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A promising strategy for selecting synthetic targets is similarity-based searching of very large
“virtual libraries”, which comprise all structures accessible by linking two or three commercially
available building blocks with combinatorial syntheses. To assess the general applicability of
this strategy, leading structures taken from each of 34 recent medicinal chemistry publications
were used as queries to search a virtual library containing 2.6 × 1013 products from seven
reactions, using a topomer shape similarity metric. Eighty-five percent of these searches
succeeded, by yielding, with a search radius no greater than 120 topomer shape units, either
at least 400 hits or hits from at least six sublibraries. From these 34 sets of search results, 122
representative structures were selected, illustrating potential “lead hops”, or otherwise novel
structures. Overall shape similarity to the query structure was confirmed for up to 95% of
these representative structures, according to FLEXS, an algorithmically distinct program.
Experimentally, there were 28 structures among those reported in the 34 query publications
that were identified within the virtual library. Among these, the frequency of high activity
was 87% for the 16 structures whose similarity to their query was 90 topomer units or less,
compared to a frequency of 50% for the other 12 structures.

Introduction
Success in drug discovery continues to depend greatly

on effectiveness in selecting the next compound(s) to
test, even as high throughput methods increase the
rates and volumes of testing. Traditionally the selection
domain consists of the structures that an individual
chemist can envision synthesizing, perhaps augmented
by computational selections among inventories of com-
pounds at hand or commercially available. Most would
agree that the selection mechanism dominating indi-
vidual chemists’ “intuition” is structural similarity.1
Perhaps it is not as widely appreciated that most formal
compound selection methods also depend on similarity
assumptions, though usually unstated. For example,
when a computational model derived from previous test
results or a receptor structure suggests a change that
could improve the properties of a series of molecules,
this change will usually be local, expected to be effective
only within an otherwise similar structure.

Thus it is understandable that a particular challenge
in compound selection is to “lead hop”, that is, to select,
from the vastness of structurally dissimilar molecules,
structures most likely to have the same critical biologi-
cal property as some compound of interest. This chal-
lenge has motivated creation of such powerful compu-
tational methodologies as “docking”2 (of available
structures into receptor site models) and “pharmaco-
phoric searching”3 (among available structures for those
which can present a particular geometric relation among
elements thought critical for biological activity). While
these methodologies have had their successes, their
emphasis on conformational flexibility does introduce
a problem dimension so enormous as to computationally

limit the practical size of their selection domains to
perhaps 107 candidate structures.4

Whether or not “lead-hopping” is an explicit goal, we
can imagine the ideal or optimal compound selection
process. Its domain would comprise “all readily synthe-
sizable structures” and that domain would be searched
by a technique capable of rapidly identifying a small
number of structures most likely to have some desirable
biological activity. Topomer shape similarity searching
of ChemSpace virtual libraries is a reasonable ap-
proximation to this ideal.5 Its search domain is the
particular subset of “all readily synthesizable struc-
tures” that is most accessible to combinatorial chemis-
try. As a searching method, topomer shape has been
found in retrospective studies to be the molecular
descriptor whose similarity was most consistently and
strongly related to similarity in biological behavior.6
Topomer shape similarity then performed very well in
an unambiguously prospective experiment, for example
by indicating the 15% of a combinatorial array of
prospective angiotensin II antagonists that proved to
contain all the structures of highest potency7 and by
making useful contributions to rapid discovery of new
serotonin antagonist classes.8

These recent practical validations of the ChemSpace
virtual library technologies encouraged us to explore
topomer searching as a very general method for targeted
library design, by trying to answer questions such as
the following. Will searches of a virtual library yield hit9

structures for most lead queries? Will these structures
tend to be novel, unlikely to have been considered
otherwise, but yet plausibly active? Will they indeed be
synthetically accessible? To carry out this exploration
in as realistic a way as possible, we built an unusually
large virtual library and performed topomer shape
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similarity searches, using diverse structures from recent
publications as examples of medicinally interesting
queries. To provide objective evidence of the relevance
of the structures retrieved, we assessed the shape
similarity of some of these hits by independent and
much more rigorous computations, using the FLEXS
program.10 We have also considered the other structure/
activity data within most of these publications, as the
only experimental data available, in order to demon-
strate that compounds already known to be potent are
preferentially selected by this methodology.

Experimental Section

Most studies were carried out using ChemSpace,11 a large
proprietary system developed for building and searching
virtual libraries, which uses SYBYL, Unity, Oracle, and
CONCORD as key modules, linked together by Java, C, SPL,
and Unix shell scripts.

Overview of Topomer Shape Searching. This approach
differs from other shape comparison methods in several
fundamental ways:

• Topomer shape comparisons consider all atoms in a
structure, in contrast to the pharmacophore-based “3D search-
ing” approaches widely used, where “shape” comparison
focuses on a small subset of atom-like features.

• Shapes are compared as a combination of fragment-to-
fragment differences, rather than by performing operations
on complete structures.

• Shape comparisons involve only one rule-derived “topomer”
conformation for each fragment, rather than some form of

optimization among the indefinitely large variety of conforma-
tions that most fragments are capable of achieving.

