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Preface to the Second
Edition

The impetus for this second edition is a desire to include some of the new techniques that have
emerged in recent years and also extend the scope of the book to cover certain areas that were
under-represented (even neglected) in the first edition. In this second volume there are
three topics that fall into the first category (density functional theory, bioinformatics/ protein
structure analysis and chemoinformatics) and one main area in the second category
(modelling of the solid state). In addition, of course, a new edition provides an opportunity
to take a critical view of the text and to re-organise and update the material. Thus whilst
much remains from the first edition, and this second book follows much the same path
through the subject, readers familiar with the first edition will find some changes which I
hope they will agree are for the better.

As with the first edition we initially consider quantum mechanics, but this is now split into
two chapters. Thus Chapter 2 provides an iniroduction to the ab initio and semi-empirical
approaches together with some examples of the uses of quantum mechanics. Chapter 3
covers more advanced aspects of the ab initio approach, density functional theory and the
particular problems of the solid state. Molecular mechanics is the subject of Chapter 4
and then in Chapter 5 we consider energy minimisation and other static’ techniques.
Chapters 6, 7 and 8 deal with the two main simulation methods (molecular dynamics and
Monte Carlo). Chapter 9 is devoted to the conformational analysis of ‘small’ molecules
but also includes some topics (e.g. cluster analysis, principal components analysis) that
are widely used in informatics. In Chapter 10 the problems of protein structure prediction
and protein folding are considered; this chapter also contains an introduction to some of
the more widely used methods in bioinformatics. In Chapter 11 we draw upon material
from the previous chapters in a discussion of free energy calculations, continuum solvent
models, and methods for simulating chemical reactions and defects in solids. Finally,
Chapter 12 is concerned with modelling and chemoinformatics techniques for discovering
and designing new molecules, including database searching, docking, de novo design,
quantitative structure-activity relationships and combinatorial library design.

As in the first edition, the inexorable pace of change means that what is currently considered
‘cutting edge’ will soon become routine. The examples are thus chosen primarily because
they illuminate the underlying theory rather than because they are the first application of
a particular technique or are the most recent available. In a similar vein, it is impossible
in a volume such as this to even attempt to cover everything and so there are undoubtedly
areas which are under-represented. This is not intended to be a definitive historical account
or a review of the current state-of-the-art. Thus, whilst I have tried to include many literature
references it is possible that the invention of some technique may appear to be incorrectly
attributed or a ‘classic’ application may be missing. A general guiding principle has been
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to focus on those techniques that are in widespread use rather than those which are the
province of one particular research group. Despite these caveats I hope that the coverage
is sufficient to provide a solid introduction to the main areas and also that those readers
who are ‘experts’ will find something new to interest them.

A Companion Web Site accompanies Molecular Modelling:
Principles and Applications, Second Edition by Andrew Leach

Visit the Molecular Modelling Companion Web Site at www.booksites.net/leach

The website contains general information about the book, up-to-date hyperlinks to
related chemistry sources on the web, reference copies of appendices of relevant
acronyms, and twenty-six full screen, full-colour graphical representations of molecular
structures.




Preface to the First Edition

Molecular modelling used to be restricted to a small number of scientists who had access to
the necessary computer hardware and software. Its practitioners wrote their own programs,
managed their own computer systems and mended them when they broke down. Today’s
computer workstations are much more powerful than the mainframe computers of even a
few years ago and can be purchased relatively cheaply. It is no longer necessary for the
modeller to write computer programs as software can be obtained from commercial soft-
ware companies and academic laboratories. Molecular modelling can now be performed
in any laboratory or classroom.

This book is intended to provide an introduction to some of the techniques used in
molecular modelling and computational chemistry, and to illustrate how these techniques
can be used to study physical, chemical and biological phenomena. A major objective is
to provide, in one volume, some of the theoretical background to the vast array of methods
available to the molecular modeller. I also hope that the book will help the reader to select
the most appropriate method for a problem and so make the most of his or her modelling
hardware and software. Many modelling programs are extremely simple to use and are
often supplied with seductive graphical interfaces, which obviously helps to make
modelling techniques more accessible, but it can also be very easy to select a wholly
inappropriate technique or method.

Most molecular modelling studies involve three stages. In the first stage a model is selected
to describe the intra- and inter-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, and allow the modeller 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 calculation itself, such as an energy minimisation, a
molecular dynamics or Monte Carlo simulation, or a conformational search. Finally, the
calculation must be analysed, not only to calculate properties but also to check that it has
been performed properly.

