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Summary

We have constructed a very large virtual diversity space containing more than 10'* chemical compounds.
The diversity space is built from about 400 combinatorial libraries, which have been expanded by choosing
sizeable collections of suitable R-groups that can be attached to each link point of their scaffolds. These R-
group collections have been created by selecting reagents that have drug-like properties from catalogs of
available chemicals. As members of known combinatorial libraries, the compounds in the diversity space
are in general synthetically accessible and useful as potential drug leads. Hence, the diversity space can be
used as a vast source of compounds by a de novo drug design program. For example, we have used such a
program to generate inhibitors of HIV integrase enzyme that exhibited activity in the micromolar range.

Introduction

Structure-based drug design programs are poten-
tially an important complement to experimental
approaches such as high-throughput screening for
discovery of new drug leads (recently reviewed in
[1]). Such programs typically have three major
components: (1) one or more scoring functions to
evaluate quality of binding between a compound
and the target protein; (2) an algorithm to search
for a conformation and orientation of a ligand or a
fragment that yields an optimal score; and (3) a
conceptual diversity space of chemical compounds
from which candidate ligands are selected or gen-
erated. When the diversity space is not simply a
predetermined list of compounds, a fourth com-
ponent is needed — an algorithm for constructing
members of the space — which may be integrated
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with other components of the program. We have
developed a de novo drug design program, to be
described in detail elsewhere, that uses a novel
scoring function, search algorithm and diversity
space. Here we describe construction of the
diversity space, which may have applications to
other structure-based drug design programs.

For the docking or virtual screening class of
drug design programs, which evaluate compounds
one-by-one for binding to the target, the diversity
space generally consists of a list of particular
compounds, for example a subset of the Available
Chemicals Directory [2] or one or more previously
described combinatorial libraries. Of course, dif-
ferent diversity spaces may be chosen for various
applications of a given program. One advantage of
such a diversity space is that it can be selected to
contain only compounds that are sufficiently
“drug-like” or have other desirable properties.
Another important advantage is that it can be
chosen so that each compound has already been or



48

can readily be synthesized. However, because
docking programs usually require 100 s or more to
evaluate each compound, diversity spaces of this
type generally contain fewer than 100,000 com-
pounds so they can be screened in a reasonable
amount of time. This is no greater than the num-
ber of compounds that can be handled by high-
throughput experimental methods, which limits
the advantages of the programs, although of
course it may still be considered preferable to
screen a diversity space by computer rather than
experimentally.

On the other hand, for drug design programs
of the de novo class, which build candidate ligands
from defined components according to certain
rules, the size of the diversity space may be es-
sentially infinite. For example, LEGEND [3] and
MCDNLG [4] build the compounds from in-
dividual atoms. Other programs such as Lig-
Builder [5] and Pro_Ligand [6] construct
compounds from a defined set of functional
groups. However, a significant issue with such
programs is that it may not be possible to syn-
thesize many or even most of the candidate li-
gands in any straightforward way. Indeed, the
programs build up the compounds with little or no
attention to whether known chemical reactions
can create the desired bonds, and moreover
without altering parts of the compounds already
built. In principle, it may be possible to develop a
de novo drug design program having an extremely
large diversity space of synthetically accessible
compounds by building in expert knowledge
about acceptable chemical reactions, retro-
synthetic analysis, etc. However, it is likely to be
very challenging to ensure that most of the com-
pounds can really be synthesized in the time that a
pharmaceutical industry chemist is likely to devote
to them (one to several weeks).

Other programs such as PRO_SELECT [7] and
CombiDOCK [8], which have aspects of both the
screening and the de novo approaches, avoid the
synthesis issue by constructing the diversity space
for a particular target from one template (scaffold)
and a set of functional groups known to be link-
able to it, i.e., from a single combinatorial library.
Unfortunately, this approach severely limits the
diversity space and may thus be most appropriate
when the chosen library is already known to have
members that bind to the protein. More generally,
extensive work has been devoted to developing

programs that construct and manipulate combi-
natorial libraries, for example [9—15]. A major goal
of many such programs is to select relatively small
subsets of large combinatorial libraries that retain
high diversity while maximizing one or more de-
sirable properties such as drug-likeness or simi-
larity to a known pharmacophore. Sophisticated
methods such as D-optimal algorithms [10], tree-
sorting and hierarchical selection [11], genetic al-
gorithms [12], and Monte-Carlo [13] techniques
have been employed for this purpose. However,
these approaches are most relevant when it is ne-
cessary to drastically reduce the size of a potential
combinatorial library, e.g. from billions to thou-
sands of compounds, because it is going to be
actually synthesized and used in high-throughput
screening.

