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Abstract The use of multi-dimensional “chemistry spaces” to represent large
compound collections has become widespread in pharmaceutical research. In such
spaces compounds are treated as points. Points in close proximity represent simi-
lar compounds, while distant points represent dissimilar compounds. Assessing the
diversity of a compound collection, thus, is tantamount to characterizing the distri-
bution of points in chemistry space. To facilitate many procedures such as selecting
subsets of compounds for screening, for compound acquisition and designing combi-
natorial libraries, chemistry spaces have been partitioned into sets of non-overlapping,
multi-dimensional cells, which are generated by dividing each axis into a number of
equal-sized bins. This leads to a lattice of (Npins)Naim cells, where Npjpnsis the num-
ber of bins on each axis and Ngip is the dimensionality of the space. One diversity

measure that is typically used in cell-based chemistry spaces is identical in form to
cpd
rel

enables comparison between compound collections that occupy different number of

Shannon entropy, D,c\fjjd A normalized measure of this Shannon entropy given by, D

occupied cells. Although fold characterizes the uniformity and “spreadout” of the
corresponding compound collection, it treats cells as positionally independent. Some
of the positional information lost can be recaptured by another diversity measure,
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which is also related in form to Shannon entropy. This new measure D;;,"lfiln (1) char-
acterizes the distribution of occupied cells along each axis of chemistry space. The
normalized measure (ng}l > over all axes is given then by the average. Examples illus-
trating the applicability of these two Shannon-like measures to compound collections

are presented.

Keywords Diversity measures - Chemistry space - Shannon entropy -
Cell-based methods - Diversity assessment - BCUTs - Compound collections -
Information theory

1 Introduction

In the early days of building corporate compound collections in the pharmaceutical
industry in the 1990s, work focused on acquiring compounds from commercial ven-
dors such that the compounds that were purchased were dissimilar to the compounds
that already existed in the corporate collections [1,2]. Molecular diversity analysis pro-
vided a range of tools for exploring the extent to which sets of molecules overlapped
with the corporate collection and compounds that were chosen for acquisition provided
additional coverage of chemistry space that were inaccessible [3]. Later, compound
sets were not only proactively selected for inclusion but were also “deselected” to
remove those compounds that were considered to be undesirable. Typical deselection
criteria contained chemical reactivity descriptors, some molecular property based fil-
ters and medicinal chemistry knowledge [4—6]. More recently, in silico filters are used
for not only ruling out “undesirable” starting points but also some “unsuitable” starting
points (e.g., “leadlike” screening sets). These additional selection filters provide some
guiding principles for the type of properties compounds should possess for ensuring
successful drug discovery programs [7,8].

However, molecular diversity principles still underlies many approaches to com-
pound selection, screening strategies, comparing compound collections, compound
acquisition and design of combinatorial libraries. Many different diversity methods
have been described in the literature and new methods continue to appear [9,10].
A wide range of such indices have been reported and discussed in many reviews
[11]. Many of the conclusions that were drawn earlier regarding similarity indices
are equally applicable to diversity indices, in that the latter involve knowledge of the
degree of dissimilarity or distance between pairs of compounds [12].

Finding hits in a drug discovery program is inherently a sequential searching and
screening process. Even a large screening campaign where hundreds of thousands or
millions of compounds are screened is a modest sampling of the many millions and
billions of compounds that are available and/or that could be synthesized. An exhaus-
tive search of the vast chemistry space is not feasible and drug discovery like many
other optimization procedures is a sequence of steps in hopefully the right direction.
Almost always drug discovery begins with an initial screen or an initial “hit”, resulting
in further screening or possibly assessing newly synthesized compounds, expanding
around the initial hits. A number of companies are pursuing the sequential screening
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paradigm where the first step is a small initial screen that is used to mine the remainder
of the collection through several iterations of searching and screening [13—-15].

There are two distinct scenarios in constructing sets of compounds for screening.
The first corresponds to a situation where one does not have any specific target in mind
at the time when the set is constructed (ie., a subset of the entire compound collection
for any target for a HTS). The second situation arises when constructing a set of com-
pounds for a specific target (or a group of related targets) such as kinases, GPCRs,
NHRs etc. In both situations, some common underlying molecular diversity principles
are employed based on the molecular structure and pharmacophoric information that
is available a priori.

