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1 Useful Concepts in Molecular

Modelling /:i

-

Pl dzded) @ eudll (Ul

1.1 Introduction /.

What is molecular modelling? ™

“Molecular” clearly implies some
connection with molecules. The
oxford English Dictionary defines
“model” as ‘a simplified or
idealized description of a system or
often
terms, devised to
calculations  and

Molecular
therefore appear to be concerned
with ways to mimic the behavior of

process, in mathematical
facilitate
predictions’.

modelling would

molecules and molecular systems.
Today, molecular modelling is
invariably associated with
computer modelling, but it is quite
feasible to perform some simple
molecular modelling studies using
mechanical models or pencil, paper
and hand calculator. Nevertheless,
computational
revolutionized molecular modelling
to the extent that most calculations
could not be performed without the
use of a computer. This is not to
imply that a more sophisticated
model is necessarily any better than
a simple one, but computers have
certainly extended the range of
models that can be considered and
the systems to which they can be
applied.

techniques have

Fig1: Example of
Molecular Model (Source:
http://www.giantmolecule.

com/shop/scripts/vrodView

.asp 2idproduct=6)

Fig2: Example of
Molecular
Modelling(Source:
http://www]l.imperial.ac.u

k/medicine/people/r.dickins
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The that
chemists first encounter

‘models’ most

are
molecular models such as the
‘stick’ devised by
Dreiding or the ‘space filling’
models of Corey, Pauling and
Koltun (commonly referred to
as CPK models). These models

enable

models

three-dimensional
the
structures of molecules to be
An  important
advantage of these models is
that they interactive,
enabling the user to pose ‘what
if .../ or ‘is it possible to ...
questions.  These
models continue to play an
important role both in teaching,
and in research, but molecular
modelling is also concerned
with
models, many of which have a
distinguished An
obvious example is quantum
mechanics, the foundations of
which were laid many years
before the first computers were

representations of
constructed.

are

7

structural

some more abstract

history.

constructed.
There is a lot of confusion over
the meaning of the
‘theoretical

terms
chemistry’,
‘computational chemistry’ and
‘molecular modelling’. Indeed,
many practitioners use all three
labels to describe aspects of
their research, as the occasion
demands!

Fig3: space filling model of
formic acid
Claysd) zeld ‘space-filling’ - 3.4
(Source:
http:/[www.answers.com/topic/
molecular-graphics)

Fig4: Stick model
(Created with Ball View)
‘Stick” =3¢

&

Fig5: ‘Ball and Stick” model of
proline molecule (Source:

http://commons. wikimedia. org/

wiki/File:L-proline-zwitterion-
from-xtal-3D-balls-B.png)
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‘Theoretical chemistry’ is often considered
synonymous  with
whereas computational chemistry encompasses
but
minimization,

quantum  mechanics,

not only quantum mechanics also
mechanics,

simulations, conformational analysis and other

molecular

computer-based methods for understanding
and predicting the behavior of molecular

systems. Most molecular modelling studies

involve three stages. In the first stage a model is
selected to describe the
molecular interactions in the system. The two
most common models that are used in
molecular modelling are quantum mechanics
and molecular mechanics. These models enable
the energy of any arrangement of the atoms
and molecules in the system to be calculated,

intra- and inter-

and allow the modeler to determine how the
energy of the system varies as the positions of
the atoms and molecules change. The second
stage of a molecular modelling study is the
itself, energy
minimization, a molecular dynamics or Monte
Carlo simulation, or a conformational search.
Finally, the calculation must be analyzed, not
only to calculate properties but also to check
that it has been performed properly.

calculation such as an
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1.2 Coordinate Systems/ st/ oo/

2t is obviously important to be able to
specify the positions of the atoms and/or
molecules in the system to a modeling
program. There are two common ways in
which  this The
straightforward approach is to specify the
Cartesian (x, y, z) coordinates of all the atoms
present. The alternative is to use internal

can be done. most

[5]
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coordinates, in which the position of each
atom is described relative to other atoms in
the system. Internal coordinates are usually
written as a Z-matrix. The Z-matrix contains
one line for each atom in the system.