In contrast, the very large diversity space de-
scribed here is intended for use with drug design
programs capable of handling such a large di-
versity space. Hence, while we also ecliminate
compounds that are likely to be useless because of
insufficient drug-likeness or other undesirable
properties, it is not necessary to prune the libraries
so severely. Indeed, our purpose is different than
the prior work cited — it is to generate a very large
and highly diverse space of readily synthesized
compounds, from which a de novo drug design
program will have the greatest opportunity to
generate ligands having high affinity for any target
protein. In our approach, the diversity space is
composed of hundreds of different combinatorial
libraries, each of which contains from a small
number up to billions of compounds.

Concepts and definitions

Before describing construction of the diversity
space, it will be helpful to provide several defini-
tions, which are illustrated schematically in Fig-
ure 1. A combinatorial library is a set of
compounds consisting of a common element of
chemical structure called a scaffold to which col-
lections of chemical fragments called R-groups are
attached at designated atoms (/ink points). Im-
portantly, the scaffold and R-groups are not the
same as the actual compounds that would be used
to chemically synthesize members of the library,
because those compounds are modified in the
chemical synthesis reactions. We call R-reagents
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Figure 1. Schematic illustration of construction of a combinatorial library.

the compounds which become the R-groups. The
R-groups have often been referred to by others as
clipped reagents. For many libraries, not only the
R-groups, but part or even the entire scaffold
originate from the R-reagents during synthesis.
For example, in the combinatorial library shown
in Figure 1, the urea scaffold is constructed com-
pletely from the two R-reagents [16]. A combina-
torial library or diversity space which exists in the
abstract rather than as a collection of real, existing
compounds is often called a virtual combinatorial
library or a virtual diversity space, but here we will
usually omit the virtual as being implied.
Associated with each combinatorial library is a
synthetic scheme, a series of chemical reactions
which can be used to synthesize each member of
the library. To make the same reactions applicable
to the synthesis of every member of the library, the
collection of R-reagents that are the source of
R-groups attached to a given link point must
all have a common reactive functionality, for
example an amine or an alcohol. However, as that

functional group is typically destroyed during the
synthesis, the corresponding R-groups are not
necessarily related. The scientific publications that
present combinatorial libraries generally describe
the synthetic scheme as well as the limitations on
the R-reagents, but typically only provide a limited
number of examples of acceptable R-reagents.

Libraries

Two major schemes have previously been used to
enumerate large combinatorial libraries in a form
that can manipulated by a computer, without the
need to store information about each compound
separately in computer memory: ‘‘fragment
marking” and ‘‘reaction transform” [9]. In the
“fragment marking” method, the scaffold and lists
of the R-groups at each link point are stored, and
library members are generated as needed by com-
bining the scaffold and respective R-groups. In the
reaction transform approach, the lists of input
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reagents are specified together with rules for
combining them that correspond to the chemical
reactions used to synthesize a library. The latter
approach may provide additional information to
the chemist, but is more difficult to set up and can
be very computationally intensive. For example,
one such program [9] enumerated 640,000 com-
pounds in 18 h. Clearly, such a program would not
be effective to generate combinatorial libraries of
10° or more compounds. Hence, to construct the
very large diversity space described here, we use
the fragment marking method. A previously re-
ported limitation of this approach, that it does not
adequately handle the situation when part of the
scaffold itself is formed from an R-reagent such as
by the Diels—Alder reaction [9, 10], is addressed by
a reinterpretation of what constitutes the R-group.

