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INTRODUCTION

Computational chemistry and computer-aided molecular modeling are relatively young, but
rapidly growing branches of chemistry. During the validation of the different modeling
approaches, a - more or less - simplified model of the real chemical system is constructed and the
results (outputs) of the calculations are compared to the experimental ones so as to evaluate the
reliability of the theoretical considerations.

There are different levels of molecular modeling and different theories corresponding to them.
The first - and maybe the most difficult - step of molecular modeling is the selection of the
appropriate method for our problem and system. Several factors could influence our choice, such
as the amount of computer time spent on the solution of the problem. the size of the studied
system, the information requested from the calculations, the amount of available experimental
data, etc.

Basically, computational chemistry can be divided into two fields due to the theory of methods:
(1) quantum mechanics and (2) molecular mechanics. These main fields correspond to different
level of approximations and degrees of freedom (van Gunsteren and Berendsen 1990). While a
quantum chemical algorithm works with nuclei and electrons the MM programs use atom types
for the simplification of the molecular systems. Furthermore, MM methods require the explicit
distinction between the bonded and non-bonded interactions of a particular atom (connectivity
lists or residue definitions). Fortunately, the latter information is available for numerous
biologically important (macro) molecules and, therefore MM methods are real alternatives for
the calculations of molecules of thousands of atoms. (QM methods are not able to handle very
large molecules within acceptable calculation times.) The combination of the two approaches
results QM/MM applications, which are used e.g. for the study of reaction mechanisms of
enzyme catalysis (Wang et al. 2001) .

In most of the cases, biological processes involve interactions between two or more molecules.
Many drugs are developed to block such interactions by binding to one of the interacting
partners. Generally, the blocking molecule is the enzyme inhibitor, which fills the active site of
the enzyme and sterically hinders the biocatalysis. Fortunately, sophisticated experimental
methods, like X-ray crystallography are available to measure the exact atomic details of the
complex of the enzyme and its substrate/inhibitor (ligand) molecule. However, crystallization of

a protein and co-crystallization of the protein with the ligand are sometimes very time-



consuming and the success cannot be guaranteed in all cases. Additionally, if potential drugs
(ligands) were selected by random screening (trial and error), drug research projects would
require enormous amount of time. These problems legitimate the existence of alternative
methods for identification of lead-compounds and structure-based drug design.

Structure-based design covers many strategies, including both manual and automated
approaches. The core problem of these strategies is searching the very large conformational
space of the ligand-macromolecule complexes. The searching methods can be divided roughly
into two classes: the search for the new molecules with properties similar to a known ligand
(intramolecular constraints), and the search for new molecules with properties complementary to
the enzyme (intermolecular constraints). The latter type of methods seems to be more general, as
in many cases there is no known structure of working inhibitor. There are at least two subtypes
of this “intermolecular approach”. One strategy often referred to as de novo drug design and
builds molecules within a rigid enzyme (Moon and Howe 1991, Bohm 1994; Gillet et al. 1994,
Murray et al. 1995, Wang et al. 2000, Budin et al. 2001). The other strategy is to dock a set of
favorable conformations of a possible ligand to the active site of the protein (Miller et al. 1994,
Ewing and Kuntz 1997). A refined version of this strategy is to dock conformationally flexible
ligands, i.e. molecules with released torsional angles (Goodsell and Olson 1990, Oshiro et al.
1995). This approach has the potential to scan larger piece of the conformational space during
the energy minimization.

Generally, the afore-mentioned docking algorithms involve the calculation of intermolecular
interaction energy and use an MM approach with a simplified force field. (Details of the
connection between MM and docking can be found in the theoretical section.)

In this thesis we present novel applications of a widely used docking program package
AutoDock (Morris et al. 1996, Morris et al. 1998). The main goal of our studies is to explore the
capabilities of the program package for an unusual task, namely blind® binding site search.
Peptides were used in our investigations for ligand molecules, as they are flexible, versatile and
important bioactive compounds. The target molecules of the calculations are selected proteins
and the amyloid peptide of Alzheimer’s disease see section “Some (molecular) aspects of

Alzheimer’s disease” for explanation of the role of Ap.

# The term: ab initio docking is used in the literature if docking is performed without prior knowledge of location of
the binding site (Morelli et al., 2001). Here, we prefer the use of an other attribute “blind” for this kind of dockings,
as the term: ab initio is reserved for some QM methods



THEORY

1 Molecular mechanics

Molecular mechanics is no doubt an indispensable tool of calculation of macromolecular
systems. The two most important features of an MM method are the force field and the search
method used for minimization. Here, we sketch a general approach to MM and focus on the force
field and algorithms used in our studies. There are several comprehensive studies available (e.g.

Wang et al. 2001, Keserli et Naray-Szabd 1995) on this topic with more detailed information.

1.1 Force fields

Generally, all current force fields applied to biopolymers to date are two-body additive. This
means, that the potential energy function (see a general formula below and the corresponding

explanation in the footnote”) is a function of pairs of atoms.
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There are several force fields developed for calculation of biological molecules, like proteins:
e.g., AMBER (Weiner et al. 1984, Cornell et al. 1995), CHARMm (MacKerell et al. 1998),
GROMOS96 (Stocker and van Gunsteren 2000), OPLS-AA (Kaminski and Jorgensen 1996) and
MMFF (Halgren 1996). All of these force fields has a similar potential as the above one and use
empirical fits to liquid or solid-state small molecular systems in order to derive van der Waals

parameters and charges (except of AMBER).

*The first term corresponds to the covalent bond stretching along bond b. The minimum energy bond length is by
and the force constant is Ky, which vary with the particular type of the bond. The second term describes the bond
angle bending (three-body) interactions. Dihedral angle (four body) interactions are represented by the sinusoidal
term for the ¢ dihedral angles. The last term includes all the non-bonded interactions: van der Waals and Coulombic

ones.