• Shape comparisons involve only one rule-based orientation,
specifically superposition of the attachment bond(s) necessarily
associated with any fragment, again, rather than some opti-
mization process. (For polyvalent fragments, shape compari-
sons are performed and averaged over all such attachment
bonds, and the relative positions of attachment bonds contrib-
ute to the shape difference.)

• Shapes resemble one another mostly to the extent that
the same spatial volume or “field” elements are occupied or
avoided by the corresponding fragments (in their topomer
conformations),12 not to the extent that achievable geometries
among assumed critical features are shared.

• Shape comparison optimization is performed over all
possible fragment-to-fragment mappings, the result being
considered as the minimum found among all the possible
mappings.

The process of topomer searching is summarized in Figure
1, flowing from entry of the query structure at the upper left
to inspection of the search results at the lower right. The upper
right quadrant shows the construction of the database to be
searched. The central calculation in topomer similarity search-
ing, comparing the fields of topomer conformations, requires,
as input, the representations of both the database and query
structures as the fields (or other properties) of a set of
connected fragments. Conversion of fragments into topomers
and then fields is necessarily the same process for both
database and query structures, as represented schematically
in Figure 1 by the scroll icons labeled “Topomer Field Genera-
tion”. However, when performing a search, explicit fragmenta-
tion is necessary only for the query structure, since the
database structures within a virtual combinatorial library have

Figure 1. Flow diagram for topomer shape similarity searching. The query structure is partitioned into various sets of fragments,
and the topomer conformation and steric field are calculated for each fragment. The fields are compared with the stored fields for
fragments that are synthons in a virtual library. Products whose corresponding fields are similar enough to those of a query are
stored within “bitsets” (see ref 11 for details). Complete structures are assembled only for viewing or export.

1724 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 9 Andrews and Cramer



already been fragmented and stored during the library con-
struction process. The strategy for fragmenting query struc-
tures represents a compromise between search completeness

and computational cost. As suggested by the three examples
of query fragmentations in Figure 1, each additional fragmen-
tation provides a distinct set of shapes possibly yielding very

Table 1. Composition of the Research Virtual Library (RVL)

a Sybyl Line Notation (SLN) used to identify reagents having the named reactive functionality. Reagent searches also automatically
excluded reagents containing more than one such functionality. (See ref 16.) b The total number of variations at a site (R1, R2, or core).
When no SLN is given, this value is the sum of the #Synthons values. c The size of the library is calculated as the product of the values
in the #Var@Site column.
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different matching structures, but with the cost of performing
another completely independent search of the database.

Domain (Database) Construction. Seven combinatorial
reactions were chosen, as generalizations of various combina-
torial syntheses in general use. Each of the corresponding
virtual libraries was constructed in three stages. The first
stage was substructure searching of the Available Chemicals
Directory13 (ACD) for all commercially offered reagents that
contain exactly one (or one combination) of the reactive
functionalities needed. Then each of the individual reagents
found was “clipped” to form the corresponding synthon (the
fragment that a reagent would contribute to any of its product
structures). Finally various physical properties of each synthon
were generated and stored, in particular the steric field of the
topomeric conformation, the descriptor used in topomer shape
searching. Details of the procedures for calculating the topo-
meric descriptor have been described previously.5,7,11

The exact composition of the resulting Research Virtual
Library (RVL) is given in Table 1. There are four “two-piece”
libraries (for example, sulfonamide formation, one of the 12
sublibraries within the “N derivatization” library) and three
“three-piece” (or “scaffold-based”) libraries (for example, amide
linkages to both the carboxyl and amine moieties of an amino
acid, represented by three of the 12 sublibraries within the
“Amino Acid” library). Appropriate multiplications and addi-
tions yield the total number of structures represented by the
RVL as 2.6 × 1013 (about 26 trillion), surely one of the largest
collections of “small molecule” structures ever assembled.14

Every one of these structures is accessible in one or two formal
synthetic steps,15 by combining only those reagents that have
recently been offered commercially.

Selection of Query Structures. Query structures were
taken from publications appearing in three recent issues of
the Journal of Medicinal Chemistry. Each article in those
issues that described the synthesis and testing of novel
structures contributed one such query structure (excepting
linear oligomers such as peptides, which were deemed inap-
propriate queries for this RVL). The structure selected to be
the query was either the one featured in the abstract or else
the one reported to be most potent in the primary assay. The
34 query structures resulting are shown as the second column
of Figure 3. The first column provides an identifier, the page
number of the associated article. Additional information in
Table 2 confirms the diversity of the biological targets,
therapeutic potentials, and institutional origins for each of
these 34 query structures.

Fragmentation of the Query Structures. The composi-
tion of the RVL suggested how the query structures should
be fragmented. All possible acyclic single bonds were each
broken (yielding two fragments), as were all possible pairings
of acyclic single bonds (yielding three fragments). Further
restrictions on the acyclic single bonds to be broken were as
follows:

• The bond must connect two heavy atoms.
• At least one of those heavy atoms must either be in a ring,

or be attached to a ring, or be attached to at least two other
heavy atoms, or be a heteroatom.

