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Molecular Dynamics, MD Simulation
For analyzing biomolecular dynamics and functions

London, home to Maurice Wilkins, who shared the 1962
Nobel Prize with Crick and Watson, and where there was
a third-year biophysics option. In 1967, towards the end of my
BSc degree I applied to Kendrew and Perutz to do a PhD at
the Medical Research Council Laboratory of Molecular
Biology in Cambridge but they turned me down for lack of
space. Persuaded by friends (who went on to be very
successful businessmen), I asked to be considered for 1968.
This time they invited me for an interview but their decision
to consider me in 1968 left me at a loose end. Again my
friends worked on me and I drove up to Cambridge, accosted
Max Perutz in the corridor, and when he agreed to discuss my
case with Kendrew, I beat a hasty retreat. I was overjoyed
when I heard few days later that I had definitely been
accepted for 1968. Kendrew went on to insist that I spend the
intervening year with Lifson at the Weizmann Institute, and
made his suggestion very attractive by getting me, who had
just finished his BSc, a Royal Society Exchange postdoctoral
fellowship at the Institute.

The consistent force field description of the potential
energy function of a molecule (Figure 7) is very powerful as it
can be used to compute all the properties of any molecular
system by a combination of the methods shown in Figure 8.
Relying on the transferability of the energy parameters, I
realized that although Lifson and Warshel had not included
amino acids in their parameter determination, and indeed had
determined energy parameters for only two (H and C) of the
four (H, C, N, O) atom types that occur commonly in amino

acids, their methods could be extended. This made me start to
do calculations on protein molecules that had many hundreds
of atoms compared to the few tens of atoms in the molecules
studied by Warshel and Lifson.[9] My idea was to energy-
minimize the atomic structure of an entire protein by moving
the atoms in Cartesian coordinates (x,y,z). Such a calculation
was feasible even though the Golem A had so little memory
because one did not require first derivatives for energy
minimization: it was sufficient to follow the forces downhill
by a method called steepest descents. Consider a small
molecule with 30 atoms. Its second-derivative matrix requires
(3 ! 30)2/2 = 4050 memory words. This space suffices for the
first-derivative vector of a protein with 1350 atoms, more than
enough for lysozyme with 964 heavy atoms or myoglobin with
1120 heavy atoms.

The issue was where to get the X-ray-determined atomic
coordinates for these two proteins. Fortunately, Prof. Nathan
Sharon and his PhD student Yuval Eshdat had obtained
printouts of the coordinates of these proteins from David
Phillips and John Kendrew, respectively, so that they could
build a brass-wire model with what are known as Watson–
Kendrew components. I had volunteered to help Yuval build
the model of lysozyme (Figure 9). This allowed me to get the
printout typed onto punched cards and then run the first

Figure 6. John Kendrew had a greater influence on my career than
anyone else but this influence was indirect. One year after winning the
1962 Nobel Prize, Kendrew wrote and presented a BBC television
program entitled the Thread of Life. I had arrived from South Africa
two months before the program began to be aired on January 4th,
1964. I was living with my aunt and uncle, both scientists, in London
and had never seen TV before. Although the screen was small, the
resolution low and the color more black and yellow than black and
white, I was immediately addicted. Thankfully, I got to watch Ken-
drew’s program which no longer exists and got the most amazing
introductory course in molecular biology imaginable. The topics dealt
with could be the backbone of a modern course in molecular biology,
starting with “The REVOLUTION IN BIOLOGY” (on January 4, 1964)
and ending with “The WAY AHEAD” (on March 7, 1964).

Figure 7. The energy function of any molecule is classical both in that
it does not use quantum mechanics and also because it relies on
a classical description of the molecule as a collection of balls
connected by springs. The terms shown here have been used with
little alteration since 1970. They account for bond stretching and bond
angle bending as harmonic springs. Both degrees of freedom b and q
have an equilibrium value given by the energy parameters bo and qo,
respectively. The potential energy of a single bond or bond angle
increases if the bond (or angle) is compressed or extended. The
stiffness of the spring is given by other energy parameters, Kb and Kq.
The other energy terms are a little more complicated but they follow
the simple bond and angle terms in that they depend on the types of
interacting atoms and each interaction contributes to the total
potential energy in a simple additive fashion. Different terms use
different energy parameters, which must be determined by least-
squares refinement of calculated molecular properties against those
observed. Lifson and Warshel started this process in 1968 and it is still
used to refine the most-modern classical molecular potential energy
functions. The newest force fields are based on high-order quantum
calculations[10] rather than experimental data.
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systems”.



Evolution of MD Simulation
Toward more realistic modeling, and longer timescale

1) McCammon et.al, Nature (1977)
2) Duan et al., Science (1998)
3) de Groot et al., Science (2001)
4) Shaw et al., Science (2010)
5) Whitford et al., PLOS Comput. Biol
(2013)
6) Zhao et al., Nature (2013)
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GENESIS 1.0
J. Jung, T. Mori et al. WIREs Comput. Mol. Sci. 5, 310-323 (2015)

https://www.r-ccs.riken.jp/labs/cbrt/
This is free software under GPLv2 License. 

Current version: 1.3.0

Highly scalable
Enhanced sampling
General purpose

Leader: Y. Sugita

Main developers:
C. Kobayashi, J. Jung, Y. 
Matsunaga, T. Mori, T. 
Ando, K. Tamura, M. 
Kamiya



Computational Drug Discovery
From “Docking” to “Binding”
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Replica-Exchange MD (REMD)
Overcome high energy barrier by 
parameter exchanges

Y. Sugita and Y. Okamoto, Chem. Phys. Lett. 314:141-151 (1999)

Avoid trapping



2D-REMD for Ligand Binding
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First application: H. Kokubo et al. J. Comput. Chem. 34:2601-2614 (2013)

Multidimensional REMD: Y. Sugita, A. Kitao, and Y. Okamoto, J. Chem. Phys. 113: 6042-6051 (2000), MREM,
REUS, H. Fukunishi, O. Watanabe, and S. Takada, J. Chem. Phys. 2002, 116 (20), 9058–9067, H-REMD
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Enhanced sampling of ligand-binding events



Src Kinase – Inhibitor Binding
A key signaling kinase in cancer process
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Three Essential States

Encounter complex

Bound state

Bound, TS, Encounter, Unbound states
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gREST/REUS simulations provide atomic-level details of these 
states, we will discuss them in the presentation.



Take-Home Message
MD simulations using enhanced sampling techniques as 
gREST/REUS can provide the information of multiple bound 
poses, multiple intermediates, and multiple pathways in 
protein-ligand bindings with high statistical accuracy.

The binding pathway information provides the functional 
interactions that cannot be seen in the X-ray structures, 
exploring new deign principle.

GENESIS on K and post-K computers would be a promising tool 
for next-generation drug discovery.
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