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A novel method for de novo drug design, GroupBuild, has been developed to suggest chemically
reasonable structures which fill the active sites of enzymes. The proposed molecules provide good
steric and electrostatic contact with the enzyme and exist in low-energy conformations. These
structures are composed entirely of individual functional groups (also known as “building blocks”
or “fragments”) which the program chooses from a predefined library. User-selected enzyme seed
atom(s) may be used to determine the area(s) in which structure generation begins. Alternatively,
GroupBuild may begin with a predocked “inhibitor core” from which fragments are grown. For
each new fragment generated by the program, several thousand candidates in a variety of locations
and orientations are considered. Each of these candidates is scored based on a standard molecular
mechanics potential function. The selected fragment and orientation are chosen from among the
highest scoring cases. Tests of the method using HIV protease, FK506 binding protein, and human
carbonic anhydrase demonstrate that structures similar to known potent inhibitors may be generated

with GroupBuild.

Introduction

Techniques for the determination of protein structures
are advancing rapidly,!-5 as are homology-based methods
for the prediction of protein structure.8-® Similarly,
structure-based drug design continues to advance and to
become more widely accepted.l®-13 As more protein
structures become available, whether from crystallography,
NMR spectroscopy, or homology modeling, the need grows
for a set of computational tools which can analyze protein
active sites and suggest compounds which may bind to
these sites. Ideally, these methods would be graphical,
interactive, and fast and produce a diverse set of chemically
and biologically reasonable structures. To the greatest
extent possible, they also should be free from arbitrary
user bias. Although such “rational de novo drug design”
methods do not yet exist, many promising approaches
toward this goal have been reported in the recent
literature.14-50

One of the best known methods for analyzing an active
site and suggesting ligands with complementary steric
properties is the program DOCK, which uses a fast sphere-
matching algorithm to dock compounds from a user-
supplied database in an enzyme active site.}+17 DOCK
has historically been hampered by its inability to handle
ligand flexibility and electrostatic interactions. Recently,
however, Leach and Kuntz!®8have developed the “directed
DOCK” method, which uses additional information about
the hydrogen-bonding characteristics of the enzyme active
site to identify portions of ligands with complimentary
characteristics and then employs a systematic search
algorithm to explore the conformational preferences of
the remainder of eachligand. The crystallographic binding
orientation of methotrexate to dihydrofolate reductase
and of netropsin to the DNA duplex d(CGCGATA-
TCGCG) were both reproduced by this method.l8 A
related method has been recently reported by Bacon and
Moult in which a least-squares best-fit algorithm is used
to maximize the surface overlap of enzymes and possible
ligands.? Coulombic interactions are included in the
scoring function. The method is fast enough that many
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conformations may be sampled by torsional sampling,
helping to overcome the problem of ligand flexibility. In
anumber of test cases, the method consistently reproduced
crystallographic results to within 1 A.1°

Other researchers have focused on placing individual
groups properly in portions of the active site rather than
simultaneously trying to fill the entire region. Goodford
has developed GRID, which places small fragment probes
at many regularly spaced grid points within the active
site, determining the most favorable scores. When tested
on a variety of enzyme—inhibitor complexes, GRID has
been found to reproduce the positions of important
hydrogen-bonding groups.202! A related program is
HSITE, which generates a map of the hydrogen-bonding
regions of an enzyme active site, including the probability
of H-bond formation at each point.22?® Miranker and
Karplus24 have modified CHARMM?Z so that molecular
dynamics simulations may be performed without non-
bonding interactions between solvent molecules. This
allows the solvent molecules to overlap each other in
energetically favorable regions and greatly improves the
efficiency with which such locations may be identified.
Finally, a variety of Monte Carlo and simulated annealing
approaches have been described recently?8-2% which are
well suited for determining low-energy conformations of
molecular fragments and in some cases entire ligands.

One of the difficulties with all such methods is that it
is a daunting problem to design a drug candidate that
properly orients each of the fragments necessary for tight
binding, is synthetically tractable, and is likely to be stable
in vivo. This is an active field of research in computer-
based drug design, and a number of methods to connect
isolated fragments have been recently reported.

Dean and Lewis have developed methods for using
“spacer skeletons” of appropriate size to match ligand
atoms to the correct binding sites in enzyme active sites.50:31
Since then, Lewis has proposed the use of a “diamond
lattice” to determine favorable ways of spanning the
distance between distant regions of an active site.32 Lewis
and co-workers have developed an elegant, efficient
method that combines all the atoms from the highest-
scoring molecules suggested by DOCK into an irregular
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lattice which can be used to connect distant atoms and/or
fragments in chemically novel ways.® Finally, Lewis has
developed a method to connect two isolated fragments
with linear chains of atoms which can be assembled from
a variety of atom types. The chains are generated by
solving a series of trigonometric equations in torsion
space.34

Methodologies for searching three-dimentional data-
bases to test pharmacophore hypotheses and select com-
pounds for screening have been developed by several
groups.?>-37 Martin has recently done a very thorough job
of reviewing this field.3® A related program is CAVEAT,
developed by Bartlett and co-workers.?® CAVEAT uses
databases of cyclic compounds which can act as “spacers”
to connect any number of fragments already positioned
properly in the active site. Such tools allow the modeler
or chemist to quickly generate hundreds of possible ways
to connect the fragments already known or suspected to
be necessary for' tight binding.4

