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� �� � � � � � � � �

� � � �� � � � �

� � �FoF1- - � (EC ����������� � �

� � � � �� � �

�� � �  (  . .  ., 

2009). - � � � �  �  �

�� � � � - � �

� � � � �� � �

� � � � � � �

� � � � � �� �

� � � � � � �� �

� - � � � � � �

� � � �  (Moser T.L. et al., 2001; Moser 

T.L. et al.,1999; Moser T.L. et al., 2002). 

 -  �  � � �

� �� � �  (De Meirleir L. et al., 1995; Thyagarajan D. et al., 

1995).  -   �  � �

��  (Schägger H. et al., 1995). -  � �

� �� � � � �  � , 

�  �  (Moser T.L. et al., 2001; Moser T.L. et al.,1999; 

Moser T.L. et al., 2002; Wahl M.L. et al., 2005)�� � � � �� � � �

F F1- - � � � � � � � � �

� � � � � � � � �

� �  � (Thyagarajan  D  et  at.,  1995;  Senior  A.E.  et  at.,  

2007; Kato-Yamada Y. et at., 1998)��  � � �  
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� � � � �� � �

� � � � � � � �

� � � 

F F1- -  � �� � �

� � � � � �� � �

� � �� F F1- - � � �

� �� � � � )1- ��

� � � � � � � � � � �

� ) - �� � � � .  F1- � F F1- - �

� �  �� �� �� �� � � . Fo- � � �  

�� �� b �  (Borghese R. et al., 1998)�� � �

� FoF1- - � � � � � �

�� � �F F1- - � � � � ��

� � � �� � � � � �

� � � � � � � �� 

� � � �� � � �

� � � � � � ��

� �� � FoF1 - - � �

� � �� �   � � -

�  (  . .  ., 2009)�� � �

� � � � � F F1- - �

�� � � � � - � � �

� � � � � �

� � � � � � � � �� �

� � � �� � �� � ��

� � �� �� � � � �

F F1- - � � � � � �  ��

� � � � �� 



�
�

� � � � � � � - � -

� � � � (Zhang  F.  X.  et  al.,  1995;  Wittig  I.  et  al.,  

2008)�� � - � � � � � �

� � � � (Chen  X,  et  al.,  2011  ),  � � �

� � � �� � � � (Covian R. 

et al., 2012). � �� � � - � - �

� � � � � �� � � �

� � � � � � � �2 (Højlund K. 

et al., 2003). 

� � � � � � �

F F1- - � � � � � F F1- -

� � � � � �� � � �

� � � � F F1- - � � � �

�� � � � � � � � �  

� � � � � �

� �� � � � F- �� �

FoF1- - � � � � � � � �

� - � � �  - �

� 

F F1- - � � � � � �

� � � � � � � � � Ca2+
 

(Hensel M. et al., 1991; Hensel M., Ahmus H. et al., 1991) � � �

� �  (Hensel M., Ahmus H. et al., 1991)�� �

� � �c- �F F1- - � � � � �

� �� �� �FoF1- - � � ��

�� � � � � � � �� ��

�� � � � � �� � �

� � �� � � � �

� � � � � �� � � �
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- � �� � � � � � �

� � � �� 

� � �  

�� � � Streptomyces, � � �

� � � �� � S. avermitilis MA-4680 � �

�� � � � � � � !���� � � �

����� � �� � S. lividans TK24 � - �

� � � � � !���� � � � ���� � �� �

Streptomyces fradiae � ������ � � �  � �

� ��������� � � �������� � �.  

� �� � � � � � �

S.fradiae � ����� , � � , � � -

� � � ��� � � �

�� � � � � � � �FoF1-

- � �S. fradiae � ����� (Elizarov  S.M.� � � �Elizarov 

S.M.� � � ). 

� � � � �

 F F1- - � � � �� � � �

� � �� � � � � �

� � � � �� �

� � � � 2�� � �

� �� � � � (Lysenkova L.N. et al., 

2013; Lysenkova L.N. et al., 2014).  

� : 

� � �� �  F F1- - �

�S. fradiae ��������  � � � �

. 
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� : 

1.   FoF1 - � � S. fradiae ATCC 

19609, � � �  

� � � �  � �� 

2. � � � � )oF1- - , 

� � � � � � �

 S. fradiae ������; 

3. � � �   FoF1- -

� � � � �S. fradiae ������� 

4. � � � � � � � �

� �)oF1- - �S. fradiae ATCC 19609 

�   

� � � � � �

� � � �� � � � � � �

� F F1- - � � S. fradiae � ������� �

� � � �E. coli � � � �� 

� �� � � � -�� - - � - �FoF1-

- � S. fradiae � ������ � � � �

� � �� � �� � � � �

� � � - � E-  F F1- -

� �� � � � � �

� - � 

�  �� � � � ��

� � � � � � � � ��� � �

� �� � � � � �

� �� 
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� � � � � F F1- -

� � S. fradiae ATCC 19609, � � �

� � 

� E. coli BL21(DE���� � � � �

� �F F1- - �� � � � �

� � � � � � � � -

� � � � � � �

� � ��  

� � �  � � � �

� � � � F F1- - � � �

� S. fradiae � � � � � �

�± � � � 

�  

� � � � � � � �

� � � �����-����� �� � � � � �

� � � ����-����� �� � � � �
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2. � � )oF1- - � S. fradiae � ������

� - � .  

3. � � � � � � � �

� ��- � � � � � � � �

� � � S.fradiae � � � � �

 � 

� �� � � �  

� � �� � � � 

1. � � ��� � � ��� � � ��� � � ��� � � ���

� � �� � � � �Streptomyces 

lividans � - � � �

. �������� ����� �: 177-184.  

2. � � ��� � � ��� � � ��� � � ���

� � ��� � � �� � � � �

FoF1- - � Streptomyces fradiae � ������� . 2015.  � �: 

358-373 

� � � � � 

Nezametdinova V.Z., Alekseeva M.G., Mironcheva T.A, Danilenko V.N. Structural 

and Functional Characterization of Eukaryotic Type Serin-Treonin Protein Kinases in 

the Bifidobacterium longum B379M Strain. Abstracts 2nd International Congress-

Partnering & Exhibition on Biotechnology and Bioenergy. World Trade Center, 
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 1.   

1.1 FoF1- -    

FoF1-$7 - � � � � ��

� � 9� � 2;3+26���  � � �

� �� � � � � �� � � � �3i�� �

� � � �� � � �

� � � � �� � � �

� �� � � � �� �

�  � � � �� )oF1-$7 - � - �

� � � �� � � �

����� � � � � � �- Fo �F1 (Okuno D. et al., 2011).  

� � �� � � �

IUBMB (The International Union of Biochemistry and Molecular Biology - 

� � � � � � , "ATP 

phosphohydrolase (H+-transporting)". � � ��)1- ��

FoF1- �� ++- �� � � &D 2 + / Mg 2  + �� � �

� �� � � �� � � �� )oF1- -

��� � � � � (Enzyme Nomenclature: 

http://www.chem.qmul.ac.uk/iubmb/enzyme/)�� � F- � � �

"phosphorylation FDFWRU�� � � ��� � )1 �

� � ©)UDFWLRQ� �ª� � � ���� � � )  � �

� �� 

1.1.1 � � � -  

� � � � � � � � �

�� � � �� � � � �

�� � � � � � � � �� �

� � � � � � �� � �� �

� � � � � � � �



�
�

� �� � � � � � � �

�� �� 

� � � � � �� )- � � � �

� � � � ) (Boyer P.D. et al., 1997; Stock D. et al., 1999; 

Capaldi R.A . et al., 2002; Kabaleeswaran V. et al., 2006)  A/V- � � � �

� � � � ) (Müller V. et al., 2003; Coskun U. et al., 2004; Drory O. 

et al., 2006; Lapierre P. et al., 2006; Nakanishi-Matsui M. et al., 2006).  

� � � � � �� � 3- � �

$%&� �� )�9� � � � � �

�� � � � � � � �

� � (Saier MH Jr. et al., 2000). � � �� F/V 

� � �� � � � � � �

� - �� � �� � � � � �

� � � � � � �� � � �

�� ) (Capaldi R.A. et al., 2002; Noji H. et al., 1997; Pänke O. et al., 2000). 

� )�9- � � � �� � , 

�a�����c� � �(Müller V. et al., 2003; Drory O. et al., 2006; 

Nakanishi-Matsui M. et al., 2006; Forgac M. et al., 2007; Stock D. et al., 2000) 

� �1).  

  



�
�

 

�1: � � � � �)- � �� �9-
� � �� � � � � � � �� �

�� � � � � � �
� � � � �� � �� � �
� � � �� � � �

(Mulkidjanian A.Y. et al., 2008).  

� 9- �� � � � � )- �� � � �

� � � � (Drory O. et al., 2006; Forgac M. et 

al., 2007; Perzov N. et al., 2001; Beyenbach K.W. et al., 2006) � ��1��� � ��

� � - � � - �� 9  � � -

�� � � � �d- � f- � � �91 

(Iwata M. et al., 2004; Thaker Y.R. et al., 2007). 

AT � )�9- � � � � � �

� � � � �� � � �� � � � � �

� � � � � � �

� � � � �� � �� � )�9- �

� � � (Itoh H. et al., 2004)�� � �� �

� � � � �� � �

� � � � �� � �

�� �� � � � �



�
�

- � � �30)�� � � � �++ - ��� �

� � � � �� � � � � � ��

�� � � �� � � �� (Cramer W.A. et al., 1990). 

�� � �� � �� � � ��

� � � � �1D+- � � � � � �++ 

(Skulachev V. P. et al., 1988; Dimroth P. et al., 1997; Hase C.C. et al., 2001). 

�++- ��1D+- � � �1D+- ��1D+-  

� - �� 1D+- � � � � 1D+-

� � � 

� � � � � �� 30)� �

� � � � � � �

� �� � � � � � � �

�� � � � � (Deamer D.W. et al., 1997). � � �

�� � � � � � � �

� �� � �� � � � � � �

� � � (Dimroth P. et al., 1997; Konings W.N.  et al., 2006; 

Konings W.N. et al., 2002; von Ballmoos C. et al., 2007).  �

� � �� � � �Na+- �� �

�� � � � � � � � +- �� �

� � � � � �Na+- �� 

� � � � F- �9- � � �

� � � � � � �� � �b�� � �

�� � �  C/K- ��� � � � � � � ��

� � � �� �1��� � � � �

� � (Lapierre P. et al., 2005; Gogarten J.P. et al., 1989; Pallen 

M.J. et al., 2006; Mulkidjanian A.Y. et al., 2007)�� � � � �

�� �� � � � � � � -

�� � � - �� � �

� �� � � �(Mulkidjanian A.Y. et al., 2007). 



�
�

� � � � � � �

� �� � � � �9- � �

� � �(Drory O. et al., 2006; Nakanishi-Matsui M. et al., 

2006; Murata T. et al., 2005)�� � �� � � 9- �

� � � � � � - - � � � � ���

�*RJDUWHQ� �6WDUNH� (Gogarten J.P. et al., 2007)�� � � �

��9- �)- �� � � � (Müller V. et al., 

2003; Müller V. et al., 2005; Müller V., Lingl . et al., 2005)�� � � �

� � � � �� � � � 9- �

� � � � � � �� �

� � � 9- � � � �

� � �� �� 9- � � �

� � � � � � �Deinococcus-Thermus (Lapierre P. 

et al., 2005), Chlamydia and Spirochaetes (Mulkidjanian A.Y. et al., 2008)�� �

F- � � Protochlamydia amoebophila  � � Leptospira spp�� �

� � 9� ±$7 � � � � �� �

�� � � � 9- � � � �� � �

� � � (Hilario E. et al., 1998)�� � �� �

� )- � � � � Methanosarcina acetivorans � Methanosarcina 

barkeri (Sumi M. et al., 1997)�� � � Methanosarcina mazei�� ��

�  � � �� � ��

� � � � � � � �

� � � � )-   � 9- �� � � � �� �

� � � �9- � � � � �

�9- � �� �9- � � �

�� � � � � �� � � �

� � (Drory O. et al., 2006; Nakanishi-Matsui M. et al., 

2006)��  � � � � )- �� �

� � � � � � �

� � � (Senior A.E. 2007; Stock D. et al., 1999). �



�
�

� � � � �� � � �

� � � � )- � 9- �� � � �

� � � � � �� �

� � � � �� � � �

�� � � �9- �� � � ��

� � � � )- � (Gogarten J.P. et al., 1989; Hilario E. et al., 1993; 

Hilario E. et al., 1998).  

� � � � � �� �

� �� � � � � � � � �� �

� �� � � � � � �� �

� � � �� � � � � � ��

� � � � � � ± � �� �

� � � �� 

� � � � � � �� � � �Na+,  

� � �� � � � � �

� � Na- � - �� � � �

� � � � � � �� 

� � � ��Na+- - � �

� �� � � � � � +�� � � �

� � � � � � �� �

� � � � � �

� � � � � � � � �2)  ( �

� ��2013). 



�
�

 

� 2. � �  � �
�0XONLGMDQLDQ� HW� DO��� %LRO�� 'LUHFWª�� ������ ��� ����� � � �

� �� � � �Na+ �H+ � � ��� �
�� � � Na+ � � ��� � ��

� � �++ �1D+  � � ��� � �
� � � - �� � ��

� �� � ��( � � ������).  

 

1.1.2 � � � �)oF1- -  

� F- � � � � ��

� � � � � �� FoF1- - � � �

� ��-�� �� � (Borghese R. et al., 1998; 

Richter M.L. et al., 2000)�� � � ���� ��� � � �

� � �(Wittig I. et al., 2008).  

- � Escherichia coli � � � � �

� � � 3 3 DE2c���� � � � �

� � � � ��F1�� � � � �



�
�
( 3 3 �� � � � � �Fo�� � � �

(ab2c����� � � � � � �  �

� � � F���� � � � � 3 3 DE���� � �

� � �� � � - � b- �� � �

� � � � a�� � � � c- �

� � � � � � � � a �

� � �� �  �  � �

� c- �� � � � � � �

� � �  � - �(Vik S.B., 2007). 

F1 � �a���� �� � � � - �� �

� � � �� � � - � ��

� � � � � � (Okuno D. et al., 2011)�� �

� )1 � � � � � 3 3 1 1 1,  - � � ± �

� �� � � � � � � ± 

�� �3). 



�
�

 
 3�� � � �Escherichia coli)�� � � 3, 

3�� �� �� ��b2, a, c10-14 ��� � � � � � �± ��
� � � �� � � � � 10-14. 

(Dabbeni-Sala F. et al., 2012) 

� � �� � � �± �� �

� � � �� � � �)1 ± � � �

�� � � � � � � � � - � � );-

�Escherichia coli: (Ser-373, Gly-351, Ser-����� � � �

F1- �(Futai M. et al., 1989).  

- � )1- � � � � )oF1- ��

� � � � � - � � � � �

�� � �� � � � � (Ysern X. et al., 

1988)�� �� � � - � �  �

� �� � � � - �(Watanabe R. et 



�
�
al., 2013)�� �  �� � �$ - � +- � � -

� � � � � �� �

� � � � � � �

� � � - �F1 ± � � ��coli (Ala  151  -  Val  ,  Arg  

246 ± His, Gly 142 ± Ser, Met 209 ± He) (Futai M. et al., 1988).  

� � � � �� � -

� � � �� � t �� � l�� �

e �  4). 

 

� 4�� �  � � � � � ² �
� � - � � � t��� � � 0J$73�� b ² �
� � e) � � � �� c ² �
�� l��� � �0J$'3�(Tikhonov A.N. et al., 2003). 

� � � �� � � � t �

� � �� � l � � �� � e ² �� � � � �

� � � � � - � � �� ��

�� � - � � � � � �

� � � � �(Tikhonov A.N. et al., 2003).  

- � � � � � � - � �

� � � � � F1 � Fo�� - �



�
�

� � � �F1 (Kato Y. et al., 1997; Smith J.B. et al., 1977; 

Sternweis P.C. et al., 1980)�� � � � � �

� � � �� � � � - �(Iino R. 

et al., 2005; Saita E. et al., 2010; Suzuki T. et al., 2003; Iino R. et al., 2009).   

Fo � � � � � -   - � � � �

- � �� � � � � � �

� � � 10-14�� - � � � � �

� �� � � )1 � �� �

� � � �� � � �� � � ± 

� � � (Vignais P.V. et al., 1984) � �

� �(Suzuki T. et al., 2011)�� �± � � � -

� � � � � �� � � � �

� � b � � �� � � �

� � � � � �)1 (Walker J.E. et al., 2006) � ��3). 

FoF1 ± - � � � �� �

� � ����� � � �(Senior A.E. 2007)��� �  

� ��� � � � - �� � � � �

� � �� � � � � �� �

� � - � � � �� � � � �

� � � �  �� � � � � �

� �� � � � � � �

� � � � �� � � � �

� .(Dabbeni-Sala F. et al., 2012) �  5). 



�
�

 

� 5. � � � � � �� � �
FoF1 - - �� �� (Dabbeni-Sala F. et al., 2012) 

� ��� � � � � � � � � ± 

� �)1 �Bacillus�� � � � �

� � 1± � ± � (Kato-Yamada Y. et al., 1998)�� �

� �� � � � �� � � ± 

�� � � �� � �� � �

�� � � ��� � � � � �

� � �� � � � � ��

� � � ± � 3 3 � ± �� � �

� � � �� � � � ��

� � � � � � � � � �

� � � � � - � (Adachi K. et 

al., 2007)�� � � � �� � � �� �

�  � � � � � �� � �

� � ������ � � � �� � � �

� � � � �� � � � � �

� � � )oF1 - � � Propionigenium modestum � E.coli. 



�
�

� � � �� � � c- � �

� )oF1�� � � �� � � �

�� � � c- � � � � � �

�(Ueno H. et al., 2005). 

1.1.3 FoF1- - �   

� - � � � � � �

�� � � � � � DWS� %()+$*'&��

� � � �� � � ��

atpB  ( - ��� atpE  (c- ��� � atpF (b- ��� � atpH � -

���atpA � - ���atpG � - ���atpD � - ���

atpC � - ���  6) (Hicks D.B. et al., 2010).  

 

� 6. � � � Bacillus subtilis � ���
Bacillus pseudofirmus OF4 (B) (Hicks D.B. et al., 2010).    

