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Summary 

Significant improvements have been made to the de novo drug design program BUILDER. The 
BUILDER strategy is to find molecule templates that bind tightly to 'hot spots' in the target receptor, 
and then generate bridges to join these templates. In this paper, the bridging algorithm has been further 
developed to improve the chemical sease and diversity of the bridges, as well as the robustness of the 
technique. The improved algorithm is then applied to rebuild known bridges in methotrexate and HIV 
protease. Finally, the entire BUILDER approach is tested by rebuilding methotrexate de novo. 

Introduction 

Structure-based drug design is becoming an increasing- 
ly powerful approach for finding lead compounds [1-7]. 
The challenge is to find bioactive molecules with novel 
scaffolds that are suitable as lead drug compounds. To- 
wards this purpose, the three-dimensional structure of  the 
target receptor can be exploited to find molecules which 
complement its shape and functionality, and thus bind 
tightly. The structure is usually provided by X-ray crystal- 
lography, although homology-built structures [2] have 
also been used effectively. Once a lead compound is 
found, it is often possible to generate co-crystal structures 
of the lead compound with the target receptor, and to use 
the additional structural information this provides for 
further development. This cycle can be repeated until a 
potent potential drug is found [1,4]. Thus, the structure- 
based design strategy is a powerful tool in two stages of 
drug design, i.e., lead discovery and lead refinement. 

Many programs have been developed to help at either 
stage of drug design. The current methodologies fall into 
two major categories: database searching and de novo 
design. The database searching protocols mainly follow a 
'docking' strategy. Each compound in the database is 
placed in the target site in a variety of orientations, and 
each orientation is scored by some measure of  the quality 
of  fit. The best scoring orientation for each molecule is 
then saved and compared to all other molecules in the 
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database. Finally, the overall top rankings are saved. 
Current docking programs include DOCK [8,9], CLIX 
[10], F L O G  [11] and thc work of Bacon and Moult [12]. 

One strong advantage of the database searching ap- 
proach is that it can be run on a database of available 
compounds, and so the top results can be either retrieved 
from inventory or purchased, rather than synthesized, for 
testing. This is also a limitation, as it is confined to exist- 
ing molecules. Another difficulty is that the conforma- 
tional space of each potential ligand is not well examined 
(some procedures use only one conformation per com- 
pound), and thus compounds can be missed because the 
correct conformer was never tested. Methods have been 
developed to improve co nformational sampling [11,13,14], 
but these are not yet practical for a large degree of sampl- 
ing over an entire database. 

In contrast to the 'docking' approach, which takes a 
compound and fits it into a receptor site, the de novo 
design approach builds a compound directly into the site. 
This addresses some of the weaknesses of  database 
searching. The range of molecules that can be formed is 
limited only by the heuristics of  the de novo design pro- 
gram, rather than by the set of existing molecules. Also, 
it allows searching over a larger conformational space, as 
the potential lead compound is built adaptively to best fit 
the site, and therefore is not limited to a set of  pre-exist- 
ing database conformations. Finally, de novo strategies 
can also be used to refine existing lead compounds, as 
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well as to discover new lead compounds. Thus, there is 
significant potential for this approach as a tool in drug 
design. 

De novo design approaches 
The de novo design programs can be further divided 

into two approaches: sequential buildup and fragment 
connection. The first method starts with a seed atom or 
chemical group, and then adds atoms or groups in posi- 
tions and orientations that interact well with the target 
receptor. Several existing programs employ this strategy: 
Legend [13,14] and Genstar [15], which grow structures 
one atom at a time; GrowMol [16], which uses single 
atoms and functional groups as building blocks; GROW 
[17], which builds peptides one amino acid at a time; and 
GroupBuild [18] and SPROUT [19,20], which use organic 
fragments to grow molecules. 

In contrast, the fragment connection method starts by 
placing atoms or groups in the target site in 'hot  spots' or 
places of  strong interaction with the receptor. These frag- 
ments are then connected via a bridging group of atoms 
to form a composite molecule (see Fig. 1). The advantage 
of this approach over sequential buildup is that the result- 
ant composite will involve all the key interaction sites, 
whereas the sequential approach always goes to places of  
immediate energetic advantage and may miss critical 
features that can only be reached by proceeding through 
areas of poor interaction [18]. The disadvantage is that 
there may not be chemically feasible bridging groups to 
join all the fragments in their most favored locations. 

There are many ways to place functional groups or 
larger fragments in areas of  strong interaction. One is to 
use Goodford's G R I D  [21,22] program to locate 'hot  
spots' for functional groups. Another is to use the 
'HSITE '  [23,24] program to find hydrogen bonding loca- 
tions. The program LUDI  [25,26] uses a rule-based sys- 
tem to define interaction site points. The programs MCSS 
[27] and Concepts [28] have been developed to place small 
functional groups into areas of good interaction, using 
molecular dynamics. Larger groups are found with 
F O U N D A T I O N  [29], which performs a search on a 3D 
database to find appropriate small molecules. Docking 
programs can also be used to place several smaller mol- 
ecules in areas of  strong interaction. 

Once the 'hot spot' regions have been filled, the next 
step is to find bridging groups to join the atoms or 
groups. LUDI  [25] and CAVEAT [30] both use a data- 
base searching technique with a special bridging group 
library for compounds whose ends match the fragments 
in end-to-end distances and angles. This approach is 
useful, but limited by the database. N E W L E A D  [31] uses 
a similar technique, but it has a database of  smaller 
bridging groups (which are labeled spacers) which can be 
combined (no more than three in a row) to form a bridg- 
ing group. SPLICE [32] joins fragments with overlapping 

bonds, which works well when such overlaps exist. Leach 
[33] has developed an algorithm that generates chains and 
then uses the ' tweak' algorithm [34,35] to match the ends 
of  the chains to the templates. Lewis et al. have devel- 
oped several methods to generate connectors, including 
the use of  spacer skeletons [36,37], a diamond lattice [38], 
and an irregular lattice, which was the original method in 
BUILDER v.1 [39]. 

