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Ɉɩɢɫɚɧɵ ɩɪɢɧɰɢɩɵ ɬɟɨɪɢɢ ɦɚɬɟɪɢɚɥɶɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ ɦɟ-
ɬɚɛɨɥɢɡɦɚ ɤɥɟɬɨɤ, ɜɤɥɸɱɚɹ ɨɩɪɟɞɟɥɟɧɢɟ ɨɛɨɛɳɟɧɧɨɣ ɟɞɢɧɢɰɵ ɜɨɫɫɬɚ-
ɧɨɜɥɟɧɧɨɫɬɢ ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ — ɪɟɞɨɤɫɨɧɚ. ɉɪɟɞɥɨɠɟɧɚ ɫɯɟɦɚ 
ɛɚɥɚɧɫɚ ɪɟɞɨɤɫɨɧɨɜ, ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɪɨɬɨɧɨɜ ɢ ɦɚɤɪɨɷɪɝɢɱɟ-
ɫɤɢɯ ɫɜɹɡɟɣ ɜ ɦɟɬɚɛɨɥɢɡɦɟ ɤɥɟɬɨɤ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɯ ɨɪɝɚɧɢɡɦɨɜ ɫ 
ɞɜɭɦɹ ɮɨɬɨɫɢɫɬɟɦɚɦɢ. ɋɮɨɪɦɭɥɢɪɨɜɚɧɵ ɭɪɚɜɧɟɧɢɹ ɛɚɥɚɧɫɚ, ɧɚ ɨɫɧɨɜɟ 
ɤɨɬɨɪɵɯ ɩɨɥɭɱɟɧɵ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɟ ɜɡɚɢɦɨɫɜɹɡɢ ɦɟɠɞɭ ɨɫɧɨɜɧɵɦɢ 
ɦɟɬɚɛɨɥɢɱɟɫɤɢɦɢ ɩɨɬɨɤɚɦɢ ɢ ɜɟɥɢɱɢɧɚ ɤɜɚɧɬɨɜɨɝɨ ɜɵɯɨɞɚ ɛɢɨɦɚɫɫɵ, 

ɜɵɪɚɠɟɧɧɵɟ ɱɟɪɟɡ ɛɢɨɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɤɥɟɬɨɤ. 
 

 

ȼɜɟɞɟɧɢɟ. Ɏɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɟ ɨɪɝɚɧɢɡɦɵ, ɨɞɧɨɤɥɟɬɨɱɧɵɟ ɢ ɦɧɨ-
ɝɨɤɥɟɬɨɱɧɵɟ, ɢɝɪɚɸɬ ɤɥɸɱɟɜɭɸ ɪɨɥɶ ɜ ɛɢɨɫɮɟɪɟ, ɬɚɤ ɤɚɤ ɢɦɟɧɧɨ ɨɧɢ 

ɩɟɪɟɜɨɞɹɬ ɭɝɥɟɪɨɞ CO2 ɜ ɨɪɝɚɧɢɱɟɫɤɭɸ ɮɨɪɦɭ ɡɚ ɫɱɟɬ ɷɧɟɪɝɢɢ ɫɨɥɧɟɱ-
ɧɨɝɨ ɫɜɟɬɚ ɢ ɬɟɦ ɫɚɦɵɦ ɫɥɭɠɚɬ ɝɥɚɜɧɵɦ ɢɫɬɨɱɧɢɤɨɦ ɨɪɝɚɧɢɱɟɫɤɨɝɨ ɜɟ-
ɳɟɫɬɜɚ ɧɚ Ɂɟɦɥɟ, ɡɚɩɚɫɚɸɬ ɷɧɟɪɝɢɸ ɫɜɟɬɚ ɜ ɷɬɨɦ ɜɟɳɟɫɬɜɟ ɢ ɩɨɞɞɟɪɠɢ-

ɜɚɸɬ ɛɚɥɚɧɫ ɫɜɨɛɨɞɧɨɝɨ ɤɢɫɥɨɪɨɞɚ ɢ ɫɜɨɛɨɞɧɨɣ ɞɜɭɨɤɢɫɢ ɭɝɥɟɪɨɞɚ ɜ 
ɚɬɦɨɫɮɟɪɟ.  

ɉɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɠɢɡɧɟɞɟɹɬɟɥɶɧɨɫɬɢ ɷɬɢɯ ɨɪɝɚɧɢɡɦɨɜ ɜɚɠɧɨɟ 
ɦɟɫɬɨ ɡɚɧɢɦɚɸɬ ɨɰɟɧɤɚ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢ ɫɤɨɪɨɫɬɢ ɩɪɨɰɟɫɫɚ ɮɨɬɨɫɢɧɬɟ-
ɡɚ, ɚ ɬɚɤɠɟ ɢɡɭɱɟɧɢɟ ɜɨɡɦɨɠɧɨɫɬɢ ɦɨɧɢɬɨɪɢɧɝɚ ɮɨɬɨɫɢɧɬɟɬɢɱɟɫɤɨɣ ɚɤ-
ɬɢɜɧɨɫɬɢ ɜ ɛɢɨɫɮɟɪɟ. ɗɬɢ ɡɚɞɚɱɢ ɪɟɲɚɸɬɫɹ ɤɚɤ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ 

ɦɟɬɨɞɚɦɢ, ɬɚɤ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢ, ɫ ɩɨɦɨɳɶɸ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ. 

ɉɨɫɥɟɞɧɢɟ ɛɨɥɶɲɟɣ ɱɚɫɬɶɸ ɩɨɫɜɹɳɟɧɵ ɤɢɧɟɬɢɤɟ ɮɨɬɨɫɢɧɬɟɡɚ — ɡɚɜɢ-

ɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɟɣ ɩɨɬɨɤɚ ɷɥɟɤɬɪɨɧɨɜ ɱɟɪɟɡ ɮɨɬɨɫɢɫɬɟɦɵ I ɢ II, ɮɨɬɨ-
ɫɢɧɬɟɬɢɱɟɫɤɭɸ ɷɥɟɤɬɪɨɧ-ɬɪɚɧɫɩɨɪɬɧɭɸ ɰɟɩɶ, ɪɨɫɬɚ ɛɢɨɦɚɫɫɵ ɤɥɟɬɨɤ ɨɬ 
ɭɫɥɨɜɢɣ ɫɪɟɞɵ. ȼ ɬɨ ɠɟ ɜɪɟɦɹ ɫɬɟɯɢɨɦɟɬɪɢɹ ɪɨɫɬɚ ɬɚɤɢɯ ɤɥɟɬɨɤ ɢɫɫɥɟ-
ɞɨɜɚɧɚ ɝɨɪɚɡɞɨ ɦɟɧɶɲɟ. 

ɗɮɮɟɤɬɢɜɧɵɦ ɬɟɨɪɟɬɢɱɟɫɤɢɦ ɢɧɫɬɪɭɦɟɧɬɨɦ ɞɥɹ ɪɟɲɟɧɢɹ ɬɚɤɢɯ 
ɡɚɞɚɱ ɹɜɥɹɟɬɫɹ ɦɟɬɨɞ ɦɚɬɟɪɢɚɥɶɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ (Minkevich, 
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1982; 1983; Minkevich, Eroshin, 1973; Ɇɢɧɤɟɜɢɱ, 2005; Ɇɢɧɤɟɜɢɱ, ȿɪɨ-
ɲɢɧ, 1976). ȼɩɟɪɜɵɟ ɩɪɢɥɨɠɟɧɢɟ ɷɬɨɝɨ ɦɟɬɨɞɚ ɤ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɦ 

ɦɢɤɪɨɨɪɝɚɧɢɡɦɚɦ ɨɫɭɳɟɫɬɜɢɥ Ʌ.ȿ. ɗɪɢɤɫɨɧ ɫ ɫɨɬɪ. (Lee, Erickson, 

1987). ɉɨɩɵɬɤɚ ɪɚɫɫɦɨɬɪɟɧɢɹ ɷɥɟɦɟɧɬɧɨɝɨ ɛɚɥɚɧɫɚ ɦɟɬɚɛɨɥɢɡɦɚ ɮɨɬɨ-
ɫɢɧɬɟɡɢɪɭɸɳɢɯ ɤɥɟɬɨɤ ɫɞɟɥɚɧɚ ɜ (Kroon, Thoms, 2006). Ⱦɟɬɚɥɶɧɨ ɩɪɨ-
ɚɧɚɥɢɡɢɪɨɜɚɧ ɦɚɬɟɪɢɚɥɶɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɛɚɥɚɧɫ ɪɨɫɬɚ ɛɚɤɬɟɪɢɣ ɫ ɨɞ-

ɧɨɣ ɮɨɬɨɫɢɫɬɟɦɨɣ (Minkevich et al., 2004). 

Ⱦɚɧɧɚɹ ɪɚɛɨɬɚ ɩɨɫɜɹɳɟɧɚ ɬɟɨɪɟɬɢɱɟɫɤɨɦɭ ɢɫɫɥɟɞɨɜɚɧɢɸ ɦɚɬɟɪɢ-

ɚɥɶɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɯ ɤɥɟɬɨɤ ɫ ɞɜɭɦɹ ɮɨ-
ɬɨɫɢɫɬɟɦɚɦɢ, ɜɤɥɸɱɚɹ ɜɡɚɢɦɨɫɜɹɡɶ ɦɟɠɞɭ ɫɤɨɪɨɫɬɹɦɢ ɚɛɫɨɪɛɰɢɢ ɫɜɟɬɚ 
ɤɥɟɬɤɚɦɢ ɢ ɪɨɫɬɚ ɛɢɨɦɚɫɫɵ ɢ ɜɟɥɢɱɢɧɭ ɤɜɚɧɬɨɜɨɝɨ ɜɵɯɨɞɚ ɛɢɨɦɚɫɫɵ.  

 

Ɇɟɬɨɞ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɉɪɢ ɢɡɭɱɟɧɢɢ ɛɚɥɚɧɫɚ ɦɟɬɚɛɨɥɢɱɟɫɤɢɯ ɩɨ-
ɬɨɤɨɜ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜɜɟɞɟɧɧɚɹ ɧɚɦɢ ɪɚɧɟɟ ɭɧɢɜɟɪɫɚɥɶ-
ɧɚɹ ɟɞɢɧɢɰɚ ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɢ ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ — ɪɟɞɨɤɫɨɧ 

(RO) (Minkevich, 1982; 2005). ɗɬɚ ɟɞɢɧɢɰɚ ɨɰɟɧɢɜɚɟɬ ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɶ 
ɥɸɛɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɭɪɨɜɧɹ ɫɥɟɞɭɸɳɢɯ ɜɟ-
ɳɟɫɬɜ: ɞɜɭɨɤɢɫɶ ɭɝɥɟɪɨɞɚ, ɜɨɞɚ, ɚɦɦɨɧɢɣ, ɨɪɬɨɮɨɫɮɚɬ, H+

 ɢ ɬ.ɞ. (ɜɫɟ ɜ 
ɫɨɫɬɨɹɧɢɢ ɜɨɞɧɨɝɨ ɪɚɫɬɜɨɪɚ). Ɉɧɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɪɟɚɤɰɢɢ ɨɛɪɚɡɨɜɚɧɢɹ 
ɥɸɛɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɩɨ ɫɯɟɦɟ 

( )3 2 4 2 4 2HCO H O NH H PO H ... 1 4 O− + − ++ + + + + + −⎡ ⎤⎣ ⎦→ ɫɨɟɞɢɧɟɧɢɟ (1) 

ȼɟɳɟɫɬɜɚ ɜ ɥɟɜɨɣ ɱɚɫɬɢ (1) ɧɚɡɜɚɧɵ ɛɚɡɢɫɧɵɦɢ ɜɟɳɟɫɬɜɚɦɢ, ɚ ɢɯ ɫɨɜɨ-
ɤɭɩɧɨɫɬɶ — ɮɢɡɢɨɥɨɝɢɱɟɫɤɢɦ ɛɚɡɢɫɨɦ (Minkevich, 1982). ɍɪɚɜɧɟɧɢɟ (1), 

