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1   

 

1.1 я   

 

       

,     

.      

 ( ).      

 ,      

           

    ,   , ,  

  [31;88]. , 

, 

 [11; 32]. , 

, 

 0,2  0,5  [65].  2006 . , 

   

Alcanivoraxborkumensis SK2 [110]. 

 ( (3 )),  3- . 

 

200000  3000000 ,  [121]. 

       1900-  

 (  1).      1888 . , 

,         .  1926  

  (Lemoigne)  (3-

) ( (3 ))  Bacillus megaterium[79].  1958 .   

 ,         
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  ,       

  [88]. 

  1959-  ,     ,  

        

. W.R. Grace&Company   ,  

  (3 ).      

       .   1980-  

,      Biopol™, Nodax™, 

Biocycle™, Biomer™, BioGreen™. 

 [6]. 

 

 

 1-      

XX  
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   .  ,   , 

        . 

   , - ,  

   ,        

    « » [25]. 

 

1.2   

 

 -     , 

   ,    

(  2).        

        

[98].  

 

 

 2 –   [78] 
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       ,  

      :  (   

 , 3- 5),  (     , 6- 14)   

(  , 14- n) [132].    

 ,  Cupriavidus necator(  Alcaligeneseutrophus, 

Ralstoniaeutropha, Wautersiaeutropha),    -  

       

.      (3-

)       

  [121].     

 Pseudomonas.  

      

   .    

(3- - -3- ) ( (3 - -3 ))  (3-

- -4- ) ( (3 - -4 )),    

, ,  (3- - -3- ) 

( (3 - -3 ).        

 -  ,      

   ,   

  [12].   

       ,   

   ,      . 

      ,    

, ,    . 

,  Pseudomonas putida   ,   

,      [46]. 
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1.3   я  

 

  (3 )   :  phbA (  

 3- ),  phbB (   NADPH-  

-  )   phbC (  (3 )- ).   

        

phbCAB. ,    ,   

   [84].  

 Acinetobacter sp., Azohydromonas lata, Pseudomonas acidophila  

Cupriavidusnecator,  phbCAB     

(  3),          .  Paracoccus 

denitrificans, Rhizobium meliloti  Zoogloea ramigera  phbAB  phbC  

   [125]. -

Chromatiumvinosum, 

Thiocystisviolacea Synechocystis, phbE phbC, 

phbAB phbEC , 

[55].  

 

 

 3 -   phbCAB     

(MadisonandHuisman, 1999) 

 

phb C. vinosum, P. acidophila, C. necator, R. meliloti T. 

violacea phbF, .  

 P. oleovorans Pseudomonasaeruginosa,  
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, pha phaC,  phaZ, 

 [55]. 

   (3 ) ,  

      . Phb-  ( , 

   )  pha-  ( ,   

 )   ,       

  . 

 

1.4  

 

(3 )       

   .      

  ,  ,   

      

.        – 

« »,      

  [61].  

      , 

    ,    

     -  [11;23;118]. 

  ,     

  (3 )        

,      -   (  

, - )  -     

-CoA (  , - - )  

  3- -CoA,  

   -  (PhaC) [11;84]. 

Cupriavidusnecator(  

4), Aeromonashydrophila Pseudomonasstutzeri. 
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   ,  , 

, , 

, phaCABCupriavidusnecator,   

    .    

(3 )   ,      . 

(3 )  90% C. necatorH16 [97; 106]. 

 

 

 4 -     C. necator [78] 

 

. 

 3- - ,  (R)-

- -  ( PhaJ) [44].   

    3-

- .      , 

  -   3- - [104].   

 (3 )   . 

   PhaA ( - )     

 (3 ) –    -   -
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.      PhaA  C. necator, 

   ,        [68; 

71].        

    .    

 -      ,    

 Cys88        

- ,      -S- .  

   -       

 Cys379,     -S- , 

 - .  

 ,     ,  C. 

necator H16  14  -  [19].    

        ,  - , 

,  C. necator    

 ,       

 . 

   (3 ) -   

 (R)-3-HB-CoA    - -   

 NADPH   .   

  C. necator ,     

 -      

.      ,  

   : Asn112, Tyr153  Lys157[69]. 