BUILDER overview 
The original BUILDER v.1 software consisted of an 

interactive program, run from within a graphics environ- 
ment provided by MidasPlus [40]. It used D O C K  to ini- 
tially place molecules into the active site, prior to the 
BUILDER session. Within the interactive session, the 
user could specify a zone of interest, and would be shown 
a series of top-ranking D O C K  molecules in that zone one 
at a time. Any interesting molecule or parts of  a molecule 
could then be chosen to serve as a starting fragment. The 
user would specify which fragments to join, and 
BUILDER would give the user a series of  bridges from 
which to choose. The bridges were generated by perform- 
ing a breadth-first search on an irregular lattice, to find 
a path through the lattice that joined the two fragments. 
The irregular lattice was created from a series of  top- 
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Fig. 1. Overview of BUILDER's design strategy. (a) Characterize 
zones of interest in the receptor. (b) Fill zones of interest with frag- 
ments. (c) Join fragments with bridging groups to form a composite 
molecule. 
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scoring docked molecules in the receptor site (around 300 
molecules for a site). Pruning strategies were employed 
during the search to ensure that the path followed chemi- 
cal rules (for example, that it had proper bond angles and 
torsion angles, and consisted of a sensible combination of 
atoms). The advantage of using such an algorithm to 
generate paths, as opposed to searching a bridge library, 
is twofold. First, it allows for more possibilities than 
searching a small database. Second, it allows for a better 
torsional sampling of bridge groups. 

But how good are the resultant generated bridges? To 
answer this question, it is necessary to examine the de- 
sired properties of  bridges. It is assumed that the frag- 
ments will provide most of the binding for the composite 
molecule. In contrast, the bridging groups are in areas 
not expected to contribute strongly to binding. Thus, the 
bridging groups should be chosen based on synthetic and 
geometric considerations for the resultant composite 
compound. These considerations can be seen in the fol- 
lowing specific geometric and chemical goals for bridges. 

Desired properties for bridging groups 
The following are geometric goals for bridges. (i) 

Bridges should be short (2-5 bond lengths). I f  there is 
more distance between key interaction groups, it might be 
more advantageous to place another fragment at some 
point in-between the two to maximize the interaction 
energy, rather than forming a long connector with no 
apparent addition to the binding energy. (ii) A relatively 
large number of  chemically distinct bridges is sought, so 
the chemist can choose amongst them for those satisfying 
certain synthetic or other requirements. (iii) The bridging 
groups should reflect a good sampling of torsional space. 
A 10 ° variation in torsion angle will not greatly raise the 
conformational energy of a proposed bridge, but it may 
determine whether that bridge can join two fragments. 
(iv) Finally, a scheme to generate rigid linkers is desirable. 
The more rigidity, the lower the conformational entropy 
loss upon binding. This must be balanced, however, with 
synthetic accessibility, as multiple ring systems may com- 
plicate the synthesis. 

The goals for chemical properties are simpler. (i) The 
proposed bridges should be chemically sensible. They 
should consist of  atom type combinations that exist in 
nature. For example, three oxygens in a row do not make 
chemical sense. (ii) They should have realistic bond 
lengths and angles for the atom types. (iii) There should 
be a chemically diverse set of bridges. This provides the 
chemist with a nice variety to choose from when design- 
ing a molecule. 

How did the bridges from the original BUILDER v. 1 
compare with our stated geometric and chemical goals? 
They stand up to most of the geometric criteria - the 
linkers are short, many in number and represent a full 
sampling of torsional space. However, the bridges all 

consist of linear chains of  atoms, which can be floppy. 
Therefore, an additional rigidification scheme would be 
desirable. By the chemical criteria, the BUILDER v.1 
results had many shortcomings. The bridges were not 
required to make much chemical sense. There was no 
constraint on the angle the path had to make to the end 
fragments. Thus, the bond and dihedral angles from the 
path to the fragment could be very distorted. Also, the 
resultant bridges did not consist of specific atom types 
(i.e., an element combined with its hybridization state), 
but only of element types. Hybridization information was 
treated separately, resulting in quite loose tolerances. The 
bond lengths could be off by as much as 0.5 A, since only 
element types were used to judge allowed bond lengths. 
Similarly, bond angles were chosen from a small set of 
angles (109.5 °, 120 ° and 180 °) with a 5 ° tolerance, permit- 
ting considerable sp 3, sp 2 and sp distortion. This also led 
to chemically unreasonable atom type combinations, as 
only the element type, and not its hybridization, was used 
to judge its feasibility. For example, since C-O-C is an 
allowed bridge when elements only are considered, a path 
in which the middle O was sp2-hybridized was allowed. 
Thus, clearly there were many areas to improve the orig- 
inal approach. 

Changes made in BUILDER v.2 
In this paper we report a variety of  changes to the 

original BUILDER approach to address the shortcomings 
mentioned above. These changes include: (i) modifications 
of  the original breadth-first search code to improve the 
searching strategy; (ii) a new series of  post-processing 
steps after the initial paths are found, to add specific 
atom types to each path, and to adjust bond lengths and 
angles accordingly; (iii) additional heuristics to prevent 
chemically unfeasible atom type combinations; (iv) a ring 
generator to help rigidify the results; (v) a modification in 
the lattice generation strategy, from using a lattice formed 
from D O C K  molecules to a random lattice; and (vi) 
finally, many implementation improvements to facilitate 
the use of  BUILDER.  

Methodology 

Overview 
BUILDER v.2 uses the same general approach as in 

the original version for designing compounds inside a 
target receptor (see the BUILDER overview section for 
more details). The main change in BUILDER v.2 com- 
pared to v.1 is how the bridging groups are built. The 
BUILDER v.2 approach to building connectors can be 
described as a five-step process (see Fig. 2), starting with 
two fragments in the active site that are to be joined, 
where the user has specified which atom in each fragment 
is to be used in the connection. (i) Generate a random 
lattice in the active site. This step has to be performed 
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only once for each active site. The lattice can be reused 
for any new fragments to be joined later in that site. (ii) 
Find paths through the lattice that connect the two atoms 
in the fragments, via a breadth-first search. This is similar 
to the original breadth-first search, with one key change: 
for each point in a path, the element type is ignored, and 
instead the hybridization state is stored. The resulting 
paths are then termed 'generic paths', for they represent 
only information about hybridization states and do not 
specify any atom type. (iii) Generate specific atom types. 
Many specific atom type combinations are generated for 
each generic path, following heuristic chemical rules to 
reduce the number of  combinations. The result of  this 
step is a linear chain of  specific atoms in specific states of 
hybridization. (iv) Use the SHAKE algorithm [41,42] to 
adjust bond lengths and angles. (v) Perform final adjust- 
ments, adding atoms, such as oxygens on carbonyl car- 
bons, and rings if possible. The end result is a linker with 
specific atom types which is not necessarily linear. 

