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1. àŰƩȂĪĴȂŌÓǾħĥ 
<{Ȃ¾IĔ®ȃɐüŀŅYȀǿȂ�³ĥȀK~ĥė

rȁ�ǮƢ�ȁÇǽǠȒɑ"ǣȄɐZǯ<{ǽǠǹǼȍ

<{9ȂüŀŅYȵȩɍɋǦĢȀȓȄ¾I<1āȁȏǹ

Ǽ¥ȐȓȒȥȼȠȯɇȃ4ǨĢȀȒɑǫȓȕ@ęǮǼɐ¾Iȥ

ȼȠȯɇǾƕ{K~ŪĺɎű`¾IŨæɏȁȏǹǼ¥ȐȓȒ

ȥȼȠȯɇǾȂùžȁȏȑɐǫȓȊǽwǨȂ<{îƈǦÿ�

ǭȓǶɑ 

ƃ�ɐ�Ʈ¶şȂƊóȁȏȑɐȩɋȵȠŹȂ�Əȕ=ȑ

SǹǶȽɆȼȺȫȰȕƢītĥȁřģǭǲí�ĉȁ:Oǰ

ȒǫǾǽɐ��îƈȂ¾IȥȼȠȯɇȕîƈƎ·ĥǥǺƯ

<ŨŎǽS¥ǰȒǫǾǦWŎȁȀȑɐȩɋȵȠŹȂƏ<î

ƈȕÿ�ǰȒ´āǾǮǼăħȕƝȌǼǡȒɑ7ZĪĴŋȂ

śȐɎä�xɏȃɐǗ2-ȗȰɈȱɆɋT��ȁǤǩȒȗȰɈ
ȱɆɋŅYƏ�ȂüŀŅYîƈȂŨÐȕħĥǾǮǼɐǫȂ

¶şȕ@ęǮǶ¾I<1�ƮȕŞǹǼǡȒɑǗ2-ȗȰɈȱɆ
ɋT��ȃɐ�ȁûĻÅȎŝĻȂ�čĹłōŐȁ}jǰ

ȒȩɋȵȠŹǽǠȒɑłōvȁǠȒȗȰɈȱɆɋȀǿǾŅYǰ

ȒǾɐǴȂȤȡȱɇȕłō9ȁ�ƋǮɐ�čĹȕ�ŇǭǲȒ

£Eȕ¸ǹǼǡȒɑśȡɇɍȺǽȃɐȗȰɈȱɆɋŅYƏ

ȁĨ ǰȒ 5ônȼȺȫȰ SIVSFɎS=ȧɆɋ(Ser)ɐI=ȘȨ
ɉȘȤɋ(Ile)ɐV=ȴɆɋ(Val)ɐF=ȸșȲɇȗɅȲɋ(Phe)ɏ
ȕY°ǮɐßĶȕuǣǶ SIVSFN�ɎFig. 1.1ɏǤȏȅȗȰ
ɈȱɆɋȂȺɉȯɋ�H�ǾȂŢY�Ȃ¾IȥȼȠȯɇȂS

¥ȁ°GǮǼǡȒɑ 

 

�ÎɐȽɆȼȺȫȰȂȏǢȀ<{ȂpYɐ(i)îƈǦèȐǥ
ǨőxȀÉȂċ��îƈǦ}jǰȒǶȌɐÖ��îƈȂ

ÀŁǦƠǮǡɐ(ii)¾IȂƢű`ªǦ�ǡüŀŅYǦ<{
9ȁwÉ}jǰȒǶȌɐű`¾IŨæȃ&ƨªǦ�ǡɐ

ȀǿȂĖųŪĺ+ȂcƩǦĘǯǼǡǶɑĝŲŋȐȃɐɈȺ

Ɇȝ�Â<{IF~āɐȠɅȥȩŨæɐƢű`¾IĔ®Ū

ĺȕŃȋYȔǲǶîƈÿ�´āȕŊëɌƍęǮɐǫȓȐȂ

cƩȕ2ÙǮǶɑǫȓȊǽȁɐRICCɎ�Ŕ@ęɓG14007ɏɐ
HOKUSAIɎ�Ŕ@ęɓG15020ɐG16018ɏɐ[V�x
CX400 Ɏ HPCI � Ŕ Ű Ʃ ɓ hp140105 ɏ ɐ ä � x
TSUBAME ɎHPCI �ŔŰƩɓhp150022 ɏȕęǡǼ
SIVSF-NH2ɎFig. 1aɏɐAce-SIVSF-NH2ɎFig. 1bɏɎ2
ǺɏɐAce-SIVSF-NHMeɎFig. 1.1cɏɎ2ǺȂǢǸ1ǺɏȂî
ƈÿ�ȁ°GǮǶɑAce-SIVSF-NHMe ȂôȑɒǺȁǺǡ

Fig. 1.1. SIVSF 6ğƕëƹ (a) ēŘƫ�Ʋ6

SIVSF-NH2 Ƹ (b) N ē Ř 6 < G � Ʋ ) .

Ace-SIVSF-NH2 Ƹ (c) ~ ē Ř G � Ʋ ) .

