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ABSTRACT

Virtual ligand screening is a method broadly used for computer-aided drug design. It will
save much time and cost to find potential inhibitors for the target protein with aids of
computers. In this thesis, we have developed an automatic tool with a novel scoring function
for virtual screening by applying numerous enhancements and modifications to our original
techniques, called GEMDOCK. By integrating @ number of genetic operators, each having a
unique search mechanism, GEMDOCK  seamiessly blends the local and global searches so
that they work cooperatively. Our scoring function'is indeed able to enhance the accuracy
during the flexible docking and“to improve the screening utility by reducing the number of
false positives in the post-docking analysis.“First we have verified our program with four
screening sets for thymidine kinase (TK) substrates, estrogen receptor (ER) antagonists,
estrogen receptor agonists, and human dihydrofolate reductase (hnDHFR) ligands. These four
screening sets were composed of ten known ligands for each target protein and 990
compounds randomly selected from the ACD or MDDR. The 1,000 compounds of the four
screening sets were docked into each target protein and ranked according to their potentials.
When the true hit rate was 100%, the false positive rates were 9.7% for TK, 5.2% for ER
antagonists, 21.2% for ER agonists, and 8.6% for hDHFR. After adding pharmacological
consensuses on important residues and ligand preferences according to the ten known ligands,
the false positive rates were decreased to 2.9% for TK, 0.9% for ER antagonists, 1.9% for ER
agonists, and 2.0% for hDHFR. After verifying the utility of GEMDOCK on virtual screening,
we applied it to identifying potential inhibitors for the envelope protein of dengue virus.
Dengue fever is an epidemic disease in Taiwan during the summer. The envelope protein (the
PDB entry: 1oke) of dengue virus is a possible target for drug design. Finally, GEMDOCK
has been also accessed on identifying new substrate/inhibitors of Agrobacterium radiobacter
hydantoinase, which is an industrial enzyme. We have screened candidates for hydantoinase

and identify two new substrates evaluated by wet experiments.
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Chapter 1

Introduction

1.1 Motivations and Purposes

Discovery of novel lead compounds through structure-based virtual screening of chemical
databases against protein structures is an emerging step in computer aided drug design. It has
contributed to the introduction of ~50 compounds into clinical trials and to numerous drug
approvals [1]. As the number of protein structures as pharmaceutical targets is persistently
increasing, virtual screening will plays@aiimajor role in rational drug design. It could be
considered as a powerful computational filter for reducing the size of a chemical library that

will be further experimentally teSted.

GEMDOCK is a docking program that has a good performance on the prediction of the
target-bound conformation and orientation of docked ligands. It can predict known
protein-bound ligand poses with averaged deviations below 2.0 A [2] and model the best
possible poses of ligands in the target that has no crystal of the protein-ligand complex [3].
Based on the good performance of GEMDOCK on molecular docking, we enhanced it on
virtual screening large database with a suitable scoring function to reduce the number of false

positives when screening large database.

In Taiwan, dengue virus is always widespread during summer and can cause severe
epidemics of diseases such as dengue fever and dengue hemorrhagic fever/dengue shock

syndrome. To combat diseases caused by dengue viruses, it is urgent to develop novel



antiviral therapeutic agents. The envelope protein (E protein) of dengue virus was reported
recently that some specific characteristics on the structure could serve as the target for drug
design [4, 5]. Therefore we apply virtual screening to the E protein for discovering novel lead
compounds against dengue virus. Besides, GEMDOCK has been also accessed on identifying
new substrate/inhibitors of Agrobacterium radiobacter hydantoinase, which is an industrial
enzyme for production of D-amino acid intermediate compounds through stereospecific

hydrolysis of chemically synthesized cyclic hydantoins.

1.2 Related Works

Any virtual screening method has to face two critical issues: docking method and scoring
function. Several docking programs areinow’available and consider the ligand as a flexible
molecule because a flexible docking method clearly outperforms rigid body matches. A
flexible docking is generally based on one of the following methods: incremental construction
(FlexX [6], Hammerhand [7], "DOCK 4.0 [8]); and genetic algorithm (GOLD [9],
AutoDock3.0 [10]). For the virtual screening purpose, only methods able to dock within a
reasonable time scale (20-200 seconds) per ligand are suited. After the ligand has been docked,
it should be scored according to the interactions between the target and ligand. Several
scoring functions have been described and based on either force-field methods (DOCK [11],
GOLD [9]), empirical free energy scoring functions (Ludi [12], Chemscore [13], Score [14],
Fresno [15], FlexX [6], Plp [16]), or knowledge-based potential of mean force (Pmf [17],
Drugscore [18]). Each scoring function has its own form, depends on a distinct atom type,
assigns atomic partial charge with different calculation methods, and has been trained on
different data sets of protein-ligand complexes. All of them have been validated for various
high-resolution protein-ligand X-ray structures and are generally able to predict absolute

binding free energies within 7-10 kJ/mol [19]. However, no single scoring function could



have the same performance on every target protein. It has been proposed that combining
multiple scoring functions (consensus scoring) improves the enrichment of true positives [19,
20]. An ideal scoring function must rank a correct pose of a molecule higher than an incorrect
one and predict the rank order of binding affinities of ligands to the target protein. Therefore
we hope to design a scoring function that could have the variables against different proteins
according to the knowledge of known active ligands or characteristics of the binding site to

improve the screening utility.

GEMDOCK is a tool with an evolutionary approach for flexible ligand docking and an
empirical scoring function for rapid recognition of potential ligands [21, 22]. The
evolutionary approach of GEMDOCK is more robust than the standard one with regard to
several specific domains. The coresidea of this evolutionary approach is to design multiple
operators that cooperate using a family competition paradigm that is similar to a local search
procedure. One operator is a differential-evolution operator to reduce the disadvantages of
Gaussian and Cauchy mutations; the other one.is.a new rotamer-based mutation operator to
reduce the search space of ligand structure conformations. The scoring function of
GEMDOCK consists of electrostatic, steric, and hydrogen bonding potentials. Steric and
hydrogen bonding potentials use a linear model that is simple, has fewer local minima, and
recognizes potential complexes rapidly. GEMDOCK may be run as a purely flexible or hybrid
docking approach. It is an automatic system that generates all related docking variables, such
as atom formal charge, atom type, and the ligand binding site of a protein. To evaluate the
docking accuracy, GEMDOCK was tested on a diverse data set of 100 protein-ligand
complexes from the Protein Data Bank (PDB). In 79% of these complexes, the docked lowest
energy ligand structures had root-mean-square derivations (RMSDs) below 2.0 A with respect

to the corresponding crystal structures [22].



1.3 Thesis Overview

We have enhanced GEMDOCK on virtual database screening and applied it to the envelope
protein and D-hydantoinase. In chapter 2, we have prepared the four screening sets and target
proteins. Each screening set contained ten known ligands and 990 randomly selected
compounds from the MDDR or ACD. The target proteins were all derived from the PDB.
After preparing screening sets and target proteins, we modified the scoring function according
to ten known ligands and tested GEMDOCK with different combinations of pharmacological
consensuses and ligand preferences to evaluate the performance and to observe the

comparison of search behavior with other public docking tools.

In chapter 3, we evaluated the screenihg performance of GEMDOCK with four screening
sets (TK, ER antagonists, ER agonists, and hDHFR).by the true hit, hit rate, goodness-of-hit
(GH), and false positive rate. We used four combinations of none (Ep;q), ligand preference
(Epina and Ejgpr), interaction preference (Eping @nd Eppuma), and both (E,,) to compare
screening utilities with other public docking tools. The results showed that the scoring

function considering both ligand preference and interaction preference was the most reliable.

In chapter 4, we applied GEMDOCK to the envelope protein of dengue virus and the
microbial D-hydantoinase. For the envelope protein, we suggested 35 molecules from the
intersection of GEMDOCK and GOLD top 200 scorers. Biological experiments to test their
activities are still in process cooperated with Dr. Yun-Lian Yang. On the other hand, we
identified two novel substrates for Agrobacterium radiobacter D-hydantoinase according to

their docked poses and approved by wet experiments.

Chapter 5 presented some conclusions and future perspectives. The screening accuracy of



GEMDOCK was enhanced with the modified scoring function and it could effectively reduce
the number of false positives. With the modified scoring function, we could design specific
variables for virtual screening against different target proteins according to the knowledge of

known active ligands or characteristics of the binding site.



