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In this work we describe BREED, a method for the generation of novel inhibitors from structures
of known ligands bound to a common target. The method is essentially an automation of the
common medicinal chemistry practice of joining fragments of two known ligands to generate
a new inhibitor. The ligand-bound target structures are overlaid, all overlapping bonds in all
pairs of ligands are found, and the fragments on each side of each matching bond are swapped
to generate the new molecules. Since the method is automated, it can be applied recursively to
generate all possible combinations of known ligands. In an application of this method to HIV
protease inhibitors and protein kinase inhibitors, hundreds of new molecular structures were
generated. These included known inhibitor scaffolds not included in the initial set, entirely
novel scaffolds, and novel substituents on known scaffolds. The method is fast, and since all of
the ligand functional groups are known to bind the target in the precise position and orientation
present in the novel ligand, the success rate of this method should be superior to more traditional
de novo design techniques. In an era of increasingly high-throughput structural biology, such
methods for high-throughput utilization of structural information will become increasingly

valuable.

Introduction

As the determination of protein—inhibitor complex
structures has become more routine, the amount of
structural information useful in inhibitor design has
grown tremendously. Unfortunately, as the supply of
this information increases, it becomes increasingly diffi-
cult to take full advantage of it. It is simple enough to
draw the important lessons from a single complex struc-
ture. Extracting all such information from a pair of com-
plex structures is substantially more difficult, and sim-
ultaneous comparison of more than three structures is
virtually impossible. Yet it is not uncommon to have
dozens of protein—ligand complex structures available
for comparison. Also, as projects have moved toward gene
family-based ligand design, this number has reached the
hundreds and continues to grow. Clearly there is a need
for methods to efficiently handle this tremendous quan-
tity of information, distilling it into a form that can be
readily used in the design of novel ligands.

One simple method for taking advantage of structural
information is to use the known positions of two ligands
to recombine fragments from each to generate a novel
ligand, as in Figure 1. This new molecule will generally
be a hybrid of the two scaffolds or a transfer of a
substituent from one scaffold to the other. The latter
practice is a common design strategy in medicinal
chemistry projects, where it is hoped that a potency-
enhancing group from one scaffold should have the same
effect in a new scaffold if positioned correctly. The
difficulty with this method is that it requires manual
inspection and recombination of each fragment in each
pair of ligands, a prospect that becomes tedious and
error-prone with more than a few structures.
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BREED was developed to automate this process,
using a bond-matching and fragment-swapping algo-
rithm similar to that developed by Ho and Marshall® to
ensure that all structurally reasonable pairings of ligand
fragments would be generated. Also, the automation of
this process has allowed it to be taken a step further.
The ‘offspring’ of the original ligands can be added into
the pool of initial compounds for recombination into a
new set of ligands, as in Figure 2. In this manner, a
small number of initial structures can be used to create
a very large set of novel inhibitors. These inhibitors do
not simply combine the scaffold of one known inhibitor
with the side chain of another. Nor are they limited to
hybrids of two different scaffolds. With only two itera-
tions of BREED crossing, many of the compounds gener-
ated bear very little resemblance to any of the initial
ligand structures, combining scaffold and side chain
elements from as many as four of the lead compounds.
In this capacity, the method begins to resemble de novo
design approaches, though obviously it can only be
applied in cases where several ligands are already
known and structurally characterized. Though this is a
disadvantage, in the not infrequent circumstances where
initial leads have proven unsuitable (due to insolubility,
poor cell permeability, metabolic instability, toxicity,
etc.) such late stage de novo design would still be valu-
able. Another situation in which inhibitor design would
be valuable even after large amounts of structural data
are available is in the case of gene family-based inhibitor
design, where structures from prior projects could be
used to design new inhibitors. It has even been sugges-
ted recently that this sort of inhibitor design by ligand
combination might be applied to ligands of unrelated
targets with topologically similar binding pockets.2