ɤɚɤ ɢ ɥɸɛɨɟ ɭɪɚɜɧɟɧɢɟ ɨɛɪɚɡɨɜɚɧɢɹ ɯɢɦɢɱɟɫɤɨɝɨ ɫɨɟɞɢɧɟɧɢɹ, ɧɨɫɢɬ 
ɮɨɪɦɚɥɶɧɵɣ ɯɚɪɚɤɬɟɪ. Ɉɬ ɬɚɤɢɯ ɭɪɚɜɧɟɧɢɣ ɧɟ ɬɪɟɛɭɟɬɫɹ ɢɯ ɪɟɚɥɶɧɚɹ 
ɨɫɭɳɟɫɬɜɢɦɨɫɬɶ ɜ ɜɢɞɟ ɨɞɧɨɫɬɭɩɟɧɱɚɬɨɣ ɢɥɢ ɦɧɨɝɨɫɬɭɩɟɧɱɚɬɨɣ ɪɟɚɤ-
ɰɢɢ. Ɉɧɢ ɞɨɥɠɧɵ ɭɞɨɜɥɟɬɜɨɪɹɬɶ ɬɨɥɶɤɨ ɬɪɟɛɨɜɚɧɢɸ ɫɛɚɥɚɧɫɢɪɨɜɚɧɧɨ-
ɫɬɢ ɩɨ ɜɫɟɦ ɯɢɦɢɱɟɫɤɢɦ ɷɥɟɦɟɧɬɚɦ ɢ ɷɥɟɤɬɪɢɱɟɫɤɨɦɭ ɡɚɪɹɞɭ. ɗɬɢ ɭɪɚɜ-
ɧɟɧɢɹ ɢɫɩɨɥɶɡɭɸɬɫɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɯɢ-

ɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɨɣ ɢɥɢ ɨɧɨɣ ɫɢɫɬɟɦɵ ɨɬɫɱɟɬɚ. 
Ɉɛɵɱɧɨ ɧɭɥɟɜɨɣ ɭɪɨɜɟɧɶ ɫɬɚɧɞɚɪɬɧɵɯ ɡɧɚɱɟɧɢɣ ɷɧɬɚɥɶɩɢɢ 0H , ɫɜɨɛɨɞ-
ɧɨɣ ɷɧɟɪɝɢɢ 0G  ɢ ɬ.ɞ. ɩɪɢɩɢɫɵɜɚɟɬɫɹ ɯɢɦɢɱɟɫɤɢɦ ɷɥɟɦɟɧɬɚɦ. Ɂɞɟɫɶ 
ɩɪɢɧɹɬ ɞɪɭɝɨɣ ɧɭɥɟɜɨɣ ɭɪɨɜɟɧɶ 0G , 0H , ɩɪɢɜɟɞɟɧɧɵɣ ɜɵɲɟ. ȼɵɱɢɬɚ-
ɧɢɟ ɤɢɫɥɨɪɨɞɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɜɨɫɫɬɚɧɨɜɥɟɧɢɸ ɜɫɟɯ ɩɪɨɱɢɯ ɜɟɳɟɫɬɜ. Ʉɢ-

ɫɥɨɪɨɞ ɜɡɹɬ ɜ ɜɢɞɟ ( ) 21 4 O−⎡ ⎤⎣ ⎦  ɞɥɹ ɩɟɪɟɫɱɟɬɚ ɟɝɨ ɤɨɥɢɱɟɫɬɜɚ ɧɚ ɱɢɫɥɨ 
ɷɥɟɤɬɪɨɧɨɜ, ɤɨɬɨɪɵɟ ɛɭɞɭɬ ɚɤɰɟɩɬɢɪɨɜɚɧɵ ɫɜɨɛɨɞɧɵɦ ɤɢɫɥɨɪɨɞɨɦ ɩɪɢ 
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ɪɟɚɤɰɢɢ, ɨɛɪɚɬɧɨɣ ɩɪɨɰɟɫɫɭ (1) (ɨɤɢɫɥɟɧɢɟ ɫɨɟɞɢɧɟɧɢɹ). ȼɥɨɠɟɧɢɟ 
«ɜɟɳɟɫɬɜɚ» ( ) 21 4 O−⎡ ⎤⎣ ⎦  ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɜɨɫɫɬɚɧɨɜɥɟɧɢɸ ɜɫɟɣ ɨɫɬɚɥɶɧɨɣ 

ɫɨɜɨɤɭɩɧɨɫɬɢ ɛɚɡɢɫɧɵɯ ɜɟɳɟɫɬɜ ɧɚ ɨɞɧɭ ɟɞɢɧɢɰɭ ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɢ — 

ɪɟɞɨɤɫɨɧ (Minkevich, 1982). ɗɥɟɤɬɪɨɧ ɤɚɤ ɮɢɡɢɱɟɫɤɚɹ ɱɚɫɬɢɰɚ ɬɚɤɠɟ 
ɩɪɟɞɫɬɚɜɢɦ ɜ ɜɢɞɟ (1): ( ) ( )2 21 2 H O H 1 4 O e+ −− + − =⎡ ⎤⎣ ⎦  ɢ ɩɨɷɬɨɦɭ ɢɦɟɟɬ 
ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɶ ɜɟɥɢɱɢɧɨɣ ɜ ɨɞɢɧ RO. ɉɨɷɬɨɦɭ ɷɥɟɤɬɪɨɧ-

ɬɪɚɧɫɩɨɪɬɧɭɸ ɰɟɩɶ (ɗɌɐ) ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɪɟɞɨɤɫɨɧ-

ɬɪɚɧɫɩɨɪɬɧɭɸ ɰɟɩɶ. Ɇɨɥɟɤɭɥɚ ɤɢɫɥɨɪɨɞɚ ɢɦɟɟɬ −4 RO. Ɋɟɞɨɤɫɨɧ ɫɨɟɞɢ-

ɧɹɟɬ ɜ ɫɟɛɟ «ɤɢɫɥɨɪɨɞɧɨɟ» ɢ ɷɥɟɤɬɪɨɧɧɨɟ ɨɩɪɟɞɟɥɟɧɢɹ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ. 
ɋɨɝɥɚɫɧɨ ɜɵɲɟɫɤɚɡɚɧɧɨɦɭ, ɤɨɥɢɱɟɫɬɜɨ ɥɸɛɨɝɨ ɜɟɳɟɫɬɜɚ (ɢɧɞɢɜɢ-

ɞɭɚɥɶɧɨɝɨ ɫɨɟɞɢɧɟɧɢɹ ɢɥɢ ɥɸɛɨɣ ɫɦɟɫɢ, ɜ ɬɨɦ ɱɢɫɥɟ «ɫɭɯɨɣ» ɛɢɨɦɚɫɫɵ 

ɤɥɟɬɨɤ), ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɝɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɭɪɨɜɧɹ ɞɜɭɨɤɢɫɢ ɭɝɥɟɪɨɞɚ, ɜɨ-
ɞɵ ɢ ɬ.ɞ., ɦɨɠɟɬ ɛɵɬɶ ɢɡɦɟɪɟɧɨ ɱɢɫɥɨɦ RO, ɤɨɬɨɪɨɟ ɨɞɧɨɡɧɚɱɧɨ ɫɜɹɡɚɧɨ 
ɫ ɦɚɫɫɨɣ ɢ ɷɥɟɦɟɧɬɧɵɦ ɫɨɫɬɚɜɨɦ ɜɟɳɟɫɬɜɚ. Ɉɛɨɡɧɚɱɢɦ ɦɚɫɫɭ ɢ ɱɢɫɥɨ 
RO ɞɥɹ ɭɝɥɟɪɨɞɫɨɞɟɪɠɚɳɟɝɨ ɜɟɳɟɫɬɜɚ ɫɨɫɬɚɜɚ CHpOnNq ɤɚɤ m ɢ RON , 

ɞɥɹ O2 ɤɚɤ oxm ɢ ox

RON . ɋɜɹɡɶ ɦɚɫɫɵ  ɢ ɱɢɫɥɚ ɪɟɞɨɤɫɨɧɨɜ: 
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=       ox ox ox
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ɝɞɟ σ  — ɦɚɫɫɨɜɚɹ ɞɨɥɹ ɭɝɥɟɪɨɞɚ ɜ ɦɚɫɫɟ ɜɟɳɟɫɬɜɚ CHpOnNq, 

4 p 2n 3qγ = + − −  — ɫɬɟɩɟɧɶ ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɢ ɭɝɥɟɪɨɞɚ (ɫɪɟɞɧɟɟ ɱɢɫ-
ɥɨ RO ɧɚ 1 ɚɬɨɦ C). 

ɋɥɟɞɫɬɜɢɟɦ ɡɚɤɨɧɚ ɫɨɯɪɚɧɟɧɢɹ ɜɟɳɟɫɬɜɚ ɩɨ ɤɚɠɞɨɦɭ ɯɢɦɢɱɟɫɤɨɦɭ 
ɷɥɟɦɟɧɬɭ ɹɜɥɹɟɬɫɹ ɫɨɯɪɚɧɟɧɢɟ ɱɢɫɥɚ ɪɟɞɨɤɫɨɧɨɜ ɜ ɥɸɛɨɣ ɯɢɦɢɱɟɫɤɨɣ 

ɪɟɚɤɰɢɢ (ɱɢɫɥɨ RO ɜ ɫɭɛɫɬɪɚɬɚɯ ɪɚɜɧɨ ɱɢɫɥɭ RO ɜ ɩɪɨɞɭɤɬɚɯ). ɉɨɷɬɨɦɭ 
ɩɨɬɨɤ ɜɟɳɟɫɬɜɚ ɱɟɪɟɡ ɪɟɚɤɰɢɸ ɨɞɧɨɜɪɟɦɟɧɧɨ ɹɜɥɹɟɬɫɹ ɩɨɬɨɤɨɦ ɟɞɢɧɢɰ 

ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɢ — RO. ɋɤɨɪɨɫɬɢ ɩɨɬɨɤɨɜ ɨɪɝɚɧɢɱɟɫɤɨɝɨ ɜɟɳɟɫɬɜɚ, 
ɩɪɨɯɨɞɹɳɢɟ ɱɟɪɟɡ ɦɟɬɚɛɨɥɢɱɟɫɤɢɟ ɩɭɬɢ, ɚ ɬɚɤɠɟ ɩɨɬɨɤɨɜ ɷɥɟɤɬɪɨɧɨɜ, 
ɩɪɨɬɟɤɚɸɳɢɟ ɱɟɪɟɡ ɗɌɐ, ɦɨɝɭɬ ɛɵɬɶ ɢɡɦɟɪɟɧɵ ɨɛɳɟɣ ɟɞɢɧɢɰɟɣ ɢɡɦɟ-
ɪɟɧɢɹ — ɱɢɫɥɨɦ RO ɦɟɬɚɛɨɥɢɬɨɜ ɢɥɢ e

−
, ɢɞɭɳɢɯ ɩɨ ɗɌɐ, ɜ ɪɚɫɱɟɬɟ ɧɚ 1 

ɷɤɜ. RO (1 ɷɤɜɢɜɚɥɟɧɬ = ɱɢɫɥɨ Ⱥɜɨɝɚɞɪɨ ɲɬɭɤ) ɫɭɳɟɫɬɜɭɸɳɟɣ «ɫɭɯɨɣ» 

ɛɢɨɦɚɫɫɵ ɤɥɟɬɤɢ ɜ ɟɞɢɧɢɰɭ ɜɪɟɦɟɧɢ (ɬɨ ɟɫɬɶ, ɦɢɧɭɬɚ−1
, ɱɚɫ−1

 ɢ ɬ.ɞ.). 

Ɍɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɯɢɦɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ ɩɪɢɧɹɬɨ 

ɜɵɪɚɠɚɬɶ ɜ ɪɚɫɱɟɬɟ ɧɚ ɦɨɥɶ ɢɥɢ ɧɚ ɟɞɢɧɢɰɭ ɦɚɫɫɵ. Ɉɱɟɜɢɞɧɨ, ɞɥɹ ɜɨɫ-
ɫɬɚɧɨɜɥɟɧɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɷɬɢ ɩɚɪɚɦɟɬɪɵ ɦɨɝɭɬ ɛɵɬɶ ɩɟɪɟɫɱɢɬɚɧɵ ɬɚɤ-
ɠɟ ɧɚ ɨɞɢɧ ɷɤɜɢɜɚɥɟɧɬ (ɦɨɥɶ) ɪɟɞɨɤɫɨɧɨɜ. Ⱦɚɥɟɟ ɛɭɞɟɦ ɝɨɜɨɪɢɬɶ ɨ 
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ɫɪɟɞɧɟɦ ɷɧɟɪɝɟɬɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɪɟɞɨɤɫɨɧɨɜ ɜ ɬɨɦ ɢɥɢ ɢɧɨɦ ɜɟɳɟɫɬɜɟ, 
ɩɨɞɪɚɡɭɦɟɜɚɹ ɩɨɞ ɷɬɢɦ ɪɚɡɧɨɫɬɶ ɜɟɥɢɱɢɧ ɫɬɚɧɞɚɪɬɧɨɣ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪ-
ɝɢɢ Ƚɢɛɛɫɚ, ɷɧɬɚɥɶɩɢɢ ɢɥɢ ɜɧɭɬɪɟɧɧɟɣ ɷɧɟɪɝɢɢ ɦɟɠɞɭ ɞɚɧɧɵɦ ɜɟɳɟɫɬ-
ɜɨɦ ɢ ɧɚɛɨɪɨɦ ɛɚɡɢɫɧɵɯ ɜɟɳɟɫɬɜ ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɫɬɟɯɢɨɦɟɬɪɢɱɟ-
ɫɤɢɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ; ɤɚɠɞɚɹ ɢɡ ɷɬɢɯ ɜɟɥɢɱɢɧ − ɜ ɪɚɫɱɟɬɟ ɧɚ 1 ɷɤɜ. 
RO. Ɉɛɨɡɧɚɱɢɦ ɢɡ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɤɚɤ ROG , ROH  ɢ ROU . 