Ace-SIVSF-NHMeƹ 
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ǼȃɐȠɅȥȩŨæ´āȂÆŕȕŞǡɐ�ǺǥȂîƈȁǺ

ǡǼƢű`ŪĺȕŞǹǶǦɐîƈȂÿ�ȁȃŒǹǼǡȀ

ǡɎHOKUSAI �Ŕ@ęɓG17024ɐG18029ɏɑàŰƩǽ
ȃɐôȑɒǺȂîƈȕÿ�ǰȒǶȌɐ)šîƈȁǺǡǼƢ

ű`¾IŪĺȕŞǹǶǚ 

 
2. 8�ĥȀ@ę9�ǙŪĺÎā 
ǫȓȊǽȁɐȠɅȥȩŨæȁȏȑ¥ȐȓǼǡȒĿ 700 (Ȃ

ȡɇɍȺǥȐ�ŠîƈȕƎȅɐGaussian ȕęǡǼű`¾
IŪĺȕŞǹǶǚǴȂ�ǽȚȳɇȟɍǦ�ǡȍȂȎű`ȥ

ȼȠȯɇǦ�ƮȥȼȠȯɇȁùžĥƃǡȍȂȕ)šǾǮǼƎ

ȅ;ǮǶǚƢű`¾IŪĺȁȃɐGaussian ȕęǡǶ
Hessian ŪĺǤȏȅȚȳɇȟɍ�ĐŪĺȕŞǡɐľĬȀ
Ƣű`ȽȭɋȤɂɇȕîĽǮǶǚ��þƘÉȃ B3LYP ȕ
!ęǮɐn�ƘÉȃ 6-31(++)G**ɎdiffuseƘÉȃNɐOǾ
ǴȓȐȁŅYǮǼǡȒHȁ!ęɏǾǮǶǚ¥ȐȓǶƢű`Ƚ
ȭɋȤɂɇȕęǡǼɐ oc-VQDPT āȕęǡǼ¾IÉŪĺ
ȕŞǹǶǚŪĺǭȓǶ¾IÉǾ��Ȃ��ȕM*� 5 cm-1

Ȃ Lorentz ƘÉǾǮǼżǮYȔǲǼȥȼȠȯɇŪĺȕŞǹ
Ƕǚ 
 
3. Ņç 

34 (Ȃ)šîƈȁ�ǮǼƢű`¾IŪĺȕŞǹǶǚǴ
Ȃ�ǽÉĐȂîƈȁǺǡǼɐ�ƮȥȼȠȯɇǾȏǨ�ǼǡȒ

ȥȼȠȯɇǦ¥ȐȓǶǚ 
 
4. ȊǾȌ 
�ßĶȕ'ƬǮǶ 5 ônȼȺȫȰ Ace-SIVSF-NHMe

Ȃîƈȕÿ�ǰȒǶȌȁɐ)šîƈȂ�ǥȐ 34 ĐȕƎȅ
;ǮƢű`¾IŪĺȕŞǹǶǚƢű`¾IŪĺȁȃƕ{

K~ŪĺȕęǡǼȽȭɋȤɂɇȕîĽǮǶǚŪĺȁȏȑ¥Ȑ

ȓǶȥȼȠȯɇȂ�ȁȃ�ƮȥȼȠȯɇǾȏǨ�ǼǡȒȍȂ

ǦÉĐŤǺǥǹǶǚ 
 
5. �¤ȂŪĞɌ�Ú 
�¤ȃɐ�ƮȥȼȠȯɇǾȥȼȠȯɇǦ�ǼǡȒÉĐȂî

ƈȁǺǡǼɐȏȑƯľ�ȀȥȼȠȯɇŪĺȕŞǢǚ8�ĥȁ

ȃɐ(1)SȑµǢ¾IɁɍȰȂÉȕsȎǰɐ(2)ȏȑwǨȂȡɆ
ȬȰĐȕ�3ǰȒǫǾǽƢű`ȽȭɋȤɂɇȕƯľ�Kǰ

ȒɐǫǾȀǿȕŊǣǼǡȒǚŪĺȁȏȑ¥ȐȓǶȥȼȠȯɇȕ

ľéǮɐ�ƮǽŦĊǭȓǼǡȒ Ace-SIVSF-NHMe Ȃî
ƈȕÿ�ǰȒǚ 

Atomistic simulation of hPGK conformational 
transition with string method 
Ɏ¸ ɓRenɏ 

 

1. Background and purpose 

PGK (Phosphoglycerate kinase) protein is an 
enzyme that catalyzes the transfer of the phosphate 
group from 1-3-biphosphoglycerate (1,3-bPG) to 
MgADP generating phosphoglycerate (3-PG) and 
MgATP in the first ATP-generating step of the 
glycolytic pathway. It is consisted of two domains 
termed as the N- and C-terminal domains 
respectively. The N-terminal domain binds the 
phosphoglycerate species (1,3-bPG or 3-PG) and 
the C-terminal domain binds the nucleotides 
(MgADP or MgATP). In apo state (without ligand 
binding), PGK exists in an open conformation. The 
catalytic reaction requires a large-amplitude 
conformational change of PGK to bring the two 
domains close to each other and to provide the 
micro-environment for the phosphate group transfer. 
It’s found that the open conformation of PGK is more 
stable due to the exposure of a hydrophobic region 
of the protein upon domain closure. This implies that 
the closed conformation will exist for catalysis to 
occur and that the overall thermodynamic preference 
for the open conformation will eventually destabilize 
the closed conformation, leading to the release of 
products and rebinding of substrates. So we want to 
use MD simulation to study the mechanism of the 
conformational transition of PGK(with and without 
substrate binding).ư

ư

Fig. 2.1. The substrate induced conformational transition of 

PGK (M.W. Bowler / FEBS Letters 587 (2013)). 

