Born-Oppenheimer ab initio QM/MM
Molecular Dynamics Simulations of
Enzyme Reactions

Yingkai Zhang

Department.of. Chemistry
New York University

Dr. Yihan Shao (&Chem Inc.)

E9 Y - Dr. Po Hu 555 NI
., Dr. Shenglong Wang $$5 NSF




Two Key Requirements for Reliably
Simulating Enzyme Reactions

A 1. A reasonably accurate potential energy surfac
U A. Describing bond forming/breaking

U B. Modelingheterogeneous
enzyme environment




Combined Ab initio Quantum Mechanical and Molecular
Mechanical (QM/MM) Approach

Enzyme reactive site: small The rest: large

Etotal = EQM + EMM + EQM/MM

— r—ele vdw MM - bonded
EQM/MM - EQI\/I/MM + EQM/MM + EQM/MM

Interaction

U Allows for modeling the chemistry at the enzyme active site
with the stateof-the-art guantum mechanical methods

U Properly including the heterogeneous enzyme environment



QM/MM Covalent Boundary Problem
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How to treat the boundary that bisects the covalent bo



Link Atom Approach
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A Additional atoms to cap the free valence
A Introducing additional degree of freedoms



The Pseudobond Approach
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A Cps: a sevewalenceelectron atom with an effective core

potential

A CpsC: a pseudobond mimics the originalGbond with

the similar bond length and strength, and the similar effect:
on the rest of the system

A No additional atoms or degrees of freedom
A Offers smooth connection between the QM and MM

regions
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New Development: the @swith its own basis set

A Significantly improved
C(sp3}C(sp3)
pseudobonds for cutting
of protein side chains for
6-31G* basis set

A Developed C(sp3)
C(sp2) and C(sp3a\(sp3)
pseudobonds for the
cutting of protein
backbones, DNAs and
RNAs for the first time

A Independent of force field

A DFT (B3LYP, BLYP,
PW91), HF , MP2
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Two Key Requirements for Reliably
Simulating Enzyme Reactions

A 1. A reasonably accurate potential energy surfa

u Describing bond forming/breaking
U Modeling heterogeneous enzyme environment

A 2. Extensive sampling due to the complexity of
energy landscape

Free energy changestead ofpotential energy change

Molecular dynamicsnstead oiminimization



Born-Oppenheimer ab initio QM/MM MD simulation

At each time step, the atomic forces as well as the total
energy of the whole QM/MM system are calculated with
the ab initio QM/MM method on the fly, and Newton
equations of motion are integrated.

U Allows for modeling the chemistry at the enzyme
active site with the statef-the-art qguantum
mechanical methods, while properly including the
heterogeneous enzyme environment

A It takes account of dynamics of the reaction active
site and Its environment on an equal footing.



On-the-fly Born-Oppenheimer ab initio QM/MM ML
simulations are becoming increasingly feasible

Wall time (hour)

One picesecond MD simulation ( 1000 force and energy evaluatio
[intel 64 linux cluster (2.33Ghz, quad core) |-{fhem3.0/Tinker4.2]
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A A highly dissociative and concerted
mechanism for the nicotinamide cleavage
reaction in Sir2 enzymes
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QM: 65 atoms, 562 basis
Functions. MM: more than
9000 atoms.
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720 ps QM/MM MD simulation:

Potential of Mean Force (kcal/mol)
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On-the-fly Born-Oppenheimer ab initio QM/MM MD
simulations are becoming increasingly feasible !

What can we really learn from such
advanced simulations ?



Histone Lysine Methyltransferase (HKMT)

Containing a novel structural fold, and not sharing sequence ot
structural similarity with other methyltransferases.

What is the origin of its catalytic power ?

A prerequisite is to reliably compute free energy barriers
for chemical reactions in enzymes and solutions