Creation of the random lattice 
While BUILDER v.2 can search any lattice or grid to 

join fragments, the original 'irregular lattice' had several 
problems, mainly due to the very uneven density that 
existed throughout. The lattice could be particularly 
sparse in some areas, often in large areas between key 
pockets, exactly where the connecting groups are needed 

Generate 
Random lattice I 

/ o° o~l 

Find Generic Paths 
through Lattice 

sp~P2"spgSp2--s~ 

Generate Specific Atomtypee 
Cs.p 2 Cear ~ C ~ 

C s ~ ~ p 3  C ~ p 3  ~]CSl~" ~ ~]Csp3 

Adjust bond lengths ] 
and angles 

I C ~  Final Adjustments C~ ~p 
0 ..~ / ~  / sP3]" ~ "] "CsP 0 3 C 3 3 

Fig. 2. Flow chart of the BUILDER strategy for generating bridging 
groups. 

to join key fragments in these pockets. We elected to 
explore a random lattice instead, to provide a more even 
distribution of points while avoiding the poor mapping of 
diverse molecular conformations that occurs with regular- 
ly spaced lattices. 

To create the lattice, the user specifies box dimensions 
for the proposed lattice location. Atoms are placed into 
the box using a pseudo-random number generator. The 
user also specifies the average spacing between the atoms 
(i.e., the density of  atoms in the box). There is a trade-off 
here between the quality of  the space sampling, which 
improves with a finer spacing, and speed, which improves 
with a wider spacing. In practice, we have found an aver- 
age spacing of about 0.4 A to be the best balance be- 
tween these factors. Once positioned, each atom is then 
checked for intersections with the target receptor. This 
confines the breadth-first search to the allowed space 
within the pocket. 

Generic path search 
The algorithm for finding the generic paths follows the 

original breadth-first search algorithm, with the following 
changes: (i) as mentioned above, atom types are treated 
as generic; (ii) the hybridization states for each point in 
the path are examined in more depth; (iii) the handling of 
end points has been expanded to take into account the 
bond and torsion angles between the path atoms and the 
end fragments; (iv) finally, there have been several optimi- 
zations to improve search efficiency. 

The main change in our treatment of hybridization is 
how the hybridization state for each atom in a path is 
determined. Once three atoms are found on a path, their 
bond angle can be used to define the hybridization of the 
middle atom. Originally, these hybridization states were 
stored by lattice point, so that once a lattice point was 
added to a path in a particular hybridization state, it 
could only be added to another path in that same state. 
Now the hybridizations themselves are stored with each 
path, so the choices for one path do not affect those for 
another. Along with this change, we allow a point in a 
path to have more than one hybridization state. This is 
especially important when the bond angle tolerances are 
loose, and the point in the path can fall into two (or 
more) possible hybridization states. In such cases, two (or 
more) paths are created to represent each hybridization 
state, rather than arbitrarily choosing one over the other. 
Finally, the pruning algorithms have been changed so as 
to handle the hybridizations better. Originally, the torsion 
test only examined atoms of the same hybridization state 
(i.e. spZ-sp 2 or sp3-sp3). Now it can handle mixed hybrid- 
ization definitions (i.e. sp2-sp3). In addition, a hybridiza- 
tion prune has been added to remove unwanted combina- 
tions (for example sp3-sp-sp3). 

The third major change to the breadth-first search 
algorithm is in the handling of the fragment ends. The 
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Fig. 3. In some cases the end points tightly define the positions for 
any connecting atoms. This is the case for (a) and (b), where only the 
circled positions are acceptable. In case (c) this location is no t  tightly 
defined. 

angles and torsions defined by fragment ends are now 
used to prune the breadth-first search paths, to ensure 
that the paths approach the ends from chemically accept- 
able vectors. The angle and torsion tolerances for the end 
atoms are separated from the tolerances along the path, 
so the user can make them looser or tighter as desired. 

The last set of  changes to the breadth-first search algo- 
rithm involves optimizing its search performance. Often 
the geometry of a fragment will specify a unique location 
in space, or a choice of  locations, for the first atom in 
any connection path from that fragment. For example, in 
Fig. 3a, when connecting from benzene, the first atom in 
the path must be near the circled location in order to pass 
the angle and torsion constraints of  benzene. Similarly, in 
Fig. 3b, with cyclohexane it must be in one of the two 
circled locations. However, in Fig. 3c the location is not 
tightly defined and there is a torus of  acceptable atom 
positions. In tightly defined cases such as Figs. 3a and 3b, 
a lattice point is generated into each of the circled regions 
depicted in Fig. 3, to ensure that at least one lattice point 
exists in these regions. We also use these locations in 
space to terminate searches, again as shown in Fig. 3. A 
search is essentially completed as soon as one of these 
points is found, as it is known that they are the only 
acceptable lattice points to the fragment end point. To 
continue past these points in a breadth-first search, all the 
paths of the next generation would have to be examined, 
which would be proportional to the square of  the number 
of  nodes in the current generation, increasing the total 
search time substantially. Therefore, to save time an 
option was added to move the end point of the search up 
from the fragment end to the set of acceptable lattice 
points. 

Generating specific atom types 
Once the generic paths are formed, a set of paths con- 
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taining specific atom types must be generated for each 
path. This stage involves substituting all appropriate 
specific atom types for each generic atom, and using a 
' G O O D L I S T '  of  allowed three-atom combinations to 
limit the number of  possibilities to those which are chemi- 
cally reasonable. The algorithm used to generate the 
specific atom types is a breadth-first search. The first 
atom in the generic path is set to the original atom type 
for that end point. Each subsequent atom in the generic 
path is replaced in turn by all atom types that could be 
bonded to the previous atom type. This is pruned to 
remove all atom types that do not have the correct hy- 
bridization for that point in the generic path. Each atom 
type is further pruned for chemical sense, by examining 
its combination with the previous two atom types, to see 
if that combination of three atom types is in the GOOD- 
LIST of allowed combinations. A separate GOODLIST  
is used for combinations involving end atoms, to allow 
more choices at the ends. 