     . -  

    .     

  60   phaC.    

 PhaC     .  

  ,    

  -       

. ,        
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I, III  IV ,         II. 

-   I ( ,  Cupriavidusnecator)   II ( , 

 Pseudomonas putida)     (PhaC)   

  61   73  [100].   III ( ,  

Allochromatium vinosum)   IV ( ,  Bacillus megaterium)  

   : PhaC (40,3 )  Pha  (20  40 ),  PhaC 

(41,5 )  PhaR (22 )  [88]. 

  (3 )  (R)-3-HB-CoA   

  ,     

.  ,  (R)-3-HB-CoA    

,      

 (R)-3-HB-CoA,      

  .     

 (R)-3-HB-CoA. 

 ,  PhaC      

   ,    -    

      

 [68].  ,    

,      

   in vivo  in vitro [28]. 

   ,   

,   -   , 

     , ,   

      . 

   .   

    pha    

 ,     ;  

      

  ;   

   , ,  
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     ;  

   [64]. 

 ,   (3 )    

      -    

        [54]. 

  ,   (3 )    

  NAD(P)H,    

 NAD(P)H:NAD(P) [77]. 

 

1.5  я 

 

    ,    

  : - , - , 

-  PhaI  PhaF   ,    . 

PhaD      ,   

 ,      . PhaF  PhaI 

     .    

      ,  , 

       [47]. ,  

 PhaF        [91].  

        .  

        

(  5).      ,    

 ,     С. necator. 
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 5 -      [62] 

 

   « » ,   

 -  (  PhaC1)   

  (3 ),    (3-

- )   [50]. -

(3 ) , 

-

PhaC,  [119]. 
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Budding-  ,  -    

   ,     

    ,      

  .  3 -    

    -  [35].    

   ,     

,  . 

  («Scaffold Model») ,  -  

      scaffold-  

 .         

    scaffold- .   ,  

     ,  

,          

scaffold- ,      [14; 123]. 

 

1.6    

 

 

     

 . 

     

 -   ,   

 ,       

.  (3 )  , 3   

        

.         

,      [138]. 

,   ,       

 .      
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    [65].      , 

      .  

   :    ,  

 , , , ,  , 

 [17;121].  , 

.  

       

   – - ,  

       

,      

.    C. necator   

     .  

   Pseudonocardiaceae, Micromonosporaceae, 

Thermomonosporaceae, Streptosporangiaceae  Streptomycetaceae 

  (3 )      

 .  - ,  

Alcaligenes faecalis ,       . 

  ,       

,  Rhodospirillum rubrum, B. megaterium, A. beijerinckii  

Pseudomonas lemoignei [121]. 

    -    

(3 )  3-  ,    

    α-   - .  

  -        

  CO2. ,    

,      C. necator H16 –   

phaZ1, phaZ2, phaZ3, phaZ4, phaZ5  phaZ6[5; 111]. 

   C. necator ,  

   (3 )    

.   (3 )   10   
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  [37]. , 

 

, , 

 [111].     

,    , 

,      

 -       [118].  

 

1.7   

 

        

 :      

,   ,     

   .     

   ,       

    [134].   

   ,  ,  

  . 

    (3 )     Bacillus subtilis,  

  90  ,    

[43]. 

      , 

     .  

,    .   

     ,   

   .  

   ,     

 ,  Cupriavidus necator[24].Cupriavidus 

necator   ,     

(3 -co-3 )  Imperial Chemic Cal Industries   



22 

 

 Biopol™.       

    .   1994 .  , 

Cupriavidus necator  76 % (3 )    

        ,  

  (10–20 / )   50  ,    110 

/   (3 - - )     [67].  

Burkholderia sacchari    

. ,        

        

    .   (3 ) 

(51,5 %)   ,   [86].  

    Burkholderia –Burkholderia sp. USM 

(JCM15050)      , 

  70% (3 )     

  [22]. 

 , Methylobacterium     

 .    Methylobacterium sp.GW2 

,       40% (3 )[137]. 

, Methylobacteriumsp. GW2 

-3- - -3-

, 

 [88]. 

Pseudomonasmosselli, 

,  

 50 %  [27].  

