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Abstract

A short survey of the general principles and selected applications of molecular
mechanics (MM) is presented. The origin of molecular mechanics and its
evolution is followed starting from “pre-computer” and the first computer-aided
estimations of the structure and potential energy of simple molecular systems to
the modern force fields and software for the computations of large biomolecules
and their complexes. Analysis of the current state of physicochemical study
of biological processes suggests that MM simulations based on empirical
force fields have an ever-increasing impact on understanding the structure and
functions of biomolecules. The problem of “classic mechanics” description of
essentially quantum properties and processes is considered. Various approaches
to a selection of force field mathematical expressions and parameters are
reviewed. The relation between MM simplicity and “physical nature” of the
properties and events is examined. Quantum chemistry contributions to MM
description of complex molecular systems and MM contribution to quantum
mechanics computations of such systems are considered.

Introduction
Molecular mechanics (MM) deals with the classical (“mechanistic,” i.e., via
Newtonian mechanics) description of molecular and supramolecular systems. The
simplified assumptions and approximations enable one to use MM for wide applications to various systems, starting from simple low-molecular-weight molecules
(such as numerous hydrocarbons) to large biomolecular complexes (such as those
of proteins, nucleic acids, and membrane fragments) or material assemblies of many
thousands of atoms. During a period a bit longer than a half of a century, the number
of publications using this approach roused by many orders of magnitude. It was
rather easy to follow nearly all the works related to MM calculations in the 1960s
and in the early 1970s of the last century (and the author of this chapter tried to do
so); today it is very difficult to follow all the papers related to the MM approach
even in the rather restricted area of application (e.g., to biopolymer structure and
function). Thus it is impossible to consider all the applications of MM in a short
survey, and the choice of the material for this chapter is “a matter of taste” of the
author who refers readers to other monographs and chapters for a more general
description of the modern state and/or selected aspects of extended applications
of MM; for general references see, e.g., monographs (Lewars 2011; Allinger 2010;
Ramachandran et al. 2008; Cramer 2004; Leach 2001). We will follow the evolution
of MM from the first “precomputer” and early computer-aided (i.e., before the era
of personal computers) works to modern complex simulations impossible without
supercomputers.
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The MM method is used now not only in theoretical and computational works but
also as a part of experimental studies (e.g., many X-ray and NMR-derived structures
of proteins, nucleic acids, and their complexes with other molecules deposited in
Protein Data Bank (Berman et al. 2003) and Nucleic Acid Data Bank (Berman
et al. 1992) are the results of MM refinements). The MM-like semiempirical terms
are widely used now in some quantum mechanics-based studies. The systematic
inclusion of such terms started from the addition of the dispersion term to the
standard density functional theory computations, for creating the so-called DFTD method (see, e.g., Grimme 2004; Antony and Grimme 2006; Jurecka et al.
2007, and references herein for the first DFT-D results). Recent developments and
applications of different DFT-D methods (DFT-D2, DFT-D3) demonstrated their
predictive power for biomolecular systems (see, e.g., Grimme 2011; Brandenburg
and Grimme 2014). Since the beginning of this millennium, MM-like terms are
frequently included into so-called enhanced semiempirical quantum mechanics
methods (see, e.g., Yilmazer and Korth (2015) for a recent review). Both dispersion
(D) and hydrogen-bond (H) correction terms are used in such methods usually
referred to as SQM-DH methods.
The rapid extension of MM simulations is a result of development of new
branches of natural science related to molecular biology with its numerous applications, to directed synthesis of new substances with desirable properties (including
new drugs and new materials for the industry), and many other areas of socalled nanoscience. The MM simulations enable one to perform a preliminary
selection of the compounds with desirable properties before experimental testing,
and even before chemical synthesis itself. Sometimes it is impossible to rationalize
completely experimental results without the construction of atom-level mechanistic
model. In many cases, the model cannot be derived from experimental data only,
e.g., the accuracy of X-ray diffraction patterns for biopolymer fragments is not
sufficient for the extraction of precise atom coordinates due to a complexity
of the system and inherent irregularities of atom positions (e.g., delocalization
of water molecules). In other cases, the complex molecular system cannot be
characterized by a single three-dimensional structure but by a set of conformations.
MM simulations enable one to construct habitual atom-level molecular models of
sufficiently complex systems favorable from energy viewpoint. These models can
be visualized by computer graphics programs and are ready to use for further
investigations and refinements (e.g., by quantum mechanics methods or by new
experimental approaches).

Foundations and General Scheme of Molecular Mechanics. Atoms
as Elementary Units of the Matter
The modern MM can be considered as an extension of simple atom and bond
representation of molecules and their complexes in classical chemistry. In the
beginning of the 1950s, scaled paper images and hand-made primitive models of
atoms and bonds from wood and wire enabled subtle scientists to construct the

4

V. Poltev

first successful models of proteins and DNA. The pioneering papers of Nobel
Prize authors can be mentioned in this relation (Pauling et al. 1951; Watson and
Crick 1953). Stick, ball-and-stick, and space-filling plastic models as well as their
computer images are widely used until now for both teaching and investigation.

General Expression and Terms of Molecular System Energy
The MM approach is a generalization and quantitative representation of these
models via mathematical expressions. A set of such expressions together with
numerical coefficients is usually referred to as the force field; the MM method itself
is frequently referred to as the force field method. Rigid balls of computer graphics
or plastic (metal, wood, etc.) models are replaced by “soft” ones, and hard sticks are
replaced by springs. “Hard Sphere” approximation can be considered as simplified
(in many cases oversimplified) MM approach. Nevertheless, very important results
were obtained via this approximation in the middle of the last century; we will
mention some of them below.
The modern MM method and most of force fields mathematical expressions
are the results of the efforts of many researchers for nearly half a century, trials
and errors of both well-known and widely cited authors, as well as of those who
contributed to specific parts of nonbonded energy computations for a selected
class of molecules. In this section, we will describe general scheme and the main
common assumptions of the MM method leaving any references to specific papers
and contributions of the researchers for next sections. The main subject of this
survey is rather simple MM scheme suggesting that the systems (molecules or their
complexes) consist of atoms, each atom being simulated as a single point particle.
Most computations for biologically important molecules use the so-called Class 1
model. More complicated schemes considering additional centers of interactions,
additional terms, and more exact expressions (so-called Class 2 and Class 3 MM
models) will be mentioned briefly. Molecular mechanics describes molecules in
terms of “bonded atoms” (atoms in molecule), their positions are distorted from
some idealized (equilibrium) geometry due to nonbonded interactions with the
atoms of the same molecule and of other molecules. The MM approach implicitly
uses the starting approximation for both classical and quantum computational
chemistry schemes, namely, Born–Oppenheimer approximation. MM does not
include electrons explicitly, but different configurations of electron shells of the
same chemical element’s atoms are implicitly considered in force field parameters.
Some authors consider not only atoms but lone pairs of electrons, chemical bonds,
and other points in a molecule as centers of interactions. We will mention such
“extension” of Class 1 models below.
The first principal approximation of MM method is the additivity for several
levels of calculations, namely, the additivity of energy terms responsible for the
contributions of different physical nature, and the additivity of contributions of
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the atoms. The simple (“minimalist”) representation of the potential energy of
a molecule or molecular complex as a function of atom coordinates, R, can
be represented by a sum of four main terms each term being a sum of many
contributions (Eq. 1).
E.R/ D

X

Eb C

X

Ea C

X

Et C

X

Enb

(1)

The summing up in the terms is over all the chemical bonds (the first term), valence
angles (the second term), torsion angles (the third term), and all pairs of atoms
nonbonded to each other or to common third atom (the last term). The energy terms
depend on mutual positions of atoms and on the adjustable constants (parameters);
the parameters are suggested to be transferable between atoms and molecules of the
same type. The transferability of the force field parameters is the second important
assumption of MM, and the number of atom types of the same chemical element
depends on particular force field.

Intramolecular Contributions to Molecular System Energy
The first and the second terms (sums of Eq. 1) refer to the energy changes due to
variations of bond lengths, stretching (Eq. 2), and bond angles, bending (Eq. 3).
These terms are usually modeled as harmonic potentials centered on equilibrium
values of bond lengths and bond angles, respectively, i.e., “simple Hooke’s law”
dependences are used.

2
Ebi D kbi li  li 0

(2)


2
Eai D kai ’i  ’i 0

(3)

In these equations, li and ’i , the current values of bond lengths and angles;
parameters li 0 and ’i 0 , equilibrium values for bond lengths and angles; kbi and kai ,
stretch and bend force constants, respectively. These adjustable parameters depend
on types of atoms forming the bond or the valence angle. Some force fields may
also contain cubic and higher-order contributions to these terms, or sometimes more
flexible Morse potential can be used instead, as well as “cross terms” can be included
to account for correlations between stretch and bend components. In the latter case,
the terms depending on both bond length and angle variations are added. The third
sum of the expression (Eq. 1) refers to the changes of torsion energy; it is responsible
for interactions of electron shells of two atoms A and D (and of two bonds A–B and
C–D) which are connected through an intermediate chemical bond B–C.
Eti D kti .1 C cos .ni i –•i //

(4)
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This periodic function (integer ni being the periodicity) contains the current value  i
of the angle i of the rotation around B–C chemical bond (the angle between the two
planes defined by atoms A, B, and C and by B, C, and D) and three parameters (kti ,
ni , and •i ; ni is multiplicity and •i is the phase angle) for each type of torsion (for
each combination of four neighbor atoms of the molecule). These parameters can
be estimated from experimental data on the structure and properties of the molecule
considered and of related molecules, then they (as well as li 0 , ’i 0 , kbi , and kai of
Eqs. 2 and 3) should be adjusted by trial computations. Many force fields include
terms responsible for “improper” torsions or out-of-plane bending, i.e., terms related
to four atoms not forming consecutive chemical bonds, which function as correction
factors for out-of-plane deviations (for example, they can be used to keep aromatic
rings planar). These terms can be expressed via harmonic potentials like those for
bond stretching and valence angle bending. Cross terms depending on both torsion
angle and bond length or valence angle are added in some force fields. Three terms
mentioned above are positive for practically all states of all the molecular systems
(or equal to zero when the term corresponds to equilibrium state for contributed
bond, angle or torsion).

Intermolecular and Nonbonded Intramolecular Interactions
The last sum of Eq. 1 refers to so-called nonbonded interactions, Enb, of all the
atom pairs not bonding to each other or to the same third atom, Eq. 5. Each atomatom term is usually represented by a sum of electrostatic, Coulomb (the first term
of Eq. 5), and van der Waals (the second and the third terms of Eq. 5) interactions.
 
Eij rij D Kqi qj =rij  Aij =rij 6 C Bij =rij 12

(5)

This equation contains rij , the current distance between i and j atoms; qi and qj ,
effective atom charges; Aij and Bij , adjustable parameters responsible for dispersion
(London) attraction and short-range repulsion interactions respectively. The atomic
charges are usually derived using calculations via various quantum chemistry
methods, effective dielectric constant implicitly accounting for surrounding can
be used (this value may be distant dependent). The Aij and Bij coefficient can be
preliminarily estimated via equilibrium inter-atomic distance and energy values at
equilibrium for neutral pairs of atoms (¡ij and ©ij respectively) and followed by the
adjustment to reference experimental data. Most of the early force fields used for
description of van der Waals interactions are Buckingham (6-exp) potential instead
of Lennard-Jones (6-12) potential in Eq. 5. The total expression for nonbonded
interaction term are usually referred to as (1-6-12) or (1-6-exp) potential relating to
the dependency of the terms on the inter-atom distance. The Buckingham potential
is more flexible (it has three adjustable parameters instead of two for 6-12 potentials
for each atom pair type) and has more physics justifications for the range of
experimentally observed distances (due to exponential dependence of electron wave
functions on the distance from nuclei), but it is less convenient for computations. It
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has a maximum at short distance and then trend to negative infinite value. Majority
of the modern force fields utilize 6-12 expressions for description of van der Waals
interactions, the total atom-atom potential being referred to as 1-6-12 one. Some
force fields substitute 6-12 potential by 10-12 one for the interactions of hydrogen
atoms of hydrogen bonds in order to describe more sharp distance dependence in
the most important area of energy minimum corresponding to H-bond formation
(referred to as 1-10-12 potential). More complex expressions (including those
dependent on the angles between two straight lines connecting three atoms of Hbond) were used for H-bond description in some early potential sets. The nonbonded
terms of the intramolecular energy related to 1-4 interactions (i.e., the interactions
between atoms in a molecule separated by three chemical bonds) are frequently
accounted for with a coefficient less than 1 (1-4 scaling) as these interactions are
already included into torsion term (Eq. 4). To reduce the number of adjustable Aij
and Bij parameters of Lennard-Jones potential (and corresponding parameters of
other potentials), the combination rules for equilibrium inter-atom distance, ¡, and
minimal energy values, ©, for pairs of different atoms are usually applied.
 1=2
¡ij D ¡i C ¡j I ©ij D ©i ©j

(6)

Some force fields apply the combination rules directly to the coefficients of van der
Waals terms.
The calculations of potential energy via Eq. 1 are used to search for local energy
minima (mutual atom positions corresponding to possible stable configurations),
to construct and analyze multidimensional potential energy surfaces (PES), to
follow trajectory of movement (in MD, molecular dynamics simulations), or to
study averaged thermodynamic and geometry characteristics (via MC, Monte Carlo
sampling) of the systems. Description of MD and MC methods is beyond the survey,
while some results of these applications of MM method will be mentioned briefly.