ư
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2. Usage, Computational methods 

In this project, firstly we performed replica path(rpath) 
sampling simulation of PGK by using the cartesian 
cooridnates of several Ca atoms located at the 
interface between the N- and the C-terminal domains 
as the CV to obtain the minimum free energy 
pathway of the conformational transition. The 
closed(2WZB) and the open(2XE7) crystal structures 
were chosen as the intial and end state respectively. 
20 ns rpath simualtion with 24 replicas was 
performed for different ligand-bound PGK. After that 
20ns umbrella sampling simulation with 24 replicas 
along the minimum free energy pathway were 
performed to get the free energy surfaces of PGK 
conformational change.ư
ư

3. Result 

From the simulation, we verified the previous finding 
that PGK exists in the open conformation in the apo 
state. Substrate binding will stabilize the closed 
conformation and shift the equilibrium toward the 
closed conformation. In addition, we observed an 
meta-stable half-closed state of apo-PGK for the first 
time.ư

ư

Fig. 2.2. The 2D free energy surface of apo-PGK projected 

onto the RMSD with respect to the closed and the open 

crystal structures. 

ư

4. Summary 

In this project, by using the some enhanced 
sampling methods (replica path sampling and 

umbrella sampling), we simulated the conformational 
transition of PGK(w and w/o ligand binding). We 
successfully characterize the mininum free energy 
pathway and the free energy profile of PGK 
conformational transition. Moreover our MD 
simulation revealed an meta-stable half-closed 
conformation of apo-PGK for the first time. 
ư

5. Future perspectives 

In the next fiscal year, we will perform more 
simulations on different ligand-bound PGK at 
different salt concentration or at different nutrient 
concentration to study how the PGK respond to the 
different cellular envronments.ư
 

 

Computational investigation of Order to Disorder 
Transition in Drk N-SH3 Domains  
Ɏ¸ ɓDokainishɏ 
 

1. Background and purpose 

Drk (Drosophila adapter protein) is a small protein that 

mediate signal transduction from RTK to RAS G-protein. 

It contains a Src homology 2 (SH2) domain and two 

SH3 domains. In which, the isolated N-terminal SH3 

(N-SH3) domain has been experimentally shown to 

exist in 1:1 equilibrium of folded and unfolded states. 

Notably, N-SH3 domain folded/unfolded equilibrium 

was found to shift toward unfolding in the presence of 

the other two domain (SH2 & C-SH3) in Drk.  

In this project, as continuation of previous year 

project, we aimed to elucidate the origin of N-SH3 

domain instability of full length Drk. In which we aimed 

to elucidate the effect of intra and inter-domain 

interactions on the domain stability. In the previous 

year (2018), we used MD simulation of Drk at low salt 

conc., in this year we extended our investigation 

wherein we ran 2 μs of Drk in 150 mM KCl at two 

different temperatures to match experimental 

conditions. In addition, we extended our investigation to 

the human homologue Grb2, wherein we used classical 

MD as well as enhanced sampling (gREST) to 
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elucidate the conformation of this adapter protein.  

 

2. Usage, Computational methods 

For this project, Drk and Grb2, 8,653,650 CPU*hours 

were used, mainly on GW-MPC. In which, we ran 

classical MD (cMD) of full length Drk in 150 mM KCl at 

298 K and 278 K for 2 μs each. In addition, we 

simulated full length Grb2 protein using both cMD and 

gREST approach. cMD were performed for 2 μs and 

gREST were performed for 500 ns per replica using 12 

replica. The simulation covered temperature range 

between 300 -650 K and a novel solute selection 

approach was used to enhance the sampling. In 

addition, preliminary mutations were also tested using 

the same approach. 

 

3. Result 

Drk results at different condition show that the 

conformation is quite different from X-ray structure of 

the dimer protein. More importantly, High salt cMD 

trajectory show that the stability of N-SH3 domain is 

correlated to inter- and intra-domain interaction (salt 

bridge), see figure 3.1. As a result, important residues 

that influence N-SH3 domain were identified and 

currently tested by experimentalist. 

 

 
Figure 3.1, Partially unfolded and folded structures’ 

contact map from the first and last 500 ns of the cMD, 

respectively.  

 

Grb2, cMD results show that the formation of multiple 

salt bridges between the three domains which hindered 

the conformational sampling. Applying gREST 

approach significantly enhanced conformational search, 

see figure 3.2, and allowed the identification of multiple 

stable conformations.  

 
Figure 3.2, Free energy landscape of principal 

components (PC1/PC2 and PC1/PC3) using both cMD 

and gREST approaches. Representative structures of 

stable basins are also included.  

 

4. Summary 

• We were able to unravel important residues that 

affect the stability of N-SH3 domain in full length 

Drk. 

• We proposed a new approach to significantly 

enhance conformational sampling in Grb2 protein 

 

5. Future perspectives 

First, Drk results will further be confirmed by our 

experimental collaborator. Second, we currently 

investigating the conformation of Grb2 in the presence 

of RTK based peptide including phosphor tyrosine. 

Third, we will apply our new gREST approach to other 

multi proteins. Finally, after finalizing all simulations, the 

results will be submitted for publication 

 

 

FGFR3Ȃ TyruĢ�Ȃ�ƕ�îƈȣɋȺɆɋȡ 
Ɏ¸ ɓå�ɏ 

ư

ƴƲ àŰƩȂĪĴȂŌÓǾħĥư

ư FGFR3 ȃłōŠƣȁ}jǰȒȤȡȱɇ�ƋȩɋȵȠŹ
ǽǙłōȂ<KɌsõȀǿȁƘ�ǰȒǚFGFR3ȃłōvȰ
ɀȘɋǙŐŷƇȰɀȘɋǙłōŹȰɀȘɋȂ 3ǺȂȰɀȘɋǥȐ
î°ǭȓǼǡȒ�ƕ�ȩɋȵȠŹǽǠȒǚłōvȰɀȘɋȁ

