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Making the Best Account of Molecular Docking in Drug Design

Summary

Computer-aided design of drugs has become an essential scientific field of pharmaceutical sciences. Automated industrial proce-
dures of drug discovery have been accelerated by use of computers. Virtual screening of electronic chemical databases through a
structure of an important target protein is an example of such an application. This article presents in a simple way the actual tech-
niques and challenges of receptor-based molecular docking. Namely, the contemporary issues of scoring functions, flexibility of mo-
lecules and other problems owing to the specific active site environments are discussed.
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INTRODUCTION throughput screening (HTS) of chemical libraries,

combinatorial chemistry and automatized crystalli-
In the last decade, molecular modeling has become  ,,tion of proteins and other drug targets. For
a central technique in drug discovery. Faster compu-
ters, progress in programming, new modeling soft-
ware, the World Wide Web and greater molecular
visualization has brought modeling to practically
every desktop computer. Parallel to this, in chemical
laboratories and the pharmaceutical industry, new its costs are very high, whereas the hit rate is relati-
techniques have appeared. Among them are high-  vely low2.

example, HTS is a well-established method in lead
finding among the compounds from the chemical
libraryl. While HTS is a powerful technique allo-
wing the testing of millions of compounds per day,
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Computer-aided drug design can reduce these ex-
penses. Such a cost-cut is based on the hypothesis
that it is not necessary to test the full chemical lib-
rary but rather only a small set of compounds with
suitable characteristics3-5. Under this premise, virtu-
al screening is used to reduce the size and focus of
the library to be tested. Virtual screening is a com-
putational method that selects the most promising
compounds — hits — from an electronic database®.
The best of them becomes a lead structure if its bin-
ding to a given target is verified experimentally and
can be further developed to a drug. Virtually, the
chemical database of small compounds can be scre-
ened based on similarity search or fitting the known
pharmacophore® — a so-called ligand-based scre-
ening. Screening of the compounds through the
three-dimensional (3D) structure of the macromole-
cular target” is the receptor-based application of the
virtual screening.

Since more and more 3D structures have become
available due to X-ray crystallography, NMR spect-
roscopy and homology modeling, software tools
using this information in drug design projects beco-
me more important?4. Virtual screening has been
mainly developed for docking of small molecules
(generally called ligands) to proteins®7. Docking can
be understood as the placing of a small molecule in-
to the active site of the protein and predicting the
energetically favorable complex. There are several
aspects of the docking issue that make the predicti-
on of the ligand-protein complex more difficult.
Among these aspects belong:

a) Accuracy of the so-called scoring function, i.e. the
function (equation) used to calculate the binding af-
finity of the protein-ligand complex. Scientists calcu-
late with several types of scoring functions, and each
of them has certain strengths and weaknesses.

b) Docking and flexibility of molecules. Although
the flexibility of small molecules is nowadays a stan-
dard procedure in docking, large macromolecular
targets, as protein, membrane and DNA are still
considered rigid in docking. Recently, new docking
softwares simulating a certain flexibility of the pro-
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teins have been developed. Furthermore, approac-
hes using molecular dynamic simulations are used
to account for the flexibility and partial movements

of protein domains.

¢) Contemporary issues of molecular docking. Doc-
king per se represents a system with the large num-
ber of degrees of freedom, among which can be co-
unted the orientation, conformation and move of a
small ligand, the relative orientation of the ligand
and the protein, and the presence of water molecule,
cofactor, metal ions and other molecules in the acti-
ve site. Microenvironment of the active site on li-
gand binding is also one of the important aspects.
For example, dielectric effect within the binding site,
can change the protonation or the tautomeric state
of molecules8. In addition, several specific aspects
complicate molecular docking, such as: docking into
the targets that are not well described or understo-
od. This can be docking of the intercalators into
DNA (dynamic and linear structure of DNA), doc-
king of a covalently binding inhibitor (docking
programs cannot simulate the creation of a covalent
bond), docking on the membrane, docking into the
transmembranal receptors or docking into the mo-
deled proteins, in which the 3D structure is not
known, etc.

Problematic aspects and contemporary issues of mo-
lecular docking can be seen in Figure 1.