Three recently reported programs, CLIX, 4 LUDI,# and
the “linked fragment approach”? all represent significant
advances in fragment-based drug design. These programs
have the same basic approach to drug design as that found
in CAVEAT340 and also the work by Dean3%3! and
Lewis32-3—the connection of separate, individual mo-
lecular fragments into a single viable molecule. Despite
the similarity of the methods, however, there also are
interesting differences in the approaches taken. CLIX%
uses the output from GRID calculations,?%:2! carried out
with a variety of probes, to characterize the receptor site
in terms of an ensemble of favorable binding positions for
different groups or “fragments”. Then, this information
is used to query a chemical database for candidate
molecules which have good coincidence of individual
fragments with members of the ensemble. Mildly repulsive
interactions between candidates and the enzyme were
relieved by allowing the candidate to relax slightly (without
significantly reducing the overlap of the candidate with
the ensemble of binding fragments). Also, CLIX is able
to use the information from the GRID potential maps to
suggest possible changes in the structures pulled out of
the Cambridge Structural Database®4 to improve their
binding. As a test case, sialic acid was found to bind well
to a mutant influenza-virus hemagglutinin structure, in
good agreement with available structural information.
LUDI“ also accepts the output from GRID,202! but in
addition the program can determine a list of interaction
sites into which to place both hydrogen bonding and
hydrophobic fragments. Both a rule-based approach and
a statistical contract pattern derived from the Cambridge
Structural Database* may be used for this purpose.
LUDI then uses a library of ~600 linkers to connect up
to four different interaction sites into fragments, Then,
smaller “bridging” groups such as -CHy- and ~COO- are
used to connect these fragments. For the enzyme DHFR,
the placements of key functional groups in the well-known
inhibitor methotrexate were reproduced by LUDIL For
trypsin, the rule-based approach to fragment generation
failed to reproduce the known conformation of benzami-
dine; however, the statistical contact pattern method did
place this fragment in its proper orientation. Finally,
Verlinde and co-workers*3 have developed what they call
the “linked-fragment approach”. The active site of the
enzyme is defined and broken into subregions, and the
necessary properties of a ligand in each region are
determined (shape, hydrophobicity, hydrogen bonding,
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etc). Then a large number of “building blocks” are
evaluated in each subregion. Finally, a series of linkers
are used to connect the highest-scoring fragments. En-
ergetic analysis is used to guide both the selection and
linking of fragments. The design of inhibitors of triose-
phosphate isomerase was used as a test case.

Two other groups have recently published exciting
methods for determining the correct orientation of peptide
substrates in enzyme active sites. Unlike the techniques
discussed previously, these methods are designed to avoid
the difficult program of connecting isolated fragments by
using build-up procedures that linearly connect each
fragment to the preceeding one. The tradeoff is that a
much more limited set of fragments may be considered.
Thornton and co-workers* have developed GEMINI,
which uses information on the packing of amino acid side
chains from a database of crystallographically determined
structures to suggest conformations of peptide ligands to
their receptors. It was demonstrated that GEMINI can
reproduce the crystallographic orientation of various
peptides bound to endothiapepsin, carboxypeptidase A,
and thermolysin. Moon and Howe have described GROW,
which uses a build-up procedure to determine the best
peptidal inhibitor or substrate for a given enzyme.*’ In
some ways, GROW is reminiscent of the build-up proce-
dure for determining protein conformation developed by
Gibson and Scheraga.®® A large predefined library of
conformations of each amino acid is used in the construc-
tion process. Each conformation of each residue is tested
according to a molecular mechanics force field, and the
set of N-lowest energy possibilities is carried along to the
next step. Significantly, both conformational (intramo-
lecular) enthalpies and solvation free energies are included
in the analysis done by GROW, Trial studies with the
aspartyl protease rhizopuspepsin were quite successful at
reproducing the conformation of a reduced peptide
inhibitor the structure of which has been determined
crystallographically. '

Nishibata and Itai have developed LEGEND,4 which
builds a structure sequentially from randomly-selected
atom types which are positioned with random torsion
angles. A candidate atom is selected automatically if it
is not bumping either the enzyme or any previous atoms
in the growing drug molecule. Afterastructureiscomplete,
charges are assigned toall atoms and the structure is energy
minimized in the active site. From the many structures
generated by LEGEND, a separate postprocessing pro-
gram, LORE, may be used to select the more interesting
structures for graphical analysis.

In our previous communication® we described GenStr,
which uses sp? carbons to build up drug candidates. We
highlighted the strengths and weaknesses of the method,
and discussed our results from several test cases. In this
paper we describe the GroupBuild method. GroupBuild
uses a library of common organic templates and a complete
force field description of the nonbonding interactions
between ligand and enzyme to slowly “build up” drug
candidates that have chemically reasonable structures,
and have steric and electrostatic properties which are
complimentary to the enzyme. We have tested our method
with the well-characterized enzymes FKBP-12, human
carbonic anhydrase, and HIV protease. As our test cases
show, GroupBuild reproduces well-known binding motifs
found in a variety of inhibitor classes for all three enzymes.
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Table I. Current Fragment Library
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In this section we describe the GroupBuild program. First we
provide a brief overview, followed by a more detailed presentation
of each part of the method.

GroupBuild is a fragment-by-fragment inhibitor generator.
The term “fragment” is used to describe the fundamental building
block used in the construction of the inhibitors. Each fragment
consists of a single functional group such as a hydroxy or a
carbonyl or a benzene ring. Our current list of fragments is given
in TableI. Initssimplest form, the method begins with a “core”
fragment which has been predocked by the user into the enzyme
active site. This core may be another known inhibitor, a portion
of a known inhibitor, or any other structure. Alternatively, the
user can specify one or more “seed atoms” from the enzyme and
one or more “seed fragments” from the library, and GroupBuild
will select an energetically reasonable starting fragment, which
then becomes the core.