ɆȞɋȰ<{ǦŅYǰȒǾǙFGFR3 ȃîƈuKȕŻǫǮǙ
ĄªĔ®ȆǾîƈuKǰȒǚŐŷƇ (TM) ȰɀȘɋȃǙł
ōvȰɀȘɋǥȐłō9ȰɀȘɋȆǾȤȡȱɇȕ�ǣȒƓţ

Ȁ/ǧȕ¼ǺǚTM ȰɀȘɋȁĘǯȒȗȾɋƒuĢȁȏǹǼǙ

FGFR3ȃɆȞɋȰƢŅYÒǽȍĄªĔ®ȕĭǰȍȂɎ�Ò
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ĄªkuĢ�ɏǦǠȒǫǾǥȐǙTMȰɀȘɋȃFGFR3ȂĄ
ªĔ®ȕA¦ǰȒx
ȀȰɀȘɋǽǠȒǚ 
ư ǮǶǦǹǼǙ�ĄªǦǾĄªkȂîƈȂƌǡȕÐȐǥǰ

ȒǫǾǦǙFGFR3 ȂĄªKɀȝȲȦȿȕŨÐǰȒǶȌȁƓ
ţǽǠȒǚǮǥǮǙŏŹ�ƓŐȁlȍȓǼǡȒ TM ȰɀȘɋ

Ȃ 3ò0îƈȕ�Ʈĥȁ¥ȒȂȃgƠǽǠȑǙēȁĄªĔ
®ȁǠȒ TM ȰɀȘɋȂ�ƕ�îƈȃȀǤ�ÐǽǠȒǚ 
ǶǷǮǙ�ƐŚįx~Ȃ�ś ø È¿ȐȃǙFT-IR Ċ

�ȁȏǹǼ�ĄªkǾĄªkǽ TM ȆɆȬȠȥȂǙŐāƣ

ȁ�ǰȒ.ǧŧ(tilt angle)ǦĢȀȒǫǾȕģŤǮǶǚǰȀ
ȔǸǙ�ÒĄªkuĢ�ǽǠȒ G380RuĢ�ǽȃǙ�Ą
ªkǽǠȒƔĘk (WT) ȏȑ tilt angleǦ�ǭǨȀȒǫǾǥ
ȐǙTM ȆɆȬȠȥȂ tilt angle ǦĄªĔ®ǾƘƉǮǼǡȒ
ȂǽȃȀǡǥǾÁëǮǶɎTamagaki et al, (2014) 
Biochemistryɏǚ 
ư FGFR3Ȃ TM ȰɀȘɋȃǙCßĶ+ȁȃ R397Ȏ R399
Ǧ}jǮǙǴȓȐȗɇȟȲɋônǦɆɋŏŹȂɆɋƒnǾĨ

� ęǰȒǫǾǽǙTM ȰɀȘɋȂŐ9ǽȂ�ŉȕÿȌǼǡ

ȒȗɋȝɆɋȡônǾǮǼȂ£EȕçǶǮǼǡȒɎi 4.1ɏǚ
�ÎNßĶ+ǽȃ Y373Ȏ Y379Ǧ}jǮǙǫȂǿǸȐǥ
ȂȫɉȤɋônǦɆɋŏŹȂíªônȎü<{ǾĨ� 

ęǰȒǫǾǽǙTM ȰɀȘɋȂŐ9ǽȂ�ŉȕÿȌǼǡȒȗ

ɋȝɆɋȡônǽǠȒǾ©ȔȓȒǚY373C uĢ�Ǧ�ÒĄ
ªkuĢ�ǽǠȒǫǾǥȐǙY373ǦFGFR3ĄªȁƘ�Ǯ
ǼǡȒǾŊǣȐȓȒǚ�śÈ¿ȐȂ�Ʈǽȍ Y373AuĢ�
ǽȃǙtilt angleǦWT ȏȑ�ǭǨȀǹǼǡȒŅçȕ¥Ƕǚ 
ư ǮǥǮǙFT-IRĊ�ǽȃ tilt angle ȂŤĳȍȑȃǽǧȒȍ
ȂȂǙǴȓǦǿǢǡǢĵ�îƈȁěãǮǼǡȒǥȃ<ǥȐȀ

ǡǚǴǫǽ¸ ŋȃǙFGFR3 TM ȰɀȘɋȂ TyruĢ�ȁ
�ǮǼ gREST ȤȾɃɈɍȤɄɋȕŞǡǙTyruĢ�Ȃ�ƕ
�îƈȕűȇȒǫǾǾǮǶǚ 

ư

ư

ư

ƵƲ 8�ĥȀ@ę9�ǙŪĺÎāư

ư FGFR3ȂTM ȰɀȘɋȁǺǡǼǙWTǾ Y373AuĢ�Ǚ
Y379AuĢ�ȁ�ǮǼǙ»�ȗɋȣɋȹɇāȂ1ıǽǠȒ
gREST ȤȾɃɈɍȤɄɋȕŞǹǶǚgREST āȁǤǩȒɈȺ
ɆȝȂĉ�ļhȃ 310 K – 350 KǾǮǙɈȺɆȝÉȃǴȓǵ
ȓ 10 (ǽǠǹǶǚTM ȰɀȘɋǥȐȀȒ�ƕ�ȼȺȫȰȕ

POPC/POPS ćYŐȁlȌǶĔ®ǽȤȾɃɈɍȤɄɋǮǶǚ
Fpȃ CHARMM36m ȵɅɀɍȩȧȬȯȕ!ęǮǶǚȤȾɃ
ɈɍȤɄɋȃ<{IF~ȤȾɃɈɍȤɄɋȺɉȡɅȿ

