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Abstract We have developed a new multi-purpose program, LigBuilder, for structure-based drug de-
sign. Within the structural constraints of the target protein, LigBuilder builds up ligands step by step
using a library of organic fragments. Various ofierss, such as growing, linking, and mutation, have
been implemented to manipulate molecular stresturheuser can choose either growing or linking
strategies for ligand construction and a genetic algorithm is adopted to control the whole construction
process. Binding affinities of the ligands are estimated by an empirical scoring function and the
bioavailabilities are evaluated by a set of chemical rules. Using thrombin and dihydrofolate reductase
as examples, we have demonstrated that LigBuilder is able to generate chemical structures similar to
the known ligands.

Keywords Structure-based drug design, Automatic ligand construction, Fragment-based approach,
Genetic algorithm

ported.[2-9] Several compounds designed in this manner are
now in clinical trials.

] . . The success of structure-based drug design methodol-
Since the 1980s, the process of drug discovery and desi y has encouraged the development of various computa-
has been profoundly affected by the emergence of new methinna| methods that can make use of structural information
ods and tgchnologles. With the improvements in experimenyg suggest novel structures, which may either prove to be
tal techniques of X-ray crystallography and NMR, the ,sefyl lead compounds or act as a stimulus to the creativity
amount of information concerning 3D structures of of gesigners. Ideally, these methods should be fast, objec-
blomc')llecular. targets has increased dramatically. At the tim@yve and produce a set of diverse yet chemically reasonable
of writing this paper, the number of 3D structures in thegyctues. This field continues to receive intense interest
Protein Data Bank (PDB) has exceeded 10,000.[1] This vasind has been reviewed from time to time.[10-14]

body of knowledge has led to considerable effort in exploit-  cyrrent methods for structure-based drug design can be
ing structural information in order to design novel ligands divided roughly into two categies. The first category is
that bind tightly and selectively to the target protein, a procqypout “inding” ligands for a given receptor, which is usu-
ess which is usually referred to as structure-based drug dgﬂy referred as database searching. In this case, a large
sign. A rumber of such approaches have already been ré;ymper of molecules are screened to find those fitting the
binding pocket of the receptor. Some researchers call this
“virtual screening” in analogy to the bioassay screening pro-
cedure employed in the traditional drug discovery. The key
advantage of database searching is that it saves synthetic
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effort to obtain new lead compounds. One of the earliest p8® structure of the target protein and the output will be a
grams for performing 3D database searching is DOCK.[Tismber of ligands that fit into the binding pocket sterically
19] Another category of structure-based drug design me#imd chemically. It is composed of three major modules, i.e.
ods is dout “building” ligands, which is usually referred aPOCKET, GROW, and LINK, each of which has a unique
de novodesign. In this case, ligand molecules are built dipnction in the designing procedure. The relationships be-
within the constraints of the binding pocket by assemblimgeen three modules are illustrated in Figure 1. All the source
small pieces in a stepwise manner. These pieces can beaes are written in C++ language..
ther atoms or fragments. The key advantage of such a metho®OCKET is the first module to be run. It reads the target
is that novel structures, not contained in any database, captogein, analyzes the binding pocket, and then prepares the
suggested. The dimst de novodesign method began withnecessary data for GROW and LINK. POCKET also derives
GRID[20] and many groups have been actively involved key interaction sites within the binding pocket. Such infor-
this field since then. Cuent popularde novodesign pro- mation could be used as the pharmacophore query for 3D
grams include GROW,[21] LUDI,[22-25] LEAPFROG,[26]database searching.
SPROUT,[27] PROLIGANDI[28-33] etc. These techniques are LigBuilder provides two strategies to build up ligand
raising much excitement to the drug design community. molecules: one igrowing strategywhile the other idinking

In this paper, we will describe a new program, LigBuildestrategy GROW and LINK are designed to carry out them,
which has been developed for structure-based drug desigspectively. The concept of these two strategies is illustrated
Based on the structural constraints of the target proteimFigure 2. With thegrowing strategythe building-up proc-
LigBuilder builds up ligands iteratively by using a library oéss starts from a "seed” structure that has been pre-placed in
organic fragments. The program provides growing and linke binding pockt. Theuser can assign certain "growing sites”
ing strategies to build up ligands and the whole construction the seed structure and then the program will try to replace
process is controlled by a genetic alfon. The potein- each growing site with a candidate graent. The newly
ligand binding affinity is evaluated by using an empiricdbrmed structure will serve as the seed structure for the next
scoring function instead of force field energies. Besides bimgtewing cycle. Vith thelinking strategythe building-up proc-
ing affinity, biological availability of the ligand is also takeress also starts from a pre-placed seed structure. However, in
into account by applying certain chemicales. We have this case the seed structure consists of several separated pieces
tested the program on two well-characterized enzymd#sat have been positioned to maximize the interactions with
thrombin and dihydrofolate reductase. In both cas#® target protein. The growing of fragments happens simul-
LigBuilder has reproduced the known binding mode founidneously on each piece and the program will always try to
in the crystal structure. The potential application of LigBuildéink these pieces in an acceptable way. This process contin-
to drug design and discovery is also discussed. ues until all the pieces have been integrated into one mol-

We will give a brief overview of LigBuilder first. A more ecule.
detailed description of this program is divided into the fol-
lowing sectionsbinding pocket analysisuilding-up method
scoring methodndgenetic algorithm procedure