General Remarks on Molecular Mechanics, Its Accuracy,
and Applicability
The first computer (and all “precomputer”) applications of mechanistic approach
to molecule conformations and interactions ignored certain energy terms (e.g.,
stretching, bending, torsion, or electrostatic ones). Some modern works can ignore
certain terms as well in order to reduce the number of variables of energy function,
e.g., considering bond lengths as constants (their changes in many cases are very
small and have no influence on energy and geometry of minimal energy structures).
The simplest one of such approaches considers bond lengths and valence angles
as constants, ignores torsion energy (the contributions of the first three terms of
Eq. 1 being zeros), and utilizes “hard sphere approach” to nonbonded interactions.
This approach is a mathematical representation of plastic (or wood, iron, etc.) space
filling mechanic models or their computer images. The configurations are forbidden
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when any two nonbonded atoms are closer to each other than a sum of van der Waals
radii (these configurations have infinite positive energy), all other being allowed
(with zero energy). Already this oversimplified approach enables one to obtain
some important results, e.g., to reject certain configurations and even a possibility to
synthesize the molecule with inevitable too close positions of nonbonded atoms. The
first “Ramachandran maps” for proteins (which will be discussed in the next section)
have demonstrated allowed and forbidden regions on two-dimensional plots of the
fragment of polypeptide chain. These maps were subsequently improved using more
realistic MM functions or quantum mechanics calculations.
Most modern MM computations include additional terms besides those already
mentioned. These terms refer to direct imposition of experimental data (e.g.,
NMR-derived restrains on inter-atom distances or global characteristics of the
macromolecule) and to description of specific quantum effects not accounting for
by standard MM force field formulae.
The complexity of mathematical expressions and the number of parameters
depend on the systems considered. The problem of “which atoms pertain to the same
type and which ones are of different types” is considered by the authors of specific
force field and software depending on the tasks and computer resources. The atom
type may depend not only on the chemical element and electron shell configuration
but on neighbor atoms and on the structure of the whole molecular fragment (e.g.,
the carbons of six-member and five-member aromatic rings having the same three
bonded atoms may be considered as pertaining to different atom types). The more
broad the applications that are planned for the force field, the greater the number
of atom types that should be involved and the more complex force field formulae
that should be constructed. The first works which dealt with the tasks related
to specific systems (e.g., the conformations of saturated hydrocarbons or peptide
fragments) usually contained a few parameters; the modern force fields may contain
thousands of parameters (in spite of use of combination rules mentioned above).
The mathematical forms of the equations and numbers of atom types and adjustable
parameters represent a compromise between the simplicity (for elaboration and for
use) and the accuracy of the results obtained.
Various physical considerations can be used for preliminary estimation of
mathematical expressions and parameter values (rather simplified considerations
were used in Eqs. 2, 3, 4, and 5). It is important to emphasize that neither
dependences nor values of parameters can be “derived” (directly calculated) from
universal principles or measured by any experimental method. The stretch and bend
constants (of Eqs. 2 and 3) can be evaluated using infrared spectra; equilibrium bond
lengths and valence angles can be estimated from X-ray data for crystals of simple
molecules. The Aij coefficients of the attraction part of van der Waals interactions
can be evaluated (and really were calculated and used without refinement in the
first MM works) via approximate formulae for dispersion interactions; however,
their exact values for a certain class of systems should be adjusted by comparison
with experimental data or with the most exact quantum chemistry results after
trial computations for reference set of related systems. The same is valid for other
terms and their parameters. Some parameters have rather simple physical meaning
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and restricted areas of possible values (e.g., equilibrium distances between bonded
and nonbonded atoms or barriers to rotation about the bonds); other parameters
have only approximate relation to physical values (atom charges, Bij coefficients
of Lennard-Jones potential). As all the parameters are adjustable ones, only the
values of total energy and the equilibrium geometry of the molecular system can
be compared with experimental data, and consequently have the strict physical
meaning, not the individual contributions or the values of the individual parameters.
As various force fields utilize different reference sets of data, the individual
parameters are not transferable between different force fields even in cases where
they use the same mathematical expressions. Different force fields may result in
the nearly equal energy and geometry of local minima configurations but rather
different values of the individual term contributions. Thus individual terms of the
energy may have very approximate physical interpretation, although in some cases
it is interesting to evaluate the certain energy contributions and to follow their
changes for different molecular complexes and different configurations (and many
researchers include these evaluations to their publications).
It is worth mentioning that preliminary consideration of MM scheme has resulted
already in some doubts and objections. Generally speaking, the classical description
of the essentially quantum molecular systems cannot be exact and full. Most of the
terms in Eqs. 2, 3, 4, and 5 refer to the first approximation or to the first term of
expansion of the corresponding interaction energy. The atoms are not points, they
have dipole and quadrupole moments (not only charges), and charge distribution
in a molecule is continuous. The polarization or electron delocalization interactions
are not considered in the classical “minimalist” MM approach, and the contributions
of three-body and four-body interactions can be essential ones. Many attempts have
been undertaken to overcome these inherent difficulties of the MM method as well
as to justify the assumptions and simplifications; we will consider some of these
attempts below. Few remarks for justification of the main principles of MM method
are described here.
The possibility of consideration of atoms as elementary subunits of the molecular
systems is a consequence of Born-Oppenheimer or adiabatic approximation (“separation” of electron and nuclear movements); all the quantum chemistry approaches
start from this assumption. The additivity (or linear combination) is a common
approach to a construction of complex functions for a physics-based description of
the systems of various levels of complexity (cf. orbital approximation, MO LCAO
approximation, basis sets of wave functions, and some other approximations in
quantum mechanics). The final justification of the method is good correlation of
the results of its applications with the available experimental data and a possibility
to predict the characteristics of molecular systems before experimental data become
available. It can be achieved after careful parameter adjustment and proper use of the
force field in the area of its validity. The contributions not considered explicitly in
the force field formulae are included implicitly into parameter values of the energy
terms considered.
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A Bit of History: The “Precomputer” and Early Computer-Aided
MM Calculations
The quantitative estimations of molecular properties via simple atom level mechanics representations originate from the communications of Hill (1946, 1948), Westheimer and Mayer (1946), and Barton (1948, 1950). All these papers refer to
conformations of organic molecules. It is interesting to mention that mathematical
expression of potential energy suggested in the pioneering work of Hill (1946)
contains common for all the modern force fields stretch and bend components
(Eqs. 2 and 3 of previous section) as well as the Lennard-Jones terms of nonbonded
interaction energy. Westheimer and Mayer (1946) suggested the use of exponential
term for description of steric repulsion. The first calculations for selected conformations of rather simple (“medium size”) molecules, such as diphenil derivatives
in paper (Westheimer and Mayer 1946), cis-decalin and steroids in the papers of
Barton (1948, 1950) were performed manually or using desk calculators. Some
researchers constructed “hand-made” models of steel or wood (e.g., of cyclic
saturated hydrocarbons in the papers of Allinger (1959)) for careful measurements
of geometry parameters. The importance of quantitative estimations of nonbonded
interactions for considerations of three-dimensional structure of organic molecules
was emphasized starting from the first mechanical considerations, which was clearly
shown by Bartell in 1960. He illustrated the preference of “soft sphere” over “hard
sphere” approach to the analysis of hydrocarbon structure and suggested one of the
first (6-12) parameters for hydrocarbons (Bartell 1960). As mentioned above, rather
approximate calculations clearly demonstrated the utility of MM approach to the
problems of organic chemistry as well as the need for further extensive computations
and searching for more reliable parameters. We will refer to all these quantitative
theoretical considerations of molecular properties as MM, not depending on the use
of this term by the authors or on the method of estimation of different types of
interactions.
Rapid expansion of MM method starting from the 1960s was provoked by an
introduction of computers into all the branches of natural science. In this section,
we will briefly consider some examples of the first computer-aided applications of
MM method to three research areas, namely, the physical organic chemistry (these
works can be considered as a continuation of the “precomputer” papers mentioned
above), the structure and properties of molecular crystals, and the interactions and
conformations of biopolymers.

First MM Applications to Three-Dimensional Structure
and Thermodynamics of Organic Molecules
The first paper on computer study of organic molecule conformations was related
to saturated hydrocarbons by Hendrickson (Hendrickson 1961). The angle bending,
torsion, and (6-exp) van der Waals contributions to the conformation energy were
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taken into account, while constant values were assigned to bond lengths. The
computer calculations of cyclo-alkanes containing 5, 6, and 7 carbon atoms enabled
him to consider various conformers and to reproduce and rationalize the experimental data. During the 1960s and the beginning of the 1970s such computations
were performed by several groups of investigators. Hendrickson (1962, 1973, and
references herein), Allinger et al. (1971), and Allinger and Sprague (1973) extended
MM approach to more complex hydrocarbons including those with delocalized
electronic systems. Allinger’s computations took into account bond stretching in
addition to terms used by Hendrickson. Wiberg (1965) was the first researcher
who suggested use of the Cartesian coordinates of atoms (instead of “internal
coordinates,” i.e., bond lengths, bond angles, torsions) for nonbonded (“strain”)
energy minimization. Such approach enables researchers to use the same scheme
and the same software to study completely different systems. Most modern MM
programs use such an approach. The electrostatic term has not been included in the
papers mentioned in this paragraph as hydrocarbons are nonpolar molecules; it was
introduced later when more broad sets of molecules became to be considered.
The most important results of early MM computations of organic compounds can
be illustrated by Engler et al.’s paper (1973) titled “Critical Evaluation of Molecular
Mechanics.” The calculations for various hydrocarbons have been performed using
two rather different force fields, their own and that of Allinger et al. (1971). The
two force fields have substantially different parameters as different sets of experimental characteristics were used for parameter adjustment. It results in significant
difference of separate terms of the energy, which may vary by several times or
even be positive for one force field and negative for another one. Nevertheless, total
energies and relative values for various conformations calculated by two force fields
are rather close to each other for most of the compounds considered. Two phrases
of the paper’s abstract can be considered as characteristics of the whole situation
with the MM approach for that time: “Most of the available data are reproduced
with an accuracy rivaling that achieved by the experimental methods” and “The
molecular mechanics method, in principle, must be considered to be competitive
with experimental determination of the structures and enthalpies of molecules.”
Since the abovementioned publications, the theoretical conformational analysis
using MM force fields has become an inherent part of physical studies of organic
molecules. It became clear that in spite of difficulties with the parameter choice, the
MM calculations are not only a useful tool to rationalize experimental observations,
to reproduce and to predict the structure and energy characteristics of “medium
size” organic molecules with experimental accuracy, but they can also help in
elaboration of pathways of chemical synthesis. Different mathematical expressions
and parameters transform into force fields, i.e., to complete and verified sets of the
formulae and constants and ready-to-use computer programs. One of the first such
force fields and programs was MM1 program based on the paper by Allinger and
Sprague (1973), which then was followed by MM2, MM3, and MM4 force fields
and software for broad class of organic molecules. The inclusion of new atom types
and new terms of energy as well as parameter refinement continued till last years,
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and we will discuss these program sets in the next sections together with other
modern force fields and software.

