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研究成果の概要（和文）：蛋白質のドメイン運動は蛋白質が有する固有の機能に深く関与していると知られてい
たが、精度良くその運動を探知し更に解析する手法が確立していなかった。そこで、申請者は中性子スピンエコ
ー法 (NSE) とMDシミュレーションを組み合わせたMD-NSE法により蛋白質のドメイン運動の記述を試みた。NSE測
定から得られた拡散定数のQ依存性 (D(Q))をMD シミュレーションのtrajectoryから計算されたD(Q)と比較する
と回転拡散のみならず、ドメイン運動に由来する運動の組み合わせで記述できた。更に、ドメイン運動を詳細に
解析すると主にドメインの開閉に対応した運動であることが分かった。

研究成果の概要（英文）：It is known that protein domain motion is highly relevant to its intrinsic 
function, however the experimental method and analysis has not been well-established. In order to 
overcome such a situation, we tried to establish the method that can describe protein domain motion 
properly through the combination of neutron spin echo (NSE) and MD simulation, "MD-NSE". By 
comparing the Q dependence of diffusion coefficient (D(Q)) derived from NSE to that calculated from 
the trajectory of MD simulation, experimentally observed D(Q) was described by the combination of 
rotational diffusion and domain motion, nicely. In addition, it was revealed that domain motion from
 MD simulation mainly corresponded to the opening and closing of two domains from careful analysis 
on MD simulation results. Finally, we succeeded to describe the protein domain dynamics by newly 
developed MD-NSE method. 

研究分野： 生物物理

キーワード： 中性子散乱　蛋白質　ダイナミクス

  ２版



Ź� Ĺ� ȮȢȤȫKȯȢȤȫȢȤKȱȢȤȫKȮȰȢȤȫȠçǺȡ�

ȤȣƬƴȌġļïpǊŧ 
� ǔƥǰq¹ŻŸǻU~ÆŻŸǻKºŻŸǻK
ĎŻŸǻlȑįƦnŸǻ�ŕi[lVƪ~
�jT�Kcpc�d�pȑįȍkpŸǻV
ĪŚoƩȎ^jQ�lǈS~�jQ�Lǔƥ
ǰpȑįŸǻŅqȖƦnŸǻpxn~aö
ƦnŅǰKûg���«��o{Pjqw�K
¤�Ư��¸³p�³Ę���«��U
~ƃŅoȎ½`�}Rn«²Ư��¸³o
wkȗĴoķQŦȍ��¸³owkÿ�k
Q�LǶĶkqKc�d�pǔƥǰVū`�
ĕūpźǋpźŸǞťoq»Ƿ^eȖƦŸ
ǻpxn~acpƵȍ��¸³oń_e�
��«���żƭoŗ~SKũoǡǷ`�U
VȇǙkP�L^U^nV~KȖƦŸǻǞų
ožt�l���«���Ǔ��ezpĨ
ȝƦōƁKũoŁ~�eĨȝǁŴoī`�Ǟ
ųōƁ{øìoqƭƶ^jQ�lqǟQV
eQƙƀkP�L 
 