� �� � � � Rhodosprillum rubrum � �

Synechococcus�� � � � � �� � �)o �)1, 

� � � � � � � � � � �

� (Falk G. et al., 1985; Falk G. et al., 1988)�� � � � �

� � �� � �b- � (Falk G. et al., 1988)�� �

� � � � � �

�� �� DWS(%)+$*'&� � Streptococcus mutans  Streptococcus sanguis 

(Kuhnert W.L. et al., 2003)�� � � � - �� �



�
�

� � � -  � � ��

� � � $WS,�� � � atpI�� � �

� �� � � �� � �

� ��� � � AWS,� � � � � �

�� � � �atpI � � � � �

� � �(Barriuso-Iglesias M. et al., 2006)�� � � �

(Kullen M.J. et al., 1999)�� � � � � � � �

� atpI (Gaballo A. et al., 2006)�� � � � atpI �

� - � Lactobacillus acidophilus � � 7) (Kullen M.J. et al., 

1999). 

 

�7�� � � �L.acidophilus. 

� � - �B. subtilis �L. acidophilus � � atpI �

atpB�� �� � �upp (Hicks D.B. et al., 2010; Kullen M.J. et 

al., 1999). 

*D\� �:DONHU� � � � � � WS,�� � �

� �atpI (Gay N.J. et al., 1981)�� � � � � �

WS,� � � � � � � �(Deckers-Hebestreit G. 

et al., 1996; Rak M. et al., 2008)�� � � � �

� � � WS,� (Suzuki T. et al., 2007; Ozaki Y. et al., 2008)�� �

� WS,� � � F- � � � � � � �

�� � �atpI �E. coli � � � �� � �

� � � � � �� � �

 - � (Gay N.J. et al., 1984; von Meyenburg K. et al., 1982). 

�atpI � �Bacillus pseudofirmus OF4 � �

�  � � � � �� �



�
�

� � � �(Hicks D.B. et al., 2003)�� WS,� �

� � � �� � � � � <LG&��

� � � � � F- �b- � �E. coli (Kol S. et al.,2009; van 

der Laan M. et al., 2004)�� �� � � � �AtpI 

� �  � � � � � 

� �atpI - � � . pseudofirmus OF4 �

� � �� � �atpZ � ���B) (Boyer P.D.  et al., 

1997)�� �atpZ �� SVHXGRILUPXV�2)� � � �� ��

� �� ��� � �� � atpZ � �

� � � � � � - � � ��

�� � � � � � � � ��� ��

�� �� � � � �� � � �AtpZ 

� � � � � � ��

� �� � � � � � - �

�� � � atpI � atpB�� � �� �

� � �� � � � �

(Gaballo A. et al., 2006).  

1.1.4 � � � �)oF1- -

�  

� � � � ) F1- - �� �

� � � � � � � �

� � � � � ��    �

� � � � �� � �

�� � � � � �� 

� �� � � ) F1- - � � �

� � � � � � � � � �

� � � � atp)�%� � atp)�(� � � � �

� � � 1-$7 - � � � Bacteroides fragilis��� �� � �� � �



�
�

�� � � � � � � �

-  � � � �� � � � � ��

� �� atp)�%� � � �� � � �� � �

� � � � �� � � � � � � �

�)1 �)o �(Brandt K. et al., 2013; Gajadeera C.S. et al., 2013). 

�� � �� � � � �

� � � � �� � � �

�� � �� �atp)�%��%�� � � � �

� � E.coli � � � � atp)�%��%��� � �

�� � � � � � �

- �� � � �� � � � � �

� - � � �� �  � � �

(Koumandou V.L. et al., 2014). 

�  � �

� �) F1- - � � �� �

� � � � �� � � � � �� �

� � � � � � - � �

� � �� � � � � ��� �

� - �� � � � - � - ��

�� �� � � � � � � � � �

�� � � � ����� � � � �

� � � � � ����� ������ � � � � � �

���� ������  8) (  . . � ., 2015). 



�
�

 
� �� � �� � � �
� � � � )1- � )oF1- 

- � � � ��   �� - �)1- �)oF1- 
- � �� �� �- � )1- � )oF1- - �



�
�

�� �� - � )1- � )oF1- - � �� �� -
�)1- �)oF1- - � �( � � �� � �������). 

 

1.1.5 �) F1- -  

� � � �� � � )oF1- - �

� � � �� � � � �

� � � � � - �� � �

� � � � � � ��

� � �� � � �

� �� � � � � � �

�� � � � � � �� � � � �

� � � � � �� � �

- � � � �� � � � � �

� � � � �� � � �

� ��(Chi S.L. et al., 2006).  

� - � � � � -

� � � � � � �� �

� � � � � � �� �

� � � - � � � -

� � � � � � �

� �� � � � �� � � �

� � � � � � � �

� � �� � - � � � �

� � � � �� � � � �� � �

� � � �� � �� � - � � �

� � � � � � �(Zhang X. et al., 2008).   

� � � � � � - � � � �

� � � � � � � �� �



�
�

� � � � � �� �

� � � �� � � � ��

� � � � � � � � � �

� � � � � �� � � � �

� � � � � �� � ��

M.tuberculosis � � � � Mycobacterium�� � � Micobacterium 

lepra �Micobacterium ulcerans�� � � � � �� � �

� � (Cosma C.L. et al., 2003; Koul A. et al., 2011)�� � �

� � � � � �� � � �

� �� � � � �� �

� � � � � �� � � �� -

�� � � � � � (Wayne L.G. et al., 2001; 

Timm J. et al., 2003)�� � �� � � �

�� � � � � � �� �

� � � � � � - � �

�30)��� � - � � � � � ��

� � �� 

� � � � �� �

� � � � � � � �� �

�� � � � � �� �

� � � � �� � � ��

- � � � - � � �

� � � � (Beyenbach K.W. et al., 2006; 

Müller V., Lingl A. et al., 2005).  

FoF1- - � � � � � �� �

� � Steptomyces, Mycobacterium, Corynebacterium�� �

� � � � � � �

(  . .  ., 2015).  

 



�
�

1.1.6 �) F1- - �Streptomyces 

Streptomyces - � � �� � � �

� � �� � � �� �

� � Streptomyces � � �

� � � �� � � ��

�� �� � ��

� � � �� Streptomyces � �

� � � � � �� �

� � Streptomyces � � � �

�(Procópio R.E. et al., 2012).  

� � � � � Streptomyces � -

�� � � �� � � � �) F1- -

�Streptomyces � �� � �E. coli�� - �

F F1- - � Streptomyces lividans TK24 � �� � �

� �� atpB   � - ��� atpE  (c- ����

atpF (b- ��� � atpH � - ��� atpA � - ��� atpG � -

���atpD � - ���atpC � - ��� �9). 

 

� �� � � �� � �DWS- �� ) F1- - � 
Streptomyces lividans TK24 (  . .  ., 2015). 

� � � � � � �� F F1- - �

� � � � � � � Ca2+
 



�
�
(Hensel M. et al., 1991; Hensel M., Ahmus H. et al., 1991) � � �

� � �(Shchepina L.A. et al., 2002)�� � �

F F1- - � � � � �� � � � � � �

�� � � � � �

(Hong S. et al., 2008).   

� �  � �

� �  Streptomyces�� � - � �

� � � �� � � � Streptomyces 

� � �� � � � � �

�(  . .  ., 2009; Enomoto Y. et al., 2001; � � � �

.,2012; Kim B. S. et al., 1999)�� � � � FoF1- - �

Streptomyces lividans TK24 (S.lividans) � � � � �

��FoF1- - � �� ��!���� � � �

��� � FoF1- - � Streptomyces fradiae ATCC 19609 (S.fradiae�� � �

� � � ������ � ��� � � � � �

� � � �(Alekseeva M.G. et al., 2009). 

� � Streptomyces fradiae ATCC 19609 � � �

� � � � ) F1- � � � Mg2+, 

� � Ca2+�� � � � ) F1- - �

� Ca2+- � - � � � ��

(Alekseeva M.G. et al., 2009). 

1.2 � -  

� � �� � � � � � �� �  

� �� � �� �� � �

� � � �� � � �

�  � �� � � ����� � , 

� �� � � �� �

� � � �  �� �



�
�

� � � �  � � � �

�� � � � � � �

� � �  (Cohen P. 2002).  

� � � � � � �

� FoF1- � � � � � �� � �

� � � � � �� �� �

� � �� � � � FoF1-

�� � � � � � ��  �

� � �� �� � �

� � � �� � � � �

� �� � � � � � �

� � � � � � �

� � �� � � FoF1- �� �

� � �± � �� �

� �� � � � � � � � �

� �(Nesci S. et al., 2017).��

� � � � �

�± � � �� � � �� ��

� �� � � � � �

� � � � � � �

�� � � � �� � � � -

� � � � � � �

� � � �� � � � � � �

� � � � �� � � ��

� � �� � � � �� �

� � � � � �� � � �

� � � � � � � �

� � � �� �� � ��

� � � � �� � �



�
�

� � � � � �� �

� � � � � � � � �

� � �� � � � �� � �

� � � � � � � � �

� � - � (Oxidative phosphorylation: 

https://en.wikipedia.org/wiki/Oxidative_phosphorylation).  

� � � � ��  

 ��  � � �

� � � � � � ��

� � � �  ( ��

� � � �� � � � �

� � � � ��

� - �� � � �

�� �  � � � �  (Smoly I.  et  

al., 2017).  

1.2.1  �    

� �� � � ��

� - � � � �

�� � � � � � � ��

�� �� � �� � �� �

� � �� � � � �� � � �

� �� � � � ��

� � � � � (Nichols B.J. et al., 1995; 

Hansford R.G. 1994).  

�� � � � � �� �

� � � �� � � �

� � �� � � �

� �� - � �� � � � � �

� � �� � � � �



�
�

� � �� � � � � �

� � � � �(Johnson L.N. et al., 1993). 

�  � � � � �

� � � � � � � (Oliveira A.P. 

et  al.,  2012;  Grimsrud  P.A.  et  al.,  2012;  Zhao  X.  et  al.,  2011;  Robitaille  A.M.  et  al.,  

2013). � � � � � � � ��

� �  , �  �  � �

� ��  �  � �� �

� � � � : �

- � � � � � ��  

� � � � � � � �

�� � � � � � � � �

�� �� � �� � � �

� � - � � � � � �

� � �   �

� �� � �� � � � �

� � � �  : � � �

� �� � �� � � �

� � � �  (Humphrey S.J. et al., 2015).  

1.2.2 �  �  �  

� �  � � � � �

�� � � � , � � � �

� � � � - � �� � � �

� � � � � � -  �

� �(Kenelly P.J. 2017).  

� � � � � �� � �

�  �   �  � . � � �

� �� � � � � � �� � � �



�
�

� � �� � � � �� � �

� � � � - �

� �� � � � � �� �

� � � �(Macek B. et al., 2007). 

� � � � � � �E. coli �

Salmonella typhimurium�� � � � � � � � �

� (Cozzone, A.J. 1988)�� � �� � � �

� � � � � � � �

� �� � � � � � � ��

� � �� � � � � �

� �� � � �� � �� � �

� � � �� � � �� � � �� �

� � � (Macek B. et al., 2007)�� � �

� � � �� � � � � � � � �

(Schenk P.W. et al., 1999)�� � � � S.fradiae 

ATCC 19609 �� � � � � � )oF1-

- �(  . .  ., 2009).  

1.2.3 � �)oF1- -  

� � � )oF1- �� � � ��� �

� � ���� �� � � � � �� � �

� � � � � � � � (Nesci S. et al., 

2017).  

FoF1- - � � � � � ��

� � �� � � � � � � � �

�� � � � � � �

�� � �� � �� �

� � � FoF1- - �� � �� � �

� � � � � � � �� �



�
�

� � �� � � �� � �

� � � � �FoF1- , 

� �(Nowak G. et al., 2015).  

� �)1 � � � ��

� � � � �� �

�F��H�� I� �$�/� � � � �� � ���

� � � � � � ,)� �

�%� � � � �� � � � � � � �

�(Højlund K. et al., 2003) �� � � � �,)���6HU-��� �

Ser-����� � � �� � � � � �� -

�� � �6HU-��� � � �,)���

�� � � � �(Covian R. et al., 2012)�� � �

� � � � )oF1- � � �

�� � 6HU-��� � 1- � � �

� - � ,)�� � - �� � � �� � �

� 6HU-��� � - � � � (Gledhill J.R. et al., 

2007)�� � � � )oF1- � � �

� � � �  � �� ��

� � � � � � �� � �

� � � � � � � � )oF1-

�� �� � � � �6HU� � 7KU��

� � � � � � �

 �� �� � � - � - �

� � �� � � �  (Kane 

L. A. et al., 2010; Reinders J. et al., 2007)�� � � � -

� � � � � 6HU� � 7KU�� � �

� � � � � �1- � � �

� � � � �26&3� �(Rees D.M. et al., 

2009)�� � 6HU- � - � � � � � -



�
�

� � FoF1- - � �� � � � �

� (Zhao X. et al., 2011; Boja E. S. et al., 2009; Huttlin E.L. et al., 2010) 

�� � � � � �  � Ser-184, 

Ser-���� � Thr-432 � �   � �� � � ± 

 FoF1- -  � � �  Ser-106, 

Ser-���� � Thr-312, Thr-����  � �FoF1- ��

� �� � � Ser-���� � Ser-���� � �

� � � � )- �� � � � Thr-

���� � )- �� � � � � � � � �

� � �� � � � � �

� � � � �  (Reinders  J.  et  al.,  

2007)�� � �� �7\U-��� - � � � - 

� � � � � � � �

�� � � � � � 3 3, 

� � �(Di Pancrazio F. et al., 2006)�� ��

� � � � � � �

� � � � � � (Davies K.M. et al., 

2012). � F-  �$� �3.$�� �

� FoF1- �� � � � � &D2+ � &V$- �

� � � � �

(mPTP) (Azarashvili T. et al., 2014). � �� �Ser � �

g- � � � � � � � (Reinders 

J. et al., 2007)�� � � � 7\U-��� - � � �

�FoF1- � � � � � (Di Pancrazio F. et 

al., 2006)�� � �� � � �� �

� � � � � � �

�(Nesci S. et al., 2017). 

� - � � � � �

� � � � � �)1�� � � �



�
�

� - � � � � �� � �

�� � � - � � �

� � � � � � � � ± � (Nowak G. et  al.,  

2015). 

� � � � - �

�)1�� � � ��� ��(Højlund K. et al., 2003)�� �

� � � �� � �� �

 � � � � � -

�FoF1- �� � � � �� � � �

� - �� � - � �  

� ��  � )1 - � - � �

 �FoF1 ±  (Kane L. A. et al., 2010)�� ��

� - � � � � )1- � (Di 

Pancrazio F. et al., 2006; Kane L. A. et al., 2006)�� � � - �

- �(Boja E. S. et al., 2009; Hüttemann M. et al., 2007; Hüttemann M. et al., 

2008)�� � � - � )1- � )oF1- � � � � �

� � � � � � (Zhang F. X. et al., 

1995) � � � � (Ko Y. H. et al., 2002)�� � �

� - � �)oF1- �in vitro (Liu X. et al., 2004).  

1.3 FoF1- - � �± � � �  

� �  � � � ������ �(Smith 

R. M. et al., 1954)�� � � � �) - �++-$7 - �

� � � � � � FoF1- �

(Lysenkova L.N. et al., 2017)�� � � � � �

� - � ������ �(Lardy H.A. et al., 1958).  

� � � � � � ��- � � -

� �� � � � �

�(Carter G.T. 1986) � �10).   



�
�

 

� ���� � � � �  
(Lysenkova L.N. et al., 2017).  

� � � � � �

� � � � � � �)  - �) F1- -  

� � � � � ) F1- - �

� �� � �� � � � �

� � � � �(Wender P.A. et al., 2006).  

    �

�� � � � � �

-  (Altamura N. et al., 1996; Cho H.J. et al., 1997).  

1.3.1 �  � � 

� � � � � � �

� �� � � � � �

� �  � � �� ��

� � � �� � � � �

.  � � � � �

� � � �Aspergillus niger (László Szilágyi et al., 1995)�� �

� �� � � � � � �



�
�

� � � � �� � � � �

� � (Lysenkova L.N. et al., 2010)�� � �

� -  �� � � �

- � � � � � � � �� � � �

� � � �� � � � � � �

� � (Rfmires  F.  et  al.,  1982)�� � � � � �

� � � � � � � �� � �� �� �

� � � � � � � ����� � � �

� � � � � � (  .   

., 2015). 

 

 

 

 ���� � � � ����� � � �����
33- - � �  � ���( �����). 

� � � � � ��

� - �« � � � � � � �

� » � � � S. fradiae ATCC 19609 

(  2015)�� � � � � �� � �

� � � �� � � � � � �

� � �  � �(  .   ., 2015). 



�
�

� � � FoF1- - �� � �

� � � � �  � �

� �  �   -33-  

� � � � � : � �)�� &O��Br),  SCN,  SH  

� �12). 

  

� ���� � � 33-(R,S)- -33- � �
(Lysenkova L.N. et al., 2016) 

� �  � � 33-(R,S)- -33-

� , �� � � ��- �  �

� � � � � �  � � �

� �  - � S. fradiae � S. albus. � �

� � � � � ��- � � � �

� �  (Lysenkova L.N. et al., 2016). 



�
�

� � � � � �

� � �  ��� � � �� � �

   33-O- �� �

 ���- -33- �$ �  13). 

 

����� �  33-O- � ���� � �33S)- -33-
�(3) � � �����(Lysenkova L.N. et al., 2013). 

� � � � � �� �

� �  � � FoF1- - � S. fradiae ATCC 19609. (33S)-

-33- � �  � � �

� � � �.���� �+&7���, � � � �� �

�� � � � � � � �

� � ��   � �

� � � � � �(Lysenkova L.N. et al., 

2013). 



�
�

1.3.2 � �� � � � �  

� � � � � � �

� ��  � �Streptomyces (Smith R. M. 

et al., 1954), � � � � �

 �� �  � � .� �F F1-$7 �

� � � � � � � , 

�  (Jonckheere A.I. et al., 2012).  

� �  � �  � �

� � � � �� �

� � � � � �

� � � � © ª� � � � ��

© ª��� © ª�� © � ª. 

� � � � � � � �  

� �  � � � � �

� �© ª�� � � ��

�  � � � � � � in vitro 

 � � � � ��� ��

� � � � ��  

� � � � in vitro. � �

�ISO 20776-1 � � � �(Rodloff A. 

et al., 2008): 

x � �SXVFHSWLEOH� �V���� � �  

� in vitro � � �� �

� � � �  

x � - � �Intermediate (i)��� �

� in vitro � � �� �  

  . 