The AMBER force field

In our studies the AMBER force field was used for the calculation of peptide structures and for
docking simulations. In case of AMBER, ab initio Hartree Fock calculations are used with a 6-
31G" basis set to derive the electrostatic potential for residues or molecules and fit the partial
charges to optimally reproduce the QM potential. In this sense, AMBER differs from all the
other force fields, mentioned in the last section. For modeling of hydrogen bonds Lennard-Jones

12-10 potential is included in the parameter set.
1.2 Search methods

There are several energy minimization methods for finding the best energy configurations with
low V(r) in the configurational space. The type of the V(r) function, size of the system and the
types of the freedom of the system influence the success of the particular search methods. Here,
we focus on the algorithms, which are able to perform “global” minimum search, i.e. find the
energy minima of the entire system. (During our work gradient search methods were also used
for routine minimization of peptides. See section “Methods” for details of preparation of ligands
for the docking calculations.)

Generally, the biologically important systems (proteins, nucleic acids, etc.) contain many degrees
of freedom and straightforward (systematic) scanning of the complete configuration space is
impossible. Hence, the generation of a representative set of configurations is necessary. In our
studies, “step methods” were used to generate new configurations from the previous ones. These

methods could be distinguished by the way the step direction and the step size are choosen.
1.2.1 Monte-Carlo methods

In the MC methods the step direction is chosen at random, the actual step size is determined by
the change in energy gradient and a random element in case AE>0. MC methods work with the
random displacement of the configuration of a system. The available Cartesian space is

uniformly sampled and the newly generated configurations is accepted if AE<0 or if AE>0, when

AL
e kT > R
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where R is a random number taken from a uniform distribution over the interval (0,1). This
Metropolis MC procedure generates a Boltzmann ensemble with a great number of low energy
configurations. MC is often paired with simulated annealing (Kirkpatrick et al. 1983) which

results a global—local search during the simulations.

1.2.2 Genetic algorithm

The GA procedure is often used to search for global minima in a larger parameter space.
Basically, the language of natural genetics and biological evolution is used in the theory of GA.
In molecular docking, there are state variables (translation, orientation and rotation), which
exactly define the state of a ligand on a macromolecule. Each variable is referred to as a gene
and the string containing all genes as a chromosome or genome (genotype). The atomic
coordinates of the ligand correspond to the phenotype. Each chromosome in the population is
evaluated using an appropriate scoring scheme (the total interaction energy function) to measure
the fitness of the solution. In the beginning of the calculations, a random population of the
chromosomes is generated. The population size (number of individuals in the population) is set
as an input. The maximum number of generation is also an input and a termination criterion of
the calculations. There are four procedures, which determine the composition of the new
populations. (1) Selection. A portion of the better chromosomes is copied directly into the next
generation. (2) Elitism. Some of the best performing chromosomes survive unchanged. (3)
Crossing-over. New, offspring chromosomes are produced with the genes of the parents. (4)
Mutation. Genes are changed in a random amount. The runs are terminated if the maximum

number of generations has been reached.

1.2.3 Molecular dynamics

In a MD simulation both step size and direction are determined by the force and the velocity. In
general a search algorithm will make a step, which is a linear combination of the gradient,
previous steps and a random contribution. The trajectory of the molecular system is generated by
simultaneous integration of Newton’s equations (F obtained from the potential function) of

motion for all the atoms in the system:
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The integration of the equation is performed in small time steps, typically 1-10 fs for molecular
systems. State equilibrium quantities can be obtained by averaging over the trajectory, and
dynamic information can also be extracted. Recent GROMACS (Lindahl et al. 2001) MD studies
of phospholipids show that it is possible to simulate even the formation of bilayers of these
amfipatic molecules in silico (Marrink et al. 2001a, Marrink et al. 2001b). These results highlight

the promising perspective of MD methods.

2 Docking

Docking methods are developed to find binding pockets (sites) of smaller or larger molecules on
macromolecules. Generally, there are two branches of such methods: (1) matching or directed
methods, which create a model of the possible interacting points (e.g. hydrogen bridge
donor/acceptor atoms) of the site and fit the ligand” to this scheme and (2) algorithms which use
a (simple) molecular mechanics force field and a search method so as to optimize the position of
the ligand on the target”. The program package: DOCK (Kuntz et al. 1982, Shoichet and Kuntz
1993) is an example of the first branch and AutoDock (Morris et al. 1996, Morris et al. 1998) is
that of the second group. There are numerous docking programs available nowadays (for the
names of some available packages see e.g. the article of Pang et al. 2001). Some programs are
available only as parts of entire molecular modeling packages (e.g. SYBYL, Insight II, etc.).

However, the cost of these program packages is enormous and their source code and theoretical
background are sometimes not well documented. Hence, the use of the latter kind of program
packages was omitted in our studies. In the beginning of our work AuD was selected out from

the group of freely available programs.

“In the literature of docking, the term “ligand” is generally used for the small molecule, which is docked to the larger

“target” molecule. In many cases, the ligand is a pro(drug) and the target is a protein or an other biopolymer.
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There were three main causes of our choice: (1) the parameter set of AuD is based on the
parameters of the AMBER force field (see previous sections), which is known to be adequate for
both peptides and proteins; (2) the possibility of handling flexible ligands (peptides); (3) the
ability of AuD to search the entire surface of the target molecules. Moreover, AuD has a growing
number of applications, which proved and validated the methods of this program package. Here,
a short description is given on the theoretical aspects and working philosophy of a type 2

docking program, with a focus on AuD.

2.1 Calculation of the grid maps

The first step of the docking procedure is the generation of the potential energy: V(r) function
and the store of the numerical values of each atom types of the ligand molecule in text files. This
approach was first used, as early as 1985 by Goodford. During the docking simulations the
algorithm simply looks up the actual energy values corresponding to a ligand position in this
numerical V (r) representation, which makes the navigation fast and effective. The stored energy
values are generally called “grid map”. The search algorithm uses the values of the grid map (the
energy landscape of the protein) as “navigation points™ for the ligand.

