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   Abstract 

 The crucial event in the pharmacological action of drugs is 
the interaction between a drug molecule and its receptor. 
Molecular recognition and binding affi nity of a drug is driven 
by a fl exible steric fi t and a molecular fi eld match between 
two complementary molecular surfaces of the receptor and 
the approaching ligand. Rational drug design methods, which 
attempt to predict the free energy change resulting from 
ligand binding, rely on a detailed knowledge of the physi-
cal forces that govern the drug - receptor interactions in sev-
eral populated confi gurations of the intermolecular complex. 
The overall strength of the interaction is determined by the 
fi ne balance between the forces contributed by the individual 
chemical function groups of the two entities and the physi-
ological medium. This paper recounts some basic information 
about the description of molecular structures and highlights 
the methods and approximations commonly used to calculate 
the binding affi nity of a drug to its receptor.  

   Keywords:    binding affi nity; docking;   drug-receptor inter-
actions;      intermolecular forces;   molecular modeling and sim-
ulations;   quantum chemistry;   scoring functions     

  Introduction 

 Most drugs, typically small organic molecules, achieve their 
desired therapeutic effect by interacting selectively with tar-
get biopolymers (drug receptors), which play an important 
role in physiologic or pathophysiologic processes within 
organisms. 1  The sites of drug action include proteins, nucleic 
acids, lipids and saccharides; however, the most common 
targets are proteins, such as enzymes, membrane-bound 

receptors, ion channels, antibodies and structural proteins. 
The binding of drugs to the receptor ’ s active sites causes 
changes in the processes controlled by these receptors (or 
enzymes) by preventing the binding of endogenous ligands 
(substrates) to the receptor binding pockets. The activation or 
inhibition of the cellular receptors induced by the drug bind-
ing may lead to a cumulative dose-dependent response effect 
that can be observed at a tissue (organ) or organism level  (1) . 
In a model system: 
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 where [D] is the free drug concentration, [R 0 ] = [R] + [DR] is 
total concentration of free and occupied receptors, k on  and k off  
are rate constants, and K d  is the equilibrium dissociation con-
stant of the reversible drug-receptor complex or DR (DR* is 
activated complex). 2  

 Thus, besides drug concentration, the observed pharma-
codynamic effect of a drug 3  (assuming fast receptor acti-
vation, k a  >  > k b ) is closely related to drug-receptor binding 
potency, K d , which is an intrinsic property for each DR 
complex. 

 The dissociation constant depends (at human body tem-
perature, T) on the Gibbs free energy ( ∆ G bin ) of drug-recep-
tor binding: lnK d  =  ∆ G bin /RT (where R is the gas constant). 
The  ∆ G bin , which in reversible complexes is proportional 
to the sum of noncovalent drug-receptor interactions aver-
aged over an ensemble of the most probable confi gurations 
of the DR complex as well as solvent reorganization upon 
the drug binding, defi nes the observed affi nity and specifi c-
ity of receptor binding for the ligand. 4  The overall strength 
of the nonbonding interactions between the receptor and the 

  1  Other drugs exist that act by nonreceptor-mediated mechanisms.  
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   2  Although relatively rare, covalent interaction between drug and re-
ceptor lead to essentially irreversible DRs. Drugs that modify their 
target receptors (often enzymes) through this mechanism (suicide 
inhibitors) will not be considered here.  
  3  Agonists produce the same or greater effect than the natural sub-
strate or effector molecule; whereas antagonists inhibit the effect of 
the natural ligand. Inverse antagonists create an effect that appears 
opposite to that of the agonist.  
  4  For the purpose of discussion, the terms drug and ligand; target, re-
ceptor, enzyme and biomacromolecule will be used interchangeably 
in this paper.  
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drug is defi ned by the matching of the molecular fi elds of the 
two complementary molecular surfaces. The binding affi nity 
is determined by the fi ne balance between the forces con-
tributed by the individual chemical function groups of the 
two entities and the effect of the solvent and salt ions. These 
nonbonding interactions play a central role in pharmacology 
and a major part of life sciences, as it is known that the three-
dimensional (3D) structure and function of biomacromol-
ecules, macromolecular associations, membrane formation, 
ligand-receptor binding and other biochemical events are 
dominated by weak noncovalent intermolecular interactions, 
such as hydrogen bonding, salt bridges, charge transfer,  π - π  
stacking, aromatic-polar and dispersion interactions as well 
as solvation  (2) . 

 This review focuses on molecular details of drug-receptor 
interactions of tight-binding ligands and their description by 
means of quantum chemistry, molecular simulations and mod-
eling. An accurate prediction of the binding affi nity of a drug 
candidate to its receptor is central to most of the computer-
assisted drug design approaches.  

  Structure of drug-receptor complexes 

 A 3D structure of receptors and DRs at the atomic level of 
resolution, which is a required input for computational studies 
on ligand-receptor interactions, can be obtained from X-ray 
diffraction analyses of crystal structures, nuclear magnetic 
resonance (NMR) spectroscopic measurements on the DRs 
in solution or from protein homology modeling and ligand 
docking  (3 − 6) . 

 An individual protein molecule in solution constantly fl uc-
tuates among various conformational states whereas structure 
determination techniques provide a time and ensemble-
averaged picture of a protein ’ s 3D structure. The structural 
dynamics of a protein receptor is essential for the process of 
ligand-receptor binding, as in many cases only a conforma-
tional change in the receptor permits the accommodation of 
a ligand  (7) . The role of conformational changes in ligand 
binding was rationalized by the mechanisms of induced-fi t 
 (8)  and pre-existing equilibrium dynamics  (9) . In the former, 
the binding of a ligand induces the necessary conformational 
change, while in the latter the ligand binds to a distinct recep-
tor conformation already present in the set of conformational 
states accessed by the equilibrium dynamics.  

  Intermolecular interactions 

  Quantum mechanical description of molecules 

 The interactions of atoms in molecules and between mole-
cules are driven purely by electromagnetic forces (see Table 
 1 ), similar to all chemical and biological processes. 