: Ho
Overview of the program o m \@ E

LigBuilder is designed for structure-based drug design

proaches. Thereforghe basic input for the program is tF l.
(x]
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Figure 1 Overall structure of LigBuilder Figure 2 Growing strategy (the left) and linking strategy (the
right) for building up ligands
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As implied above, LigBuilder constructs molecules stepe ligand construction process, this step is necessary only
by step. The possible solution space for a given design probee for a given protein.
lem could be extremely large due to the combinatorial natureThe basic input for POCKET is the 3D structure of the
of the construction jcess.Although in practice the con- protein that is represented in PDB format. The user may also
straints of the binding pocket will reduce the solution spaicelude metal ions and water molecules if they are an impor-
largely, it is still impossible to perform a systematic santant part of the binding poek A pre-docked ligand is re-
pling. For such a complex, large-scale problem, genetic qltired to help the program to locate the binding pocket. The
gorithms have proved to be very effective for finding optimarogram will define a box to cover the ligand and all the
solutions within a reasonable amount of time.[34] Therefosyrrounding residues and create regular-spaced grids within
we have adopted a genetic algorithm to control the whake box. The grid spacing is 0.5A by delt. Then the pro-
ligand building-up process in GROW and LINK. Thml- gram places a hydrogen atom as a probe on each grid to check
ecules selected as the final outputs are usually "winneits’accessibility. If the probe bumps into the protein, that grid
among thousands of candidates. will be labeled as "exaded”. A ump is counted when the
interatom distance is less than the sum of van der Waals radii
minus 0.5A. The van der &Hls radii of all atom types are
taken from the Tripos fae field.[35] If the probe does not
bump into the protein, that grid will be labeled as "vacant”.

The main function of POCKET is analyzing the bindinflote that, if a grid is farther than 'SA"from any atom on the
pocket. Since we treat the target protein as rigid through®fietein, it will be labeled as "outside” rather than "vacant”.

Binding pocket analysis

() (b)

Figure 3 Deriving key interaction sites of phospholipase Aliyures, hydrogen bond donor grids are colored in blue, hy-
(PDB entry 1POE) with the POCKET pragn. (a) After drogen bond acceptor grids in red, and hydrophobic grids in
screening all the grids with three types of probe atoms. @een. The protein is hidden for the sake of a clear represen-
After filtering out unimportant gds. (c) After filtering out tation. The ligand is shown here fimistead to illustrate the
isolated grids. (d) Pharmacophore model obtained. (In ahape of the binding pocket)
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The assembly of "vacant” grids forms the body of the binthcceptor” grids and the "hydrophobic” grids. After this step,

ing pocket within which ligands will be built up. only those grids in aggregation will survive and now they
As the next step, the program will derive key interactiaepresent the key interaction sites within the binding pocket

sites within the binding pocket. Such information is necedearly (see Figure 3c). Finally, the program will locate the

sary for the subsequent ligand construction process. The geBmetric center of each aggregation and use it to suggest a

gram uses three different types of probe atoms to screenpharmacophore model (see Figure 3d). This binding-site-de-

binding pocket, which include (1) a positively charge@ spved pharmacophore model could be used as the query struc-

nitrogen atom (ammonium cation), representing a hydrogeine to perform 3D database searching, which provides an

bond donor; (2) a negatively charged spygen atom (as in additional way to find novel ligand molecules that fit to the

a carboxyl group), representing a hydrogen bond acceptarget protein.

and (3) a shpcarbon atom (methane), representing a hydro- POCKET will also generate two other output files: one

phobic group. For each "vacant” grid, all the three probe &te stores all the atoms forming the binding pocket; the other

oms are applied and the binding energies between the ptibestores all the grids within the binding petkThese two

atoms and the protein are calculated by using an empiridas will be used by GROW and LINK in the subsequent

scoring function we have developed (seeShering method ligand construction process.

section below). Each grid will be labeled as "donor”, "ac-

ceptor”, or "hydrophobic” according to the highest score on

this grid. At this stage, however, we still do not have a clear., ..

image of where the key interaction sites are located (see ﬁ\él_ldmg-up method

ure 3a). The program will then "filter” all the grids to derive

the key interaction sites in a two-stegess. Atthe first - .

step, the program calculates the average score of all "don%wldmg block library

grids. Then it will figure out the grids which score lower than )

the average and label them back to "vacant”. The same plg@Builder uses a fragment-based algorithm to construct

ess is also repeated for the "acceptor” grids and the "hydfeQlecules. The term "fragment” is used here to describe the

phobic” giids. After this step, only those grids with signifi-building blocks used in the construction process. The ration-

cant contributions to the ligand-protein binding process wale of this algorithm lies in the fact that organic structures

survive (see Figurgb). At the second step, the program checkdn be decomposed into basic chemical fragments (see Fig-

each survived "donor” grid and counts the number of i€ 4). Although the diversity of organic structures is infi-

neighbors_ Here ”neighbor” refers to the same type of gﬂde, the number of .baS|'C fragmer)ts IS'rather limited. The

within 2A. The progranwill calculate the average numbefragments used by LigBuilder are listed in Scheme 1. All of

of neighbors for all the "donor” gis. Those dds with less them can be classified into two categories: chemical groups

neighbors than the average will be filtered out and laberid rings. In this library, there are also some complex frag-

back to "vacant’. Thesame process is also repeated for tfgents, such as acetone, which can be decomposed into more
elementary frgments. The ppose of including these "re-

dundant” fragments is to speed up the ligand construction
process.
All the fragments are stored in SYBYL MOL2 format and

Q their structures are minimized. If a fragment could take dif-
NS N ferent conformations, then the favorite one is chosen. For
H
H,N

example, cyclohexane is represented in the chair conforma-
tion. The user is allowed to edit the building-block library to
determine which fragments will be used in the ligand con-
struction preess. Theauser is also allowed to add new frag-
ments to this library to meet his special purpose.

H
H‘N’H ; H Structural operation
) + + H N p
H H !

In LigBuilder, the basic structural operation for building up
a molecule is adding a fragment to an existing molecule. A

0 molecule can be finally constructed by repeating this opera-
+ J]\ H ot tion.
H N H This process startwith growing operation In order to
|l| add a fragment onto an existing molecule (referred as "core”

in the following text), the program selects a hydrogen atom
on the core and a hydrogen atom on the fragment. The bonds

Figure 4 Decomposing organic structures into basic fragéonnecting the hydrogen atoms and the corresponding heavy

ments
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atoms are used to orient the fragment to the core. Oncettieenergy profile obtained, the program will pick out the
fragment has been oriented correctly, the two hydrogen etnformation(s) corresponding to the energy minima. Since
oms are deleted and a new single bond is created to conaatihedral angle is usually multiple-folded, growing a frag-
the core and the fragment (see Figure 5). ment on the core structure with the above algorithm often
In principle the newly formed single bond is rotatableesults in more than one confortiea. The program will

Therefore the next step is to determine the dihedral angtesider them all and treat them as different molecules. In
between the fragment and the core. To do so, the fragmerhiis way, the flexibility of the ligand molecule is taken into
rotated along the new bond thoroughly in an incrementadcount during the ligand construction process.