The molecular mechanics terms of van der Waals interactions. hydrogen bonding and
electrostatic interactions of the general molecular mechanics force field (see Section 1.1 for the
equation) are parts of the master equation of the free energy of binding (in the 3.0 version of

AuD):

A B,
AG:AG.WZ[ /— /»]MGM,»MZEU{ /,— /0)”6 Zq’/(r ,
ij ij ij .

+AG,,N,, +AG,, > . (SV,+S,V)e R

tor tor
ij

The last two entropy terms were used in order to estimate the AG contribution from the restricted
conformational degrees of freedom and the effect of desolvation. See the original paper of

Morris et al. (1998) for details of the master equation.
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2.2 Docking simulation

After obtaining the grid maps the ligand can be docked by stochastic methods, like: Monte Carlo
simulated annealing or genetic algorithm (both of them are implanted in AuD, see Section 1.2 for
some details). The docking simulation involves an energy minimization process along location,
orientation and conformation search. Generally, a docking run is repeated several times to form a

job. A job can be statistically evaluated at the last step of the work.
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BACKGROUND

This thesis is based on the novel applications of the program package: AutoDock. Three of the
papers (PAPER II-1V) concern with binding site search on the B-amyloid peptide of Alzheimer’s
disease. Here, a short background of the role of this peptide and also that of B-secretase (PAPER
[) is given. Paper V deals with the methodological background of blind binding site search of
peptides on proteins. Hence, selected applications in this filed are also mentioned in the next

sections.

1 Some (molecular) aspects of Alzheimer’s disease

Approximately 15 percent of the people who live to'the age of 65 is affected by some form of
dementia; by age 85, that portion increases to at least 35 percent. The most common of all the

dementias is AD. Existing in two forms, early onset familial disease and late onset disease. Four

million Americans currently suffer from the condition, and experts estimate that 22 million

people around the world will be so afflicted by 2025. The peptide. 39-43 amino acid beta-

amyloid, which is found in the plaques characteristic of AD, is now generally accepted marker

and possibly etiological factors of AD (Selkoe, D.J. 1991, Hardy, J. 1997). The AB molecules
readily form toxic fibrils that are thought to cause neuronal damage by altering calcium

regulation, mitochondrial damage and/or immune stimulation.

There are several studies published on the structure of the AP peptide and its fragments. It was
shown, that equilibrium exists between the helical, random coil and Bsheeted forms of this

peptide (Terzi at al. 1994, Zhang and Rich 1997, Jarvet et al. 2000, Massi et al. 2001). The

plaques consist of mainly the B-sheeted form of AP (Hilbich et al. 1991, Barrow et al. 1992, Lee
et al. 1995, Benzinger et al. 1998). Although, both experimental (e.g. Sunde et al. 1997) and

theoretical (e.g. Massi and Straub 2001) approaches were published, the exact structure of the

fibrils and plaques of A is not yet solved at atomic level. Reviews on this topic were published
e.g. by Serpell (2000) and by Roher et al (2000).

In 1999 two groups independently developed atomic models of AP agregates. Both of them

based their models on the data available from the literature: the AP molecules adopted
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antiparallel B-sheet conformation with a type I G*SNK*® turn in these studies. While Li et al.
(1999) modeled the 12-42 part of the AP, George and Howlett (1999) used the Af;.43 form of the
peptide in their study (Fig. BI-1). As the crystallization of AB seems to be hopeless this time,

such models are of great importance for drug (inhibitor) design.

Fig. BI-1 Two layers of the “solid state model” of amyloid fibrils of George and Howlett (1999).
(One frontal hairpin-like Af molecule is highlighted in green)

There are several approaches of the discovery of inhibitors of amyloid B-peptide polymerization
(Findeis 2000). One branch of the aggregation (polymerization) inhibitors of A is called “beta
sheet breaker” peptides (Soto 2000). The in vitro effect of the first BSB was published by
Tjernberg et al. (1996) and had the amino acid sequence: KLVFF. The original KLVFF sequence
of Tjernberg is still applied as a template in recent studies (Gordon et al. 2001, Lowe et al. 2001).
Soto et al. (1998) developed a similar (LPFFD) pentapeptide and demonstrated its effect in vivo,
as well. [Interestingly, the molecular basis (change in molecular conformation) of AD and prion
disease is partially common. Soto and his coworkers use the same BSB idea for the drug design
against prion disease too (Soto et al. 1999, Soto et al. 2000).]

AP is indeed a cleavage product of the amyloid precursor protein. The enzyme B-secretase was
shown to be responsible for the rate-limiting step of the cleavage of APP (Vassar et al. 1999).
Thus, the design of inhibitors for B-secretase is also a real alternative of the drug development
against AD (Ghosh et al. 2000, Turner et al. 2001).
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2 Papers on flexible docking and binding site search

There are several applications of AuD for the reproduction of binding modes of smaller
molecules of any type (e.g. haptens, HIV-1 integrase inhibitors, DNP-amino acids, etc.) in
known binding pockets of proteins (e.g. Sotriffer et al. 1999, Sotriffer et al. 2000a, Sotriffer et al.
2000b, etc.). Moreover, both version of AuD was proved to be efficient in the docking of the
highly flexible trisaccharides (Coutinho et al. 1998, Rockey et al. 2000), as well.

Peptides form a similar, computationally as problematic group of ligands as that of e.g.
trisaccharides. A memorable and often cited paper of peptide docking is that of Stoddard and

Koshland (1992). They published a novel “binary” approach for docking larger peptide
fragments to proteins. The backbone conformation of the docked (ligand) peptide was the same
as in the crystal structure and kept rigid during their simulation. Similar approach was used in the
study of Neurath et al. (1996). However, in many cases the exact conformation of a ligand
(peptide)-protein complex is not blind known, and therefore such “fixed conformation”
simplifications cannot help in all situations.

