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ŸǸŶ� ÷Ʊ 

1.1 Qs^Eƴ'ƕǂǌtƕƃƾ/ 
� ƁƐƴ"oePui&46Áċ�8�Qs^Eƴ��'ĹƑ;Šė�7&(Ƿ

ƕ;Ʒ�!Ƽǁ�87ąƣ��7(Qs^Eƴƕǂǌ)��'Qs^Eƴƕǂǌǌ
ű(Ƿ�,!'Ŗŏ&�ä�8!	7ąǬ'�ƃ/"�6ǷƁƛ"(ƁƐƴ

5co`nNi+ǷŦĮŖŏ&�	!(ƁƐƴ5ðƐ�¢Ɠ+'Ƽǁ&ťü

�7�ƁƐƕ(ƁƐ'¢�#Þ�;ǡ!!�6Ƿ?Bs3ð¦â%$'¦âǔ

'ð�%ŏƴ'-#<$�ïŗ'ƼǁĹǛ&4�!ǋ)87�ƁƐƕ&(ǷƁ

Ɛƕ¢Þ'ŏƴƼǁ;¾Ƒ&�7�1'Sl\p3WnsMfuQu%$'ƕ

Qs^Eƴ��7�àƔƛ&�	!Qs^Eƴƕǂǌ'�%Ƅƹ(Ƿ_Aup

V>sF��őĉ"Qs^Eƴ;Ƽǁ�7 Tat pathwayǷ=s_AupV>sF
��őĉ"Qs^Eƴ;Ƽǁ�7 Sec pathway��7(Ò 1-1)�Sec pathway&�
	!Qs^Eƴ'Ǆ6Ǎ#%7Sl\p;ĳċ�!	7ƕQs^Eƴ(ǷµĮ

Ŗŏ"( SecYEG ƢÁ�(ŦĮŖŏ' Sec61αγβ)"�7(Ling Lin et al., 2007; 
Kudva et al., 2013; Patel et al., 2014; Tsirigotaki et al., 2017)� 
� SecYEG ƢÁ�(Sec WnsMrHs);���Qs^Eƴƕǂǌ&�	!ǷƁ
Ɛƴ"Áċ�8�ªǱ�Qs^Eƴ( SecYEG ƢÁ�'Sl\p��"(ƕ;
Ʒ�!co`nNi�+ƕǂǌ�8%	�ªǱ�Qs^Eƴ'ƕǂǌ;Ɲ%


&(Ǳ°�ąƣ"�7��'Qs^Eƴƕǂǌ;Đ
kuQuQs^Eƴ#

�! SecA ATPaseǷ`rWsǱ°ÖkuQuSecD/SecF ƢÁ�(Tsukazaki et al., 
2011)�äÔ�7�.� Sec WnsMrHs&(ǷĞƥ&Áċ�8�ƕQs^E
ƴ;ƕ&ƃƾ0��2�6ǷYidC#È)87ƕQs^Eƴ2ƕƃƾ/&Ǜ:�
!	7(du Plessis et al., 2011; Kumazaki et al., 2014; Denks et al., 2014)� 
 
  

Ò 1-1.� µĮŖŏ' Sec pathway&��7Qs^Eƴƕǂǌtƕƃƾ/ 
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1.2 SecWnsMrHs;���Qs^Eƴƕǂǌ 
� Sec WnsMrHs(SecYEG ƢÁ�);ƄŘ�7Qs^Eƴƕǂǌ&(Ƿ
Co-translational translocation#ǷPost-translational translocation#È)87Ǳ°'
ŝ%7�Ųǰ'ğŃ��7(Koch et al., 1999; Mitra et al., 2006)�Co-translational 
translocation(ǷoePui&46Áċ�8�ƎƬǃ~'Qs^Eƴ' Nħŷ'
KFYpǐ§� SRP(Signal Recognition Particle)&46ǷSRP receptor"�7 FtsY
;ƄŘ�ǷSecWnsMrHs+#ǋ)8ǷƎƬ#¡ÿ�7�#"Qs^Eƴ'
ƕǂǌ�Ɲ%:87 (Saraogi et al., 2014)(Ò 1-2A)�vğǷPost-translational 
translocation(ǷoePui&46ƁƐƴ"Áċ�ç���ªǱ�Qs^Eƴ�Ƿ
KlcrsSecB%$&46=s_AupV>sF'őĉ;���..kuQu
Qs^Eƴ SecA ATPase+#ǋ)87��'Ā SecA� SecYEG#ƅÁ�ǷKF
Ypǐ§� SecYEG+#»�ŉ�8ǷSecA� ATP®Ł¦Ʃ@\pDu;©ŗ�
!Qs^Eƴ;ď�¥�°�;ƌ6ǀ��#&46ƕǂǌ�87��5&co

`nNi�5ƕQs^Eƴ SecDF ƢÁ��ƕǂǌ�!��Qs^Eƴ#ť�
�ŗ�ǷSecYEG 5¥!��¦łQs^Eƴ;Őú�7��;�7(Tsukazaki 
et al., 2011; Lycklam and Driessen, 2012; Furukawa et al., 2017)(Ò 1-2B)� 
 

 
  

Ò 1-2.� µĮŖŏ' SecWnsMrHs;���Qs^Eƴ'ƕǂǌ 
A.� Co-translational translocation'Ƅƹ 
B.� Post-translational translocation'Ƅƹ 
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1.3 Qs^Eƴƕǂǌ;Đ
~ĄŢÏâ'ĳǆŖŏåŢũƤ 
1.3.1 SecA ATPase 

� SecA ATPase( ATP®Ł¦Ʃ'@\pDu;©ŗ�ǷƎƬĀªǱ�Qs^Eƴ
'ƕǂǌǱ°Ïâ#�!ĹƑ�7�SecA'ĳǆ( 2002ö& Bacillus subtilus (Bs)
Řĩ SecA'ĳǆ�¨1!ÚÆ�8!�ǝǷ�8."&ƢĜ' XƊƅĢĳǆƩĪ
'ÚÆ��7(Hunt et al., 2002; Sharma et al., 2003; Osborne et al., 2004; Vassylyev 
et al., 2006; Zimmer et al., 2006; Papanikolau et al., 2007; Zimmer et al., 2008; Li et al., 
2016)�Hunt5�ÚÆ�� BsSecA�ǔ�'ĳǆ"(ǷSecA(ĹƑ#ĳǆ&46
¦ǰ�8�ƢĜ'Xj?s5ĳċ�8!	7��'Xj?s(Ƿ 2  '[E
qBSXƅÁ_AupX(NBF1, NBF2)#ǷªǱ�Qs^EƴĬķXj?s
(PPXD)ǷCħŷXj?s(IRA1, HWD, CTL)"�6Ƿ¦â¢;Ƴ�4
&�ƍ�
!	7 HSD&46Ƌ�8!	7(Ò 1-3A, D, ƚƯļùÃů(Ò¶Ŏ)�vğǷ2004
ö& Osborne5&46ÚÆ�8� BsSecA³ǔ�'ĳǆ"(ǷHunt5'ĳǆ#ŀ
ƻ�! PPXDXj?s�ž 60˚Îƺ�ǷCħŷXj?s#'ǚ&à�%Ō�ýċ
�8!�6ǷopenÖ#�8�(Ò 1-3B)�NMR&47 SecA-KFYpǐ§'ĳǆ
ƩĪ5�'Ō&KFYpǐ§�ƅÁ�7�#�ŭÉ�8!�6(Gelis et al., 
2007)Ƿ�85'ƅĢĳǆ�ĹƑőĉ+'ĳǆÝ±;ŭ�#Ə�58!	7�.
�Ƿ2008ö&ÚÆ�8� Thermotoga maritime (Tm)Řĩ' SecA# SecYEGƢÁ
�'ƅĢĳǆ&��7 TmSecA'ĳǆ(ǷHunt5'ĳǆ#ŀƻ�! PPXDǭØ
� NBF2ğÄ& 80˚2Îƺ�7ĳǆÝ±�Ƥ58ǷNBF2# PPXD'ǚ&Ens
`�ýċ�8!	�(Ò 1-3C)(Zimmer et al., 2008)��8( SecYEG#'ť��ŗ
&472'"Ƿƕǂǌǌű&��7ĹƑőĉ' SecA'ĳǆ"�7#Ʃǒ�8!
	7�.��'ĳǆ5 IRA1&4�!ÙƴQs^Eƴ�ď�¥�87kVp�
ĖÊ�8���8."Ʃ8� SecA'ĳǆ(Ĵ�&ŝ%�!	7�Ƿ�85(
	�82ōņ~"éǢ&äÔ�!	7ƅÁĴù"�7�#�Ŗ±åŢ&Ŭ1

58!	7(Osborne et al., 2004; Erlandson et al., 2008)���Ƿ¡ĤƅÁ"Ƌ�
8� SecA�ǔ�(Qs^Eƴ¦łńć;đ�%	�#(Or and Rapoport, 2007)3Ƿ
³ǔ�' SecA"2ńć;đ #	��ÚÆ2�7(Deville et al., 2011)��5&
ƕǂǌǃ~'ÙƴQs^Eƴ;Å<� SecA # SecYEG 'ƅĢĳǆ(Li et al., 
2016)�ÚÆ�8Ƿƕǂǌ~(³ǔ�"�7¾Ƒć�à	&ŭÉ�8!	7�Ƿ
SecA'ĹƑ³�& 	!'ƆvƤƩ(Ă58!	%	� 
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Ò 1-3. SecA ATPase'ƅĢĳǆ 
a. BsSecA'ƅĢĳǆ : closedÖ (PDBID: 1M6N) 
b. BsSecA'ƅĢĳǆ : PPXD�NBF2&ž 60˚Îƺ�� openÖ (PDBID: 1TF2) 
c. TmSecA 'ƅĢĳǆ : PPXD � NBF2 &ž 80˚Îƺ�� SecY ƅÁÖ(PDBID: 

3DIN) 
d. SecA'Xj?sĳċ (Mori and Tsukazaki, 2009) 
tNBF1, 2 : Nucleotide Binding Fold 1, 2 
tPPXD : Pre-Protein Closslinking Domain 
tHSD : �-Helical Scaffold Domain 
tHWD : �-Helical Wing Domain 
tIRA1 : Intramolecular Regulator of ATPase1 
tCTL : Carboxy-Terminal Linker 
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1.3.2 SecY, SecE, SecG 

� SecWnsMrHsƢÁ�'~ĄǏ;ýċ�7Sl\p(ǷSecYǷSecEǷSecG
'aUrwǔ�&4�!ĳċ�87�SecY(Sl\p'~Ą;ýċ�7 10Î
ƕƳǄÖ'ƕQs^Eƴ"�6Ƿ !'Ŗŏ&dkrF�äÔ�7ąǬ'Ïâ

"�7�SecE(ǸÎ.�(ǺÎƕƳǄÖ'ƕQs^Eƴ"�6ǷSecY'æè±
&ąǬ'Ïâ"�7�SecG(ǹÎƕƳǄÖ'ƕQs^Eƴ"�6ǷąǬ'Ïâ
"(%	�ǷSecY#ť��ŗ�Qs^Eƴƕǂǌ'�ǈ&Ǜ:�!	7(Kudva 
et al., 2013; Nishiyama et al., 1994)� 
� 2004ö& XƊƅĢĳǆƩĪ&4�!½Ɓƛ Methanococcus jannaschii(Mj)Řĩ
SecYEβ'ĳǆ�ÚÆ�8ǷSecWnsMrHs'ÙĨĳǆ�¨1!Ġ5#%
��(van den Berg et al., 2004) (Ò 1-4, 1-5a)��'ĳǆ"(ǷSecY'ƕƳǄao
TEM TM1-5# TM6-10(�īƲ'4
%ş�îůĳǆ"�6Ƿ�'ǚ&�7
pu`�ƜŜ'ÿ¬;�!	7(Ò 1-4)�.� SecE��'ƜŜ;ơû�74
&
�ƍ�!�6ǷSl\p'æè±&ì{�!	7�.� TM2# TM8(ƕƃƾ
/&Ǜ{�7#Ə�587nUnpGuW;ýċ�!	7(Ò 1-4A)�Sl\p
(¢Ǐ&ŪġƪÖ'Ŵǚ;đ�Ƿ�'�*8'Ǐ¦&( 6 'ŞŁć=h]Ǒ
ľÙ&46ã(pore ring)�ýċ�8!�6Ƿco`nNi�5 TM2&4�!ý
ċ�8�ŞŁć'`nF(plug)Xj?s"ĭ;�8!	7��'`nF�ªǱ�
Qs^Eƴ'ē�&46Þ87�#"Ƿƕǂǌ�ƶ�7#Ə�58���'ĀǷ

Ŗ±åŢ%éǲ&47ÚÆ'ƕǂǌ&(`nF'Ű°�ąƣ"�6(Tam et al., 
2005)ǷªǱ�Qs^Eƴ(ŪġƪÖ'ã'ƿ�;Ǆǌ�7(Cannon et al., 2005)
#	
¢ë(ǷSl\p'ĳǆ#vƗ�72'"����.�Ƿ�'`nF(

ƕǂǌǃ~'foc`SX'ƧŁć'øÁ	&4�!�ƍ;Ý�ǷQs^Eƴ

'nUnpGuW5'ǊǤ&Ǜ:�!	7¾Ƒć�ŭÉ�8!	7(Zhang 
and Miller, 2010; Hizlan et al., 2012)� 
� Qs^Eƴƕǂǌġ&��7Ĭķéǲ&47#ǷWnsMrHs'~Ą&�

ƍ�7 TM2# TM8'�6¼&KFYpǐ§�3�!�7#ǷSecY'�īƲĳ
ǆ�Ý±�7#Âġ&`nF'�ƍ2Ű°�ǷQs^Eƴƕǂǌ�Ǳ°�87

#	
ÚÆ��7(Harris and Silhavy, 1999; Wang et al., 2004)�Âġ&nUnpG
uW(Ƿƕ¢+#ƕQs^Eƴ;Ƽǁ�7��&Ǜ{�7Ǔƣ%ÿ¬;đ #

Ə�58!	7�.�Ƿ`nF&46ĭ;�8� closedÖMjSecYEβ'ĳǆ&
��7ã( 5~8 Å"����ǷWnsMrHs(ǹĨ'foc`SXǖ;Âġ
&¹ë"�7¾Ƒć��7#'ÚÆ(Kida et al., 2007)2�6Ƿƕǂǌġ&(
closedÖ5à�%ĳǆÝ±�ƶ�7�#�ŭÉ�8!	7� 
� 2008ö&Ġ5&�8� Thermotoga maritime(Tm)Řĩ SecA# SecYEGƢÁ
�'ĳǆ"(ǷSecA'ªǱ�Qs^Eƴ#'ť��ŗǏ�#Ə�587ǭØ�
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Sl\p'ã'Ŧx&�ƍ�!�6ǷSecA5Sl\p&ǇƇŢ&ªǱ�Qs
^Eƴ'Ǆ6Ǎ�ýċ�87#ĖÊ�8�(Ò 1-5c)��5&ªǱ�Qs^EƴǷ
SecAǷSecYǚ'Ĭķéǲ&�	!2ǷªǱ�Qs^Eƴ;ǇƇŢ&ã+»�ŉ
��#;ęđ�!	�(Erlandson et al ., 2008; Mori et al., 2010)�2008ö&ÚÆ�
8� Fab#'¡ƅĢ±&46Ă58� Thermus thermophiles(Tt)Řĩ SecYE'ĳ
ǆ(Tsukazaki et al., 2008)#ǷMjSecYEβ'ĳǆ TmSecA-SecYEGƢÁ�'ĳǆ
5ĹƑőĉ'WnsMrHs'ĳǆÝ±'vŷ�Ġ5#%��(Ò 1-5)�
MjSecYEβ'ĳǆ"(ǷSl\p(`nF�ǘ�� closedÖ"����ǷTtSecYE
'ĳǆ"(`nF(ǘ�!	72'' SecY' TM7, 8, 9ǭØ�Þ�&Ű°�Ƿ
ƁƐƴ�ƟǪ&¤Ö'Ō�ýċ�8!	7(Ò 1-5b)�FabƅÁǏ�( SecAƅÁ
Ǐ�#Â�ǭØ"�6ǷFab� SecA'ĹƑ&î�!ǜêŢ&���#Ƿ%5*
& SecA�äŢ& closedÖ�ňñ�7�#5ǷSecA'ƅÁ'¨ĥĿǠ"(S
l\p� pre-openÖ;#7#Ʃǒ�8��.�ǷTmSecA-SecYEG'ĳǆ"(³
Œ'ĳǆ#ŀƻ�! SecAǷSecYEG·ğ&ĳǆÝ±�Ƥ58��SecYSl\p
"( SecA#'ť��ŗ&4�! TM7, 8, 9�Þ�&Ű°��Ǫ'GuW�33
Ǚ	�ĳǆ"���(Ò 1-5c)� 
� 2010ö&(ǷnUnpGuW�Ǚ	�őĉ' openÖ'őĉ� Pyrococcus 
furiosus(Pf)SecYEβ'ĳǆ5ƩĠ�8�(Egea and Stroud., 2010) (Ò 1-5d)��8
5'ĳǆƩĪ5 SecA#Sl\p SecYEG(ƕǂǌġ'ť��ŗ&46Ƿ²ư
Ţ&ĳǆ;Ý±��!ĹƑ�7��ŭ�8�� 
� ƿö'En?BǦâǯăǗ&47³ŻâƩĪ'ǈĽ&46Ƿ2014ö& Sec61
#oePui'ĳǆ� 3.4 Å¦ƩƑ"ÚÆ�8Ƿ2016ö&(KFYpc`SX
��"ƕǂǌǃ~' Sec61#oePui'ĳǆ� 3.6 Å¦ƩƑ"ÚÆ�8�
(Voorhees et al., 2014; Voorhees and Hegde, 2016)�.� 2016ö& SecYEG&�	!
2ǷÙƴ�ƕǂǌǃ~' SecYEG-SecA-peptideƢÁ�'ƅĢĳǆ� 3.7 Å¦ƩƑ
"ÚÆ�8�(Li et al., 2016)�ƕǂǌǃ~'ĳǆ'}ğ"KFYpc`SX(Ƿ
Sl\p¢5nUnpGuW+#¥!�74
&�ƍ�!�6ǷnUnpG

uW;ĳċ�!	7 TM2;ď�x�!	��ƿöÚÆ�8�	�8'ĳǆ&�
	!2 SecYEG(Ǹ¦â"�6Ƿƕǂǌǃ~"( SecYEG(Ǹ¦â"�7¾Ƒ
ć�Ǵ	���%�5ƁƐ¢&�	!ǷSecA&47ƕǂǌǃ~' SecYEG;Ƿ
�Ĭķéǲ3 S-SƅÁ;ŗ	�ČŃ&4�!ǷR?gu3BoIgu"ı¥�
�ÚÆ(Zheng et al., 2016)2�6ǷSecYEG'ĹƑ³�& 	!2ƤƩ(Ɔv�8
!	%	� 
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Ò 1-4. Methanococcus jannaschii(Mj)Řĩ SecYE	'ĳǆ 
A. x5Ƥ�MjSecYE	'ĳǆ�nUnpGuW#`nF;Ē�ŭ�!	7� 
B. �Ǫ5/�MjSecYE	'ĳǆ�ƜŜ;Ē�ŭ�ǷSecYE	'J?N;ŭ��� 

Ò 1-5. ƕǂǌSl\p'ĳǆ 
� � � (xÒ(ƁƐƕ;Ķ5Ƥ�ÒǷyÒ(ƁƐƴ�5Ƥ�Ò) 
SecY ' TM2 # TM8 ;Ɖƙ#ǧƙ"Ɵŭ�Ƿ`nF;Ƶƙ"ǷnUnpGuW;
İƙ'Ũ´"Ɵŭ�!	7�.� SecEǷSecG(�8�8ǵƙ#Łƙ"ŭ�!	7�
a 5 d '4
&vǇ'ĳǆÝ±;ƶ��#Ə�58!	7(Lycklama and 
Driessen, 2012)� 
a. Methanococcus jannaschii SecYE	(PDBID: 1RHZ) (CloseÖ) 
b. Thermus thermophilus SecYE (PDBID: 2ZJS) (Pre-openÖ) 
c. Thermotoga maritime SecYEG (PDBID: 3DIN) (SecAƅÁÖ) 
d. Pyrococcus furiosus SecYE	 (PDBID: 3MP7) (OpenÖ) 