GENESIS ȕęǡǼŞǹǶǚàŪĺȃ HOKUSAI 
GW-MPC Ǿ<{Ī Ūĺį~ĪĴȧɋȩɍȂȥȵȢɋȕ
@ęǮǼŞǹǶǚ 
 
ƶƲ Ņçư

 �ĄªkǽǠȒWT ǾǙY373AuĢ�ǽȃ tilt angleȂ
*ǦØ¬ȁĢȀǹǼǡǶɎi 4.2ɏǚY379A uĢ�ǽȍǙ
WT ǾùžǰȒǾ tilt angleȃ�ǭǨȀǹǼǡȒǦǙY373A
ȏȑȃxǧǡǚ�śÈ¿ȐȂ FT-IR Ċ�ǽȃǙtilt angle 
Ȃ*ȃWT, Y379A > Y373AǽǠǹǶǫǾǥȐǙȤȾɃɈɍ
ȤɄɋȁȏǹǼ¥ȐȓǶŅçȃǙ�ƮŅçǾȏǨ�œǮǼǡ

ȒǚuĢȁȏǹǼ tilt angle ǦuKǮǶǾǡǢǫǾȃǙY373
ônǦ N ßĶ+ȂȗɋȝɆɋȡônǾǮǼƓţǽǠȒǾŊ
ǣȐȓȒǚ 
 

ư

ư

ƷƲ ȊǾȌư

ư Y373C uĢ�ȃ�ÒĄªkǽǠȒǫǾǥȐǙY373 ôn
ȍ FGFR3 ȂĄªģĕȁƘ�ǮǼǡȒônǽǠȒǾŊǣȐ
ȓǼǡȒǚFT-IRĊ�ǽȃǙY373AuĢ�ǽȃWT ȏȑȍ
tilt angle ȏȑȍ�ǭǨǙàŪĺǽȍZïȂŅçǦ¥ȐȓǶ
ǫǾǥȐǙY373ǦFGFR3 TMȰɀȘɋȂȗɋȝɆɋȡônǾ
ǮǼðŎǮǼǡȒǫǾǦĭbǭȓǶǚ 
ư

¿4.1. FGFR3 TMƯÆ6�Ɲ�

ğƕ 

TM `mgw6ŬƉ�Ɯŭ�1

6�ŨG$>að¦GĚ.*I

wkrwoĩÇGľĻn^s1

ő).�ĔƂƱ17 N ēŘ�R

�aĩÇY373, Y379RÚ)0Í

ņ�G�ý)�tilt angle 6Í¬

GƃW.�şŤ7rwŬƉ ÒG

Ÿ*� 

¿ 4.2. FGFR3 TM 9r\

nX6 tilt angle 6ĪƋ 

ĔšĚ7�310 K R�at

hrk6šĚ"BžŚ).

?61�a�çÃ�Ɓæ6

�7 200 ns – 400 ns R�

aXa\hsp\_ğƕ"

BžŚ).� 
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ƸƲ �¤ȂŪĞɌ�Úư

ư ŐŏŹǾȂĨ� ę¡®ȀǿȕűȇȒǫǾǽǙȀǳWTǾ
Y373A uĢ�ǙY379A uĢ�ǾǽǙtilt angle ȁƌǡǦ
ĘǯǶȂǥȁǺǡǼÐȐǥȁǰȒǚȊǶǙtilt angleȂƌǡ
Ǧ�ƕ�ğƣȂƌǡǾƘƉǮǼǡȒǥȕűȇǙĄªKɀȝ

ȲȦȿǾȂƘ$ªȕŵųǰȒ	�ǽǠȒǚ 
ư

ư

ȾȧɇƉņ�ƃ�ɁȮɇȕęǡǶŐȩɋȵȠŹȂĵ�î

ƈ	Ċư

Ɏ¸ ɓìɏư

ư

ƴƲ àŰƩȂĪĴȂŌÓǾħĥư
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Ę436Øƴ17ŅƬİø¥Gł�0ğƕGÖ×¬(

,a�ŅƬİø¥7ī�1ľĻ6kZsGíý)�ň

īƙ Gŭ[wdnƉR¶&0ŭƇƔ`mgwG±C

¾=D2"BŭŀÌGĢ�)0�a2ũ BE0�a�

zĊ�DE;16 NMR ğƕżĘŐŕR!�0�kZ

s�2ŬƉ�Ɯŭ�1ŭ[wdnƉ6ğƕ#Ï$%ņ

4aSyX#Î%É¸(E0!C�kZsŀÌ7öH

)?ŭŀÌGĢ�*a27Ž 4��ó/0�ğƕż

ĘR!�0�D6A�4ŭŀÌ6IyOfen_GŎ

aD27�şŪŭ�16ğƕ2ĥū6ơ�GĿż*a

{1öź|²Ħ1�a� 
� ŭ[wdnƉ6�Ɯŭ�2kZs�16ğƕ6ŌƘ

GƃWa{1�MD skotyspw#Đª1�a�

)")4#B��°Òn^sGł�.žŚ17�kZ

síý@çŷ¬RČƠ#""C�žŚTX_?Ï$��

žŚTX_G£Ĳ*aĊį2)0�ƥŋĵÑn^s#

A%ł�BEa�DE7�ōŖ�6ĵƉ6ibsmy

ơćRĵÑ»ŮńibsmyƮG¨ 0žŚGØŶ*

aĊį1�a�DE;1RçƬŭn^s7ũĝ(E0

�a#�kZsGŸĽ*aA�4n^s7ĸ"/.�

-D1�ĔŐŕ17�ƥŋĵÑn^s2)0kZsn

^sGĉ.Răĝ) (IMIC n^s)�Ikug`¤Ƴ�

[wdnƉ APP GÚƆ2)0��ƜŭŀÌ (IMM1 n

^s)2kZsŀÌ�16ŗ�ğƕ�ĴGƀ<.� 
ư

ư

ƵƲ 8�ĥȀ@ę9�ǙŪĺÎāư

� ìŐŕÙ1Ɵŉ)0�a Ò«§ÕžŚhuoql

GENESIS R IMIC n^s!A8 IMM1 n^sGÛ�

)�APP 6thrk�Ą MD skotyspwGŶ/

.�IMIC n^s17 DPC  Ò# 60 �!A8 85 ��

´).ŝ�IMM1 n^s17ŬƉ�Ɯŭ6¯(# 28.8
!A8 32.0 Å 6ŝGſ×*aD21�kZsUgY!