• All fragments resulting must include at least two heavy
atoms.

• These requirements were expressed as search patterns in
Sybyl Line Notation (SLN)16 and automatically applied to the
34 query structures. From one to over 50 fragmentation
subqueries and searches resulted for the various individual
query structures, depending on the number and locations of
the appropriate acyclic bonds.

Validation of the Topomer Shape Searching Process.
To assess the reliability of the searching software and the
integrity of a database, our practice is to extensively “self-
search” the database. From each of its sublibraries (194 within
this RVL), a structure is taken randomly and used to query
the entire database. A very small search radius (acceptable
shape difference) of 5 units17 ensures that only one hitsthe
query structure itselfsshould usually be retrieved. When no
matching structure is found, a search has failed, so the cause
of failure must be identified and, if practical, remedied. Over
the last year, fixes to algorithms and to the stored fragment
data have raised this self-search test success rate for the RVL
from about 30% to over 90%. All results reported here were
obtained with the most recent and robust versions of the
ChemSpace technology and the RVL database.

Selection of Search Radii. Search radii (maximally
acceptable shape differences between the query and a hit)
always present a tradeoff. Larger radii yield increasing
numbers of candidate structures, but each then is expected to
be less likely to share the biological properties of the query
structure than would hits from searches using smaller radii.
In previous work,6,7 statistically significant enhancements in
the frequency of biological activity have been found with search
radii of 90 and of 120 topomeric shape units. Also, for
combinatorial synthesis, arrays of target structures are needed
rather than “singletons”, and many alternative arrays of
targets are desirable since difficulties such as failed validations
or unavailable reagents will make many routes unrealizable.
However, searches are seldom performed at radii lower than
80 units because the number of structures retrieved is usually
so small.

Therefore, for each query structure, the objective was to
establish the smallest search radius value (divisible by 10)
which yielded more than 1000 hits or produced hits from at
least five sublibraries. The initial search radius was 120 shape
units, and searches were then repeated, expanding or con-
tracting the radius in steps of 10 or 20 units, until the desired
outcome was obtained. The results of these 34 searches are
summarized in Table 3.

Inspection of the Hit Lists. The quality of the individual
hit structures will clearly be the most critical information when
evaluating any process for structure selection, no matter how
subjective any such assessment of quality may seem to be.
Therefore, to illustrate each of the 34 hit lists, up to four
individual structures were selected by hand, as shown in
Figure 2, totaling 122 examples. Factors considered in making
these selections were as follows:

• Are the structures unlikely to have been suggested by
rationale other than shape similarity?

• Are the structures plausibly active, assuming only the
knowledge that the query structure was active but no other
SAR information? (Particular attention was given to matching
any positive charge in the query structure.)

• Is the intended synthesis likely to succeed? (The bonds to
be formed are pointed to by wedge bonds and the general
synthetic route is indicated by the library name under each
structure.)

• Are the synthetic routes, the underlying query fragmenta-
tions, and the building blocks all different for each of the hit
structures shown?

The structures shown are divided into two groups, with the
leftmost two columns showing the “more plausible” hits,
particularly in their expected ease of synthesis, and the
rightmost two columns showing “less plausible” but more
structurally diverse, yet shape-similar, structures.

Figure 2. (On the following 4 pages.) Representative hit structures from each of 34 topomeric shape similarity searches. From
left to right are given the page number of the article as a short identifier; the query structure; the search radius, in shape units,
for which the structures shown were retrieved; and up to four hit structures. The “wedge bonds” point to the one or two bonds
that would be formed by combinatorial synthesis. Appearing below each of the hit structures is one of seven library names,
implying the route of synthesis, and the total number of other structures within the same sublibrary that are at least as shape-
similar to the query. The presence of a footnote indicates a structure for which the best FLEXS overlay was not equivalent to the
topomer similarity. For more information, see the text.
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Figure 2. (Continued)
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Figure 2. (Continued)
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Figure 2. (Continued)
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Figure 2. (Continued)

1730 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 9 Andrews and Cramer



Selection of these few structures from such large hit lists
was greatly aided by the tabular organization of search results
afforded by the hit list viewer. As illustrated by Figure 3, each
row of this “spreadsheet” display references a sublibrary, a
particular combination of synthetic route, query fragmenta-
tion, and core (scaffold) synthon. Sorting and selection tools
help in navigating among the possibly hundreds of sublibrar-
ies. Any sublibrary row can be expanded to yield either the
underlying structures or another “sub-spreadsheet”, most
usefully by one variation site at a time, as illustrated in Figure
3.

Using this hit list viewer, a typical procedure for selecting
the structures shown in Figure 2 was as follows:

• The initial hit list view was sorted by fragmentation
pattern and then by decreasing number of hits.

• An individual row was selected, containing a large number
of products from a synthetically attractive path, but preferably
differing from any previous selections in synthetic route and
in fragmentation pattern.

• The selected row was expanded at the less numerous of
the two possible variation sites, to show all the shape-
acceptable synthon variations.