ȼɚɠɧɵɦ ɫɜɨɣɫɬɜɨɦ ɨɪɝɚɧɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ 
ROG , ROH  ɢ ROU  ɜ ɧɢɯ ɢɦɟɸɬ ɡɧɚɱɟɧɢɹ, ɛɥɢɡɤɢɟ ɞɪɭɝ ɤ ɞɪɭɝɭ (ɜɫɟ ɬɪɢ 

ɜɟɥɢɱɢɧɵ ɦɟɠɞɭ ɫɨɛɨɣ ɞɥɹ ɤɚɠɞɨɝɨ ɜɟɳɟɫɬɜɚ ɢ ɤɚɠɞɚɹ ɢɡ ɜɟɥɢɱɢɧ ɞɥɹ 
ɪɚɡɧɵɯ ɜɟɳɟɫɬɜ) (Ɇɢɧɤɟɜɢɱ, 2005). Ⱦɥɹ ɢɧɞɢɜɢɞɭɚɥɶɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɜ 
ɜɨɞɧɨɦ ɫɨɫɬɨɹɧɢɢ ROG = 115.6 ɤȾɠ/ɷɤɜ.RO ± 4%, ROH = 111.8 

ɤȾɠ/ɷɤɜ.RO ± 2%. Ⱦɥɹ ɫɭɯɨɣ ɛɢɨɦɚɫɫɵ ɤɥɟɬɨɤ ɫɜɨɛɨɞɧɚɹ ɷɧɟɪɝɢɹ ɧɟ ɨɩ-

ɪɟɞɟɥɟɧɚ, ɧɨ ɷɧɬɚɥɶɩɢɸ ɜɜɢɞɭ ɦɚɥɨɫɬɢ ɟɟ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɣ 

ɜɟɳɟɫɬɜ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɨɩɪɟɞɟɥɟɧɧɨɣ ɢ ɪɚɜɧɨɣ ɬɟɩɥɨɬɟ ɫɝɨɪɚɧɢɹ ɜ ɤɢ-

ɫɥɨɪɨɞɟ ɞɨ ɛɚɡɢɫɧɵɯ ɜɟɳɟɫɬɜ ɢɡ (1) ɤɚɤ ɩɪɨɞɭɤɬɨɜ ɫɤɨɪɚɧɢɹ. Ⱦɥɹ ɨɛɪɚɡ-
ɰɨɜ ɛɢɨɦɚɫɫɵ ɪɚɡɥɢɱɧɵɯ ɦɢɤɪɨɨɪɝɚɧɢɡɦɨɜ ROH = 114 ɤȾɠ/ɷɤɜ.RO ± 

4.6% (Ɇɢɧɤɟɜɢɱ, 2005). ȼɧɭɬɪɟɧɧɹɹ ɷɧɟɪɝɢɹ ɛɥɢɡɤɚ ɤ ɷɧɬɚɥɶɩɢɢ. ȼɟɥɢ-

ɱɢɧɵ ROG , ROH  ɢ ROU  ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɷɧɟɪ-
ɝɟɬɢɱɟɫɤɨɝɨ ɭɪɨɜɧɹ ɪɟɞɨɤɫɨɧɨɜ ɨɬɧɨɫɢɬɟɥɶɧɨ ɛɚɡɢɫɧɵɯ ɜɟɳɟɫɬɜ.  

ɂɡ ɜɵɲɟɫɤɚɡɚɧɧɨɝɨ ɫɥɟɞɭɟɬ, ɱɬɨ ɜ ɨɪɝɚɧɢɱɟɫɤɢɯ ɜɟɳɟɫɬɜɚɯ, ɜɤɥɸ-

ɱɚɹ ɛɢɨɦɚɫɫɭ ɤɥɟɬɨɤ, ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɭɪɨɜɟɧɶ RO ɛɥɢɡɨɤ ɤ ɩɨɫɬɨɹɧɧɨɦɭ 

ɭɧɢɜɟɪɫɚɥɶɧɨɦɭ ɡɧɚɱɟɧɢɸ, ɱɬɨ ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɚɥɢɱɢɟ ɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟ-
ɫɬɜɚ ɨɛɪɚɬɢɦɵɯ ɛɢɨɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ. ɇɟɛɨɥɶɲɢɟ «ɫɬɭɩɟɧɶɤɢ» ɜɟɥɢ-

ɱɢɧɵ ROG  ɩɪɢɜɨɞɹɬ ɤ ɫɦɟɳɟɧɢɸ ɪɚɜɧɨɜɟɫɢɹ ɜ ɫɬɨɪɨɧɭ ɩɪɨɞɭɤɬɨɜ ɢɥɢ 

ɫɭɛɫɬɪɚɬɨɜ. Ɂɚ ɫɱɟɬ ɫɧɢɠɟɧɢɹ ɜɟɥɢɱɢɧɵ ROG  ɭ ɩɪɨɞɭɤɬɨɜ ɪɟɚɤɰɢɢ ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɫɭɛɫɬɪɚɬɚɦɢ ɜ ɪɹɞɟ ɦɟɫɬ ɦɟɬɚɛɨɥɢɡɦɚ ɢɦɟɟɬ ɦɟɫɬɨ ɫɨɩɪɹ-
ɠɟɧɢɟ ɞɚɧɧɨɣ ɪɟɚɤɰɢɢ ɫ ɪɟɚɤɰɢɟɣ ɨɛɪɚɡɨɜɚɧɢɟ ATP (ɢɥɢ ɞɪɭɝɨɝɨ ɧɭɤ-
ɥɟɨɡɢɞɬɪɢɮɨɫɮɚɬɚ) ɩɭɬɟɦ ɫɭɛɫɬɪɚɬɧɨɝɨ ɮɨɫɮɨɪɢɥɢɪɨɜɚɧɢɹ. ȿɫɥɢ ɜɟɥɢ-

ɱɢɧɚ ROG  ɩɪɨɞɭɤɬɨɜ ɪɟɚɤɰɢɢ ɜ ɰɟɥɨɦ ɜɵɲɟ, ɱɟɦ ɭ ɫɭɛɫɬɪɚɬɨɜ, ɬɨ ɬɚɤɚɹ 
ɪɟɚɤɰɢɹ ɫɬɚɧɨɜɢɬɫɹ ɜɨɡɦɨɠɧɨɣ ɜɫɥɟɞɫɬɜɢɟ ɟɟ ɫɨɩɪɹɠɟɧɢɹ ɫ ɪɟɚɤɰɢɟɣ 

ɝɢɞɪɨɥɢɡɚ ATP.  

Ⱦɥɹ ɪɟɞɨɤɫɨɧɨɜ, ɢɞɭɳɢɯ ɩɨ ɗɌɐ, ɷɬɚ ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ ɧɚɪɭɲɚɟɬɫɹ 
ɜɫɥɟɞɫɬɜɢɟ ɬɨɝɨ, ɱɬɨ ɩɟɪɟɧɨɫɱɢɤɢ ɷɥɟɤɬɪɨɧɨɜ ɹɜɥɹɸɬɫɹ ɛɨɥɶɲɢɦɢ ɦɨ-
ɥɟɤɭɥɚɦɢ ɫ ɜɤɥɸɱɟɧɢɹɦɢ ɚɬɨɦɨɜ ɦɟɬɚɥɥɨɜ (Fe, Cu), ɢɦɟɸɳɢɯ ɢɧɨɣ, ɱɟɦ 

ɨɪɝɚɧɢɱɟɫɤɢɟ ɦɨɥɟɤɭɥɵ, ɭɪɨɜɟɧɶ ROG . ɉɨɷɬɨɦɭ, ɧɚɩɪɢɦɟɪ, ɜ ɞɵɯɚɬɟɥɶ-
ɧɨɣ ɰɟɩɢ ɦɢɬɨɯɨɧɞɪɢɣ ɢɥɢ ɛɚɤɬɟɪɢɣ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɭɪɨɜɟɧɶ ɪɟɞɨɤɫɨ-
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ɧɨɜ, ɩɟɪɟɧɨɫɢɦɵɯ ɩɟɪɟɧɨɫɱɢɤɚɦɢ, ɩɨɫɬɟɩɟɧɧɨ ɫɧɢɠɚɟɬɫɹ ɨɬ ɫɪɟɞɧɟɝɨ 
ɭɪɨɜɧɹ ɞɥɹ ɨɪɝɚɧɢɱɟɫɤɢɯ ɦɨɥɟɤɭɥ ɞɨ ɧɭɥɹ, ɡɚ ɫɱɟɬ ɱɟɝɨ ɩɪɨɢɫɯɨɞɢɬ ɡɚ-
ɩɚɫɚɧɢɟ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɜ ɮɨɪɦɟ ɜɵɫɨɤɨɝɨ ɬɪɚɧɫɦɟɦɛɪɚɧɧɨɝɨ ɷɥɟɤ-
ɬɪɨɯɢɦɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ ɩɪɨɬɨɧɨɜ, ɚ ɡɚɬɟɦ ɩɟɪɟɞɚɱɚ ɟɟ ɦɚɤɪɨɷɪɝɢɱɟ-
ɫɤɢɦ ɫɜɹɡɹɦ ɜ ATP. Ⱥɧɚɥɨɝɢɱɧɨ ɮɭɧɤɰɢɨɧɢɪɭɟɬ ɗɌɐ ɬɢɥɚɤɨɢɞɨɜ (ɫ 
ɬɨɱɤɢ ɡɪɟɧɢɹ ɤɨɧɜɟɪɫɢɢ ɷɧɟɪɝɢɢ ɬɚ ɨɫɨɛɟɧɧɨɫɬɶ, ɱɬɨ ɬɪɚɧɫɩɨɪɬ ɩɪɨɬɨ-
ɧɨɜ ɜ ɬɢɥɚɤɨɢɞɚɯ ɢɦɟɟɬ ɧɚɩɪɚɜɥɟɧɢɟ, ɩɪɨɬɢɜɨɩɨɥɨɠɧɨɟ ɬɨɦɭ, ɱɬɨ ɜ ɦɢ-

ɬɨɯɨɧɞɪɢɹɯ, ɧɟ ɢɦɟɟɬ ɡɧɚɱɟɧɢɹ). 
Ȼɚɥɚɧɫ ɪɟɞɨɤɫɨɧɨɜ ɧɚɡɜɚɧ ɦɚɬɟɪɢɚɥɶɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɢɦ ɛɚɥɚɧɫɨɦ, 

ɩɨɬɨɦɭ ɱɬɨ, ɟɫɥɢ ɭɤɚɡɚɧɨ, ɤɚɤɨɟ ɤɨɥɢɱɟɫɬɜɨ RO ɫɨɞɟɪɠɢɬ ɞɚɧɧɨɟ ɜɟɳɟ-
ɫɬɜɨ, ɬɨ ɫ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɶɸ ɬɨɱɧɨɫɬɢ ɭɤɚɡɵɜɚɟɬɫɹ ɢ ɨɛɳɟɟ ɤɨɥɢɱɟɫɬɜɨ 
ɷɧɟɪɝɢɢ, ɡɚɩɚɫɟɧɧɨɣ ɜ ɧɟɦ. ɉɨɞɱɟɪɤɧɟɦ ɟɳɟ ɪɚɡ, ɱɬɨ ɩɨɫɥɟɞɧɟɟ ɨɬɧɨɫɢɬ-
ɫɹ ɢ ɤ ɩɨɥɧɨɦɭ ɫɨɞɟɪɠɚɧɢɸ RO ɜ ɦɨɥɟɤɭɥɚɯ ɩɟɪɟɧɨɫɱɢɤɨɜ ɷɥɟɤɬɪɨɧɨɜ ɜ 
ɗɌɐ, ɧɨ ɧɟ ɤ ɨɞɧɨɦɭ-ɞɜɭɦ e

