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Impact of Theoretical Chemistry on
Chemical and Biological Sciences
Chemistry Nobel Prize – 2013
Saraswathi Vishveshwara
The Nobel Prize in Chemistry, 2013 has been awarded to
Martin Karplus, Michael Levitt and Arieh Warshel for their
studies on development of multi-scale models for complex
chemical systems. This article introduces the readers to the
theoretical methods developed for the study of complex chemical and biological systems and connects the works of the
awardees to this vast area of research. The development of
quantum chemistry (QC or QM) to study molecules at electronic level is briefly mentioned. The growth of methods
based on classical physics to study large systems at the molecular level (MM) is discussed. The origin of hybrid QM/MM
techniques to perform multi-scale modelling is then presented. Further, the parallel development of molecular simulations, which connects the macroscopic and the microscopic
world elucidating the dynamical properties of molecules, is
introduced. Finally, the impact of theoretical chemistry on the
advancement of our understanding of complex chemical and
biological systems is highlighted.
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Traditionally the study of chemical and biological sciences has
dealt with observables. In this context, the characterization of the
structure and the properties of molecules has been the focus of
attention in the field of chemistry for the last several centuries.
Today the focus of chemical research is much more on the function
of molecules. Experimental methods alone are not sufficient to
answer many crucial steps taking place in chemical or biological
processes, since it is often not possible to observe the intermediatetransition states of reactions. The Nobel Prize in Chemistry 2013
has recognized the importance of synergy between theory and
experiment in obtaining meaningful insights into the functioning of
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Nobel Laureates
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chemical and biological systems. The previous such recognition for
theoretical chemistry came fifteen years ago in 1998, when John
Pople and Walter Kohn were awarded the Prize for their pioneering contributions in “developing methods that can be used for
theoretical studies of the properties of molecules and the chemical
processes in which they are involved”. Needless to say, these
theoretical developments have tremendously influenced the advancement in the fields of chemistry and biology. It is also a wellrecognized fact that theoretical/computational chemistry has grown
in parallel with the enhancement in computing power. This has
made it possible to handle complex, large systems as well as to
advance the concepts, mathematical formalisms, and computational algorithms required to study large systems. Essentially,
theoretical/computational chemistry during the last fifty years has
opened up new windows to explore the molecular states which are
not amenable to experimental methods. It has vastly aided the
understanding of the function of chemical and biological molecules. Different stages of development of theoretical chemistry
are discussed in this article with special focus on molecular
mechanics (MM) force fields, the contributions from the three
Nobel Laureates, and the impact of theory on our understanding of
chemical and biological systems at the molecular level.

Michael Levitt
Standord University, USA

Arieh Warshel
University of Southern
California, USA
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Quantum Chemistry Phase
The foundations of quantum chemistry may be traced back to the
beginning of the 1900s, when quantum mechanics was born. In
1929, P A M Dirac, one of the founders of quantum mechanics,
commented, “The fundamental laws necessary for the mathematical treatment of large parts of physics and the whole of chemistry
are thus fully known, and the difficulty lies only in the fact that
application of these laws leads to equations that are too complex
to be solved”. This statement has often been quoted in literature,
justifiably so. It indeed needed the ingenuity of a large number of
eminent people to cast the chemical problems in the language of
quantum mechanics and to invent mathematical formalisms to
tackle the analytically un-solvable complex equations. To name a
few, during the mid-1930s C A Coulson described valency in
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The Nobel Prize in

terms of quantum theory and J C Slater offered a method to
construct a molecular wave function, which obeyed the laws of
quantum mechanics. Further, E Hückel proposed the molecular
wave function as a linear combination of atomic orbitals of electrons to obtain solutions for conjugated hydrocarbons. Linus
Pauling revolutionized the field of chemistry by characterizing
chemical bonds in terms of atomic orbitals, hybridization, and
resonance, which stem from the concepts of quantum mechanics.
This was followed by a series of chemical applications of quantum mechanics. They included the molecular orbital methods to
understand chemical bonds in molecules, in terms of electron
density, developed by Robert Mulliken around the mid-1960s and
methods to follow the course of chemical reactions devised by
K Fukui and R Hoffmann in the 1970s.
In the next stage, the help of the silent partner, namely the
computer, proved to be indispensible for further advancement of
the concepts of quantum mechanics to realistic chemical molecules. With the availability of powerful computers (the power is
exponentially increasing since the early 1960s), scientists also had
to develop mathematical formalisms to be solved by computers,
since analytical solutions do not exist for such complex systems.
A milestone was reached in this direction by the mid-1970s. John
Pople and Walter Kohn cast the complex chemical problems into
the mathematical/computer language, providing robust and reliable
theoretical methods for the investigation of any molecule1. Pople’s
contribution is presented in a lighter vein as a cartoon in Figure 1.
The development of algorithms still continues to address features
like excited and transition states of molecules, as well as providing
more accurate results and handling larger complex systems. In
spite of all the advancements, there is an inherent limitation to the
handling of large molecules by quantum mechanics, since it deals
with molecules at the electronic level. On the other hand, the
molecules of interest often happen to be very large; furthermore,
their reactions occur with other large molecules as well, that too in
macroscopic environments. Thus, theoretical chemists, since the
mid-1960s, began to invent methods based on the concepts of
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K D Sen, The Creative Kohn,