A B 
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1.4 R?YhTE%Qs^EƴƕǂǌkVp 
� µĮŖŏ&��7ªǱ�Qs^Eƴ'ƕǂǌ& 	!'kVp(Ĝß�äÔ

�ǷœÔ'#�9ƆvƤƩ(Ă58!	%	�kuQuQs^Eƴ SecA�Ǳ°
�7Qs^Eƴƕǂǌ&��7kVp#�!ǷSecYEGƢÁ�(R?gu;ýċ
�7�ǷªǱ�Qs^Eƴ'Sl\p#�!ĹƑ�7'( 1 'mZTW'
SecYEGƢÁ�(translocating copy)"�6Ƿ2
vğ' SecYEGƢÁ�
(non-translocating copy)( SecA;ńć±�7�1&ąƣ%ƸÛ#�!ĹƑ�7#
	
kVp(Osborne and Rapoport, 2007; Tsukazaki et al., 2008) (Ò 1-7A)��7� 
� �&2Ƿ1mZTW' SecYEGƢÁ�#k]gu' SecA�ĹƑ³�"�6Ƿ
ATP®Ł¦Ʃ'@\pDu;©ŗ�� SecA' IRA1'ĳǆÝ±&46ªǱ�Q
s^Eƴ�ď�¥�87#	
kVp(Zimmer et al., 2008; Erlandson et al., 2008) 
(Ò 1-7B)�ĖÊ�8!	7� 
� .� SecA(ǄôR?gu"äÔ�!�6ǷR?gu'.. SecYEG+#ƅÁ
�7��'ĀǷÙƴ�ƅÁ�7�#" SecA# SecYEG��8�8ĳǆÝ±�Ƿ
Ùƴ� SecYEG+#»�ŉ�8ǷQs^Eƴ'ƕǂǌ�Ǚá�7#�& SecA�
R?gu5k]gu+ƩǤ�7#	
kVp2ĖÊ�8!	7�Qs^Eƴ

'ƕǂǌ�Ǚá�87# SecA(k]gu"ĹƑ�Ƿƕǂǌ�Ƃ:7#�' SecA
2 SecYEG5ƩǤ�7#	
kVp(Ò 1-7C)2ƿöÚÆ�8�(Gouridis et al., 
2013)��&2ß�'R?YhTE%kVp�ĖÊ�8!	7(Mitra et al., 2005; 
Deville et al., 2011 �)� 
� ƿö'ĳǆĹƑƩĪ&��7ũƤ5(Qs^Eƴ'ƕǂǌ~( SecYEG#
SecA(ǸǻǸ"ĹƑ�7�#�ƆvƤƩ#�!Ă58  �7(Zimmer et al., 
2008; Park and Rapoport, 2012; Li et al., 2016)� 
� �85'kVp(ĳǆĈÚ3Ĵ�%Ŗ±åŢéǲ&46ĖÊ�8!	7�Ƿ

Ħ�ĊŊ'Ø;¥!�5�ǷéǢ'Qs^Eƴƕǂǌǌű&�	! SecYEG 3
SecA�$'4
%ĳǆÝ±;�	ǷQs^Eƴ'ƕǂǌ;ǎċ�!	7';
Ġ5#�7&(Ƿo=pQ?i"'Ŋè&47°Ţ%ƨí�ąƣ#%7� 
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Ò 1-7. R?YhTE%Qs^EƴƕǂǌkVp 
A. SecYEGƢÁ�'R?gu# SecA'k]gu'Qs^EƴƕǂǌkVp� 
B. SecYEGƢÁ� 1mZTW# SecA'k]gu'Qs^EƴƕǂǌkVp� 
C. SecA'R?gu� SecYEG&ƅÁ�!ƕǂǌ;Ǚá�7."'kVp 

A 

B 

C 
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1.5 1mZTW°ĉƨí'čƞ 
1.5.1 Nanodisc 

� Nanodisc(ǷƕQs^Eƴ'ūų&�	!ǩô&Ĥ¯% in-vitroKMUi"�
7�ǄôƕQs^Eƴ(�'ćƴxŁ&î�!zōć"�6ǷŚǪńć«%$

"¾ō±��7ąƣ��7���ǷŚǪńć«äÔy&��7ƩĪ(ǷŚǪ

ńć«'þǫ&46¦ĪğŃ�Ǟ587�#Ƿ.�ƕQs^Eƴ�Ĩĩ'ƕŕ

Ü&%	�1&ńć�'2'�Ŋè"�!%	ÛÁ��7�Nanodisc&ƕQs
^Eƴ�ƃƾ.8�őĉ"�8)Ł&î�!¾ō±"�Ƿƃƾ.8�ƕQs^

Eƴ'ĹƑńć2ƈđ"�7(Bayburt et al., 2002; Nath et al., 2007)�ƕQs^Eƴ
#ƒƴ#Membrane Scaffold Protein(MSP);ŇÁ�ǷŚǪńć«;º6ǟ��#
" Nanodisc+'£ĳċ�¾Ƒ"�7�Nanodisc(ǷŤŢQs^Eƴ;Å0ƒƴ
�Ǔò;MSP"Ñ.8�Żâ"�6(Ò 1-8)Ƿōņ~"³¦ě�!�6ǷhEr
Pui3`rUBofPui&ŀ,Żâ'Õvć�ĚÌ�8!	7(Shih et al., 
2007)�Żâ'à���Õv"�6Ƿƕ'Ņ°ć2ģðǞ&Ď�58ǷŚǪńć
«;Å.%	ŁćŕÜ"�ŗ"�7 Nanodisc¢&ƃƾ.8�ƕQs^Eƴ(Ƿ
�8."ß�'ūųÚÆ��8!	7�Nanodisc+£ĳċ�7 SecYEGƢÁ�
; 1mZTW.�( 2mZTW#ưŹ"�7�#;Ƥ¥��Ƿ�'
Nanodisc-SecYEGƢÁ�;ŗ	!ǷSecA#'ť��ŗƩĪ;Ɲ%��ÚÆ(Alami 
et al., 2007) (Ò 1-8B)3ǷQs^Eƴƕƃƾ/Ơƍ"�7 YidC;k]gu#�!
Nanodisc&ƃƾ<�ÚÆ(Kedrov et al., 2013)%$ SecQs^Eƴ'ƩĪ&©ŗ�
8!	7� 

Ò 1-8. Nanodisc'ĲśÒ 
� Nanodisc ;xǏ5Ƥ�kVp(óÒ)#�Ǫ5Ƥ�kVp(¿Ò)��#�!
SecYEG ×1ƾ<"	7�ǷƕQs^Eƴ'Çƽ;ƒƴ�Ƿ�'Þ�;ƕǳįQs
^Eƴ(MSP)�Ñ<"	7�V>MEő&ƕQs^Eƴ�£ĳċ�8!	7Ĵâ�
��7� 
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1.5.2 Ǵǅ AFM(ǴǅµâǚǯăǗ) 
� Ǵǅ AFM#(Ƿāĩ'µâǚǯăǗ(atomic force microscope : AFM)'?j
uLsF'ǅø;Äx���2'"�7�āĩ'Ǵǅ"%	 AFM"2Ƿ�åǯ
ăǗ462Ǵ	Ŵǚ¦ƩƑ"ƭĝ;?juLsF"�7�ǷĘþǅø�ōņě

�&ŀ,!ǩô&ǉ�ǷéƴŢ&ǨĻ��ƭĝ�ƨí"�%	�Ǵǅ AFM(
�'ġǚ¦ƩƑ;Äx���#"ǷQs^Eƴ%$'Ŗ�¦â'°�`rOM

;Ĕ�7�#�"�74
&%��(Ando et al., 2001; Ando et al., 2008)�Ǵǅ
AFM(xǏ5ĕǕ"ı¥�7�#5ǷvƘŢ%Ŗ�¦â;ŗ	!ƨí�8
7�'Ǵ�(zğÄ)'¦ƩƑ( 0.1 nm#Ǵ	�"�7�.�ŁõğÄ(xyğÄ)(Ƿ
Ùţ;Óè��MUuL� xyğÄ&°	!ı¥�!	7�#3ǷĕǕ'Ɓ�'
þǫ2�6 zğÄ46(�y�7�Ƿ�'¦ƩƑ( 1 nműø#Ǵ	�#%�!
	7��8."'ƨí'~"�ƟŢ%2'(Ƿ=ESs_>njsWx;Ľ�

hBKsⅤ"�6ǷǇƇŢ&ž 36 nmǚǡ"vğÄ&ǈ0hBKsⅤ�°ř#�
!Ă58!	7(Kodera et al., 2010)�vƘŢ% AFM'ƟŭŃ"(Ƿƨí�87
�'Ǵ��Ǵ�%7& 8!ǷǶƙ5ĸƙ��!šƙ#ŧƙ�!	�� 
� Ǵǅ AFM3Ǵǅ"%	 AFM"¾ōć'Qs^Eƴ(Ĝß�ÚÆ��7�Ƿ
ƕQs^Eƴ;¾ō±���ōņ&(ŚǪńć«���!	7�#5�'Ʈ

Ɓ%ƨí(ǥ��Ƿƨí"��Żâ'~&(Ŗ�ƕ"(�6�%	ĳǆ;�!

	7�#2�7�.�õǪƕ%$ƒƴƕ&×1ƾ<�őĉ"(Ƿƒƴ� AFM'
ĕǕ&�ŧ�¦ƩƑ��y�7%$'ËǮ"¾ōćXj?s'ƮƁ%ƨí2Ð

ǥ"�7�#5ƕQs^Eƴ'ƨí'ÚÆ�(¾ōć'Qs^Eƴ#ŀ,7

#ñ%	� 
 
  



 19 

1.6 Ĩūų'ŤŢ 
� Qs^Eƴ'ƕǂǌtƕƃƾ/;Đ
 SecWnsMrHs'ĳċÏâ'
�Ƿ
Thermus thermophilusŘĩ' SecÏâ(SecYEGǷSecAǷSecDF)(�,!ƅĢĳǆ
�ƩĠ�8�(Vassylyev et al., 2006; Tsukazaki et al., 2008; Tsukazaki et al., 2011)�
�5&Ĵ�%ŖŏŲ&�	! SecY# SecA'ƅĢĳǆ�Ʃ8ǷQs^Eƴƕ
ǂǌ&��7°ŢjCZNi'ƩĠ(ŧé&ǈ<"	7(Lycklama and Driessen, 
2012)�ƿöǷǴǅ"%	 AFMƨí3ǷNanodisc# FRET;ŗ	�éǲ&46Ƿ
SecWnsMrHs'v¦âƨí�żŢ&ǈ158!	7(Taufiket al., 2013; 
Kedrov et al., 2013; Sanganna Gari et al., 2013)���%�5Ƿ°Ţƣƀ'ß	Q
s^Eƴ'ƕǂǌ¸Ć'ç ŔƩ&(Ɩ�!�5�Ƿ°Ţ%#�9(Ħ�ĊŊ

'Ø;¥%	�.�ǷSecWnsMrHs'�,!'Hsfu\sW(SecY, SecE, 
SecG)�Å.8�őĉ"'ĳǆƩĪ(ģǴ" 4.5 Å"����1Ƿ=h]ǑľÙ
qbp�x'ƮƁ%ť��ŗ'ıƫ(Ðǥ"�����5&Ƿ�8�8'Wn

sMrHs�Âġ&Â�ĳǆÝ±;ƶ��'"(%�ǷÀ�'Ïâ�Œŵ&Q

s^Eƴ;ƕǂǌ��7��'�1ǷQs^Eƴƕǂǌǌű'°ŢjCZNi

'ƩĪ&(ǷõÕ�;��4
%ŊèŃ"(%�Ƿ�1mZTW'°ĉƩĪ��
ąƣ"�7� 
� ��"Y]juWpBuRu"'Ŵǚ¦ƩƑt100hoŮűø'ġǚ¦ƩƑ"
ƨŊ�¾Ƒ"�7Ǵǅ AFM;ŗ	!ǷQs^Eƴƕǂǌǌű;°ř#�!Ĕ�
7�#;ģƂŤĵ#���Qs^Eƴƕǂǌ¸Ć&��7SecQs^Eƴ(1 nm
�x'ĳǆÝ±��Ŋ�8!�6ǷQs^Eƴƕǂǌ'ç�&2Ĝ¦7�

#5ǷǴǅ AFM'À¦ƩƑ#Á�!	7� 
� Ĩūų"(.� SecYEGƢÁ�'Ǵ¦ƩƑƅĢĳǆ;Ɲ%	Ƿ=h]ǑľÙ
qbp"'ƮƁ%ť��ŗ'ƩĪ�4*ǷƢǣ%Qs^Eƴƕǂǌ'Ž;³ſ

±�� 1mZTW"ĳź�7�#;ǈ1!��(3Ŷ 3.1�4* 3.2)�ŋ���Q
s^Eƴƕǂǌ¸Ć'Ž#ģĞ'čƞ;Ǳ��Ƿ|Ś"¨1!Íĺ�"'Qs

^Eƴƕǂǌ¸Ć'¾Ʀ±# SecWnsMrHs'°ŢjCZNi'ƩĠ;ǈ
1!��(3Ŷ 3.3)� 
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ŊƠň�� üìtíė 

 
2.1� TtSecYEGũ«�%ĆžĉŞŭĀ 
2.1.1� TtSecYEGũ«�%ĹįtŏŨ 
� úÇƘ$Ĳ	�`mJgU&ŧƟ$*",��Thermus thermophilus(Tt)Ĵ
þ% SecYEG Ĺį`mJgU(pAK24)" SecG 4Ơ�Ĺį�2`mJgU

(pAK22)-��&ƝSecY% C4ou`% 248ķĺ0 254ķĺ%7gYƅƄ�
KVVGGRV 4 GAAG ("ľ���¿ĸ�4Ĺį�2`mJgU(pAK80)"
SecG4Ơ�Ĺį�2`mJgU(pAK22)4Ĳ	 Ɲ�3�3ÁŠţ BL21(DE3)
Ă4Óŵŷæ���pAK244Ĳ	#	¼« SecG%Ĺįƈ� �!#�ƝSecYE
ũ«�" SecYEGũ«�%Ġ«Į"#2��%ÁŠţ4 50 µg/mL7r]Hn
r" 20 µg/mLAqmh^;WEuo4®+ 10 L% LB¹µz!Ɲ40˚C$ 
18òƌ¹Ɨ��� 
� �x%ç�&� 4˚C-��&đw!ť#���ƀØ(HITACHI, R9A2, 5000 
g × 15�)$/� ţ�4³¦�Ɲ10 mM Tris-HCl(pH 8.0)ZQ^6u!ÛĪt
ěĞ��Õ$Ɲ�ÑƀØ$/� ţ�4³¦���R^qrciIV9Gu4

Ĳ	 ţ�4 10 mM Tris-HCl(pH 8.0), 1 mM EDTA-Na(pH 8.0), 0.1 mM 
PMSF ZQ^6u$¶v$ÛĪ�Ɲf9Aq^o9O9Gu(Microfluidizer, 
15,000 psi × 3 cycle)$/� œŝ4Łŀ���Ŏá�ğ0ƀØ(HITACHI, 
R13A, 25000 g × 30 �)!øŁŀœŝ4Ə	�ÕƝŶƀØ(Beckman, 45Ti, 
140,000 g × 1òƌ)$/1šĵ�4Ö��šĵ�& 20 mM Tris-HCl(pH 8.0), 
300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 20 mM imidazole(pH 8.0), 2% 
DDM (USHofoTHU)ZQ^6u$¶v$ÛĪ�¨ħ�(30�)���¨ħ
�ÕƝŶƀØ(Beckman, 45TiƝ140,000 g × 30�)$/1yħÚĮŵ4Ə	��
ŶƀØÕ%wĢ4Ɲ20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM Pefabloc, 
5% glycerol, 0.1% DDM ZQ^6u!ÐŦ��� 10 mL Ni-NTA 
Agarose(QIAGEN)$ġ��ƝZQPė(30 �)$/1 SecYEG ũ«�4Ĉş$
¯Ľ����20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% 
glycerol, 0.1% DDM, 40 mM imidazole(pH 8.0)ZQ^6u!yőĮ4Ə	�ÕƝ
20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% 
DDM, 300 mM imidazole(pH 8.0)ZQ^6u!īÑ�Ƅ$/1ħ���³¦�
��ŶƀØ(Beckman, 70Ti, 140,000 g × 30�)$/1yħÚĮŵ4§1Ə	�
ÕƝAmicon Ultra-15 50K NMWL (Millipore)4Ĳ	�ƎÀĬſė$/1Nr[
Aŵħğ4īŘ����%ÕƝğ�AqfTBm^8uHJRh AKTA explorer 
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10S (GE Healthcare) 4Ĳ	 20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 
mM Pefabloc, 5% glycerol, 0.1% DDMZQ^6u!ÐŦ��� Supedex200 
10/300 GL (GE Healthcare)=mh$/1DoĬſAqfTBm^8u4ť#
	Ɲ]uAĵ�4³¦����%]uAĵ�4 Amicon Ultra-15 50K NMWL 
(Millipore)4Ĳ	�ƎÀĬſė$/1īŘ����%ÕƝ½īÑx�2�,$
20 mM Tris-HCl(pH 8.0), 5% glycerol, 0.25% DM (SHofoTHU)ZQ^6
u$/1īŘÏƆ4Ś1Ź���ŶƀØ(Beckman, 70Ti, 140,000 g×30�)$/
1īŘÏƆſń!ı��yħÚĮŵ4§1Ə	�ÕƝğ�AqfTBm^8u

HJRh AKTA explorer 10S (GE Healthcare)4Ĳ	 20 mM Tris-HCl(pH 
8.0), 5% glycerol, 0.25% DMZQ^6u!ÐŦ���Hi-Trap SP HP 1 mL(GE 
Healthcare)$Nr[Aŵ4¯Ľ��Ɲ20 mM Tris-HCl(pH 8.0), 5% glycerol, 
0.25% DM, 0-1000 mM NaClZQ^6u!īÑ�Ƅ$/1ħ�����ªŏŨ
ČƑ$�	 ƝFr`o& CBBāŢ$/2 SDS-PAGEė$/1ŏŨőÑ4ł
ű��� 
 
2.1.2� TtSecYEGũ«�%ŕô� 
� Amicon Ultra-15 50K NMWL (Millipore)4Ĳ	 ƝŏŨŰì4 15 mg/ml*
!īŘ�Ɲ×ƈŻĀ²	Ż�5�(ïúI;XR8AJ)4Ĳ	 0.25% DM, 5% 
glycerolZQ^6u!ŻĀ4ť#���Ö03�ŏŨŰì4 LCPė(Laudau et 
al., 1996)$/1ŕô����ŏŨŰì"iY<p9r4ƇƈĎ 2 : 3"#2/

$Ơ�%>JN9THnrI(Hamilton)�!Ġ«�ƝSecYEG ũ«�4iY<
p9r$�ĆÜ����ĆÜ�� SecYEG ũ«�4Nr[Aŵŕô��ęHJ
RhqdQT Gryphon (Art Robbins Instruments)4Ĳ	 ŕô���� 
 
2.1.3� Xŗ³àÇƘ�/'SuN�İ 
� Ö03�ŕô% X ŗ³àSuN&Á·èÌ�îů SPring-8 %\uhm9r
BL32XU$ ĥÆt¦ƒ���1.0 Å%ĘƊ4Ĳ	Ɲä�Ŭ 1.0˚! 360˚$ģ�
 ³àSuN4¦ƒ����) %SuN¦ƒ&ƝŇŒ>J$/2Am9<J

Tnuhý�x(100 K)!ť#���Ö03�³àSuN&ƝI222Ćž!&`q
BmhHKL2000 (HKL Reserch Inc.)4Ĳ	 ƝC2221Ćž!&`qBmhXDS 
(Kabsch, 2010)4Ĳ	 Ɲãé~�"_maăÃtăÃÆé%ĒÆ4ť#	Ɲ�
0$JCunrBÕƝªãé$Ë�2³àÒÑ4ŋ���� 
 