• The display of partially expanded structures was sorted
by decreasing numbers of final products. (Relatively large
numbers of final products indicate the synthons that are
relatively shape-similar to the matching fragments of the
query structure. Conversely, smaller numbers of final products
must include only the most shape-similar of the synthons at
the still unexpanded variation.)

• Final structures were usually chosen from the bottom of
this sorted list, only for the convenience of having fewer
structures to scan.

Validating the Shape Similarity of Topomer Search-
ing Hits with FLEXS. To provide objective evidence of the
effectiveness of topomer searching in recognizing shape simi-
larity, the sample hits shown in Figure 2 were evaluated by
the much more rigorous and very different shape similarity
algorithms embedded in the FLEXS program. The methodol-
ogy of FLEXS was designed and calibrated to reproduce
experimentally determined structures of ligand-bound struc-
tures.18 Some basic properties of the topomer and FLEXS
shape similarity algorithms are contrasted in Table 4.

To evaluate the shape similarity of a sample hit to its query
structure with FLEXS, 3D conformations of both query and
hit structure were generated with CONCORD,19 and partial
atomic charges were obtained by the SYBYL implementation
of the Gasteiger/Marsili algorithm. Each hit structure was then
flexibly superposed onto the rigid query structure, using the
FLEXS program with all its parameter settings at their default
values. The one “best scoring” superposition, of the many
possibilities that usually resulted, was displayed within
SYBYL, allowing detection of any major inconsistencies by
visual comparison with the query structure.

We then sought an objective measure of “similarity of
superpositions”. Because overall topomer shape similarity is
defined by combining the similarities of fragments, and
because the bonds connecting those fragments are features
that can be objectively identified in both the query and any

Figure 3. Screen captures showing the tool used for selecting the structures displayed in Figure 2. One of the spreadsheet rows
representing a particular sublibrary (a particular combination of query fragmentation, specific reaction, and core structure) has
been partially expanded to display the structural variations at one side chain position. A highlighted partially expanded structure
has then been fully expanded to generate the front-most display of complete structures.
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Table 2. Reference Keys, Target Receptors, Therapeutic Areas, and Organizational Affiliations of the 34 Query Structures

1732 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 9 Andrews and Cramer



topomer-similar hit structures, we concentrated on the relative
locations of those bonds. The shortest of the four distances
among the endpoints of a pair of such bonds was used to
identify one pair of atoms. If the distance between the two most
distant atoms remaining was greater than 2.0 Å, we considered
the FLEXS overlay of those structures to disagree with the
topomer shape similarity result. (When there were two frag-
mentation bonds, e.g., in structures from the “AminoAcid”

library, both bonds had to pass this test.) Among these 122
examples, this objective index was found to be an infallible
marker for all such visually recognizable discrepancies as
conformational or stereoisomeric state differences, end-to-end
flips, and relative displacements along chains.

Determining That Structures Reported To Be Active
in the Query-Containing Articles Are Retrieved. In
general, an object will be retrieved from a database if and only

Table 3. Counts of Hits (Structures Retrieved) and of Sublibraries Yielding Hits, Using the Smallest “Topomeric Radius” That
Yielded Sufficient Hits, for Each of the 34 Query Structures

a The Query ID is the page number of the article, within volume 41 of the Journal of Medicinal Chemistry. b The topomer radius
(maximum shape difference) used to produce the results shown. c The number of structures retrieved from the library. d The number of
sublibraries from which any structures were retrieved. (Sublibraries are distinguished by reagent type, query fragmentation, or core
structure). e Topm Rad + 10 results were those obtained by repeating the search with a topomer radius equal to the sum of 10 and the
value shown in the Topm Rad Column. f Logarithm of the ratio of the corresponding value in the Totals row to the number of compounds
in that library (from Table 1).

Table 4. Differences between the Shape Similarity Algorithms of Topomer Searching and of FLEXS

Similarity-Based Searching for Targeted Library Design Journal of Medicinal Chemistry, 2000, Vol. 43, No. 9 1733



if the object exists within the database and the searching
procedure correctly identifies the object. In this particular case,
a structure already known to be active will be retrieved if and
only if it can be formed from commercially offered reagents
by one of the seven reaction classes, and the shape differences
between its corresponding synthons and those of the query
structure are small enough.

Therefore the first step was to determine which of the
structures in the 34 articles might be contained within the
RVL. Roughly 10 of those 34 articles described structures
amenable to synthesis by one of the seven underlying reaction
classes. Within each of these 10 articles, the tables of struc-
tures were scanned to determine whether the invariant portion
of the structure either was itself a synthon derived from a
commercially available building block (queries 311 and 413)
or else could have been synthesized from two such synthons
by one of the seven reaction classes (query 379). Finally the
variant synthons in the acceptable tables were also checked
for commercial availability. This process identified 28 of the
several hundred compounds described in the original 34
publications, from the three queries 311, 379, and 413, that
could also be found among the tens of trillions of structures
in the RVL.