A8ŭ¯6[wdnƉğƕ96ïƭGƃW.�16 �6

thrkGłú)�CHARMM36m §ÊGł�0³t

hrk 100 ns 6žŚGŶ/.�ĳé7 287.63 K "B

521.39 K ;16Ơ1¦CĂC�2000 X]\hR 1 ½6

ĳé�ĄGm_ujrX¡×Ró/0ØŶ).�ư

ư

ƶƲ Ņçư

skotyspwGŶ/.2DF�APP Gğý*aƺ

Ĕ6ir\nX#ŧCƑ)�´).CżƩ).C*a

ĠÒ#ŻBE�heft-handedğƕRĪW0 right-handed
ğƕ#ưŦRUwhrwo(E.�¿ 5.1 Rĳé 300 K
!A8 447 K 6ŮńibsmyÂíGő*�300 K 1

7*W06ŝR!�0�RGly-in!A8Gly-sideÄğ

ƕ#Ö×1�aD2# "/.�zĊ�447 K 6Ê´�

ĺRkZsŝ2ŭ¯#ų�ŝR!�0 Gly-out Äğƕ

?�Ľ*aD2# "/.� 
 

ư

i ƸƲƴƲư Ikug`¤Ƴ�[wdnƉ APP 6kZs�

!A8ŬƉ�Ɯŭ�16ŮńibsmyÂíư

 
kZsğƕ7ŸƬ#Ï$%kyg)0!C�ňīTI

ƯÆ?Twdn_1�a�ó/0�APP #kZs�R

Å>Ə;Ea2�kyg).ŸƬ2 Hydrophobic 
matching6ªĚRA/0ƺĔ6ir\nX#XÄ6í
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G±C@*%4C�-6šĚ Gly-out Äğƕ#�Ľ)