�
�

x � � �Resistant (r)��� � �

� � � � �� � �

� � � � 

� � � � � Aspergillus niger, 

Candida albicans �Cryptococcus humicolus (  2015)�� � � � �

� � � � � � �

� �� � Phytophthora capsici (peronosporomycete), 

� � � � � � � (Kim B. S. et al., 1999; Yang 

P.W. et al., 2010)�� � � � � � �� �

� � � �� � � �

� � �(Liu X. et al., 2004).  

1.3.3 � � � � �)oF1- - �  

�    � � �± � �- �F  

-  - �� � � � 26&3 (the oligomycin sensitivity 

conferring protein).( Jonckheere A.I. et al., 2012). �� � �

� � � � *OX� ���� � � �

� � , � � � �� � -

� � � � F- ��  � ��

 � � �  �  14). 

 



�
�

 

� ��� � � � -  � ��� � -  
� � � �� . �� � � � �� �

� � � � � �� � � � ��
� � �� � � � � �

� ��+HOL[� �� - � � � - ��  
�F- ��+HOL[��� �    c- �� �

� � � $-(� � .-2�� � � �
� � �� � � � � �N.   � �
� � �� �  �� �   �� � �

�:��� � �+- � �*OX��� � � �� �/HX��� �
�1� � � � ��2��� (Symersky J. et al., 2012).  

� � � �� � -  � ��4). 

�  � � � � � -

�� � �  � � �

� �� � � � *OX��� � �

 � � � �� �  �*OX��� �

H- � � � �� , � � �� � +- � �

� � /HX��� � � � � �2���� �

�� � � � � � � �  

Glu59 � � � �� � � �

� �  FoF1- - � �  �

� � � � � � � � � � �

� �� � � �  � -



�
�

� � � � � - - �

.  

, � �� � ��

� �  �  � ��

� � �  �  - �� �

� � F- � � � � �

� � � � �  (Symersky J. et al., 2012) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



�
�

��� � �  

����� �  

� � � � Streptomyces fradiae ������ � �

� � � � � � � ��

� � � �*HQ%DQN� � �

JNAD00000000) (Bekker O.B. et al., 2014); 

 E. coli  DH5a: F±,  80 O F= 015, (l cZYA- rgF), U169 (Promeg ) (Inoue 

H. et al., 1990);  

E. coli  BL21(D 3): F±, d m, m T, hsdS(r ±m ±), g l  (D 3) (Novagen) 

(Mi r nd rf R. et al., 1994).  

����� �� � � � �  

� � � � � � � � �

FoF1- � � � �S(7��D�(«Novagen», ��(Mierendorf R. 

et al., 1994) � �15). 

 

 



�
�

 

� ���� � � � pET32a�� �
� � � �� 

� � �� � � � N- � - � �

�His-Tag � � � �  � � � �N-

� ��  � � �  �

� �� � �� � � � �� �

� � � .  

����� �  

� � � S. fradiae � ������ � �

�YEME ����� ��m/V) (Kieser T. � � ) ����  � ���� �

� � ��� � � � � ��� �

� ������g � � �-20� .   



�
�

� � � E. coli � � � �L- ���

� � � ����� � �m/V) (Sambrook J.� � � )�� �

� � � � � �

� � ����� � . � � � � � �

1. 

� �� � �� � � �

�E.coli  

�  � � ���  

YEME 

� �

�

 

- �± �� � �� � �± �� � � 

- �± �� � �� �± ��� � �� �± 250 

� �� � � � ��� � �  

���� ���� � �MgCl2 � � 

LB  - �± ��� � ��� � �± �� � � 

NaCl ± ��� � �� �± �� � �� �����- 7.4 

SOB - �± ��� � ��� � �± ���� � � 

NaCl ± �� � �� KCl ± ��� � �� � ��� � � KOH); 

� � ����� � � ��� �

�� �0J624 � � 

 

� � � � � � F F1- - � S. 

fradiae � ����� � � � � � �  E.coli 

BL21(DE3)�� � � �� � � � �

� �LB � ������ � � ������ � ��� 

� � � � � � � �

� � � �LB�� � � � � � � � � �



�
�

� � � ��������  ����� � � � �

37�  � � � ���  � � � (OD600) 0,6. 

�  �  � � �� ��

� 4-��  � ��� �� � � �

���� � ������� � � � � �-20� .  

����� �  � �S. fradiae ������ (Kieser T. 

et al., 2000) 

 S. fradiae ����� � ��� � - ��25mM 

TRIS HCl, 20 mM , pH 8,0��� � ���� � 10% SDS � ���� �

� �� � � � � � � �����

� � ��� �� � �� � � �  ��  

, �  � � � �� ��

 15 � � 8���� � ��   �  

��  � .   �  

 �  ��  � � � ����� � 

�� � ��� �    �

� � �� ��  15 � � 8���� � �� � �

  �  �� � � � � �

 5 � ���� ��   �

���� � �±��� � � � �15 � �

8���� � . � �   ����  , 

�   �500 � �� 

����� � � � � � �� � 

� � � � � S. fradiae � ����� � �

� � -100 (©'LDODW� /WG�ª�� �� � � PTC-0150 

(«MJ Research, Inc�ª�� �� � � �- ����© - ª�� �� 

���� �  � � ����� ���î � ����� ����mM 

dNTPs�� �� � ��P0�MgCl2, ���� � � � � ���� �Tag- . 

� � � ���� � ����� � � 



�
�

 � � � � � �

��� �N- � - � �  -, c, b-, -�� -, 

-, - � - �F F1- - �S. fradiae ������ � �

�Primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/). 

� � � � �  �� 

 = (G + C) × 4 + (A + T) × 2 ± 2. 

� � � ��� � �� � � � ��� � �

� �� �� � � � ��� � � � �� � � �

� ���� � � �1-�� �� 

� � � � � © ª�� �

� � � � � � ��� 

��� �� � � � 

�
 

� �(5'-3')*  

 �  � �  
ATPBC GGCCAGCTCGTCGGCGAGC ² 
ATPIN ATGCCGTCCAATGACGTCCG ² 
ATPIC CTCCTTCAGCGTGGCGCATG ² 
Del(+) CGGCAGCGCGAGGAGATCAT ² 
Del(±) GACCTCCTCGCGCGAGGCCG ² 
Alp(+) TAGCCTGGAGTCGGGACTC ² 
Alp(±) GTGACGGATCGGATGCGACG ² 
Gam(+) GCACCACCGGCAAGATGGAC ² 
Gam(±) GGAGATGGTGCGGACCAGGC ² 
Beta(+) AATCAGCGAGATCGTCGGTGGC ² 
Beta(±) GACGTGCAGCTCAGCAGCCA ² 
Eps(+) GGCGTTCTTCATGTGCGGTGGC ² 
Eps(±) CCGCACACAGTCAGAGCGAG ² 
ATPBC GGCCAGCTCGTCGGCGAGC ² 
ATPIN ATGCCGTCCAATGACGTCCG ² 
ATPIC CTCCTTCAGCGTGGCGCATG ² 

 � � � �FoF1 - � �E.coli 
ATPAN ATCCGAATTCGTGAGTGCTGACCCGACAACG EcoRI 



�
�
ATPAC CCGCAAGCTTGTGGTGCTCTGCGAGAGCG HindIII 
ATPCN  ATCCGAATTCATGTCCCAGACCCTTGCTGC EcoRI 
ATPCC CCGCAAGCTTACGAACGGCATGACGAGGCC HindIII 
ATPBN ATCCGAATTCGTGAACGTTCTGGTTCACCT EcoRI 
ATPBC CCGCAAGCTTGTCGGCCGGCCTCGGCCTTC HindIII 
DelN ATCCGAATTCATGAACGGAGCGAGCCGCG EcoRI 
DelC CCGCAAGCTTGCCGGCCATCCGCCGGGA HindIII 
AlpN ATCCGAATTCATGGCGGAGCTCACGATCCG EcoRI 
AlpC CCGCAAGCTTCTTGCCGGCGGCCGGAACGT HindIII 
GamN ATCCGAATTCATGGGTGCCCAGATCCGGGT EcoRI 
GamC CCGCAAGCTTCCTGTCACTCCCCGCGGTCG HindIII 
BetaN ATCCGAATTCATGACCACCACTGTTGAGCCG EcoRI 
BetaC CCGCAAGCTTCAGAATAACGGGCGTGGATCC HindIII 
EpsN ATCCGAATTCTTGGCTGCTGAGCTGCACGT EcoRI 
EpsC CCGCAAGCTTGCGCTTGCTCGCGGCCGCG HindIII 
S.Tag CGAACGCCAGCACATGGACAG ² 
T7term CTAGTTATTGCTCAGCGG ² 
* � � � � � �EcoRI (GAATTC�� � 
HindIII (AAGCTT). 
**S.tag, T7term ± � . 

 

� � � � � � ���� �

� � ����-���� � � ���-��� �� � �

� � � � � � '1$�(FR5,�+LQG,,,�

�©)HUPHQWDVª�� �� 

����� � � � �  

� � � � � � � �Gel Extraction 

Kit�� � � ©)HUPHQWDVª�� �� � �

� � ���� � � � ����-���� � �

� ��� �� � � � � � � � �

'1$�(FR5,�+LQG,,,� �©)HUPHQWDVª��� � � � �� �

� �� � � � � � ���� �� � �� �

%LQGLQJ�%XIIHU�� � � � � � ��� � � ��-��� � �

� � �� � � ��� � ��� ���� � ��

� � ����� �:DVK�%XIIHU�� � ��� ��

�:DVK�%XIIHU� � � � ��� �� � � �



�
�
��� � � � � � � ��-��� � +�2� �

��� � ��� ���� � � 

� � � � � � � �

��� � � 

����� � � � �E. coli � � �

�Sambrook J.� � � � 

� � � � � � � � � LB.� �

� � �� � � � �� � � �� ���� � � �

� ����� �� � � ����� � � ,�� �

���� � � ,,�� � � � � � � � ���

�� � � ���� � � � � � � � � ������ �

� � � ��� � � � �� � �

� ��� � � �� ���� � �� � � � � �

� ����� � � � ���� � �� �

�� � �� � � �� ���� � �� � �

� � � �� � � � � �

������9�� � � � ����� ����� �� � �

� ��� � � ±��� �� � � ��� � � �� ����

� �� � � ���� � ���� � � �

� � ��� �� � � � ���� � � 

�I: 50 mM �����mM Tris HCl pH 8,0, 10 mM �� 

� � � 

�II: 0,2N NaOH, 1% SDS�� � 

2.8�� � �  � �  Plasmid 

Miniprep Kit  

� � � � � � � �©)HUPHQWDVª��

��� � ����� �� �� � � � ����



�
�

�� � � � � �� � � �� ���� � �

� �� � � ����� �� � � ����� �5HVXVSHQVLRQ�

VROXWLRQ� � � ��� � ���� � � /\VLV� VROXWLRQ� �

� �� � � � ��-�� �� �

���� � � 1HXWUDOL]DWLRQ� VROXWLRQ� � � �

� � � �-�� �� � ��� � � �� ����

� �� � � � � � �� � �

�� ���� � �� � � � ���� � :DVK� VROXWLRQ� �

� �� �� � �� � � ��� � ��

� � � ��� � � ��

��� � ��� ���� � � 

����� � �F F1- -  

� � � � � pET32a � �

� �EcoRI �HindIII. 

�������  

�   � �� � � �

� � ��-�� ��� � ������ ��� � � (10 

 � � �� � )�� � � � ��-���� � �

���� �� � � � ������ � � � �

���� � � �� � � � � � �

� � � � 

�������  

� � � � � � � � �

� � � � � � � � �� -

� � � � � � � � �

� 1:10 � �   � � � � � �

��� �   � �� � �����-0,4 



�
�

��� � ����-���� ��� � � ������ ��� �� � � ����

���  � � ���� � � ���� � 

2.10.  

�������� � � � E.coli  �

� 

� � � � E.coli � � � �

� � /%�� � � � � � �

� � � � � ��� �� � ��� �

� � � /%� � �� � � �

� �� �� � ���� � ���� � ����� � ��

� � � � � � ������� � � � � ���� ��

� ���� � � SOB � � � OD600 = 0.05. 

 � ��� �  �200 - ���� � � � � �  �  �

� OD600 = 0,6 ± 0,8, � � � � ��� ��

� ��� �  ����� � � �  ��� �� �

 � ��� � � �Rf 1.  ��� �

� ����. �    � ��� � � � Rf 2. 

� � � � �-��� � 

��� �  � � � ��Rf 1 
�Rf 2). 

 �� ����� � 

Rf 1 

������ �H2O�� ��� � �� ��� �KCl � �� ���
�MnCl2���� �CH3COOK � ������� �CaCl2 (10% 

� � ��� ��� � �
HCl � � �pH ����� 

Rf 2 
������ �H2O����� � ������� �CaCl2 (10% 

� � ������  MOPS ���� ���� �KCl 
� ������ ��H KOH � � �pH ����±6,8) 

 



�
�

� � pH � � � �� � � � �

�� � � � � �� � �

����� � � � �LB). 

2������� � � E.coli � � � �

 

� � � � � �  � �

� � � � ���� ± ���� � � � � �� �

���� �� � � ��  � � � 2 

- �� . � ��� �� � � � � �� �� � �� � �LB �

� �� � � ���� �40-��� ���-��  �

). � � � � � � � �LB, 

� ������ � �� 

������ � � � �

�� � 

� � � � � � (Sanger 

F. et al., 1992) � - � � - �

�� � � � BLAST  (https://blast.ncbi.nlm.nih.gov/) 

� � � � . 

������ � � � F F1- -  � �

E.coli/BL21(DE3) 

� � � �  E.coli BL21(DE3)�� �

� �� � � � � � LB � �

�� �� ������� 

� � � � � � Sample �

� �� ����� � ULV-+&O�� S+� ����� ��� �� ��� �-

�� ����� SDS�� ������� � �� � �

� � ����C � ���� � � � � �



�
�
SDS- � � ������ � � � �� � � �

� � � �E. coli�� � �pET16b �

� 

� � � � � � �

� � � � �SM0441 («Fermentas»)��  

� � � ��� �� � � � �

� ���� ������������ ��� � ���� � � � � �

� � � �� , �  � � ��� �� � �

� � � ���� � � � �� �

� � � � � ��-��� �� � � � � ���

� � � � 

� �� 

��� � � ������ �HCl): 1,5 M -base; 0,1% SDS 

��� � ¶� ������ �HCl): 0,5M -base, 0,1% SDS 

��� � � � � ������ ������ �� ����� -

� 

4. Sampl � � � � � ��� � � -HCl; ��� �� ���

�� � �HCl �����������SDS�� �  

5. � � � PMSF:  50mM  KH2PO4 pH 7.2; 1M NaCl, 100mM 

PMSF; 0,5M � 

��� � �� ����-8.4: 0,025M -base; 0,192M �������

SDS.  

��� ����- � � �� ��� ����� � � ������ �

� ���� � ������ � 2 ������ �����PSA����� �TEMED; 

��� ���- � � �� ��� ������� � � ¶����

� � � ���� � 2 ����� �����PSA����� �TEMED; 



�
�

��� � ������ � ����� � � � ��

���� � �� 

���� � � � ������ � �G-�������� ����� �����

� � ������ � 2 � 

���� � �- ��� � � 

������ � - ��6'6-PAGE)  

� � � 2¶ � (O'Farrell P.H. 1975) � �

�� 

2.13.1 � � � � � �

 

1) � � -HCl ����� � ���� 

2) SDS sample- ����� �������� � �  ����������SDS;  

5% - ������ . 

3) ���� � � �IEF (1- � ��� 

������ � ������� � ����� � �  

4) ���� � � �SDS ���- � �� 

����� � ������ � ����� � �  

5) � � ��� ��� ���� � �� ��� � � �

����������� � ��ó� ����-������ô� ����-���������� - � � 

2% CHAPS 

6) � � ������ �������� �H3PO4 

7) � � ������ ������ �NaOH 

8) � �� �������� -HCl ����� �  �����SDS 0,1% 

9) � �� � ������� -HCl ����� �  ������

SDS 0,1% 

10)   - � � �� ��� � ����� ����� � -base; ������ �

�������6'6 

11)   ������ �  �����6'6����� 

12)   � � � ¶ ���� ���� � �����&+$36� 



�
�

��� P0�'77�� ����� � � �ó� � ���-����� ��ô� � ���-7,0); 1mM 

PMSF. 

������� �  

� � � � � � � �

� � � �� � � �� � � � �

� � � � ��� �� � � � ��

�� � � � ��� � � � �

. � �� � � � � ����� �

� � ���� �� � � � � � � ��

� � � � 

������� � � � �  

� � � �� � � � 3DUDILOP�� �

� � � � � � � � �

� � � � � � �����36$� � � ��� �

� �� � � � � � �

�36$� � +22� ������ � � � ��� �� � �

�� � ��� � � �� � ��

� � 3DUDILOP� � �� � � � � � �

� �� � �± � �� �  � � �� 

� ����� �± ��� ������ �± ��� ������ �± ��� ��

� � � �� � � � � � �+2O. 

� �� � � � � � � � �

 ����� � � ���� �� 

������� � � � �  

� � �� � � � �� � � ������� 

 



�
�

������ � � � � � �

� 

� � � �1L-17$ )DVW 6WDUW .LW («4LDJHQ»)� 

��� �� � � �  ���� � ���

� ���� � � �� ����� �1D+2PO4, 5 

� ris-HCl�� ���� �NaCl�� ��� � �� � - 8,0),  � �20 

�2��� �, ��� � - . 

��� � ��� � � � �� �  2-�� �� 

���   �  � ��� ����� . pulse, 

15 � off). 

��� � ������ � �� ��� �� ���� � � � �

� �� �� � �� � �� 

��� � � � � �� � � � � 

��� � ��� � � � 

��� � � � � 

��� � � ��� � � �� ����� �

NaH2PO4���� � ris-HCl������ �NaCl����� � ��  - 8,0. 

��� � � � � � �� � �� �� ��� �

NaH2PO4���� � ris-HCl������ �NaCl������ � �� -8,0. 

���� � � � ����� � � � �±��� �� 

���� � � � � � � 

�.��. � � � � ��%UDGIRUG�0�0��

����� 

� � � � � �&RRmassie Brilliant Blue G-

����� � � &RRPDVVLH� � � � �

� � � �� � � � � � �



�
�

- � � �� � � �

� � � � � �

� � � � � �� � �

&RRPDVVLH� � � � � ��$UJ�� 

� � 

��� � � � � � � ���� � �

� � � � � � � � 

��� � � �� � � ©0ª� � © ª� ���� �

� � � � �� � � � �

� 

��� � � � � ����� � � 

��� � � � � � 

��� � ��� � � � � 

��� � � � � � � �

� ����� . 