2.1.4� �ļĒÆ�/'ŏÉ� 
� I222 Ćž�/' C2221 Ćž"-$`qBmh PHASER 4Ĳ	 ƝSecYE 
(PDB ID 2ZJS) !�Ãśæ4ť#	Ɲ�ļ4ĒÆ���Ŗ� `qBmh
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COOT (Emsley et al., 2010)�/'`qBmh PHENIX (Adams et al., 2010)
4Ĳ	 ƝiSo%Ćō"ŏÉ�4ť#��� 
 
2.1.5� �Ã��Å(MD)HgkpuHlr 
� �Ã��ÅHgkpuHlr&Ɲİ�ÅĿŅÝ%ûĳ ÷ĕ ¢¾ƝĄ Ŵĕ ¢
¾"%�¬ĿŅ$/1ť#���SecYEG% POPE%ũ«�%HgkpuHl
rHJRh4iSo��ƝSecYEG%ŕôĆž4ſ�#şŵ4§1Ə	�POPE
şŵ|Ƈš$¸,Ÿ5��OPM SuNauJ (Lomize et al., 2006)z%
SecYE(PDB ID 2ZJS)%Ƅ4�$� ƝSecYEG%š$Ë�2Ƅ"�ś4
ĒÆ���Nr[Aŵ�ƃ%ņĜ&`qBmh DOWSER (Zhang and Hermans, 
1996)4Ĳ	 Đ�Ã!Ħ��Ɲ`qBmh VMD (Humphrey et al., 1996)$/
� 150 mM% KCl4Ƅś�ƝƟ�Ã% SecYEG, 361�% POPE, 37527�%
Đ�ÃiSo, 106�%K+, 116�%Cl�4 113.3 × 113.3 ×140.0 Å%dQAJF
9K%HJRh4Ćō���Ćō��HJRh4�Ĳ�Ɲ̀ qBmh GENESIS 
(Jung et al., 2015)4Ĳ	 �Ã��ÅHgkpuHlr4ť#���
peptide-bound ·%Ćž% MD gkpuHlr&Ɲb`PU4®*#	ý�x
!ť#��� 
 
2.1.6� SecYEG¿ĸ�%�Ũ 
� pAK24% SecY% 272ķĺ%9Mq9Hr" SecG% 35ķĺ%q9Hr$Ɲ
QuikChange®ė$/1HJR9r¿ĸ4Í���`mJgU pRF3534�Ü�
��*� pAK22%Ơ�% SecG$-¬ć$HJR9r¿ĸ4Í���`mJg
U pRF3694�Ü���Ĺį�/'ŏŨíė& 2.1.1"¬ć%íė!ť#��� 
 
2.1.7� proOmpA-His6%ŏŨ 
� Fandl0"¬ć%íė(Fandl and Tai, 1987)$/1ƝÁŠţĴþ% proOmpA 
% Cùŉ$ His6-tag�~��3�`mJgU pTT642! secY24Ă4Óŵŷæ
�Ɲ proOmpA-His64Ĺį�2ţ�4�Ũ���ÁŠţ4 50 µg/mL7r]H
nr" 20 µg/mLAqmh^;WEuo4®+ 1 L% LB¹µ!OD600� 0.7$
#2*! 30 ˚C!¹Ɨ�ƝŔīÑ 1 mM IPTG4ġ���ÕƝ30 ˚C! 2òƌ¹
Ɨ����x%ç�&� ÈĤ!ť#���ƀØ(HITACHI, R13A, 5000 g×10
�)$/� ţ�4³¦�ƝTris-HCl(pH 8.0)ZQ^6u!ÛĪtěĞ��Õ$Ɲ
�ÑƀØ$/� ţ�4³¦���ţ�4 50 mM Tris-HCl(pH 8.0), 1 M NaCl, 
8 M UreaZQ^6u$ÛĪ�ƝQ500 Sonicator (QSONICA)$/� ŶƕĘŁ
ŀ4ť#����%ÕƝƀØ(TOMY, AR01524, 10000 rpm × 10�)!øŁŀœ
ŝ4Ə	�ÕƝŶƀØ(Beckman, TLA100.3, 109,000 g × 30�)4ť#���Ŷ
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ƀØÕ%wĢ4Ɲ50 mM Tris-HCl(pH 8.0), 1 M NaCl, 8 M Urea, 20 mM 
imidazole(pH 8.0)ZQ^6u!ÐŦ��� 0.7 mL Ni-NTA Agarose (QIAGEN)
$ġ��ƝZQPė(30 �)$/1Nr[Aŵ4Ĉş$¯Ľ����50 mM 
Tris-HCl(pH 8.0), 1 M NaCl, 8 M Urea, 20 mM imidazole(pH 8.0)ZQ^6u
!ěĞ��ÕƝ50 mM Tris-HCl(pH 8.0), 1 M NaCl, 8 M Urea, 200 mM 
imidazole(pH 8.0)ZQ^6u!ħ���³¦���³¦��^mAHlr"¬
ƈ%15% TCA4��ƝTCAēč4ť#���ēčĮ450 mM Tris-HCl(pH 8.0), 
8 M UreaZQ^6u$ħŭ��Ɲ5 mM Tris-HCl(pH 8.0), 8 M UreaZQ^6
u!ÐŦ��� HiTrap Q HP 1 mL (GE Healthcare)$Nr[Aŵ4¯Ľ��Ɲ
5 mM Tris-HCl(pH 8.0), 8 M Urea, 50-250 mM NaClZQ^6u!īÑ�Ƅ$
/1ħ����� 
 
2.1.8� neMuh(%�ĆÜ 
� 20 mM Tris-HCl(pH 8.0), 300 M NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% 
DDMZQ^6u$ÛĪ�3� 25 mg/mL%ÁŠţ%şŵ(Avanti) 30 µL"Ɲ20 
mM Tris-HCl(pH 8.0), 1 M NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% DDMZ
Q^6u  70 µL "Ɲ 0.2 mg/mL $Ųê�� SecYEG(WT)-��&
SecY(272C)EG(35C)¿ĸ�%Nr[Aŵħğ 100 µL4Ġ«�Ɲ4 ˚C! 1òƌ
9r?kauT����%ÕƝ100 µL% SM2 Beads(Bio-Rad)4��Ɲ4 ˚C!
3òƌ9r?kauT�ƝwĢ4³¦Õ$�' 100 µL% SM2 Beads4��Ɲ4 
˚C !vó9r?kauT���wĢ4³¦�ƝŶƀØ(Beckman, TLA100.3, 
109,000 g × 30�)$/1Ö03�ēč4 25 mM HEPES-Na(pH 7.5), 100 mM 
NaCl$ÛĪ��Ɲ�80 ˚C!�Ä��� 
 
2.1.9� Nr[AŵšŻſĝÚĥÆ 
� Nr[AŵšŻſĝÚĥÆ%�$ƝSecYEG(WT)�/' SecY(272C)EG(35C)
¿ĸ�%�ĆÜneMuh& 0 mM-��& 5 mM DTT4ġ��Ɲđw! 15
�9r?kauT���Nr[AŵšŻſ¥Ù&Ɲ50 mM Tris-HCl(pH 8.0), 5 
mM MgSO4, 0.5 mg/mL BSAƝ5 mM ATPƝ0.025 mg/mL SecAƝ0.02 mg/mL
% SecYEG�ĆÜneMuhƝ0 mM -��& 5 mM DTT"#2/
$Ġ«
�Ɲ¥Ùğ"���ª¥Ùğ$ŏŨ��ºŵ proOmpA(wild-type)4���ÕƝ
��$ 0�%Fr`nrB4ť#	Ɲċ14 50 ˚C!9r?kauT���¬
ć$ 30�ÕFr`nrB4ť#���Fr`nrB��¥Ùğ 20 µL&Ɲ4 µL
% 0.6 mg/mL Proteinase K "Ġ«�Ɲđw! 20�ƌ9r?kauT�2�"
! liposome�$šŻſ�3 	#	ºŵ4�ŭ�����%Õ 15% TCA4 24 
µL��Ɲ�0$đw! 20�ƌ9r?kauT��ÕƝƀØ(TOMY, AR01524, 
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15000 rpm×5�)�ƝwĢ4Ə�Ɲ7LTr4 100 µL��Ɲ�0$ƀØ(TOMY, 
AR01524, 15000 rpm×5�)4Ơ³Ś1Ź��ƞ7LTr4{ĭ���ÕƝ20 µL
% SDS Fr`oZQ^6u4��ƝƓďĚ��Ɲ1 Ċß�$�-myc ß�
(SANTA-CRUZ, sc-789)Ɲ2Ċß�$�-rabbit IgG (Bio-Rad) 4Ĳ	 :;J
Nr_qQR8rB4ť#��� 
 
2.2� TtSecY-SecA/SecE/SecGũ«�(SecYAEG)%ĉŞŭĀ 
2.2.1� TtSecYAEGũ«�%ŏŨ 
� úÇƘ$Ĳ	�`mJgU&ŧƟ$*",��SecYAEGũ«�4Ĺį��2
`mJgU pTT610" SecG4 2�Ĺį��2`mJgU pAK224Ĳ	 ƝÁ
Šţ BL21(DE3)Ă4Óŵŷæ����%ÁŠţ4 50 µg/mL7r]Hnr" 20 
µg/mLAqmh^;WEuo4®+ 15 L% LB¹µ!OD600� 0.7$#2*!
37�!¹Ɨ�ƝŔīÑ 1 mM IPTG4ġ���ÕƝ25 �! 16òƌ¹Ɨ��� 
� �x%ç�&� 4 �-��&đw!ť#���ƀØ(HITACHI, R9A2, 5000 
g × 15�)$/� ţ�4³¦�Ɲ10 mM Tris-HCl(pH 8.0)ZQ^6u!ÛĪt
ěĞ��Õ$Ɲ�ÑƀØ$/� ţ�4³¦���R^qrciIV9Gu4

Ĳ	 ţ�4 10 mM Tris-HCl(pH 8.0), 1 mM EDTA(pH 8.0), 0.1 mM PMSF
ZQ^6u$¶v$ÛĪ�Ɲf9Aq^o9O9Gu(Microfluidizer, 15,000 
psi × 3 cycle)$/� œŝ4Łŀ���Ŏá�ğ0ƀØ(HITACHI, R13A, 
25000 g × 30�)!øŁŀœŝ4Ə	�ÕƝŶƀØ(Beckman, 45Ti, 140,000 g × 
1òƌ)$/1šĵ�4Ö��šĵ�& 20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 
0.1 mM Pefabloc, 5% glycerol, 20 mM imidazole(pH 8.0), 2% DDMZQ^6u
$¶v$ÛĪ�¨ħ�(30�)���̈ ħ�ÕƝŶƀØ(Beckman, 45TiƝ140,000 
g×30�)$/1yħÚĮŵ4Ə	��ŶƀØÕ%wĢ4Ɲ20 mM Tris-HCl(pH 
8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% DDMZQ^6u!Ð
Ŧ��� 5 mL Ni-NTA Agarose (QIAGEN)$ġ��ƝZQPė(30�)$/1
SecYAEGũ«�4Ĉş$¯Ľ����20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 
0.1 mM Pefabloc, 5% glycerol, 0.1% DDM, 30-60 mM imidazole(pH 8.0)ZQ
^6u!yőĮ4Ə	�ÕƝ20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM 
Pefabloc, 5% glycerol, 0.1% DDM, 100-300 mM imidazole(pH 8.0)ZQ^6u
!īÑ�Ƅ$/1ħ���³¦���ŶƀØ(Beckman, 70Ti, 140,000 g × 30�)
$/1yħÚĮŵ4§1Ə	�ÕƝAmicon Ultra-15 50K NMWL (Millipore)
4Ĳ	�ƎÀĬſė$/1Nr[Aŵħğ4īŘ����%ÕƝ20 mM 
Tris-HCl(pH 8.0), 5% glycerol, 0.1% DDM, 50 mM NaClZQ^6u$/1½
īÑ4 50 mM NaClńÑ$#2/
$īŘÏƆ4Ś1Ź���ŶƀØ(Beckman, 
70Ti, 140,000 g × 30�)$/1īŘÏƆſń!ı��yħÚĮŵ4§1Ə	�
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ÕƝğ�AqfTBm^8uHJRh AKTA explorer 10S (GE Healthcare)4
Ĳ	 20 mM Tris-HCl(pH 8.0), 5% glycerol, 0.1% DDM, 50 mM NaClZQ^
6u!ÐŦ��� HiTrap SP HP 1 mL (GE Healthcare)$Nr[Aŵ4¯Ľ�
�Ɲ20 mM Tris-HCl(pH 8.0), 5% glycerol, 0.1% DDM, 50-1000 mM NaClZ
Q^6u!īÑ�Ƅ$/1ħ�����SecYAEGũ«�4ƙőÑ!®+ĵ�4
ƒ,ƝAmicon Ultra-4 50K NMWL (Millipore)!Ɲ400 µL*!īŘÕƝğ�A
qfTBm^8uHJRh AKTA explorer 10S (GE Healthcare) 4Ĳ	 20 
mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% 
DDM ZQ^6u!ÐŦ��� Superose6 Increase 10/300 GL (GE 
Healthcare)$/1DoĬſAqfTBm^8u!öŔŏŨ4ť#���15 L%
¹Ɨğ0Ő 5 mg% SecYAEGũ«�4Ö�� 
 
2.2.2� proOmpA(L59)ƝproOmpA(L59)-sfGFP¿ĸ�Ĺį`mJgU�Ũ 
� úÇƘ$Ĳ	�`mJgU&ŧƟ$*",��ÁŠţĴþ% proOmpA % C
ùŉ$ His6-tag �~��3�`mJgU pTT642 4Ĳ	 ƝUchida 0$/�
 Nr[Aŵ�Ėzƌ��ÓÜ�32�"�»°ƛUchida et al., 1995Ɯ�3 
	2 proOmpA(L59)¿ĸ�4Ĺį�2`mJgU4 QuikChange®ė$/1�

Ũ� pYS12"����%Õ QuikChange®ė! His-tag�$ SpeIF9T4Í�
�Ɲ�%ƃ�$ GFP-��& super folder GFP(sfGFP)%Ƅ�4m9DuHl
r!å���`mJgU pYS16" pYS924�Ũ��� 
 
2.2.3�  proOmpA(L59)ƝproOmpA(L59)-sfGFP¿ĸ�%ŏŨ 
� proOmpA(L59)&Ɲ2.1.7"¬ć%íė!ŏŨ���proOmpA(L59)-sfGFP&Ɲ
Ni-NTAŏŨÕ$ TCAēč4� Hi-trap Q HP4ť#
ÞƖ4ƝNi-NTAŏ
ŨÕ$ZQ^6u(5 mM Tris-HCl(pH 8.0)Ɲ8 M Urea)!ÏƆ� Hi-trap Q HP
��2íė$¿õ���À& 2.6"¬ć%íė!ť#��� 
 
2.2.4� Nanodisc(%�ĆÜ 
� MSP(Membrane Scaffold Protein)&ſ£%ųë4¤Ŝ$ŏŨ��(Alvarez 
et al., 2010)�20 mg/mL%ÁŠţ%şŵ 20 µL"Ɲ31 mg/mL%Membrane 
Scafold Protein (MSP1D1) (Nath et al., 2007) 12.5 µL "Ɲ33 mg/mL %
SecYAEGũ«�Nr[Aŵħğ 16.4 µL4Ġ«�Ɲ20 mM Tris-HCl(pH 8.0), 
300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% DDMZQ^6u4�� 
�ƈ 50 µL"����%ÕƝ4 ˚C! 1òƌ9r?kauT�Ɲ100 µL% SM2 
Beads4��Ɲ4 ˚C!vó9r?kauT���ƀØ(TOMY, AR01524, 10000 
rpm×10�)�ƝwĢ4³¦ÕƝCentrifugal Filters PVDF 0.22 µm(Millipore)
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-��&ŶƀØ(Beckman, TLA100.3, 109,000 g × 30�)4Ĳ	 yħÚĮŵ4
Ə£���ğ�AqfTBm^8uHJRh  AKTA explorer 10S (GE 
Healthcare) 4Ĳ	 50 mM HEPES-NaOH (pH 8.0), 300 mM NaClZQ^
6u!ÐŦ��� Superdex 200 10/300 GL (GE Healthcare)$/1DoĬſA
qfTBm^8u!öŔŏŨ4ť#��� 
� Nd-SecYEG &Ɲ25 mg/mL %ÁŠţ%şŵ 32 µL "Ɲ41.7 mg/mL %
MSP(MSP1D1) 23.7 µL"Ɲ30.0 mg/mL% SecYEGũ«�Nr[Aŵħğ 21 
µL4Ġ«�Ɲ20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% 
glycerol, 0.1% DDMZQ^6u4�� �ƈ4 100 µL"����ƍ%ç�&
wź% Nd-SecYAEG"¬ć$ť#��� 
 
2.2.5�  Nanodisc-SecYAEG"ºŵ"%ļ}�Ĳ 
� Nanodisc-SecYAEG"ºŵ"%¥Ù$�	 ATP, Nanodisc, proOmpA%�
) �Ä´�2ò&Ɲ50 mM Tris-HCl(pH 8.0), 5 mM MgSO4, 5 mM ATPƝŏ
Ũ�� Nd-SecYAEG � 5 �ÏƆ"#2/
$Ġ«��¥Ùğ$Ɲ
proOmpA(L59)4�� �ƈ4 50 µL"�¥ÙƋÂ"����3�3ƔÄ´x
%¼«$&ƝªZQ^6u4����37 ˚C! 30�9r?kauT��Õ$Ɲ
ª¥Ùğ0 6 µLFr`nrB�Ɲ6 µL% 2 × sample buffer4�� �ƈ4
Ě�(Native-PAGE)���Ě�&ZQ^6u(25 mM Tris, 192 mM BnHr)
4Ĳ	 4 ˚C!Ɲ150 mA Ɲ50�!ť#	ƝCBB!āŢ���Nd-SecYEG.
proOmpA% 3Q¿ĸ�4Ĳ	�¼«-¬ć%Þė$ ť#��� 
 
2.2.6� �ĆÜneMuh4Ĳ	�Nr[AŵšŻſzƌ�%ą� 
� Nr[AŵšŻſ¥Ù&Ɲ50 mM Tris-HCl(pH 8.0), 5 mM MgSO4, 0.5 
mg/mL BSAƝ5 mM ATPƝ0.025 mg/mL SecAƝ0.02 mg/mL% SecYEG�Ć
ÜneMuhƝ0 mM -��&5 mM DTT"#2/
$Ġ«�Ɲ¥Ùğ"���
ª¥Ùğ$ŏŨ��ºŵ proOmpA(L59)4���ÕƝ��$ 0 �%Fr`nr
B4ť#	Ɲċ14 50 ˚C!9r?kauT���¬ć$ 15�ÕFr`nrB
4ť#���żz0Ƃ�� DTT4ġ��2¼«&�% 15�Õ%Fr`nr
B%ĻÕ$ 5 mM DTT"#2/
$ DTT4ġ����öÕ$¥ÙƋÂ0 30
�Õ%Fr`nrB4ť#���Fr`nrB��¥Ùğ 20 µL&Ɲ4 µL% 0.6 
mg/mL Proteinase K "Ġ«�Ɲđw! 20 �ƌ9r?kauT�2�"!
liposome �$šŻſ� 	#	ºŵƃ��/'ºŵ�Ɗ4�ŭ�����%Õ
15% TCA 4 24 µL ��Ɲ�0$đw! 20 �ƌ9r?kauT��ÕƝƀØ
(TOMY, AR01524, 15000 rpm×5�)�ƝwĢ4Ə�Ɲ7LTr4 100 µL��Ɲ
�0$ƀØ(TOMY, AR01524, 15000 rpm×5�)4Ơ³Ś1Ź���7LTr4
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{ĭ���ÕƝ20 µL% SDSFr`oZQ^6u4��ƝƓďĚ��Ɲ1Ċß
�$:F@enAquVoß��-proOmpA(35-54)Ɲ2 Ċß�$�-rabbit 
IgG(Bio-Rad) 4Ĳ	 :;JNr_qQR8rB4ť#��� 
 
2.3� ƙŽ AFM4Ĳ	�Nr[AŵšŻſ¥Ù%ūÊ 
� ƙŽAFMŭĀ&�¬ĿŅ�!�2ƉĔÁÅZ9<AFMLrNu$Ĩ´� 
ĥÆ���*�úĿŅÈ%¢¾ĿŅ±!�2ñÎ Ɛ� ¢¾"¡�� ĥÆ4
ť#��� 
 
