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Total Design of Our Group	


Accuracy	
 Fragment MO!

RSCPMD/PWCPMD!

QM/MM!

Classical MD!

Coarse-grained/ Accelerated MD!

Protein-Protein, Protein-Enzyme complex formation	


Analyses on structures, large amplitude motion, etc. 	


Static Enzymatic 
Reaction Analyses 	


Dynamics on  
Enzymatic reactions	


Analyses on 
Interaction energy 	




Basic Processes in Enzymatic Reactions	

4!

How can we control the whole processes？ 

induced-fit	

of loop 
segment	


Inserting the 
ligand 	


The ligand isolated 
after the reaction. 	


A Series of 
Enzymatic 
Reactions 	




Biodegradation of Nylon and Nylon-oligomers	


H ( HN-(CH2)5-CO )n OH	


n > 200  Nylon-6　　　　 

n < 20    Ahx-linear oligomer 
n =  2    Ahx-linear dimer (Ald)   
            Ahx-cyclic oligomer !

ring opening 
polymerization	


O!

NH!

ε caprolactum	


By products of Nylon!

Bacteria that degrades Nylon-oligomers to its monomer was found 
at the soil near Nylon factory in 1975 and X-ray structures of  
enzymes in the bacteria were solved in 2007  
⇒　Important examples biodegradation of artificial compounds	


⇒　Main industrial waste 
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Agric. Biol. Chem., 39, 1219–1223, 1975!



3 different Nylon-oligomer Hydrolases	


EII!

6!



Yellow & Purple: Enzyme	
 Cyan & Green: Complex	
PDBID:2ZM0! PDBID:2ZMA!

Substrate Binding by Induced-fit	


Crystal Structure of NylB（EII)-substrate Complex	

7!

Negoro	
  et	
  al.	
  J.Mol.Bio.370,142-­‐156(2007)!



(1.40Å) 
 
(1.58Å) !

0.05 U/mg!Y170F mutant	


S112A <0.0007 U/mg 
K115A <0.0007 U/mg 
Y215A  0.00071 U/mg!

(Hyb24-DNY：3.53 U/mg）	


Catalytic Triad	


Active site and Important Residues	
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9!Activity design of NylB by Mutagenesis studies	


0.023!

3.53!

1! 24!

N!D! D!

H!G! D!

181! 266! 370!181! 266!

392!
Ald-hydrolytic activity!
           (U/mg) !

Hyb-24!

Hyb-24DN!

Enzyme	


N!D! Y!

N!D! D!Hyb-24DNF!

Hyb-24DNY!

170!

Y!

Y!

Y!

F! 0.05!

3.60!

l  Similarity in AAs between EII and EII* is 88%!
l  Activity of EII* to Ald is 1/200 less than EII	


A similar Enzyme EII’ is encoded in the same plasmid pOAD2!
It composed of 392 AA residues (the same as EII)!

＊Hyb-24（24 AAs from N-terminal of EII* is taken into EII)	


Wild-type	


Original	


Relative activity 
(Ald hydrolysis) 

Hyb-24 

G181D 

G181D 
H266N 

10 

100 
153 

The number of amino acid  
substitutions 

3 2 1 

D370Y 

1 

G181D 
H266N 
D370Y 

81 

20 

kcat/Km 
5 folds 

Km=27.2mM 

Km=2.0mM 

Since the mutagenesis studies were mostly based on the 
experience, we would like to contribute to propose highly 
active enzyme according to theoretical results	




Analyses	
  on	
  Structural	
  Stability	
  of	
  	
  
Enzyme	
  and	
  its	
  Mutant	
  	
  

by	
  Molecular	
  Dynamics	
  SimulaJons	


Collaborators：T.	
  Baba	
  （OU）,	
  K.	
  Kamiya（KIT）	
  
S.	
  Negoro（HU）,	
  Y.	
  Higuchi（HU）,	
  N.	
  Shibata（HU）	
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11!Comparison with X-ray Structure	


L体	


Distance(Å) MD X-ray structure 
N345-Ald393 2.9±0.10 2.86  
SN112-Ald393 3.14±0.17 3.03  
O170-Ald393 3.05±0.16 3.04  

~Hydrogen bonds around the catalytic residues~ 

Yellow: X-ray 
Blue  : MD 

Both structures are 
similar to each other 
except for C-terminal 

C-terminal 

In X-ray structure, 
Glycerol occupies this 
position to stabilize the 
structure in the crystal 



G316I  
F317Y 
D370V 

Yellow: X-ray structure 
Green: MD structure 

12!Finding Targets for Mutations	




Synthetic activity  

Hydrolytic activity  

Synthetic/Hydrolytic  

1.7 1.6 1.7 3.7 2.7 

E
nz

ym
e 
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g)

 
Interplay between Theory and Experiments	


Negoro	
  et	
  al.	
  in	
  preparaJon!