Chapter 2

Materials and Methods

GEMDOCK, enhanced and modified from our original technique [22, 23], is nearly an
automatic tool for virtual screening (Figure 1). GEMDOCK can sequentially be applied to
prepare target proteins and ligand databases, predict docked conformations and binding
affinity using flexible ligand docking, and rank a series of candidates for post-docking
analysis. The target protein is first prepared by specifying the atomic coordinates from the
PDB, the ligand binding area, atom formal charge, and atom types. When active ligands of the
target protein are available, GEMDOCK evolves a pharmacological consensus (e.g., hot spots)
and ligand preferences from the-target protein-and these ligands by overlapping the docked
ligand conformations or superimposing X-ray structures. The pharmacological consensuses
and ligand preferences were incorporated into our scoring function to improve the screening
accuracy. The ligand database was constructed from the public compound databases, e.g., the
MDL Drug Data Report (MDDR) or the Available Chemical Directory (ACD), according to
the characteristics of the target protein and ligand preferences mined from known active
compounds. After the ligand database and the target protein are prepared and the
pharmacological preferences are evolved, GEMDOCK sequentially predicts the binding
conformation and estimates the binding affinity for each ligand in the compound database.
Finally, GEMDOCK ranks these docked ligand conformations for use in the post-docking

analysis.



2.1 Preparation of Target Proteins and Ligand Databases

A. Preparing for target proteins

We applied GEMDOCK to virtual screening against four targets, 1) herpes simplex virus
types 1 thymidine kinase (TK, the PDB entry: 1kim) [24], 2) human estrogen receptor alpha
(ERa, the PDB entry: 3ert) [25], 3) human estrogen receptor alpha (ERa, the PDB entry: 1gwr)
[25], 4) human dihydrofolate reductase (hDHFR, the PDB entry: 1hfr) [26], 5) dengue virus
envelope protein (E protein, the PDB entry: loke) [4], 6) Thermus sp. D-hydantoinase (the
PDB entry: 1gkp) [27]. The coordinates were derived from the PDB. For each target protein,
we defined that the binding site was the collection of amino acids enclosed within a 10 A
radius sphere centered on the bound ligand. The files in the PDB format were prepared for
running GEMDOCK. For running:GOLDj the files'were added hydrogen atoms and stored in

the SYBYL mol2 format using SYBYL 6.9.1.

B. Preparing for ligand databases

Two screening sets designed for virtual screening against TK and ERa antagonists were
proposed by Bissantz et al. [19]in 2000 and retested by Jain in 2003 [28]. A TK library
contained ten known ligands of TK and 990 randomly chosen molecules from the ACD; an
ERa-antagonists library contained ten known antagonists of ERa and 990 randomly chosen
molecules from the ACD. The two testing sets were downloaded from
http://jainlab.ucsf.edu/Downloads.html proposed by Jain and the files in the SYBYL mol2
format were converted to the MDL mol format with Corina3.0 for running GEMDOCK.
Besides, the screening set for ERa agonists included ten known agonists [29] and the same

990 molecules as the ERa-antagonists library.



The screening set designed for hDHFR included ten known ligands from the PDB. The
other 990 molecules were randomly selected from the MDDR. Using MDL Integrated
Scientific Information System (ISIS), the MDDR were first filtered with suitable molecular
weights between 200 and 750. Then we removed analogues of 4-substituted
2-aminopyrimidine. Out of the remaining molecules, 990 were randomly chosen and
downloaded from the MDDR in a multi-structure file in the MDL RDF format. We divided it
into separated files and removed small fragments from multi-component records, such as
counter-ion in salts, solvent molecules with Corina3.0. Finally we prepared the structure files
of molecules in the MDL mol format for running GEMDOCK. Using Corina3.0, hydrogen

atoms were added to the structures and stored in the SYBYL mol2 format for running GOLD.

The screening set for the E protein of dengue’virus was derived from the drug database,
Comprehensive Medicinal Chemistry (CMC). Using-ISIS, the CMC were first filtered with
molecular weights between 200 and. 500 according to the molecular weight of the ligand
(B-octylglucoside, molecular weight::292) complex with the crystal in the PDB and then
removed small fragments with Corina3.0. The structure files of molecules were stored in the
MDL mol format for running GEMDOCK and in the SYBYL mol2 format for running

GOLD.

2.2 Molecular Docking

A. Search method of flexible docking

The search algorithm of GEMDOCK is a generic evolutionary method [22]. The core idea
of our evolutionary approach was to design multiple operators that cooperate using the family
competition model, which is similar to a local search procedure. The rotamer-based mutation

operator, a discrete operator, is used to reduce the search space of ligand structure



conformations. The Gaussian and Cauchy mutations, continuous genetic operators, efficiently
search the orientation and conformation of the ligand relating to the center of the target
protein. GEMDOCK randomly generates a starting population with N solutions by initializing
the orientation and conformation of the ligand relating to the center of the receptor. Each
solution is represented as a set of three n-dimensional vectors (xi, 7, y/i), where 7n is the
number of adjustable variables of a docking system and i = 1, . . ., N where N is the
population size. The vector x represents the adjustable variables to be optimized in which x;,
x>, and x; are the 3-dimensional location of the ligand; x4, x5, and x4 are the rotational angles;
and from x; to x, are the twisting angles of the rotatable bonds inside the ligand. ¢ and y are
the step-size vectors of decreasing-based Gaussian mutation and self-adaptive Cauchy
mutation. In other words, each solution x is associated with some parameters for step-size
control. The initial values of x;, x,, ahd x; are randemly chosen from the feasible box, and the
others, from x4 to x,, are randomly chosent from 0.to 27 in radians. The initial step sizes o is
0.8 and y is 0.2. After GEMDOCK initializes the solutions, it enters the main evolutionary
loop, which consists of two stages in every iteration: decreasing-based Gaussian mutation and
self-adaptive Cauchy mutation. Each stage is realized by generating a new quasi-population
(with N solutions) as the parent of the next stage. These stages apply a general procedure

“FC_adaptive” with only different working population and the mutation operator.

The FC_adaptive procedure employs two parameters, namely, the working population (P,
with N solutions) and mutation operator (M), to generate a new quasi-population. The main
work of FC_adaptive is to produce offspring and then conduct the family competition. Each
individual in the population sequentially becomes the “family father”. With a probability p.,
this family father and another solution that is randomly chosen from the rest of the parent
population are used as parents for a recombination operation. Then the new offspring or the

family father (if the recombination is not conducted) is operated by the rotamer mutation or



by differential evolution to generate a quasi offspring. Finally, the working mutation is
operates on the quasi offspring to generate a new offspring. For each family father, such a
procedure is repeated L times called the family competition length. Among these L offspring
and the family father, only the one with the lowest scoring function value survives. Since we
create L children from one “family father” and perform a selection, this is a family
competition strategy. This method avoids the population prematureness but also keeps the
spirit of local searches. Finally, the FC_adaptive procedure generates N solutions because it

forces each solution of the working population to have one final offspring.

Recombination operator: GEMDOCK implemented modified discrete recombination and
intermediate recombination. A recombination operator selected the “family father (a)” and
another solution (b) randomly selected from the working population. The former generates a
child as follows:

b,

{x? with_probability 0.8
b
J

x with probability 0.2

The generated child inherits genes from the “family father” with a higher probability 0.8.

Intermediate recombination works as:
c _ ...a b a
w; =wi+f (W./ w; )/ 2

where w is o or y based on the mutation operator applied in the FC adaptive procedure. The
intermediate recombination only operated on step-size vectors and the modified discrete

recombination was used for adjustable vectors (x).

Mutation operators: After the recombination, a mutation operator, the main operator of

GEMDOCK, is applied to mutate adjustable variables (x).

Gaussian and Cauchy Mutations are accomplished by first mutating the step size (w) and

10



then mutating the adjustable variable x:

w, = W/A()

J
= x, - ()
where w; and x; are the ith component of w and x, respectively, and w; is the respective step
size of the x; where w is o or y. A( ) is evaluated as exp[z'N(0, 1) +N,(0, 1)] if the mutation is
a self-adaptive mutation, where N(0, 1) is the standard normal distribution, N;(0, 1) is a new

value with distribution N(0, 1) that must be regenerated for each index j. When the mutation is

a decreasing-based mutation 4( ) is defined as a fixed decreasing rate y = 0.95. D( ) is
evaluated as N(0, 1) or C(1) if the mutation is, respectively, Gaussian mutation or Cauchy

mutation. For example, the self-adaptive Cauchy mutation is defined as
v =y exp[T'N(O,l)Jr N, (0,1)]
Xt =Xt piC(t)
We set 7 and 1’ to (\/2_ )71 and (\/ﬁ )_1, respectively, according to the suggestion of

evolution strategies. A random variable is said to have the Cauchy distribution (C(¢)) if it has

tlr
t2+y2

the density function: f{y; ¢) = , 00 < y < oo, In this paper ¢ is set to 1. Our

decreasing-based Gaussian mutation uses the step-size vector ¢ with a fixed decreasing rate y

=0.95 and works as

x;=xi+ O'CNJ.(O,I)

B. Scoring function

We developed a new scoring function that simultaneously serves as the scoring function for

both molecular docking and the ranking of screened compounds for post-docking analysis.
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This function consists of a simple empirical binding score and a pharmacophore-based score
to reduce the number of false positives. The energy function can be dissected into the

following terms:

Emt = Ebind + Epharma + Eligpr@ (1)

where Ep,g is the empirical binding energy, Eppumq 1s the energy of binding site
pharmacophores (hot spots), and Ejg,. 1 a penalty value if a ligand does not satisfy the ligand
preferences. Eppumqe and Ejg,re are especially useful in selecting active compounds from
hundreds of thousands of non-active compounds by excluding ligands that violate the
characteristics of known active ligands, thereby improving the number of true positives. The
values of Epuumq and Ejg, are determined according to the pharmacological consensus
derived from known active compounds and the target protein. In contrast, the values of Epjama

and Ejg, are set to zero if active compounds.are not-available.