2.3.1� TtSecYAEGũ«�ĹįĲ`mJgUaANu 
� úÇƘ$Ĳ	�`mJgU&ŧƟ$*",��SecY%bn`mKh�% 2s
Ý$HJR9r¿ĸ(S148C,R208C)4Í�� �2 Thermus thermophilusĴ
þ% SecYEG 4Ĺį�2`mJgU(pTT636)"ƝSecA %Ť«Nr[Aŵ4�
Ũ�2�,$ƝThermus thermophilusĴþ% SecA(1-939)"nr=uL16(Ser
"Gly$/2nr=u%7gYƅċºé� 16)$/1ř�3� SecY4Ĺį�2
`mJgU(pTT610)4üì$ƝHJR9r¿ĸ4â� SecY" SecA%Ť«Nr
[Aŵ SecY-A" SecE" SecG4Ĺį��2`mJgU pYS34�Ũ��� 
 
2.3.2� TtSecYAEGũ«�%ŏŨt\<Pr� 
� SecYAEGũ«�4Ĺį��2`mJgU pYS3" SecG4 2�Ĺį��2`
mJgU pAK22 4Ĳ	 ƝÁŠţ BL21(DE3)Ă4Óŵŷæ����%ÁŠţ
4 50 µg/mL7r]Hnr" 20 µg/mLAqmh^;WEuo4®+ 15 L%LB
¹µ! OD600� 0.7$#2*! 37�!¹Ɨ�ƝŔīÑ 1 mM IPTG4ġ���
ÕƝ25 �! 16òƌ¹Ɨ��� 
� �x%ç�&� 4 �-��&đw!ť#���ƀØ(HITACHI, R9A2, 5000 
g × 15�)$/� ţ�4³¦�Ɲ10 mM Tris-HCl(pH 8.0)ZQ^6u!ÛĪt
ěĞ��Õ$Ɲ�ÑƀØ$/� ţ�4³¦���R^qrciIV9Gu4

Ĳ	 ţ�4 10 mM Tris-HCl(pH 8.0), 1 mM EDTA(pH 8.0), 0.1 mM PMSF
ZQ^6u$¶v$ÛĪ�Ɲf9Aq^o9O9Gu(Microfluidizer, 15,000 
psi × 3 cycle)$/� œŝ4Łŀ���Ŏá�ğ0ƀØ(HITACHI, R13A, 
25000 g × 30�)!øŁŀœŝ4Ə	�ÕƝŶƀØ(Beckman, 45Ti, 140,000 g × 
1òƌ)$/1šĵ�4Ö��šĵ�& 20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 
0.1 mM Pefabloc, 5% glycerol, 20 mM imidazole(pH 8.0), 2% DDMZQ^6u
$¶v$ÛĪ�¨ħ�(30�)���̈ ħ�ÕƝŶƀØ(Beckman, 45TiƝ140,000 
g×30�)$/1yħÚĮŵ4Ə	��ŶƀØÕ%wĢ4Ɲ20 mM Tris-HCl(pH 
8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% DDMZQ^6u!Ð
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Ŧ��� 5 mL Ni-NTA Agarose (QIAGEN)$ġ��ƝZQPė(30�)$/1
SecYAEGũ«�4Ĉş$¯Ľ����20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 
0.1 mM Pefabloc, 5% glycerol, 0.1% DDM, 30-60 mM imidazole(pH 8.0)ZQ
^6u!yőĮ4Ə	�ÕƝ20 mM Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM 
Pefabloc, 5% glycerol, 0.1% DDM, 100-300 mM imidazole(pH 8.0)ZQ^6u
!īÑ�Ƅ$/1ħ���³¦���ŶƀØ(Beckman, 70Ti, 140,000 g × 30�)
$/1yħÚĮŵ4§1Ə	�ÕƝAmicon Ultra-15 50K NMWL (Millipore)
4Ĳ	�ƎÀĬſė$/1Nr[Aŵħğ4īŘ����%ÕƝ20 mM 
Tris-HCl(pH 8.0), 5% glycerol, 0.1% DDM, 50 mM NaClZQ^6u$/1½
īÑ4 50 mM NaClńÑ$#2/
$īŘÏƆ4Ś1Ź���400 uL*!īŘ
��ÕƝŔīÑ 15 mM"#2/
$Ƃ�� β-mercaptoethanol (β-ME)4����
ŶƀØ(Beckman, 70Ti, 140,000 g × 30�)$/1īŘÏƆſń!ı��yħÚ
Įŵ4§1Ə	�ÕƝğ�AqfTBm^8uHJRh AKTA explorer 10S 
(GE Healthcare)4Ĳ	 20 mM Tris-HCl(pH 8.0), 5% glycerol, 0.1% DDM, 
50 mM NaClZQ^6u!ÐŦ��� HiTrap SP HP 1 mL (GE Healthcare)$
Nr[Aŵ4¯Ľ��Ɲ20 mM Tris-HCl(pH 8.0), 5% glycerol, 0.1% DDM, 
50-1000 mM NaClZQ^6u!īÑ�Ƅ$/1ħ�����SecYAEGũ«�
4ƙőÑ!®+ĵ�4ƒ,Ɲ5�ioƈ% Biotin-PEAC5-maleimide4��ƝÈ
Ĥ! 1 òƌ9r?kauT��ÕƝ �0$ 4˚C !vó9r?kauT�Ɲ\
<Pr�4ť#��� 
� Amicon Ultra-4 50K NMWL (Millipore)!Ɲ400 µL*!īŘÕƝğ�Aqf
TBm^8uHJRh AKTA explorer 10S (GE Healthcare) 4Ĳ	 20 mM 
Tris-HCl(pH 8.0), 300 mM NaCl, 0.1 mM Pefabloc, 5% glycerol, 0.1% DDMZ
Q^6u!ÐŦ��� Superose6 increase 10/300 GL (GE Healthcare)$/1
DoĬſAqfTBm^8u!öŔŏŨ4ť#���15 L%¹Ɨğ0Ő 5 mg
%\<Pr��3� SecYAEGũ«�4Ö�� 
 
2.3.3� JTp`T7\Ir%|Ċ�ŕôºÿ%�ÜtūÊ 
� f9=ºÿw$Ɲ10 mM HEPES-Na(pH 7.4), 150 mM NaCl, 2 mM CaCl2

ZQ^6u$ÛĪ��ƝDOPC : DOPS : biotin-Cap-DOPE = 7 : 2 : 1"#2/

ŲŌ��Ő 0.1 mg/mL%şŵħğ4 2 µLĩx�ƝÈĤ! 5�ƌ9r?ka
uT���10 mM HEPES-Na(pH 7.4), 150 mM NaCl, 2 mM CaCl2ZQ^6u

20 µL! 5³ěĞ�Ɲ0.2 mg/mLJTp`T7\Ir, 10 mM HEPES-Na(pH 
7.4), 150 mM NaCl, 2 mM CaCl24 5 µLĩx�ƝÈĤ! 15�ƌ9r?kau
T����%ÕƝ10 mM HEPES-Na(pH 7.4), 150 mM NaCl, 2 mM CaCl2ZQ

^6u20 µL! 5³ěĞ�Ɲ10 mM HEPES-Na(pH 7.4), 150 mM NaCl, 2 mM 
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CaCl2, 0.1% glutaraldehydeZQ^6u10 uL! 1ÑěĞ�ƝÈĤ! 5�ƌ9r
?kauT���öÕ$ 10 mM Tris-HCl(pH 7.2)ZQ^6u20 uL! 3³ěĞ
�ƝJTp`T7\Ir%|Ċ�ŕô4f9=ºÿw$�Ũ����Ũ��J

Tp`T7\Ir|Ċ�ŕô450 mM HEPES-NaOH(pH 7.0), 300 mM NaCl, 
100 mM KCl%ĥÆZQ^6uý�!ūÊ��� 
 
2.3.4� Nanodisc-SecYEG(Nd-SecYEG)%ūÊ 
� ŏŨÕ%Nd-SecYEGħğ4Ɲ50 mM HEPES-NaOH(pH 7.0), 300 mM NaCl
%ZQ^6u!ūÊ$Ɓ��īÑ$ÏƆ�ƝJTp`T7\Ir|Ċ�ŕôw

$ 10 µL ĩxÕƝƢ�ƌ9r?kauT����%ÕƝ 50 mM 
HEPES-NaOH(pH 7.0), 300 mM NaCl%ZQ^6u! 3³ěĞ�ƝƙŽ AFM
!ūÊ���ūÊò%J?jrpuT&Ɲ300 ms/frame!ť#��� 
 
2.3.5� Nanodisc-SecYAEG(Nd-SecYAEG)%ūÊ 
� ŏŨÕ% Nd-SecYAEG ħğ4Ɲ50 mM HEPES-NaOH(pH 7.0), 300 mM 
NaCl%ZQ^6u!ūÊ$Ɓ��īÑ$ÏƆ�ƝJTp`T7\Ir|Ċ�ŕ
ôw$ 10 µL ĩxÕƝƢ�ƌ9r?kauT����%ÕƝ50 mM 
HEPES-NaOH(pH 7.0), 300 mM NaCl, 100 mM KCl%ZQ^6u! 3³ěĞ
�ƝƙŽ AFM!ūÊ���ūÊò%J?jrpuT&Ɲ300 ms/frame!ť#
��� 
 
2.3.6� Nd-SecYAEG"ºŵ%ũ«�%ūÊ  
� ŏŨ�� proOmpA(L59)-sfGFPħğ4 50 mM Tris-HCl(pH 8.0), 100 mM 
NaCl, 8 M Urea%ZQ^6u!ÏƆ���ŏŨ�3� Nd-SecYAEGħğ4 50 
mM HEPES-NaOH(pH 7.0), 300 mM NaCl, 100 mM KCl, 2 mM ATP, 3 mM 
MgCl2, 0.4 M Urea%ZQ^6u!ÏƆ�ƝÏƆ�� proOmpA(L59)-GFPħğ
"Ġ«��Ɲ37 ˚C!Ɵòƌ9r?kauT� ũ«�4ÓÜ�����%¥Ù
ħğ4JTp`T7\Ir|Ċ�ŕôºÿw$ 10 µLĩx�ƝƢ�ƌ9r?k
auT��ÕƝ20 µL% 50 mM HEPES-NaOH(pH 8.0), 300 mM NaCl, 100 
mM KCl, 2 mM ATP, 3 mM MgCl2, 0.4 M Urea%ZQ^6u!ơ³ěĞ�Ɲƙ
Ž AFM!ūÊ���ūÊò%J?jrpuT&Ɲ300, 400, 600ms/frame!ť
#��� 
 
2.3.7� Nd-SecYAEG%ƙŽ AFMĵ�%HgkpuHlr 
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� Nanodisc% pdb^69o(PDB: 2MSC)" SecYEG" SecA%ũ«�% pdb
^69o (PDB : 3DIN)4Ɲ`qBmh COOT "`qBmh Pymol 
(Schrodinger)4Ĳ	 Nd-SecYAEG%iSo"#2 pdb^69o4�Ü��� 
�% pdb^69o" 10˚�	�ĻÔ 0.5-1 nm% AFM`qu_4Ĳ	 Ɲ��
$»°�3�Þė(Kozai et al. 2017)!Ůŋ4ť#	 AFMĵ�"� Ö��H
gkpuHlr!Ö03�ĵ�&Ɲfast-Fourier transform frequency filtering 
(cut-off wavelength of 0.77-2.50 nm)!^8oNu4�2�"$/1ƚð$
���  
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ŧƟ� �Ĳ��`mJgUvŪ  
ķ© aANu ĹįNr[Aŵ(ĶŃ) 

pAK24	 pTV118N	 TtSecY-His6/TtSecE/TtSecG	

pAK22	 pACYCDuet	 TtSecG(MCS1)/	TtSecG(MSC2)	

pAK80	 pTV118N	 TtSecY(248KVVGGRV254	to	GAAG)-His6/TtSecE/TtSecG	

pRF353	 pTV118N	 TtSecY(I272C)-His6/TtSecE/TtSecG(L35C)	

pRF409	 pACYCDuet	 TtSecG(L35C)(MSC1)/TtSecG(L35C)(MSC2)	

pTT610	 pTV118N	 TtSecY(R252G)-(GGSG)4-TtSecA(1-939)-His10/TtSecE/TtSecG	

pTT636	 pTV118N	 TtSecY(S148C,R208C)-His6/TtSecE/TtSecG	

pYS3	 pTV118N	 TtSecY(S148C,R208C,R252G)-	

(GGSG)4-TtSecA(1-939)-His10/TtSecE/TtSecG	

pTT642	 pBluescript	SK(-)	 EcproOmpA-His6	

pYS12	 pBluescript	SK(-)	 EcproOmpA(L59)-His6	

pYS92	 pBluescript	SK(-)	 EcproOmpA(L59)-super	folder	GFP-His6	
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ŰǥŮ�� žģ"Ƅâ 

 

3.1� TtSecYEGƖº�&ĪƹįƈƜġ 
�í� 
� ŜĳźƐ& SecYEGƖº�'Ǣ�8ƌ�'µ®Ř$ protein-conducting channel

"� įƈ�7�o{T{TybFƧ SecA ATPase%46ÊƧ!�7©Ǜ�Ty
bFƧ&ƱƵ�Ǜ®�87�SecYEGƖº�'ĪƹÎ¯%46TybFƧ&Ʒ6
Ƽ;ñþ�ǢƋ&ƶƻǐÍ;�Ć��..ǢTybFƧ&Ƌ;ƪ��ƱƵ(Ty

bFƧ&Ƌƶƻ);·ƈ%�7�SecYEG Ɩº�&Īƹ%ǌ� '�8.!Ɩď
&Ë¾��7�ǢKeJyj{_yZ!�7 SecG.!½1�Û $ SecYEGƖ
º�&Īƹ'Ǣ�¥Ɯƈ& SecYEGƖº�" SecA&Ɩº�&Īƹ�
Ë¾�8

 �$������ TybFƧ&Ƌƶƻ³ù;ơź%Ɯġ�7%'ǢSecYEG
Ɩº�&ǝ¥ƜƈĪƹ�øƗ�·İ!�7���!ǢĜŠŨ!'.� SecYEG
Ɩº�&ǝ¥ƜƈžėĪƹƜġ;ƺ1��SecYEGƖº�&ǝ¥ƜƈĪƹ'ǢƳ

ëúƸ%ŗç� ��Ft?CǔÖǙöǇ%47uiS{m" Sec ZtyOx
Jy(SecYEG2��' Sec61αγβ)&±ŵÖƜġ&žģ3Ǣ�&ī	$įƈƜġ&
Ɯǃ%à��7�ĜŠŨ%46ǢSecYEGƖº�&Īƹ;ĹÜ�Ǣ�ó&Tyb

FƧƋƶƻ³ù&ơź$Ɯġ%¨ŏ�7� 
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3.1.1� SecYEGƖº�&žė¯ 
� SecYEG Ɩº�' 2 ŧǚ&ŕ$7ƎƧ$žė�ô58�(Ä 3-1)�ǣ�ř'Ǣ
TybFƧŃĿ"o`Cw?y&ǄǅĶ 2 : 3& LCPĺ%46 20 ˚C!žė¯;
Ɠ$�Ǣ30-32% PEG500, 100 mM MgSO4, 100 mM Na2SO4, 50 mM MOPS(pH 6.5)&
uL{a{ŃĿ!ô58�žė!�7(Ä 3-1A)�2�|ē'ǢTybFƧŃĿ
"o`Cw?y&ǄǅĶ 2 : 3 & LCP ĺ%46 20 ˚C !žė¯;Ɠ$�Ǣ27% 
PEG500, 25 mM ZnSO4, 100 mM FByǂ\Zu@m(pH 5.0)&uL{a{ŃĿ
!ô58�žė!�7(Ä 3-1B)� 
 

3.1.2� XƁÁāÝǜ 
� ô58�žė%ã� SPring-8 BL32XU%	� XƁÁāÝǜ;Ɠ$���
ô58�žė& X ƁÁāY{T'ÑÇĎä�ĔƟ SPring-8 &c{mt?y
BL32XU% ŁÜz´Ǒ���1.0 Å&Ļǈ;ŏ�Ǣĉ®ƛ 1.0˚! 360˚%ŀ� 
ÁāY{T;´Ǒ�Ǣŷ 500 Ģ;k{N����, &Y{T´Ǒ'ǢŬŸD
O%47Ft?COZu{mğ�~(100 K)!Ɠ$���ô58�ÁāY{T%
ã� ǢI222 Īƹ!'fxGtm HKL2000(HKL Reserch Inc.);ŏ� Ǣ.�
C2221Īƹ!'fxGtm XDS(Kabsch, 2010);ŏ� Ǣćď��"etgħÖz
ħÖÜď&ĹÜ;Ɠ$�Ǣ�5%OH{uyGóǢ¹ćď%ã�7Áāðî;

Ų¤���žģǢ2.7 Å¥Ɯƈ&ÁāY{TQWZ	4)Ǣ3.6 Å¥Ɯƈ&Áā
Y{TQWZ�ô58��ũǋƃ'Ǣ�8�8 I222ǢC2221!����ô58�

ÁāY{TQWZ&ſƝ�'Ɣ 3.1%ţ��� 
 

3.1.3� �śĹÜ"Ŷá¯ 
� I222Īƹ"C2221Īƹ&�8�8&ÁāY{T%ã� SecYE&Īƹ(PDB ID  
2ZJS)(Tsukazaki et al., 2008);ŏ��¥ÖƂċĺ%46�ś;ĹÜ�Ǣ�&óoY
vĪų"oYvŶá¯;Ɠ$���ĘŻŘ% I222 Īƹ&oYv'¥Ɯƈ 2.7 Å
! Rwork = 21.9, Rfree = 26.8 (%).!Ǣ|ē C2221Īƹ&oYv'¥Ɯƈ 3.6 Å! Rwork = 
25.4, Rfree = 27.9 (%).!Ŷá¯�7�"�!��(Ä 3-2ǢƔ 3-1)� 
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Ä 3-1.� TtSecYEGƖº�&žė 

A.� 30-32% PEG500, 100 mM MgSO4, 100 mM Na2SO4, 50 mM MOPS(pH 6.5)&uL{
a{ŃĿ% ô58�žė� 

B.� 27% PEG500, 25 mM ZnSO4, 100 mM FByǂ\Zu@m(pH 5.0)&uL{a{
ŃĿ% ô58�žė� 

Ä 3-2.� ĪƹŶá¯ó& 2mFo-DFckWf  

� ĪƹŶá¯ó& I222 	4) C2221Īƹ& 2mFo-DFc ǔÖáîkWf"ąÑÄ�è
Ä� I222Īƹ!�6Ǣ¸Ä� C2221Īƹ!�7��ē"2 SecY" SecG&ǋ;ąÑ
Ä"��� 
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Ɣ 3-1.� ÁāY{TQWZ&ſƝ�	4)ĪƹŶá¯&ſƝ� 

�  
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3.1.4� resting-state SecYEG(ǉŉýǢI222Īƹ) 
3.1.4.1� Īƹ&ĩƗ 
� 2.7 Å¥Ɯƈ&žėĪƹ!�7 I222&Īƹ'ǢSecY& Cěů�& 14�&=l
`ǂĴÊ;Ǎ�� 1
5 424Ŕř&=l`ǂĴÊ" SecEǢSecG&�, &=l
`ǂĴÊ;ǁƂ!��(Ä 3-3)� 
� SecY'�8.!Ë¾�8�Īƹ"»ī%Ǣ10�&ƋƦƷǘÉ(TM1-10)	4)Ǣ
v{f;½0ǧ�&źƇƧǘÉ(C1-C6)ǢǦ�&huftPmǘÉ(P1-P5)!Īþ
�8 �7�SecY '�Ģƥ&4�$č�ãŤĪƹ;� 	6ǢTM2 " TM8 �
ÊƧTybFƧ&ƋżƲ/%ǌ��7"�8 �7tXtvI{Z;ñþ� 