We began construction of the diversity space by
scanning the scientific literature for descriptions of
combinatorial libraries, taking as a starting point
R.E. Dolle’s excellent reviews [17-20] of combi-
natorial library synthesis. Other reviews [21, 22]
were also useful. Libraries were selected with the
aim of providing a structurally diverse set of
pharmaceutically relevant scaffolds. In general,
scaffolds of relatively low molecular weight but
having several points for linking of R-groups were
preferred, in order to maximize the diversity pro-
vided by the R-groups. Predicted ease and relia-
bility of the synthetic scheme was also taken into
account. The libraries selected to date for the di-
versity space come from about 200 publications
(Appendix A), but in many cases one publication
yielded more than one library. That was either
because the article actually described more than
one scaffold, or because the same scaffold gave rise
to several libraries when different classes of R-
group (e.g., alkyl halides and carboxylic acids)
were attached to a given link point using different
transformations.

For each library, a file was created that con-
tains the structure of the scaffold with designations
of the atoms to which R-groups could be attached
(the link points) The file also contains information
about the type of R-reagent that can be attached at
each linkage point (amine, alcohol, etc.). We also
recorded the synthetic scheme used to make the
library in the corresponding publication and, fol-
lowing the fragment marking approach, a list of
the particular R-groups described there. To date,
about 400 separate libraries have been used to

construct the diversity space, and additional
libraries are currently being processed.

Expansion of combinatorial libraries

The libraries described above, each made from a
scaffold and the particular R-groups described in
the corresponding publication, already constitute
together a diversity space. Indeed, initially our
de novo drug design program used only this di-
versity space, which was calculated as containing
about 4.5 million individual compounds. How-
ever, to increase the probability of obtaining
ligands with high affinity against a given protein,
the libraries were vastly expanded by creating
much larger collections of R-reagents and there-
fore R-groups.

3D reagent database

For this purpose, a large database of available
chemical reagents was first generated by extracting
the organic compounds with low molecular weight
from the Sigma-Aldrich, Acros, Lancaster and
TCI catalogs [23-26]. If a compound was an or-
ganic salt, it was converted into the corresponding
acid or base and included in the database as such.
In order to avoid duplication of compounds, the
database was first divided into groups of com-
pounds with the same empirical formula. Within
each group, a search for duplicated structures was
made by attempting to embed each structure into
all structures of the group using a published al-
gorithm [27], and the duplicates were eliminated.
Compounds with atoms rarely found in drugs (i.e.,
other then C, H, N, O, B, F, CI, Br, I, P, and S)
were shunted into a separate database used in rare
cases. For example metallo-organic fragments are
generally undesirable in drugs, whereas metallo-
organic compounds are sometimes used as
synthetic reagents. So in order to utilize these
reagents, we can scan this separate database when
desired.

Our drug design program, like most such pro-
grams, requires knowledge of the 3D structures of
the members of the diversity space, which can be
provided as the 3D structures of the scaffolds and
R-reagents. While the R-reagent structures could
be obtained for each individual library, it was
more convenient to determine the 3D structures of



all compounds in the database at once, so that any
later corrections of compound structures could be
readily propagated to each library. The 3D struc-
tures were prepared using HyperChem release 7
[28] with geometry optimization according to the
Amber99 force field and atomic charges calculated
according to the PM3 method. The structure of
each compound was then included in the database
to create a 3D reagent database containing
approximately 100,000 structures (one conforma-
tion per one reagent). Thus the retained informa-
tion consists of the reagent name, molecular
formula and weight, supplier, catalog number, and
atomic coordinates, charges, AMBER types, and
connectivity.