The empirical binding energy (£pinq) 1S given as

E,..=E ‘+FE -+ F

bind inter intra penal (2 )

where Ejy.r and Ej,, are the intermolecular and intramolecular energy, respectively, and Epepas
is a large penalty value if the ligand is out of range of the search box. For our present work,
Epenar 1s set to 10,000. The intermolecular energy is defined as
lig pro
E,. =S Y| F(" )+332 .O% 3)
i=1 j=1

j T

where rf” 1s the distance between atoms 7 and j with interaction type B;; formed by pair-wise

heavy atoms between ligands and proteins, B;; is either a hydrogen bond or a steric state, g;
and g; are the formal charges and 332.0 is a factor that converts the electrostatic energy into

kilocalories per mole. The terms /ig and pro denote the number of heavy atoms in the ligand

and receptor, respectively. F (I’f”) is a simple atomic pair-wise potential function (Figure 2).
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In this atomic pair-wise model, the interactive types include only hydrogen bonding and steric
potentials having the same function form but different parameters, V;, . . ., V. The energy
value of hydrogen bonding should be larger than that for steric potential. In this model, atoms
are divided into four different atom types 9: donor, acceptor, both, and nonpolar. A hydrogen
bond can be formed by the following pair-atom types: donor-acceptor (or acceptor-donor),
donor-both (or both-donor), acceptor-both (or both-acceptor), and both-both. Other pair-atom
combinations are used to form the steric state. We used the atom formal charge to calculate
the electrostatic energy, which is set to 5 or -5, respectively, if the electrostatic energy is more
than 5 or less than -5.

The intramolecular energy of a ligand is

lig lig 5 qq dihed
Eppa=2.>. F(;;/)Jr 332'0ﬁ + ZA[]—cos(mGk -6,)| 4)
i=1 j=i+2 ij k=1

where F (rf’) is defined as Equation 3 except the value is set to 1000 when rf” <20A

and dihed is the number of rotatable bondsiof @ ligand. We followed the work [16] to set the
values of 4, m, and ). For the sp3 -sp3 bond A, m, and 6, are set to 3.0, 3, and =; for the sp3 _sz

bond and 4 =1.5,m =6, and 6, = 0.
C. Mining pharmacological consensuses

GEMDOCK evolves binding site pharmacological consensuses and ligand preferences
from both known active ligands and the target protein to improve screening accuracy. We used
the premise that previously acquired interactions (hot spots) between ligands and the target
protein can be used to guide the selection of lead compounds for subsequent investigation and
refinement. For each known active ligand, GEMDOCK first yielded ten docked ligand
conformations by docking the ligand into the target protein, and only the ligand with the

lowest docked conformation energy was retained for pharmacological consensus analysis. The
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protein-ligand interactions were extracted by overlapping these lowest-energy docked
conformations, and the interactions were classified into three different types, including
hydrogen bonding, hydrogen-charged interactions, and hydrophobic interactions. After all of
the protein-ligand interactions were calculated, the atom interaction-profile weight of the
target protein representing the pharmacological consensus of a particular interaction was

given as

S

v ()

k
0 i
where ﬁk is the number of an atom j (in protein) interacting with ligands with the interaction

type k and N is the number of known active ligands. In our present work, an atom j was

considered a hot-spot atom when Qf was more than 0.5.

The pharmacophore-based intefaction energy (£,xam.) between the ligand and the protein is

calculated by summing the binding energies of all hot-spot atoms:

lig " hs
E pharma = Zg:ZCW(BU. )F(’?yj'g[/) (6)

=10 j=1

where CW(B;) is a pharmacological-weight function of a hot-spot atom j with interaction type
By, F (rUB’ ) is defined as Equation 3, /ig is the number of the heavy atoms in a screened

ligand, and /s is the number of hot-spot atoms in the protein. The CW(B;) is given as

1.0 ifQ’;SO.SorBij;tk

k Py (7)
15+50-05)  ifQf>05and B, =k

CW(B,) = {

ij is the atomic pharmacological-profile weight (Equation 5) and £ is the interact type (e.g.,
hydrogen bonding, hydrogen-charged interactions, or hydrophobic interactions) of the

hot-spot atom ;.

We evolved the ligand preferences (Ejg.) from known ligands to reduce the deleterious

effects of screening ligand structures that are rich in charged or polar atoms. Docking methods
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using energy-based scoring functions are often biased toward such compounds, which abound
with charged and polar atoms (i.e., hydrogen donor or acceptor atoms) because the pair-atom
potential of the electrostatic energy and hydrogen bonding energy is always larger than the
steric energy. For our purpose, the atomic pair-wise potential energies of the electrostatic,
hydrogen bond, and steric potential were set to —5, —2.5, and —0.4, respectively (Figure 2). If
the binding site of a target protein is hydrophobic, the ligand preference (Ejigyr) is a penalty

value for those screened ligands having many charged and polar atoms. The Ejg,. 1S given as

E. . =LP

elec

+LP, (8)

ligpre
where LP,;.. and LPy; are the penalties for the electrostatic (i.e., the number of charged atoms
of a screened ligand) and hydrophilic (i.e., the fraction of polar atoms in a screened ligand)

constraints, respectively.  LP,. is defined as

- 10jvz4elec lf NAelec > UBelec
= _In if N4, <UB,, 9)
where UB =6, +o

elee elec elec

, NAeiec 1s the number of charged atoms of a sereened ligand and UB,. is the upper bound
number of charged atoms derived from known active compounds. 6., is the maximum
number of charged atoms among known active compounds, and o, is the standard derivation

of the charged atoms of known active compounds. LP,, is defined as

P - {SNAM, i‘f r, >Ur,
lf }/}lb < UI/}lb (10)
where r;, = A and Ur, =6,, + 0,

, ' 18 the fraction of polar atoms (i.e., the atom type is both, donor, or acceptor) in a screened
ligand and Ury, is the upper bound of the fraction of polar atoms calculated from known
active ligands. NA;, and NA, are the number of polar atoms and the total number of the heavy
atoms of a screened ligand, respectively. 6, and o, are the maximum ratio and the standard

derivation of the ratios of polar atoms evolved from known ligands, respectively.
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In order to reduce the deleterious effects of biasing toward the selection of high molecular

weight compounds, we formulated a normalization strategy defined as

0.5 if p, <15

Etot :E#[K where K = OS—M
(N4,) 25
0.05 if 4 >40

if15<u, <40 (11

where E,, is the empirical binding energy (Equation 1), N4, is the total number of the heavy
atoms in a screened ligand, and i, is the mean of the number of heavy atoms in known

active compounds.
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Chapter 3

Evaluation GEMDOCK on Virtual Database Screening

We have made four screening sets against different target proteins, thymidine kinase (TK),
estrogen receptor with antagonists (ER-antagonists), estrogen receptor with agonists
(ER-agonists) and dihydrofolate reductase (DHFR). Each screening set includes ten known
active ligands and 990 randomly selected compounds. Four common metrics were used to
evaluate the screening quality, including the true hit (the percentage of active ligands retrieved
from the database), hit rate (the percentage of active ligands in the hit list), goodness-of-hit

(GH), and false positive rate.

3.1 Parameters of GEMDOCK and . GOLD

A. GEMDOCK parameters

Table 3 indicates the setting of GEMDOCK parameters in flexible search phase, including
the initial step sizes, family competition length (L=2), population size (N=200), and
recombination probability (p. = 0.3) in this work. For each screening ligand, GEMDOCK
optimization stops when either the convergence is below certain threshold value or the
iterations exceed a maximal preset value that was set to 60. Therefore, GEMDOCK generated
800 solutions in one generation and terminated after it exhausted 48,000 solutions for each
docking ligand. On average, GEMDOCK took 135 seconds for a docking run on a Pentium

1.4 GHz personal computer with a single processor.
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B. GOLD 2.1 parameters

For molecular recognition, we use the standard default settings of GOLD for docking. For
each of the ten independent genetic algorithm (GA) runs, a maximum number of 100,000 GA
operations was performed on five islands and the population size of each island was 100.
Operator weights for crossover, mutation, and migration in the entry box were 95, 95 and 10,
respectively. To allow poor nonbonded contacts at the start of each GA run, the maximum
distance between hydrogen donors and fitting points was set to 4.0 A and nonbonded van der
Waals energies were cut off at a value equal to 2.5 k; (well depth of the vander Waals energy
for the atom pair 7, j). The GA docking was stopped when the top three solutions were within

1.5 A RMSD of each other.

For virtual screening, we used-the library screening settings of GOLD. For each of the 10
independent GA runs, a maximum number of 1000 GA operations was performed on a single
population of 50 individuals. Operator“weights for crossover, mutation and migration in the
entry box were set to 100, 100 and 0, respectively. To allow poor nonbonded contacts at the
start of each GA run, the maximum distance between hydrogen donors and fitting points was
set to 5.0 A and nonbonded van der Waals energies were cut off at a value equal to 10.0 k;
(well depth of the van der Waals energy for the atom pair i, j). The GA docking was stopped

when the top three solutions were within 1.5 A RMSD of each other.