The Role of Molecular Crystal Study on the First Steps of Molecular
Mechanics
The first publications on MM approach to molecule conformations mentioned
above deal with intramolecular interactions. The first works on such approach to
intermolecular interactions belong to one of the pioneers and founders of MM, A.
I. Kitaigorodsky (other spellings, Kitaigorodskii, Kitajgorodskij, Kitaygorodsky),
though he (and all the researchers at that time) did not use the term “Molecular
Mechanics.” Nearly at the same period (the 1950s) as Hill and Westheimer, usually
mentioned as initiators of MM approach, he suggested to consider mechanical
models of molecular systems quantitatively via mathematical expressions. In the
1950s, he foresaw the applications of the method to various problems of physics
and physical chemistry of organic and biological molecules, including the problems
of crystal structure, adsorption, and conformational transitions. We refer to the
most frequently cited works of Kitaigorodsky (1960, 1961, 1973). Kitaigorodsky
used structure and thermodynamic data on the crystals of organic molecules for
adjustment of parameters of atom-atom potential functions for calculations of nonbonded interaction energy. This term of the total energy is dominant for molecular
crystals. The method of atom-atom potentials was suggested as a generalization of
the “principle of close packing” of molecules in molecular crystals he discovered
earlier; his book (Kitaigorodski 1959) describing this principle is still widely cited.
Later he demonstrated that this principle is a consequence of more general atomatom approach to potential energy of molecular crystals. Kitaigorodsky was the
first researcher who suggested to consider the interactions of nonbonded atoms in
a molecule and of such atoms of different molecules via the same mathematical
expressions and parameters (applications of MM approach to biopolymers would
be impossible without this suggestion). The studies of molecular crystals via MM
approach enabled one to derive potential functions for nonbonded interactions and to
test the fidelity and accuracy of the approach itself using extensive sets of available
quantitative data on structure and energy of molecular crystals.
Some energy terms were ignored in the first MM works on conformations of
organic molecules, but it was impossible to predict a priori what types of contributions to intramolecular interactions energy (sums in Eq. 1) can be reasonably
neglected for specific types of molecules. Considering crystal structure of nearly
rigid molecules (e.g., aromatic rings) it is possible to ignore (at least in the first
approximation) all the terms but the last one in Eq. 1. This assumption is just
a consequence of examination of the geometry of series of related molecules
in crystals (e.g., aromatic hydrocarbons consisting six-atom rings); all of them
have nearly equal values of bond lengths and angles not depending on molecular
complexity and the type of crystal packing. For hydrocarbons, it is possible (again
at least for the initial studies) to ignore electrostatic contributions as well (the
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molecules have no dipole moment, and all the estimations of atom charges result
in small values, less than 0.1 of electron charge). Kitaigorodsky suggested stepby-step selection of potential functions starting from molecules of nearly neutral
atoms of two types (hydrocarbons) and introducing next atom types one-by-one
for selecting next parameters. His pioneering works on molecular crystals were
followed by more extensive computations of other authors. Some of these works
were inspired by his ideas and followed his methodology (e.g., first papers of
Williams (1966, 1967)), other researchers performed computations using different
expressions for nonbonded potentials and additional terms of the energy (e.g.,
Lifson and Warshel 1968; Warshel and Lifson 1970). The common set of (6exp) parameters for C : : : C, C : : : H, and H : : : H intermolecular interactions was
obtained by Williams (1967) from energy and structure calculations for crystals
of both aromatic and aliphatic hydrocarbons. Warshel and Lifson (1970) derived
“consistent force field” parameters for description of both intermolecular and
intramolecular interactions in crystals. This set contains both parameters for van
der Waals interactions and other terms of energy mentioned in the previous section.
Mason and coauthors (e.g., Craig et al. 1965; Rae and Mason 1968; Mason 1969)
used combined approach to calculations of intermolecular interactions in crystals,
namely, repulsive terms were calculated at atom-atom level, while attractive ones
were considered on bond-bond level. Such approach and other changes of simple
atom-atom scheme are not convenient for computations, and we would like to
cite a phrase from Mason’s paper comparing his and Kitaigorodsky’s methods:
“Although the representation of the attractive potential by spherically symmetric
atom-atom interactions cannot be justified theoretically, it has been outstandingly
successful in predicting the properties of crystals” (Mason 1969). The calculations
for molecular crystals became a part of the selection and test of the parameters
during elaboration of nearly all modern force fields. Later MM calculations for
molecular crystals enable researchers to examine the approximations accepted in
force field elaboration and to derive force field versions with additional terms of
energy (including polarization and atom centers, e.g., Williams and Weller (1983)).