There are several objectives in a sequential screen—some researchers want to find
“all active compounds” in their collection; some would like to find “all active chemical
classes” in the collection; others have a goal of finding “several active classes” with
favorable properties to launch a drug discovery campaign. The follow-up process of
drug discovery is very expensive that even large companies cannot afford to follow up
on more than two or three chemical classes for a target. Sequential screening therefore
typically matches downstream capacity.

The physicochemical properties and the biological activity of a compound are ulti-
mately determined by its molecular structure. The principal aim of molecular diver-
sity analysis is to identify structurally diverse sets of compounds that can be tested
for biological activity (with the assumption that evaluating a structurally diverse set
of compounds will generate more structure-activity information than a random set of
compounds). However, this is subject to the nature of the activity landscape associ-
ated with a given assay. For many years it has been assumed that similar molecules
tend to have similar activities [16], leading to activity landscapes comparable to the
gently rolling hills found on the Kansas prairie [17,18]. Mounting evidence suggests,
however, that this picture is not as universal as once thought but is in many cases
rather more like the rugged landscapes of Utah’s Bryce Canyon. This new topograph-
ical metaphor clearly implies that very similar molecules may in some cases possess
very different activities leading to what can be called activity cliffs. An activity cliff is
defined by the ratio of the difference in activity of two compounds to their “distance”
of separation in a given chemical space.

The existence of such activity cliffs is not entirely surprising since molecular rec-
ognition plays a crucial role in determining activity. The greater prevalence of activity
cliffs than was earlier suspected has several important and related implications for sam-
pling chemistry space to infer the underlying biological landscape. First, a uniform
sampling of chemistry space might provide adequate coverage for follow-up screen-
ing if the underlying biological activity landscape were smooth like the Kansas prairie
but might not provide ideal starting points if the underlying activity landscape were
rugged like the Bryce canyon. Second, outliers in the data may not be due to statis-
tical fluctuations or due to measurement errors but rather may reflect the presence of
activity cliffs. Thus, perfectly valid data points located in cliff regions may appear
to be outliers. Third, the presence of activity cliffs requires the assay of additional
compounds in the neighborhoods around these cliffs to ensure that activity landscapes
are adequately represented in these rapidly varying regions. Finally, all of this has
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implications to the type of diversity metrics used to characterize molecular diversities
of compound collections, sampling strategies and selection of global diversity subsets.

Quantifying diversity in chemistry space is to maximize diversity in biological
space where one would ideally like to capture both the extent of coverage of chemistry
space (uniformity or “spreadout”) as well as the underlying density of the distribu-
tion (sampling) of compounds. Here we describe two different indices derived from
the formulation of the Shannon entropy that take into account both the density and
diversity of coverage of chemistry space. The procedure, which was developed and
employed at Pharmacia takes account of the multiplicity of chemistry spaces in a way
that the underlying framework can be generalized to any cell-based chemistry space
representation. The results reported here, which were gathered over a period of time,
tend to indicate that adequate sampling of chemistry space is necessary for different
types of problems that reflect the underlying activity landscape. In addition, the diver-
sity assessment using these indices of cell-based chemistry spaces is quite rapid and
straightforward even for huge compound collections.

2 Methods
2.1 General

Pre-filtering of databases, if performed, were based on sub-structural filters or prop-
erty filters in tune with our published compound purchasing strategy [19]. Only the
largest molecular component, which effectively eliminated counterions, was consid-
ered for each compound in the database. DiverseSolutions and MOE software were
run on a Silicon Graphics Origin 200 workstation (R12000 processor), running under
the IRIX operating system (version 6.5.5). JMP 5.0 (SAS Institute Inc.) was run on a
IBM ThinkPad T23 running under Windows 2000. Computations needed to generate
entropies were coded with awk scripting language.

2.2 Compound collections

Four compound collections were analyzed in this study, (1) A filtered subset of ACD
(Available Chemicals Directory) database, which contains about 126,000 commer-
cially available compounds (2) A filtered subset of the DSDF (Derwent Standard Drug
File), which contains about 25,000 primarily medicinal, pharmacological, and other
biologically active compounds (3) and (4) Two proprietary combinatorial libraries
(Library A and Library B) containing about 2000 compounds in each library. These
were derived from two different chemical templates and were pursued by two different
therapeutic area project teams. General molecular property distributions of these four
collections are shown in Table 1.