To determine as efficiently as possible how many of these
28 would then be identified by topomer searching, it was noted
that each of these 28 structures were substantially identical
to the corresponding query structures. Thus the overall steric
difference between each structure and the corresponding query
would simply be equal to the topomeric difference in the
structurally variant portions. These 28 topomer difference
values were then computed directly, using the same underlying
code that is used to build and search the RVL.

Results

Topomer shape similarity searching of simple com-
binatorial chemistry products appears to be effective for
a very high proportion of “typical medicinally interesting
structures”, according to the search results summarized
in Table 3. The critical search radius, within which
topomer shape similarity to an active structure clearly
and significantly enhances the frequency of similar
biological activity, has taken on values of 90 units5 and
of 120 units.7 Of the 34 queries shown in Table 3, a
search radius of 120 shape units or less yielded the
useful results shown in 29 searches (85%). (Here a
“useful result” implies that at least one combinatorial
synthesis matrix could be designed; hence fully accept-
able hit lists contained at least 400 shape-similar
structures from at least six different virtual sublibraries,
including structures plausible enough to be shown in
Figure 2.) Note further that most of the retrieved
structures suggest a possible “lead hop”, a “chemotype”
different from the query structure, if only because of
being synthesized by a route different from that of the
query structure. Even at the rather conservative cutoff
of 90 shape units or less, 16 of the queries (47%) found
useful results. This very positive outcome is the key
result of our investigation.

Inspection of the query structures (first column of
Figure 2) shows that the major feature distinguishing
the five less successful topomer queries was an exotic
cyclic system. Search 291 contains a tetracyclic system
moderately reminiscent of an unusually substituted
steroid; search 318, a tricyclic system including a spiro
junction grafted onto a bridge; search 752, a four-
membered ring; search 1218, a tricyclic system with a
spiro junction; and search 1272, another steroid-variant
tetracycle. Such oddly shaped ring systems are seldom
encountered among commercially offered intermediates.

Since these virtual libraries are limited to combinatorial
products formed by making one or two bonds between
those intermediates, a lower degree of success in shape
similarity searching with these five queries is only to
be expected.

The data in Table 3 also address two subsidiary
questions. How rapidly do the number of structures
retrieved and the number of libraries included increase
with an increase in the topomer search radius? Are
there particular virtual libraries (synthetic routes) that
are more likely to yield hits in shape similarity search-
ing?

The dependence of search output on the search radius
can be derived from the values in the Topm Rad and
Topm Rad+10 columns of Table 3. Increasing the search
radius by 10 units increases the number of hits 5-fold
and doubles the number of sublibraries yielding hits
(based on the geometric mean ratios, each calculated
as the antilog of the mean logarithms of the ratios of
the values shown).

The “yield frequency” of the seven individual virtual
libraries greatly depended on the query structure. Every
one of the seven libraries was a major contributor of
results to at least one of the 34 searches. For example,
study of Table 3 shows that six of the seven libraries
produced the most hits for at least one of the 34 queries
(and the seventh was once a runner-up). Nevertheless
it is useful to define an “overall yield frequency” as the
total number of hits found for all 34 searches divided
by the size of the libraries (shown in Table 1). To better
illuminate overall trends, and to minimize the biases
from individual search results, this ratio is expressed
as its logarithm, forming the bottom row of data in Table
3. Here there emerges an unmistakable trend. Although
there are important exceptions (searches 379, 401, 489,
564, 655, 658, 699, 1205), in general the structures in
the “2-piece” virtual libraries were from one to ten
thousand times more likely to be shape-similar to a
query structure than are structures in the “3-piece
virtual libraries.20 Yet, since the “3-piece” libraries are
also one to ten thousand times larger than the “2-piece”
libraries (Table 1), the numbers of hits per library are
rather similar. (The Totals at the bottom of Table 3 vary
by less than an order of magnitude among the seven
libraries, excepting only the Sderiv library.)

The individual examples of hit structures shown in
Figure 2 are also an important result. They were chosen
deliberately to show how topomer shape searching often
detects structural similarities among readily accessible
compounds that will not immediately occur to every
medicinal chemist. The route of synthesis for each
structure is indicated by wedges pointing to the bond-
(s) to be formed and by the library name, enough
information for most synthetic chemists to recognize the
intermediates and reactions that would be involved.21

The number to the right of each library name is the
reaction size, the total number of structures, at least
as shape-similar, that could be produced in the same
combinatorial reaction from other commercially offered
building blocks. The two left-hand columns of Figure 2
contain structures that were deemed more “plausible”
than those in the two right-hand columns. “Plausibility”
was determined mainly by synthetic accessibility, with
the more plausible compounds eliciting decreased con-
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cerns about protection group chemistry, sluggish reac-
tion, or competing functionality. Thus Nderiv, Oderiv,
Sderiv, and AminoAcid products dominate the “more
plausible” columns, while Diamine, Grignard, and Di-
halide products are usually “less plausible”.