The GOODLIST  can be established or modified by 
each user. For our tests, the GOODLIST  consisted of a 
set of  18 different functional groups (see Fig. 4). No other 
combinations were allowed. In order to keep the resulting 
paths very simple, we further restricted the GOODLIST  
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Fig. 4. Set of  allowed functional groups. 
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Fig. 5. Rings used in BUILDER test cases. 

so that none of  the defined functional groups could ad- 
join one another. They had to be separated by at least 
one sp 3 carbon. This restriction was not  added to the 
G O O D L I S T  defining the fragment ends, because the end 
points might not  always be s p  3 carbons. 

Adjusting bond lengths and angles 
Now that specific a tom types have been added, the 

bond lengths and bond angles are adjusted appropriately. 
The S H A K E  algorithm [41,42], which was originally de- 
veloped to constrain bond lengths and angles to within 
certain tolerances during molecular dynamics simulations, 
was used to adjust the bond lengths and angles o f  the 
paths. S H A K E  is an iterative algorithm, which goes 
through a set of  distance constraints for bond  lengths and 
angles and adjusts them one at a time. It continues until 
all distance residuals are less than a user-set tolerance 
(shake tol), or until a maximum number o f  iterations have 
been tried. We use a shake_tol of  0.02 and a maximum 
number  o f  iterations o f  500. I f  a path cannot  be 'shaken 
down',  it is removed, al though this rarely happens. 

In practice, S H A K E  works very well at adjusting bond 
lengths and angles, correcting to within 0.1 A of  ideal lbr 

bond  lengths and to within 3 ° of  ideal for bond angles. 
The only exception is the presence of  180 ° angles, which 
are not  well corrected. For this case, we use a second 
angle correction routine, where the angles are straight- 
ened in a series of  rotations so as not to change already 
corrected bond lengths. The end result is a set o f  paths 
with very accurate bond lengths and bond angles. Since 
S H A K E  may have altered the torsion angles of  the paths, 
a torsion screen is performed at this time, and those out- 
side the accepted range are removed. Similarly, since 
S H A K E  may have moved the end points of  the linker 
slightly, the resulting linkers are quickly translatcd back 
to the original end points. In cases where the vector from 
the end point  is tightly defined (see Fig. 3), the Kabsch 
algorithm [43,44] is used to translate both the end points 
and end vectors onto the original end points and vectors. 

Final adjustments 
Final adjustments are made to turn the paths into 

bridging groups. First, certain atoms need to be added. 
For the functional groups we used, all carbonyl carbons, 
sulfone, sulfoxide, and phosphate atoms need sp2-oxygens 
added to them. Then the paths need to be examined to 

Fig. 6. Steps involved in generating rings onto a bridge. (a) The initial bridge. (b) Addition of dummy atoms. (c) Matching of bridge and dummy 
atoms to a ring. (d) Superimposition of the ring onto the bridge. 



TABLE 1 
ANGLE AND TORSION PARAMETERS 

Hybridization Ideal angle Minus tolerance Plus tolerance 
(°) (°) (°) 

Full sampling a 
Angles 

sp 180 20 20 
sp 2 120 10 10 
sp 3 109.5 9 1 t 

End angles 
sp 180 15 15 
sp ~ 120 10 10 
sp 3 109.5 9 11 

Narrow sampling ~ 
Angles 

sp 180 12 12 
sp 2 120 5 5 
sp  3 109.5 7 7 

End angles 
sp 180 10 10 
sp 2 120 5 5 
sp 3 109.5 7 7 

Torsions 
sp-sp 0.0 180_0 180.0 
sp2-sp 2 0.0 12.0 12.0 

180 12.0 12.0 
sp3-sp 3 60.0 15.0 15.0 

180.0 15.0 15.0 
300.0 15.0 15.0 

Narrow and full sampling refer to two different choices for parame- 
ter sets. See text for further discussion. 

see if any portions can be embedded into rings. Next, a 
bump check against the target receptor is performed. The 
original lattice is constructed within the context o f  the 
receptor, so the original paths will not  bump, but the 
subsequent angle adjustment may have moved an a tom 
sufficiently to bump against the receptor. Also, ring 
atoms and other added atoms may bump against the 
receptor. Finally, an intramolecular clash check is per- 
formed on the bridge. To do this, the van der Waals radii 
used for the atoms are reduced from a value correspon- 
ding to the lowest energy in the Lennard-Jones potential, 
to the value corresponding to zero energy. A user-defined 
tolerance is also added to allow some flexibility, a l though 
we usually set this to a very low value (0.1 A). 

The ring-generation algorithm currently used by 
B U I L D E R  v.2 is straightforward. More sophisticated 
algorithms [45] have been developed that can generate 
complicated multi-ring systems. However, since the goal 
o f  B U I L D E R  is to try to keep the connecting groups 
reasonably accessible to synthesis, a simpler plan was 
employed. For  each connector, each ring in a user-defined 
list is tested to see if it can be embedded into that con- 
nector. The ring list we use is shown in Fig. 5. I f  the 
a tom types in the connector  match the a tom types in the 
ring, an at tempt is made to match the ring to the con- 
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nector using the Kabsch algorithm [43,44]. Two additio- 
nal atoms are generated from the connector to help in 
this matching (see Fig. 6). I f  the rms of  the overlapping 
ring and linker atoms is below a certain tolerance, then 
the matching is considered successful and the ring is ad- 
ded. Fused rings are handled in this algorithm by initially 
including them in the user-defined list. I f  more than one 
ring can match a path, both possibilities are generated 
and are considered as separate bridging groups. 

The final bridging groups are screened with several 
user-defined values. The first is enddist_tol, which is the 
rmsd of  the end points from the original. The second is 
endang_tol,  i.e., the error in the angle from the bridge 
atoms to the end points. Finally, the algorithm can lead 
to several bridges with the same a tom type combinations. 
Each of  these represents a slightly different conformation.  
Some conformations are closer than others, and the user 
can specify an rmsd tolerance (unique tol) at which two 
conformations are considered to be identical. In these 
cases, the bridge whose end points are nearest the original 
is retained. 

T e s t i n g  m e t h o d  

Before testing this method for building bridging 
groups, it is important  to define the factors that are used 
to judge the results. The first is CPU time. Since 
B U I L D E R  is an interactive program, it is important  that 
the results for each stage are calculated in a reasonable 
amount  of  time, on the order o f  seconds to no more than 
a few minutes o f  CPU time. The second criterion is the 
quality o f  the bridging groups. This can be examined by 
looking at the bond lengths, angles and torsions in the 
bridges and seeing how they compare  to ideal values. In 
addition, in cases where B U I L D E R  v.2 is rebuilding a 
known bridge, the rms fit to that bridge can also be used 
to judge quality. Another  factor is consistency. How 
dependent is B U I L D E R  v.2 on the initial placement of  
the lattice - does moving the lattice change the results? 
The final factor is the number o f  bridges produced. As 
mentioned before, it is important  that the user has a 
reasonably diverse set o f  bridges to choose from. We 
examined these factors in the following set o f  tests. 