Klepeis et al. (1998) pointed to the fact in their study, that rigid docking methods of peptides to
proteins have many drawbacks. (There are algorithms, which use a complementary shape in the
first step of docking.) However, the authors conclude that the use of an energy function-based
algorithm is more straightforward for peptides as the former ones.

As peptides can be easily split into smaller fragments of amino acids, it is fairly plausible to dock
the smaller fragments of the peptide to the pocket (Friedman et al. 1994). Convincing results of
FFLD (Fragment-Based Flexible Ligand Docking) were published last year (Budin et al. 2001).
However, the fragmentation is an intrinsic limitation of FFLD method since the number and
fitness of the fragments depends on the definitions made by the user. Generally, one should be
very careful by setting the size of the fragments as a too short fragment could lead to inadequate
docking results (see PAPER V and Results for details).

Theoretically, the most exact approach of peptide docking is the one named “soft docking”.
During a soft docking simulation the rotations of the peptide are released (flexible ligand).
Despite of the biological importance of peptide-protein complexes, relatively few soft docked
peptide-protein complexes are published. Two examples ére mentioned here to show the power
of the flexible docking techniques. Monte Carlo soft docking of a heptapeptide was successfully
done by a two-step method (Caflisch et al 1992). An octapeptide sequence was docked by Stigler

et al. (1999) to mimic an interaction with an antibody.
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However, the explicit handling of ligand flexibility is impossible for very large peptide or protein
ligands. Soft docking is applied in an implicit manner in the case of e.g. protein-protein
interactions (Palma et al. 2000, Morelli et al. 2001). This approach has the advantage of
performing ab initio (blind) docking search of the binding sites on the macromolecular surface.
Blind mapping of the binding sites of small molecules on proteins is not problematic. According
to a recent paper (Dennis et al.) “consensus sites” of different organic solvents can be found with
high accuracy on protein targets. Fortunately, the size of a synthetic drug-like compound to be
modeled is usually much smaller than that of proteins or oligopeptides. Hence, AuD or its
parallelized new version (Thormann and Pons 2001) could be an appropriate tool for detection of

binding sites of flexible lead compounds on proteins.
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METHODS

Molecular dynamics. Molecular dynamics studies were performed (PAPER II) to investigate the
structure of two peptide amides in water. The TINKER (Pappu et al. 1998) program package was
used for both MD simulations and MM optimizations. AMBER force field (Cornell et al. 1995)
was applied during the calculations. The implicit GB/SA water model (Still et al. 1990) was used
to estimate the solvent effects. One hundred simulated annealing MD runs were performed.
- Twenty picoseconds equilibration at 1050 K and 25 ps cooling till 50 K were applied by
exponential protocol. The length of the time steps was 0.5 fs. The last sample was optimized

with 0.001 kcal/mol tolerance. The best energy structure of 100 runs was chosen for evaluation.

Docking. Preparation of the ligand molecules. The peptide molecules were built and optimized
by the modules of TINKER. In some cases, the original crystallographic conformation was used
and decorated with polar hydrogen atoms. For the calculation of electrostatic interactions, the
molecules were equipped with partial atomic charges on each atom. Either AMBER or
Gasteiger-Marsili (Gasteiger and Marsili 1980)charges were used. (The latter method uses
iterative partial equalization of orbital electronegativity for obtaining charges.) For the docking
procedure the active torsions of the ligands were defined in the pdbq file. This file was created
by the Autotors utility of AuD. The charges of the non-polar hydrogen atoms were united with
that of the neighboring carbon atoms, and the coordinates of H-s were eliminated.

Preparation of the target molecules. The coordinates of the target protein molecules were
downloaded from the Brookhaven Protein Databank. All of the water molecules, counter ions,
ligands, etc. were removed (except of some cases, see Results for details). Polar (essential)
hydrogen atoms were attached and Kollman united atom charges were assigned to the molecule.
Solvation parameters and atomic fragmental volumes were attached to the end of the row of each
atom in the pdbgs file of the target (in case of AutoDock ver. 3.0).

Grid map. The sizes of grid maps were set to cover either the binding pocket (PAPER I) or the
whole surface of the targeted molecules (PAPER II-V). The grid spacing was either 0.375 A or
O.SSOA, depending on the map size. Lennard-Jones 12-6 and 12-10 parameters were applied for
modeling non-bonded interactions and hydrogen bonds, respectively. The grid values of the
electrostatic potential were calculated with the use the distance dependent dielectric approach of

Mehler and Solmajer (1991).
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Docking simulation. The minimization was performed either by the MC/SA (PAPER II) or by the
LGA (PAPERS I, IlI-V) methods. The parameters of the algorithms were set as default, or
modified and in one case systematically changed (PAPER V). The torsions of each ligands were
released or partially fixed depending on the docking problem. The amide bonds were kept rigid
in all cases. The starting position, orientation and conformation of the ligands were set randomly
in all cases. Thus the ligands could find their positions either in the specific binding pocket
(PAPER I) or on the entire surface (PAPERS II-V) of the proteins. Ten (PAPER I), one hundred
(PAPERS 1I-IV) or several hundreds (PAPER V) of docking runs were performed during the

docking jobs.

Fig. M-1 The effect of the LGA-minimization during docking simulations. A The results of
100 very short docking runs (one docking job) of GPG® molecule (ligand) on the entire
surface of the C-terminal part of p24 HIV capsid protein. B The results of 1000 times longer
docking runs for the same system. [The capsid protein is a putative target of GPG® (van der
Spoel et al. 2002)]

The latter type of docking simulation is named “blind docking” in this thesis and in PAPER
V. A typical example of blind docking simulations is shown on Fig. M-1. On part A of the
figure, the “initial state” of a blind docking job is represented by a job of very short docking
runs (200 LGA generations), whereas on part B the “final state” is depicted (200000 LGA

generations). At the final state, the initially quasi randomly “disordered” ligands are ordered
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into some branches on the surface of the protein. This figure is a graphical representation of
the effect of the LGA minimization during docking runs.