Figure 1. Contemporary issues of molecular docking
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Scoring function

Scoring function answers the question: what is the
ligand's free energy of binding (AG) to the target?
The scoring function is a fundamental element of
docking software and estimates the affinity of the
compound for the given protein. Computer-assisted
docking methods are far from accurate in calcula-
ting AG unless the advanced and time-consuming
techniques are used, among them for example the
free energy perturbation or dynamic simulation of
the ligand-protein complex. However, virtual scre-
ening requires fast docking and thus, the free ener-
gy of binding is calculated with simple functions®.
The calculation of AG is simplified, and the ent-
halpy-entropy compensation, water solvation before
and after the binding and conformational changes in
the protein are omitted or very roughly approxima-
ted”. There are three types of scoring functions: for-
ce field scoring, empirical scoring and knowledge-
based scoring, also called PMF (potentials of mean
force).

Force field scoring function is based on non-bonded
terms of a classical molecular mechanics. A Len-
nard-Jones potential describes Van der Waals inte-
ractions and Coulomb energy the electrostatic inte-
ractions. Making the sum of these potentials over all
atom-atom interactions first requires a pre-calcula-
ted grid of points within the active site, for every po-
int of which the energy is calculated. The grid maps
the active site and contains all energetic information
on the functional groups that may be involved in
binding. The program DOCK!0:11 js an example of a
program in which the energy scoring component is
force field based. While force field scoring performs
well on selecting docking modes, the comparison of
different molecules is difficult because the entropic
and solvation effects are not considered.

Empirical scoring is based on known measured free
binding energies correlated to geometric parameters
of the protein-ligand complex. From the set of prote-
in-ligand complexes, for which both the binding af-
finity and 3D structure are known, the multiple line-
ar regression or partial least squares is plotted. This

is used to optimize the coefficients, to weigh the
computed terms and to construct the function, also
called master equation!2. Terms of the master equ-
ation represent different physico-chemical effects
contributing to the binding energy. It includes polar
interactions as hydrogen bonds and ionic interacti-
ons, and non-polar interactions as lipophilic contact
and aromatic interactions. In addition, entropic term
is simulated by the flexibility of the ligand (number
of rotatable bonds). The first function of this type
was developed by Bohm for the de novo design
program LUDI!3-15, The empirical scoring function
is implemented in the program FlexX.

The knowledge-based scoring function was origi-
nally developed for protein structure prediction and
has been successfully applied!6-18. The principle of
this function is that situations frequently seen in 3D
structures are energetically favorable. Potential of
mean force encodes structural information from X-
ray coordinates of protein-ligand complex into
Helmholtz free interaction energies of protein-li-
gand atom pairs. For each atom pair, the number of
occurrences is counted depending on the distance.
The advantage of the knowledge-based function is
that there is no need for experimentally measured
free energies, as is the case in empirical scoring, and
that solvation and entropic terms are treated impli-
citly.

The single scoring function has both strengths and
weaknesses in predicting AG. Some of the weaknes-
ses are the over/underestimation of hydrophobic
interactions in relation to the electrostatic ones. So-
me of the scoring functions are more suited for the
scoring of the databases containing more or less di-
verse compounds; others perform better for the ones
with large number of interaction sites. Could it help
to use several scoring functions and to average the
results? "Consensual”" scoring, therefore, refers to
the use of several scoring functions. For a given doc-
king orientation of a compound (whatever algo-
rithm is used), several master equations are calcula-
ted1?. One of the popular consensual scorings is
CScore™I9 CScore includes five scoring functions,
F, G, D, Chem and PMF, originating from docking
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tools FlexX20, Gold?!, Dockl011 Chemscore?? and
Potential Mean Forcel”, respectively. F score, G sco-
re and Chemscore are empirical scoring functions, D
is a force-field based function, and PMF is knowled-
ge-based potential of mean force. CScore ranks from
0 to 5, with 5 representing a compound ranked in
the top 5% of all scorings normalized.

Docking and flexibility of molecules

Docking programs differ in several aspects, such as
the algorithm used to place the ligand in the active
site, the type of the scoring function and the flexibi-
lity of the ligand and the protein. Certainly, there are
other differences, such as the possibility to choose
the parameters, the user-friendliness of the prog-
ram, and the critical parameter to the industry: the
run-time per molecule. One of the recently discus-
sed aspects with a high impact on docking results is
the flexibility of molecules’. From the point of view
of algorithms, docking programs can be separated
as rigid-body docking algorithms and flexible li-
gand docking algorithms.