A sample Z-matrix for the
staggered conformation of ethane
(see Figb) is as follows:

In the first line of the Z-matrix we define
which is a carbon atom. Atom
number?2 is also a carbon atom that is a
distance of 1.54 A° from 1 (columns 3 and 4).
Atom 3 is a hydrogen atom that is bonded to
atom 1 with a bond length of 1.0 A® The angle
formed by atoms 2-1-3 is 109.5°%, and the
torsion angle (defined in fig7) for atoms 4-2-1-
3 is 180° Thus for all except the first three
atom has three
coordinates: the distance of the atom from one
of the atoms previously defined, the angle
formed by the atom and two of the previous
atoms, and the torsion angle defined by the

atoml,

atoms, each internal

atom and three of the previous atoms. Fewer
internal coordinates are required for the first
three atoms because the first atom can be
placed anywhere in space (and so it has no
internal coordinates); for the second atom it is
only necessary to specity its distance from the

JS b ge aas )l ¢ dnternal  coordinatesyalsiu
S Y ST a3 Y o ) R 33
st (Z-matrix) ) Byia s 1S5 e ssle 2l

pldl 38,5 ST e ety v Je (Z-matrix) 2 yiall
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1C

1C 2 C 154 1

2 C 1541 3 H 10 1 1095 2

3 H10 1 1095 2 4 H 10 2 1095 1 180.0 3
4 H 1.0 2 1095 1 180.0 3 5 H 10 1 1095 2 600 4
Z E 1.8 ; 1832 i 66(31(? ;1 ) ! 6 H 1.0 2 1095 1-600 5
RO 2-1500 . Figé : The staggered 7 H 1.0 1 1095 2 180.0 6
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first atom and then for the third atom only a
distance and an angle are required.

It is always possible to convert internal to

Cartesian coordinates and vice versa.
However, one coordinate system is usually
preferred for a given application. Internal
coordinates the
relationship between the atoms in a single
molecule, but Cartesian coordinates may be
appropriate describing a

collection of discrete molecules.

can usefully describe

more when

Internal coordinates are commonly used as
input to quantum mechanics programs,
using
mechanics are usually done in Cartesian

whereas  calculations molecular
coordinates. The total number of coordinates
that must be specified in the
coordinate system is six fewer than the

number of Cartesian coordinates for a non-

internal

linear molecule. This is because we are at
liberty to arbitrarily translate and rotate the
system within Cartesian space
changing the relative positions of the atoms.

without

What is a Torsion angle?™

A torsion angle A-B-C-D is
defined as the angle between
the planes A, B, C and B, C, D.
A torsion angle can vary
though 360° although the
range -180° to +180° is most
commonly used.

b W) 3, Al g ¢ (adtls o) f Lgd ds g Y

£ oy ooV 83 e bag ol BLL Wad L (55 )
AW 5, Lads 4y )y L) s

Jidnternaly ity U] e Lo Wil (S e
s masy . WS Sy (Cartesiany 2580 oL
L;_(.a.@_ufi_lbd_ﬁujzﬁ»\ngauch
i 2 e ol Gy @) Caas OF sl Ul
15, oLy Sy ¢ a1y (moleculey s
oy dis sV 0S5 W (Cartesian coordinates)

S ol S Al S pls g L
el ea)l O (> 3 ¢« (quantum mechanics) <
S =Y & sl o5 B2 b SO plasszaly 2Lt
Pl 3 sud O (g Gl Yl sae e 2,1
s A5, WY 3 e e 3T e s 1)
il e WG Y (non-lineary L= .

L ) LoV i 093 3K cladl 1

?;\};S}Z\ &9l ghh
i ) UL ABCD o aVia gy o &
i) Sy .BCD , ABC oy il

sk 3 180- o~ ol 5 Ol V)
Sy 180+

L1y Modelling Molecular (principles and applications) by Andrew R. Leach (p-2,3,4)

81 Modelling Molecular (principles and applications) by Andrew R. Leach (p-4)

[7]



1.3 Potential Energy Surfaces/4wlSl @lb)l abuw/™

In  molecular modeling the  Born-
Oppenheimer approximation is invariably
to operate. This enables the
electronic and nuclear motions to be
separated; the much smaller mass of the
electrons means that they can rapidly adjust
to any change in the nuclear positions.
Consequently, the energy of a molecule in its
ground electronic state can be considered a

function of the nuclear coordinates only. If

assumed

some or all of the nuclei move then the energy
change.
positions could be the result of a simple
process such as a single bond rotation or it
could arise from the concerted movement of a
large number of atoms. The magnitude of the
accompanying rise of fall in the energy will
depend upon the type of change involved.
For example, about 3 kcal/mol is required to
change the covalent carbon-carbon bond
length in ethane by 0.1A° away from its
equilibrium value, but only about 0.1kcal/mol
is required to increase the non-covalent
separation between two argon atoms by 1A°
from their minimum energy separation. For
small isolated molecules, rotation about single
bonds usually involves the smallest changes
in energy. For example, if we rotate the
carbon-carbon bond in ethane, keeping all of
the bond lengths and angles fixed in value,
then the energy varies in an approximately
sinusoidal. The energy in this case can be
considered a function of a single coordinate
only (i.e. the torsion angle of the carbon-
carbon bond), and as such can be displayed
graphically, with energy along one axis and
the value of the coordinate along the other.