Two target systems were used in the development and
validation of BREED. The first system was HIV-1
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Figure 1. lllustration of the steps carried out by BREED to generate new ligands.
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Figure 2. lllustration of the recursive application of BREED processing. In the initial ligands, overlapping bonds are colored
black. In the first and second generation molecules, black bonds indicate bonds about which fragments have been swapped to

create the new compounds.

aspartyl protease, an enzyme vital to the replication of
the AIDS virus. This target was chosen as a single
protein system due to its large number and wide variety
of potent inhibitors and its numerous publicly available
crystal structures. The family of protein kinase enzymes
was also studied to establish the applicability of the
method to a number of closely related targets. Numer-
ous protein kinase crystal structures have been pub-
lished and many inhibitors are known, due to these

enzymes’ roles in cancer, inflammation, diabetes, and
other conditions.

Methods

The first step necessary for the application of BREED
is the overlay of the target structures. In the case of
HIV-1 protease, all backbone atoms were used to overlay
the protein structures on to PDB entry 1HSG.3 For the
kinase structures, the backbone atoms of the hinge
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Figure 3. lllustration of the bond matching criteria. Dark
circles represent atoms, thick lines represent bonds. Thin lines
show ri and ry, the distances between the atoms at each end
of the bond. The dashed line is the right-hand bond translated
left to show the angle between the two bonds, 6.

region were overlaid with the corresponding atoms of a
structure (Vertex, unpublished) of c-Jun N-terminal
kinase 3 (JNK3). The hinge residues are 145—149 in
JNK3, and the corresponding residues in other kinase
structures were determined from amino acid sequence
alignments with the kinase domain of JNK3. These
hinge residues were chosen for alignment based on their
structural similarity among protein kinases and the fact
that alignment of these residues gives excellent align-
ment of inhibitors in the ATP binding pocket. Where
compounds are shown overlaid in Figures 5, 8, and 9,
the proteins were overlaid based on the same atom sets
used in this initial superposition.

Once the set of structures is aligned and the ligands
are in a common reference frame, all of the ligands are
saved to an SDfile* without explicit hydrogen atoms.
The SDfile is then processed in the following manner.
Each pair of ligands is considered in turn to find all
matching bonds between the two molecules. A pair of
bonds is considered to be matching if four conditions
are met. First, the two bonds must be of the same order
(i.e. a single bond and a double bond cannot be consid-
ered a match.) This requirement is necessary to main-
tain the hybridization/geometry of the bonded atoms in
the new molecule. Second, the atoms at each end of the
bond must be within 1 A of each other. Third, the angle
between the bond vectors of the two bonds must be no
greater than 15°. The final requirement is that neither
of the bonds is in a ring system. While ring fusion is an
additional reasonable strategy for ligand hybridization,
it is a considerably more complex problem, requiring
consideration of additional geometrical requirements as
well as issues of atom type, valence, and aromaticity.
As such, ring-handling will be addressed in future work.

The geometric requirements described above are
depicted in Figure 3, and although the exact distance
and angle are somewhat arbitrary, we have found these
values to yield a reasonable number of bond matches
without leading to excessively distorted geometries in
the recombined molecules. Although these margins of
error might seem large relative to tolerances in van der
Waals contacts, they are reasonable relative to limits
of crystal structure resolution, protein flexibility, and
the accuracy of protein alignments. It might actually
be preferable, particularly in cases where the target
proteins used in alignment are different, to use looser
tolerances for bond matching.

For each pair of matching bonds among two mol-
ecules, two new molecules are generated, as depicted
in Figure 1. If the initial molecules are considered to
be split into two ‘halves’ at the matching bond, one new
molecule consists of the first half of molecule one and
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the second half of molecule two. The other new molecule
is made up of the second half of molecule one and the
first half of molecule two. All of the atoms in the new
molecules have exactly the same atom types, positions,
and bonds as the corresponding atoms in the parent
compounds, except for the two atoms that made up the
matching bond. These two atoms are identical except
for their Cartesian coordinates, which are the average
of the Cartesian coordinates of the corresponding atom
in both parent molecules. This averaging gives the new
bond between the two halves of the molecule a more
appropriate bond length and a bond vector closer to the
bond vectors of the parent compounds. As each new
molecule is generated, its canonical SMILES® string is
compared to a list of the canonical SMILES strings of
all the input and previously generated molecules. If it
is not a duplicate, the molecule is output into an SD
file of results.