�7(Ä 3-3¸)��&óē' SecE%4� ÚÜ¯�8 	6ǢNěů�(TM1-5)
" Cěů�(TM6-10)&ƋƦƷǘÉ%46ǢşĖƝÇ& protein-conducting channel
;ñþ� �7(Ä 3-4è)��&�÷%'Ǣǧ�&=l`ǂ(I77, I81, T184, I188, 
I275, I403)
5$6ǢTybFƧ&Ʒ6Ƽ&Ŋūǀ�“pore-ring”;ñþ�7 (Ä
3-4)�TybFƧƱƵĖ%'�& pore-ring�ì�7� 
� SecG 'ǢźƇƧ�&v{f;�� �Ǘ%�<�Ǥ�&ƋƦƷǘÉ(TM1, 
TM2)
5Īþ�8 	6ǢŖĸûś��ŏ%46 SecY "ðÅ%žº� �7
(Ä 3-2, 3-3)��&ś��ŏǀ�'ǢSecG&ƔǗ&	4� 30%"SecY&TM3, TM4, 
C2 	4) C3 ǘÉ!�7��&žģ'ƻ²& S-S žºñþ;ŏ� »Ü�8�
SecG" SecY&ś��ŏǀ�&Ë¾"2|ƍ� �7(Satoh et al., 2003)�.�
SecG&ƋƦƷǘÉ& B-factor' SecY&ƋƦƷǘÉ"Ķ, ��ǢÚÜ% SecY
"Ɩº�;ñþ�įƈ� �7�"��Ł�87��85&ƚâžģ
5ǢSecG
�TybFƧƋƶƻ�'dwEMev!�6Ƌ&ǁ¼�³Ư�7(Nishiyama et 
al., 1996)�"'Ƅ�%��� 
� I222Īƹ& SecY& pore ring'ǢI188" I275&=l`ǂ�ǆǋ&Ƭǒ� 3.7 Å
!�74�%ǢÊƧ!�7TybFƧ�Ʒ7%'�.6%2Ŋ�$� �7(Ä
3-4 ¸)�.�Ä 3-3 	4) 3-4 %	� ŹƏ!Ɣţ��ftG(plug)"¿(87
[n?y�şĖƝÇ&Vp_v&huftPm�;È174�%�Ƃ� �7�

pore ring�Ŋ��"	4)ǢhuftPm�
5ftG(plug)[n?y%46ǉ
�58 �7�"'Ǣƻ²& closedÇ&Īƹ(Ä 1-5)"|ƍ� 	6ǢI222Īƹ
2�Ĳŉý(resting state)!�7"Ƅ�587��Á& resting state&Īƹ!'ǢĒ
�% SecG & ǈ&oYv�ǁƂ!�ǢSecG &v{f'Vp_v%Ƙ�
*�
74�%�Ƃ� �7(Ä 3-3)��&�"
5Ǣclosed3 resting state!'Ǣhu
ftPm�
5ftG(plug)�Ħ;�ǢźƇƧ�
5' SecG &v{f%46Ƒ
(EpWf)�8 �7&!'$�
"Ƅ�587� 
  



 37 
 

Ä 3-3.� resting-state SecYEGƖº�&žėĪƹ 

� SecY ;ƀƏǢSecE ;ƨƏǢSecG ;ǕƏ! TtSecYEG Ɩº�& �Īƹ;uiy
oYv!ţ���źƇƋ%êƓ$Ǘ	4)źƇƧ�
5ƙ�Īƹ;ţ� �7�.

�Vp_v%Ħ;� �7ǀ¥!�7ftG(plug)[n?y;ŹƏǢEpWf;ĮƏ
!ţ���¸Ä¢&ď×' SecY & 10 Ĝ&ƋƦƷǘÉ(TM1-10);ţ� �7�Û 
%Vp_vǀ¥�ǉ�58 	6ǉŉý(resting state)!�7� 

Ä 3-4.� SecY&đǗÄ	4) pore ring&ąÑÄ 

� SecY;đǗÄ!ţ�ǢSecY&ftG(plug)[n?y;ŹƏ&OX>WFoYvǢ
SecG&v{f;ǕƏ&OX>WFoYv!ţ���đǗÄ
5¥
74�%şĖƝ
Ç&Vp_vĪƹ!�6Ǣ�&�÷%' 6 �&=l`ǂ(I77, I81, T184, I188, I275, 
I403)%46 pore ring(ǞƏ)�ñþ�8 �7� 
� ¸Ä' pore ring;ąÑ� ţ� �7�SecG&v{f� SecY& pore ring}ǀ.
!�) 	6ǢSecG&v{f&�ů&=l`ǂ L35" SecY& pore ring�Ƴ&=l
`ǂ I272"&Ƭǒ' 8.3 Å!���� 
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3.1.4.2� pre-open state SecYE"&ĪƹĶư 
� TtSecYE'�©% Fab"&¡žė¯%46Ǣpre-open state&Īƹ�ô58 �
7(Tsukazaki et al., 2008)��&Īƹ" resting state&Īƹ;Ķư��� �Īƹ'Ǣ
4���Īƹ;� �7��
�$�5ǢÊƧžºǀ�(Plath et al., 1998)"� 
Ƅ�58 �7 pre-open state &Īƹ& crack �%�7Ǥ�&=l`ǂ T92 "
V329& Cαǋ&Ƭǒ�Ǣpre-open state& 14.4 Å"Ķ, resting state!' 11.7 Å
"Ş�$� �7(Ä 3-5)��8'Ǣresting state%'�Ø�8� SecY& C5v{
fǀ¥+& Fab&žº�$
���1
2�8$�� 
� .�ǢtXtvI{Z��;ƙ�Ìº!' resting state&Īƹ'ƻ²% closed 
state"Ë¾�8�¶źƐ& SecZtyOxJy46Ǌ� �7��
�$�5Ǣ
pre-open state"Ķ,7"ǉ� �7�Vp_v2źƇƧǢhuftPm&��

5ǉ�58 �7&!ǉŉý(resting state)!�7"Ƅ�587� 

 
  

Ä 3-5.� resting state SecYEG" pre-open state SecYE&ĪƹĶư 

� resting state&Īƹ;ǞƏ(SecY)ǢƨƏ(SecE)ǢǕƏ(SecG)!Ǣpre-open state&Īƹ
;ƀƏ(SecYE)ǢńƏ(Fab)!ţ���è&ǕƏ&šƁ"¸&ƨƏ&šƁ!Ã.8�Ä
'�8�8 C4, C5v{fǀ¥&ąÑÄ	4)ǢŖĸŘ$ crackǀ¥&ąÑÄ!�7�
ǕƏ&šƁ¢!'ǢC5 v{f�ÿ©%�Ƃ�ǢC4 v{f�Ô%�Ƃ� �7�
SecYE(ƀƏ)& C4 v{f'Y>OC{U{� 	6=l`ǂ�ǁƂ�8 �$�&
!ǢǟƏ&ŅƁ!		4�&�Ƃ;ţ���Fab�$��"
5 C4, C5v{fǀ¥
�æ���ŕ$� 	6ǢŖĸŘ$ crackǀ¥2ǉ� �7� 
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3.1.4.3� SecAžºŉý& SecYEG"&ĪƹĶư 
� Thermotoga maritima(Tm) őĠ& SecA"žº��Īƹ!�7 SecAžºŉý&
TmSecYEG &Īƹ" resting state & TtSecYEG &Īƹ;Ķư��(Ä 3-6)�SecA
žºŉý'Ä 3-6A%2ţ�8 �74�% SecA& two-helix finger�Vp_v
}ǀ.!�6Ʋ<!	6ǢSecY& C4, C5v{f2 SecA%Ă�8 Ñ��Īƹ
�Î¯� �7�SecAžºŉý!' pore ring�Ǌ� �7&%ã�Ǣresting state
&Īƹ!' pore ring���
6"ǉ� �7(Ä 3-6)� 
� .� SecA žºŉý!'ftG(plug)[n?y�ǢVp_v�Ǌ�4�%ť®
� �7�Ǣresting state&ftG(plug)[n?y'��
6"Vp_v;ǉ�7
4�%�Ƃ� �7(Ä 3-6)� 
� �5%�8.!'ĶưãƤ�$
�� SecG&v{f%ǌ� Ǣ�Á& resting 
state &Īƹ;ŏ�7�"!Ķư!���SecA žºŉý!' SecG &v{f'V
p_v
5Ï8 �Ƃ� ���Ǣresting state!' SecG&v{f'Vp_v%
Ƒ;�74�%�Ƃ� ��ǠÄ 3-6}ǡ�.� SecG&v{f&�ů" SecY&
Vp_v�Ƴ&�8�8&=l`ǂǋ&Ƭǒ'ǢSecAžºŉý� 14.7 Å!�7
&%ã�Ǣresting state!' 8.3 Å!���ǠÄ 3-6~ǡ� 
� �}&�"
5 SecG&v{f'ǢTybFƧ&Ƌƶƻ�Ʃ�7.!'ƶƻǐ
Í"� &òª;ģ��ǢTybFƧ&Ƌƶƻ�Ʃ�7ĖǢ�.6' SecA �
SecYEG%žº�7"Vp_v&}ǀ
5ŭ�ǐß%46Ă�¤�8 ǢTyb
FƧ&Ʒ6Ƽ;Ǌ� �7&!'$�
"Ƅ�587� 
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Ä 3-6.� ǉŉý SecYEG" SecAžºŉý SecYEG&ĪƹĶư 

� }ǀ%'Ǣǉŉý SecYEG" SecAžºŉý SecYEG&�8�8& SecY&đǗÄ
;ţ���SecAžºŉý&Ä%'ǢSecA& two-helix finger;ĮƏ!ǢÊƧTybF
Ƨ&Ʒ6Ƽ;ǟƏ&šƁ!ţ��� 
� ~ǀ%'Ǣ�ƅ& pore ring&ąÑÄ(źƇƧ�
5ƙ�Ä);ţ���pore ring;ñ
þ�7=l`ǂĴÊ;OX>WF!Ɣţ�ǢSecY & pore ring �Ƴ&=l`ǂ
(è:I272, ¸:I271)" SecG &v{f&�ů(è:L35, ¸:G39)&=l`ǂĴÊǋ&Ƭǒ
;ĸƏ&Đ×!ţ���SecAžºŉý� �Ř%
$6Ǌ��ŉý!�7&%ã�Ǣ
ǉŉý!' pore ring�ǉ� 	6Ǣplug�huftPm�
5Ħ;ǢSecG&v{f
�źƇƧ�
5Ƒ;� �7īÖ�¥
7� 
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3.1.5� ¥Ö®«ÙMlqw{Msy(MDMlqw{Msy) 
� ı%Ǣresting state &ÚÜû;Ơ��7�1%ǢSecYEG &¥ÖoYv;ƉƧ
�ǄƋ%È1Ʋ<�ŉý!Ǣ700 ns&¥Ö®«ÙMlqw{Msy;ōŠ&ĝŐ
ŠŨÞ"&¡»ŠŨ%46Ɠ$��"�9ǢSecYEG&Īƹ'Ɩº�!ÚÜ� 
Ƌ�%ØÆ� ���SecG&v{f2ÚÜ� SecY& pore ring}ǀ%Ƒ;�
74�%ØÆ� ���žėĪƹ�& SecY& pore ring�Ƴ&=l`ǂĴÊ I272
" SecG&v{f&�ů�Ƴ&=l`ǂĴÊ L35& Cαǋ&Ƭǒ' 8.6 Å!��
�(Ä 3-7A)�¥Ö®«ÙMlqw{Msy%47 700 ns&ǋ%	� 2 Cαǋ%
Ðæ&Č5'ƙ58��ǢÑ�$Î®'ƙ58$
��(Ä 3-7B)� 
� �&žģ
5 SecG&v{f' SecA3uiS{m�žº�7"���4�$
Î¯�ƞ87.!'Vp_v%Ƒ;� �7"Ƅ�587� 
 

 
 
  

Ä 3-7.� ¥Ö®«ÙMlqw{Msy 

A.� SecY& pore ring�Ƴ&=l`ǂĴÊ I272" SecG&v{f&�ů�Ƴ&=l`
ǂĴÊ L35 ;ąÑ� ţ����85& Cαǋ;šƁ!ţ���Ƭǒ' 8.6 Å !
�6Ǣ�&Ǥ�&=l`ǂĴÊ�Ƴ��"�¥
7� 

B.� ¥Ö®«ÙMlqw{Msy%47 SecY & pore ring �Ƴ&=l`ǂĴÊ I272
" SecG&v{f&�ů�Ƴ&=l`ǂĴÊ L35& Cαǋ&Ƭǒ&Î¯;ţ���
Ðæ&Č5'�7�Ǣ700 nsǋ;Ʒ� Ñ�$Î®�$
��� 
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3.1.6� SecY" SecG&v{f&ĤĭÝǜ 
� MDMlqw{Msy&žģ!'Ǣé% SecG&v{f� SecY& pore ring%
Ƒ;�74�%�Ƃ� ���ı%ǢÝǏ% SecG&v{f&źƇƋ¢!&Ĉ®
;Ţ
17�1%ĤĭÝǜ;ƺ1��SecG&v{f&�ů(L35)	4) SecY&
pore ring�Ƴ(I272)&=l`ǂĴÊ;�8�8MOX?y%Ƃċ��Îŕ�;�
ƕ���SecY(I272C)EG(L35C)Îŕ�;ŗŌ���ÑƊƐ
5ƋŒ¥;Á´�Ǣ
S-Sžº�ñþ�8 �7
#�
ŢƢ���WT	4) SecY, SecG�8�8ņ
ē��%MOX?yÎŕ;å��� SecY(I272C)EG, SecYEG(L35C)Îŕ�!'Ǣ
ǖƿ�ŉý (+IA)zƿ�ŉý (+β-ME)%ǌ:5�ǢS-Sžºñþ%47MdZ=
Wf��ay['ƙ58$
��(Ä 3-8)��
�$�5ǢSecY, SecG�ē%M
OX?yÎŕ;å��� SecY(272C)EG(35C)Îŕ�!'Ǣǖƿ�ŉý(+IA)Ė%Ǣ
MdZ=Wf��ay[�ƙ58�(Ä 3-8 è)�ƿ�ŉý(+β-ME)!'Ǣ�&M
dZ=Wf��ay[&-"<#'ľÓ��(Ä 3.8¸)� 
� �85&�"
5MdZ=Wf��ay[' SecY" SecG&ĤĭŎŇ!�7
"Ƅ�58ǢÝǏ&źƇƋ¢!2 SecG&v{f' SecY& pore ring}ǀ&Ƴ�
%ØÆ� �7�"�ţ�8�� 
 

  

Ä 3-8.� SecY" SecG&v{f&ĤĭÝǜ 
� ÑƊƐ
5Á´��ƋŒ¥�& SecY " SecG &v{f&ĤĭÝǜ&žģ;ţ�
��Á´��ƋŒ¥;ǖƿ�ŉý(+IA)2��'ƿ�ŉý(β-ME)!ǔķļ®�ǢSecY
& C ěů%�¬� �7 His TG;Ĩ¤�7 α-HisĀ�;ŏ� @AOTyexW
X>yG!Ĩ¤���SecY	4) SecG&�ē%MOX?yÎŕ�å��8�Ìº
%&/Ǣǖƿ�ŉý!MdZ=Wf��ay[�Ĩ¤�8Ǣƿ�ŉý!�&ay[

'ľÓ��� 
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3.1.7� SecY-SecGĤĭŎŇ&TybFƧƋƶƻĽûŁÜ 
� źƇƋ¢! SecY(272C)EG(35C)Îŕ�� S-S žº%46 SecY-SecG &ĤĭŎ
Ň;ñþ�7�"�ţ�8�&!Ǣı%TybFƧ&Ƌƶƻ%	� SecG&v
{f�“EpWf”&òª;ģ��
#�
;ĕ5
%�7�1%Ǣ£ĪþujS
{m;ŏ��TybFƧƋƶƻĽûŁÜ;Ɠ$��""���TybFƧ&Ƌ

ƶƻĽû'ǢSecYEG £ĪþujS{mǢo{T{TybFƧ SecAǢÊƧTy
bFƧ proOmpA;ŏ� Ƌƶƻ³ù;Ʃ��ǢujS{m¢ǀ+"Ƌƶƻ��
ÊƧTybFƧ proOmpA�fxX={RƆû;ţ��";¨ŏ� ŁÜ!�7
(Ä 3-9)� 
� SecY(272C)EG(35C)Îŕ�;WT"»ī&ēĺ!Ŷƕ��"�9Ǣ80%�}�
ĤĭŎŇ"� Ŷƕ!��(Ä 3-10A)�Ŷƕ��TybFƧ� SecY" SecG&N
Ovd>[žº%47ĤĭŎŇ!�7�";Ţ
17�1%Ǣ NěůƜġ;Ɠ
$��"�9ǢSecY& Něů" SecG& Něů&�ē�Ĩ¤�8ǢĤĭŎŇ!
�7�"�ţÀ�8�� 
� WT" SecY(272C)EG(35C)Îŕ�;£Īþ��ujS{m;ŏ� ǢTybF
ƧƋƶƻĽûŁÜ;Ɠ$��"�9Ǣǖƿ�ŉý(−DTT)!' WT &/Ƌƶƻ�
� proOmpA �Ĩ¤�8ǢSecY(272C)EG(35C)Îŕ�!'-"<#Ĩ¤�8$

���|ēǢƿ�ŉý(+DTT)!' WT 2 SecY(272C)EG(35C)Îŕ�2»Ŧî&
Ƌƶƻ�� proOmpA�Ĩ¤�8�(Ä 3-10B)�Ƌƶƻ³ùó& SecY;Ĩ¤��
"�9Ǣǖƿ�ŉý!' 6 ª�}�ĤĭŎŇ&..Ĵ� 	6Ǣƿ�ŉý!'
ĤĭŎŇ'-"<#ƙ58$
��(Ä 3-10B)� 
� �85&�"
5ǢSecG &v{f; SecY &Vp_v}%ÅÜ��Ìº%'
TybFƧ'Ƌƶƻ!�$��Ǣ�&ÅÜ;Ï� 37"ƋƶƻĽû'Áõ�

7�"�ţ�8������ ǢSecG&v{f'TybFƧƋƶƻ³ù�Ʃ�
� �$�"�'ǢSecY&Vp_v}%	� EpWf"� &òª;ă��
"�ţÀ�8�� 
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Ä 3-9.� TybFƧƋƶƻĽûŁÜ&ĩœÄ 
� TybFƧƋƶƻĽûŁÜ'ǢSecYEG £ĪþujS{mǢo{T{TybFƧ
SecAǢÊƧTybFƧ proOmpA ;ŏ� ÝǏ%Ƌƶƻ³ù;Ɠ$�(Ä&è
5�
Ò)��&óǢfxX={R%46Ƌƶƻ� �$�ÊƧTybFƧ proOmpA ;¥
Ɯ�7��&žģǢfxX={RƆû& proOmpA;Ĩ¤�7�"!TybFƧƋƶ
ƻĽû�ŁÜ!�7�Ä}ǀ'ǖƿ�ŉý(−DTT)!�6ǢSecG&v{f�EpWf
&òª;ģ�� �7$5(Ä&4�%ÊƧTybFƧ'ƶƻ�$��Ä~ǀ'ƿ

�ŉý(+DTT)!�6ǢSecG&v{f&ĄĞ�Ɯ
8ǢWT"»ğ�%$7&!ÊƧ
TybFƧ�ƶƻ!�7� 

Ä 3-10.� SecY-SecGĤĭŎŇ&TybFƧƋƶƻĽû 
A.� Ŷƕ�� SecY(272C)EG(35C)Îŕ�&ǔķļ®žģ�ǖƿ�ŉý(−β-ME)!'Ĥ
ĭŎŇ(SecY-G)&ay[�ƙ58Ǣƿ�ŉý(+β-ME)!'ĤĭŎŇ&ay[�
SecY" SecG&�8�8&ay[%¥
8�� 

B.� TybFƧƋƶƻĽûŁÜ&žģ�ǖƿ�ŉý(−DTT)"ƿ�ŉý(+DTT)!�8
�8ŁÜ���Ƌƶƻ�� proOmpA �fxX={RƆû&ay["� Ĩ¤�
8ǢWT &ay[;Êł"�Ƌƶƻ&ŋ;Gtd"� ¸%ţ���.�Ƌƶ
ƻǊÕĖ(0 min)"ƋƶƻŻ�Ė(15 min)&ĤĭŎŇ;Ĩ¤�ǢS-Sžº&ñþŋ;
ay[&~%ţ��� 
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3.1.8� peptide-bound SecYEG 