Evaluation of the results. In some cases the energy minima of docking jobs were used for
evaluation (PAPERS I, II). At PAPERS III-V home made C programs were used for evaluation
of the docking results. The methodology is described in PAPER V in details. Briefly, after
ordering the runs of a job by their energy, classification was made due to the position of the
ligands. (The original clustering algorithm of AuD was not useful for our purpose, as it
needs a reference structure of the ligand. Such reference ligand structure is not always
available. Our blind approach produce classes of ligands which corresponds to the possible

binding sites on the target.)
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RESULTS AND DISCUSSION

PAPER I: Docking approach of inhibitor design for B-secretase of Alzheimer’s disease.

Although, the main scope of this thesis is b/ind docking, in PAPER I a sample of “directed
dockings” of a peptide is presented to show an example of the routine applications of AuD.
Moreover, some difficulties and limitations of soft docking of peptides are outlined in this
study.

In the BACKGROUND section a short summary of the role of B-secretase in AD was given.
Here, we focus on the modeling of the inhibitor: Glu-Val-Asn-Leu-(‘¥)Ala-Ala-Glu-Phe
(OM99-2) and its analogues. OM99-2 was designed using the SEVNL/DAEFR sequence of
the cleavage site of Swedish mutant APP as a template. Asp of the site was changed to Ala
and the peptide bond between P; and P,’ sites by a hydroxyethylene transition-state isostere
in OM99-2 (Ghosh et al. 2000). Fortunately, the complex structure of B-secretase and
OM99-2 is known (Hong et al. 2000) and provides a good basis for inhibitor design and

modeling studies.

Fig. PI-1 The complex of f-secretase and OM99-2 according to Hong et al. (2000). The

border of the grid map used in our docking studies is presented with a red box.
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The octapeptide analogue OM99-2 molecule has several (31) possible torsional degrees of
freedom (if that of amide bonds are not taken into account). Release of all of these torsions
was proven to be impossible: no good quality docked structures were obtained. Hence, the
backbone conformation of the molecule was kept rigid during the docking runs and good fit
to the crystallographic position was obtained.

In the first step of our investigations the Glu(1), Glu(7) and Phe(8) amino acids of OM99-2
were removed and the Ace and NMe-blocked shorter core region was docked to the same
binding pocket as the one depicted on Fig. P1-1. The docking procedure resulted a better fit
to the crystallographic structure of OM99-2, even if all the torsions were released (Fig. 2 of
PAPER I). These results pointed to the possibility of using AuD for the investigation of other
inhibitor molecules with unknown crystal structures.

A series of inhibitor molecules of B-secretase and their K; values had been published earlier
(Ghosh et al. 2001). In the second step of the study three of the inhibitors were selected and
docked to the same site as of OM99-2. Interestingly, docking with released torsions resulted
in lower energy values then those with non-released backbones. The orientations of all the
three molecules were the same as that of OM99-2. The lack of the C-terminal Glu and Phe
resulted in the deficiency of these amino acids at their former positions (Figure 3 of PAPER
I). These results are in good agreement with the rational considerations. The C-terminal part
of the backbone of the inhibitors has good fit to the crystallographic structure, whereas the
Boc-protected amino terminal part has (naturally) larger deviation due to the larger change
of the structure of those parts of the inhibitors. Generally, the backbone H-bonding pattern
and the hydrophobic interactions with the B-secretase binding pockets were conserved in
these inhibitors, as well.

The studies of PAPER I focus on the reproduction and prediction of binding positions of
ligands in their known binding pockets. In the case of peptides, even these routine
applications of AuD are not self-evident because of the many degrees of torsional freedom.
Due to the present results, it is realistic to model the binding of Bsecretase inhibitors to their
site. However, re-docking of present docking results and post-docking MD will be made
soon so as to make a refinement on the structure of the calculated complexes and perform an

exact AG calculation.
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PAPER II: Computational studies on the binding of B-sheet breaker (BSB) peptides on
amyloid BA(1-42).

MC/SA docking simulations were performed using simple target models of AP peptide. The
backbone conformations of the target molecules were generated in Bsheet by SYBYL. The
docking of the GVVIAn peptide was done both for the AR 34 and Ao.42 piece of the
amyloid peptide, whereas the Afq.34 fragment was used for the others (Tjernberg’s KLVFF,
Soto’s LPFFD and our FFVLDGn). All peptides except of FFVLDGn showed good beta
sheet breaker properties in the experiments (Tjernberg et al. 1996, Soto et al. 1998, PAPER
IV). However, at that time only the experimental tests of KLVFF and LPFFD were
published. FFVLDGn proved to be insoluble in our later experiments. This finding could be
due to the strong intramolecular H-bridges (MD simulations and docking results, Figs. 5 and
6 of PAPER II) and the high hydrophobicity of this compound.

During the evaluation of the docking results the energy minima of the jobs were collected
and featured. All the energy values of the docking jobs were listed in Table 1 of PAPER I
According to the energy values Tjernberg’s KLVFF and its amide form KLVFFn showed
the highest affinity to AB. (It should be remarked, that only the runs resulting in structures of
intermolecular energy lower than 5 kcal/mol were used for average calculation and
considered “successful”. The average values of Eiyer followed the trend of that of the
minimum values of Ej. Interestingly, Tjernberg’s peptide was involved in the largest
number (30-45/100) of successful runs, while the population was ca. 20/100 in the other
cases.)