The method described above represents the core of
BREED. The molecules in the new SD file can be viewed
in many packages of molecular visualization software,
minimized, scored, or otherwise processed as potential
lead compounds. However, this SD file is also appropri-
ate for reprocessing by BREED. If the SD file of initial
compounds is concatenated with the file of output
compounds, this new file can be processed to generate
further molecules combining input with offspring, and
offspring with other offspring.

For both the HIV-1 protease inhibitors and protein
kinase inhibitors, four compounds were initially selected
for BREED processing. These sets were chosen to ensure
that each compound shared at least one matching bond
with another molecule in the set. The small sets allowed
manual inspection of the results to verify that they are
both correct (that no errors were made in the splitting
or recombining of molecules) and complete (that recom-
bination was executed at all matching bonds). With the
method refined, six additional inhibitors were added to
both the HIV-1 protease and protein Kinase sets. These
new compounds were chosen to give a diverse set of 10
inhibitors for each system, to verify that BREED can
generate new inhibitors from a larger set of arbitrarily
selected ligands. The initial four ligands for the HIV-1
protease system come from the PDB crystal structures
1HPV,8 1HSG,® 1HPX,” and 1HXB® and are shown in
Figure 4. The remaining six ligands come from the PDB
crystal structures 1B6J,° 1B6K,° 1HI1,0 111Q,1 10HR,*?
and 4PHV.13 The first four kinase ligands (compounds
14-17, Figure 7) come from the p38 MAP kinase (p38)
and cyclin-dependent kinase 2 (CDK?2) crystal structures
with PDB codes 1A9U,4 1BMK,* 1DI19,!5 and 1JSV.16
The remainder of the kinase ligands came from Vertex-
determined crystal structures of inhibitors bound to
glycogen synthase kinase 3 (GSK3), Src kinase, and
Aurora 2 kinase.

Results and Discussion

HIV-1 Protease. A first pass of the four original
HIV-1 protease inhibitors (compounds 1—4, Figure 4)
through BREED generated 20 novel compounds, and a
second round of processing led to an additional 81
compounds, for a total of 101 novel potential inhibitors.
Elimination of structures with undesirable character-
istics (no key hydrogen bonding hydroxyl group or
chemically unstable functionality) yields a list of 62
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Figure 4. Four HIV-1 protease inhibitors used as input to BREED processing (molecules 1—4) and a sampling of eight molecules

generated by BREED processing (molecules 5—12).

novel, chemically viable compounds. Eight of these
structures (compounds 5—12) are shown in Figure 4.
Compounds 5—11 were generated in the first round of
BREED processing, while compound 12 is from the
second round. Compounds 5 and 6 are hybrids of
structures 1 and 3 from Figure 4a. Compound 5 has
been synthesized as an HIV-1 protease inhibitor and is
reported to have an enzymatic 1C50 of 160 nM.17 A very
close analogue of 6, with the aniline group replaced by
benzoxadiazole, was synthesized, and a crystal structure
has been determined (K; = 0.1 nM, unpublished data).
Because these compounds are designed by combining
target-bound inhibitors, the new structures are created

in the appropriate conformation and position for binding
to their target. In essence, they are pre-docked. Simply
superimposing the protein of the crystal structure of the
benzoxadiazole version of compound 6 onto the protein
in 1HSG shows (Figure 5) that BREED has closely
reproduced the binding mode of inhibitor 6, giving an
rms deviation from the X-ray structure of only 0.8 A
among the 46 atoms shared between the two structures.

Output structure 7 is a variation of another compound
designed and synthesized in our efforts to develop a
second-generation HIV protease inhibitor. This com-
pound had N,N-dimethyl rather tert-butyl sulfamide and
inhibited the enzyme with a K; of 42 nM, validating the
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Figure 5. Compound 6 generated by BREED processing and
a close analogue (in yellow) for which a crystal structure is
available. The molecules are overlaid by overlaying the protein
structures, yet the RMS deviation among shared ligand atoms
is only 0.8 A.