3.2 Thymidine Kinase

A. Preparation of docking databases

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) could cause painful epithelial

ulcers near the mouth, on the cornea and genitals, as well as fatal encephalitis. HSV-1 TK is
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the center of phosphorylation of nucleosides or nucleoside analogs such as acyclovir [30, 31].
Many antiviral drugs attack the replication of the viral genome with nucleoside analogs.
These analogs are activated by phosphorylation with TK and prevent DNA synthesis by the
introduction of a chain-terminating nucleoside at the 3’ end of the growing DNA strand.
Besides antiviral drugs, these analogs have been used in a virological study of TK mutations
[32] and employed extensively in gene therapy for cancer [33, 34]. Therefore virtual
screening for TK to exploit novel lead compounds would be of considerable value in many

fields.

In order to evaluate GEMDOCK and to compare GEMDOCK with several widely used
methods, we docked ten active substrates of HSV-1 TK into the complexes with
experimentally X-ray structures from the PDB."Each ligand systematically named with four
characters followed by three characters. For example, in the ligand “1kim.THM”, “lkim”
denotes the PDB code and “THM?” is thé‘ligand name in the PDB. When we evaluated the
accuracy of GEMDOCK for molécular docking, the crystal coordinates of the ligand and
protein atoms were taken from PDB, and were separated into different files. Our program then
assigned the atom formal charge and atom type (i.e., donor, acceptor, both, or nonpolar) for
each atom within the ligand and the protein. The bond type (sp’-sp’, sp’-sp’, or others) of a

rotatable bond inside a ligand was also assigned.

To evaluate the virtual screening utility of GEMDOCK, we used HSV-1 TK as the target
protein with a testing set proposed by Bissantz et al.. It included ten known active ligands
(Figure 3) of TK and 990 randomly chosen non-active compounds from the ACD. When
preparing the target protein, the atom coordinates for virtual screening were taken from the
crystal structure of the TK complex with the ligand deoxythymidine (the PDB entry: 1kim).

We thought that choosing the crystal coordinates of TK in complex with its nature substrate
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(deoxythymidine) was a reasonable choice since the active site is open enough to
accommodate a broad variety of ligands. The atom coordinates of each ligand were
sequentially derived from the database. Our program automatically assigned the formal
charge and atom type of each atom. The ligand characteristics (i.e., the number of electrostatic
atoms, hydrogen donor, and hydrogen acceptor) and the bond types of single bonds inside a
ligand were also calculated. These variables were used in Equation 3 to calculate the scoring
value of a docked conformation. Finally GEMDOCK re-ranked and sorted all docked ligand

conformations for the post-analysis.

Figure 4 shows the pharmacological consensus of the binding site and ligand preferences
that were identified by superimposing ten crystal structures of TK shown in Figure 2. Four
important residues of the pharmacological consensus were identified and marked. The dashed
lines indicate the hydrogen binding. The phenolic ring of Y172 formed stack force with the
ligand. According to the pharmacolegical consensus of ten protein-ligand complexes, we
added pharmacological weights (CWA(B;)) listed.in Table 4. These weights were used in
Equation 6 for calculating the value of Epu.me. For ligand preferences, parameters for

calculating Ej;g,r were listed in Table 5.

B. Molecular docking results on ten TK complexes

First we evaluated the docking accuracy of GEMDOCK by docking ten TK ligands (Figure
3) back into their respective complex. GEMDOCK executed three independent runs for each
complex. The solution with the lowest score was then compared with the observed ligand
crystal structure. We based the results on root mean square deviation (RMSD) error in ligand
heavy atoms between the docked conformation and the crystal structure. The RMSD values of

all ten docked conformations are less than 1.5 A (Table 6). Second we docked all ten TK
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ligands into the reference protein (lkim) and the results were shown in Table 6. During
flexible docking GEMDOCK obtained similar results whether the pharmacophore preferences
(1.e., Epharma and Ejigpre) were considered or not. The docked conformations with RMSD values
less than 1.6 A for seven pyrimidine-based ligands. On the other hand, three purine-based
ligands (i.e., 1ki2.GA2, 1ki3.PE2, and 2ki5.AC2 ) could not be successfully docked into the
X-ray poses because the side-chain conformation of Q125 in the reference protein 1kim
differs from the ones of these purine-based complexes, i.e. 1ki2, 1ki3, and 2ki5. GEMDOCK
was the best among these four competing methods (GEMDOCK, GOLD, FlexX, and DOCK)

on this testing set.

C. Virtual screening of TK substrates

Figure 5 shows the overall decuracy -of GEMDOCK using different combinations of
pharmacological preferences in=screening the substrates of HSV-1 thymidine kinase (TK)
from a testing set with 1000 compeunds. This testing set, including ten active and 990 random
ligands proposed by Bissantz et al., was used to evaluate the performance of three docking
tools (DOCK, FlexX, and GOLD) with different combinations of seven scoring functions.

The results of the comparison are also shown in Table 7.

Four common metrics were used to evaluate the screening quality. The GH score is defined

as

CH - A,34+T,) (1 T4,
4T, A T-4

where 4 is the number of active ligands in the hit list, 7 is the total number of compounds in
the hit list, 4 is total number of active ligands in the database, and 7T is the total number of

compounds in the database. The yield (hit rate), false positive (FP) rates and true positive (TP)

21



rate can be given as

A
yield = IOOT—h%

h

Th _Ah

FP =100 %

A
TP =100-2
A

In the case of TK 4 and T are 10 and 1000, respectively.

The main objective of this study was to evaluate whether the new scoring function was
applicable to both molecular docking and ligand scoring in virtual screening. Figure 5 shows
the results of GEMDOCK using different combinations of ligand preferences (Ejigr) and
interaction preferences (Epnama). We tested GEMDOCK with different combinations to
evaluate the performance and toobserve ther’search behavior of different parameters.
GEMDOCK generally improves:the screening quality:by considering both ligand preferences
and the pharmacological consensus. The“ligand preference seemed more important than the
interaction preference in the case of TK. As shown'in Figure 5A, the hit rates of GEMDOCK
for different combinations are 25.6% (both), 15.9% (ligand preferences), 13.5% (interaction
preferences) and 9.4% (none) when the TP rate is 100%. When GEMDOCK applied both
interaction preferences (Epnarmq) and ligand preferences (Ejigyre) and the TP rate is 100%, the

GH score is 0.43 (Figure 5B) and the FP rate is 2.93% (Figure 5C).

Table 7 compares GEMDOCK with four docking methods (Surflex [28], DOCK, FlexX,
GOLD) on the same target protein and screening database at true positive rates ranging from
80% to 100%. For GEMDOCK on the target TK, the ranks of the ten active ligands were
5-7, 9-11, 13-14, 22 and 39. For the true positive rate of 100%, the FP rate for GEMDOCK is
2.9%. In contrast, the FP rates for competing methods are 3.2% (Surflex), 27% (DOCK),

19.4% (FlexX), and 9.3% (GOLD) [28]. The performance of DOCK is the worst and of
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GEMDOCK is the best among these five approaches.

3.3 Estrogen Receptor

A. Preparation of docking databases

Estrogens such as 17B-estradiol are steroid hormones as key mediators of female
reproductive glands and they also exert their actions on other systems. For example, estrogens
contribute to the maintenance of bone tissue through a process involving bone resorption and
bone formation [35]. Hormone replacement therapies have been used for the treatment of
vasomotor symptoms related to the menopause and for prevention of osteoporosis [36, 37].
Compounds mimic estrogen in some tissues while antagonizing its action in others are named
selective estrogen receptor modulators (SERMs) [38]. Many SERMs such as tamoxifen and
raloxifene, are currently on the matket for the treatment of hormone-dependent breast cancer
[39] and prevention and treatment of osteéoporosis {40], respectively. But there are often
several intolerable side effects such”as;benign and malignant lesions of the uterus when
patients take the treatment with SERMs for a long term. Therefore, the search for proper
SERMs among both existing and new drugs has been a challenging task in recent years [41,

42].

We evaluated the docking accuracy of GEMDOCK and compared it with several widely
used methods on docking four ERa-antagonists and four ERa-agonists back into their
complexes with experimentally X-ray structures from the PDB. Each ligand is systematically
named in the same way as TK. When we evaluated the accuracy of GEMDOCK for molecular
docking, the crystal coordinates of the ligand and protein atoms were taken from the PDB,
and were separated into different files. Our program then assigned the atom formal charge and

atom type for each atom of both the ligand and protein. The bond type of a rotatable bond
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inside a ligand was also assigned.

We have applied GEMDOCK to virtual screening against ERa with a testing set proposed
by Bissantz et al. It was composed of ten known antagonists of ERa (Figure 6), ten known
agonists of ERa (Figure 7) [29]and 990 randomly selected compounds from ACD (Available
Chemicals Directory). When preparing the target proteins, the atom coordinates for virtual
screening were taken from the crystal structure of ERa complex with the ligand
4-hydroxytamoxifen (the PDB entry: 3ert) for screening antagonists and with the ligand
17B-estradiol (the PDB entry: 1gwr) for screening agonists. The atom coordinates of each
ligand were sequentially taken from the database. Our program automatically decided the
formal charge and atom type of each ligand atom. The ligand characteristics and the bond
types of single bonds inside a ligahd were also.calculated. These variables were used in
Equation 3 to calculate the scoring value of ‘a docked conformation. Finally GEMDOCK

re-ranked and sorted all docked ligand conformations for the post-analysis.

According to our methods, we have docked ten known active antagonists and agonists of
ERa into the target protein for 20 times. Figure 8 shows the pharmacological consensus of the
binding site and ligand preferences that were identified by superimposing ten docked poses of
ERa antagonists (Figure 8A) and agonists (Figure 8B) with the lowest energy. The important
residues of the pharmacological consensus and interactions were marked. The dashed lines
indicated hydrogen bonds formed between ligands and important residues. According to these
docked conformations and orientations, we defined following hot-spots: D351-ODI,
E353-OE2, R394-NH2, G420-O and H524-ND1 for antagonists and E353-OE2, R394-NH2
and H524-ND1 for agonists. Table 8 showed weight vales (CW(B;)) that we set for hot-spots
according to equation 5 and 7. These weights were used in Equation 6 for calculating the

value of Eyqmq for interaction preferences. For ligand preferences, parameters for calculating
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Eligpre were listed in Table 5.

B. Molecular docking results on four ER complexes

First we docked four antagonists and four agonists back into their native complexes,
respectively. We based the results on root mean square deviation (RMSD) error in ligand
heavy atoms between the docked conformation and the crystal structure. Second we docked
four antagonists and four agonists into their reference proteins, 3ert and 1gwr, respectively.
During flexible docking GEMDOCK obtained similar results whether interaction preferences
and ligand preferences (i.€., Epharma and Ejigyre) were considered or not. The RMSD values of
docked conformations were less than 1.6 A when docking into their native binding site (Table
9). When docking into the binding siterofiéach reference protein, two ligands could not be
successfully docked similar to the X:ray poses.:In thj1.AOE and 1gkm.GEN, the values of
RMSD were larger than 2.0 A because”the native proteins were crystal structures of
Erp-ligand complexes. When docking Thj1.AOE and 1qkm.GEN into the reference protein of

ERa, the docked poses would be different from the crystal structures complex with ER.

C. Virtual screening of ERa antagonists and agonists

Figure 9 shows the overall screening utility of GEMDOCK whether we used the interaction
preferences and ligand preferences for antagonists and agonists of ERa with two testing sets
of 1,000 compounds. One testing set included ten active antagonists and 990 random selected
molecules proposed by Bissantz et al. They were used to evaluate the performance of three
docking tools (DOCK, FlexX, and GOLD). The results of the comparison for antagonists
were shown in Table 10. Another screening set included ten active agonists and 990

molecules that were the same as the former.
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The main objective of this study was to evaluate whether the new scoring function was
applicable to both molecular docking and ligand scoring in virtual screening. Figure 9 shows
the screening results for antagonists using different combinations of ligand preferences (Ejigpre)
and interaction preferences (Epnuma) and Figure 10 shows the results of agonists. We tested
GEMDOCK on different combinations to evaluate the performance and to observe the search
behavior of our program. GEMDOCK generally improves the screening utility by considering
both ligand preferences and interaction preferences. The ligand preferences seem more
important than interaction preferences in the case of ERa whether for antagonists or agonists.
As shown in Figure 9A, the hit rates for ERa antagonists of GEMDOCK with different
combinations are 52.6% (both), 31.3% (ligand preferences), 22.2% (interaction preferences)
and 16.4% (none) when the TP rate is 100%. When GEMDOCK applied both interaction and
ligand preferences and the TP rate is®100%, the GH score is 0.64 (Figure 9B) and the FP rate
is 0.91% (Figure 9C). For ERa agonists (Figure 10), the hit rates with different combinations
are 34.5% (both), 10.1% (ligandpreferences), 8:6% (interaction preferences) and 4.5% (none)
when the TP rate is 100%. When GEMDOCK applied both interaction and ligand preferences
and the TP rate is 100%, the GH score is 0.50 (Figure 10B) and the FP rate is 1.9% (Figure

10C).

3.4 Dihydrofolate Reductase

A. Preparation of docking databases

Dihydrofolate reductase (DHFR) catalyzes the reduction of 7,8-dihydrofolate or folate to
5,6,7,8-tetrahydrofolate (THF) in an NADPH-dependent pathway. THF is an essential
cofactor for other enzymes involving one-carbon-transfer reactions necessary for the
biosynthesis of numerous amino acids and purines. THF also acts as a cofactor for

thymidylate synthase, which is responsible for the methylation of deoxyuridylate to
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thymidylate, a key component for synthesis of DNA. DHFR is found in cells of all living
organisms, where it maintains the intracellular level of THF. Therefore, the inhibition of
DHFR activity reduces the intracellular pool of THF resulting in inhibition of DNA synthesis
and leading to cell death. Based on this mechanism, human DHFR (hDHFR) has become a
major drug target in anticancer therapy. It is also a target for inhibition of bacterial, fungal,
and protozoal DHFRs to treat human infectious diseases by many implicated microorganisms
[43, 44]. With the wide use of these antifolate drugs, the resistance of DHFRs in human or
other microorganisms is widespread. Therefore, it is urgent to search for new targets or new

effective inhibitors to deal with the problem [45, 46].

We evaluated the docking accuracy of GEMDOCK and compared it with GOLD on
docking ten known ligands (Figure 11) of thDHFR back into the complexes with
experimentally X-ray structures:from PDB.'Each ligand is systematically presented in the
same way as TK and ER. When we, evaluated- the accuracy of GEMDOCK for molecular
docking, the crystal coordinates of the ligand and‘protein atoms were taken from PDB, and
were separated into different files. Our program then assigned the atom formal charge and
atom type for each atom of both the ligand and protein. The bond type of a rotatable bond

inside a ligand was also assigned.

We used hDHFR as the target protein for virtual screening with a testing set prepared by
ourselves. The testing set was composed of ten known active ligands of hDHFR and 990
randomly selected compounds from the MDL Drug Data Report (MDDR). The drug database
of MDDR included 132,726 compounds until May, 2004. First we filtered the MDDR with
molecular weights between 200 and 750 (119,106 compounds) and removed analogues of
4-substituted-2-aminopyrimidine (removing 2,197 compounds). After removing small

fragments from multi-component records, we randomly selected 990 compounds from the
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remainder (Figure 12). When preparing the target protein, the atom coordinates for virtual
screening were taken from the crystal structure of the DHFR complex (the PDB entry: 1hfr).
The atom coordinates of each ligand were sequentially taken from the database. Our program
automatically decided the formal charge and atom type of each ligand atom. The ligand
characteristics and the bond types of single bonds inside a ligand were also calculated. These
variables were used in Equation 3 to calculate the scoring value of a docked conformation.
Finally GEMDOCK re-ranked and sorted all docked ligand conformations for the

post-analysis.

Figure 13 shows the pharmacological consensus of the binding site and ligand preferences
that were identified by superimposing ten crystal structures of hDHFR shown in Figure 11.
Three important residues of pharmacological ‘consensus were marked. The dashed lines
indicate the hydrogen binding: According ~to. the pharmacological consensus of ten
protein-ligand complexes, we added pharmacological' weights (CW(B;;)) shown in Table 11.
These weights were used in Equation 6 for ealculating the value of E,jum.. For ligand

preferences, parameters of hDHFR ligands for calculating £)g,. were shown in Table 5.

B. Molecular docking results on ten hDHFR complexes

For molecular recognition, we docked ten known ligands back into their complexes,
respectively. We based the results on root mean square deviation (RMSD) error in ligand
heavy atoms between the docked conformation and the crystal structure. Second we docked
these ten ligands into the reference protein (1hfr) and the results were shown in Table 12.
During flexible docking GEMDOCK obtained similar results whether interaction preferences
and ligand preferences (i.e., Epharma and Ejgye) Were considered or not. The RMSD values of

docked conformations were less than 1.5 A when docking into their native binding site. On
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the other hand, when docking into the binding site of the reference protein, all ligands could
be successfully docked into the correspondent X-ray poses. The performance of GEMDOCK

was superior to that of GOLD on this testing set.

C. Virtual screening of hDHFR ligands

We have applied GEMDOCK to virtual screening for hDHFR with a testing set designed
by ourselves. The testing set composed of ten known ligands and 990 compounds randomly
selected from the MDDR was used to evaluate the screening utility of GEMDOCK and

compare the performance with GOLD.

Figure 14 shows the screening results' for hDHFR ligands using different combinations
of ligand preferences (Ejgyr.) and interaction preferefices (Eynama). We tested GEMDOCK on
different combinations to evaludte the performance and to observe the search behavior of our
program. GEMDOCK generally improves the screening utility by considering both ligand
preferences and interaction preferences. As'shown in Figure 14A, the hit rates of GEMDOCK
for different combinations are 33.3% (both), 29.4% (ligand preferences), 30.3% (interaction
preferences), and 10.53% (none) when the TP rate is 100%. When GEMDOCK applied both
pharmacophore and ligand preferences and the TP rate is 100%, the GH score is 0.49 (Figure
14B) and the FP rate is 2.0% (Figure 14C). Comparison of GEMDOCK with GOLD by false
positive rates (%) on screening 990 compounds and ten known ligands of the hDHFR is
shown in Table 13. False positive rates of GEMDOCK for different combinations are lower

than the ones of GOLD when true positives rates are 80%, 90%, and 100%.
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Chapter 4

GEMDOCK on Practical Applications

4.1 Envelope Protein of Dengue Virus Type II

A. Preparation of docking databases

Dengue virus, a member of the flavivirus family, is an emerging global health threat. There
is no specific treatment for infection, and control of dengue virus by vaccination has proved
elusive [4]. Besides, several other flavivituses are important human pathogens, including
yellow fever virus, West Nile wirus, Tick-borne €ncephalitis virus (TBE), and Japanese
encephalitis viruses (JE). Therefore related research about dengue virus has been an important
target in epidemiology and virology. In' Taiwan, it i1s always widespread in summer and can
cause sever epidemics of diseases such as dengue fever and dengue hemorrhagic fever/dengue
shock syndrome [47]. To combat diseases caused by dengue viruses, it is emergent to develop

novel antiviral therapeutic agents.

Membrane fusion is the central molecular event during the entry of enveloped viruses into
cells [5]. Dengue virus enters a host cell when the viral envelope glycoprotein, E, binds to a
receptor and responds by conformational rearrangement to the reduced pH of an endosome.
After conformational rearrangement, the dimeric prefusion form of the E protein changes to
its trimeric postfusion state. The trimer of the E protein inserts into the host-cell membrane
with three fusion loops at one end and then induces fusion of viral and host-cell membranes.

A ligand-binding pocket in the E protein of dengue virus was found and there is a
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protein-ligand complex in the PDB (the PDB entry: 1oke). The key difference between the
two structures is a local rearrangement of the “kl” B-hairpin (residues 268-280) and the
concomitant opening up of a hydrophobic pocket, occupied by a detergent molecule of
n-octyl-B-D-glucoside (B-OG). Mutations affecting the pH threshold for fusion map to the
hydrophobic pocket [48, 49], which we propose is a hinge point in the fusion-activating
conformational change. Detergent binding marks the pocket as a potential site for

small-molecule fusion inhibitors (Figure 15) [4, 5].

We defined that the binding site of the E protein was the collection of amino acids enclosed
within a 10 A radius sphere centered on the bound ligand, B-OG. The coordinates of atoms
were derived from the PDB and stored in the PDB format for running GEMDOCK. Using

SYBYL 6.9.1, we converted the structure file inthe SYBYL mol2 format for running GOLD.

We prepared the screening set from' the drug database, CMC. The CMC contained 7,937
compounds until May, 2004. It was first filtered with molecular weights between 200 and 600.
In the remaining 5,961 compounds, 630 records with multi-component were removed and

finally we had 5,331 molecules in the screening set.

B. Molecular docking results on the E protein

To evaluate the docking accuracy of GEMDOCK for the E protein of dengue virus, we
docked the ligand (B-OQG) into its native binding site of the complex. GEMDOCK executed 3
independent runs for each complex. The solution with the lowest scoring function was then
compared with the observed ligand crystal structure. We based the results on root mean square
deviation (RMSD) error in ligand heavy atoms between the docked conformation and the

crystal structure. During flexible docking GEMDOCK obtained different results in this case
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when the interaction preference (i.e. Eppame) Was considered. The RMSD value of the docked
conformation was 1.63 A when docking without considering the interaction preference. The
RMSD value of the docked conformation predicted by GOLD was 1.55 A. According to the
protein-ligand complex, the ligand forms hydrogen bonds with E49-OE2 and Q271-OEl.
Because there is no other known ligand, we set the CW(B;)) (in Equation 6) was 3.0 for the
two oxygen atoms. After considering the interaction preference, the RMSD value of the
docked conformation was 1.20 A. The interaction preference would be considered when we

screened the screening set to find novel lead compounds.

C. Virtual screening for the E protein

Based on the screening utility of GEMDOCK: described above, we applied GEMDOCK to
virtual screening for the E protein withia-screening’set including 5,331 molecules from the
CMC. In the list of top 200 compound, Wwe seclected nine molecules to be tested by the
biological experiment (cooperation “Wwith Dr.« Yun-Lian Yang) and we found that
MCMCO00007079 could suppress the activity of dengue virus with concentrations of 1mM and
10mM (Figure 16). When we overlapped docked poses of the nine molecules (Figure 17A),
MCMCO00007079 was different from others because of the hydrogen bond forming with Q52.
Q52 was mutated to affect the pH threshold of fusion in the previous experiment. Maybe it is

a potential point to develop inhibitors for dengue virus.

According to the references and the protein-ligand complex, the binding site is a
hydrophobic pocket. Therefore we set the UB,.. was zero and Ury, was 0.3 when we screened
the 5,331 molecules with ligand preferences in the second virtual screening. Besides
GEMDOCK, we also applied GOLD to virtual screening for the E protein with the same

screening set. We got the intersection of top 200 scorers from the two results of virtual
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screening by GEMDOCK and GOLD. Table 13 was the list of the intersection from
GEMDOCK and GOLD. There were 35 compounds in the list and biological experiments to
test their activities were still in process. Figure 18 showed the number of contacts between the
35 poses and residues of the E protein. Contacts mean that the docked ligand forms hydrogen
bonds with specific residues. Among these residues, Q52 was mutated to affect the pH
threshold of fusion in the previous experiment. If docked poses form more contacts with Q52,
these compounds have more possibility to become potential inhibitors. According to our
observation, they are MCMC00001935, MCMC00002025, MCMC00005147,

MCMC00006126, MCMC00007533, and MCMC00009993.

4.2 Molecular Docking of D-Hydantoinase

A. Preparation of the target protein

Microbial hydantoinase (HYD) is an mdustrial enzyme. This enzyme has been used for the
commercial production of optically pure D=0t L-active amino acids in biocatalysis. It has also
been used for the production of D-amino acid intermediate compounds through stereospecific
hydrolysis of chemically synthesized cyclic hydantoins (Figure 19). These intermediates are

widely used for semisynthetic antibiotics, peptide hormones, pyrethroids, and pesticides [27].

Because the crystal structure has no ligand complex with the protein, we defined that the
binding site was the collection of amino acids enclosed within a 10 A radius sphere centered
on the residue KCX150 and two zinc ions [27]. The docked ligands proposed by Dr.
Yuh-Shyong Yang were shown in Figure 20A. They were substrates that have been verified by
biological experiments. Besides, they also provided us a testing set with 20 molecules (Figure

20B). We hope to recognize them according to their docked poses.
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B. Molecular docking results of substrates

Figure 21 shows docked poses, K, and k¢, of seven known substrates (proposed by Dr.
Yuh-Shyong Yang) in the training set and Figure 22 shows the pharmacological consensus of
the binding site and ligand preferences that were identified by overlapping 17 docked poses of
substrates shown in Figure 20A. The important residues of the pharmacological consensus
and interactions were marked. The dashed lines indicated hydrogen bonds formed between
ligands and important residues. According to these docked conformations and orientations,
we defined following hot spots: S288-N, S288-0O, D315-OD1 and D315-OD2. Both substrates
and inhibitors of D-HYD could enter the binding site and we could recognize them according

to their docked poses among 20 compounds in the testing set.

On our research cooperating .Wwith Dr.- Yuh-Shyong Yang, we have identified two new
substrates for Agrobacterium radiobacter D-HYD by. GEMDOCK. Figure 23A showed the
docked conformation of allantoin"in D-HYD. The docked pose formed hydrogen bonds with
S288 and D315 in the meanwhile as known substrates. Therefore we deduced that allantoin
should be a substrate for D-HYD and the experimental data also supported this hypothesis
(Figure 23B). Besides allantoin, parabanic acid is also a substrate (Figure 24A, B) and the

specific activity of the hydantoinase is shown in Table 14.

Figure 25 shows IC20 values of inhibitors in Figure 20B and their docked poses are also
shown. After molecular recognition, we could define important residues of the
pharmacological consensus and it will be helpful when we virtually screen the molecular

database later to find potential inhibitors.
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Chapter 5

Conclusions

5.1 Summary

In summary, we have developed an automatic tool with a novel scoring function for virtual
screening by applying numerous enhancements and modifications to our original techniques.
By integrating a number of genetic operators, each having a unique search mechanism,
GEMDOCK seamlessly blends the local and global searches so that they work cooperatively.
Our new scoring function can be applied to both’flexible docking and post-docking analysis
for reducing the number of false“positives. For different target proteins, our scoring function
can consider the knowledge from know aetive ligands to improve the screening performance.

Experiments verify that the proposed approach istobust and adaptable to virtual screening.

5.2 Major Contributions and Future Perspectives

To apply GEMDOCK to virtual screening, a well-designed screening set is essential. The
screening set for hDHFR was prepared by ourselves to test the utility of GEMDOCK. We
have set up a procedure to prepare a screening set according to the target protein (Appendix
A). With a well-designed screening set, we could verify our scoring function for virtual
screening by considering pharmacological preferences (Eprama and Ejig,re) and the screening
utility of GEMDOCK has been evaluated by four screening sets including two benchmark
data sets (TK and ER antagonists) and two self-developed datasets (nDHFR and ER agonists).

The performance of GEMDOCK is superior to those of other public docking tools.
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The post-docking analysis will be the point to be developed in the future. We could cluster
docked compounds according to their chemical characteristics and docked poses. We will try
to find the consistence and make use of it to mind more potential inhibitors. Besides we could

also apply consensus score to GEMDOCK to modify the screening utility.

After verifying the performance of GEMDOCK, we applied it to the envelope protein of
dengue virus to screen potential inhibitors from the chemical database. The candidates we
recommended will be tested by biological experiments. If we can find any lead compound to
become potential inhibitors, it will be a good start to refine them by lead optimization. On the
other hand, we also applied GEMDOCK to the D-hydantoinase to identify novel substrates or
inhibitors. With the mutual proof ef biological experiments, we will identify the common
interactions between substrates/inhibitors and'the binding site to modify our scoring function.
The consistence will be used to train .our scoring function by some approaches, such as
genetic algorithm. After training, the scoring function will be more specific when we screen
the chemical database against the D-hydantoinase to find more novel substrates or inhibitors

by pharmacological preferences.

36



Table 1. Atom Types of GEMDOCK

Atom type Heavy atom name

Donor Primary and secondary amines, sulfur, and metal atoms
Acceptor Oxygen and nitrogen with no bound hydrogen
Both Structural water and hydroxyl groups

Nonpolar ~ Other atoms (such as carbon and phosphorus)

Table 2. Atom Formal Charge of GEMDOCK

Formal charge Atom name
Receptor: |
0.5 N atom‘in His (ND1 & NE2) and Arg (NH1 & NH2)
-0.5 O atomin Aép (OD1 & OD2) and Glu (OE1 & OE2)
1.0 | Neatomin Lys (NZ)
2.0 metal ions-(MG; MN, CA, ZN, FE, and CU)
0 other atoms
Ligand:
0.5 N atom in-C(NH,);
-0.5 O atom in —COO", -PO;,-P0O3;,-S0;3,and -SO;
1.0 N atom in-NH; and - N*(CH,;),
0 other atoms
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Table 3. Parameters of GEMDOCK

Parameter

Value of parameters

Initial step sizes

Family competition length

Population size

Recombination rate

o=10.8,v=yw=0.2 (in radius)
L=2
N=200

p.=03

No. of the maximum generation 60

Table 4. Interaction Preferences of Hot-spot Atoms of TK Evolved by Superimposing Known

Active Ligands

Hot-spots weight

(CW(By))
Residue Atom TK-ligand
Interaction type
Id“ 1d” complex
Q125 OEl 4.00 H<bond (NH <> O) (NH group) [23]
Q125 NE2 3.50 H-bond (O <> NH) (carbonyl group) [23]
Y101 OH 2.00 H-bond (OH <> OH) (hydroxyl group) [23]
R163  NHI 1.50 H-bond (OH <> N) (hydroxyl group) [23]
CG
CDl1
CD2
Y172 2.50 Van der Waal force (C <> C) [23]
CEl
CE2
Cz

“ One-code amino acid with the residue sequence number in PDB.

® The atom name with the atom serial number in PDB.
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Table 5. Ligand Preferences Evolved from Known Ligands Are Used to Screen the Lead

Compounds for TK, ER, hDHFR, and E Protein

Electrostatic preferences Hydrophilic preferences Molecular weight

(Equation 9) (Equation 10) (Equation 11)
Ligand name eelec Oclec UBelec th Ohb Ur hb Hnw K
TK-substrate 0 0 0 0.50 0.05 0.55 17.10 0.46

ER-antagonist ~ 2.00  0.63 2.63 0.15 0.02  0.17 34.00 0.16
ER-agonist 0 0 0 0.25 0.06  0.31 21.40 0.38
hDHFR-ligand  4.00  2.11 6.11 0.40 0.05 0.45 29.70 0.24

E protein-ligand 0 0 0 0.30 0 0.30 20.00 0.41
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Table 6. Comparison GEMDOCK with GOLD, FlexX, and DOCK on Docking 10 Known
Substrates of the TK with X-ray Structures into Their Native Proteins and the Reference

Protein, 1kim

GEMDOCK GOLD FlexX DOCK

Native protein Reference Protein Reference Protein
Lidand Id* Pharma.” Pharma. Pharma. Pharma.

consensus consensus consensus consensus

(yes) (no) (ves) (no)

1e2k.TMC 1.08 0.99 0.75 0.79 1.19 1.11 7.56
le2m.HPT 0.59 0.72 0.41 0.37 0.49 4.18 1.02
le2n.RCA 0.42 0.29 1.54 1.41 2.33 1330  9.62
le2p.CCV 0.34 0.64 0.58 0.53 0.93 3.65 2.02
1ki2.GA2 0.55 0.38 3.56 2.15 3.11 6.07 3.01
1ki3.PE2 0.66 0:78 3.34 3.29 3.01 5.96 4.10
1ki6.AHU 0.57 0.65 0.43 0.39 0.63 0.88 1.16
1ki7.ID2 0.94 0.83 0.45 0.56 0.77 1.03 9.33
1kim. THM 0.39 0.53 0.47 0.48 0.72 0.78 0.82
2ki5.AC2 0.61 0.62 2.94 2.95 2.74 2.71 3.08

“ The four characters and three characters separated by a period denote the PDB code and the
ligand name in PDB, respectively.

b Pharmacological consensus
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Table 7. Comparison of GEMDOCK with Four Methods by False Positive Rates (%) on

Screening 990 Compounds and 10 Known Substrates of the TK

True positive%s GEMDOCK* GEMDOCK" Surflex® DOCK® FlexX® GOLD®

80 4.74(47/990) 0.6 (6/990) 0.9 23.4 8.8 8.3
90 8.9 (88/990) 1.3 (13/990) 2.8 25.5 133 9.1
100 9.7 (96/990) 2.9 (29/990) 3.2 27.0 194 93

* GEMDOCK without pharmacophore and ligand preferences.
® GEMDOCK with pharmacophore and ligand preferences.
¢ These data were derived from reference 18 and 24.

9 The false positive rate from 990 random ligands (%).
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Table 8. Pharmacological Weights of Hot-spot Atoms of the ERa-antagonist Complex and

ERa-agonist Complex Are Evolved by Overlapping Known Active Ligands

Hot-spots weight (CW(B;))

Residue Atom ER-antagonist ER-agonist
Interaction type

Id“ 1d’ complex complex
E353  OE2 3.0 3.1 H-bond (OH <> O) (phenolic hydroxyl)
R394  NH2 2.9 3.1 H-bond (OH <> N) (phenolic hydroxyl)
H524 NDI 2.4 34 H-bond (OH <> N)
H-bond (N <> O) (dimethylamino group
D351 ODI 22 -

and piperidine nitrogen)

“ One-code amino acid with the residue sequence number in PDB.
® The atom name with the atom seridl number in PDB.