Opinions will surely vary about which of the struc-
tures shown in Figure 2 are “nonobvious”. Some will no
doubt seem naı̈ve because of additional SAR knowledge
that of course was not considered in topomer searching.
(In actual library design, such information is used to
filter the topomer search results.) For example, the two
hits shown from query structure 509, though clearly
somewhat shape-similar, do not include the dihydropy-
ridine moiety itself and so seem unlikely to share its
antihypertensive activity. On the other hand, the strong
tendency to attribute promising activity, a rare outcome,
to the presence of a rare structural feature can be
misleading. An accidental but excellent example is the
hydroxamic moiety in query 266. Every organic chemist
(including one of the authors) who so far has evaluated
the hits shown for this query has noted disapprovingly
the absence of the hydroxamic acid group. But in fact
this group is not necessary, nor perhaps even desirable,
for PDE4 inhibition. Instead a feature which is shared
by many PDE4 inhibitors used clinically is the more
subtle 3-cyclopentyloxy-4-methoxyphenyl assembly.

Some generalizations are suggested by the structures
collected in Figure 2.

• The vast majority of the hit structures undoubtedly
represent potential “lead hops” or different “chemotypes”
from the query structure, as mentioned above. This
assertion follows from their differences in synthetic
route and/or intermediate structures from the query
structure and applies to all hits referenced in Table 2,
not just the few structures shown in Figure 2. Clear
exceptions to this generalization are found among
queries 401 and 413 (the only two originally synthesized
combinatorially), while arguable exceptions are included
among queries 266, 271, 311, 379, 451, 503, 579, 640,
655, 668, 699, 1205, and 1252.

• Certain topologies are not easily formed by combi-
natorial chemistry, more precisely by short reaction
sequences assembling commercially available building
blocks. Exotic ring systems have already been men-
tioned. Another challenging yet frequent structural
feature is an acyclic bond connecting two rings, espe-
cially if one or both of the rings is aromatic or het-
eroaromatic. (Such a feature is found, for example, in
queries 263, 266, 291, 311, 346, 509, 640, 658, 674, 728,
752, 1205, 1218, and 1272, over 40% of the total.)
Whenever in Figure 2 the formation of such a bond is
indicated, most often the reaction is (hetero)aromatic
nucleophilic displacement by a saturated heterocycle,
with the occasional reductive amination or Grignard.22

Unless the ring-to-ring bond in the query structure was
also a heterocycle-to-heteroaromatic bond, the resulting
structure is thus constrained to be quite different from
the query. In contrast, chains of one or especially two
atoms between rings are very easy to achieve combina-
torially, in many different ways.

• Commercially available reagents often lack the
additional hydrogen bond accepting and (especially)
donating groups that are important in so many biologi-
cally active structures, no doubt because of the synthetic

complications these groups introduce. Thus the number
of candidate structures containing some such possibly
critical query feature, such as a basic amine, may be
small. (Of course such features, when known to be
important within individual queries, can readily be
designed into custom virtual libraries, as additional
synthetic steps.)

Validation of Shape Similarity by FLEXS. Shape
similarities of all 122 hit structures in Figure 2 to their
corresponding query structures were calculated by
FLEXS as described above. In most cases, visual inspec-
tion of the best scoring FLEXS overlay showed a
striking agreement of shape between query and hit.
Eight such overlays are shown in Figure 4. Those
structures showing any discrepancy in their FLEXS
results are marked with a footnote in Figure 2 (next to
the sublibrary hit count). There are 22 such structures,
yielding a minimal rate for “agreement between FLEXS
and topomeric shape similarity” of 100/122 or 82%.
However, in the seven cases with a footnote of “a”, the
discrepancy was that FLEXS did not report that any
shape similarity existed. With these cases excluded as
indeterminant, the agreement rate would improve to
100/115 or 87%.

The remaining discrepancies result from a distance
of greater than 2.0 Å in the endpoints of one or more
fragmentation bonds. If it is inferred, from the seven
no-result cases, that FLEXS can fail to find a shape
similarity which actually exists, then the possibility also
arises that the FLEXS scoring system might have
preferred the ChemSpace-implied overlap to the best
overlap that FLEXS itself could find. Indeed, in 10 of
the 14 possible comparisons,23 footnoted with an “f” in

Figure 4. Orthogonal views of the overlays generated by
FLEXS for the four representative hit structures shown in
Figure 2 for queries 742 and 1252. In yellow is the CONCORD-
generated structure for the query. The other structures are
the “best matching” overlays generated by FLEXS, one for each
of the four hit structures.
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Figure 2, the FLEXS TOTAL score for the discrepant
hit was poorer than the FLEXS TOTAL score for any
of the other hits for the same query structure. If these
10 suspect FLEXS overlap cases are also dropped from
consideration, the rate of agreement between best
FLEXS overlap and the topomer searching result be-
comes 100/105 or 95%.