15° and the program will calculate the steric energy for eachDuring the systematic rotation, the fragment may collide
resultant conformation (24 conformations in total). Based with the core. Of course such a colliding conformation will

H H H H H HC H
HQOH HcC-CH A~ = — =
Hydrocarbons \)—'/ 3 S OHCT TCHy S N, cH, H cH,
H. H
Amines | H;C=NH, H,C™ ~CH,
/O\ _— -~ ~
Alcohols and ethers H H H,C-OH H,C © CH,
L, A 1
Aldehydes and ketones H H H CH, H3CJ\ CH,
X S X
CH CH
H™ ~OH -~ “~s
Acids, esters, and amides H,C™ OH H o H,C™ O
X St i i
.CH
H NH2 H3C NH2 H N 3 H3C)J\N/CH3 H2NJ‘J\NH2
H H
NH, NH,
Amidino and guanidino group H_+< H2N_+<
NH, NH,

OO0 00RO

Scheme 1 (continues next pagelfhe building block library used in LigBuilder
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H H 0
Multiple rings
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- _S. H—S-H
a0 I s S
0]
S-contained fragments 9 (”)
S S S S
0] (0] S S
Q ?
1
P-contained fragments HO—P—OH HO-P-NH,
OH @]
Halogens H—F H—-CI H-Br H—I

Scheme 1 (continued)The building block library used in LigBuilder

not be a minimum on the energy profile. However, if the fratire two heavy atoms directly. If the two structures are so
ment collides with the core in such a way that they can dlese that a pair of heavy atoms overlap, the third algorithm
linked together reasonably, it will be an alternative way till be applied. In this case, the program will delete one of
generate structures. We call thinking operation We have the overlapped atoms and connect the remained structures.
designed three types of linking algorithms (see Figure 6)ote that a linking operation will be accepted only when
Which algorithm will be applied basically depends on tlgeometry and chemistry of the linkage are both proper. If a
distance between the two bumped strueguil he first algo- linking operation results in reluctant conformations or un-
rithm is applied when the two structures bump only by a pa@asonable chemical structures, it will be rejected.

of hydrogen atoms. In this case, the program will delete theThe next step is to make necessary modifications on the
colliding hydrogen atoms and use a methylene group to bridgieicture. We call this anutation operationOur program
these two structes. Thesecond algorithm is applied wherallows carbon, nitrogen, and oxygen atoms with the same
the two structures bump by a pair of heavy atoms. In thigbridization state to mutate to each other (see Scheme 2).
case, the program will create a new single bond to connéft assume that the bond angles and bond lengths are un-
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changed during the mutation operation because such changes o)
are actually neglectable comparing to other inaccuracies em-
bedded in the ligand construction process. O @
We do not allow the mutation to happen randomly on the
structure. On the contrary, we adopt a "smart mutation” strat-
egy. Before performing mutation, the program will check each l
heavy atom of the molecule to see whether it fits the grid on
which it lies. For example, it is all right if a carbon atom lies
on a "hydrophobic” grid. But if it lies on a "donor” grid, the
program will try to mutate it to a hydrogen bonding donor
atom, such as nitrogen. The information of the grids is given
by POCKET in advance. With this "smart mutation” strat-
egy, our program improves the ligand binding affinity with a
minimal computational cost.
After all the above operations have finished, the progr
will check the newly generated molecule to see whether it
bumps to the target protein. If so, the molecule will be re-
jected. By default, all the hydrogen atoms on the fragmégftemical rules for preventing unreasonable structures
will be labeled as growing sites for further development of
the molecule. However, there could be some hydrogen atdpt$ program also checks each newly generated molecule in
that are already so close to the protein that no more frto ways to ensure its chemistry is reasonable. First, we have
ments can be added. The program will label them as d&&dt a set of rules in the program to define unacceptable
ends. No attempt will be made to grow fragments from theftructures. Such structures mainly include those in which
All the above operations are implemented both in GROR¢tero-atoms bond to each other, e.g. O-O, N-N, and N-O,
and LINK. All the parameters for bond length, torsion angfd those in which too many hetero-atoms bond to the same

potential, and vader Waals radii are taken from theiffos carbon gom. These rules are derived from the analysis of
force field.[35] current drug molecules and the knowledge of our best or-

Aﬂgure 5 lllustration of growing operation

R1__R2 Rl)j\/Rz

SN SN

Rl -R2 =~—= RL_.R2 MR

Scheme 2Mutation operations allowed in LigBuilder
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Figure 6 lllustration of link- Bridain A H H B A B
ing operation (Here A and B ging 2>A; “B; 2 > 2 Al/\B1 2
represent heavy atoms)
Joining  Aa_y poprP2 ——= Ao
Fusin AP B ———= A, .B, or A, _.B
g 2 A1 Bl/ 2 Z\Al 2 2 B]_ 2

ganic chemists. If a molecule violates any of the rules, it witule.[37-39] Maybe the most popular approach is the so-
be rejected. Secondly, we allow the user to supply an extafled "Lipinski rules”.[37] According to the Lipinski rules,
nal fragment library to filter the molecules generated furth@oor absorption or permeation is more likely when (i) mo-
This library is called the "forbidden substructure library'lecular weight is over 500, (ii) logP is over 5, (iii) there are
The user can build and deposit any chemical structure thahiwre than 5 H-bond donors (the sum of OHs and NHs), or
not desired in the resultant molecules into this library. TKig) there are more than 10 H-bond acceptors (the sum of Os
program will check each molecule with a substructure mapid Ns). We have incorporated these rules in the program to
ping algorithm. If a molecule contains any of the forbiddesvaluate the bioavailability of the designed molecules. If a
fragments, it will be rejected too. molecule violates any of these rules, it will be penalized in
its bioavailability score and therefore become less competi-
tive in the genetic algorithm procedure. The more it violates
a certain rule, the more it will be penalized. By default we
use the criteria given by the Lipinski rules. However, the user