Resonance, Vol.4, No.4, pp.56–
63, 1999.
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Figure 1. This cartoon depicts John Pople
generating molecular structures by feeding
Schrödinger equation to the computer. He is
riding on a wave of Gaussian function, which
he used for atomic orbitals (‘Gaussian’ is also
the name of the series of quantum chemical
softwares developed by Pople and his group).
The radio telescope indicates that his investigations also included molecules of inter-stellar space. The magnet represents his contribution to the field of NMR. The cartoon, drawn
by B Gujjar of Bangalore, was presented to Sir
John Pople in 1999.

classical physics to investigate such molecular systems and now
the field has greatly matured because of their contributions. To
quote Martin Karplus on his getting the Nobel Prize (Harvard
Magazine), “I think that the Nobel Prize…in a way consecrates
the field which has been contributed to by a large number of
people...” Further, it was realized that the marriage between
quantum and classical methods was imminent in understanding the
reactions taking place at detailed electronic level within a large
molecule. Pioneering contributions have been made by Karplus,
Levitt, and Warshel in finding solutions to such challenging problems by introducing hybrid QM/MM models.
Need for Classical View of Molecules
In the quantum chemical models, electrons and nuclei are the
particles of interest. The electronic structures of atoms and molecules can be described at the quantum mechanical level through
the mathematical functions that are the solutions of the Schrödinger
wave equation. Analytical, exact solutions for the Schrödinger
equation can be derived only for simple systems like the hydrogen
atom. For larger systems, approximate wave functions can be
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found by suitable methods. The electronic properties such as the
energies, electron density at different energy levels, and derived
properties such as dipole/multipole moments can be obtained, once
such a wave function is determined for a given system. The
characterization of chemical bonds as well as reactions, such as
making and breaking of covalent bonds leading to electronic
rearrangement, also requires QM treatment. However, large
molecules, molecular assemblies, and molecules immersed in a
medium with a large number of solvent molecules are beyond the
scope of QM methodology even at the above level. Nevertheless,
since the non-covalent intra-molecular atomic distances are considerably larger than covalent bond distances, classical physics can
be used to investigate such interactions. In fact, simple expressions
of inter-molecular forces were earlier developed by London and
Lennard-Jones by combining classical and QM concepts. This led
to the understanding of molecular properties like the phases of
matter. For instance, the liquid state of helium at low temperatures
was explained by van der Waals interaction due to dispersion
force, which is an extremely weak force in comparison with
covalent bond; the liquid state of water at room temperature was
explained as a result of extensive hydrogen bonding.
These concepts formulated for the treatment of inter-molecular
interactions were borrowed to study intra-molecular forces in
large molecules. A classic example of such an approach was
provided by the stabilization of the alpha-helices in proteins by
Linus Pauling through hydrogen bonds. In addition, completely
classical physics-based model using Hooke’s law has been utilized
to describe the stretching of a chemical bond in a molecule. Thus,
theoretical chemists worked seriously in developing molecular
mechanics (MM) force fields, using physical concepts. However,
great challenges had to be met in order to obtain relevant parameters for a vast number of chemical groups and molecules to
reproduce experimentally observable properties. Experimentally
and quantum mechanically derived quantities have been extensively used for parameterization. In addition to computational study
of large molecules, experimental methods, like X-ray and NMR,
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greatly benefited from theoretical developments, since experimental information is often not sufficient to uniquely determine the
structure of molecules. An excellent account of the contribution of
MM force field to protein crystallography has been given by M Levitt
in2001.
Development of Classical Force Fields
The seed was sown – as early as 1946 – for the development of
potential functions to study intra- and inter-molecular interactions, when F H Westheimers suggested a method based on
Coulomb and van der Waals interactions. Realistic progress took
place nearly 20 years later with calculations that were performed
using computers. N Allinger developed computer programs to
optimize the structure of organic molecules using classical-empirical potential functions. The series of molecular force fields
developed by Allinger are known as MM1, MM2, MM3, and so on
[1]. Around the same time, G Nemety and H Scheraga derived
simplified potential functions (known as EECPP) to obtain optimal structures for proteins [2]. Also, S Lifson along with A
Warshel and M Levitt developed consistent force field method
(CFF) and applied it to minimize the energies of alkanes and also
of protein structures [3, 4]. Some of the details related to classical
force fields are presented in the following paragraphs.
As mentioned earlier, quantum chemistry is based on the principles
of quantum mechanics, essentially through solutions to the
Schrödinger equation. Obtaining solutions to this equation is in
general not feasible for large molecules. Consequently, large
molecules are studied at the classical level, which is based on
several concepts of classical mechanics and electrostatics. In this
context, the relevant classical force fields are empirically derived.
The validity of these force fields needs to be verified indirectly. The
two components required for studying the energy and geometry of
molecules by such classical methods are (a) functional forms and
(b) parameters. Functional forms are required to describe the
general behaviour of covalently bonded and non-bonded atoms/
groups so that the energy can be evaluated for all possible values