Flexibility of ligands. Rigid-body docking algo-
rithms have been historically the first approaches for
screening. The protein as well as ligand is fixed in
the conformational space and the docking consists
in matching of orientations. Main rigid-body appro-
aches are: clique-search based approach, geometric
hashing, pose clustering and superposition of point
sets?. Clique-search based method was the first and
until today most widely used software tool imple-
mented in DOCK. The idea is based on searching
distance-compatible matches. A set of spheres is cre-
ated as the reverse image of the active site of the pro-
tein and the ligand spheres or directly atoms are
matched to this image. The ligand position is further
optimized and scored. DOCK also evolutes in seve-
ral mixed docking algorithm and scoring approac-
hes?1, 23-25 for example by chemical score, which is
based on labeling of spheres by chemical properti-
es26, or the matching of several ligand conformati-
ons to one or several protein conformations in order
to imitate the flexibility of the system. All mentioned
rigid-body docking algorithms based on matching,

84

pattern recognition and superposition are reviewed
in Bioinformatics - From Genomes to Drugs °.

Flexible ligand docking algorithms, in contrast to ri-
gid-body, consider several low energy conformati-
ons of the ligand. Since drugs are smaller than pro-
teins, docking of flexible ligands is computed faster.
Flexible algorithms can be summarized as follows:
use of conformational ensembles, docking based on
fragmentation of the ligand, place and join algo-
rithms, incremental construction algorithms, genetic
algorithms, distance geometry, taboo (or tabu) se-
arch and random searches??7. In addition to these
basically combinatorial optimization algorithms,
there are approaches tackling the problem by simu-
lation techniques, meaning that a calculation starts
with a certain ligand conformation, which is then lo-
cally moved towards lowest energy binding modes.
Along with these, we include docking using molecu-
lar dynamics, simulated annealing and Monte-Carlo
simulations?.

Flexibility of proteins. Fully flexible docking prog-
rams that treat both ligand and protein as flexible
molecules have appeared recently. For a long time,
it was computationally impossible to take into acco-
unt the protein flexibility. Development of these
docking algorithms was aided by the exponential
growth of computer speed, RAM and disk capacity.

Depending upon the extent of the movement, flexi-
bility can be divided into three groups. First, only
motion involving side-chains and some backbone
atoms, which is common in the active site of the pro-
tein. Second, the hinge-bending movements of joint
domains, which are believed to allow the "induced
fit" of the ligand. Third is the renaturation upon li-
gand binding. However, as the ligand stabilizes the
complex, only conformational changes of side-cha-
ins of the active site and the hinge-bending move-
ments of the protein can be considered.

Protein flexibility is handled via several techniques,
some of which are mentioned here: using the rota-
mer library of side-chain26:28.29, free movement of
domains®? (but still kept rigid)?829, and optimizati-
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on after docking between the side-chains and the
placed ligand31:32. Other programs include the flexi-
bility as an ensemble of several overlapping protein
conformations. Knegtel et al.33 used a composite
grid from multiple crystal and NMR structures of
protein-ligand complexes. FlexE uses unified prote-
in description from superimposed structures, where
only dissimilar areas are separately treated and rota-
mery library of moving side-chains is incorpora-
ted26.

Finally, with the advances of proteomics and struc-
tural genomics, flexibility of proteins in docking is
becoming imperative*. Schafferhans et al.3* develo-
ped the approach named DragHome to dock ligands
into approximate models, combining homology mo-
deling and data from 3D-QSAR of ligands. Wojciec-
howski et al.35 treated the flexibility of both protein
and ligand using their approximate models and
matched them by means of their sterical and chemi-
cal complementarity.

Program algorithms. Performance of programs de-
pends on the algorithm used for docking. Programs
such as DOCK and FlexX use incremental construc-
tion algorithm. In program DOCK, reverse image of
the site is filled with a minimum set of overlapping
spheres. The ligand is partitioned and a single anc-
hor fragment of the ligand is matched to spheres of
the site. The anchor fragment is scored in terms of
the interactions to protein, and the best anchor is
used for growing of the ligand. Several examples of
DOCK testing of the efficacy and selectivity have
shown that Dock version 4.0 is fast and effectively
able to prioritize molecules from large database
screening36, which can be further used for mid-sized
database screening. FlexX is a fully automated app-
roach developed for screening of chemical databa-
ses. Similar to DOCK, FlexX divides the ligand along
its rotational bonds into fragments, docks first a lar-
gest fragment and then reattaches the remaining
fragments3”. However, in contrast to DOCK, FlexX
places the base fragment rather than on matching
the shape-based points on interaction points. This
allows the handling of much smaller fragments,
down to the size of single functional groups. FlexX

is suitable for screening larger databases containing
thousands of compounds as well as the single ligand
docking.