] ) ) ) is allowed to change the criteria according to his own pur-
In LigBuilder, a ligand molecule has two kinds of score. O

is about its binding affinity to the target protein while the \while the molecular weight and the number of H-bond

other is &out its bioavailability. donors or acceptors can be easily obtained, the logP value is

To calculate the binding affinity score, our program us@§iculated by using the XLOGP algorithm we have described
the SCORE algorithm we have described before.[36] SCOBEore.[40]

is an empirical procedure developed to estimate the binding
free energy of a ligand molecule to its receptor protein when
the 3D structure of the complex is ko Thebasic idea of - -
SCORE is to dissect the binding free energy into some cdfinetic algorithm procedure
ponents. It uses the following linear scoring equation.

Scoring method

Due to the combinatorial nature of the ligand building-up
+AG, +AG, (1) process, the possible solution space for a given design prob-
hydrophobie roter 0 lem is extremely large. For example, assuming that you have

Mating Pool

AG,,, =AG,,, +1G AG

bind H~=bond +
Here, AG,,,, refers to the contribution of vater Waals

interaction; AG,, , .4 refers to the contribution of hydrogen

bonding;AG, ¢ opnonicfefers to the contribution of hydropho-

bic interaction; &Gmmr refers to the entropy loss due to th

freezing of rotatable bonds in the ligadi3, is a constant.

The coefficients of each term are determined by multivarie

regression analysis of 170 protein-ligand complexes w Growing

known binding free energies and crystalline stre=umhis rinkinge Building Up Hroring &
scoring function reproduces the absolute binding free er Mutaticz Cycle Selestion
gies of the whole training set with a standard deviation of :

kcal-moil. Such a scoring function is especially suitable fi

a drug design program because it gives an estimation of

binding free energy and makes a good comprise betw(| seed Final

speed and accuracy. Structurs Popul ation Results

Good binding affinity is only part of the story for a suc-

cessful drug molecule. In recent years, more and more atigjgyre 7 Flowchart of the genetic algorithm implemented
tion has been paid to predicting the bioavailability of a mql;"| igBuilder
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a seed structure with three growing sites and there aret@@ multiplying the number of fragments in the building-
fragments in the building-block library, you may get as mainock library. Usually the program will generate several hun-
as 60*60*60=216,000 derivative molecules. In the next grodreds of structures for the initial population.

ing round, these 216,000 molecules will generate countless

new molecules. For such a complex, large-scale problem, it

is simply impossible to perform a systematic sampling. Theftness function and selection method

fore, we have implemented a genetic algorithm (GA)[34] to

control the ligand building-up process in GROW and LINKIhe fitness value of a molecule is given by combining its

The flow chart of the GA procedure is illustrated in Figsinding affinity score and bioavailability score. To avoid a
ure 7, which follows the typical "generational-replacemengubjective selection of weight factors, we have adopted the
strategy. The whole procedure is basically the same for GROMUrnament strateg.[34] The first step is toank all the
and LINK. The user is required to give a few necessary paembers of current population in an increasing order accord-
rameters, including the population size, the mating pool siigy to the binding affinity score. Then the program counts
the number of GA generations, and the maximum numbertieé "wins” of each member, which usually equals to its rank
resultant molecules. The following sections will explain th@inus 1. The second step is to re-rank all the members in an
whole GA procedure in detail. increasing order according to the bioavailability score and,

again, count the "wins” of each member. We define that the

fitness value of a molecule is the sum of its two "wins”. Be-
Generating the initial population sides avoiding weight factors, another advantage of this tour-

nament strategy is that it still works well when the difference
The whole procedure starts from a seed structure that is fretween the best score and the worst score in the population
vided by the user. All the resultant molecules given hytoo large or too small since it only cares about the relative
LigBuilder can be considered as its derivatives. Although theeking.
is no problem to develop a program which can suggest a seeW/e use the "roulette-wheel” algorithm to select a certain
structure automatically, we have decided not to do so. Itnismber of members into the mating pool. Each member in
because we want the user to apply his expertise to the dettignpopulation will be attributed a slice on the wheel that is
procedure rather than just use the whole program as a bla@portional to its fitness value. Each time when the wheel
box. For a drug design project, it is usually not demandinggjoins, a member will be piceked out randomly. Thus, the mem-
propose such a seed structure. Typically the seed struchees with higher fithess values are more likely to enter the
may come from a part of a known inhibitor or any other strugxating pool and breed offspring thereafter. The selection proc-
ture of interest. ess is repeated till the mating pool is full.

The seed structure also needs to be pre-docked into th&Vhile selecting the parent molecules, we allow the user
binding pocket by the user. It will be ideal that the seed striic-exert a forced molecular diversity by setting a maximum
ture forms some specific interactions with the target protegimilarity criterion. In our program, the 3D similarity be-
Another thing that the user is supposed to do is to assigreen two molecules, e.g. A and B, is given by:
growing sites on the seed structure. In LigBuilder, a growing
site refers to a certain hydrogen atom of the molecule onto
which a fragment could be added. By assigning the growisg, =
sites, the user can control where the fragment growing will ~ 7um _A+num _B —num _match
happen. The user is also encouraged to incorpbiskaowl-
edge of organic synthesis by choosing the proper growingHere "num_A" refers to the number of heavy atoms in A;
sites. "num_B” refers to the number of heavy atoms in B; while

