʦʚʘʪʴ ʧʨʠʩʦʝʜʠʥʝʥʠʝ 

ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʥʘ ʯʝʪʳʨʝ ʧʦʨʷʜʢʘ ʥʠʞʝ, ʯʝʤ ʜʣʷ dNTP [208]. 

POLɓ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʜʦʤʝʥʦʚ: 8 ʢɼʘ, ʢʦʪʦʨʳʡ ʦʪʚʝʯʘʝʪ ʟʘ dRP-ʣʠʘʟʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ, ʠ 31 ʢɼʘ, ʦʪʚʝʯʘʶʱʠʡ ʟʘ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ. ɼʦʤʝʥ 31 ʢɼʘ ʠʤʝʝʪ ʪʨʠ 

ʩʫʙʜʦʤʝʥʘ, ʥʘʟʚʘʥʥʳʭ ʙʦʣʴʰʦʡ ʧʘʣʝʮ, ʣʘʜʦʥʴ ʠ ʧʘʣʴʮʳ ʠʟ-ʟʘ ʠʭ ʩʪʨʫʢʪʫʨʥʦʡ ʩʭʦʞʝʩʪʠ ʩ ʨʫʢʦʡ 

(ʨʠʩ. 17ʙ) [209]. 

ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʤʫʪʘʮʠʠ ʚ ʛʝʥʝ polɓ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʚ 30% ʩʣʫʯʘʝʚ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʧʫʭʦʣʝʡ, ʥʦ ʥʝ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʚ ʥʦʨʤʘʣʴʥʳʭ ʪʢʘʥʷʭ [210]. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʫʪʘʮʠʠ, ʢʦʪʦʨʳʝ ʜʘʞʝ ʩʣʝʛʢʘ ʠʟʤʝʥʷʶʪ ʢʦʥʬʦʨʤʘʮʠʶ ʠʣʠ ʬʦʣʜʠʥʛ ʙʝʣʢʘ, ʤʦʛʫʪ ʠʟʤʝʥʷʪʴ ʝʛʦ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʘʙʝʨʨʘʥʪʥʦʤʫ ʬʝʥʦʪʠʧʫ [211]. 

ɺ ʦʜʥʦʡ ʠʟ ʨʘʙʦʪ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʘʷ ʟʘʤʝʥʘ Leu22Pro, ʦʙʥʘʨʫʞʝʥʥʘʷ 

ʧʨʠ ʨʘʢʝ ʞʝʣʫʜʢʘ, ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ dRP-ʣʠʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ [212] ʠ ʢ ʩʥʠʞʝʥʠʶ ʚ ʥʝʩʢʦʣʴʢʦ 

ʨʘʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʚʷʟʳʚʘʥʠʷ ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ, ʦʜʥʘʢʦ ʥʫʢʣʝʦʪʠʜʠʣʪʨʘʥʩʬʝʨʘʟʥʘ ̫ʘʢʪʠʚʥʦʩʪʴ 

ʩʦʭʨʘʥʷʝʪʩʷ. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ Leu22 ʥʝ ʷʚʣʷʝʪʩʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʦʩʪʘʪʢʦʤ. ʕʪʫ ʨʦʣʴ 

ʚʳʧʦʣʥʷʝʪ Lys72 [213], ʥʦ Leu22 ʩʪʘʙʠʣʠʟʠʨʫʝʪ Ŭ-ʩʧʠʨʘʣʴ ʩʪʨʫʢʪʫʨʥʦʛʦ ʤʦʪʠʚʘ ʩʧʠʨʘʣʴ-

ʰʧʠʣʴʢʘ-ʩʧʠʨʘʣʴ (HhH) (ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 55ï79) [214]. ɺʠʜʠʤʦ, SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ 

ʟʘʤʝʥʳ ʚ ʵʪʦʤ ʜʦʤʝʥʝ ʤʦʛʫʪ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʩʚʷʟʳʚʘʥʠʶ POLɓ ʩ ɼʅʂ, ʫʜʘʣʝʥʠʶ dRP ʛʨʫʧʧʳ ʥʘ 

5'-ʢʦʥʮʝ ʠ ʟʘʧʦʣʥʝʥʠʶ ʙʨʝʰʠ, ʧʨʠʚʦʜʷ ʢ ʥʘʢʦʧʣʝʥʠʶ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ BER, ʯʪʦ ʚ 

ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʜʘʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ. 

ɿʘʤʝʥʳ ʚ ʧʨʝʜʝʣʘʭ 31 ʢɼʘ ʜʦʤʝʥʘ ʧʦʣʠʤʝʨʘʟʳ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʥʘʨʫʰʝʥʠʶ ʧʦʣʠʤʝʨʘʟʥʦʡ 

ʬʫʥʢʮʠʠ. ʅʘʧʨʠʤʝʨ, ʚʘʨʠʘʥʪ Glu295Lys, ʦʙʥʘʨʫʞʝʥʥʳʡ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʢʘʨʮʠʥʦʤʦʡ ʞʝʣʫʜʢʘ, 

ʩʚʷʟʳʚʘʝʪ ɼʅʂ ʩ ʪʦʡ ʞʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʯʪʦ ʠ WT POLɓ, ʥʦ ʥʝ ʦʙʣʘʜʘʝʪ ʧʦʣʠʤʝʨʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʥʝʧʦʣʥʦʮʝʥʥʳʤ ʫʯʘʩʪʥʠʢʦʤ BER [215]. ʄʫʪʘʥʪʥʘʷ ʬʦʨʤʘ, 

ʩʦʜʝʨʞʘʱʘʷ ʟʘʤʝʥʫ Glu295Lys, ʪʘʢʞʝ ʩʦʭʨʘʥʷʝʪ dRP-ʣʠʘʟʥʫ ʁʘʢʪʠʚʥʦʩʪʴ. Glu295 ʨʘʩʧʦʣʦʞʝʥ ʚ 

ʩʫʙʜʦʤʝʥʝ ʙʦʣʴʰʦʛʦ ʧʘʣʴʮʘ POLɓ [216]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ɼʅʂ ʠ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʪʨʠʬʦʩʬʘʪʦʚ ʩʫʙʜʦʤʝʥ ʙʦʣʴʰʦʛʦ 

ʧʘʣʴʮʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʙʣʠʞʝ ʢ ʩʫʙʜʦʤʝʥʫ ʣʘʜʦʥʠ, ʘ ʦʩʪʘʪʦʢ Asp192 ʦʙʨʘʟʫʝʪ ʘʥʠʦʥʥʫʶ ʩʚʷʟʴ 

ʩ Arg258, ʪʦʛʜʘ ʢʘʢ Glu295 ʠ Tyr296 ʦʙʨʘʟʫʶʪ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʩ ʦʩʪʘʪʢʦʤ Arg258. ɿʘʤʝʥʘ 

Glu295Lys ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪ ʧʦʣʷʨʥʦʩʪʴ ʵʪʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ 

ʵʪʠʭ ʠʟʤʝʥʝʥʠʡ, Asp192 ʥʝ ʤʦʞʝʪ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʩʪʘʜʠʠ ʧʝʨʝʥʦʩʘ 

ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʪʨʠʬʦʩʬʘʪʘ. 
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ʈʠʩ. 17. (ʘ) ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ ɓ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ, ʩʦʜʝʨʞʘʱʝʤ 

ʙʨʝʰʴ. (ʙ) ʉʪʨʫʢʪʫʨʘ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʳ ɓ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʦʩʥʦʚʥʳʝ ʜʦʤʝʥʳ/ʩʫʙʜʦʤʝʥʳ ʠ ʠʭ ʬʫʥʢʮʠʠ. [207] 

ɽʱʝ ʦʜʥʠʤ ʫʯʘʩʪʢʦʤ ʙʝʣʢʘ, ʢʨʠʪʠʯʥʳʤ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ POLɓ, 

ʷʚʣʷʝʪʩʷ, çʛʠʜʨʦʬʦʙʥʳʡ ʰʘʨʥʠʨè, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʧʦʣʠʤʝʨʘʟʥʦʤ 31 ʢɼʘ ʜʦʤʝʥʝ, ʢʦʪʦʨʳʡ 

ʧʨʝʪʝʨʧʝʚʘʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʩʪʨʦʡʢʠ ʚʦ ʚʨʝʤʷ ʩʚʷʟʳʚʘʥʠʷ ʩ dNTP ʠ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʥʳʤ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʧʦʣʠʤʝʨʘʟʳ. ʄʫʪʘʮʠʠ ʚ ʛʝʥʝ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʟʘʤʝʥʘʤ ʚ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʘʭ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʪʘʢʠʭ ʢʘʢ Ile260, Ile174 ʠʣʠ Tyr265, ʚʣʠʷʶʪ ʥʘ 

ʩʧʦʩʦʙʥʦʩʪʴ ʬʝʨʤʝʥʪʘ ʨʘʟʣʠʯʘʪʴ ʧʨʘʚʠʣʴʥʳʝ ʠ ʥʝʧʨʘʚʠʣʴʥʳʝ dNTP, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ 

ʫʩʠʣʝʥʠʶ ʤʫʪʘʛʝʥʝʟʘ [217,218]. ʕʪʘ ʛʠʧʦʪʝʟʘ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʨʷʜʦʤ ʨʘʙʦʪ, ʥʘʧʨʠʤʝʨ, 

ʘʚʪʦʨʘʤʠ ʦʜʥʦʡ ʠʭ ʥʠʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʥʘ Ile174 ʥʘ Ser ʧʨʠʚʦʜʠʪ ʢ ʘʢʪʠʚʥʦʡ ʬʦʨʤʝ ʙʝʣʢʘ, 

ʢʦʪʦʨʘʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʥʠʞʝʥʠʝ ʪʦʯʥʦʩʪʠ ʚʩʪʨʘʠʚʘʥʠʷ ʧʨʘʚʠʣʴʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʥʘʧʨʦʪʠʚ G ʚ 

ʤʘʪʨʠʮʝ [218]. ɸʚʪʦʨʘʤʠ ʜʨʫʛʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʘʨʠʘʥʪ POLɓ Pro242Arg 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʝ ʪʦʣʴʢʦ ʩʥʠʞʝʥʠʝ ʪʦʯʥʦʩʪʠ, ʥʦ ʠ ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʩʠʥʪʝʟʘ ɼʅʂ [219]. ɽʱʝ 

ʦʜʥʠʤ ʚʘʨʠʘʥʪʦʤ, ʠʤʝʶʱʠʤ ʙʦʣʝʝ ʥʠʟʢʫʶ ɼʅʂ-ʧʦʣʠʤʝʨʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ WT 

POLɓ, ̫ʚʣʷʝʪʩʷ Arg137Gln [219]. ʕʪʦʪ ʧʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ POLɓ ʧʦʢʘ ʝʱʝ ʥʝ ʩʚʷʟʘʥ ʥʠ ʩ 

ʦʜʥʠʤ ʪʠʧʦʤ ʨʘʢʘ. ɿʘʤʝʥʘ Arg ʥʘ Gln ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʠ ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʝʨʤʝʥʪʘ. ʂʨʦʤʝ ʪʦʛʦ, Arg137 ʚ 

POLɓ ʷʚʣʷʝʪʩʷ ʩʘʡʪʦʤ ʤʝʪʠʣʠʨʦʚʘʥʠʷ ʬʝʨʤʝʥʪʦʤ PRMT1 [220]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʟʘʤʝʥʘ Arg137Gln 

ʥʘʨʫʰʘʝʪ ʙʝʣʦʢ-ʙʝʣʢʦʚʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ POLɓ ʠ PCNA [221]. ʊʘʢʞʝ ʙʳʣʦ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʟʘʤʝʥʘ Arg137Gln ʥʘʨʫʰʘʝʪ ʵʤʙʨʠʦʥʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʫ ʤʳʰʝʡ ʠ 
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ʧʦʚʳʰʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʘʛʝʥʪʘʤ, ʧʦʚʨʝʞʜʘʶʱʠʤ ɼʅʂ, ʪʘʢʠʤ ʢʘʢ H2O2 ʠ 

ʤʝʪʠʣʤʝʪʘʥʩʫʣʴʬʦʥʘʪ [220]. 

ɽʱʸ ʦʜʠʥ ʧʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ POLɓ Arg152Cys ʦʙʥʘʨʫʞʠʚʘʶʪ ʫ ʧʘʮʠʝʥʪʦʚ ʩ 

ʘʜʝʥʦʢʘʨʮʠʥʦʤʦʡ ʧʨʷʤʦʡ ʢʠʰʢʠ. ɿʘʤʝʥʘ Arg152, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʝʣʢʦʚʦʡ 

ʛʣʦʙʫʣʳ, ʥʘ ʮʠʩʪʝʠʥ ʚʝʜʝʪ ʢ ʠʟʤʝʥʝʥʠʶ ʦʙʝɦʛʦ ʟʘʨʷʜʘ ʬʝʨʤʝʥʪʘ [222]. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ 

Arg152 ʷʚʣʷʝʪʩʷ ʩʘʡʪʦʤ ʤʝʪʠʣʠʨʦʚʘʥʠʷ ʚ [223]. ɸʥʘʣʠʟ ʪʨʝʪʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʠʤʦʨʬʥʦʛʦ 

ʚʘʨʠʘʥʪʘ ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ ʥʝ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʷ ʩʪʨʫʢʪʫʨʥʳʭ 

ʦʪʣʠʯʠʡ ʦʪ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ. ʆʜʥʘʢʦ ʵʪʦʪ ʚʘʨʠʘʥʪ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʝʝ ʥʠʟʢʫʶ 

ʧʦʣʠʤʝʨʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʨʠ ʫʜʣʠʥʝʥʠʠ ʧʨʘʡʤʝʨʘ ʠ ʟʘʧʦʣʥʝʥʠʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʡ ʙʨʝʰʠ ʚ 

ɼʅʂ-ʜʫʧʣʝʢʩʝ [224]. ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʷʜʝʨʥʳʤʠ ʵʢʩʪʨʘʢʪʘʤʠ ʢʣʝʪʦʢ HEK293, 

ʵʢʩʧʨʝʩʩʠʨʫʶʱʠʤʠ ʚʘʨʠʘʥʪ POLɓ Arg152Cys ʠ ʬʝʨʤʝʥʪ ʜʠʢʦʛʦ ʪʠʧʘ, ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʝʧʘʨʘʮʠʷ 

ɼʅʂ-ʜʫʧʣʝʢʩʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʦʩʪʘʪʦʢ ʫʨʠʜʠʥʘ ʠʣʠ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ, ʧʨʦʠʩʭʦʜʠʪ ʤʝʥʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʚ ʩʣʫʯʘʝ POLɓ Arg152Cys [224]. 

ɺʘʨʠʘʥʪ POLɓ Asp160Gly ʣʦʢʘʣʠʟʦʚʘʥ ʚ ʩʫʙʜʦʤʝʥʝ ʣʘʜʦʥʠ ʠ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʫ ʧʘʮʠʝʥʪʦʚ 

ʩ ʢʘʨʮʠʥʦʤʦʡ ʧʦʯʢʠ [225]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʘ ʟʘʤʝʥʘ ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ 

ʫʜʣʠʥʝʥʠʷ ʮʝʧʠ ʧʨʘʡʤʝʨʘ ʠ ʟʘʧʦʣʥʝʥʠʷ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʧʨʦʙʝʣʦʚ [226]. ɹʦʣʝʝ ʚʳʩʦʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʪʠʭ ʨʝʘʢʮʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʙʦʣʝʝ 

ʩʠʣʴʥʳʤ ʩʨʦʜʩʪʚʦʤ ʵʪʦʛʦ SNP ʚʘʨʠʘʥʪʘ ʢ ɼʅʂ [226].  

ʇʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ POLɓ His285Asp ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʫ ʧʘʮʠʝʥʪʦʚ ʩ ʨʘʢʦʤ ʧʨʷʤʦʡ ʢʠʰʢʠ 

[227]. ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʙʱʘʷ ʫʢʣʘʜʢʘ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ 

ʫ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ɻʪʦʡ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ ʥʝ ʦʪʣʠʯʘʝʪʩʷ [211]. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ His285Asp ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʨʘʟʨʳʚ, ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʙʳʣʠ ʩʭʦʜʥʳ ʤʝʞʜʫ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ ʠ 

ʧʦʣʠʤʦʨʬʥʳʤ ʚʘʨʠʘʥʪʦʤ (kobs = 14 Ñ 2 ʩ-1 ʠ kobs = 16 Ñ 1 ʩ-1, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ); ʧʦʩʣʝ ʙʳʩʪʨʦʡ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʥʫʢʣʝʦʟʠʜʤʦʥʦʬʦʩʬʘʪʘ ʢ ɼʅʂ ʩʣʝʜʫʝʪ ʙʦʣʝʝ ʤʝʜʣʝʥʥʘʷ 

ʩʪʘʜʠʷ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ. ʂʦʥʩʪʘʥʪʳ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ 

ʬʝʨʤʝʥʪïʧʨʦʜʫʢʪ ʦʢʘʟʘʣʠʩʴ ʩʨʘʚʥʠʤʳʤʠ ʤʝʞʜʫ ʤʫʪʘʥʪʥʳʤ ʠ ʜʠʢʠʤ ʪʠʧʦʤ POLɓ (ʂd = 9,2 Ñ 0,7 

ʥʄ ʠ ʂd = 6,7 Ñ 0,8 ʥʄ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) [211]. His285 ʨʘʩʧʦʣʦʞʝʥ ʚ Ŭ-ʩʧʠʨʘʣʠ ʩʫʙʜʦʤʝʥʘ 

ʙʦʣʴʰʦʛʦ ʧʘʣʴʮʘ. ʕʪʘ ʩʧʠʨʘʣʴ ʦʭʚʘʪʳʚʘʝʪ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 275ï289, ʯʘʩʪʴ ʠʟ ʢʦʪʦʨʳʭ 

ʚʘʞʥʘ ʜʣʷ ʪʦʯʥʦʩʪʠ POLɓ. ɼʘʥʥʘʷ Ŭ-ʩʧʠʨʘʣʴ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ɼʅʂ ʚʜʦʣʴ ʤʘʣʦʡ ʙʦʨʦʟʜʢʠ, ʢʦʛʜʘ 

POLɓ ʥʘʭʦʜʠʪʩʷ ʚ ʟʘʢʨʳʪʦʡ ʢʦʥʬʦʨʤʘʮʠʠ (ʩʚʷʟʘʥʘ ʩ ɼʅʂ), ʠ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝ 

ʢʘʨʤʘʥʘ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ dNTP. His285 ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ Lys289, ʘ ʘʟʦʪ 

ʝʛʦ ʠʤʠʜʘʟʦʣʴʥʦʛʦ ʢʦʣʴʮʘ ʦʙʨʘʟʫʝʪ ʚʦʜʦʨʦʜʥʫʶ ʩʚʷʟʴ ʩ ʢʘʨʙʦʥʠʣʴʥʳʤ ʢʠʩʣʦʨʦʜʦʤ ʦʩʥʦʚʥʦʡ 

ʮʝʧʠ Ile323. ɺʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʪʦʤʦʚ ʘʟʦʪʘ Lys289 ʠ His285 ʩ ʢʘʨʙʦʥʠʣʴʥʳʤ ʢʠʩʣʦʨʦʜʦʤ Ile323, 
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ʧʦ-ʚʠʜʠʤʦʤʫ, ʚʘʞʥʳ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ C-ʢʦʥʮʝʚʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ 320ï335 [211]. 

ɼʚʘ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʘ POLɓ Glu288Lys ʠ Lys289Met, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʢʦʥʮʝ Ŭ-

ʩʧʠʨʘʣʠ ʚ ʩʫʙʜʦʤʝʥʝ çʧʘʣʴʮʳè, ʘʩʩʦʮʠʠʨʦʚʘʥʳ ʩ ʨʘʢʦʤ ʧʨʷʤʦʡ ʢʠʰʢʠ [228,229]. ɺʘʨʠʘʥʪ POLɓ 

Glu288Lys ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʧʦ ʪʝʨʤʦʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʚʪʦʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʝ ʦʪ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, 

ʦʜʥʘʢʦ ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʫʶ ʪʦʯʥʦʩʪʴ ʟʘʧʦʣʥʝʥʠʷ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʦʛʦ ʧʨʦʙʝʣʘ ʥʘʧʨʦʪʠʚ 

ʘʜʝʥʦʟʠʥʘ. ʋʜʠʚʠʪʝʣʴʥʦ, ʥʦ ʵʪʘ ʧʦʪʝʨʷ ʪʦʯʥʦʩʪʠ ʭʘʨʘʢʪʝʨʥʘ ʪʦʣʴʢʦ ʜʣʷ ʘʜʝʥʠʥʦʚʳʭ ʤʘʪʨʠʮ, ʪʘʢ 

ʢʘʢ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʜʣʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʜʨʫʛʠʝ ʦʩʥʦʚʘʥʠʷ, ʪʘʢʠʝ ʞʝ, ʢʘʢ ʠ ʜʣʷ 

POLɓ ʜʠʢʦʛʦ ʪʠʧʘ [228]. ɺʘʨʠʘʥʪ Lys289Met ʯʘʱʝ ʧʨʠʩʦʝʜʠʥʷʝʪ ʥʝʢʦʨʨʝʢʪʥʳʡ 

ʥʫʢʣʝʦʟʠʜʤʦʥʦʬʦʩʬʘʪ ʥʘʧʨʦʪʠʚ ʮʠʪʠʜʠʥʘ ʚ ɼʅʂ ʠʟ-ʟʘ ʧʣʦʭʦʡ ʜʠʩʢʨʠʤʠʥʘʮʠʠ ʥʫʢʣʝʦʪʠʜʦʚ ʚ 

ʭʦʜʝ ʪʨʘʥʩʬʝʨʘʟʥʦʡ ʨʝʘʢʮʠʠ [229]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʧʦʣʠʤʦʨʬʥʳʡ ʚʘʨʠʘʥʪ POLɓ ʥʝ ʘʢʪʠʚʝʥ ʠ ʥʝ ʩʧʦʩʦʙʝʥ ʩʚʷʟʳʚʘʪʴ ɼʅʂ, 

ʦʥ ʚʩʝ ʞʝ ʤʦʞʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʙʝʣʢʘʤʠ BER, ʤʝʰʘʷ ʠʤ ʚʳʧʦʣʥʷʪʴ ʩʚʦʠ ʬʫʥʢʮʠʠ ʠ ʪʝʤ 

ʩʘʤʳʤ ʢʦʩʚʝʥʥʦ ʚʳʟʳʚʘʪʴ ʥʘʢʦʧʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʡ. ɺʘʨʠʘʥʪʳ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʫʶ 

ʩʢʦʨʦʩʪʴ ʢʘʪʘʣʠʟʘ, ʤʦʛʫʪ ʙʳʪʴ ʤʫʪʘʛʝʥʥʳʤʠ. ʇʦʩʢʦʣʴʢʫ ʝʩʣʠ SNP ʚʘʨʠʘʥʪ ʩʚʷʟʳʚʘʝʪ ɼʅʂ ʠ 

ʤʝʜʣʝʥʥʦ ʚʳʧʦʣʥʷʝʪ ʩʚʦʶ ʧʦʣʠʤʝʨʘʟʥʫʶ ʬʫʥʢʮʠʶ, ʵʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʘʤʝʜʣʝʥʠʶ ʠʣʠ 

ʦʩʪʘʥʦʚʢʝ ʨʝʧʣʠʢʘʮʠʦʥʥʦʡ ʚʠʣʢʠ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʜʚʫʥʠʪʝʚʦʤʫ ʨʘʟʨʳʚʫ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʢ ʦʙʱʝʡ 

ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʛʝʥʦʤʘ. 

ʀʟʚʝʩʪʥʳʝ ʜʘʥʥʳʝ ʜʣʷ SNP-ʚʘʨʠʘʥʪʦʚ POLɓ ʩʫʤʤʠʨʦʚʘʥʳ ʚ ʊʘʙʣʠʮʝ 8. 

ʊʘʙʣʠʮʘ 8. SNP-ʚʘʨʠʘʥʪʳ POLɓ 

SNP-ʚʘʨʠʘʥʪ 

POLɓ 
ʘʢʪʠʚʥʦʩʪʴ 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʳʝ 

ʘʩʩʦʮʠʘʮʠʠ ʩ 

ʦʥʢʦʟʘʙʦʣʝʚʘʥʠʷʤʠ 

Leu22Pro 
ʩʥʠʞʝʥʦ ʩʨʦʜʩʪʚʦ ʢ ɼʅʂ, ʥʫʢʣʝʦʪʠʜʠʣʪʨʘʥʩʬʝʨʘʟʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʢʘʢ ʫ WT, dRP-ʣʠʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʦʪʩʫʪʩʪʚʫʝʪ 
ʨʘʢ ʞʝʣʫʜʢʘ 

Glu295Lys 
ʩʨʦʜʩʪʚʦ ʢ ɼʅʂ ʢʘʢ ʫ WT, ʧʦʣʠʤʝʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ 

ʦʪʩʫʪʩʪʚʫʝʪ 
ʢʘʨʮʠʥʦʤʘ ʞʝʣʫʜʢʘ 

Ile174Ser ʘʢʪʠʚʝʥ, ʩʥʠʞʝʥʘ ʪʦʯʥʦʩʪʴ ʚʩʪʨʘʠʚʘʥʠʷ ʥʘʧʨʦʪʠʚ G  

Pro242Arg ʩʥʠʞʝʥʘ ʪʦʯʥʦʩʪʴ, ʩʥʠʞʝʥʘ ʧʦʣʠʤʝʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ  

Arg137Gln ʩʥʠʞʝʥʘ ʧʦʣʠʤʝʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ  

Arg152Cys ʩʥʠʞʝʥʘ ʧʦʣʠʤʝʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ 
ʘʜʝʥʦʢʘʨʮʠʥʦʤʘ ʧʨʷʤʦʡ 

ʢʠʰʢʠ 

Asp160Gly 
ʧʦʚʳʰʝʥʘ ʧʦʣʠʤʝʨʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ, ʧʦʚʳʰʝʥʦ ʩʨʦʜʩʪʚʦ ʢ 

ɼʅʂ 
ʢʘʨʮʠʥʦʤʘ ʧʦʯʢʠ 

His285Asp WT ʨʘʢ ʧʨʷʤʦʡ ʢʠʰʢʠ 

Glu288Lys ʩʥʠʞʝʥʘ ʪʦʯʥʦʩʪʴ ʚʩʪʨʘʠʚʘʥʠʷ ʥʘʧʨʦʪʠʚ ɸ ʨʘʢ ʧʨʷʤʦʡ ʢʠʰʢʠ 

Lys289Met ʩʥʠʞʝʥʘ ʪʦʯʥʦʩʪʴ ʚʩʪʨʘʠʚʘʥʠʷ ʥʘʧʨʦʪʠʚ ʉ ʨʘʢ ʧʨʷʤʦʡ ʢʠʰʢʠ 
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1.5 ʇʦʣʠʤʦʨʬʠʟʤʳ ɼʅʂ-ʣʠʛʘʟʳ IIIŬ (LigIIIŬ) ʠ XRCC1 

ʃʠʛʘʟʘ IIIŬ (LigIIIŬ) ʟʘʰʠʚʘʝʪ ʨʘʟʨʳʚ ʚ ʮʝʧʠ ɼʅʂ, ʦʩʪʘʚʰʠʡʩʷ ʧʦʩʣʝ ʪʦʛʦ ʢʘʢ POLɓ ʟʘʧʦʣʥʠʪ 

ʧʨʦʙʝʣ ʠ ʫʩʪʨʘʥʠʪ dRP-ʛʨʫʧʧʫ. ʉʫʱʝʩʪʚʫʝʪ ʪʨʠ ʬʦʨʤʳ LigIII: Ŭ, ɓ ʠ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʘʷ; ʚʩʝ ʦʥʠ 

ʢʦʜʠʨʫʶʪʩʷ ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʛʝʥʦʤ. LigIIIŬ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʚ ʢʣʝʪʢʝ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ʙʝʣʢʦʤ XRCC1, 

ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʷʜʝʨʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʠ ʟʘʱʠʪʳ ʦʪ ʧʨʦʪʝʦʣʠʟʘ (ʨʠʩ. 18ʙ). LigIIIɓ 

ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʚ ʤʫʞʩʢʠʭ ʧʦʣʦʚʳʭ ʢʣʝʪʢʘʭ, ʛʜʝ, ʢʘʢ ʧʦʣʘʛʘʶʪ, ʦʥʘ ʫʯʘʩʪʚʫʝʪ ʚ 

ʤʝʡʦʪʠʯʝʩʢʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ. ʄʠʪʦʭʦʥʜʨʠʘʣʴʥʘʷ LigIII (mtLigIII) ʠʤʝʝʪ N-ʢʦʥʮʝʚʦʡ ʩʠʛʥʘʣ 

ʣʦʢʘʣʠʟʘʮʠʠ ʠ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʚ ʨʝʧʘʨʘʮʠʠ ʧʦʚʨʝʞʜʝʥʠʡ ʤʠʪʦʭʦʥʜʨʠʘʣʴʥʦʡ ɼʅʂ ʚ ʦʪʩʫʪʩʪʚʠʝ 

XRCC1.  

ʇʦʩʣʝ ʩʚʷʟʳʚʘʥʠʷ ʩ ɼʅʂ LigIIIŬ ʦʙʦʨʘʯʠʚʘʝʪ ʩʦʙʦʡ ɼʅʂ (ʨʠʩ. 18ʘ). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ɼʅʂ-

ʩʚʷʟʳʚʘʶʱʝʤʫ ʜʦʤʝʥʫ ʠʟʛʠʙʘʪʴ ɼʅʂ ʠ ʨʘʩʢʨʫʯʠʚʘʪʴ ʝʝ, ʦʪʢʨʳʚʘʷ ʜʦʩʪʫʧ ʢ ʨʘʟʨʳʚʫ ɼʅʂ ʜʣʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ. ʉʣʝʜʩʪʚʠʝʤ ʪʘʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ LigIIIŬ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ ʷʚʣʷʝʪʩʷ 

ʪʦ, ʯʪʦ ʢʦʤʧʣʝʢʩ LigIIIŬ-XRCC1 ʨʘʟʨʫʰʘʝʪ ʥʫʢʣʝʦʩʦʤʳ, ʩʦʜʝʨʞʘʱʠʝ ʦʜʥʦʥʠʪʝʚʳʝ ʨʘʟʨʳʚʳ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʙʨʝʰʴ ʚ ɼʅʂ ʙʦʣʝʝ ʜʦʩʪʫʧʥʘ ʜʣʷ ʜʝʡʩʪʚʠ ̫POLɓ ʠʟʚʥʝ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʠʚʥʦʩʪʴ 

POLɓ ʩʪʠʤʫʣʠʨʫʝʪʩʷ ʥʘ ʥʫʢʣʝʦʩʦʤʘʭ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʘ LigIIIŬ-XRCC1 [230].  

ʘ) 

 

ʙ) 

 

ʈʠʩ. 18. ɼʅʂ-ʣʠʛʘʟʘ III  Ŭ. (ʘ) ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ ɼʅʂ-ʣʠʛʘʟʳ IIIŬ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ʨʘʟʨʳʚ (ʚ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʢʦʚʘʣʝʥʪʥʦ-ʩʚʷʟʘʥʥʘʷ ʤʦʣʝʢʫʣʘ ɸʄʌ) PDB3L2P. (ʙ) ɹʝʣʢʦʚʳʝ ʧʘʨʪʥʝʨʳ 

ʢʦʤʧʣʝʢʩʘ ɼʅʂ-ʣʠʛʘʟʳ IIIŬ/XRCC1. ʉʪʨʫʢʪʫʨʥʳʝ ʜʦʤʝʥʳ ɼʅʂ-ʣʠʛʘʟʳ IIIŬ (ʨʦʟʦʚʳʡ) ʠ XRCC1 (ʩʠʥʠʡ), ʢʦʪʦʨʳʝ 

ʫʯʘʩʪʚʫʶʪ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʩ ʜʨʫʛʠʤʠ ʙʝʣʢʘʤʠ ʨʝʧʘʨʘʮʠʠ ɼʅʂ [2,231]. 