The book is organised so that some of the techniques discussed in later chapters refer to
material discussed earlier, though I have tried to make each chapter as independent of
the others as possible. Some readers may therefore be pleased to know that it is not essential
to completely digest the chapters on quantum mechanics and molecular mechanics in order
to read about methods for searching conformational space! Readers with experience in one
or more areas may, of course, wish to be more selective.

1 have tried to provide as much of the underlying theory as seems appropriate to enable the
reader to understand the fundamentals of each method. In doing so I have assumed some
background knowledge of quantum mechanics, statistical mechanics, conformational
analysis and mathematics. A reader with an undergraduate degree in chemistry should
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have covered this material, which should also be familiar to many undergraduates in the
final year of their degree course. Full discussion can be found in the suggestions for further
reading at the end of each chapter. | have also attempted to provide a reasonable selection of
original references, though in a book of this scope it is obviously impossible to provide a
comprehensive coverage of the literature. In this context, I apologise in advance if any tech-
nique is inappropriately attributed.

The range of systems that can be considered in molecular modelling is extremely broad,
from isolated molecules through simple atomic and molecular liquids to polymers, bio-
logical macromolecules such as proteins and DNA and solids. Many of the techniques are
illustrated with examples chosen to reflect the breadth of applications. It is inevitable that,
for reasons of space, some techniques must be dealt with in a rudimentary fashion (or not
atall), and that many interesting and important applications cannot be described. Molecular
modelling is a rapidly developing discipline and has benefited from the dramatic improve-
ments in computer hardware and software of recent years. Calculations that were major
undertakings only a few years ago can now be performed using personal computing
facilities. Thus, examples used to indicate the state of the art’ at the time of writing will
invariably be routine within a short time.



Symbols and Physical
Constants

This list contains the most frequently used symbols and physical constants ordered
according to approximate appearance in the text.
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Lagrange multiplier

spherical polar coordinates

orthogonal unit vectors along x, y, z axes

Euler angles

arithmetic mean value of x

unit matrix

square root of —1

unit vector

exponent in Gaussian function (normal distribution)
standard deviation

variance

Planck’s constant (6.626 18 x 107*]s)

h/2m (1.05459 x 107*]s)

particle mass

molecular wavefunction

& /ox* + 02/8y2 + 8° )02 (‘del-squared’)

Hamiltonian

spatial orbital

spin functions (‘spin up” and “;pin down")

spin orbital (product of spatial orbital and a spin function)
basis function/atomic orbital (usually labelled ¢,, ¢, ¢A bs)
indicates an integral over all spatial coordinates
indicates an integral over all spin coordinates

indicates an integral over all spatial and spin coordinates
distances between two particles i and j (usually electrons in quantum mechanics)
distance between two nuclei A and B

Kronecker delta (6; = 1if i = j; &; = 0 if i # ))

exchange operator

Coulomb operator

core Hamiltonian operator

Fock matrix :

overlap matrix

overlap integral between orbitals i and j

Fock operator

matrix of basis function coefficients
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E matrix of orbital energies

P density matrix

¢ Slater exponent

K number of basis functions

N number of electrons

M number of nuclei

ot Coulomb integral in Hiickel theory

I¢] resonance integral in Hiickel theory

o atomic or molecular polarisability

p(r) electron density at r

o(r) electrostatic potential at r

ab,c lengths used to describe unit cell

a, By angles used to describe unit cell

G reciprocal lattice vector

b ¢ translation within real-space lattice

k wavevector used in solid-state quantum mechanics
qi partial charge on atom i

Za nuclear charge on atom A

o dipole moment

(S quadruple moment

l bond length

k force constant

0 bond angle

T, W torsion angle

E electric field

X electronegativity

€ well depth parameter in Lennard-Jones pairwise potential function
a collision diameter used in Lennard-Jones function
A separation corresponding to minimum in Lennard-Jones function
A coefficient of 7% in Lennard-Jones function

C coefficient of r¢ in Lennard-Jones function

£ dielectric constant in vacuo

i relative permittivity

€ dielectric constant (€ = g,¢,)

kg Boltzmann's constant (1.38066 x 10"2JK™!)