@*%4/.2ũ BEa� 
ư

ƷƲ ȊǾȌư

ƥŋĵÑn^s2)0ĉ.R IMIC n^sGƟŉ)�

GENESIS RÛ�).�Ikug`¤Ƴ�[wdnƉ

APP GÚƆ2)0�kZsŀÌ�2�ƜŭŀÌ16ŗ

�ğƕ�ĴGŶ��ôBE.šĚ7 NMR ØƴšĚ2

?Ű�zůGő).��ò��žŚTX_1kZsŀ

ÌGũü).[wdnƉ6ŗ�ğƕn^rwo96÷

ł#đñ(Ea�ĔŐŕýĚ7�°ŲƄĈ T. Mori and 
Y. Sugita. J. Chem. Theory Comput., 2020. R!�0

ŉŸ).� 
 
 
ɉȰȺȤɋȂ9ƏüǾȺɉȯɋȽɋȺðŎȁƘǰȒ 

ĖųĥĪĴ 
Ɏ¸ ɓ5Ýɏ 

 
1. àŰƩȂĪĴȂŌÓǾħĥ 
ȴȠȭɆȜɉȰȺȤɋɎBRɏȃǙ1ȕ]RǮǙď�JƑȁ

ƆȐǡȺɉȯɋȕłō9ǥȐvȆƀƅǰȒǙ1ƭIkȺɉȯ

ɋȽɋȺǽǠȒɎi 6.1ɏǚLys216 ȂȤȬȸqƃ,ȁȃǙ3
ǺȂ9ƏüǾíªônȁȏȒüŀŅYȳȬȯɊɍȠǦ}j

ǰȒǚ[�xȂĮSȐȃǙƓüėrǽ1Q¨�Ɨ�Ȃȥ

ȼȠȯɇȕĊ�ǮǙǴȂ�ǥȐ OD �ň¾Iȕ��ǮǶ

(Shibata and Kandori, Biochemistry 2005)ǚǭȐȁǙ
uĢ�ȂȥȼȠȯɇȕŨæǰȒǫǾǽǙȺɉȯɋİIńŽǦ

ŨÐǭȓǶ(Garczarek and Gerwert Nature 2006)ǚ 

 
Ñ��Ǚ±ǛǦƖģǮǶ QM/MMŪĺǾƢű`¾IĔ

®ŪĺȕęǡǼǙɉȰȺȤɋ9ƏüȂ¾IȴɋȰȕŪĺǮ

ǶǚǴȂŅçǙ�Ʈ*ǾŪĺ*ȃ�ªĥȀ�œǦ¥ȐȓǶ

ǦǙ�ĂÉ+ȂȥȼȠȯɇǦ�ƮǾŪĺǽ 100 – 200 cm-1

ȈǿǱȓǼǤȑǙ�ƕĥǾũǣȒľ�ȁȃȊǷƋǮǼǡȀ

ǥǹǶǚǴȂPfȕÀȒǶȌǙà��ȃŪĺŬ�ǦŅçȆ

�ǣȒ¢ƤȕŭłȁűȇǶǚQM ƦmȂxǧǭȁ�ǰȒ#

}ªǙǤȏȅŅÔîƈǾĘ�ėrɎŏŹŐǾüɏȂƌǡȁ

ĩħǮǙŪĺȕ�ŞǮǶǚ 
 
2. 8�ĥȀ@ę9�ǙŪĺÎā 

BRȂŅÔîƈɎPDBID: 1M0Lɏȕ;ģĐǾǮǙüŀP
{ǾñÃônȕHǣǙ4P{ɁȮɇȕ °ǮǶǚȩɋȵȠ

ŹȂƓP{ȁºâȕHǣǶ MD Ūĺȕ�ŞǮǙüŀP{
Ȃ�ŉȕŇ`ǮǶǚ 
òȁǙQM/MMŪĺȕ�ŞǮǶǚQMƦmȃǙÖ�ɁȮ
ɇǾǮǼüŀŅYȳȬȯɊɍȠȕ¡°ǰȒ Arg82, Asp85, 
Tyr185, Lys216,ɈȫȱɍɇǤȏȅ 3 ǺȂ9ƏüǾǮǶ
ɎQM1ɏǚȊǶǙȏȑxǧȀ QM ƦmǾǮǼɐTyr57, Thr89, 
Tyr185 ȕ\ȌǶɁȮɇɎQM2ɏǙQM2 ȁɈȫȱɍɇ_Ɓ
ȂȯɆȺȯȸȖɋȎȫɉȤɋȕHǣǶɁȮɇɎQM3ɏǙQM2
ȁ Arg82 ȏȑ�ÎȁǠȒüŀŅYȳȬȯɊɍȠɎTyr83, 
Ser193, Glu194, Glu204ɏȕHǣǶɁȮɇɎQM4ɏǽŪĺ
ǮǶǚQM ŪĺȂɈȻɇȃ��þƘÉāɎB3LYP-D3ɏǾ
n�ƘÉȁȃ aug-cc-pVDZ ȕǙFpȁȃ CHARMM36
ȕęǡǶǚ 
¾IɁɍȰȕƍ ȀƦmɎȰɀȘɋɏȁ�³KǭǲǙȰɀȘ

ɋ9ǽȃƢű`ªȕŊ¯ǰȒǦǙȰɀȘɋƗǽȃű`Ƚȭ

ɋȤɂɇȂȋȕŊ¯ǰȒ¾IŪĺāȕÍǶȁƖģǮǶǚi

6ȁĭǰȏǢȁǙȤȬȸqƃ,Ǿ 3ǺȂü<{ȕǴȓǵȓ�
³KȂȰɀȘɋǾǮǙŪĺȕ�ŞǮǶǚƢű`ȽȭɋȤɂɇ

ȁȃ 2ɁɍȰŅYƥȊǽȃ grid ȽȭɋȤɂɇɐ3ɁɍȰŅ
Yƥȃ QFF ȕęǡǶǚ¥ȐȓǶȽȭɋȤɂɇȂȍǾǽɐ
VQDPT2āȁȏȑ¾IÉǾźv]R��ȕýȌǶǚ 
Ę�ėrȂ¢ƤȕűȇȒǶȌǙPOPC ŏŹ�ƓŐȆl
ȌƂȋɐüČĆėrȁƑŉǮǶɁȮɇȕ °ǮǶǚ 
 
3. Ņç 

¿ 6.1. cn]rMu`hsw6hu_w¬s\

fËƶƪƷ2-6¹ƎRÓÁ*a�ƙīRAaī

Şš´b\_vynƹShibata and Kandori, 
Biochemistry 44, 7406 (2005)ACĀśƹ 
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ùĒÙė"Active internal waters in the bacteriorhodopsin 
photocycle. A comparative study of the L and M 
intermediates at room and cryogenic temperatures by 
infrared spectroscopy" 
ìæėVictor A. Lorenz-Fonfria, Yuji Furutani, and Hideki 
Kandori 
Ďø�yėBiochemistry 47, 4071-4081 (2008) 
 
³'Ïó"ą0�GQ@SISGí×ü��+D

8?N5QAG:S"�z�4 c"GQ@Säz�/
ãÓ�+ 5�"GQ@SÞs"ä¹��� 5BCKU
<$�"é/ûă��GQ@S�èsāĂ�,+[1]�
�"��GQ@S«i���#µó±��*�âç�

eć]!�+ Glu194, Glu204"óď"by�ý�jf
!(��©�), 
���&��"dï���Åw

ÁØ!À�å�),����{¼!�ÕÀØ í×ü

hć�"GQ@SÞs/�Î�+�&�í×ü"hć

äzÀ�Ĉð �o/¹����+���å�),�

��¦�#^Èý�jf/Ò���ēØ!À"by/

©�+��!¥p���+[2]�����GQ@SIS
GÄ¢/'�í×ü!#��Àáäz/�¥��Àj

�����+��/Öñ��hćäzÀ"Àáäz�

¾è�Æ�Č.*/'���/±)
!��[3]��"
ãēm#%��^Èjf!(��±)
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Ì¤"Àj�"Àáäz»Ą��ÑÏØ ·[!'�

�#%+��/Û����+��,�#�ĆÇØ!Ñ

¥�+Xċ_�#���-�
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�#��È�^È

"Xċ_�{¼

"»Ą/'��

b�),��+��hć!äz��.�
 1c"À!
��#%+���aö# �� 
Y��¦�#²ċjóý�jfÁ/Ò���³k"