Once the seed structure is ready, the program begingniam_match” refers to the number of matched atom pairs.
generate the initial population. Unlike the traditional genetiovo atoms are considered to be matched if they are of the
algorithm, we have decided not to use a binary encoding batne atom type (as defd in the Tipos force field) and
rather carry out operations upon the chemical structures thewerlap each other (the distance between them is shorter than
selves. It is more straightforward and intuitive to handleGa5A). According to the above equation, the maximum simi-
molecule in this way. Each member in the initial populatidarity could be 1 while the minimum could be 0. While add-
is generated by adding a certain fragment to a certain grémg a new molecule to the mating pool, the program will
ing site on the seed structure with the algorithm describectalculate the similarity values between this molecule and all
the Building-up methodection (growing, linking, and muta-the members existing in the mating pool. If any similarity
tion). Therefore, there is ncombinatorial problem at this value thus obtained exceeds the user-defined criterion, the
step. The program will try all the available fragments in theolecule will not be allowed to enter the mating pool. By
building-block library on each growing site on the seed strutsing so, the similarity between any two members in the
ture and record all the resultant struesiAccording to our mating pool will be below that similarity criterion and there-
experience, the size of the initial population is approximatdlyre the desired diversity is achieved.
proportional to the number of growing sites on the seed struc-

num _match

)
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Generating new population Processing the final results

The first step to generate a new population is using the €elihe GA procedure moves from generation to generation and
ism algorithm.[34] The user can def a certain elitism ra- the average fitness of the population increases steadily. This
tio, for example 0.10. This means that the top 10% of the plebcedure will stop when the user-defined limit of genera-
population will be copied directly into the new populatiortions is reached. Then the program will rank all the mol-
Elitism ensures that the best members in the old populatemules in the final population in decreasing order in terms of
will not lose unless they are replaced by better candidatetheir fithess alues. Auser-defined number of molecules at
Then the new population is filled by using the moleculése top will be selected as the final results. Each of them will
in the mating pool as seed structures. Each member inlikeoutput in a SYBYL MOL2 file. The program will also
mating pool will be picked out in turn. The program rargive a log file tabulating the file name, molecular weight,
domly selects a growing site on it and randomly selectsogP value, binding affinity and bioavailability score of each
fragment from the building-block library. Then the fragmemholecule.
will be added onto that growing site by using the algorithm To help the user to analyze the results, our program will
described in th@uilding-up methodection (growing, link- also group the resultant molecules into clusters. We have de-
ing, and mutation). Resultant molecules will be added to tigned a simple clustering algorithm to do this. First, the pro-
new populéon. This process is repeated till the populatiogram calculates the similarity value (as defined in Equation
is full. 2) between every two molecules. All the results form a simi-
Duplicate checking is performed while adding new molarity matrix and the program will calculate the average value
ecules to the population. A molecule will be checked agaidtthis matix. As astarting point, the program assumes that
the existing members. If it is found to be a duplicate, it wlach molecule belongs to a different cluster. Then a multi-
be discarded. Since we allow flexibility of the ligand moktep clustering process is launched, which can be briefly de-
ecules, different conformations of the same molecule are satibed as:
treated as duplicates. (i) Find the largest element in the current matrix.

F'itgureft8h Ke)l/)'in(tslrjaé:tiop (@) b ook
SItes O rompin entry
1DWD). @) NAPAP and the S1 pocket

known interaction sitesbj O-——H—N'H ( >
The results given by N
POCKET (Hydrogen bond y +

donor grids in blue, hydrogen Asp189 O---H-N

bond acceptor grids in red, H HN O
and hydrophobic grids in
green. Thombin is hidden for
the sake of a clear represen-
tation)

D pocket

(b)




508 J. Mol. Model.2000,6

Figure 9 (@) The seed struc- (a) (b)
ture used by GROWb) The
seed structure used by LINK. <N >

(Growing sites are labeled HN H.N

with circles 2 @_<
) I :
O H,N

(ii) Find out the two molecules related to this element.  The above clustering algorithm is very simple and effec-
(iii) If these two molecules belong to the same cluster, jge. Compared to other clustering algorithms,[41] the key

to step (v). advantage of our algorithm is that the user does not have to
(iv) If these two molecules belong to two different clusupply any parameter for this process.

ters, judge whether these two clusters can be merged together

or not. If the similarity between any two molecules in these

two clusters is always larger than the average value of the

matrix, they will be merged into one cluster. If not so, they

are kept unchanged.

(v) Erase the current element and go back to step (i). This H,N
cycle is repeated until there is no element larger than the T
average value. HN

HN 0]

O>_\N
@) H \

+
H,N

HN 0]
0]
HO—<§ >—\ :
HO HN 0]

Figure 10 (a) The most similar molecule given by GROWigure 11 Some interesting ligands for thrombin given by
(b) Superimposed with NAPAP (this molecule in yellow whi@ROW
NAPAP in blue)




J. Mol. Model.2000 6 509

Validation The crystal structure of alpha-thrombin complex used in
our test was drawn from the Protein Data Bank (entry 1DWD).
) ) ] The binding pocket of thrombin contains three principal in-
We have tested LigBuilder on two well-characterized egsraction sites, which, according to the literature,[42] are
zymes, thrombin and dihydrofolate reductase. In the folloyanoted as S1, D, and P (see Figure 8a). The S1 site contains
ing text, we will describe briefly the procedure of running &, Asp residue which interacts with a positively charged coun-
LigBuilder job for a given target, from analyzing the bindingsr part on the ligand molecule. The D site (denoting its distal
pocket to building up ligand molecules with growing straa|ation to the catalytic site) is a hydrophobic pocket which
egy and linking strategy. Rather than suggesting fancy "novg{’ favorable binding site for aromatic rings. The P site (de-
structures, we focus on reproducing known ligand moleculggting its proximal relation to the catalytic site) is also hy-
We believe this is the right way for testing a drug desigfiophobic in nature and is important for thrombin specificity.
program. In this complex, the ligand molecule, NAPAP, fits these in-
teraction sites well and exhibits a high binding affinity to
] thrombin (K=10%M).
Thrombin To design ligands for thrombin, the first step was to use
POCKET to analyze the binding pocket. The thrombin com-
The final Step in the process of blood clot formation is tlmbx structure was used as the input for POCKET and the
hydrolysis of fibrinogen to fibrin by the serine proteasgrogram reproduced the key interaction sites faithfully. In
thrombin. This enzyme thus constitutes a gOOd target fort':glure 8b, we can C|ear|y see the S1 site (the blue aggrega-
Qevelopment of antithrombotic agents and has been well sigish on the left) which overlaps the amidine group of NAPAP.
ied. We can also see the D and P site (the green aggregations in
the middle) which overlap the hydrophobic rings of NAPAP.
It is interesting to notice that POCKET has figured out some
other interaction sites which might have been neglected be-
fore.

As the next step, we ran GROW by using part of NAPAP
as the seed structure. Since NAPAP is a good inhibitor for
thrombin, we expect the program to yield some molecules
similar to NAPAP. The seed structure was extracted from the

Figure 12 (a) The most similar molecule given by LINK) ( Figure 13 Some interesting ligands for thrombin given by
Superimposed with NAPAP (this molecule in yellow whiléNK
NAPAP in blue)
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Figure 14 Key interaction (a) ARG57
sites of DHFR.4) MTX and

the known interaction sites. HN
(b) Results given by POCKET

(Hydrogen bond donor grids AN /+k -H ILE94
in blue, hydrogen bond ac-

Lo NH ILE5
ceptor grids in red, and hy- H H m/
drophobic grids in green. - :

DHFR is hidden for the sake ) : .0
of a clear representation) .0 H. H~
Ho HT - N N
N

o)
ARGS2 1y O PANN PN
A H | | -9 Asp27
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central part of NAPAP and three growing sites were assigriegxactly the same as NAPAP. For the P site, this molecule
on it (see Figure 9a). The bioavailability rules were correas a more hydrophobic cyclohexane ring instead of the
spondingly modified to allow structures like NAPAP to ogiperidinium ring of NAPAP. For the D site, this molecule is
cur. GROW was submitted with a population size of 3000a&s0 more hydrophobic than the sulfonamide counter part of
generation limit of 10, and a maximum output of 100. Due MAPAP. As a whole, this molecule simulates NAPAP well
the stochastic nature of genetic algorithm, we have run thah in structure and conformation (see Figure 10b). The K
program five times to sample the solution space adequatefjue of this molecule is predicted to be’lf) which is also
Each run took about 5 hours on a SGI O2/R10000 workstatiolose to the known data of NAPAP. Besides this molecule,

Among the results, we did find a molecule extremely sinthere are still some other ones which are similar to NAPAP
lar to NAPAP (see Figure 10a). For the S1 site, this molec(dee Figure 11).

Figure 15 (a) The seed struc- (a) 10

ture used by GROWb) The @
seed structure used by LINK. N
(Growing sites are labeled H

with circles)

HO

®

(b)
NH
N HO ’
I@ 20 @EN | \)N\
SNTONT ONH,

O

o
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We also tested LINK on thrombin. In this case, the se@) HO. _O
structure was extracted from the "ends” of NAPAP, which (0]
included three separated pieces (see Fi§bje The three HO
growing sites on this seed structure were assigned according N
to the structure of NAPAP. The purpose of this job is to test 9]
whether LINK can link these three pieces in a reasonable N
way within the constraints of the binding pocket. LINK was |
submitted with a population size of 1000 and a generation NH
limit of 10. This process waalso repeated for five times.
Each run took about 6 hours on a SGI 0O2/R10000 Workstati&;).

Among the results, we also found a molecule very similar
to NAPAP (see Figure 12a). Although the framework of this
molecule is slightly different from NAPAP, the "style” is ba-
sically the same (see Figure 12b). LINK also suggested some
other frameworks to assemble the given seed structure, whicig*
contain fused rings (see Figut8). This has demonstrated §
that LigBuilder can generate rings rather than simply use #g]
pre-made rings in the building-block library.

Dihydrofolate reductase

Dihydrofolate reductase (DHFR) is also a well-known target
for structure-based drug design. It catalyses the NADPH-de-
pendent reduction of dihydrofolate (FH2) to tetrahydrofolate
(FH4). Inhibition of DHFR interrupts the supply of FH4, caus-. o )
ing the disruption in the synthesis of purine and pyrimidifdgure 16 (&) The most similar molecule given by GROW.
bases and eventually the death of the cell. The discovenff Superimposed with MTX (this molecule in yellow while
inhibitors of DHFR has led to several useful drugs for thR&TX in blue)
treatment of cancer, bacterial infections and malaria.[43]

As a further validation, we have used the crystal structure )
of DHFR complex from the Protein Data Bank (entry 4DFR{1€ hydrogen bondings between Arg 52, Arg 57 and the gluta-
In this complex structure, there is a ligand molecule MTXate moiety of MTX as well as the hydrogen bondings be-
(see Figure 14a). This ligand fits the binding pocket well ahieen lle5, Asp27, lle94 and the pteridine ring of MTX. In
shows a high binding affinity to DHFR (L08M). The well-  addition, the central part of the binding pocket is hydropho-
characterized protein-ligand interactions in this case inclugie, which matches the benzene ring in MTX.

HO_ __O
(@] HO_ _O
HN o
2 N HO
O O H H OH
N O O
| N
/

HO__O

HO.__O
0
Sy n HO i
on " OH

N O

| m N
N O |
H

Figure 17 Some interesting ligands for dihydrofolate reductase given by GROW
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(a) NH there is also a remarkable cavity on the side that favors hy-

drogen donor gups. We éund later that, during the ligand

Z N construction process, some of the molecules given by the pro-

| )\ gram do fill in that cavity.

o> \N N/ NH The seed structure to run GROW was extracted from the

OH o) central part of MTX (see Figure 15a) and two growing sites
were assigned on it according to the structure of MTX. By

o} doing so, we also expected to obtain some molecules similar

to MTX itself. GROW was submitted with a population size

of 3000, a generation limit of 10 and a maximum output of

100. The program was also repeated five times to sample the

possible solutions adequately.

Again we found a molecule extremely similar to MTX
among the results (see Figure 16a). Its conformation over-
laps the one of MTX very well (see Figure 16b). It is remark-
able because the program has precisely reproduced the flex-
ible glutamate moiety. The only major difference is that this
molecule has a substituted benzene ring instead of the origi-
nal pteridine ring. But this benzene ring is also placed and
substituted correctly to form hydrogen bondings with the
adjacent residues. Besides this molecules, GROW also sug-
gested some other structures that are also similar to MTX
(see Figure 17).