Molecular Mechanics on the First Steps of Molecular Biology:
Molecular Mechanics and Protein Physics
Development of molecular biology and biophysics in the 1960s required a quantitative consideration of the conformations and interactions of proteins, nucleic
acids, and biomolecules in general. The problems of biological importance were to
rationalize the structure and conformational properties of the proteins and nucleic
acids, namely, to understand the contributions of the subunits and to construct
the models of the most favorable and biologically important conformations of
the fragments. We already mentioned in previous section that the first successful
models of regular structures of proteins and DNA duplex have been constructed
using “hand-made” fragments of paper, wood, wire in the beginning of the 1950s.
For understanding, explanation, and prediction of molecular level mechanisms of
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biopolymer functions, it was necessary to work out the method of quantitative
simulation of the three-dimensional structure and properties of biomolecules. The
first molecular mechanics considerations of biopolymer fragments were performed
in 1960s. We will follow briefly such studies for proteins in a few paragraphs below.
The general problems on proteins which can be in principle solved via MM simulations are (1) the construction of three-dimensional structure of the macromolecule
and prediction of the pathways of “protein folding” using restricted experimental
data (ideally, the primary structure only); (2) the refinement of experimental structure (X-ray diffraction patterns usually do not supply us with information sufficient
for precise atom coordinate assignment). The whole problem of the proteins
functioning cannot be solved via MM only as chemical reactions are beyond the MM
approach. Changes in electronic structure in processes that involve bond-breaking
and bond-forming, charge transfer, and/or electronic excitation require quantum
mechanics considerations. Nevertheless, MM approach is useful for the problems
of enzyme-substrate complex formation and of molecular recognition which are
crucial for the protein functions.
First of all, two important results on protein structure obtained before classical
MM computations should be mentioned. The atom-level structures of ’-helical and
“-sheet fragments of polypeptide chains have been designed by Linus Pauling and
Robert Corey in 1951 using “hand-made” models of wood (Pauling and Corey 1951;
Pauling et al. 1951). Such regular structures are the intrinsic parts of the majority
of the proteins. The success in the construction of these first models of the regular
protein fragments (as well as of the DNA duplex) primarily depended on correct
subunits geometry and a potential to predict the correct scheme of hydrogen-bond
formation, all other contributions to intramolecular interactions being of secondary
importance. The regular structures imply H-bond formation between N-H donors
and CDO acceptors of the peptide groups of the same chain for ’-helix, and of
other chain or of distant parts of the same chain for “-sheet. As it was pointed in
more than half of century (Eisenberg 2003), “In major respects, the Pauling-CoreyBranson models were astoundingly correct, including bond lengths that were not
surpassed in accuracy for >40 years.”
The second important “precomputer” result refers to construction via hard-sphere
models of two-dimensional map for possible (and impossible) conformations of
the dipeptide unit, the so-called Ramachandran plot (Ramachandran et al. 1963).
The polypeptide backbone consists of repeating peptide group connected via C’
atoms, the latter being connected to hydrogen atom and amino-acid residue (the
first atom of the residue is designated as C“ atom). The peptide group is practically
planar, and the only single bonds in the peptide chain are those between C’ atom
and two neighbor peptide groups (C’ –N–H of one group, the torsion angle for
rotation about this bond is designated as ˆ, and C’ –CDO of the next group, the
torsion angle for rotation about this bond is designated as ‰). Using mathematical
expressions for atom coordinates suggesting fixed bond lengths and bond angles,
Ramachandran et al. (1963) have constructed the two-dimensional ˆ-‰ maps with
two sets of van der Waals atom radii, “normally allowed” and “outer limit,” i.e.,
normal and shortened radii. The main part of the maps for all the amino-acid
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residues except glycyl corresponds to the conformations forbidden due to shorten
atom-atom contacts, while ’-helix and “-sheet fall into the allowed regions. For
glycyl residue, the allowed regions were considerably more extended. It took about
half a year to construct these maps using a desk calculator (Ramachandran 1990);
later such maps were computationally constructed using various force fields and
quantum mechanics methods; superposition of ˆ-‰ combinations corresponding
to experimentally or computationally constructed three-dimensional structure of
proteins and peptides on the Ramachandran plot helped to check and rationalize
the protein models nearly for half a century. The consideration of dependence
of Ramachandran plot on amino acid residue via hard sphere approach enables
Leach et al. (1966a) to evaluate semi-quantitatively the parts of two-dimensional
map corresponding to allowed conformations for different amino-acid residues
(from about 50 % of all conceivable conformations for glycyl to only 5 % for
valyl). The evaluation of steric restrictions emphasizes their important role as a
determinant in protein conformation; the consideration of ’-helices demonstrated
that the preference of the right-handed ones in comparison to left-handed helices
is due essentially to interactions of the C“ atom of the side chains with atoms in
adjacent peptide units of the backbone (Leach et al. 1966b). The “hard sphere”
approach was applied to search for allowed conformations of cyclic oligopeptides,
for example (Némethy and Scheraga 1965).
The main conclusion of the “hard sphere” works was that steric effects are one
of the most important factors in determining polypeptide conformations. “Many
conformations of a polypeptide can be classed as energetically unfavorable without
consideration of other kinds of interactions; however, the method breaks down
to the extent that it cannot discriminate between those conformations which are
sterically allowed : : : The contribution that this method has made is that more than
half of all the conceivable polypeptide conformations are now known to be ruled
out by steric criteria alone” (Scott and Scheraga 1966a). Nearly at the same time
(the middle of 1960s) as abovementioned hard sphere considerations of peptides,
the first applications of MM formulae to protein structure were started using “soft
atoms,” and the first parameters of potential functions suitable for peptide subunits
calculations were suggested. The first such works were published by three groups
of researchers, namely, those of De Santis and Liquori (De Santis et al. 1965), Flory
(Brant and Flory 1965), and Scheraga (Scott and Scheraga 1966a). All these works
were preceded by the publications of the authors related to synthetic polymers. The
bond lengths, valence angles, and planar peptide group in all the early studies of
polypeptides were fixed.
De Santis et al. (1963) have carried out the calculations of van der Waals term
of the energy using different potentials for regular conformations of linear polymers
as functions of torsion angles of monomer units. The deepest minima of the conformational diagrams were found very near to the experimental structures, as obtained
by X-ray fiber diffraction methods, for a series of polymers investigated including
polyethylene, poly(tetrafluoroethylene), poly(oxy-methylene), and polyisobutylene.
When the calculations were extended to the polypeptides (polyglycine, poly-Lalanine, and poly-L-proline), good agreement with the experiments was obtained
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as well (De Santis et al. 1965). After nearly 30 years De Santis wrote “While
other contributions to the conformational energy are included in the calculations,
the dominant role of the van der Waals interactions remains well established as the
main determinant of the conformational stability of macromolecules” (De Santis
1992).
Brant and Flory (1965) have carried out the calculations on peptide unit energy
in which they included torsion potentials, van der Waals (6-exp) interactions,
and dipole-dipole interactions between the permanent dipole moments of nearneighbor peptide groups. The conformational energies were used by Brant and Flory
in statistical mechanical calculations of the mean-square unperturbed end-to-end
distance of various polypeptide chains. They concluded that it was necessary to
include the electrostatic interactions in the energy calculations to obtain agreement
between the calculated and experimentally determined chain dimensions and thus
that these interactions are important in determining polypeptide conformations.
The first publication of Scheraga’s group related to “soft atoms” MM simulations
related to proteins (on helical structures of polyglycine and poly-L-alanine (Scott
and Scheraga 1966a)) included besides contributions considered in paper of Brant
and Flory (1965) explicit accounting of hydrogen bonds and interactions of atom
charges of peptide group. Rather complex expression for dipole-dipole energy
of interactions between peptide groups used by Brant and Flory (1965) was
substituted by Coulomb atom-atom terms, and (6-exp) expressions for van der
Waals interactions were substituted in this paper and subsequent publications by
(6-12) potentials, but additional complicated expression for description of hydrogen
bond energy was added. The method and parameters for calculation of torsion and
van der Waals energies were earlier developed by Scott and Scheraga (1966b) for
normal hydrocarbons and polyethylene. It is interesting to note that both groups
of authors (those of Flory and of Scheraga) applied without further refinement
approximate Slater-Kirkwood equation for calculation of coefficient for attractive
term of van der Waals energy (the coefficients were expressed via polarizabilities
and effective numbers of electrons of the interacting atoms) and van der Waals
radii for calculation of repulsion term parameters. Approximate character of such
parameters is evident, but rather good agreement with experimental results was
obtained in the both publications (Brant and Flory 1965; Scott and Scheraga 1966a).
The existence of polyglycine and poly- L-alanine regular ’-helices was rationalized
as a consequence of favorable both H-bond and van der Waals interactions, while
helices of other possible types (¨ and 310 ) lie in relatively high-energy regions, and
for isolated helices these structures have been excluded (Scott and Scheraga 1966a).
The abovementioned calculations of Scheraga et al. on protein simulations were
followed by a series of publications related to both improvements of the method
(both parameter adjustments and new term additions) and of simplifications of
computations. Such changes in the methods enable them to obtain preliminary
results on peptides of up to 20 amino acid residues already in 1967 (Gibson
and Scheraga 1967a, b). The improvements of the method refer to enlarging the
equilibrium radii of atoms, assigning partial charges to each atom (but neglecting the
electrostatic contribution when the atoms are not close together), and introduction of
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orientation-dependent term for H-bond description instead of complicated formulae
of the previous paper (Scott and Scheraga 1966a). The simplified account for solvent
contribution to the energy has been included considering the effect of removing
the nearest neighbor to peptide water molecules (Gibson and Scheraga 1967a). The
simplification of the model refers to introducing “extended atom,” i.e., CH, CH2 ,
and CH3 groups were considered as the single atom to reduce the number of atomatom interactions that had to be computed (this approach was used later in many
force fields and such potential functions are commonly referred to as “united atom”
potentials, we will discuss this simplification below). Scheraga’s group prolongs
the improvement of the parameters and the method continuously till recent years.
We will discuss these studies below, now we will mention some improvements
performed in the first half of the 1970s. The most important improvements refer to
description of H-bond potential by (10-12) expression (McGuire et al. 1972) (some
other force fields adopted such dependence for description of interaction between
hydrogen atom capable to participate in H-bond and atom-acceptor of H-bond), to
calculation of partial charges via semiempirical CNDO/2 method (Yan et al. 1970),
and to adjustment of repulsion part of van der Waals interactions to crystal data
for extensive set of molecules including amino acid crystals (Momany et al. 1974,
1975). The results of the crystal calculations led to an internally self-consistent set
of interatomic potential energies for interactions between all types of atoms found in
polypeptides (ECEPP force field (Momany et al. 1975)). The bond lengths and bond
angles were obtained from a survey of the crystal structures and were considered as
fixed for each of amino acid residue (Scheraga’s force fields differ in this feature
from most other widely used force fields). The preliminary set of potential functions
they used to refine X-ray structures of some proteins, e.g., lysozyme (Warme and
Scheraga 1974), ’-lactalbumin (Rasse et al. 1974), and rubredoxin (Warme et al.
1974).
We will not consider details of these papers; instead we will mention the first
publication on MM refinement of X-ray protein structure of Levitt and Lifson
(1969). The refinements of protein structures (myoglobin and lysozyme) have been
performed via two steps by minimization of the energy function containing all the
MM terms and an additional term describing deviation of the atom coordinates from
their values obtained from X-ray diffraction studies (penalty function). Three energy
terms (corresponding bond stretching, bond angle bending, and torsion potentials)
supplemented by penalty functions were used at the first step. At the second step
nonbonded and hydrogen-bonded interactions were included, and penalty functions
were omitted. The authors mention that energy function parameters are preliminary
ones, intended for protein simulation in aqueous solution, differed significantly from
those of Scheraga and subject to further improvement. The refine structures were
close to X-ray diffraction ones and do not contain short atom-atom contacts or
unusual bond lengths and valence angles. Starting from rough model coordinates,
the method minimizes the assumed total potential energy of the protein molecule to
give a refined conformation (Levitt and Lifson 1969).
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Molecular Mechanics on the First Steps of the Biophysics of Nucleic
Acids
The problems related to MM approach to nucleic acid structure and functions differ
in some aspects from those for proteins. The main computational tasks for the
1960s in the area of nucleic acids were to rationalize the structure of native and
modified DNA duplexes, t-RNAs, synthetic polynucleotides, i.e., to understand the
contribution of the subunits (the bases, sugars, ionized phosphate groups, counterions, and surrounding water) to three-dimensional structure, and to evaluate the
contributions of interactions of different physical nature to structure and functions
of nucleic acids. The extensive applications of MM approach to nucleic acids were
started a few years after those for proteins. The same is true for the adjustment of
MM parameters for calculations of nucleic acids. Such a situation can be explained
by “special role” of DNA in cells as a heredity material as well as by expectations
of “specific” forces between the bases as conjugated molecules with delocalized
electron system. Many researchers considered the electron exchange via H-bonds
in base pairs and exchange interactions between stacked bases as the crucial
contributions to nucleic acid functioning. It took some years before pioneers of
quantum mechanics approach to biochemical problems would write: “The possible
contributions of resonance energy stabilization through electronic delocalization
across the hydrogen bond for horizontal interactions and of overlapping of their
-electronic cloud or of charge-transfer complexation for the vertical interactions
appear to be of much smaller order the magnitude than the stabilization increments
due to van der Waals-London forces” (Pullman and Pullman 1968).
The author of this survey was the first researcher since the application of MM
formulae in 1966 to consider the interactions of nucleic acid subunits. We will now
briefly follow the route of investigations of nucleic acid interactions to “classic”
MM approach. The first quantitative estimation of interactions of bases in DNA
duplex via formulae of intermolecular interactions was performed by De Voe and
Tinoco (1962). They used so-called molecule dipole approximation, i.e., permanent
and induced electric point dipoles were placed into the center of each base. The
energy of interaction between two paired or stacked bases was suggested to be a
sum of the interactions of permanent dipoles (Coulomb electrostatic interactions),
permanent dipole-induced dipole (polarization interactions), and of induced dipoles
(London dispersion interaction). Such an approximation does not enable them to
obtain even qualitatively correct results (e.g., the energy of interaction between the
bases in Watson-Crick A:T pair was positive), but the computational problem of
evaluation of interaction energy changes on the formation of the specific nucleic
acid conformation has been defined in this chapter. That is why it is cited in
hundreds of publications during nearly a half of century, many of them (including
those of the author of this survey) were inspired by the paper of De Voe and
Tinoco (1962). Shortly it became clear that such an approximation is invalid for
this system not depending on dipole location as well as after replacement of point
dipoles by “real” ones, i.e., by dipoles of definite size. Bradley et al. (1964)
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suggested that the main contribution into base-base interaction energy is of Coulomb
electrostatic nature, which can be calculated in “monopole approximation.” The
point charges were calculated via semiempirical methods of quantum chemistry and
placed on each atom of the bases. This paper was followed by the papers of Nash
and Bradley related to calculations of base-base interactions. One of their papers
should be mentioned in relation to the general progress and development of MM
approach. Starting from various mutual in-plane positions for all the combinations
of RNA bases, the calculations and search for minima of electrostatic energy
was performed (Nash and Bradley 1966). Van der Waals energy was taken into
account in “hard sphere” approximation, i.e., any non-hydrogen atom pair should
not be closer than sum of van der Waals radii. As a result of the calculations,
27 energy minima were obtained which have two or more short N-H   O or NH   N contacts (with N : : : N or N : : : O distances about 3 Å) corresponding to
nearly linear or bifurcated hydrogen bonds. The results enable Nash and Bradley to
rationalize the available up-to-date experimental data on base crystals data as well
as base-base complex formation in solutions and polynucleotides. It appears that the
observed base pairings with two H-bonds in crystals always correspond to one of
the computed geometries of lowest energy (Nash and Bradley 1966). It is important
to emphasize that Bradley et al. (1964) “monopole” approach to calculations of
the base interaction was the first attempt to consider the electrostatic energy in
the framework of the modern MM scheme. The abovementioned calculations of
Scheraga’s group with inclusion of point charges of peptide group were started 2
years after the Bradley’s publication.
The subsequent studies on the quantitative evaluation of the interactions
and three-dimensional structure of nucleic acid fragments were continued via
two routes. One of the approaches suggested construction of MM force field
parametrized to nucleic acids interactions; another approach implied calculations
using more rigorous physics concepts and molecular characteristics in a hope
to understand physical nature of interactions. The first works on this way were
performed by Pullman’s group and referred to interactions of the bases in fixed
positions (e.g., Pullman et al. 1966). Considering the energy of interactions as a
sum of electrostatic, polarization, and dispersion terms, two approximations were
applied, “dipole” and “monopole”. The monopole approximation was applied to
electrostatic energy only (following Bradley et al. 1964), while two other terms
were really calculated in molecular dipole approximation. This approach was later
augmented by inclusion of the short range repulsion term and representation of
the molecule as a set of “many-centered multipole distributions obtained from ab
initio SCF calculations (charges, dipoles, and quadrupoles located on the atoms
and the middles of segments joining pairs of atoms)” (Langlet et al. 1981). We will
not consider subsequent progress on this way of nucleic acid computations as new
schemes (e.g., Gresh et al. 1986 and references herein) do not correspond to the
MM approach. Nevertheless, it is worth to mention that the sophisticated schemes
of base-base computations had no advantage for rationalization and prediction of
experimental results in comparison to “standard” MM scheme reviewed in the next
paragraph.
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In the middle of the 1960s, the author of this survey proposed the first atomatom scheme and numerical parameters for the calculation of interactions of nucleic
acid bases (the terms “force field” and “molecular mechanics” were not widely used
in those years). This scheme had three source points, namely, idea of De Voe and
Tinoco (1962) on quantitative estimations of interactions of nucleic acid subunits,
“monopole” approximation of Bradley et al. (1964) for electrostatic interactions of
the bases, and Kitaygorodsky (1961) atom-atom approach to calculations of van
der Waals interactions in molecular crystals. At that time, there was no “MMlike” calculation scheme suitable for quantitative considerations of nucleic acid
interactions and structure. We refer here only to later papers summarizing some
preliminary adjustments and applications of the approach (Poltev and Sukhorukov
1970; Poltev and Shulyupina 1986). When calculating the interactions of
Pnucleic
acid bases or other conjugated heterocyclic molecules the only term Enb of
Eq. 1 was considered, corresponding to all the pair-wise interactions of atoms
not pertaining to the same molecule. The bond lengths and valence angles were
fixed and corresponded to averaged experimental geometry for each of the bases
(like those for amino-acid residues and peptide backbone in Scheraga’s force
field (Momany et al. 1975)). The atom-atom terms contained electrostatic, London
attraction, and short-range repulsion contributions. This scheme was the first one
assigning different parameters of van der Waals terms to the atoms of the same
chemical element but different electron shell configuration (e.g., aromatic and
aliphatic carbons, pyridine and pyrrol nitrogens, keto and enol oxygens). These
parameters were preliminarily evaluated from approximate London formulae (for
Aij coefficient of Eq. 5) and enlarged van der Waals radii of atoms (for Bij
coefficient of Eq. 5 or corresponded values for the firstly used 6-exp potentials).
The final values of the parameters were selected after step-by-step calculations and
comparison with experimental data for crystals containing the atoms of some types
only (starting from graphite, then aromatic hydrocarbons, pyrazine, benzoquinone,
purine, and finally the bases). The effective charges of atoms were calculated via
simple semiempirical quantum chemistry method (of Huckel and Del Re for electrons and ¢-electrons, respectively) with the parameters adjusted to reproduce
experimental values of dipole moments for related molecules. The primary scheme
(Poltev and Sukhorukov 1970) contained polarization term as well, but it was shortly
eliminated due to its small value for many cases and to avoid difficulties related to
nonadditivity of atom-atom and molecule-molecule interactions. The parameter set
was than amplified by consistent parameters for sugar-phosphate backbone (Zhurkin
et al. 1980) and for water-DNA interactions (Poltev et al. 1984). This simple MM
scheme specially adjusted to nucleic acid interactions enables us to rationalize
extended set of experimental data and to forecast some nucleic acid properties
before experimental evidence. Variability of DNA helix parameters (Khutorsky
and Poltev 1976), dependence of mutual base-pair positions in energy minima on
nucleotide sequence (Polozov et al. 1973), pathways for all the base-substitution
errors (Poltev and Bruskov 1978), and DNA duplexes with mispairs (Chuprina and
Poltev 1983) were predicted by such calculations before experimental data became
available. The parameters of this simple scheme were refined later several times (like
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any other force field scheme discussed above and below) via adjustment to new
experimental data and quantum mechanics considerations. We will mention here
only one more series of early MM calculations related to nucleic acids performed
by Indian scientists Renugopalakrishnan, Lakshminarayanan, and Sasisekharan
(coauthor of Ramachandran et al. (1963) paper on ˆ-‰ plot for proteins). They
suggested the first complete set of parameters for calculations of the conformations
of nucleic acid fragments (Renugopalakrishnan et al. 1971, and references herein).
The atom charges crucial for the base interactions have been calculated via the same
procedure as in our earlier papers (e.g., Poltev and Sukhorukov 1970).