−
, ɫ ɤɨɬɨɪɵɦɢ ɫɜɹɡɚɧɚ ɪɚɡɧɨɫɬɶ ɫɨɞɟɪɠɚɧɢɹ 

RO ɦɟɠɞɭ ɨɤɢɫɥɟɧɧɵɦ ɢ ɜɨɫɫɬɚɧɨɜɥɟɧɧɵɦ ɫɨɫɬɨɹɧɢɹɦɢ ɩɟɪɟɧɨɫɱɢɤɚ.  
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɟɬɨɞ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ, ɧɚ ɤɨɬɨɪɨɦ ɨɫɧɨɜɚ-

ɧɚ ɞɚɧɧɚɹ ɪɚɛɨɬɚ, ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɮɨɪɦɭɥɢɪɨɜɚɧɢɟ ɢ ɪɟɲɟɧɢɟ ɫɢɫ-
ɬɟɦɵ ɭɪɚɜɧɟɧɢɣ ɛɚɥɚɧɫɚ ɪɟɞɨɤɫɨɧɨɜ ɜ ɦɟɬɚɛɨɥɢɱɟɫɤɢɯ ɩɨɬɨɤɚɯ ɮɨɬɨ-
ɫɢɧɬɟɡɢɪɭɸɳɟɣ ɤɥɟɬɤɢ ɢ ɛɚɥɚɧɫɚ ɫɨɩɪɹɠɟɧɧɵɯ ɫ ɷɬɢɦ ɪɟɚɤɰɢɣ ɨɛɪɚɡɨ-
ɜɚɧɢɹ ɢ ɡɚɬɪɚɬɵ ɬɪɚɧɫɦɟɦɛɪɚɧɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɩɪɨɬɨɧɨɜ, ȼɗɉ (ɜɵɫɨɤɢɣ 

ɬɪɚɧɫɦɟɦɛɪɚɧɧɵɣ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ) ɢ ɦɚɤɪɨɷɪɝɢɱɟɫɤɢɯ 
ɫɨɟɞɢɧɟɧɢɣ (ATP, GTP ɢ ɬ.ɞ.).  

ɋɯɟɦɚ ɛɚɥɚɧɫɚ. ɋɯɟɦɚ ɛɚɥɚɧɫɚ ɪɟɞɨɤɫɨɧɨɜ (RO), ɦɚɤɪɨɷɪɝɢɱɟɫɤɢɯ 
ɫɜɹɡɟɣ (Ɇɗɋ) ɢ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɪɨɬɨɧɨɜ (ȼɗɉ) ɜ ɤɥɟɬɤɚɯ ɮɨɬɨ-
ɫɢɧɬɟɡɢɪɭɸɳɢɯ ɨɪɝɚɧɢɡɦɨɜ ɫ ɞɜɭɦɹ ɮɨɬɨɫɢɫɬɟɦɚɦɢ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫ. 1. 

ɋɤɨɪɨɫɬɢ ɩɨɬɨɤɨɜ ɨɛɨɡɧɚɱɟɧɵ: ɞɥɹ RO ɛɭɤɜɚɦɢ Er , ɞɥɹ Ɇɗɋ — Mr , ɞɥɹ 
ȼɗɉ — Hr ; ɨɛɨɡɧɚɱɟɧɢɹ ɪɚɡɥɢɱɚɸɬɫɹ ɜɬɨɪɵɦɢ ɛɭɤɜɚɦɢ ɢɥɢ ɰɢɮɪɚɦɢ ɜ 
ɧɢɠɧɢɯ ɢɧɞɟɤɫɚɯ. ɋɤɨɪɨɫɬɢ ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ ɮɨɬɨɫɢɫɬɟɦɚɦɢ — Ph1r  

ɢ Ph2r . Ɉɬɞɟɥɶɧɨɟ (ɬɪɚɞɢɰɢɨɧɧɨɟ) ɨɛɨɡɧɚɱɟɧɢɟ ɩɪɢɧɹɬɨ ɞɥɹ ɫɤɨɪɨɫɬɢ 

ɪɨɫɬɚ ɛɢɨɦɚɫɫɵ — µ . ȼɫɟ ɫɤɨɪɨɫɬɢ ɹɜɥɹɸɬɫɹ ɭɞɟɥɶɧɵɦɢ: ɨɧɢ ɢɡɦɟɪɹ-
ɸɬɫɹ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɜ ɷɤɜ. RO, Ɇɗɋ, ȼɗɉ ɢɥɢ ɮɨɬɨɧɨɜ ɧɚ 1 ɷɤɜ. RO 

ɫɭɳɟɫɬɜɭɸɳɟɣ ɜ ɞɚɧɧɵɣ ɦɨɦɟɧɬ ɛɢɨɦɚɫɫɵ ɜ ɱɚɫ, ɬɨ ɟɫɬɶ, ɱ−1
. ɍɞɟɥɶɧɵɟ 

ɫɤɨɪɨɫɬɢ «ɭɬɟɱɟɤ» (ɩɪɨɰɟɫɫɨɜ ɞɢɫɫɢɩɚɰɢɢ ɷɧɟɪɝɢɢ) ɨɛɨɡɧɚɱɟɧɵ ɱɟɪɟɡ 
χ  ɫ ɚɧɚɥɨɝɢɱɧɵɦɢ ɧɢɠɧɢɦɢ ɢɧɞɟɤɫɚɦɢ. ɉɪɨɰɟɫɫɵ «ɭɬɟɱɟɤ» ɩɨɤɚɡɚɧɵ 

ɲɬɪɢɯɨɜɵɦɢ ɥɢɧɢɹɦɢ, ɨɫɬɚɥɶɧɵɟ ɩɨɬɨɤɢ — ɫɩɥɨɲɧɵɦɢ ɥɢɧɢɹɦɢ.  
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Ɋɢɫ. 1. ɋɯɟɦɚ ɦɚɬɟɪɢɚɥɶɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɟɣ 

ɤɥɟɬɤɢ ɫ ɞɜɭɦɹ ɮɨɬɨɫɢɫɬɟɦɚɦɢ. Ɏɋ I ɢ Ɏɋ II — ɮɨɬɨɫɢɫɬɟɦɵ I ɢ II; ɇɗɋ ɢ 

ȼɗɋ — ɧɢɡɤɨ- ɢ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɫɨɫɬɨɹɧɢɹ ɷɥɟɤɬɪɨɧɚ ɜ ɩɟɪɟɧɨɫɱɢɤɚɯ 

ɮɨɬɨɫɢɫɬɟɦ; ɗɌɐ — ɷɥɟɤɬɪɨɧ-ɬɪɚɧɫɩɨɪɬɧɚɹ ɰɟɩɶ; H+
in ɢ H+

out — ɩɪɨɬɨɧɵ, ɥɨ-

ɤɚɥɢɡɨɜɚɧɧɵɟ ɜɧɭɬɪɢ ɢ ɜɧɟ ɬɢɥɚɤɨɢɞɨɜ. ȼ ɩɪɚɜɨɣ ɧɢɠɧɟɣ ɱɚɫɬɢ ɪɢɫɭɧɤɚ ɢɡɨ-

ɛɪɚɠɟɧ ɨɬɞɟɥɶɧɨ ɛɚɥɚɧɫ ɩɪɨɬɨɧɨɜ ɢ ɦɚɤɪɨɷɪɝɢɱɟɫɤɢɯ ɫɜɹɡɟɣ. ɋɤɨɪɨɫɬɢ ɩɪɨ-

ɰɟɫɫɨɜ ɭɤɚɡɚɧɵ ɜɨɡɥɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɥɢɧɢɣ; ɨɛɨɡɧɚɱɟɧɢɹ ɨɩɢɫɚɧɵ ɜ ɬɟɤɫɬɟ. 

ȼ ɨɬɥɢɱɢɟ ɨɬ ɨɛɳɟɣ ɫɯɟɦɵ ɛɚɥɚɧɫɚ ɪɢɫ. 1 ɢɡɜɟɫɬɧɚɹ Z-ɫɯɟɦɚ ɮɨɬɨ-
ɫɢɧɬɟɡɚ ɧɟ ɩɨɡɜɨɥɹɟɬ ɨɩɢɫɚɬɶ ɩɨɬɨɤɢ ɦɚɫɫ ɢ ɷɧɟɪɝɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɨɞɧɨɣ ɟɞɢɧɢɰɵ ɢɡɦɟɪɟɧɢɹ. ɉɪɢ ɜɨɫɫɬɚɧɨɜɥɟɧɢɢ ɦɨɥɟɤɭɥɵ ɜɨɞɵ ɨɛɪɚ-
ɡɭɸɬɫɹ ɞɜɚ ɷɥɟɤɬɪɨɧɚ, ɢɦɟɸɳɢɟ +2 RO, ɚɬɨɦ ɤɢɫɥɨɪɨɞɚ, ɢɦɟɸɳɢɣ −2 

RO, ɢ ɞɜɚ ɫɜɨɛɨɞɧɵɯ ɩɪɨɬɨɧɚ (ɧɨɥɶ RO). Ⱥɬɨɦɵ ɤɢɫɥɨɪɨɞɚ ɨɛɪɚɡɭɸɬ 
ɫɜɨɛɨɞɧɵɣ O2, ɩɪɨɬɨɧɵ — H

+
in — ɩɨɹɜɥɹɸɬɫɹ ɜɨ ɜɧɭɬɪɟɧɧɟɣ ɨɛɥɚɫɬɢ 

ɬɢɥɚɤɨɢɞɚ — ɥɸɦɟɧɟ, ɢɡɦɟɧɹɹ ɬɟɦ ɫɚɦɵɦ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢ-

ɚɥ ɦɟɦɛɪɚɧɵ, ɧɚ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨɞɢɬ ɮɨɬɨɫɢɧɬɟɡ. ɗɥɟɤɬɪɨɧɵ, ɩɨɥɭɱɢɜ-
ɲɢɟ ɷɧɟɪɝɢɸ ɮɨɬɨɧɨɜ, ɚɛɫɨɪɛɢɪɨɜɚɧɧɵɯ ɮɨɬɨɫɢɫɬɟɦɨɣ II, ɩɟɪɟɯɨɞɹɬ ɜ 
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ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɫɨɫɬɨɹɧɢɟ ɫɨ ɫɤɨɪɨɫɬɶɸ E2r . ɑɚɫɬɶ ɢɡ ɧɢɯ ɜɨɡ-
ɜɪɚɳɚɟɬɫɹ ɨɛɪɚɬɧɨ ɜ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɫɨɫɬɨɹɧɢɟ; ɫ ɷɬɢɦ ɩɪɨɰɟɫɫɨɦ 

ɫɜɹɡɚɧɚ ɮɥɭɨɪɟɫɰɟɧɰɢɹ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɯ ɤɥɟɬɨɤ. Ɉɫɬɚɥɶɧɵɟ ɩɨɫɬɭ-

ɩɚɸɬ ɜ ɷɥɟɤɬɪɨɧ-ɬɪɚɧɫɩɨɪɬɧɭɸ ɰɟɩɶ, ɝɞɟ, ɫɧɢɠɚɹ ɫɜɨɣ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ 

ɭɪɨɜɟɧɶ, ɬɪɚɧɫɩɨɪɬɢɪɭɸɬ ɩɪɨɬɨɧɵ ɜɧɭɬɪɶ ɬɢɥɚɤɨɢɞɚ, ɬɨ ɟɫɬɶ ɩɪɨɬɢɜ 
ɝɪɚɞɢɟɧɬɚ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɨɝɨ ɩɨɬɟɧɰɢɚɥɚ, ɤɨɬɨɪɵɣ ɤɥɟɬɤɢ ɦɨɝɭɬ ɢɫ-
ɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɧɭɠɞ ɦɟɬɚɛɨɥɢɡɦɚ.  