Stabilizing C-terminal results in the 
higher enzymatic actibity 

13!



	
  
	
  
	
  

Analyses	
  on	
  NylB-­‐substrate	
  Complex	
  by	
  	
  
Fragment	
  Molecular	
  Orbital-­‐based	
  	
  

Inter-­‐Fragment	
  InteracJon	
  Energy	
  Analyses	


Collaborators：H.	
  Ando（OU）,	
  T.	
  Baba（OU）,	
  M.	
  Nakano（OU）,	
  
Y.	
  Mochizuki（Rikkyo	
  U）,	
  C.	
  Watanabe（U.	
  Tokyo）,	
  Y.	
  Okiyama（U.	
  Tokyo）	
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Interaction between Enzyme and Substrate	

15!

Total NylB	
 Around Active Site	
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Amino acid residue	


SCIFIE between ALD and AAs	


Glu168	


His180	


Asp181	


Asp314	


Lys315	


Asp372	


His375	


※At MP2/6-31G* level	


　Both terminals of ALD  (COO-、NH3
+) interact 

strongly with charged AA residues!
!
　We wants to precisely know the interaction 
with amide moiety of ALD with AA residues!

Dividing ALD into N-ter (NH3
+) , C-ter 

(COO-), and Amide (CO-NH) moieties and 
analyzing each contribution	


C-ter (COO-)	
 N-ter (NH3
+)	
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NH3+
NO

H

O

O-
Tyr370	


Ser112	

Lys115	


Tyr215	


Tyr170	


Trp331	


Asp181	

Ser217	


Glu168	


Ile345	


ALD(1)	


ALD(2)	
 ALD(3)	


ALD(1) → C-terminal!
ALD(2) → Amide group!
ALD(3) → N-terminal!

3 different moiety=fragments!

Hydrogen bonds	


CH-π interaction　　　　　　　　　　　	


Fragments Division for Substrate	




Change in Open and Closed-structures	
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Amino acid residue	


ALD(1)	
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 ALD(3)	
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Amino acid residue	


Asp314	


His180	


Glu168	


Ile345	
Ser112	


Glu168	

Tyr170	


Glu168	


His375	


Asp169	


ΔSCIFIE = [SCIFIEClose ] − [SCICIEOpen] 
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Amino acid residue	


Total Changes	


Glu168	


Asp314	
 His375	

Lys315	


Lys315	


　ALD (1) 　→　Gaining attractive interaction with !
                        neighboring AAs such as Asp314, Lys315, !
                        His375 and also with Glu168 in loop !
                        segment by totally 20 kcal/mol!
　ALD (2) 　→　Stabilizing amid moiety interacting with !
                        Glu168 and Tyr 170, but destabilizing with!
                        Ser 112 and Ile 345　!
　ALD (3) 　→　Stabilizing N-ter interacting with Glu168　!

Forming closed structure results in	



※MP2/6-31G* level	
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Amino acid residue	


Total SCIFIE : -378.31 kcal/mol!
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Amino acid residue	


Total SCIFIE : -286.29 kcal/mol!
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Amino acid residue	


Total SCIFIE : -273.23 kcal/mol!

Hyb-24(1)	
WT 	
 Hyb-24(2)	

※MP2/6-31G* level	
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・ In comparison with WT, both Hyb-24(1) and Hyb-24(2) has less attractive 
interaction at AA residue 181→Asp181 plays an important role in stabilization!

Asp181	


Asp314	


Tyr215	
 ALD	


Asn266	


Tyr170	


Ser112	


Ile345	


Gly181	


Tyr215	


ALD	


His266	


Tyr170	


Ser112	


Ile345	


Gly181	


Tyr215	


ALD	


His266	


Tyr170	


Ser112	


Ile345	


Asp314	
 Asp314	


Asp181	


His266	

Asn266	


Gly181	


His266	


Gly181	


Asp181 SCIFIE : -100.94 kcal/mol! Gly181 SCIFIE : -0.82 kcal/mol! Gly181 SCIFIE : 0.68 kcal/mol!