TABLE 2 
PARAMETER DEFAULTS 

Parameter name Default value 

Constraint ellipse 0.0, 2.10 
Enddist_tol 0.15 
Endang_tol 5.0 
Shake_tol 0.02 
Unique_tol 1.0 
Clash_tol 0.2 
Ring_tol 0.15 
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TABLE 3 

RESULTS OF R E B U I L D I N G  18 D I F F E R E N T  F U N C T I O N A L  
G R O U P S  

Link Length o f  Best C P U Final 
bridge rmsd (~)  time (s) b number  of  

bridges 

Carbonyl 4 0.11 19 33 
Ester 4 0.16 11 28 
Amide 4 0.13 7 14 
Thioester 4 0.18 4 8 
Dicarbonyl 4 0.14 8 36 
Sulfone 4 0.33 10 16 
Sulfoxide 4 0.44 8 18 
Sulfonamide 4 0.17 19 2 
Phosphodiester  4 0.19 6 12 
Ether 4 0.18 6 33 
Thioether 4 0.16 8 16 
Amine 4 0.12 7 40 
Alkyne 4 0.11 3 1 
Diazine 4 0.12 5 10 
Alkene 4 0.15 8 11 
c~,[~ Unsatura ted  4 0.13 7 15 

carbonyl 

Allene 5 0.14 381 121 
Allene" 5 0.15 21 81 
Benzene 5 0.25 329 58 

Benzene" 5 0.38 25 24 

" Redone with narrow sampling. 
b CPU time on an IRIS Indigo R4000. 

Robustness testing 
The first test for the bridge-building algorithm was to 

see if BUILDER v.2 could reproduce known results. For 
this purpose, a set of  known bridges were made from the 
18 functional groups depicted in Fig. 3. Each of these 
bridges consisted of the functional group, with sp 3 car- 
bons added to both sides until the total length of tlae 
bridge was at least four bond lengths (five for phenyl and 
allene groups). Then, BUILDER v.2 was given only the 
end points for each of these bridges, and it was tested to 
see if it could reproduce the original bridge. All cases 
were run with the full sampling parameters listed in Table 
1, with the default parameters listed in Table 2, and with 
the add ring function on. The results are shown in Table 
3. Using the random lattice, BUILDER v.2 can repro- 
duce all bridges with nearly ideal geometries. However, 
the full sampling is very time-consuming for the two 
longer bridges of  five bond lengths. This time can be 
reduced by using the lower sampling value for angles. 
With this lower sampling, these bridges are rebuilt much 
faster. These results are shown at the bot tom of Table 3. 

The sampling tolerance is a trade-off between speed 
and consistency. The higher sampling is strongly over- 
determined, meaning that there are many paths that lead 
to similar results. This leads to more consistency, and 
helps guarantee that if a path is possible, it will be found. 
A series of runs was performed to test the consistency of 
these parameters, by examining how shifting positions 

within the lattice would affect the results. The 18 bridges 
mentioned above were run on the lattice, where they were 
translated by 0.1 A increments for a total of 0.5 A in each 
direction ( 5 x 5 x 5 =  t25 different positions were tried). 
With the wider sampling parameters, the original bridges 
were rebuilt in more than 99% of the tests. With even 
wider parameters, it is possible to ensure that they are 
rebuilt 100%, but this more than doubles the CPU time, 
for diminishing returns. The same test done with narrow 
parameters rebuilt the paths only 80% of the time. The 
fact that paths may be missed with this lower sampling is 
not a serious problem, as the main purpose of BUILDER 
is to generate a set of  acceptable bridges. It is not necess- 
ary that all possible bridges in the system are reproduced. 

This trade-off between speed and thoroughness is fur- 
ther seen in the results as the length of the bridge is 
varied. For this test, a series of bridges was constructed 
containing an amide functional group, and more sp 3 
carbons were added sequentially to each end in order to 
increase the size of the bridge. The results are shown in 
Table 4. With the full sampling, the bridge is consistently 
reproduced, until a length of six where it exceeds the 
maximum allowed number of  generic linkers and there- 
fore does not finish. The time taken varies approximately 
with the square of  the path length. The narrow sampling 
does not produce good results for the short paths. How- 
ever, for the longer paths it does produce a variety of 
bridges in a reasonable amount of  time, which is the main 
goal of  BUILDER.  As expected, since it does not fully 
sample space, it does not consistently reproduce the start- 
ing bridge. Which sampling values are better depends on 
the individual application and how thoroughly the user 
wishes to examine the possible bridges. 

Another factor to consider is the quality of  the bridges 
created. We measured the deviations in bond angles and 
torsion angles. The bond lengths are forced by SHAKE 
to values within 0.1 A of ideal. The angles have a little 
more freedom, as they are indirectly fixed in SHAKE 
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Fig. 7. Angle deviations from ideal for bridge atoms. 
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Length of Starting Rmsd (A) Number  of Number  of Total Time for 
original link bridge from start- nodes generic resulting generic 

reproduced ing bridge examined paths paths paths (s) 

Total time 
( s )  a 

Full sampling 
2 Yes 0.03 12 7 2 < 1 < 1 

3 Yes 0.03 140 27 8 < 1 < 1 

4 Yes 0.07 11442 201 8 3 6 

5 Yes 0.18 23162 8907 43 11 273 
6 No N/A b - > 15000 - - - 

Narrow sampling 
2 Yes 0.02 9 2 1 < 1 < 1 
3 No N / A  b 2932 0 0 5 5 

4 No N/A b 3802 13 1 1 1 

5 Yes 0.23 14228 360 17 6 13 

6 Yes 0.14 23712 981 109 8 91 

a CPU time on an IRIS Indigo R4000. 
u Not applicable since the starting bridge was not reproduced. 

through the end-to-end distances. The angles tested were 
taken from the sum of  all the results in Table 3. The 
bond angles and torsion angles from the bridge to the end 
points were treated separately from the angles within the 
bridge. The results are shown in Figs. 7 and 8. The result- 
ing angles are all within 4 ° from ideal for the bridge 
atoms, and mostly within 4 ° for the end angles. Similarly, 
the torsions span a range within the user-defined accept- 
able values. Thus, in terms of  bond and torsion angles the 
bridges make chemical sense. 