ȥȣƬƴpƧƦ 
� ǔƥǰp���«��pÀkƘo�¡Ư~
Şø�¡ƯƱĸpŦħŞ�ū`����«
��kP���¶ǽöq locking motionK
lid motion ŋQq cleft opening motion nm
VĈw�Lc�~pǽöqȅƽĀńoTY�
P�Ƙħpüģđpưö|ǴưĀńpȞõ
ƛ÷oĻXȎ�hjQ�lǈS~�jQ�L
iw�K�¶£�ǰpźǋÿrźǋƤƜoƇ
XȎ�hjQ��YkP�L^U^nV~K
[p��¶ǽö�ǔƥǰpĦħŅoľȘ
�ÿv`lǈS~��±¨²¶�Ɣ^o ƨ
Śǜƌ`�ŢƁqȊ~XȌƤ\�jT~aK
ǠƸź�«¯´¸�°¶nmo}�Äƌp
xVn\�jQeLiw�K�¡Ư~Şø�
¡ƯpŦħŞp���«��qƞƗĥƦo
ŮȌŒnȚėkP�Lcp}Rnƙƀ�ŎȌ
`�¹ipĨȝōƁl^jÀŅģ�¤¶�
�¸ (NSE) ƁVÝǗl^jŖZ~��Là
ŷ^eÀŅģp�¤¶pàŷĸpı�U~
łĭn� ³�¸ě÷ (energy transfer) �
řƪkWK�¡ƯU~�¦ª��µƯ��¸
³p���«���ƌħkW�uvč¹p
ƌħōƁlǟS�LƘoK±¨²¶�Ɣ^k
ƌħkW�pkǔƥǰp��¶���«
���ǫt�poȗĴoȀ^eōƁkP�
10 ĶumñU~ǔƥǰ�ĈyƞÖȞìģo
{ȀƟ\�ġzeL̂ U^nV~KNSE U~
ëjWeȗĴoȏ~�e�¸� (ŔŝħŞp
Q ÚĤŅ (D(Q))) U~Ġ×o^j��¶
ǽö�Őë`�UKc^jcpŐë\�e�
�¶ǽö�mp}RoǞų^Ćħ`�U
oȎ^jqwfwfƤĮǹ»kP�ƭĕl
^eǞųōșVƔXKŹMnÏħ�ǈň^e
»kƐXǞųëŲjQ�ƙƀkP�LŊMq
ëŲ�fYÏħpĭnX,ũoȗǫċŅKƏĢ
pĩ½�Wg�lôĊ^jKǔƥǰp��
¶ǽöpǡǷ�Ǥx�ezo NSE Ɓlæü
ģ MD �«¯´¸�°¶Ɓ�ǀxą�be
MD-NSE ƁpȌƤ�ǼzeL 

ȦȣƬƴpŢƁ 
� ĝǌǒƠŲpðȏȅƽkP� �+7 
	�� o

ůơǬkƂƧ^e��Ĕ 
 þƖ�L[pǔƥǰ
qĜŲp���pƘħȄî�ǧǮ^KÆůȉ���
�íš`��¶���´�¸�kP�L
�+7 
	�� qÆip��¶U~Ľŉ\��
©®��ª¸�Ľŉ^��ÀğoÔǇ`�Ǝ
k ����lǁą`�Vęĉ\�jQ�LäǕƬ
ƴo}�ǁŨŸǻlƏƆÀpŸǻ��Ĭǝ (Ǆ
ŝÃo}�ǫt~�e��Vƣn�[lVę
ĉ\�jT�KcpŸǻƩǿpǲƍV��
¶ǽökP�ĂǋŅVƮČ\�eVKĨƌo
qǍhjQnQLiw�K����$� Ɓ�ȀƟ`
�poŪȀn�¶§³lǟS�L�
� ȇſ *<..-9 Ào 
	�5/�54 pƑĸoǫş^
e �+7 
	�� �ƌħoƟQeL�$� ƌħoq
��� p ��
� �ÙƟ^eLũoKĬǝÀŅģŝ
Ãƌħ��$��$�KöƦåŝÃƌħ����$�oq
c�d����p���ÿr��'��			�ƟQeL
æjpƌħq 
� ĸkǕheVK[pƋĸk
{ ��� �íš`�ûgƃŅ�ū`�[lqÄ
áƌħU~ƭǧƉxkP�Læüģ �� �«
¯´¸�°¶q ����# �ƟQjǕQK
�	�6:
wkp�±����²¸�ƟQjǞųoƟ
QeL�
�
ȧȣƬƴŉŴ�
�
��$��$ ƌħ�

 
Ĕ 1 EcoO109I pǁŨŸǻL 

 
Ĕ 2 15ĸoTY� 2, 5. 10 mg/mlpƑĸo

TY� SANS §µ¥��³L 



� ǺĴpƏƆŝÃƌħlžǵ^j 
	�5/�54
lžǵƦȞƑĸkƌħ�ǕheVKcpƝƠ
q �$� ƌħU~øìnǂǠƻĸ�Ł�ezk
P�L^U^nV~KǺĴǔƥǰƑĸ�»Z
�lƺģȍĵƊ|ƄÖòĥƦƩÇØƟnm
ǏĊpP� ����oī^jǗżĐģVĚS�
ezǥƾnŸǻǞų�Ǽz�ȓpǳUbl
n�LĔ � o ������
	�5/�54 pƑĸoTY
� �+7 
	�� U~Ł~�e $��$ §µ¥��³
�Ʈ`VKǜƌ\�e �ƹēoTQjƑĸ�
�¸²¶�Vŉƶ^Kũo���oīń`�
ƗƝȈkP�ďǴÆÂùĿ���/��{ƑĸoÚ
ĤbaoĨȝǨĲƹēèk¹ħkPheL[
pǁŴq 
	�5/�54 pƑĸoTQj{ƺģȍ
ĵƊ|ƄÖòĥƦƩÇØƟVuvƔǛkW
�[l�ÜǢ^jT�K�$� U~ǣÛkW�
����oī^jǗż�Ǖ�aoƨŚǞųĂǋ
kP�[l�őÜ^jQ�L�
�
������$ ƌħ�
�$��$ ƌħlĆ_ 
	�5/�54�
� ĸk ��$ ƌħ
�ǕheL� �%�� Ǟų�ǕRlúìŝŅ�Ü
ŕ`�¹İp¤¸�pxVǜƌ\�e��Ĕ ��
�)�þƖ�LũoKǝĸ�ě÷\bj ��ě÷
\bjǅċŦȍpǸŞkP��p �� ÚĤŅ
U~¿ǼŔŝħŞ���;���ǣÛ^eLcpǁ

ŴK
	�5/�54pƑĸoTY�
�ĸp�+7 
	��
p �;��
>
	

���+5��: lǚƳ{~�eL�
�
����$� ƌħ�
� Ĕ  o "�	�	�@	���Å�
p � ƹēkŁ~�
eÀȍŝÃȎŞ������������������	���Ʈ
`L� VĝWXn�oi�j}�ƫŦȍkÀ
ȍŝÃȎŞV ,-+)? `�âćVƭǧ\�eL

[pÀȍŝÃȎŞoī^jÆŻp®¸¶
� w k ǈ ň ^ e Ĺ k P ��
�->8����������	�����

���o}� .1; �ǕQK
�����ǣÛ^eLæjpǜƌ �ƹēk[pĹ
o}�RwX.1;VëŲepk ����p �ÚĤ
Ņ�Ĕ � oƮ`L47=��ȚėoTQjq ����
qul�m � ÚĤŅ�Ʈ\nUheVK
��	�
Å�
Î»kqťƭn �ÚĤŅVǚ~�eL
ǏĊƇQ[lo 47=�" Țėkp ����q ��$ k
ƌħ^e �; pÞlĨȝǨĲƹēèkuv¹
ǎ^eL[pǁŴq 47=��ȚėoTY���
�«��q¿ǼŔŝo}�śȄ\��[l
�ŇĊ^jQ�LweK��	�
Å�
Î»kqȚ
ėkq¿ǼŔŝÎĜp���«��VĤĖ
`�[l�ŇĊ^jQ�L�;q �ÚĤŅ�Ʈ
\nQ[lVƪ~�jQ�pkĔ �p¼Ĕo
����U~ �;�Ĳ^ĺQe ������;p � ÚĤŅ
�§µ��^ƨ^eVKÚƕ ����p �ÚĤŅ

 

 

Ĕ 3 (a) 2B=90AoTY�ǅċŦȍpțĸ

ìĳL(b)�p Q2ÚĤŅL 

 
Ĕ 4 15CoTY�ÀȍŝÃȎŞÿr�¯

¬±¶�Ǟųo}� fit pǁŴL 

 