GQ@SÞs"n�!Ñ¥�+ L, M Xċ_!	�+
hćäzÀ"by/ôÉ��^È"�ēä¹�¿Ā�

���)!GQ@S«i����"À8M;<U!�

��ºõ���À�Ċ/v�!l ��÷®!����

PU9Uqþĕ532 nmĖ�{´���;?>G;7L
SÁĕ²ċjóè 5 �sĖ!(���k&� 4000-800 cm-1

"Â¬đ��"Ĕà�"ý��;H8@OÉ���Î

����"ä¹�170 K" LXċ_!Ë¡Ø Àáä
z"��À"8M;<U»Ą#^È"2U?3E18

@��+���.
���V¯�230 K"MXċ_"
À";H8@O#�È�(Vê�����À"by

!��+WXċ_"�!#�6M;ÿÞÈ��Č.+

í×ü=4BJ8;��Đ���+'"�å�),+� 
GQ@S«i�!Č��#�2000-1800 cm-1 "FQ

UA ú"by��GQ@SuÀ8M;<U!Ó¸�

+�ª��,�����ēØ ö§# 
���¦�

#¶Úß!	��Ã£Æ��ē
)À"{]_r¹/

òÉ��FQUA by!#À"¨s�}%,+��

/±)
!���í×ühć���ÕÀÐ�!	���

Glu194---water+--Glu204-���»Ą���!���+

)���ë~Æ���! 230 K�#�"(� ú"b
y#òÉ�, 
���¶Ë�đ�"7URUA��

+À"ËÔ¢�Û�,�Úß`��������+� 
 

�ÒÍ 
[1] ÜxÝ½, °¶ÊÏ�\ø 56, 75-82 (2001). 
[2] H. Kandori, Biochim. Biophys. Acta 1460, 177-191 (2001); ibid 
1658, 72-79 (2004). 
[3] Y. Furutani, M. Shibata and H. Kandori, Photochem. Photobiol. 
Sci. 4, 661-666 (2005). 
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i 6.2ɑ�ƮȁȏȒ BRȂn�Ĕ®Ǿ KĔ®Ȃźv�ȥȼ
ȠȯɇɎ�öɏǾǙQMƦmȕQM1, QM2, QM4ȆuǣǶǾ
ǧȂŪĺȥȼȠȯɇǚ 

 
àŪĺǽ¥ȐȓǶźvȥȼȠȯɇȕi 6.2ȁĭǰǚQM1

ǥȐ QM2 ǽȃȊǷuKǦŤȐȓȒǦǙQM2 ǥȐɎQM3ɏ
QM4 ǽȃȈȉZĸȂŅçǦ¥ȐȓǙQM ƦmȂxǧǭȁ

�ǰȒRâǦĬůǽǧǶǚ 
ŏŹŐǾüėrȕŊ¯ǮǙMD ŪĺȂȥȱȬȺȤɄȬȯǾ

ǮǼ 2 ǺȂîƈɎ800 Ǿ 1000ɏȕęǡǶŪĺŅçȕi 6.3
ȁĭǰǚ#1000 ǽȃǙMD Ūĺ�ȁüŀŅYîƈǦtȓ
ǼǮȊǹǶǶȌǙȥȼȠȯɇǦxǧǨuKǮǙ�ƮǾȂ�œǦ

«ǨȀǹǶǚ�ÎǙüŀŅYîƈǦ%ǶȓǼǡȒ#800ȃŅ
ÔîƈɎXtalɏǾxǧǨuȔȐȀǡǦǙ�ƮȂɀȘɋȷɍȠǾ
Ȃ�œȃÆdǮǼǡȒǚ 

 
i 6.3ɑ�ƮȁȏȒ BRȂn�Ĕ®Ǿ KĔ®Ȃźv�ȥȼ
Ƞȯɇ Ɏ�ö ɏǾ ǙŏŹŐɌüėrȕŊ¯ǮǶŪĺ

ɎSnapshot 1000, 800ɏǾŅÔîƈȁnǻǨŪĺɎXtalɏǽ
¥ȐȓǶźvȥȼȠȯɇǚ 
 
 

4. ȊǾȌ 
àŰƩǽȃǙBR ȂȺɉȯɋȽɋȺðŎȁ�ǨƘȔǹǼǡ
ȒɈȫȱɍɇȂȤȬȸqƃ,ȁ¡°ǭȓȒ�ǡüŀŅYȳ

ȬȯɊɍȠȁ�ǰȒ¾IȥȼȠȯɇȕŪĺǮǶǚ¾IɁɍȰ

ȕȰɀȘɋȆ�³KǮǙȰɀȘɋƗȂƢű`ŅYƥȕđťǰ

Ȓƃ�ȕ�3ǰȒǫǾǽǙľ�ȕŗǾǰǫǾȀǨǙŪĺŶŖ

ȕx�ȁ�ǪȒǫǾǦǽǧǶǚ�Ʈ*ǾùžǰȒǶȌǙQM
ƦmȂxǧǭǙĘ�ėrȂ¢ƤǙȀǿȕŭłȁűéǮǶǚ 
 
5. �¤ȂŪĞɌ�Ú 
à��ȂŪĺȁȏȑǙŪĺȂłǥȀŬ�ȕȝɆȹɈɍȤɄ

ɋǰȒǫǾǦǽǧǶǚǮǥǮǙ >ǥȐŰƩǽǠǹǶ�ġ�

ĂÉ+ȁǠȒȥȼȠȯɇȂȷɍȠ�ŉǦ�ƮȂɀȘɋȷɍȠ

ǥȐxǧǨƟȓǼǡȒcƩȃÞŨÿȂȊȊǽǠȒǚǴȂP

fǾǮǼǙ�¤ȃ K Ĕ®ȍŪĺǮǙ�ȥȼȠȯɇȕýȌȒǚ
ȊǶǙüŀŅYîƈǦtȓȀǡȏǢȁ MD Ūĺȕ�ŞǮǙ
ǴȂȥȱȬȺȤɄȬȯǥȐîƈȕSȑ;ǮǙ¾IŪĺȕ�Ş

ǰȒǚ 
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