・Hyb-24 is mutant with D181G and N266H!
・Hyb-24(1) is taken from MD at 9.475 ns and Hyb-24(2) at 10 ns	


18!Change in WT and D181G mutant	




EnzymaJc	
  ReacJons	
  of	
  NylB	
  
By	
  QM/MM	
  Molecular	
  Dynamics	
  SimulaJons	


Collaborators：K.	
  Kamiya（KIT）,	
  T.	
  Baba	
  （OU）,	
  T.	
  Matsui	
  (AICS),	
  
M.	
  Boero	
  (IPCMS,	
  France),	
  S.	
  Negoro（HU)	
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Reaction Coordinates for Metadynamics	


Ser nucleophylic attack（s2）	


C-N Cleavage （s1）	


２ Reaction Coordinates	


20!

Ser112!

Tyr170!

Tyr215!
Lys115!

ALD!



FES barrier is at most 22 kcal/mol!

Free Energy Analyses by Metadynamics	

21!

Try170 always binds to substrate	


3. HB bw NH3
+ & OH 

2. H+ donate 1. H+ accept 

Ser nucleophilic reaction 



Orientation of Sp3 like NH is different from Hyb24DNY  (another H2O can do) 
Tyr170 regulates orientation of catalytic triad for increasing reactivity 

Red : dAmide,ALD               Green : dOK115-CALD                
Blue : dHY215-NALD              Purple : dHS112-NK115 

Effect on Y170F mutation	

22!



1D Free Energy Profile	

23!

ΔGreac= about 22 kcal/mol! ΔGWT= about 31 kcal/mol!

ΔGY170F= about 44 kcal/mol!

Distance between OSer and CSubstrate!



Summary	


Analyses on various processes that carried by 
NylB were perfromed with several methods. 
 
Structural Analyses（MD） 
・  Differences between X-ray and MD structures 
 
Interaction Analyses（FMO） 
・  Role of Asp181 is quantitatively clarified 
 
Reaction Analyses（QM・MM-CPMD） 
・　Interplay of catalytic triad Ser/Lys/Tyr and Tyr170 
results in regulation mechanism of orientation of a 
hydrogen bond 
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Protein-­‐Substrate	
  Binding	
  Processes	
  by	
  
PaCS-­‐MD	
  Methods	


25!

Collaborators：T.	
  Baba（OU）,	
  R.	
  Harada	
  (AICS),	
  M.	
  Nakano（OU）,	
  



Substrate-Protein Binding	


Difficult problems even now	


26!

A Series of 
Enzymatic 
Reactions 	




Why is a Folding Problem Difficult? （Rare Event）	


Large amplitude motion takes long time and Folding occurs as a stochastic 
processes, so it is difficult to accomplish with available MD simulations.!
（Except now for long time dynamics done by David Shaw with Anton)	


Fr
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Initial state A	
 Final state B	


Barrier >>kBT	


Reaction coordinate	
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Folding of Protein By Long-time Dynamics	


Science 28 October 2011: Vol. 334 no. 6055 pp. 517-520 	


28!

It needs “Vast” computational cost	





評価、選択と繰り返し計算による	


→Reactive trajectoryの生成	


Parallel Cascade Selection MD (PaCS-MD)	


Alternative to Anton with 
conventional program and cheep cost	
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Protein Folding Processes（Chignolin）	


R.Harada et al, J.  Chem. Phys. 139, 035103 (2013)	
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Induced fit processes of NylB	


d1　・・・　Distance bw Glu168 – Ser217!
d2　・・・　Distance bw Tyr170 – NALD	


Close 

Open 

Meta 
stable state 

d1	


d 2
	


ALD393	


Tyr170	


Ile345	


Ser217	


Glu168	


Lys115	
Ser112	


d1’	
d1	

d2	


There are many metastable structure from 
Open state with vast FEL space to Closed 
state with narrow FEL basin.	
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NylB-ALD binding simulation（Preliminary）	


com     : Distance bw two Center-of-Masses!
RMSD : RMSD toward X-ray Structure	


We can precisely predict X-ray Structure 
from unbound fomrm 	
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