AutoDock is a program based on the Lamarckian
genetic algorithm that mimics the evolution process
while optimizing the docking?>. As in evolution
where individuals change due to the genetic infor-
mation, crossing of chromosomes, mutations of ge-
nes and influence from the environment, genetic al-
gorithms use ligand conformations as individuals,
and decide which survive and produce offspring.
Each chromosome encodes a possible ligand-protein
complex conformation. A chromosome is assigned a
fitness function, which is closely related to scoring
functions for molecular docking with one extension,
the genotype-to-phenotype conversion. AutoDock
contains also local search, which is based on simula-
tion annealing and is used for the optimization of
the ligand conformation in the complex with the
protein. Genetic algorithms are now common for se-
arching conformational space and find their use
even in virtual screening of larger databases. The
docking program GOLD?2! is an example.

Databases and their filtering. Preparation of the che-
mical database consists in retrieving suitable com-
pounds from the large chemical database and for-
matting them appropriately for a screening prog-
ram. Databases typically contain only the 2D struc-
tural formulae of the individual molecules. A com-
monly used database is ACD (Available Chemicals
Directory), which is the most current comprehensi-
ve structure searchable database, with over 400,000
research-grade and bulk chemicals38. Besides the
structural information stored in 2D format, it conta-
ins additional information, such as address of the
supplier and price. Another commonly used databa-
se is NCI Database from the National Cancer Institu-
te of NIH3? (US) with over 250,000 compounds,
which can be downloaded free of charge. ChemNa-
vigator is an example of a commercialized database
containing more than four million chemical structu-
re records using the iResearch System#0. Furthermo-
re, there are in-house databases of pharmaceutical
companies that are usually kept confidential and are
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the result of years of ad-hoc synthesis, enlarged by
compounds derived from combinatorial chemistry.
Compound libraries used in lead finding programs
can be generally reduced in size by filtering the un-
suitable compounds which, based on experience,
would not pass clinical trials due to undesired pro-
perties. We can use different filters to exclude these
"non-drug-like" compounds and keep only those
that resemble drugs. The Lipinski rule of five is the
well known method of evaluating the drug-likeness
profile of the molecules*!. Lipinski et al. suggest that
poor absorption or permeation is more likely when
the molecular weight is over 500, the calculated oc-
tanol/water partition coefficient (clogP) is higher
than 5, and when there are more than 10 H-bond ac-
ceptors and more than 5 H-bond donors. Often, this
rule is misinterpreted and it is incorrectly assumed
that the molecule cannot be drug-like if one of these
rules is broken. Lipinski claims that if a compound
has more than two of these mentioned properties it
shows poor permeability and thus should be remo-
ved from the database?!.

An additional filter consists in the removal of high-
ly reactive and toxic compounds according to their
reactive moieties, such as acyl-halides, sulfonyl-hali-
des, Michael acceptors, etc*2. Nevertheless, filtering
also depends on the purpose of the screening. In our
opinion, it is useful to keep compounds with some
of these reactive groups in virtual screening, beca-
use some hits of the screening may give a valid indi-
cation towards the lead structure finding. Finally,
other filters for specific absorption, distribution, me-
tabolism, and excretion properties (ADME), such as
filters for prediction of aqueous solubility43, memb-
rane permeation#4 and metabolic clearance??, are be-
ing developed. Furthermore, a universal filter that
automatically distinguishes between drugs and che-
micals has been designed from known databases.
This filtering assigns to compounds a drug-likeness
score. Approaches have been published that are ba-
sed either on neural networks#, genetic algo-
rithms#7, decision trees* or pharmacophoric desc-
ription®.

