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PLP is a cofactor that plays a vital role in human physiology and has associated over 
3% of all enzymes, comprising over 140 different enzymatic activities. 
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Theore:cal	  Level	  –DFT	  (108	  atoms)	  

Geometry	   M06	  /	  6-‐31G(d)	  &	  
B3LYP/6-‐31G(d)	  

Energy	  

M06/6-‐311++G(3df,3pd)	  &	  
M06-‐2X/6-‐311++G(3df,3pd)	  &	  
B3LYP/6-‐311++G(3df,3pd)	  &	  
IEFPCM	  (ε=4)	  

Ornithine Decarboxylase 

J	  Chem	  Theory	  Comput,	  7,	  1177,	  2011	  J	  Am	  Chem	  Soc,	  129,	  1378,	  2007	   Chemistry,	  15,	  4243,	  2009	  	  

CLUSTER	  MODEL	  =	  
Substrate	  +	  

First	  shell	  of	  residues	  	  (at	  least).	  
Full	  QM,	  100-‐200	  atoms	  	  



J	  Chem	  Theory	  Comput,	  6,	  2770,	  2010.	  	  J	  Phys	  Chem	  B,	  114,	  12972,	  2010.	  	   Acc	  Chem	  Res,	  41,	  689,	  2008	  	  



GEOMETRY	  OPTIMIZATION	  

Layer	   Theore:cal	  Level	   Nº	  atoms	  

High	  Level	   B3LYP/	  6-‐31G(d)	   66	  

Low	  Level	   AM1	   604	  

High Level 

Low Level 

Outer Layer 

SINGLE	  POINT	  ENERGY	  

Layer	   Theore:cal	  Level	  

High	  Level	   M06	  /	  6-‐311++G(3df,2pd)	  

Low	  Level	   B3LYP/	  6-‐31G(d)	  +	  IEFPCM	  (e=4)	  

Ornithine Decarboxylase 

J	  Chem	  Theory	  Comput,	  6,	  2770,	  2010.	  	  J	  Phys	  Chem	  B,	  114,	  12972,	  2010.	  	   Acc	  Chem	  Res,	  41,	  689,	  2008	  	  

QM/QM	  MODEL	  
8-‐10	  Å	  around	  substrate.	  

Two-‐level	  QM	  for	  geometry.	  
One-‐level	  QM	  for	  Energy.	  	  
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This study provides for the first time an atomic level portrait of the 
formation of the imine intermediate and the transimination reaction in a 
enzymatic environment. 
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The mechanism should be common to all PLP dependent enzymes that 
have amino acids as substrates. 

This study provides for the first time an atomic level portrait of the 
formation of the imine intermediate and the transimination reaction in a 
enzymatic environment. 
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The results explain many unrelated experimental results : 

•  The conserved Cys360 is required for the activation of the enzymes 
•  The transimination reaction is favored by Tyr389 or by a conserved water 

molecule. 
•  The role of a hypothetical conserved water molecule has been revealed 

The mechanism should be common to all PLP dependent enzymes that 
have amino acids as substrates. 

This study provides for the first time an atomic level portrait of the 
formation of the imine intermediate and the transimination reaction in a 
enzymatic environment. 
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Catalyses	  both	  	  the	  hydrolysis	  and	  
transglycosyla<on	  of	  polyssacharides	  

Marked	  preference	  for	  lactose	  as	  

substrate	  

OBJECTIVE:	  Understand	  the	  cataly:c	  
mech	  and	  transglyc	  stereospecificity	  

Great	  interest	  for	  the	  food	  and	  cosme<c	  
industries	  

Allolactose	  is	  the	  major	  transglycosyla<on	  
product	          





Small	  Model	  used	  to	  compare	  	  DFT	  func<onals	  using	  the	  6-‐311++G(2d,2p)	  basis	  set	  

Small	  Model	  used	  to	  benchmark	  selected	  DFT	  func<onals	  against	  CCSD(T)/CBS	  calcula<ons	  	  

R	   Int	  TS	   Etc...	  
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X-‐ray	  structures	  have	  substrate	  analogs	  in	  

the	  “shallow	  mode”	  
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X-‐ray	  structures	  have	  substrate	  analogs	  in	  

the	  “shallow	  mode”	  

Independent	  ac<ve	  sites	  

Select	  a	  single	  monomer	  

Dock	  substrate	  in	  the	  “deep	  mode”	  
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X-‐ray	  structures	  have	  substrate	  analogs	  in	  

the	  “shallow	  mode”	  

Independent	  ac<ve	  sites	  

Select	  a	  single	  monomer	  

Dock	  substrate	  in	  the	  “deep	  mode”	  
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A	  MULTI	  
STAGED	  

DOCKING	  WITH	  
AN	  AUTOMATED	  

MOLECULAR	  
MODELING	  PROTOCOL	  

Proteins,	  74,	  192,	  2009.	  
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X-‐ray	  structures	  have	  substrate	  analogs	  in	  

the	  “shallow	  mode”	  

Independent	  ac<ve	  sites	  

Select	  a	  single	  monomer	  

Dock	  substrate	  in	  the	  “deep	  mode”	  

Flexible	  Receptor	  Docking	  ?	  