ʇʦʜʦʙʥʦ ʤʳʰʘʤ ʩ ʥʦʢʘʫʪʦʤ APE1, ʤʳʰʠ, ʩʦʜʝʨʞʘʱʠʝ ʥʦʢʘʫʪ LigIIIŬ, ʷʚʣʷʶʪʩʷ 

ʵʤʙʨʠʦʥʘʣʴʥʳʤʠ ʣʝʪʘʣʴʥʳʤʠ [232]. ʍʦʪʷ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ LigIIIŬ, 
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ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʚ ʙʘʟʘʭ ʜʘʥʥʳʭ (R30C, R100C, G190C, R224W, D349G, D679V, R780H, 

K811T, R867H, S887F, K898T, P899S, T927M), ʥʠ ʦʜʠʥ ʠʟ ʥʠʭ ʝʱʝ ʥʝ ʙʳʣ ʬʫʥʢʮʠʦʥʘʣʴʥʦ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ ʠ/ʠʣʠ ʘʩʩʦʮʠʠʨʦʚʘʥ ʩ ʙʦʣʝʟʥʴʶ [233]. ʇʦʩʢʦʣʴʢʫ ɼʅʂ-ʣʠʛʘʟʳ ʠʤʝʶʪ ʨʝʰʘʶʱʝʝ 

ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʷʜʘ ʧʨʦʮʝʩʩʦʚ ʨʝʧʘʨʘʮʠʠ ɼʅʂ, ʘ ʪʘʢʞʝ ʜʣʷ ʨʝʧʣʠʢʘʮʠʠ, ʚʦʟʤʦʞʥʦ, ʧʨʠʩʫʪʩʪʚʠʝ 

ʜʘʞʝ ʥʝʙʦʣʴʰʠʭ ʠʟʤʝʥʝʥʠʡ ʚ ʣʠʛʘʟʝ, ʚʝʜʫʱʠʭ ʢ ʩʙʦʷʤ ʚ ʝʸ ʨʘʙʦʪʝ, ʙʫʜʝʪ ʥʝ ʩʦʚʤʝʩʪʠʤʦ ʩ 

ʞʠʟʥʴʶ. 

XRCC1 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʷʜʝʨʥʳʡ ʙʝʣʦʢ, ʢʦʪʦʨʳʡ ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʘʨʭʠʪʝʢʪʫʨʥʳʡ 

ʬʘʢʪʦʨ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʩʙʦʨʢʫ ʤʫʣʴʪʠʙʝʣʢʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʙʣʘʛʦʜʘʨʷ ʤʫʣʴʪʠʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʠ ʚʳʩʦʢʦʤʫ ʩʨʦʜʩʪʚʫ ʢ ʧʦʣʠ(ɸɼʌ-ʨʠʙʦʟʝ), ʦʙʣʝʛʯʘʷ ʪʝʤ ʩʘʤʳʤ ʩʙʦʨʢʫ ʨʝʧʘʨʘʩʦʤ ʚ 

BER ʠ ʨʝʧʘʨʘʮʠʠ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ ʨʘʟʨʳʚʦʚ [234,235]. ɼʣʷ XRCC1 ʙʳʣʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʦ 

ʜʦʚʦʣʴʥʦ ʤʥʦʛʦ SNP ʚʘʨʠʘʥʪʦʚ (R5H, R7P, V10M, V72A, R107H, E157K, P161L, N183S, R194W, 

A214V, R280H, K298N, T304A, P309S, R399Q, V381M, S485Y, E491K, L514P, H528Y, R559Q, 

R560W, Y576N, Y576S), ʧʨʠʯʝʤ ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʚʩʪʨʝʯʘʶʪʩʷ ʩ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ 

[161]. ɹʳʣ ʧʨʝʜʧʨʠʥʷʪ ʨʷʜ ʧʦʧʳʪʦʢ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʪʨʠ ʦʩʥʦʚʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʘ 

XRCC1 ʯʝʣʦʚʝʢʘ: Arg194Trp, Arg280His ʠ Arg399Gln. ʇʝʨʚʳʡ ʪʘʢʦʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ 

Arg399Gln ʧʦʣʥʦʩʪʴʶ ʩʦʭʨʘʥʷʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʘʣʢʠʣʠʨʫʶʱʝʤʫ ʘʛʝʥʪʫ 

ʤʝʪʠʣʤʝʪʘʥʩʫʣʴʬʦʥʘʪʫ (MMS) ʚ ʢʣʝʪʢʘʭ EM9 [236]. ʊʦʛʜʘ ʢʘʢ ʚ ʜʨʫʛʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [237], 

Arg280His ʠ Arg399Gln ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʣʘʙʦʝ ʩʥʠʞʝʥʠʝ ʨʝʧʘʨʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ 

ʢʣʝʪʢʘʭ ʪʦʛʦ ʞʝ ʪʠʧʘ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʨʷʜʦʤ ʛʝʥʦʪʦʢʩʠʥʦʚ. ɺ ʨʘʙʦʪʝ [238] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

Arg399Gln, ʚ ʦʪʣʠʯʠʝ ʦʪ ʚʘʨʠʘʥʪʦʚ Arg194Trp ʠʣʠ Arg280His, ʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʥʝʩʧʦʩʦʙʥʦʩʪʴ 

ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʙʣʝʦʤʠʮʠʥʦʤ ʫʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʤʠʢʨʦʷʜʝʨ ʚ ʢʣʝʪʢʘʭ ɽʄ9. 

ɽʱʝ ʦʜʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ Arg280His ʣʠʰʴ ʯʘʩʪʠʯʥʦ ʩʦʭʨʘʥʷʣ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

MMS ʚ ʢʣʝʪʢʘʭ EM9, ʜʝʤʦʥʩʪʨʠʨʫʷ ʩʥʠʞʝʥʠʝ ʨʝʧʘʨʘʮʠʠ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ ʨʘʟʨʳʚʦʚ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ Arg194Trp ʧʨʦʷʚʣʷʣ ʘʢʪʠʚʥʦʩʪʴ ʙʣʠʟʢʫʶ ʢ ʘʢʪʠʚʥʦʩʪʠ ʙʝʣʢʘ ʜʠʢʦʛʦ ʪʠʧʘ [239]. ʅʘʢʦʥʝʮ, 

ʠʟʫʯʝʥʠʝ ʨʷʜʘ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʘʢʪʠʚʥʦʩʪʝʡ ʥʝʩʢʦʣʴʢʠʭ ʚʘʨʠʘʥʪʦʚ XRCC1, ʚʢʣʶʯʘʷ Arg194Trp, 

Arg280His ʠ Arg399Gln, ʧʦʢʘʟʘʣʦ, ʯʪʦ Arg280His ʧʨʦʷʚʣʷʝʪ ʩʣʘʙʦʝ ʩʥʠʞʝʥʠʝ ʩʧʦʩʦʙʥʦʩʪʠ 

ʩʚʷʟʳʚʘʪʴʩʷ ʩ ɼʅʂ, ʜʝʤʦʥʩʪʨʠʨʫʷ ʧʨʠ ʵʪʦʤ ʥʦʨʤʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʝʣʢʘʤʠ-ʧʘʨʪʥʝʨʘʤʠ 

POLɓ, PARP1, LigIIIŬ ʠ PCNA [240]. ɼʨʫʛʠʝ ʧʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ, ʘ ʪʘʢʞʝ ʨʝʜʢʠʝ ʚʘʨʠʘʥʪʳ 

P161L ʠ Y576S ʥʝ ʧʦʢʘʟʘʣʠ ʦʪʣʠʯʠʷ ʦʪ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ ʚ ʧʨʦʮʝʩʩʘʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʫʢʘʟʘʥʥʳʤʠ ʚʳʰʝ ʙʝʣʢʘʤʠ, ʘ ʪʘʢʞʝ ʩ ɼʅʂ. ʇʦʧʳʪʢʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʧʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪ r

XRCC1 ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʜʘʣʠ ʯʝʪʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʪʦʛʦ, ʢʘʢʠʝ ʠʟ ʥʠʭ ʧʨʦʷʚʣʷʶʪ ʠʟʤʝʥʝʥʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ. ʍʦʪʷ ʙʦʣʴʰʠʥʩʪʚʦ ʜʘʥʥʳʭ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʟʘʤʝʥʘ Arg280 ʥʘ His ʚʝʜʝʪ ʢ ʜʝʬʝʢʪʫ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ XRCC1, ʪʦʛʜʘ ʢʘʢ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʪʦʛʦ, ʯʪʦ Arg194Trp ʦʙʣʘʜʘʝʪ ʥʘʨʫʰʝʥʥʦʡ 

ʬʫʥʢʮʠʝʡ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝʪ. ʅʝʩʦʦʪʚʝʪʩʪʚʠʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʘʭ ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʦʧʠʩʘʥʥʳʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ ʧʨʠʚʥʦʩʷʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ 
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ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʪʨʫʜʥʦ ʦʙʥʘʨʫʞʠʚʘʝʤʳʡ ʜʝʬʝʢʪ ʚ ʘʢʪʠʚʥʦʩʪʠ ʙʝʣʢʘ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʠʷʤʠ ʚ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʦʮʝʥʢʠ ʬʫʥʢʮʠʠ ʙʝʣʢʘ ʤʝʪʦʜʘʭ ʠ ʧʦʜʭʦʜʘʭ. ɺʩʸ ʵʪʦ ʛʦʚʦʨʠʪ ʚ ʧʦʣʴʟʫ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʥʝʟʘʚʠʩʠʤʳʭ ʤʝʪʦʜʦʚ, ʢʦʪʦʨʳʝ ʙʳ ʧʨʠʥʠʤʘʣʠ ʚʦ 

ʚʥʠʤʘʥʠʝ ʨʘʟʣʠʯʥʳʝ ʥʝʟʘʚʠʩʠʤʳʝ ʤʦʣʝʢʫʣʷʨʥʳʝ ʬʫʥʢʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʙʝʣʢʘ ʜʣʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʝʛʦ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ. 

1.6. ɿʘʢʣʶʯʝʥʠʝ 

ʉʪʘʙʠʣʴʥʦʩʪʴ ʛʝʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʚ ʞʠʚʦʡ ʢʣʝʪʢʝ ï ʢʣʶʯ ʢ ʝʝ ʥʦʨʤʘʣʴʥʦʤʫ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʶ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ ʦʩʪʘʝʪʩʷ ʩʦʤʥʝʥʠʡ, ʯʪʦ ʧʦʚʨʝʞʜʝʥʠʷ ɼʅʂ ʠʛʨʘʶʪ 

ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʦʥʢʦʣʦʛʠʯʝʩʢʠʝ, ʩʝʨʜʝʯʥʦ-ʩʦʩʫʜʠʩʪʳʝ, ʥʝʡʨʦʜʝʛʝʥʝʨʘʪʠʚʥʳʝ ʠ ʜʨʫʛʠʝ. ʇʨʦʮʝʩʩ ʵʢʩʮʠʟʠʦʥʥʦʡ 

ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ʚʢʣʶʯʘʝʪ ʜʝʡʩʪʚʠʝ ʤʥʦʞʝʩʪʚʘ ʬʝʨʤʝʥʪʦʚ ʠ ʦʪʚʝʯʘʝʪ ʟʘ ʫʜʘʣʝʥʠʝ ʠʟ ɼʅʂ 

ʦʛʨʦʤʥʦʛʦ ʯʠʩʣʘ ʧʦʚʨʝʞʜʝʥʠʡ. ʇʨʠ ʵʪʦʤ ʵʪʦʪ ʧʨʦʮʝʩʩ ʢʨʘʡʥʝ ʚʘʞʝʥ ʜʣʷ ʦʨʛʘʥʠʟʤʘ, ʧʦʩʢʦʣʴʢʫ 

ʤʳʰʠ, ʜʝʬʠʮʠʪʥʳʝ ʧʦ ʢʣʶʯʝʚʳʤ ʫʯʘʩʪʥʠʢʘʤ BER, ʪʘʢʠʤ ʢʘʢ APE1, POLɓ ʠ LigIIIŬ, ʷʚʣʷʶʪʩʷ 

ʵʤʙʨʠʦʥʘʣʴʥʦ ʣʝʪʘʣʴʥʳʤʠ. ʅʘ ʤʦʜʝʣʷʭ ʤʳʰʝʡ ʪʘʢʞʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ, 

ʨʘʩʧʦʟʥʘʶʱʠʝ ʧʦʚʨʝʞʜʝʥʠʷ ʚ ɼʅʂ, ʧʨʦʷʚʣʷʶʪ ʚʟʘʠʤʦʜʫʙʣʠʨʫʶʱʠʝ ʬʫʥʢʮʠʠ, ʦʙʣʘʜʘ ̫

ʧʝʨʝʢʨʳʚʘʶʱʠʤʠʩʷ ʩʧʝʢʪʨʘʤʠ ʩʫʙʩʪʨʘʪʥʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʤʝʥʴʰʝʥʠʝ 

ʘʢʪʠʚʥʦʩʪʠ ʦʜʥʦʡ ʠʟ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʣʝʪʘʣʴʥʦʤʫ ʠʩʭʦʜʫ, ʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʚʳʰʝʥʥʳʤ ʫʨʦʚʥʝʤ ʥʘʢʦʧʣʝʥʠʷ ʤʫʪʘʮʠʡ ʚ ʛʝʥʦʤʝ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫ ʯʝʣʦʚʝʢʘ ʫʤʝʥʴʰʝʥʠʝ ʦʙʱʝʛʦ ʫʨʦʚʥʷ ʨʝʧʘʨʘʮʠʦʥʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ BER ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʧʨʠʨʦʜʥʳʤʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʤʠ 

ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ ʚ ʛʝʥʘʭ ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ɼʅʂ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, SNPs ʰʠʨʦʢʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʚ ʧʦʧʫʣʷʮʠʠ ʣʶʜʝʡ, ʘ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ SNP ʠ ʵʪʠʦʣʦʛʠʝʡ ʥʝʢʦʪʦʨʳʭ 

ʟʘʙʦʣʝʚʘʥʠʡ ʯʝʣʦʚʝʢʘ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʦʡ ʦʙʣʘʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʇʨʠ ʵʪʦʤ ʦʜʠʥ ʠʟ ʘʢʪʫʘʣʴʥʳʭ 

ʚʦʧʨʦʩʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʳʷʩʥʝʥʠʠ ʨʦʣʠ SNPs ʚ ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʠ ʢ ʨʘʟʚʠʪʠʶ ʨʘʟʣʠʯʥʳʭ 

ʟʘʙʦʣʝʚʘʥʠʡ. ʉʦʚʦʢʫʧʥʦʩʪʴ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʣʷ 

ʧʨʝʜʩʢʘʟʘʥʠʷ ʨʠʩʢʘ ʨʘʟʚʠʪʠʷ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʟʘʙʦʣʝʚʘʥʠʷ ʫ ʢʦʥʢʨʝʪʥʦʛʦ ʯʝʣʦʚʝʢʘ, ʩʢʦʨʝʝ ʚʩʝʛʦ, 

ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʦʤʙʠʥʘʮʠʶ ʧʦʣʠʤʦʨʬʠʟʤʦʚ ʨʘʟʣʠʯʥʳʭ ʙʝʣʢʦʚ BER, ʘ ʥʝ ʦʪʜʝʣʴʥʳʡ 

ʧʦʣʠʤʦʨʬʠʟʤ ʚ ʛʝʥʝ ʢʘʢʦʛʦ-ʪʦ ʦʜʥʦʛʦ ʙʝʣʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʣʘʜʘʷ ʟʥʘʥʠʷʤʠ, ʦʪʢʨʳʚʘʶʱʠʤʠ 

ʙʦʣʝʝ ʧʦʣʥʫ  ʁ ʢʘʨʪʠʥʫ ʦʙ ʫʨʦʚʥʝ ʨʝʧʘʨʘʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʢʦʥʢʨʝʪʥʦʛʦ ʠʥʜʠʚʠʜʫʫʤʘ, ʚ 

ʧʝʨʩʧʝʢʪʠʚʝ, ʤʦʞʥʦ ʙʫʜʝʪ ʧʨʝʜʩʢʘʟʘʪʴ ʧʨʝʜʨʘʩʧʦʣʦʞʝʥʥʦʩʪʴ ʢ ʟʘʙʦʣʝʚʘʥʠʶ ʠ, ʚʦʟʤʦʞʥʦ, 

ʩʦʩʪʘʚʠʪʴ ʫʩʧʝʰʥʫʶ ʩʪʨʘʪʝʛʠʶ ʣʝʯʝʥʠʷ. 

ʆʜʥʘʢʦ ʩʣʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʧʦʣʠʤʦʨʬʠʟʤʘʤʠ ʚ ʛʝʥʘʭ 

ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ʠ ʠʭ ʵʬʬʝʢʪʦʤ ʥʘ ʨʝʧʘʨʘʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢʦʥʢʨʝʪʥʦʛʦ ʦʨʛʘʥʠʟʤʘ 
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ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ SNP-ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʝ ʟʘʤʝʥʳ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʬʝʨʤʝʥʪʦʚ 

ʨʝʧʘʨʘʮʠʠ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢʘʢ ʢ ʧʦʪʝʨʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʘʤʠʭ ʬʝʨʤʝʥʪʦʚ, ʪʘʢ ʠ 

ʥʘʨʫʰʝʥʠʶ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʛʦ ʜʝʡʩʪʚʠʷ ʚʩʝʭ ʫʯʘʩʪʥʠʢʦʚ ʧʨʦʮʝʩʩʘ ʨʝʧʘʨʘʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʜʝʪʘʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʧʨʠʨʦʜʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ ʨʷʜʘ ʬʝʨʤʝʥʪʦʚ ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ɼʅʂ, 

ʘ ʠʤʝʥʥʦ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ SMUG1 ʠ MBD4 ʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʳ APE1 ʯʝʣʦʚʝʢʘ, ʠ ʘʧʨʦʙʠʨʦʚʘʥ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʢʣʶʯʝʚʳʭ ʬʝʨʤʝʥʪʦʚ 

ʵʢʩʮʠʟʠʦʥʥʦʡ ʨʝʧʘʨʘʮʠʠ ʦʩʥʦʚʘʥʠʡ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ. 
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2. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

2.1. ʈʘʩʪʚʦʨʳ ʠ ʨʝʘʛʝʥʪʳ 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ: ʘʢʨʠʣʘʤʠʜ, N,Nǋ-ʤʝʪʠʣʝʥʙʠʩʘʢʨʠʣʘʤʠʜ, ʧʝʨʩʫʣʴʬʘʪ 

ʘʤʤʦʥʠʷ, ʤʦʯʝʚʠʥʘ, ʪʨʠʩʛʠʜʨʦʦʢʩʠʤʝʪʠʣʘʤʠʥʦʤʝʪʘʥ (Tris), ʜʠʪʠʦʪʨʝʠʪ (DTT), ʛʣʠʮʝʨʠʥ, 

ʪʝʪʨʘʙʦʨʘʪ ʥʘʪʨʠʷ, ʵʪʠʣʝʥʜʠʘʤʠʥʪʝʪʨʘʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ (ʕɼʊɸ), ʠʤʠʜʘʟʦʣ, ʦʜʥʦ- ʠ 

ʜʚʫʟʘʤʝʱʝʥʥʳʡ ʬʦʩʬʘʪ ʥʘʪʨʠʷ, ʦʜʥʦ- ʠ ʜʚʫʟʘʤʝʱʝʥʥʳʡ ʬʦʩʬʘʪ ʢʘʣʠʷ, ʭʣʦʨʠʜ ʥʘʪʨʠʷ, ʭʣʦʨʠʜ 

ʢʘʣʠʷ, ʭʣʦʨʠʜ ʤʘʛʥʠʷ, ʩʫʣʴʬʘʪ ʥʠʢʝʣʷ (Sigma, ʉʐɸ), ʘʛʘʨ, ʧʝʧʪʦʥ, ʜʨʦʞʞʝʚʦʡ ʵʢʩʪʨʘʢʪ, 

ʠʟʦʧʨʦʧʠʣ-ɓ-D-1-ʪʠʦʛʘʣʘʢʪʦʧʠʨʘʥʦʟʠʜ (ʀʇʊɻ) (Thermo Fisher Scientific, ʉʐɸ), ʧʝʨʭʣʦʨʘʪ 

ʣʠʪʠʷ, ʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ (Panreac, ʉʐɸ), N-(2-ʛʠʜʨʦʢʩʠʵʪʠʣ)ʧʠʧʝʨʘʟʠʥ-1-ʵʪʘʥʩʫʣʴʬʦʥʦʚʘʷ 

ʢʠʩʣʦʪʘ (HEPES), ʧʠʧʝʨʠʜʠʥ, Coomassie G-250 (Serva, ɻʝʨʤʘʥʠʷ), ʙʳʯʠʡ ʩʳʚʦʨʦʪʦʯʥʳʡ 

ʘʣʴʙʫʤʠʥ (BSA), 2-ʤʝʨʢʘʧʪʦʵʪʘʥʦʣ (Ferax, ɻʝʨʤʘʥʠʷ). ʊʘʢʞʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʪʝʯʝʩʪʚʝʥʥʳʝ 

ʧʨʝʧʘʨʘʪʳ ʩʪʝʧʝʥʠ ʯʠʩʪʦʪʳ ʦ.ʩ.ʯ. ɺʩʝ ʨʘʩʪʚʦʨʳ ʛʦʪʦʚʠʣʠ ʥʘ ʜʚʘʞʜʳ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ. 

ʌʝʨʤʝʥʪʳ SMUG1, MBD4cat ʠ APE1 ʜʠʢʦʛʦ ʪʠʧʘ, ʘ ʪʘʢʞʝ ʤʫʪʘʥʪʥʳʝ ʬʦʨʤʳ APE1 D210N, 

APE1 T268D ʠ APE1 D308A ʧʨʝʜʦʩʪʘʚʣʝʥʳ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ. ʄʫʪʘʥʪʥʘʷ ʬʦʨʤʘ 

ʬʝʨʤʝʥʪʘ APE1 N212A ʣʶʙʝʟʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥʘ ʂʘʥʘʞʝʚʩʢʦʡ ʃ.ʖ. (ʀʍɹʌʄ ʉʆ ʈɸʅ, 

ʅʦʚʦʩʠʙʠʨʩʢ). 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʊʘʙʣʠʮʝ 9. ɺ 

ʢʘʯʝʩʪʚʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʥʝʨʘʩʱʝʧʣʷʝʤʳʤ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘʤʠ ʘʥʘʣʦʛʦʤ ɸʇ-ʩʘʡʪʘ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʚ ʩʚʦʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʩʪʘʪʦʢ 

2-ʛʠʜʨʦʢʩʠʤʝʪʠʣ-3-ʛʠʜʨʦʢʩʠ-ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ (ʨʠʩʫʥʦʢ 19ʘ, F-ʩʘʡʪ). ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ 

ʣʦʢʘʣʴʥʳʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ ʚ ʩʫʙʩʪʨʘʪʳ, ʩʦʜʝʨʞʘʱʠʝ F-ʩʘʡʪ, ʚʚʦʜʠʣʠ 

ʬʣʫʦʨʝʩʮʠʨʫʶʱʠʡ ʘʥʘʣʦʛ ʦʩʥʦʚʘʥʠʷ aPu ʚ ʢʦʤʧʣʝʤʝʥʪʘʨʥʫʶ ʮʝʧʴ ʥʘʧʨʦʪʠʚ ʧʦʚʨʝʞʜʝʥʠʷ. ɼʣʷ 

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 çblack hole quencher 1è (BHQ1) 

ʚ ʢʘʯʝʩʪʚʝ ʪʫʰʠʪʝʣʷ. ɺ ʢʘʯʝʩʪʚʝ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʜʣʷ ʬʝʨʤʝʥʪʦʚ SMUG1, AAG, 

NEIL1 ʠ OGG1 ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʘʢʠʝ ʧʦʚʨʝʞʜʝʥʠʷ, 

ʢʘʢ U, ὑA, Tg ʠ oxoG, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʢʘʯʝʩʪʚʝ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʫʙʩʪʨʘʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʢʘʥʦʥʠʯʝʩʢʠʡ ɼʅʂ-ʜʫʧʣʝʢʩ. ʉʪʨʫʢʪʫʨʳ F-ʩʘʡʪʘ, ʧʦʚʨʝʞʜʝʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʬʣʫʦʨʦʬʦʨʥʳʭ 

ʛʨʫʧʧ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʙʦʪʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 19. 
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ʊʘʙʣʠʮʘ 9. ʆʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʚʭʦʜʷʱʠʝ ʚ ʤʦʜʝʣʴʥʳʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ 

ʉʦʢʨʘʱʝʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

F\G 
5ǋ-TCTCTCFCCTTCC-3ǋ 

3ǋ-AGAGAGGGGAAGG-5ǋ 

F\aPu 
5ǋ-TCTCTCFCCTTCC-3ǋ 

3ǋ-AGAGAG(aPu)GGAAGG-5ǋ 

FRET-F (1) 
5'-FAMïGCTCAFGTACAGAGCTG-3ǋ 

3'-CGAGTGCATGTCTCGAC-BHQ1-5' 

FRET-F (2) 
5'-FAMïGCTCAFGTACAGAGCTG-3ǋ 

3'-BHQ1-CGAGTGCATGTCTCGAC-5' 

U\G 
5ǋ-GCTCAUGTACAGAGCTG-3ǋ 

3ǋ-CGAGTGCATGTCTCGAC-5ǋ 

FRET-U 
5'-FAMïGCTCAUGTACAGAGCTG-3ǋ 

3'-CGAGTGCATGTCTCGAC-BHQ1-5' 

F-ʟʦʥʜ 

(ʜʣʷ ɸʈɽ1) 
5ǋ-FAM -GCTCAFGTACAGAGCTGTTTTTCAGCTCTGTACGTGAGCps-BHQ1-3ǋ 

U-ʟʦʥʜ 

(ʜʣʷ UNG2, SMUG1, 

MBD4, TDG) 

5ǋ-FAM -GCTCAUGTACAGAGCTGTTTTTCAGCTCTGTACGTGAGCps-BHQ1-3ǋ 

ὑA-ʟʦʥʜ 

(ʜʣʷ AAG) 

5ǋ-FAM -GCTCAὑAGTACAGAGCTGTTTTTCAGCTCTGTACGTGAGCps-BHQ1-3ǋ 

Tg-ʟʦʥʜ 

(ʜʣʷ NEIL1, NTHL1) 

5ǋ-FAM -GCTCATgGTACAGAGCTGTTTTTCAGCTCTGTACGTGAGCps-BHQ1-3ǋ 

oxoG-ʟʦʥʜ 

(ʜʣʷ OGG1) 

5ǋ-FAM -GCTCAoxoGGTACAGAGCTGTTTTTCAGCTCTGTACGTGAGCps-BHQ1-3ǋ 

ʉ-ʟʦʥʜ 

(ʟʦʥʜ ʜʣʷ ʧʨʦʚʝʨʢʠ 

ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ) 

5ǋ-FAM -GCTCACGTACAGAGCTGTTTTTCAGCTCTGTACGTGAGCps-BHQ1-3ǋ 

ps ï ʪʠʦʬʦʩʬʘʪʥʘʷ ʛʨʫʧʧʘ. 
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ʞ) 

 

FAM 

ʟ) 

 

BHQ1 

ʈʠʩʫʥʦʢ 19. ʉʪʨʫʢʪʫʨʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʟʠʜʦʚ ʠ ʢʨʘʩʠʪʝʣʝʡ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ ʤʦʜʝʣʴʥʳʭ 

ʩʫʙʩʪʨʘʪʦʚ: (ʘ) 2-ʛʠʜʨʦʢʩʠʤʝʪʠʣ-3-ʛʠʜʨʦʢʩʠ-ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥ (F), (ʙ) ʫʨʠʜʠʥ (U), (ʚ) 2-ʘʤʠʥʦʧʫʨʠʥ (aPu), (ʛ) 1,N6-

ʵʪʝʥʦʘʜʝʥʦʟʠʥ (ŮA), (ʜ) ʪʠʤʠʜʠʥʛʣʠʢʦʣʴ (Tg), (ʝ) 7,8-ʜʠʛʠʜ ʨʦ-8-ʦʢʩʦʛʫʘʥʦʟʠʥ (oxoG), (ʞ) 6-ʢʘʨʙʦʢʩʠʬʣʫʦʨʝʩʮʝʠʥ 

(FAM) ʠ (ʟ) black hole quencher 1 (BHQ1). 

 

2.2. ɺʚʝʜʝʥʠʝ 32ʈ-ʤʝʪʢʠ ʚ ʦʣʠʛʦʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ 

ɺʚʝʜʝʥʠʝ 32P-ʤʝʪʢʠ ʥʘ 5ǋ-ʢʦʥʝʮ ʥʝʬʦʩʬʦʨʠʣʠʨʦʚʘʥʥʳʭ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʦʚ F ʠ U ʧʨʦʚʦʜʠʣʠ 

ʩʦʛʣʘʩʥʦ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ [241] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʊ4-ʧʦʣʠʥʫʢʣʝʦʪʠʜ ʢʠʥʘʟʳ (ʉʠʙʕʥʟʠʤ, 

ʈʦʩʩʠʷ) ʠ [ɔ-32P]ATP (ɹʠʦʩʘʥ, ʈʦʩʠʠʷ). ɼʣʷ ʵʪʦʛʦ 30 ʤʢʣ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 20 ʧʤʦʣʴ 

ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘ, 60 ʧʤʦʣʴ [ɔ-32P]ATP (ʫʜ.ʘʢʪ. 3,3Ĭ10-3 ʤʂʠ/ʧʤʦʣʴ), ʊ4-ʧʦʣʠʥʫʢʣʝʦʪʠʜ ʢʠʥʘʟʫ 

(20 ʝʜ.ʘʢʪ.) ʚ ʙʫʬʝʨʝ (50 ʤʄ Tris-HCl, pH 7.6, 10 ʤʄ MgCl2, 5ʤʄ ʜʠʪʠʦʪʨʝʠʪ) ʚʳʜʝʨʞʠʚʘʣʠ 60 

ʤʠʥʫʪ ʧʨʠ 37 Áʉ. ʄʝʯʝʥʳʡ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜ ʚʳʜʝʣʷʣʠ ʵʣʝʢʪʨʦʬʦʨʝʟʦʤ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʝʤ 20% 

ʇɸɸɻ. ʈʘʜʠʦʘʢʪʠʚʥʫʶ ʧʦʣʦʩʫ ʚʳʷʚʣʷʣʠ ʨʘʜʠʦʘʚʪʦʛʨʘʬʠʝʡ ʠ ʚʳʨʝʟʘʣʠ ʠʟ ʛʝʣʷ. ʄʝʯʝʥʳʡ 

ʦʣʠʛʦʥʫʢʣʝʦʪʠʜ ʧʝʨʝʥʦʩʠʣʠ ʠʟ ʛʝʣʷ ʚ ʨʘʩʪʚʦʨ ʤʝʪʦʜʦʤ ʧʘʩʩʠʚʥʦʡ ʵʣʶʮʠʠ, ʧʨʠ ʚʩʪʨʷʭʠʚʘʥʠʠ 

ʧʨʦʙʠʨʢʠ ʩ ʢʫʩʦʯʢʘʤʠ ʛʝʣʷ ʚ 150 ʤʢʣ ʚʦʜʳ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. ɼʘʣʝʝ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜ ʦʩʘʞʜʘʣʠ 

10-ʢʨʘʪʥʳʤ ʠʟʙʳʪʢʦʤ 2 % ʨʘʩʪʚʦʨʘ LiClO4 ʚ ʘʮʝʪʦʥʝ. ʆʩʘʜʦʢ ʪʨʠʞʜʳ ʧʨʦʤʳʚʘʣʠ 200 ʤʢʣ 

ʘʮʝʪʦʥʘ, ʚʳʩʫʰʠʚʘʣʠ ʚ ʚʘʢʫʫʤʝ ʠ ʨʘʩʪʚʦʨʷʣʠ ʚ 100 ʤʢʣ ʜʚʘʞʜʳ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʤʝʯʝʥʦʛʦ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘ ʥʝ ʧʨʝʚʳʰʘʣʘ 2Ĭ10-7 ʄ. 
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2.3. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʨʘʩʱʝʧʣʝʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ F/G-ʩʫʙʩʪʨʘʪʘ ʤʫʪʘʥʪʥʳʤʠ 

ʬʦʨʤʘʤʠ APE1 ʠ ʝʛʦ ʜʠʢʠʤ ʪʠʧʦʤ 

ɿʘʚʠʩʠʤʦʩʪʠ ʩʪʝʧʝʥʠ ʨʘʩʱʝʧʣʝʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ F/G-ʩʫʙʩʪʨʘʪʘ, ʤʝʯʝʥʥʦʛʦ ʧʦ 5ǋ-ʢʦʥʮʫ, 

ʢʘʪʘʣʠʟʠʨʫʝʤʦʛʦ APE1 ʠ ʝʛʦ ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ, ʦʪ ʚʨʝʤʝʥʠ ʧʦʣʫʯʘʣʠ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʬʝʨʤʝʥʪʘ 0,1 ʤʢʄ ʠ ʩʫʙʩʪʨʘʪʘ 1,0 ʤʢʄ. ʈʝʘʢʮʠʶ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 37Áʉ ʚ ʙʫʬʝʨʝ BER (50 ʤM Tris-

HCl pH 7,5, 50 ʤM KCl, 1 ʤM ʕɼʊɸ, 1 ʤM DTT, 5 ʤM MgCl2, ʠ 7% ʛʣʠʮʝʨʠʥ). ʂ 10 ʤʢʣ ʙʫʬʝʨʥʦʛʦ 

ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 32ʈ-ʤʝʯʝʥʥʳʡ ʩʫʙʩʪʨʘʪ, ʜʦʙʘʚʣʷʣʠ 10 ʤʢʣ ʬʝʨʤʝʥʪʘ ʚ ʪʦʤ ʞʝ ʙʫʬʝʨʝ. 