 

Ĕ 5 (a) D(Q)p QÚĤŅL(b)D(Q)-Dtp Q
ÚĤŅL 

(a) 

(b) 

(a) 

(b) 



Vƭǧ\�eL[p ������;p � ÚĤŅ�Ʈ
`ǲƍl^jqďǴŔŝlÊďpƬƴkŪ
{ƂƧ^jQ���¶ǽöpÆƲȜkP
�lÄņ\��L^U^nV~K[pŽȑo
TQjqůļoÆƲȜpǽö®¸�Vǜƌ
\�jQ�pUȭŋQq¾ǽö®¸�pĩ
½qmpƱĸU�Ĩȝ�¸�pxU~ǚƳ
{�[lqŷzjĒȕkPheLc[kK���
:15<4);176 U~Ł~�eǁŴlžǵ`�[
lk �$� ƌħU~Ł~�e�¸�pǞȆ�Ǥ
xeL�
�
������:15<4);176 lpžǵ�

� ���:15<4);176 U~Ł~�e ;9)2-+;79? U
~ �$� ƌħoTY�ǜƌȈkP�ÀȍŝÃȎ
Ş�ŞÞƦoǠƸ^eL[[kKƘo
�+7 
	�� pȇŃqöUnQlQRœŰűÐ
�Ǫ`[lk¿ǼŔŝpĩ½�ā�ȐX[
lkĔ �p¼Ĕoīń`�ÀȍŝÃȎŞ�ǣ
Û^eLĔ � o ��	�			�@	��	Å�
��	�		
�Å-1

ȍȒk�ƹēoTY� ;9)2-+;79? U~ŁeÀ
ȍŝÃȎŞpǁŴ�Ʈ`LĨƌp�¸�ĆŹ
�1/0���oǕXoi�ÀȍŝÃȎŞp ,-+)?
VţXn�âćVħŅƦoƭǧ\�eL[p

���:15<4);176 U~ǠƸ\�eÀȍŝÃȎŞ
�ƟQj ������; �ǣÛ^Ĩƌp�¸�lp
žǵ�ǕheL�ǃpĨǄþƖ���$� pĨƌ�
¸�ĆŹo 47=��Țėkq �ÚĤŅ�Ʈ\n
UheV ��	�	�Å�
k "ÚĤŅ�Ʈ^q_zK
��	�
� Å�
ÌǶk¤¸��Ʈ^Kũo 01/0��
kqǘȔn �ÚĤVƭǧ\�eL[p¿ǼŔ
ŝpĩ½�Ȑý^jŁ~�e ;9)2-+;79? �
ǥƾoǞų`�l��¶ǽölďǴǽö
pseip���«��VĈw�jQ�[
lVť~UlnheLûgKĔ � k �$� U~
Ĩƌ\�e ������; qďǴŔŝl��¶ǽ
öoƠŲ`�lǟS�L�
� Żp���§l^jďǴK��¶ǽöp
ĩ½VmpƱĸĈw�jQ�U�ǚƳ{�
ezĔ � pǠƸpãlnhe ���;9)2-+;79?
oī^KďǴŔŝpĩ½pxU~p ���
;9)2-+;79? ÿr��¶ǽöpĩ½pxU
~n� ���;9)2-+;79? �Øŉ^KũoŁ~�
ec�d�p ;9)2-+;79? U~éĸ �����Ƹ
ë^eLďǴŔŝ���¶ǽöƠŲp ����
�c�d�ȟǑKŶǑpĨǄkƮ^eV¾ǽ
ö®¸�VĆƱĸĈw�jQ�[lVǚj
ā��LũoĄǽö®¸�U~p �����úƼ
oǳ^ą�be ����VǱpĨǄoīń`�
VKĔ � U~Ł~��ǁŴ��ďǴŔŝl�
�¶ǽöVƈ]hjQ���lȗĴoǐX¹
ǎ^eL[p[lqďǴŔŝÿr��¶ǽ
ö�ƚƶÅǯl^jŏhj{ǶÓƦoŉƶ
`�[l�Ʈ^jQ�LũoďǴŔŝK�
�¶ǽöpÆipǽöVĆƱĸpĩ½kP
he[lU~Ĩƌp �$� ƌħk �+7 
	�� p
èȂǽökP���¶ǽö�ƭĨoŗ~
SjQ�lǟS�L��¶ǽöpxpĩ½
U~n� ;9)2-+;79? oƂƧ`�lÁoÆi
p��¶pȌȋoīń`�}Rnǽö®
¸�Vǜƌ\�eL»Ƿ^e}Ro �+7 
	��
qĜŲp ��� �ŗ~S�źǋ�ū^jQ�p
kK[p��¶pöWq ��� �ŗ~SjǗ
ǳ`�lǟR[pǔƥǰpźǋlƇXȎ½
^jQ�lƮČ\��L��¶ǽöpǽö
£�¸¶pĆħpezoÁŉìǞųpŪƿ
ƭǧ�ǕhjQ�L�
�
�����+7 
	�� pȖƦŸǻpƋĸÚĤŅ�
� �+7 
	�� qƋĸÚĤƦoȅƽƃŅVě÷