The Problems and Doubts of Further Development of the MM
Approach
As follows from the previous section, the usefulness of MM approach was already
demonstrated in the first decade of its extensive applications and modifications. At
the same time, the problems of justification and of pathways of future development
of the approach had arisen. From the very beginning, it was clear that the method
cannot provide us with exact description of the structures and processes due to its
semiempirical nature. The interesting problem of the method is the relative extent
of empiricism and physical meaning of the scheme and its parameters.

Approaches to Improvement of MM Formulae and Parameters
Several ways of improvement of MM scheme were proposed during the 1960s and
the 1970s. Two hypothetical approaches to refinement of MM representation and
force fields can be considered. In the framework of the first approach, it is suggested
to describe the physical nature of the system in the most exact way, e.g., to employ
more exact equations for description of the interaction energy (e.g., not restricting
expressions to first term in the expansion for bond stretching and angle bending,
use of better grounded expressions for van der Waals interactions, etc.) and/or more
detailed representation of the system considering not only point atoms but other
centers of interactions, not restricting the scheme with scalar values but introducing
vectors (such as dipole moments) or tensors (such as anisotropic polarizability).
In the framework of the second approach, it would be possible to consider energy
expressions as entirely empirical ones and to adjust the parameters to experimental
data (or, later, to reliable quantum mechanics results) until the closest coincidence
(e.g., via the least square method). Unsuccessful attempts of consistent and strict
use of only one of the approaches had been undertaken during the first two decades
of the MM computer simulations.
The second approach mentioned above is practically impossible to realize;
usually, there is no sufficient quantitative experimental data not only to derive
the form of dependences of the energy on inter-atomic distances but to obtain the
coefficients of already accepted potential form (e.g., of Lennard-Jones). Even in a
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case we have sufficient number of experimental values, the equations for parameter
calculations have no single definite solution. It was demonstrated in the paper of
Momany et al. (1968). The authors of the abovementioned paper tried to adjust
the coefficient of (6-12) potentials for C : : : C, C : : : H, and H : : : H interactions
for benzene molecule to the energy and structure data of benzene crystal. Using
three sets of experimental data for different temperatures, they obtained entirely
repulsive contribution from C-C interactions. It means that qualitative estimations
(relative values of attraction terms for various atoms, of equilibrium radii, of atom
charges in the same or similar molecules, etc.) should be taken into account in
adjusting the parameters of the force field. Most of the modern force fields originate
from previous sets of expressions and parameters derived from simple qualitative
considerations (e.g., simplified formulae of dispersion term, van der Waals radii of
atoms) and take into account these considerations automatically (e.g., using previous
approximate parameters’ values as starting points).
As for the first approach, the more complex expressions of the energy were
suggested since the end of 1960s, and such expressions are used in some modern
force fields, i.e., next terms in the energy expansions for stretching, bending,
and van der Waals contributions. The inclusion of additional terms requires new
parameters. Usually the number of reliable quantitative values is not sufficient,
and such an approach becomes useful in case the area of applications of the force
field is restricted to certain types of similar molecules (e.g., hydrocarbons). In
any case, the expressions for each term remain the approximate ones, and more
coefficients should be adjusted to target data. The more complex representation of
the molecular system as compared to a set of point atoms was proposed by several
researchers during the 1960s and the 1970s (including the author of this survey).
Such a representation looks the most natural for atoms with lone pairs of electrons
(inclusion of additional points for electrostatic interactions of pyridine nitrogen
or keto oxygen located at the centers of lone-pair orbitals) or for atoms with orbitals (additional points for aromatic heterocycles located above and below the
ring planes to account for quadrupole moments of the molecules). Additional lone
pair centers for electrostatic interactions are included in some modern force fields
for better reproduction of electric field around the molecules and the directionality
of hydrogen bonds.
Although the introduction of such centers looks physically based, an inconsistency of such an approach can be detected rather easily. When assigning the negative
charged interaction centers to some electron orbitals (and hence positively charged
centers to nuclei locations), it looks natural to assign additional centers to chemical
bonds (sites of the highest electron density between the nuclei). As a result, we
have several times more centers (more computer resources are needed) and several
times more adjustable parameters. Such an approach was consistently implemented
into force field suggested by Scheraga and coauthors. The first version was titled
“empirical potential using electrons and nuclei” (EPEN ; Shipman et al. 1975)
and an improved version EPEN/2 was released in 3 years (Snir et al. 1978). In
this model, the molecular interactions are modeled through distributed interaction
sites, which account for the nuclei and electronic clouds. The positive charges are
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located at the atomic nuclei, and the negative charge centers are located off the
nuclei. The bonding electrons are located along the bonds, while the lone-pair and
- electrons are located off the bonds. The energy of interaction is approximated
by the sum of the coulomb interactions between all point charge centers, an
exponential repulsion to represent electron–electron overlap repulsion, and an R6
(R D distance) attraction to simulate attractive energies between the nuclei. The
distances between the charge locations are the method parameters; they are fixed
in the molecule fragments. The parametrization was optimized by least square fits
to spectroscopic, crystallographic, and thermodynamic data. This approach (as well
as other approaches considering many in addition to atom centers of interactions)
was not widely used in MM calculations. The situation can be accounted for by
restrictions imposed by fixed geometry of the molecule fragments as well as by need
for the parameter adjustment for molecules other than considered by the approach
authors.
A separate problem is the choice of the force field parameters for most exact
reproduction of experimental and/or quantum mechanics data. All the experimental
values are determined with a definite accuracy; all the quantum mechanics data
refer to gas phase and do not include implicitly third body interactions. The use
of quantum mechanics data only (not depending on level of theory) results in
errors in reproduction of condensed phase properties. The adjustment of parameters
to characteristics of condensed phase (most experimental data refer to crystals
or solutions) leads to wrong values of characteristics for separate molecules or
their simple complexes in gas phase. Hence, various experimental and quantum
mechanics data should be considered with different weights in the process of
the adjustment of force fields, the weights being dependent on areas of intended
applications of the force field.
Recently, a method and software package named ForceBalance for systematic
force field optimization has been published (Wang et al. 2013a). The method
enables researchers to parametrize a wide variety of functional forms using flexible
combinations of target data. These data may come from experimental measurements
or from quantum mechanics calculations. Various properties are included in a single
objective function, which is then integrated over the entire configuration space.
The method was used by the authors (Wang et al. 2013a) for developing a new
polarizable water model with 27 parameters adjustable to quantum mechanics data
for single water molecule and H-bonded water clusters. The water model contains
five fluctuating charge sites including three virtual sites. The positions of virtual
sites have been fully optimized; they do not coincide with lone pair centers. An
interesting suggestion was made for description of van der Waals interactions. The
authors propose specially modified (6-exp) potential. As it was mentioned in the first
section, “classical” (6-exp) Buckingham function widely used on the first steps of
MM-like calculations has unphysical dependence on interatomic distance at small
distances. The authors of the model (Wang et al. 2013a) have chosen empirical van
der Waals potential EvdW (r) with three parameters.
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EvdW .r/ D 2© ¡6 = ¡6 C r6 = .1  3= .” C 3// Œ3 exp .” .1  r=¡// = .” C 3/  1
(7)
This function depends on equilibrium interatomic distance, ¡; minimal energy
values, ©; and a dimensionless constant, ”, describing the steepness of the repulsion.
Like Buckingham function, it tends to an attractive r6 potential at large interatomic
distances, tends to a repulsive exponential term at small distances, and has welldefined unique minimum. The authors note that their water model is quite accurate
for some, but not all, properties of liquid water. We should note that this disadvantage is common for all the force fields derived from quantum mechanics results
only, without adjustment to experimental data. Improvements of water model using
ForceBalance software and both quantum mechanics and experimental data will be
considered below.

Various Schemes of Water Molecule in MM Calculations
In view of importance of water for life and for description of the biomolecular
interactions as well as of “anomalous” physical properties of water in liquid and
solid states, hundreds of models and their modifications for water molecule have
been proposed. We will mention here only few of most frequently used and cited
rigid models and some recent polarizable models. Simple atomic structure of the
water molecule enables researchers to perform quantum mechanics calculations
of rather high level unreachable for most organic molecules. The results of these
computations for a single molecule and for H-bonded water clusters together with
availability of quantitative experimental data for bulk water at various temperatures
and pressures stimulate elaboration of new models and permanent improvement
of existent ones. These models can be used for demonstration of possibilities and
restrictions of the MM method in general, for comparison of various approaches to
MM model construction.
Most water models describe the molecule by the number of interaction centers
not coinciding exactly with atom centers. This diversion from simple MM scheme
can be understood as a consequence of small size of the molecule and the inability of
any simple charge distribution on atom centers to adequately describe the molecular
dipole and quadrupole of the monomer at the same time. Inclusion of additional
centers or/and displacement of interaction centers from atoms is necessary to
reproduce charge distribution of this simple molecule. (The author of this survey
noticed this fact earlier for heterocyclic compounds, but fortunately in this case the
contributions of permanent quadrupole interactions can be implicitly accounted for
by other terms of interaction energy.)
The first water molecule model (frequently referred to as BF model) has been
proposed by Bernal and Fowler (1933). This model may be considered as the earliest
molecular model suitable for MM calculations, and it was used for Monte Carlo
calculations of liquid water performed in nearly a half of century for comparison
with some later models (Jorgensen et al. 1983). The model contains four interaction
sites: three charged sites, namely, two positive centers located at the hydrogen atoms
and one negative center (so-called M-site) displaced by 0.15 Å from oxygen atom