352

RESONANCE April 2014

GENERAL  ARTICLE

of a given parameter. For example, a function should describe the
stretching of a chemical bond between two atoms or bending of an
angle connecting three atoms and so on. Parameters on the other
hand are system specific, e.g., the force constant value to be used
for the stretching of a specific bond. The properties of the
molecules such as optimum geometries and energies can be
obtained by employing appropriate functions and parameters
specific to atoms or groups of atoms. Such physics-based mathematical formulae, adapted to specific chemical molecules, have
been referred to as ‘force fields’. Although force fields developed
by different groups vary, they are internally consistent. Essentially,
the success of molecular mechanics models depends on the
adaptability of geometrical parameters for different molecules and
their ability to consistently reproduce experimental data. The cost
of computation is also a practical issue to consider.
The empirical energy functions are considered as a sum of a
number of functions, specifically describing different components that make up the total energy of a given molecule. These
components, for instance, are related to coulomb interaction,
bond stretching and so on. By and large, similar conceptual
functional forms are used by different groups and in different
computer programs. If we want to optimize the geometry of a
molecule, we have to make sure that the internal parameters are
at their optimal value within the constraints of the surrounding
environment. A summary of different functions used to obtain
optimal geometry of a molecule, employed by a number of
investigators, is given in Figure 2 and a brief explanation is
presented here. The potential function U is a simple addition of
various terms, with the first two terms (Figure 2) having originated from the classical Hooke’s law for a spring. The first term
corresponds to the stretching of a covalent bond and the second
term refers to the bending of a bond angle. The deviations of the
bond length (b – b0) and the angle (–0) from their equilibrium
values produce a strain depending on the nature of the bond or the
angle, which is measured in terms of force constant Kb and K.
And the strain energy can be evaluated by the parabolic function.
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Figure 2. The total potential energy of any molecule can be expressed as a sum of terms representing bond
stretching, bond angle bending, bond twisting, van der Waals interactions and electrostatics. The
conformational energies of large molecules can be evaluated with such empirical energy functions. The
mathematical functional forms are given in the left-panel. The nature of the potential energy (U), as
functions of relevant parameters such as bond length (b), torsion angle (), are plotted in the middle-panel
and the atoms and bonds subjected to such energy changes are shown in the right-panel. Note that such
mathematical forms are based on laws of physics such as Hooke’s law which relates small displacements
to the applied force, Coloumb’s law from electrostatics and so on (details are given in the text). The figure
was provided by Michel Levitt (adaptation of Figure 1 from [5]).

The last term (5th term) is due to the Coloumb’s law, where the
electrostatic energy is directly proportional to the net charge on
the interacting atoms and inversely proportional to the distance of
separation. The fourth term is the combination of an attractive
component due to van der Waals interaction (inversely proportional to r6) and a repulsive component (inversely proportional to
r12) due to the overlap of the interacting pairs of atoms/groups.
This term is well known as Lennard-Jones potential, in which the
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van der Waals term has been deduced by London from a combined consideration of both electrostatics and quantum mechanics. The r–12 component is a mere empirical term for the repulsive
force. The form of the third term is an interesting combination of
a periodic trigonometric function (cosine function) and the stereochemistry arising due to the rotation about chemical bonds. The
rotations are measured by dihedral angles (angle between two
planes) ranging from 0° to 360°. The periodicities of the preferred
(staggered) or not-preferred (eclipsed) conformations due to
rotation about bonds connecting atoms such as sp3 or sp2 hybridized carbons are beautifully captured by the (n) parameter in the
expression. Thus, the functional form is simple, elegant and
provides quantitative estimates of the energy as a function of
dihedral angles.
As mentioned above, various parameters such as (Kb, b0, K, 0,
K ...) are atom/group specific and different approaches, such as
experimental or quantum mechanical evaluation, have been
employed to obtain them for a large number of chemical atomtypes and group-types. Once the complete description of the
molecule is obtained in terms of empirical functions, the optimal
energy states are obtained by minimization of the function with
respect to various parameters. A consistent force field (CFF) to
calculate the conformations, vibrational spectra and enthalpies of
cycloalkane and n-alkane molecules was developed by Lifson and
Warshel in 1968 [1]. Optimal conformations can also be selected
through the statistical mechanical method as developed by Nemety
and Scheraga [2]. At this point, it is worth remembering that G N
Ramachandran made a pioneering contribution to the study of
biopolymer conformation by using the concept of steric clash
(equivalent of the repulsive term in the Lennard–Jones potential)
to eliminate a large fraction of the dipeptide conformational space.
The Ramachandran Plot2, published in 1963 is used as a measure
to assess the quality of protein structures even today. Further, a
review written by Ramachandran and Sasisekharan in 1968 on
polypeptide conformations served as a basis to define protein
conformations and evaluate the energies in subsequent studies.
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Handling of realistic
problemsrequired
the blending of QM
and MM levels of
calculations and a
smooth interface
between them.