2.3 Chemistry space

BCUTs are a set of molecular descriptors that were developed by Prof. Robert Pearl-
man at the University of Texas, Austin [20,21]. These descriptors that are computed
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Table 1 Summary characteristics of compound collections

Compound Number of Molecular Number of  Number of Number of
collection compounds weight rotatable hydrogen bond hydrogen bond
bonds acceptors donors
ACD-F* 126,829 276.9(99.3) 4.8(3.6) 3.2(2.1) 1.0(1.2)
DSDFP 25,335 351.1(237.9) 6.5(7.7) 4.3(4.7) 2.0(3.0)
LIBRARY-A€ 1,947 365.1(85.5) 5.6(2.7) 2.9(1.6) 2.1(0.9)
LIBRARY-B¢ 2,249 389.7(82.3) 7.2(2.4) 5.7(1.6) 1.5(0.7)

The figures quoted (to one decimal place) are means and standard deviations (in parenthesis) when averaged
over all of the molecules

4 Filtered library of 126,829 compounds from the Available Chemicals Directory database

b Derwent Standard Drug File

¢ Two hypothetical combi-chem libraries

Table 2 The six 3-D BCUTs

. BCUTI: Bceut_gastchrg_S_invdist2_001.250_R_L
which best represent the
structural diversity of BCUT2: Bcut_gastchrg_S_invdist6_000.600_R_H
compounds contained in the BCUT3: Bcut_haccept_S_invdist_000.600_R_H
datasets BCUT4: Beut_hdonor_S_invdist2_001.200_R_H
BCUTS: Bcut_tabpolar_S_invdist2_001.000_R_L
BCUT6: Bcut_tabpolar_S_invdist_000.500_R_H

using the structure of the compounds, capture the electrostatic, hydrogen-bonding abil-
ities and polarizabilities (hydrophobic) nature of the molecules. Since these features
are critical to the ligand-receptor interactions, BCUT descriptors in a way capture the
essential ligand-receptor interactions. Defined in a manner, which incorporates both
connectivity information based on actual bonding or inter-atomic distances through
space and atomic properties relevant to inter-molecular interactions BCUTs have been
repeatedly shown to be useful as descriptors to describe a chemistry space [22,23]. To
facilitate many procedures such as selecting subsets of compounds for screening and
for compound acquisition, BCUT chemistry spaces have been partitioned into sets of
non-overlapping, multi-dimensional cells, which are generated by dividing each axis
into a number of equal-sized bins. This leads to a lattice of (Np;, S)N dim cells, where
Npins 1s the number of bins on each axis and Ngjp, is the dimensionality of the space.

A set of 29 3-D hydrogen suppressed standard BCUT descriptors were computed
for all compound collections using the program DiverseSolutions (DVS 5.0.0). 3-D
BCUT chemistry space, that best represent the union of the four datasets was generated
using the x2 algorithm implemented in DVS was used as reference for all molecular
diversity analysis. Table 2 describes the 6-dimensional 3D BCUT chemistry space
used here.

2.4 Chemistry space statistics

Typically compound collections are not uniformly distributed in BCUT chemistry
spaces. Pearlman and Smith recommend that choosing the number of bins/axis that
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Table 3 Cell population statistics

Collection Number of Number of % Occupancy Average Highest cell
compounds occupied occupied cell population
cells population
ACD-F 126,829 15,090 12.8 8.40(7.45) 508
DSDF 25,335 7,002 6.0 3.62(2.78) 56
LIBRARY A 1,947 315 0.3 6.18(4.78) 116
LIBRARY B 2,249 228 0.2 9.86(14.65) 524

yields roughly 12—16% occupancy provides an appropriate level of resolution for most
applications [20,21]. Accordingly the 3-D BCUT chemistry space coordinates were
sliced into 7 bins/coordinate for the union set. This yielded 7° cells in the 3-D BCUT
chemistry space. Only 12.8% of these cells were occupied by the filtered ACD data-
base with an average number of about 8 compounds in each occupied cell. The highest
occupied cell contained 508 ACD compounds. The chemistry space cell population
statistics are given in Table 3.