Once the database is retrieved in 2D, the 3D structu-
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re of the molecules has to be generated. For this step,
powerful tools like Concord®® and Corina®! exist.
Both programs are based on known geometry of
atoms and generate three-dimensional atomic coor-
dinates. They process a large variety of structural
data file formats, e.g. CORINA uses MDL SDFile,
SMILES linear code, SYBYL MOLFILE and MOL2,
and PDB file formats®2. Programs consider the stere-
ochemistry of the compounds. In addition to auto-
matically generated databases, it is important to add
known reference ligands. They can be drawn manu-
ally or, if their binding to the protein is structurally
known, they can be retrieved from the Protein Data
Bank (PDB)%2, the standard databank of available 3D
structures of protein-ligand complexes. Ligands
from PDB serve as a reference for docking accuracy.
Ligands known from the literature and with unk-
nown binding complex with the macromolecule are
manually drawn. Similarly, when preparing the 3D
compounds to be included in virtual screening, it is
appropriate to check their 3D structure conformati-
on in the Cambridge Structural Database (CSD)3.
We would like to stress that laboratory experimental
results determining the characteristics and activity
of the proteins should be presented side by side with
the structural data.

Contemporary issues of molecular docking

Docking is targeted not only to proteins. Drugs are
small molecules interacting with macromolecules as
proteins, nucleic acids, polysaccharides and lipophi-
lic membranes. Some pioneering studies using mo-
lecular docking are performed on these targets, e.g.
those of Chen et al. and Louch et al.>4%5. Another
growing field is the docking to transmembranal pro-
teins as G-protein coupled receptors (GPCR) or ion
channels®0:57. Determination of 3D-structures of re-
ceptors anchored in the membrane is difficult; rho-
dopsin is the first low-resolution structure of a
GPCR, solved in 2000%8. Models of GPCR built by
specific homology modeling of receptors can serve
as docking targets, and these modeled targets have
become a new field of genomics and proteomics.

However, the main docking studies are performed
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on cytoplasmic enzymes. These proteins represent a
majority of molecules stored in the PDB. From the
point of view of knowledge of the active site, the is-
sues of docking can generally be separated accor-
ding to the following sections.

Blind docking. When the active site of the protein is
not known, the search for both the binding site and
the binding mode of the ligand is called a "blind
docking". Development in blind docking is also
valuable for search of protein-protein interactions,
when both macromolecules are supposed to comp-
lement together by their shape and intermolecular
interactions. As an example of blind docking, we
can mention the work of Hetenyi et al., who tested
the docking of peptides to proteins (peptidases and
proteases) without prior knowledge of the binding
site or the binding mode of the ligand>. In blind
docking, it is assumed that lowest-energy conforma-
tion with the evident shape complementarity is the
correct structure®. They used the program Auto-
Dock, which proved to be efficient in finding the
binding pockets for protein-peptide complexes™.

The blind docking application can also be used in
cases when the structure of the targeted protein is
not resolved and the homology model of the prote-
in has to be built. In actual time, the number of pro-
tein sequences that can be modeled is increasing ste-
adily because of the growth in the number of known
protein structures (June 2004 — 25,960)°2, and the ac-
curacy of the predictions is improving because of
the improvements in the modeling software®0. In the
model, we assume that the active site is surrounding
the ligand, similar to the template molecule. Nevert-
heless, it does not mean that the site should be at the
same location and of the same form as in the temp-
late. It is suitable to submit such a model to molecu-
lar dynamic simulation and, if possible, to use the
docking which treats the protein as flexible.

If the 3D-structure of the protein is not known, a
model may be built by means of homology mode-
ling. It consists usually in the structural alignment of
the protein of interest to the resolved 3D-structure of
the isoenzyme isolated from another species or or-

gan. Higher similarity leads to a more reliable mo-
del. 30-50% of sequence identity is considered eno-
ugh for appropriate determination of the binding si-
te (medium accuracy). Models built on more than
50% of sequence identity (high accuracy) approach
low resolution X-ray structures (3A resolution) or
medium resolution NMR structures (10 distance
restraints per residue)®0.61. High-accuracy models
can be used directly for docking of small ligands un-
less the medium-accuracy model is built and refined
by molecular dynamic (MD) simulation®?2. Final con-
formation is obtained after MD simulation by ener-
gy optimization of the averaged structure retrieved
over the stable dynamic plateau. The final model re-
veals the fold of the protein backbone, the position
of the side-chains of key amino acid residues, and
the position of water molecules in the active site,
while the analysis of the trajectories shows the hin-
ge-bending movements and the range of flexibility
of the side-chains.