Comparison to previous methodology 
To validate the new approach, we tested both  pro- 

grams with a series o f  problems. The first test compares 
the irregular lattice generated from D O C K  hits to a ran- 
domly generated lattice. For this case, we started with the 
crystal structure of  dihydrofolate reductase bound to 
methotrexate [46], using structure 4 D F R  from the Brook- 
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Fig. 8. Angle deviations from ideal for bridge end points. 

haven Protein Data  Bank (PDB) [47]. For the random 
lattice, a box was defined in the methotrexate binding 
site, and a lattice with an average spacing of  0.4 A was 
generated using a pseudo-random number generator. A 
bump check was performed to remove any atoms in the 
space o f  the protein. For the irregular lattice, the original 
lattice of  docked molecules described in Ref. 39 was used 
with some modifications. In order to make a fair com- 
parison, all atoms outside the box used for the random 
lattice were removed from the irregular lattice. Atoms 
from docked molecules were then removed from the ir- 
regular lattice until both lattices had the same number  of  
atoms. Thus both lattices filled the same space, and had 
the same average density, but different distributions of  
lattice points. Two bridging groups o f  methotrexate, linkl 
and link2 (shown in Fig. 9), were then rebuilt using each 
lattice. Originally we thought  that the lattice made up of  
docked molecules would have a better distribution of  
points. However, as shown in Table 5, the random lattice 
performs as well, if not  better. The linkers found by the 
random lattice had as good or  better rmsd values, and the 
time used to find the linkers was shorter. A closer look at 
the comparison showed that the irregular lattice generated 
more generic paths. However, the fact that the overall 
rmsd was worse for the irregular lattice in link2 showed 
that many of  these generic paths were redundant,  without 
sampling the space as well as the random lattice paths. 
This is probably due to the uneven nature of  the irregular 
lattice, being too dense in some places and too sparse in 
others. 

As a further comparison of  methodology, the original 
B U I L D E R  v. 1 was run on the test case described above. 
The results are summarized in Table 6. As can be seen, 
B U I L D E R  v. 1 is two to three times slower than v.2. This 
is due to optimization of  the newer version. The original 
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Fig. 9. Methotrexate test case. (a) Methotrexate fragments to be 
connected with BUILDER. (b) Bridges in methotrexate (linkl and 
link2) which are regenerated using BUILDER. 

vermon generates more bridges, and all of  these are 
shorter. However, the angles to the end fragments have 
serious errors. In fact, the program does not produce any 
paths that are within 10 ° of the correct angle to the end 
points. Also, the bridges from BUILDER v.2 are chemi- 
cally more reasonable. Their bond lengths and angles are 
much closer to ideal. Also, they have acceptable atom 
type combinations, whereas two thirds of  the bridges 
generated by BUILDER v.1 for link2 of  methotrexate 
were nonsensical. Examining the resulting bridges, there 
is also more chemical variety in the new version, which 
occurs since each lattice point in v.2 represents all poss- 
ible atom types, as opposed to only a single element type 
in the original version. 

Finally, in comparing results from both versions, the 
new method is much easier to interpret. The original 
linkers are only chains of atoms for which the user has to 
examine the angles themselves to determine the hybridiza- 

tions, and then check for chemical sense. In contrast, the 
new method provides this hybridization information, and 
the bridges are not necessarily linear as they may have 
carbonyl oxygens, sulfoxide, oxygens or rings added to 
them, which greatly improve visualization and compre- 
hension of the chemistry represented by the linkers. 

Applications 

Rebuilding methotrexate 
To further validate the new BUILDER v.2 methodol- 

ogy, tests were performed to see if it could rebuild exist- 
ing linkers in known drug compounds. The first test was 
to rebuild methotrexate bound to dihydrofolate reductase 
[46], using 4DFR from the PDB [47]. Methotrexate was 
split into three key binding fragments, shown in Fig. 9. 
The first fragment is the pteridine ring, which has strong 
hydrogen bonds and electrostatic interactions to 4DFR. 
The second fragment is the phenyl group, which binds to 
a hydrophobic region in 4DFR. The third fragment is the 
c~-carboxylate group, which is strongly hydrogen bonded 
to the receptor. Two bridges are required to join these 
fragments, as shown in Fig. 9. The results of  running 
BUILDER v.2 are shown in Table 7. The program was 
able to reproduce the known bridges with very good rmsd 
values. In addition, it was also able to generate a number 
of acceptable alternative bridges. 

Rebuilding HIV-1 protease inhibitor A74704 
The second application is more challenging. The inhib- 

itor A74704, bound to HIV-1 protease [48], was used 
from PDB entry 9HVE It was split into five fragments, 
shown in Fig. 10a, identical to those used in NEW L E A D  
[31]. These fragments comprise the peptide side chains, 
which can be rejoined by the linkers shown in Fig. 10b, 
which comprise the backbone. Notice that link1 is re- 
quired as a starting point for link2, link2 is required for 
link3 and link3 is required for link4. To reproduce the 
original inhibitor, these links were generated sequentially, 
that is, the atoms from each previous link were used as 
starting points for the next link. This is a test of the ro- 
bustness of  the method, as large rms deviations from the 
crystal structure could propagate down the set of links. It 

TABLE 5 
COMPARISON OF I R R E G U L A R  VERSUS R A N D O M LATTICE ON 4DFR ~ 

Linkl 

Link2 

Lattice CPU time (S) b Number of nodes Number  of generic Total resulting Best rmsd to 
examined paths bridges known bridge 

Random 1 1382 19 16 0.138 

Irregular 2 1183 59 16 0.138 
Random 14 17194 147 24 0.148 

Irregular 108 17156 1775 38 0.216 

" In order to emulate the actual bond angles to the end fragments and torsions found in methotrexate, an endang_tol of 8 ° was applied, and 
final_torsions was loosened to 30 ° for sp2-sp 2 and sp3-sp 3 torsions. 

b CPU time on an IRIS Indigo R4000. 
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Program CPU time Total number Total number of Average angle Average angle 
(s) b of bridges chemically reason- deviation (°) deviation at 

able bridges ends (o) 

Average bond 
length deviation 
(A) 

Link1  Current 2 16 16 1.9 2.7 0.01 
Original 6 14 12 5.4 31.5 0.31 

Link2 Current 14 24 24 2.6 5.1 0.01 
Original 22 537 173 8.6 30.1 0.36 

a In order to emulate the actual bond angles to the end fragments and torsions found in methotrexate, an endang_tol of 8 ° was applied, and 
final_torsions was loosened to 30 ° for sp2-sp 2 and sp3-sp 3 torsions. 

b CPU time on an IRIS Indigo R4000. 

turned out, as can be seen in Table 7, that all the original 

links were reproduced with good rmsd values. Along with 
reproducing the peptide backbone, B U I L D E R  v.2 was 

able to come up with a number  of alternative backbone 
structures at each bridge. 