ɋɥɟɞɭɸɳɟɟ ɩɨɜɵɲɟɧɢɟ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɡɚ ɫɱɟɬ ɚɛɫɨɪɛɰɢɢ 

ɩɪɨɬɨɧɨɜ ɮɨɬɨɫɢɫɬɟɦɨɣ I, ɜɵɜɨɞɢɬ ɢɯ ɧɚ ɭɪɨɜɟɧɶ, ɧɟɫɤɨɥɶɤɨ ɛɨɥɟɟ ɜɵ-

ɫɨɤɢɣ, ɱɟɦ ɫɪɟɞɧɢɣ ɭɪɨɜɟɧɶ RO ɜ ɨɪɝɚɧɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɹɯ. ɉɨɫɥɟ ɩɟ-
ɪɟɧɨɫɚ ɷɥɟɤɬɪɨɧɨɜ ɱɟɪɟɡ ɟɳɟ ɪɹɞ ɩɟɪɟɧɨɫɱɢɤɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɮɟɪɪɟɞɨɤ-
ɫɢɧ, ɨɧɢ ɜɨɫɫɬɚɧɚɜɥɢɜɚɸɬ NADP. ȼ ɷɬɨɣ ɱɚɫɬɢ ɦɟɬɚɛɨɥɢɡɦɚ ɩɪɨɢɫɯɨɞɢɬ 
ɩɨɝɥɨɳɟɧɢɟ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɪɨɬɨɧɨɜ H+

out ɜ ɬɨɦ ɠɟ ɤɨɥɢɱɟɫɬɜɟ, ɜ 
ɤɨɬɨɪɨɦ ɨɛɪɚɡɭɸɬɫɹ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɪɨɬɨɧɵ H

+
in ɩɪɢ ɪɚɡɪɭɲɟ-

ɧɢɢ ɦɨɥɟɤɭɥɵ ɜɨɞɵ. ɗɥɟɤɬɪɨɧɵ, ɩɨɥɭɱɢɜɲɢɟ ɩɨɜɵɲɟɧɢɟ ɷɧɟɪɝɢɢ ɜ ɮɨ-
ɬɨɫɢɫɬɟɦɟ I, ɱɚɫɬɢɱɧɨ ɬɟɪɹɸɬ ɟɟ ɜ ɩɪɨɰɟɫɫɚɯ «ɭɬɟɱɤɢ», ɱɚɫɬɢɱɧɨ ɭɯɨɞɹɬ 
ɜ ɩɭɬɢ, ɩɪɢɜɨɞɹɳɢɟ, ɜ ɤɨɧɟɱɧɨɦ ɫɱɟɬɟ, ɤ ɫɢɧɬɟɡɭ ɧɨɜɨɣ ɛɢɨɦɚɫɫɵ, ɚ ɱɚɫ-
ɬɢɱɧɨ ɜɨɡɜɪɚɳɚɸɬɫɹ ɜ ɭɱɚɫɬɨɤ ɷɥɟɤɬɪɨɧ-ɬɪɚɧɫɩɨɪɬɧɨɣ ɰɟɩɢ ɩɟɪɟɞ ɎɋI. 

Ɋɨɥɶ ɩɨɫɥɟɞɧɟɝɨ ɩɪɨɰɟɫɫɚ ɨɛɫɭɠɞɚɟɬɫɹ ɧɢɠɟ.  
ɋ ɜɨɫɫɬɚɧɨɜɥɟɧɢɟɦ NADP ɡɚɤɚɧɱɢɜɚɟɬɫɹ ɩɪɢɜɹɡɤɚ ɪɟɞɨɤɫɨɧɨɜ ɤ 

ɷɥɟɤɬɪɨɧɚɦ, ɢɞɭɳɢɦ ɩɨ ɷɥɟɤɬɪɨɧ-ɬɪɚɧɫɩɨɪɬɧɵɦ ɩɭɬɹɦ. Ⱦɚɥɟɟ ɪɟɞɨɤɫɨ-
ɧɵ ɩɟɪɟɧɨɫɹɬɫɹ ɨɬ ɨɞɧɢɯ ɨɪɝɚɧɢɱɟɫɤɢɯ ɦɟɬɚɛɨɥɢɬɨɜ ɤ ɞɪɭɝɢɦ, ɩɨɤɚ ɧɟ 
ɨɤɚɡɵɜɚɸɬɫɹ ɜ ɦɚɤɪɨɦɨɥɟɤɭɥɚɯ ɛɢɨɦɚɫɫɵ. 

ɗɬɚɩ NADPH → CH2O ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɰɢɤɥ Ʉɚɥɶɜɢɧɚ-
Ȼɟɧɫɨɧɚ-Ȼɚɫɫɚɦɚ, ɜ ɤɨɬɨɪɨɦ ɚɫɫɢɦɢɥɢɪɭɟɬɫɹ CO2, ɢ ɪɟɞɨɤɫɨɧɵ, ɨɛɪɚɡɨ-
ɜɚɧɧɵɟ ɩɪɢ ɪɚɡɥɨɠɟɧɢɢ ɜɨɞɵ ɢ ɩɨɞɧɹɬɵɟ ɞɜɭɦɹ ɮɨɬɨɫɢɫɬɟɦɚɦɢ ɞɨ ɫɨ-
ɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɭɪɨɜɧɹ, ɩɟɪɟɯɨɞɹɬ ɨɬ ɩɟɪɟɧɨɫɱɢɤɚ 
ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɢ NADPH ɜ ɭɝɥɟɪɨɞɫɨɞɟɪɠɚɳɢɟ ɨɪɝɚɧɢɱɟɫɤɢɟ ɫɨɟɞɢ-

ɧɟɧɢɹ — ɭɝɥɟɜɨɞɵ, ɫɢɦɜɨɥɢɱɟɫɤɢ ɨɛɨɡɧɚɱɟɧɧɵɟ ɤɚɤ CH2O. ɗɬɨɬ ɩɟɪɟ-
ɯɨɞ ɫɜɹɡɚɧ ɫ ɡɚɬɪɚɬɨɣ ɢɡɜɟɫɬɧɨɝɨ ɤɨɥɢɱɟɫɬɜɚ Ɇɗɋ, ɩɟɪɟɧɨɫɢɦɵɯ ATP. 

Ⱦɚɥɶɧɟɣɲɢɟ ɦɟɬɚɛɨɥɢɱɟɫɤɢɟ ɩɭɬɢ ɫɢɧɬɟɡɚ ɛɢɨɦɚɫɫɵ ɢɦɟɸɬ ɫɭɳɟɫɬɜɟɧ-

ɧɨɟ ɫɯɨɞɫɬɜɨ ɫ ɦɟɬɚɛɨɥɢɡɦɨɦ ɝɟɬɟɪɨɬɪɨɮɧɵɯ ɤɥɟɬɨɤ, ɪɚɫɬɭɳɢɯ ɧɚ ɭɝɥɟ-
ɜɨɞɧɵɯ ɫɭɛɫɬɪɚɬɚɯ. Ⱦɥɹ ɛɚɥɚɧɫɚ ɪɨɫɬɚ ɜɚɠɧɨ ɬɨ, ɱɬɨ ɩɟɪɟɯɨɞ CH2O → 

ɛɢɨɦɚɫɫɚ ɤɥɟɬɨɤ ɬɪɟɛɭɟɬ ɡɚɬɪɚɬɵ ɦɚɤɪɨɷɪɝɢɱɟɫɤɢɯ ɫɜɹɡɟɣ, ɩɟɪɟɧɨɫɢɦɵɯ 
ATP, GTP ɢ ɞɪɭɝɢɦɢ ɩɟɪɟɧɨɫɱɢɤɚɦɢ. 

Ɇɚɤɪɨɷɪɝɢɱɟɫɤɢɟ ɫɜɹɡɢ — ɷɬɨ ɷɮɢɪɧɵɟ ɫɜɹɡɢ, ɤɨɬɨɪɵɟ ɩɪɢ ɢɯ 
ɝɢɞɪɨɥɢɡɟ ɜ ɭɫɥɨɜɢɹɯ ɜɧɭɬɪɢɤɥɟɬɨɱɧɨɝɨ ɛɭɮɟɪɚ pH ɩɪɢɜɨɞɹɬ ɤ ɫɧɢɠɟ-
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ɧɢɸ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɦɨɥɟɤɭɥɵ-ɩɟɪɟɧɨɫɱɢɤɚ ɧɚ ~30 ɤȾɠ/ɦɨɥɶ. ɗɬɚ 
ɷɧɟɪɝɢɹ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɪɟɚɤɰɢɹɯ (ɫɢɧɬɟɡɚ ɛɟɥɤɚ, ɧɭɤ-
ɥɟɢɧɨɜɵɯ ɤɢɫɥɨɬ ɢ ɬ.ɞ.), ɤɨɬɨɪɵɟ ɢɡ-ɡɚ ɫɢɥɶɧɨɝɨ ɫɦɟɳɟɧɢɹ ɪɚɜɧɨɜɟɫɢɹ ɜ 
ɫɬɨɪɨɧɭ ɫɭɛɫɬɪɚɬɨɜ ɧɟ ɦɨɝɭɬ ɩɪɨɬɟɤɚɬɶ ɛɟɡ ɞɨɩɨɥɧɢɬɟɥɶɧɨɝɨ ɜɤɥɚɞɚ 
ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ. ɇɚɢɛɨɥɶɲɭɸ ɪɨɥɶ ɜ ɷɧɟɪɝɟɬɢɱɟɫɤɨɦ ɛɚɥɚɧɫɟ ɤɥɟɬɤɢ 

ɢɝɪɚɸɬ ɧɭɤɥɟɨɡɢɞɬɪɢɮɨɫɮɚɬɵ (ɩɪɟɠɞɟ ɜɫɟɝɨ ATP ɢ GTP). Ɉɛɪɚɡɭɸɬɫɹ 
Ɇɗɋ ɜ ɪɟɚɤɰɢɹɯ ɫɭɛɫɬɪɚɬɧɨɝɨ ɮɨɫɮɨɪɢɥɢɪɨɜɚɧɢɹ (ɢɥɢ ɚɧɚɥɨɝɢɱɧɵɯ 
ɢɦ), ɚ ɬɚɤɠɟ ɩɪɢ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɢ ATP-ɫɢɧɬɚɡɵ — ɡɚɦɟɱɚɬɟɥɶɧɨɣ ɦɨ-
ɥɟɤɭɥɹɪɧɨɣ ɦɚɲɢɧɵ, ɤɨɬɨɪɚɹ ɩɟɪɟɞɚɟɬ ɫɜɨɛɨɞɧɭɸ ɷɧɟɪɝɢɸ ɜɵɫɨɤɨɷɧɟɪ-
ɝɟɬɢɱɟɫɤɢɯ ɩɪɨɬɨɧɨɜ ɨɛɪɚɡɭɟɦɨɣ ɦɨɥɟɤɭɥɟ ATP. ȼ ɬɢɥɚɤɨɢɞɚɯ ɷɬɨɬ 
ɩɪɨɰɟɫɫ ɢɦɟɟɬ ɜɢɞ: 

H
+

in + ADP + H3PO4 → H
+

out + ATP (3) 

«ɍɬɟɱɤɢ», ɢɦɟɸɳɢɟ ɦɟɫɬɨ ɜ ɦɟɬɚɛɨɥɢɡɦɟ ɤɥɟɬɨɤ, ɢɦɟɸɬ ɪɚɡɥɢɱ-
ɧɭɸ ɩɪɢɪɨɞɭ ɢ ɧɟ ɹɜɥɹɸɬɫɹ ɫɩɟɰɢɮɢɤɨɣ ɢɦɟɧɧɨ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɯ 
ɨɪɝɚɧɢɡɦɨɜ. Ɉɧɢ ɪɚɫɩɨɥɨɠɟɧɵ ɜ ɪɚɡɥɢɱɧɵɯ ɦɟɫɬɚɯ ɦɟɬɚɛɨɥɢɱɟɫɤɨɣ 

ɫɯɟɦɵ ɢ ɮɢɡɢɱɟɫɤɢ ɪɚɫɩɪɟɞɟɥɟɧɵ ɩɨ ɜɫɟɣ ɤɥɟɬɤɟ. ɋɪɟɞɢ ɧɢɯ ɨɫɨɛɭɸ 

ɪɨɥɶ ɢɝɪɚɸɬ ɩɪɨɰɟɫɫɵ, ɤɨɬɨɪɵɟ ɭɫɥɨɜɧɨ ɧɚɡɵɜɚɸɬɫɹ ɩɨɞɞɟɪɠɚɧɢɟɦ 

ɤɥɟɬɨɤ (ɉɟɪɬ, 1978). ɗɬɨ ɤɪɭɝɨɜɨɪɨɬ ɜɟɳɟɫɬɜɚ ɜ ɤɥɟɬɤɟ — ɩɪɨɰɟɫɫɵ ɞɟ-
ɝɪɚɞɚɰɢɢ ɦɚɤɪɨɦɨɥɟɤɭɥ, ɬɪɚɧɫɦɟɦɛɪɚɧɧɵɯ ɝɪɚɞɢɟɧɬɨɜ ɤɨɧɰɟɧɬɪɚɰɢɣ ɢ 

ɬ.ɞ., ɚ ɬɚɤɠɟ ɩɪɨɬɢɜɨɫɬɨɹɳɢɟ ɢɦ ɩɪɨɰɟɫɫɵ ɩɨɜɬɨɪɧɨɝɨ ɫɢɧɬɟɡɚ, ɜɨɫɫɬɚ-
ɧɨɜɥɟɧɢɹ ɝɪɚɞɢɟɧɬɨɜ ɢ ɬ.ɞ. ɇɚ ɜɫɟ ɷɬɨ ɪɚɫɯɨɞɭɟɬɫɹ ɫɜɨɛɨɞɧɚɹ ɷɧɟɪɝɢɹ 
Ɇɗɋ ɢ ȼɗɉ. ȼɚɠɧɵɦ ɦɨɦɟɧɬɨɦ ɹɜɥɹɟɬɫɹ ɬɨ, ɱɬɨ «ɭɬɟɱɤɢ» ɜɫɟɯ ɜɢɞɨɜ 
ɧɨɫɹɬ ɱɢɫɬɨ ɤɢɧɟɬɢɱɟɫɤɢɣ ɯɚɪɚɤɬɟɪ — ɢɯ ɫɤɨɪɨɫɬɢ ɧɟ ɢɦɟɸɬ ɠɟɫɬɤɨɣ 

ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɨɣ ɫɜɹɡɢ ɫ ɞɪɭɝɢɦɢ ɩɪɨɰɟɫɫɚɦɢ, ɜ ɨɬɥɢɱɢɟ, ɧɚɩɪɢɦɟɪ, 
ɨɬ ɫɨɩɪɹɠɟɧɧɵɯ ɛɢɨɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ, ɝɞɟ ɬɚɤɚɹ ɫɜɹɡɶ ɢɦɟɟɬ ɦɟɫɬɨ. 