3.1.8.1� Īƹ&ĩƗ 
� ĜŠŨ!ô58�2�|ē&Īƹ!�7 C2221Īƹ& SecYEG'ǢI222Īƹ"
Ķư� ƋƦƷǘÉ'-"<#»�Īƹ!�7�ǢC4 3 C5 v{f$#&Ƌ

5Ū¤� �7źƇƧ&v{f&ǁƂ�33ŕ$� �7(Ä 3-11B)�ňű�,
�Ņ'ǢC2221Īƹ'ÁƯãŤ& SecYEG¥Ö�	��%r]{F$ś��ŏ;
� �7�"!�7�SecYEG¥Ö& SecE& Něů�2�|ē& SecYEG¥Ö
& SecY&4��Ø�8�Ŗĸû& crack¢+"ŚĊ�6Ʋ<!�7 (Ä 3-11C)�
�&ś��ŏ%4� ǢTM2" TM8%4� ñþ�8 �7 crack(T92" V329
& Cαǋ&Ƭǒ 15.0 Å)�Ǣresting state& SecY& crack(11.7 Å)462ą�� �
7(Ä 3-11A vs B)� 
� SecY & TM2 " TM7 " TM8 'ǢMG\vhfV["ś��ŏ�7"Ë¾�
�7(Plath et al., 1998)�.� SecE& NěůǦĴÊ&ǁ¦MFARL'ǢƋƶƻ�
7TybFƧ YP_347420.13 YP_755825.1&MG\vǁ¦& Něůǁ¦"»ī
!�6ǢMG\vhfV["� Ƣƣ�87·ƈû�Ƅ�587�ƻ²%Ǣ

TtSecY '�&aFXu=&MG\vhfV[2Ƣƣ�7�"�!�7"Ë¾�
�7(Mori et al., 2003)�SecE&Něů�&=l`ǂ F2"A3&Ŗĸû&�ǆ'Ǣ
SecY&źƇƧ%Ǘ��Ŗĸû& crack¢& I85, I89, F322"ś��ŏ� �7(Ä
3-11D)�.� SecE& Něů
5 4Ŕř&=l`ǂ R4&�ǆ'ǢSecY&�Øû
&ǝ�=l`ǂ Q88"ś��ŏ� �7(Ä 3-11D)� 
� �}&�"
5 C2221Īƹ'ǢSecY& crack"hfV[�ś��ŏ� �7§

1 &žėĪƹ"Ƅ�587�.�MG\vǁ¦"� 'Ŗĸû&ǁ¦��ƫ

� �7�ǢSecE& Něů& MFARLđņ" crack&ś��ŏ%ŝř�7"�
¥%MG\vhfV[;Ĭ�� �7"Ƅ�587����� Ǣ�&Īƹ'

TybFƧƋƶƻ&ǊÕĖ%	�7MG\vhfV[" SecY &tXtvI{
Z&ś��ŏ;ĕ5
%�7ÿ�
6%$7
2�8$�� 
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Ä 3-11.� resting state Īƹ(I222)" peptide-boundĪƹ(C2221) 

A.� resting state Īƹ(I222);uiyoYv!Ɣţ���tXtvI{Z&źƇƧ�
%�7 crackǀ¥;ąÑ�ǢT92" V329& Cαǋ&Ƭǒ;Ɣţ��� 

B.� peptide boundĪƹ(C2221);uiyoYv!Ɣţ���tXtvI{Z&źƇƧ
�%�7 crackǀ¥;ąÑ�ǢT92" V329& Cαǋ&Ƭǒ;Ɣţ���.�MG
\vhfV[;Ĭ�� �7!�9� SecE& Něů 5ĴÊ;OX>WF!Ɣţ
��� 

C.� žėĪƹ�&ãŤ$ 2 ¥Ö;źƇƧ�
5ƙ�Ä�~%'tXtvI{Z�¥

63��4�%ŴœÄ;ţ���SecE& Něů�Ǣ2�|ē& SecY&tXt
vI{Z%�6Ʋ<!ś��ŏ�ą�� �7� 

D.� SecY &tXtvI{Z&źƇƧ�%�7 crack ǀ¥" SecE & N ěů&ś��
ŏǀ�&ąÑÄ�SecE& F2, A3" SecY& I85, I89, F322&�ǆ���%Ŗĸû
!ś��ŏ� �7�.� SecE& R4" SecY&�Øû&ǝ� Q882ś��ŏ�
 �7� 
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3.1.8.2� ¥Ö®«ÙMlqw{Msy(MDMlqw{Msy) 
� peptide-bound SecYEGƖº�&��hfV[ǀ¥;Ǎ��žėĪƹ;ŏ� Ǣ
resting state "»ī%ōŠ&ĝŐŠŨÞ"&¡»ŠŨ%47¥Ö®«ÙMlqw
{Msy;Ɠ$���ǊÕó��% 17.4 Å.!ą�� �� crack(T92" V329
& Cαǋ&Ƭǒ)'ǉ�58Ǣresting state& SecY&Ñ��!�7 11.7 Å�Ƴ;
Č5�ñ%$��(Ä 3-12)� 
� ���� Ǣ©ƴ&Ʒ6hfV[�žº�7�""ǢtXtvI{Z&źƇ

Ƨ�& crack�ą�7�"'śǌ��7"Ƅ�587�|ē!ǢtXtvI{Z
&huftPm�'Ñ�$Î¯'ƙ58$
����&žģ'Ǣǀ¥Ř%Vp

_v�Ǌ��Ė%tXtvI{Z&huftPm�'Ñ�$Î¯�ƙ58$


��"��ƻ²&ƒ�¥Ö;ŏ��ŠŨžģ"|ƍ�7(Taufik et al., 2013)��
&4�%źƇƧ�& crack�ĥƮ!�7�"'Ǣī	$ÊƧTybFƧ;Ƣƣ�
7%��� ƾ��Īƹ%$� �7&
2�8$�� 
 

  

Ä 3-12.� peptide bound SecYEGƖº�&MDMlqw{Msy 

� MD Mlqw{Msyǋ& SecY & T92 " V329 & Cα ǋ&Ƭǒ;ţ���¸%
resting state%	�7 T92" V329;ţ���Mlqw{MsyǊÕó��%ĘÑ 17.4 
Å.!ą�7�Ǣ��%ǉ�58 11.7 Å�Ƴ!Č5�!�7žģ%$��� 
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3.1.9� SecG&òª;½1�TybFƧƋƶƻ&oYv 
� �Á& 2ŧǚ&žėĪƹ"�85;Ê%��įƈƜġ%46ǢSecG&v{f
�TybFƧƋƶƻ%	� “EpWf”"� &òª;ģ���"ǢSecE & N
ěů�MG\vhfV[;Ĭ�� SecY& crack"ś��ŏ� �7�";ĕ5

%���ƻ²&ĪƹįƈƜġ%4� Ǣ^FwCV[�žº�� SecA�ǢÊ
ƧTybFƧ�ØÆ�$�ŉý!2 SecY &tXtvI{Z;ą�7�"�Ë
¾�8 �7(Taufik et al., 2013; Tsukazaki et al., 2008; Zimmer et al., 2008)��&¢
&ǣ�!�7 SecY" SecA&Ɩº�&žėĪƹ!'ǢSecY&źƇƧ�&ƔǗ'
SecA %Ƙ:8 �7����� ǢTybFƧƋƶƻ%	�7 SecY &Īƹ&
Î¯'ǢĘ§% SecY" SecA�źƇƧ�!ś��ŏ�ǢSecY&tXtvI{Z
�ą�7"Ƅ�587��&óǢpeptide-bound SecYEG Ɩº�&4�%ÊƧ�
SecY&źƇƧ�%žº�7�"!ǢtXtvI{Z;ą��ŉý!ÚÜ¯�7�
�&4�$ŉý;Ž7�"%4� ǢftG(plug)[n?y�ť®�ǢtXtv
I{Z;�5%ą�ǢSecG&v{f;Vp_v
5Ï�ǢSecYƌƭ&�Ò%T
ybFƧ&Ʒ6Ƽ;ñþ�7&
2�8$�(Ä 3-13)� 

Ä 3-13.�  SecG&òª;½1�TybFƧƋƶƻ&oYv 
� TybFƧƋƶƻ%	�7 SecYEG Ɩº�&ǉŉý"Ƌƶƻŉý&ĬïÄ�ǉŉ
ý!' SecY&Vp_v'ǢźƇƧ�
5 SecG&v{f%46EpWf��8Ǣh
uftPm�
5'ftG%46Ħ��8 �7�Ƌƶƻŉý!'ǢÊƧTybF

Ƨ&Ʒ6Ƽ;ñþ�74�%EpWf2ftG2ť®�7� 
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3.1.10� ."1 
� �8.!& SecYEGƖº�&Īƹ'ǢSecG�½.8 �$��Û $Ɩº�
&Īƹ!���6Ǣ=l`ǂ&�ǆ�ĳŢ%ǁƂ!�$�-#�¥Ɯƈ!��

�6���1ǢTybFƧƋƶƻ³ù&ơź$Ɯġ%¨ŏ�7�"�ÂǓ!�

����
�ǢĜŠŨ%46ơź$Ɯġ%°¥$ǝ¥Ɯƈ
�Û $ SecYEG
Ɩº�&ĪƹƜġ;ƽþ���resting state &Īƹ'�8.!!Ę2ǝ¥Ɯƈ&

Īƹ!�6Ǣ�ó&�5$7Ɩº�&ĪƹƜġ%2ęŏ"$7�"�Ƅ�58

7�.�ǢĒ�% SecG&v{f�EpWf&òª;ă� �7�";Īƹįƈ
Ɯġ%46ĕ5
%���ĜŠŨ!'ǢSecE& Něů��MG\vhfV[;

Ĭ���4�$ peptide bound SecYEG&Īƹ2ĕ5
%�ǢTybFƧƋƶƻ
³ù&§Ěĵǎ&Ƅâ;ƺ1�� 
� ĜŠŨ%46ô58� SecYEG Ɩº�&ơź$ĪƹüË;ŏ� ǢTybF

ƧƋƶƻ³ù&ơź$Ɯġ+"ƺ1 ��� 
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3.2� TtSecY-SecA/SecE/SecGŎ w(SecYAEG)"ÿĽŒö 

	Ê	 

� �2(�IgT?Ŝ"ŀŦŬ�Ö5 in vitro�ŉ ��+!#Ƌŀ!�ûÚ�

2� SecYEGƋSecA, proOmpA"Ǝ�"IgT?Ŝ5Ċ� 4�1Õŏ
����

ŀ&�ûÚ�2� SecYEG#ľŜ �5£)ƋSecYEG"M[fEh
¬i� 

�ƋƄé¢!�ûÚ�2�6?K7X SecYEG 5āĤ!Ýã�1��#¨ſ

��1��"�+ƋSecA 5ċ��1Ûą�Ƌć×5,� SecYEG � SecA "đ

ŜŴ(_dä)5āĤ! 4�1��
l�Ľ��1�Ċ ą5Ė�1ź0#��

��,ƋSecA(�# SecYEG"Ŭlş
ĕ���(��(�Ƌ���đŜŴ5

ił������,ƋSecYEG� SecA#ĳ Œž5ĸ0Ť��+!ƋÈ!¼¾

 Ŏ w5ÎÚ��� �ZKf CgYd� ���(����
��ƋŖ

ı Œö5Ĝà��± ƋCgYdŘåì!IgT?Ŝ5Ċ ��1ÛƄ#Ů

1'���1���� SecYEG� SecA5Ƌ6]RŲcg=h5Ė��ň �

�� SecY-SecA/SecE/SecGŎ w(SecYAEG)5Ė�1��5ĺ�Ƌ¿ż!Ĭō�

�"ÿĽŒö5ū+�(© 3-14)� 

 

  

© 3-14.� Ñõ"Ûą�óġĨ!�1IgT?ŜŀŦŬ"ć×č¾ 

� ©"Ç~!#Ñõ" SecYEG �ûÚc[Hh^!Â�� SecA 5ċ��1Ûą"
úĘ©5ĥ����~!#óġĨ!�1 SecYAEGň IgT?Ŝ5Ė��Ûą"
úĘ©5ĥ���Ñõ"Ûą�#ƌ�" SecYEG !Â��Ŏä" SecA 
ĳ Œž
5ĸ0Ť�
ƋóġĨ�#ƌ�" SecYEG !#ƌ�" SecA 
ĳ �Ƌ�1i¾"
Šž	/Œž� �.�! ���1� 
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3.2.1� SecYAEGŎ w"IgT?ŜŀŦŬć×č¾ 

� SecYAEGŎ w5ĚĔ���¶ĿŅ5ģĢ�Ƌıļŀ5ėƂć×�!.0�
ď���ÐƋNi 6W7PK7h=b^?f\M@bW7hƋ8<goâ=b^
?f\M@bW7hƋAd3Ŭ=b^?f\M@bW7h!.0Ĭō���15 L
"®Ƈĉ	/Į 5 mg "Ĭō SecYAEG Ŏ w5Ò�(© 3-15A)�Ò/2�
SecYAEG Ŏ w5c[Hh^!�ûÚ�Ƌ¯Ŝ! proOmpA 5Ė��IgT?
ŜŀŦŬ"ć×č¾5ŉ ���IgT?ŜŀŦŬ�Ö# 50 ˚C�ŉ ���Ĭ
ō�� SecYEGŎ w5£*c[Hh^# SecAƁº«k�#IgT?ŜŀŦŬ
ć×5ĥ��(© 3-15B, ehg 1, 2)ƋSecA"ċ�!.0IgT?ŜŀŦŬć×
5ĥ��(© 3-15B, ehg 5, 6)��"ĳ÷
iŃě IgT?ŜŀŦŬ�Ö�
�1�iéƋp§" SecYAEGŎ w5£*c[Hh^# SecA5ċ�� ��
,ć×5ß���
ĥ�2�(© 3-15B, ehg 3, 4)�SecYEG� SecYAEG"�
�/, ATP
 �ôt�#ć×#Ő/2 	��(© 3-15B, ehg 9-12)�(�Ƌ
ť�� SecA5���0Ƌ¡ic[Hh^�!ť�� SecYEG5���0��,
¯ŜIgT?Ŝ"ŀŦŬŴ!#�(0Ïƃ
 	��(© 3-15B, ehg 3, 4 Â 
ehg 7, 8 Â ehg 13, 14)� 
� rj"��	/SecYAEGŎ w���� ć×5|ß���1�ĺ�/2
1��	� 
/Ƌc[Hh^��ƋSecYAEGŎ w
�ē�ÿĽ���1"
	Ƌ(����	" SecYAEGŎ w
�/ 1Ŏ w5ÎÚ���1"	!�
��#lëğ ((��1�c[Hh^m��/ 1<cB\hÎÚ
Ş��

��1�Ľ×#Ă1
Ƌó¿ƈ!��� SecY : SecA"_dăƌƏƌ"Ŏ w#
ŀŦŬć×5��!ß���5ĥ��� 
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© 3-15.� SecYAEGŎ w"IgT?ŜŀŦŬć×č¾ 

A� ĬōÐ SecYAEGŎ w" SDS-PAGEĳ÷�SecY-Aň IgT?Ŝ�.% SecEƋ
SecG"SgN
ù��2�� 

B� SecYEGŎ w,��# SecYAEGŎ w5�ûÚ��c[Hh^5Ė��Ig
T?ŜŀŦŬć×č¾"ĳ÷�SecYEG Ŏ w#_hIhIgT?Ŝ��1
SecA"Ɓº«k�#ć×
 �ƋSecAº«k�ć×5ĥ���SecYAEGŎ 
w#ť�" SecA  �!ć×5ĥ�����/, ATP Ɓº«k�#ć×# 	
���(�Ƌť�� SecA- SecYEG5���,ć×!�(0Ïƃ
 	��� 

 

A B 
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3.2.2� 1`PJM�ûÚĭ��1 Nanodisc&"�ûÚ 

� SecYAEGŎ w
�ûÚc[Hh^m�ć×5ß���#Ĥŗ���
Ƌ�
ûÚc[Hh^m�#SecYAEGŎ w"<cB\hĒÙ"�Ó
����/�Ƌ
_R\h�ÿĽ���1"	!���#lë ((��1����ŀIgT?

Ŝ"<cB\hĒÙ5�Ó��1�ûÚĭ��1 Nanodisc �¦$21ÜŊ!Ğ
Ĝ���SecYEG5�ûÚ�� Nanodisc(Nd-SecYEG)#ƋIgT?Ŝ"ŀŦŬć
×5ß�mŸw5ÎÚ�1��
ĥ�2��1(Taufik et al., 2013)�Alami /
(Alami et al., 2007)" SecYEG 5 Nanodisc !�ûÚ�1Ûą5�ĺ!��Ƌ
SecYAEG�ûÚ�� Nanodisc"Řå5ū+��Ĭō�� SecYAEGŎ wƋľ
ŜƋMembrane Scaffold Protein(MSP)"Ŵ5Řī�ƋSM2UhG�ėƂć×�5
Ż���Ð!C8GŻ�?f\M@bW7h5ŉ �Ƌƌ`PJM" SecYAEG
Ŏ w
�ûÚ�2��1 Nanodisc(Nd-SecYAEG)5Řō��(© 3-16)�C8G
Ż�?f\M@bW7h�#ƋNd-SecYEG5�ûÚ��± (Alami et al., 2007)
�¡ü"Vh?ĆÎ5ĥ��
Ƌî¶"Vh?uĹ
ê� �����SecA"
²���ď�uĹ
DWM���s¾�2$Ƌî¶"Vh?uĹ


Nd-SecYAEG �ĺ�/21��Vh?"Wb?Dag!��� Native-PAGE �
SDS-PAGE5ŉ ����"ĳ÷ƋAlami/"řæ�¡ü! Native-PAGE��i
"SgN
Ò/2ƋSDS-PAGE� SecYAEGŎ w�MSP���� Nd-SecYAEG
"ûÚŏİ
Ĥŗ����rj"��	/ƋNd-SecYAEG 
�ûÚ�.%�ž
�2���ç���î¶Vh?�"v�Vh?(© 3-16, 10 mlqţ)#�"ď�u
Ĺ	/Ƌƍ`PJM" SecYAEGŎ w
�ûÚ�2� Nanodisc[Nd-(SecYAEG)2]
	Ƌ,��#ƍ�¹" Nd-SecYAEG
 SecA¡³�ĝnxĖ��(Nd-SecYAEG) 2

�Ø¾�21�,� Nanodisc[Nd-(SecYAEG)2]��2$Ƌ�"ĳ÷# Alami/"
řæ!���, SecYEG
 2 `PJM�ûÚ�2����ił�1�© 3-16"
Ɗ"Vh?# SecYAEG Ŏ w
ù��2�Ƌ(� MSP �w"Ad3Ŭ!�
1Vh?uĹ(16 mlqţ).0ê�ď����1��	/ƋIgT?Ŝ
���
� �ĒÙ"ľŜ")�ûÚ�2�ŀIgT?ŜWch" Nanodisc ��1�ĺ
�/21� 
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© 3-16.� SecYAEGŎ wNanodisc&"�ûÚ 
� SecYAEGŎ wƋľŜƋMSP5Ċ �ƋėƂć×�5Ż���Ð"C8GŻ�
?f\M@bW7h"ď�TIhg�Ƌ�Wb?Dag" Native-PAGE �.%
SDS-PAGE!�1 CBBøń"ĳ÷�ď�TIhg"ƀĶ
 280 nm"¤��Ƌ
ŝĶ
 254 nm"¤�5ŋ���1�ķŢ# 280 nm"¤�5ƋþŢ#ď�Ŵ5ĥ
���1� 
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3.2.3� Nd-SecYAEG�¯Ŝ�"ĝnxĖ 

� Nd-SecYAEG # Narive-PAGE � Nd-SecYEG .0,Å��Ħ�Ë5ĥ��(©

3-18)�óġĨ�#Ƌ(� SecYAEG Ŏ w5£* Nanodisc 5Ė��āĤ!¯Ŝ

��1 proOmpA5ŗŚ�1"	!���ùœ5���ó¿ƈ�Ė�� proOmpA

#�¹�! S-S ĳ 5ß�ƋIgT?ŜŀŦŬì!#ŀŦŬmŸw5ÎÚ�1

�°¥�2��1´ęw proOmpA(L59)��1�WT "D@Odű�5,�

proOmpA(L59)� Nd-SecYAEG 5Ċ ��± ƋNative-PAGE �" Nd-SecYAEG

"Ħ�Ë
Å�� ��SgN
Ĕ2�(© 3-17)��"SgN# proOmpA(L59)