ʇʦʩʣʝ ʙʳʩʪʨʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʠʟ ʥʝʸ ʦʪʙʠʨʘʣʠ ʘʣʠʢʚʦʪʳ ʦʙʲʝʤʦʤ 2 ʤʢʣ, 

ʢʦʪʦʨʳʝ ʧʦʤʝʱʘʣʠ ʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʳʝ ʧʨʦʙʠʨʢʠ, ʩʦʜʝʨʞʘʱʠʝ 3 ʤʢʣ ʨʘʩʪʚʦʨʘ 7 

ʄ ʤʦʯʝʚʠʥʳ, 100 ʤʄ ʕɼʊɸ, 0,1% ʙʨʦʤʬʝʥʦʣʦʚʦʛʦ ʩʠʥʝʛʦ ʠ 0,1% ʢʩʠʣʝʥʮʠʘʥʦʣʘ. ʇʨʦʜʫʢʪʳ 

ʨʘʩʱʝʧʣʝʥʠʷ ʨʘʟʜʝʣʷʣʠ ʚ 20% ʇɸɸɻ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 

ʥʘʧʨʷʞʝʥʠʠ 50 ɺ/ʩʤ. ʇʦʣʫʯʝʥʥʳʝ ʛʝʣʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʨʘʜʠʦʜʝʥʩʠʪʦʤʝʪʨʘ 

çMolʝcular Imager FXè (BioRad, ʉʐɸ). ʂʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʙʨʘʙʦʪʢʫ ʨʘʜʠʦʘʚʪʦʛʨʘʬʦʚ ʚʳʧʦʣʥʷʣʠ 

ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Gel-Pro Analyzer 4.0 (Media Cybernetics, ʉʐɸ). ʉʪʝʧʝʥʴ 

ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠ, ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʧʣʦʱʘʜʝʡ ʧʠʢʦʚ ʧʨʦʜʫʢʪʦʚ ʢ ʩʫʤʤʝ 

ʧʣʦʱʘʜʝʡ ʧʠʢʦʚ ʧʨʦʜʫʢʪʦʚ ʠ ʧʠʢʘ ʠʩʭʦʜʥʦʛʦ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘ. ʆʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʥʝ ʧʨʝʚʳʰʘʣʘ 20%. ʅʘʙʣʶʜʘʝʤʫʶ ʢʦʥʩʪʘʥʪʫ ʩʢʦʨʦʩʪʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ 

kcat ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʧʦ ʫʨʘʚʥʝʥʠʶ (1). 

[ʇʨʦʜʫʢʪ] = A Ĭ [1 - exp(-kcat Ĭ t)],        (1) 

ʛʜʝ ɸ ï ʘʤʧʣʠʪʫʜʘ, kcat - ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ, t ï ʚʨʝʤʷ 

ʨʝʘʢʮʠʠ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʨʅ ʥʘ ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ-ʢʦʤʧʝʪʝʥʪʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʠ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʩ ʧʦʤʦʱʴʶ ɸʈɽ1 ʜʠʢʦʛʦ ʪʠʧʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ 

ʪʦʪ ʞʝ ʩʘʤʳʡ ʧʦʜʭʦʜ. ʆʪʣʠʯʠʷ ʙʳʣʠ ʣʠʰʴ ʚ ʩʦʦʪʥʦʰʝʥʠʠ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ (1 ʤʢʄ ɸʈɽ1/1 

ʤʢʄ F\G-ʩʫʙʩʪʨʘʪʘ) ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʫʬʝʨʦʚ, ʠʤʝʶʱʠʭ ʨʅ ʦʪ 5.5 ʜʦ 9.0. 

2.4. ʈʝʛʠʩʪʨʘʮʠʷ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ FRET-F(1)-

ʩʫʙʩʪʨʘʪʘ ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ ɸʈɽ1, ʩʦʜʝʨʞʘʱʠʤʠ ʟʘʤʝʥʳ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, 

ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ 

ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ FRET-F(1)-ʩʫʙʩʪʨʘʪʘ ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ ɸʈɽ1, ʩʦʜʝʨʞʘʱʠʤʠ ʟʘʤʝʥʳ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, ʦʧʨʝʜʝʣʷʣʠ 

ʧʨʠ 25ÁC ʚ ʙʫʬʝʨʝ BER ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʂ 2 ʤʢʣ ʙʫʬʝʨʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 2 ʤʢʄ 

FRET-F(1)-ʩʫʙʩʪʨʘʪ, ʜʦʙʘʚʣʷʣʠ 2 ʤʢʣ 0,05 ʤʢʄ ʬʝʨʤʝʥʪʘ ʚ ʪʦʤ ʞʝ ʙʫʬʝʨʝ. ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ 
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ʙʳʩʪʨʦ ʧʝʨʝʤʝʰʠʚʘʣʠ ʠ ʯʝʨʝʟ 30 ʩʝʢʫʥʜ ʨʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʩʪʚʦʨʘ 7 ʄ 

ʤʦʯʝʚʠʥʳ, 25 ʤʄ EDTA. ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʥʘʥʦʩʠʣʠ ʥʘ 20% ʇɸɸɻ, ʩʦʜʝʨʞʘʱʠʡ 7 ʄ 

ʤʦʯʝʚʠʥʫ, ʠ ʧʨʦʚʦʜʠʣʠ ʵʣʝʢʪʨʦʬʦʨʝʟ ʧʨʠ 50 ɺ/ʩʤ. ʂʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʧʨʦʜʫʢʪʘ 

ʦʧʨʝʜʝʣʷʣʠ ʧʫʪʝʤ ʩʢʘʥʠʨʦʚʘʥʠʷ ʛʝʣʷ ʥʘ ʧʨʠʙʦʨʝ E-Box (ñVILBERò, ʌʨʘʥʮʠʷ) ʠ ʦʙʨʘʙʦʪʢʠ 

ʜʘʥʥʳʭ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ Gel-Pro Analyzer 4.0 (ñMedia Cyberneticsò, ʉʐɸ). 

 

2.5. ʈʝʛʠʩʪʨʘʮʠʷ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ ʬʝʨʤʝʥʪʘʤʠ SMUG1 ʠ MBD4cat ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʨʝʘʢʮʠʠ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ BER ʧʨʠ 

25ÁC. ʇʨʦʜʫʢʪʳ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʵʣʝʢʪʨʦʬʦʨʝʟʦʤ ʚ 20%-ʥʦʤ ʇɸɸɻ, ʩʦʜʝʨʞʘʱʝʤ 7 ʄ ʤʦʯʝʚʠʥʫ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ FRET-U-ʩʫʙʩʪʨʘʪʘ. ɿʘʚʠʩʠʤʦʩʪʴ ʩʪʝʧʝʥʠ ʧʨʝʚʨʘʱʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʦʪ ʚʨʝʤʝʥʠ 

ʦʧʨʝʜʝʣʷʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʂ 20 ʤʢʣ ʙʫʬʝʨʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 10 ʤʢʄ FRET-U-

ʩʫʙʩʪʨʘʪ, ʜʦʙʘʚʣʷʣʠ 20 ʤʢʣ 2,0 ʤʢʄ ʬʝʨʤʝʥʪʘ ʚ ʪʦʤ ʞʝ ʙʫʬʝʨʝ. ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʙʳʩʪʨʦ 

ʧʝʨʝʤʝʰʠʚʘʣʠ ʠ ʯʝʨʝʟ ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʦʪʙʠʨʘʣʠ ʘʣʠʢʚʦʪʳ ʦʙʲʝʤʦʤ 2,0 ʤʢʣ, 

ʢʦʪʦʨʳʝ ʧʝʨʝʥʦʩʠʣʠ ʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʳʝ ʧʨʦʙʠʨʢʠ, ʩʦʜʝʨʞʘʱʠʝ 2,0 ʤʢʣ ʨʘʩʪʚʦʨʘ 

7 ʄ ʤʦʯʝʚʠʥʳ, 25 ʤʄ EDTA ʠ 0,1% ʢʩʠʣʝʥʮʠʘʥʦʣʘ. ɿʘʪʝʤ ʜʦʙʘʚʣʷʣʠ 1 ʤʣ 2%-ʥʦʛʦ ʨʘʩʪʚʦʨʘ 

LiClO4 ʚ ʘʮʝʪʦʥʝ, ʚʳʜʝʨʞʠʚʘʣʠ 30 ʤʠʥ ʧʨʠ 20Áʉ ʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ 10 ʤʠʥ (14 000 Ĭ g). 

ʆʩʘʜʦʢ ʧʨʦʤʳʚʘʣʠ ʘʮʝʪʦʥʦʤ, ʚʳʩʫʰʠʚʘʣʠ, ʨʘʩʪʚʦʨʷʣʠ ʚ 10 ʤʢʣ ʙʫʬʝʨʥʦʛʦ ʨʘʩʪʚʦʨʘ, 

ʩʦʜʝʨʞʘʱʝʛʦ 1,0 ʤʢʄ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʫ Nfo ʠ ʠʥʢʫʙʠʨʦʚʘʣʠ ʧʨʠ 25ÁC ʚ ʪʝʯʝʥʠʝ 1 ʤʠʥ ʜʣʷ 

ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʳʭ ʩʚʷʟʝʡ ʚ ɸʇ-ʩʘʡʪʘʭ. ʈʝʘʢʮʠʶ ʦʩʪʘʥʘʚʣʠʚʘʣʠ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʩʪʚʦʨʘ 

7 ʄ ʤʦʯʝʚʠʥʳ, 25 ʤʢʄ EDTA ʠ 0,1% ʢʩʠʣʝʥʮʠʘʥʦʣʘ. ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʥʘʥʦʩʠʣʠ ʥʘ ʇɸɸɻ ʠ 

ʧʨʦʚʦʜʠʣʠ ʵʣʝʢʪʨʦʬʦʨʝʟ ʧʨʠ 50 ɺ/ʩʤ. ʂʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʧʨʦʜʫʢʪʘ ʦʧʨʝʜʝʣʷʣʠ ʧʫʪʝʤ 

ʩʢʘʥʠʨʦʚʘʥʠʷ ʛʝʣʷ ʥʘ ʧʨʠʙʦʨʝ E-Box (ñVILBERò, ʌʨʘʥʮʠʷ) ʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʧʘʢʝʪʝ Gel-Pro Analyzer 4.0 (ñMedia Cyberneticsò, ʉʐɸ). 

ʌʝʨʤʝʥʪʘʪʠʚʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ ʦʧʨʝʜʝʣʷʣʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʫʶ ʧʨʠʥʠʤʘʣʠ ʨʘʚʥʦʡ 1. 

 

2.6. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 32ʈ-ʤʝʯʝʥʦʛʦ U/G-ʩʫʙʩʪʨʘʪʘ ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ 

SMUG1 ʠ MBD4cat ʠ ʠʭ ʜʠʢʠʤʠ ʪʠʧʘʤʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʦʡ ʬʦʨʤʳ 

ɸʈɽ1 D210N 

ʈʝʘʢʮʠʶ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 37Áʉ ʚ ʙʫʬʝʨʝ BER (50 ʤM Tris-HCl pH 7,5, 50 ʤM KCl, 1 ʤM ʕɼʊɸ, 1 

ʤM DTT, 5 ʤM MgCl2, ʠ 7% ʛʣʠʮʝʨʠʥ). ʂ 5 ʤʢʣ ʙʫʬʝʨʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 80 ʥʄ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʫ (SMUG1 ʠʣʠ MBD4cat) ʜʦʙʘʚʣʷʣʠ 5 ʤʢʣ 200 ʥʄ ɸʈɽ1 D210N ʚ ʪʦʤ ʞʝ ʙʫʬʝʨʝ, ʩʤʝʩʴ 

ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 37Áʉ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ, ʟʘʪʝʤ ʜʦʙʘʚʣʷʣʠ 10 ʤʢʣ 200 ʥʄ 32ʈ-ʤʝʯʝʥʥʦʛʦ U/G-
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ʩʫʙʩʪʨʘʪʘ ʚ ʪʦʤ ʞʝ ʙʫʬʝʨʝ. ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʧʝʨʝʤʝʰʠʚʘʣʠ ʠ ʠʥʢʫʙʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ 

ʧʨʠ 37Áʉ. ʇʦʩʣʝʜʫʶʱʠʡ ʛʠʜʨʦʣʠʟ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ɸʇ-ʩʘʡʪʘ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʠ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ 10% ʨʘʩʪʚʦʨʦʤ ʧʠʧʝʨʠʜʠʥʘ (15 ʤʠʥ, 56Áʉ). ɿʘʪʝʤ ʜʦʙʘʚʣʷʣʠ 1 ʤʣ 2%-ʥʦʛʦ 

ʨʘʩʪʚʦʨʘ LiClO4 ʚ ʘʮʝʪʦʥʝ, ʚʳʜʝʨʞʠʚʘʣʠ 30 ʤʠʥ ʧʨʠ 20Áʉ ʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ 10 ʤʠʥ (14 000 

Ĭ g). ʆʩʘʜʦʢ ʧʨʦʤʳʚʘʣʠ ʘʮʝʪʦʥʦʤ, ʚʳʩʫʰʠʚʘʣʠ, ʨʘʩʪʚʦʨʷʣʠ ʚ 5 ʤʢʣ ʙʫʬʝʨʘ ʩʦʩʪʘʚʘ 7 ʄ 

ʤʦʯʝʚʠʥʘ, 25 ʤʄ ʕɼʊɸ, 0,1% ʙʨʦʤʬʝʥʦʣʦʚʦʛʦ ʩʠʥʝʛʦ ʠ 0,1% ʢʩʠʣʝʥʮʠʘʥʦʣʘ. ʇʨʦʜʫʢʪʳ 

ʨʘʩʱʝʧʣʝʥʠʷ ʨʘʟʜʝʣʷʣʠ ʚ 20% ʇɸɸɻ ʚ ʜʝʥʘʪʫʨʠʨʫʶʱʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 

ʥʘʧʨʷʞʝʥʠʠ 50 ɺ/ʩʤ. ʇʦʣʫʯʝʥʥʳʝ ʛʝʣʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʨʘʜʠʦʜʝʥʩʠʪʦʤʝʪʨʘ 

çMolcular Imager FXè (BioRad, ʉʐɸ). ʂʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʙʨʘʙʦʪʢʫ ʨʘʜʠʦʘʚʪʦʛʨʘʬʦʚ ʚʳʧʦʣʥʷʣʠ 

ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Gel-Pro Analyzer 4.0 (Media Cybernetics, ʉʐɸ). ʉʪʝʧʝʥʴ 

ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠ, ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʧʣʦʱʘʜʝʡ ʧʠʢʦʚ ʧʨʦʜʫʢʪʦʚ ʢ ʩʫʤʤʝ 

ʧʣʦʱʘʜʝʡ ʧʠʢʦʚ ʧʨʦʜʫʢʪʦʚ ʠ ʧʠʢʘ ʠʩʭʦʜʥʦʛʦ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘ. ʆʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʥʝ ʧʨʝʚʳʰʘʣʘ 20%. 

2.7. ʉʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʳʡ ʤʫʪʘʛʝʥʝʟ ʛʝʥʦʚ APE1, SMUG1 ʠ MBD4cat 

ʉʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʳʡ ʤʫʪʘʛʝʥʝʟ ʚ ʢʦʜʠʨʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʦʚ APE1, SMUG1 ʠ 

MBD4cat ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ Agilent Technologies (ʉʐɸ) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʠʜ pET11a ʜʣʷ APE1, pET28c ʜʣʷ SMUG1 ʠ pET29b ʜʣʷ MBD4cat. ɼʣʷ ʵʪʦʛʦ 

ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʘʨʳ ʧʨʘʡʤʝʨʦʚ (ʊʘʙʣʠʮʘ 10). 

ʊʘʙʣʠʮʘ 10. ʇʨʘʡʤʝʨʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ 

ʌʝʨʤʝʥʪ  ɿʘʤʝʥʘ  ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʨʘʡʤʝʨʦʚ 

APE1 

Arg221Cys ʧʨʷʤʦʡ 5'- GCACATGAAGAAATTGACCTTTGCAACCCCAAGGGG -3'  

ʦʙʨʘʪʥʳʡ 5'- ʉʉʉʉTTGGGGTTGCAAAGGTCAATTTCTTCATGTGC -3' 

Asn222His ʧʨʷʤʦʡ 5'- GCACATGAAGAAATTGACCTTCGCCACCCCAAGGGG -3' 

ʦʙʨʘʪʥʳʡ 5'- CCCʉTTGGGGTGGCGAAGGTCAATTTCTTCATGTGC -3' 

Arg237Ala ʧʨʷʤʦʡ 5'- GGCTTCACGCCACAAGAGGCCCAAGGCTTCGGGG -3' 

ʦʙʨʘʪʥʳʡ 5'- CCCCGAAGCCTTGGGCʉTʉTTGTGGʉGTGAAGCC -3' 

Gly241Arg ʧʨʷʤʦʡ 5'- GCGCCAAGGCTTCAGGGAATTACTGCAGGC -3' 

ʦʙʨʘʪʥʳʡ 5'- GCCTGCAGTAATTCCCTGAAGCCTTGGCGC -3' 

Met270Ala ʧʨʷʤʦʡ  

5'- GCCTACACCTTTTGGACTTATGCGATGAATGCTCGATCCAAGAATGTTGG -3'  

ʦʙʨʘʪʥʳʡ 

5'- CCAACATTCTTGGATCGAGTATTCATCGCATAAGTCCAAAAGGTGTAGGC -3' 

Met270Thr ʧʨʷʤʦʡ  

5'- GCCTACACCTTTTGGACTTATACGATGAATGCTCGATCCAAGAATGTTGG -3'  

ʦʙʨʘʪʥʳʡ 

5Ω- CCAACATTCTTGGATCGAGTATTCATCGTATAAGTCCAAAA GGTGTAGGC -3' 
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Pro311Ser ʧʨʷʤʦʡ 5'- GGCAGTGATCACTGTTCTATCACCCTATACCTAGC -3' 

ʦʙʨʘʪʥʳʡ 5'- GCTAGGTATAGGGTGATAGAACAGTGATCACTGCC -3' 

SMUG1 

Gly90Cys ʧʨʷʤʦʡ 5ǋ- GAACCCTGGACCTTTTTGCATGGCCCAGACTGGGG -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- CCCCAGTCTGGGCCATGCAAAAAGGTCCAGGGTTC -3ǋ 

Pro240His ʧʨʷʤʦʡ 5ǋ- GAAGGGCTCCTGCATCACTCTCCCCGTAACCCAC -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- GTGGGTTACGGGGAGAGTGATGCAGGAGCCCTTC -3ǋ 

Asn244Ser ʧʨʷʤʦʡ 5ǋ- CATCCCTCTCCCCGTCACCCACAGGCCAACAAG -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- CTTGTTGGCCTGTGGGTGACGGGGAGAGGGATG -3ǋ 

Asn248Tyr ʧʨʷʤʦʡ 5ǋ- CGTAACCCACAGGCCTACAAGGGCTGGGAGGCAGTG -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- CACTGCCTCCCAGCCCTTGTAGGCCTGTGGGTTACG -3ǋ 

MBD4cat 

Ser470Leu ʧʨʷʤʦʡ 5ǋ- CTATATTTCTCAATCGGACCCTAGGCAAAATGGCAATACCTG -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- CAGGTATTGCCATTTTGCCTAGGGTCCGATTGAGAAATATAG -3ǋ 

Gly507Ser ʧʨʷʤʦʡ 5ǋ- GAACTTCTTAAACCTCTTTCTCTCTACGATCTTCGGGC -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- GCCCGAAGATCGTAGAGAGAAAGAGGTTTAAGAAGTTC -3ǋ 

Arg512Trp ʧʨʷʤʦʡ 5ǋ- CTTGGTCTCTACGATCTTTGGGCAAAAACCATTGTCAAG -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- CTTGACAATGGTTTTTGCCCAAAGATCGTAGAGACCAAG -3ǋ 

His557Asp ʧʨʷʤʦʡ 5ǋ- GAGTGGAAGCAGGTGGACCCTGAAGACCAC -3ǋ 

ʦʙʨʘʪʥʳʡ 5ǋ- GTGGTCTTCAGGGTCCACCTGCTTCCACTC -3ǋ 

 

ʇʨʦʜʫʢʪʳ ʇʎʈ-ʘʤʧʣʠʬʠʢʘʮʠʠ ʨʘʟʜʝʣʷʣʠ ʚ 1% ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ. ɺʠʟʫʘʣʠʟʘʮʠʶ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʦʩʨʝʜʩʪʚʦʤ ʦʢʨʘʰʠʚʘʥʠʷ ʵʪʠʜʠʡ-ʙʨʦʤʠʜʦʤ, ʢʦʪʦʨʳʡ ʙʳʣ ʜʦʙʘʚʣʝʥ ʚ ʛʝʣʴ ʠ ʚ 

ʵʣʝʢʪʨʦʜʥʳʡ ʙʫʬʝʨ ʚ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 0,5 ʤʢʛ/ʤʣ. ɼʣʷ ʫʜʘʣʝʥʠʷ çʤʘʪʝʨʠʥʩʢʦʡè ʧʣʘʟʤʠʜʳ 

ʩʤʝʩʴ ʇʎʈ-ʧʨʦʜʫʢʪʦʚ ʦʙʨʘʙʘʪʳʚʘʣʠ ʬʝʨʤʝʥʪʦʤ Dpn1 (Thermo Scientific, ʉʐɸ) ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ 

ʧʨʠ 37Üʉ. ʇʦʣʫʯʝʥʥʳʤʠ ɼʅʂ-ʧʨʦʜʫʢʪʘʤʠ ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʣʠ ʵʣʝʢʪʨʦʢʦʤʧʝʪʝʥʪʥʳʝ ʢʣʝʪʢʠ E. 

coli ʰʪʘʤʤʘ Electro10. ɺʳʜʝʣʝʥʠʝ ʤʫʪʘʥʪʥʳʭ ʧʣʘʟʤʠʜ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʥʘʙʦʨʘ 

çGeneJET Plasmid Miniprep Kitè (Thermo Scientific, ʉʐɸ). ʅʘʣʠʯʠʝ ʟʘʤʝʥ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʧʣʘʟʤʠʜ (pET11a-APE1, pET28c-SMUG1, pET29b-MBD4cat) ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʩ ʧʦʤʦʱʴʶ 

ʩʝʢʚʝʥʠʨʦʚʘʥʠʷ. 

2.8. ɺʳʜʝʣʝʥʠʝ ʠ ʦʯʠʩʪʢʘ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ AAG ʠ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ ʙʝʣʢʘ APE1 

ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʘ AAG ʙʳʣʘ ʚʳʜʝʣʝʥʘ ʠʟ ʣʠʥʠʠ ʢʣʝʪʦʢ E. coli Rosetta II  (DE3), 

ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʣʘʟʤʠʜʦʡ pET11a, ʩʦʜʝʨʞʘʱʝʡ ʛʝʥ aag, ʢʦʜʠʨʫʶʱʠʡ ʙʝʣʦʢ, ʫʩʝʯʝʥʥʳʡ ʩ 

N-ʢʦʥʮʘ ʥʘ 73 ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʘ. ɼʣʷ ʥʘʨʘʙʦʪʢʠ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ ʙʝʣʢʘ APE1 

ʢʦʤʧʝʪʝʥʪʥʳʝ ʢʣʝʪʢʠ E. coli ʰʪʘʤʤʘ Rosetta II  (DE3) ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʣʠ ʧʣʘʟʤʠʜʘʤʠ pET11a-

APE1, ʩʦʜʝʨʞʘʱʠʤʠ ʟʘʤʝʥʳ (Arg221Cys, Asn222His, Arg237Ala, Gly241Arg, Met270Ala, 

Met270Thr, Pro311Ser). ʊʨʘʥʩʬʦʨʤʘʮʠʶ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʧʦʨʘʪʦʨʘ Eporator 

(Eppendorf, ɻʝʨʤʘʥʠʷ). ʂʦʣʦʥʠʶ-ʪʨʘʥʩʬʦʨʤʘʥʪ ʢʫʣʴʪʠʚʠʨʦʚʘʣʠ ʚ ʧʠʪʘʪʝʣʴʥʦʡ ʩʨʝʜʝ ʃʫʨʠʘ-
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ɹʝʨʪʘʥʠ (LB) ʩ ʘʤʧʠʮʠʣʣʠʥʦʤ (100 ʤʢʛ/ʤʣ) ʧʨʠ 37Áʉ ʠ ʧʦʩʪʦʷʥʥʦʤ ʚʩʪʨʷʭʠʚʘʥʠʠ (200 ʦʙ/ʤʠʥ). 

ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ OD600~0,6-0,8 ʧʨʦʚʦʜʠʣʠ ʘʢʪʠʚʘʮʠʶ ʊ7 ʧʨʦʤʦʪʦʨʘ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ 

ʠʟʦʧʨʦʧʠʣ-ɓ-D-1-ʪʠʦʛʘʣʘʢʪʦʧʠʨʘʥʦʟʠʜʘ (ʀʇʊɻ) ʜʦ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 0,2 ʤʄ. ʂʫʣʴʪʫʨʫ 

ʢʣʝʪʦʢ ʚʳʜʝʨʞʠʚʘʣʠ ʩ ʀʇʊɻ ʚ ʪʝʯʝʥʠʝ 17 ʯʘʩʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʦʩʪʦʷʥʥʦʤ 

ʚʩʪʨʷʭʠʚʘʥʠʠ (200 ʦʙ/ʤʠʥ). ʂʣʝʪʢʠ ʦʩʘʞʜʘʣʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 4Áʉ ʥʘ ʩʢʦʨʦʩʪʠ 4000 ʦʙ/ʤʠʥ. ɺʩʝ ʵʪʘʧʳ ʦʯʠʩʪʢʠ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 4Áʉ. ʂʣʝʪʦʯʥʳʡ 

ʦʩʘʜʦʢ ʩʫʩʧʝʥʜʠʨʦʚʘʣʠ ʚ ʙʫʬʝʨʝ 20 ʤʄ HEPES-ʂOH (ʨʅ 7,5), 40 ʤʄ NaCl, ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʢʦʢʪʝʡʣʷ ʠʥʛʠʙʠʪʦʨʦʚ ʧʨʦʪʝʘʟ (Roche Diagnostics, ʐʚʝʡʮʘʨʠʷ). ʂʣʝʪʦʯʥʫʶ ʩʫʩʧʝʥʟʠʶ 

ʣʠʟʠʨʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʩʩʘ ʌʨʝʥʯʘ ʧʨʠ 9,66 ʄʇʘ. ʆʪ ʢʣʝʪʦʯʥʦʛʦ ʜʝʙʨʠʩʘ ʣʠʟʘʪʳ 

ʦʩʚʦʙʦʞʜʘʣʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ ʧʨʠ 40000 Ĭ g ʚ ʪʝʯʝʥʠʝ 45 ʤʠʥ ʧʨʠ 4Áʉ. ʃʠʟʘʪ ʥʘʥʦʩʠʣʠ ʥʘ 

ʘʥʠʦʥʦʦʙʤʝʥʥʫʶ ʢʦʣʦʥʢʫ Q Sepharose (GE Healthcare, ʉʐɸ) ʦʙʲʝʤʦʤ 20 ʤʣ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʫʨʘʚʥʦʚʝʰʝʥʥʫʶ ʙʫʬʝʨʦʤ 20 ʤʄ HEPES-ʂOH (ʨʅ 7,5), 40 ʤʄ NaCl. ʎʝʣʝʚʦʡ ʙʝʣʦʢ ʵʣʶʠʨʦʚʘʣʠ 

ʩ ʢʦʣʦʥʢʠ 50 ʤʣ ʙʫʬʝʨʘ 20 ʤʄ HEPES-ʂOH (ʨʅ 7,5), 40 ʤʄ NaCl ʩʦ ʩʢʦʨʦʩʪʴʶ 2,5 ʤʣ/ʤʠʥ. 

ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ, ʩʦʜʝʨʞʘʱʠʡ ʨʝʢʦʤʙʠʥʘʥʪʥʳʡ ʙʝʣʦʢ, ʥʘʥʦʩʠʣʠ ʥʘ ʛʝʧʘʨʠʥʦʚʫʶ ʢʦʣʦʥʢʫ 

(1ʤʣ) HiTrap Heparin ʅʈ (GE Healthcare, ʉʐɸ) ʩʦ ʩʢʦʨʦʩʪʴʶ 1 ʤʣ/ʤʠʥ. ʉ ʧʦʤʦʱʴʶ ʭʨʦʤʘʪʦʛʨʘʬʘ 

FPLC AKTA Purifier 10 (GE Healthcare, ʉʐɸ), ʚ ʣʠʥʝʡʥʦʤ ʛʨʘʜʠʝʥʪʝ ʭʣʦʨʠʜʘ ʥʘʪʨʠʷ ʦʪ 40 ʤʄ 

ʜʦ 600 ʤʄ ʧʨʦʚʦʜʠʣʠ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʚʷʟʘʥʥʳʭ ʙʝʣʢʦʚ. ɻʦʤʦʛʝʥʥʦʩʪʴ ʨʝʢʦʤʙʠʥʘʥʪʥʳʭ 

ʙʝʣʢʦʚ ʧʨʦʚʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ 12% SDS-PAGE. ʉʪʝʧʝʥʴ ʯʠʩʪʦʪʳ ʧʦʣʫʯʝʥʥʳʭ ʨʝʢʦʤʙʠʥʘʥʪʥʳʭ 

ʙʝʣʢʦʚʳʭ ʧʨʝʧʘʨʘʪʦʚ ʩʦʩʪʘʚʣʷʣʘ ʙʦʣʝʝ 95% (ʨʠʩ. 20). ʇʦʣʫʯʝʥʥʳʝ ʧʨʝʧʘʨʘʪʳ ʬʝʨʤʝʥʪʦʚ ʭʨʘʥʠʣʠ 

ʚ 50% ʛʣʠʮʝʨʠʥʝ ʧʨʠ -20Áʉ. ʂʦʥʮʝʥʪʨʘʮʠʶ ʙʝʣʢʦʚ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʤʝʪʦʜʫ ɹʨʝʜʬʦʨʜʘ ʥʘ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʝ NanoPhotometr N60 Touch (IMPLEN, ɻʝʨʤʘʥʠʷ). 