 , Haloferax mediterranei     

   75,4%  (3 -co-3 ) [56].  

     Massiliasp.UMI-21, 

   45,5 % (3 )     [52]; 
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Aquitaleasp.USM4  1,5 /  (3 ) [90]; 

  PseudomonasmandelliCBS-1    

22,3 /  (3 )        [80]. 

    ,    , 

    ,   

 ,  .  

    -    

  . , Escherichiacoli   

 ,       

      . 

,    Escherichiacoli  

  90% (3 )[129]. , , 

, 

, 

Cupriavidusnecator [58; 126]; Thiocapsapfennigii [81] 

Streptomycesaureofaciens[85] Escherichiacoli

- - . 

,     .  

,   ,      

[39],       ,   -

  [103]. 

 (100-200  )   

     Azotobacter vinelandii  B. 

subtilis,          . 

   in vivo   , , 

       

 [108]. 

 

1.8   

 



24 

 

   ,        

( , , ,  

),     

 (  6). 

 

 

 6 –    

 

      

     . 

      

.     ,    . 

          

   –  , , ,  

 ,       [57]. 

 ,         

  ,   .  

      

 .  (3 )    (3 -co-

3 )        .  
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   -   (  

, ,  ),    ( , , 

, ),      

 (        

,   ).  ,  

       

       

[88]. 

   

  .    

 Pseudomonas entomophila   

 , ,  ,  

 [30]. ,   3-   

(3 O),    [109].  

,  3-   (3- )    

      , 

    [42]. 

, 

  [93].  ,  , 

       

  , , .  

,  (3 )    R-3-  

,       

 Merck’s Truspot.    R-1,3-     

   - . 

    ,   

     -   
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[127]. 

 ,       

  (    )  

    .     

     , , 

 .   

     , 

        

  [18].      

,    - , ,  

    « » ,   

  [103]. 

 

1.9    

 

 

      

     ,    . 

       

:   15  ,  ,   

,      [116].  

       –  

   ,    50%   

  [88].       

     [94]. 

       

    .     

,       
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  ,    

   ,   .  

 ,    , 

   ,    , 

 ,       

   [76]. 

 

1.10 я    я     
 

 

        

    ,   , 

, ,       

 [72]. , 

 [29]. 

,          

 ,       – 

     . 

 

1.10.1 я       

 

 

  ,    

       [43]. 

      ,    

   Cupriavidusnecator        

     .   

     20 °C  30 °C   

  8,8 / .     

        40 °C  
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  - 0,5 / . ,    20 °C  25 

°C          

  .     

 7,04 /   25°C,    40 °C,   

 – 0,06 /  [107]. 

 

 

1.10.2 я    

 

       ,  

      1,3 /    6.  

        

 7,4 /     7.    

        

92,01%  6,81  /  .      

    ,    ,  

  .     6   9, 

    . ,    

  ,  . 

  7 [107]. 

 

1.10.3 я  я  я /  ( /N) 

 

– , 

, , ,    

[92]. 

   ,     

        

, ,  ,    



29 

 

      ,   

       , 

   (NH2)   [16]. 

, , 

- , , 

 [105]. 

      

/  (C/N)      [7; 33].  , 

  C/N   ,     

     .    

 P. nitroreducens  C/N   

     .   C/N  

       0,5  33,5%, 

        [136].   

     70% (   

    )      

 P. putida KT2440 [122]. 

  ,      

       

 [43]. , -3-

Bacillusmegaterium  (~70%) 

C/N 15:1 

 ((NH4)2SO4) 

 [41].  ,    C. necator  

 (~70%)    C/N 80:1   

,         

    (NH4Cl)     [135]. 

  ,     

  2 / ,   C/N  20:0,25. 

      ,   



30 

 

      ,   

   -     

 .    C/N  20:0,75   

  7,2 / .     C/N  

      [107]. 

 ,    C/N 20:0,75   

  (91,54 %)    (6,59 / ),  

   /N    

     ,       

    [128;131].  

         

  C/N     ( . . 

   N-  ).    

 ,  ,  N-   

       

   [75;131]. , (3 ) C. necator 

  0,08  0,17 / /     (NH4)2SO4  3,00  

0,75 /      80 / ,  

    ,     

 [34]. 