º«���1ì!")Ĕ2�(© 3-17, ehg 3, 4 Â 5, 6)
ƋATP"ïĐ�#

´�# 	��(© 3-17, ehg 3 Â 4)�proOmpA(L59)"D@Odű�5lć

×!�� 3Q ´ęw5Ė�1�Ħ�Ë"´�# 	��(© 3-18, ehg 3, 4 

Â 5, 6)��/!ƋproOmpA(L59)"ƐòĪ! super folder GFP(sfGFP)5q���

´ęw(L59-sfGFP)�#ƋNative-PAGE �"Ħ�Ë
�/!Å�� ��SgN


Ĕ2�(© 3-17, ehg 5, 6 Â 7, 8)�rj"��	/ƋĦ�Ë
ČÆ��ƍħ

Ɔ"SgN#ƋNd-SecYAEG�¯Ŝ proOmpA"Ŏ w��1�Œų���(�Ƌ

Nd-SecYEG 5Ė��± !���,ƋproOmpA(L59)"ċ�!.1 Nd-SecYEG

"SgN"Ħ�Ë"´�#)/2 	��(© 3-18, ehg 7-10)� 

� rj"��	/ƋNd-SecYAEG�¯Ŝ proOmpA"Ŏ wÎÚ#D@Odű�

� SecA !zº���1��
ë/	� ���(� ATP "ċ�"ïĐ!Ź4

/�Ŏ w"SgN
ÎÚ�1��	/ƋD@Odű�"ŗŚ-ƋNd-SecYAEG

�¯ŜproOmpA"Ŏ w"ÎÚ!#ATP"�Ą�Œ;Qd>h#Õŏ ��ĺ

�/21��"�į��2� Nd-SecYAEG "ĭ5ÖĖ�2$ƋƉũ�¹Ÿ�ƅ

Ôŵ(Ɖũ AFM)!.1Œö-ƋŇ�i�¹őÁ �ƋIgT?ŜŀŦŬ�Ö"

�Ù5ƌ�¹Œö�ťš�1��
�Ľ� 1�3�� 
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© 3-17.� Nd-SecYAEG�¯Ŝ"ĝnxĖ 1 

� Nd-SecYAEG � proOmpA(L59)5Ė��IgT?ŜŀŦŬ�ÖÐ"
Native-PAGE "ĳ÷�proOmpA(L59)��#SgN#ù��2 	��(ehg
1, 2)�Nd-SecYAEG� proOmpA
º«�1± !ƋATP"ïĐ!Ź4/�Ħ�Ð

Å�� ��SgN
ù��2�(ehg 5, 6)�proOmpA(L59)-sfGFP5Ė��
± !#�/!Ħ�Ë
Å�� ��SgN
ù��2�(ehg 7, 8)�(� ATP
"ïĐ�#�2/"SgN!´�# 	��(ehg 5 Â 6, ehg 7 Â 8)�(�
�k!Nd-SecYAEG�¯Ŝ proOmpA"�´ęw5ýÌ©�ĥ��� 

© 3-18.� Nd-SecYAEG�¯Ŝ"ĝnxĖ 2 

� D@Odű�5lć×!�� 3Q ´ęw,��# Nd-SecYEG 5Ė��IgT?
ŜŀŦŬ�ÖÐ" Native-PAGE"ĳ÷�3Q´ęw5Ė��± !#ƋĦ�Ë
Å
�� ��SgN#ù��2 	��(ehg 1-6)�Nd-SecYEG� proOmpA(L59)
5Ė��± �#ƋNd-SecYEG "SgN"uĹ!´�#Ő/2 	��(ehg
7-10)�(��"Nanodisc�¯Ŝ"Ĳ) 4�!���, ATP"ïĐ�´�# 	
��� 
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3.2.4� �ûÚc[Hh^5Ė��IgT?ŜŀŦŬmŸw"ù� 

� Ãõě!ƋNd-SecYAEG5Ė��ĭ� Sec!.1IgT?ŜŀŦŬ5 1`PJ

M�Ŗı!őÁ�1�+!#Ƌ SecYAEG5Ė��IgT?ŜŀŦŬmŸw
Ď

���1��
ð(���proOmpA(L59)#Ƌ�¹"�Ű! S-S ĳ 5Ä���

¯Ŝ��0ƋIgT?ŜŀŦŬmŸw5ÎÚ�1��
68HMhY5Ė��

Ûą!.0Ĥ	+/2��1(Uchida et al., 1995)�ó¿ƈ�#ƋSecYAEGŎ w


IgT?ŜŀŦŬmŸw5ÎÚ��Ƌů����1 DTTzºě!ŀŦŬ
�

ŷ�1��5Ĥŗ�1�+!Ƌè�!Þw5xō�Ƌùœ����"Þw#

proOmpA" NòĪ~"D@Odű�"Ð" 38-54Ă¯5ŗŚ�19C>[c?

fhOdÞw(α-proOmpA(38-54))��0ƋIgT?ŜŀŦŬmŸw5Ƌ68HM

hY5y4�!Ƌ9;FIgXfJK7g@�ù���1�ĺ��(© 3-19)�Ĭ

ō�� proOmpA(L59)5Ė��ƋIgT?ŜŀŦŬ�Ö5ŉ ���ů����

1 DTTƁº«k�#ƋproOmpA"�Ŷ.0,Ġ� 2ó"SgN I (Intermediate)


ù��2�(© 3-20, ehg 2, 3, 5)�(� DTTº«k�#Ƌ�" 2ó"SgN

I
Ĉ·�Ƌ�Ŷ"SgN F (Full length)
ù��2�(© 3-20, ehg 6, 8, 9)�

proOmpA(L59)" S-Sĳ 5ÎÚ�1 2�"DFK8gĂ¯"��ƋNòĪ~"

DFK8gĂ¯(�"6]RŲ"ĵ�¹Ŵ#Į 28,300 ��0Ƌù��2�Sg

N I�.�ił�1(© 3-20)� 

� �2/"��	/ƋÞw α-proOmpA(38-54)5Ė��ƋS-Sĳ !.1ĩwŽÀ

!.0IgT?Ŝ"ŀŦŬ
ŧm�}Ā�� proOmpA
ù��2��ĺ�/2

1��(0#p§Ĭō�� proOmpA(L59)� SecYAEG Ŏ w5Ė�1���I

gT?ŜŀŦŬ�Ö"¼¾ mŸw�Ƌ�Ö"�ŷ
Ĥŗ������1�r

j"��	/ƋƉũ AFMŒö&"Ď�
å��� 
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© 3-20. IgT?ŜŀŦŬmŸw"ù� 

� ŀŦŬmŸw5ÎÚ�1¯Ŝ proOmpA(L59)5Ė��ƋmŸw"ÎÚ59:FIg
XfJK7g@!.0Ĥ	+�ĳ÷�©m" F #�Ŷ
ŀŦŬ��SgN(Full 
length)5ƋI#mŸw
ÎÚ�2ŀŦŬ��� � CòĪ~
 proteinase K!.0�
Œ�2��¹Ŵ"Å� SgN(Intermediate)5ĥ���1�ů�� DTT5î�	/
���± # F"SgN
ù��2Ƌ�� 	��± # I"SgN
ù��2��
10 �Ð	/ DTT 5��1�ƋmŸw
ŒŻ�2Ƌ�" 10 �Ð!#�Ŷ"SgN F

ù��2�� 

© 3-19. IgT?ŜŀŦŬmŸw"ù�éą"úĘ© 

� ů�� DTTƁº«k�#ƋS-Sĳ �ŀŦŬ
}Ā�1�+Ƌproteinase K!.0
S-S ĳ qţ��ç�21�ŀŦŬmŸw"ŝńŰ�# proteinase Ļ×"SgN I 
(Intermediate)���ù��21�ů��º«k�#ƋŀŦŬ
}Ā� ��+�Ŷ

ŦŬ��SgN F (Full length)
ù��21�ŀŦŬmŸw5ÎÚ���Ð! DTT
5��1���ƋSgN I
ČÆ�SgN F
²��1� 
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3.2.5� SecYEG� SecA"�»Ŵř 

� óġĨ�# SecYEG : SecA = 1 : 1" SecYAEGň IgT?Ŝ5xÚ�Ƌ�"
ï�×5ŕ{�����Ŭ�"°¥�#Êř!ëŔ��.�!Ŏä"<cB\

hĒÙ�ÿĽ�1��
śř�2���
ƋţÉ"Ŏ w-ŀŦŬmŸw"ĳ

íûŪŒö!.0ƋIgT?Ŝ"ŀŦŬm# SecYEG : SecA = 1 : 1�ÿĽ���
1����ŨŗŚ!ņ�Ğ�����1(Zimmer et al., 2008; Li et al., 2016)�Ig
T?Ŝ"ŀŦŬ
ŷ¸�21(�"<cB\hĒÙ#¾	�# �
ƋŀŦŬ

m# SecYEG : SecA = 1 : 1�ÿĽ�1��	/ƋóġĨ�yĖ�� SecYAEGň
 IgT?Ŝ#pÐ"Œö!���ï� ĭ��1�ĺ�/21� 
 

3.2.6� (�+ 

� ŀŦŬ�Öm!�1 SecYEG(�# SecA"<cB\hĒÙ!���#Ƌñ
�śř"Ĵ���1��3�#�1
ƋóġĨ�# SecYEG� SecA"đŜŴ5
 4�1��5ƋSecYEG � SecA "ň IgT?Ŝ SecYAEG 5Ė�1���
ŭÚ���Ĭō SecYAEG Ŏ w5Ė�1��ƋŁ�ě! SecY, SecE, SecG, 
SecA"_dă
á��óĳ÷�#Ƌƌ`PJM" SecYAEG
¯Ŝ proOmpA�
Íª!ĳ �1��Ƌ(�Ƌň IgT?Ŝ#ć×5ß���Ƌ¼¾ mŸw

5ÎÚ�1��5ĥ���SecYAEG Ŏ wrµ!ť�� SecA 5ċ��1��
!.1ć×"¢j, 	��
Ƌć×
k
1�����, 	����"L

hI# in vitro�îvź"ć×# 1`PJM" SecYAEG
�2$����1�
�5ĝŌ�1�¿ż!#Ŏä`PJM����Ľ×5½�!Ż����� ��

�	� 
/Ƌp§Ė�� Nanodisc-SecYAEG"ĭ#pÐ"i�¹őÁ!ïĖ 
¿ƈĭ� 1�Ľ×
¶�!ĺ�/21�(�#p§"ĭ5Ė��ƋƉũ�¹

Ÿ�ƅÔŵ(Ɖũ AFM)5Ė��őÁ&�ū+1� 
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3.3� ƙŽ�¿ƈ�ƗÞƆ9ĥ��KiUBůŘŻƀ�á'ťÆ 

�Ó� 

� KiUBů'ŘŻƀ�á9í	 Sec PdiHhEi'Đé¿'	�ƞ
Thermus thermophilusĦĈ' Sec¿(SecYEG, SecA, SecDF)(�+ ŌĀĐž
ŧý�6�(Vassylyev et al., 2006; Tsukazaki et al., 2008; Tanaka et al., 2015; 
Tsukazaki et al., 2011)�-�đ	$Ĥğķ%�� ƞSecY" SecA'ŌĀĐž
ŧ�6ƞKiUBůŘŻƀ'Ūň$ŧĊſ/36 ���ŌĀĐž90"%

ĕŖŧĊſ/36ƞ¼�'aOfõ«�6 �5ƞă�Ŏmţŧ(Ý3

6 �$��ŹÒƞSecPdiHhEi'm�¿ťÆŃ�ĭ%ſ/36 �5
(Taufik et al., 2013; Kedrov et al., 2013; Sanganna Gari et al., 2013)����$3ƞ
š÷'¿šƏ%ō.ƞ�ĭŢŇ'¼�KiUBůŘŻƀ�á'Â�ģŧ%

(ř� �3�ƞĠ%ŘŻƀ'�ĭ$"�7(ă�èĜ'µ9�$����!ƞ

ąıĺ!(�6-!%ŝ$� ���ņ��� SecYEG " SecA %25KiU
BůŘŻƀ�á'ń9ĥ� ƞƙŽ�¿ƈ�ƗÞƆ(ƙŽ AFM)%25�æťÆ
9ſ/�� 
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3.3.1� HPgZP;WGiuĖ�ŌĀ¶ĉ 

� SecYEG1 SecYAEG�Đé�6� Nanodisc'.9ťÆ�5�/%ƞHPg
ZP;WGi'uĖ�ŌĀ¶ĉ9ĥ�5�"9Ŕ
��żÎ' AFMĜÃÿ%�
ĥ�5]<@¶ĉ!(ƞƓĠĪĭ$įv�ĥ%24qņğ0¼�ťÆ�65¡

Ŗã�5ƞHPgZP;WGiuĖ�ŌĀ¶ĉ9ĥ�5�"!ƓĠĪĭ$

įv�ĥ9Ɖ��"!�5�SecY'FHN<i%W?Li]g<^Q9y�
��¸¤ƞW?Li��� SecYHPgZP;WGiuĖ�ŌĀ%Ō¤�5"ƞ
¶ĉ" SecY'ƈ%Ƌƈ!�5�]<@¶ĉo%Ō¤��¸¤%(ƞ5 Åzp
��$�ƋƈƞW?Li]g<^Q'��2*uĖ�ŌĀ'Ƌƈ0�
5"

KiUBůŘŻƀ�5%(��$ƋƈÙé�65"Ŕ
365(Karner et al., 
2016)� 
� Ŀ 2Ľ'Ćù"üĘ 2.3.1'ëƕ%Ü�ƞ]<@¶ĉo%HPgZP;WGi
uĖ�ŌĀ9ÊƇ����HPgZP;WGiuĖ�ŌĀ¶ĉ9ƙŽ AFM!ť
Æ��"�7¯ 3-21A, B'2	$ħ�Ý36���'¯�3��52	%ø
���Č¿ġ'uĖ�ŌĀ¶ĉÙé!���zp'ťÆ(�+ ¥đ'ëĘ

!�é��HPgZP;WGiuĖ�ŌĀ¶ĉo% ŝ$��� 
 

  

¯ 3-21.� HPgZP;WGiuĖ�ŌĀ¶ĉ'ťÆ 

A. � ]<@¶ĉo%ÊƇ���HPgZP;WGiuĖ�ŌĀ9 50 mM 
HEPES-NaOH(pH 7.0), 300 mM NaCl, 100 mM KCl'TMY:lć|p% ťÆ�
��ħ'HRMZFcMP�ħ�ē'HDlfTl(ƙ�9ĳ� �4ƞĔś9

sß"� Ĭś%$5,#ƙ�(ƙ�ƞƛś%$5,#~��HPgZP;WG

iuĖ�ŌĀ'ƙ�"2�mŚ��Č¿ġ'uĖ�ŌĀŐƚ%ÊƇ�6 �5

�"Ĳū!��� 
B.� A'î½¯�î½�5"24²m$Č¿ġ!�5� 
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3.3.2� SecYEG�Đé Nanodisc'ťÆ 

� (�/% Nd-SecYEG" Nd-SecYAEG'.9Ūň%ťÆ�5�"%���SecY
'\eZdI_�Ơjê(S148, R208)%FHN<i»Ī9Ç��ƞW?Li]g
<^Q%24W?Li�����'W?Li��6� SecYEG š¤�9�Đé
�� Nd-SecYEG 9ƞHPgZP;WGiuĖ�ŌĀ¶ĉ%Ō¤��5"¯
3-22A'2	%$5"Ŕ
365�Äƌ% Nd-SecYEG9¶ĉ%Ō¤��ƞƙŽ
AFM!ťÆ��ŌċƞťÆ� �5ƈ(ÁÃ%À±�5ƙ� 7-8 nmĶÔ'�Ù
'�Ý36�(¯ 3-22B)��'ƙ�(ƞHPgZP;WGiuĖ�ŌĀ9¶ĝ
"� Ł����¯ 3-22B (�ħ'HRMZFcMP!�4ƞēÏkƙ�"0
%²m$�!����ťÆ�� Nd-SecYEG "Ŕ
365�9XMB;MZ�ƞ
�'ƙ�9ŧĊ��"�7ƞ7.7 ± 0.6 nm'ƙ�'VHPCd_Ý36�(¯
3-22C)� 
� Nd-SecYEG'.'ƙ�( SecYEG'ŌĀĐž�3�2� 7.0 nm"óÃ�65
ƞÄƌ'ťÆŌċ�3Ý36�ƙ�( 7.7 nmĶÔ!�����'ƙ�'º�
(HPgZP;WGi"Ō¤� �5W?Li]g<^Q'���ƙ�º�

��ŀ'ģĦŔ
365�-�ł¿'ƙ�1ēÏ²m!�5�"1ƞHP

gZP;WGiuĖ�ŌĀo%ÁÃ%°Ã�6 �5�"�3ƞťÆ�6��

( Nd-SecYEG!�4ƞNd-SecYEG"¶ĉ'ƈ%KiUBůŘŻƀ�5Ƌƈ
Ùé�6ƞNd-SecYEG'Ƃ¦ã0ô� �5"Ŕ
365� 
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¯ 3-22.� Nanodisc-SecYEG'ƙŽ AFMťÆ 

A.� HPgZP;WGiuĖ�ŌĀ¶ĉo%��5W?Li��6�Nd-SecYEG'
ďĩ¯�Nd-SecYEG(ąĸ 3-1Ľ'ŌĀĐž(PDB: 5AWW)"ƞŘKiUBůYe
l' Nanodisc' NMRĐž(PDB: 2MSC)9Ŋ.¤8��aOf!�5�ƙ� 7.0 nm
(ŌĀĐž�3ţĹ0��� 

B.� 50 mM HEPES-NaOH (pH 7.0), 300 mM NaCl'ĜÃTMY:lć|p!ƞťÆ�
� Nd-SecYEG'HRMZFcMP�ħ�s' Nd-SecYEG'�'½��(²m!
�4ƞ¶ĉ'HPgZP;WGiuĖ�ŌĀ'Č¿0ťÆ!��� 

C.� ťÆ�6� Nd-SecYEG'�'ƙ�9ŧĊ��VHPCd_ (N = 277)� 
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3.3.3� SecYAEG�Đé Nanodisc'ťÆ 

� ŏ� Nd-SecYAEG 'ťÆ9ŝ$���Nd-SecYEG '¸¤"¥đ% SecY '
\eZdI_�Ơjê9W?Li��� SecYAEG š¤�9�Đé��

Nd-SecYAEG 9ƞHPgZP;WGiuĖ�ŌĀ¶ĉ%Ō¤��5"¯ 3-23A
'2	%$5"Ŕ
365�Nd-SecYAEG'ƙŽ AFMťÆ%�� đ	$ĜÃ
TMY:l'ć|9čŨ��"�7ƞNd-SecYEG "¥ć|' 50 mM 
HEPES-NaOH(pH 7.0), 300 mM NaCl TMY:l% KCl 9�
� 50 mM 
HEPES-NaOH(pH 7.0), 300 mM NaCl, 100 mM KCl'TMY:lć|p%�� ƞ
ÁÃ%°Ã��6�ƙ� 11 nmĶÔ' X³'�÷¼�Ý36�(¯ 3-23B)��
'ƙ�(ƞNd-SecYEG "¥đ%HPgZP;WGiuĖ�ŌĀ9¶ĝ"� Ł
����¯ 3-23B(�ħ'HRMZFcMP!�4ƞÄƌ'�ħ!( X³'�
(ŜÐ»�� ���ťÆ�� Nd-SecYAEG"Ŕ
365�9XMB;MZ�ƞ
�'ƙ�9ŧĊ��"�7ƞ10.9 ± 0.8 nm'ƙ�'VHPCd_Ý36�Ɯ¯
3-23CƝ� 
� Nd-SecYAEG'.'ƙ�(�2� 9.6 nm"óÃ�65ƞÄƌ'ťÆŌċ�
3Ý36�ƙ�( 10.9 nmĶÔ!�����'ƙ�'º�( Nd-SecYEG"¥đ
%W?Li]g<^Q'�'º�"Ŕ
36ƞNd-SecYAEG %�� 0¶ĉ"
'ƈ%KiUBůŘŻƀ�5ƋƈÙé!��"â865� 
� Ė% Nd-SecYAEG'ťÆ�9 Nd-SecYEG'ťÆ�"ėŶ��"�7ƞ�'ƙ
�( 3.2 nm º�� �4ƞ�'º�ƅ( SecA 'ƙ�"2�mŚ� �5(¯
3-24A)�ƙ�'�Ì�30ý3�% SecA '���º�� �5�"��5�
Nd-SecYEG" Nd-SecYAEG'ťÆħ�9nĖ�!şĳ� .5"ƞÄƌ'ťÆ
Ōċ�30ý3�%ƙ�kēÏkÙġ'Ī$5ł¿!�5�"��5(¯ 3-24B)�
�63'ťÆ(ƞNd-SecYAEG 9HPgZP;WGiuĖ�ŌĀo%°Ã!�
��"9ĳ�� 
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¯ 3-24.� Nd-SecYEG" Nd-SecYAEG'ėŶ 