Na Avogadro’s number (6.02205 x 10% mol ™)

N number of particles in system

r atomic or molecular position

™ denotes positions of the N particles in the system
p linear momentum

p" denotes momenta of the N particles in the system
p total linear momentum of system

¥ total potential energy of system (often written as a function of r")

v pairwise potential energy
X 3N Cartesian vector at point k
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gradient at point k (first derivative of ¥~ with respect to the coordinates)
Hessian matrix of second derivatives of ¥~ with respect to the coordinates

normal mode vibrational frequency
inverse Hessian matrix

canonical ensemble partition function
configurational integral

kinetic energy

density

temperature

de Broglie wavelength (= /h?/2mmkgT)
time

pressure

volume

instantaneous energy

internal energy

Helmbholtz free energy

Gibbs free energy

heat capacity at constant volume

pair radial distribution function
switching function

length of box in periodic simulations
statistical inefficiency

angular velocity

reduced mass

virial

velocity

acceleration

third derivative of position with respect to time (d%r/dr)
time step in molecular dynamics simulations
force between particles i and j
Ensemble average value of property A
generalised coordinate

un-normalised correlation function
normalised correlation function
coupling parameter

isothermal compressibility

collision frequency/friction coefficient (in stochastic dynamics)
order parameter

probability density function

transition matrix

stochastic matrix

random number (usually in range 0 to 1)
activity

chemical potential

Rosenbluth weight
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G metric matrix (in distance geometry)

pi ith principal component

z variance-covariance matrix

A coupling parameter (used in free energy calculations)

w(rY) weighting function used in umbrella sampling

s number density (= N/V)

SaB similarity coefficient between two molecules A and B

Dap ‘distance’ between two molecules A and B

o Hammett substitution constant

P partition coefficient of solute between two solvents

T log(P,/Py) for a substituent X relative to a hydrogen substituent
s squared correlation coefficient

R? squared correlation coefficient in multiple linear regression

cross-validated R?



Acknowledgements

For this second edition I would like to thank Drs Neil Allan, Paul Bamborough, Gianpaolo
Bravi, Richard Bryce, Julian Gale, Richard Green, Mike Hann and Alan Lewis, who commen-
ted on various parts of the new text. Julian Gale’s suggestions were particularly useful for
refining the sections concerning materials science and solid-state applications. I would
also like to record my thanks once more to those who gave their time to read and comment
on draft copies of various chapters of the first edition, upon which this second edition is
based (in alphabetical order): Dr D B Adolf, Dr ] M Blaney, Professor A V Chadwick, Dr
P S Charifson, Dr C-W Chung, Dr A Cleasby, Dr A Emerson, Dr ] W Essex, Dr D V S
Green, Dr [ R Gould, Dr M M Hann, Dr C A Leach, Dr M Pass, Dr D A Pearlman, Dr C A
Reynolds, Dr D W Salt, Dr M Saqji, Professor ] I Siepmann, Dr W C Swope, Dr N R Taylor,
Dr P ] Thomas, Professor D ] Tildesley and Mr O Warschkow.

Assistance with the illustrations for the second edition was provided by Drs R Groot,
S McGrother and V Milman. Many of the figures from the first edition are also included
here and so I would like to thank again Dr S E Greasley, Dr M M Hann, Dr H Jhoti, Dr SN
Jordan, Professor G R Luckhurst, Dr P M McMeekin, Dr A Nicholls, Dr P Popelier, Dr A
Robinson and Dr T E Klein.

Alexandra Seabrook, Pauline Gillett and Julie Knight at Pearson Education provided the
foundation of the publishing team, coping with a steady stream of questions and keeping
everyone to schedule. Especial thanks are due to Julie, who did a splendid job as editor.

Any errors that remain are of course my own responsibility. If you do find any, I would like
to know! I will also be pleased to receive any constructive suggestions, comments or
criticisms. We plan to set up a web site that will provide access to various material from
the book (such as electronic versions of the colour images) together with email contacts.
This can be accessed via www.booksites.net.

Molecular modelling would not be what it is today without the efforts of those who develop
computer hardware and software and I would like to acknowledge the authors of the follow-
ing computer programs which were used to generate figures and/or data described in the
text. All calculations were performed using Silicon Graphics computers.

AMBER: D A Pearlman, D A Case, ] C Caldwell, G L Seibel, U CSingh, P Weiner and P A Kollman 1991.
Amber 3.0, University of California, San Francisco.

Cambridge Structural Database: F H Allen, S A Bellard, M D Brice, B A Cartwright, A Doubleday, H
Higgs, T Hummelink, B G Hummelink-Peters, O Kennard, W D S Motherwell, ] R Rodgers and
D G Watson 1979. The Cambridge Crystallographic Data Centre: Computer-Based Search,
Retrieval, Analysis and Display of Information. Acta Crystallographica B35:2331-2339. Cambridge
Crystallographic Data Centre, Cambridge, United Kingdom.