 The interactions in biological media must be suffi ciently 
strong to ensure specifi c binding between molecules in the 
heterogeneous environment, but these interactions should not 
be too strong  ‘ to avoid formation of crystalline species within 
the cell ’   (10) . The electromagnetic forces acting on the level 
of atoms and molecules can be described by the time-inde-
pendent Schr ö dinger equation: 

Ĥ ( , ... , , , ... , )=E ( , ... , , , ... ,1 n 1 N 1 n 1Ψ Ψr r R R r r R   )NR   [2] 

 for a system composed of n electrons (1,..., i, j,..., n) and N 
atomic nuclei (1,..., A, B,..., N), for which  Ψ ( r  1 ,...,  r  n ,  R  1 ,..., 
 R  N ) represents the wave function dependent on the position 
vectors of the moving electrons ( r  i ) and nuclei ( R  A ) that 
characterize their motion. In Eq. [2], E is the total energy of 
the system and Ĥ denotes the Hamiltonian operator  (11) : 
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 where T N  and T e  are the kinetic energies of nuclei and elec-
trons, V eN  is the potential energy of electrostatic attraction 
between electrons and nuclei, and V ee  and V NN  represent the 
potential energies of electrostatic repulsion between electrons 
and between nuclei, respectively. The summation indices 
i, j and A, B extend over electrons and nuclei, m and M are 
masses, Z is the nuclear charge number, and r and R are the 
appropriate distances. 

 Solution of the eigenvalue problem –   the Schr ö dinger equa-
tion [2], leads to stationary states of wave function  Ψ  k  and cor-
responding discrete values of the total energy of the system  ε  k . 
According to the Born interpretation, the distribution of elec-
tron density in the molecule is equal to the square of the wave 
function  Ψ  Ψ  * . The Hellmann-Feynman theorem relates the 

Table 1 Fundamental forces of nature.

Force Relative 
strength

Range Interaction Field of science

Strong ∼103 10−15 m Atomic nuclei Nuclear physics
Electromagnetica   1 Infi nite Atoms, molecules, molecular complexes, solids Molecular physics, chemistry, biology, 

electronics, etc.
Weak ∼10−2 10−17 m Atomic nuclei Nuclear physics
Gravitation ∼10−36 Infi nite Macroscopic bodies Physics, astronomy
aContacts between molecules in a supermolecular complex occur at distances of approximately 10-10 m (1Å), therefore the only relevant force 
driving the molecular association is the electromagnetic one.
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intramolecular forces acting on atoms  F f , f , fA x y zA A A
=( )    to the 

expectation value of the derivative of the Hamiltonian with 
respect to the nuclear coordinates (shown in Dirac notation). 
The forces are useful for fi nding the equilibrium molecular 
structures  (12) . 

 The Schr ö dinger equation cannot be solved exactly for sys-
tems that contain three or more particles (e.g., a He atom), 
however, it is possible to solve this equation exactly for the 
simplest molecular species H 2  

 +  , when the motion of the elec-
trons is decoupled from the motion of the nuclei in accor-
dance with the Born-Oppenheimer approximation: 

  
Ψ Ψ Ψ( , , , , , ) ( , , ) ( , , )r r R R r r R R1 n 1 N R

e
1 n

N
NL L L L= 1     

  
ˆ ( , , ) ( , , )H Ee

R
e

1 n R
e

R
e

1 nΨ Ψr r r rL L=     
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 If this approximation is used for polyelectronic systems, 
such as molecules, we solve the Schr ö dinger equation for the 
motion of the electrons in the electrostatic fi eld of fi xed nuclei 
for each molecular confi guration, taking into account that the 
light and fast electrons (M A   ≥  1836 m e ) can adjust almost 
instantaneously to any change in the positions of the nuclei. 

 The term  < >Ψ ΨR
e

1 n R
ee

1 nH( , , ) ( , , )r r r rL Lˆ      in Eq. [4] rep-
resents the solution of the Schr ö dinger equation for a normal-
ized wave function in the Dirac notation  (12) . Even with this 
simplifi cation introduced, the electronic Schr ö dinger equation 
for molecules can only be solved in an approximate way. 

 Molecular orbital (MO) method assumes that the exact anti-
symmetric wave function of a polyelectronic molecule (that 
obeys the Pauli principle) can be replaced by a Slater deter-
minant composed of one-electron functions  −  spin orbitals 
( Φ  i  η  s , where  η  s  is the spin function), which are expressed as a 

linear combination of atomic orbitals ( χ  i ): Φ i i ic=∑µ µ χ .
    
 The 

approximate solution of the Schr ö dinger equation for molecu-
lar orbitals is done in an iterative way using the Hartree-Fock 
(HF) self-consistent fi eld (SCF) approach  (13, 14)  by applying 
Roothaan and Hall equations to a basis set of atomic orbitals 
 (15, 16) . As a result, one obtains the molecular wave function 
composed of molecular orbitals and the distribution of elec-
tron density around the nuclei as well as the orbital energies 
and the total energy of the molecule as a function of nuclear 
coordinates (molecular conformation). 5  

 Two categories of solutions of the Roothaan-Hall equations 
exist: the  ab initio  method, which requires no further approxi-
mations  (17, 18) ; and the semi-empirical methods, which 
use additional approximations and adjustable para meters fi t-
ted to experimental data, such as heats of formation, dipole 
moments, ionization potentials, and molecular geometries 

  5  Other physicochemical properties of the molecule can also be ob-
tained from the molecular wave function.  

 (19) . The precision of  ab initio  SCF quantum chemical cal-
culations depends on the type and size of the set of atomic 
orbitals used, while the accuracy increases when the size of 
the basis set approaches the complete basis set limit. Faster 
to compute semi-empirical SCF methods, such as CNDO, 
MINDO, MNDO, AM1, PM3, SAM1, RM1 or PM6  (20 − 23)  
can be applied to larger systems for which the use of  ab initio  
method is prohibitive. 

 In the Hartree-Fock SCF method, electrons are assumed to 
be moving in an averaged potential of all other electrons and 
the approach neglects a part of the mutual correlation of the 
electron motions. The missing component of the total energy  –  
the correlation energy, defi ned as the difference between exact 
(experimental) energy and Hartree-Fock limit obtained for 
calculation using the complete basis set  –  is incorporated into 
molecular orbital calculations by various approaches  (24) . 

 The confi guration interaction (CI) method, in which excited 
states are included in the description of the molecular elec-
tronic state, expresses the overall wave function as a linear 
combination of the ground state and excited state wave func-
tions (Slater determinants):  Ψ  = c 0  Ψ  0  + c 1  Ψ  1  + c 2  Ψ  2  + ...  (25) . 

 In the M ø ller and Plesset (MP) many body perturbation 
theory  (26) , however, the true Hamiltonian of a molecule is 
written out as sum of zero-order Hartree-Fock Hamiltonian 
 Ĥ  0 , for which molecular orbitals can be obtained, and a small 
perturbation  Û : Ĥ    = Ĥ     0  +  λ  Û . 