Unbound	  and	  
Inhibitor	  bound	  
structures	  highly	  

similar	  

Biochemical	  
constraints	  sa<sfied	  
within	  the	  unbound	  

structure	  

Rigid	  Receptor	  Docking	  .	  
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Solva<on	  +	  CM	  MD	  simula<on	   deleted	  

Ac<ve	  site	  (DFT)	  

20Å	  MM	  region	  

Outer	  5Å	  MM	  
shell	  frozen	  
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Final	  energies	  –	  QM/MM	  

BB1K/6-‐311++G(2d,2p)	  ≈	  170	  atoms	  

Amber	  FF	  ≈	  2700	  atoms	  

Geom	  –	  QM/MM	  

B3LYP/6-‐31G(d)	  ≈	  50	  atoms	  

Amber	  FF	  ≈	  2700	  atoms	  

deleted	  

Ac<ve	  site	  (DFT)	  

20Å	  MM	  region	  

Outer	  5Å	  MM	  
shell	  frozen	  
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20Å	  MM	  region	  

Outer	  5Å	  MM	  
shell	  frozen	  
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Theor	  Chem	  Acc,	  122,	  283,	  2009 

Lactose	   Glucose	   Galactose	  

H2O	  

Kcat	  (water)	  =	  10-‐15	  s-‐1,	  37	  kcal/mol,	  t1/2=22	  Myears	  
Kcat(β-‐gal)=	  102	  s-‐1,	  15	  kcal/mol	  t1/2=	  0,01	  s	  



	  

Reactants	  
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Covalent	  
Intermediate	  

Reactants	  
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Covalent	  
Intermediate	  

Reactants	   Water	  Ajack	  
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Covalent	  
Intermediate	  

Reactants	   Water	  Ajack	   Products	  
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-‐11.7	  kcal/mol	  

Exp:	  rate	  limi<ng;	  	  
Ea=15	  Kcal/mol;	  	  

half-‐chair	  conforma<on	  
dissocia<ve	  
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Intermediate	  Reactants	   Water	  
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-‐11.7	  kcal/mol	  

Ac<ve	  site	  Mg2+	  
ion	  essen<al	  for	  
catalysis	  

Exp:	  rate	  limi<ng;	  	  
Ea=15	  Kcal/mol;	  	  

half-‐chair	  conforma<on	  
dissocia<ve	  
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Covalent	  
Intermediate	  

Reactants	  
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Covalent	  
Intermediate	  

Reactants	   Sugar	  Ajack	  
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Covalent	  
Intermediate	  

Reactants	   Sugar	  Ajack	   Products	  
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Hydrolysed	  Glu	  may	  arack	  Gal	  

before	  dissocia<on	  

	  

ß(1-3)	  

ß(1-4)	  
ß(1-6)	  

Exp	  yield	  ≈	  100%	  

Theor	  Chem	  Acc,	  122,	  283,	  2009 

Galactose-‐Enzyme	  	  
Covalent	  Intermediate	  
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Exp.	  Stereoselec<vity	  reproduced	  
by	  QM	  calcula<ons	  

Covalent	  
Intermediate	  Reactants	   Sugar	  

Rota:on	   Products	  Sugar	  
Ajack	  



System	  
Modelling	  Accurate	  H	  	   Long	  Range	  

Interac:ons	  

Large	  Hybrid	  
QM/MM	  system	  

Func<onal	  
Bechmarking	  

Docking	  
CM	  MD	  simulat.	  

15 
Å 

5 
Å 
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Computa<onal	  enzymology	  can	  give	  atomic-‐level	  insight	  into	  reac<on	  

mechanisms	  

It	  can	  be	  used	  both	  to	  ra<onalize	  experimental	  results	  and	  to	  predict	  

phenomena	  difficult/inaccessible	  to	  experiments	  

Further	  methodologic	  developments	  are	  needed	  to,	  e.g.,	  include	  

sampling	  over	  mul<ple	  enzyme	  conforma<ons	  in	  the	  simula<ons.	  
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