“ The D351-OD1 is not a hot-spot atem in ER-agonist target complex.
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Table 9. Comparison GEMDOCK with GOLD on Docking Four Antagonists and Four
Agonists with X-ray Structures into Their Native Proteins and the Reference Proteins That

Are 3ert and 1gwr, Respectively

GEMDOCK GOLD

Native protein Reference Protein

Pharma. Pharma. Pharma. Pharma. Native Reference

consensus ” consensus consensus consensus protein  Protein

Lidand Id* (yes) (no) (yes) (no)
ESTO1
0.66 0.65 1.37 1.36 1.02 1.68
(lerr.RAL)
ESTO02
0.60 0.75 0.60 0.75 1.15 1.15
(3ert. OHT)
ESTO03
1.41 1.05 3.27 3.35 5.07 3.92
(1hj1.AOE)
Tetrahydrochiolin
0.80 0.43 0.89 0.85 0.56 1.56
({uom.PTI)
ESAO01
0.66 0.64 0.66 0.64 0.54 0.54
(1gwrEST)
ESA02
0.61 0.48 0.62 0.69 0.55 0.76
(112i.ETC)
ESA03
0.69 1.53 3.32 4.83 0.24 7.16
(1gkm.GEN)
ESA04
0.67 0.51 1.44 1.43 1.10 1.76
(3erd.DES)

“ The four characters and three characters separated by a period denote the PDB code and the
ligand name in PDB, respectively.

b .
Pharmacological consensus

43



Table 10. Comparison of GEMDOCK with Four Methods by False Positive Rates (%) on

Screening 990 Compounds and 10 Known Antagonists

True positive%s GEMDOCK® GEMDOCK” Surflex® DOCK®

FlexX® GOLD¢

80 1.57 (15/990) 0.0 (0/990) 1.3 13.3
90 2.3(23/990) 0.4 (4/990) 1.6 17.4
100 5.2(51/990) 0.9 (9/990) 1.9 18.9

57.8 53
70.9 8.3
- 23.4

“ GEMDOCK without pharmacophore and ligand preferences.
» GEMDOCK with pharmacophore and ligand preferences.

“ These data were derived from reference 18 and 24.

4 The false positive rate from 990 random ligands (%).

¢ FlexX couldn’t find the docked solution of RU-58668 (EST09).
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Table 11. Interaction Preferences of Hot-spot Atoms of hDHFR Evolved by Overlapping 10

Known Active Ligands

Residue Atom

Hot-spots weight (CW(B;))

hDHFR-ligand complex

Interaction type

Id*  1d°
17 o 3.50 H-bond (NH <> O) (NH group)
E30 OEIl 4.00 H-bond (NH <> O) (NH group)
E30 OE2 4.00 H-bond (NH <> O) (NH group)
R70 NH1 1.50 H-bond (O <> NH) (carbonyl group)
R70 NH2 1.50 H-bond (O <> NH) (carbonyl group)
V115 (0] 2.50 H-bond (NH <> O) (NH group)

“ One-code amino acid with the residue sequence number in PDB.

® The atom name with the atom serial number in PDB.
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Table 12. Comparison GEMDOCK with GOLD on Docking 10 Known Ligands of the

hDHFR with X-ray Structures into Their Native Proteins and the Reference Protein, 1hfr

GEMDOCK GOLD
Native Reference
Native protein Reference Protein
protein  Protein
Pharma. Pharma. Pharma.  Pharma.

COHSCIISUSb consensus consensus  consensus

Lidand Id* (yes) (no) (yes) (no)
1boz.PRD 1.20 1.13 1.00 0.95 2.03 2.43
1dirMXA 0.51 0.58 0.70 0.71 0.70 3.03
1dls. MTX 0.58 0.59 1.33 0.64 1.06 1.20
1drf.FOL 0.66 1.39 1.39 0.98 1.48 1.99
1hfrMOT 0.62 0.79 0.81 0.87 0.72 1.21
lkms.LIH 1.10 0.63 1.16 1.17 0.46 0.65
LTkmv. LII 0.35 0.35 0.94 0.90 0.50 2.68
Imvs. DTM 0.78 1.03 0.86 0.68 1.12 0.70
lohj.COP 1.23 1.34 1.34 1.16 2.56 2.16
2dhf-DZF 0.86 0.53 1.09 1.45 1.17 2.09

“ The four characters and three characters separated by a period denote the PDB code and the
ligand name in PDB, respectively.

b Pharmacological consensus
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Table 13. Comparison of GEMDOCK with GOLD by False Positive Rates (%) on Screening

990 Compounds and 10 Known Ligands of the hDHFR

GEMDOCK GOLD
True positive % Interaction Ligand
None * Both ¢
preference ®  preference ©
80 2.53 2.02 0.91 0.91 3.54
90 5.45 2.02 1.72 1.52 5.96
100 8.59 2.32 2.42 2.02 25.56

abed Jge Ebindgs Evina T Epharma> Epina + Eligpre, and Ey, as the scoring function. These energy

terms are defined in Equation 1.
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Table 14. The 35 Molecules of Intersection of Top 200 Scorer from the Screening Result of

GEMDOCK and GOLD.

Structure MDL number Molecular weight Generic name
N ? r MCMCO00005490 423.492 BUTANSERIN
Y=o
N

N
o~ I MCMC00004737 490.623 MOBENZOXAMINE
IN/\N o
Q MCMC00004946 484.579 GLISINDAMIDE

CEO MCMCO00006316 481.515 PRANLUKAST

o~ T MCMC000061:26 * 469.559 ERBULOZOLE
2
T
k%
Q MCMC00004876 458.584 ASTEMIZOLE
ae
@ MCMC00004528 481.377 DOCONAZOLE
O-0-F
&
e MCMC00010202 476.566 Holin-Depot
@io >
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MCMC00007477

MCMCO00002678

MCMC00002249

MCMCO00005097

MCMCO00005568

MCMC00005893

MCMCO00005671

MCMCO00003872

MCMC00009993 ?

468.648 TAGORIZINE

452.675 BOLDENONE

UNDECYLENATE

452.52 ISOTIC

461.563 TOBUTEROL

424.504 NESAPIDIL

454.546 LIDANSERIN

480.528 SPIROFYLLINE

440.974 PICUMAST

420.412 Ponticin
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MCMC00007533 “

MCMC00010200

MCMCO00005777

MCMCO00004752

MCMC00002264

MCMC00004923

MCMC00000488

MCMCO00004342

MCMCO00006389

384.436 TOBORINONE

437.584 Diphenethindole

441.51 PERBUFYLLINE

391.558 FENRETINIDE

449.592 DIFLUANINE

380.491 MINDODILOL

380.453 SCARLET RED

483.616 ROPITOIN

425.513 TULOPAFANT
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@
H \}o
cH
HC, cH T o,

0—CH,

HHHHH

Chiral

MCMC00010062

MCMCO00005434

MCMCO00004095

MCMC00001935 #

MCMC00002025 *

MCMCO00005183

MCMC00003427

MCMC00005147 #

MCMCO00004119

368.474 Centpropazine

424.606 SUNAGREL

408.521 MINDOPERONE

420.51 HEXOPRENALINE

429.561 MEBEVERINE

428.533 FALIPAMIL

437.544 ALPERTINE

420.467 TRIGEVOLOL

452.623 TIOPERIDONE

“ These molecules formed hydrogen bonds with Q52.
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Table 15. Specific Activity of D-Hydantoinase

A £ Concentration Specific activity “”
Substrate
(nm) (mM'*cm™) (mM) (M mol/min/mg)
Allantoin 250 0.08 10 1.74£0.1
Parabanic acid 295 1.69 1 1.9+0.2

“ Enzymatic activity was measured in 25 and buffer (100 mM Tris-HCI at pH 7.5) were
used.

’ Extinction coefficient of each substrate was determined experimentally by direct
measurement with a spectrophotomer.

“Each value is the average of at least three measurements, which differ by less than 10%.
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Mine pharmacological consensus

Superimpose X-ray
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docking
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analysis —: Mining/aided flow

A

Figure 1. The main steps of GEMDOCK for virtual database screening, including the target
protein and compound database preparation, flexible docking, and post-docking analysis.
GEMDOCK yields pharmacological consensus from the target protein and known active

ligands when they are available.
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Interactive type V, V, V; V, Vg V;
H-bond (polar) 2.3 2.6 3.1 3.6 -2.5 20
Steric (van-der) 3.3 3.6 4.5 6.0 -0.4 20

Electrostatic

Distance ()

Figure 2. The linear energy function of the pair-wise atoms for the steric interactions (light

line), hydrogen bonds (bold line), and electrostati¢ potential (middle line) in GEMDOCK.
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Figure 3. Ten known active ligands of HSV-1 thymidine kinase. The abbreviations are as
follows:  lkim.THM, deoxythymidine; 7ki7.[D2, 5-iododeoxyuridine; [le2m.HPT,
6-(3-hydrody-propyl-thymine); /ki6. AHU, 5-10douracil anhydrohexitol nucleoside; /e2p.CCV,
6-(3-hydroxy-2-hydroxymethylpropyl)-5-methyl- | H-pyrimidine-2,4-dione; /e2n.RCA, 6-[6-
hydroxy-methy-5-methyl-2,4-dioxohexahydropyrimidin-5-yl-methyl]-5- methyl-1H-pyrimi-
din-2,4-dione; le2k.TMC, (North)methanocarbathymidine; 2ki5.AC2, aciclovir; 1ki2.GA2,

ganciclovir; /ki3.PE2, penciclovir.
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Y 172-ring

R163-NH7—““-I'~

S

Figure 4. Superimposing ten ‘c_:‘r“ystal" structures of TK. Four important residues of the
pharmacological consensus were identified and marked. The dash lines indicate the hydrogen

binding. The phenolic ring of Y172 formed stack force with the ligand.
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Figure 5. The overall accuracy of GEMDOCK using different combinations of phamacophore

preferences in screening the substrates of TK from a testing set with 1000 compounds.
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