The ionic form of KLVFF docked to the region of E(11)...K(16) of the target, while the
KLVFFn peptide amide was positioned by the F(19)...D(23) fragment of AB. Both associate
are stabilized by salt bridges. In the KLVFFn complex hydrophobic interactions also occurs.
Soto’s LPFFD peptide was associated to the Y(10)...H(13) part of AP. Mostly ionic
interactions (between the positively charged N terminal of the ligand and the carboxylate of
the side-chains of the target) and hydrophobic interactions occurred.

The MD simulations resulted in a bend structure of the GVVIAn molecule. An
intermolecular hydrogen bridge stabilized this conformation.

The E(22)...V(24) and the G(37)...V(39) regions of AP proved to be important in the
binding of GVVIAn. The former complex had higher interaction energies. Besides the salt
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bridges and H-bonds, the hydrophobic interactions of the side-chains stabilized the
complexes. (In PAPER IV a more detailed discussion is given on the role of this peptide
amide and the C-terminal fragment of AB.)

In conclusion, PAPER 11 was the first approach to find the binding sites of different potent
peptides and peptide amides on the fragments of AB. Mostly, the hydrophobic cores of the
amyloid peptide were identified as active regions. After finishing the studies of PAPER II, a
new version (3.0) of AuD became available. Therefore, we decided to repeat all the docking

simulation in our next papers using the new version of the program package.

PAPER III: Mapping of the possible binding sequences of two beta-sheet breaker peptides

on beta amyloid peptide of Alzheimer’s disease.

There are several regions of AB, which could be crucial for the aggregation of the amyloid
peptide molecules into fibrils and plaques (Pike et al. 1995, Festy et al. 2001). The effect of
hydrophobic sequences on aggregation was reported to be essential in independent papers

(Hilbich et al. 1991, Roher et al. 2000).

The 3.0 version of AuD was used for the investigations of PAPER 1II. This version applies

Lamarckian genetic algorithm (see THEORY for details) during the docking simulation. LGA

was reported more efficient than MC/SA algorithm of the previous version (Morris et al.,

1998). Additionally, the master equation of the scoring function was also changed. Entropy

contributions were added to the AG function.

By the time of these studies a new model of the amyloid fibrils was available (George and

Howlett, 1999). The model is discussed in details in the BACKGROUND section. The

monomer AP of this model and also a dimeric piece of the structure of the fibril were used
as target molecules in our docking experiments.

In PAPER III our investigations were focused on Tjernberg’s KLVFF and Soto’s LPFFD

peptides. One hundred docking runs were performed in each docking jobs of the peptides.

Grid maps with different grid spacings were used so as to test the reliability of the results.

AAAAA and AAVFA (Tjernberg et al. 1996) “blank peptides” were also docked to the

same targets to evaluate the specificity of the results.

Docking to the monomeric AB. Due to the docking results, three main sequences are

important in the binding of both KLVFF and LPFFD. (1) The V(18)...D(23) sequence was
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reported in several publications as a potent active region of the amyloid peptide.
Additionally, it was shown, that this fragment of the amyloid peptide has high affinity to
itself (Balbach et al. 2000, Watanabe et al. 2001). Good agreement was found between the
NMR structure of Balbach et al. (2000) and the energetically favored structure of our study.
(2) The R(5)...Y(10) sequence proved to be very important especially in the binding of the
LPFFD peptide. Several H-bonds have stabilizing effect on this complex. (3)The
G(38)...T(43) fragment of AP has also high affinity to the BSBs. The hydrophobic
interactions between the side-chains have specific effect in this case. (In PAPER IV a more
detailed discussion is given on the role of the end-sequences of A.)

According to the comparison of the energy values of the BSBs and the blank peptides, our
results proved to be reliable. The lack of side-chains always resulted in significantly higher
energies. (Post-docking MD studies were also started for further verification of the results.)
Docking to the dimer Af. Dimeric unit of AP is sometimes considered as a basic building
block of the fibrils (Roher et al. 2000). However, it is also a characteristic and — as a docking
target — tractable unit of the model of George and Howlett. It is an interesting possibility to
investigate whether the same or similar binding positions will be found by KLVFF and
LPFFD on the amyloid molecule on the dimeric target. There could be several reasons why
the affinity of the BSBs to a certain fragment of the target changes after dimerisation; e.g.
sterical effect (elimination or creation of binding pockets), electronic effects (shielding of
the charges of one another), just to name a few. The resulted complexes were divided into
two groups according to the position of the BSBs on the plane of the dimer. In PAPER III a
detailed description is given about the important sequences of AP found in these complexes.
The D(7)...Y(10) and K(16)...E(22) parts of the amyloid remained important in the cases,
where the BSBs associated to the AP in its plane (Group 1). Outof-plane positions of
KLVFF and LPFFD were found at the N- and C-terminal end of the target (Group 2). These
findings point to the possible role of the BSBs in the breaking of inter-plane associations of
the larger amyloid aggregates (sheets).

In conclusion, our blind docking simulations were able to find the active sequences on the
amyloid target. The modeling results are in good agreement with the experimental findings
and serve as realistic model of the peptide-peptide interactions. The time-evolution of the
most important complexes in explicit solvent model is under investigation and the results of

the detailed MD simulations will be published soon.
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PAPER IV: Pentapeptide amides interfere with the aggregation of beta amyloid peptide of

Alzheimer’s disease.

The hydrophobic A,¢.42 segment of the amyloid peptide exists as an oligomeric (3-sheet in
solution regardless of differences in solvent, pH or temperature (Barrow and Zagorski 1991)
and the last three amino acids have a particularly important role in the plaque formation
(Barrow et al. 1992). Moreover, kinetic studies of fibril formation (Jarrett et al. 1993, Snyder
et al. 1994) emphasize the role of the last residues in the rate-limiting step of aggregation of
AP and the results were concluded in a “seeding hypothesis” (Jarrett and Lansbury 1993).
Fortunately, a structural model was also published on the role of the C-terminal fragment of
the amyloid peptide (Lansbury et al. 1995).