Changes in the energy of a system can be
considered  as

will usually The new nuclear

movements on a
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multidimensional ‘surface’ called the energy 5 sl sadate "C;Q_M)\” e ol ) w3

surface.
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[4] Modelling Molecular (principles and applications) by Andrew R. Leach (p-4,5)

1.4 Molecular Graphics/ 4 i/ wloguw !

Molecular graphics (MG) is the discipline and
philosophy of studying molecules and their
properties through graphical representation.
IUPAC limits the definition to representations
on a "graphical display device".

Computer graphics has had a dramatic impact
upon molecular modelling.

It is the interaction between molecular graphics
and the underlying theoretical methods that has
the accessibility of
modelling methods and assisted the analysis
and interpretation of such calculations.

enhanced molecular

Over the years, two different types of molecular
graphics display have been used in molecular
modelling. First to be developed were vector
devices, which construct pictures using an
electron gun to draw lines (or dots) on the
screen, in a manner similar to an oscilloscope.
Vector devices were the mainstay of molecular
modelling for almost two decades but have now
been largely superseded by raster devices. These
divide the screen into a large number of small
"dots", called pixels. Each pixel can be set to any
of a large number of colors, and so by setting
each pixel to the appropriate color it is possible
to generate the desired image.

Molecules are most commonly represented on a
computer graphics using stick' or 'space filling'
representations.
these two basic types have been developed, such
as the ability to color molecules by atomic

Sophisticated variations on

[9]
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number and the inclusion of shading and
lighting effects, which give 'solid' models a more
realistic appearance.

Computer-generated models do have some
advantages compared with their
mechanical Of  particular
importance is the fact that a computer model can
be interrogated to provide
quantitative  information, simple
geometrical measures such as the distance
between two atoms to more complex quantities
such as the energy or surface area. Quantitative
information such as this can be very difficult if
not impossible to obtain from a mechanical
model. Nevertheless, mechanical models may
still be preferred in certain types of situation due
to the ease with which they can be manipulated

when
counterparts.

very easily

from

and viewed in three dimensions.

A computer screen is inherently two-
dimensional, whereas molecules are three-
dimensional = objects. = Nevertheless, some

impression of the three-dimensional nature of
an object can be represented on a computer
screen using techniques such as depth cueing (in
which those parts of the object that are further
away from the viewer are made less bright) and
through the use of perspective. Specialized
hardware three-
dimensional stereo images to be viewed. In the
future ‘virtual reality’ systems may enable a
scientist to interact with a computer-generated
molecular model in much the same way that a
mechanical model can be manipulated.

enables more realistic

Even the most basic computer graphics program
provides the
manipulation of models, including the ability to

some standard facilities for
translate, rotate and ‘zoom’ the model towards
and away from the viewer. More sophisticated
packages can provide the with
quantitative feedback on the effect of altering
the structure. For example, as a bond is rotated

then the energy of each structure could be

scientist

[10]
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calculated and displayed interactively.

For large molecular systems it may not always
be desirable to include every single atom in the
computer image; the sheer number of atoms can
result in a very confusing and cluttered picture.
A clearer picture may be achieved by omitting
certain atoms (e.g. hydrogen atoms) or by
representing groups of atoms as single “pseudo-
The techniques that
developed for displaying protein structures
nicely illustrate the range of computer graphics
representation possible. Proteins are polymers
constructed from amino acids, and even a small
protein may contain several thousand atoms.
One way to produce a clearer picture is to
dispense with the explicit representation of any
atoms and to represent the protein using a
‘ribbon’. are
represented using the

developed by J Richardson.

atoms’. have been

also
cartoon drawings

Proteins commonly
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1.5 Surfaces/zbw wib>lud®