Selection of R-reagents by reagent queries

In programs to construct combinatorial libraries,
the selection of reagents is a critical step. Generally
this process is implemented by means of a sub-
structure search, for example as realized within the
ADEPT [9] or MERLIN [10] programs. At a
minimum, substructure searches are required to
identify R-reagents that can participate in the re-
action scheme for a combinatorial library, but they
have also been used to identify R-reagents having
characteristics desired in a particular targeted
library. Our method of reagent selection has three
distinguishing features. First, as mentioned above
all reagents have 3D structures, although the
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substructure search is carried out on the basis of
2D structures. Second, the search is performed
taking into account AMBER atom types. Leach
et al. [9] and others use bond order for this pur-
pose, but in some cases this does not provide a fine
enough distinction. For example, nitrogen in
amines and amides has the same bond order but
different AMBER type. Since, amines and amides
can participate in different chemical reactions and
serve as R-reagents for different libraries, it is very
important to distinguish them. And third, as
described below, there is a capability for more
sophisticated reagent searches such as for depen-
dent R-groups and for conditionally prohibited
fragments. This facilitates the exclusion of R-re-
agents containing toxic or unstable structures.

To create the collections of R-groups, we per-
formed the following steps as illustrated in Fig-
ure 1: (1) for each library, using knowledge of the
requirements for the R-reagents at each link point,
special reagent queries were prepared as described
below; (2) using proprictary software, all reagents
in the 3D reagent database fulfilling the reagent
queries were selected; (3) functional groups of
these R-reagents were eliminated in accordance
with the chemical reactions used to attach the
R-reagents to the scaffold at link points, and were
replaced by “dummy atoms” needed for saving the
location and direction of the bonds from R-groups
to the scaffold; (4) the structures of the R-groups
thus generated were stored in lists for each library.

[D]

Query for C* aliphatic amines

H2N — CCT
[Link,]

Examples of R-reagents found by query

NH, \/CH3
NH2 \/\CH3

NH, .

> Link
V\ CH3

R-Groups corresponding to the R-reagents

Li“k\l/CH3

Link,

e

Figure 2. Example of reagent query for aliphatic amines.
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Information on the R-reagents themselves was
also retained.

A reagent query includes the functional group
needed for an R-reagent to participate in a com-
binatorial library synthetic scheme, and special
labels to indicate how the R-reagent is converted
to an R-group. For example, the query for
C-alpha aliphatic amines is represented in Fig-
ure 2, where [D] is a label for the deleted group
(NH») and [Link;] is a label showing the atom
which will be bonded to the scaffold at link point
I. During transformation of R-reagent to
R-group, the [Link,] label is moved to a dummy
atom, which represents the scaffold atom to which
the R-group will be attached. An in-house pro-
gram based on the referenced algorithm [27]
attempts to embed the reagent query successively
into each structure in the 3D reagent database.
When a correct embedding in a compound is
found, that compound is selected as a candidate
R-reagent. The program attaches [D] and [Link]
labels to the R-reagent using the query informa-
tion and then generates an R-group from the
reagent (step 3 above).

Our methodology allows but does not require
that the type of any atom be specified, for example,
aliphatic carbon, aromatic carbon, etc. The atom
type is indicated in the reagent queries (e.g., C<T
for aliphatic carbon and C®* for aromatic car-
bon), whereas ** indicates that any type is per-
missible (e.g., C** for any carbon). Thus, the
reagent queries for all carboxylic acids and all
aromatic carboxylic acids are respectively, C —
(COOH) and C“*~(COOH). The symbol H** is
used to represent any atom from the acceptable
list. For example, Figure 3 shows a query which
covers benzenes, pyridines, triazines, and other six-
member aromatic rings. The reaction scheme for a
combinatorial library may require that the
R-reagents have more than one functional group,

ek

H
**}lll/ Qlll** | Ny NN
#FH HE _ t )
H N N
wk
Query Benzenes Pyridines Triazines

Figure 3. Generalized reagent query for six-membered aro-
matic rings.

for example an amino group to attach to a link
point of the scaffold and a carboxylic acid group
to attach to a solid support. Our program supports
such queries, for example the query for R-reagents
having an amino and carboxylic acid group (ami-
no acids) is shown in line 4 of Table 1. More
generally, Table 1 shows the list of reagent queries
used to create the collections of R-reagents used
for most of the combinatorial libraries.

Finally, our methodology can handle synthetic
schemes in which a single R-reagent becomes two
or more ‘“‘dependent” R-groups attached to the
scaffold. An example is the library of 2,3-dis-
ubstituted indoles [29] in which the alkyne
reagent R;—C = C-R, becomes separate groups
R; and R, attached to the indole scaffold (Fig-
ure 4). For each such R-reagent found by the
reagent query, R; and R, are included in a col-
lection of dependent R-groups that can be
attached to link points 1 and 2 of the scaffold, in
such a way that when the de novo drug design
program generates members of the library, Ry
and R, must be used together.