We have also run LINK for DHFR. The seed structure is
extracted from the "ends” of MTX, which includes three sepa-
rated pieces (see Figure 15b). The growing sites on this seed
Figure 18 (a) The most similar molecule given by LINK) ( structure are also assigned according to the structure of MTX.
Superimposed with MTX (this molecule in yellow while MTXNK was submitted with a population size of 1000 and a
in blue) generation limit of 10. This process was also repeated five

times.
Unlike the example of thrombin we have described above,

Again, POCKET reproduced the known interaction sit@$ this case the three pieces in the seed structure are consid-
correctly based on the crystal structure of DHFR. In Figuseably apart from each other. Therefore, LINK has figured
14b, we can find all the three major interaction sites mesut much more structures to assemble the given seed struc-
tioned above. Besides these, POCKET also pointed out #i@é. Among them, the most similar molecule to MTX is

0
HO O
3 o )
NH, HO N N A

o i 2 N
/N SN (@) m | /)\
- L N” N7 ONH,

N” N7 TNH,

0 0
HO NH NH,
/Eo _N | SN
HO™ 0 SN N/)\NH

2

Figure 19 Some interesting ligands for dihydrofolate reductase given by LINK
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combinatorial problem is severe. These probably explain why
the atom-based approaches are not so popular at present.
N We have adopted the fragment-based algorithm in
B - T A LigBuilder. The basic idea embedded in our approach is that
O | organic compounds can be dissected into some elementary
/ \ fragments. If we focus on constructing the molecules that
¢ might be valuable for a drug design purpose, the nhumber of

N [ j such elementary fragments is, fortunately, rather limited.
—
N

N
W AN
NJ N Actually we have used a small building-block library that
E/ only contains approximately 60 fragments. If the user has
some special requests, he is allowed to extend the building
block library by adding new fgaments. This can be easily
Figure 20 Each fragment in the building block library is ac-done because that library is organized in a simple and open
tually a template form.
A special note should be addressed here on how LigBuilder
handles ring systems. The reader may have noticed that most
shown in Figure 18aAlthough its structure looks similar tocommon rings observed in drug molecules have been already
MTX, its conformation is somewhat different from MTX (seécluded in the building-block library. Because mutation op-
Figure 18b). This is simply because the central benzene rirgtion is implemented in our program, each fragment in the
of this molecule has "moved” one unit toward the pteridifmiilding-block library actually serves as a template rather
ring compared to MTX. But this may not a serious problethan a simple structure (see Figure 20). This method is espe-
because the hydrophobic interaction occurred there is not&dly useful for generating hetero-substituted rings because
sensitive to the position of the benzene ring. Therefore, swdth this strategy we do not have to include all the possible
a change in structure does not affect the binding affinity cdretero-substituted rings in the building-block library (which
siderably. As a proof, the predictedWlue of this molecule might be as many as hundreds!). Besides using pre-defined
is 108 M, which is close to the one of MTX. LINK has alsaging templates, LigBuilder is also capable to generate rings
suggested many other ways to assemble the seed structtii@ently with the linking operton. This is a supplemen-
into one integrated molecule (see Figi8). Theyall have tary way to add structural diversity to the resultant molecules.
reasonable conformations. Using fragmental building blocks reduces the combinato-
rial problem largely during the construction process. Another
potential advantage concerns the assessment of the synthetic
accessibility of the generated molecules. The connection of
fragments during a construction process simulates the for-
mation of bonds in a chemicataction. Weencourage the

LigBuilder has several remarkable features worthwhile fuiser to incorporate his chemical knowledge by choosing the
ther discussion. These features make it a practical tool {@bwing sites on the building block fragments.

structure-based drug design approaches.