The Theme of the Nobel Prize
The Nobel Prize in Chemistry 2013 has been awarded to the three
scientists for deriving multi-scale models of complex chemical
systems. As we have seen from the above discussions, quantum
chemical and classical potential-based methods differ from each
other in many ways. The detailed chemical reactions at the
electronic level can be studied by QM, essentially on small
systems. On the other hand, MM methods are suited to study
interactions within and across large systems. With the advancement in QM methodologies and the advent of high powered
computers, the limit of QM treatment has been vastly extended to
handle larger systems. However, the systems of chemical and
biological interest are larger than the QM limits by orders of
magnitude. Fortunately, the chemical and biochemical reactions
are localized to a small fragment of a large molecule leading to
products that can be captured by QM treatment, since the reactions take place at the covalent bond level. On the other hand, the
investigations at MM level can take care of various factors of
molecular interactions at a realistic level. These factors include
the effect of the surrounding environment in terms of the rest of the
large molecule, other interacting molecules in their appropriate
conformations, and the medium (like water) embedding the system
of interest. Handling of realistic problems required the blending of
QM and MM levels of calculations and a smooth interface
between them. Such studies are routinely done today and the
foundation for such a treatment at multi-scale level was laid by
Karplus, Levitt, and Warshel.
Let us now take a look at the backgrounds of the three Laurates.
Warshel and Levitt were involved in the initial development of the
consistent force field (CFF) algorithm with Lifson at the Weizmann
Institute in Israel in the late 1960s. An interesting recount has been
written by Levitt [5] on his interactions at MRC Cambridge with
people like John Kendrew, Aaron Klug, and Francis Crick. Here
he was exposed to exciting problems, “wonders” as he calls them,
in molecular and structural biology. He was able to introduce the
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energy refinement program for solving protein structures by X-ray
crystallography. Karplus, on the other hand, having obtained his
PhD as Linus Pauling’s last student, had a strong background in
quantum chemistry. Several combinations of exciting collaborations between the three scientists at Harvard, MRC, and Weizmann
Institute took place during the late 1960s to the early 1970s leading
to the development of multi-scale modelling of complex chemical
and biological systems at the molecular level.
We now turn to a brief description of the origin of the QM/MM
hybrid method. The first step of the development of multi-scale
modelling was taken at Harvard by Karplus and Warshel in 1972.
During this period, quantum chemistry was in the developmental
phase of approximate molecular-orbital theories3. In these studies,
molecules were investigated by QM method; however, several
terms in the Schrödinger equation were neglected or approximated
based on experimental parameters to obtain the solution. Karplus
and Washel [6] investigated a conjugated molecule (Figure 3)
using Schrödinger equation for conjugated -electrons, by a
method which had been earlier employed by Praiser, Parr, and
Pople, the so-called PPP method. And they modelled the effect of
-electrons by classical approach. Thus, the QM/MM hybrid
method was initiated. This hybrid treatment was limited to planar
conjugated molecules, in which a natural separation exists between the - and the -electrons. Further, Levitt and Warshel
showed in 1976 that such a treatment could be given to any
molecular system [7]. The title of their paper ‘Dielectric, Electrostatic and Steric Stabilisation of the Carbonium Ion in the Reaction
of Lysozyme’ and Figure 4 succinctly capture the essence of the
work. In this work, the carbonium ion region was treated quantum
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Figure 3. The mirror symmetric molecule 1,6-diphenyl-1,3,5-hexatriene studied
by Martin Karplus and Arieh
Warshel [6] by the hybrid QM/
MM method. The -electron
cloud which is shown above
and below the molecular
plane was treated quantum
mechanically and the atomic
interactions of the -electrons
in the molecular plane were
treated by classical force
fields. This figure is an adaptation of Figure 2 from the
article ‘Advanced-Chemistry
Prize 2013’ published by The
Royal Swedish Academy of
Sciences (2013).

3

T he wave-f unc tion in the

Schrödinger equation for molecules is represented as a linear combination of atomic orbitals. In the early stage of development, it was difficult to explicitly evaluate all the terms needed
to solve the equation, hence
certain terms were approximated.