Once the core is in place, inhibitor generation begins. Each
of the hydrogens in the core is replaced in turn by a candidate
fragment, which is rotated around the newly created bond in
predefined rotational increments. A number of rules are applied
to avoid growing fragments in chemically unreasonable ways.
The interaction energy between each rotomer and the enzyme
is calculated. The effects of solvation also may be included in
this process. Once all the possibilities have been scored, one is
picked randomly from among all candidates whose score lies
within 25% of the top score for that round. The inhibitor is then
minimized briefly inside the active site and the whole process
begins again, with the newly placed fragment now considered a
partof the core. Fragment additions continue until one of several
termination conditions is met. The finished inhibitor is stored,
and generation of another inhibitor begins. The detailed
explanation of the method is divided into the following sections:
preparation for program execution, program invocation and user
input, first fragment generation, addition of fragments, scoring,
minimization, inhibitor termination, program output, and post-
processing.

Preparation for Program Execution. Prior to executing
GroupBuild, the user must run a preprocessing program, GRID__-
SETUP, to generate two special grids. This step is necessary
only once for a given enzyme. The enzyme is stored in standard
formats.5! The user must specify the boundaries of a rectangular
box containing the enzyme active site. The enzyme and active
site boundaries are then used by the preprocessing program to

Rotstein and Murcko

create the grids. The contacts grid contains a list of all enzyme
atoms that are within 5 A of each gridpoint. This information
simplifies enzyme~inhibitor bump checking because instead of
evaluating the interactions of the inhibitor with every enzyme
atom, we only need to check the enzyme atoms that are listed
in the local gridpoints. A 2-A grid spacing is used. The second
grid is the potentials grid. At each gridpoint, we sum the
contributions made by each nearby enzyme atom to the attractive
and repulsive van der Waals potentials and to the Coulombic
potential. Currently, an 8-A cutoff is used, and the grid spacing
is 0.5 A. The use of these grids leads to a dramatic increase in
the speed with which fragment—enzyme interactions may later
be computed during the GroupBuild run.

In order to take advantage of some of the features of
GroupBuild, it may be necessary to run a second preprocessing
program. As with GRID_SETUP, this program, called BUCK-
ETS, must only be run once for a given enzyme. BUCKETS
places individual fragments from the fragment library at regular
gridpoints within the active site, rotating the fragments in all
three dimensions and scoring all the orientations. The resulting
output provides a description of the region(s) of the active site
where each fragment interacts well with the enzyme. This list
can be used by GroupBuild in two different ways. First,statistics
from the BUCKET'S runs can be used to check scores or normalize
scores during fragment scoring. Second, the actual positions of
the functional groups that have good interaction with the enzyme
can be used by the program to generate its own starting “core”
fragment in those cases in which the user has no predocked core.
These options are described below in greater detail.

Since the inhibitors are built fragment by fragment, Group-
Build requires a fragment_list of all the functional groups that
will be used during the execution. For each fragment, the list
of hydrogen atoms which can be used as connection points to
other fragments must be provided. Also, if the user wishes to use
score checking or normalization during the fragment scoring
process, then the statistics about each fragment in the library
(generated by the BUCKETS program) must be stored in the
list. By editing this list of fragments, the user can determine
which fragments will be used during a particular GroupBuild
run. Currently our fragment library consists of the 14 functional
groups listed in Table 1. In order to obtain reasonable inter-
fragment bond lengths, bond angles, and torsion angles, as well
as to perform inter- and intramolecular bump checking, Group-
Build also requires input files which contain information about
the charge, van der Waals radius, and nonbonding parameters
of each atom type, as well as information about preferred bond
lengths and angles. Standard values are used in all cases.5!

If an “inhibitor core” is to be used to begin the generation
process, it first must be predocked into the enzyme active site.
This core may be obtained, for example, from the crystal structure
of an enzyme—inhibitor complex. All or part of the inhibitor
may be used as the core. Anynumber of core files may be created
and one is selected at run time.

Table II contains a list of variables that the user may wish to
customize before execution.

Program Invocation and User Input. When the program
is invoked in the stand-alone mode, the user may customize many
characteristics of inhibitor generation. We summarize those
options here. More details about each are found later in this
section,

Solvation effect. Optionally, the effect of desolvating the
enzyme may be calculated.

Minimization. The inhibitor may be optimized within the
active site as each fragment is added. Various options are
available,

Maximum Size of the Inhibitor. The user may specify a
maximum allowable size for the inhibitors, expressed in various
ways.

Customization. The number of inhibitors to be generated,
and the names of the output inhibitor structures, are specified.

Distance Constraints. The user may define a distance
constraint criterion preventing the inhibitor from growing too
far from a specified enzyme or core atom.

Normalization. The user has the option of using the average
score for each fragment, as obtained in the BUCKET'S prepro-
cessing run, to “normalize” the scores of each candidate fragment.
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Table II. User-Adjustable Program Variables
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MAX NUM-_FRAGMENTS 100
MAX_FRAG-ATOMS 60
MAX_CORE_ATOMS 300
MAX_INHIB_ATOMS 500
MAX_ENZYME_ATOMS 5000
CONTACTS—_GRID_INCR 2.0A
POTENTIALS_GRID_INCR 054
H-BOND_LOWER 1.2A
H_BOND_UPPER 26A
ROTOMER-_INCREMENT 10.0°
UNACCEPTABLE_SCORE -5.0
PERCENT-OF-TOP-_SCORE 25.0
VDW_SLOP_INTER 05A
VDW_SLOP_INTRA 0.25A
OUTPUT-BASENAME

