Journal of

Fischer, J Bioanal Biomed 2016, 8:3
DOI: 10.4172/1948-593X.1000e138

Bioanalysis & Biomedicine

Classics and Hybrids - Approaches to Modeling the Dynamics of

Biomolecules
Wolfgang B Fischer*

Institute of Biophotonics, School of Biomedical Science and Engineering, National Yang-Ming University & Biophotonics and Molecular Imaging Research

Center (BMIRC), National Yang-Ming University, Taipei 112, Taiwan

The definition of biological molecules usually comprises proteins,
lipids and DNA/RNA as well as their building blocks as individual
entities. Organic molecules, which are very much smaller than the
biomolecules mentioned are usually considered as ligands which
modulate these very big molecules. Thus, in terms of size, the Angstrom
level is a dimension which counts for the small ligands, the nano meter
and even micro meter level can hold for the biomacromolecules.

Physiological interesting events are investigated on either of these
levels: which conformation does a ligand adopt in its active state at
a protein? How are the dynamical properties of a macromolecule
adopting a mega structure of a liposome or a fibril changing during
events like fusion or cell division. In this respect, static and dynamic
information is requested.

Starting on the small scale, static information can be obtained
from quantum mechanical calculation using respective software. With
software performing quantum mechanical calculations low-energy
structures and with this the most likely conformation of molecules can
be derived. Since these calculations are seen as obtaining energies from
very basic assumptions about atoms and molecules, they are called “ab
initio” calculations.

Introducing the time domain into the ab initio calculations, ab initio
molecular dynamics (aiMD) simulations are developed. In a specific
method, called Car-Parinello molecular dynamics (CPMD) [1], the
technique lives with the compromise of using spherical representations
of the atom with its inner electrons which are not involved in chemical
reactions. The outer electrons are handled explicitly. This means, the
outer electrons are considered to be involved in chemical bonding
and thus, are dealt with on a quantum mechanical level. With this
consideration the method already comprises a hybrid method between
the pure quantum mechanical calculations and the calculations using
the concept of a mechanical force field (ff).

Nevertheless, aiMD is a method with which time resolved data
of atomistic dynamics can be achieved. Molecular dynamics (MD)
simulations are comprised of two steps, one in which the interaction
energy between the atoms is calculated and the respective forces and
velocities deduced and another one in which the atoms are moved to
the respective new positions based on these calculations. The energy
calculations, the first step mentioned above, is quite time consuming.
As a rule of thumb, as more atoms the system consists of the more
calculations have to be done. The calculations can be expressed in
clock-time that means the physical time the computer needs to do all
these calculations. Of course, if calculations can be done in parallel then
the waiting time for the results can be reduced, or in other words, if I
am still willing to wait for e.g. 1 week I can cover longer time spans. At
this scale mentioned, usually the resulting time frame covered by these
aiMD simulations is in the pico second range. So how big can such a
system be so that I can handle it? The answer is, not very big. Usually
the number of operations, the number of energy calculations, which
need to be done are scaling as O(N?) where N represents the number of
atoms in the system. In summary, I will get high precision information
about a rather small system.

Now let’s leap frog. The next level of compromise is to skip all the
electrons and instead represent the atoms and their electrons by spheres.
This approach has the big advantage that one can use Newtonian laws of
motion to derive energies and to move atoms and molecules, therewith
performing MD simulations. These type of simulations are here
referred to as classical MD simulations. In some cases depending on the
applied ff all atoms are represented and dealt with in the simulations.
Some ffs allow a speed-up of the simulation by presenting parameters
for ‘united atom’ types. The united atoms represent e.g. carbon atoms
with their respective hydrogen, so called non titrable atoms, as one
‘united’ system. With appropriate parameters (see previous editorial
[2]) specific conditions of biomacromolecules can readily be covered.
At this stage of course some detailed information about the individual
atoms is lost. In return, larger systems over a larger time frame can be
simulated. Now it is possible to cover the nano second range. With this
technique also in combination with improved hardware power even the
micro and milli second range is covered [3,4].