In the post-genomic era, models are needed and
docking procedures will have to rely on them. Re-
cently, scientists have begun building a variety of
models with, for example, enzymes with or witho-
ut known substrates (orphan target), proteins invol-
ved in signaling pathways, messengers, and trans-
porters, and models of ions channel or G-protein co-
upled receptors®.63. Also, automatic creation of mo-
dels is on run, and the database MODBASE conta-
ining annotated comparative protein structure mo-
dels is steadily increasing®, counting approxima-
tely 500,00004 models.

Direct docking. When the active site is known, the
situation becomes easier. If the crystallized enzyme
or receptor is complexed with the ligand, the site of
docking is the pocket surrounding the ligand. The
challenge is to determine the binding mode of a new
ligand. It is essential to understand the catalytic pro-
cess carried out by the enzyme or the function of the
receptor. Crystal structures often contain water mo-
lecules in the active site. Concrete discrete waters
may mediate the binding of the ligand to the enzy-
me, or may directly participate as a co-substrate mo-
lecule on the catalysis. When running virtual scre-
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ening, it is a dilemma as to whether or not the water
molecules should be removed. Many docking ma-
nuals recommend the removal of water molecules
from the site. The screening is mainly performed to
an empty, water-devoid active site. However, at-
tempts to screen the site with the water molecules
included in the site>?65,66 have resulted in a positive
contribution to the binding prediction.

The limitation of docking programs is the neglect of
solvation effect or use of solvent models in a snaps-
hot method where docking poses are first generated
in vacuo and then ranked with a scoring function
that includes a solvent model. The search function of
docking favors therefore the in vacuo conformati-
ons. Furthermore, the bound solvent molecules are
not considered, yet in the HIV-1 protease®”, HSV1
thymidine kinase®® or heat-labile and cholera to-
xin®, for example, explicit waters play an important
role in ligand binding. It can be noticed that waters
can be included in the docking also upon the grid-
based calculations, using the probe water molecule,
as it can be done by program GRID®8. GRID finds
for a given probe atom or group of atoms its favo-
rable positions.

Waters. Waters included in the docking procedure
can be positioned at the concrete place in the bin-
ding site and as a part of the protein. This is possib-
le in many docking programs (FlexX, Gold, Dock,
AutoDock). In AutoDock, for example, parameters
for waters (position of hydrogens and partial char-
ges of the atoms) can be defined by the user as, for
example, token from AMBER®. In FlexX”0, presence
of water molecules can be defined in two ways: the
user can select from the FlexX menu to "customize"
as either concrete waters in the site or as the "partic-
le concept"”0. In the particle concept, waters are po-
sitioned during the screening (during the complex
construction phase) in the site between the ligand
and the protein. This concept has not led to signifi-
cant improvement of the docking predictions”0, but
it may change in the future. FlexX is also an examp-
le of a docking program with its own parameters,
which can be modified according to the needs of the
user. Another example of a program considering
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water during docking is SLIDE3271. Waters are to-
ken from the crystal structure of the ligand-free pro-
tein, and the program Consolv”? is used to predict if
the waters are likely to be conserved upon ligand
docking and mediate interactions between the two
molecules”3. Only those waters that are predicted as
being conserved are kept, and there is a penalty co-
upled to the confidence of the prediction, assessed
for displacement of waters that are predicted as con-
served. The fact that we can keep discrete water mo-
lecules in the site as a part of the docking target can
lead to new unique hits in a large database scre-
ening.

Presence of metal ions in the active site. Human
PDE4 is an enzyme regulating the level of cyclic
nucleotides in many physiological processes. PDE4
is a representative example for the combination of
docking problems. First, the site is known but devo-
id of the ligand, and second, the water molecules
and metals are present.

Many enzymes need for their catalysis the presence
and participation of metal ions (Zn2+, Mg2+...) (ki-
nases, cytochrome P450-based enzyme, metallopro-
teases, etc.). Metal ions are not parameterized for
different metal coordination in the site. The bonding
around metals is more varied than two or four
bonds in an organic molecule, and it is also more
than one geometrical arrangement, which is possib-
le around one metal with a given number of ligands.
Another problem encountered in the metal system is
the lack of well-defined bonds.