 ,      C/N   

     ,     ,  

    [7]. 

 

1.10.4 я  я   

 

       

    ,    

  ,     .  ,  

 ,       



31 

 

  . -      

           

      

     [124].    

    ,   ,   

         

 .        

    -   ,   

      -  [51]. 

     ,  

 ,   (DO)   

      ,   

         

   [49].      7,  

      (OTR)    

   (kLa)    

    (CL)     (CL*) [99]. 

 

 

 7 -          

 (OTR) [99] 

 

       

   [36]. , 

,  

[60].       ,   

       

   .    



32 

 

      

[20; 48; 83]. 

     1970-     

      Azotobacterbeijerinckii.    

  N-  C-     ,   

   O2  DO    

     (  50%   

 ) [113]. 

      .  

  E. coli  ,   

DO  40  15%        

  (81 %),  96,2 /   

   2,6 / /  [8].   C. necator  

   0-5 % DO     45,3%  

   2 [38].    

Halomonas campisalis     1-5 % DO    

   56%-  ,   

    1,7 /   0,04 /   [74]. 

 A. Vinelandii      DO (1 %  

  15 %)   ,   ,  

   (Y /S)    45  80 %,  1,7 

 3 /    0,04  0,32 /  [87]. C. 

necator

 50  70 % 

 300  200  [15].  

  ,   O2  

       (3 )  

  .  

       , 

 DO      , , 



33 

 

       ,   

 (       ),  

      .  ,  

      ,  

        

.   ,  

  (      )  

 ,     O2[40; 101], 

, 

, , C/N C/P. 

 

1.11 я    я  

я -    

 

        

( -   ( ),   

 ( ))      

 :      , 

, , [117]. ,    

  (M )  4×105     

.   M      

.   ,    M   6×105  

       

 [96].  

     .  

        

     ,  

      -   -

  ( , - ,  



34 

 

  ).  ,   ,    

    .  

       

      

 .    -  C. 

necator   E. coli ,    -

       

 [115].      

   Pseudomonas,      -  

  [59]. , 

-  [84]. 

 С. acidovorans,    -   

       ,     

 (4 )  4-   [120].  

   ,    

,   -     , 

   C. acidovorans.  ,  

  (3 ),   C. necator,  

    -  [66].    

 ,      

   -     

  invivo. 

       

    ( )  -  

 . Wangetal. [130], 

    -   

        

(3- - -3- ) (3 -co-3 ) 

  Azohydromonaslata     3-

     .  



35 

 

,  M     2,8  8,6 × 105    

   6  8 . 

       

pH       [10]. 

 , ,   /N  

      -  

 .        

         (C/N). 

,    C/N, 20   

       

   C/N,  6,6.   M  

 M     7,8×104  1,17×105    

/N 6,6  1,085×106  2,576×106    /N 20 

[96]. 

      ,   

    ,      

     

   -    

      .  

    (DO)   

   (3 )   Azohydromonaslata  

   ,      

  .  ( )   ( ) 

  (3 )      

 DO  5  30 %.  ,     DO ( . 

.  ,   )  

M   M    (1,075×106  2,035×106  ).  

       

,  M   M    3,35×105  6,35×105  
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.  ,   DO   

      .  

     A. vinelandii    

   OTR,     

     100  200      

500     200 . / .    

    ( ) .   

   (M ),    

,  M [95].       , 

 A. chroococcum,      

   (  )   (  

)   (N2- ).    ν 

  1480      2215    

 [89].  

 ,   DO  OTR   

    ,   

.   DO  1  15%,  ,   A. 

Vinelandii   [87]. 

, 

A. 

vinelandii, , 

 5, 10  20 %-

DO [26].  

 

1.12 я  я    

 

 

        

 ,       
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  . ,      

  .  

    ,  P. mendocina 0806 

  ,   . 

,        

  C:N  . ,     

(3- - -3- ),    

P. mendocina 0806     (4 / )    

         

  (  1).   

   C:N  20,  3-   79 %, 

,     C:N  200,  3-  

  5 %.   C:N  200,   

    (3- ).   

    (20 / ) P. mendocina 0806  

    [53]. 