 

Ĕ 6 ¿ Ǽ Ŕ ŝ p ĩ ½ � ƅ ^ e MD 

simulation p trajectory U~ǠƸ\�eÀ

ȍŝÃȎŞL 

 

Ĕ 7 ďǴŔŝÿr��¶ǽö (ǃǑ)Kď

ǴŔŝ (ȟǑ)K��¶ǽö (ŶǑ)KďǴ

Ŕŝl��¶ǽöpǳ^ą�b  (ǱǑ) 

U~p D(Q)p QÚĤŅL 

 
ĔȪSANS §µ¥��³pƋĸě÷L 



`�[lVÄáƌħo}�ť~Ulnhj
Q�VK[pǁŴqƋĸě÷oÒRŸǻě÷
{ƞ_jQ�lĻXƮČ\��Lc[kK
	
ĸU~ �� ĸwkŽȑƦoƋĸě÷^nV~
$��$ ƌħ�ǕRl �/pĚĝpxn~aK�$�
ƌħk��¶ǽöpĩ½VŪ{ĻXǜƌ
\�e ��	�
��Å�
ÌǶkpťƭnŸǻě÷V
ƭǧ\�eL[p[lqƃŅpƋĸ»ŤoÒ
Rć»lĻXƩȎ^jQ�lǈS~�K�
�¶ǽöV �+7 
	�� pźǋ�śȄ^jQ�
lQRǈS�śŕ`�{pkP�L�
�
����ĮŬ�
� ����$� Ɓo}�ǔƥǰp��¶ǽö�
ŗ~S�[lVkW�ōƁpȌƤoŉó^
eLůōƁ�ńƟ`�[lo}�Ş 6:@�¦
ª��µƯoTY�ǔƥǰpèȂǽöpǡ
ǷVĂǋon�lǈS~��LƘoÊďq 
	�
5/�54 lǟR �$� ƌħoTQjqžǵƦÕƑ
ĸk���³�Ł�[lVëŲeƓVǾý
pƌħlžǵ`�l��¢¶�¸�on�K
ŹMnǘȔnŸǻ�ŕiƞÖȞìģp��
�«��ǡǷoĩ½`�lĻXŭŀkW�L�
�
ȨȣÁnƤǖǭŠƷ�
NȔǦǭŠOȠǠ� 7 Ðȡ�

D�D.Kato, A,Osakabe, Y.Arimura, Y.Mizukami, 

N.Horikoshi, K.Saikusa, S.Akashi, Y.Nishimura, 

S.-Y. Park, J.Nogami, K.Maehara, Y.Ohkawa, 

A.Matsumoto, H.Kono, R.Inoue, M.Sugiyama, 

and H.Kurumizaka, Crystal structure of the 

overlapping dinucleosome composed of 

hexasome and octasome",� Science, 356, 2017,�

205-20, ŵǩūKDOI: 10.1126/science.aak9867. 