Regenerating methotrexate from DOCKed fragments 
As a final application, the entire B U I L D E R  methodol-  

ogy was tested. The purpose of the test was to show that 
it is possible to generate methotrexate from a series of 

docked fragments using BUILDER.  Since there are many 

user choices throughout  the B U I L D E R  process, it would 
be very difficult to prove that a part icular molecule would 

or would not  be designed. This test case is simply show- 
ing that it is within the large realm of molecules a user 

could design. 

First, a D O C K  run was performed on the Comprehen-  
sive Medicinal  Chemistry Database (CMC) [49], which is 

a database of about  5000 medicinal compounds.  In  addi- 
tion, a pteridine ring fragment was DOCKed  into 4DFR.  

Next, the site was characterized and three zones of inter- 
est were defined. The first zone, which corresponds to the 
pteridine ring binding pocket, was identified using Good-  
ford's G R I D  program with an amino probe. It was also 
identified with a carbon probe as being a good pocket for 

shape complementarity,  as there are many  possible van 
der Waals interactions. The second zone, which corre- 

sponds to the phenyl ring, was identified as a good hy- 

drophobic b inding pocket, both  by visual inspection and 

TABLE 7 
RESULTS ON REBUILDING KNOWN COMPOUNDS 

by using the program H I N T  [50] to highlight the hydro- 

phobic port ions of the active site. The third zone, which 

corresponds to the c~-carboxylate binding site, was ident- 

ified as a good electrostatic binding site using G R I D  with 
a carboxylate probe. 

Each of these zones was queried with the 'zone'  com- 

mand  to find appropriate fragments. Again,  it should be 
noted that since B U I L D E R  is an interactive system, it 
would be difficult to prove that a user would choose the 
part icular fragments that rebuild methotrexate. It can only 

be shown that these would be reasonable choices. By 'rea- 

sonable '  we mean  that the part icular fragments chosen can 
be justified by our criteria. Since these fragments all came 

from top-ranking D O C K  results, they all have good elec- 
trostatic and van der Waals interactions with the site. We 

decided amongst  these top-scoring molecular fragments on 

the basis of  how well they interacted with the crucial char- 
acteristics we identified for each zone of interest. 

In  the first zone, two of the nitrogens of the pteridine 

ring make very strong electrostatic interactions in two 

amino probe min ima  identified by GRID.  The pteridine 

ring also has very good van der Waals contacts with the 
site. Thus, the entire pteridine moiety makes strong inter- 
actions and is therefore a good starting fragment. In the 
second zone, chlorandanic acid was the first compound  

from the 'zone '  query that had a ring placed in the hydro- 
phobic pocket. Since the only interaction of interest in 

this zone was the hydrophobic interaction, chlorandanic 

acid was paired down to just  its phenyl group, which had 

Inhibitor Link Link length Rmsd Total no. of bridges generated (0.25 ~ cutoff) CPU time a 

Methotrexate b link 1 3 0.271 17 1.1 
link2 4 0.220 39 15.5 

HIV protease inhibitor c linkl 5 0.370 59 411.0 
link2 2 0.148 3 0.3 
link3 3 0.112 14 0.2 
link4 3 0.328 7 1.5 

a CPU time on an IRIS Indigo R4000. 
b TO emulate the actual bond angles to the end fragments and torsions found in methotrexate, an endang_tol of 8 ° was applied, and final_torsions 

was loosened to 30 ° for sp2-sp 2 and sp3-sp 3 torsions. 
c To emulate the actual bond angles to the end fragments and torsions found in HIV protease inhibitor, an endang_tol of 8 ° was applied for all 

/inks, and no final_torsions restrictions were used for link2 and link3. 
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Fig. 10. HIV-1 protease test case. (a) Fragments of HIV-1 protease 
inhibitor to be connected using BUILDER. (b). Bridges in HIV-1 
protease inhibitor (linkl-link4) which are regenerated sequentially 
using BUILDER. 

the key interaction in this zone. In the third zone, the 
second resulting structure from the 'zone '  query was 
phthalysulfamethizole, which contained a carboxylate in 
the location of  the G R I D  carboxylate 'hot  spot' .  As in 
zone 2, since this was the main interaction o f  interest, the 
rest o f  the molecule was deleted. Figure 11 shows each of  
the molecules chosen, and how they were paired down. 

The next step was to find bridges to connect the frag- 
ments. Even though the fragments were distorted from 
the crystal structure, B U I L D E R  was able to reproduce 
the crystallographic connecting groups. Finally, the com- 
posite small molecule was energy minimized with SYBYL 
[51]. A superposition o f  the resulting composite structure 
with methotrexate is shown in Fig. 11. The overall rmsd 
is 0.506 A. Thus, with our  criteria for characterizing the 
site, we were able to rebuild methotrexate. Again, with 
other starting criteria a variety o f  other structures can be 
built instead; however, methotrexate is shown to be with- 
in the large set of  compounds  that can be built with this 
method. 

Discussion and Conclusions 

This work represents a significant improvement com- 
pared to the original B U I L D E R  v.1 strategy. The result- 
ing bridging groups are better, both in chemical sense and 
in diversity. This is because for every path found in the 
lattice in the original method,  all the atom type combina- 
tions that can represent that path (within the user-defined 
heuristics) are generated, increasing both the number and 
diversity of  the results. The heuristics are another  advan- 
tage of  the new method. The original method used a 
' B A D L I S T '  o f  combinations not to try, whereas the new 
method uses a ' G O O D L I S T '  to define allowed combina- 
tions. There are so many possibilities for combinations, 

that by restricting only some of  them the results can lead 
to many unnecessarily complicated atom type combina- 
tions. It is much easier to define what is allowed and 
eliminate the rest. This results in reasonably simple 
bridges, which hopefully would be more synthetically 
accessible. More  sophisticated bridges can be added, if 
desired, by simply adding more combinations to the 
' G O O D L I S T ' .  