 

ʈʠʩʫʥʦʢ 20. ʇʨʠʤʝʨ ʧʨʦʚʝʨʢʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʨʝʢʦʤʙʠʥʘʥʪʥʳʭ ʧʨʝʧʘʨʘʪʦʚ ʙʝʣʢʘ APE1 ʩ ʧʦʤʦʱʴʶ 12% SDS-PAGE. 

M - ʤʘʨʢʝʨʳ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʝʩʘ (BioRad, USA), ʚʝʩ ʫʢʘʟʘʥ ʚ ʢɼʘ; 1 ï APE1 N222H, 2 ï APE1 R237A, 3 ï APE1 M270A, 

4 ï APE1 M270T. 
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2.9. ɺʳʜʝʣʝʥʠʝ ʠ ʦʯʠʩʪʢʘ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟʳ ʯʝʣʦʚʝʢʘ MBD4cat, ʧʦʣʥʦʨʘʟʤʝʨʥʦʡ ʛʣʠʢʦʟʠʣʘʟʳ ʯʝʣʦʚʝʢʘ SMUG1 ʠ ʷʜʝʨʥʦʛʦ 

ʘʥʪʠʛʝʥʘ ʧʨʦʣʠʬʝʨʠʨʫʶʱʠʭ ʢʣʝʪʦʢ PCNA 

ʇʦʣʠʤʦʨʬʥʳʝ ʚʘʨʠʘʥʪʳ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟʳ ʯʝʣʦʚʝʢʘ, MBD4cat 

(ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ 426-580) ʠ ʧʦʣʥʦʨʘʟʤʝʨʥʦʡ ʛʣʠʢʦʟʠʣʘʟʳ ʯʝʣʦʚʝʢʘ SMUG1 ʙʳʣʠ 

ʚʳʜʝʣʝʥʳ ʠʟ ʢʣʝʪʦʢ E. coli Rosetta II  (DE3), ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʣʘʟʤʠʜʘʤʠ pET29b-MBD4cat 

ʠʣʠ pET28c-SMUG1, ʩʦʜʝʨʞʘʱʠʤʠ ʟʘʤʝʥʳ, ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʚ ʊʘʙʣʠʮʝ 9. ʗʜʝʨʥʳʡ ʘʥʪʠʛʝʥ 

ʧʨʦʣʠʬʝʨʠʨʫʶʱʠʭ ʢʣʝʪʦʢ PCNA (proliferating cell nuclear antigen) ʙʳʣ ʚʳʜʝʣʝʥ ʠʟ ʣʠʥʠʠ ʢʣʝʪʦʢ 

E. coli Rosetta II  (DE3), ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʣʘʟʤʠʜʦʡ pET28c-PCNA. ʂʫʣʴʪʫʨʫ ʢʣʝʪʦʢ 

ʚʳʨʘʱʠʚʘʣʠ ʚ ʩʨʝʜʝ LB (1 ʣ), ʩʦʜʝʨʞʘʱʝʡ 50 ʤʢʛ/ʤʣ ʢʘʥʘʤʠʮʠʥʘ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 37Üʉ ʜʦ 

ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ 0,6-0,8 ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 600 ʥʤ. ʀʥʜʫʢʮʠʶ ʪʨʘʥʩʢʨʠʧʮʠʠ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʚ ʨʘʩʪʚʦʨ ʀʇʊɻ ʜʦ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 0,2 ʤʄ. ʇʦʩʣʝ ʠʥʜʫʢʮʠʠ ʢʫʣʴʪʫʨʫ 

ʢʣʝʪʦʢ ʠʥʢʫʙʠʨʦʚʘʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 18 ʯʘʩʦʚ. ɿʘʪʝʤ ʢʣʝʪʢʠ ʦʩʘʞʜʘʣʠ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ (20 ʤʠʥ., 4000 ʦʙ/ʤʠʥ) ʠ ʛʦʪʦʚʠʣʠ ʩʫʩʧʝʥʟʠʶ ʢʣʝʪʦʢ ʚ 20 ʤʣ ʙʫʬʝʨʥʦʛʦ 

ʨʘʩʪʚʦʨʘ 20 ʤʄ HEPES-ʂOH (ʨʅ 7,5), 40 ʤʄ NaCl, ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʢʦʢʪʝʡʣʷ ʠʥʛʠʙʠʪʦʨʦʚ ʧʨʦʪʝʘʟ 

(Roche Diagnostics, ʐʚʝʡʮʘʨʠʷ). ʂʣʝʪʦʯʥʫʶ ʩʫʩʧʝʥʟʠʶ ʣʠʟʠʨʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʩʩʘ 

ʌʨʝʥʯʘ ʧʨʠ 9,66 ʄʇʘ. ʆʪ ʢʣʝʪʦʯʥʦʛʦ ʜʝʙʨʠʩʘ ʣʠʟʘʪʳ ʦʩʚʦʙʦʞʜʘʣʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ ʧʨʠ 

40000 Ĭ g ʚ ʪʝʯʝʥʠʝ 45 ʤʠʥ ʧʨʠ 4Áʉ. ʋʚʝʣʠʯʠʚʘʣʠ ʢʦʥʮʝʥʪʨʘʮʠʶ ʩʦʣʠ ʚ ʨʘʩʪʚʦʨʝ ʜʦ 100 ʤʄ, 

ʣʠʟʘʪ ʥʘʥʦʩʠʣʠ ʥʘ ʘʥʠʦʥʦʦʙʤʝʥʥʫʶ ʢʦʣʦʥʢʫ Q Sepharose (GE Healthcare, ʉʐɸ) ʦʙʲʝʤʦʤ 20 ʤʣ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʫʨʘʚʥʦʚʝʰʝʥʥʫʶ ʙʫʬʝʨʦʤ 20 ʤʄ HEPES-ʂOH (ʨʅ 7,5), 100 ʤʄ NaCl. ʎʝʣʝʚʦʡ 

ʙʝʣʦʢ ʵʣʶʠʨʦʚʘʣʠ ʩ ʢʦʣʦʥʢʠ 40 ʤʣ ʙʫʬʝʨʘ 20 ʤʄ HEPES-ʂOH (ʨʅ 7,5), 100 ʤʄ NaCl ʩʦ 

ʩʢʦʨʦʩʪʴʶ 2,5 ʤʣ/ʤʠʥ. ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʜʦʚʦʜʠʣʠ NaCl ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 500 ʤʄ ʠ 

ʠʤʠʜʘʟʦʣʦʤ ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ 15 ʤʄ, ʘ ʟʘʪʝʤ ʥʘʥʦʩʠʣʠ ʥʘ Ni-ʭʝʣʘʪʠʨʫʶʱʫʶ ʧʨʝʜʫʧʘʢʦʚʘʥʥʫʶ 

ʢʦʣʦʥʢʫ (1 ʤʣ) HiTrap Chelating ʅʈ (GE Healthcare, ʉʐɸ) ʩʦ ʩʢʦʨʦʩʪʴʶ 1 ʤʣ/ʤʠʥ. ʉ ʧʦʤʦʱʴʶ 

ʭʨʦʤʘʪʦʛʨʘʬʘ FPLC AKTA Purifier 10 (GE Healthcare, ʉʐɸ), ʧʨʦʚʦʜʠʣʠ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ 

ʩʚʷʟʘʥʥʳʭ ʙʝʣʢʦʚ ʚ ʣʠʥʝʡʥʦʤ ʛʨʘʜʠʝʥʪʝ ʠʤʠʜʘʟʦʣʘ ʦʪ 15 ʤʄ ʜʦ 500 ʤʄ. ɻʦʤʦʛʝʥʥʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʢʦʤʙʠʥʘʥʪʥʳʭ ʙʝʣʢʦʚ ʧʨʦʚʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ 12% SDS-PAGE. ʉʪʝʧʝʥʴ ʯʠʩʪʦʪʳ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʢʦʤʙʠʥʘʥʪʥʳʭ ʙʝʣʢʦʚʳʭ ʧʨʝʧʘʨʘʪʦʚ ʩʦʩʪʘʚʣʷʣʘ 90-95%. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʢʦʤʙʠʥʘʥʪʥʳʝ ʙʝʣʢʠ ʭʨʘʥʠʣʠ ʚ 50% ʛʣʠʮʝʨʠʥʝ ʧʨʠ -20Áʉ. ʂʦʥʮʝʥʪʨʘʮʠʶ ʙʝʣʢʦʚ ʦʧʨʝʜʝʣʷʣʠ 

ʧʦ ʤʝʪʦʜʫ ɹʨʝʜʬʦʨʜʘ ʥʘ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʝ NanoPhotometr N60 Touch (IMPLEN, ɻʝʨʤʘʥʠʷ). 

2.10. ʉʧʝʢʪʨʳ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ (ʂɼ) 

ʉʧʝʢʪʨʳ ʂɼ ʜʣʷ ʙʝʣʢʦʚ ʜʠʢʦʛʦ ʪʠʧʘ SMUG1, MBD4cat ʠ APE1, ʘ ʪʘʢʞʝ ʠʭ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʧʦʣʷʨʠʤʝʪʨʘ Jasco J-600 (Jacso, ʗʧʦʥʠʷ) ʧʨʠ 5ÜC ʚ ʢʚʘʨʮʝʚʳʭ 

ʢʶʚʝʪʘʭ ʩ ʜʣʠʥʦʡ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ 1 ʩʤ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʬʝʨʤʝʥʪʘ ʚ ʢʶʚʝʪʝ ʩʦʩʪʘʚʣʷʣʘ 1 ʤʢʄ. 
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ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ 50 ʤʄ Tris-HCl pH 7,5, 50 ʤʄ KCl, 1 ʤʄ ʕɼʊɸ, 5 ʤʄ MgCl2. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʚʣʠʷʥʠʶ ʨʅ ʠʩʧʦʣʴʟʦʚʘʣʠ ʙʫʬʝʨ ʩʦʩʪʘʚʘ 50 ʤʄ KCl, 1 ʤʄ ʕɼʊɸ, 1 ʤʄ 

DTT, 9% ʛʣʠʮʝʨʠʥ ʠ ʣʠʙʦ 50 ʤʄ Tris-HCl pH 7,0 ʠʣʠ 9,0, ʣʠʙʦ 50 ʤʄ HEPES-KOH pH 5,5. 

ʉʧʝʢʪʨʳ ʟʘʧʠʩʳʚʘʣʠ ʧʨʠ ʰʠʨʠʥʝ ʧʦʣʦʩʳ 1 ʥʤ ʠ ʨʘʟʨʝʰʝʥʠʠ 1 ʥʤ ʧʨʠ ʩʢʦʨʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ 50 

ʥʤ/ʤʠʥ. ʂʘʞʜʳʡ ʩʧʝʢʪʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʩʨʝʜʥʝʥʥʳʡ ʚʘʨʠʘʥʪ 10 ʩʢʘʥʠʨʦʚʘʥʠʡ. 

2.11. ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʬʝʨʤʝʥʪʘʪʠʚʥʳʭ ʨʝʘʢʮʠʡ ʤʝʪʦʜʦʤ 

çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʦʡ ʢʠʥʝʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʝʨʤʝʥʪʦʚ ʩ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʨʠ 25ÜC ʥʘ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʝ ʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘ SX.18MV (Applied 

Photophysics, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). ʄʝʨʪʚʦʝ ʚʨʝʤʷ ʧʨʠʙʦʨʘ ʩʦʩʪʘʚʣʷʣʦ 1,38 ʤʩ. ʂʘʞʜʘʷ 

ʢʠʥʝʪʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʝʟʫʣʴʪʘʪ ʫʩʨʝʜʥʝʥʠʷ ʤʠʥʠʤʫʤ ʪʨʝʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ.  

ʊʘʙʣʠʮʘ 11. ɼʣʠʥʳ ʚʦʣʥ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʜʣʷ ʬʣʫʦʨʦʬʦʨʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ 

ʌʣʫʦʨʦʬʦʨ/ʪʫʰʠʪʝʣʴ ɼʣʠʥʘ ʚʦʣʥʳ 

ʚʦʟʙʫʞʜʝʥʠʷ, ʥʤ 

ɼʣʠʥʘ ʚʦʣʥʳ ʚ 

ʤʘʢʩʠʤʫʤʝ ʠʩʧʫʩʢʘʥʠʷ, 

ʥʤ 

ʉʚʝʪʦʬʠʣʴʪʨ 

Trp 290 345 WG-320 

aPu 310 360 LG-370 

FAM 494 525 OG-515 

BHQ1* 534   

*ɼʣʷ ʪʫʰʠʪʝʣʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ BHQ1 ʧʨʠʚʝʜʝʥʘ ʜʣʠʥʘ ʚʦʣʥʳ ʚ ʤʘʢʩʠʤʫʤʝ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ. 

ɺ ʊʘʙʣʠʮʝ 11 ʧʨʠʚʝʜʝʥʳ ʜʣʠʥʳ ʚʦʣʥ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʠʩʧʫʩʢʘʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ ʬʣʫʦʨʦʬʦʨʦʚ, ʘ ʪʘʢʞʝ ʜʣʠʥʘ ʚʦʣʥʳ ʚ ʤʘʢʩʠʤʫʤʝ ʩʧʝʢʪʨʘ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʪʫʰʠʪʝʣʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ BHQ1. 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ BER (ʨʘʟʜʝʣ 2.3.) ʚ ʫʩʣʦʚʠʷʭ, ʙʣʠʟʢʠʭ ʢ ʫʩʣʦʚʠʷʤ 

ʦʜʥʦʛʦ ʦʙʦʨʦʪʘ ʬʝʨʤʝʥʪʘ. ʇʨʠ ʥʘʙʣʶʜʝʥʠʠ ʟʘ ʬʣʫʦʨʝʩʮʝʥʮʠʝʡ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ ʚ ʬʝʨʤʝʥʪʝ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʩʦʩʪʘʚʣʷʣʘ 1 ʤʢʄ, ʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ 

ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 0,5 ʜʦ 2,0 ʤʢʄ. ʇʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʠʣʠ FRET-ʩʠʛʥʘʣʘ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʫʙʩʪʨʘʪʦʚ ʚ ʷʯʝʡʢʝ ʩʦʩʪʘʚʣʷʣʘ 1 ʤʢʄ, ʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʝʨʤʝʥʪʦʚ ʚʘʨʴʠʨʦʚʘʣʘʩʴ 

ʦʪ 0,5 ʜʦ 3,0 ʤʢʄ. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʣʠ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ 

ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ APE1 ʠ ʜʨʫʛʠʭ ʫʯʘʩʪʥʠʢʘʤʠ BER, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʟʫʯʝʥʠʶ 

ʨʦʣʠ ʟʘʨʷʞʝʥʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʧʨʦʮʝʩʩʝ ʩʚʷʟʳʚʘʥʠʷ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʧʨʝʚʨʘʱʝʥʠʷ ɼʅʂ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʢʦʥʮʝʥʪʨʘʮʠʷ APE1 ʠʣʠ ʝʛʦ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ ʚ ʨʝʘʢʮʠʦʥʥʦʡ 
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ʩʤʝʩʠ ʩʦʩʪʘʚʣʷʣʘ 10 ʥʄ, ʘ ʢʦʥʮʝʥʪʨʘʮʠʷ FRET-F-ʩʫʙʩʪʨʘʪʘ ʙʳʣʘ ʨʘʚʥʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʝʣʢʘ-

ʵʬʬʝʢʪʦʨʘ ʠ ʩʦʩʪʘʚʣʷʣʘ 1,0 ʤʢʄ. ɺʦ ʚʪʦʨʦʤ ʚʘʨʠʘʥʪʝ ʠʩʢʣʶʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʘ ʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ ʙʳʣʘ ʨʘʚʥʘ ʠ ʩʦʩʪʘʚʣʷʣʘ 1,0 ʤʢʄ. 

ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɸʈɽ1, ʚʳʟʚʘʥʥʳʝ ʠʟʤʝʥʝʥʠʝʤ pH, ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʫʪʝʤ 

ʤʦʥʠʪʦʨʠʥʛʘ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʈʘʩʪʚʦʨ 2 ʤʢʄ 

APE1 ʚ ʙʫʬʝʨʝ ʩʦʩʪʘʚʘ 50 ʤʄ KCl, 1 ʤʄ ʕɼʊɸ, 1 ʤʄ Dʊʊ, 5 ʤʄ MgCl2, 7% ʛʣʠʮʝʨʠʥ ʠ 5 ʤʄ 

HEPES-KOH (ʨʅ 4,5) ʧʦʤʝʱʘʣʠ ʚ ʦʜʠʥ ʠʟ ʰʧʨʠʮʦʚ ʧʨʠʙʦʨʘ ʠ ʙʳʩʪʨʦ ʩʤʝʰʠʚʘʣʠ ʩ ʨʘʚʥʳʤ 

ʦʙʲʝʤʦʤ ʱʝʣʦʯʥʦʛʦ ʙʫʬʝʨʘ [50 ʤʄ KCl, 1 ʤʄ ʕɼʊɸ, 1 ʤʄ Dʊʊ, 5 ʤʄ MgCl2,7% ʛʣʠʮʝʨʠʥ ʠ 95 

ʤʄ ʊʨʠʩ-HCl (ʨʅ 8,8)] ʠʟ ʜʨʫʛʦʛʦ ʰʧʨʠʮʘ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʢʦʥʝʯʥʦʝ ʟʥʘʯʝʥʠʝ pH 8,6 ʠ 

ʢʦʥʝʯʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ APE1 1 ʤʢʄ ʚ ʨʘʩʪʚʦʨʝ. ɼʣʷ ʘʥʘʣʠʟʘ ʧʝʨʝʭʦʜʘ ʠʟ ʱʝʣʦʯʥʦʛʦ ʨʅ ʚ 

ʢʠʩʣʳʡ ʩʤʝʰʠʚʘʣʠ 2 ʤʢʄ ʨʘʩʪʚʦʨ ʬʝʨʤʝʥʪʘ ʚ ʙʫʬʝʨʝ, ʩʦʩʪʦʷʱʝʤ ʠʟ 50 ʤʄ KCl, 1 ʤʄ ʕɼʊɸ, 1 

ʤʄ Dʊʊ, 5 ʤʄ MgCl2, 7% ʛʣʠʮʝʨʠʥʘ ʠ 5 ʤʄ ʊʨʠʩ-HCl (ʨʅ 7,9) ʩ ʙʫʬʝʨʦʤ 50 ʤʄ KCl, 1 ʤʄ 

ʕɼʊɸ, 1 ʤʄ Dʊʊ, 5 ʤʄ MgCl2, 7% ʛʣʠʮʝʨʠʥʘ ʠ 95 ʤʄ HEPES-KOH (pH 4,8) ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʢʦʥʝʯʥʦʛʦ pH ʨʘʩʪʚʦʨʘ 5,3. 

ʆʙʣʫʯʝʥʠʝ ʙʝʣʢʦʚ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʤ ʩʚʝʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʜʝʛʨʘʜʘʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ, 

ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ (ʙʣʠʯʠʥʛ). ʂʘʢ ʧʨʘʚʠʣʦ, ʥʘ 

ʢʠʥʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ ʫʯʘʩʪʦʢ, ʦʪʨʘʞʘʶʱʠʡ ʧʨʦʪʝʢʘʥʠʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚ ʢʦʥʮʝ 

ʢʨʠʚʦʡ, ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʮʠʢʣʘ. ɺʳʙʨʘʥʥʳʡ ʫʯʘʩʪʦʢ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ (2) ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ OriginPro8.1 (OriginLab Corp., ʉʐɸ). 

y = A1exp(-x/t1) + y0,           (2) 

ʛʜʝ y ï ʟʥʘʯʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʦʙʣʘʩʪʠ, x ï ʚʨʝʤʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʫʯʘʩʪʢʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ, t1 ï 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʚʨʝʤʷ ʚʳʛʦʨʘʥʠʷ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʠʟ ʫʨʘʚʥʝʥʠʷ (2) ʢʦʵʬʬʠʮʠʝʥʪʳ A1, t1 ʠ y0 

ʜʘʣʝʝ ʧʨʠʤʝʥʷʣʠ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʚʩʝʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ ʧʦ ʫʨʘʚʥʝʥʠʶ (3). 

F = ((y-y0) Ĭ exp(t/t1))/A1 + y0 +A1 ï 1        (3) 

ʛʜʝ y ï ʟʥʘʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʪʨʠʧʪʦʬʘʥʘ ʚ ʢʘʞʜʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t. 

2.12. ʉʪʘʪʠʩʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ 

ʂʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʙʨʘʙʦʪʢʫ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʠ ʧʫʪʝʤ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʘʨʘʤʝʪʨʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʢʠʥʝʪʠʯʝʩʢʠʝ ʩʭʝʤʳ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʥʝʣʠʥʝʡʥʦʡ 

ʨʝʛʨʝʩʩʠʠ, ʚʢʣʶʯʘʶʱʠʡ ʯʠʩʣʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʢʠʥʝʪʠʢʫ ʧʨʦʮʝʩʩʘ [OriginPro8.1 (OriginLab Corp., ʉʐɸ) ʠ DynaFit (BioKin, 

ʉʐɸ)].  
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ɼʣʷ ʨʘʩʯʝʪʘ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʨʘʚʥʝʥʠʝ (4): 

Ɇ
N

i=0
F  = F +c b  A exp(- t)i ik           (4) 

ʛʜʝ i ï ʥʦʤʝʨ ʩʪʘʜʠʠ, A i ï ʘʤʧʣʠʪʫʜʘ ʠʟʤʝʥʝʥʠʷ ʩʠʛʥʘʣʘ, ki ï ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʥʠʤʘʣʴʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʭʝʤʳ, ʦʧʠʩʳʚʘʶʱʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ, ʠ ʨʘʩʯʝʪʘ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʚʩʝʭ ʵʣʝʤʝʥʪʘʨʥʳʭ ʩʪʘʜʠʡ ʜʘʥʥʦʡ ʩʭʝʤʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʛʨʘʤʤʫ DynaFit (BioKin, ʉʐɸ). ʂʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʙʨʘʙʦʪʢʫ ʨʝʟʫʣʴʪʘʪʦʚ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʠ ʧʫʪʝʤ ʦʧʪʠʤʠʟʘʮʠʠ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʢʠʥʝʪʠʯʝʩʢʠʝ 

ʩʭʝʤʳ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ ʟʘʚʠʩʝʣʘ 

ʦʪ ʯʠʩʣʘ ʧʘʨʘʤʝʪʨʦʚ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ʅʘʯʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʢʨʠʚʳʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʪʨʘʞʘʣ 

ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ʠ ʜʘʚʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʠʭ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ. ʇʨʠ ʦʙʨʘʙʦʪʢʝ 

ʩʣʝʜʫʶʱʝʛʦ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʨʘʥʝʝ ʠʩʧʦʣʴʟʦʚʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʫʩʣʦʞʥʷʣʠ, ʥʘʧʨʠʤʝʨ, 

ʜʦʙʘʚʣʷʣʠ ʢ ʥʝʤʫ ʝʱʸ ʦʜʥʫ ʨʘʚʥʦʚʝʩʥʫʶ ʠʣʠ ʥʝʨʘʚʥʦʚʝʩʥʫʶ ʩʪʘʜʠʶ, ʧʨʠ ʵʪʦʤ ʬʠʢʩʠʨʦʚʘʣʠ 

ʢʦʥʩʪʘʥʪʳ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʜʣʷ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʡ. ʇʦʩʣʝ ʨʘʩʯʝʪʘ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʜʦʙʘʚʣʝʥʥʳʭ 

ʩʪʘʜʠʡ ʧʨʦʚʦʜʠʣʠ ʦʙʱʫʶ ʢʦʨʨʝʢʪʠʨʦʚʢʫ ʟʥʘʯʝʥʠʡ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʧʫʪʝʤ ʦʜʥʦʚʨʝʤʝʥʥʦʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ. ʊʘʢʦʡ ʧʦʰʘʛʦʚʳʡ ʤʝʪʦʜ ʫʩʣʦʞʥʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʩʭʝʤʳ ʧʦʟʚʦʣʠʣ ʜʠʩʢʨʠʤʠʥʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ 

ʦʧʨʝʜʝʣʠʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʠ ʢʦʥʩʪʘʥʪʳ ʨʘʚʥʦʚʝʩʠʷ ʵʣʝʤʝʥʪʘʨʥʳʭ ʩʪʘʜʠʡ, ʚʭʦʜʷʱʠʭ ʚ ʵʪʠ 

ʩʭʝʤʳ. 

ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp (ʨʠʩ. 

27ʘ) ʠ FAM (ʨʠʩ. 27ʙ) (ʨʘʟʜʝʣ 3.2.2.) ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ 5 ʠ 6, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʦʮʝʩʩʳ. 

Fl = F0 + F1 Ĭ exp(-k1
Trp Ĭ t) + F2 Ĭ [1 ī exp(-kcat

Trp Ĭ t)]       (5) 

Fl = F0 + F1Ĭ exp(-k1
FAM Ĭ t) + F2 Ĭ exp(-k2

FAM Ĭ t) + F3 Ĭ [1 ī exp(-kcat
FAM Ĭ t)]    (6) 

ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ki ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ H+ ʙʳʣʘ 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʫʨʘʚʥʝʥʠʝʤ (7): 

Ὧ Ὧ

ȟ

            (7) 

ʛʜʝ ki
E ʠ ki

EH+ ð ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʦʡ ʠ ʧʨʦʪʦʥʠʨʦʚʘʥʥʦʡ 

ʬʦʨʤʘʤ ʬʝʨʤʝʥʪʘ, Ka,i ð ʢʦʥʩʪʘʥʪʘ ʨʘʚʥʦʚʝʩʠʷ. 
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ʅʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʵʬʬʝʢʪʦʨʥʦʛʦ ʙʝʣʢʘ (ʨʘʟʜʝʣ 3.4.), ʨʘʩʩʯʠʪʳʚʘʣʠ, ʠʩʧʦʣʴʟʫʷ ʫʨʘʚʥʝʥʠʝ (8). ʈʘʩʩʯʠʪʘʥʥʳʝ 

ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʠ ʩʪʘʥʜʘʨʪʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʨʘʩʯʝʪʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʧʦ ʫʨʘʚʥʝʥʠʶ (9), ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʚʣʠʷʥʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʙʝʣʢʘ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ F-ʩʘʡʪʘ, ʠ ʨʘʩʯʝʪʘ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ 

ʧʦ ʫʨʘʚʥʝʥʠʶ (10).  

Fl = F0 + F1 Ĭ exp(-kobs Ĭ t)          (8) 

ʛʜʝ F0 ï ʬʦʥʦʚʘʷ ʬʣʫʦʨʝʩʮʝʥʮʠʷ, F1 ï ʘʤʧʣʠʪʫʜʘ ʩʠʛʥʘʣʘ, kobs ï ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ, 

t ï ʚʨʝʤʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʛʥʘʣʘ. 

f = kobs
p/ kobs

o            (9) 

ʛʜʝ kobs
p
 ï ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʙʝʣʢʘ-ʵʬʬʝʢʪʦʨʘ, kobs

o ï ʥʘʙʣʶʜʘʝʤʘʷ 

ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʦʤ ɸʈɽ1 ʚ ʦʪʩʫʪʩʪʚʠʝ ʙʝʣʢʘ-ʵʬʬʝʢʪʦʨʘ. 

ȹk = (kobs
o Ĭ ȹkobs

p + kobs
p Ĭ ȹkobs

o) / (kobs
o)2         (10) 

ʛʜʝ kobs
p
 ï ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʙʝʣʢʘ-ʵʬʬʝʢʪʦʨʘ, kobs

o ï ʥʘʙʣʶʜʘʝʤʘʷ 

ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʬʝʨʤʝʥʪʦʤ ɸʈɽ1 ʚ ʦʪʩʫʪʩʪʚʠʝ ʙʝʣʢʘ-ʵʬʬʝʢʪʦʨʘ, 

ȹkobs
o ʠ ȹkobs

p ïʩʪʘʥʜʘʨʪʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʚ ʦʪʩʫʪʩʪʚʠʝ ʠ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʙʝʣʢʘ-ʵʬʬʝʢʪʦʨʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɼʣʷ ʨʘʩʯʸʪʘ ʢʨʠʪʝʨʠʷ ʉʪʴʶʜʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʥʪʝʨʥʝʪ ʨʝʩʫʨʩ https://byjus.com/maths/t-test-

table/. 

2.13. ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʢʣʝʪʦʯʥʦʛʦ ʵʢʩʪʨʘʢʪʘ 

ɼʣʷ ʘʥʘʣʠʟʘ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ ʨʝʧʘʨʘʮʠʠ ɼʅʂ ʩ ʧʦʤʦʱʴʶ ɼʅʂ-ʟʦʥʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʢʣʝʪʢʠ ʨʘʢʘ ʷʠʯʥʠʢʘ ʯʝʣʦʚʝʢʘ ʥʝʩʢʦʣʴʢʠʭ ʣʠʥʠʡ, ʘ ʠʤʝʥʥʦ TOV112, 79, OVCAR3, MESOV, 

SCOV3 ʠ TOV21. ʂʣʝʪʢʠ ʢʫʣʴʪʠʚʠʨʦʚʘʣʠ ʚ ʩʨʝʜʝ DMEM (Gibcoè, çThermoFisher Scienificè, 

ʉʐɸ) ʩ 10%-ʥʦʡ ʬʝʪʘʣʴʥʦʡ ʩʳʚʦʨʦʪʢʦʡ ʪʝʣʷʪ (çGibcoè, çThermo FSè), 100 ʤʢʛ/ʤʣ 

ʩʪʨʝʧʪʦʤʠʮʠʥʘ ʠ 100 ʝʜ./ʤʣ ʧʝʥʠʮʠʣʣʠʥʘ ʚ ʘʪʤʦʩʬʝʨʝ 5% CO2 ʧʨʠ 37ÁC. ʂʣʝʪʢʠ ʤʝʭʘʥʠʯʝʩʢʠ 

ʩʥʠʤʘʣʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʢʫʣʴʪʫʨʘʣʴʥʦʛʦ ʬʣʘʢʦʥʘ, ʦʩʘʞʜʘʣʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ (1000 ʦʙ/ʤʠʥ, 2 

ʤʠʥ), ʨʝʩʫʩʧʝʥʜʠʨʦʚʘʣʠ ʚ ʨʘʩʪʚʦʨʝ PBS ʠ ʧʦʚʪʦʨʥʦ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ (1000 ʦʙ/ʤʠʥ, 2 ʤʠʥ). 

ɼʘʥʥʫʶ ʧʨʦʮʝʜʫʨʫ ʧʦʚʪʦʨʷʣʠ ʜʚʘʞʜʳ. 

ʃʠʟʠʩ ʢʣʝʪʦʢ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ ʩʦʩʪʘʚʘ 10 ʤʄ Tris-HCl, pH 7,5, 1 ʤʄ MgCl2, 1 ʤʄ EDTA, 

0,5% CHAPS, 10% ʛʣʠʮʝʨʠʥ, 0,1 ʤʄ PMSF, 0,5 ʤʄ ɓ-ʤʝʨʢʘʧʪʦʵʪʘʥʦʣ. ʂ ʢʣʝʪʦʯʥʦʤʫ ʦʩʘʜʢʫ 

ʜʦʙʘʚʣʷʣʠ 150 ʤʢʣ ʣʠʟʠʩ-ʙʫʬʝʨʘ, ʚʳʜʝʨʞʠʚʘʣʠ ʥʘ ʣʴʜʫ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ, ʟʘʪʝʤ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ (14500 ʦʙ/ʤʠʥ, 10 ʤʠʥ). ʆʙʱʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʙʝʣʢʘ ʚ ʧʦʣʫʯʝʥʥʦʤ ʵʢʩʪʨʘʢʪʝ 
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ʠʟʤʝʨʷʣʠ ʧʦ ʤʝʪʦʜʫ ɹʨʝʜʬʦʨʜʘ (ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʦʩʪʘʚʣʷʣʘ 1ï1,5 ʤʢʛ/ʤʢʣ). 