 The eigen-function and eigen-values of energy can be 
expressed as power series of the expansion parameter  λ , which 
allows derivation of terms for the n-th order energy corrections, 
as well as higher-order wave function composed of linear com-
binations of Slater determinants including electron excitations. 

 Another approach for the estimation of correlation energy, 
the coupled clusters (CC) method  (25) , defi nes the correlated 
wave function as an exponential series of  ‘ clusters ’  of SCF 
eigen-functions containing single, double and triple electron 
excitations. The coupled cluster with single and double and 
perturbative triple excitations  –  CCSD(T)  –  calculations in 
extended basis sets represent perhaps the most accurate com-
putational chemistry benchmark data on molecular energies 
(approaching chemical accuracy, i.e., error in  ∆Ε−    tot   < 4 kJ mol  – 1 ), 
which can currently be obtained for small-to-medium size 
organic molecules  (27) . 

 The density functional theory (DFT) approach to the elec-
tronic structure of atoms and molecules represents a faster-to-
calculate alternative to  ab initio  post-SCF methods  (28) . It is 
based on a theorem of Hohenberg and Kohn  (29) , which states 
that all ground-state properties of a system are functions of 

the electron density:  ρ( ) ( )r r=∑ Φ i ii

Nocc 2
   , including the total 

electronic energy. The electron density and electronic energy 
are obtained by iteratively solving Kohn-Sham one-electron 
equations in a basis set of orbitals: 

  Ĥ  KS  Φ  i (r i ) =  ε  i  Φ  i (r i ) 
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 where the V XC  term is the exchange-correlation functional, 
which can be expressed as a local density approximation 
of the uniform electron gas model or by various other more 
sophisticated approximate functionals  (30 − 32) . The compari-
son of physicochemical molecular properties computed by 
the DFT method to CI, CC or MP calculations showed that the 
fast DFT calculations are superior to HF calculations and are 
comparable to the results obtained from the more expensive 
 ab initio  CC method  (33) . 

 The treatment of large, condensed phase systems (e.g., pro-
teins in aqueous solution) entirely by  ab initio  or DFT methods 
is extremely expensive computationally. However, the theo-
retical prediction of molecular structure, conformational ener-
gies and thermochemical properties of small organic drug-like 
molecules with a suffi cient precision is now a standard prac-
tice complementing the experimental studies  (18, 27) .  

  Biological medium 

 Intermolecular interactions in a biological environment, such 
as drug-receptor binding, occur in complex heterogeneous 
surroundings (including, for example, the proximity of mac-
romolecular structures of various biopolymers, phospholipid 
membranes, water, salt ions, endogenous substances, and 
others). These affect the course of biochemical processes via 
their steric effects and molecular fi eld interference. The effect 
of ubiquitous water (condensed medium) in particular affects 
the electronic structure and preferred conformations of dis-
solved solutes, and infl uences the forces between the interact-
ing particles  (34, 35) . 

 Several computational approaches were developed to model 
the effect of the solvent. The explicit solvent model adds one 
or more solvation layers of discrete solvent molecules around 
the solute and treats the whole system as a  ‘ supermolecule ’  
 (36) . The implicit models, in contrast, replace the confi guration 
of discrete solvent molecules with a homogeneous medium 
characterized by a macroscopic property: dielectric constant 
 –  reaction fi eld model  (37 − 39) , Poisson-Boltzmann model 
 (40) , generalized Born model  (41)   –  or polarizability density 
 –  Langevin dipoles  (42) . The reaction fi eld model can be incor-
porated into quantum chemical calculations by considering the 
reaction fi eld to be a perturbation of the gas-phase Hamiltonian 
(Ĥ   0 )  (37) : 
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 where the reaction fi eld Hamiltonian Ĥ   RF  is expressed as the 
electrostatic potential of a charge density  σ ( s ), induced on the 
molecular cavity surface by the solute charge distribution  ρ ( r ) 
and by itself, and is computed iteratively  (37) . 

 In continuum models of solvation, besides the electrostatic 
component, it is convenient to include the dispersion-repul-
sion     ( )Gsol

d-r  and cavitation     ( )Gsol
cav  terms  (34) : 

     
G G G Gsol sol

els
sol
d r

sol
cav= + +−

  [7]  

  Molecular conformation 

 The total energy of a molecule obtained from a quantum chemi-
cal calculation is a parametric function of N nuclear positions 
(3N Cartesian coordinates or 3N-6 internal coordinates), which 
defi ne the molecular geometry or conformation and forms a 
complex hypersurface with energy minima and maxima  (11) . 
Molecules are in constant thermal motion and undergo inter-
nal rotations and conformational changes. The local minima or 
global minimum on the energy hypersurface (stationary states) 
correspond to stable conformations, which are most frequently 
accessed during the dynamic equilibrium in a given solvent. The 
global energy minimum  –  the most stable (reference) confi gu-
ration  –  is of special interest to chemists and pharmacologists, 
therefore, the identifi cation of the relevant molecular geometry 
of a studied molecule by conformational searching and energy 
minimization (geometry optimization) is a common task. 

 Conformational searching on the energy hypersurface can 
be done in a systematic or stochastic manner (Monte Carlo, 
molecular dynamics, simulated annealing) and several algo-
rithms exist for geometry optimization (simplex method, steep-
est descent, conjugate gradient, Newton-Raphson, etc.)  (11, 25, 
43, 44) . Molecular conformation, energy, wave function and 
related physicochemical properties of the global minimum con-
fi guration serve for the calculation of reaction heats, binding 
affi nities and other physicochemical properties of molecules.  

  Molecular associations 

 The formation of van der Waals (noncovalent) intermolecular 
associations, such as drug-receptor complexes, is connected 
with bonding energies below 60 − 80 kJ·mol   -1  and bonding 
distances of approximately 2 − 3·10   -10  m (2 − 3  Å )  (45, 46) . 
The interaction between molecules, such as formation of DR 
complexes in the gas phase, can be described by means of 
total quantum chemical energies using the supermolecular 
approach as a difference between the total energies of the DR 
complex and the associating molecules: 

     
∆E =E E Ecom

gas
DR D R− −

 [8] 

 where E DR  is the total energy of DR and E D  and E R  are the 
energies of free (unbound) drug and receptor, respectively 
(see Figure  1  ). 