Filtering of R-groups

Ideally, each member of the diversity space should
not only be synthetically accessible, but should be
adequately “drug-like”. While the same goal could
be achieved by discarding non-drug-like com-
pounds after they have been generated by the de
novo drug design program, that would be
inefficient because computer time and memory
would have been wasted in generating those
compounds. Moreover, our de novo drug design
program and other such programs generate a
limited number of candidate compounds with top
scores, and if these compounds are non-drug-like,
other lower scoring but more drug-like compounds
might be missed. Hence, to avoid these problems
we instead filtered the lists of R-groups to
exclude those likely to give rise to non-drug-like
compounds.

Specifically, our aim was to use only R-groups
that (i) contain elements commonly found in
drugs, (ii) do not contain functional groups with
known toxicity or stability problems, and (iii) are
likely to give rise to compounds that fulfill the
rule-of-five of Lipinski et al. [30] for drug-likeness.
We therefore retained in the collections only
R-groups satisfying the following criteria:
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Reagent Query Reagent Query
1. | Primary H 8. Acyl- (0)
aliphatic 1‘\I[D] chlorides g [D]
amines H, \CCT Cl/ \C**
[Link1] [Link1]
2. | Aliphatic ()[D] 9. Aliphatic [D]
alcohols H/ \CCT bromides Bl‘\ CCT
[Link1] [Link1]
3. Carboxylic 0) 10. | Aliphatic
acids g [D] chlorides [D]
Cl
HO/ \ C** \CCT
4. |o-Amino H (0) 11. | Aliphatic
acids (except 1 \ iodides [D]
"G I
forGlyand | “Scyg  OH ~ CCT
D
Pro) D] E‘** [Link1]
[Link1]
5. |o-Hydroxy HO 12. | Iso- [D]
acids Os C|H cyanates ) C/,N\C**
D] S O/ [Link1]
[Link1]
OH
6. | Aliphatic (0] 13. | Iso-
aldehydes ‘C\ [D] cyanides [D] '
2N cr C=N=C"
H C" [Link1]
[Link1]
7. | Aromatic (0] 14. | Sulfonyl-
aldehydes g [D] chlorides o) 0]
S\ A N
H C S P!
[Link1] Cl/ \C**
[Link]
R;—C=C—R, Contains only elements: H, C, N, O, S, P, F, Cl.

1 R, R,
O, — O~ x
NH N~ R, NTOR
0
o) o._®

Figure 4. Example of an R-reagent that generates two depen-
dent R-groups in construction of a library of 2,3-disubstituted

indoles [29].

Molecular weight < 250
Number of rotatable bonds < 5

Total number of N’s and O’s < 5

Total number of OH, NH and SH groups <5

Notably, a criterion for clogP was not included,

R-groups and/or the scaffold.

because a high clogP for one R-group could be
readily compensated by a low clogP of other
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In addition, R-groups containing known toxic
or unstable fragments were eliminated. The set of
prohibited fragments currently includes about 50
structures, but can be readily expanded or reduced
as desired. Some of them are unconditionally
prohibited (including acylchlorides, isocyanates,
dichlorosubstituted vinyl derivatives), while others
may be acceptable if certain additional conditions
are satisfied. For example p-dihydroxybenzene
fragments are undesirable because of transforma-
tion to quinones during metabolism. However,
additional carboxylate functionalities result in
alteration of chemical properties and metabolism,
which may make this fragment satisfactory as part
of a larger R-group. We used an in-house program
to determine if each prohibited fragment could be
embedded in each R-group. Those R-groups con-
taining unconditionally prohibited fragments were
eliminated. For those R-groups containing con-
ditionally prohibited fragments, the program
determined whether other functionalities making
the fragment acceptable were present, and retained
or discarded the R-group accordingly.