13

Figure 6. A hybrid of HIV-1 ligands 1 and 2 that was not
generated by BREED due to relatively tight tolerances for bond
matching.

sulfonamide to sulfamide transformation suggested by
BREED. Another interesting result among these hybrid
compounds is the generation of new backbone function-
ality for the critical central hydroxyl group. Structures
8 and 9 show the generation of two backbone hydroxyl
motifs not present in the input structures, the hydroxy-
ketone and dihydroxy moieties. The dihydroxy motif is
well-known among HIV-1 protease inhibitors,’® and
while the hydroxy-ketone is a novel functionality for
inhibitors of this protease, it has been successfully
incorporated into inhibitors of the aspartyl protease
renin.’® Compounds 10 and 11 have the backbones of
parent structures 2 and 3, respectively, but have
exchanged an Asp side chain and a tert-butyl group
between the two backbones. This exchange of side
chains suggests that substituents and SAR may be
transferable between these two sites, a valuable finding
for a pair of scaffolds. A final class of novel results is
exemplified by compound 12. In this case, the novel
structure combines both ends of input structure 1 with
a central element of structure 3. Such results are only
possible in the second and subsequent generations of
BREED results. They are formed by an initial combina-
tion of hypothetical structures A and B, followed by a
combination of this first hybrid with either A or B, as
shown in Figure 2. This result is reminiscent of the
program CAVEAT?20 which was developed to find such
linkers, though BREED provides only linkers known to
bind the target of interest.

It should be noted that not all possible known hybrids
of the input molecules are generated by BREED.
Compound 13 in Figure 6 is a potential hybrid of input
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structures 1 and 2 and is known to be a potent inhibitor
of HIV-1 protease.?! This molecule is not generated due
to the tight geometric tolerances used in determining a
bond match and the fact that 1 and 2 do not appear to
be particularly appropriate for hybridization based on
visual inspection. The two molecules have opposite
stereochemistry at the central hydroxyl, which causes
the angle between their “matching” bond to be roughly
50°. Loosening the tolerances sufficiently to generate
13 would generate hundreds of compounds unlikely to
bind the target of interest. While it is possible that an
energy minimization and scoring protocol could ad-
equately filter these results, this begins to undermine
the advantages of BREED, and more difficult hybridiza-
tions such as this may simply be best left to manual
modeling.

When BREED was applied to a set of 10 HIV-1
protease inhibitors, 75 new structures were generated
in the first round of crossing, and 716 compounds were
generated in the second round. Among these 791
compounds, 767 contain the Asp-bridging hydroxyl.
These results suggest that BREED is broadly applicable
for the design of HIV-1 protease inhibitors.

Protein Kinases. An obvious drawback of this
method is that it requires a significant amount of
structural information to be implemented. In the early
phases of a drug discovery program, when BREED
results would be most valuable, such information is
often in short supply. However, in cases where struc-
tures are available for related targets, nonselective
inhibitors from these targets become excellent starting
points for BREED processing in the new program. Of
course, the ideal situation for such cross-target inhibitor
hybridization is within a gene family-based drug design
program. In such an environment, large amounts of
structural information would be available even before
the program for a particular target is initiated, and
BREED could have a tremendous impact.