2.5 Information and Shannon entropy
Originally developed for applications in digital communication, Shannon entropy can

be derived from the concept of information in the following way [24,25]. Information,
sometimes called ‘surprisal,’ is defined, in units of ‘bits,” as

1
I(A;) = log, PA;)

where P(A;) is the probability of observing an object from subset A; € A,

Ail _ na,
PA) = pp ="

In addition,

> P@A) =1, and P(4;) =0, for i=12.. Ny
AiEA

This equation makes sense from the following point of view, namely, the more likely
an event is to be observed the less information will be obtained upon observing it, that
is there is less ‘surprise’ in observing the event.
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Shannon entropy is then defined as the expectation value of the information,

H(A) = (Z(A))a
= > P4 log,
A;EA

=— > PA)log, P(A)
AiEA

P(A))

It can also be shown that the maximum value of H(A) occurs when all of the equiv-
alence classes are occupied equally, thatis |[A|| = |[Az| = -+ - = |A NA| = n4, while
the minimum occurs when all of the elements of the set reside in a single subset,
PA;) =1— HA) =0, so that

0 < H(A) < Hmax(A) = log, Na
where
NA =n/ng

If all of the elements are unique 174 = 1 and thus N4 = n and Humax (A) = log, n.

3 Results and discussion
3.1 Shannon-like diversity index

Let us consider three hypothetical 16 compound libraries A, B and C in a 2-D chem-
istry space, divided into 4 bins/axis and hence partitioned into a lattice of 16 cells.
All three libraries occupy 4 cells. Hence, the coverage of chemistry space (percent
of cells occupied) is (4/16) x 100 = 25%. Libraries A and C occupy 4 cells, with
4 compounds in each cell. However, they differ in the position of occupied cells in
chemistry space. Library A and B have the same positional information but differ in
the distribution of cell occupancies. Library B has 13 compounds in a single cell and 1
compound in the remaining 3 cells, whereas Library A has 4 compounds in each cell.
In addition, Libraries A and B span the entire range of chemistry space along each
coordinate (i.e., occupy every bin along each coordinate) whereas Library C covers
only a small corner of chemistry space.

A Shannon-like diversity measure could be defined in such a way that it measures
the uniformity of the distribution of fractional cell occupancies in chemistry space.
Hence, libraries with different numbers of compounds in each cell can be distinguished
from each other (e.g., Library A and C from Library B).
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Table 4 Distribution of

. . d
fractional cell occupancies in Library Nepa Neell Average OC‘CUPIGd D,C\ip 4
chemistry space for hypothetical cell population
libraries A—C
A 16 4 4 2.00
B 16 4 4 0.99
C 16 4 4 2.00

This measure of the uniformity of the distribution of fractional cell occupancies in
chemistry space is given in equation (1) below,

Neell

DY == filog, fi )

cpd
i=1

where D%;ld measures the uniformity of the distribution of fractional cell occupan-
cies in chemistry space, N, is the number of occupied cells, N; is the number of
compounds in the i-th occupied cell, N¢pq is the total number of compounds in the
collection given by N¢pg = ZlN:“l” N; where f; is the fractional occupancy of the i-th
cell, where f; = Nj/Ncpq and Z;V:C(ill fi=1

Table 4 illustrates the results of computing the Shannon-like diversity measure
using equation (1) for the three hypothetical libraries discussed above. Libraries A
and C that have a more uniform fractional cell occupancy distribution have measures
with greater values (D]C\Zjd equals 2.0 for Libraries A and C compared to a value of
0.99 for Library B).

A second Shannon-like diversity measure can be used to capture some of the posi-
tional information that is lost by measuring the uniformity of the marginal distribution
of occupied cells along each coordinate that defines the chemistry space. Here libraries
that have an even distribution of occupied cells along each coordinate, covering the
entire range of chemistry space can be differentiated from libraries that don’t (e.g.,
Libraries A and B from Library C).