357

GENERAL  ARTICLE

Figure 4. The enzyme lysozyme performs the function of cleaving the glycosidic bond of a hexasaccharide
(substrate). The catalytic area is confined to a small region of the enzyme and the substrate, as enhanced
in the right panel. Warshel and Levitt performed energy calculation on the lysozyme–hexasaccharide
complex [7] by quantum mechanically treating this selected area and using classical force fields for the
rest of the molecular complex. This figure is an adaptation of Figure 3 from the article ‘Advanced-Chemistry
Prize 2013’ published by The Royal Swedish Academy of Sciences (2013).

mechanically, while the rest of the substrate and the enzyme
embedded in the medium were treated classically. Several fundamental issues had to be addressed to smoothly bridge the gap
between QM and MM treatments. This work also laid the foundation to study the mechanism of enzyme action by theoretical
methods. These studies opened up a new approach to the investigation of complex reactions in chemistry and biology.
Extension of Force Fields for Study of Dynamical Processes
The multi-scale modelling no doubt advanced the field of macromolecular chemistry and biology. Although it was not explicitly
mentioned by the Nobel Committee, molecular simulations which
evolved around the same time have played an important role
towards our understanding of physical, chemical, and biological
systems. Since simulations are based on the same force fields
described earlier, here we shall discuss the basic concepts of
simulations and some developments in terms of computer programs.
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Computer simulations are carried out to understand the properties
of assemblies of molecules in terms of their structure and the
microscopic interactions between them. This serves as a complement to the conventional experiments, enabling us to learn something new, something that cannot be found out in other ways.
Molecular simulations act as a bridge between the microscopic
time- and length-scales, and the experimentally observable macroscopic properties, such as the heat capacity and macromolecular
conformation under a specific condition and environment. Also,
macromolecules like proteins and nucleic acids have large degrees of freedom and hence can adopt a large number of conformations. The daunting task is to explore the conformational space
and identify the minimum energy conformations. Computationally
this is achieved in two ways: (a) generation of a large number of
conformations based on the methods of statistical mechanics,
popularly known as the Monte Carlo (MC) method, and (b)
exploration of the evolution of conformations as a function of
time, which is known as Molecular Dynamics (MD) simulations.
These methods had been earlier applied by Nemety and Scheraga
to obtain the minimum energy conformations [2]. The MD simulation has the advantage that it gives the route to dynamical
properties of the system. The basis for MD simulations is the
simple Newton’s second law of motion:
Newton’s equation of motion: F = ma = md2r/dt2 .

(1)

Force is the derivative of the potential energy V :
F = – V = dV/dr .

(2)

Combining the two equations: dV/dr = –md2r/dt2 .

(3)

Here we can conveniently use the force fields developed for
different types of molecular systems for the potential energy
term. Given the initial position and velocity (which can be chosen
by different methods, including random velocities) of each atom in
the molecule, the integration of equation (3) yields new positions
and velocities of the atoms of the chosen system for the next timestep. Although conceptually the method is simple, MD simulation
RESONANCE  April 2014

359

GENERAL  ARTICLE

Theoretical methods
have contributed to
prediction, validation,
and the formulation of
new hypotheses by
characterizingseveral
states of molecules
that are difficult to
experimentally
observe.
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map corresponding to different
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involves a large number of complex problems such as the integration scheme, the time-step to choose, and so on. The potential
energy is a function of all the atoms in the system, the positions of
which keep changing at different time points. Analytical solutions
are not available due to the complexity, and consequently numerical integration methods need to be employed. Here small timesteps of the order of femtosecond (10–15 s) need to be used to
obtain a smooth integration. The difficulty arises due to the fact that
biological processes from simple rotation of a bond to large-scale
motion take place on the time-scale of several nanoseconds (10–9s) to
microsecond (10–6 s)/milliseconds (10–3 s), resulting in a very large
number of calculations. The force evaluation step is the most
expensive part of the calculation and a complete brute force
method of evaluation on a large system often goes beyond the limits
of physical time and computer power. Here again, ingenious
methods, such as constraining certain degrees of freedom, implicit
treatment of the solvent, biased sampling techniques, etc., need to
be adopted to obtain maximum information with optimal resources. Extensive work has been carried out by various groups of
people to standardise simulation conditions and protocols, with
major contributions coming from various groups including those of
Karplus [8], H J C Berendsen, W F Van Gunsteren [9], and P A
Kollman [10].
While major developments in MD methods have taken place, the
challenging task is to capture a substantial part of the energy
landscape4, particularly of large molecules. It is almost impossible
to scan the entire conformational space of a reasonably sized
molecule in equilibrium with its surroundings, within realistic
and affordable time scales. This would require methods to judiciously scan a large space in a reasonable time. This would also
require endless amounts of computing power, particularly if large
molecules and molecular assemblies are studied, and also if the
investigations are carried out by hybrid QM/MM methods. In
spite of such limitations, chemistry and biology have vastly
progressed, since a large community of computational chemists
and biologists ask the right questions, and carefully choose the