Protein Kinases, the enzymes responsible for transfer
of the gamma phosphate of ATP to the hydroxyl side
chains of their substrate proteins, have been the subject
of considerable interest in gene family-based design and
were chosen as a second test case for the BREED
method. The first four inhibitors processed from this
class (14—17) are shown in Figure 7, along with the
eight compounds produced in the first pass of BREED
processing (18—25). A second pass of these compounds
through BREED gave four more output structures. One
particularly interesting output molecule is 24, a com-
bination of 15 and 16 with an ICso of 160 NnM against
p38.14 As there is even a crystal structure available for
this compound (PDB code 1BL6%), a comparison can be
made between the BREED “docked” structure and the
experimentally determined structure. These two struc-
tures are shown in Figure 8, where the superposition
has been performed by overlaying the protein of 1BL6
with the JNK3 structure used for BREED processing
of all kinase structures. The rms deviation in atom
position between the two molecules is 1.07 A, remark-
ably small given the method of superposition. It seems
extremely likely that 25 is also a potent inhibitor of p38,
given that 15, 16, and 24 are all p38 inhibitors, and
visual inspection suggests that all of the same key
interactions will be made by 25. Although there is no
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Figure 8. Compound 24 “docked” by BREED (in yellow) Figure 9. Compound 18 overlaid with crystal structure of
overlaid with the published crystal structure. Though only input structure 15 (in yellow).
protein atoms were used in superimposing the ligands, the
RMS deviation in atom positions is 1.07 A. site. Additionally, there are numerous patents covering

2-amino-4-anilinopyrimidines similar to 21 as inhibitors
published data for 25 itself as a kinase inhibitor, it does of the kinases FGFR-1, CDK'’'s, GSK3p3, FAK, and

fall within the generic claim of a patent of p38 inhibi- kinases in general.?3-26 Also, there are patents covering
tors.22 Several of the other compounds in Figure 7 have 4-amino-6-anilinopyrimidines such as 22 as inhibitors
similarly compelling evidence for their status as kinase of the CDK’'s, p38, and tyrosine kinases.?’~2° 4-Amino-
inhibitors. All of them are composites of known kinase qguinazolines such as 23 are also known to be inhibitors
inhibitors, with hydrogen bonding functionality at the of kinases as exemplified by 14, so this compound would
ATP site hinge, reasonable binding conformations, and also be expected to inhibit kinases, though its small size

hydrophobic functionality that fits well within the ATP makes it unlikely to be very potent. The most exciting
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results, however, are compounds such as 18, 19, and
20. These molecules represent entirely novel scaffolds
with potential for development as Kinase inhibitors.

To establish that such results are typical of BREED
processing of kinase inhibitors in general, and not just
a product of the particular four compounds 14—17,
processing was repeated on all 10 Kinase inhibitors
described in the Methods section. Two rounds of pro-
cessing yielded 119 compounds, a significant number,
but far fewer than the 791 produced from the applica-
tion of BREED to the 10 HIV-1 protease compounds.
This is because fragment swapping to make new mol-
ecules only takes place at acyclic bonds, and the ring-
rich kinase compounds have significantly fewer such
bonds than the protease inhibitors. On average, kinase
inhibitors have six acyclic bonds per molecule while the
HIV-1 protease inhibitors have 20. This, of course,
implies that some classes of inhibitors will be much
more prolific than others in BREED processing. Macro-
cycles and steroids, for example, have few acyclic bonds
and would therefore generate few new ideas without
BREED modifications to handle these special cases.

Regardless, the relatively small number of molecules
generated from the kinase leads does not imply that
BREED could not generate a large number of kinase
inhibitor ideas. Several factors allow for a potential
abundance of new ideas for this system. Due to the large
number of publicly (and perhaps privately) available
ligand-bound kinase structures, the recombination of
these inhibitors will generate a very large number of
novel compounds. This is an excellent example of using
chemogenomics to leverage knowledge from past pro-
grams to facilitate research against new targets. An-
other option for increasing the number of starting
structures for BREED processing is to generate them
by docking known inhibitors into the appropriate Ki-
nase. Combination of docked structures with the ex-
perimentally determined structures would greatly ex-
pand the number of ideas generated by this method,
though at some risk of generating “false positives” based
on improperly docked structures. A final possibility for
increasing the output of BREED would be the addition
of explicit hydrogen atoms to the initial structures
before processing. This would significantly increase the
number of acyclic bonds available for matching and
consequently increase the yield of novel hybrids.