��� � � � � � � �

� � � � � � � � �

� � � � 

� �© ª��� �� 

���� � � *-����� ��� � � ���� � � ��

� � � � � � � � � � �� �

� � � ���-�� � ��� 

� � � � � � � � � �

� 



�
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������ � � � � S. fradiae � ������

(Elizarov S.M.� � � �Elizarov S.M.� � � ) 

� � � � � � - � 

�������� � � 

� � � � � � ���� � Tris-HCl, 

���� �NaCl���� � Cl2���� �MgCl2������ ���� � ������ � ��

���� � E- �� ���� � NaF�� � � � - � �� � �

�� pH ������ � � �� � � �� � ��� � � ��� ��

� � � � � �� �

��� � ��� � � ���� � � � ��

� � � � � � ������� �g � �

��� �� � � � � � � � �

� � � �� � � ��� � �

��� � � �SDS-PAGE. 

�������� �   

� � � � �  � � � ���� �

-HCl, pH ��������� �NaCl���� �MgCl2�� �� �CaCl2���� � ��

���� � PMSF�� ���� �� � � � � CL-6B 

�³Pharmacia Biotech´��� � � � � � �

� � � �� � ���� � NaCl � ��� � AT ��

� � � � � � � � AT � � � G-��� �

�SDS-PAGE. 

������ � �FoF1- -   

� � � � � �� ���� �

ris- l � � ������ ���� �NaCl�� �� �MgCl2�� �� � - �� ���� �

�������- �Tween-20, 10%-  ��� 



�
�

� � � � � � ���� �

� ��� � � � � � � �� � � �� � � � �� �

� � -�� -�� -, -, -, a-, c- � b-  � ATP �

� ���� �� ���� � �( -�� )-ATP, � ��

� �� � � � �� � ��� � � � ����

�� � � ����� �� �� � � ���� �

� ��� �� � � � ��� � � � �

� �� � � � �� � � ���C.  

� �  � �6'6- � ������� ��

� � � ���- � �� � ����- � � 5���� �

� � � � 

������ � � � � � �

 

�6��IUDGLDH� ������� � � ���� ������ � � �

��� �� � � � � � ���� ����P0� ULV-

O� -����� � ��� � ����� � � � ��� �� �

� � � � ���� ��� ����P0� ULV-HCl (pH 7,5),  

10 mM MgCl2�� ���� �� ��P0�306)�� ����P0�'77�� � �

� �©3URPHJDª�� ��� � �� � �� � � �

���� ����� �� � � � �

� �9LEUD�&HOO��8OWUDVRQLF�3URFHVVRU��©6RQLFVª�� ���� ���� � �

���� � ��� �� � � � � � ����

� � �� � � ��� ���� J�� � � � � �

���� � ���� � ���������J�� � � � � �

� � �� � � � ��� � � �� � � ���� ���� J��

� � � � � � �� � �

� � � � � � � ��� � �

� � �� � � � � �

� � � �±��� �� 



�
�

������ � � � � 

� � ���� � ���� � � �� : 25 mM Tris-

+&O�� -7,4), 5 mM MgCl2, 5 mM MnCl2, 1 mM DTT���� � ������mM PMSF. 

� � � � � � � ���� ��

���±��� �( -32P)- � ������ � � ����� � ��� � �� � ��

� � � �� � ��� � � ���� � � ��

� � � � � �� ��� � �±��� ��

� � � � � ��� � � �� � � �� 000 g. 

� � � � �� ����� � ����- �

� -����� ����� �� ��- � - �� �

� � �� � � �

� � �� � - � 

������ � � � -  

� � �� � �©3URPHJDª�� ��,Q�*HO�

'LJHVW� 3URWRFRO��� - �  � ��

� � ©%UXNHU� 'DOWRQLFVª� � �� � %UXNHU� Daltonics 

�8OWUDIOH;WUHPH�0DOGL�7RI�7RI�0V�� �©%UXNHU�'DOWRQLFV�*PE+ª�� �� � �

� � � � � �� � �� �

�� � � � � � � 0DVFRW�

(www.matrixscience.com). � �  � �1&%,� 

2.21 � � � � S.fradiae �

� - �  

�S.fradiae ATCC19609 � � ���� ������ � � �

+18 �� � � � � � � ��� � ��

�� ���� � �� ��� mM ris- l�� -7,5, 1mM PMSF. 

� ��� � ����� � � � ��� �� � �

� � ����� ��� ��50mM MOPS, 10 mM MgCl2, 10% 

�� 1 � � �� 1mM PMSF�� � � �

��� ���� �� � � � � �

�9LEUD�&HOO��8OWUDVRQLF�3URFHVVRU��©6RQLFVª�� ��� �20 � ��20 



�
�

�SXOVH����� �off�� � � �� ���� � �+�� � �14000 

� . � � � ���� � � � � �� � �

+4 � ���������J�� � � �� � 50 mM MOPS pH-7,5; 

10 mM MgCl2; � � � �©5RFKHª�� �� � �

� �� � � +4 � � ���� ���� J�� � � � �

� � � � � ��� ��� �. � � �

� � � �±700 � 

2.22 � - �  � �

� �  S.fradiae ATCC 19609 

� � � � � �)oF1-$7 - �

� � � � �S. fradiae ATCC19609 � �

 Koul A. et al. 2007   .  

  � � 1$'+,  � �

� � � � � � 

� � � (   ��� �� �

� �� 50 m � 0236�� S+-7,5, 10m � 0J&O2, � �

� � � � � ����  � . � �

� � � N,N-Dicyclohexylcarbodiimide (DCCD, 

©$OID� $HVDUª�� �� (Toei M. et al., 2013), � � - 

2OLJRP\FLQ�$�� ������� � � �© �© ª�� � (Pagliarani 

A. et al., 2013), �  - /HYRIOR[DFLQ��©6LJPDª�� �� (Koul A. 

et al., 2007)��� � � � �1$'+� � � �����

� � � �  �� � � � �� � �

� � (   �� ) � .2HPO4 (  

 ��� ). � �  � ��

� �� � �� ��� ,  1, 10, ���� ��� � ��� .  

� � � � %LRPHN� ������

�©%HFNPDQ�&RXOWHUª�� � ���- � � ��� � ������ �



�
�

�� : 100 m � ULV-+2$F�� �� � �� S+-������ �� ��� �

� � �$73� ELROXPLQHVFHQFH�$VVD\�.LW�+6� ,,�� ©6LJPDª�� ���

� ��5/8- relative light units) - �� �'7;�����

0XOWLPRGH� 'HWHFWRU� �©%HFNPDQ� &RXOWHUª�� ��� � �� � ±

����� �� � �± expected high activity. 

 

2.23�� � �  

 � � � FoF1- - � �

Streptomyces fradiae � �����  � � � �

� � � � � � NCBI 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA244372). 

� � � �1&%,� �8QL3URW��http://www.uniprot.org/�� �

� � � � � �� � �

�� � �� � � � � ��

� �Streptomyces ( � � �� � �������).  

� �� � � �� � � �

� � � �� � � �

� � � � � � NetPhos 3.1 

(http://www.cbs.dtu.dk/services/NetPhos/��� � � � �

± � ProtParam (http://web.expasy.org/protparam/)�� � � �

� � � � � � � � �

�%/$67� �https://blast.ncbi.nlm.nih.gov/��� � � � � �

� �'� � � � � 6$6�

(http://www.ebi.ac.uk/thornton-srv/databases/sas/). 

 

 

 



�
�

���� �  

3.1 � �FoF1- - �Streptomyces fradiae 

ATCC 19609 

� � �� � � � �

� � � FoF1- - � � Streptomyces 

lividans TK24�� � � � �� DWS,%()+$*'&��  

� � � � - � � ,- ��

� � �(Hensel M. et al. 1995). 

� � � �  �

� FoF1- - � � S. fradiae � ������ �

� ��� � � � � ���-100% 

�� � � - � � � � �NCBI 

�S.coelicolor,  S.lividans �S.avermitilis:   

- ATPAN �ATPAC � � � ; 

-  ATPCN �ATPCC � �  � 

- ATPBN �ATPBC � � �b; 

- Del���� �Del(±�� � � � � 

- Alp���� �Alp(±)  � � � � 

- Gam���� �Gam(±�� � � � ; 

- Beta���� �Beta(±) � � � � 

- Eps���� �Eps(±) � � � �� 

� � � F F1- - � � � �

� � S. fradiae � �� � � ��

� � � � � � � � �

� � � � � �



�
�

� � � � � � �F F1- - � �

S. fradiae � ������� �� � � � � ��

� � � � � �� atpI � ��

� � � AtpI��� � � � atpB, atpE,  

atpF, atpH,  atpA, atpG, atpD, atpC�� � � �� ��b�� �� �� �� � � �

�� ����� ���� 

 

 16. -   S. fradiae  19609 ± �

�� � � 

 I- ��Fo- �� � �� � �b�� �F1- �� � �� �� �� �� � 

� 4. � � � FoF1 - �
�S. fradiae � � � � 

�
-  

S. fradiae 

�  �� � �
 

�
 

��
� . 

� ��
�  

� ��
 

Fo a atpB 822 273 30,230 
Fo c atpE 225 74 7,411 
Fo b atpF 558 185 20,234 
F1  atpH 816 271 28,944 
F1  atpA 1572 523 56,494 
F1  atpG 918 305 32,754 
F1  atpD 1455 484 52,477 
F1  atpC 378 125 13,074 

 

 � � � � � �

� � � � S. fradiae ATCC 19609, GenBank 



�
�
�-1$'������������� � � � � �

- ��NCBI PGAP�� � � � � 

� � F F1- - � � S. fradiae ATCC 19609 

� � � �� � � � �

�Streptomyces � � �  S. avermitilis MA-4680), �

� � � NCBI: � � �
- � �  �

� � � �� � � - � � �

� � � �� ���. �  S. avermitilis MA-4680   �

� �
- � � � � � � � ± 

�F F1- - �  

 � 5. � � FoF1- - � � � S. fradiae 

������� 

�
 

� �� �
� � 

Locus_tag 
� �
� � � 

�
� 

- hypothetical protein SFRA_00840 SFRA_00840 198419 - 199066 

- protein tyrosine phosphatase SFRA_00845 199063 - 199776 

- transferase SFRA_00850 200207 - 201568 

atpI ATP synthase I SFRA_00855 201884 - 202321 

atpB ATP synthase FoF1 subunit A SFRA_00860 202586 - 203407 

atpE ATP synthase subunit C SFRA_00865 203478 - 203702 

atpF ATP synthase FoF1 subunit B SFRA_00870 203744 - 204301 

atpH ATP synthase FoF1 subunit delta SFRA_00875 204298 - 205113 

atpA ATP synthase FoF1 subunit alpha SFRA_00880 205233 - 206804 

atpG ATP synthase FoF1 subunit 
gamma 

SFRA_00885 206807 - 207724 

atpD ATP FoF1 synthase subunit beta SFRA_00890 207730 - 209184 

atpC ATP synthase subunit epsilon SFRA_00895 209317 - 209694 



�
�

- hypothetical protein SFRA_00900 SFRA_00900 209820 - 210269 

- chitinase SFRA_00905 210467 - 211732 

- hypothetical protein SFRA_00910 SFRA_00910 211970 - 212221 

- hypothetical protein SFRA_00915 SFRA_00915 212211 - 213491 

 

�atpB�� � � � ��� � ����� � .  

�AtpB � � �GenBank KDS89924, locus_tag "SFRA_00860"), � �

���� � �� � � � � ������� ��

� � S, ������ � � � �

�"FoF1 ATP synthase subunit A; Validated" (43 - ���� � ��� �

  - T43, Y45, T97, Y106, T155. 

� atpE�� � � � C,   � � 225 

� .   �AtpE � � �GenBank KDS89925, locus_tag "SFRA_00865"), �

� ��� � �� � � � � ������ ��

� � S, ������ � � � �

� "ATP synthase subunit C; cl00466" (10 - ��� � ��� �  

 - � 

� atpF�� � � � B,   � � 558 

� .   �AtpF � � �GenBank KDS89926, locus_tag "SFRA_00870"), �

����� � �� � � � �������� ��

� � S, 5,16�� � � � �

�"ATP-synt_B" (10 - ��� � ��� �   - 

T68, T145, S155, S163, T175. 

� atpH�� � � � � � �,   �

� ���� � .   � AtpH � � � GenBank KDS89927, locus_tag 

"SFRA_00875"), � � ���� � �� � �

� �������� �� � �S, 5,54�� � �

� � �"FoF1 ATP synthase subunit delta; Provisional" (1 - 271 



�
�
� ��� �   -  T23,  S46,  S90,  S104,  S133,  S134,  S182, 

S212, S266. 

�atpA�� � � � �� �,  � �

����� � .   � AtpA � � �GenBank KDS89928, locus_tag "SFRA_00880"), 

� � ���� � �� � � � �

������� �� � � S, 5,12�� � � �

� �"FoF1 ATP synthase subunit alpha; Validated" (4 - ���� � ���

"ATP-synt_ab_N" (30 - ��� � �� "F1_ATPase_alpha" (98 - ���� � ����$73-synt_ab_C" 

(388 - ���� � �� � � ��Walker A motif" (173 - ���� � ����Walker B motif" 

(269 - ���� � ��� � � � � � � �

�� � AT - � � � � ���

   -  T5,  S28,  S145,  T177,  S215,  S219,  S317,  S348, 

S391, S421, S441, T453, T454, T485, S486, S507, S515. 

�atpG�� � � � �� �,  � �

���� � .   � AtpG � � � GenBank KDS89929, locus_tag "SFRA_00885"), 

� � ���� � �� � � � �

������� �� � � S, 6,39�� � � �

� �"FoF1 ATP synthase subunit gamma; Validated" (2 - ���� � ��

� � � � �  � � � �

�, � � � � � � �

�� � � � � � � � �

�.    - S14, T16, T18,  S44,  T51,  S61, 

T69, T71, T102, T128, S137, S144, S146, Y147, S187, S197, S208, S221, S248, S259. 

�atpD�� � � � � � �,   � �

����� � .   � AtpD � � �GenBank KDS89930, locus_tag "SFRA_00890"), 

� � ���� � �� � � � �

������� �� � � S, 4,79�� � � �

� �"FoF1 ATP synthase subunit beta; Validated" (16 - ���� � ���

"ATP-synt_ab_N" (18 - ��� � ��� �F1-ATPase_beta" (95 - ���� � ��� �ATP-synt_ab_C" 



�
�
(376 - ���� � �� � � ��Walker A motif" (171 - ���� � ����Walker B motif" 

(260 - ���� � ��� � � � � � � �

��� AT - � � � � �� � �

� � ��    - T3, T4, S75, 

T91, S122, T125, S142, S306, S311, T332, S348, S353, S372, Y376, S423, Y457. 

� atpC�� � � � � � �,   �

� ���� � .   � AtpC � � � GenBank KDS89931, locus_tag 

"SFRA_00895"), � � ���� � �� � �

� �������� �� � �S, 5,03�� � �

� � � "FoF1 ATP synthase subunit epsilon; Validated" (2 - 

���� � �� � � � � � � �

�. �   - S18, T22, T29, T60, T92, S104, 

S106,  S123. � � � ) F1- - � S. fradiae � ������ �

� �  � � ��� 

� � � � �

�� � � � )oF1- - � S. fradiae ATCC 

������� � �Streptomyces�� � � � �Actinobacteria � �

 2  ( ��-4). � �� � � � �� � -

� � � � �� �

 S. albus � S. xinghaiensis. � - � � �

 �� �  S. ambofaciens,  S. parvulus � S. 

subrutilus. � �� � � �� � �

� -, -, - �� �� �� � �

� � � � � � � �� � ������ �

� � � � � � � � � �

� � � � ����� � � � ���� � Fo- �

� � � - �b- �� � � -

�� 



�
�
3.2. � � � �

� F F1- - � � S. fradiae � ������ �

� � � �  

� � � � � ) F1-

- � � �S. fradiae $7&&� ������ � � � � 6��

OLYLGDQV� 7.��� � � � � �� � � S. avermitilis MA-

4680 ± � � �� � � � ��� �� �

� �D��F� � � � �$7&&������� � �

� F� � � � � 7.���� �

� � � � � � � � �

� ��). 

� 6. � � �
�  -   S. fradiae � ����� �
�  -  S. lividans TK24 � S. 

avermitilis MA-4680. 
�

-  

S. fradiae 
ATCC 19609 

�   -  
S. lividans TK24 S. avermitilis MA-4680 

    

Fo a AtpB 82% 91% 77% 88% 

Fo c AtpE 96% 98% 85% 90% 

Fo b AtpF 88% 91% 87% 90% 

Fo �$WS+ 75% 85% 76% 87% 

F1 �$WS$ 92% 96% 92% 96% 

F1 �AtpG 78% 89% 75% 87% 

F1 �$WS' 88% 94% 88% 93% 

F1 �$WS& 84% 92% 85% 92% 

 

� � � � �

F F1- - �  � � � �



�
�
Streptomyces �� � � � �� � - �

� � � � S. albus � S. xinghaiensis�� � -

� � � �  S. ambofaciens,  S. parvulus 

�S. subrutilus.  

�S. fradiae ATCC 19609  � �  �

� � F F1- - � � ( � � �� ���� ���

Lysenkova L. et al. 2013, Ko Y. H. et al. 2002)�� � � �

 � � � � � � �

� � � 

� � � � �

� F F1- - � � � S. fradiae ATCC 19609  

� � � � Streptomyces�� �

�  Bifidobacterium � � � �

Mycobacterium � � �7. 

� 7�� � � �
�  -   S. fradiae � 19609 �
�  -  S. lividans TK24 � S. 

avermitilis MA-4680. 
  � - �S. fradiae ATCC 19609 

Streptomyces Bifidobacterium Mycobacterium 

F0 a AtpB 77-96% 28-34% 27-35% 

F0 b AtpF 83-99% 35-40% 28-46% 

F0 c AtpE 85-100% 49-62% 32-58% 

F1 �$WS$ 89-99% 72-74% 71-75% 

F1 �$WS' 86-99% 72-74% 70-74% 

F1 �$WS* 77-99% 44-47% 40-47% 

F1 �$WS+ 76-98% 31-34% 38-48% 

F1 �$WS& 72-98% 37-44% 40-48% 



�
�

3.3. � � � � FoF1- -

�S. fradiae ATCC 19609 

� � � � � � � � � E.coli. 