RESONANCE April 2014

GENERAL  ARTICLE

system and appropriate computational methods to address fundamental problems. A special mention may be made of the protein
folding problem, which is a non-equilibrium, dynamical process.
The seminal work by Anfinsen around 1970 on the enzyme
Ribonuclease-A showed that the three dimensional structure of a
protein is encoded in its amino acid sequence. Now it is known
that correctly folded proteins are required for the normal functioning of a cell whereas mis-folding or abnormal aggregation of
proteins can lead to pathological conditions. However, folding
protein sequences to their unique states by simulations is a great
challenge even today. A method to handle such a difficult
problem, first described by Levitt in 1975 on a small protein
called bovine pancreatic trypsin inhibitor (BPTI) has paved the
way to in silico5 folding of many proteins, although a lot more
needs to be done in this area of research.

5

In literature, the terminology ‘in

silico method’ refers to computational method as opposed to

Status Today

experimental methods.

Our understanding of the structure and function of chemical and
biological systems at the molecular level has greatly progressed in
the last few decades. Theoretical methods have contributed to
prediction, validation, and the formulation of new hypotheses by
characterizing several states of molecules that are difficult to
experimentally observe. Progress in theory has taken place on
three fronts: (a) development in methodology, (b) development of
efficient computer algorithms and programs and (c) applications
leading to insights into the functioning of chemical and biological
systems through characterization of complex molecules and molecular states.
Methodology and Algorithm Development
The fundamental concepts of quantum mechanics and their relation to classical physics were laid out around the beginning of the
twentieth century. As mentioned by Dirac, the mathematical
treatment of chemistry was too complex and the last several
decades of the twentieth century have witnessed a phenomenal
growth in this field, pushing the boundaries to deal with large and
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Box 1.
The computer programs are named by acronyms and some of the widely used ones are: AMBER (Assisted
Model Building and Energy Refinement) – extensively used for biopolymers like proteins and DNA, original
version by Kollman, CHARMM (Chemistry at HARvard Molecular Mechanics) – developed at Harvard
by the Karplus group, used for both small molecules and macromolecules, GROMACS (GROningen
MOlecular Simulation) – the force field optimized for the bio-molecular dynamics package developed by
Berendsen’s group, MM-3 (Molecular Mechanics) - the original version by Allinger, OPLS (Optimized
Potential for Liquid Simulations) - developed by W Jorgensen, VMD (Visual Molecular Dynamics) –
developed by K Schulten. It should be noted that most of the packages today provide options for the use
of various force fields. A comparison and evaluation of different molecular mechanics force fields can be
found in Allinger’s website [http://www.bmb. uga.edu/wampler/8200/using-ff/mmrefs.html].

complex systems in efficient manner. This success is due to the
efforts of a large number of people who formulated theoretical
methods to successfully reproduce observable quantities. Such an
approach resulted in increased interaction between experimentalists and computational chemists, leading to satisfactory solutions
to otherwise seemingly unsolvable problems. Further, there has
been a parallel progress of computers and theoretical chemistry/
biology, leading to efficient computer programs to find suitable
solutions in these areas. The community efforts by a number of
groups have resulted in commercial as well as freely available
public domain computer programs to perform a variety of tasks
such as energy optimization, molecular dynamics simulations,
molecular modelling, drug design, and so on (Box 1).
Applications
Today the methods available for classical simulations and QM/
MM hybrid simulations are being used to study diverse phenomena. They include a variety of complex processes in organic
chemistry, biochemistry, heterogeneous catalysis, and theoretical
calculation of the spectrum of molecules dissolved in a liquid. In
biology, insights have been obtained on innumerable challenging
problems including protein folding, enzyme catalysis, electron
transfer reactions, drug design, alternative nucleic acid structures, and protein–nucleic acid interactions. Currently, a large
fraction of publications in chemistry and biology contain
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computational components ranging from simple visualization of a
molecule to rigorous QM treatment. Challenging problems to
computational methods emerge from a large chemical and biological community. Hence it is impossible to succinctly summarize all
the major applications. However, we outline below a modest
example of a biological problem addressed by MD simulation,
which is being investigated by our group.
Several enzymes perform their crucial functions through a phenomenon known as ‘allosteric communication’, where the binding
of a substrate at one site induces the precise response at a specific
long distance (of the order of 50–100Å) site. The induced fit theory
and the concept of allosteric transition put forward in the mid1960s by D E Koshland Jr and J Monod respectively, have
contributed extensively to our understanding of such a phenomenon. With the availability of a large number of crystal structures
of proteins and their complexes in recent times, it has been exciting
to study their dynamics at the molecular level. This helps to probe
further the allosteric phenomenon in terms of the conformational
populations and also in terms of the detailed communication
process within the protein. TRNA-synthetases are highly interesting proteins, since communication between the anti-codon region
and the active-site region in these proteins is known to be crucial
for the faithful translation of the genetic code. These proteins are
excellent examples of allosteric enzymes. In the context of their
biological importance, we have investigated the paths of communication between the two distant sites at molecular level by
simulations on some of the tRNA-synthetases. This is followed by
network analysis6 on the simulated structures, to identify paths of
communications between different sites in the context of global
connectivity within the protein and to recognize important amino
acids along the paths.