NUM-INHIBS

MAX_ATOMS

MAX_FRAGS

MAX_WEIGHT

CONSTRAINT_ATOM

MAX_DISTANCE

MIN_OPTION

NUM-_MIN_CYCLES
SCORE-CHECK-OPTIONS

NUM_SEEDS

SEED-LIST

maximum number of fragments in the fragment library
maximum number of atoms of a fragment
maximum number of atoms of a core
maximum number of atoms of a generated inhibitor
maximum number of atoms of an enzyme
resolution of the contacts grid
resolution of the potentials grid
lower bounds for hydrogen bonding (H--X distance)
upper bounds for hydrogen bonding (H--X distance)
increment for bond rotation as each fragment is tested
5.0 kcal/mol repulsion
a candidate fragment must be within this percentage
of the highest-scoring fragment in order to be
considered acceptable
allowance for intermolecular overlap of atoms
allowance for intramolecular overlap of atoms
name used for all output pdb files
number of inhibitors to generate
maximum number of atoms per inhibitor
maximum number of fragments per inhibitor
maximum molecular weight per inhibitor
atom used for distance constraints
maximum distance allowed from core atom
1 = whole inhib min; 2 = core fixed; 3 = all but last residue fixed
number of cycles of minimization
1 = higher than mean for this fragment; 2 = higher than
mean + 1 SD; 3 = within the top 10%; 4 = within the top 26%
number of enzyme seed atoms for first fragment generation
list of enzyme seed atoms

Score Checking. This option allows the user to reject any
fragment whose score falls below a predefined threshold. The
threshold is different for each fragment type and is obtained
from the statistics of the BUCKETS preprocessing run.

Core Generation. If this feature is turned on, then the user
must enter a list of enzyme seed atoms and allowed fragments.
The starting fragment of each inhibitor is then generated in the
neighborhood of the specified enzyme seed atom(s), using the
information obtained from the BUCKETS preprocessing run. If
the core generation feature is turned off, then the user must
choose among the available predocked cores.

Graphics. GroupBuild may be executed graphically, allowing
the user to watch the inhibitor actually being constructed in
real-time. (All graphics are done with standard GL library
routines running on Silicon Graphics hardware.) Turning off
the graphical interface greatly speeds up program execution.

More recently, we have interfaced GroupBuild with InsightIL.
When run in this manner, all user prompts are handled from
dialog boxes and pull-down menus. This interface has proven
to be easier for the novice to use.

First Fragment Generation. When no predocked core is
used, the user is asked to specify “seed” atom(s) from the enzyme
and allowed fragment(s) from the fragment library. GroupBuild
must then generate a starting fragment and location. This is
done by using the information from the BUCKETS program.
The lists of fragment orientations within the active site, and the
scores of each, are used to select instances of the specified
fragments that are within 5 A of the specified seed atoms. Once
all such fragments have been collected, they are sorted according
totheirscores. Thetop 25% or the top 100 fragments (whichever
is smaller) of this list are taken and stored in a list of core
fragments. When generation of a new inhibitor begins, one of
these fragments is chosen at random from the list and used as
thestarting core. Itshould be noted that whichever normalization
or score checking scheme is chosen by the user also applies to
core generation. However if the user specifies no such scheme,
the program defaults to considering candidate fragments that
score above the average for that fragment type, since we want
the starting fragment to interact well with the enzyme. Typically,
five seed atoms scattered around the active site are selected, and
a small number of simple fragments (e.gz., methyl, hydroxy,
methoxy, carbonyl) are chosen.

Addition of Fragments. In order to add a new fragment to
an inhibitor the program selects a hydrogen from the inhibitor
and a hydrogen from the fragment. The bonds between the
hydrogens and their corresponding heavy atoms are used to align
the new fragment with the structure in such a way that a bond

Table ITI. Chemical Rules (Disallowed Bonds and Angles)

0—0 N—o0O N—N §——0 §—§

O—C(spy (Excludes vinyl ethers only) 0/\ N (Excludes aminals only)

Ne—=C(sp,) (Excludes vinyl amines only)

NTTNN  (Excludes iminals only)
§=—C(spa) (Excludes vinyl sulfides only)

o
07 N\  (Excludes acetals and ketals) |( w (Excludes anhydrides)
0 0

can be created between these heavy atoms. The length of the
new bond is determined using the two non-hydrogen atom types
and a simple lookup table. Once the fragment has been oriented
correctly, the hydrogens are deleted and the new bond is created.

The program always attempts to grow all available fragments
from each of the hydrogens in the inhibitor. However, in every
inhibitor there are some hydrogens which are already so close to
the enzyme that no substituent can be added. Such hydrogens
are marked as “dead ends” and no further attempts are made to
grow fragments from them. To maintain this information, a
special growth list is maintained. This list contains information
about which fragments can be grown from which inhibitor atoms.
When a fragment is chosen from all the candidates and added
to the growing inhibitor, all entries of the growth list that contain
the deleted hydrogen are removed. Any entries in the list that
would result in chemically unreasonable bonds also are removed.
For example, we do not want GroupBuild to form peroxides or
vinyl amines. The complete list of rules is found in Table III.

Each candidate fragment is attached to the structure and
rotated around the new bond in increments of 10°. First,asimple
set of rules is used to reject rotamers with torsion angles which
are known to be high in energy (for example, a sequence of four
consecutive sp® carbons with a torsion angle of 0°). Next, for
each rotamer, we look for repulsive interactions between the new
fragment and the enzyme, and between the new fragment and
the rest of the inhibitor. It is best to use a loose definition of
“repulsive” to allow more possibilities to be tested. Currently,
two atoms are considered to be too close to each other if their
distance is less than the sum of their van der Waals radii minus
a user-controlled overlap allowance. The current default is 0.5
A. Inother words, if two atoms interpenetrate by more than 0.5
A, we throw away that fragment conformer. An exception to the
above rule is made if the candidate fragment is capable of
hydrogen bonding to the interpenetrating enzyme atom. For
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these fragments, when we check for steric repulsion to the enzyme,
we also ensure that each conformer is able to make at least one
hydrogen bond to the enzyme. If hydrogen-bond formation is
impossible, then that fragment is rejected outright. We use a
loose definition of the hydrogen-bonding geometry to allow for
geometric optimization of the inhibitor after the fragment has
been added. Even with the loose definition, we have found that
more than half of the cases are rejected using this criterion,
resulting in more reasonable structures and saving significant
computation time. .