� ��� � � � � � � S. fradiae 

� ����� �  � � �� �

N- �C- � � � � � � � �

�EcoRI �HindIII: 

- ATPAN �ATPAC � � � � 

-  ATPCN �ATPCC � �  � 

- ATPBN �ATPBC � � �b; 

- DelN �DelC � � � � 

- AlpN �AlpC  � � � � 

- GamN �GamC � � � ; 

- BetaN �BetaC � � � � 

- EpsN �EpsC � � � �� 

� � � � � � �� . �

�� � �His-Tag � 6-WDJ� � � � � � � �

� � � � � 7U[�7DJ� �����

�� � N- � � � � �

� � � � � � � , 

� � � � � � �

� � � � � � . 

� ��  atpE �atpC�� � � �c � �� �

� ���� � ���� � ��� � � � � �

������� ��������  �� � � � � �

�� � � � �� � � �E. coli.   

� � � � � � � �

� EcoRI � HindIII � � � pET32a. � �

� �a-, -, b-�� -�� -�� -, - � - � � �



�
�

� �� �atpH�� �� �atpA�� �� �atpG�� �� �atpD�� �� �atpC, 

�� �atpB�� �� �atpE � �� �atpF �  17).  

 

 17.� � � � - � )oF1- -
� �E.coli. 

� � � � �� � � E. coli �BL21(DE3) 

� � � �� 

� � � � c- � � E. coli BL21(DE3), 

� � �� �atpE, � � � �/%� � �

 � � ��� �� � �� �� � � � � �

� � �BL21(DE���� � �pET��  � ���

� � �c- � � � E. coli BL21(DE3) �

� � � � � ���� �� � �

� � � �   � � � �

� � � � � S(7��D�� � ��

�� � � � � � � �

� � � ��� ��  18). 



�
�

 

�18. � � � � �E.coli 
%/���'(���� � � S(7��D� F� - �                                 
M ± � �� ������ - � � � � �� �� ������ - �

� � � �� �� ������ - � � � � �� �  1, 4, 7 ± �
pET32a; 2, 5, 8 - � �� �atpE � - ��� ��� ��� �� - �

�� �atpE � - �- � � � � 

� � � � � � � E. coli 

BL21(DE3)�� �  �� :atpH�� �� :atpA�� �� :atpG, 

�� :atpD�� �� :atpC�� �� :atpB � �� :atpF, � � �

�/%� � �  � ��� �� � � -�� -�� -, -, -, a- �

b- � � �E. coli�� �  � � , 

� � � � � �

� � ���� ���� ���� ���� ���� �� � ��� � � � ����� �

� � � � � �

� � � � � � � � �

� �S(7��D�� � �  



�
�

 
�19. � � � � �E.coli 

%/���'(���� � � S(7��D� F� -�� -�� -�� -�� -�� - � E-
: 1± ��a; 2 - �� �atpH � - �����- �� �atpA � -

�����- �� �atpG � - �����± �� �atpD ( - ���
6 - �� �atpC � - � © ª��� � ± � �� �� ± 

�� �atpB (a- ); 8 ± �� �atpF (b- ). 

� � � � -�� -�� -�� -, - � -� � �

��±���� � � � ,  � �  ��

�� � � ���� � �� � ��

� �±��° � � � � � � � 

� � � � � � �

� �� �� � � E. coli, � � � �

� � His- � Ni-NTA � �©Qiagenª�� ��

� �QIAexpress � � �� 

3.4.  � � F F1- -

�S. fradiae ������� � � �in vitro  

� � � � � � � FoF1- -

 S. fradiae ATCC 19609 � � � �

� � � �� 



�
�

� � � �� �� � � (�� FROL��

� � � � � � +LV- � 1L-NTA 

� �©4LDJHQª�� �� � � 4,$H[SUHVV�� � (�� FROL�

%/���'(���� � � �� � ����� � ���

� ��� � � � ���� � � ����� �

NaH2PO4�� �� � -+&O�� ���� �1D&O�� ��� � �� -8,0, � �20 

�2��� �� � � ��� � - �� � �� � � �� �� �

�   � � ��  � � � ��� � � �

� �� � � � �� � � �

��-�� � � � �� � ���� � �� � �

� � � � �� � ���� �

�� � � � � � � �� 

� � � � � �

� � � � � � S. fradiae ATCC 

������� � � � � - �� � ��

� � � � � � � �

� � �� �  � � � ��� 

 � ��� � �   �S. 

fradiae ATCC 19609 �  ( -32P)-$73� � � �� � �

� � � � 6'6- � �  20, ). �

� � � � � �� � �

 � � 6'6- � � �

� �.2'$.�MXG Film (100sh���  20, ). 



�
�

 

� 20. � ± � � � �

� � � ����� � ����� � ����� � ����� � ����� � ± �

� � ������ ������ ������ ������ ������FoF1-AT - �

S. fradiae ������� 

�  � �� � � � �

� � � � � ���� ���� �� � �

� � � - � - � - � ��

� � - � � � � �� � -

�� � � � � � � �

� ���� ���� �� � � - � - ��

� � � � � �Fo- �F1- � - �

�D�� E�� F� � �� � �� � � � � � �� � �

� � � �� � � � -�� -, 

- � - �� � � � - �� � �

�� � �� � � � � �� � -�� -�� - 



�
�
� - � F F1- -  � � �

� � �� 

3.5�� � � � � �

� �S. fradiae ������ 

� � � �  �

� � � �  S. fradiae � �����, 

�FoF1-A - � 

� � � � � in vitro �

� ( -32P)- �� � � � �

� ��  21).  

 



�
�

 

��1. 2D SDS-PAGE � � �S. fradiae �
19609.  ± � �� � � G250.  ± 

�� - � � �
�� 1 ± F1- � - �� � �� 2 ± Fo- � -

�� �b. 
� � - � � � ���

�� � � �� � �� - �F1- �

� b- � Fo- � FoF1-A - �� � ��� �

� � � � � � � � � ���� �

� �© � � � � � » 

� - � b- � � �� � � � � �



�
�

�) F1- - �� � - � � �

� � � � � � � � � �

�� 

 

 

 

 

 

 

 

 

 



�
�
 

� 8. � � � � �� � � � �

�Streptomyces fradiae �������� � � �19. 

�  *   ��
� ** 

�� ��
 

pI 

 
 
 
 
 

1. �

 
� � �

 

1 - �F F1- -
 

 

atpD 0001 
207730..209184 

52,38 4,91 

2 b- �F F1- -
 

 

atpF 0001 
203744..204301 

20,23 5,16 

3 ABC- � -
�  

 

SCO424
0 

0068 
16582..17502 

31,78 5,54 

4 �&R$�  SCO647
3 

0008 
3364..4992 

49,27 6,88 

5  
 

SCO700
0 

0023 
44255..46474 

79,31 5,04 

 
 

��� � �
�  
 

6  
 

SCO156
5 

0015 
122785..123618 

30,64 7,21 

7 -6-
 

 

pgi 0010 
68231..69883 

60,06 5,97 

8 �
 

SCO139
1 

0045 
53716..55386 

57,36 4,89 



�
�

 
 

���  
 

9 - � -
 

 

 
ligA 

0001 
334323..336530 

80,83 5,16 

10 �  Tu 
 

SCO132
1 

0026 
32423..33616 

43,87 5,15 

 
 
 

4. ��
�

� �  

11 50S � �
L29 

 

SCO471
0 

contig0026 
46129..46518 

 

13,44 4,61 

12 �� �
 

SCO219
8 

0004 
62044..68697 

232,26 5,56 

 13 1- -5- �
 

SCO552
0 

0102 
2059..3690 

58,49 5,72 

 
 

��� � �
� � 
�  

14 � �
 eryC1 

 

SACTE_
2966 

0080 
4231..5403 

41,33 6,20 

15 SAM- �
 

 

SCO099
5 

0001 
197491..198315 

 

30,25 5,10 

 
 
 

��� �
� �  

16  
GCN5-  

 

SCO099
5 

0039 
23628..24401 

28,01 5,69 

17  
SCO4595 

 

SCO459
5 

0010 
4454..15731 

44,52 6,41 

18  GroEL 
 

groEL 0009 
98884..100506 

 

56,80 4,90 



�
�

 
 

��� � �
�
�  

19 - �  
 

SCO250
5 

0009 
130411..132894 

 

87,07 6,74 

20 Fe-S � � �
SufB 

 

SCO192
5 

0010 
48435..49856 

 

54,45 5,00 

 
* � �� � �  21. 
** � � � � �NCBI �S. fradiae ATCC 19609. 
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3.6. � � � � � � �

� � � )oF1- - � Streptomyces fradiae ATCC 

19609 

� � � � � � � � ��

�FoF1-AT - � � � � � � (imv) 

Streptomyces fradiae ATCC19609, � �� � �

� � � � ��  � � ���� . � � �

� � � �� � � ��

� � �� �NADH) (Ingledew W. J. et al., 2010).  

� � � � �   

F F1- -  -  N,  N-  (DCCD), �� �

�� � � -  F  ± �� �c- �

� � � � F  ± � � � � �

� �F1 ± �(Masashi Toei  et al., 2013)��� � � �

�  �(lfx��� � �DCCD �lfx 

- ���� . - �   �   

,     /   (ATP bioluminescence 

assay kit HSII; Roche Applied Science) (Balemans W. et al., 2012).   

� � ��2 � � � � � �� 

 



�
�

�
�

�

�22. � � �FoF1- - : 

    S.fradiae ATCC19609 
(int imv);  S.fradiae ATCC19609,  �
(lfx����� ��� ��DCCD������ M), � �
(olgA�� ���� M��� � � � �� RLU- relative light units�� �

�� � � � ��min) 

��  �  FoF1- - � � � �

� � � S.fradiae ATCC19609  ��

� �� , 

� � �  � � � �� � ��� �� � � ���

� � � �� � � � � � � �

� �� � �  �� � � �

� ��� ± ��� �� � � � � �

� �± �� ��(Tomashek J.J. et al., 2003). 

       

  (DCCD)    (olgA)  FoF1 - 

-  S.fradiae ATCC19609,    ���.  



�
�

�
�

 

���. � - � �)oF1- - �
� � � � � S.fradiae ATCC 19609, 

� � �OI[�� ��� ���
� �'&&'�� ���� 0�� � � � �ROJ$�� ����

0��� � � �� � � ���, � ��
� � � �� ). 

� �DCCD ���� � � �

� ������   � � � .  

� � � � � � � � FoF1 - -

 S.fradiae ATCC19609, � � � �

� � � � �� � � �olgA, 100 

�� � � - � � � � � ����� �

� � �� � � � � DCCD ����� � �

� � � ��-��� ���� � �� DCCD �

� � � � � � �

�� 

� � ��� � � � � � )oF1 ±  ±  

� � � �� � �ROJ�

A, DCCD �lfx. 

����

K �



�
�

�
�

�

�24. � � �FoF1- -  � �
� � � �S.fradiae ATCC19609 (int imv); 

� S.fradiae ATCC19609, � � �OI[�� ����
��� ��'&&'������ �� � �  (olgA, 

���� ��� � � � �� RLU- relative light units�� � ��
� �± ��� ��min). 

� �� � � � � �

� �  3 ( �5-9).   

� � � �� � � � ��- �

� � F- � - �� � � ��

� � � � �� � � � � �

� � �� � � �  � � �

� � � � � � � � �� �

� � ��- � � � � �� � �

� � � � � �Olg1, Olg 2,Olg 3,Olg 4, Olg 17, Olg ���� �

� � � � � � �S. fradiae ATCC 

������� � � � �9. 

 

 

�

�

�

�

�

�

�

�

� K � ����

Z>h



�
�

�
�

� 9. � � � �
� � �)oF1- - �S.fradiae ATCC 19609. 

 

 

� 

 

  

�  

Olg A O O

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O
O

CH3

OH
CH3

OH OH

H3C

CH3

33

 

 

31±2,5% 

(33S)- -33-
�

 

Olg 2 

O O

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O
O

CH3

N3

CH3

OH OH

H3C

CH3

33

 

 

53±7,4% 

 

33-O-
 

Olg 3 

 

 

O O

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O
O

CH3

OMs
CH3

OH OH

H3C

CH3

33

 

 

40±4,5% 

33- -
 

Olg18 

LCTA-2642 

O O

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O

O

CH3

CH3

OH OH

H3C

CH3
33

O

 

 

15±2,6% 



�
�

�
�

(33S)-33- -33-

�  

Olg 4 

O O

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O
O

CH3

SCN
CH3

OH OH

H3C

CH3  

 

14±6,4% 

-  

Olg 1 O N

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O
O

CH3

OH
CH3

OH OH

H3C

CH3

O

 

 

0% 

-
 

Olg 17 

LCTA-2644 

                 

O O

O

O

H3C OH CH3 CH3 CH3

CH3

CH3

H3C
OH

O

O

CH3

CH3

OH OH

H3C

CH3

31 33

OH

 

 

0% 

 

� � � � � � � � �

� � � � � � FoF1- - ��

�� � � ��-  � �

:  

x �   (Olg 2),  

�2OJ���� �  � �� � ����� � 

x � �2OJ����� � � �2OJ� ���

�  � � � � � , 

� ��� ;  

x - � � lg 1), - � �2OJ� �����

� � � � � � � � FoF1-

- .  



�
�

�
�

� �� � � �� � � � �

� � ��    � � �

� � � � � . �� �

� � � � � � � �

- � � �� � � � � � �

� � �FoF1- - � 
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� � � � � � �

� � � � FoF1- - � � S. fradiae ATCC 

������� � � � � � � E.coli � �

� � �� � )oF1- - � S. fradiae. �E. 

coli BL21(DE���� � � � � � �

F F1- - �� � � � � � �

� � � � � � - �

� � � � � � � �

��  

� � � b-�� -�� - - � - � FoF1-

- �S. fradiae � ������� � � � �

� ��  � � � � � ��

�   �   �

� � ��    

 �  � � � � � � � �  

�  �  �

� � , � , � � � �

. 

� � � � � � �� �

� � � � )oF1- - � S. fradiae 

ATCC 19609. � � � � � � � �

� � � � F F1- - � � �

� S. fradiae � � � � � �

�± � � � 
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�

�
�

 

1. �� � � �F F1- - � �S. fradiae �

19609 � � �� � � �

Streptomyces. � � Streptomyces � �

� � �� ��E� � �  ���� � �

�� � � � � �� ��

�� � �  ���� � � � 

2. � � -�� - - � - �F1- �F F1- -  

S. fradiae � ������ � � � -

� � � � � �� 

3. � � � E F F1- - �  � �

� � �� 

4. � � �� � � �

� � � ��- � � � � � � �

� �� � � � ���6�- -33-

� � �2OJ����� � � � �

� ���� � 

 

 

 

 

 

 

 

 

 

 

 

 



�
�

�
�

�  

�± - � � 

�± � 

�-  

�± �  

PMF - Proton motive force 

IUBMB - International Union of Biochemistry and Molecular Biology 

PASTA ± penicillin-binding protein and ser/thr kinase-associated  

FHA ± forkhead associated  

ABC - ATP-binding cassette 

 ±    

�± � � 

Thr ± threonine/ Tyr ± tyrosine/ Ser - serine 

 -   

SDS ± sodium dodecyl sulfate (  )  

�± � � � 

�± � � 

OXPHOS - Oxidative phosphorylation 

OD ± optical density (  )  

TBE ± tris-borate-EDTA  

 ± - -D-1-  (IPTG)  

 ±   

 ±   

 ±    

 ±  (PMSF, phenylmethylsulfonyl fluoride)  

SDS-PAGE ±     (polyacrylamide gel 

electrophoresis)     (sodium dodecyl sulfate) 
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�

 

� � � � � � � � ��

�� � � � � � � � � �  
 � � �� � �  � � � � ���

�� � � � � �� � �

� � �� 
� � �    . �

� � � � � ��� �� : 
�  �� � � � �

� � � � � � � �� 
�  �� �   �

� � � � �  
�  �� �  , 

�  �� �  , 
�  .  
� � � � �� � � �

� � � � � �� � �   � �

� � � � � � � � �

.  
� � . . � � � �

� � �� � � � � �� � � �� �

�  � � � � � �   
�� �� � � � � . 

� � � � � �  � � �

� � � � 
 � . . � � � �

� �  � � � � �� �� ��  
� � ��  �  � � . �� � � � �

� � � � � - � © �

ª � � �� � �  � � � � ��

� � � � � � � .  
� �  � � �

� � � �  � � � � � � ��

� . ., � � �� �� ��   � � ���� � � �� �

� . 
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� �  F F1- - �S. fradiae ������ �

� �  

1. � �FoF1- - � � �S. fradiae ������: 

� � � � �
 

Locus_tag � � � � �
� 

hypothetical protein SFRA_00840 SFRA_00840 198419 - 199066 

protein tyrosine phosphatase SFRA_00845 199063 - 199776 

transferase SFRA_00850 200207 - 201568 

ATP synthase I SFRA_00855 201884 - 202321 

ATP synthase F0F1 subunit A SFRA_00860 202586 - 203407 

ATP synthase subunit C SFRA_00865 203478 - 203702 

ATP synthase F0F1 subunit B SFRA_00870 203744 - 204301 

ATP synthase F0F1 subunit delta SFRA_00875 204298 - 205113 

ATP synthase F0F1 subunit alpha SFRA_00880 205233 - 206804 

ATP synthase F0F1 subunit gamma SFRA_00885 206807 - 207724 

ATP F0F1 synthase subunit beta SFRA_00890 207730 - 209184 

ATP synthase subunit epsilon SFRA_00895 209317 - 209694 

hypothetical protein SFRA_00900 SFRA_00900 209820 - 210269 

chitinase SFRA_00905 210467 - 211732 

hypothetical protein SFRA_00910 SFRA_00910 211970 - 212221 

hypothetical protein SFRA_00915 SFRA_00915 212211 - 213491 

 

��� � � ��  F F1- - � � S. fradiae ATCC 19609 

� � � � �  � � �  ( � � �
-

� )�� �  � � � � � . 