 If the total energies are amended by zero-point vibrational 
energies, then the quantity     ∆Ecom

gas  corresponds to internal 
energy change at 0 K in the gas phase. However, ligands bind 
or form complexes with receptors in solution provided that 
the associated Gibbs free energy change of the binding is 
negative (at laboratory temperature, T, and pressure, P). The 
total electronic and nuclear energies from SCF or DFT calcu-
lation (E tot ) can be converted into thermodynamic quantities 
by assuming the classical ideal gas behavior of molecules 
and by perfor ming the rigid rotor and harmonic vibrational 
analysis  (48, 49) :  
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 where E ZPE  is zero-point vibrational energy and E i  
T  and S i  

T  
stand for the thermal correction of internal energy and entropy 
dependent on electronic states, translational, rotational and 
vibrational motions of the molecule, respectively  (49) . To 
derive the Gibbs free energy of the DR formation in solution 

    ∆( )Gcom
aq , we can take advantage of a thermodynamic cycle 

 (50) , see Figure  2 , and express the quantity as: 

     
∆ =∆ − −G +G (DR) G (D) G (R)com

aq
sol sol solGcom

gas

  [10] 

 where     ∆Gcom
aq  is the Gibbs free energy of complexation in 

aqueous solution,     ∆Gcom
gas  is defi ned in Eq. [9] and G sol (X) is 

the solvation Gibbs free energy of the species X (Gibbs free 
energy of transfer from gas phase to solvent, Eq. [7]). To 
obtain the     ∆Gcom

aq  we can model the process of drug-receptor 
association in the gas phase and include the Gibbs free ener-
gies of solvation of the DR, D and R species. 

 Similar equations can be derived for enthalpy     ∆( )Hcom
aq  

and entropy     ∆( )Scom
aq  of the DR formation. Studies on ligand-

receptor binding in the gas phase suggest that     ∆( )Hcom
gas  and 

    ∆( )Scom
gas

 are always negative, i.e., the binding is driven by the 
exothermic D - R interaction. In solution,     ∆Hcom

aq  and     ∆Scom
aq  can 

assume both negative and positive values and ligand-receptor 
binding can be driven either by the enthalpic or the entropic 
effect or both  (51) . 

 We should keep in mind that during the DR complex 
formation from solvated D and R species the thermodyna-
mics of the process can also be dominated by changes in the 
solvent - solvent interactions, as it is known from the hydro-
phobic effect (association of nonpolar molecules in water) 
 (52) . In addition, we should be aware of the fact that the use 

D R DR

Ac-pTyr-Ile-Asn-NH2

+

Grb2SH
Complex

->

->+

 Figure 1    Scheme of induced fi t mechanism of drug-receptor binding (above). Flexible tripeptide mimic  Ac - p Tyr-Ile-Asn-NH2 ligand binding 
to the sarcoma oncoprotein homology domain (SH) of growth factor receptor-bound protein 2  (47)  (below).    

D(g) + R(g)
∆Ggas

com

∆Gaq
com

Gsol(D) Gsol(R) Gsol(DR)

D(aq) + R(aq) DR(aq)

DR(g)

Figure 2 Thermodynamic cycle used to calculate the Gibbs free 
energies of drug-receptor association in solution (50).

of gas-phase entropies often leads to a signifi cant overesti-
mation of the entropy term for processes in solution (mainly 
due to the harmonic approximation, which underestimates the 
contribution of the low-frequency modes that are more abun-
dant in larger solutes, such as DRs)  (53, 54) . 

 The     ∆Gcom
aq  is a quantity computed for the optimized molecu-

lar geometry of a low energy conformation (ideally global 
minima on the conformational energy hypersurface) of the 
interacting D and R molecules and the resulting DR. To com-
pare the theoretical quantity     ∆Gcom

aq  with the observed dissocia-
tion constant of the complex: lnK d  =  ∆ G bin /RT, which is measured 
on a macroscopic scale and refl ects an ensemble average of the 
binding affi nity ( ∆ G bin ) over a set of low energy conformations 
accessed in a dynamic equilibrium by the reactants and the 
complex at ambient temperature, we have to replace the single 
Gibbs free energy of complexation with an ensemble aver-
age:     ∆ ∆ >G =< Gbin com

aq . Thus, to calculate the  ∆ G bin , we have to 
sample the conformational space of the reactants and products 
and replace the terms in Eq. [10] with ensemble averages over 
accessible low-energy conformational states. 

 Since larger ligands, and especially protein receptors, can 
acquire a vast number of conformations (confi gurations) with 
closely separated minima, it is necessary to use stochastic 
sampling as well as faster methods of calculation of molecular 
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internal energy and thermodynamic quantities, namely the so-
called molecular simulation methods  (55, 56) .  

  Perturbation theory of intermolecular interactions 

 In biological and pharmacological applications, the SCF 
computation of E DR  and G DR  as well as direct estimate of the 
binding energy or Gibbs free energy for larger macromo-
lecular receptors may become computationally expensive or 
even impossible. An estimate of the binding energy (    ∆Ecom

gas ) of 
rigid interacting particles can, however, be obtained from the 
Rayleigh-Schr ö dinger perturbation theory of intermolecular 
interactions  (45, 57 − 60) . In this approach, for two interacting 
D and R particles, which obey the relations Ĥ   D  Ψ  D  = E D  Ψ  D  and 
Ĥ   R  Ψ  R  = E R  Ψ  R , the interaction energy between D and R can be 
determined by solving the Schr ö dinger equation with a total 
Hamiltonian composed of an unperturbed (Ĥ0) and interaction 
component (Û, the perturbation), given by: 

     
ˆ ˆ ˆ ˆH H H HD R= + + = +Û Û0
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 where the summation indices i, k and A, C extend over the elec-
trons and nuclei of the individual systems D and R. According 
to the polarization approximation of Hirschfelder  (58, 59) , 

the interaction energy     εDR pol
(n)

n=1
E=( )∞∑  and wave function 

    Φ ΨDR pol
(n)

n=0
=( )∞∑ , antisymmetrical with respect to electron

 
exchange within the individual subsystems) are written as the 
sum of energies and wave functions of the n-th order of pertur-
bation theory, yielding the following recurrent expressions: 
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 where E K  and  Ψ  K  are the eigenvalues and eigen functions of 
the Hamiltonian (Ĥ   0 ), respectively. 

 When the polarization expansion [12] is combined with the 
electron exchange expansion terms  (61, 62)  derived from the 
perturbation theory that considers the wave function antisym-
metric with respect to the exchange of all electrons, the inter-
action energy expansion converges for smaller systems in the 
region of van der Waals distances between D and R after the 
second-order terms  (61 − 63) . Based on the functional forms 
of the perturbation terms, approximate expressions have been 
proposed for the individual components contributing to the 
perturbation interaction energy, which include the Coulombic 
(E C ), induction (E I ), dispersion (E D ) and exchange-repulsion 
(E ER ) contributions composed of additive pair-wise atomic or 
bond contributions: 

     

s

 

[13]
 

 where:

   summation indices p, q run over bonds and s, t over the • 
atoms of systems D and R;  
  r • st  is the interatomic distance;  
  Q • i  are atomic charges;  
  • r pq  is distance between the centers of bonds p and q and rpq 
is the corresponding unit vector;  

  • α i
t and     α i

l are the transversal and longitudinal components 
of polarizability of bond i,     δ α αi i i

t= −1 ;  
E• –     i  is the average excitation energy of system i;  

  • αα i
l is a unit vector in the direction of bond i, βq =∑

Q

r
p

pq
3 pqp

D
r

  
;

  R • i  is van der Waals radius of atom i; and  
  a • st , b st , and c st  are constants.    

 The atomic charges are usually determined by the  ab ini-
tio  method for the subsystems or their building blocks (e.g., 
amino acids). Atomic van der Waals radii and bond pola-
rizabilities of distinct bonds are given in the literature  (64) . 
Ionization potentials may come from the experiment or can 
be derived by quantum chemical calculations. 

 This  “ monopole - bond polarizability ”  method is numerically 
simple, also permitting calculations of interaction energy for 
large macromolecular systems  (45) . When the overlap of the 
charge distributions of the subsystems D and R is negligible, 
then the long-range electrostatic interaction term E C  can be 
more precisely described by the multipole expansion, which 
includes also higher moments (dipole, quadrupole, etc.)  (45) .  

  Force fi elds 

 In molecular modeling of systems of pharmacological inter-
est, we frequently encounter situations when realistic models 
of biological/biochemical processes are too large to be treated 
by quantum chemical methods. Force fi eld (FF) methods (also 
known as molecular mechanics, MM) ignore the motions of 
electrons and calculate the potential energy of a system ana-
lytically using an empirical potential energy expression as a 
function of nuclear positions  (11) . A relatively simple chemi-
cal potential energy function (defi ned for internal molecular 
coordinates) is composed of bonding terms that refl ect the 
energies of basic molecular motions (bond stretching V b (1), 
bond angle bending V a ( θ ), torsion angle rotation V t ( ω ), etc.) 
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and nonbonding interatomic interactions [Coulombic V el (r ij ), 
van der Waals V LJ (r ij ), hydrogen bonding V hb (d ij )] between 
atoms that are not directly bonded: 
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[14]

 

 Equation [14] estimates the potential energy penalty associ-
ated with the deviation of bond lengths, bond angles and torsion 
angles from their equilibrium values as well as the interactions 
between nonbonded parts of the system. The parameters of 
individual FF functional forms (constants, such as k li , k  θ i , V ni , 
l  0 i ,  θ  0i , γ i , A ij , B ij , C ij  and D ij  pertinent to certain atom types), 
are obtained by parameterization against experimental data, 
as molecular geometries, heats of formation, heats of vapor-
ization, vibrational frequencies and data predicted from high-
level  ab initio  calculations for a class of molecules  (11, 65) . 

 Functional  forms of the individual potential energy com-
ponents are chosen so as to allow easy analytical formulation 

of forces acting on the atoms:     f
U(x , ,x )

xx
1 3N

i
i
=− ∂

∂
K

, which 
are used in geometry optimization and molecular dynamics 
simulations. 

 The transferability of simple FF parameters between dif-
ferent sets of molecules is limited and FF can be used for 
modeling of related molecules. Classical FFs, which use 
isotropic pair-wise potentials and fi xed atomic charges, fail 
in situations where the change of an atom type is required 
(e.g., chemical reactions), however, they provide useful 
insights into and interpretation of biomolecular structure and 
function. 

 A relatively large number of specialized and general FFs 
have been developed for different purposes: modeling and 
simulations of proteins, nucleic acids, saccharides, lipids, 
zeolites, small organic molecules, inorganic molecules, 
and water, see Table  2     (66) . Modern polarizable FFs use 
induced dipoles, distributed multipoles, density fi tting, bond-
polarization or explicit polarization to represent the dynamic 
character of molecular charge density. Reactive FFs, such as 
ReaxFF based on continually updated bond orders instead of 
explicit atom connectivity defi nition  (67) , show the future 
directions in the effort to overcome the drawbacks of clas-
sical FFs.  

  Molecular simulations 

 The two most common simulation techniques used in 
molecular modeling are the molecular dynamics (MD) and 
Monte Carlo (MC) methods. The former method tracks the 
time-evolution of the system, samples the phase space along 
a trajectory (contour of constant energy in NVE ensemble) 

and permits the calculation of time-averaged physicochemi-
cal properties (A- ) over the MD simulation time. 6  The later 
method randomly samples the confi guration space and pro-
vides ensemble-averaged properties ( < A > ) over the number 
of collected confi gurations (A-  is equivalent to  < A > , ergodic 
hypothesis)  (11) . 

 In the MD simulation, successive atomic confi gurations 
are generated by numerically integrating Newton ’ s equations 
of motion with a very short time step (δt = 1fs) in a constantly 
changing potential energy (force fi eld): 
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 where the forces fi x x x=(f ,f ,f
i1 i2 i3

) acting on the atoms are 
obtained as the gradient of the potential U(x   x ),1 3N,…,  Eq. 
[14]. The atomic position vectors     ri x x x=(r , r , r )

i1 i2 i3
 and veloci-

ties     vi x x x=(v ,v ,v )
i1 i2 i3

 can be obtained, for example, from the 
Verlet algorithm, Eq. [15]  (68)  and are stored as the simula-
tion trajectory. The Verlet integration algorithm is relatively 
simple, fast and stable for short integration time-steps (1 − 10 
fs)  (69) . The simulation starts from a selected system confi gu-
ration ({ })i0r  and the initial velocities {vi0} are assigned from 
Maxwell-Boltzmann distribution at a given temperature. 

 The Metropolis MC method  (70)  generates system con-
fi gurations randomly by varying the positions and orienta-
tion of one or more atoms in the present confi guration and 
uses a Boltzmann factor (f Bol ) criterion dependent on poten-
tial energy computed from the FF to decide whether or not to 
accept a new confi guration: 

     

f =exp
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[16] 

 If the U new  is lower than U old  (present configuration) 
then the new configuration is accepted. If U new  is higher 
than U old  and f Bol  is lower than a random number f ran , then 
the new configuration is still accepted and becomes the 
present one, otherwise it is rejected. This criterion has 
the effect of permitting moves to higher energy states, 
however, acceptance of smaller uphill moves has a higher 
probability then the larger jumps on the energy scale 
(importance sampling)  (71) . 

 The inclusion of velocities and kinetic energy into the 
MD simulations allows the system to overcome energy 

  6 A thermostat or barostat can be applied to allow constant tempera-
ture or pressure MD simulations. 
    7  In classical mechanics, Hamiltonian is a function of total energy: 

    
H p q t

p t

2m
V(q (t), ,q (t))i

ii

N

1 3N( , , )
( )

= +∑
23

K , where qi(t) are time-dependent
 

coordinates and pi(t) denote the momenta of atoms.  
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barriers of the height of k B T per degree of freedom. Despite 
this, at the laboratory temperature the system will predomi-
nantly sample the low-energy regions of the phase space 
and therefore the free energy of the system ( ∆ G at constant 
NPT) calculated using conventional MD simulation will 
not be very accurate. However, when studying system B 
with the help of a similar reference system A (such as a lead 
compound and its analog) described by Hamiltonians H A  
and H B  7 , the Gibbs free energy difference between B and 

A can be expressed as:     ∆
⎛
⎝⎜

⎞
⎠⎟G =G G =RTln<e >BBA B A

H

RT
– BA

−
∆

 
as an ensemble average corresponding to the fi nal state 
( ∆ H BA  = H B  – H A )  (72) . The relation between the fi nal and the 
initial state is usefully described by a coupling parameter  λ  
as: H( λ ) =  λ H B  + (1– λ )H A , where  λ  changes from 0 (H = H A ) to 
1 (H = H B ) and 
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where  ∆ H  λ   = H  λ  + d λ   –

 

H  λ  .This is the basic equation of the free 
energy perturbation (FEP) method. The Gibbs free energy 
difference  ∆ G BA  is then accumulated as a string of increments 
 ∆ G( λ  i  →  λ  i  + d λ ) obtained from a series of MD simulations 

performed for the system with parameter  λ  increasing grad-
ually from 0 to 1 with a small step of d λ  (see Figure  3  ). 
Thus, larger free energy changes must be calculated using N 
independent MD simulations with different  λ  values while 
the free energy difference should be in the order of k B T for 
each run  (73, 74) . 

 An alternative way to calculate the free energy difference is 
to employ the thermodynamic integration (TI), which uses the 
following formula for the Gibbs free energy difference  ∆ G BA : 

     
∆ = <

∂
∂

>
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=

∫G
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dBA
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λλ

λ

λ

0

1

  
[17]

 

 This integral is determined in practice by performing a 
series of MD simulations for discrete values of parameter  λ , 
ranging from 0 to 1, and computing the ensemble averages 

    <∂H / ∂λ>λ  for each value of  λ , see Figure 3  (75) . Various 
other statistical mechanical methods of computing the free 
energy difference from MD or MC simulations exist, such as 
the slow growth method, umbrella sampling and others  (76) . 

 Perhaps the most relevant application of the free energy 
techniques is the prediction of the binding affi nity of ligands 

 Table 2      List of acronyms of selected popular force fi elds.  

Classical Second generation Polarizable Reactive Coarse grain

AMBER CFF AMBER/pol EVB VAMM
CHARMM MMFF AMOEBA ReaxFF
CVFF MM2,MM3,MM4 CHARMM/pol RWFF
Dreiding QVBMM CFF/ind
ECEPP/2 COSMOS-NMR
ENCAD DRF90
GROMACS ENZYMIX
GROMOS GEM
OPLS NEMO
QCFF/PI ORIENT
TRIPOS PIPF
UFF PPF

SIBFA
SP-basis
X-pol

λ=0.0 (A) λ=1.0 (B)

∆GBA

∆GBA

∆G
(λ

i→
λ i

+
dλ

)

<∂
H

/∂
λ>

λ

λ λ=0.0 (A) λ=1.0 (B)λ

 Figure 3    Calculation of the difference in Gibbs free energy between molecules A and B using free energy perturbation method (left) and 
thermodynamic integration (right)  (11) .    
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to their receptors. Provided that dissociation constant K d  of 
a known inhibitor I 1  has been experimentally determined, we 
can predict the binding constant of an analog I 2  from a ther-
modynamic cycle (see Figure  4  ) by performing two separate 
FEP calculations. In the fi rst computer experiment we mutate 
inhibitor I 1  into I 2  in solution with the help of the coupling 
parameter  λ . In the second one, we model the mutation at the 
binding site of the solvated enzyme. These two transformations 
cannot be performed in laboratory, but can be carried out com-
putationally much more easily than by running the simulation 
of the actual binding process. This would require a simulation 
of the approach of the interacting particles from an initially 
large separation, simulation of conformational changes of the 
enzyme connected with the inhibitor binding, and reorganiza-
tion of the solvent and the inhibitor. It would be diffi cult to 
ensure adequate sampling of the phase space for such a com-
plex process  (11) . The simulated nonphysical transformation, 
however, typically corresponds to an addition or a replacement 
of a function group on the reference molecule I 1 . 

 Since Gibbs free energy is a state function, we can predict 
the binding affi nity of the I 2  from the closed thermodynamic 
cycle, see Figure 4  (77, 78) . The free energy can be decomposed 
into additive contributions from different groups of atoms and 
types of interactions, which sets a fi rm basis for rational drug 
design  (79) . The FEP methods are computationally intensive 
and are inappropriate for the estimation of binding affi nity dif-
ferences between structurally dissimilar ligands.  

∆G1 = RTlnKd1

I1(aq)+E(aq)

I2(aq)+E(aq) I2E(aq)

I1E(aq)

∆G12S
∆G12E

∆G2

∆∆G=∆G2�∆G1=∆G12E�∆G12S
∆G2=RTlnKd1+∆G12E�∆G12S

 Figure 4    Thermodynamic cycle for binding of reversible inhibitors 
I 1  and I 2  to enzyme E in solution. K d1  is the experimental dissociation 
constant of the I 1 E complex.    

QM
QM

MM

MM QM MM

Surroundings

 Figure 5    Division of the system studied into quantum mechanical (QM), molecular mechanical (MM) and boundary regions (left). Connection 
between QM and MM regions in a macromolecule is made by a dummy hydrogen atom  –  yellow (middle)  –  or by a single hybrid sp 3  atomic 
orbital at bonded MM carbon at the boundaries between QM and MM regions (right).    

  QM/MM methods 

 In complex biological processes  –  such as the binding of a sub-
strate to the active site of an enzyme  –  that are connected with 
the breaking or formation of chemical bonds, charge transfer, 
change of oxidation state and other quantum effects, the models 
are too large and computationally expensive for rigorous  ab ini-
tio  calculations. These processes can, however, be described by 
hybrid quantum mechanical/molecular mechanical (QM/MM) 
methods  (80 − 82) . In this approach, the core of the system (e.g., 
catalytic site of an enzyme including the substrate, the quantum 
motif) is treated quantum mechanically with the rest of the sys-
tem (more distant parts of the protein structure and the solvent) 
described by FF methods, see Figure  5   . 

 The whole system can be embedded in solvent (surroundings), 
treated either explicitly or via continuum, Poisson-Boltzmann or 
Langevin models of solvation  (34, 40, 42) . The division of the 
system into individual parts is somewhat arbitrary and follows 
the goal of the highest possible precision of results at the lowest 
computational expense. Systems described by hybrid QM/MM 
potentials can use effective Hamiltonians (Ĥ   eff ): 

  Ĥ  eff  = Ĥ   QM  +Ĥ    MM  +Ĥ
QM/MM

    +  Ĥ  Sur  
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 where:

H• ˆ      QM  is the standard electronic Hamiltonian of the QM motif 
(Eq. [3]);  
   H• ˆ  MM  represents the interactions between atoms of the MM 
part only and is equal to the MM potential energy (Eq. [14]);  
   H• ˆ  Sur  denotes the interaction with the surroundings (solvent) 
and can be replaced, e.g., by the reaction fi eld Hamiltonian 
 Ĥ  RF  (Eq. [6]).    

 The effect of the surroundings on the MM motif is com-
puted classically and is added to the E MM   –  the energy of the 
MM part. Finally, Ĥ   QM/MM       stands for the interaction between 
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the
 
MM and QM motifs. In this case, atoms of the MM part 

act upon the QM motif via electrostatic and dispersion-repul-
sion (Lennard-Jones) interactions (i and α represent electrons 
and nuclei of the QM and M refers the atoms of the MM 
motif, respectively). Several methods of QM and MM motifs 
coupling have been proposed. For example, we may consider 
atomic dipoles (µµ  M ) on the MM atoms induced by the elec-
trostatic fi eld ( E  M ) deriving from the QM motif: µ   M  = α M E M  
(α M  is atomic isotropic polarizability). However, since  the 
energies of the QM and MM motif are inter-dependent due to 
mutual polarization the computational times in such settings 
can increase signifi cantly. 

 In relatively simple systems describing reactions between 
small molecules, the critical QM motif is typically composed of 
the reacting particles while the solvent is attributed to the MM 
motif. However, in reactions involving enzymes, the boundar-
ies between the motifs cut through the covalent bonds of the 
macromolecule, see Figure 5. To compensate for the incom-
plete connecting bonds, Singh and Kollman introduced dummy 
hydrogen atoms to fi ll the valency of the boundary QM atoms 
 (81) . Warshel and Levitt  (80)  used another approach and placed a 
hybrid sp 3  orbital fi lled with one electron on the directly bonded 
MM atom to simulate the connecting σ-bond (see Figure 5). 

 Morokuma and co-workers developed another hybrid 
method, ONIOM8, that allows the application of different lev-
els of theory to defi ned layers of the system being modeled 
 (83, 84) . This approach, implemented in Gaussian 09  (85) , can 
serve for the geometry optimization and property description 
of larger systems of chemical and biological interest  (86, 87) .  

  MM-PBSA/GBSA 

 The molecular mechanics-Poisson Boltzmann surface area/
generalized Born surface area (MM-PBSA/GBSA) approach 
represents a computationally effi cient FF-based method to 
evaluate free energies of binding. It combines atomic detail 
molecular dynamics simulations with implicit solvation mod-
els  (88, 89) . The approach uses a thermodynamic cycle (see 
Figure 2) to derive the Gibbs free energy of ligand-receptor 
binding in solution,     ∆Gcom

aq , Eqs. [9] and [10]. The molecular 
structures are obtained and averaged over a set of represen-
tative MD or MC snapshots. The Gibbs free energies of the 
interacting particles in the gas phase: G gas  = E MM  – TS vib  amend 
the MM total energies with the entropic contribution deriving 
from the normal mode analysis. Solvation Gibbs free ener-
gies: G sol  = G els  + G hfob  are composed of an electrostatic compo-
nent, calculated by solving the linearized Poisson Boltzmann 
equation  (40)  or by the generalized Born expression  (41) , and 
an estimate of the nonpolar free energy of solvation approxi-
mated by a simple surface area term (G hfob )  (90) . 

 The MM-PBSA method calculates the absolute Gibbs free 
energy of ligand − receptor association directly as the differ-
ence between the reactants and products, which is connected 
with much larger errors than the FEP or TI calculations. 

8Our own N-layered Integrated molecular Orbital and molecular 
Mechanics (83, 84).

Nevertheless, despite the larger uncertainties, this relatively 
fast method which is applicable to small-to-medium size sets of 
designed drug candidates can often calculate binding affi nities 
of ligand-  receptor, protein - protein and DNA - protein associa-
tion in respectable agreement with experiments  (91, 92) .  

  Linear interaction energy 

 The linear interaction energy (LIE) method is suitable for 
the calculation of binding free energies of various ligands 
 (93, 94) . LIE averages interaction energies obtained from 
MD or MC simulations (conformational sampling) of free 
particles and the bound state (DR). The idea behind the LIE 
method  –  the linear response approximation  –  assumes that 
it is suffi cient to evaluate only convergent averages of the 
interaction energies between the ligand and its surround-
ings to obtain an estimate of the binding affi nity to the 
receptor: 

∆ = − + − +G <E > <E > ] <E > <E >bin vdW b vdW f els b els fα β γ[ [ ]    [19]  

 Here  < E >  x  denotes ensemble averages of the van der Waals 
(vdW) and electrostatic (els) interaction energy components over 
a collected set of confi gurations, where the subscript b (bound) 
refers to the DR where the ligand interacts with the receptor, 
solvent, co-factors, ions, etc., while the subscript f (free) means 
that it interacts with the solvent and salt ions only. 