E M. Sugiyama, H. Yagi, K. Ishii, L. Porcar, A. 

Martel, K. Oyama, M. Noda, Y. Yunoki, R. 

Murakami, R. Inoue, N. Sato, Y. Oba, K. 

Terauchi, S. Uchiyama, and K. Kato, 

"Structural characterization of the circadian clock 

protein complex composed of KaiB and KaiC by 

inverse contrast-matching small-angle neutron 

scattering", Scientific Reports, 6, 2016, 

35567-1-6, ŵǩūKDOI: 10.1038/srep35567. 

F E. Hibino, R. Inoue, M. Sugiyama, J. 

Kuwahara, K. Matsuzaki, and M. Hoshino, 

"Interaction between intrinsically disordered 

regions in transcription factors Sp1 and TAF4", 

Protein Science,25, 2016, 2006-2017. ŵǩūK

DOI: 10.1002/pro.3013. 

GR. Inoue, T. Takata, N. Fujii, K. Ishii, S. 

Uchiyama, N. Sato, Y. Oba, K. Wood, K. Kato, 

N. Fujii, and M. Sugiyama,New insight into the 

dynamical system of αB-crystallin 

oligomers, Scientific Reports, 6, 2016, 29208-1-6. 

ŵǩūKDOI: 10.1038/srep29208. 

H E. Chatani*, R. Inoue*, H. Imamura, M. 

Sugiyama, Mi. Kato, M. Yamamoto, K. Nishida, 

and T. Kanaya, Early aggregation preceding the 

nucleation of insulin amyloid fibrils as monitored 

by small angle X-ray scattering, Scientific 

Reports, 5, 2015, 15485-1-8. ŵ ǩ ū K DOI: 

10.1038/srep15485. 

I N. Sato, A. Matsumiya, Y. Higashino, S. 

Funaki, Y. Kitao, Y. Oba, R. Inoue, F. 

Arisaka, M. Sugiyama, and R. Urade, Molecular 

assembly of wheat gliadins into nanostructures: 

A small-angle X-ray scattering study of gliadins 

in distilled water over a wide concentration 

range, Journal of Agricultural and Food 

Chemistry, 63, 2015, 8715–8721. ŵǩūKDOI: 

10.1021/acs.jafc.5b02902. 

J� M. Sugiyama, N. Horikoshi, Y. Suzuki, H. 

Taguchi, T. Kujirai, R. Inoue, Y. Oba, N. Sato, A. 

Martel, L. Porcar, and H. Kurumizaka,� Solution 

structure of variant H2A.Z.1 nucleosome 

investigated by small-angle X-ray and neutron 

scatterings, Biochemistry and Biophysics 

Reports, 4, 2015, 28-32. ŵ ǩ ū K DOI: 

10.1016/j.bbrep.2015.08.019. 

 

NĥÑƤǖOȠǠ� 2 Ðȡ 
D R. Inoue, Inter-/Intra-dynamics of protein as 

studied by small-angle neutron scattering, 
Neutron Biology for Next Generation, Tokai, 
2017/3/22. 

E R. Inoue, T. Takata, N. Fujii, K. Ishii, S. 
Uchiyama, N. Sato, Y. Oba, K. Wood, K. Kato, 
N. Fujii and M. Sugiyama, Dynamic 
quaternary structure of alpha-crystallin, The 7th 
Japan-Taiwan joint meeting on neutron and 
X-ray scattering, Kumatori, 2016/3/12. 

 
NcpËO 
0;;8���===�991�3?7;7�<�)+�28�!$4)*��



ȩȣƬƴǀǆ�
�
�ƬƴÍǖǉ�
� È»ßĞȁ���� &���#16;)97��
��ÉȃĝĥüģƒĨȝŌ·êŜŘ�
� ƬƴǉƢăȬ��	����	� �


