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COMPUTATIONAL CHEMISTRY:
APPLICATION TO BIOLOGICAL SYSTEMS
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Computational chemistry techniques are discussed in the context of the modelling of biological
systems. We consider the application of empirical force fields (Molecular Mechanics) as well as
the use of Quantum Mechanical approaches.

Keywords: Molecular Mechanics; Quantum Mechanics; Molecular Dynamics; Proteins; DNA
and visualisation

1. INTRODUCTION

The application of computational chemistry to systems of biological
relevance encompasses a vast spectrum of techniques attempting to address
a large range of issues. These range from trying to understand the re-
lationship between structure and function, including chemical reactivity in
proteins, through to the mechanism of protein function and include the
application of bioinformatics to enable the searching of large databases. In
this article only two subsets of computational chemistry as applied to
biological systems will be focussed upon: (1) the application of empirical
force fields, Molecular Mechanics (MM) and (2) the application of
Quantum Mechanical (QM) methods.

By their very nature biopolymers, proteins and nucleic acids require
special techniques to investigate their structure and function, such systems
are very large being composed typically of thousands of atoms. Small subtle
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interaction energies, such as hydrogen bonding and = stacking energies,
combine cumulatively to exert large effects on the system. A further
compounding issue is that these systems cannot be treated in isolation and
require that their environment be incorporated in the simulation, this
typically requires inclusion of the solvent either implicitly or explicitly.
Typically it is necessary to have a 3-dimensional structure of the system
from X-ray crystallography or NMR to enable the simulation of the system
under investigation, the absence of such a structure naturally constrains the
ability to perform simulations upon it.

In determining what method is most suitable to the investigation of the
system in question some very rudimentary decisions need to be made. The
primary decision to be addressed is whether the dynamics of the system
will be investigated or if it is to be treated as a static system. If the static
properties of the system are to be addressed then it is possible to obtain the
following information:

Energies of Interaction, such as the binding of ligands or drug molecules.
Geometry Optimisation, location of minima.

Location of Transition States, Activation energies and reaction rates.
Infra Red (IR), Raman and NMR spectra.

Some of this information can be obtained by both MM and QM methods,
whilst some may only be obtained with the latter.

If the dynamic properties of the system are of primary interest then
typically this has been the exclusive domain of MM methods, some of the
information which can be obtained utilising such methods include:

Ensemble averages of the structure.

Folding and unfolding of small biopolymers.

Time average structures.

The effects on structure of temperature and denaturants.

The effects of mutations in the structure of the biopolymer or ligand, this
includes the Gibbs free energy changes involved in such mutations.

2. MOLECULAR MECHANICS

Full modelling of proteins and nucleic acids has been for the last 20 years
the exclusive domain of Molecular Mechanics due to the large number of
atoms involved in the simulations. Typical application of Molecular
Mechanics to biological systems has been in the location optimised
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geometries, that is the location of local minima, application to obtain time
averaged structures and the refinement of X-ray crystal and NMR
structures. In order to perform these investigations it is necessary to have
an energy functional which relates the energy of the system to the
3-dimensional position of the atoms which compose the system, such a
functional is typically described as an empirical force field. An example of
an empirical force field being actively used in the investigation of proteins
and nucleic acids is the AMBER force field [1] illustrated in Eq. (1)
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The first two terms in Eq. (1) express the bond stretching and bond angle
deformation energies as simple harmonic oscillators where the K’s represent
the force constants for the bond stretch and angle deformation, for a specific
pair and triplet of bonded atoms. The third term in Eq. (1) represents the
energy associated with “torsional” barriers such as the gauche-trans energy
difference in ethane, it is by definition a function of a quartet of atoms. The
fourth term in Eq. (1) represents the Van der Waals interaction, between
atoms which are not involved in the first three terms, and is therefore
described as a 1,4 non-bonded term. The Van der Waals interaction is
composed of a long range attractive component and a very short range
repulsive component. The final term in Eq. (1) represents the Coulomb,
electrostatic, interaction between each atom and every other atom in the
system, it is an extremely long range interaction due to the distance between
the two atoms occurring in the denominator.

The AMBER force field [1] Eq. (1) is similar to other empirical force fields
being used in MM simulations of biopolymers such as CHARMM {2] and
MMFF94 [3]. The main difference of “Black Magic” in all such force fields
is in the derivation of the underlying parameters that are required. For the
bond stretching and angle components it is possible to obtain force
constants and equilibrium bond distance and angles from experiment and
high level Ab Initio Molecular Orbital (MO) calculations. The method for
obtaining parameters for the torsional component is less well defined again
they may be inferred from experiment or from high level 45 Initio MO
calculations. The parameters for the Van der Waals component of the force
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field can only be obtained from simulations that compare simulated data
to experiment. This information enables refinement of the values of the
parameters to obtain the best fit to experiment, these simulations are
typically performed for neat small organic liquids. The final term in the
force field, the Coulomb, is the most difficult to parameterise and is also
the most contentious, typically atom centred point charges are calculated
by Ab Initio MO methods and then transferred to the system of interest.

There are a number of extremely important points to consider when
applying empirical force fields to modelling biological systems. First and
foremost the very nature of the bond stretching term in Eq. (1) means that
bonds cannot be broken or formed in MM simulations, thus chemical
reactivity cannot be investigated. There are a large number of parameters
which need to be defined for a system, all of the 20 amino acids and 5 nucieic
acid units are usually predefined for a particular force field. Investigation of
a system that includes residues not predefined requires a large amount of
expertise to parameterise the system. Parameterisation is usually performed
for a particular conformation, environment or set of conditions, therefore,
attempting to perform simulations in which the system is far removed from
the prevailing conditions of parameterisation may lead to very erroneous
results.

Since for MM the energy is a functional with respect to the nuclear co-
ordinates then it is a relatively simple process to take the first derivative to
obtain the forces on the atoms and to proceed to minimise the structure to a
obtain a local minima. By analogy the second derivative at a stationary
point indicates whether the structure is a true minima or a saddle point, the
resulting Hessian gives the force constants and hence the Infra Red spectra
of the molecule under investigation. The relative mathematical simplicity of
the force field equates to simple algorithmic implementation of the energy,
first and second derivatives in a computer package. In addition the low
number of floating point operations required for these tasks facilitates their
very rapid evaluation on the majority of today’s workstations and parallel
computers, thus enabling the study of systems composed of a very large
number of atoms. This enables the investigation of the time evolution of
such systems through the application of Molecular Dynamics (MD).

3. MOLECULAR DYNAMICS

The primary function of Molecular Dynamics (MD) is to enable the
investigation of the time evolution of a system, obtaining the atomic
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positions and velocities as a function of time. To perform MD simulations it
is necessary to integrate Newton’s equations of motion Eq. (2)

m-@——v[U(r =1 2
i~ = Vi 1,72y )i =1,n (2)
where the right hand-side of (2) are the gradient or forces on the atoms.
The integration is performed numerically and this limits the time-step that
may be used for integration, a value of 1 femtosecond (fs), 1 x 10135,
is usually used. The combination of a very small time-step and the large
size of the system under investigation puts constraints on the size of system
that is amenable to simulation, for systems of ca 2000030000 atoms a
realistic simulation length of a couple of hundred picoseconds is fairly
normal.

The typical protocol for simulating a biopolymer, protein or nucleic acid,
is as follows

o Obtain an initial structure from X-ray crystal or NMR data.

e Immerse the biopolymer in a pre-equilibrated box of solvent molecules,
typically water.

e Perform limited geometry optimisation of complete system.

e Perform MD until the system is equilibrated to the desired temperature
and density.

e Perform MD with data collection of positions, velocities, densities,
pressures and temperature efc.

e Data analysis to obtain ensemble averages of desired properties.

One of the most important applications of MD to biopolymers is in the
prediction of the effect of a mutation on a known native structure. Due to
advances in protein engineering it is now possible to selectively substitute
different amino acids into a protein sequence, a process known as site
directed mutagenesis. By performing MD simulations on both the native
structure and the mutant it is possible to interpret the effect of the mutation
on the catalytic efficiency of the protein by analysing the effect on the
3-dimensional structure.

The results of MD simulations are illustrated by two movies associated
with the article which are available from the author. The movie LYSU.mov
shows the first 100 ps of an all atom simulation of the enzyme LysyIRS this
is a large dimer protein which is responsible for producing 4P4A an im-
portant factor in platlet aggregation, stress response and cell proliferation.
A cartoon of the dimer is shown in Figure 1. The protocol for the simulation
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was as follows:

Dimer structure obtained from Brookhaven data base.

o Dimer immersed in a box of Monte Carlo equilibrated waters.

System size ~100,000 atoms of which 29,000 are protein the remainder
water.

System subjected to a few hundred cycles of geometry optimisation using
steepest descent algorithm.

System equilibrated until constant temperature and density achieved.

e 100 ps “production™, data collection, performed.

1 fs time-step used, 14 Angstrom non-bonded cutoff, AMBER all atom
force field.

Due to the extreme size of the system only the protein has been visualised

in the movie.

a

To illustrate the inclusion of solvent in MD simulations we have included
second MD movie of Myoglobin, MYOI1.mov. Figure 2 illustrates the

structure of the protein and surrounding solvent. The protocol for this
simulation was identical to the LYSU protocol above, the only difference
being the number of atoms in the simulation.
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FIGURE 2 Snapshot of Myoglobin simulation. (See Color Plate XVI).

4. QUANTUM MECHANICS

It has been shown in the last section that Molecular Mechanics is incap-
able of accounting for chemical reactivity in biological systems due to the
fact that it does not explicitly include terms involving the dynamic
distribution of electrons. To address the “Electronic” problem, that is a
method that can be applied to electrons, one has to apply a Quantum
Mechanical approach. The starting point of all QM method is Schrodinger’s
wave Eq. (3)

HY =EV. (3)

The method of solution of this equation is broadly speaking split into
two different approaches, Ab Initio and Semi-empirical Molecular Orbital
(MO) techniques. Common to both is the ability to reproduce experi-
mental energetics, geometries and spectra (Infra Red, Ultra Violet, ezc.),
in principle any property of interest may be obtained. In particular the
main feature of both approaches is that reactions can be modelled. The
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fundamental difference between Ab Initio and Semi-empirical is that the
former relies on no “empirical” parameters whilst the latter uses some
experimentally determined data. A further benefit of using these methods
is that excited states may be investigated, this is important as excited states
are important in processes such as electron transfer in photosynthetic
systems.

There are a large number of methods available for performing Ab Initio
electronic structure calculations these include

o HF-SCF - Hartree-Fock Self-Consistent-Field the simplest level of
theory available.

e DFT - Density Functional Theory — the lowest cost method to include
electron correlation.

e MP2, MP3, MP4 — Moller-Plesset perturbation theory, derivative of
Rayleight-Schrodinger perturbation theory, good for accounting for
dynamic correlation.

o CASSCF-Complete Active Space Self Consistent Field theory, a good
method for investigating non-dynamic correlation, chemical reactivity.

The major problem with all of these methods is that the computational
complexity scales very poorly with increased system size. This is due to the
fact that a set of basis functions have to be used to represent the atomic
orbitals of the atoms in the system, for N-basis functions the cheapest form
of Ab Initio MO theory HF-SCF scales at best as N*7. This has typically
constrained the number of atoms in the system to be less than 100 pre-1982.
However, the development and application of the so-called direct methods
found in such packages as Gaussian 98 [4] and Q-CHEM [5] has made a
significant difference to the size of system to which the methods can be
applied, systems up to ca 500 atoms. Further recent developments of
the Fast Multipole Method and methods for efficient evaluation of the
two-electron integrals, the major computational bottleneck, is pushing this
limit into the low thousands of atoms.

Very briefly here we describe an application of 4b Initio MO techniques
to the investigation of a biological system. The application is the inves-
tigation of the excited states of the Iron containing Heme prophyrin of
Myolgobin. Using the crystal structure of Horse Heart Myoglobin the
excited states of the Iron heme unit have been calculated using the
Configuration Interaction Singles (CIS) MO method. Comparison with
experimental determined energy gaps and oscillator strengths are given
in Table I. Figures 3 and 4 illustrate the HOMO and LUMO for the
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TABLEI Comparison of experiment and theory

Band property (e.V.) Calculated Experiment
QY-QX 0.07 0.12
Oscillator (QY/QX) 2.36 2.60
Soret (X-Y) 0.04 021

Osc Soret (Y/X) 1.98 1.89
Soret (Y-QY) 2.47 0.65
Oscillator (Soret Y/QY) 21 20-25

FIGURE 3 HOMO Orbital of Heme unit of Myoglobin. (See Color Plate XVII).

system, interpretation based on these orbitals is instructive in understanding

the excited states.

5. NEW DEVELOPMENTS AND THE WAY FORWARD

One of the most interesting developments for the application of computa-
tional chemistry to biological systems is the development of hybrid QM/
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FIGURE 4 LUMO orbital of Heme unit of Myoglobin. (See Color Plate XVIII).

MM methods. The approach is a divide and conquer one where the
interesting electronic component of the system, i.e., the area in which the
reaction is occurring, is treated with a MO method whilst it is influenced by
a MM description of the rest of the system. In addition to this type of
approach, recent developments in Semi-empirical methods are enabling the
investigation of systems composed of ca 10,000 atoms, similar techniques
are being developed for 4b Initio MO methods, in particular the Fast
Multipole Method (FMM), which ultimately will enable similar size
calculations.

Inherent to these advances is the year on year increases in the speed of
computers, particularly with the development of high performance parallel
machines, which again is increasing the size of system amenable to
calculation. This requirement for high performance computing resources
has recently been demonstrated by Duan and Kollman [6] who have per-
formed a classical MD simulation on a small protein for a microsecond,
the simulation consisting of ~ 20,000 atoms, to try to access the process of
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protein folding. Such a simulation would be impossible without massively
parallel supercomputer technology.
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