Scoring. If the fragment conformation passes all of the rule-
based tests described above, we move on to actually scoring the
binding energy of the fragment. As previously described, we
precalculate a potentials grid which contains the sum of all enzyme
van der Waals and Coulombic potentials at each grid point.5!
The potentials grid is used to approximate the van der Waals
and Coulombic interactions between the fragment and enzyme.
The degree of error depends directly on the granularity of the
potentials grid (i.e. the gridpoint separation). We have deter-
mined that a gridpoint spacing of 0.5 A gives adequate results.
For each atom in the new fragment, we identify the nearest
gridpoint and retrieve the potentials information. Then we
multiply those values by the van der Waals and charge parameters
for the fragment atom.

We also would like the fragment selection process to include
some accounting for solvation effects. The current approach is
straightforward. At the beginning of a GroupBuild run, we use
the SASA algorithm®2to calculate the exposed solvent-accessible
surface for every non-hydrogen atom in the enzyme. This value
is stored. We also store the solvent-accessible surface for each
non-hydrogen atom of each fragment. Later, for each fragment
we score, we calculate the exposed surface area of the non-
hydrogen atoms of the enzyme-fragment complex and subtract
it from the values of the new fragment and the enzyme separately.
This gives us the change in exposed surface area, AA, for each
non-hydrogen atom of both the enzyme and the fragment. We
then multiply AA by —0.0083 if the atom is “nonpolar” (defined
as having an absolute charge of less than 0.2). The basic idea is
to provide an additional energetic reward for burying nonpolar
atoms, which make good hydrophobic contacts and exclude water.
The value of 3 cal/A%is based on recent literature work quantifying
hydration free energies.5-%7

There is one final difficulty which must be addressed. Different
fragment types will achieve very different enzyme interaction
energies. Forexample, a poorly docked water fragment can have
an interaction energy of -5 kcal/mol while a well-placed benzene
ring may only be -2 kcal/mol. To overcome this problem we
have developed two different techniques: score checking and
normalization. Normalization is done by dividing the score for
each candidate fragment by the average score of that fragment
as previously determined in the BUCKETS preprocessing
simulations. Normalization helps to give hydrogen-bonding and
non-hydrogen-bonding groups, as well as large and small hy-
drophobic groups, approximately equal weighting. In this way,
thefragments which are positioned well in a statistical sense—that
is, in comparison to other orientations of the same fragment—have
the highest likelihood of being selected. Score checking simply
forces GroupBuild to discard candidate fragments which have
scores below a pre-established level. This level is based on the
statistics for each fragment as determined from the BUCKETS
preprocessing simulation. There are four possible criteria the
user may select. A fragment can be rejected if its score is (a)
lower than the average score for that fragment type, (b) lower
than its average plus one standard deviation, (c) not a member
of the top 10% of the scores for that fragment type, or (d) not
a member of the top 25%. Option a is the most generous, as it
discards only about half of the scored fragments. Option cis the
most restrictive, as 90% of the scored fragments are rejected.

Finally, the list of scores is sorted and a candidate is selected
randomly from among the top 25%. The randomness is
introduced here because of the implicit imperfections of the
scoring function, and also to generate a more varied set of
inhibitors. Once we have selected a candidate, we connect it
permanently to the structure.

Minimization. GroupBuild can perform a geometric opti-
mization of the entire inhibitor in the enzymie active site after
the addition of each fragment. Currently, this is done by writing
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a script file suitable for Discover.s! The enzyme is fixed. A
distance-dependent dielectric and the conjugant gradient min-
imizer are used. The number of steps of minimization is selected
by the user; the default is 50. The user can choose whether to
minimize the whole inhibitor every time, minimize the inhibitor,
keeping the starting core fixed, or minimize just the last fragment
that was added, keeping the rest of the inhibitor fixed.

Inhibitor Termination. An inhibitor is complete when any
of the following conditions is met: (a) The user-specified size of
the inhibitor has been exceeded; the number of atoms, molecular
weight, and number of fragments all may be specified as criteria.
(b) The active site is filled, i.e., any additional fragments will be
placed outside the user-specified active site boundaries. This
includes any distance constraints selected by the user. (c) Every
proposed new fragment has a score below the user-specified
tolerance limit, if any.

Program Qutput. Each inhibitor created by GroupBuild is
written out in PDB format. Each fragment has a unique residue
name and number. The temperature factor column is used to
hold the scores of each fragment. Additional information about
the run (user name, date, enzyme, and the like) are stored in
HEADER and REMARK records. A script is written which can
direct the InsightIl program to read all the generated inhibitors,
along with the enzyme and other reference compounds (such as
known inhibitors).

Postprocessing. One of the common attributes of de novo
drug design programs is the large number of inhibitors they can
design. GroupBuild, for example, can generate hundreds of
suggested compounds in the course of an overnight run on a
typical workstation. This capability requires facile methods for
analysis of the output.

First, we read all the structures into InsightIl and view them
sequencially with our browse module.’ This module, developed
with Open Interface,’ allows the chemist to quickly examine
each inhibitor bound in the active site. They can be compared
with other known compounds, and a subset of the GroupBuild
inhibitors may be selected for more detailed study.