ɍɪɚɜɧɟɧɢɹ ɛɚɥɚɧɫɚ. ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɫɬɚɰɢɨ-
ɧɚɪɧɵɣ ɩɪɨɰɟɫɫ ɪɨɫɬɚ ɛɢɨɦɚɫɫɵ. ɉɨɷɬɨɦɭ ɜɫɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɬɚɛɨɥɢ-

ɬɨɜ ɜ ɤɥɟɬɤɚɯ ɫɱɢɬɚɸɬɫɹ ɩɨɫɬɨɹɧɧɵɦɢ. ɉɨɥɭɱɟɧɧɵɟ ɧɢɠɟ ɪɟɡɭɥɶɬɚɬɵ 

ɫɩɪɚɜɟɞɥɢɜɵ ɬɚɤɠɟ ɢ ɞɥɹ ɩɨɬɨɤɨɜ, ɭɫɪɟɞɧɟɧɧɵɯ ɩɨ ɜɪɟɦɟɧɢ, ɡɧɚɱɢɬɟɥɶ-
ɧɨ ɩɪɟɜɵɲɚɸɳɟɦɭ ɩɟɪɢɨɞɵ ɜɧɭɬɪɢɤɥɟɬɨɱɧɵɯ ɨɫɰɢɥɥɹɰɢɣ. Ȼɚɥɚɧɫ ɩɨ-
ɬɨɤɨɜ ɪɟɞɨɤɫɨɧɨɜ: 

E2 E2 O 0r rχ − − = , (4) 

E2 E2 E21 0r rχ− − = , (5) 

E21 Ec E22 0r r r+ − = , (6) 

E22 E1 E1 0r rχ+ − = , (7) 
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E1 Ec E1 0r r µ χ− − − = . (8) 

ɉɨɫɤɨɥɶɤɭ ɫɨɞɟɪɠɚɧɢɟ RO ɜ ɫɜɨɛɨɞɧɨɦ ɤɢɫɥɨɪɨɞɟ ɨɬɪɢɰɚɬɟɥɶɧɨɟ, ɬɨ 
O O 0r r= − < . ɉɪɨɱɢɟ ɩɨɬɨɤɢ ɪɟɞɨɤɫɨɧɨɜ ɜ (4)−(8) — ɩɨɥɨɠɢɬɟɥɶɧɵɟ. 
Ȼɚɥɚɧɫ ɩɨɬɨɤɨɜ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɪɨɬɨɧɨɜ: 

H1 H2 HM H 0r r r χ+ − − = . (9) 

Ȼɚɥɚɧɫ ɩɨɬɨɤɨɜ ɦɚɤɪɨɷɪɝɢɱɟɫɤɢɯ ɫɜɹɡɟɣ: 

M MB0 MB1 M 0r r r χ− − − = . (10) 

Ɇɟɠɞɭ ɩɨɬɨɤɚɦɢ RO, ȼɗɉ ɢ Ɇɗɋ ɫɭɳɟɫɬɜɭɸɬ ɫɬɟɯɢɨɦɟɬɪɢɱɟɫɤɢɟ 
ɫɜɹɡɢ, ɧɟɤɨɬɨɪɵɟ ɢɡ ɤɨɬɨɪɵɯ ɧɨɫɹɬ ɠɟɫɬɤɢɣ ɯɚɪɚɤɬɟɪ. ȼɜɟɞɟɦ ɷɬɢ ɩɚɪɚ-
ɦɟɬɪɵ. Ⱦɥɹ ɮɨɬɨɫɢɫɬɟɦ II ɢ I: 

Ph2 Ph2 E2 1r rΨ = = ,     Ph1 Ph1 E1 1r rΨ = =  (11) 

(ɢɡɜɟɫɬɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ: 1 ɮɨɬɨɧ ↔ ɨɞɢɧ ɷɥɟɤɬɪɨɧ). ɉɪɨɯɨɠɞɟɧɢɟ 
ɷɥɟɤɬɪɨɧɨɜ ɢ ɨɛɪɚɡɨɜɚɧɢɟ ȼɗɉ ɫɜɹɡɚɧɵ ɫɨɨɬɧɨɲɟɧɢɹɦɢ:  

( )HE2 H2 O H2 O 1r r r rΦ = = − = ,     HE1 H1 E22 2r rΦ = = . (12) 

ɉɟɪɜɨɟ ɢɡ ɧɢɯ ɨɫɧɨɜɚɧɨ ɧɚ ɫɨɨɬɧɨɲɟɧɢɢ: 2 e
−
, ɢɞɭɳɢɯ ɜ ɮɨɬɨɫɢɫɬɟɦɭ II, 

ɫɨɨɬɜɟɬɫɬɜɭɸɬ 1 ɚɬɨɦɭ ɤɢɫɥɨɪɨɞɚ, ɤɨɬɨɪɵɣ ɫɨɞɟɪɠɢɬ −2RO. ȼɬɨɪɨɟ ɫɨ-
ɨɬɧɨɲɟɧɢɟ ɨɫɧɨɜɚɧɨ ɧɚ ɬɨɦ, ɱɬɨ ɩɪɨɬɨɧɧɵɣ ɧɚɫɨɫ ɜ ɮɨɬɨɫɢɧɬɟɬɢɱɟɫɤɨɣ 

ɗɌɐ ɫɯɨɠ ɫ ɤɨɦɩɥɟɤɫɨɦ III ɦɢɬɨɯɨɧɞɪɢɚɥɶɧɨɣ ɗɌɐ, ɤɨɬɨɪɵɣ ɮɭɧɤɰɢɨ-
ɧɢɪɭɟɬ ɩɨ ɬɢɩɭ Q-ɰɢɤɥɚ, ɢɦɟɸɳɟɝɨ ɢɦɟɧɧɨ ɬɚɤɭɸ ɫɬɟɯɢɨɦɟɬɪɢɸ. 

Ⱦɥɹ ATP-ɫɢɧɬɚɡɵ 

M HM M 4r rΦ = =  (13) 

— 4 ȼɗɉ ɧɚ 1 Ɇɗɋ ɨɛɪɚɡɭɟɦɨɣ ɦɨɥɟɤɭɥɵ ATP (Elston et al., 1998).  

ɉɪɨɯɨɠɞɟɧɢɟ ɨɞɧɨɝɨ ɷɤɜ. RO ɨɬ NADPH ɞɨ CH2O ɬɪɟɛɭɟɬ 18ATP ɧɚ ɨɞ-

ɧɭ ɦɨɥɟɤɭɥɭ ɝɥɸɤɨɡɵ, ɬɨ ɟɫɬɶ, ɧɚ 24RO (Lehninger et al., 1993), ɨɬɤɭɞɚ 
ɤɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɦɟɠɞɭ µ  ɢ MB1r  ɪɚɜɟɧ 

B1 MB1 18 24 0,75r µΨ = = = . (14) 

Ⱥɧɚɥɨɝɢɱɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɞɥɹ ɞɚɥɶɧɟɣɲɢɯ ɦɟɬɚɛɨɥɢɱɟɫɤɢɯ ɩɭɬɟɣ ɪɚɜɟɧ  

B0 MB0 0.67 1r µΨ = = ÷ . (15) 

(Minkevich, 1985, Ɇɢɧɤɟɜɢɱ, 2005). 

Ɋɟɡɭɥɶɬɚɬɵ ɢ ɢɯ ɨɛɫɭɠɞɟɧɢɟ. ɋɨɨɬɧɨɲɟɧɢɹ (4)−(15) ɩɪɟɞɫɬɚɜɥɹ-
ɸɬ ɫɨɛɨɣ 14 ɥɢɧɟɣɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɫɨɞɟɪɠɚɳɢɯ 19 ɫɤɨɪɨɫɬɟɣ. ɉɹɬɶ ɫɤɨ-
ɪɨɫɬɟɣ ɞɨɥɠɧɵ ɛɵɬɶ ɡɚɞɚɧɵ, ɱɬɨɛɵ ɨɫɬɚɥɶɧɵɟ ɦɨɝɥɢ ɛɵɬɶ ɨɞɧɨɡɧɚɱɧɨ 
ɧɚɣɞɟɧɵ. ɗɬɢ 5 ɜɟɥɢɱɢɧ ɦɨɝɭɬ ɛɵɬɶ ɢɡɜɟɫɬɧɵ ɥɢɛɨ ɤɚɤ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ 
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ɢɡɦɟɪɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ, ɥɢɛɨ ɤɚɤ ɡɚɞɚɧɧɵɟ ɜ ɜɢɞɟ ɤɢɧɟɬɢɱɟɫɤɢɯ 
ɡɚɜɢɫɢɦɨɫɬɟɣ ɨɬ ɭɫɥɨɜɢɣ, ɜ ɤɨɬɨɪɵɯ ɧɚɯɨɞɹɬɫɹ ɤɥɟɬɤɢ. ɇɚ ɞɚɧɧɨɦ ɷɬɚɩɟ 
ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɵ ɩɪɟɞɩɨɥɚɝɚɟɦ ɢɡɜɟɫɬɧɵɦɢ ɜɫɟ ɫɤɨɪɨɫɬɢ ɞɢɫɫɢɩɚɰɢɢ: 

E1χ , E2χ , Hχ , Mχ . ɇɚ ɫɚɦɨɦ ɞɟɥɟ ɩɪɹɦɨɟ ɢɡɦɟɪɟɧɢɟ, ɩɨ ɤɪɚɣɧɟɣ ɦɟɪɟ, 
ɬɪɟɯ ɫɤɨɪɨɫɬɟɣ (ɤɪɨɦɟ E2χ , ɤɨɬɨɪɚɹ ɫɜɹɡɚɧɚ ɫ ɮɥɭɨɪɟɫɰɟɧɰɢɟɣ) ɩɪɟɞ-
ɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɜɟɫɶɦɚ ɫɥɨɠɧɭɸ ɡɚɞɚɱɭ. ɇɢɠɟ ɛɭɞɟɬ ɞɚɧɨ ɨɛɴɹɫɧɟɧɢɟ 
ɬɚɤɨɦɭ ɜɵɛɨɪɭ ɷɬɢɯ ɜɟɥɢɱɢɧ ɜ ɤɚɱɟɫɬɜɟ ɢɡɜɟɫɬɧɵɯ. 