QM/MM calculations comprise a compromise between high level
quantum mechanical (QM) calculations and molecular mechanical
(MM) calculations. In the latter calculations, atoms are parameterized
as mentioned for MD simulations. The QM calculations are limited to
particular regions of the protein while the MM calculations are used for
the rest of the protein [5]. However, the principle of the simulation is
that of a time independent analysis of conformational flexibility. Latest
QM/MM software scales as O(N?). In biological systems which process
chemical reactions such as enzymes or convert light into mechanical
energy the photoreceptors are suitable candidates for the application
of QM/MM methods [6]. It is the method of choice when chemical
reactions in enzymes are investigated which take place within the
protein. Merging with aiMD [7,8] the hybrid method can now also
be used to simulate time dependent QM/MM molecular dynamics
simulation (QM/MM MD) [6].

Towards the other end, going larger and longer, coarse grained
(CG) techniques are available. Classical MD simulations can also be
adapted to investigations of large scales and long time frames. Currently
available techniques such as coarse grained molecular dynamics
(CGMD) simulations unify four of the classical united atoms used
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in classical MD simulations into a single sphere which itself is newly
parameterized [9,10]. Due to the up-scaling, the type of interactions
can be minimized. The amount of parameters of the ff shrinks to
oversee able numbers. An elastic network model (EM) is superimposed
on the molecule to remain the overall shape of the protein. EM imposes
constraints on the software and therefore the analysis of dynamics of
the protein internal dynamics needs to be considered with some care.
Nevertheless, larger scale dynamics on the tertiary level of proteins can
be readily investigated. Long range dynamics, like undulation of lipid
membranes or oscillations in the low frequency range of large scale
structure can be monitored (vesicles, DNA strains). Per definition the
software of this method is not a hybrid method such as QM/MM. It is
developed as stand-alone technique. All components of the simulation
are coarse grained. It is rather the coarse graining on a structural level
which makes the method very attractive. Hybrid systems in which parts
of the system are differently grained are developed for investigations of
solid-liquid flow [11].

When the frequency of dynamics, such as protein internal
dynamics, are considered as irrelevant for the type of experiment so
called meso-scale simulation approaches can be used. The approach
is especially suitable for a protein or any other systems consisting of
many repeating units which itself can be seen as a ‘rigid’ unit within the
time frame of the overall simulation. Therefore these systems can be
simplified and represented as spheres which are connected by springs.
The dynamics of such systems can be handled either with the concepts
of MD simulations or on the basis of Monte Carlo (MC) simulations.
MC simulations screen low energy configurations of the system in a
time independent fashion. Putative positions of the spheres are adapted
and the consequent energy of the system computed. Low energy
conformations of the system are kept and high energy conformations
are discarded on a random bases (hence MC in reference to the city
Monte Carlo with its famous Casino) Over many calculation steps, low
energy conformation of the system is obtained.

The bond fluctuation method (BFM) is based on such a simplified
representation of the system. The system is are allowed to take positions
on a defined grid or lattice points, a so called ‘lattice model’ [12]. The
method is used in theoretical physics to predict principles of polymer
assembly and dynamics. In BFM the spheres are connected by bond
vectors, allowing to simulate, e.g. long polymer chains. The occupation
of lattice points by individual spheres of the chain is screened in a MC
approach [12,13]. By seeing a protein as a folded biopolymer attempts
have been done to apply BFM for globular protein folding [14]. In
addition, the technique is probed to evaluate its predictive power to the
folding of membrane proteins such as rhodopsin [15] and the transition
of prion protein turning from a healthy to a diseased conformation [16].
In these simulations, the spheres are parameterized so that they embed
specific characteristics of the amino acids they represent. What is the
advantage of such kind of simulations? They are especially suitable for
dense systems where only a very limited set of parameters, such as, e.g. a
lattice point cannot be occupied by two spheres, define the condition of
the system. This technique has the power to define ‘approximate’ results
in, e.g. protein folding, which can be further used in ff-based methods.

There can be two hybrid states. One is between quantum mechanical
calculations and classical MD, a state which is already eagerly in use.
The other is between structure based classical MD and any kind of
CGMD or even BFM type calculations which possibly will appear on
the horizon. As a general outlook, the future could see a race towards
simulations of the system at the small scale supported by increasing
performance power of the hardware, or the development of multi potent

hybrid methods which ‘transform’ smoothly between time scales.
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