A second postprocessing tool is our pattern recognition
software.®¥ We superimpose all structures generated by Group-
Build and search for common “themes”, for example, a carbonyl
group which is always placed in a certain location in order to take
advantage of a hydrogen bond or a collection of hydrophobic
fragments which are all located near a certain greasy side chain.

Finally, we would like to know whether any of the structures
generated by GroupBuild are identical or similar to known
compounds. We are developing tools which allow the chemist
to easily run a “similarity search” against the Cambridge
Structural Database (CSD) of small molecules* or the Fine
Chemicals Directory (FCD) of commercially available com-
pounds.® This is of considerable importance to the medicinal
chemist, who may be intrigued by the ideas generated by a method
such as GroupBuild but who (quite reasonably) would like some
independent validation of the design concepts before engaging
in a lengthy synthesis.

Results

GroupBuild may be used either for completely de novo
drug design or the modification of known drugs using a
core structure. We have evaluated GroupBuild in each
kind of situation. As test systems, we have considered
FK506 binding protein (FKBP-12), HIV-1 aspartyl pro-
teinase (protease), and human carbonic anhydrase type I1
(HCA-II). Several crystal structures of enzyme~inhibitor
complexes are now available for each of these systems,
and we wished to see whether GroupBuild would suggest
candidates reminiscent of known drugs.

1. FKBP-12, FK506 and rapamycin are both immu-
nosuppressive, macrocyclic natural products which inhibit
the enzyme FKBP-12. Both FK506 and rapamycin
contain a 6-membered piperidine ring in essentially the
same location, at the bottom of a lipophilic active site
pocket.?-8¢ We performed two types of runs with FKBP.
In the first, we began with the piperidine ring docked in
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Figure 1. (a, top) FKBP-12 inhibitor generated by the program using only the piperidine ring of FK506 as a staring core. The
piperidine ring is shown in light blue, and the rest of FK506 is red. The generated inhibitor is shown using standard atom colors (carbon
= green, nitrogen = blue, oxygen = red, sulfur = yellow). Hydrogen bonds between the enzyme and the generated inhibitor are shown
as dashed lines, and the enzyme residues are labeled. The atoms of the drug and enzyme involved in those hydrogen bonds are shown
as colored spheres. Dark blue is used for nitrogen and red for oxygen. (b, bottom) Completely de novo FKBP-12 inhibitor created
by GroupBuild. Generation began in the vicinity of Trp-59. FK506 is shown in red. The generated inhibitor is shown using standard
atom colors (carbon = green, nitrogen = blue, oxygen = red, sulfur = yellow). Hydrogen bonds between the enzyme and the generated
inhibitor are shown as dashed lines, and the enzyme residues are labeled. The atoms of the drug and enzyme involved in those hydrogen
bonds are shown as colored spheres. Dark blue is used for nitrogen and red for oxygen.

its crystallographic orientation. A large majority of the
structures generated from this core reproduce the ester,
the pyruvamide, and the C-24 hydroxyl group present in
FK506; a representative example is shown in Figure 1a.
In the second run, we did not use a core inhibitor, instead
selecting several enzyme atoms from residues Ile-56 and
Trp-59 as seeds. The inhibitors generated from this run
show greater diversity, as expected. However, a large
majority of them reproduce the key structural elements
found in FK506 and rapamycin: the greasy binding core
near Trp-59, the hydrogen bonding interactions with Ile-
56 and Tyr-82, and the greasy group in the “northwest
corner” of the active site. A representative example is
shown in Figure 1b. Clearly, GroupBuild is providing
reasonable suggestions for novel classes of compounds.

2. HIV Protease. As a test with HIV protease, we
began with a predocked “core” inhibitor composed of the
known inhibitor Ro 31-8959.65-67 Inthe first series of runs,
we removed everything on the N-terminal side of the P2

asparagine « carbon (we also removed the P2 side chain)
and allowed GroupBuild to fill the P2 and P3 pockets. A
representative result isshown in Figure 2a. Here,an amide
was placed in the P2 side chain, positioned so as to make
quite similar hydrogen-bonding interactions with Asp-29
and Asp-30. Also,an amide was placed along the backbone,
perfectly mimicking the known inhibitor. Finally, a
thiophene ring was placed in the P3 pocket quite close to
the piperidine ring of the known inhibitor. In the second
series of runs, we removed everything on the C-terminal
side of the central hydroxy group and allowed GroupBuild
to suggest P1’ and P2’ modifications. A representative
result is shown in Figure 2b. A ring is placed in the P1’
position, followed by an amide, then an isopropyl—in each
case, a very close match to the known inhibitor. Inter-
estingly, an amide is placed at the end of the molecule,
interacting with Asp-29 and Asp-30in the P2’ pocket, quite
analogous to the asparagine side chain interactions in the
identical P2 pocket.
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Figure 2. (a, top) HIV inhibitor generated by GroupBuild using a part of the Roche compound, Ro 31-8959 as a starting core. The
Roche inhibitor is shown in red and the generated inhibitor is shown in light blue. The program was allowed to generate into the Py
and P; regions of the enzyme active site. Hydrogen bonds between the enzyme and the generated inhibitor are shown as dashed lines,
and the enzyme residues are labeled. The atoms of the drug and enzyme involved in those hydrogen bonds are shown as colored spheres.
Dark blue is used for nitrogen and red for oxygen. (b, bottom) A Second example of an HIV inhibitor generated by GroupBuild using
part of the Roche compound as a starting core. The Roche compound is shown in red and the generated inhibitor is shown in light
blue. The program was allowed to generate into the P," and Py’ regions of the enzyme active site. Hydrogen bonds between the enzyme
and the generated inhibitor are shown as dashed lines, and the enzyme residues are labeled. The atoms of the drug and enzyme involved
in those hydrogen bonds are shown as colored spheres. Dark blue is used for nitrogen and red for oxygen.