A.� Nd-SecYEG" Nd-SecYAEG'ťÆ�'ƙ�'VHPCd_9Ŏ¤��CdY�
Űś Nd-SecYEG!ƞƒś Nd-SecYAEG!�5� 

B.� ƙŽ AFM ťÆ�'nĖ�ħ��oƁ%�"$�� Nd-SecYEG(¯ 3-22B)"
Nd-SecYAEG(¯ 3-23B)'uĖ�ħ�9ƞpƁ%�'nĖ�ħ�9şĳ��� 

¯ 3-23.� Nd-SecYAEG'ƙŽ AFMťÆ 
A.� HPgZP;WGiuĖ�ŌĀ¶ĉo%��5W?Li��6� Nd-SecYAEG
'ďĩ¯�Nd-SecYAEG( SecYEG" SecA'š¤�'ŌĀĐž(PDB: 3DIN)"ƞ
ŘKiUBůYel' Nanodisc' NMRĐž(PDB: 2MSC)9Ŋ.¤8��aOf
!�5�ƙ�( SecYEG" SecA'š¤�'ŌĀĐž�3Ł�� 

B.� 50 mM HEPES-NaOH (pH 7.0), 300 mM NaCl, 100 mM KCl'ĜÃTMY:lć|
p!ƞťÆ�� Nd-SecYAEG'HRMZFcMP� 

C.� ťÆ�6� Nd-SecYAEG'�'ƙ�9ŧĊ��VHPCd_ (N = 305)� 
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3.3.4� SecYAEG�Đé Nanodisc'ťÆŌċ'ŧĊ 

� Nd-SecYAEG 9HPgZP;WGiuĖ�ŌĀo%°Ã�ĜÃ9ŝ$	"ň
ŕů��3ţ� Nd-SecYAEG'�Ý365(¯ 3-25A)��' Nd-SecYAEG'a
Of9ĥ� ƞAFMħ�'F^bglFci9ŝ$��"�7ƞ¯ 3-25B'2
	$ SecA ơ�'Q`<i%��6 ţ
5�Ý36��Äƌ%ƙŽ AFM
!Ý36�ƙ�ŧŖ'ťÆ%�� ƞF^bglFciħ�"2�mŚ�5ơ

�'Q`<i%��6 �52	$ł¿Ĳū!���"�30 Nd-SecYAEG
ťÆ!� �5�"��5�-� Nd-SecYAEG 'ťÆ�!(š÷'Ùġ
Ĳū!��(¯ 3-25C)�¯ 3-25C'ħ�(HPgZP;WGiuĖ�ŌĀo!ť
Æ� �5ƞŪň%ŧĊ�5�/%¶ĉƁ�'TMBCd=iQ9�Ɗ� 

�5�SecA( SecY"įv�ĥ�5"Đž»��5�"·§�6 �5�4ƞ
�63'�"�3w¬'SBg?LQYel'ć|p%�� SecA 'Đž»
�źų!��"Ŕ
365� 
� ŏ� ¼�'ťÆŌċ's�3�5Ɵ�' Nd-SecYAEG 'ťÆ�%İĮ�ƞ
�'»�'đ¿9źų��(¯ 3-26)��'ťÆ�ħs' Nd-SecYAEG %BhH
JBFci9°Ã�ƞ�'ƙ�"½��'»�9ŧĊ���0 Ĵ�3 34.2 Ĵ%
�� ƞā½'ƙ�(É�ěÉ� �5½��%(�-4»�(ţ36$�

���34.2 Ĵ�3 74.4 Ĵ%�� (ƞā½'ƙ��2*�'½��0ěÉ� 
���Ġ%ƙ�( Nd-SecYEG%įØ�5ƙ�%-!ěÉ����63'�"�
3ƞ0Ĵ�3 34.2Ĵ%�� ( Nd-SecYAEG' SecAĐž»��ƞ34.2Ĵ�3
74.4Ĵ%�� ( SecA SecYEGo�3mÿĭ%ŧƐ�ƞƙŽ AFM!'źų
!�$����"Ŕ
365�Nd-SecYAEG 'ťÆ%�� ÁÃ%À±�
5 Nd-SecYAEG0�6)ƞSecA" SecYEG'įv�ĥ×-5�"!Đž»�
�ƞāŉĭ%(mÿĭ% SecA SecYEGo�3ŧƐ�5�"�5'�0�6
$�� 
� Ūň% Nd-SecYAEG'ƙŽ AFMťÆ�9ŧĊ��Ōċ�3ƞąŧĊĘ(�'
�æ9źų�5�"��%¡Ŗ!�5� 
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¯ 3-26.� Nd-SecYAEGťÆÿ%��5Ɵ�'�'ŋÿ»� 
� Nd-SecYAEG 'ťÆs%Ý36�Đž»��5�%ęĮ�źų���£ƙŽ
AFMħ�'HRMZFcMP(�6�6 0Ĵƞ34.2Ĵƞ74.4ĴÿĞ!'�9ĳ���
�6�6'HRMZFcMPs' Nd-SecYAEG%�� ƞŒŵ9�'ƙ�ƞēŵ9
BhHJBFci'}œ"� CdY����BhHJBFci(°Ã� �5�

/ƞƙ�'ěÉ""0%½��'ěÉ0Ĳū!��(0 Ĵ : őśƞ34.2 Ĵ : ƒśƞ
74.4Ĵ : Űś)� 

¯ 3-25.� Nd-SecYAEG'aOf"Äƌ'ťÆ�'Ùġ 

A.� Nd-SecYAEG 'aOf9ňŕů��3ţ�¯�HPgZP;WGiuĖ�ŌĀ
o!'ƙŽ AFMťÆ(�'ü¦�3'�Ý365� 

B.� Nd-SecYAEG'aOf9ĥ��F^bglFciħ�� 
C.� Ùġ'Ī$5š÷' Nd-SecYAEG 'ťÆ���6�6'ł¿(Ī$5

Nd-SecYAEG!�5� 
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3.3.5� �ŦÔ�3' SecYAEG�Đé Nanodisc'ťÆ 

� �6-!HPgZP;WGiuĖ�ŌĀo! Nd-SecYAEG 9ťÆ� ��ƞ
Ė%]<@¶ĉo!(#'2	%ťÆ!�5'�Ĳ�/��ƀ�' Nd-SecYEG
"ƙŽ!$� AFM9ĥ��·§(Koch et al., 2016)!(ƞ¯ 3-27A��!$�ť
Æ�6��'½��1ƙ�$#'ä·9�©� ¯ 3-25'2	%Œ¦�'ġæ
!ťÆ�6�"·§�6 �5�Äƌ%ťÆ��Ōċƞtå"(Ī$5Ùġ'

ťÆ�Ý36�(¯ 3-27B)�¯ 3-27B'Ë¯�3��52	%ƞ½��'Ī$
5Ơ�'Ď�ġ'ł¿�3$5²m$ťÆ�!����-�Ĭ!]l@l��

Ɓ�%¹Įţ36 �4ƞNd-SecYAEG ' SecA Ɓ�" Nd-SecYEG Ɓ�'¹
Į'2	!�5��-4ƞ¯ 3-27B '¢¯'2	% Nd-SecYAEG ē¦�%°
Ã�6 �5¡Ŗãĳª�6�� 
� Nd-SecYAEG' SecY'\eZdI_�%(W?Liy�� �5�"�3ƞ
HPgZP;WGi9�á�� ťÆ9ŝ$����5"HPgZP;WGi

9�á�� �$�ÿ%(ţ36$���ťÆ�Ý36��Nd-SecYAEG '
SecY'\eZdI_�'Ơjê%û�$ł¿ţ36�(¯ 3-27C)��'ł¿'
ƙ�9ŧĊ��"�7HPgZP;WGi'ƙ�"2�mŚ��� 
� ŏ� Nd-SecYAEG 'aOf9ĥ� ƞē¦�%°Ã�6�ÿ'ťÆ�'F
^bglFci9ŝ$���SecA Ɓ�%įØ�5È�$Ď�" Nd-SecYEG Ɓ
�%įØ�5½�$Ď��3$5�Ý36�(¯ 3-27D)�Äƌ'ťÆ�"ėŶ
�5"�'Ùġ(2�mŚ� �5�"��5� 
� �63'�"�3ƞSecY%W?Liy��6� Nd-SecYAEG9]<@o!
ĜÃ�5"ē¦�%°Ã�6� Nd-SecYAEG ťÆ!�5"Ŕ
365��6
(��3�HPgZP;WGi9y����"%25ļ�ƍÅ%24ƞz�·

§�6�Œ¦�%(Koch et al., 2016)($3$���"Ŕ
365���� ą
ıĺ%24ƞNd-SecYAEG 9�	'ü¦�3�æŧĊ!�5�"ý3�"$
���  
�  
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¯ 3-27.� ]<@¶ĉo%��5 Nd-SecYAEG'ťÆ 

A.� Nd-SecYEG'ƙŽ!$� AFMťÆħ�(Koch et al., 2016�3Öĥ)�ł¿(²
m!($�ƞNd-SecYEG3���'ƙ�"½���3Œ¦�'ġæ!�5"�
ú�6 ��� 

B.� ]<@¶ĉo%��5 Nd-SecYAEG'ťÆ�Ë¯'Ĭ]l@l(ƠķƘ'Ď�
ł¿'¹Į9ĳ� �5�¢¯%( Nd-SecYAEG'aOf9Äƌ'ťÆ�%Ƅ&
 ĳ��� 

C.� HPgZP;WGi9�á��� Nd-SecYAEG 'ƙŽ AFM ťÆ��Äƌ'ť
Æ�'ē%HPgZP;WGiŌ¤�� Nd-SecYAEG'aOf9ĳ��� 

D.� Nd-SecYAEG 9ē¦�%ĳ��aOf�ē¦�aOf'F^bglFci'ħ
��2*Äƌ'ĜÃħ�� 
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3.3.6� Nd-SecYAEG"¶ů'š¤�'ťÆ 

� Nd-SecYAEGƞ¶ů proOmpA(L59)"įv�ĥ�š¤�9Ùé�5�"( 3.2
Ľ!ũý����'š¤�ŘŻƀsƈ�9Ùé� �4ƞ¶ů'FCRfƂ

� Nanodisc 'ŗůs%�ï�6 �5"Ŕ
5"ƙŽ AFM !'ťÆ�(¯
3-28A'2	$<`lG"$5� 
� -�Nd-SecYAEG"proOmpA(L59)-sfGFP9ĥ� KiUBůŘŻƀ�á9ŝ
$�ƞNd-SecYAEG" proOmpA(L59)-sfGFP'š¤�9Ùé�����'š¤�
9HPgZP;WGiuĖ�ŌĀ%ÊƇ��ƞƙŽ AFM!ťÆ���Ý36�
ťÆ�!(ƞNd-SecYAEG '.'ťÆ!(ţ36$��� Nd-SecYAEG 240
È�$ł¿Ĳū!��(¯ 3-28Cs'ĬnŦÙ)��'È�$ł¿(ƞHPgZ
P;WGiuĖ�ŌĀo%ÁÃ%°Ã�6 �50'"�	!$�0'ťÆ

�6�ƞ#�3'¸¤%�� 0 Nd-SecYAEG '¨ŷ%À±������
 È�$ł¿( proOmpA(L59)-sfGFPĦĈ'0'!�4ƞNd-SecYAEG'¨ŷ%
À±�5�"�3 Nd-SecYAEG "įv�ĥ� �50'!�5"Ŕ
365�
���$3ƞ�'È�$ł¿¯ 3-28A ' sfGFP Ɓ�%įØ�5'�ƞ;i
Y>lfQ�� proOmpA 'ŅġƁ�%įØ�5'�ƞŘŻƀ�� proOmpA Ɓ
�%įØ�5'�(ƞ�ŧŖ'qŲ%24ý3�%(!�$�����6!0

Nd-SecYAEG proOmpA(L59)-sfGFP"įv�ĥ�5�""ƞNd-SecYAEG'.
'ťÆ!(Ý36$���ł¿!�5�"�3ƞ�'ťÆ�( Nd-SecYAEG "
proOmpA(L59)-sfGFP'š¤�!�4ƞ¯ 3-28A%Ź�ťÆ�Ý36�"Ŕ

365� 
� Ė%Ý36�ťÆ�' Nd-SecYAEG %įØ�5ł¿9Ūň%ŧĊ��"�7ƞ
�'Đž»�ţ
 ��(¯ 3-29)�ƀ�'·§�3 SecA%25KiUBůŘ
Żƀ�á'Ƈ¾(�ATPÀ±p�k�Ř%´/Ÿ-6� SecY"'Ō¤�k�¶ů"
'Ō¤�ű"$4Ŭī�65�"��� �5��639Ŵ-
5"w

¬'ć|!(�+ 'Ţô� �4KiUBůŘŻƀ�áű�� �5

ć|!�5�¯ 3-29%�'ťÆ�9ĳ���ťĜ'ƈƞSecAĐž»��ƞ9.6
ĴyŹ!(½��ö3���ŌĀĐžŧĊ$#�3ý3�%�6 �5 Closed
ġæ" Openġæ¼�ţ36(8�3$�'!ƞSecA'Đž'¯ĳàŢ)ƞ0.4, 
16, 24.8Ĵ!( Closedġæ!�4ƞ20.8, 21.2Ĵ!( Openġæ3��ł¿ťÆ
!����63'�"�3 SecAĐž»�� �5đ¿ð
36�� 
� ŏ� ¶ů proOmpA(L59)-sfGFP 3��ł¿ťÆs%ĵ���ťÆ�ħ%
İĮ��(¯ 3-30)�Nd-SecYAEG%Ǝò� �5ł¿(¯ 3-30, ŰnŦÙ)" 10 nm
ĶÔƐ6�}œ%À±�5ł¿(¯ 3-30, ĬnŦÙ)Ĳū!��ťÆ�9ţ .
5"ƞ9.2, 9.6 s'ÿĞ!( 10 nmĶÔƐ6 �5ł¿ 10.0, 10.4, 10.8 s"ÿƈ
ŋ�""0% Nd-SecYAEG ł¿%òŹ�� (¯ 3-30)��'�"�3ƞ
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Nd-SecYAEG %�/�3Ǝò� �5ł¿ (¯ 3-30, ŰnŦÙ )(ƞ¶ů
proOmpA(L59)-sfGFP'ŘŻƀ�� proOmpAƁ�!�4ƞ10 nmĶÔƐ6�}œ
%À±� Nd-SecYAEG %òŹ��ł¿(¶ů proOmpA(L59)-sfGFP ' C Ąľ'
proOmpA 0��( sfGFP !($��"Ŕ
365�¶ů proOmpA(L59)-sfGFP
' proOmpAƁ�(;iY>lfQ��Ņġ!ƙ�~�ƞHPgZP;WGi
uĖ�ŌĀ¶ĉ"įv�ĥ�$��"�3ƙŽ AFM !'ťÆ(®Ƒ!�5ƞ
;iY>lfQ�� proOmpA Ɓ� Urea 'Íƃ%24�3�'Ù%Y>lf
Q�¶ĉ%°Ã�6ƞťÆ�"� č�!��¡Ŗã9Ŕç�5" proOmpA
ŘŻƀ��"Ŕ
365���� ƞ�'ťÆŌċ( Nd-SecYAEG %25¶
ů proOmpA(L59)-sfGFP'ŘŻƀ9�þ� ��0'�0�6$�(¯ 3-30)� 
 

  

¯ 3-28.� Nd-SecYAEG"¶ů'š¤�'ƙŽ AFMŧĊ 
A. Nd-SecYAEG"¶ů'š¤�9¶ĉ"Ñŝ$�Ɣ�3.�ĒÕ¯�HPgZP
;WGiuĖ�ŌĀo!'Nd-SecYAEG"¶ů proOmpA(L59)-GFP'š¤�
ŘŻƀsƈ�!�4ƞFCRfƂ� Nanodisc�%Ĩ-5"{Ã��ÿƞ¶
ů'ŘŻƀ��Ɓ�(ƞ�'Ļƈ�% -4ƙŽ AFM !(ťÆ!�$�¡Ŗ

ã�5� 
B. Nd-SecYAEG "¶ů'š¤�'ƙŽ AFM %24ťÆ�65�'ĒÕ¯���
41��2	%ŘŻƀ��¶ů proOmpA Ɓ�9ĳ� �5ƞŅġ��¶ĉ
"įv�ĥ�$�'!Äƌ(ţ
$�¡Ŗã�5� 

C. š¤�'ƙŽ AFM %25ťÆŌċ�50 mM HEPES-Na(pH 7.0), 300 mM 
NaCl, 100 mM KCl, 2 mM ATP, 3 mM MgCl2, 0.4 M UreaTMY:lć|p%
 ĜÃ9ŝ$���Nd-SecYAEG ł¿'yŹ%ƞĬnŦÙ!ĳ��

Nd-SecYAEG"(Ī$5È�$ł¿���0ťĜ�6�� 
� �  
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¯ 3-29.� Nd-SecYAEG"¶ů'š¤�' SecA'ŧĊ 
� Nd-SecYAEG"¶ů proOmpA-sfGFP9 ATP À±p! 37 ˚CƞƟÿƈ<iAb
[lP� �é��š¤�'ťÆ! Nd-SecYAEG' SecA%İĮ�ƞ�'»�9ź
ų���ţ1���5�/%¶ĉ$#'TMBCd=iQ9Ě��ħ�!�5��

63(¥m' Nd-SecYAEG!�5ƞ�'�'»��3ý3�% SecAĐž»�
� �5� 
� ňŕů��3ţ� SecA' Closedġæ(PDB : 3DIN)" Openġæ(PDB : 1TF5)
'�¿şƔaOf9Ë�%ĳ��� 
 

¯ 3-30.� ¶ů proOmpA(L59)-sfGFP'ŘŻƀħ� 
� š¤�'ťÆ'	�����'�ħ!ƞsfGFP %įØ�5ł¿ Nd-SecYAEG
%Ö�Ÿ-65đ¿ťÆ�6���5�ħ!ł¿����Û'ħ�9ÿƈŋƀ

""0%r+�¯!�5(9.2-10.8 s)�ŰnŦÙ( Nd-SecYAEG 240ý3�%~
�ł¿�¶ĉ%°Ã�6 �5�-�ĬnŦÙ!ĳ��ł¿0 Nd-SecYAEG24
0ý3�%~�ł¿!�5ƞÿƈŋƀ""0% Nd-SecYAEG%įØ�5ł¿%Ö
�Ÿ-6 �5�¶ů' sfGFP%įØ�5ł¿�/(°Ã�6 �5'%ƞÿƈ
ŋƀ""0%°Ã��6 Nd-SecYAEG%įØ�5ł¿%Ö�Ÿ-6 �5� 
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3.3.7� ƀ�' SecPdiHhEi' AFMŧĊ"'ėŶ 

� �6-!' SecPdiHhEi' AFMŧĊ"ąıĺ'ƙŽ AFMŧĊ'Ōċ
9ėŶ���-�OlK'ŃÔ9ţ5"ƞƙŽ!$� AFM9ĥ��OlK24
0 Nanodisc 'ņÔ02�ƞ�ŧŖ0(5�%ƙ��"�3ťÆ���!
Nanodisc#'2	%°Ã��6�'�-!ý3�!�5(Koch et al., 2016)�-
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