Molecular Mechanics: Principles, History, and Current Status

25

in the direction of H-O-H bisector, and one center for van der Waals interactions
located on oxygen atom. It is interesting to note that Bernal and Fowler (1933)
performed approximate evaluations of intermolecular interaction energy by the (16-12) potential functions. Jorgensen et al. (1983) used nearly the same position of
centers and slightly modified charges in TIP4P four-site water model (one of their
popular Transferable Intermolecular Potentials). Matsuoka et al. (1976) derived
more complex four-site model from potential surface of water dimer constructed
via ab initio quantum mechanics calculations with configuration interactions. The
analytical expression for interaction potential function between two water molecules
consists of pair-wise Coulomb interactions of three charges located similar to BF or
TIP4P models and exponential interactions of all the three atoms of one molecule
with the atoms of the other one. This model (the so-called MCY model) was widely
used during the first decade of liquid water simulations.
We will not consider many models including earliest ones which consist of
three, five, or more centers but only briefly mention some of the rigid models
cited till the present time and used in modern force fields. Stillinger and Rahman
(1974) suggested the five-site model with two positive centers (hydrogen atoms),
two negative centers (located at oxygen lone pairs), and one center (oxygen atom)
for Lennard-Jones interactions. The model has been used successfully to study a
wide variety of properties of liquid water. Mahoney and Jorgensen (2001), after
extensive Monte Carlo simulations and parameters adjustment, suggested five-site
model TIP5P which enables them to describe the density anomaly of liquid water
better than previously existing models. Nada and Van der Eerden (2003) have
designed six-site model of water molecule. Three of these sites are the three atoms of
the molecule (they interact through a Lennard-Jones potential), and three other sites
are point charges (O atom is electrically neutral; the two H atoms carry positive
charges). The model can be considered as a combination of TIP4P and TIP5P
models of Jorgensen. The Monte Carlo simulations of ice and water show that the
six-site model reproduces well the real structural and thermodynamic properties of
ice and water near the melting point.
Two three-site rigid water models, namely, TIP3P of Jorgensen et al. (1983) and
SPC of Berendsen et al. (1981) should be specially mentioned, as these models (or
their modifications) are used in modern force fields for biomolecular simulations.
These models have (in accord with general MM principles for class I models)
three interaction sites centered on the nuclei. Each site has a partial charge for
computing the Coulomb energy and only one site (oxygen atom) for Lennard-Jones
interactions. The TIP3P model demonstrates better reproduction of experimental
thermodynamic and structural data for bulk water (Jorgensen et al. 1983).
Further progress in the study of water properties and its interactions with other
molecules is related to new models introducing flexibility to the molecule (incorporating bond stretching and angle bending terms into interaction energy) and with the
inclusion of electronic polarization. These effects are important for the quantitative
description of water properties in liquid and solid states as well as of phase transitions. We mention here a few of recent water models beyond class I MM methods.
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The model elaborated by Ren and Ponder (2003, 2004), AMOEBA (Atomic
Multipole Optimized Energetics for Biomolecular Applications), includes full
intramolecular flexibility, permanent atomic monopole, dipole, and quadrupole
moments placed on each atomic center and buffered 7-14 potential for pairwise
atom-atom van der Waals interactions. Polarization effects are explicitly treated
in the AMOEBA force field via mutual induction of dipoles at atomic centers.
The functional forms for bond stretching and angle bending were taken from the
Allinger’s MM3 force field and include anharmonicity through the use of higherorder deviations from ideal bond lengths and angles. An additional intramolecular
term, the Urey-Bradley term, consists of a simple harmonic function. The force field
does not contain off-atom sites. It was parametrized by hand to fit results from ab
initio calculations on gas phase clusters up to hexamers (Ren and Ponder 2003) and
temperature and pressure dependent bulk phase properties (Ren and Ponder 2004).
The model enables authors to reproduce well both the high-level ab initio results
for various gas phase clusters and bulk water thermodynamics data, including the
second virial coefficients over the whole temperature range. The authors mention
that AMOEBA water model is approximately eight times slower than the TIP3P
one (for MD simulations of a periodic system of 216 water molecules); nevertheless,
they consider it as “the first step in the derivation of a next-generation polarizable
force field for biomolecular simulation.” Later, AMOEBA force field was extended
to organic molecules (Ren et al. 2011) and to proteins (Shi et al. 2013).
The iAMOEBA, i.e., “inexpensive AMOEBA” (Wang et al. 2013b) was developed using the ForceBalance automated procedure (Wang et al. 2013a). A direct
approximation to describe electronic polarizability reduces the computational cost
relative to a fully polarizable AMOEBA model, and the application of systematic
optimization ForceBalance method results in raising the accuracy of iAMOEBA.
Recently (Laury et al. 2015), a set of improved parameters for the AMOEBA
water model was developed using the automated procedure, ForceBalance (Wang
et al. 2013a). An adjustment of 21 force field parameters has been performed to both
high-level ab initio results for gas phase clusters, containing 2–20 water molecules,
and six condensed phase properties at a range of temperatures (249–373 K) and
pressures (1 atm to 8 kilobar). The enthalpy of vaporization and density dependence
on temperature were given a greater weight (as compared to the other properties)
in the optimization. The model represents a significant refinement of the original
AMOEBA parametrization, namely, it provides a substantial improvement in the
ability to predict experimental data, particularly for a number of liquid properties
across a range of temperatures. The authors (creators of original AMOEBA models
are among them) refer to new model as AMOEBA14 and to the original model
(Ren and Ponder 2003, 2004) as AMOEBA03. The AMOEBA14 model has a
similar accuracy level as the AMOEBA03 model for the interaction energy of the
gas phase cluster ranging from dimers to 20-mers. They promise compatibility of
AMOEBA14 water model with the previously determined AMOEBA force fields
for organic molecules (Ren et al. 2011) and for proteins (Shi et al. 2013).
The authors of CHARMM force field and software package, widely used for
biomolecular simulation (see description below), elaborate their own polarizable
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models of water based on classical Drude oscillator. Last model of their SWM
(simple water model) series, six-site SWM6 one (Yu et al. 2013) was developed and
optimized for liquid phase simulations under ambient conditions using CHARMM
family of force fields. The atoms of the molecule kept its gas phase experimental
geometry, and the positions of three other massless interaction sites correspond to
the so-called M point located at a fixed distance from the oxygen atom along the
bisector of the H–O–H angle, and two oxygen’s lone pairs (LP sites). The model
is less computer time consuming as compared to more sophisticated AMOEBA;
it has an improved balance between descriptions of microscopic and bulk phase
properties compared to most additive and polarizable water models developed
previously. Besides, the local hydrogen bonding structures in the liquid phase
are better reproduced in the model as indicated by the O-O distance distribution
function. However, the model does not reproduce correctly the experimental data
on liquid water density maximum. Authors note that the model is not developed for
routine use but for studies when the local hydrogen bonding is important and high
accuracy is needed.
We will not discuss many other recent sophisticated water models, including
those developed using both experimental data and quantum mechanics computations
(via both ab initio and DFT methods), such as Tröster’s polarizable molecular
mechanics (PMM) model (Tröster et al. 2014) and Pinilla’s polarizable and dissociable force field (Pinilla et al. 2012). Selected old and recent MM water models,
both simple and rather sophisticated, enable us to arrive at some conclusions on
possibilities of molecular mechanics description of simple and complex molecular
systems. Some of such conclusions are rather trivial, but additional evidence from
the experience of hundreds of researchers on water molecule modeling can help to
illustrate and reinforce them.
Till recent time, complete and reliable MM description of even this very
simple biologically important molecule is a challenge for computationally oriented
researchers. More complex expressions for separate energy terms grounded on
physical theories, increase of the number of adjustable parameters, improved
algorithms for parameter adjustment to target data, and the use of more reliable
quantum mechanics results, all together help to better reproduce and rationalize
experimental data, but some results are not accurately reproduced. Each model of
the molecule, each force field, reproduces (and predicts) some characteristics better
as compared to other force fields. The more sophisticated model is not necessarily
the better one for specific MM applications and specific tasks of the study. This is
true not only because of restrictions of computer resources but due to approximate
nature of the MM description. This conclusion is a result of many trials and errors in
water simulations. Class I molecular mechanics representations, i.e., simple threesite rigid water models (TIP3P and its modifications) are successfully used in many
biomolecular computations in spite of the development of new force fields. This
success can be accounted for not by the importance of additional terms but by their
implicit compensation by parameter choice for simple model (Class I force fields).
More sophisticated force fields (Class II and Class III), together with quantum
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mechanics, both ab initio and semiempirical, computations are useful for detailed
description of mutual positions of molecules in water solutions of biomolecules.

Modern Molecular Mechanics Force Fields: Description, Recent
Development, and Applications
The MM computations during the first two decades were mainly performed by the
researchers using their own force fields and homemade computer programs. Most of
the modern publications refer to standard, ready-to-use software with implemented
(or sometimes slightly modified) force field parameters. The number of program and
parameter packages is rather great and new or newly modernized software and force
fields appear every year. We will present below a short overview of the selected
program sets and force fields most frequently used for study of biomolecular systems. Some of them have been already mentioned in previous sections. During last
decade, some software packages such as NAMD (Phillips et al. 2005) and TINKER
(Ponder 2015) have appeared which give an opportunity to perform computations
using various molecular mechanics force fields. Some popular quantum mechanics
software packages such as GAUSSIAN and SCHRODINGER supply users with the
possibility to use MM force fields as well.

Allinger’s Force Fields and Programs
We started description of the modern force field with short characterization of
Allinger’s parameters and programs as they were the first ones ready for use by
any researcher. The first parameter set (MM1) was described in 1973 (Allinger and
Sprague 1973), and the MM1 program was released through Quantum Chemistry
Program Exchange in 1976. The force field and the program MM1 were followed
by a series of improved and extended versions for various classes of organic
molecules, MM2, MM3, MM4 (see Allinger et al. 1989, 1996; Lii et al. 2005
for references). These force fields have been parameterized based on experimental
data, including the electron diffraction, vibrational spectra, heats of formation,
and crystal structures. The calculation results were verified via comparison with
high-level ab initio quantum chemistry computations, and the parameters were
additionally adjusted. The last program versions include rather complex force field
equations (including additional terms to harmonic potentials for stretching and
bending and cross-terms; thus MM3 and MM4 force field are those of class II)
and various calculation options (e.g., prediction of frequencies and intensities of
vibrational spectra, calculating the entropy and heat of formation for a molecule
at various temperatures). MM4’s molecular dynamics option creates a description
of the vibrational and conformational motion of molecules as a function of time.
The program examines the atoms of a molecule and their environment and decides
which atom type is appropriate. The program includes more energy terms and
more complicated expressions for some terms than most other popular MM force
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fields. The force field contains greater number of the constants which are adjusted
to extended set of experimental data. The stretching and bending energy terms
include higher order contributions, several cross-terms are inserted; the electrostatic
contribution includes interactions of bond dipoles.
The MM family of force fields designed by Allinger and coauthors is used till
recent time for calculations on small and medium size organic molecules, e.g.,
steroidal-porphyrin aggregates (Lorecchio et al. 2014). New improvements to MM4
force field were suggested by Allinger (2011) recently. The classic of molecular
mechanics, after some examples make the conclusion: “A good (well developed,
Class 3) molecular mechanics force field will usually give molecular structures that
are approximately of chemical accuracy. When it fails to do so, there is a good
chance that nature knows something that we don’t” (Allinger 2011).

Merck Molecular Force Field (MMFF94)
This force field of class II was developed for a broad range of “medium size”
molecules primary of importance for drug design. It differs from Allinger’s and
many other popular force fields in several aspects. The core portion of MMFF94 has
primarily been derived from high-quality computational quantum chemistry data (up
to MP4SDQ/TZP level of theory) for a wide variety of chemical systems of interest
to organic and medical chemists (Halgren 1996, 1999b). Nearly all MMFF94
parameters have been determined in a mutually consistent fashion from the full set
of available computational data. The force field reproduces well both computational
and experimental data, including experimental bond lengths (0.014 Å rms), bond
angles (1.2ı rms), vibrational frequencies, conformational energies, and rotational
barriers. The mathematical expressions of the force field differ from many other
force fields. The expressions for stretching and bending energies (like Allinger’s
force fields) contain in addition to harmonic terms stretch-bend cross terms and outof-plane terms. The van der Waals energy is expressed by buffered (7-14) potentials
(Eq. 8, the designations are the same as in Eqs. 2, 3, 4, 5, 6, and 7)

7  
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EvdW D ©ij 1:07 ¡ij = rij C 0:07 ¡ij

(8)

The electrostatic term contains buffering constant as well. The specially formulated combination rules for ©ij and ¡ij are used. The MMFF94 version was
developed for molecular dynamics simulations, and MMFF94s version (Halgren
1999a) was modified for energy minimization studies (s in the title means static).
Both versions provide users with nearly the same results for majority of molecules
and complexes. Additional parameters of force field and careful adjustment to highlevel reference data result in good reproduction of extended set of experimental data
on conformational energies of the molecules appeared after force field publication
(Halgren 1999b). Nevertheless, Bordner et al. (2003) reveal that MMFF94 values
of sublimation energy for a set of compounds are systematically 30–40 % lower
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than experimental data. It can be explained by “computational nature” of MMFF
parameters and by the adjustment to quantum mechanics results without corrections
for the experimental data, i.e., nonadditive contributions do not accounted for
implicitly.
This force field is used in many recent studies of biologically important
molecules, which employ combined experimental and computational approaches.
Anti-inflammatory drugs (Pawar et al. 2014; Sawant et al. 2014) and anticholinergic
and antiasthmatic drugs (Guo et al. 2014) are among the compounds considered
recently with MMFF.