3. Carbonic Anhydrase. It is well-known that aro-
matic sulfonamides are excellent inhibitors of human
carbonic anhydrase (HCA-II).%8 The sulfonamide group
has been shown to bind to the catalytic Zn2* ion.83:70 We
began with a sulfonamide docked in the crystallograph-
ically determined orientation!26%7 ag our core. Several
representative examples are shown in Figure 3a,b. For
comparison, the structure of MK-417, a potent HCA-II
inhibitor that has been shown to lower intraocular pressure
in man, is also shown. The structure of MK-417 is very
closely related to another HCA-II inhibitor, MK-507,
currently in Phase I1I clinical trials?! for the treatment for
glaucoma. Inthe vast majority of structures generated by
GroupBuild, an aromatic ring is directly attached to the
sulfonamide group, as is found in MK-417. Further, the
hydrogen bond between the side chain of GIn-92 and the
sulfone oxygen is nicely reproduced. Finally, hydrophobic
interactions with Phe-131, Pro-201, and other residues
that line the bottom of the active site are present in most
of the generated inhibitors.

Discussion

Our previous paper described GenStr, which built
inhibitors using only sp? hybridized carbon atoms to build

inhibitor structures from scratch. Decisions about the
placement of atoms were based on a crude measure of van
der Waals contact with the enzyme, and simple rules were
used to ensure that reasonable low-energy conformations
wereselected. This method has proven remarkably useful
atidentifying useful structural motifs for inhibitor design.5
However, GenStr suffers from the inability to handle
heteroatoms and atomatic systems. We are exploring ways
to add these capabilities to GenStr, maintaining its atom-
by-atom approach to ligand construction, but at the same
time, we have some concerns that the efficiency of this
approach will be unacceptably low. Accordingly, we have
developed GroupBuild, which uses a fragment-based
approach and a much more realistic representation of
enzyme-ligand interaction energies.

Critical Features of the GroupBuild Algorithm.
There are several critical aspects to the drug design process
used by GroupBuild. These include the scoring of various
types of fragments, the selection of each fragment, and
the avoidance of chemically unreasonable structures.

Fragment Scoring. Since this method produces
inhibitors composed of many fragments, ranging from
purely hydrophobic to highly polar and capable of forming
multiple hydrogen bonds, it is difficult to imagine that a
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Figure 3. (a, top) An inhibitor of human carbonic anhydrase type II (HCA-II) generated by GroupBuild. Only the sulfonamide
portion of the drug MK-417 was used as the starting core. MK-417 is shown in red, except for the sulfonamide core, which is shown
in light blue. The generated inhibitor is shown using standard atom colors (carbon = green, nitrogen = blue, oxygen = red, sulfur
= yellow). Hydrogen bonds between residue GIn-92 and the inhibitor are shown as dashed lines, and the enzyme residue is labeled.
The atoms of the drug and enzyme involved in those hydrogen bonds are shown as colored spheres. Dark blue is used for nitrogen
and red for oxygen. (b, bottom) A Second example of an HCA-II inhibitor generated by GroupBuild. Only the sulfonamide portion
of the drug MK-417 was used as the starting core. MK-417 is shown in red, except for the sulfonamide core which is shown in light
blue. The generated inhibitor is shown using standard atom colors (carbon = green, nitrogen = blue, oxygen = red, sulfur = yellow).
Hydrogen bonds between residue GIn-92 and the inhibitor are shown as dashed lines, and the enzyme residue is labeled. The atoms
of the drug and enzyme involved in those hydrogen bonds are shown as colored spheres. Dark blue is used for nitrogen and red for

oxygen.

crude method will be sufficiently accurate to make the
scoring meaningful. Instead, we use the “forcefield on a
grid” approach, as described in the Methods section. This
gives us interaction energies which are quite reasonable
so long as a fine enough grid is used. We have found that
0.5 A is sufficient, while 0.25 A provides little additional
advantage at great additional cost in computer time.
However, the fragment selection processis still nontrivial,
due to the fact that different kinds of fragments tend to
have quite different scores. For example, even a poorly
positioned water can have a better interaction enthalpy
than a well-positioned benzene. When the free energy of
transfer of the group from bulk solvent to bound confor-
mation is considered, this discrepancy should disappear.
However, although the consideration of solvation and
entropic effects which we have implemented will help

overcome this problem, the methods necessary for the
rigorous calculation of these effects are still impractical.
Therefore we have concluded that we need some manner
of “equating” the respective groups, and that this would
be true regardless of the manner in which the groups are
positioned in the active site and their binding energies
calculated. We can perform this adjustment in several
different ways. In the first method, called normalization,
we divide the score for each candidate fragment by the
average score seen for that fragment in the BUCKETS
run carried out prior to starting GroupBuild. This tends
to make the selection of fragments more independent of
size, which we consider desirable because it ensures that
large bulky rings are only added where they are truly
beneficial in terms of binding. Miranker and Karplus used
an estimate of the solvation free energy for each fragment
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to achieve a similar weighting factor.2¢ In the second
method, called score checking, we simply discard candidate
fragments which score below a user-specified threshold.
As was explained in the Methods section, the user may
select several criteria, all based on the statistics coming
from the BUCKETS runs for each fragment type.

Fragment Selection. Once all the possibilities have
been scored and (if desired) normalized, the actual
fragment selection must be made. In our earlier atom-
based method, GenStr, we selected randomly from the
list of high-scoring candidate atoms. In practice, this
meant that out of 300—-400 candidates, approximately 20
were among the best scoring, and one of these was selected.
In GroupBuild, we select among the fragment rotamers
with scores within 25% of the best score.