Today the programs
and the computational
facilities for simulations
of complex systems
are within the reach of
chemists and
biologists, who perform
computations not only
to investigate aspects
such as the
conformational energy
landscape and the
mechanisms of
chemical reactions, but
also to validate
hypotheses and to
design new
experiments.

6

Networks are connec tivity

graphs and a mathematical
analysis of such graphs explores the global connectivity
among different components
within a large system, which
could range from a complex

Figure 5 shows an atypical tRNA-synthetase bound to tRNA
and the activated amino acid, on which MD simulations have
been carried out [11]. Simulations on such systems yield
equilibrium conformational populations and further analyses
provide the details of the paths of communication at the
RESONANCE  April 2014

molecule to a community of
people. In the present context,
the graph consists of connections between non-covalently
interacting amino acid residues
within the protein.
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Figure 5. Molecular dynamics simulation of a typicalsized system: The simulation box contains a dimeric
protein, pyrrolysyl tRNA-synthetase (contains
(2  279) amino acids, shown as green ribbon),
bound to two molecules of tRNA molecules (contains (2  76) nucleotides, shown as yellow ribbon)
and one molecule of the activated amino acid (molecule in pink representation). The molecular system is immersed in a box containing 90925 water
molecules. The system has been simulated to
obtain the equilibrium conformational populations.
The allosteric paths of communication from the anticodon domain to the catalytic domain (shown in
white, separated by about 70 Å) have been identified
from network analysis on the conformational ensembles. The details are given in [11].

molecular level. Studies of this nature are
capable of predicting the amino acid residues
that are important in allosteric communication. And these predictions can be experimentally verified.
Today the programs and the computational facilities for simulations of complex systems as above are within the reach of
scientists who use the results to understand various aspects of
chemical and biological systems. These aspects include the conformational populations, effect of binding of other molecules or the
mechanisms of chemical reactions. Further, computations at the
molecular level aid in validating hypotheses as well as in designing
new experiments. Computational methods also continue to enhance the capabilities of experimental approaches, such as improving the resolution of electron microscopy [12], leading to a
better understanding of the molecular structures as complicated as
those of ribosome assemblies and viruses. In a way this is
reminiscent of the role played by molecular force fields in the
development of protein crystallography, about half a century ago.
More details of the chemical/biological problems currently being
addressed and the method of approach adopted can often be found
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in websites of intense computation groups [e.g. http:www.ks
@uiuc.edu, http://faculty.chemistry.harvard.edu/martin-karplus/
publications]. Thus, the understanding of chemical and biological
systems has reached greater heights due to an excellent synergy
between experiment and theory.
Finally, the QM/MM multi-scale modelling introduced by the three
Nobel Laureates has assumed a larger dimension in various fields.
For example, the discipline of ‘Systems Biology’ has emerged to
model different scales of complex interactions of molecules,
molecular assemblies, and higher level organizations in a cell. The
relevant time- and length-cales of some of them are given in
Figure 6. In the field of materials science, the properties of
materials are probed at scales ranging over electronic, atomic,
microstructure, and macroscale levels as shown in Figure 7. In
such research areas, efforts are made to identify the relevant
moving parts, degrees of freedom, and to formulate effective rules
Figure 6. Multi-scale modelling in systems biology: The molecular size scales are in the range of 10 –10 to
10–6 meters for a chemical bond to functioning cells like bacteria or erythrocytes as shown above the solid
line. The interactions among these units are of time scales ranging from 10 –15 to 10 –3 seconds,
representing bond vibration to large domain motions as shown below the solid line. Different parameters
and different approaches are required to investigate a specific time or length scale. Multi-scale modelling
involves a thorough investigation at different levels and a smooth integration of the different levels to
understand the details of the functioning of the cell, which is a unit of abstraction in biology. This sketch
is adapted from one of the figures from the site: http://www.psi.ch/swissfel/ultrafast-biochemistry.
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Figure 7. Multi-scale modelling and design of materials:
The focus of length-scales in
traditional disciplines differs
by orders of magnitude. Electrons, atoms, and molecules
are mainly studied in physics
and chemistry disciplines,
while microscopic and macroscopic objects are the units
of investigation in material
science or engineering disciplines. Multi-scale modelling of materials across the
length-scales requires overcoming the borders between
the disciplines and requires
a smooth integration of the
investigations at different
length-scales. This sketch is
an adaptation of one of the
figures from the site: http://
www.icams.de/content/research/index.html.