The Force Fields and Programs Designed by Scheraga and Coauthors
As we had already mentioned that the first MM parameter set for the simulation of
proteins was described in 1975 by Scheraga and coauthors (Momany et al. 1975);
their empirical conformational energy program for peptides (ECEPP) was released
through Quantum Chemistry Program Exchange in the same year. This force field
family was refined continuously till last years; we will briefly describe two versions
of Scheraga’s force field used for studies of protein three-dimensional structure and
protein folding up to recent time, ECEPP/3 (Némethy et al. 1992) and ECEPP-05
(Arnautova et al. 2006). The ECEPP/3 force field in turn is the modified version
of ECEPP/2; it contains updated parameters for proline and oxyproline residues.
The ECEPP force fields utilize fixed bond lengths and bond angles obtained from a
survey of the crystal structures for each of amino acid residue. The peptide energy is
calculated and minimized as a function of torsion angles only, and it is a significant
advantage for minimization approaches as it drastically reduces the variable space
that must be considered. The energy function of the ECEPP/3 force field consists
of torsion and nonbonded (Coulomb and van der Waals) terms (Eqs. 4 and 5). The
partial charges of atoms are calculated by the molecular orbital CNDO/2 method,
the parameters of (6-12) term are adjusted by comparison with crystal data. The
(6-12) terms are substituted by (10-12) ones for the interactions of the hydrogen
atoms capable to participate in H bonds with H-bond acceptor atoms. In spite of
appearance of new improved and augmented versions of ECEPP force field, the
ECEPP/3 is used until recently for protein simulations (e.g., McAllister and Floudas
2010).
The ECEPP-05 force field (Arnautova et al. 2006 and references herein) is
adjusted to both new experimental data and quantum mechanics results. It has some
distinctive features as compared to both ECEPP/3 version and many other popular
force fields. The van der Waals term of the energy is modeled by using the “6-exp”
potential function (potential of Buckingam)


Eij D Aij rij 6 C Bij exp Cij rij

(9)

where rij is the distance between atoms i and j; Aij , Bij , and Cij are parameters of the
potential. The combination rules are applied directly to these parameters.
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The parameters of (6-exp) potentials were derived by using so-called globaloptimization-based method consisting of two steps. An initial set of parameters
is derived from quantum mechanics interaction energies (at MP2/6-31G* level of
ab initio theory) of dimers of selected molecules; at the second step, the initial
set is refined to satisfy the following criteria: the parameters should reproduce the
observed crystal structures and sublimation enthalpies of related compounds, and
the experimental crystal structure should correspond to the global minimum of the
potential energy.
The atomic charges were fitted to reproduce the molecular ab initio electrostatic
potential, calculated at HF/6-31G* level; the fitting was carried out using the
restrained electrostatic potential (RESP) method taken from the AMBER program.
The method was applied to obtain a single set of charges using several conformations of a given molecule (the multiple-conformation-derived charges). An
additional point charge (with zero nonbonded parameters) is used to model the
lone pair electrons of sp2 nitrogen. The torsional parameters of the side chains
of the 20 naturally occurring amino acids were computed by fitting to rotational
energy profiles obtained from ab initio MP2/6-31G** calculations. The peptide
backbone torsional parameters were obtained by fitting the energies to the ˆ-‰
energy maps of terminally blocked glycine and alanine amino acids constructed at
MP2/6-31G**//HF/6-31G** level of theory. The performance of the force field was
evaluated by simulating crystal structures of small peptides.
As the important problems of the protein structure and functions as well as of
the natural science as a whole refer to prediction of three-dimensional structure
and pathways of folding of proteins, Scheraga and coauthors have modified and
augmented the force fields mentioned above by some theoretical approaches and
concepts. We will notice a few of them related directly to MM calculations. The
all-atom ECEPP05 force field was coupled with an implicit solvent-accessible
surface area model (ECEPP05/SA, Arnautova and Scheraga 2008). Recognizing
the impossibility of searching enormous conformational space of real protein with
an all-atom potential functions, a hierarchical procedure was developed. Its main
features are the initial use of a united residue (UNRES) potential functions and
an efficient procedure, conformational space annealing (CSA) (Scheraga et al.
2002, and references herein). The protein is first optimized with the low-resolution
“coarse-grained” UNRES model (Liwo et al. 1999). In UNRES force field, the
backbone is represented as a virtual-bond chain of C’ atoms, and the side chains
are depicted as ellipsoids. The interaction sites are the united-atom side chains
and the centers of the peptide groups between C’ atoms. The lowest-energy
UNRES conformation, as well as a set of distinct low-energy conformations, is
then converted to all-atom models. Finally, the all-atom models are refined with
the EDMC method, with inclusion of continuum hydration model.
The search for low-energy “native-like” structures includes several minimization
and Monte Carlo procedures. The simplest of the MC methods is Monte Carlo with
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minimization, i.e., a Metropolis Monte Carlo (MCM) algorithm in which every trial
state is first energy-minimized before the Boltzmann acceptance criterion is applied.
The electrostatically driven Monte Carlo (EDMC) method employs a move set in
which individual peptide groups are selected at random and rotated “in place” (i.e.,
the conformational change is localized to the peptide group as much as possible) so
as to optimize the alignment of its dipole moment with the local electric field. The
methodology assumes that a protein molecule is driven toward the native structure
by the combined action of electrostatic interactions and stochastic conformational
changes associated with thermal movements (Ripoll and Scheraga 1988). The use of
the force fields and methods enables Scheraga and coauthors not only to rationalize
but to predict some interesting features of protein three-dimensional structure and
pathways of folding. “With increasing refinement of the computational procedures,
the computed results are coming closer to experimental observations, providing an
understanding as to how physics directs the folding process” (Scheraga 2008).
Several recent successful applications of UNRES force to simulations of biological functions of proteins can be mentioned. The mechanism of growth of
amyloid “-peptide fibrils (the main component of plaques formed in the human
brain during Alzheimer disease) was suggested (Rojas et al. 2011) and supported
by simulated 2D ultraviolet spectroscopy (Lam et al. 2013). The mechanism of
HSP70 heat-shock protein action was proposed which was based on ATP-induced
scissor-like motion of the two sub-domains of the nucleotide-binding domain
(NBD) (Golas et al. 2012). The computationally obtained structure of this chaperon
was confirmed then by experimental study. Some additional examples of UNRES
applications are mentioned in very recently published review of Scheraga (2015).
Similar approach was developed by Scheraga and coauthors for nucleic acids
interactions. The first paper on coarse-grained models of nucleic acids represents
NARES approach (Maciejczyk et al. 2010) to nucleic acid bases. Each base is
simulated by a combination of three to five interaction centers of 6-12 van der
Waals and permanent dipole interactions. Then, UNRES-2P model was developed
(He et al. 2013) representing a polynucleotide chain by a sequence of virtual sugar
atoms, located at the geometric center of the sugar ring, linked by virtual bonds
with attached united base and united phosphate groups. This oversimplified model
reproduces the double helix formation, some its thermodynamics properties (He
et al. 2013), and was very recently applied to DNA-protein interactions (Yin et al.
2015).

Force Fields and Programs Developed by Kollman and Coauthors.
AMBER
The computer software and force fields referred to as “AMBER” (Assisted Model
Building with Energy Refinement) are the most popular of those designed for wide
class of biomolecules including proteins and nucleic acids. The first description of
the computer program AMBER appeared in 1981 (Weiner and Kollman 1981), and
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the first detailed specification of force field was published 3 years later (Weiner et al.
1984). The force field contained usual “minimalist” set of energy terms (Eqs. 1, 2,
3, 4, 5, and 6 of this survey), the parameters being adjusted to both experimental and
quantum mechanics data. The parameters of their previous publications and those
of other authors were used as starting points for the adjustment. Atomic charges
are obtained by fitting a partial charge model to electrostatic potentials calculated
by ab initio quantum mechanics calculations (with minimal STO 3G basis set). The
(10-12) potential was included for description of H-bonding (this term was deleted
in new versions of AMBER force fields and software). The force field accounted
for implicit solvent by using distance dependent dielectric constant (© D Rij ), united
atom approach (i.e., several atoms, e.g., four atoms of a methyl group are considered
as one particle) enabled one to perform calculations of sufficiently extended systems
(such as fragments of DNA double helix of a few nucleotide pairs or peptides
of dozens of amino acid residues). In spite of several deficiencies of the first
AMBER force field (e.g., too short distances in stacking complexes due to short
equilibrium radii for van der Waals interactions, defects in atomic charges due to
very approximate quantum mechanics data), hundreds of papers were published
with this force field and the program. In 2005, even after release of several new
and improved AMBER force field versions, the paper (Weiner et al. 1984) was the
10th most-cited one in the history of the Journal of the American Chemical Society
(Case et al. 2005).
Since those publications new versions of both force fields and program sets were
released. Cornell et al. (1995) published “second generation” AMBER force field
for simulating the structures, conformational energies, and interaction energies of
proteins, nucleic acids, and many related organic molecules in condensed phases.
The charges were determined using the calculations with 6-31G* basis set and
restrained electrostatic potential (RESP) fitting and had been shown to reproduce
interaction energies, free energies of solvation, and conformational energies of small
molecules to a good degree of accuracy. The new van der Waals parameters were
derived to account for liquid properties. Retaining most of torsion parameters of
“the previous generation” of force field, the improvement of potentials for peptide
backbone was performed for ˆ and ‰ dihedrals as well as for the nucleoside ¦
dihedrals by adding extra Fourier terms. This “second generation” force field is
usually referred to as ff94 (parameter set parm94).
There are a number of AMBER parameter sets, with names beginning with “ff”
and followed by a two-digit year number, such as ff99. We will briefly mention
some new features of these force fields. Some versions differ from ff94 by minor
(but important for some problems) modifications. The ff96 force field differs from
ff94 only in the peptide ˆ-‰ torsional potential, and parm96 was developed
because it was clear that parm94 overstabilized ’ helices relative to “ sheets. Thus,
parm94 seems adequate for comparing structures with similar secondary structures,
but parm96 seems to more accurately represent the relative stability of ’ and “
secondary structures. The improved version ff99 (Wang et al. 2000) was developed
using the restrained electrostatic potential (RESP) approach to derive the partial
charges. The adjustment of atom point charges and torsion constants for the set of 34
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molecules to the highest level ab initio model (GVB/LMP2) and experimental data
enables authors to reproduce data for 55-molecule set with the better accuracy than
MM3, MMFF, and early versions of CHARMM force fields. It was demonstrated
that “a well-parameterized harmonic force field with a reliable charge method can
describe the structure and intramolecular energies for organic systems very well”
(Wang et al. 2000). The authors tried to use the adjusted parameters (parm99) in
nonadditive models (which include polarization), and obtained “reasonable results
using the same parameters derived for the additive model, although additional
torsional parameterization is required to achieve the same high level accuracy
as that found using the additive model” (Wang et al. 2000). This force field is
widely used during more than 10 years. The other AMBER force field, “a thirdgeneration point-charge all-atom force field for proteins” (referred to as ff03) was
developed by Duan et al. (2003). The main difference from previous force fields
is that all quantum mechanics calculations were done in the condensed phase with
continuum solvent models and an effective dielectric constant of © D 4. Initial tests
on peptides demonstrated a high degree of similarity between the calculated and
the statistically measured Ramanchandran maps for Glycine and Alanine peptide
fragments. One more AMBER force field referred to as general Amber force field
(GAFF) should be mentioned (Wang et al. 2004). GAFF have been designed as
an extension of the AMBER force fields to be compatible with existing versions
for proteins and nucleic acids and has parameters for most organic molecules of
pharmaceutical importance that are composed of H, C, N, O, S, P, and halogens.
The parameterization is based on more than 3000 MP2/6-31G* optimizations and
1260 MP4/6-311G(d,p) single-point calculations. Unlike most conventional force
fields, parameters for all combinations of atom types are not contained in an
exhaustive table but are determined algorithmically for each input molecule based
on the bonding topology (which determines the atom types) and the geometry. A
completely automated, table-driven procedure (called antechamber, a part of the
late versions of AMBER program set) was developed to assign atom types, charges,
and force field parameters to almost any organic molecule (Wang et al. 2006). New
versions of AMBER software work with several force fields. The newest AMBER
11 version (Case et al. 2010) supports CHARMM fixed-charge force fields as well.
The initial AMBER force fields and program packages (due to the state of
the theory and computer facilities) were generally aimed at the search for energy
minima of separate molecular systems in vacuum. The current AMBER versions
are strongly aimed at simulations (molecular dynamics, evaluations of free energy
changes) of biomolecules in water solutions. Both explicit solvent models (using
TIP3P, TIP4P, TIP5P, and SPC water models as well as models of some organic solvents) and implicit ones are supported. By default, explicit solvation model involves
electrostatic interactions handled by a particle-mesh Ewald (PME) procedure, and
long-range Lennard-Jones attractions are treated by a continuum model. The PME
is a modified form of Ewald summation, a method to efficiently calculate the
infinite range Coulomb interaction under periodic boundary conditions, and PME
is a modification to accelerate the Ewald reciprocal sum to near linear scaling using
the three-dimensional fast Fourier transform (3DFFT).
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An accurate description of the aqueous environment is essential for atom-level
biomolecular simulations but may become very expensive computationally. An
implicit model replaces the discrete water molecules by an infinite continuum
medium with some of the dielectric and “hydrophobic” properties of water. The
continuum implicit solvent models have several advantages over the explicit water
representation, especially in molecular dynamics simulations (e.g., they are often
less expensive and generally scale better on parallel machines; they correspond
to instantaneous solvent dielectric response; the continuum model corresponds to
solvation in an infinite volume of solvent, there are no artifacts of periodic boundary
conditions; estimating free energies of solvated structures is much more straightforward than with explicit water models). Despite the fact that the methodology
represents an approximation at a fundamental level, it has in many cases been
successful in calculating various macromolecular properties (Case et al. 2005).
The total energy of a solvated molecule can be written as a sum of molecule’s
energy in vacuum (gas phase) and the free energy of transferring the molecule from
vacuum into solvent, that is, solvation free energy typically assumed as can be
decomposed into the electrostatic and nonelectrostatic parts. The above decomposition is the basis of the widely used PB/SA (Poisson-Boltzman solvent accessible
surface area) scheme. AMBER follows this way to compute the nonelectrostatic
part of the energy. The most time-consuming part of solvation energy estimations
is the computation of the electrostatic contribution. AMBER employs one of the
most popular biomolecular applications the finite-difference method (FDPB) and
analytic generalized Born (GB) method. In the GB model, a molecule in solution
is represented as a set of spherical cavities of dielectric constant of 1 with charges
at their centers embedded in a polarizable dielectric continuum solvent of a higher
dielectric constant.
The AMBER software and force fields are widely used for the simulation of
various systems of biological and material science importance. Some researchers
develop proper additions and corrections to “standard” parameters for better
description of specific systems. We refer to only few examples. Perez et al. (2007)
reparameterized the parm99 force field for nucleic acid simulations improving the
representation of the ’/” conformational space. Zgarbova et al. (2011) refined
description of glycosidic torsion angles of nucleic acids. Other work of Zgarbova et al. (2013) refers to © and — DNA torsions. Very recently, Ogata and
Nakamura (2015) suggested the improvement of parameters of the force field for
phospholipids. Song et al. (2008) adjusted the AMBER force field to reproduce
conformational properties of an oxidative DNA lesion, 2,6-diamino-4-hydroxy-5formamidopyrimidine. New improved parameters for modified peptide chain were
suggested by Grubišić et al. (2013) recently. Some of such improvements have been
included into newer versions of AMBER package. AMBER force field can be used
via other MM program packages, such as CHARMM, GROMACS, NAMD, and
with widely used QM package GAUSSIAN.
The latest version of AMBER program package is AMBER14 distributed with
AmberTools 15 (Case et al. 2015). The new versions of AMBER software support
the option of allowing part of the system to be described quantum mechanically
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in an approach known as a hybrid (or coupled potential) QM/MM simulation.
Both semiempirical and the density functional theory-based tight-binding (DFTB)
Hamiltonian can be used. The system may contain both two nonbonded parts and
covalently bonded QM and MM subsystems (Case et al. 2010).