Ɍɨɝɞɚ ɱɢɫɥɨ ɧɟɢɡɜɟɫɬɧɵɯ ɫɤɨɪɨɫɬɟɣ ɛɨɥɶɲɟ ɱɢɫɥɚ ɭɪɚɜɧɟɧɢɣ ɜɫɟɝɨ 
ɧɚ ɟɞɢɧɢɰɭ. ȿɫɥɢ, ɧɚɩɪɢɦɟɪ, ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ µ  ɢɡɜɟɫɬɧɚ (ɧɚɩɪɢɦɟɪ, ɩɪɢ 

ɤɭɥɶɬɢɜɢɪɨɜɚɧɢɢ ɩɨɩɭɥɹɰɢɢ ɨɞɧɨɤɥɟɬɨɱɧɵɯ ɨɪɝɚɧɢɡɦɨɜ ɜ ɮɟɪɦɟɧɬɟɪɟ ɜ 
ɪɟɠɢɦɟ ɯɟɦɨɫɬɚɬɚ (ɉɟɪɬ, 1978)), ɬɨ ɨɫɬɚɥɶɧɵɟ ɫɤɨɪɨɫɬɢ, ɜ ɬɨɦ ɱɢɫɥɟ 
ɫɤɨɪɨɫɬɢ ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ ɨɛɟɢɦɢ ɮɨɬɨɫɢɫɬɟɦɚɦɢ, ɦɨɠɧɨ ɜɵɱɢɫɥɢɬɶ. 
ȿɫɥɢ, ɧɚɨɛɨɪɨɬ, ɢɡɜɟɫɬɧɚ ɫɭɦɦɚɪɧɚɹ ɫɤɨɪɨɫɬɶ ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ ɨɛɟɢ-

ɦɢ ɮɨɬɨɫɢɫɬɟɦɚɦɢ tot

Phr , ɬɨ ɨɬɫɸɞɚ ɩɨɥɭɱɚɟɬɫɹ ɟɳɟ ɨɞɧɨ ɭɪɚɜɧɟɧɢɟ: 
tot

Ph1 Ph2 Phr r r+ = . (16) 

Ɍɨɝɞɚ ɨɛɳɟɟ ɱɢɫɥɨ ɭɪɚɜɧɟɧɢɣ — 15, ɱɢɫɥɨ ɧɟɢɡɜɟɫɬɧɵɯ ɫɤɨɪɨɫɬɟɣ ɩɪɢ 

ɭɫɥɨɜɢɢ, ɱɬɨ 4 ɢɡ ɧɢɯ ( E1χ , E2χ , Hχ , Mχ ) ɡɚɞɚɧɵ, ɪɚɜɧɨ 19−4=15, ɢ ɜɫɟ 
ɷɬɢ ɫɤɨɪɨɫɬɢ, ɜɤɥɸɱɚɹ Ph1r  ɢ Ph2r  ɩɨ ɨɬɞɟɥɶɧɨɫɬɢ, ɦɨɝɭɬ ɛɵɬɶ ɧɚɣɞɟɧɵ. 

Ɂɞɟɫɶ ɦɵ ɨɝɪɚɧɢɱɢɦɫɹ ɜɵɱɢɫɥɟɧɢɟɦ ɞɜɭɯ ɜɟɥɢɱɢɧ — ɜɵɯɨɞɚ ɛɢɨ-
ɦɚɫɫɵ ɢɡ ɩɨɝɥɨɳɟɧɧɨɝɨ ɫɜɟɬɚ ɢ ɫɤɨɪɨɫɬɢ ɰɢɤɥɢɱɟɫɤɨɝɨ ɩɨɬɨɤɚ ɱɟɪɟɡ 
ɗɌɐ ɢ ɮɨɬɨɫɢɫɬɟɦɭ I, ɚ ɬɚɤɠɟ ɧɚɣɞɟɦ ɫɜɹɡɢ ɦɟɠɞɭ ɫɤɨɪɨɫɬɹɦɢ ɪɨɫɬɚ, 
ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ ɢ ɨɛɪɚɡɨɜɚɧɢɹ ɤɢɫɥɨɪɨɞɚ. 

1. ɋɭɦɦɢɪɭɹ (4)−(8), ɩɨɥɭɱɚɟɦ: 

O Or rµ = − =  (17) 

— ɫɥɟɞɫɬɜɢɟ ɬɨɝɨ, ɱɬɨ ɜɯɨɞ ɮɨɬɨɫɢɧɬɟɬɢɱɟɫɤɨɝɨ ɦɟɬɚɛɨɥɢɡɦɚ — ɷɬɨ ɜɨ-
ɞɚ, ɜɟɳɟɫɬɜɨ, ɧɟ ɢɦɟɸɳɟɟ ɪɟɞɨɤɫɨɧɨɜ, ɚ ɜɵɯɨɞɹɳɢɟ ɜɟɳɟɫɬɜɚ — ɷɬɨ 
ɛɢɨɦɚɫɫɚ ɢ ɤɢɫɥɨɪɨɞ. ȼ ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɚ ɚɡɨɬɚ ɦɵ ɡɞɟɫɶ ɪɚɫɫɦɚɬɪɢ-

ɜɚɟɦ ɚɦɦɢɚɤ — ɜɟɳɟɫɬɜɨ ɧɭɥɟɜɨɝɨ ɭɪɨɜɧɹ ɜɨɫɫɬɚɧɨɜɥɟɧɧɨɫɬɢ, ɤɚɤ ɢ ɜɨ-
ɞɚ, ɚ ɢɫɬɨɱɧɢɤɨɦ ɫɟɪɵ ɜ ɜɢɞɟ ɫɭɥɶɮɚɬɚ ɩɪɟɧɟɛɪɟɝɚɟɦ ɜɜɢɞɭ ɦɚɥɨɝɨ ɫɨ-
ɞɟɪɠɚɧɢɹ ɷɬɨɝɨ ɷɥɟɦɟɧɬɚ ɜ ɛɢɨɦɚɫɫɟ. ɉɟɪɟɫɱɟɬ ɫɤɨɪɨɫɬɟɣ ɜ (17) ɧɚ ɟɞɢ-

ɧɢɰɵ ɦɚɫɫɵ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɫɨɨɬɧɨɲɟɧɢɣ (2). 

2. Ɂɚɦɟɧɢɦ ɜ (9) ɢ (10) ɫɤɨɪɨɫɬɢ, ɨɬɧɨɫɹɳɢɟɫɹ ɤ ȼɗɉ ɢ Ɇɗɋ, ɱɟɪɟɡ 
ɫɤɨɪɨɫɬɢ ɩɨɬɨɤɨɜ ɪɟɞɨɤɫɨɧɨɜ ɫ ɩɨɦɨɳɶɸ (12)−(15) ɢ ɢɫɩɨɥɶɡɭɟɦ ɩɨɥɭ-

ɱɟɧɧɵɟ ɫɨɨɬɧɨɲɟɧɢɹ ɜɦɟɫɬɟ ɫ (17) ɢ (7), ɱɬɨɛɵ ɜɵɪɚɡɢɬɶ E1r  ɱɟɪɟɡ µ  ɢ 
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ɫɤɨɪɨɫɬɢ ɭɬɟɱɟɤ. Ɂɚɬɟɦ, ɭɦɧɨɠɚɹ E1r  ɧɚ Ph1Ψ , ɧɚɯɨɞɢɦ Ph1r  — ɫɤɨɪɨɫɬɶ 
ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ ɮɨɬɨɫɢɫɬɟɦɨɣ I (ɫɦ.(11)). ȼɟɥɢɱɢɧɭ E2r  ɧɚɯɨɞɢɦ, 

ɫɤɥɚɞɵɜɚɹ (5)−(8), ɩɨɫɥɟ ɱɟɝɨ ɭɦɧɨɠɟɧɢɟɦ ɟɟ ɧɚ Ph2Ψ  ɩɨɥɭɱɚɟɦ Ph2r  — 

ɫɤɨɪɨɫɬɶ ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ ɮɨɬɨɫɢɫɬɟɦɨɣ II. Ɂɚɬɟɦ, ɫɭɦɦɢɪɭɹ Ph1r  ɢ 

Ph2r , ɧɚɯɨɞɢɦ ɫɨɨɬɧɨɲɟɧɢɟ ɦɟɠɞɭ ɩɨɥɧɨɣ ɫɤɨɪɨɫɬɶɸ ɚɛɫɨɪɛɰɢɢ ɮɨɬɨ-
ɧɨɜ ɤɥɟɬɤɚɦɢ ɢ ɫɤɨɪɨɫɬɶɸ ɪɨɫɬɚ: 

Ph1 Ph2 Phm

X/Ph

r r m
µ

η
+ = + , (18) 

ɝɞɟ 

( ) ( )
m HE1
X/Ph

M B0 B1 Ph1 HE1 Ph2 HE2 Ph1

η
Φ

=
Φ Ψ + Ψ Ψ + Φ Ψ − Φ Ψ

 (19) 

( ) ( )Ph H M M Ph1 Ph1 E1 Ph2 E2 HE1

HE1

1
m χ χ χ χ= + Φ Ψ + Ψ + Ψ Φ⎡ ⎤⎣ ⎦Φ

 (20) 

Ⱦɟɥɹ ɨɛɟ ɱɚɫɬɢ (18) ɧɚ µ , ɩɨɥɭɱɚɟɦ ɜɡɚɢɦɨɫɜɹɡɶ ɜɵɯɨɞɚ ɛɢɨɦɚɫɫɵ ɢ 

ɭɞɟɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ: 
Ph

m

X/Ph X/Ph

1 1 m

η η µ
= + , (21) 

ɝɞɟ    X/Ph

Ph1 Ph2r r

µ
η =

+
 (22) 

— ɤɜɚɧɬɨɜɵɣ ɜɵɯɨɞ ɛɢɨɦɚɫɫɵ ɢɡ ɫɜɟɬɚ, ɩɨɝɥɨɳɟɧɧɨɝɨ ɨɛɟɢɦɢ ɮɨɬɨɫɢɫ-
ɬɟɦɚɦɢ, ɷɤɜ. RO ɨɛɪɚɡɨɜɚɧɧɨɣ ɛɢɨɦɚɫɫɵ ɧɚ 1 ɷɤɜ. (ɦɨɥɶ) ɮɨɬɨɧɨɜ.  

Ɋɚɫɫɦɨɬɪɢɦ ɩɨɥɭɱɟɧɧɵɟ ɜɟɥɢɱɢɧɵ ɢ ɫɨɨɬɧɨɲɟɧɢɹ. ȼɟɥɢɱɢɧɚ Phm  

— ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɞɞɟɪɠɚɧɢɹ ɛɢɨɦɚɫɫɵ (ɭɫɥɨɜɧɨɟ ɧɚɡɜɚɧɢɟ, ɩɪɢɧɹɬɨɟ ɜ 
ɦɢɤɪɨɛɢɨɥɨɝɢɱɟɫɤɨɣ ɥɢɬɟɪɚɬɭɪɟ (ɉɟɪɬ, 1978)), ɪɚɜɧɵɣ ɬɨɣ ɱɚɫɬɢ ɨɛɳɟɣ 

ɫɤɨɪɨɫɬɢ ɚɛɫɨɪɛɰɢɢ ɮɨɬɨɧɨɜ, ɤɨɬɨɪɚɹ ɬɪɚɬɢɬɫɹ ɤɥɟɬɤɚɦɢ ɧɚ ɜɨɫɩɨɥɧɟ-
ɧɢɟ ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɩɪɨɰɟɫɫɨɜ ɞɢɫɫɢɩɚɰɢɢ. ȼɟɥɢɱɢɧɚ m

X/Phη  — ɦɚɤɫɢ-

ɦɚɥɶɧɵɣ ɜɵɯɨɞ ɛɢɨɦɚɫɫɵ. ɗɬɨɬ ɬɟɪɦɢɧ, ɬɚɤɠɟ ɩɪɢɧɹɬɵɣ ɜ ɮɢɡɢɨɥɨɝɢɢ 

ɪɨɫɬɚ ɦɢɤɪɨɨɪɝɚɧɢɡɦɨɜ, ɨɡɧɚɱɚɟɬ ɧɟ ɦɚɤɫɢɦɭɦ X/Phη  ɩɨ ɬɟɦɩɟɪɚɬɭɪɟ ɢɥɢ 

ɞɪɭɝɢɦ ɮɚɤɬɨɪɚɦ ɜɧɟɲɧɟɣ ɫɪɟɞɵ, ɚ ɬɨ ɡɧɚɱɟɧɢɟ ɜɵɯɨɞɚ, ɤ ɤɨɬɨɪɨɦɭ ɨɧ 

ɫɬɪɟɦɢɬɫɹ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɫɤɨɪɨɫɬɢ ɪɨɫɬɚ µ , ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ ɞɨɥɹ ɩɪɨ-
ɰɟɫɫɨɜ ɞɢɫɫɢɩɚɰɢɢ ɜ ɦɟɬɚɛɨɥɢɡɦɟ ɫɬɚɧɨɜɢɬɫɹ ɜɫɟ ɦɟɧɶɲɟ. 
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ɋɨɨɬɧɨɲɟɧɢɹ (18) ɢ (21) ɫɨɜɟɪɲɟɧɧɨ ɚɧɚɥɨɝɢɱɧɵ ɫɨɨɬɧɨɲɟɧɢɹɦ 