With respect to the treatment of metal coordination,
docking programs are clearly deficient. Neverthe-
less, using some approximation, they are sufficient
for molecular docking. For example, recognizing
metals like zinc or magnesium and attributing them
the charge 2+ is a basic approximation. Metals cor-
responding to the artifact of the crystallization have
to be removed from the docking and metals known
as essential for catalysis may be kept, depending on
their role in binding the ligand. It was found that
metal deletion is essential for binding of imidazole
derivatives (e.g. miconazole) to lanosterol demetyla-
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se (cytochrome P450-based enzyme) and its inhibiti-
on”4. The metal is not essential for binding of tyrosi-
ne kinase inhibitors such as Gleevec"7>. If no expe-
rimental information is available, calculated affiniti-
es compared to the experimental can be a good hint
to decide upon the method of screening, e.g. with or
without waters and metals.

Docking of the covalently bound inhibitor. The issue
of covalently binding ligands is that docking prog-
rams are not built for this purpose. Docking prog-
rams are based on molecular mechanics for non-co-
valent, intermolecular interactions. There is a mis-
sing drive for highly energetic creation of the cova-
lent bond.

On the y-chymotrypsin protein, Hetenyi et al. sho-
wed the docking of the covalently bound ligand.
With a certain success, they were able to reproduce
the identification of the binding pocket for the tri-
peptide Gly-Ala-Trp. Due to only one fragment of
the tripeptide — the aromatic side-chain of tryptop-
han — program AutoDock positioned the tryptophan
into the hydrophobic pocket, the most important
part of the protein. The binding location was found
even when only a part of the ligand or of the site was
defined properly. The rest of the molecule could be
localized as the tail-part of the ligand and as its fle-
xibility allowed. However, the position of the bond
and atoms, which have to be cleaved and create la-
ter the covalent bond with the protein, is at best, at
its non-bonded intermolecular distance.

Another example concerns searching for the inhibi-
tors of methionyl-aminopeptidases (MetAPs).
MetAPs catalyze the hydrolytic cleavage of the star-
ter methionine of newly synthesized polypeptides
and proteins. Inhibitors of the bacterial MetAP and
several analogs, which have all been derived from
the natural product fumagillin, contain an epoxide
moiety, which forms a covalent bond to the enzy-
me’6. The case of the docking to MetAP is a hard
task in two respects: need for proper active site elu-
cidation, and the covalent, irreversible binding of
the inhibitors (Klein et al., personal communicati-
on). MetAPs are metal-dependent enzymes, with

metal cations present in the active site. The unders-
tanding of the catalytic mechanism of the enzyme,
particularly the function of the metal ion, is a prere-
quisite to any docking. Because the irreversible inac-
tivation is a very desirable mode of action of enzy-
me inhibitors - as long as high selectivity is given -
the reactivity of the epoxide group in these molecu-
les must be finely tuned to "fit" the MetAP active si-
te and eventually make a covalent bond to one of the
active site histidines.

CONCLUDING REMARKS

Modern docking programs are efficient in searching
for the active site and in docking flexible ligands.
Docking into models of homologous proteins, which
has become a vital field in the post-genomic era, can
prove the accuracy of the model and lead quickly
and efficiently to putative drug candidates. If water,
metals and cofactors are present in the binding site
of the macromolecular target, they have to be consi-
dered in docking based upon their physiological ro-
le. Position of these elements in the docking site can
be read from the 3D-structure or can be calculated
before the docking process. Although the paramete-
rization of the metals in the active site and the posi-
tion of favorable water molecules for binding are
unknown, modern docking programs allow several
simplified methods of considering these elements in
enzymatic reaction.

It is worth noting that visual inspection of the results
of virtual screening remains imperative. As all doc-
king and screening projects show, one cannot avoid
looking at the predicted 3D complexes to ascertain
that the ligand has been truly docked in the binding
site and interacts with key residues of the active si-
te. Experimental measurements of binding and mu-
tagenetic studies of the target protein should be in
accordance with the results of structure-based pre-
dictions of binding. Interestingly, one forgets that
manual docking and moving of the ligand in the ac-
tive site, as the chemical and modeler intuition tell
us, is still a valuable tool of ligand-protein complex
prediction.
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