In general, the overall filtering procedure
reduced the number of R-groups by a factor of
about three relative to the original lists of
R-groups derived from the 3D database. Hence,
this procedure substantially reduced the number of
undesirable compounds in the diversity space,
especially considering the multiplicative nature of
the number of R-groups attached to different link
points on the same scaffold. However, the diversity
space certainly still contains some undesirable
compounds because when several R-groups, each
independently satisfying the listed rules, are com-
bined with a scaffold, the resulting compound may
exceed the allowed molecular weight, number of
hydrogen bond donors or acceptors, etc. Such
compounds can be discarded after they have been
generated by the drug design program, either in an
automated fashion or by the supervising chemist.
Of the candidate ligands generated by the pro-
gram, the chemist can also choose for synthesis
only those compounds having preferred properties
such as ability to serve as a good drug lead.

Characterization of the diversity space

To evaluate the size and extent of the diversity
space, its constituent combinatorial libraries were
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Figure 5. Graph of the combinatorial libraries in ascending size
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first numbered 1, 2, 3 ... according to ascending
size (i.e., number of compounds in the library).
Figure 5 shows a plot of the numbers of the
combinatorial libraries against the size of each
library and the total size (cumulative number of
compounds) in all libraries having numbers less
than or equal to it. As can be seen from the graph,
the first few libraries contain only a few com-
pounds each — these special libraries were generally
created for testing purposes. The next 150 or so
libraries each contain less than 10° compounds;
such libraries typically have only one link point for
R-groups. The next approximately 150 libraries
each contain between 10* and 10° compounds, and
the final, largest 75 or so libraries each contain
more than 10° compounds. Hence, the libraries of
the diversity space have a smooth size distribution
varying from minimal to extremely large.

The total size of the whole diversity space is
>10"3 compounds, as may be seen from the cu-
mulative line in Figure 5. The largest library in the
diversity space has a diaminoalcohol scaffold [31]
and four link points to which collections of
2936, 2555, 2936 and 860 R-groups can respec-
tively be attached, so the library contains about
1.9 x 10" compounds. Excluding this library, the
diversity space still contains >10'" compounds.
The next largest library has a galactose scaffold
[32], four link points, and about 1.8 x 10'* com-
pounds; excluding this library as well as the largest
leaves >10'"" compounds in the diversity space.
Finally, if the ten largest libraries are all removed,



the diversity space still contains about 10'° com-
pounds. Hence, it is clear that the space derives its
enormous diversity from contributions by a large
number of combinatorial libraries rather than
from just a few.

An important question in evaluating the qual-
ity of the diversity space is the extent to which it
contains known drugs, or at least analogues of
them. We therefore compared the diversity space
to the MDDR database [33] of 8800 marketed and
clinical-stage drugs. Analysis showed that about
one fifth of the scaffolds used in the libraries of the
diversity space can be embedded in at least one
drug in the MDDR database. Conversely, about
half of the drugs (4879) contain one of the scaf-
folds. This high concordance between the diversity
space and known drugs is not surprising, since
many of the published combinatorial libraries that
we used in constructing the diversity space were
devised precisely because of their relation to
known classes of drugs. The good ability of the
diversity space to replicate known drugs suggests
that the space contains an abundance of drug-like
compounds, from which a de novo drug design
program can generate candidates against new
target proteins.

Brief description of de novo design algorithm

Our own de novo drug design program will be
described in detail elsewhere. Here we briefly
describe the algorithm used by the program in
order to show how it is able to utilize the very large
diversity space we have constructed. A key feature
is that the algorithm does not screen compounds
one by one, an impossible task for a diversity space
of >10" compounds, but instead constructs
high-scoring compounds from within the space.
Compounds are “created” and scored only when
needed, which is made possible by the fragment
marking approach to library enumeration
mentioned above.

For a given target protein, we first create a
hydrogen bond map of the active site using sta-
tistical data from the PDB database of protein
structures, coupled with some quantum chemistry
calculations. This map shows locations in the ac-
tive site where hydrogen bonds with specified
ligand atom types can be formed with high prob-
ability, and is used to find good initial placements
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of each scaffold. In addition, we calculate the
scoring function on a fine 3D grid in the active site.
Use of the precalculated grid, which is possible
because the scoring function is additive on atoms,
accelerates calculation of the binding score of
compound fragments by 1000-fold.