for their mutual interactions, as well as for the resulting motion at
each time- and length-scale. Today, the thrust in these areas of
research is so great that in the last decade a few institutions
focusing on systems biology, nanosciences and other multi-disciplinary areas have emerged. For instance, ‘The Interdisciplinary
Centre for Advanced Materials Simulation (ICAMS)’ at the RuhrUniversität Bochum, Germany, is focussing on the development
and application of a new generation of simulation tools for multiscale materials modelling to facilitate the search for new materials
and Santa Fe Institute at New Mexico, USA, focuses on Complexity Science, adopting interdisciplinary approach for problems in a
variety of fields. By and large, a large part of modern-day
chemistry/biology is driven by the urge to understand the macroscopic biological and chemical systems at the molecular level.
Such an understanding is expected to provide new perspectives,
leading to predictions and new discoveries. It is also expected to
provide some insights into cellular functions and molecular diseases.
In conclusion, the Nobel Prize in Chemistry, 2013 has recognized
the life-time achievements of the three scientists – Martin Karplus,
Michel Levitt and Arieh Warshel. This is tantamount to an implicit
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recognition offered to the field of theoretical/computational chemistry and its wide-spread influence in advancing chemistry and
biology at the molecular level.
Acknowledgements
I am highly obliged to Professor Michael Levitt for giving permission to use his precious hand-drawn sketch (Figure 2). I thank
Dr. Moitrayee Bhattacharyya for producing Figure 5 for this
article. I also thank Mr. B Gujjar, who specifically prepared the art
work (Figure 1) to be presented to Sir John Pople in 1999. The
adaptation sketches are drawn by Ms. Prema Iyer. CSIR, Government of India is acknowledged for the Emeritus Scientist Fellowship.

Address for Correspondence
Saraswathi Vishveshwara
CSIR Emeritus Scientist
Molecular Biophysics Unit
Indian Institute of Science
Bangalore 560 012, India.
Email: sv@mbu.iisc.ernet.in

Suggested Reading
[1 ]

N

L Allinger, Conformational analysis. 130. MM2. A hydrocarbon force field utilizing V1 and V2

torsional terms, J. Am. Chem. Soc., Vol.9, pp.8127–8134, 1977.
[2 ]

H A Scheraga, K D Gibson, F A Momany, G Vanderkooi and J F Yan, Potential energies, free energies
and conformations of polypeptides, Fed. Proc., Vol.27, p.692, 1968.

[3 ]

S Lifson and A Warshel, A Consistent Force Field for Calculation on Conformations, Vibrational
Spectra and Enthalpies of Cycloalkanes and n-Alkane Molecules, J. Phys. Chem .. Vol.49, No.11,
p.5116, 1968.

[4 ]

M Levitt and S Lifson, Refinement of Protein Conformations using a Macromolecular Energy
Minimization Procedure,

[5 ]

J. Mol. Biol. Vol.46, pp.269–279, 1969.

M Levitt, The birth of computational structural biology, Nature Structural Biology, Vol.8, No.2, pp.392–
93, 2001.

[6 ]

A Warshel and M Karplus, Calculation of ground and excited state potential surfaces of conjugated
molecules. I. Formulation and parametrization, J. Am. Chem. Soc., Vol.94, No.16, pp.5612–25, 1972.

[7 ]

A Warshel and M Levitt, Theoretical studies of enzymic reactions: dielectric, electrostatic and
steric stabilization of the carbonium ion in the reaction of lysozyme. J. Biol. Chem, Vol.103, No.2,
pp.227–49, 1976.

[8 ]

B R Brooks, R E Bruccoleri, B D Olafson, D J States, S Swaminathan and M Karplus, CHARMM:
A program for macromolecular energy, minimization, and dynamics calculations,

J. Comput. Chem,

Vol.4, pp.187–217, 1983, doi: 10.1002/jcc.540040211.
[9 ]

W F van Gunsteren and H J C Berendsen, Algorithms for macromolecular dynamics and constraint
dynamics, Mol. Phys. Vol.34, pp.1311–1327, 1977.

[1 0] J S Weiner, P A Kollman, D A Case, U C

Singh, C Ghio, G Alagona, S Profeta and P Weiner, A

new force field for molecular mechanical simulation of nucleic acids and proteins, J. Am . Chem.
Soc., Vol.106, No.3, pp.765–784, 1984.
[1 1] M Bhattacharyya and

S Vishveshwara, Probing the Allosteric Mechanism in Pyrrolysyl-tRNA

Synthetase Using Energy-Weighted Network Formalism, Biochemistry, Vol.50, pp.6225–6236, 2011.
[1 2] L Trabuco, E Villa, K Mitra, J Frank and K Schulten, Flexible fitting of atomic structures into
electron microscopy maps using molecular dynamics, Structure, Vol.16, pp.673–683, 2008.

RESONANCE  April 2014

367