The rapid generation of such large numbers of novel
compounds for potential synthesis and testing, of course,
presents its own problems. Namely, how does one decide
which compounds to make given limited time and
resources. Fortunately, this is a topic that has been
covered extensively elsewhere. Scoring functions and
other binding affinity prediction tools®® can be used to
filter the compounds based on likely in vitro activity
versus the target of interest. Alternately, if novelty is a
priority, the new compounds with the lowest molecular
similarity to any known inhibitors might be given the
highest priority. Other tools have been developed to
predict the druglikeness of compounds,3! their solubil-
ity,32 intestinal absorption,3® metabolic stability, toxic-
ity, etc.3* Any of these tools could also be used to rank
compounds based on a given set of properties appropri-
ate for the ultimate goal of the design program. Assum-
ing that the methods described above narrow the list
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to a manageable length, the remaining compounds can
be visually inspected for synthetic accessibility before
final selections are made.

At this point it is worth considering how BREED
compares to other ligand design programs. BREED
holds an advantage in speed and (presumably) success
rate. Both of these advantages come from using experi-
mentally determined structures of known ligands bound
to the target of interest. A typical structure-based de
novo ligand design program spends the majority of its
effort sampling conformational space to place ligands
or fragments into the protein active site and then
scoring their “fitness”. BREED, by using experimentally
determined structures, does not require conformational
searches or fitness evaluation. As a result, while other
programs can take a day or more to generate a set of
tens to hundreds of ideas,353 BREED takes approxi-
mately 50 min to generate the 789 potential inhibitors
of HIV-1 protease on a 900 MHz Pentium 3. One
reviewer accurately notes that setup and user visualiza-
tion of results can be the most time-consuming aspects
of computational ligand design. To this point, BREED's
use of precise ligand-placement information from crystal
structures should also allow a speedup in visualization
due to the generation of fewer false positives. Since
traditional de novo design depends on imperfect scoring
functions for ligand placement and fitness calculation,
a considerable number of inactive compounds are gener-
ated, adding to the burden of user visualization. The
main disadvantage of this method is that it requires a
reasonable number of target—ligand complex structures
to implement, though with the rise of high-throughput
structural biology and gene family-based drug discovery,
this requirement will be more routinely met.

The other aspect in which BREED might be compared
to other methods is as a means of determining positions
on different scaffolds at which substituents may be
interchanged. For this process, the state-of-the-art is
fairly primitive. The only technique available to our
knowledge is manual inspection by a chemist or molec-
ular modeler. Although this is not particularly difficult
or time-consuming for a few structures, the exponential
increase in comparisons with the number of starting
structures renders this method slow and tedious with
a handful of structures and infeasible with more.
BREED makes all of the comparisons and recombina-
tions quickly and flawlessly.

Conclusions

The application of structure-based drug design has
become increasingly successful in recent years as struc-
tures become more common and the techniques more
refined. With the advent of high-throughput structural
biology, it is expected that this trend will continue and
perhaps accelerate. However, the tools of structure-
based drug design have generally not evolved to take
advantage of the larger quantities of available structural
information. BREED is a first computational implemen-
tation of the sort of design methods that have tradition-
ally been performed manually when fewer structures
were available. This automation of the common practice
of swapping fragments between different ligands of a
given target has been shown to reproduce known
inhibitors of HIV-1 protease and protein kinases. The
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hybridizations and backbone modifications generated,
as originally reported in the literature, were the result
of considerable design efforts by highly skilled medicinal
and computational chemists. We believe it is a signifi-
cant breakthrough to be able to generate such ideas
quickly and routinely through application of the BREED
method. The compounds produced by these ligand
recombinations include examples of both novel scaffolds
and substituent exchanges between scaffolds. In the
former examples, the method represents a de novo-like
method for ligand design, with significant enhance-
ments in speed and incorporation of known structural
information. The latter examples are representative of
the results of manual side chain swapping, with im-
provements in speed and thoroughness. The automation
of the method also allows it to be performed recursively,
such that the molecular structures produced by BREED
can be passed through the process again, recombining
with each other to generate still more novel compounds.
In this way it is even possible to generate CAVEAT-
like results in which a novel linker is introduced
between two important binding elements. BREED’s
efficient use of large amounts of structural information
will make it particularly useful in the current era of
high-throughput structural biology and gene family-
based drug design.
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