ʂʣʝʪʦʯʥʳʡ ʵʢʩʪʨʘʢʪ ʛʦʪʦʚʠʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ ʧʨʦʚʝʜʝʥʠʝʤ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ 

ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ. 

2.14. ʆʧʨʝʜʝʣʝʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ɼʅʂ-ʟʦʥʜʦʚ ʥʘ ʦʯʠʱʝʥʥʳʭ ʧʨʝʧʘʨʘʪʘʭ ʬʝʨʤʝʥʪʦʚ 

ʂʘʣʠʙʨʦʚʦʯʥʳʝ ʢʨʠʚʳʝ, ʦʪʨʘʞʘʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʟʦʥʜʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʮʝʣʝʚʦʛʦ ʬʝʨʤʝʥʪʘ, ʧʦʣʫʯʘʣʠ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʟʦʥʜʦʚ 

(ʢʨʦʤʝ ʟʦʥʜʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʥʝʧʦʚʨʝʞʜʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʢʦʤʙʠʥʘʥʪʥʳʭ 

ʬʝʨʤʝʥʪʦʚ. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʧʦʣʫʯʘʣʠ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 1Ĭ10-6 ʄ ɼʅʂ-ʟʦʥʜʘ ʠ 1Ĭ10-6 ʄ, 

5Ĭ10-7 ʄ, 1Ĭ10-7 ʄ, 5Ĭ10-8 ʄ, 1Ĭ10-8 ʄ, 1Ĭ10-9 ʄ ʮʝʣʝʚʦʛʦ ʬʝʨʤʝʥʪʘ, ʩʧʝʮʠʬʠʯʥʦʛʦ ʢ ʜʘʥʥʦʤʫ 

ʟʦʥʜʫ. ɺ ʩʣʫʯʘʝ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʢʨʠʚʳʭ ʜʣʷ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ɼʅʂ-ʛʣʠʢʦʟʠʣʘʟ SMUG1 ʠ 

AAG ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʧʨʠʩʫʪʩʪʚʦʚʘʣʘ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʘ APE1 ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 1Ĭ10-6 ʄ, 

ʦʩʫʱʝʩʪʚʣʷʶʱʘʷ ʛʠʜʨʦʣʠʟ ɸʇ-ʩʘʡʪʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʜʝʡʩʪʚʠʝʤ ʤʦʥʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ɼʅʂ-

ʛʣʠʢʦʟʠʣʘʟ. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 37ÁC ʥʘ ʩʧʝʢʪʨʦʬʣʫʦʨʠʤʝʪʨʝ Infinite 200 Pro (Tecan, 

ʐʚʝʡʮʘʨʠʷ). ʂʘʞʜʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʝʟʫʣʴʪʘʪ ʫʩʨʝʜʥʝʥʠʷ ʤʠʥʠʤʫʤ 

ʪʨʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ BER. ɺʦʟʙʫʞʜʝʥʠʝ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 485 ʥʤ, ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

ɼʅʂ-ʟʦʥʜʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 520 ʥʤ ʚ ʠʥʪʝʨʚʘʣʝ ʚʨʝʤʝʥʠ 15-3600 ʩ. 

ʅʘʯʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʟʦʥʜʦʚ ʧʨʠ ʟʘʜʘʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʘ 

ʨʘʩʩʯʠʪʳʚʘʣʠ, ʠʩʧʦʣʴʟʫʷ ʥʘʯʘʣʴʥʳʝ ʣʠʥʝʡʥʳʝ ʫʯʘʩʪʢʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʦʚ ʠʤʝʣʘ ʣʠʥʝʡʥʳʡ ʚʠʜ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʢʨʠʚʳʭ ʜʣʷ ʦʮʝʥʢʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʮʝʣʝʚʳʭ ʬʝʨʤʝʥʪʦʚ ʚ ʢʣʝʪʦʯʥʦʤ ʵʢʩʪʨʘʢʪʝ. 

 

2.15. ʆʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʜʣʷ ʘʥʘʣʠʟʘ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʙʝʣʢʘ ʚ ʢʣʝʪʦʯʥʦʤ 

ʵʢʩʪʨʘʢʪʝ 

ʂʣʝʪʢʠ ʣʠʥʠʠ TOV112 ʣʠʟʠʨʦʚʘʣʠ ʚ ʙʫʬʝʨʝ ʩʦʩʪʘʚʘ 10 ʤʄ Tris-HCl, pH 7,5, 1 ʤʄ MgCl2, 1 

ʤʄ EDTA, 0,5% CHAPS, 10% ʛʣʠʮʝʨʠʥ, 0,1 ʤʄ PMSF, 0,5 ʤʄ ɓ-ʤʝʨʢʘʧʪʦʵʪʘʥʦʣ. ʆʙʱʘʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʙʝʣʢʘ, ʠʟʤʝʨʝʥʥʘʷ ʧʦ ʤʝʪʦʜʫ ɹʨʝʜʬʦʨʜʘ, ʩʦʩʪʘʚʠʣʘ 1,1 ʤʢʛ/ʤʢʣ. ʈʝʛʠʩʪʨʘʮʠʶ 

ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʧʨʦʚʦʜʠʣʠ ʜʣʷ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ, ʩʦʜʝʨʞʘʱʠʭ 

1Ĭ10-6 ʄ ɼʅʂ-ʟʦʥʜ ʠ ʢʣʝʪʦʯʥʳʡ ʵʢʩʪʨʘʢʪ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʦ ʦʙʱʝʤʫ ʙʝʣʢʫ 500 ʤʢʛ/ʤʣ, 250 

ʤʢʛ/ʤʣ, 100 ʤʢʛ/ʤʣ, 50 ʤʢʛ/ʤʣ. ʉʧʝʢʪʨʳ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʚ ʙʫʬʝʨʝ BER ʧʨʠ 37ÁC 

ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ɼʅʂ-ʟʦʥʜʘ. ʂʘʞʜʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʢʨʠʚʘʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ 

ʨʠʩʫʥʢʘʭ, ʧʦʣʫʯʝʥʘ ʫʩʨʝʜʥʝʥʠʝʤ ʥʝ ʤʝʥʝʝ ʪʨʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ. 
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2.16. ʆʧʨʝʜʝʣʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʦʚ BER ʚ ʢʣʝʪʦʯʥʦʤ ʵʢʩʪʨʘʢʪʝ 

ʇʨʦʙʳ ʛʦʪʦʚʠʣʠ ʚ 100 ʤʢʣ ʙʫʬʝʨʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʩʦʜʝʨʞʘʱʝʛʦ 50 ʤʄ Tris-HCl pH 7,5, 50 ʤʄ 

KCl, 1 ʤʄ ʕɼʊɸ, 5 ʤʄ MgCl2, 1 ʤʄ ɼʊʊ, 7% ʛʣʠʮʝʨʠʥ ʠ ʢʣʝʪʦʯʥʳʡ ʵʢʩʪʨʘʢʪ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʦʙʱʝʛʦ ʙʝʣʢʘ 250 ʤʢʛ/ʤʣ. ɼʅʂ-ʟʦʥʜ, ʩʦʜʝʨʞʘʱʠʡ ʦʧʨʝʜʝʣʝʥʥʳʡ ʪʠʧ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ 

(ʊʘʙʣʠʮʘ 5), ʜʦʙʘʚʣʷʣʠ ʢ ʢʣʝʪʦʯʥʦʤʫ ʵʢʩʪʨʘʢʪʫ ʜʦ ʢʦʥʝʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 1Ĭ10-6 ʄ. 

ʇʝʨʝʤʝʰʠʚʘʥʠʝ (5 ʩ, ʘʤʧʣʠʪʫʜʘ ʢʨʫʛʦʚʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ 1 ʤʤ) ʠ ʨʝʛʠʩʪʨʘʮʠʶ FRET-ʩʠʛʥʘʣʘ 

ʧʨʦʚʦʜʠʣʠ, ʠʩʧʦʣʴʟʫʷ ʩʧʝʢʪʨʦʬʣʫʦʨʠʤʝʪʨ Infinite 200 Pro (Tecan, ʐʚʝʡʮʘʨʠʷ) ʧʨʠ 37Áʉ. ɼʣʠʥʘ 

ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʩʦʩʪʘʚʣʷʣʘ ɚex = 485 ʥʤ, ʨʝʛʠʩʪʨʘʮʠʶ ʵʤʠʩʩʠʠ ʧʨʦʚʦʜʠʣʠ 

ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ ɚem = 520 ʥʤ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʨʝʘʢʮʠʠ ʩʦʩʪʘʚʣʷʣʦ 3600 ʩ. ʂʘʞʜʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʚʪʦʨʷʣʠ ʪʨʠʞʜʳ. 
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3. ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

3.1. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʟʘʤʝʥ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ APE1 ʚ 

ʩʦʩʪʘʚʝ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ D210N, N212A, T268D, M270A ʠ D308A ʥʘ ʩʢʦʨʦʩʪʴ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʟʥʘʚʘʥʠʷ, ʩʚʷʟʳʚʘʥʠʷ ʠ ʧʨʝʚʨʘʱʝʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʩʫʙʩʪʨʘʪʦʚ 

ʂʘʢ ʠʟʚʝʩʪʥʦ ʣʶʙʦʡ ʬʝʨʤʝʥʪʘʪʠʚʥʳʡ ʧʨʦʮʝʩʩ ʧʨʦʪʝʢʘʝʪ ʯʝʨʝʟ ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʢʦʪʦʨʦʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ, 

ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʫʯʘʩʪʥʠʢʘʤʠ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʩʭʝʤʘʪʠʯʝʩʢʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʢʘʩʢʘʜʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ: ʦʙʨʘʟʦʚʘʥʠʝ ʧʝʨʚʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʚʟʘʠʤʥʘʷ ʧʦʜʩʪʨʦʡʢʘ, 

ʚʝʜʫʱʘʷ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʥʝʦʙʨʘʪʠʤʘʷ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ 

ʩʪʘʜʠʷ ʠ ʜʠʩʩʦʮʠʘʮʠʷ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ ʜʣʷ ʩʦʚʝʨʰʝʥʠʷ ʩʣʝʜʫʶʱʝʛʦ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʮʠʢʣʘ. 

ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ ʚ ʤʦʣʝʢʫʣʝ ʬʝʨʤʝʥʪʘ ʤʦʛʫʪ ʙʳʪʴ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʧʦ 

ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ ʪʨʠʧʪʦʬʘʥʘ, ʘ ʚ ɼʅʂ ï ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ 

ʤʦʣʝʢʫʣʫ ʬʣʫʦʨʝʩʮʝʥʪʥʳʭ ʘʥʘʣʦʛʦʚ ʦʩʥʦʚʘʥʠʡ ʠʣʠ FRET-ʧʘʨʳ. 

ʉʪʘʜʠʠ ʫʟʥʘʚʘʥʠʷ ʠ ʚʟʘʠʤʥʦʡ ʧʦʜʩʪʨʦʡʢʠ ʬʝʨʤʝʥʪʘ ʠ ʩʫʙʩʪʨʘʪʘ ʧʨʦʠʩʭʦʜʷʪ ʥʘ ʤʘʣʳʭ 

ʚʨʝʤʝʥʘʭ, ʧʦʵʪʦʤʫ ʜʣʷ ʠʟʫʯʝʥʠʷ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ 

çʩʪʨʫʝʚʳʭè ʧʦʜʭʦʜʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʚ ʤʠʣʣʠʩʝʢʫʥʜʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʚʨʝʤʝʥʠ [242]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ çʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘè, 

ʢʦʪʦʨʳʡ ʩʦʯʝʪʘʝʪ ʚ ʩʝʙʝ ʚʦʟʤʦʞʥʦʩʪʠ ʙʳʩʪʨʦʛʦ ʩʤʝʰʝʥʠʷ ʨʝʘʛʝʥʪʦʚ (ʤʝʨʪʚʦʝ ʚʨʝʤʷ ʩʦʩʪʘʚʣʷʝʪ 

~ 1 ʤʩ) ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʨʝʛʠʩʪʨʘʮʠʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ 

ʤʦʣʝʢʫʣʘʭ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʠʣʠ 

FRET-ʩʠʛʥʘʣʘ. 

ʀʟ ʜʘʥʥʳʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʨʘʟʜʝʣʝ ʃʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ, ʦ ʤʝʭʘʥʠʟʤʝ ʜʝʡʩʪʚʠʷ APE1 

ʤʳ ʤʦʞʝʤ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʩʸ ʝʱʸ ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʚ 

ʦʪʥʦʰʝʥʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʚ ɸʇ-ʩʘʡʪʝ ʠ 

ʬʫʥʢʮʠʠ ʥʝʢʦʪʦʨʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʚ ʵʪʦʤ ʧʨʦʮʝʩʩʝ. ʇʦʵʪʦʤʫ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʥʘʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʧʨʦʚʝʜʝʥ ʢʠʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʨʦʣʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ 

ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ APE1 ʯʝʣʦʚʝʢʘ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʦ ʚʣʠʷʥʠʝ pH ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʫ  ʁʩʪʘʜʠʶ ʨʝʘʢʮʠʠ ʜʣʷ ʚʳʷʩʥʝʥʠʷ 

ʨʦʣʠ ʟʘʨʷʞʝʥʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. 

 



66 
 

3.1.1. ʆʧʨʝʜʝʣʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ ɸʈɽ1 

ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ Asp210, Asn212, Thr268, Met270 ʠ Asp308, ʚʘʞʥʳʝ ʜʣʷ ʧʨʦʮʝʩʩʦʚ 

ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ ʠ ʢʘʪʘʣʠʟʘ (ʨʠʩ. 21ʘ, ʊʘʙʣʠʮʘ 12), ʙʳʣʠ ʟʘʤʝʥʝʥʳ ʧʫʪʝʤ ʩʘʡʪ-

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʠʝ ʤʫʪʘʥʪʳ APE1: D210N, N212A, T268D, 

M270A, ʠ D308ɸ. 

 

ʘ) 

 

ʙ) 
 

 

 
 

ʈʠʩ. 21. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʜʘʥʥʳʝ ʦ ʢʦʥʪʘʢʪʘʭ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ɸʇ-

ʵʥʜʦʥʫʢʣʝʘʟʳ 1 ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ (ʘ). ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʘʢʪʠʚʥʦʩʪʴ APE1 ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʝʸ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ ʚ 

ʨʘʩʱʝʧʣʝʥʠʠ F-ʩʘʡʪʘ FRET-F(1)-ʩʫʙʩʪʨʘʪʘ (ʙ).ʂʦʥʮʝʥʪʨʘʮʠʷ ʩʫʙʩʪʨʘʪʘ ʩʦʩʪʘʚʣʷʣʘ 2 ʤʢʄ, ʬʝʨʤʝʥʪʘ 0,05 

ʤʢʄ, ʚʨʝʤʷ ʨʝʘʢʮʠʠ 30 ʩ. ʉʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʝ ʬɻʬʝʢʪ rʤʫʪʘʥʪʥʳʭ ʟʘʤʝʥ ɸʈɽ1, ʦʪʤʝʯʝʥʳ p Ò 0,05 (*), p Ò 

0,01 (**). 

ʆʪʥʦʩʠʪʝʣʴʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʵʪʠʭ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ APE1 ʦʧʨʝʜʝʣʷʣʠ, ʘʥʘʣʠʟʠʨʫʷ ʩʪʝʧʝʥʴ 

ʥʘʢʦʧʣʝʥʠ ̫ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ (ʨʠʩ. 

21ʙ). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 21ʙ, ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʡ ʵʬʬʝʢʪ ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʳ ʥʘʙʣʶʜʘʝʪʩʷ 

ʚ ʩʣʫʯʘʝ ʟʘʤʝʥ D210N ʠ N212A, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʧʦʣʥʦʡ ʧʦʪʝʨʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ. 

ʆʙʘ ʵʪʠʭ ʦʩʪʘʪʢʘ, Asn212 ʠ Asp210, ʢʦʦʨʜʠʥʠʨʫʶʪ ʤʦʣʝʢʫʣʫ ʚʦʜʳ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, 

ʢʦʪʦʨʘʷ ʜʝʡʩʪʚʫʝʪ ʢʘʢ ʥʫʢʣʝʦʬʠʣ ʚ ʨʝʘʢʮʠʠ ʛʠʜʨʦʣʠʟʘ ɸʇ-ʩʘʡʪʘ ʚ ɼʅʂ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʣʥʘʷ 

ʧʦʪʝʨʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʛʦʚʦʨʠʪ ʦ ʨʘʟʨʫʰʝʥʠʠ ʩʝʪʠ ʢʦʥʪʘʢʪʦʚ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ 

ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ. 
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ʊʘʙʣʠʮʘ 12. ʌʫʥʢʮʠʠ ʥʝʢʦʪʦʨʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʩʘʡʪʘ ʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ɸʇ-

ʵʥʜʦʥʫʢʣʝʘʟʳ 1, ʚʳʷʚʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʩʘʡʪ-ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʤʫʪʘʛʝʥʝʟʘ 

ɸʤʠʥʦʢʠʩʣʦʪʥʳʡ 

ʦʩʪʘʪʦʢ 

ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʘʷ ʨʦʣʴ 

ʚ ʩʚʷʟʳʚʘʥʠʠ ʠ ʢʘʪʘʣʠʟʝ 

ɼʅʂ 

ɺʣʠʷʥʠʝ ʟʘʤʝʥʳ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ɸʇ-ʩʘʡʪʘ 

ʃʠʪʝʨʘʪʫʨʥʳʝ 

ʠʩʪʦʯʥʠʢʠ 

Asp210 ʘʢʪʠʚʘʮʠʷ ʤʦʣʝʢʫʣʳ ʚʦʜʳ 

ʚ ʘʢʪʠʚʥʦʤ ʩʘʡʪʝ ʬʝʨʤʝʥʪʘ 

ʟʘʤʝʥʘ D210N ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʡ 

ʠʥʘʢʪʠʚʘʮʠʠ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʠ NIR ʘʢʪʠʚʥʦʩʪʠ 

[175], [173], 

[176], [177], [174] 

Asn212 

ʢʦʦʨʜʠʥʘʮʠʷ ʚʦʜʳ ʠ 

ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʝʨʝʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ; ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʩ ʛʠʜʨʦʣʠʟʫʝʤʦʡ 

ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʦʡ 

ʟʘʤʝʥʘ N212A ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʡ 

ʫʪʨʘʪʝ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ 

[172], [175], 

[178], [182] 

Thr268 
ʢʦʥʪʘʢʪ ʩ 5'-ʬʦʩʬʘʪʦʤ 

ʩʦʩʝʜʥʝʛʦ 3'-ʥʫʢʣʝʦʪʠʜʘ 

ɸʇ-ʩʘʡʪʘ 

ʟʘʤʝʥʘ T268D ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ 

NIR ʘʢʪʠʚʥʦʩʪʠ 

[183] 

Met270 

ʚʩʪʨʘʠʚʘʝʪʩʷ ʚ ʤʘʣʫʶ 

ʙʦʨʦʟʜʢʫ ɼʅʂ, ʚʳʪʝʩʥʷʷ 

ʦʩʥʦʚʘʥʠʝ ʥʘʧʨʦʪʠʚ ɸʇ-

ʩʘʡʪʘ 

ʟʘʤʝʥʘ M270A ʥʝ ʚʣʠʷʝʪ ʥʘ ɸʇ-

ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ 
[172] 

Asp308 ʢʦʦʨʜʠʥʘʮʠʷ ʠʦʥʦʚ Mg2+ 

ʟʘʤʝʥʘ D308A ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ɸʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʠ 

NIR ʘʢʪʠʚʥʦʩʪʠ 

[178], [173], 

[181], [183] 

 

ɿʘʤʝʥʘ T268D ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ (ʩʥʠʞʝʥʠʝ ʚ 10 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ). ɿʘʤʝʥʘ T268D ʤʦʞʝʪ 

ʩʠʣʴʥʦ ʧʦʚʣʠʷʪʴ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ APE1 ʩ ɼʅʂ ʚʩʣʝʜʩʪʚʠʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʦʪʪʘʣʢʠʚʘʥʠʷ. ʊʘʢ ʢʘʢ Thr268 ʚʭʦʜʠʪ ʚ ʩʦʩʪʘʚ ʧʝʪʣʠ, ʧʨʦʥʠʟʳʚʘʶʱʝʡ ʩʧʠʨʘʣʴ ɼʅʂ ʩʦ ʩʪʦʨʦʥʳ 

ʤʘʣʦʡ ʙʦʨʦʟʜʢʠ ʨʷʜʦʤ ʩ Aʇ-ʩʘʡʪʦʤ, ʘ ʝʛʦ ʙʦʢʦʚʘʷ ʮʝʧʴ ʟʘʞʘʪʘ ʤʝʞʜʫ ʙʦʢʦʚʦʡ ʮʝʧʴʶ Met270 ʠ 

ʨʠʙʦʟʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ ɼʅʂ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘʩʧʘʨʪʘʪ ʚ ʧʦʣʦʞʝʥʠʠ 268 ʜʦʣʞʝʥ ʚʣʠʷʪʴ ʥʘ 

ʩʚʷʟʳʚʘʥʠʝ ʩʫʙʩʪʨʘʪʘ ʧʦʩʨʝʜʩʪʚʦʤ ʩʪʝʨʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʙʦʢʦʚʦʡ ʮʝʧʴʶ Met270. ɺʩʸ 

ʵʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʷ ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʟʘʤʝʥʳ T268D ʥʝʣʴʟʷ ʦʙʲʷʩʥʠʪʴ ʪʦʣʴʢʦ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʦʪʪʘʣʢʠʚʘʥʠʝʤ, ʘ ʥʫʞʥʦ ʫʯʠʪʳʚʘʪʴ ʝʱʝ ʠ ʧʨʠʨʦʜʫ ʩʫʙʩʪʨʘʪʘ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ 

ʚʣʠʷʪʴ ʥʘ ʧʦʣʦʞʝʥʠʝ ʙʦʢʦʚʦʡ ʮʝʧʠ Met270, ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚʩʪʨʘʠʚʘʝʪʩʷ ʚ ʙʨʝʰʴ, 

ʦʙʨʘʟʦʚʘʚʰʫʶʩʷ ʚ ʮʝʧʠ ɼʅʂ ʧʦʩʣʝ ʚʳʚʦʨʘʯʠʚʘʥʠ ̫ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ. ʇʦ ʚʩʝʡ 

ʚʠʜʠʤʦʩʪʠ ʠʤʝʥʥʦ ʩ ʵʪʠʤ ʩʚʷʟʘʥ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ ʤʫʪʘʥʪʘ ʄ270ɸ ʩʭʦʜʥʘ ʩ ʘʢʪʠʚʥʦʩʪʴʶ 

ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʪʘʢ ʢʘʢ ʟʘʤʝʥʘ ʤʝʪʠʦʥʠʥʘ ʥʘ ʘʣʘʥʠʥ ʩʥʠʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʩʪʝʨʠʯʝʩʢʠʭ 

ʟʘʪʨʫʜʥʝʥʠʡ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ [172], ʚ ʢʦʪʦʨʦʤ ʘʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʘʤʝʥʘ ʄ270ɸ ʥʝ 

ʩʥʠʞʘʝʪ ʘʢʪʠʚʥʦʩʪʴ APE1 ʚ ʨʘʩʱʝʧʣʝʥʠʠ Aʇ-ʩʘʡʪʘ ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʵʪʦʪ ʦʩʪʘʪʦʢ ʥʝ 

ʫʯʘʩʪʚʫʝʪ ʚ ʧʨʦʮʝʩʩʝ ʚʳʚʦʨʘʯʠʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʠʙʦʣʝʝ 
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ʚʝʨʦʷʪʥʦ, ʯʪʦ ʬʫʥʢʮʠʷ Met270 ʩʦʩʪʦʠʪ ʠʤʝʥʥʦ ʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʳʚʝʨʥʫʪʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ. ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ 

(ʩʪʘʮʠʦʥʘʨʥʳʡ ʨʝʞʠʤ ʨʝʘʢʮʠʠ ʚ ʫʩʣʦʚʠʷʭ 40-ʢʨʘʪʥʦʛʦ ʠʟʙʳʪʢʘ ʩʫʙʩʪʨʘʪʘ), ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ 

ʥʘʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʤʫʪʘʥʪʥʘʷ ʬʦʨʤʘ ɸʈɽ1 D308A ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʩʥʠʞʝʥʥʫʶ ʥʘ ~20% 

ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʢʪʠʚʥʦʩʪʴʶ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ 

ʜʘʥʥʳʤʠ ʦ ʧʦʥʠʞʝʥʥʦʡ Aʇ-ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʵʪʦʡ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ [181, 183]. 

3.1.2. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɸʈɽ1 ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ɼʅʂ 

ʏʪʦʙʳ ʧʦʜʨʦʙʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʨʦʣʴ ʦʩʪʘʪʢʦʚ Asp210, Asn212, Thr268, Met270 ʠ Asp308 

ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʢʠʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʬʝʨʤʝʥʪʘ ʚ ʭʦʜʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʫʙʩʪʨʘʪʦʤ ʚ 

ʧʨʝʜʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ. ɼʣʷ ʘʥʘʣʠʟʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʙʳʣʠ 

ʚʳʙʨʘʥʳ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ, ʩʦʜʝʨʞʘʱʠʝ F-ʩʘʡʪ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʧʦʣʥʦʩʪʴʶ ʨʘʩʱʝʧʣʷʣʠʩʴ ʟʘ 

ʢʦʨʦʪʢʠʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ, ʠ ʜʣʷ ʥʠʭ ʠʩʢʣʶʯʝʥ ʧʨʦʮʝʩʩ çʙʣʠʯʠʥʛʘè ʚ ʫʩʣʦʚʠʷʭ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠ ̫ʩʚʝʪʦʤ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʬʝʨʤʝʥʪʘ 

ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʧʦʚʨʝʞʜʝʥʠʡ ʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ, 

ʤ  r ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʬʣʫʦʨʝʩʮʝʥʮʠʶ ʦʩʪʘʪʢʦʚ Trp ʬʝʨʤʝʥʪʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʜʠʥʘʤʠʢʠ ʙʝʣʢʘ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ ɸʈɽ1 ʩ F/G-ʩʫʙʩʪʨʘʪʦʤ 

(ʨʠʩ. 22). 

ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ APE1 ʜʠʢʦʛʦ ʪʠʧʘ ʚ ʭʦʜʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ɼʅʂ, ʩʦʜʝʨʞʘʱʝʡ ɸʇ-ʩʘʡʪ, ʫʞʝ ʠʟʫʯʘʣʩ ̫ʨʘʥʝʝ ʚ ʥʘʰʝʡ ʣʘʙʦʨʘʪʦʨʠʠ [243ï

245]. ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʧʦʟʚʦʣʠʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʩʪʘʜʠʠ 

ʩʚʷʟʳʚʘʥʠ,̫ ʨʘʩʱʝʧʣʝʥʠ ̫ ɼʅʂ ʠ ʚʳʩʚʦʙʦʞʜʝʥʠ ̫ ʧʨʦʜʫʢʪʘ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʥʠʞʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʥʘʯʘʣʴʥʳʭ ʚʨʝʤʝʥʘʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ʇʨʠ ʨʘʩʧʦʟʥʘʚʘʥʠʠ ʠ ʧʦʜʩʪʨʦʡʢʝ ʢ ɸʇ-ʩʘʡʪʫ ɼʅʂ, ʚ ʬʝʨʤʝʥʪʝ ʠʤʝʶʪ ʤʝʩʪʦ ʧʦ ʢʨʘʡʥʝʡ 

ʤʝʨʝ, ʜʚʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʘ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʵʪʠʭ ʩʪʘʜʠʡ ʚʳʷʚʠʣ [246], ʯʪʦ 

ʦʙʨʘʟʦʚʘʥʠʝ ʧʝʨʚʠʯʥʦʛʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʜʝʩʦʣʴʚʘʪʘʮʠʝʡ 

ʧʦʣʷʨʥʳʭ ʛʨʫʧʧ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʬʝʨʤʝʥʪïɼʅʂ ʠ ʚʳʩʚʦʙʦʞʜʝʥʠʠ ʚʳʩʦʢʦʫʧʦʨʷʜʦʯʝʥʥʳʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʚʦʜʳ ʠʟ ʙʦʨʦʟʜʦʢ ɼʅʂ. ʕʪʦʪ ʵʪʘʧ ʤʦʞʝʪ ʚʢʣʶʯʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʤʝʞʜʫ ʬʦʩʬʘʪʥʳʤʠ ʛʨʫʧʧʘʤʠ ɼʅʂ ʜʫʧʣʝʢʩʘ ʩ 5'- ʠ 3'-ʩʪʦʨʦʥʳ ʦʪ F-ʩʘʡʪʘ ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʤʠ 

ʦʩʪʘʪʢʘʤʠ ʩʫʙʩʪʨʘʪ-ʩʚʷʟʳʚʘʶʱʝʡ ʦʙʣʘʩʪʠ ʙʝʣʢʘ. ɺʠʜʠʤʦ ʠʤʝʥʥʦ ʚ ʵʪʦʪ ʤʦʤʝʥʪ ʧʨʦʠʩʭʦʜʠʪ 

ʚʩʪʨʘʠʚʘʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ Arg177 ʠ Met270 ʚ ʙʦʣʴʰʫʶ ʠ ʤʘʣʫʶ ʙʦʨʦʟʜʢʠ ɼʅʂ, 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʚʳʪʝʩʥʝʥʠ ʁʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʚʦʜʳ ʠʟ ʩʪʨʫʢʪʫʨʳ 

ɼʅʂ. 