This measure of the uniformity of the distribution of occupied cells in chemistry
space is given in equation (2) below,

Npin

D;;/e,,li[,l A =- Z hi(A)logy hi (L) 2)
i=1

where DcNebliln measures the uniformity of the distribution of occupied cells along each
dimension A, A refers to a specific dimension in chemistry space, Np;, is the number
of occupied bins, /; (A) is the fraction of occupied cells associated with the i-th bin of
the A-th axis, where /; (M) = N;j(L)/Ncenn  N; () is the number of occupied cells in
the i-th bin the A-th axis, N, is the total number of occupied cells.

Normalized measures fold and (D!} given in equations (3) and (4) enable com-
parison between compound collections of different sizes, where Ng;,, refers to the
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Table 5 Shannon-like diversity

measures for hypothetical Library ~ Number of % Coverage of D Zld <D el l)
libraries A-C compounds chemistry space

A 16 25 1.0 2.0

B 16 25 0495 20

C 16 25 1.0 1.0

dimensionality of the chemistry space

y _ d
Drcgl = (10g2 Neelr) lDf\ipd *
Ndim
(Dsel!) = N > DS 3 Y
=1

Consider Library A which contains 16 green compounds that span the entire range of
chemistry space and Library C which contains 16 red compounds that does not span
the entire range of chemistry space. From the previous exercise we noted that ch\ijd

equals 2.0 for both libraries. Normalizing this value using equation (3) yields fold

which equals 1.0 for both libraries A and C. This means that both libraries A and C
have uniform distribution of fractional cell occupancies. However the libraries differ
in their respective values of (D;;{l ) Library A has a value of 2.0 and Library C has a
value of 1.0. This means that Library A has a more uniform distribution of occupied
cells compared to Library C and hence is more diverse (Table 5).

Comparison of Drcfld and (ngfl) the normalized Shannon-like diversity measures
when used in conjunction, enables us to distinguish between libraries A, B and C. A
greater value of fold indicates a more uniform distribution of fractional cell occu-
pancies and a greater value of (D“”) reflects greater coverage of chemistry space and

rel
a more uniform distribution of occupied cells in chemistry space.

3.2 Comparing compound collections

Let us now consider the four compound collections (ACD, DSDF, Library A and
Library B) and estimate the uniformity of the distribution of fractional cell occu-
pancies and the uniformity of the distribution of occupied cells in BCUT chemistry
space. The results are shown in (Table 6; Figs. 1, 2, 3) and images of slices of the
6-dimensional BCUT chemistry space is shown in Fig. 4.

Comparing ACD and DSDF collections, we note that ACD has more compounds
(about 3 times the size) than DSDF. ACD also covers a larger fraction of chemistry
space than DSDF (12 vs. 6%). However, DSDF is spread more uniformly over the
6% of chemistry space it covers (ie., there is fewer clumping of compounds, indicated
by a higher fold value 0.93 vs. 0.88) and also effectively covers chemistry space
better ((Dce” ) equals 0.88 for DSDF versus 0.85 for ACD). This shows that although

rel

@ Springer



J Math Chem (2011) 49:342-355 351

Table 6 Shannon-like diversity measures

Collection Number of % Coverage of Distribution of Distribution of
compounds chemistry space cell occupancies occupied cells
(Effective coverage)
cpd cpd 1l ell
Nepd Drd DCNe[)in <D’€Zl >
ACD-F 126,829 12.8 12.26 0.88 2.39 0.85
DSDF 25,335 6.0 11.91 0.93 2.47 0.88
LIBRARY A 1,947 0.3 7.04 0.85 1.52 0.54
LIBRARY B 2,249 0.2 4.94 0.63 1.09 0.39
Library A Library B Library C

88 ®
%% ®
S8 ®| lpofloe
oo 8a o8

Fig.1 Hypothetical Libraries—Library A; Library B; Library C (16 compounds each)

DSDF is much smaller in size, it effectively is a more diverse collection than ACD.
Depending on the type of underlying biological activity landscape (smooth or rugged)
sampling decisions will need to be made for ACD and DSDF. ACD would suit a more
rugged activity landscape better than DSDF.

Comparing Libraries A and B we again note that Library A although a bit smaller
in size (about 1,900 compounds versus 2,200 compounds) is more diverse by both

measures (D¢ value of 0.85-0.63 and (Deell) value of 0.54-0.39)

rel rel

The Shannon-like diversity measures fold and (fofl ) for the DSDF collection
are greater than all the other three collections. This indicates that the DSDF collec-
tion has a more uniform distribution of cell occupancies and occupied cells in BCUT
chemistry space. Libraries A and B which are both similar in size and occupy smaller
region of chemistry space against the backcloth of ACD and DSDF. However, when
compared to each other Libraries A and B seem comparable in their distribution of
cell occupancies and occupied cells.