ɦɟɠɞɭ ɫɤɨɪɨɫɬɹɦɢ ɩɨɬɪɟɛɥɟɧɢɹ ɫɭɛɫɬɪɚɬɚ ɢ ɪɨɫɬɚ ɛɢɨɦɚɫɫɵ, ɦɟɠɞɭ ɜɵ-

ɯɨɞɨɦ ɛɢɨɦɚɫɫɵ ɢ ɭɞɟɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ ɪɨɫɬɚ, ɩɨɥɭɱɟɧɧɵɦ ɜ ɪɚɡɧɨɟ 
ɜɪɟɦɹ ɞɥɹ ɝɟɬɟɪɨɬɪɨɮɧɵɯ ɢ ɚɜɬɨɬɪɨɮɧɵɯ ɦɢɤɪɨɨɪɝɚɧɢɡɦɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ 
ɩɭɪɩɭɪɧɵɯ ɛɚɤɬɟɪɢɣ, ɨɛɥɚɞɚɸɳɢɯ ɨɞɧɨɣ ɮɨɬɨɫɢɫɬɟɦɨɣ (Erickson et al., 

1979; Minkevich et al., 2004; Pirt, 1965; Ɇɢɧɤɟɜɢɱ, 2005; Ɇɢɧɤɟɜɢɱ, 
ȿɪɨɲɢɧ, 1976). ȼ ɨɬɥɢɱɢɟ ɨɬ ɜɵɪɚɠɟɧɢɣ ɧɚ ɨɫɧɨɜɟ ɟɞɢɧɢɰ ɦɚɫɫɵ, ɛɨɥɟɟ 
ɱɚɫɬɨ ɜɫɬɪɟɱɚɸɳɢɯɫɹ ɜ ɥɢɬɟɪɚɬɭɪɟ, ɜɵɪɚɠɟɧɢɹ ɧɚ ɨɫɧɨɜɟ ɛɚɥɚɧɫɚ RO, 

ȼɗɉ ɢ Ɇɗɋ ɞɚɸɬ ɦɟɬɚɛɨɥɢɱɟɫɤɭɸ ɪɚɫɲɢɮɪɨɜɤɭ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɜɵɯɨ-
ɞɚ ɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɞɞɟɪɠɚɧɢɹ, ɩɨɤɚɡɵɜɚɸɬ ɤɚɱɟɫɬɜɟɧɧɨ ɢ ɤɨɥɢɱɟɫɬ-
ɜɟɧɧɨ ɜɤɥɚɞ ɬɟɯ ɩɚɪɚɦɟɬɪɨɜ ɦɟɬɚɛɨɥɢɡɦɚ, ɤɨɬɨɪɵɟ ɪɟɚɥɶɧɨ ɜɥɢɹɸɬ ɧɚ 
ɷɬɢ ɩɚɪɚɦɟɬɪɵ ɪɨɫɬɚ. Ʌɢɧɟɣɧɚɹ ɫɜɹɡɶ ɦɟɠɞɭ ɫɤɨɪɨɫɬɹɦɢ ɪɨɫɬɚ ɢ ɩɨ-
ɬɪɟɛɥɟɧɢɹ ɫɭɛɫɬɪɚɬɚ, ɦɟɠɞɭ ɨɛɪɚɬɧɵɦ ɜɵɯɨɞɨɦ ɢ ɨɛɪɚɬɧɨɣ ɫɤɨɪɨɫɬɶɸ 

ɪɨɫɬɚ ɞɨɤɚɡɚɧɚ ɦɧɨɝɨɱɢɫɥɟɧɧɵɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚɦɢ ɩɨ ɧɟɩɪɟɪɵɜɧɨɦɭ 

ɤɭɥɶɬɢɜɢɪɨɜɚɧɢɸ ɦɢɤɪɨɨɪɝɚɧɢɡɦɨɜ. 
Ɉɛɟ ɜɟɥɢɱɢɧɵ, m

X/Phη  ɢ Phm , ɥɟɝɤɨ ɩɟɪɟɫɱɢɬɵɜɚɸɬɫɹ ɜ ɟɞɢɧɢɰɵ 

ɦɚɫɫɵ. Ɂɧɚɱɟɧɢɟ m

X/Phη  ɹɜɥɹɟɬɫɹ ɤɨɪɪɟɤɬɧɨɣ ɨɰɟɧɤɨɣ ɧɚɢɛɨɥɶɲɟɝɨ ɜɵɯɨ-
ɞɚ ɛɢɨɦɚɫɫɵ, ɤɨɬɨɪɵɣ ɦɨɠɧɨ ɨɠɢɞɚɬɶ ɨɬ ɤɥɟɬɨɤ ɞɚɧɧɨɝɨ ɨɪɝɚɧɢɡɦɚ. 

3. ɉɨɞɫɬɚɜɥɹɹ ɡɧɚɱɟɧɢɟ E1r , ɧɚɣɞɟɧɧɨɟ, ɤɚɤ ɨɩɢɫɚɧɨ ɜɵɲɟ, ɜ (8), 

ɧɚɯɨɞɢɦ ɫɤɨɪɨɫɬɶ ɰɢɤɥɢɱɟɫɤɨɝɨ ɩɨɬɨɤɚ ɪɟɞɨɤɫɨɧɨɜ: 

( ) ( ) [ ]Ec M B0 B1 HE1 HE2 H M M

HE1 HE1

1 1
r µ χ χ= Φ Ψ + Ψ − Φ + Φ + + Φ⎡ ⎤⎣ ⎦Φ Φ

. (23) 

ɗɬɨ ɫɨɨɬɧɨɲɟɧɢɟ ɩɨ ɫɜɨɟɣ ɮɨɪɦɟ ɩɨɞɨɛɧɨ ɫɨɨɬɧɨɲɟɧɢɸ (18).  

Ɂɧɚɱɟɧɢɟ ɞɚɧɧɨɝɨ ɩɨɬɨɤɚ ɞɥɹ ɦɟɬɚɛɨɥɢɡɦɚ ɮɨɬɨɫɢɧɬɟɡɢɪɭɸɳɢɯ 
ɤɥɟɬɨɤ ɫɨɫɬɨɢɬ ɜ ɫɥɟɞɭɸɳɟɦ. Ɇɚɤɪɨɷɪɝɢɱɟɫɤɢɟ ɫɜɹɡɢ (ATP ɢ ɞɪ.), ɧɟɨɛ-

ɯɨɞɢɦɵɟ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɩɪɨɰɟɫɫɚ ɛɢɨɫɢɧɬɟɡɚ ɢ ɩɨɞɞɟɪɠɚɧɢɹ ɤɥɟɬɨɤ, 
ɩɨɥɭɱɚɸɬɫɹ ɩɭɬɟɦ «ɪɚɡɦɟɧɚ» ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɩɪɨɬɨɧɨɜ ɧɚ ATP. 

ɇɨ ɤɨɥɢɱɟɫɬɜɨ ȼɗɉ, ɩɨɥɭɱɚɟɦɵɯ ɡɚ ɫɱɟɬ ɬɨɥɶɤɨ ɩɪɹɦɨɝɨ ɩɪɨɬɨɤɚ RO ɩɨ 
ɗɌɐ, ɧɟɞɨɫɬɚɬɨɱɧɨ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɧɭɠɞ ɤɥɟɬɨɤ ɜ Ɇɗɋ. ȼ ɨɫɨɛɟɧɧɨɫɬɢ 

ɷɬɨ ɤɚɫɚɟɬɫɹ ɚɜɬɨɬɪɨɮɧɵɯ ɨɪɝɚɧɢɡɦɨɜ, ɤɨɬɨɪɵɟ ɞɨɥɠɧɵ ɮɢɤɫɢɪɨɜɚɬɶ 
CO2 ɞɥɹ ɨɛɪɚɡɨɜɚɧɢɹ ɨɪɝɚɧɢɱɟɫɤɢɯ ɦɨɥɟɤɭɥ, ɩɨɫɤɨɥɶɤɭ ɰɢɤɥ Ʉɚɥɶɜɢɧɚ 
ɬɪɟɛɭɟɬ ɦɧɨɝɨ ATP. Ⱦɥɹ ɭɜɟɥɢɱɟɧɢɹ ɩɪɨɞɭɤɰɢɢ ȼɗɉ, ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ 
ɨɛɪɚɡɨɜɚɧɢɹ ATP, ɢ ɫɥɭɠɢɬ ɰɢɤɥɢɱɟɫɤɢɣ ɩɨɬɨɤ ɪɟɞɨɤɫɨɧɨɜ. ɋɨɨɬɜɟɬɫɬ-
ɜɟɧɧɨ, ɚɛɫɨɪɛɰɢɹ ɮɨɬɨɧɨɜ ɮɨɬɨɫɢɫɬɟɦɨɣ I ɜɵɲɟ, ɱɟɦ ɜ ɮɨɬɨɫɢɫɬɟɦɟ II. 

ɉɨɥɭɱɟɧɧɵɟ ɛɚɥɚɧɫɨɜɵɟ ɭɪɚɜɧɟɧɢɹ ɢ ɜɵɜɟɞɟɧɧɵɟ ɢɡ ɧɢɯ ɫɨɨɬɧɨ-
ɲɟɧɢɹ ɞɚɸɬ ɤɨɦɩɚɤɬɧɭɸ ɤɚɪɬɢɧɭ ɷɧɟɪɝɟɬɢɤɢ ɦɟɬɚɛɨɥɢɡɦɚ ɪɚɫɫɦɚɬɪɢ-
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ɜɚɟɦɵɯ ɨɪɝɚɧɢɡɦɨɜ, ɜɵɹɜɥɹɸɬ ɤɥɟɬɨɱɧɵɟ ɮɚɤɬɨɪɵ, ɨɩɪɟɞɟɥɹɸɳɢɟ 
ɜɡɚɢɦɨɫɜɹɡɶ ɝɥɚɜɧɵɯ ɦɟɬɚɛɨɥɢɱɟɫɤɢɯ ɩɨɬɨɤɨɜ, ɜɥɢɹɸɳɢɟ ɧɚ ɷɮɮɟɤɬɢɜ-
ɧɨɫɬɶ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɳɟɫɬɜɚ ɢ ɷɧɟɪɝɢɢ, ɩɨɬɪɟɛɥɹɟɦɵɯ ɤɥɟɬɤɚɦɢ, ɧɚ 
ɤɨɥɢɱɟɫɬɜɨ ɜɵɪɨɫɲɟɣ ɛɢɨɦɚɫɫɵ. ɗɬɨɬ ɩɨɞɯɨɞ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɜɵɱɢɫ-
ɥɢɬɶ ɢɧɬɟɝɪɚɥɶɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɪɨɫɬɚ ɤɥɟɬɨɤ ɧɚ ɨɫɧɨɜɟ ɛɢɨɯɢɦɢɱɟ-
ɫɤɨɣ ɢɧɮɨɪɦɚɰɢɢ, ɩɨɥɭɱɟɧɧɨɣ ɦɧɨɝɨɱɢɫɥɟɧɧɵɦɢ ɢɫɫɥɟɞɨɜɚɬɟɥɹɦɢ ɢ 

ɤɚɫɚɸɳɟɣɫɹ ɪɚɡɥɢɱɧɵɯ ɭɱɚɫɬɤɨɜ ɦɟɬɚɛɨɥɢɡɦɚ. Ɍɟɦ ɫɚɦɵɦ ɫɬɚɧɨɜɢɬɫɹ 
ɜɨɡɦɨɠɧɵɦ ɫɨɛɪɚɬɶ ɜɨɟɞɢɧɨ ɨɬɞɟɥɶɧɵɟ ɮɪɚɝɦɟɧɬɵ ɮɢɡɢɨɥɨɝɨ-
ɛɢɨɯɢɦɢɱɟɫɤɨɣ ɤɚɪɬɢɧɵ ɠɢɡɧɟɞɟɹɬɟɥɶɧɨɫɬɢ ɤɥɟɬɨɤ. 

Ⱥɜɬɨɪɵ ɛɥɚɝɨɞɚɪɹɬ Ɇ.Ɇ. ɉɚɬɪɢɧɚ (Ȼɢɨɥɨɝɢɱɟɫɤɢɣ ɮɚɤɭɥɶɬɟɬ 
ɆȽɍ) ɡɚ ɨɛɫɭɠɞɟɧɢɟ ɞɚɧɧɨɣ ɪɚɛɨɬɵ. 
 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ ɊɎɎɂ-0804-90-205-Ɇɨɧɝ_ɚ, 07-

04-00375; ɇɒ-853.2008.4 ɢ ȽɄ 02.512.11.2213. 
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A brief account of the principles of cell metabolism mass-energy balance in-

cluding definition of the general unit of chemical compound reductivity, re-

doxon, is given. A scheme of redoxon, high-energy proton and high-energy 

bond balances in the metabolism of photosynthetic cells with two photosys-

tems is proposed. Balance equations are developed from which the stoichi-

ometric interrelations between main metabolic flows as well as the quantum 

biomass yield are expressed in terms of bioenergetic parameters of cells. 
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