Discussion

] Growing strategy and linking strategy

Fragment-based construction of molecules

. ) ) ] Two major strategies for constructing molecules, i.e. grow-
As mentioned in théntroduction section, there have been iihg Strategy and ||nk|ng Strategy’ exist for the current frag-
whole bunch of programs developed for de novo ligand cqfient-based approhes. The firsbne starts from a small
struction. These programs try assemble molecules by usthemical moiety and then adds fragments to build the mol-
ing some basic pieces, which could be either atoms or chegile step by step. The alternative one places several frag-
cal fragments. Atom-based approaches include, for exampints independently and then searches for a suitable frame-
LEGEND,[44] GenStar[45] and GROWMOL[46] while frag-ork that connects all fragments into one molecule.
ment-based approaches include GROW [21], LUDL,[22-25] Both strategies have advantages and disadvesitadne
LEAPFROG,[26] SPROUT,[27] PROLIGAND,[28-33]advantage of growing strategy is that chemical knowledge
NEWLEAD[47] and GROUPBUILD[48]. Clearly, using sin-can be easily introduced by choosing proper sites on the seed
gle atoms as the building blocks will give the maximum dig add fragments. Thereforsynthetically accessible struc-
versity because in principle all organic structures can be ggftes are more likely to be obtained with this strategy. How-
erated by assembling atoms. However, according to our a¥r, growing strategy may run into difficulties if the seed is
experience in developing atom-based program,[49] it is sifgo small compared to the binding pocket. Due to the combi-
ply not easy to do so. Pure atom-based construction sufieigorial nature of the building-up process, no algorithm can
from generating unreasonable structures and it is also inefftplore the solution space completely. Therefore in such a
cient in handling ring systems. In addition, since it needgyation, it will be very lucky if growing strategy can sug-
more steps to build up the whole molecule atom by atom, &t a molecule which fits to each part of the binding pocket.
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The advantage of linking strategy is that you can maximiegeergy. The average error of using such a scoring function
the interactions between the ligand and the protein at ttwaild be between 1~2 kcal-moAlthough this may not be a
very beginning by placing proper chemical fragments at thery accurate estimation, it has already been a considerable
optimal position. However, linking different fragments toprogress for drug design pregns. Asnentioned in th&leth-
gether is not easy since the position and the orientationodssection, we have developed a new empirical scoring func-
fragments must be maintained while the linker must be chetion, SCORE, which is at least comparable to other similar
cally feasible at the same time. approaches. Ais scoring function has been applied to our
However, if one realizes that drug design and discoverypi®gram for estimating the binding free energies of the gen-
typically an iterative process rather than a single run, he veitated molecules and, as we have demonstrated ivalire
not be confused by choosing the growing strategy or the limlation section, it works well.
ing strategy. Actually these two strategies are suitable forOne should never forget, however, that there is still a long
different phases during a drug design process and that is wdad between the discovery of a tightly-bound ligand for a
we have implemented both of them in our program. target protein and the commercial availability of a drug. A
The growing strategy is more suitable for lead optimizauccessful lead compound may be rejected later in the clini-
tion. In this case, a known compound has exhibited promisd trials simply because it is too toxic, too rapidly cleared,
ing binding affinity to the target and now the task is to inteo quickly metabolized, or unable to reach the target en-
prove the binding affinity to the nano-mole level so that it yme in sufficient concentiian. Therefore, ifone can pre-
worth further trials. The most common strategy for this jobdtct these properties as early as possible, the whole drug dis-
to make derivative compounds while keeping the framewaskvery procedure could be more efficient. Unfortunately, to
basically unchanged. By using GROW, one can take theedict how a new compound will affect the delicate bal-
framework of the known lead compound as the seed strances of metabolic, transport, and signaling pathways in the
ture and let the program to build derivatives. Since the franmeiman body is simply impossible at this time. The state-of-
work has occupied the major part of the binding pocket, ttiee-art approach is to use knowledge-based rules to elimi-
problem of insufficient sampling will be much less severe. ifate the "obvious” outliers. As a meaningful attempt, we have
the synthetic feasibility is also properly considered, this prdoaplemented such rules in LigBuilder to evaluate the
ess can be considered as a virtual combinatorial chemigtigavailabilies of the genelsd molecules. Another way to
within the structural constraints of the biological target. incorporate chemical knowledge into LigBuilder is using the
While the growing strategy is more suitable for lead opfierbidden substructure library. The user is encouraged to add
mization, the linking strategy is more suitable for suggestiagy undesired substructure, which proves to be either toxic
ligands from scratch, i.e. lead discovery. With the help of unstable, to that library. The program will take care to
POCKET, the user can figure out the key interaction sitegect these structures if they do occur during the ligand con-
within the binding pocket. Such information is so straighstruction process.
forward that the user can easily propose certain chemical
groups to fit those interaction sites. Then LINK will turn the
idea into real molecules. Another possible way to suggesA aractical drug design program
lead compound is to utilize the pharmacophore model de-
rived by POCKET. Such model can be used as the structigrogram will be useless if nobody is willing to use it. There-
query to perform a 3D database searching. The lead cdaone, we have paid special attention to making a user-friendly
pound discovered in either way can be fed into GROW fugrogram. In fact, LigBuilder is very easy to use. All the user
ther to be optimized. Therefore, LigBuilder is a multipleneeds to do is to prepare the inputs, set a minimal number of
purposed program that can aid the whole process of strparameters in an index file and run the peogr We have
ture-based drug design. adopted popular file formats to represent molecules, i.e. PDB
format for the protein and SYBYL MOL2 format for the lig-
ands. Therefore, the user will not have problem in preparing
Better scoring method the inputs or processing the outputs with his favorite molecu-
lar modeling progam. Wealso allow much flexibility in us-
An automatic drug design program like LigBuilder needs tog LigBuilder. For example, the building block library and
screen a large number of molecules to select out the succgsforbidden substructure library are all stored in an open
ful candiddes. Thereforechoosing a good scoring methodnanner. The user can view and edit them easily to control
is crucial for this process. Traditionally, drug design progrartie ligand construction process.
"borrow” force field energies to rank the generated molecules. When we develop LigBuilder, another thing on the top of
However, this idea does not always work since a force figddr mind is the desire for a unified, extensible system for
energy could be related to enthalpy but generally it is quigucture-based drudesign. This is reflected in many as-
different from binding free energy. So far there is no forgects of our program. First, we have designed LigBuilder in
field parameterized specifically to reproduce the interactioasnodularized manner. Each module of the program is only
between organic molecules with their macromolecular recepsponsible for a certain task of structure-based drug design
tors. Pioneered by the LUDI program,[22-25] empirical scaend they are highly independent to each other. Therefore, if a
ing functions have provided a way to estimate binding freeodule needs to be updated to keep up with the latest sci-
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ence, we do not have to rewrite the other parts of the PE
gram. And, if a new function is desired, we can simply inser

a new module correspondingly. For example, some users of , , i

LigBuilder have suggested us to introduce "similar desigi/e have described a new program, LigBuilder, for structure-
method into LigBuilder (this is about designing mimics for B2sed drug design. This program has implemented many state-
given set of compounds with known bioassasapawithin  Of-the-art techniques and could be of great interests for drug
the framework of LigBuilder, we only need to add a modulé€signers. Using two well-known examples, we have dem-
something like POCKET, to analyze the superimposed ing{strated that LigBuilder is able to generate chemical struc-
molecules, find out the key features, and define the grigées similar to the known inhibitors. Expanding LigBuilder
outside and inside the molecular aggtiga Then, GROW (0 @ more powerful system for drug design remains as our
or LINK can be used to build up molecules based on si@dtive research at present.

information. Secondly, LigBuilder is written in C++ language. ) )

By adopting the object-oriented programming techniquesSigPPlementary material available statementThe

is very natural to define and manipulate objects like atobgBUilder program is available by contacting the authors.

bond, molecule, and force field. The source codes are highly .
re-usable and extensible. This feature enables that new pYgknowledgments The authors thank the Science and Tech-

grams, which offer new functions, can be assembled quicR8/0gy Ministry of China and the National Natural Science

from existing programs. For example, we developed GROWundation of China for their financial support.

prior to LINK. The development of LINK has been acceler-

ated considerably since approximately 80% of its source codes
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