For each selected position and conformation
of a scaffold, the link points are treated one at a
time. For a given link point, the allowed R-groups
are successively attached. When an R-group is
reached, a hypothetical search tree is constructed
for that R-group, with each leaf consisting of a
particular conformation of all the rotatable bonds
in the R-group and of the bond between the
scaffold and the R-group. The number of branches
at each internal node is the number of allowed
angles for the corresponding bond, which depends
on the chemical nature of the bond and the spe-
cified angle step. Since the size of the tree can be
huge, the algorithm does not visit all the nodes.
Rather, a key feature of the algorithm is the use of
backtracking. As each internal node is reached, a
decision is made whether to go deeper along that
branch; if not, the algorithm moves back to a
previous node. To make the decision, a rapid
heuristic evaluation is made of the likely score of
the tail of the R-group, which is added to the
calculated score of the already placed head of the
R-group. If that sum is better then already
achieved, the algorithm moves deeper along the
branch. At the end of the procedure, the visited
leaf, i.e., R-group conformation, with the best
score is retained for that R-group.

These R-group’s conformations are then com-
bined with the best R-groups/conformations at the
other link points, with R-group collisions elimi-
nated, to generate complete conformations of the
scaffold and attached R-groups, i.e., of a library
compound. An important point is that because the
best R-groups are chosen at each link point before
they are combined, it is not necessary to consider
each possible combination of R-groups (i.e., each
compound in the library), thus changing a multi-
plicative problem into an additive one. This idea
has been used previously [15] and is possible be-
cause our scoring function is additive [34] as noted
above. Finally, after all scaffolds and their com-
binatorial libraries are searched, a specified num-
ber of compounds/conformations having the
highest scores are provided as the output of the
program.



56

The result of the various algorithmic techniques
is that the time required to ‘“‘search” a library
scales only approximately as the Log of library
size, making it possible to handle a very large
diversity space. About three months are required
on a single microprocessor (2 GHz) to generate
candidate ligands from the diversity space of
>10" compounds against a given target protein.
However, the calculation can be naturally and
easily parallelized by separately running the pro-
gram with different libraries on multiple
processors, and can also be accelerated by using
reduced libraries as described below.

Reduced libraries

For the quick sampling of each target, smaller
versions of the combinatorial libraries (and there-
fore of the diversity space) were prepared. Speci-
fically, the collection of R-groups for each link
point was clustered according to chemical and
structural similarity, and only one representative
member of each cluster was retained. Similarity
was estimated by means of the Tanimoto coeffi-
cient [35], utilizing an in-house universal fragment
library which can be used to assemble almost all
known drugs. The library diversity was estimated
by the total length of the minimal spanning tree
[36], and clustering was performed using maximum
dissimilarity algorithms [37]. The size of the clus-
ters depends on the bound of dissimilarity €. We
used different values of € for R-group collections
of different initial sizes, with the aim of preparing
more homogeneously sized reduced libraries. By
reducing in this manner the size of most R-group
collections by a factor between 3 and 10, we re-
duced the size of libraries by a factor between 3
and 10,000 (depending on the number of link
points), without severely impairing library di-
versity. The run-time of our drug design program
using the reduced libraries was accelerated to
several weeks.

An initial concern with using the reduced di-
versity space was that the faster run-time would
come at the expense of missing high affinity com-
pounds from the full diversity space. However, in a
number of test runs of the de novo drug design
program against various proteins, we found
that the score of the top compound from the
reduced library approximated the score of the top

compound from the full library, to within the
accuracy of the scoring function in predicting
binding affinity [34]. Hence, the reduced diversity
space can be used in an initial pass at generating
candidate binding compounds to a particular
protein. The program can then be run again, but
using only those full libraries corresponding to
reduced libraries which yielded compounds having
good affinity in the first pass. This procedure will
still generate the best binding compounds, as
measured by the scoring function, but with con-
siderable savings in time. In the same way an op-
timization of chosen compound can be performed.