All 16 discrepant overlays were examined visually for
four anticipated sources of disagreement between the
FLEXS and topomer alignments, recorded as footnotes
“b” through “e” in Figure 2. The first of these arises
because the topomer methodology approximates overall
structure differences as a combination of fragment
differences. This approximation is weakest for cores,
since changing the position of two large side chains to
a central phenyl core from, say, para to ortho has a
minimal effect on the overlap volume of the core and
no effect at all on the side chain volumes, but an
enormous effect on the overlap volumes of the completed
structure. To compensate for this insensitivity, the
topomer difference value for a core is increased by any
differences in the endpoints of its attachment bonds,
weighted relative to volume overlap by 10.0 (adjustable).
In Figure 2, the poor relative alignment for the structure
marked with “b” suggests that this default weighting
value should be increased.24 A second anticipated source
of discrepancy was the treatment of pharmacophoric
centers (hydrogen bond donor and acceptors; charged
atoms). These play a central role in generating FLEXS
alignments but are completely ignored in topomer shape
differences. And indeed, a preference by FLEXS for
matching pharmacophoric points rather than maximiz-
ing overlap volume seemed visually to contribute to at
least 7 of the 16 discrepant overlays, marked by “c” in
Figure 2. A third source of discrepancy “d” could arise
whenever the compared structures differ in their longest
dimension. A structure can then “slide along” that
dimension, relative to the other, without much change
in the overlap volume. There were two examples where
such a displacement amounted to at least a bond length.
The fourth source of discrepancy “e” is most likely with
structures that are roughly centrosymmetric, such that
the overlap volume does not change much when a
rotation or “flip” about that center interchanges two
groups. This was the most frequently observed of the
four anticipated sources of discrepancy, in 9e of the 14
discrepant overlays.

Determination That Structures Reported To Be
Active Are Retrieved. At a search radius of 90, 16 of
the 28 published structures that are also contained
within the RVL would have been retrieved. Of these 16
structures, 14 (87%) were reported to have “high”
potencies (within 1.0 log units of the query structure).
Of the other 12 structures, less shape-similar to the
query structures, just six (50%) were reported to have
“high” potency. This particular increase in frequency of
activity with increasing shape similarity to the most
interesting (query) structure has marginal statistical
significance (p < 0.1).25

Discussion

The combinatorial chemistry paradigm has engen-
dered widespread interest in virtual libraries of struc-
tures, formed by assembling readily available building

blocks with short reaction sequences. Our results con-
firm the enormous impact that virtual libraries can have
on the compound selection activities so critical for
successful drug discovery. Searching such virtual librar-
ies using typical medicinally interesting structures as
queries indeed produced a large variety of structures
that are not obvious query analogues, that are readily
accessible synthetically, and that are likely to share the
activity of the query structure. The few query structures
that were not productive could have readily been
identified by the oddly shaped ring systems that each
contained.

It is possible that technologies other than topomer
shape similarity searching can be found that will be as
effective in selecting structural targets within very large
virtual libraries. However, to achieve this feat, such a
technology would need several key attributes:

Extremely High Searching Speeds. Our current
implementation searches the RVL at rates of 1012 to 1013

structures per hoursor over a thousand times the total
of structures ever registered by Chemical Abstracts
every second! The results we report depended on this
high level of underlying performance, which allowed the
large variety and number of query structures, of query
fragmentations (required to produce the great structural
variation shown among the hits), and of query radii.
Such an extraordinary search speed can be obtained in
an exhaustive search only by a highly restrictive “divide-
and-conquer” algorithm, applicable only to fragment
descriptors that can be combined strictly independently
to effect the overall structure selections.

A Selection Criterion with Experimentally Vali-
dated Success in Identifying Active Structures,
over a Wide Variety of Query Structures and
Biological Targets. For example, we report here that
the experimental frequency of high activity was higher
(14/16 or 87% compared to 6/12 or 50%) for the struc-
tures that were the most topomerically shape-similar
to the query and that were also to be found within the
RVL. But this result is merely an increment to a
consistent accumulation of findings “validating” topo-
meric shape as the most powerful and general similarity
descriptor known for various biological activities. Simi-
lar results had been obtained retrospectively for 20
series, with the topomer shape similarity criterion being
the best among 11 classes of molecular descriptor.5 In
a prospective study involving independent synthesis and
testing of a 425-compound library, the seven structures
found to be highly active structures were all among the
63 that were shape-similar to a query by 120 units or
less.7

Structural Variety Among the Selected Target
Molecules. For many, an ideal selection method would
report only structures that are both “novel” (represent-
ing “lead hops” or new “chemotypes”) and biologically
promising. Others would object, either believing this
goal to inherently be both subjective and somewhat self-
contradictory, or else being sufficiently untrusting of
both human intuition and computer legerdemain as to
want to see considerable “obvious” structural output as
well. Regardless, any experienced researcher knows how
important the promise of an attractive and immediately
accessible “lead hop” can be when adverse biological
data or a competitive patent unexpectedly appears. We
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believe the structural examples shown in Figure 2
strongly support the proposition that shape similarity
searching is an extraordinarily powerful tool for select-
ing the most promising “lead hops” from the enormity
of readily accessible structures. A wide variety of
potentially relevant chemistries (as evidenced for to-
pomer searching by the results in Table 3), and a flexible
library construction facility which simplifies the entry
of more chemistries, are both very important to the
overall goal of shortening make-and-test cycles.