Many of the problems that
are studied using molecular
modelling involve the non-
covalent

between

molecules.
such
facilitated by examining the
van der waals, molecular or

Fig
The

interaction
two or more
The study of

interaction is often

I

accessible surfaces of the

molecule. The van der

[11]
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waals surface is simply

constructed the
overlapping van der waals

from the center of the p

blue) as it rolls along the van der

dashed lines and is created by tracing ~ =N\_= (3 (van der waals) JL_

robe sphere (in ,

spheres of the atoms, Fig 8. Waals surface.(Source: space- 3 +<% o CPK o3 I J._c
It corresponds to a CPK or http://en.wikipedia.org/wiki/Accessibl IR o
space-filling model. Let us e_surface) L= AN s#> illing

now consider the approach
of a small “probe” molecule,
represented as a single van
der waals sphere, up to the
van der waals surface of a
larger molecule.

The finite size of the probe
sphere means that there will
be regions of ‘dead space’,
that

&
f'.

P

Moleodar auface

crevices are not

e

Fig9 : (Source:
http://www.ccp4.ac.uk/.../newsletter38/03

0L s b ¢ gl a5 5
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van der Waals”

mhe/ suiface
'

i

Frobe sphere

accessible to the probe as it
rolls about on the larger
molecule.

This is illustrated in fig 1.4. The amount of
dead space increases with the size of the
probe; conversely, a probe of zero size would
be able to access all of the crevices. The
molecule surface contains two different types
of surface element.
corresponds to those regions where the probe
is actually in contact with the van der waals
surface of the ‘target’. The re-entrant surface
regions occur where there are crevices that are
too narrow for
penetrate. The molecular surface is usually
defined using a water molecule as the probe,
represented as a sphere of radius 1.4 A°.

The contact surface

the probe molecule to

The accessible surface is also widely used. As
originally defined by Lee and Richards this is
the surface that is traced by the center of the
probe molecule as it rolls on the van der waals
surface of the molecule (Fig.1.4). The center of
the probe molecule can thus be placed at any
point on the accessible surface and not
penetrate the van der waals spheres of the

[12]
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atoms in the molecule.
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[6] Modelling Molecular (principles and applications) by Andrew R. Leach (p-6,7)

1.6 Computer Hardware and Software/ siswedf cibiana sy i iga/

'The workstations that are commonplace in
many laboratories now offer a real alternative
to centrally maintained 'supercomputers' for
molecular modelling calculations, especially
as a workstation or even a personal computer
can be dedicated to a single task, whereas the
supercomputer has to be shared with many
other users. Nevertheless, in the immediate
future there will always be some calculations
that the power that
supercomputer can offer. The speed of any
computer system is ultimately constrained by
the speed at which electrical signals can be
transmitted. This means that there will come a

require only a

time when no further enhancements can be
made using machines with
single-processor architectures,
parallel computers will play an ever more
important role.

‘traditional’

serial and

To perform molecular modelling calculations
one also requires appropriate programs (the
software). The software used by molecular
modelers ranges from simple programs that
perform just a single task to highly complex
packages that integrate many different
methods. There is three items of software
have been so widely used: the Gaussian series
of programs for performing ab intio quantum
mechanics!", the MOPAC/AMPAC programs
for semi-empirical quantum mechanics and
the MM2 program for molecular mechanics.
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(@1 Ab initio quantum chemistry methods are computational chemistry methods based on quantum chemistry/
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1.7 Units of Length and Energy/ 4ikls skl cilia 4181

Z-matrix is defined using the angstrom as
the unit of length (1 A°= 10 -1 m=100pm).
The angstrom is a non-SI (International
System of units) unit but is a very
convenient one to use, as most bond
lengths are of the order of 1-2 A°. One
other very commonly non-SI unit found in
molecular modelling literature is the
kilocalorie (1 kcal=4.1840 kJ). Other systems
of units are employed in other types of
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calculation, such as the atomic units used . .
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1.8 Mathematical Concepts/ 4usl M adliol!

A full appreciation of all the techniques of

Sl o A& JoT o sl ) bl el o2
molecular

modelling would
mathematical treatment. However, a proper
understanding does benefit
knowledge of mathematical concepts such as
vectors, equations,
complex numbers, series expansions and
lagrangian multipliers very

require a ) ,
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il _oladl Yslll cmatrices b siall ¢ vector axill

from some

complex si—iall al_3 ,Y15 ¢ differential equations

matrices, differential
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some
elementary statistical concepts.
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