͊ύ 

 

͋ύ 

 

͍ύ 

 

͎ύ 

 

ʜ) 

 

ʝ) 

 

ʈʠʩ. 22. ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ɸʈɽ1 ʜʠʢʦʛʦ ʪʠʧʘ (ʘ) ʠ ʤʫʪʘʥʪʥʳʭ 

ʬʦʨʤ  ð D210N (ʙ), N212A (ʚ), T268D (ʛ), M270A (ʜ) ʠʣʠ D308A (ʝ) ð ʩ F-ʩʫʙʩʪʨʘʪʦʤ. ʂʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʦʚ 

ʠ F/G-ʩʫʙʩʪʨʘʪʘ ʫʢʘʟʘʥʳ ʥʘ ʧʘʥʝʣʷʭ. 
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ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɸʈɽ1 ʩ F-ʩʫʙʩʪʨʘʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʩʧʝʮʠʬʠʯʝʩʢʘʷ 

ʧʝʨʝʩʪʨʦʡʢʘ ʧʝʨʚʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʚʢʣʶʯʘʶʱʘʷ ʚʳʚʦʨʘʯʠʚʘʥʠʝ F-ʩʘʡʪʘ ʚ ʘʢʪʠʚʥʳʡ ʮʝʥʪʨ 

ʬʝʨʤʝʥʪʘ. ɿʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʢʘʪʘʣʠʪʠʯʝʩʢʘ ̫ʩʪʘʜʠʷ ʧʨʦʮʝʩʩʘ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠ ʁ

ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʠ, ʩʣʝʜʫʶʱʘʷ ʟʘ ʥʝʡ ʩʪʘʜʠʷ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ 

(ʥʘʯʠʥʘʷ ʧʨʠʤʝʨʥʦ ʩ 0,5 ʩ) (ʨʠʩ. 22ʘ). ʂʘʪʘʣʠʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʝ ʤʫʪʘʥʪʳ D210N ʠ N212A ʙʳʣʠ 

ʩʧʦʩʦʙʥʳ ʩʚʷʟʳʚʘʪʴ F-ʩʫʙʩʪʨʘʪ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʩʥʠʞʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp (ʨʠʩ. 22ʙ ʠ 

22ʚ), ʪʦʛʜʘ ʢʘʢ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ T268D APE1 ʩ ɼʅʂ ʥʝ ʚʳʟʳʚʘʣʦ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp (ʨʠʩ. 22ʛ). ʕʪʦʪ ʵʬʬʝʢʪ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʜʚʫʤʷ ʤʦʤʝʥʪʘʤʠ, ʚʦ-ʧʝʨʚʳʭ, ʪʝʤ, 

ʯʪʦ ʵʪʘ ʟʘʤʝʥʘ ʠʟʤʝʥʷʝʪ ʩʪʨʫʢʪʫʨʫ ʠʥʪʝʨʢʘʣʠʨʫʶʱʝʡ ʧʝʪʣʠ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʦʤʧʣʝʢʩʘ [183], ʚʦ-ʚʪʦʨʳʭ, ʵʪʠ ʠʟʤʝʥʝʥʠʷ ʚʝʜʫʪ ʢ ʠʟʤʝʥʝʥʠʶ ʤʠʢʨʦʦʢʨʫʞʝʥʠʷ ʜʚʫʭ ʦʩʪʘʪʢʦʚ 

Trp (Trp267 ʠ Trp280), ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʵʪʦʡ ʧʝʪʣʝ, ʪʝʤ ʩʘʤʳʤ ʙʣʦʢʠʨʫʷ ʠʭ ʬʣʫʦʨʝʩʮʝʥʮʠʶ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʙʝʠʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ M270A ʠ D308A ʩ F-

ʩʫʙʩʪʨʘʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʜʚʫʭʬʘʟʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp (ʨʠʩ. 22ʜ ʠ 

22ʝ). ʉʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʥʘʯʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʉʪʘʜʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʠ, ʧʨʠʚʦʜʷʱʘʷ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʦʜʫʢʪʦʚ, ʠ ʧʦʩʣʝʜʫʶʱʘ ̫ ʜʠʩʩʦʮʠʘʮʠ ̫ ʢʦʤʧʣʝʢʩʘ 

ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʥʘ ʙʦʣʝʝ 

ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʘʭ (> 1 ʩ). ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʙʣʠʟʦʩʪʠ ʦʪ Met270 

ʨʘʩʧʦʣʘʛʘʪʁʩʷ ʦʩʪʘʪʢʠ Trp267 ʠ Trp280, ʧʦʵʪʦʤʫ ʟʘʤʝʥʘ M270A, ʧʨʠʚʦʜʷʱʘʷ ʢ ʫʜʘʣʝʥʠʶ 

ʦʙʲʝʤʥʦʛʦ ʙʦʢʦʚʦʛʦ ʨʘʜʠʢʘʣʘ, ʧʦʪʝʥʮʠʘʣʴʥʦ, ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʵʬʬʝʢʪ ʥʘ ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ 

ʩʠʛʥʘʣ ʢʘʢ ʟʘ ʩʯʝʪ ʧʦʪʝʨʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʨʫʧʧʳ, ʪʘʢ ʠ ʟʘ ʩʯʝʪ ʚʣʠʷʥʠʷ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʜʘʥʥʳʭ ʦʩʪʘʪʢʦʚ Trp. ɸʥʘʣʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʧʦʟʚʦʣʠʣ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʤ ʤʫʪʘʥʪʦʤ (APE1 D210N ʠʣʠ N212A) ʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʤ, ʩʦʜʝʨʞʘʱʠʤ F-ʩʘʡʪ, ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʣʠʰʴ ʜʚʘ ʵʪʘʧʘ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʨʘʚʥʦʚʝʩʥʦʤʫ ʩʚʷʟʳʚʘʥʠ ʁ(ʩʭʝʤʘ 1). 

ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʜʣʷ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʩʪʘʜʠʡ ʨʝʘʢʮʠʠ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 13. ʕʪʠ 

ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʦʙʝ ʟʘʤʝʥ,r ʠ D210N, ʠ N212ɸ, ʥʝʩʢʦʣʴʢʦ ʧʦʚʳʰʘʁʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠ ̫ ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ WT ʬʝʨʤʝʥʪʦʤ. ʕʪʦʪ 

ʨʝʟʫʣʴʪʘʪ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ ʨʘʥʝʝ ʜʘʥʥʳʤʠ ʜʣʷ N212A ʠ D210N [173,176,177]. 
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ʊʘʙʣʠʮʘ 13. ʂʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʪʘʜʠʡ ʩʚʷʟʳʚʘʥʠʷ ʠ ʨʘʩʱʝʧʣʝʥʠʷ F/G -ʩʫʙʩʪʨʘʪʘ WT APE1 ʠ ʝʛʦ 

ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ 

ʂʦʥʩʪʘʥʪʳ  WT D210N N212A M270A D308A 

k1Ĭ10-6, M-1ʩ-1 
450Ñ80 9,4Ñ0,1 11,2Ñ0,2 490Ñ130 0,8Ñ0,2 

k-1, ʩ-1 490Ñ50 1,00Ñ0,04 0,64Ñ0,04 450Ñ140 18Ñ1 

K1Ĭ10-6, M-1 0,9 9,4 17,5 1,1 0,04 

k2, ʩ-1 
150Ñ30 1,8Ñ0,1 0,12Ñ0,06 59Ñ3 ð 

k-2, ʩ-1 16Ñ3 0,43Ñ0,01 1,5Ñ0,1 5,31Ñ0,32 ð 

K2 9,4 4,2 0,08 11,1 ð 

KʘʩʩĬ10-6, M-1 8,5  48,9 18,9 13,3 0,04 

kcat, ʩ-1 1,0Ñ0,1 ð ð 0,35Ñ0,01 2,3Ñ0,5 

KpĬ106, M 50Ñ10 ð ð 25Ñ9 ð 

Ki = ki/k-i 

Kʘʩʩ = K1 + (K1 Ĭ K2) 

ʉʭʝʤʘ 1. ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ, ʦʪʨʘʞʘʶʱʠʡ ʧʨʦʮʝʩʩ ʩʚʷʟʳʚʘʥʠʷ APE1 D210N ʠ N212A ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ, 

ʩʦʜʝʨʞʘʱʠʤ F-ʩʘʡʪ, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ ʧʦ ʠʟʤʝʥʝʥʠ ʁʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ  

Trp ʠʣʠ FRET-ʩʠʛʥʘʣʘ 

 

ʛʜʝ ɽ ð APE1 D210N ʠʣʠ N212A; S ð F/G ʠʣʠ FRET-F-ʩʫʙʩʪʨʘʪ; (EÅS)i ð ʢʦʤʧʣʝʢʩʳ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪ. 

ʉʭʝʤʘ 2. ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʨʘʩʱʝʧʣʝʥʠʷ F/G-ʩʫʙʩʪʨʘʪʘ APE1 WT ʠ M270A, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 

ʜʘʥʥʳʭ ʧʦ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp. 

 

ʛʜʝ ɽ ð ɸʈɽ1 WT ʠʣʠ ʄ270ɸ; S ð F/G-ʩʫʙʩʪʨʘʪ; (EÅS)i ð ʢʦʤʧʣʝʢʩʳ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪ; EÅP - ʢʦʤʧʣʝʢʩ 

ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ; ʈ ð ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ WT APE1 ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʤʫʪʘʥʪʘ 

ʄ270ɸ, ʩʦʦʪʚʝʪʩʪʚʫʪʁ ʩʭʝʤʝ 2, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʜʚʫʭʩʪʘʜʠʡʥʦʝ ʨʘʚʥʦʚʝʩʥʦʝ ʩʚʷʟʳʚʘʥʠʝ, 

ʥʝʦʙʨʘʪʠʤʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ ʠ ʨʘʚʥʦʚʝʩʥʫʶ ʜʠʩʩʦʮʠʘʮʠʶ ʵʪʦʛʦ 

ʢʦʤʧʣʝʢʩʘ. ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʜʚʫʭ ʵʪʠʭ ʬʦʨʤ ʬʝʨʤʝʥʪʘ, ʧʦʢʘʟʘʣʠ, ʯʪʦ kcat 

ʜʣʷ M270A ʧʦʯʪʠ ʚ 3 ʨʘʟʘ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ kcat WT (ʊʘʙʣʠʮʘ 13). ʆʜʥʘʢʦ ʫʚʝʣʠʯʝʥʠʝ Kʘʩʩ ʜʣʷ 

M270A ʙʦʣʝʝ ʯʝʤ ʚ 1,5 ʨʘʟʘ ʥʠʚʝʣʠʨʫʝʪ ʧʦʥʠʞʝʥʥʫʶ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʪʝʤ ʩʘʤʳʤ 
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ʜʘʚʘʷ ʩʫʤʤʘʨʥʫʶ ʘʢʪʠʚʥʦʩʪʴ APE1 M270A ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʬʝʨʤʝʥʪʘ WT (ʨʠʩ. 21), 

ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ [172].  

ɼʣʷ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ D308A ʥʝ ʫʜʘʣʦʩʴ ʨʘʟʨʝʰʠʪʴ ʦʜʥʫ ʠʟ ʜʚʫʭ ʩʪʘʜʠʡ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ, 

ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ (ʨʠʩ. 22ʝ) ʙʳʣʠ ʦʧʠʩʘʥʳ ʩʭʝʤʦʡ 3, ʦʪʣʠʯʘʶʱʝʡʩʷ ʦʪ 

ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʄ270ɸ. Kʘʩʩ ʨʘʩʩʯʠʪʘʥʥʘʷ ʜʣʷ D308A ʦʢʘʟʘʣʘʩʴ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ Kʘʩʩ WT. ʉʢʦʨʝʝ ʚʩʝʛʦ ʥʘʙʣʶʜʝʥʠʝ ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʜʣʷ D308A ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ Asp308 

ʦʙʨʘʟʫʝʪ ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ ʩ ʜʚʫʤʷ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ, ʢʦʦʨʜʠʥʠʨʫʶʱʠʤʠ Mg2+ ʚ ʘʢʪʠʚʥʦʤ 

ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ [170,178]. ʕʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʤʠ ʦ 

ʪʦʤ, ʯʪʦ ʠʦʥ Mg2+ ʚʣʠʷʝʪ ʥʘ ʩʚʷʟʳʚʘʥʠʝ ʬʝʨʤʝʥʪʘ ʩ ʩʫʙʩʪʨʘʪʦʤ ʠ ʜʠʩʩʦʮʠʘʮʠʶ ʢʦʤʧʣʝʢʩʘ 

ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ [181,243]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʣʷ ʵʪʦʡ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ ʥʘʙʣʶʜʘʝʪʩʷ ʫʩʢʦʨʝʥʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʚ 2,3 ʨʘʟʘ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʤʫʪʘʥʪʥʘʷ ʬʦʨʤʘ APE1 D308A 

ʠʤʝʝʪ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʣʠʰʴ ʥʘ 20-25% ʥʠʞʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ 

(ʨʠʩ. 21). ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʟʘʤʝʥʳ D308A ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʫ  ʁ ʢʦʥʩʪʘʥʪʫ 

ʩʢʦʨʦʩʪʠ, ʧʦʣʫʯʝʥʥʫʶ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ [183], ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʙʫʬʝʨʘ ʠ ʤʦʞʝʪ ʙʳʪʴ, ʢʘʢ ʚʳʰʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʦʥʩʪʘʥʪʳ ʜʣʷ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ 

(ʧʨʠʤʝʨʥʦ ʚ 3 ʨʘʟʘ ʚ NIR ʫʩʣʦʚʠʷʭ), ʪʘʢ ʠ ʥʠʞʝ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ (ʧʨʠʤʝʨʥʦ ʚ 0,7 ʨʘʟʘ ʚ BER 

ʫʩʣʦʚʠʷʭ). ʉʦʛʣʘʩʥʦ ʜʨʫʛʦʡ ʨʘʙʦʪʝ [181] ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʙʫʬʝʨʥʳʭ ʫʩʣʦʚʠʡ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ APE1 D308A ʤʦʞʝʪ ʙʳʪʴ ʣʠʙʦ ʨʘʚʥʘ, ʣʠʙʦ ʧʨʠʤʝʨʥʦ ʚ 4 ʨʘʟʘ 

ʩʥʠʞʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ. ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘ ʚ ʥʘʰʝʡ ʨʘʙʦʪʝ, ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʦʩʪʘʪʦʢ Asp308 

ʠʤʝʝʪ ʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʠʤʝʥʥʦ ʥʘ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ʉʭʝʤʘ 3. ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʨʘʩʱʝʧʣʝʥʠʷ F/G-ʩʫʙʩʪʨʘʪʘ APE1 D308A, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ 

ʧʦ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp. 

 

ʛʜʝ ɽ ð APE1 D308A; S ð F/G-ʩʫʙʩʪʨʘʪ; (EÅS)1 ðʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪ; ʈ ð ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ. 

 

3.1.3. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɼʅʂ ʚ ʧʨʦʮʝʩʩʘʭ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʢʘʪʘʣʠʟʘ 

ʂʠʥʝʪʠʢʫ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ɼʅʂ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ APE1 ʠ 

ʝʝ ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ, ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʦʛʘ ʥʫʢʣʝʦʪʠʜʘ, 
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aPu, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʧʨʦʪʠʚ F-ʩʘʡʪʘ (ʨʠʩ. 23), ʘ ʪʘʢʞʝ FRET-F(1)-ʩʫʙʩʪʨʘʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʧʘʨʫ 

ʬʣʫʦʨʦʬʦʨ/ʪʫʰʠʪʝʣʴ FAM/BHQ1 ʥʘ ʨʘʟʥʳʭ ʢʦʥʮʘʭ ʜʫʧʣʝʢʩʘ (ʊʘʙʣʠʮʘ 9, ʨʘʟʜʝʣ ʄʘʪʝʨʠʘʣʳ ʠ 

ʤʝʪʦʜʳ) (ʨʠʩ. 24). ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʚ ɼʅʂ ʟʘʚʠʩʠʪ ʦʪ ʤʠʢʨʦʦʢʨʫʞʝʥʠʷ 

ʬʣʫʦʨʦʬʦʨʘ [247,248]; ʚ ʯʘʩʪʥʦʩʪʠ, ʫʚʝʣʠʯʝʥʠʝ ʛʠʜʨʦʬʦʙʥʦʩʪʠ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʦʪ 

ʬʣʫʦʨʦʬʦʨʘ ʩʥʠʞʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʘʈu. ɼʣʷ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʘʈu, ʧʨʦʠʩʭʦʜʷʱʝʝ ʥʘ ʤʘʣʳʭ ʚʨʝʤʝʥʘʭ 

ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʚʩʪʨʘʠʚʘʥʠʠ ʦʩʪʘʪʢʦʚ Arg177 ʠ Met270 ʚ 

ʙʦʣʴʰʫʶ ʠ ʤʘʣʫʶ ʙʦʨʦʟʜʢʠ ʮʝʧʠ ɼʅʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʙʦʣʝʝ ʧʦʟʜʥʠʝ ʤʦʤʝʥʪʳ ʨʝʘʢʮʠʠ 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʛʠʜʨʦʣʠʟʦʤ 5'-

ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʠ ʜʠʩʩʦʮʠʘʮʠʝʡ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu. ɹr ʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʙʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʤʫʪʘʥʪʘ 

M270A ʠ D308A ʠʤʝʶʪ ʜʚʫʭʬʘʟʥʳʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ (ʨʠʩ. 23ʜ ʠ 23ʝ), ʪʦʛʜʘ ʢʘʢ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʝ ʬʦʨʤʳ D210N ʠ N212A ʧʨʦʷʚʣʷʣʠ ʪʦʣʴʢʦ ʥʘʯʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʪʦʣʴʢʦ ʵʪʘʧ ʩʚʷʟʳʚʘʥʠʷ 

ɼʅʂ (ʨʠʩ. 23ʙ ʠ 23ʚ). ɼʣʷ T268D APE1 ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʪʘʢʞʝ ʥʝ ʠʟʤʝʥʠʣʘʩʴ 

(ʨʠʩ. 23ʛ), ʢʘʢ ʠ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp (ʨʠʩ. 22ʛ), ʧʦʢʘʟʳʚʘʷ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʝʥ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʤʝʪʦʜʦʤ ʥʝʣʠʥʝʡʥʦʡ ʨʝʛʨʝʩʩʠʠ 

ʧʦʟʚʦʣʠʣʘ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʜʣʷ ʥʝʘʢʪʠʚʥʳʭ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ 

D210N ʠ N212A ʩʦʜʝʨʞʠʪ ʣʠʰʴ ʦʜʥʦʩʪʘʜʠʡʥʦʝ ʩʚʷʟʳʚʘʥʠʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ (ʩʭʝʤʘ 4), ʪʦʛʜʘ ʢʘʢ 

ʜʣʷ ʘʢʪʠʚʥʳʭ ʤʫʪʘʥʪʦʚ M270A ʠ D308A ʵʪʦʪ ʧʨʦʮʝʩʩ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʦʜʝʨʞʠʪ ʥʝʦʙʨʘʪʠʤʫʶ 

ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʩʪʘʜʠʶ ʠ ʜʠʩʩʦʮʠʘʮʠʶ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ (ʩʭʝʤʘ 5). ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʠ 

ʨʘʚʥʦʚʝʩʥʳʝ ʢʦʥʩʪʘʥʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 14. ʉʨʘʚʥʝʥʠʝ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʜʣʷ WT ʠ 

N212A ʧʦʢʘʟʘʣʦ, ʯʪʦ ʟʘʤʝʥʘ N212A ʧʨʝʧʷʪʩʪʚʫʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʬʝʨʤʝʥʪʘ ʩ ʨʘʩʱʝʧʣʷʝʤʦʡ 

ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʴʶ, ʪʝʤ ʩʘʤʳʤ ʫʤʝʥʴʰʘʷ ʢʦʥʩʪʘʥʪʫ ʩʢʦʨʦʩʪʠ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ (k1) ʚ 

ʜʝʩʷʪʴ ʨʘʟ (ʊʘʙʣʠʮʘ 14). ʂʨʦʤʝ ʪʦʛʦ, ʘʢʪʠʚʥʳʝ ʤʫʪʘʥʪʥʳʝ ʬʦʨʤʳ ʄ270ɸ ʠ D308ɸ ʠʤʝʶʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʫʶ ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ 

ʤʝʥʴʰʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʵʪʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩʫʜʷ ʧʦ Kʘʩʩ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʟʘʤʝʪʥʦ (~ ʚ 2,5 ʨʘʟʘ) ʚʳʰʝ, ʯʪʦ ʥʠʚʝʣʠʨʫʝʪ ʵʬʬʝʢʪ ʦʪ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ, ʪʝʤ ʩʘʤʳʤ 

ʦʩʪʘʚʣʷʷ ʘʢʪʠʚʥʦʩʪʴ ʵʪʠʭ ʬʦʨʤ ʬʝʨʤʝʥʪʦʚ ʣʠʰʴ ʥʝʤʥʦʛʦ ʥʠʞʝ ʫʨʦʚʥʷ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ 

ʜʠʢʦʛʦ ʪʠʧʘ. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʘʥʘʣʠʟʝ ʢʠʥʝʪʠʢʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʬʝʨʤʝʥʪʘ (ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp) ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ (ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ 

aPu) ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʪʣʠʯʠʷ ʧʘʨʘʤʝʪʨʦʚ Kʘʩʩ ʠ kcat ʧʨʠ ʠʭ ʧʦʧʘʨʥʦʤ ʩʨʘʚʥʝʥʠʠ 
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ʤʝʞʜʫ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʦʡ APE1 ʄ270ɸ. ʊʘʢ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ 

ʨʝʛʠʩʪʨʘʮʠʠ Kʘʩʩ ʠ kcat ʜʣʷ APE1 ʄ270ɸ ʤʦʛʫʪ ʙʳʪʴ ʢʘʢ ʙʦʣʴʰʝ, ʪʘʢ ʠ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

APE1 WT, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʢʦʤʧʣʝʢʩʥʦʤ ʵʬʬʝʢʪʝ ʦʪ ʟʘʤʝʥʳ ʄ270ɸ, ʘ ʠʤʝʥʥʦ ʦʪʩʫʪʩʪʚʠʝ 

ʦʙʲʝʤʥʦʛʦ ʙʦʢʦʚʦʛʦ ʨʘʜʠʢʘʣʘ ʤʝʪʠʦʥʠʥʘ ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ ʧʦʪʝʨʝ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʨʫʧʧʳ, 

ʥʦ ʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʚʣʠʷʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʪʘʪʢʦʚ Trp, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ 

ʠʥʪʝʨʢʘʣʠʨʫʶʱʝʡ ʧʝʪʣʝ. ʊʘʢʦʝ ʚʣʠʷʥʠʝ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ Trp ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪ ɹʵʬʬʝʢʪ ʥʘ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠ ʘʥʘʣʠʟʝ Trp-

ʜʘʥʥʳʭ.  

ʉʭʝʤʘ 4. ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʦʪʨʘʞʘʶʱʠʡ ʧʨʦʮʝʩʩ ʩʚʷʟʳʚʘʥʠʷ APE1 D210N ʠ N212A ʩ F/aPu-ʩʫʙʩʪʨʘʪʦʤ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʧʦ ʠʟʤʝʥʝʥʠ ʁʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu 

 

ɽ ð APE1 D210N ʠʣʠ N212A; S ð F/aPu-ʩʫʙʩʪʨʘʪ; (EÅS)1 ð ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪ/ʩʫʙʩʪʨʘʪ. 

ʉʭʝʤʘ 5. ʂʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʨʘʩʱʝʧʣʝʥʠʷ F/aPu ʠʣʠ FRET-F-ʩʫʙʩʪʨʘʪʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤʠ 

ʤʫʪʘʥʪʘʤʠ ɸʈɽ1 (M270A ʠ D308A), ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʜʘʥʥʳʭ ʧʦ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʘʈʠ ʠʣʠ FRET-ʩʠʛʥʘʣʘ 

1

 

ɽ ð APE1 M270A ʠʣʠ D308A; S ð F/aPu ʠʣʠ FRET-F-ʩʫʙʩʪʨʘʪ; (EÅS)1 ðʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪ/ʩʫʙʩʪʨʘʪ; EÅP ð 

ʢʦʤʧʣʝʢʩ ʬʝʨʤʝʥʪ/ʧʨʦʜʫʢʪ; ʈ ð ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ. 

ʇʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ APE1ïɼʅʂ ʧʨʦʠʩʭʦʜʠʪ ʠʟʛʠʙʘʥʠʝ ɼʅʂ ʩʧʠʨʘʣʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʠʟʤʝʥʝʥʠʶ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʢʨʘʩʠʪʝʣʝʤ ʠ ʪʫʰʠʪʝʣʝʤ ʚ FRET-ʧʘʨʝ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ 

ʩʧʝʢʪʨʘʭ ʠʟʤʝʥʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʦʛʦ 

D210N APE1 ʩ FRET-F(1)-ʩʫʙʩʪʨʘʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM ʥʘ ʦʪʨʝʟʢʝ 

ʚʨʝʤʝʥʠ ʜʦ 1 ʩ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʛʠʙʘʥʠʶ ɼʅʂ (ʨʠʩ. 24ʙ). ɼʣʷ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ N212A APE1 ʵʪʘ ʩʪʘʜʠʷ, 

ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʝʪ (ʨʠʩ. 24ʚ), ʯʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ, 

ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʙʝʣʢʘ (ʨʠʩ. 22ʚ) ʠ ʣʦʢʘʣʴʥʳʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ɼʅʂ (ʨʠʩ. 23ʚ), ʙʣʦʢʠʨʫʁʪʩʷ ʜʣʷ ʵʪʦʛʦ ʤʫʪʘʥʪʘ. 
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ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

ʜ) 

 

ʝ) 

 

ʈʠʩ. 23. ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ APE1 WT (ʘ) ʠ ʝʸ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ 

D210N (ʙ), N212A (ʚ), T268D (ʛ), M270A (ʜ) ʠʣʠ D308A (ʝ) ʩ F/aPu-ʩʫʙʩʪʨʘʪʦʤ. ʂʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʦʚ ʠ F/aPu-

ʩʫʙʩʪʨʘʪʘ ʫʢʘʟʘʥʳ ʥʘ ʧʘʥʝʣʷʭ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ Asn212 ʢʦʦʨʜʠʥʠʨʫʝʪ ʬʦʩʬʘʪʥʫʶ ʛʨʫʧʧʫ, 

ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʩ 5'-ʩʪʦʨʦʥʳ ʦʪ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʬʝʨʤʝʥʪ-

ʩʫʙʩʪʨʘʪʥʦʤ ʢʦʤʧʣʝʢʩʝ. ʉʫʤʤʠʨʫʷ ʵʪʠ ʬʘʢʪʳ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʵʪʦʪ ʢʦʥʪʘʢʪ ʥʝʦʙʭʦʜʠʤ 

ʜʣʷ ʠʥʠʮʠʘʮʠʠ ʠʟʛʠʙʘ ɼʅʂ. 
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͊ύ 

 

͋ύ 

 

͍ύ 

 

͎ύ 

 

͒ύ 

 

͔ύ 

 

ʈʠʩ. 24. ʀʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ APE1 WT (ʘ) ʠ ʝʸ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ 

D210N (ʙ), N212A (ʚ), T268D (ʛ), M270A (ʜ), D308A (ʝ) ʩ FRET-F(1)-ʩʫʙʩʪʨʘʪʦʤ. ʂʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪʦʚ ʠ 

FRET-F-ʩʫʙʩʪʨʘʪʘ ʫʢʘʟʘʥʳ ʥʘ ʧʘʥʝʣʷʭ. 
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ɺ ʩʣʫʯʘʝ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʘʢʪʠʚʥʳʭ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ, ʩʦʜʝʨʞʘʱʠʭ ʟʘʤʝʥʳ ʄ270ɸ 

ʠ D308A, ʨʘʩʱʝʧʣʝʥʠʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM, 

ʢʦʪʦʨʳʡ ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʩ ʥʘʯʘʣʴʥʦʡ ʬʘʟʦʡ ʩʥʠʞʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʧʨʦʪʝʢʘʶʱʝʡ ʚʦ ʚʨʝʤʷ 

ʩʚʷʟʳʚʘʥʠʷ ʠ ʠʟʛʠʙʘʥʠʷ ʩʫʙʩʪʨʘʪʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʫʪʘʥʪʥʘʷ ʬʦʨʤʘ APE1 T268D, ʢʦʪʦʨʘʷ 

ʥʝ ʚʳʟʳʚʘʣʘ ʠʟʤʝʥʝʥʠʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʠ aPu ʚʩʣʝʜʩʪʚʠʝ ʥʝʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

ʢʦʤʧʣʝʢʩʘ, ʪʘʢʞʝ ʥʝ ʧʨʠʚʦʜʠʣʘ ʢ ʫʤʝʥʴʰʝʥʠʶ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM, ʢʦʪʦʨʦʝ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʧʨʦʮʝʩʩʝ ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ ʩ ʬʝʨʤʝʥʪʦʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʥʝʢʦʪʦʨʦʡ ʜʦʣʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʫʜʘʣʦʩʴ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʤʝʜʣʝʥʥʳʡ 

ʨʦʩʪ FRET-ʩʠʛʥʘʣʘ ʥʘ ʚʨʝʤʝʥʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʪʘʜʠʠ ʨʘʩʱʝʧʣʝʥʠʠ ʩʫʙʩʪʨʘʪʘ. ʂʠʥʝʪʠʯʝʩʢʠʝ 

ʢʨʠʚʳʝ, ʦʪʨʘʞʘʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ WT APE1 ʠʣʠ ʣʶʙʦʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʤʫʪʘʥʪʘ ʩ 

FRET-F(1)-ʩʫʙʩʪʨʘʪʦʤ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʩʭʝʤʝ 5 (ʊʘʙʣʠʮʘ 15). ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʥʝʘʢʪʠʚʥʦʛʦ D210N APE1 ʩ FRET-F(1)-ʩʫʙʩʪʨʘʪʦʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʭʝʤʝ 1, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʜʚʝ 

ʦʙʨʘʪʠʤʳʝ ʩʪʘʜʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ɼʅʂ. ɼʣʷ ʤʫʪʘʥʪʥʦʡ 

ʬʦʨʤʳ ɸʈɽ1 T268D ʢʦʥʩʪʘʥʪʘ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʷ Kʘʩʩ ʦʢʘʟʘʣʘʩʴ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʝʥʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʠʢʠʤ ʪʠʧʦʤ, ʯʪʦ ʝʱʝ ʨʘʟ ʧʦʜʪʚʝʨʞʜʘʝʪ ʫʯʘʩʪʠʝ ʵʪʦʛʦ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠ-ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ʉʫʤʤʠʨʫʷ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʟʘʤʝʥʘ T268D ʟʥʘʯʠʪʝʣʴʥʦ 

ʥʘʨʫʰʘʝʪ ʵʪʘʧ ʩʚʷʟʳʚʘʥʠ ̫ ɼʅʂ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, 

Asn212 ʠʤʝʝʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʩʪʘʜʠʠ ʠʟʛʠʙʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʟʘ, ʟʘʤʝʥʘ D210N 

ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠʷ ʠ ʧʦʣʥʦʩʪʴʶ ʙʣʦʢʠʨʫʝʪ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ 

ʬʝʨʤʝʥʪʘ, ʟʘʤʝʥʘ D308A ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠʷ ʠʟ-ʟʘ ʥʘʨʫʰʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ Mg2+ 

ʠ, ʥʘʢʦʥʝʮ, ʯʪʦ ʦʩʪʘʪʦʢ Met270, ʫʯʘʩʪʚʫʶʱʠʡ ʚ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʳʚʝʨʥʫʪʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ ʬʝʨʤʝʥʪʘ, ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʥʘ ʵʪʘʧʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ʊʘʙʣʠʮʘ 14. ʂʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʚʷʟʳʚʘʥʠʷ ʠ ʨʘʩʱʝʧʣʝʥʠʷ F/aPu-ʩʫʙʩʪʨʘʪʘ WT APE1 ʠʣʠ ʝʛʦ 

ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ 

ʂʦʥʩʪʘʥʪʳ  WT D210N N212A M270A D308A 

k1Ĭ10-6, M-1ʩ-1 
55Ñ7 36,6Ñ0,8 6Ñ2 5,2Ñ1,2 2,5Ñ1,0 

k-1, ʩ-1 5,9Ñ0,9 1,4Ñ0,1 3,6Ñ1,2 50Ñ20 20Ñ3 

KʘʩʩĬ10-6, M-1 9,3Ñ1,5  26,0Ñ0,5 1,7Ñ0,6 0,10Ñ0,07 0,13Ñ0,07 

kcat, ʩ-1 1,5Ñ0,04 ð ð 3,7Ñ2,4 4Ñ2 

KpĬ106, M 0,80Ñ0,04 ð ð 40Ñ20 22Ñ8 

Kʘʩʩ = k1/k-1 
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ʊʘʙʣʠʮʘ 15. ʂʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʚʷʟʳʚʘʥʠʷ ʠ ʨʘʩʱʝʧʣʝʥʠʷ FRET-F(1)-ʩʫʙʩʪʨʘʪʘ WT APE1 ʠ ʝʛʦ 

ʤʫʪʘʥʪʘʤʠ 

ʂʦʥʩʪʘʥʪʳ  WT D210N T268D M270A D308A 

k1Ĭ10-6, M-1ʩ-1 
64Ñ3 71Ñ1 1,02Ñ0,34 5,1Ñ0,3 38Ñ1 

k-1, ʩ-1 7,2Ñ0,5 5,9Ñ0,3 40Ñ3 11Ñ1 15,6Ñ0,4 

K1Ĭ10-6, M-1 9Ñ1 12Ñ1 0,02Ñ0,01 0,46Ñ0,12 2,4Ñ0,1 

k2, ʩ-1 
ð 10,6Ñ0,6 ð ð ð 

k-2, ʩ-1 ð 10,4Ñ0,4 ð ð ð 

K2 ð 1Ñ0,1 ð ð ð 

KʘʩʩĬ10-6, M-1 9Ñ1 24Ñ2 0,02Ñ0,01 0,46Ñ0,12 2,4Ñ0,1 

kcat, ʩ-1 3,0Ñ0,04 ð 4,3Ñ0,6 4,8Ñ0,2 3,0Ñ0,04 

KpĬ106, M 2,0Ñ0,1 ð 1,4Ñ0,8 3,6Ñ1,5 4,0Ñ0,1 

Ki = ki/k-i 

Kʘʩʩ = K1 + (K1 Ĭ K2) 

 

3.2.ɸʥʘʣʠʟ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʨʦʣʠ ʟʘʨʷʞʝʥʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ 

ʮʝʥʪʨʘ APE1 

ʀʩʧʦʣʴʟʫʷ ʧʦʜʭʦʜ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʫʜʘʣʦʩʴ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʚ ʢʦʤʧʣʝʢʩʝ 

APE1-ɼʅʂ ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʢʦʥʪʘʢʪʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʤʝʞʜʫ ɼʅʂ ʠ ʟʘʨʷʞʝʥʥʳʤʠ 

ʘʤʠʥʦʛʨʫʧʧʘʤʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʩʘʡʪʘ ʠ ʘʢʪʠʚʥʦʛʦ ʩʘʡʪʘ (ʨʠʩ. 12). 