Chemically Reasonable Structures. A third issueis
the chemical validity of the resulting structures. Ideally,
GroupBuild (and all other ligand design methods) should
suggest compounds of low molecular weight, in low-energy
conformations, with few stereocenters, no chemically
unreasonable bonds, and no complex ring systems. We
have attempted to address most of these concerns. First,
the size of the inhibitors may be limited by molecular
weight, number of atoms, number of fragments, and
maximum allowed distance from a specified atom. Second,
as described in the Methods section, we avoid chemically
or biochemically unreasonable bonds. For example,
peroxides are not allowed because these structures tend
to be unstable in vivo. Alist of the disallowed connections
is given in Table III. Third, we include intramolecular
bump checking and some torsional rules to help avoid
high-energy conformations. Fourth, the current method
does not allow the formation of complex ring systems.
This is only a partial solution because some “complex”
ring systems are actually quite easy to synthesize. Un-
fortunately, it is quite difficult to establish accurate rules
capable of recognizing which ring systems are reasonable
and which are not. For similar reasons, we have chosen
for version 1.0 not to address the issue of stereochemistry.
In practice, this has turned out not to be a serious issue,
as the typical GroupBuild structure contains only two or
three stereocenters, which is not excessive. It is also
important to bear in mind that GroupBuild is primarily
used as an “idea generation” tool.

Approaches for Fragment-Based De Novo Drug
Design. Two quite distinct approaches for fragment-
based de novo drug design seem to be emerging in the
recent literature. The first involves the connection of
isolated well-placed functional groups with “linker” or
“skeleton” fragments. This approach is exemplified by
CAVEAT,3840 CLIX,* LUDI,*? the linked-fragment ap-
proach,# the work of Dean,3031 the methods of Lewis,32-34
and the 3D database methods.33-38 The location of the
fragments may be determined within the program itself,
as with LUDI,*2 or may come from other preprocessing
programs such as GRID.1819 The second, exemplified by
GEMINI,‘% GROW,Y LEGEND,%#® GenStr,® and now
GroupBuild, involves the build-up of a drug candidate by
the sequencial addition of new fragments. Each approach
has distinct strengths and weaknesses. The differences
between the two approaches is shown graphically in Figure
4, and described below.

Connection of Isolated Fragments. This method
relies on the fact that a small number of well-placed
fragments, each making “key” interactions with the
enzyme, may provide a significant portion of the overall
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Figure 4. (a, top) Possible problem with the “connect-the-
fragment” approach toligand design. A proposed tricyclic “linker
scaffold” is shown in dashed lines. It can connect the aromatic
ring, the amino group, and the carbonyl. However, one atom of
the tricyclic linker (circled) is severely bumping the enzyme and
the entire scaffold may be rejected. Seetext for further discussion.
(b, bottom) Possible problem with the “sequential build-up”
approach to ligand design. Here, the binding elements shown in
dashed lines may never be selected by this method, since one of
the atoms (circled) is relatively far away from the enzyme, and
probably will be given a low score. In other words, the method
will fail to “traverse” the active site from one region of tight
binding to the other. See the text for further discussion.

binding energy. Pharmacophore models usually include
only a small number of binding elements, and this
“connect-the-fragments” approach to ligand design allows
the researcher to construct a set of proposed inhibitors
which fit the model and then either synthesize them or
locate them in a library of available compounds. An
advantage of this strategy is that information about
favorable fragment locations may be obtained from any
source. A second advantage, in principle, is that structural
rigidity may be incorporated into the proposed inhibitor
by using libraries of cyclic “scaffolds”. There also are
several disadvantages to this approach. First, any con-
nector scaffold, no matter how good it may be in other
respects, may be rejected because a single atom overlaps
with the enzyme (Figure 4a). This risk can be managed
or minimized by the use of “forgiving” scoring functions,#!
but cannot completely be eliminated. Second, there is
often no chemical way to make the molecule so constructed.
Finally, the linker pieces are often rather large, adding
considerably to the molecular weight but not necessarily
providing much in the way of binding interactions.
Sequential Fragment Build-Up. In this approach,
one builds up the inhibitor structure fragment by fragment;
each new group interacts favorably with the enzyme. This
method, as described in the current literature, differs from
the fragment-connection algorithms in a subtle but crucial
way. No information about “critical binding regions” is
used in the beginning to identify disconnected regions of
the active site which must be filled. In the event that we
must cross an “open region” of the active site in order to
get from one desirable “binding pocket” to another, there
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is a good chance that one of the sites will be missed (Figure
4b). This is because in a sequential build-up approach,
fragments which do not form good interactions with the
enzyme are not scored highly, and consequently are never
chosen. There are several methods which might be
employed to overcome this deficiency. We might add a
suitable weighting factor so as to “nudge” the growth
process toward the desired regions. (This, of course,
presupposes that such information is available, perhaps
from analysis of previous runs.) We might start from
distinct places, filling each “subsite”, and in a separate
postprocessing step connect those isolated fragments later.

Other Enhancements to GroupBuild. There are a
number of other enhancements that may be made to
GroupBuild.

Spanning the Active Site. As previously discussed,
it is sometimes difficult for the GroupBuild algorithm to
“gpan” an active site, i.e., to traverse an open space between
two regions where fragments can bind tightly. We are
currently exploring a variety of ways to overcome this
limitation, as mentioned above.

Potential Functions. Weare continuing to experiment
with our potential functions, including a variety of ways
to incorporate estimates of solvation and hydrophobic
effects in the drug-design process.

Additional Functional Groups. We are adding more
fragments, especially terminal fragments (fluoro, chloro,
nitro, etc.) and several more heterocycles to broaden the
structural diversity of generated compounds.
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