Validation of the diversity space

To further validate the diversity space as a source
of drug candidates, we used our de novo drug
design program to generate inhibitors of HIV-1
integrase, an important therapeutic target for
treatment of AIDS and HIV infection [38]. This
work will be described in detail elsewhere. Briefly,
a “control” library with a styrylquinoline scaffold
was first included in the diversity space, based on
the f-diketone motif found in known inhibitors of
HIV integrase [39], in order to determine whether
the de novo design program would generate and
present candidate ligands from this library. Out of
the 800 ligand candidates generated by the pro-
gram from the styrlquinoline library a known in-
hibitor was listed at the 4th position, representing
a striking enrichment factor. Three styrylquinoline
structures from the best scoring ligand candidates
were selected for synthesis.

Other candidate inhibitors on the list of top
compounds from the full diversity space of >10'
compounds were also selected for synthesis from
the a-ketoamide [40], benzimidazole [41], and
triazine [42] libraries. Encouragingly, out of 22
compounds chosen for synthesis, 20 compounds
(91%) were in fact synthesized without undue
difficulty, verifying the synthetic accessibility of a
sample of compounds from the diversity space. In
experimental assays, one previously unknown
compound from the styrylquinoline library in-
hibited the first (strand scission) step of HIV in-
tegrase with an IC50 of 2.2 uM. One compound
(compound 1; Figure 6) from the benzimidazole
library inhibited with an IC50 of 15 uM, and
several other compounds of the 20 synthesized
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Figure 6. Compound 1, an inhibitor of HIV-1 integrase gen-

erated from within the diversity space by the de novo drug de-
sign program.

showed lower activity. Importantly, the benzimi-
dazole library was not previously known to con-
tain inhibitors of HIV integrase. Preliminary
experiments with compound 1 show that it is
reasonably specific for HIV integrase, in that it
does not inhibit strand scission reactions of other
enzymes tested. Interestingly, this compound has
some similarity with known integrase inhibitors
such as DAPI (CAS 47165-04-8), but DAPI is not
a member of the benzimidazole library. Moreover,
DAPI is known to inhibit integrase by binding
with DNA rather than integrase, whereas com-
pound 1 appears to be a very weak binder to
DNA. Compound 1 has a MW of less than 300,
clogP of 3.07 and five hydrogen bond acceptors, so
is very drug-like. Hence, this set of experiments
proves that the diversity space contains synthe-
sizable, drug-like candidates against a medically
relevant target.

Improvement of the diversity space

We are continuing to add new libraries to the
diversity space to enhance the variety of scaffolds.
In addition, while most compounds in the space
are synthetically accessible as intended, a certain
percentage require more synthetic effort than may
be considered desirable, or in some cases cannot be
synthesized at all without unreasonable effort. For
example, an R-reagent may contain more than one
instance of the functional group used to link it to
the scaffold (e.g., two amine groups or two
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hydroxyl groups). This may lead to a complex
mixture of reaction products, with decreased yield
of the desired product, or may not preserve the
desired R-group at all due to side reactions. In
other cases, the chemistry used to link one
R-group to the scaffold may alter part of another
R-group, requiring time-consuming protection
and subsequent deprotection steps. Work is
underway to detect and flag such undesirable
R-groups and combinations of R-groups, using an
advanced version of the reagent queries described
above. The de novo drug design program can then
be adjusted to either include or exclude com-
pounds comprising such R-groups, depending on
whether the chemist is or isn’t willing to make
extra synthetic efforts.

Conclusions

We have presented here an approach to creating
an ultra-large but synthetically accessible diversity
space of drug-like compounds, for use with
de movo drug design programs. The diversity
space created with this method currently com-
prises about 400 combinatorial libraries, many of
them “expanded” from published libraries, and
contains > 10" distinct compounds. While con-
ceptually straightforward, this approach requires
the concerted efforts of a team of knowledgeable
chemists with programming assistance to imple-
ment, and thus has not previously been exploited
in published work. The utility of the diversity
space has been demonstrated by its ability to
provide new, drug-like HIV integrase inhibitors
with uM potency.
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