Other Popular Force Fields and MM Software. CHARMM, OPLS,
GROMOS
The force fields and program packages listed above are used for nearly the same
type of simulations as those considered above. The main differences refer to the
organization of the programs and to relative role of experimental data, and quantum
mechanics results in force field parameter adjustment. The first versions of force
fields and programs as well as the whole research programs were initiated by
such pioneers of MM applications as Karplus (CHARMM, Chemistry at HARvard
Molecular Mechanics), Jorgensen (OPLS, Optimized Potentials for Liquid Simulations), Gunsteren and Berendsen (GROMOS, GROningen MOlecular Simulation
package), and GROMACS (GROningen MAchine for Chemical Simulation). The
progress and improvement of the force fields and programs are connected to
comparison with the approaches and results of other programs. The parametrization
of second generation AMBER force field (Cornell et al. 1995) had been influenced
by Jorgensen OPLS potentials for proteins (Jorgensen and Tirado-Rives 1988),
whereas these OPLS united atom potentials adopted bond stretch, angle bend, and
torsional terms from the AMBER united-atom force field (Weiner et al. 1984).
The OPLS parameters for the 20 neutral peptide residues were obtained primarily
via Monte Carlo simulations for the 36 organic liquids, and the parametrization
for the charged protein residues was performed via comparisons with ab initio
results for ion-molecule complexes (6-31G(d) basis set) and on Monte Carlo
simulations for hydrated ions (Jorgensen and Tirado-Rives 1988). The OPLS-AA
(all atom) force field (Jorgensen et al. 1996) retain most of bond stretch and angle
bending parameters from AMBER all-atom force fields, but torsion and nonbonding
constants are reparametrized utilizing both experimental and ab initio (RHF/6-31G*
level) data. This force field was improved for peptides by means of refitting the
key Fourier torsional coefficients using accurate ab initio data (LMP2/cc-pVTZ(f)//HF/6-31G** level) as the target (Kaminski et al. 2001).
Most of popular program sets utilize various force fields, not only those
developed in the research groups of the authors of the program with the same
title. The software suite GROMACS was developed by Berendsen group at the
University of Groningen, The Netherlands, starting in early 1990s. This fast program
for molecular dynamics simulation does not have a force field of its own but is
compatible with GROMOS, OPLS, and AMBER force fields. The GROMACS
(van der Spoel et al. 2005) was developed and optimized especially for use on
PC-clusters. It originated from the Fortran package GROMOS developed by van
Gunsteren et al. (1987). The GROMOS force fields are not pure all-atom force
fields; aliphatic CHn groups are treated as united atoms. The recent version, GRO-
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MOS05 (Christen et al. 2005), utilize new force field sets (53A5 and 53A6, the first
number in the names of a parameter sets refer to the number of atom types) based
on extensive reparameterization of the previous GROMOS force field (Oostenbrink
et al. 2004). In contrast to the parameterization of most other biomolecular force
fields, this parameterization is based primarily on reproducing the free enthalpies of
hydration and apolar solvation for a range of organic compounds. Recently, 53A6
force field has been reparametrized by Pol-Fachin et al. (2014) by adjustment to QM
data (HF/6-31G* level of theory) for applications to study Glycoproteins.
Very popular for the computations of wide range of macromolecular systems
are CHARMM (Chemistry at HARvard Macromolecular Mechanics) program
and force field sets. The computations include energy minimization, molecular
dynamics, and Monte Carlo simulations. CHARMM originated at Martin Karplus’s
group at Harvard University, the first publication on CHARMM program and force
field (refer to Brooks et al. 1983). Several versions of both software and force field
were released since the first ones. The improvement of the programs and force
fields are in progress till now. The mathematical expressions for calculation of
CHARMM energy are nearly the same as “minimalist” ones for other force fields
(MacKerell 2004). The minor differences with e.g., AMBER or OPLS force fields
refer to inclusion of harmonic improper and Urey-Bradley terms. The parameters
of various versions of force field are consistently adjusted with emphasis to specific
molecules to be applied. The first versions of CHARMM force fields were aimed
primarily to protein molecular dynamics simulations. Then, the special adjustments
were performed for the simulations of the nucleic acids (Foloppe and MacKerell
2000) and lipids (Klauda et al. 2008). The improvement of parameter for specific
molecules continues till recent times, while other parameters can be used from
the previous versions. Raman et al. (2010) recently extended the CHARMM
additive carbohydrate all-atom force field to enable modeling glycosidic linkages in
carbohydrates involving furanoses. Like in most popular modern force fields, both
the ab initio quantum mechanics computations and experimental data for solid and
liquid states are used in adjustment of the parameters of CHARMM force fields.
The distinct feature of this adjustment refers to charge adscription. Like OPLS
force fields (Jorgensen et al. 1996), CHARMM utilize so-called supramolecular
approach. The partial atomic charges are adjusted to reproduce ab initio (HF/631G* level) minimum interaction energies and geometries of model compounds
with water or for model compound dimers (with energy and distance corrections
for reproducing the correct experimental densities). On the other hand, the use
of ab initio data on small clusters to optimize the van der Waals parameters
leads to poor condensed phase properties. This requires that the optimization of
these parameters be performed by empirical fitting to reproduce thermodynamics
properties from condensed phase simulations, taking into account the relative values
of the parameters obtained from high-level ab initio data on interactions of the model
compounds with rare gases (Klauda et al. 2008).
Very recently, Vanommeslaeghe and MacKerell (2015) published detailed
description of the development of CHARMM method and software. We will
mention here only some most important for biological and medical applications
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recent advancements of both all-atom additive force field (on the way to
CHARMM36 version, modern class I model) and polarizable force fields (class
II models). Best et al. (2012) presented a combination of refinements important
with respect to the equilibrium between helical and extended conformations in
protein folding simulations. Peptide backbone (®, §) potential has been refined
against experimental solution NMR data. Side-chain ¦1 and ¦2 torsion parameters
have been optimized by fitting to quantum-mechanical energy surfaces, followed by
additional empirical optimization targeting NMR data. A comprehensive validation
of the revised force field indicates that the revised CHARMM 36 parameters
represent an improved model for modeling and simulation studies of proteins,
including protein folding, assembly, and functionally relevant conformational
changes (Best et al. 2012). The refinement of the CHARMM27 all-atom additive
force field for nucleic acids via adjustment of backbone parameters to QM data
(MP2/6-31 C G(d) level of theory) followed by trial MD simulations of DNA
duplexes enabled Hart et al. (2012) to improve treatment of the BI/BII equilibrium
of DNA conformations. Many other specific refinements of the CHARMM additive
force fields for these and other classes of biologically important molecules have
been mentioned in the recent paper of Vanommeslaeghe and MacKerell (2015).
Along with comprehensive refinements and biomolecular applications of class
I CHARMM force fields, polarizable CHARMM models are extensively developed during recent years for more accurate and physically based description of
biologically important molecular systems. These force fields use the classical
Drude oscillator (i.e., “charge-on-spring”) model. In the model, a virtual negatively
charged particle (“Drude particle”) is connected to the core of each polarizable atom
by means of a harmonic potential (“spring”). Description of this class II force field
is out of scope of this survey, but we will mention some results of proteins and
nucleic acid computations with such models. Very recently, Huang et al. (2014)
summarized recent efforts to include the explicit treatment of induced electronic
polarization in biomolecular force fields. They arrive with conclusion that the
inclusion of explicit electronic polarizability leads to significant differences in the
physical forces affecting the structure and dynamics of proteins (Huang et al. 2014).
The polarizable force field more accurately models peptide-folding cooperativity
(Huang and MacKerell 2014). Development of a CHARMM Drude polarizable
model for nucleic acids (Baker et al. 2011) requires significant adjustments of
the phosphodiester backbone and glycosidic bond dihedral parameters of basesodium interactions and of selected electrostatic parameters in the model (Savelyev
and MacKerell 2014a). The modern polarizable model satisfactorily treats the
equilibrium between the A, BI, and BII conformations of DNA (Savelyev and
MacKerell 2014b).
It is interesting to mention that multiple adjustments of different additive force
fields mentioned above and other force fields result in an increase of similarity in
both corresponding parameters values and the results of applications to complex
molecular systems (such as protein and nucleic acid fragments), but many differences both in corresponding parameter values and computation results still remain.
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Conclusions
The molecular mechanics computation approach to the study of the molecular
systems arose a half of century ago and today has become a useful and powerful
research tool for many branches of natural science. During this period the number
of publications utilizing this approach increased by a few orders of magnitude. This
increase continues up to present days, followed by new journals appearance and a
flow of MM publications in the journals of rather wide area of coverage. The MM
considers the molecular systems via classic Newtonian mechanics approach, i.e.,
using classical approximation to essentially quantum systems. The MM suggests
representation of the system energy as a sum of terms responsible for interactions
of various physical natures.
The minimalist MM approach involves the simple expressions for chemical bond
stretching, bond angle bending, torsions about the bonds, and nonbonded van der
Waals and Coulomb contributions calculated via additive atom-atom scheme. The
force fields (sets of mathematical formulae and numerical parameters) are derived
from simple physical considerations followed by adjustment to the experimental
data and precise quantum mechanics results. An additivity of the terms responsible
for separate atom contributions and for interactions of different physical nature and
transferability of the parameters between atoms and molecules of similar structure
are the main assumptions of MM approach. Development of the approach results
in elaboration of a variety of computer software and force fields for simulating
different molecular systems of biological, medical, and industrial importance.
Various force fields differ in the complexity of mathematical expressions and in the
relative role of experimental and quantum mechanics results used for the parameter
adjustment. The development of algorithms for the MM applications (including
those for molecular dynamics and Monte Carlo techniques) and the increase
of computer power enable researchers to approach such complex problems as
predicting the pathways of the biopolymers three-dimensional structure, molecular
recognition in various biological processes, assistance in creation of compounds
with desirable properties (including drugs and industrial materials). Analysis of
the current state of physicochemical study of biological processes suggests that
MM simulations based on empirical force fields have an ever-increasing impact on
understanding structure and functions of biomolecules. Rather close results obtained
with different force fields can be accounted for by existing various solutions of
the task of parameter adjustment even to the same target data (really, target data
used when elaborating various force fields differ, slightly or considerably). Force
fields are internally consistent. Their parameters are highly correlated within a force
field. Several force fields have been elaborated recently going beyond the atomatom approach and the additivity principle. Some force fields utilize a hierarchical
procedure for consideration of complex systems.
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