Varying the resolution of the chemistry space from 3 bins/axis to 12 bins/axis does
not change the rank ordering of the diversities of the four compound collections.
Effects of changes in the resolution of the chemistry space (binning) on the Shan-
non-like diversity measures can be identified using the sensitivity plots as shown in
Fig. 5.
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Library A
Y ): (98
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X
X Y
2 2
@
]
1 15 15
]
2
2 1
(3]
Q
,.°_ 0.5 0.5
o
£
0 0
1 2 3 4 1 2 3 4
—_—
bin index bin index

N;(X) (1.0 10 10 10) N, (¥Y) (1.0 1.0 1.0 10)
h(X) (025 025 0.25 0.25) /;;(Y) (0.25 0.25 0.25 0.25)
cell cell
Dy, (X) (20) D3, (1) (20)

cell
<D,e, > 20

Fig. 2 Distribution of occupied cells: Hypothetical Library A

4 Summary and conclusions

The present work describes applications of Shannon-like diversity measures to cell-
based chemistry spaces. A persistent issue associated with chemistry space sampling
is the underlying variance of the activity landscape and the lack of invariance or the
dependence on the chemistry-space representation used, which leads to a lot of sub-
jectivity in the field. An important consequence of this lack of invariance is that NN
relationships are not generally preserved, that is two compounds that are NNs in one
chemistry-space representation may not even be close in another. While can be a bit
unsettling, several researchers in the field have employed this lack of invariance to
advantage through the use of orthogonal HDNN searches of multiple chemistry-space
representations of the same compound collection to alleviate the sampling issues in
a rugged activity landscape [26]. The results described in this work clearly show
that using Shannon-like diversity measures one could measure both the diversity and
density of the distribution of compound collections in chemistry space (ie., cover-
age and sampling could aggregated into two distinct Shannon-like diversity indices).
The major advantage of using Shannon entropy as a metric for molecular diversity
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Library C
Y| [®o/®®
00 {00
—_—
X
X Y
o !
©
3] 3 3
2
o 2
4]
(4]
° 1
us 1
*® - av - &5
0 0
1 2 3 4 1 2 3 4
—_—) —_—
bin index bin index

N;(X) (20 20 00 00) N,;(Y) (20 20 00 00)
h(X) (05 05 0.0 0.0) h;(Y) (0.5 0.5 0.0 0.0)
D" (X) (1.0) D" (¥) (1.0)
<D;;:;’> 1.0

Fig. 3 Distribution of occupied cells: Hypothetical Library C

Fig.4 These pictures capture the overlap of ACD-F (cyan), DSDF (yellow), LIBRARY-A (purple) and
LIBRARY-B (red) compound collections in the 6-D BCUT chemistry space

over other distance-based metrics is that it is probabilistic, allowing the distribution
of chemical properties for a compound collection to be taken into account. Moreover,
because the cell based nature of the chemistry space representation, any orthogonal set
of descriptors could be used to define the chemistry space. Importantly, there is also a
significant lack of sensitivity to number of bins used to partition the chemistry space.
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Fig.

4 1
3 0.8
cell
06 (D"’)
2‘ ._.’.—"_._'—l"‘—'.—.
04 W‘-
L 0.2
0 - - —_— 0
3 4 56 7 & 9 1011 12 34 56 7 8 9 10112
_b
#of bins #of bins

5 These pictures illustrate the lack of sensitivity of the Shannon-like diversity measures —Df\f[f,l ; and
n

<Df§;l> to changes in the resolution of the chemistry space (i.e., the number of bins/axis) ACD-F (cyan),

DSDF (yellow), LIBRARY-A (purple) and LIBRARY-B (red)

The Shannon-like diversity measures are nearly constant and don’t change in the rank
ordering of the overall diversity of the collections. Thus it appears, at least from a
pragmatic viewpoint, that the procedure described here, provides a novel, quick and
effective method of measuring and comparing diversities of compound collections.
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