ɼʣʷ ʨʘʩʯʝʪʘ ʟʥʘʯʝʥʠʡ pKa ʘʤʠʥʦʢʠʩʣʦʪ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ APE1, ʜ.ʬ.-ʤ.ʥ. ɺʦʨʦʙʴʝʚʳʤ ʖ.ʅ. 

ʧʨʦʚʝʜʝʥʦ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ (ʄɼ-ʤʦʜʝʣʠʨʦʚʘʥʠʝ). ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʦʛʦ ʰʘʙʣʦʥʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʪʨʫʢʪʫʨʘ APE1 ʩ ʨʘʟʨʝʰʝʥʠʝʤ 1,95 ¡ 

(PDB 4LND). ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʢʦʥʩʪʘʥʪ ʜʣʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʚʘʞʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ 

ʚ APE1 ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʠʤʝʶɦʠʭ ʩʜʚʠʛ pKa ʙʦʣʝʝ ʯʝʤ ʥʘ Ñ 1 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʩʚʦʙʦʜʥʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʘʤʠ, ʧʝʨʝʯʠʩʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 16. ɺʩʝ ʵʪʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʙʳʣʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʜʨʘʟʜʝʣʝʥʳ ʥʘ ʪʨʠ ʛʨʫʧʧʳ: ʚʭʦʜʷʱʠʝ ʚ ʙʝʣʢʦʚʫʶ ʛʣʦʙʫʣʫ; ʦʩʪʘʪʢʠ, 

ʬʦʨʤʠʨʫʶʱʠʝ ʢʦʥʪʘʢʪ r ʩ ɼʅʂ ʚ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʤ ʩʘʡʪʝ; ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ, 

ʧʨʠʥʠʤʘʶʱʠʝ ʫʯʘʩʪʠʝ ʚ ʢʘʪʘʣʠʟʝ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʠʤʝʶʱʠʭ ʩʜʚʠʛ pKa ʙʦʣʝʝ ʯʝʤ ʥʘ Ñ 1, ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʙʝʣʢʦʚʦʡ 

ʛʣʦʙʫʣʝ ʠʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʝʣʢʘ. ʇʨʠ ɻʪʦʤ ʚʩʝʛʦ ʥʝʩʢʦʣʴʢʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʝʤ ʩʘʡʪʝ ʠ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ, ʠʤʝʶʪ ʟʥʘʯʝʥʠʝ pKa, ʢʦʪʦʨʦʝ 

ʦʪʣʠʯʘʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʥʘ Ñ 1 ʝʜʠʥʠʮʫ (ʊʘʙʣʠʮʘ 16). ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ pKa ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, 

ʯʪʦ ʤʠʢʨʦʦʢʨʫʞʝʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪ ʚ ʙʝʣʢʝ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʠʪʴ ʠʭ ʩʦʩʪʦʷʥʠʝ 

ʠʦʥʠʟʘʮʠʠ, ʪʝʤ ʩʘʤʳʤ ʚʣʠʷʷ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʟ. 
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ʊʘʙʣʠʮʘ 16. ʉʨʘʚʥʝʥʠʝ ʨʘʩʯʸʪʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʥʩʪʘʥʪ ʠʦʥʠʟʘʮʠʠ pKa ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ APE1 ʩ ʠʭ 

ʟʥʘʯʝʥʠʷʤʠ ʚ ʩʚʦʙʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ* 

ʃʦʢʘʣʠʟʘʮʠʷ 
ɸʤʠʥʦʢʠʩʣʦʪʥʳʡ 

ʦʩʪʘʪʦʢ 
ʈʘʩʯʸʪʥʘʷ pKa 

pK0  ʩʚʦʙʦʜʥʦʡ 

ʘʤʠʥʦʢʠʩʣʦʪʳ 
pKa ī pK0 

ɼʅʂ-

ʩʚʷʟʳʚʘʶʱʠʡ ʩʘʡʪ 

Lys-98  11,8 10,4 1,4 

Glu-126  3,4 4,4 ī1,0 

Glu-154  0,9 4,4 ī3,5 

Arg-156  15,0 12,0 3,0 

Arg-181  13,5 12,0 1,5 

Arg-185  15,8 12,0 3,8 

Arg-221  13,1 12,0 1,1 

Arg-73 12,8 12,0 0,8 

Arg177 12,6 12,0 0,6 

ɸʢʪʠʚʥʳʡ ʮʝʥʪʨ 

Asp-210  2,5 4,0 ī1,5 

His-309  10,3 6,6 3,7 

Tyr-171   9,6 9,6 0 

ɹʝʣʢʦʚʘʷ ʛʣʦʙʫʣʘ 

Tyr-45  11,8 9,6 2,2 

Asp-50  1,1 4,0 ī2,9 

Lys-63  12,3 10,4 1,9 

Asp-82  2,4 4,0 ī1,6 

Lys-85  12,1 10,4 1,7 

Glu-87  2,4 4,4 ī2,0 

Asp-90  2,9 4,0 ī1,1 

Arg-136  13,4 12,0 1,4 

Glu-150  2,9 4,4 ī1,5 

Asp-152  2,6 4,0 ī1,4 

Glu-161  2,2 4,4 ī2,2 

Glu-183  2,6 4,4 ī1,8 

Arg-187  13,7 12,0 1,7 

Asp-189  1,8 4,0 ī2,2 

Arg-202  13,1 12,0 1,1 

Lys-203  11,6 10,4 1,2 

Glu-216  3,2 4,4 ī1,2 

Glu-217  3,3 4,4 ī1,1 

Asp-219  1,1 4,0 ī2,9 

Glu-236   2,2 4,4 ī2,2 

Arg-237   13,1 12,0 1,1 

Glu-242  3,3 4,4 ī1,1 

Asp-251  0,4 4,0 ī3,6 

Arg-274  13,2 12,0 1,2 

Arg-281  15,6 12,0 3,6 

Tyr-284  11,7 9,6 1,1 

Asp-297  1,7 4,0 ī2,3 

Lys-299   13,7 10,4 3,3 

Arg-301  13,7 12,0 1,7 

* ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ pKa ʬʫʥʢʮʠʦʥʘʣʴʥʦ ʚʘʞʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʠ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, 

ʠʤʝʶʱʠʭ ʩʜʚʠʛ pKa ʙʦʣʝʝ ʯʝʤ ʥʘ Ñ 1 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʚʦʙʦʜʥʳʤʠ ʘʤʠʥʦʢʠʩʣʦʪʘʤʠ. 
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ʈʠʩ. 25. ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʣʝʢʩʘ APE1- Mg2+ (PDB 4LND). ʇʦʢʘʟʘʥʳ ʨʘʩʩʪʦʷʥʠʷ (¡) ʤʝʞʜʫ ʠʦʥʦʤ Mg2+ ʠ ʘʪʦʤʘʤʠ 

ʚʘʞʥʳʭ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʦʩʪʘʪʢʦʚ, His309, pKa 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ (ʥʘ 3,7 ʝʜ.) ʧʦ ʩʨʘʚʥʝʥʠ ʁʩʦ ʩʚʦʙʦʜʥʦʡ ʘʤʠʥʦʢʠʩʣʦʪʦʡ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʟʥʘʯʝʥʠʷ pKa ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʦʩʪʘʪʢʦʚ ʛʠʩʪʠʜʠʥʘ ʚ ʙʝʣʢʝ ɸʈɽ1, His119, His151, His215 ʠ His255, 

ʧʨʝʪʝʨʧʝʣʠ ʥʝʙʦʣʴʰʦʡ ʩʜʚʠʛ pKa ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ī0,1 ʜʦ 0,4 ʝʜ. ʉʪʦʣʴ ʟʥʘʯʠʪʝʣʴʥʳʡ ʩʜʚʠʛ pKa, 

ʦʙʥʘʨʫʞʝʥʥʳʡ ʣʠʰʴ ʜʣʷ His309, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʝʟʫʣʴʪʘʪ ʝʛʦ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ 

ʤʠʢʨʦʦʢʨʫʞʝʥʠʷ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʪʨʝʭ ʦʩʪʘʪʢʦʚ Asp70, Glu96 ʠ Asp308, ʢʦʪʦʨʳʝ ʢʦʦʨʜʠʥʠʨʫʶʪ 

ʠʦʥ Mg2+ ʚ ʘʢʪʠʚʥʦʤ ʮʝʥʪʨʝ (ʨʠʩ. 25). 

3.2.1. ɺʣʠʷʥʠʝ pH ʥʘ ʢʦʥʬʦʨʤʘʮʠʶ ʙʝʣʢʘ ɸʈɽ1 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʝʧʝʥʠ ʠʟʤʝʥʝʥʠ ̫ʢʦʥʬʦʨʤʘʮʠʠ APE1 ʧʨʠ ʨʘʟʥʳʭ pH ʙʳʣʠ ʟʘʧʠʩʘʥʳ 

ʩʧʝʢʪʨʳ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ (ʨʠʩ. 26ʘ). ʉʧʝʢʪʨʳ ʂɼ APE1 ʩʦʜʝʨʞʘʪ ʰʠʨʦʢʫ  ʁʧʦʣʦʩʫ ʦʪ 208 ʜʦ 

230 ʥʤ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʰʢʘʣʝ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ Ŭ-ʩʧʠʨʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ [249,250]. ʀʟ 

ʜʘʥʥʳʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 26ʘ, ʚʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ pH ʩ 5,5 ʜʦ 9,0 ʥʝ ʧʨʠʚʦʜʠʪ ʢ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʚʪʦʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʧʝʢʪʨʳ ʂɼ ʧʦʟʚʦʣʷʶʪ 

ʦʮʝʥʠʪʴ ʪʦʣʴʢʦ ʛʣʦʙʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʠ ʙʝʣʢʘ ʠ ʷʚʣʷʪʁʩʷ ʜʦʚʦʣʴʥʦ ʛʨʫʙʳʤ ʤʝʪʦʜʦʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʪʦʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨ rʙʝʣʢʘ. ʇʦʵʪʦʤʫ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜ ʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘ, 

ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ  rʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ Trp ʚ ʙʝʣʢʝ, ʯʪʦʙʳ 

ʦʧʨʝʜʝʣʠʪʴ ʢʘʢʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʚ ʬʝʨʤʝʥʪʝ ʚ ʧʨʦʮʝʩʩʝ ʫʚʝʣʠʯʝʥʠʷ 

ʠʣʠ ʫʤʝʥʴʰʝʥʠʷ ʨʅ (ʨʠʩ. 26ʙ). ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ pH ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʧʝʨʝʭʦʜʝ ʚ ʙʦʣʝʝ ʢʠʩʣʳʝ ʟʥʘʯʝʥʠʷ ʨʅ 

Glu
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ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʥʘʦʙʦʨʦʪ ʩʥʠʞʘʝʪʩʷ. ʂʨʦʤʝ ʪʦʛʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ 

ʩʥʠʞʝʥʠʠ pH, ʧʨʠʚʦʜʷʱʝʤ ʢ ʧʨʦʪʦʥʠʨʦʚʘʥʠ ʁ ʬʝʨʤʝʥʪʘ, ʫʤʝʥʴʰʝʥʠʝ ʩʠʛʥʘʣʘ ʧʨʦʠʩʭʦʜʠʪ 

ʙʳʩʪʨʝʝ (Ò20 ʤʩ) ʠ ʙʦʣʝʝ ʘʤʧʣʠʪʫʜʥʦ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʧʦʚʳʰʝʥʠʷ pH, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦʩʷ 

ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʝʤ ʠʦʥʦʛʝʥʥʳʭ ʛʨʫʧʧ. ʕʪʠ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʠʟʤʝʥʝʥʠʷ ʚ ʤʠʢʨʦʦʢʨʫʞʝʥʠʠ 

ʦʩʪʘʪʢʦʚ Trp, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʜʚʫʤʷ ʬʘʢʪʦʨʘʤʠ: ʠʟʤʝʥʝʥʠʝʤ ʩʪʝʧʝʥʠ ʠʦʥʠʟʘʮʠʠ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʠ ʣʦʢʘʣʴʥʤrʠ ʢʦʥʬʦʨʤʘʮʠʦʥʥʤrʠ ʠʟʤʝʥʝʥʠʷʤʠ ʵʪʠʭ ʫʯʘʩʪʢʦʚ ʚ 

ʙʝʣʢʝ. 

ʘ) 

 

ʙ) 

 

ʈʠʩ. 26. (a) ʉʧʝʢʪʨʳ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ ʜʣʷ APE1 ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʨʅ. (ʙ) ʀʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp, ʚʳʟʚʘʥʥʳʝ ʧʨʦʪʦʥʠʨʦʚʘʥʠʝʤ ʠ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʝʤ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ. [APE1] = 1 ʤʢʄ. 

 

3.2.2. ɺʣʠʷʥʠʝ pH ʥʘ ʩʚʷʟʳʚʘʥʠʝ ɼʅʂ ʠ ʢʘʪʘʣʠʟ  

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠʷ APE1 ʩ ɼʅʂ-ʜʫʧʣʝʢʩʦʤ, ʩʦʜʝʨʞʘʱʠʤ F-

ʩʘʡʪ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ pH, ʙʳʣʘ ʠʟʫʯʝʥʘ ʢʠʥʝʪʠʢʘ ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʠ ʢʘʪʘʣʠʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʦʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʪʦʢʘ. ʀʟʤʝʥʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʚ ʨʝʘʢʮʠʠ APE1 ʩ F/G-ʩʫʙʩʪʨʘʪʦʤ ʩʦʜʝʨʞʘʣʦ ʥʝʩʢʦʣʴʢʦ 

ʭʘʨʘʢʪʝʨʥʳʭ ʬʘʟ (ʨʠʩ. 27ʘ), ʢʦʪʦʨʳʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʳʜʫʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʙʳʣʠ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʟʘ [243,245,251,252]. ʋʤʝʥɹh ʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʥʘʯʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɺ ʭʦʜʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʬʝʨʤʝʥʪʝ 

ʧʨʦʠʩʭʦʜʷʪ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʜʚʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʧʝʨʝʭʦʜʘ [243,245,251,252]. ʂʘʪʘʣʠʪʠʯʝʩʢʘʷ 

ʩʪʘʜʠʷ ʧʨʦʮʝʩʩʘ, ʚʝʜʫʱʘʷ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʦʜʫʢʪʘ ʠ ʧʦʩʣʝʜʫʶʱʘʷ ʜʠʩʩʦʮʠʘʮʠʷ ʢʦʤʧʣʝʢʩʘ 

ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ, ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʥʘ ʙʦʣʝʝ 

ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ (ʥʘʯʠʥʘʷ ʩ ʧʨʠʤʝʨʥʦ 0,5 ʩ). ʂʘʢ ʚʠʜʥʦ ʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʭr (ʨʠʩ. 27ʘ), ʦʙʝ 

ʵʪʠ ʩʪʘʜʠʠ ʟʘʚʠʩʷʪ ʦʪ pH. 
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ʈʠʩ. 27. ɺʣʠʷʥʠʝ pH ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ APE1 ʩ F/G- ʠ FRET-F(1)-ʩʫʙʩʪʨʘʪʦʤ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ɸʈɽ1 

(ʘ) ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ (ʙ) ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠ ʨʘʟʥʳʭ ʟʥʘʯʝʥʠʷʭ ʨʅ. (ʚ) ʂʠʥʝʪʠʢʘ ʥʘʢʦʧʣʝʥʠ ̫ʧʨʦʜʫʢʪʘ 

ʨʝʘʢʮʠʠ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʘʷ ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ [pH 5,5 (ƴ), 6,0 (ǒ), 6,5 (ƶ), 7,0 (), 7,5 (ᴖ ), 8,0 (Ƹ), 8,5 

( ) ʠ 9,0 ()]. 

ɼʣʷ ʘʥʘʣʠʟʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ɼʅʂ ʚ ʭʦʜʝ ʨʘʩʱʝʧʣʝʥʠʷ F-

ʩʘʡʪʘ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʫʙʩʪʨʘʪ, ʩʦʜʝʨʞʘʱʠʡ FRET-ʧʘʨʫ FAM/BHQ1. ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩʫʥʢʝ 27ʙ, 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ APE1 ʩ FRET-F(1)-ʩʫʙʩʪʨʘʪʦʤ 

ʩʥʠʞʘʝʪʩʷ ʥʘ ʚʨʝʤʝʥʥʦʤ ʦʪʨʝʟʢʝ ʜʦ 1 ʩ (ʜʣʷ pH 5,5) ʠ ʨʘʩʪʝʪ ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ. ɺʧʦʣʥʝ 

ʚʝʨʦʷʪʥʦ, ʯʪʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʦʪʨʘʞʘʝʪ ʫʤʝʥʴʰʝʥʠʝ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʬʣʫʦʨʦʬʦʨʦʤ (FAM) ʠ ʪʫʰʠʪʝʣʝʤ (BHQ1), ʚʳʟʚʘʥʥʦʝ ʠʟʛʠʙʘʥʠʝʤ ɼʅʂ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ APE1. ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ pH ʚʳʟrʚʘʣʦ ʚʠʟʫʘʣʴʥʦʝ 

ʠʩʯʝʟʥʦʚʝʥʠʝ ʵʪʦʡ ʬʘʟʳ ʠʟ-ʟʘ ʫʩʢʦʨʝʥʠʷ ʚʪʦʨʦʡ ʬʘʟʳ ʧʨʦʮʝʩʩʘ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʨʦʩʪʫ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM. ʈʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM ʚ ʵʪʦʡ ʬʘʟʝ, 

ʩʢʦʨʝʝ ʚʩʝʛʦ, ʦʪʨʘʞʘʝʪ ʚʳʩʚʦʙʦʞʜʝʥʠʝ ʧʨʦʜʫʢʪʘ ʨʘʩʱʝʧʣʝʥʠʷ ʠʟ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ. 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʘʥʘʣʠʟ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʚ ʇɸɸɻ ʧʦʢʘʟʘʣ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 
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ʨʝʘʢʮʠʠ ʩʠʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ pH (ʨʠʩ. 27ʚ). ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ 

ʧʨʠ ʘʥʘʣʠʟʝ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʚ ʇɸɸɻ (ʨʠʩ. 27ʚ), ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp 

(ʨʠʩ. 27ʘ) ʠ FAM (ʨʠʩ. 27ʙ) ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ (1), (5) ʠ (6) (ʨʘʟʜʝʣ 

2.3. ʠ 2.12. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ 

ʩʢʦʨʦʩʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʦʮʝʩʩʳ. 

ʅʘ ʨʠʩʫʥʢʝ 28 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 

[H+], ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʡ ʚʠʜ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʡ ʦ ʨʘʚʥʦʚʝʩʠʠ ʧʨʦʪʦʥʠʨʦʚʘʥʥʦʛʦ 

ʠ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʡ ʬʝʨʤʝʥʪʘ. ɻʠʧʝʨʙʦʣʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʵʪʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʧʦʟʚʦʣʠʣ ʨʘʩʩʯʠʪʘʪ ɹ ʟʥʘʯʝʥʠ ̫ pKa ʬʝʨʤʝʥʪʘ, ʢʦʪʦʨʳʝ ʚʣʠʷʶʪ ʥʘ ʨʘʟʣʠʯʥʳʝ ʵʪʘʧʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʘ ʠʤʝʥʥʦ ʩʚʷʟʳʚʘʥʠʝ ɼʅʂ ʠ ʢʘʪʘʣʠʟ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʪʘʜʠʷ ʩʚʷʟʳʚʘʥʠʷ 

ɼʅʂ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ FRET-ʘʥʘʣʠʟʘ, ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʟʥʘʯʝʥʠʷʭ pH, ʙʣʠʟʢʠʭ ʢ 

ʥʝʡʪʨʘʣʴʥʳʤ (pKa 6,4-7,0 (ʨʠʩ. 28ʘ ʠ 28ʙ)). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʩʚʷʟʳʚʘʥʠʝ ɼʅʂ, ʠʩʭʦʜʷ ʠʟ 

ʜʘʥʥʳʭ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp, ʚʳʟʚʘʥʥʳʭ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ 

ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʩʘʤʦʤ ʙʝʣʢʝ, ʧʨʦʪʝʢʘʝʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʩʜʚʠʛʝ ʚ ʱʝʣʦʯʥʫʶ 

ʦʙʣʘʩʪʴ pH (pKa 7,9 (ʨʠʩ. 28ʛ)). 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʘʷ ʦʙʣʘʩʪʴ ʬʝʨʤʝʥʪʘ ʩʦʜʝʨʞʠʪ ʤʥʦʛʦ ʦʩʥʦʚʥʳʭ 

ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ, ʪʘʢʠʭ ʢʘʢ Lys ʠ Arg, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ pKa 

(ʊʘʙʣʠʮʘ 14). ʕʪʠ ʜʘʥʥʳʝ ʦʟʥʘʯʘʶʪ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠ ̫ɼʅʂ ʥʝ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ 

ʟʘʨʷʜʦʤ ʙʦʢʦʚʳʭ ʨʘʜʠʢʘʣʦʚ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʦʩʪʘʪʢʦʚ ʠ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʟʘʚʠʩʠʪ ʦʪ ʦʙʨʘʟʦʚʘʥʠʷ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʢʦʪʦʨʳʝ ʥʘʨʫʰʘʶʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ [H+]. ʆʜʥʘʢʦ, 

ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʠʟ ʜʘʥʥʳʭ ʜʣʷ ʠʟʤʝʥʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM ʠ Trp, ʠʤʝʝʪ ʟʥʘʯʝʥʠʝ pKa ʦʪ 8,5 ʜʦ 9,0 (ʨʠʩ. 28ʚ ʠ 28ʜ), 

ʜʝʤʦʥʩʪʨʠʨʫʷ ʩʜʚʠʛ ʚ ʝʱʸ ʙʦʣʝʝ ʱʝʣʦʯʥʦʡ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ pH. 

ʇʦ ʜʘʥʥʳʤ, ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ ʄɼ-ʤʦʜʝʣʠʨʦʚʘʥʠʠ (ʊʘʙʣʠʮʘ 16), pKa His309 ʚ ʩʦʩʪʘʚʝ ʙʝʣʢʘ 

ʨʝʟʢʦ ʫʚʝʣʠʯʝʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʂʘ ʩʚʦʙʦʜʥʦʡ ʘʤʠʥʦʢʠʩʣʦʪʳ (10,3 ʧʨʦʪʠʚ 6,6), ʯʪʦ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʢʣʶʯʝʚʦʡ ʨʦʣʠ His309 ʚ ʧʨʦʮʝʩʩʝ ʢʘʪʘʣʠʟʘ, ʢʘʢ ʠ ʧʨʝʜʣʘʛʘʣʦʩʴ ʨʘʥʝʝ [180].  
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ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

ʜ) 

 

ʝ) 

 

ʈʠʩ. 28. ɿʘʚʠʩʠʤʦʩʪ ɹ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ k1, k2 ʠ kcat, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ 

ʠʟʤʝʥʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ FAM (ʘ-ʚ), Trp (ʛ, ʜ) ʠʣʠ ʩ ʧʦʤʦʱʴʶ ʇɸɸɻ (ʝ) ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ H+. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠ ʛʠʧʝʨʙʦʣʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ (7) (ʨʘʟʜʝʣ 2.10. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ). 
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ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʨʫʛʦʡ ʱʝʣʦʯʥʦʡ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ, Tyr171 (pKa = 9,6), ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʘʪʘʢʦʚʘʪʴ ʛʠʜʨʦʣʠʟʫʝʤʫʶ ʬʦʩʬʦʜʠʵʬʠʨʥʫʶ ʩʚʷʟʴ ʚ ʬʦʨʤʝ ʬʝʥʦʣʷʪʘ [179], ʪʘʢʞʝ ʤʦʞʝʪ ʦʪʚʝʯʘʪ ɹ

ʟʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ. 

ʇʨʷʤʦʡ ʘʥʘʣʠʟ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʤʝʪʦʜʦʤ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ ʇɸɸɻ (ʨʠʩ. 28ʝ), 

ʢʦʪʦʨʳʡ ʦʪʨʘʞʘʝʪ ʩʫʤʤʘʨʥʳʡ ʧʨʦʮʝʩʩ, ʚʢʣʶʯʘʶʱʠʡ ʢʘʢ ʵʪʘʧ ʩʚʷʟʳʚʘʥʠ ̫ɼʅʂ, ʪʘʢ ʠ ʢʘʪʘʣʠʟ, 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ pKa = 7,9, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʧʨʦʪʝʢʘʥʠʷ ʦʙʝʠʭ ʩʪʘʜʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ APE1 ʩ ɼʅʂ. ʇʦʵʪʦʤʫ ʩʦʚʦʢʫʧʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʨʦʣʠ His309 ʠ Tyr171 ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʡ ʨʝʘʢʮʠʠ ʥʘʭʦʜʷʪʩʷ ʧʦʜ ʢʦʥʪʨʦʣʝʤ ʠʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠ ̫ʵʪʠʭ ʦʩʪʘʪʢʦʚ. 

ʀ ʵʪʦ ʠʦʥʠʟʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʤʦʣʝʢʫʣʷʨʥʳʤ ʧʝʨʝʢʣʶʯʝʥʠʝʤ ʤʝʞʜʫ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʤʝʭʘʥʠʟʤʘʤʠ, ʚʢʣʶʯʘʶʱʠʤʠ ʵʪʠ ʦʩʪʘʪʢʠ ʚ 

ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʭ ʠʣʠ ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʥʳʭ ʬʦʨʤʘʭ. 

3.3. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʧʦʣʠʤʦʨʬʠʟʤʦʚ APE1 ʥʘ ʧʨʦʮʝʩʩʳ ʩʚʷʟʳʚʘʥʠʷ, ʫʟʥʘʚʘʥʠ ̫ʠ 

ʢʘʪʘʣʠʟʘ 

ɺʳʙʦʨ ʧʦʪʝʥʮʠʘʣʴʥʦ ʟʥʘʯʠʤʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ APE1 ʙʳʣ ʦʩʫʱʝʩʪʚʣʝʥ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʳ ʜʘʥʥʳʭ NCBI dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). ɸʥʘʣʠʟ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʚʘʞʥʦʩʪʠ SNP ʙʳʣ ʦʩʥʦʚʘʥ ʥʘ ʧʨʠʥʮʠʧʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʡ 

ʧʨʠʨʦʜʳ ʙʦʢʦʚʦʡ ʛʨʫʧʧʳ ʘʤʠʥʦʢʠʩʣʦʪʳ, ʢʦʜʠʨʫʝʤʦʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʪʨʠʧʣʝʪʦʤ ʥʫʢʣʝʦʪʠʜʦʚ. 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʦʛʦ ʦʩʪʘʪʢʘ ʨʷʜʦʤ ʩ ɼʅʂ-ʩʚʷʟʳʚʘʶʱʠʤ ʩʘʡʪʦʤ 

ʠ/ʠʣʠ ʘʢʪʠʚʥʳʤ ʩʘʡʪʦʤ ʬʝʨʤʝʥʪʘ ʪʘʢʞʝ ʙʳʣʦ ʫʯʪʝʥʦ 

(http://www.ncbi.nlm.nih.gov/Structure/(Conserved Domains and Protein Classification)). ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʠʤʠ ʧʨʠʥʮʠʧʘʤʠ ʙʳʣʦ ʚʳʙʨʘʥʦ ʩʝʤʴ SNP ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʭ ʚʣʠʷʥʠʷ ʥʘ 

ʘʢʪʠʚʥʦʩʪʴ APE1 (ʊʘʙʣʠʮʘ 17). ʇʦʪʝʥʮʠʘʣʴʥʘʷ ʚʘʞʥʦʩʪʴ ʚʳʙʨʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ 

ʚ ʙʘʟʝ ʜʘʥʥʳʭ BioMuta, ʩʦʜʝʨʞʘʱʝʡ ʜʘʥʥʳʝ ʦʙ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʚʘʨʠʘʮʠʷʭ ʚ ʛʝʥʦʤʝ, 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʩ ʦʥʢʦʣʦʛʠʯʝʩʢʠʤʠ ʟʘʙʦʣʝʚʘʥʠʷʤʠ 

(https://hive.biochemistry.gwu.edu/biomuta/proteinview/P27695).  

ʈʘʥʝʝ ʫʩʪʘʥʦʚʣʝʥʦ (ʨʘʟʜʝʣ 3.1.), ʯʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ APE1 ʩ ʩʫʙʩʪʨʘʪʦʤ ʚʢʣʶʯʘʝʪ ʧʦ 

ʢʨʘʡʥʝʡ ʤʝʨʝ ʜʚʝ ʦʙʨʘʪʠʤʳʝ ʩʪʘʜʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʚʷʟʳʚʘʥʠʶ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ ʠ 

ʨʘʩʧʦʟʥʘʚʘʥʠʶ Aʇ-ʩʘʡʪʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ ʠʩʭʦʜʥʦʛʦ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʫʶ ʢʦʥʬʦʨʤʘʮʠʶ. ɿʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʥʝʦʙʨʘʪʠʤʘʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʩʪʘʜʠʷ ʛʠʜʨʦʣʠʟʘ 5ǋ-ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ Aʇ-ʩʘʡʪʘ, ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ 

ʧʦʩʣʝʜʥʷʷ ʩʪʘʜʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ - ʨʘʚʥʦʚʝʩʥʘʷ ʜʠʩʩʦʮʠʘʮʠʷ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-

ʧʨʦʜʫʢʪ. ɼʣʷ ʘʥʘʣʠʟʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ SNP ʚʘʨʠʘʥʪʦʚ APE1 ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʪʦʪ ʞʝ 
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ʧʦʜʭʦʜ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʫ  ʁʜʠʥʘʤʠʢʫ APE1 ʠ ʤʦʜʝʣʴʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʠʟʫʯʘʣʠ ʥʘ ʢʦʨʦʪʢʠʭ 

ʧʨʦʤʝʞʫʪʢʘʭ ʚʨʝʤʝʥʠ (ʦʪ 1 ʤʩ ʜʦ 20 ʩ) ʚ ʫʩʣʦʚʠʷʭ, ʙʣʠʟʢʠʭ ʢ ʦʜʥʦʤʫ ʦʙʦʨʦʪʫ ʬʝʨʤʝʥʪʘ. 

ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʬʝʨʤʝʥʪʘ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʢʘʢ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp, ʘ ʠʟʤʝʥʝʥʠʷ ɼʅʂ ʢʘʢ ʠʟʤʝʥʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʘ aPu, 

ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʧʨʦʪʠʚ F-ʩʘʡʪʘ ʚ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ. 