Minimal Query Information Needed. Similarity
to a “known active” structure seems the most widely
applicable compound selection strategy. As one con-
trasting example, if a receptor target structure had been
required, as in “combinatorial docking”, then compound
selection would have been impossible for over 30 of the
34 queries used here.

Other valuable attributes of a methodology for select-
ing synthetic targets from a virtual library include:

Adaptability of the Underlying Physical Model.
Usually there is more information than a single active
structure to help guide compound selection, especially
on second and subsequent rounds of synthesis and
testing. Such emerging information can often be blended
readily with shape similarity selection, in predictive
formulations such as “shape increases (or decreases) for
this group of atoms seem good, not bad”, much as in
the established CoMFA method. Or, a pharmacophore
hypothesis, a different 3D shape based selection method
requiring complete structures, can be applied to a set
of, say, 100 000 structures initially chosen by such
vastly faster methods as topomeric shape similarity. Of
course, if a reliable 3D structure of the target exists, a
variety of docking methods may also be applied to the
initial hits.

Independently Verifiable Search Criterion. The
very fast methods needed to search vast virtual libraries
will necessarily involve approximations. For example,
topomer searching expresses overall molecular shape
difference as the root of the sum of squared steric
differences between single conformations. While syn-
thesis and testing provide the ultimate validation of
such approximations, more immediate feedback can
provide useful encouragement. Thus we are pleased to
be able to report that the shape similarities of the 122
hand-selected diverse structures were strongly con-
firmed by the much subtler similarity criteria of the
algorithmically disjoint FLEXS program.

Integration into an Automated Discovery Pro-
cess. Surely the goal in compound selection is to
optimize the ratio of information returned to experi-
mental time and cost. However such major determi-
nants of synthesis time and cost as reagent availability
and outcomes of synthetic validation experiments will
often emerge very late in the intended make-and-test
cycle. Therefore an ability to rapidly accept new con-
straints and redesign target libraries can be one of the
most important qualities of a practical compound selec-
tion methodology.

Some of the structures suggested in Figure 2 will
appear naı̈ve to some observers, especially to those who
are the most familiar with the cumulative SAR associ-
ated with any particular query structure. Indeed, we
emphasize that some difference between the outcomes

of any similarity searching and of any specific SAR
analysis is both inevitable and desirable, even if the
molecular descriptors are similar, because the underly-
ing selection strategies differ. When similarity search-
ing, every structural difference is equally bad. But the
very essence of SAR knowledge is that structural
changes have unequal effects, with some small changes
found to be unacceptable and (hopefully) other relatively
large changes found to be highly desirable. Thus the
structures in Figure 2 are proposed as early stage
selections, most appropriate for rapidly and inexpen-
sively following up screening hits or “lead-hopping”
around competitive structures, rather than for later
stage lead optimization.

That said, however, we believe that SAR-based selec-
tion strategies may often be overemphasized or prema-
turely applied, relative to similarity strategies. The
possible interactions between a ligand and a receptor
site are so numerous, complex, dynamic, and inter-
related, as to make simple SAR generalizations suspect
without testing and to make complex SAR rules too
localized to be very useful. For these reasons we believe
that any SAR information or hypotheses should be
blended with, rather than replacing, similarity-based
selection. With a similarity selection method as powerful
as topomer searching, we are currently achieving such
a blend by using SAR approaches such as pharmacoph-
ores or CoMFA models to filter the initial topomer
searching output. (This initial output can of course be
made as voluminous as desired by increasing the search
radius.)

The physical simplifications underlying the topomer
similarity calculation, considering only assemblies of
steric26 differences between single conformations of
fragments, perhaps need some remarks. Originally this
approach was pragmatic, to include only those differ-
ences of shape that can be calculated with greatest
certainty and compared with greatest speed. Its stron-
gest support has been empirical, in its consistently
superior record so far in identifying biologically active
structures and in its appeal to many practicing chem-
ists. We now add that the “best” shape similarities
computed by the full structure, conformationally flex-
ible, pharmacophore-centric comparison algorithms of
FLEXS are only very seldom different from those found
by topomer searching. Since programs such as FLEXS
generate many acceptable candidate overlays differing
little in their score, it is truly remarkable that the single
best-scoring overlay so often agrees with the implicit
topomer alignment. To determine whether the agree-
ment would be as good for the many possible binding
conformations of each query structure, in addition to
the single CONCORD-generated conformation consid-
ered here, extensive additional work would be neces-
sary.

It may be surprising that as few as 28 of the other
structures described in the 34 articles were included
among the 26 trillion structures referenced by the RVL.
But of course the other hundreds of structures in those
publications were assembled in more than two steps
and/or their components were not commercially avail-
able.

In summary, similarity searching of large virtual
libraries, at least by topomer shape similarity, appears
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very useful for selecting structures likely to share the
biological properties of the query structure. No other
tool has been described which promises such speed, such
demonstrated predictive performance, and such nonob-
vious yet plausible hit structures. The potential value
of this approach for enhancing the overall efficiency of
early stage drug discovery is further strengthened.
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