The above-mentioned facts of the literature encouraged us to develop small peptide
inhibitors using the C-terminal part of the amyloid as a template. Two peptide amides
GVVIAn and RVVIAn were constructed. Arg was inserted instead of Gly to strengthen the
ionic interactions at the N-terminus and also to improve the solubility of the peptide amide.
Biochemical and FT-IR measurements were used to prove the effect of the pentapeptide
amides on the cells and the aggregates (PAPER [V).

During the docking simulations and the evaluations of the results of PAPER IV the same
methods were used as in PAPER III. The results of the calculations, i.e. the properties of the

most important complexes are summarized in Table PIV-1.

Table PIV-1 The results of the docking simulations of GVVIAn on Af of AD

Letter code of Interacting Type of Distance of N..O Angle g °
interaction residues interaction atoms (A)

GVVIAn - V(18)FFAED(23) complex

a G(1)...D(23) SB 2.77 .
b G(1)... E22) HB 1.2 13.02
¢ V(3)... F(20) HB 2.65 7.35
d V(3)... F(20) HB 2.90 46.60
e A(5)...V(18) HB 2.63 17.49
GVVIAn - V(39)VIA(42) complex
a G(1)...1(41) HB 2.88 28.06
b V(2)..1(41) HB 3.10 22.23
¢ V(2)..1(41) HB 2.66 14.51
d A(5)...V(39) HB 2.88 36.34

" SB: salt bridge (electrostatic interaction); HB: hydrogen bond; = The angle (acceptor-donor-H atom) of the

hydrogen bond
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There are two fragments which proved to be important in the binding of GVVIAn:
F(19)...D(23) and V(39)...A(42). Both sequences were also important in the binding of
other BSB peptides (PAPERS II, IIT). Besides the salt bridges and hydrogen bondings (Table
PIV-1) the hydrophobic interactions were also measurable at the present complexes.
Interactions between the hydrophobic side-chains of the same residues as in our modeling
results were mentioned in the study of Lansbury et al. (1995).

The binding postions of RVVIAn on the AP were similar to those of GVVIAn. However,
Arg was found to be involved in the interactions (Fig. PIV-1) considered during the design

(see sections above).

Fig. PIV-1 The complex of RVVIAn (narrow lines) and the aromatic hydrophobic region of
the amyloid peptide (marked with orange ribbon). The salt bridge between Arg, the positive
N-termiuns of RVVIAn and Glu(22) of AP is marked with arrow

The GVVIAn peptide was arranged in -sheet at the amyloid peptide (Fig. 3 of PAPER 1V).
This finding is in good agreement with the FT-IR results.
In conclusion, the effects and possible mode of the action of two potent BSB pentapaptide

amides were presented in PAPER [V.

PAPER V: Efficient docking of peptides to proteins without prior knowledge of the binding

site.

In our daily practice the knowledge of the exact binding position of a ligand on a target

molecule is often required. However, in many cases this practical wish cannot be satisfied
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by X-ray crystallography or other sophisticated techniques or the solution requires enormous
amount of time (see also INTRODUCTION). As our results (PAPER I-1V) and also the rising
number of AuD (Homepage of AuD) and other docking applications (e.g. Homepage of
Tripos Inc.) pointed to the usefulness of docking simulations, we decided to make a
systematic study on the capabilities of docking. Our main interest focused on binding site
search. Unfortunately, in our daily problems atomic details of the interactions of the ligand
and the target were not available. Thus, we used the docking algorithm for the entire surface
of our target proteins and checked if the original crystal structure of the control complexes
could have been reproduced or not. Our present application of AuD is the first systematic
binding site search of tofally flexible small molecules on the entire surface of protein
targets. We named our approach: blind docking so as to simplify the terminology of the
future discussions about the method.

The following protein-peptide systems were chosen for the study (Table PV-1):

Table PV-1 The protein-peptide systems used for the docking studies

Letters, SPDB Protein # Ligand # free # heavy
code code resid torsions atoms
ues
A 3ptb Trypsin 229 Benzamidine 0 )
B lak4 cyclophilin A 165 Ace-AGP-Nme 6 21
(€ 3tpi Trypsinogen 281 IV 7 16
Cw 3tpi Trypsinogen 281 IV 7 16
D 3cpa  carboxypeptidase A 307 (G 7 17
E 8gch y-chymotrypsin 237 GAW 8 24
F Ssga SG protease A 181 Ace-APY 9 28
G lak4 cyclophilin A 165  Ace-HAGP-NMe 9 31
H llna Thermolysin 316 VK 10 17
Hw llna Thermolysin 316 VK 10 17
I Ssga SG protease A 181 Ace-PAPY 11 35
J lsua subtilisin BPN' 262 ALAL 12 27

(The numbers of the free torsions of the ligands are increasing from the top to the bottom.)

In the first part of our study completely rigid ligands were blind docked to the proteins using
their original conformation of the crystal complex. These dockings served as a test of the
force field. If the FF would have not been accurate, the ligands had not docked to the correct
positions. Excellent similarity between the docked structures and the measured ones were

obtained (Table 2 of PAPER V).
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Secondly, the same peptides were docked blindly with all their torsions released. This part of
the investigation was a real challenge of the docking procedure as it is not obvious that a
(quasi)stochastic method is able to find the right minima on such a complicated energy
surface, which was given in the case of flexible ligands. Our results show (Table 2 of PAPER
V), that it is not nonsense to find the exact position of flexible ligands bl/indly on the entire
surface of the proteins. The best energy complexes (best classes) showed very good
similarity to the reference structures. In many cases, the 1* class had an exact match to the

reference (see RMSD values of the Tables).