CASTEP: Molecular Simulations Inc., 9685 Scranton Road, San Diego, California, USA.

Catalyst: Molecular Simulations Inc., 9685 Scranton Road, San Diego, California, USA.

Cerius2: Molecular Simulations Inc., 9685 Scranton Road, San Diego, California, USA.



XX Acknowledgements

COSMIC: ] G Vinter, A Davis, M R Saunders 1987. Strategic approaches to drug design. I. An integrated
software framework for molecular modeling. Journal of Computer-Aided Molecular Design. 1(1):31-51.

Dials and Windows: G Ravishanker, S Swaminathan, D L Beveridge, R Lavery and H Sklenar 1989.
Journal of Biomolecular Structure and Dynamics 6:669-699. Wesleyan University, USA.

Gaussian 92: M | Frisch, G W Trucks, M Head-Gordon, P M W Gill, M W Wong, | B Foresman, B G
Johnson, H B Schlegel, M A Robb, E S Replogle, R Gomperts, | L Andres, K Raghavachari, | S
Binkley, C Gonzalez, R L Martin, D ] Fox, D | DeFrees, ] Baker, | ] P Stewart and | A Pople.
Gaussian Inc., Pittsburgh, Pennsylvania, USA.

GCG: Genetics Computer Group, Inc., University Research Park, 575 Science Drive, Suite B, Madison,
Wisconsin 53711, USA.

GRASP (Graphical Representation and Analysis of Surface Properties): A Nicholls, Columbia
University, New York, USA.

GRID: P ] Goodford 1985. A Computational Procedure for Determining Energetically Favorable
Binding Sites on Biologically Important Macromolecules. Journal of Medicinal Chemistry 28:849-
857. Molecular Discovery Ltd, Oxford, United Kingdom.

Insightll: Molecular Simulations Inc., 9685 Scranton Road, San Diego, California, USA.

IsoStar: 1 ] Bruno, ] C Cole, ] P M Lommerse, R S Rowland, R Taylor and M L Verdonk 1997. Isostar: a
library of information about nonbonded interactions. Journal of Computer-Aided Molecular Design
11:525-537. Cambridge Crystallographic Data Centre, Cambridge, United Kingdom.

Micromol: S M Colwell, A R Marshall, R D Amos and N C Handy 1985. Quantum chemistry on
microcomputers, Chemistry in Britain 21:655-659.

Molscript: P ] Kraulis 1991. Molscript - A program to produce both detailed and schematic plots of
protein structures. Journal of Applied Crystallography 24:946-950.

PROCHECK: R Laskowski, M W MacArthur, D S Moss and ] M Thornton 1993. Procheck - A program
to check the stereochemical quality of protein structures. Journal of Applied Crystallography 26:283-
291.

Quanta: Molecular Simulations Inc., 9685 Scranton Road, San Diego, California, USA.

Spartan: Wavefunction Inc., 18401 Von Karman, Suite 370, Irvine, California, USA.

SPASMS (San Francisco Package of Applications for the Simulation of Molecular Systems). D A
Spellmeyer, W C Swope, E-R Evensen, T Cheatham, D M Ferguson and P A Kollman.
University of California, San Francisco, USA.

Sybyl: Tripos Inc., 1699 South Hanley Road, St. Louis, Missouri, USA.

The following programs were used to produce draft copies of the manuscript and diagrams: Microsoft
Word (Microsoft Corp.), Gnuplot (T Williams and C Kelley), Kaleidagraph (Abelbeck Software),
Chem3D (CambridgeSoft Corp.) and Microsoft Excel (Microsoft Corp.).

We are grateful to the following for permission to reproduce copyright material:

Figure 1.11 from Mathematical Methods in the Physical Sciences, 2nd edn, Boas M L, :1983. Reprinted by
permission of John Wiley & Sons, Inc.

Figure 1.14 from The FFT Fundamentals and Concepts by Ramirez (©1985. Reprinted by permission of
Prentice-Hall, Inc., Upper Saddle River, NJ.

Figures 2.7 and 3.3 from Ab initio Molecular Orbital Theory, Hehre W ], L Radom, P v R Schleyer, ] A
Hehre ©1986. Reprinted with permission by John Wiley & Sons, Inc.

Figure 3.5 from Gerratt |, D L Cooper, P B Karadakov and M Raimondi 1997. Modern valence bond
theory. Chemical Society Reviews 87-100. Reproduced by permission of The Royal Society of
Chemistry.