 Two simulations have to be carried out: one with the free 
ligand in solution and one with the ligand bound to the sol-
vated receptor. In Eq. [19], the  α ,  β  and  γ  are empirical coeffi -
cients obtained by fi tting experimentally determined values of 
 ∆ G bin  to the calculated values of E vdW  and E els  for a training set 
of known ligands.  Å qvist and co-workers claim that the val-
ues of these parameters are neither system-dependent nor FF 
dependent for ligand - protein systems  (95, 96) . Other authors 
have concluded that the LIE method has failed to reproduce 
the experimental binding constants  (97) . Nevertheless, the 
combination of docking and LIE affi nity predictions has been 
shown to be useful in the design and optimization of drugs 
 (98, 99) . 

 The linear response approximation was amended by the 
preorganized electrostatics model, which suggests that pro-
teins, in contrast to polar solvents, are electrostatically pre-
organized to accommodate their ligands (dipoles associated 
with polar function groups and ionized residues of the recep-
tor binding site are oriented favorably during the protein 
folding). By analyzing the antigen - antibody interactions Lee 
et al .   (100)  concluded from component analysis of the dif-
ferent energy contributions to the ligand binding affi nity that 
electrostatic effects provide the largest contribution to the 
differential binding energy, while the hydrophobic and steric 
contributions are much smaller.  

  MM-PCM 

 The molecular mechanics - polarizable continuum model 
of solvation (MM-PCM) is another method of calculating 
the relative Gibbs free energy of receptor binding, which 
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is applicable to similar analogs  (101) . In this approach, the 
crystal structure of a ligand - receptor complex is modifi ed  in 
situ  to transform the native ligand into an analog. Then an 
exhaustive conformational search of the replacing functional 
groups is carried out to select the best rotamers. Low energy 
states of fl exible ligand and receptor (fl exibility of receptor 
is typically restricted to the binding site) are explored by 
simulated annealing. The relative Gibbs free energy of the 
ligand - receptor binding in solution,     ∆∆Gcom

aq , with respect to 
a reference ligand (L r ), is obtained from Gibbs free energies 
of the solvated particles, using the supermolecular method, 
Eqs. [8–10], as: 

     

∆ −∆ ∆∆ =∆∆ +∆∆ − ∆∆
∆∆ =
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 The enthalpic contribution is equal to the difference in the 
MM total energies of the associating particles. The solvent 
effect is described by the PCM of solvation  (37, 38, 102 − 106)  
and includes electrostatic, dispersion − repulsion and cavitation 
contributions, see Eq. [7]  (34, 102) . The entropic contribution 
to the binding affi nity is computed by normal mode analysis 
of the involved species, or eventually for very large protein 
molecules the frozen receptor approximation of Fischer et al. 
 (107)  can be employed. 

 The relatively computationally inexpensive MM-PCM 
method is applicable to larger series of analogs and has been 
used in the structure-based design of antiviral and antibac-
terial compounds  (108 − 111) . The precision of the predicted 
binding affi nities can be improved by a calibration study on 
a test set of similar ligands, for which experimentally deter-
mined K d s are available.  

  Docking and scoring functions 

 Molecular docking and scoring play signifi cant roles in the pre-
diction of ligand - receptor binding and virtual screening of com-
binatorial libraries  (112, 113) . Numerous docking algorithms 
that generate ligand poses (relative position, orientation and 
conformation) within the receptor ’ s binding site and explore 
the conformational space of the ligand and receptor have been 
proposed  (114, 115) . The fl exible ligand docking methods 
include matching algorithm, incremental construction, stochas-
tic methods (MC, genetic algorithm, simulated annealing, and 
tabu search), multistep procedures and consensus docking. 

 The fl exibility of the receptor ’ s binding site (an essential fea-
ture of the induced fi t mechanism) is also taken into account. 
This is done either by docking the ligand into multiple recep-
tor confi gurations obtained, for example, from MD simulations 
or by allowing for the fl exibility of a limited number of the 
side chains of selected active site residues in a single receptor 
confi guration. More than 60 docking programs exist and about 
a dozen of them (AutoDock, DOCK, FlexX, FRED, FTDock, 
Glide, GOLD, ICM, LigandFit, QXP/Flo + , SLIDE, Surfl ex and 
ZDOCK) are used more widely  (115) . Each docking program 

relies on a scoring function (SF  –  an empirical or knowledge-
based potential energy function) to evaluate the generated 
ligand poses. The suitable SF should assign a high score to the 
correct pose (the native pose observed in crystal structure of the 
ligand-receptor complex), which is critical for accurate predic-
tion of the binding mode for analog docking. In addition, the 
docked poses of highly active compounds should be attributed 
better scores than those of nonbinders or poor binders, which is 
important for the identifi cation of potential hits during virtual 
library screening. SFs take the functional form similar to the 
perturbation treatment of the intermolecular interaction energy 
(Eq. [13]), common to the nonbonding part of many FFs. SFs 
are usually calibrated on a set of ligand − receptor crystal struc-
tures to reproduce the experimental binding affi nities. More 
than 30 different SFs have been published and about 12 of 
them (AutoDock, ChemScore, DrugScore, FlexX, GlideScore, 
GoldScore, HINT, ICM, LigScore, LUDI, PLP, PMF, and 
Validate) are more popular  (115) . 

 While the speed of the molecular docking and scoring run 
is essential for an effective virtual high-throughput screening 
of large libraries, the accuracy is critical for the lead optimiza-
tion. Comparative studies  (116 − 118) , the only available tools 
to evaluate relative performance of the docking programs and 
the SFs, suggest that none of the algorithms or SFs clearly 
outperformed the others. The comparisons did, however, 
show that signifi cant improvements must still be achieved in 
order to develop universal, fast and highly accurate docking/
scoring methods.   

  Conclusions 

 Constant improvements in the methods and modeling algo-
rithms, as well as the reduction in the cost of high-perfor-
mance computing, are ensuring that systems of increasing 
size and therefore interest to structural biology and pharma-
cology will become amenable to molecular modeling. These 
will thus allow us to advance towards the ultimate goal of 
theoretical approaches: achieving full partnership with the 
experiment as both an explanatory and predictive methodol-
ogy  (18) . We can expect a number of new applications of 
computational predictions of drug-receptor interactions to be 
carried out in the years to come, especially in the fi elds of 
virtual screening, lead optimization and structure-based drug 
design.  
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