ʊʘʙʣʠʮʘ 17. ɸʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ, ʚʳʙʨʘʥʥʳʝ ʚ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʴʥʦ ʟʥʘʯʠʤʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ 

APE1 

ɿʘʤʝʥʘ ʇʦʣʦʞʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʤʝʥʪʘ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʨʦʣʴ  

ʆʥʢʦʣʦʛʠʯʝʩʢʦʝ 

ʟʘʙʦʣʝʚʘʥʠʝ 

(ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

BioMuta) 

R221C ɼʅʂ-ʩʚʷʟʳʚʘʶʱʠʡ ʩʘʡʪ (8,0 ¡ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ Nɖ1 Arg221 ʠ ʘʪʦʤʦʤ 

ʢʠʩʣʦʨʦʜʘ 3ǋ-ʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʚʪʦʨʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʩ 3ǋ-ʩʪʦʨʦʥ rʦʪ F-

ʩʘʡʪʘ).  
ʢʦʣʦʨʝʢʪʘʣʴʥʳʡ ʨʘʢ 

N222H ɼʅʂ-ʩʚʷʟʳʚʘʶʱʠʡ ʩʘʡʪ (ʨʘʩʩʪʦʷʥʠʷ 4,5 ʠ 5,0 ¡ ʤʝʞʜʫ ʘʪʦʤʦʤ Nŭ2 Ans222 

ʠ ʜʚʫʤʷ ʘʪʦʤʘʤʠ O 5ǋ- ʠ 3ǋ- ʬʦʩʬʘʪʥʳʭ ʛʨʫʧʧ ʚʪʦʨʦʛʦ ʥʫʢʣʝʦʪʠʜʘ ʥʘ 3ǋ-

ʩʪʦʨʦʥʝ F-ʩʘʡʪʘ).  

ʥʝʪ ʜʘʥʥʳʭ 

R237A ɺʥʫʪʨʝʥʥʷʷ ʢʦʦʨʜʠʥʘʮʠʷ Ŭ-ʩʧʠʨʘʣʝʡ (ʨʘʩʩʪʦʷʥʠʷ 3,9 ʠ 7,5 ¡ ʤʝʞʜʫ Nɖ1 

Arg237 ʠ ʘʪʦʤʦʤ OŮ1 Glu217 ʠ ʘʪʦʤʦʤ Oŭ1 Asp219, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ).  
ʥʝʪ ʜʘʥʥʳʭ 

G241R ɺʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ. ʥʝʪ ʜʘʥʥʳʭ 

M270T ɸʢʪʠʚʥʳʡ ʩʘʡʪ. Met270 ʚʩʪʨʘʠʚʘʝʪʩʷ ʚ ʤʘʣʫʶ ʙʦʨʦʟʜʢʫ ɼʅʂ, ʪʝʤ ʩʘʤʳʤ 

ʩʤʝʱʘʷ ʦʩʥʦʚʘʥʠʝ ʥʘʧʨʦʪʠʚ ɸʇ-ʩʘʡʪʘ. 
ʥʝʪ ʜʘʥʥʳʭ 

R274Q ɺʥʫʪʨʝʥʥʷʷ ʢʦʦʨʜʠʥʘʮʠʷ ʚʙʣʠʟʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ (ʨʘʩʩʪʦʷʥʠʷ 2.6 ʠ 3.0 ¡ 

ʤʝʞʜʫ Nɖ1/Nɖ2 Arg274 ʠ ʢʘʨʙʦʥʠʣʴʥʳʤʠ ʘʪʦʤʘʤʠ O Ala304 ʠ Ser307 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ).  
ʢʦʣʦʨʝʢʪʘʣʴʥʳʡ ʨʘʢ 

P311S ʉʪʨʫʢʪʫʨʥʳʡ ʵʣʝʤʝʥʪ ʚ ʢʦʥʮʝ ɓ-ʩʢʣʘʜʢʠ, ʛʨʘʥʠʯʘʱʠʡ ʩ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʧʝʪʣʝʡ. 
ʥʝʪ ʜʘʥʥʳʭ 

 

3.3.1. ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ SNP ʚʘʨʠʘʥʪʦʚ APE1 ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʂɼ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʉʪʝʧʝʥʴ ʠʟʤʝʥʝʥʠʷ ʢʦʥʬʦʨʤʘʮʠʠ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ SNP ʚʘʨʠʘʥʪʦʚ APE1 ʧʦʩʣʝ ʚʚʝʜʝʥʠʷ 

ʘʤʠʥʦʢʠʩʣʦʪʥʦʡ ʟʘʤʝʥʳ ʦʮʝʥʠʚʘʣʠ ʤʝʪʦʜʦʤ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʂɼ-ʩʧʝʢʪʨʦʚ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 29 ʚʩʝ ʤʫʪʘʥʪʥʳʝ ʬʦʨʤʳ APE1 ʩʦʜʝʨʞʘʪ ʜʚʝ ʧʦʣʦʩʳ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʚ ʨʘʡʦʥʝ 208 ʠ 222 ʥʤ. ʕʪʠ ʧʦʣʦʩʳ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ Ŭ-ʩʧʠʨʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʙʝʣʢʘ. ʅʘ ʨʠʩ. 29 ʚʠʜʥʦ, ʯʪʦ ʥʘʙʦʨ ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʚ, ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʦʙʱʝʛʦ 

ʧʨʦʬʠʣʷ, ʠʤʝʝʪ ʦʪʣʠʯʠʷ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ. ʆʜʥʘʢʦ, ʚ ʩʚʷʟʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ 

ʰʫʤʘ ʠ ʚʦʟʤʦʞʥʳʤʠ ʦʪʢʣʦʥʝʥʠʷʤʠ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʝʣʢʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʪʦʯʥʦʩʪʴʶ 

ʠʟʤʝʨʝʥʠʷ ʧʦ ʤʝʪʦʜʫ ɹʨʝʜʬʦʨʜʘ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʚʝʜʝʥʥʳʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ 

ʥʝ ʚʥʦʩʷʪ ʢʘʢʠʭ-ʣʠʙʦ ʛʣʦʙʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʫ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ. 
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ʈʠʩ. 29. ʉʧʝʢʪʨʳ ʢʨʫʛʦʚʦʛʦ ʜʠʭʨʦʠʟʤʘ APE1 ʜʠʢʦʛʦ ʪʠʧʘ ʠ SNP ʚʘʨʠʘʥʪʦʚ. 

3.3.2. ʆʧʨʝʜʝʣʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ SNP ʚʘʨʠʘʥʪʦʚ APE1 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʧʦʣʠʤʦʨʬʥʳʭ ʚʘʨʠʘʥʪʦʚ APE1 ʧʨʦʚʦʜʠʣʠ ʘʥʘʣʠʟ ʢʠʥʝʪʠʢʠ 

ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʚ ʇɸɸɻ. ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 32P-

ʤʝʯʝʥʦʛʦ F/G-ʩʫʙʩʪʨʘʪʘ ʩ ʤʫʪʘʥʪʥʳʤʠ ʬʦʨʤʘʤʠ ʬʝʨʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 30ʘ ʠ 30ʙ. 

ʇʦʩʢʦʣʴʢʫ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʫʩʣʦʚʠʷ ʥʝʩʢʦʣʴʢʠʭ ʦʙʦʨʦʪʦʚ ʬʝʨʤʝʥʪʘ, ʵʪʦ ʧʦʟʚʦʣʠʣʦ ʥʘʤ, 

ʧʨʠʤʝʥʠʚ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʫʨʘʚʥʝʥʠʝ (1) (ʨʘʟʜʝʣ 2.3. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ), ʨʘʩʩʯʠʪʘʪ ɹ

ʟʥʘʯʝʥʠ ̫ʥʘʙʣʶʜʘʝʤʦʡ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (kobs), ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʛʠʩʪʦʛʨʘʤʤʳ ʥʘ 

ʨʠʩʫʥʢʝ 30ʚ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ, ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʝʨʤʝʥʪʘʪʠʚʥʫ  ʁʘʢʪʠʚʥʦʩʪʴ 

ʦʢʘʟʳʚʘʝʪ ʟʘʤʝʥʘ R237A (Arg237 ʢʦʦʨʜʠʥʠʨʫʝʪ ʨʘʩʧʦʣʦʞʝʥʠʝ ʜʚʫʭ Ŭ-ʩʧʠʨʘʣʝʡ ʚ ʙʝʣʢʦʚʦʡ 

ʛʣʦʙʫʣʝ, kobs = 0,013 ʩ
-1 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ kobs = 0,08 ʩ

-1 ʜʣʷ WT). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʤʝʥʘ 

G241R ʚʝʜʝʪ ʢ ~ 50% ʫʚʝʣʠʯʝʥʠʶ ʥʘʙʣʶʜʘʝʤʦʡ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ. ʕʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ 

ʟʘʨʷʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʝʨʤʝʥʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʙʳʩʪʨʦʤʫ ʦʙʨʘʟʦʚʘʥʠ ʁʧʝʨʚʠʯʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʤʝʞʜʫ ʙʝʣʢʦʤ ʠ ɼʅʂ. ʈʘʥʝʝ ʚ ʣʠʪʝʨʘʪʫʨʝ [37] ʙʳʣʦ ʫʧʦʤʠʥʘʥʠʝ ʣʠʰʴ ʦ ʩʥʠʞʝʥʠʠ 

ʘʢʪʠʚʥʦʩʪʠ ʥʘ ~40-60% ʜʣʷ ʚʘʨʠʘʥʪʘ R237A ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ WT APE1, ʘ ʜʣʷ ʚʘʨʠʘʥʪʘ G241R 

ʦʪʤʝʯʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʩʘʡʪ ʩʧʝʮʠʬʠʯʝʩʢʦʡ ʵʥʜʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ. ɺʩʝ ʦʩʪʘʣʴʥʳʝ ʚʘʨʠʘʥʪʳ 

APE1 ʧʨʦʷʚʠʣʠ ʬʝʨʤʝʥʪʘʪʠʚʥʫ  ʁʘʢʪʠʚʥʦʩʪʴ ʥʘ 30-40% ʥʠʞʝ, ʯʝʤ ʫ ʜʠʢʦʛʦ ʪʠʧʘ. 
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ʈʠʩ. 30. ʌʝʨʤʝʥʪʘʪʠʚʥʘʷ ʘʢʪʠʚʥʦʩʪʴ APE1 ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʝʛʦ SNP ʚʘʨʠʘʥʪʦʚ ʚ ʦʪʥʦʰʝʥʠʠ F/G-ʩʫʙʩʪʨʘʪʘ. ɸʥʘʣʠʟ 

ʚ ʇɸɸɻ ʢʠʥʝʪʠʢʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʜʣʷ (ʘ) ʜʠʢʦʛʦ ʪʠʧʘ APE1, kobs = 0,008 c-1 ʠ (ʙ) R237A APE1, kobs = 

0,013 c-1. (ʚ) ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʘʢʪʠʚʥʦʩʪʴ APE1 ʠ ʝʛʦ SNP ʚʘʨʠʘʥʪʦʚ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʬʝʨʤʝʥʪʘ ʙʳʣʘ 0,1 ʤʢʄ, ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ 1 ʤʢʄ. ʉʪʘʪʠʩʪʠʯʝʩʢʠʝ ʟʥʘʯʠʤʳʝ ʬɻʬʝʢʪ rʤʫʪʘʥʪʥʳʭ ʟʘʤʝʥ ɸʈɽ1, ʦʪʤʝʯʝʥʳ p Ò 0,05 (*), p Ò 0,01 

(**).  

3.3.3. ʂʦʥʬʦʨʤʘʮʠʦʥʥʘʷ ʜʠʥʘʤʠʢʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ APE1 ʜʠʢʦʛʦ ʪʠʧʘ ʠ ʝʛʦ SNP 

ʚʘʨʠʘʥʪʦʚ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ 

ɼʣʷ ʚʳʷʩʥʝʥʠʷ ʪʦʛʦ, ʥʘ ʢʘʢʠʝ ʵʪʘʧʳ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʚʣʠʷʝʪ 

ʘʤʠʥʦʢʠʩʣʦʪʥʘʷ ʟʘʤʝʥʘ, ʘʩʩʦʮʠʠʨʦʚʘʥʥʘʷ ʩ SNP, ʙʳʣ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ 

ʠʟʤʝʥʝʥʠʡ ʬʝʨʤʝʥʪʘ ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʧʨʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʧʝʨʝʭʦʜʳ, 

ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʤʦʣʝʢʫʣʘʭ APE1 WT ʠ ʝʛʦ SNP-ʚʘʨʠʘʥʪʦʚ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ F/G-

ʩʫʙʩʪʨʘʪʦʤ, ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʦ ʠʟʤʝʥʝʥʠʷʤ ʩʦʙʩʪʚʝʥʥʦʡ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ Trp ʚ ʙʝʣʢʝ. 

ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 31, ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ F/G-ʩʫʙʩʪʨʘʪʘ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʤʥʦʛʦʩʪʘʜʠʡʥʦʩʪʠ ʧʨʦʮʝʩʩʘ. ɸʥʘʣʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ SNP-ʚʘʨʠʘʥʪʦʚ APE1 ʩ F/G-ʩʫʙʩʪʨʘʪʦʤ, ʧʦʢʘʟʘʣ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʳʡ 

ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʝʜʣʦʞʝʥʥʦʤʫ ʨʘʥʝʝ ʜʣʷ WT (ʩʭʝʤʘ 2) [243,245,251]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ 

ʪʠʧʘ ʠʣʠ ʝʛʦ SNP-ʚʘʨʠʘʥʪʦʚ ʩ ɼʅʂ, ʚʳʛʣʷʜʷʪ ʦʜʠʥʘʢʦʚʦ, ʧʦʰʘʛʦʚʳʡ ʘʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʟʘʤʝʥʳ ʤʦʛʫʪ ʚʣʠʷʪʴ ʢʘʢ ʥʘ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ, ʪʘʢ ʠ 

ʥʘ ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʩʪʘʜʠʶ ʬʝʨʤʝʥʪʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ. ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ 

ʧʨʷʤʳʭ ʠ ʦʙʨʘʪʥʳʭ ʨʝʘʢʮʠʡ, ʘ ʪʘʢʞʝ ʨʘʚʥʦʚʝʩʥʘʷ ʢʦʥʩʪʘʥʪʘ ʜʠʩʩʦʮʠʘʮʠʠ Kp, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʩʭʝʤʝ 2, ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 18. 

ɸʥʘʣʠʟ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʬʝʨʤʝʥʪʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ 

ʟʘʤʝʥʳ ʦʩʪʘʪʢʘ Asn222, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚʙʣʠʟʠ ʩʘʡʪʘ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ, ʥʘ ʦʙʱʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʙʝʣʢʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʟʘʤʝʥʘ N222H ʧʨʠʚʦʜʠʪ ʢ ʥʝʙʦʣʴʰʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʦʥʩʪʘʥʪʳ ʘʩʩʦʮʠʘʮʠʠ 
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K1 ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʫʚʝʣʠʯʝʥʠʶ ʦʙʱʝʡ ʢʦʥʩʪʘʥʪʳ ʩʚʷʟʳʚʘʥʠʷ ʩʫʙʩʪʨʘʪʘ 

Kass. ʇʨʠʯʠʥʘ ʩʥʠʞʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʚʘʨʠʘʥʪʘ N222H ʩʢʦʨʝʝ ʚʩʝʛʦ ʚ ʩʥʠʞʝʥʠʠ Kʨ (ʊʘʙʣʠʮʘ 18, 

8,9Ĭ10-6 ʄ ʠ 50Ĭ10-6 ʄ ʜʣʷ N222H ʠ WT ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʚʝʣʠʯʠʥʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡ 

ʜʠʩʩʦʮʠʘʮʠʶ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʘʤʠʥʦʢʠʩʣʦʪʥʳʡ ʦʩʪʘʪʦʢ 

Asn222 ʨʘʩʧʦʣʦʞʝʥ ʚ ʩʘʡʪʝ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ, ʝʛʦ ʟʘʤʝʥʘ ʥʘ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʡ ʦʩʪʘʪʦʢ 

His ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʩ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ, ʪʝʤ ʩʘʤʳʤ ʩʥʠʞʘ ̫ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʙʦʪʳ ʬʝʨʤʝʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʤʥʦʛʦʦʙʦʨʦʪʥʦʡ ʨʝʘʢʮʠʠ. ɿʘʤʝʥʘ Met270, ʬʫʥʢʮʠʷ ʢʦʪʦʨʦʛʦ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚʦ ʚʩʪʨʘʠʚʘʥʠʠ ʚ ʜʚʦʡʥʫʶ ʩʧʠʨʘʣʴ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʳʚʝʨʥʫʪʦʛʦ ʩʦʩʪʦʷʥʠ ̫

ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʥʫʢʣʝʦʪʠʜʘ, ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʚʣʠʷʥʠʶ ʥʠ ʥʘ ʩʚʷʟʳʚʘʥʠʝ ʩ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʤ, ʥʠ ʥʘ ʢʘʪʘʣʠʟ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʦʥʩʪʘʥʪʘ ʜʠʩʩʦʮʠʘʮʠʠ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ 

ʜʣʷ ʚʘʨʠʘʥʪʘ M270T (ʊʘʙʣʠʮʘ 18, 2Ĭ10-6 ʄ) ʚ 25 ʨʘʟ ʥʠʞʝ Kʨ ʬʝʨʤʝʥʪʘ ʜʠʢʦʛʦ ʪʠʧʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ ʚ ʫʩʣʦʚʠʷʭ ʤʥʦʛʦʦʙʦʨʦʪʥʦʡ ʨʝʘʢʮʠʠ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʚʘʨʠʘʥʪʘ N222H. 

ɸʥʘʣʠʟ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʡ ʜʠʥʘʤʠʢʠ ʤʦʣʝʢʫʣʳ ʬʝʨʤʝʥʪʘ ʧʦ ʠʟʤʝʥʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʦʚ Trp ʜʣʷ ʚʘʨʠʘʥʪʘ R237A (ʨʠʩ. 31ʛ, ʊʘʙʣʠʮʘ 18) ʧʦʢʘʟʘʣ, ʯʪʦ ʟʘʤʝʥʘ ʥʝ 

ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʩʪʘʜʠʠ ʫʟʥʘʚʘʥʠʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ (ʫʤʝʥʴʰʝʥʠʝ Kʘʩʩ ~1,3 ʨʘʟʘ), ʥʦ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʚ ~1,5 ʨʘʟʘ ʠ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ Kʨ (ʚ 11,6 ʨʘʟ). ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ Kʨ (ʦʙʣʝʛʯʝʥʠʝ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ) ʥʝ ʤʦʞʝʪ 

ʦʢʘʟʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʬʝʨʤʝʥʪʘ (ʨʠʩ. 30), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʩʦʚʦʢʫʧʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʱʝʤʫ ʧʦʥʠʞʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʬʝʨʤʝʥʪʘ, ʥʝʩʫʱʝʛʦ ʟʘʤʝʥʫ G241R, 

ʧʦʢʘʟʘʣ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʩʪʘʥʪ rʩʢʦʨʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʤʝʞʜʫ APE1 ʠ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʤ. Kʘʩʩ ʜʣʷ ʬʝʨʤʝʥʪʘ G241R ʥʠʞʝ ʚʜʚʦʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ WT (ʊʘʙʣʠʮʘ 18, 4,6Ĭ106 ʠ 

8,5Ĭ106 ʄ-1 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʇʨʠ ʵʪʦʤ ʚ ʩʣʫʯʘʝ ʚʘʨʠʘʥʪʘ G241R ʦʙʥʘʨʫʞʝʥʦ ʫʩʢʦʨʝʥʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ: kcat ʩʦʩʪʘʚʣʷʝʪ 1,0 ʩ
-1 ʠ 1,6 ʩ-1 ʜʣʷ WT ʠ G241R ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʊʘʙʣʠʮʘ 

18). ʇʦʵʪʦʤʫ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʦʝ ʫʚʝʣʠʯʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʤʫʪʘʥʪʥʦʡ ʬʦʨʤʳ, 

ʩʦʜʝʨʞʘʱʝʡ ʟʘʤʝʥʫ G241R, ʚ ʦʩʥʦʚʥʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʢʦʥʩʪʘʥʪʳ 

ʩʢʦʨʦʩʪʠ. 

ɿʘʤʝʥʳ R274Q ʠ P311S (ʘʤʠʥʦʢʠʩʣʦʪʥʳʝ ʦʩʪʘʪʢʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʦʙʣʘʩʪʠ ʘʢʪʠʚʥʦʛʦ 

ʮʝʥʪʨʘ) ʦʢʘʟʳʚʘʣʠ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʪʦʨʫʶ ʩʪʘʜʠʶ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ (K2 ʚ 30 

ʠ 8 ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ WT ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʯʪʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʈʘʩʯʝʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʫʩʣʦʚʠʷʭ 

ʇɸɸɻ-ʘʥʘʣʠʟʘ ([ʬʝʨʤʝʥʪ] = 0,1 ʤʢʄ, [ɼʅʂ] = 1,0 ʤʢʄ) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʝ ʙʦʣʝʝ 30% ʬʝʨʤʝʥʪʘ 

ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ɼʅʂ. 
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ʈʠʩ. 31. ʀʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ Trp ʚ ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ WT APE1 (ʘ), R221C APE1 (ʙ), 

N222H APE1(ʚ), R237A APE1 (ʛ), G241R APE1 (ʜ), M270T APE1 (ʝ), R274Q APE1 (ʞ), P311S APE1 (ʟ) ʩ F/G-

ʩʫʙʩʪʨʘʪʦʤ. ʂʦʥʮʝʥʪʨʘʮʠʷ APE1 ʚʦ ʚʩʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʙʳʣʘ 1.0 ʤʢʄ, ʢʦʥʮʝʥʪʨʘʮʠʷ F/G-ʩʫʙʩʪʨʘʪʘ 

ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʦʪ 0.5 ʜʦ 2.0 ʤʢʄ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʝʩʪʘʙʠʣʠʟʘʮʠʷ ʙʝʣʢʦʚʦʡ ʛʣʦʙʫʣʳ ʚ ʦʙʣʘʩʪʠ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʣʠʷʝʪ ʥʘ ʩʪʘʜʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʬʝʨʤʝʥʪʘʪʠʚʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʵʪʠʭ SNP-ʚʘʨʠʘʥʪʦʚ. ɼʣʷ ʚʘʨʠʘʥʪʘ R221C ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ 

Kʘʩʩ ʧʨʠʤʝʨʥʦ ʚ 4 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ WT (ʊʘʙʣʠʮʘ 18). ʂʨʦʤʝ ʪʦʛʦ, ʟʘʤʝʥʘ R221C, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʚʘʨʠʘʥʪʦʚ R274Q ʠ P311S ʦʢʘʟʳʚʘʝʪ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʪʦʨʫʶ ʩʪʘʜʠʶ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ, ʢʦʪʦʨʘʷ ʚʝʜʝʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ (K2 ʚ 4,7 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ 

ʜʣʷ WT). 

ʊʘʙʣʠʮʘ 18. ʂʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʩʱʝʧʣʝʥʠʷ F/G-ʩʫʙʩʪʨʘʪʘ ʜʠʢʠʤ ʪʠʧʦʤ APE1 ʠ ʝʛʦ SNP-

ʚʘʨʠʘʥʪʘʤʠ 

ʂʦʥʩʪʘʥʪʳ  WT R221C N222H R237A G241R M270T R274Q P311S 

k1Ĭ10-6, M-

1s-1 450Ñ80 280Ñ100 520Ñ30 560Ñ150 730Ñ180 360Ñ90 510Ñ60 300Ñ50 

k-1, s-1 490Ñ50 260Ñ80 230Ñ40 390Ñ80 250Ñ100 500Ñ180 380Ñ50 450Ñ70 

K1Ĭ10-6, M-1 0,9Ñ0,3 1,1Ñ0,7 2,3Ñ0,5 1,4Ñ0,7 2,9Ñ1,8 0,7Ñ0,4 1,3Ñ0,3 0,7Ñ0,2 

k2, s-1 
150Ñ30 26Ñ2 70Ñ25 70Ñ20 70Ñ25 30Ñ4 8,2Ñ1,4 23Ñ9 

k-2, s-1 16Ñ3 13Ñ1 13Ñ1 15Ñ4 45Ñ10 7,5Ñ1,7 28Ñ10 19Ñ4 

K2 9,4Ñ3,6 2,0Ñ0,3 5,4Ñ2,3 4,7Ñ2,6 1,6Ñ0,9 4,0Ñ1,4 0,3Ñ0,1 1,2Ñ0,7 

Kʘʩʩ, M-1 
8,5Ĭ10

6

 2,2Ĭ10
6

 12,4Ĭ10
6

 6,6Ĭ10
6

 4,6Ĭ10
6

 2,8Ĭ10
6

 0,4Ĭ10
6

 0,8Ĭ10
6

 

kcat, s-1 1,0Ñ0,1 1,1Ñ0,2 1,2Ñ0,1 0,6Ñ0,1 1,6Ñ0,3 1,2Ñ0,2 1,0Ñ0,4 0,9Ñ0,2 

KpĬ106, M 50Ñ10 25Ñ10 8,9Ñ1,3 580Ñ170 110Ñ40 2,0Ñ0,2 480Ñ80 130Ñ80 

Ki = ki/k-i 

Kʘʩʩ = K1ĬK2 

3.3.4. ʂʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʦʚʨʝʞʜʝʥʥʦʡ ɼʅʂ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ APE1 ʜʠʢʦʛʦ 

ʪʠʧʘ ʠ SNP ʚʘʨʠʘʥʪʘʤʠ 

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ ʘʤʠʥʦʢʠʩʣʦʪʥʳʭ ʟʘʤʝʥ ʚ APE1 ʥʘ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʘ, ʧʨʦʚʦʜʠʣʠ ʨʝʛʠʩʪʨʘʮʠʶ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʩʪʘʪʢʘ aPu, 

ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʧʨʦʪʠʚ F-ʩʘʡʪʘ ʚ F/aPu-ʩʫʙʩʪʨʘʪʝ. ʅʘ ʨʠʩʫʥʢʝ 32 ʚʠʜʥʦ, ʯʪʦ ʚ ʥʘʯʘʣʴʥʦʡ ʬʘʟʝ 

ʧʨʦʮʝʩʩʘ ʜʦ 50 ʤʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʫʤʝʥʴʰʘʝʪʩʷ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʬʘʟʦʡ ʨʦʩʪʘ 

ʜʦ 5 ʩ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʚ ɼʅʂ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ 

ʤʠʢʨʦʦʢʨʫʞʝʥʠʷ ʬʣʫʦʨʦʬʦʨʘ [247,248,253], ʚ ʯʘʩʪʥʦʩʪʠ, ʫʚʝʣʠʯʝʥʠʝ ʛʠʜʨʦʬʦʙʥʦʩʪʠ ʩʨʝʜʳ ʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʩʥʠʞʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu. ʊʘʢʠʤ ʦʙʨʘʟʦʤ 

ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ, ʧʨʦʠʩʭʦʜʷʱʝʝ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʢʨʠʚʳʭ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʚʩʪʨʘʠʚʘʥʠʠ ʦʩʪʘʪʢʦʚ Arg177 ʠ Met270 ʚ ɼʅʂ-ʜʫʧʣʝʢʩ, ʩʦ 

ʩʪʦʨʦʥʳ ʙʦʣʴʰʦʡ ʠ ʤʘʣʦʡ ʙʦʨʦʟʜʢʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʤʠʢʨʦʦʢʨʫʞʝʥʠʷ ʦʩʪʘʪʢʘ aPu ʚ ɼʅʂ-ʩʫʙʩʪʨʘʪʝ. ʅʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʚʨʝʤʝʥʘʭ ʫʚʝʣʠʯʝʥʠʝ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ aPu ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʧʨʦʪʝʢʘʥʠʠ ʥʝʦʙʨʘʪʠʤʦʡ ʨʝʘʢʮʠʠ 

ʛʠʜʨʦʣʠʟʘ 5ǋ-ʬʦʩʬʦʜʠʵʬʠʨʥʦʡ ʩʚʷʟʠ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ. 

ɸʥʘʣʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ APE1 WT ʠ ʝʛʦ SNP-ʚʘʨʠʘʥʪʦʚ 

R221C, N222H, R237A, G241R, M270T, R274Q ʠ P311S ʩ F/aPu-ʩʫʙʩʪʨʘʪʦʤ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʤʠʥʠʤʘʣʴʥʳʡ ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ (ʩʭʝʤʘ 5) ʥʝʤʥʦʛʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʤʝʭʘʥʠʟʤʘ, 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʨʘʥʝʝ (ʩʭʝʤʘ 2). ʕʪʘ ʩʭʝʤʘ ʩʦʜʝʨʞʠʪ ʦʜʥʫ ʦʙʨʘʪʠʤʫʶ ʩʪʘʜʠʶ, ʢʦʪʦʨʘʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʚʷʟʳʚʘʥʠʶ ʬʝʨʤʝʥʪʘ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ ʠ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʜʘʣʝʝ ʩʣʝʜʫʝʪ ʥʝʦʙʨʘʪʠʤʘʷ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʩʪʘʜʠʷ ʠ 

ʨʘʚʥʦʚʝʩʥʘʷ ʩʪʘʜʠʷ ʜʠʩʩʦʮʠʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪ-ʧʨʦʜʫʢʪ. ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʝʡ ʧʨʷʤʦʡ ʠ 

ʦʙʨʘʪʥʦʡ ʨʝʘʢʮʠʡ ʠʟ ʩʭʝʤ r5, ʘ ʪʘʢʞʝ ʢʦʥʩʪʘʥʪʘ ʨʘʚʥʦʚʝʩʠʷ Kp ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 19. 

ʉʨʘʚʥʝʥʠʝ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʩʚʷʟʳʚʘʥʠʷ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʪʘʜʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʨʝʛʠʩʪʨʘʮʠʠ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʘʈu ʚ ɼʅʂ-ʩʫʙʩʪʨʘʪʝ (ʨʠʩ. 32ʛ, ʊʘʙʣʠʮʘ 19), ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʟʘʤʝʥʘ 

R237A ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʩʪʘʜʠʠ ʩʚʷʟʳʚʘʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ (Kʘʩʩ ʩʦʩʪʘʚʣʷʝʪ 9,3Ĭ106 ʠ 3,9Ĭ106 

ʄ-1 ʜʣʷ WT ʠ R237A ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʥʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʢʘʪʘʣʠʟʘ 

kcat ʚ ~1,4 ʨʘʟʘ. ʂʨʦʤʝ ʪʦʛʦ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʩʪʘʪʢʦʚ 

Trp, ʚ ʩʣʫʯʘʝ ʟʘʤʝʥʳ R237A ʧʨʦʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʜʠʩʩʦʮʠʘʮʠʠ 

ʢʦʤʧʣʝʢʩʘ ʬʝʨʤʝʥʪʘ ʩ ʧʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ. ʇʨʠ ʵʪʦʤ ʦʙʱʝʝ ʧʦʥʠʞʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʜʘʥʥʦʛʦ SNP 

ʚʘʨʠʘʥʪʘ ʩʚʷʟʘʥʦ ʠʤʝʥʥʦ ʩ ʩʦʚʦʢʫʧʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʩʚʷʟʳʚʘʥʠʷ 

ʩʫʙʩʪʨʘʪʘ ʠ ʢʘʪʘʣʠʟʘ. ɼʣʷ ʤʫʪʘʥʪʥʳʭ ʬʦʨʤ N222H ʠ G241R ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʟʥʘʯʝʥʠʷ Kʘʩʩ, ʥʦ ʵʪʦ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ (1,8 ʩ-1 ʠ 2,0 ʩ-1 

ʜʣʷ N222H ʠ G241R ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ʘ) 

 

ʙ) 
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