3.  :    atpB  264 , 
 atpE - 70 ,   atpF - 41 ,   atpH    atpF 

(   ± 4 ),    atpA  119 
,  atpG - 2 ,  atpD - 5 ,  atpC - 132 . 
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4.  : ,   a, c, b, , , ,   ,  
    A, D (Bourn W.R. et al., 1995).  
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�������������������������������������������������������������������A                D�

 
ATP synthase FoF1 subunit A 

1. � ��atpB 
2. � � �GenBank: KDS89924, SFRA_00860 
3.  : 822 � � 
����������JWJDJWJFWJ�DFFFJDFDDF�JJWJFWFJFJ�WWFJDJDFFJ�DWWJFFDFDW�FWWFWFFJJJ�

����������WJFJJFWWFF�FJJFFFFFDJ�FFWJWJJWFW�WWFDWFWWFJ�DFFFJDWFJF�FJJDJDFJFJ�

����������JDFWFFDFFW�WFWDFWWFDD�FDDJFFJDWJ�FWJFWJJFJF�WJFWFDJFDF�FDWWJWJJWF�

����������JWFJJFWWFW�WFWJJDWJJF�JWWFJFJDDJ�FFJDDJJWFJ�WJFFFJJFDD�JFWFFDJDWJ�

����������JWFJJFJDDJ�FFJJFFWJJD�FWWFJWFFJF�DDFJJFDWFJ�WFWDFFDJDF�JDWJJJFDDJ�

����������DDJJDFJJFJ�DJDDJWDFJW�FFFJFWFDWJ�JWFWFJFWJW�WFWWFWWFJW�DWJJDWFDWJ�

����������DDFFWFWJJW�FFDWFDWFFF�JFWJJFFFDJ�WWFFFJJWJD�FFWFJDWFDW�FJFJWDWFFJ�

����������JFFJFFFWJJ�FJJFJDWFJW�FWDFDWFFWF�WJJJWFWFJF�WJDFFWWFDD�JDDJFDFJJF�

����������WWFJWFJJFW�WFWWFDDJDD�FJWFDFFJJF�WDFJDFDDJW�FJFWJJJFJF�FJWJFWJFFJ�

����������FWJJFFDWJD�FFDWFJDJWW�FWWFWFJDDF�FWJFWJJWFF�JFFFJWWFDF�JFDFJFJJWF�

����������FJJFWFWWFJ�FJDDFDWJWW�FJFFJJWFDF�DFFFWJFWJJ�WJFWFWWFDF�FDWFJFFDJF�

����������WJJWDFFWJF�WJDDFJJJDW�FJJFDWFJFF�WDFJFFJJWJ�WFWFJWWFJW�JDWJJWWFWF�

����������JWJDWJDFFJ�WFWWFJDJFW�FWWFDWFFDJ�JFFJWWFDJJ�FDWDFJWFWW�FJWFFWJFWJ�

����������JFFWJFDFFW�DFJWFFDJJJ�FJFWFWFJFD�JDJFDFFDFW�JD�

 
4.  : ATP synthase FoF1 subunit A 
5�� � � �� � � 273 � ��30,230  
6�� � � 
����������06$'3779/$�)(7'&+,)6*�&*)3$36/:6�),)'3,$*'$�'67)<)1.30�//$//67,99�

����������9*)):0$)$.�3.993*./40�9*($*/')95�1*,9<470*.�.'*(.<93/0�96/)))9:,0�

����������1/:6,,3/$4�)3976,,$<3�$$/$$,9<,/�:96/7)..+*�)9*)).197*�<'.6/*$9/3�

����������/$07,())61�//953)7+$9�5/)$10)$*+�7//9/)7,$6�:<//1*,*,$�<$*96)909/�

����������9079)(/),4�$94$<9)9//�$&7<94*$/$�(++�



�
�

�
�

 
7�� � � I: 7,00 
8. � � � 

 " FoF1 ATP synthase subunit A; Validated " ± 43 - 273 /  
9.    : 

-  � - �� �  
10. � �  : 
� �1HW3KRV����� � � �����- 

T43-70,5%; Y45-84,9%; T97-81,2%; Y106-91,7%; T155-93,1% 
11. � � �  � � �Streptomyces:  

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 ATP synthase F0 subunit A 
S. albus 96 98 WP_078843634.1 

2 ATP synthase F0 subunit A 
S. xinghaiensis 96 97 WP_039822271.1 

3 ATP synthase F0 subunit A Streptomyces sp. 
Ru87 92 97 PGH48299.1 

4 ATP synthase F0 subunit A 
S. violaceorubidus 85 93 WP_030187257.1 

5 ATP synthase subunit a 
S. ambofaciens  85 93 AKZ58158.1 

6 ATP synthase F0 subunit A 
S. cellulosae 84 93 WP_030672354.1 

7 ATP synthase F0F1 subunit A 
S. antibioticus 85 92 OOQ48538.1 

 

12. � � �� � � ��D ��
�� 
� � � 

% 
- 

 

�
�

� 

��  ���
 

� �
GenBank 

27,9 211 a/a Autoinhibited E. coli atp 
synthase 

Escherichia coli 5t4o, 5t4p, 
5t4q 

25,2 217 a/a Bovine mitochondrial atp 
synthase 

Bos taurus 5ara, 5are, 
5arh, 5ari 

29,9 122 a/a Structure of f-atpase from 
pichia angusta 

Ogataea angusta 5lqx, 5lqy, 
5lqz 

 

�

 



�
�

�
�

ATP synthase subunit C 

 

1. � ��atpE 
2. � � �GenBank: KDS89925, SFRA_00865 
3.  : 225 � � 
����������DWJWFFFDJD�FFFWWJFWJF�FJWFJDDJJW�WFFFWFDJFW�FFJWFJJFWD�FJJFFWJJFJ�

����������JFFDWFJJFF�FFJJFJWFJJ�FJWFJJFDWF�DWFWWFJJWD�DFJJFDFFFD�JJFFFWFJFF�

����������FJWFDJFFFJ�DJJFJJFFJJ�WFWFDWFFJF�JFFDDFFDJD�WFFWFJJFWW�FJFJWWFWJW�

����������JDDJFJFWJJ�FFFWFDWFJJ�FFWFJWFDWJ�FFJWWFJWWW�DFWDD�

 
4.  : ATP synthase subunit C 
5�� � � �� � � 74 � ��7,411  
6. � � 
����������0647/$$9(*�6/669*<*/$�$,*3*9*9*,�,)*1*74$/$�543($$*/,5�$14,/*)$)&�

����������($/$/,*/90�3)9<�

7�� � � I: 4,78 
8. � � � 

 " ATP synthase subunit C; cl00466" ± 10 - 74 /  
9.    : 

� �� - � � - �� �  
10. � �  : 
� �1HW3KRV����� � � �����- 

 
 
11. � � �  � � �Streptomyces:  

 �  
�

Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 ATP synthase subunit c 
S. ambofaciens  100 100 AKZ58159.1 

2 ATP synthase F0 subunit C 
S. parvulus 100 100 ANJ09529.1 

3 ATP synthase F0 subunit C 
S. subrutilus 100 100 OEJ33753.1 

4 C subunit 
S. coelicoflavus 99 100 EHN80022.1 

5 ATP synthase F0 subunit C 
S. jietaisiensis 97 100 SDE83205.1 

6 ATP synthase F0 subunit C 
S. malaysiense 99 98 OIK27625.1 

7 F0F1 ATP synthase subunit C 
S. atratus 97 98 SFX25548.1 

 



�
�

�
�

12. � � �� � � ��D ��
�� 
� � � 

% 
- 

 

�
�

� 

��  ���
 

� �
GenBank 

47,0 66 a/a Atp synthase subunit c, 
chloroplastic. 

Triticum aestivum 4mjn 

47,0 66 a/a Atp synthasE C chain, 
chloroplastic 

Spinacia oleracea 2w5j 

37,1 62 a/a Atp synthasE C chain Bacillus sp. Ps3 1wu0 

�

ATP synthase FoF1 subunit B 
 
1. � ��atpF 
2. � � �GenBank: KDS89926, SFRA_00870 
3.  : 558 � � 
����������JWJDDFJWWF�WJJWWFDFFW�JJFJJFJJDJ�JDJFFWFDJD�DWFFWFWJDW�FFFJFFJDWF�

����������FFDJDJFWFJ�WFDWFJJFFW�JDWFJFJWWF�JFFDWFJWFW�WFJJFJWFFW�FJFFDDJDDJ�

����������FWFFWFFFJD�DFDWFDDFDD�JJWWFWJJDD�JDJFJFFJFJ�DJJFFDWFJD�DJJFJJFDWF�

����������JDJDDJJFFJ�DJJFJJFFFD�JDFFJDJJFJ�FDJJDFJWJF�WJJDJFDJWD�FDDJJFFFDJ�

����������FWFJFFJDDJ�FFFJJFDFJD�JJFJJFJFJJ�FWJFJFFDJJ�DJJFFFDJJD�JFDJJJFJFF�

����������JFJFWFDWFJ�FFJDJDWJFJ�FJFJJDJJJF�FDJFJJFDJF�JFJDJJDJDW�FDWFJFFJFF�

����������JJWFDFDFFF�DJDWFJDJJF�FJDFFJFDDJ�FDJJFFJFJF�DJJFJFWJFJ�FFDJJDFJWJ�

����������JJFDFJFWFJ�FFDFJDFFFW�JJFFJJFDDJ�FWFJWFJJFJ�DJWFFFWFJD�JJDFFDFJFF�

����������FJJFDJDJFF�JFJWFDWFJD�FFJFWWFFWJ�JDFJDJFWJJ�DJDFFDDJJF�JJFJDFJDDJ�

����������JFFJDJJFFJ�JFFJDWJD�

4.  : ATP synthase FoF1 subunit B 
5�� � � �� � � 185 � ��20,234  
6�� � ��
����������019/9+/$$(�(3413/,33,�3(/9,*/,$)�$,9)*9/$..�//31,1.9/(�(55($,(**,�

����������(.$($$47($�4'9/(4<.$4�/$($5+($$5�/54($4(4*$�$/,$(05$(*�4545((,,$$�

����������*+74,($'5.�4$$4$/54'9�*7/$77/$*.�/9*(6/('+$�54659,'5)/�'(/(7.$$7.�

����������$($*5�

7�� � � I: 5,16 
 
8. � � � 

 " ATP-synt_B " ± 16 - 176 /  



�
�

�
�

9.    : 
- � � - �� � � 

10. � �  : 
� �1HW3KRV����� � � �����- 

T68-73,4%; T145-76,3%; S155-99,6%; S163-88,0%; T175-71,6% 
 
11. � � � � � � � � � 

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 F0F1 ATP synthase subunit B 
S. xinghaiensis 99 99 WP_019710009.1 

2 F0F1 ATP synthase subunit B 
S. albus 98 99 WP_030545780.1 

3 F0F1 ATP synthase subunit B 
Streptomyces sp. Ru87 90 94 WP_098753916.1 

4 
ATP synthase F0 subcomplex B 
subunit 

S. misionensis 91 93 SED61375.1 

5 F0F1 ATP synthase subunit B 
S. hyaluromycini 91 93 WP_089098758.1 

6 F0F1 ATP synthase subunit B 
S. griseochromogenes 91 93 ANP49462.1 

7 F0F1 ATP synthase subunit B 
S. humi 90 93 WP_046730641.1 

8 
H(+)-transporting two-sector 
ATPase chain b protein 

S. ghanaensis 89 94 EFE67063.1 

9 F0F1 ATP synthase subunit B 
S. luteus 88 92 KFG73674.1 

10 F0F1 ATP synthase subunit B 

S. coelicolor  

S. lividans 88 91 

NP_629508.1 

AIJ13323.1 

 

 
12. � � �� � � ��D ��

�� 
� � � 

% 
- 

 

�
�

� 

��  ���
 

� �
GenBank 

31,3 147 a/a Autoinhibited E. coli atp 
synthase 

Escherichia coli 5t4o, 5t4p, 
5t4q 

33,9 59 a/a Atp synthase b chain Escherichia coli 1l2p 

�

 

 
 



�
�

�
�

ATP synthase FoF1 subunit delta 
 
1. � ��atpH 
2. � � �GenBank: KDS89927, SFRA_00875 
3.  : 816 � � 
����������DWJDDFJJDJ�FJDJFFJFJD�JJFDFWJJFW�JFFJFDFJFJ�DJFJWFWFJD�FJFJFWFDFJ�

����������JDFDDFDFJW�FFJWJJDFJF�JJFJDDJFWF�JFFJDJJDJF�WJJFFJFFJW�FDFJJJFFWJ�

����������FWFJDFFJFJ�DJJWJWFJFW�JFJWFJJJWF�FWFDFFJDFF�FJJFJFDJJF�FJJFJDJJFF�

����������DDJJFFJDDF�WJJFFJJJFJ�FFWJFWJJFJ�JJFFDJJWFJ�JFJJFJDJDF�FJFFJDFFWF�

����������JWFDFFJJFD�WJJWFFJFWF�FFJFWJJWFJ�FJFWFJFJFJ�DFFWJJWJJD�FJFJDWFJDJ�

����������JDJFWJJFJD�JFDFFJFFJD�JFWFDWFJFF�JFJFDJFJJW�FFJJWJFJFW�JJDFJDFJWJ�

����������JDJJDFJDJF�WJWWFFJJWW�FJJFFJJDWF�JWFJFFWFFD�JFFFFJDJFW�JFJFJFJJFD�

����������FWFJFFJDJF�JFJJFDFFJD�JJFFJFJJFF�DDJJFFJDJW�WJFWFFJFFJ�JFWJFWJJJD�

����������JJFFJJJFFD�DFFFJJWFDF�FJDJFJJFWJ�JWJDFJFJDF�WFJWJDFJFJ�JFFJFJJJJD�

����������FJWDJFFWJJ�DFJJWJJJFW�JJDFJFJFWJ�WFFDDJFWJJ�FFJFJJDFFJ�FFJWJDFFJF�

����������FWJJWFJFJJ�WFJWFDFFWF�JJFJJWJFFJ�FWFDJFJDFJ�DJFDJDDJFJ�JFJWFWFJJF�

����������JDFJJJFWJJ�FFFJJFWJWD�FJJFFJJFDJ�DWJFDWFWJD�DFFWFJDFJW�JJDFFFFJJJ�

����������JWFFWFJJFJ�JJDWFFDJJW�JFJJDWFJJF�JDFJDJJWFD�WFDDFJJFDF�FDWFJFFJDF�

����������FJFFWFJDFJ�DJJWJWFFFJ�JFJJDWJJFF�JJFWJD�

 
4.  : ATP synthase FoF1 subunit delta 
5�� � � �� � � 271 � ��28,944  
6�� � � 
����������01*$65($/$�$$5(5/'$/7�'1769'$$./�$((/$$97*/�/'5(96/559�/7'3$4$*($�

����������.$(/$*5//$�*49**(7$'/�97*09565:6�565'/9'$,(�(/$67$(/,$�$456*$/''9�

����������('(/)5)*5,�9$663(/5$$�/$(5*7($$$�.$(//55//*�*5$1397(5/�975/97535*�

����������56/'**/'$/�6./$$'55'5�/9$9976$93�/6'(4.55/*�'*/$5/<*54�0+/1/'9'3*�

����������9/**,495,*�'(9,1*7,$'�5/'(96550$�*�

�

7�� � � I: 5,54 
8. � � � 

 " FoF1 ATP synthase subunit delta; Provisional" ± 1 - 271 /  
9.    : 

-  � - �� �  
10. � �  : 
� �1HW3KRV����� � � �����- 



�
�

�
�

T23-83,3%; S46-91,5%; S90-99,0%; S104-90,5%; S133-82,0%; S134-98,7%; S182-98,0%; S212-98,3%; S266-
94,3% 
 
11. � � � � � � � � � 

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 F0F1 ATP synthase subunit delta 
S. xinghaiensis 98 99 WP_019710008.1 

2 F0F1 ATP synthase subunit delta 
S. albus 98 98 WP_030545778.1 

3 F0F1 ATP synthase subunit delta 
Streptomyces sp. Ru87 84 92 PGH48302.1 

4 F0F1 ATP synthase subunit delta 
S. ochraceiscleroticus 84 91 WP_031051821.1 

5 F0F1 ATP synthase subunit delta 
S. rubrolavendulae 83 91 AOT61084.1 

6 F0F1 ATP synthase subunit delta 
S. thermolilacinus 82 91 OEJ94384.1 

7 ATP synthase F0F1 subunit delta 
S. europaeiscabiei 80 90 KND29849.1 

 

12. � � �� � � ��D ��
�� 
� � � 

% 
- 

 

�
�

� 

��  ���
 

� �
GenBank 

28,0 161 a/a Bovine mitochondrial atp 
synthase 

Bos taurus 5ara, 5are, 
5arh, 5ari 

25,7 105 a/a Autoinhibited E. coli atp 
synthase 

Escherichia coli 5t4o, 5t4p, 
5t4q 

 
�

 
 
 
 
 
 
 
 
 
 
 
 
 



�
�

�
�

ATP synthase FoF1 subunit alpha 
 
1. � ��atpA 
2. � � �GenBank: KDS89928, SFRA_00880 
3.  : 1572 � � 
����������DWJJFJJDJF�WFDFJDWFFJ�JFFJJDJJDJ�DWFFJJJDFJ�FJFWJJDJDD�FWWWJWFFDJ�

����������JFJWDFDDJF�FJJDFJFJJF�FWFJFJFJDJ�JDJJWFJJWD�FJJWDDJFJW�WJFFJJFJDF�

����������JJFDWFJFJD�DJJWFJDJJJ�WFWJFFFWFJ�JFFDWJJFJD�DFJDJFWJFW�FDJJWWFJDJ�

����������JDFJJFDFFF�WFJJWFWFJF�FFWFDDFFWJ�JDDJDJFJFJ�DJDWFJJFJF�JDWFJWWFWF�

����������JJFJDJWWFD�JFJJFDWFJD�JJDJJJFFDJ�FFJJWJFDJF�JFDFFJJWJD�JJWJFWFWFF�

����������JWFJFJJWFJ�JFJDJJJFWD�FFWFJJFFJF�JWFJWFJDFF�FJFWJJJFDD�FFFJDWFJDF�

����������JJFFWFJJFJ�DJDWFJFJDF�FJDJJJFFJF�FJFJFFFWFJ�DJFWJFDJJF�FFFFJJFJWF�

����������DWJJFJFJFD�DJWFJJWJFD�FJDJFFJDWJ�JDJDFFJJFF�WFDDJJFFJW�FJDFJFJDWJ�

����������DFFFFJDWFJ�JFFJFJJFFD�JFJWFDJFWJ�DWFDWFJJFJ�DFFJFFDJDF�FJJFDDJDFF�

����������JFJFWJJFFJ�WFJDFDFJDW�FDWFDDFFDJ�FJFJDFDDFW�JJFJFWFJJJ�FJDFFFJJDF�

����������DDJFDJJWFF�JFWJFDWFWD�FJWFJFFJWF�JJFFDJDDJJ�JFWFFDFFDW�FJFJWFFJWJ�

����������FJFJJFJFJF�WJJDJJDJJF�FJJWJFFFWJ�JDJWDFDFJD�FJDWFJWFJF�JJFFFFJJFJ�

����������WFFJDFFFJJ�FFJJFWWFDD�JWDFFWFJFF�FFJWDFDFFJ�JFWFJJFFDW�FJJJFDJFDF�

����������WJJDWJWDFF�DJJJFDDJFD�FJWFFWJDWF�JWFWWFJDFJ�DFFWJWFFDD�JFDJJFFJDF�

����������JFFWDFFJFJ�FFJWFWFFFW�JFWJFWJFJF�FJFFFJFFJJ�JFFJWJDJJF�FWDFFFJJJW�

����������JDFJWFWWFW�DFFWJFDFWF�FFJJFWJFWJ�JDJFJFWJFJ�FFDDJFWFWF�FJDFJDJFWJ�

����������JJFDDJJJFW�FJDWJDFJJJ�WFWFFFJDWF�JWFJDJDFFD�DJJFJDDFJD�FJWFWFJJFJ�

����������WWFDWFFFJD�FFDDFJWFDW�FWFFDWFDFF�JDFJJFFDJW�JFWWFFWJJD�JWFFJDFFWF�

����������WWFDDFJFJJ�JFFDJFJJFF�JJFJFWJDDF�JWFJJWDWFW�FJJWFWFFFJ�WJWFJJWJJF�

����������WFFJFFFDJF�DFDDJJFFDW�JFJJFDJJWF�WFFJJFFJJF�WFFJFJWJJD�FFWFJFFFDJ�

����������WDFFJFJDJF�WJJDJJFJWW�FJFFJFFWWF�JJWWFFJDFF�WJJDFJFJJF�FWFFDDJJFF�

����������WFJFWJJDJF�JFJJFDDJFJ�FDWJJWJJDD�FWJFWJDDJF�DJJJFFDJWD�FJFJFFJWWF�

����������WFFDFJJDJD�DFFDJJWFJW�FWFFDWFWJJ�JFFJJFDFFD�FFJJFDDJDW�JJDFJDWJWJ�

����������FFFJWFJDJJ�DFDWFFJFFJ�FWWFJDJDJF�JDJFWJFWJJ�DFWDFFWFFD�FFJFJDJFDF�

����������DDJJJFFWJD�WJDFJDJFDW�FFJFJDJJJF�JFFDDJDWJW�FJJDFJDFDF�FFWJFDJJFJ�

����������FWFJFFJDFJ�FFDWFJFFWF�FWWFDDJFJJ�FDJWWFJDJD�FFWFJJDFJJ�FDDJFWJFWJ�

����������JJWJDJJJFW�JD�

 
4.  : ATP synthase FoF1 subunit alpha 
5�� � � �� � � 523 � ��56,494  



�
�

�
�

6�� � ��
����������0$(/7,53((�,5'$/(1)94�$<.3'$$65(�(9*7969$*'�*,$.9(*/36�$0$1(//5)(�

����������'*7/*/$/1/�((5(,*$,9/�*()6*,((*4�39457*(9/6�9$9*(*</*5�99'3/*13,'�

����������*/*(,$7(*5�5$/(/4$3*9�0$5.69+(30�(7*/.$9'$0�73,*5*454/�,,*'547*.7�

����������$/$9'7,,14�5'1:56*'3'�.495&,<9$9�*4.*67,$69�5*$/(($*$/�(<77,9$$3$�

����������6'3$*).</$�3<7*6$,*4+�:0<4*.+9/,�9)''/6.4$'�$<5$96///5�533*5($<3*�

����������'9)</+65//�(5&$./6'(/�*.*607*/3,�9(7.$1'96$�),3719,6,7�'*4&)/(6'/�

����������)1$*453$/1�9*,69659**�6$4+.$0549�6*5/59'/$4�<5(/($)$$)�*6'/'$$6.$�

����������6/(5*.509(�//.4*4<$3)�67(14996,:�$*77*.0''9�39(',55)(6�(//'</+5(+�

����������.*/076,5(*�$.06''7/4$�/$'$,$6).5�4)(76'*.//�*(*�

 

7�� � � I: 5,12 
8. � � � 

 " F0F1 ATP synthase subunit alpha; Validated " ± 4 - 514 / ; 
�" ATP-synt_ab_N " ± 30 - ��� � � 
�" F1_ATPase_alpha " ± 98 - ���� � ; 
�" ATP-synt_ab_C " ± 388 - ���� � ; 

 " Walker A motif " ± 173 - 180 / ; 
 " Walker B motif " ± 269 - 273 / ; 
� � �  �( � ) ±  

119-120,136-137,139-140,143,145,175-176,213-216,218-219,222,283-284,290-292,294-
295,300,304,307,311,348,351,362-363,366,377 / ; 
ATP- � �� � ��±  
175,179-181,207,212,273-274,277,332,348,361,366-367, 377 /  
9.    : 

-c �� - � � - �� � ��
  

10. � �  : 
� �1HW3KRV����� � � �����- 

T5-98,4%; S28-99,3%; S145-99,5%; T177-95,2%; S215-78,0%; S219-82,2%; S317-96,2%; S348-87,7%; S391-
91,5%; S421-99,4%; S441-98,8%; T453-70,7%; T454-92,7%; T485-74,7%; S486-98,3%;  
S507-92,6 %; S515-85,3% 
 
 
 
 
 
 
 
 



�
�

�
�

11. � � � � � � � � � 
 

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 F0F1 ATP synthase subunit alpha 
S. xinghaiensis 99 99 WP_019710007.1 

2 F0F1 ATP synthase subunit alpha 
S. albus 99 99 WP_030545776.1 

3 F0F1 ATP synthase subunit alpha 
S. pathocidini 97 98 WP_055471366.1 

4 F0F1 ATP synthase subunit alpha 
S. cinnamoneus 96 98 WP_071964960.1 

5 ATP synthase F0F1 subunit alpha 
S. eurocidicus 95 98  PNE31188.1 

6 ATP synthase F0F1 subunit alpha 
S. albireticuli 95 98 ARZ67858.1 

7 F0F1 ATP synthase subunit alpha 
S. alboverticillatus 96 97 WP_086573268.1 

8 F0F1 ATP synthase subunit alpha 
S. roseoverticillatus 95 97 WP_030368001.1 

9 F0F1 ATP synthase subunit alpha 
S. albulus 95 97 OAL12426.1 

10 F0F1 ATP synthase subunit alpha 
S. mobaraensis 94 97 EME97108.1 

 

12. � � �� � � ��D ��
�� 
� � � 

�

% 
- 

 

�
�

� 

��  ���
 

� �GenBank 

62,0 482 a/a Crystal structure of the f1-
atpase from the 

thermoalkaliphilic bacterium 

Bacillus sp. 2qe7 

55,8 484 a/a Atp synthase subunit alpha 
heart isoform, mitochondrial 

Bos taurus 2w6e, 2w6f, 
2w6q, 2w6h 

54,2 504 a/a Bovine mitochondrial atp 
synthase 

Bos taurus 5ara, 5are, 
5arh, 5ari 

�

�

 
 
 
 
 
 



�
�

�
�

ATP synthase FoF1 subunit gamma 
�
������

1. � ��atpG 
2. � � �GenBank: KDS89929, SFRA_00885 
3.  : 918 � � 
����������DWJJJWJFFF�DJDWFFJJJW�FWDFDDJFJF�FJWDWFDDJW�FJJWFDFFJF�JDFJDDJDDJ�

����������DWFDFFDDJJ�FJDWJJDJDW�JDWFJFJJFF�WFJFJFDWFD�WFDDJJFFFD�JFJFFDJJWJ�

����������JDJJFFWFWW�FJFFJWDFJF�JFJJJDJFWF�DFFFJFJFJJ�WJJFJJFJJW�JJFFDFFJJF�

����������WFJDDFDFFF�DJFDFFFJFW�JDFFDFFJDJ�DFFJDJFJJF�FFJWFFJJJF�FJFJJWFFWJ�

����������FWFJWFDFJD�JFJDFFJFJJ�DFWFJFFJJF�JJFWDFWFFW�FFDDFJFFDW�FDDJJFJJFJ�

����������JDJDFJFWFF�JJJDJDDJFW�FJWFJFJJDJ�JJFDDJJDJJ�WFJWFFDJWD�FJWFJWFJJF�

����������FJWDDJJJFJ�WJJFFWDFWD�FDFJWWFFJJ�JDJFJJDDJF�WFJFJJDFWF�JWJJDFFJJF�

����������WWFDFFJDFD�JFFFJWFJWD�FJFJJDFJFF�DDJJFFJWFJ�FJJFFFFJFW�JDWFJDJJFJ�

����������JFFJWFFDJJ�DFDFFJFFJD�JJJFJJFJWJ�JDFJDDFWJF�DFDWFJWFWW�FDFJJDJWWF�

����������JWJWFJDWJD�WJDFJFDJWF�JFFJJWFJDJ�DDJFJJFWJF�WJFFJFWFDJ�FFWFJFFJDJ�

����������JFJJJWJFJJ�WJJDJFDJJJ�FWFJDDJJFJ�JDJDWFFWWF�FJFWJWWFJD�FWWFJDJFFF�

����������WFFJFFJDJJ�DDJWFFWFJD�FJFFFWJFWJ�FFJFJJWDFJ�WFJDJDJFFJ�FDWFWWFDDF�

����������JFFFWJFWJF�DJWFJJFFJF�FWFFJDJFDF�JFFJFFFJFF�JFFJFJFJDW�JDDJWFJJFF�

����������DFFJDFDDFJ�FFJDDJDJFW�FDWFDDJWFJ�FWJDFJFJJF�WWJFFDDFJF�JJFFFJFFDJ�

����������JFFJDFDWFD�FFFDJJDDDW�FDJFJDJDWF�JWFJJWJJFJ�FWJJFJFFFW�JJFFJDFJFJ�

����������DDFJFJJJJD�JWJDFWJD�

 
4.  : ATP synthase F0F1 subunit gamma 
5�� � � �� � � ���� � ���������  
6�� � � 
����������0*$4,59<.5�5,.697$7..�,7.$0(0,$$�65,,.$4549�($663<$5(/�75$9$$9$7*�

����������6174+3/77(�7(5395$$9/�/976'5*/$*�*<661$,.$$�(7/5(./9$(�*.(994<99*�

����������5.*9$<<7)5�(5./$'6:7*�)7'636<$'$�.$9$$3/,($�$94'7$(**9�'(/+,9)7()�

����������960074639(�.5//3/6/$(�$*$9(4*6.$�(,/3/)')(3�6$((9/'$//�35<9(65,)1�

����������$//46$$6(+�$$555$0.6$�7'1$((/,.6�/75/$1$$54�$',74(,6(,�9**$*$/$'$�

����������1$*6'�

�

��� � � I: 6,39 
8. � � � 

 " F0F1 ATP synthase subunit gamma; Validated " ± 2 - 297 / ; 
� � � � �� � � ±  



�
�

�
�

6, 11, 17, 21, 24-25, 27-28, 31-32, 86, 88-91, 121-122, 125-126, 129, 260, 263-264, 267, 273, 276-
277, 279-280,  283-284, 287, 289-294 / ; 

� � � � �� � � ±  
42-43, 45-46, 49, 52-53, 225, 228-229, 232 / ; 

� � � � �� � � ± 
124, 135-140, 228, 231-232 /  
��� � � � � 

-c �� - � � - �� � ��
�  

10�� � �  : 
� �1HW3KRV����� � � �����- 

S14-99,5%; T16-74,8%; T18-92,9%; S44-97,5%; T51-81,7%; S61-81,1%; T69-82,0%; T71-95,3%; T102-
98,6%; T128-89,6%; S137-98,8%; S144-97,2%; S146-99,5%; Y147-98,2%; S187-93,8%;  
S197-88,6 %; S208-79,1%; S221-95,2%; S248-96,6%; S259-99,3% 
11. � � � � � � � � � 

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 F0F1 ATP synthase subunit gamma 
S. xinghaiensis 99 99 WP_019710006.1 

2 F0F1 ATP synthase subunit gamma 
S. albus 99 99 WP_030545774.1 

3 F0F1 ATP synthase subunit gamma 
S. radiopugnans 85 92 SEQ71351.1 

4 F0F1 ATP synthase subunit gamma 
S. niger 84 91 WP_052865126.1 

5 F0F1 ATP synthase subunit gamma 
Streptomyces sp. Ru87 84 89 PGH48304.1 

6 ATP synthase F0F1 subunit gamma 
S. caatingaensis 83 91 KNB50418.1 

7 F0F1 ATP synthase subunit gamma 
S. sclerotialus 83 90 WP_030621203.1 

8 F0F1 ATP synthase subunit gamma 
S. albulus 83 90 OAL12425.1 

9 F0F1 ATP synthase subunit gamma 
S. cinnamoneus 84 89 PHQ49211.1 

 
12. � � �� � � ��D ��

�� 
� � � 

�

���

% 
- 

 

�
�

� 

��  ���
 

� �GenBank 

40,9 296 a/a Atp synthase  Caldalkalibacillus 
thermarum 

5hkk 

37,3 287 a/a Autoinhibited E. coli atp 
synthase 

Escherichia coli 5t4o, 5t4p, 
5t4q 

�



�
�

�
�

�

ATP FoF1 synthase subunit beta 
 

1. � ��atpD 
2. � � �GenBank: KDS89930, SFRA_00890 
3.  : 1455 � � 
����������DWJDFFDFFD�FWJWWJDJFF�JDFFJFWFFJ�JWFJJFJWJJ�FFJFFJJFFJ�FJWFJFDFJJ�

����������JWFDWFJJFF�FJJWFJWFJD�FJWJJDJWWF�FFFJWFJDFJ�FJDWJFFJJD�JDWFWDFDDF�

����������JFFFWJDFFJ�WFFDJJWFJF�JJDFFFJJFF�FDJJDFJJFJ�FFJWFDDJDF�JFWJDFFFWF�

����������JDJJWFJFFF�DJFDFFWJJJ�WJDDJJFJWJ�DWFFJFJFFD�WFWFFDWJFD�JFFFDFJJDF�

����������JJWFWFJWFF�JFFJJJFFFF�FJWJDFFJDF�DFFJJFDDJJ�JFDWFDFFJW�FFFJJWFJJF�

����������JDFJWFDFFD�DJJJFFJJJW�JWWFDDFDFF�FWFJJFJDJD�WFFWJDDFJD�JFFJJDJJFF�

����������JDJWFFJDJJ�WFDFFJDJFJ�FWJJFFJDWF�FDFFJFFDJJ�FFFFFJFFWW�FJDFFDJFWF�

����������JDJWFFDDJD�FFJDJDWJWW�FJDJDFFJJF�FWJDDJJWFJ�WFJDFFWJFW�JDFFFFJWDF�

����������JWFDDJJJFJ�JFDDJDWFJJ�WFWJWWFJJW�JJFJFFJJFJ�WFJJFDDJDF�FJWJFWFDWF�

����������FDJJDDDWJD�WFDWJFJWJW�JJFFDDJFWJ�FDFJDJJJFJ�WWWFFJWJWW�FJFFJJWJWF�

����������JJFJDJFJFD�FFFJWJDJJJ�FDDFJDFFWJ�DWFJDJJDJD�WJJFFJDJWF�FJJFJWWFWF�

����������FFJFDJDFFJ�FFFWFJWFWW�FJJFFDJDWJ�JDFJDJFFFF�FJJJFDFFFJ�WFWFFJJJWF�

����������JFJFWJJFFJ�JWFWJDFFDW�JJFJJDJWDF�WWFFJFJDWJ�WJFDJDDJFD�JJDFJWJFWJ�

����������WWFWWFDWFJ�DFDDFDWFWW�FFJFWWFDFF�FDJJFFJJWW�FFJDJJWFWF�FDFJFWJFWF�

����������JJFFJJDWJF�FFWFFJFJJW�JJJFWDFFDJ�FFJDDFFWFJ�FJJDFJDJDW�JJJFFWFFWF�

����������FDJJDJFJFD�WFDFFWFJDF�FFJFJJWFDF�WFJDWFDFFW�FFDWJFDJJF�JDWFWDFJWJ�

����������FFFJFJJDFJ�DFFWJDFFJD�FFFJJFFFFJ�JFJDFJDFFW�WFJFJFDFFW�FJDFJFJDFJ�

����������DFJJWFFWFW�FFFJJFFJDW�FWFJJDJDDJ�JJFDWFWDFF�FJJFJJWJJD�FFFJFWJJDF�

����������WFJDFJWFFF�JFDWFFWJJD�FFFJFJFWDF�DWFWFJFDJJ�DJFDFWDFJD�FWJFJFFWFF�

����������FJFJWFDDJJ�JJDWFFWJFD�JDDJWDFDDJ�JDFFWFFDJJ�DFDWFDWFJF�FDWWFWFJJW�

����������DWFJDFJDJF�WFJJFJDJJD�JJDFDDJFWJ�JWFJWFFDFF�JFJFFFJFFJ�WDWFJDJFJF�

����������WWFFWJWFJF�DJDDFDFFFD�FJFJJFJDDJ�FDJWWFDFFJ�JWFWFJDFJJ�DWFJJDFJWW�

����������FFJFWJJDFJ�DJWFJDWFJF�FJFJWWFDDF�JFJDWFJFFJ�DFJJFJDJWD�FJDFFDFWWF�

����������FFFJDJFDJJ�FJWWFWWFDW�JWJFJJWJJF�FWJJDFJDFF�WJDDJJFFDD�JJFFDDJJDJ�

����������FWJJJFDWFW�FFWJD�

 
4.  : ATP F0F1 synthase subunit beta 
5�� � � �� � � ���� � ���������  
 
 



�
�

�
�

6�� � ��
����������07779(37$3�9*9$$*59$5�9,*399'9()�39'$03(,<1�$/7949$'3$�4'*$9.7/7/�

����������(9$4+/*(*9�,5$,60437'�*/955$397'�7*.*,7939*�'97.*59)17�/*(,/1(3($�

����������(6(97(5:3,�+54$3$)'4/�(6.7(0)(7*�/.99'//73<�9.**.,*/)*�*$*9*.79/,�

����������4(0,059$./�+(*969)$*9�*(575(*1'/�,((0$(6*9/�347$/9)*40�'(33*75/59�

����������$/$*/70$(<�)5'94.4'9/�)),'1,)5)7�4$*6(967//�*5036$9*<4�31/$'(0*//�

����������4(5,7675*+�6,7604$,<9�3$''/7'3$3�$77)$+/'$7�79/653,6(.�*,<3$9'3/'�

����������6765,/'35<�,64(+<'&$6�59.*,/4.<.�'/4',,$,/*�,'(/*(('./�99+5$55,(5�

����������)/6417+$$.�4)7*/'*6'9�3/'(6,$$)1�$,$'*(<'+)�3(4$))0&**�/''/.$.$.(�

����������/*,6�

��� � � I: 4,79 
8. � � � 

 " F0F1 ATP synthase subunit beta; Validated " ± 16 - 482 / ; 
�" ATP-synt_ab_N " ± 18 - ��� � � 
�" F1-ATPase_beta " ± 95 - ���� � � 
�" ATP-synt_ab_C " ± 376 - ���� � � 

 " Walker A motif " ± 171 - 177 / ; 
 " Walker B motif " ± 260 - 264 / ; 
� � �   � � ��±  

117,135,137-138,140,142,203-205,208,230-232,237,268,271,275,281-283,285-
286,291,295,302,319,322-323,327,334,336-338,349-350,359-360,362,364 / ; 
ATP- � �� � ��±  
173,176-178,202-203,206,264,268,352-353 / ; 

 � � �± 350,352,358-359� /  
9.    : 

-c �� - � � - �� � ��
�  

10. � �  : 

� �1HW3KRV����� � � �����- 
T3-92,0%; T4-93,3%; S75-95,6%; T91-83,6%; S122-72,5%; T125-92,0%; S142-92,1%; S306-98,7%; S311-
98,1%; T332-74,8%; S348-99,5%; S353-90,1%; S372-99,3%; Y376-91,8%; S423-73,3%;  

Y457-86,7 % 

 

 

 

 

 



�
�

�
�

11. � �  � � � � � � 

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 F0F1 ATP synthase subunit beta 
S. xinghaiensis 99 100 WP_019710005.1 

2 F0F1 ATP synthase subunit beta 
S. albus 99 100 WP_030545773.1 

3 
F-type H+-transporting ATPase 
subunit beta 

Streptomyces pini 96 98 SFJ90200.1 

4 
F-type H+-transporting ATPase 
subunit beta 

S. radiopugnans 96 98 SEQ71334.1 

5 F0F1 ATP synthase subunit beta 
S. hygroscopicus 96 98 WP_030823943.1 

6 F0F1 ATP synthase subunit beta 
S. autolyticus 95 97 AQA14087.1 

7 ATP synthase subunit beta 
S. malaysiensis 95 97 PNG92852.1 

8 ATP synthase subunit beta 
S. violaceusniger 95 97 KUL46569.1 

9 F0F1 ATP synthase subunit beta 
S. castelarensis 95 97 WP_086707228.1 

10 ATP synthase subunit beta 
S. antioxidans 95 97 OPF80538.1 

11 ATP synthase subunit beta 
S. violaceusniger 95 97 AEM81418.1 

12 
F-type H+-transporting ATPase 
subunit beta 

S. melanosporofaciens 94 97 SEC61080.1 

 
12. � � �� � � ��D ��

�� 
� � � 

�

% 
- 

 

�
�

� 

��  ���
  

� �GenBank 

63,3 472 a/a Atp synthase subunit alpha 
heart isoform, mitochondrial 

Bos taurus 2w6e, 2w6f, 
2w6q, 2w6h 

63,3 472 a/a Bovine mitochondrial atp 
synthase 

Bos taurus 5ara, 5are, 
5arh, 5ari 

63,3 472 a/a Atp synthase from yeast 
mitochondria 

Saccharomyces 
cerevisiae 

1qo1 

 

 

 

 

 



�
�

�
�

ATP synthase subunit epsilon 
1. � ��atpC 
2. � � �GenBank: KDS89931, SFRA_00895 
3.  : 378 � � 
����������WWJJFWJFWJ�DJFWJFDFJW�FJDJFWJJWF�JFFJFJJDFF�JFDJWJWFWJ�JWFFJJFJDJ�

����������JFFDFFFWJJ�WFJWFJFDFJ�FDFFDFDWFJ�JJWJDFDWFJ�JFJWFDWJFF�FJJFFDFFDJ�

����������FFJFWJFWFJ�JWJWJFWJJD�JDFFJJFFFJ�JWJDFFDWFF�JWDFJDFFJD�FJJFJJWDFJ�

����������JWJFWFJFFJ�FFJWFFDFJJ�FJJWWWFDWF�WFFWWFJFFJ�DFDDFDDJFW�JWFJFWJFWF�

����������JFJJDJDWFJ�FFJDJFWJJF�FJDJJDJDWF�JDFDFFJFFF�JWJFFJDJFJ�JJFFFWJJDD�

����������FJDJFFDDJW�FJJDDWFFJD�FJFFJFFJFF�JDJFJJFJFJ�FJJDJDWFFJ�JFWJJWFJFJ�

����������JFFJFJDJFD�DJFJFWJD�

 
4.  : ATP synthase subunit epsilon 
5�� � � �� � � ���� � ��13,074  
 
6�� � � 
����������0$$(/+9(/9�$$'569:6*(�$7/99$5776�*',*903*+4�3//*9/(7*3�97,577'**7�

����������9/$$9+**),�6)$'1./6//�$(,$(/$((,�'7$5$(5$/(�5$.6(6'$$$�(55$(,5/9$�

����������$$6.5�

7�� � � I: 5,03 
8. � � � 

 " F0F1 ATP synthase subunit epsilon; Validated " ± 2 - 124 / ; 
� � �   � � ��±  

8,11-13,15,18,40-44,67-72,78,80-82 / ; 
� � � �� � ��±  

13,29,45-46,48,64,66-68,82-83,85,88-89,91,98,112-113,115-116,119,121 / ; 
� � �LBP � � ��±  

23,25,31..32,34,36,38..40,54 /  
9.    : 

-c �� - � � - �� �  
10. � �  : 
� �1HW3KRV����� � � �����- 

S18-97,9%; T22-87,3%; T29-94,2%; T60-71,0%; T92-95,8%; S104-99,8%; S106-94,8%; S123-83,3 
 
 
 
 
 
 



�
�

�
�

11. � � � � � � � � � 
 

 �  �Streptomyces 

% 
-

 

% 
-
 � �NCBI 

1 F0F1 ATP synthase subunit epsilon 
S. albus 98 99 WP_030545771.1 

2 ATP synthase F1 subunit epsilon 
Streptomyces sp. Ru87 91 96 PGH48306.1 

3 F0F1 ATP synthase subunit epsilon 
S. pathocidini 90 97 WP_055471363.1 

4 ATP synthase epsilon chain 
S. rubrolavendulae 89 96 AOT61088.1 

5 putative ATP synthase epsilon chain 
S. aurantiacus 88 96 EPH41794.1 

6 F0F1 ATP synthase subunit epsilon 
S. somaliensis 87 95 WP_010474571.1 

 
12. � � �� � � ��D ��

�� 
� � ��

% 
- 

 

�
�

� 

��  ���  � �
GenBank 

42,5 134 a/a Crystal structure of the F1-
atpase from the 

thermoalkaliphilic bacterium 

 
Bacillus sp. 

2qe7 

42,4 132 a/a Atp synthase Caldalkalibacillus 
thermarum 

5ik2 

33,9 112 a/a Atp synthase epsilon chain Thermosynechococcus 
elongatus 

2rq7 

27,5 102 a/a Structure of the E.coli F1-atp 
synthase inhibited by subunit 

epsilon 

Escherichia coli 3oaa 



�
�

�
�

�� 

� ��� � � F1- � - � Streptomyces fradiae 
ATCC������ � �Streptomyces. 

 Streptomyces fradiae 
     

Streptomyces 
xinghaiensis 

99% 99% 99% 99% 99% 

Streptomyces 
albus 

99% 99% 99% 98% 98% 

Streptomyces 
pathocidini 

97% 91% 83% 88% 90% 

Streptomyces 
albireticuli 

95% 92% 83% 80% 86% 

Streptomyces 
alboverticillatus 

96% 83% 82% 81% 83% 

Streptomyces 
roseoverticillatus 

95% 90% 83% 82% 87% 

Streptomyces albulus 95% 91% 83% 80% 87% 

Streptomyces 
mobaraensis 

94% 93% 81% 77% 87% 

Streptomyces 
caatingaensis 

94% 93% 83% 76% 89% 

Streptomyces 
varsoviensis 

93% 91% 80% 80% 85% 

Streptomyces atratus 94% 92% 83% 81% 87% 

Streptomyces 
violaceusniger 

94% 95% 81% 80% 84% 

Streptomyces 
wuyuanensis 

93% 91% 81% 77% 85% 

Streptomyces 
hygroscopicus 

94% 96% 81% 80% 84% 

Streptomyces 
sparsogenes 

94% 92% 79% 80% 84% 

Streptomyces 
hyaluromycini 

93% 88% 76% 77% 83% 

Streptomyces griseus 93% 93% 81% 79% 87% 

Streptomyces 
himastatinicus 

93% 97% 81% 77% 85% 

Streptomyces  
humi 

93% 
 

87% 76% 76% 84% 

Streptomyces 
melanosporofaciens 

93% 94% 81% 80% 84% 

Streptomyces  
pini 

92% 96%� 83%� 78%� 87%�

Streptomyces 
radiopugnans 

92% 96%� 85%� 77%� 88%�



�
�

�
�

    

� ��� � � F1- � - � Streptomyces fradiae 
ATCC������ � � �Actinobacteria. 

 Streptomyces fradiae 
 

 
 

    

Mycobacterium 
tuberculosis 

78% 76% 54% 38% 52% 
 

Mycobacterium 
smegmatis 

72% 71% 51% 40% 39% 
 

Bifidobacterium 
adolescentis 

74% 73% 45% 30% 38% 
 

Bifidobacterium 
bifidum 

73% 72% 44% 30% 37% 
 

Bifidobacterium 
breve 

72% 72% 45% 32% 41% 

Bifidobacterium 
longum 

72% 72% 44% 33% 44% 

Lactobacillus 
brevis 

54% 62% 31% 27% 36% 

Lactobacillus 
fermentum 

57% 64% 34% 27% 39% 

Lactobacillus  
casei 

57% 63% 33% 27% 31% 

Lactobacillus 
rhamnosus 

56% 62% 34% 29% 33% 

Streptomyces 
antioxidans 

93% 95% 80% 79% 84% 

Streptomyces 
iranensis 

93% 94% 80% 79% 84% 

Streptomyces 
megasporus 

91% 95% 82% 78% 82% 

Streptomyces 
rapamycinicus  

93% 95% 80% 79% 84% 

Streptomyces 
nanshensis 

89% 92% 82% 77% 78% 

Streptomyces 
sparsogenes 

94% 95% 79% 80% 84% 

Streptomyces 
abyssalis 

89% 91% 76% 72% 77% 

Streptomyces noursei 92% 91% 77% 80% 82% 

Streptomyces nodosus 92% 88% 77% 80% 82% 

Streptomyces rimosus 91% 77% 80% 82% 85% 
Streptomyces 
venezuelae 

93% 90% 78% 79% 84% 



�
�

�
�

� 3�� � � F - � - � Streptomyces fradiae 
ATCC������ � �Streptomyces. 

 Streptomyces fradiae  
Fo 

A B C 

Streptomyces 
xinghaiensis 

96% 99% 92% 

Streptomyces  
albus 

96% 98% 85% 

Streptomyces cellulosae 84% 89% 97% 
Streptomyces  

luteus 
82% 88% 86% 

Streptomyces 
 humi 

79% 90% 85% 

Streptomyces 
jietaisiensis 

82% 87% 97% 

Streptomyces lavendulae 79% 86% 99% 

Streptomyces 
 katrae 

80% 85% 99% 

Streptomyces 
 atratus 

84% 87% 97% 

Streptomyces  
sviceus 

82% 88% 96% 

Streptomyces 
lushanensis 

81% 84% 95% 

Streptomyces 
scopuliridis 

82% 83% 93% 

Streptomyces 
jeddahensis 

84% 90% 93% 

Streptomyces 
xylophagus 

81% 89% 93% 

Streptomyces seoulensis 81% 88% 95% 

Streptomyces 
graminilatus 

83% 87% 94% 

Streptomyces 
flavidovirens 

79% 84% 92% 

Streptomyces 
prasinopilosus 

79% 88% 88% 

Streptomyces 
violaceoruber 

82% 89% 94% 

Streptomyces 
 scabiei 

77% 84% 90% 

Streptomyces mirabilis 84% 88% 90% 



�
�

�
�

 

� 4�� � � F - � - � Streptomyces fradiae 
ATCC������ � � �Actinobacteria. 

 Streptomyces fradiae  
Fo 

A B C 
Bifidobacterium bifidum 31%� 37%� 53%�

Bifidobacterium breve 
 

29%� 37%� 48%�

Bifidobacterium longum 
 

30%� 38%� 52%�

 

 

 

 

Streptomyces 
diastatochromogenes 

78% 92% 90% 

Streptomyces 
glaucescens 

83% 88% 90% 

Streptomyces 
zinciresistens 

78% 86% 90% 

Streptomyces exfoliatus 75% 84% 88% 



�
�

�
�

�� 

� � �-14 � �RLU (relative light units��� � � � � � � � �
� � � � �FoF1- - � � � � � �S.fradiae�ATCC 19609. 

 5�� � � � � � � � � ��int imv) S. fradiae ATCC 19609. 

 

�� �RLU) �
 

(RLU) 

�
 

(RLU) 

�
 (%) 

� �
 (RLU) 

 
(RLU) 

� � � 

 356417,00  344917,00  336520,00  345951,33  9988,75  2,89%   

1 458176,00  423064,00  426033,00  435757,67  19471,52  4,47% 89806,33  4012,93  

10 452190,00  466238,00  459410,00  459279,33  7024,91  1,53% 113328,00  1733,41  

20 418701,00  448170,00  429230,00  432033,67  14933,21  3,46% 86082,33  2975,43  

40 495818,00  503595,00  462134,00  487182,33  22038,26  4,52% 141231,00  6388,75  

60 503067,00  495271,00  498475,00  498937,67  3918,54  0,79% 152986,33  1201,52  

 

 

 

 

 

 

 



�
�

�
�

 6�� � � � � � � � � S. fradiae ATCC 19609, �
��lfx������ M).  

 

�� �RLU) �
 

(RLU) 

�
 

(RLU) 

�
 (%) 

� �
 (RLU) 

 
(RLU) 

� � � 

 332644,00  304503,00  299705,00  312284,00  17794,73  5,70%   

��  411675,00  401642,00  395124,00  402813,67  8337,48  2,07% 90529,67  1873,79  

���  446644,00  418090,00  414073,00  426269,00  17759,21  4,17% 113985,00  4748,84  

���  410144,00  392148,00  397694,00  399995,33  9216,08  2,30% 87711,33  2020,91  

���  475511,00  447271,00  442572,00  455118,00  17816,45  3,91% 142834,00  5591,51  

���  471247,00  463243,00  457708,00  464066,00  6806,92  1,47% 151782,00  2226,34  

 7�� � � � � � � � � S. fradiae ATCC 19609, �
��DCCD������ M). 

 

�� �RLU) �
 

(RLU) 

�
 

(RLU) 

�
 (%) 

� �
 (RLU) 

 
(RLU) 

� � � 

 332678,00  326398,00  353080,00  337385,33  13949,96  4,13%   

��  351687,00  345672,00  373988,00  357115,67  14918,17  4,18% 19730,33  824,22  

���  375110,00  401192,00  369946,00  382082,67  16749,38  4,38% 44697,33  1959,40  

���  371368,00  365976,00  392445,00  376596,33  13987,62  3,71% 39211,00  1456,38  

���  393034,00  386851,00  413728,00  397871,00  14076,25  3,54% 60485,67  2139,92  

���  409258,00  401342,00  398014,00  402871,33  5775,90  1,43% 65486,00  938,86  

 



�
�

�
�

 8�� � � � � � � � �S. fradiae ATCC 19609, � � �
(olgA������ M). 

 

�� �RLU) �
 

(RLU) 

�
 

(RLU) 

�
 (%) 

� �
 (RLU) 

 
(RLU) 

� � � 

 340686,00 348012,00 332327,00 340341,67 7848,17 2,31%   

��  397609,00 401614,00 375689,00 391637,33 13956,07 3,56% 51295,67 1827,93 

���  422384,00 407284,00 427395,00 419021,00 10468,78 2,50% 78679,33 1965,72 

���  415525,00 406253,00 396574,00 406117,33 9476,23 2,33% 65775,67 1534,79 

���  446552,00 420863,00 444885,00 437433,33 14374,52 3,29% 97091,67 3190,53 

���  431704,00 466483,00 454210,00 450799,00 17638,62 3,91% 110457,33 4321,91 

 

 

 

 

 

 

 

 

 

 



�
�

�
�

�9. � ����� �� � � � � �S. fradiae ATCC 19609 � � �OlgA, 
Olg 1, Olg 2, Olg 3, Olg 4, Olg 17, Olg 18, DCCD ( � � ����� M). 

 

�� �RLU) �
�

(RLU) 

�
�

(RLU) 

�
���� 

� �
 (RLU) 

 
(RLU) 

� � � 

imv 452190,00 466238,00 459410,00 459279,33 7024,91 1,53% 113328,00 1733,41 

lfx 459413,00 457996,00 460429,00 459279,33 1222,00 0,27% 146995,33 391,11 

OlgA 422384,00 407284,00 427395,00 419021,00 10468,78 2,50% 78679,33 1965,72 

Olg 1 471255,00 470484,00 436099,00 459279,33 20078,46 4,37% 146995,33 6426,24 

Olg 2 370592,00 344385,00 399144,00 371373,67 27387,87 7,37% 52845,67 3897,23 

Olg 3 388354,00 412523,00 424138,40 408338,47 18255,51 4,47% 67996,80 3039,92 

Olg 4 423854,00 437651,00 386465,24 415990,08 26483,51 6,37% 97462,08 6204,81 

Olg 17 489238,00 453094,00 435506,00 459279,33 27394,81 5,96% 146995,33 8767,89 

Olg 18 443400,00 460976,00 466188,00 456854,67 11939,94 2,61% 119469,34 3122,34 

DCCD 375110,00 401192,00 369946,00 382082,67 16749,38 4,38% 44697,33 1959,40 

 