The applications demonstrate the general robustness of  
the new bridging method. Given the coordinates o f  the 
fragments to bridge, it can reproduce a number  o f  crystal 
structures. In the HIV-1 protease test case, it was demon- 
strated that the new algorithm could both reproduce 
protein backbone bridges and produce novel alternative 
backbones to link the side chains, which may be useful 
for designing peptide mimics. This test case also demon- 
strated robustness, as one bridge could be used to build 
the next, and the crystal structure was still reproduced. 
The strongest test for robustness o f  the bridge generation 
strategy was the final one o f  regenerating methotrexate 
from docked fragments. The docked coordinates differed 
somewhat f rom the crystallographic coordinates, being 
slightly rotated and translated. B U I L D E R  v.2 was still 
able to reproduce bridges with the same atom type com- 
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Fig. 11. Rebuilding methotrexate. (a) Starting fragments are pterin 
from a DOCK single run and molecules from a DOCK search of the 
CMC database. (b) Pairing down to essential portions of fragments. 
(c) Connecting fragments and minimization of the structure. (d) 
Comparison to the crystal structure of methotrexate. The rmsd is 
0.512 h. 
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binations and similar conformations as the crystallo- 
graphic ones. 

It is difficult to compare directly the results of  
BUILDER to those of other bridging algorithms, because 
the goals of each algorithm are slightly different. The 
programs CAVEAT and N E W L E A D  start mainly with 
single atoms or pharmacophores to combine, and so the 
goal is to find interesting scaffolds that have key atoms 
in the pharmacophoric positions. For these purposes, 
large ring systems and the ability to span a larger area in 
space are more appropriate. LUDI  combines specific site 
points to a given fragment, and thus requires a smaller 
bridge library. In contrast, BUILDER and SPLICE start 
with larger fragments that interact with the site. Simplic- 
ity and chemical accessibility are desired in these bridges. 
Thus, these connectors are simply overlaps of fragment 
bonds, in the case of  SPLICE, and mainly linear bridges 
or smaller ring systems in the case of  BUILDER.  

In comparing the different algorithms, the following 
characteristics can be considered. The database searching 
approaches (CAVEAT, LUDI  and NEWLEAD)  are fast 
and not limited by the size of the desired bridge, but they 
are limited both by the content of  the database and in the 
sampling of torsion space, as they only took at rigid 
fragments. N E W L E A D  has more flexibility, searching a 
small library of allowed spacers where any combination 
of three is acceptable. BUILDER has the most torsional 
sampling, as it is not limited to only three spacers or 
rotatable torsions. It has more single atom types to allow 
more sampling. The trade-off for this increased flexibility 
is a strong limitation on the length of the resulting bridge. 
BUILDER is slow to find bridges of  length five (on the 
order of minutes), and searching for lengths greater than 
six is not practical for an interactive setting. This limita- 
tion could be addressed by modifying the breadth-first 
search algorithm to start from each end and meet in the 
middle, rather than starting from one end and going to 
the other. 

Another characteristic difference of BUILDER com- 
pared to other algorithms is that the shape of the receptor 
is taken into account before the bridge generation stage, 
limiting the space searched for bridges to the allowable 
space that can fit inside the receptor. The space used to 
search for bridges is determined by the lattice, which is 
bump-checked against the receptor when it is created. In 
contrast, the other methods have to be bump-checked 
against the receptor after the generation is completed. 

The final difference of BUILDER is that it is an inter- 
active program, whereas the others are more automatic. 
Thus, BUILDER allows medicinal chemists to use their 
intuition at every key step in designing a compound, by 
choosing which templates and bridges are best at each 
stage, while the computer program performs the more 
intensive labor steps in finding these templates and gener- 
ating bridges. The disadvantage of this approach is that 

it is more labor intensive for the chemist, whereas other 
approaches require the chemist to evaluate only the end 
products. 

These differences make it hard to directly compare the 
test cases of the various algorithms to BUILDER.  For 
example, for the HIV protease inhibitor application, we 
used the same starting fragments as in NEWLEAD. 
However, since BUILDER's  strategy is to sequentially 
combine fragments, allowing the user control at each step 
to control the complexity composite it is creating, it is 
hard to say how many composite molecules were formed, 
only that there were 155, 3, 14 and 7 bridges, respectively, 
for each step illustrated in Fig. 9. In contrast, NEW- 
LEAD found 11 total structures. The user was exposed to 
more fragment bridge possibilities using BUILDER,  but 
ended with fewer total structures than with NEWLEAD. 
Similar difficulties would crop up with the other algo- 
rithms. 

In the future we can automate more of the steps in 
BUILDER.  Currently, when joining two fi'agments, the 
user must choose which atoms to use as attachment 
points for a bridge. I f  the user wishes to try a pair of  
attachment points, another run must be performed. In- 
stead, the breadth-first search could be modified to allow 
multiple atoms both at the start and the end of the 
breadth-first search. Thus, it would be possible to simul- 
taneously search for paths that join to any atoms in the 
target fragments. 

The lattice construct could also be exploited to a larger 
extent. For example, each lattice point could be given an 
energetic score, based on its possible interactions within 
the site. This information could be used to influence 
which atom types are allowed in that position. It could 
also be used to prune the search. Instead of  doing a full 
breadth-first search, the list of points adjacent to each 
lattice point could be presorted by energy, and only the 
energetically most favorable ones would be accepted. In 
this way, it may be possible to design bridges that im- 
prove binding energy as well as connect groups. This has 
not yet been developed, because the main role for the 
bridges is to connect fragments located in the key binding 
regions. 

A final area for development is to work on methods 
for generating the initial fragment templates. Docking 
large molecules and deleting the unnecessary portions 
works well, but it may be more direct to dock smaller 
molecules into the 'hot spots'. Then a diverse library of 
small molecules and fragments could be directly used for 
the initial fragments. 

In the coming years, with the number of receptor 
structures quickly increasing, it is important to develop 
tools to aid in designing drugs to these structures. 
BUILDER combines some of the automation of com- 
puter algorithms with an interactive system that allows 
chemists to use their intuition at every step in the design 
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process. Thus, while there are many directions in which 
BUILDER can be developed, it already provides a useful 
tool for structure-based drug design. 
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