Fig. PV-1 The complex of cypA (blue) and the N-terminal loop of p24 (green). The
tetrapeptide (red) has a good match with the appropriate part of the loop, whereas the
tripeptide ligand of system B proved to be too short to reproduce the crystal structure. (This

figure was selected for cover illustration of the July, 2002 issue of Protein Science.)

The robustness and limitations of the blind docking approach were also discussed in PAPER
V. Docking of the problematic system E proved that the method is robust: if the most
important part of the binding site is well-defined the method is able to maneuver the ligand
to the right pocket. At the same time one should be careful while performing a fragment

docking. Systems B and G is a good example for this statement since one missing residue
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caused inappropriate docking results (Fig. PV-1). Very large ligands (system I) also cause
trouble for blind docking (convergence failure).

The role of waters is a very important question of docking simulations. Blind docking is
sometimes affected by the presence of crystal waters (systems H and Hw), but in some cases
no effect of the water molecules can be concluded (systems C and Cw). Detailed
investigations will be necessary on this topic to draw general conclusions.

The effect of three main LGA (docking) parameters on the docking results was investigated
as a final step of the study. The ratio of successful runs of a job was almost constant with
increasing number of runs. Increasing number of energy evaluations and population sizes
resulted in higher efficiency (Fig. 4 of PAPER V).

As a conclusion, a section from the report of one of the referees of the manuscript of PAPER
V is cited here (Anonymous 2002):

While the scope of this paper is limited to the evaluation of a single docking code, it
addresses issues that are becoming increasingly relevant as proteomics focuses on the
mechanism of protein interactions and function. By evaluating the performance of one of the
standard docking tools currently in use, the authors are able to explore the extent to which
such methods can be utilized to answer questions that go beyond the common use of docking
codes: in silico screening of drug libraries. The results of the work are interesting and
contribute to the field in two ways: 1) The authors evaluate a set of peptide receptor
complexes and evaluate the docking results with regard to the nature of the complexes, and
in some cases the role of bound waters; and 2) the exploration of the stochastic search

parameters and their relationship to the convergence to a correct answer for a test system.

”
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CONCLUSIONS AND PERSPECTIVES

Computational docking became one of the most powerful tools of calculation of
macromolecule - ligand interactions in the last decades. The simple (MM level) approach of
docking methods enables the search algorithms to find global maximums on the potential

energy surface of such complexes. There are two types of search algorithms built in AuD

named MC/SA and LGA. In the papers of this thesis both algorithm were used to investigate

the binding of peptides on thé AP and proteins.

In PAPER I a routine application of AuD is presented. A larger peptide was docked to a well-

defined pocket. The sites of three new inhibitor molecules were also predicted within the

same pocket. This paper pointed to the limitation of the LGA algorithm, as well. With 31

torsions, the OM99-2 peptide is well above the limit, which can be handled by the docking

program within reasonable time limits. (It should be remarked, that the necessary time of
convergence is not simply proportional, but after a limit value seems to change dramatically

with the increasing number of the torsions of a ligand.) Fortunately, the real drug

compounds (or lead compounds) are generally smaller than OM99-2 and therefore such a

limit is rarely reached.

While PAPER | includes “simple” application of AuD, during the preparation of PAPERS II

and I1I the main goal was the detection of the possible binding regions of known beta sheet

breaker peptides on the entire surface of the amyloid target. As the Ap molecule is a 39-43
AA long peptide, this is a relatively small target. In both papers blind docking was used

(with different search methods) to select out the most important complexes. Good agreement

with the available experimental data was achieved and reliable predictions were made. The

results of these papers (and especially those of PAPER III) contribute to the clarification of
the mode of action of the BSB peptides at atomic level and mark the attractive regions of AB
for drug design.

Two potent BSB pentapeptide amides were presented in PAPER 1V. Interestingly, similar
regions were involved in the interactions of these molecules as for the other BSBs before.

The possible reason of this- finding is the importance of the hydrophobic regions at both the
ligand and the target peptides. The positive results of PAPERS 1I-IV encouraged us to test our

blind docking approach on several known protein-peptide systems.
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In PAPER V, a set of peptides (ligands) with increasing size (up to tetrapeptides) and number
of rotations (up to 12) were selected and proteins of moderate sizes (160-310 AAs) were
used as targets. As absolutely no information was available on the capabilities of blind
-docking, these upper limits seemed to be realistic and computationally tractable. (Moreover,
many compounds like the potential AIDS drug GPG® (Su et al. 2001a, Su et al. 2001b) and
its possible target protein (van der Spoel 2002) fall into this range.) PAPER V includes the
evaluation and detailed description of the blind docking approach based on the results of the
above-mentioned set of test-systems.

In conclusion, our novel approach the blind docking was outlined in the papers of this thesis.
It was shown, that the prior knowledge of the binding location of a ligand on the target is not
obviously necessary in all cases. The limitations of our approach were also discussed in
detail. However, these limitations are common in all applications of AuD-like docking
programs, i.e. the intractable number of torsions of ligands, the rigid (and sometimes not
realistic) target model,. the uncertain positions of crystal waters or even the lack of crystal
waters, etc. are common drawbacks of routine (PAPER 1) and of blind (PAPER II-V) docking
simulations. Possible solutions of these problems could be (1) the freezing of some of the
torsional angles or narrowing the grid space; (2) the use of post-docking MD or QM/MM
methods for refinement of the structure of the complex and involve induced effects; (3) use
well-positioned crystal waters instead of the “dry” target molecule, etc. Though, an
experienced modeling specialist can consider and solve the above-mentioned problems of
docking simulations, the elimination of these difficulties is not yet trivial.

However, together with the afore-mentioned limitations blind docking is an excellent tool in
selection of the most important possible binding regions of ligands on target molecules,
according to our results. In combination with other techniques (e.g., MD and experimental
methods: site-directed mutagenesis, affinity chromatographic techniques, etc.) it can be used

for selecting the real (and only) binding site(s) of a drug on a macromolecule.
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