Figure 3.22 from Needs R ] and Mujica 1995. First-principles pseudopotential study of the structural
phases of silicon. Physical Review B 51:9652-9660.



Acknowledgements xxi

Figure 3.23 from Cohen M L 1986. Predicting New Solids and Superconductors. Science 234:549-553.

Figure 4.18 from Buckingham A D 1959. Molecular Quadrupole Moments. Quarterly Reviews of the
Chemical Society 13:183-214. Reproduced by permission of The Royal Society of Chemistry.

Figure 4.22 from Stone A ] and M Alderton 1985. Distributed Multipole Analysis Methods and
Applications. Molecular Physics 56:1047-1064. http:/ / www.tandf.co.uk/journals

Figure 4.29 from Computer Simulation in Chemical Physics, edited by Allen M P and D ] Tildesley, 1993.
Effective Pair Potentials and Beyond, Sprik M, with kind permission from Kluwer Academic
Publishers.

Figure 4.33 from Rigby M, E B Smith, W A Wakeham and G C Maitland 1986. The Forces Between
Molecules. Oxford, Clarendon Press. By permission of Oxford University Press.

Figure 4.49 reprinted with permission from Pranata ] and W L Jorgensen. Computational Studies on
FK506: Conformational Search and Molecular Dynamics Simulations in Water. The Journal of the
American Chemical Society 113:9483-9493. © 1991 American Chemical Society.

Figure 450 from Molecular Parameters for Organosilicon Compounds Calculated from Ab Initio
Computations, Grigoras S and T H Lane, Journal of Computational Chemistry 9:25-39, ©1988.
Reprinted by permission of John Wiley & Sons, Inc.

Figures 5.4 and 5.8 Press W H, B P Flannery, S A Teukolsky and W T Vetterling, Numerical Recipes in
Fortran. 1992, Cambridge University Press.

Figure 5.6 from Schlegel H B 1987. Optimization of Equilibrium Geometries and Transition Structures
in Lawley K P (Editor). Ab Initio Methods in Quantum Chemistry — . New York, John Wiley: 249-286.
Reprinted by permission of Wiley-Liss, Inc., a subsidiary of john Wiley & Sons, Inc.

Figure 5.21 reprinted with permission from Chandrasekhar ], S F Smith and W L Jorgensen. Theoretical
Examination of the Sy2 Reaction Involving Chloride Ion and Methyl Chloride in the Gas Phase and
Aqueous Solution. The Journal of the American Chemical Society 107:154-163. ©1985 American
Chemical Society.

Figure 5.23 reprinted with permission from Doubleday C, ] Mclver, M Page and T Zielinski.
Temperature Dependence of the Transition-State Structure for the Disproportionation of
Hydrogen Atom with Ethyl Radical. The Journal of the American Chemical Society 107:5800-5801.
1985 American Chemical Society.

Figure 5.29 from Gonzalez C and H B Schiegel 1988. An Improved Algorithm for Reaction Path
Following. The Journal of Chemical Physics 90:2154-2161.

Figure 530 reprinted from Chemical Physical Letters, 194, Fischer S and M Karplus. Conjugate
Peak Refinement: An Algorithm for Finding Reaction Paths and Accurate Transition States
in Systems with Many Degrees of Freedom. 252-261, (©1992, with permission from Elsevier Science.

Figure 5.35 reprinted with permission from Houk K N, ] Gonzalez and Y Li. Pericyclic Reaction
Transition States: Passions and Punctilios 1935-1995. Accounts of Chemical Research 28:81-90.
©1995 American Chemical Society.

Figure 5.37 from Michin Y, D Farkas, M | Mehl and D A Papaconstantopoulos 1999. Interatomic
potentials for monomatomic metals from experimental data and ab initio calculations. Physical
Review B 59:3393-3407.

Figure 6.21 from Allen M P and D | Tildesley 1987. Computer Simulation of Liquids. Oxford, Oxford
University Press. By permission of Oxford University Press.

Figure 6.25 reprinted from Chemical Physics Letters, 196, Ding H-Q, N Karasawa and W A Goddard I,
The Reduced Cell Multipole Method for Coulomb Interactions in Periodic Systems with Million-
Atom Unit Cells, 6-10, ©1992, with permission of Elsevier Science.

Figure 7.2 from Alder B ] and TE Wainwright 1959. Studies in Molécular Dynamics. I. General Method.
The Journal of Chemical Physics 31:459-466.

Figure 7.11 from Alder B ] and T E Wainwright 1970. Decay of the Velocity Autocorrelation Function.
Physical Review A 1:18-21.