 

 

 1 –    C:N   

 ,  P. mendocina 0806 [53] 

 

 

 

 

C:N 

   (%) 

    

 

<20 - 20-21 80-79 - 

20-200 - 71-95 29-5 - 

>200 - 100 - - 

 

<20 3-1 - 97-99 - 

20-200 - 12-11 84-89 4-0 

>200 - 11-12 78 12-10 
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 .        

      – - , 

   . ,   

    . ,    

 3-  , 4-    

5-    ,     

      [118]. 

         

 4-  (4- ) ,    

        

( ),  (  )    (1,4 – 

)   4- .        

  4-       1,4- . 

 4-   3  40 %      

     0  2,39  / [102]. 

        

 4-  (4- ) ,    

 C. necatorA-04        

  1,4-  (    4- ).  

   1,4- . ,    4-   

   0  94%    1,4-

     ( )  0  100 % 

.    4-  (94%)    

 1,4-      ( )  

100%    C/N 4[21]. 

    /N     

         

   pH     .  D. acidovorans, 

   10,0 /      



39 

 

  , ,    pH   

5,0  7,5   3-  (3- )   (3-

- -3- )   90  80 % [82]. 

        

     .  

        

    4-    (3-

- -4- )  Cupriavidus sp. USMAA1020. ,   

 4-  51 % (    (3- - -4- ))   

 - ,  –   1,4-

 (32 %),      4-

  – 44 % [9].  

 ,  ,      

         

    . ,    

      ,  

      

 С. necatorB-10646.  



40 

 

2    

 

2.1  я 

 

       

C. necator -10646,      

  ( ).    Ralstonia 

eutropha -8562       

   . 

C. necator  , ,  

 - .  

Hydrogenomonaseutropha[133], 

: 

Alcaligeneseutrophus, R. eutropha, Wautersiaeutropha [106]. 

      , С. necator  

    .  

       

       

-3-  [106].       

 , C. necator        

      [13].  

   ,    

     ,     

 ,  H2, CO2  O2  C. necator  

.       , C. necator  

      [63]. 

  ,  C. necator   

         

 [45].    C. necator       
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.   ,      

    [112; 114]. 

 

2.2   

 

      –   

,  Na2HPO4•H2O – 9,0; KH2PO4 – 1,5; MgSO4•H2O – 0,2; 

Fe3C6H5O7•7H2O – 0,025 / ,      

 (NH4Cl) – 0,5, 0,7, 1, 1,5  2 /      

.    ё  3    

 1  .   : H3BO3 – 0,288; CoCl2•6H2O – 

0,030; CuSO4•5H2O – 0,08; MnCl2•4H2O – 0,008; ZnSO4•7H2O – 0,176; 

NaMoO4•2H2O – 0,050; NiCl2 – 0,008 ( / ).     

   ( )    20 / .  

      0,5    

 ,     (0,3; 0,4; 

0,5)   -  «Incubator Shaker Innova®  

44 («New Brunswick Scientific», )  30°C  200 / .  

  48 . 

 

2.3   я 

 

       

.  

      

UNICO-2100 (UNITED PRODUCTS & INSTRUMENTS, )  λ=440  

(    1 );      

       1:5.  

  ,    

[2].     2   , 



42 

 

 (Centrifuge 5417 R, «Eppendorf», ). 0,5  

     25 . ,  1  

   1     (50  

   50  95 %-   )  3   

 :  (5:1).      

   .   

   20   t=80 º ,    . 

      UNICO-2100  

   540  (    5 ).  

    . 

      .  

 25     (Centrifuge 5810 R, 

«Eppendorf», ) 5   6000 / ,     

     (Centrifuge 5810 R, 

«Eppendorf», ).    .  

        

.        Sanyo («Sanyo 

Electric Co., Ltd.», )  105 º  24 .      

      Adventurer, «OHAUS», 

.         , 

 ,    . 

     2   , 

 (Centrifuge 5417 R, «Eppendorf», ). 1  

     50 . ,  10  

   1    (KOH)  0,5  

 .      

.       UNICO-

2100     400  (    10 ). 

     . 
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2.4   я    
 -    -  

 

   :   3,9-4,5   

  0,85  , 1   , 
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