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A method is presented for the detection and analysis of multiple common scaffolds for small collections of
pharmaceutically relevant molecules that share a set of common structural motifs. The input consists of the
mol ecules themselves, possibly some of the scaffolds, and possibly information about the relation between
the substitution points of these scaffolds. Three new algorithms are presented: multiple scaffold detection,
common scaffold alignment, and scaffold substructure assignment. Each of these steps is relevant for cases
when either none, some, or al information about the common scaffolds and their substitution patterns is
available. Each of these problems must be solved in an optimal way in order to produce useful
structure—activity correlations. The output consists of a collection of scaffolds, acommon numbering system,
and a unique mapping of each molecule to a single scaffold substructure. This information can then be used
to produce data for structure—activity analysis of medicinal chemistry project databases.

Introduction

A common theme in drug discovery projects is the accumula-
tion of groups of small molecules based on severa scaffold
templates, which share some degree of structural similarity. By
varying the composition of the scaffold, and the substituents
with which the scaffolds are adorned, it is possible to extract
trends that correlate ligand structure with activity against a
chosen target. A popular method for elucidating structure—activity
relationshipsis to represent the scaffold as a fragment, adorned
with numbered R-group labels, and plot the pairwise combina-
tions of possible substituents at each position in a series of tables.
This approach has been described recently by Agrafiotiset al.,*
and references therein.

When the data set is small, and the nature of the scaffolds is
well understood, the structure—activity analysis can often be
done manually or with partial automation using smple algo-
rithms. Such circumstances often arise when a database has been
constructed from atemplate synthesis, and the chemical structure
changes have been recorded as part of a reaction description.
For larger or less well annotated data sets, particularly those
that are derived from studies not performed in-house, the
prerequisite information necessary to examine the structure—
activity relationships may not be readily available.

Furthermore, project databases often consist not only of
molecules based on a single scaffold substructure but an
analogous series of scaffold substructures, which can be labeled
using a common R-group naming scheme, because they are
presumed to bind in an analogous way. Describing such a
database with multiple, related scaffolds introduces the scaffold
itself as another degree of freedom, which can be tabulated in
amanner analogous to the R-groups themselves. For example,
when agroup of Srcinhibitors are each assigned to one of three
scaffolds, which are clearly related, it is possible to plot scaffold
vs R1, which is both visually revealing and suitable for Free-
Wilson analysis:?

The cells for which the scaffold and the R1 substituent have
available activity data are shown with activity against Src,
measured as 1Cs, (uM),? and are also color-coded using a* heat-
map” scheme, where the best binding affinities are green, the
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worst are red, and those in between are yellow. Those for which
no compounds have been measured are |eft blank. Tables such
as these can greatly simplify the process of gaining insight as
to which scaffolds and substituents should be combined to
improve the activity of lead compounds because it is easy to
see which scaffolds and substituents are typically associated with
high binding affinity and which of the most promising regions
of the chemical space remain unexplored. By taking particular
care to ensure that the scaffolds and substituents are depicted
in such a way that common orientations are shown, the
consequences of structural modifications become readily dis-
cernible to the viewer.

Whether the project database contains a single scaffold or
an analogous series of scaffolds, it is necessary to ensure that
thefollowinginformationisavailablebeforesuch structure—activity
analysis can be carried out:

(1) The scaffold, or group of scaffolds, upon which the
majority of the molecules are based;

(2) In the case of multiple scaffolds, an alignment of the series
which identifies analogous substitution points;

(3) For each of the database molecules, the scaffold which
applies to it, and the atom-to-atom substructure assignment.

There are circumstances where none of these problems are
particularly difficult to solve, e.g., when there isa single scaffold
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that is already known, and has no symmetry, and each molecule
matches the scaffold in exactly one way. This being the case,
structure—activity analysis of a minimally annotated database
requires no agorithms more complex than substructure search-
ing. However, there are a large number of practica situations
when not all of these conditions are met. Scaffolds are not
always known ahead of time, particularly for structures obtained
from external sources, and automated methods for reconciling
a series of multiple analogous scaffolds are difficult to come
by. Furthermore, scaffold substructures are often symmetrical
or degenerate, and the existence of multiple scaffolds introduces
the possibility that a molecule may match more than one.

In general, an effective structure—activity analysis of a project
data set requires a minimal number of common scaffolds, with
an optimal alignment that conveys meaning throughout the
series, and given multiple possibilities, an optimal assignment
of scaffold substructures to the database constituents. The
scaffolds should be selected for scaffold-like properties, and the
variation of substitutents at analogous substitution points should
be as low as possible in order to elucidate structure—activity
trends. To effectively examine a comprehensive variety of
databases of structure—activity data, it is necessary to solve the
problems of scaffold detection, alignment, and assignment, in
a stepwise fashion. Also, for pragmatic purposes, it is highly
beneficial to design a method for solving these three problems
such that any preexisting data is taken as definitive, and where
possible, used to influence other decisions made during the
process.

Topological scaffold detection is an issue that has been given
significant attention in the literature,* though because it is
surprisingly difficult, efforts to date tend to be based on the
assumption that all molecules in the database are based on one
single scaffold. A popular method for eliciting such information
is the use of an implementation of the maximum common
subgraph (MCS?) algorithm, which, though formally not solv-
able in polynomial time, can be effectively approximated for
labeled chemical graphs.® The problem with this approach, other
than being effectively limited to pairwise comparisons, is that
it is notoriously easy to fool. While the largest contiguous
common substructure between two chemical structures is
frequently a good candidate for ascaffold, it is simple to propose
an example where this is not the case, e.g.:

X
Pz
N

To the trained eye, the scaffold is obvious: the central six-
membered ring with its two exocyclic carbonyl groups (8 heavy
atoms) is amost certainly the best choice. However, most
variations of MCS, as applied to chemical graphs, would find
that the largest contiguous common fragment is the quinolyl
moiety (10 heavy atoms). The frequency of such poor choices

2 Abbreviations: MCS, maximum common subgraph; UQO, unary
quadratic optimization; SVL, scientific vector language.
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resulting from pairwise MCS analysisis high, and so additional
strategies must be formulated, e.g., adding alarge and complex
collection of rules to bias the search in favor of medicinal
chemistry applications or performing a pairwise comparison of
all molecules in order to anadlyze the results statistically
(requiring ¥.N(N — 1) calculations, al of them costly).
Extending such approaches to include the possibility that there
are multiple common scaffolds within the data set, as well as
decoy molecules that are based on scaffolds that are rare or
unique, imposes escalating demands which mandate a simpler
and more efficient approach.

One of the primary benefits of elucidating the relevant
common scaffolds is that they are likely related in a way such
that some of the substitution points are analogous throughout
the series. Consider for example the following three templates:

R1 R1

R1
H
o) N N
@: )—R2 )—R2 j\
N N =
N Rz

It might be imagined that for molecules based on any of these
three scaffolds, the binding site orientation of active molecules
might be such that the substituents labeled as R; and R, are
oriented in asimilar direction, providing avalid motivation for
common annotation. While the substitution points are clearly
indicated in the diagram shown above, if the scaffolds were
calculated or provided without the Markush-style substituent
notation, it is not at al unreasonable to expect that an
unsupervised agorithm could align these structures to each
other, such that the common relation is between them is evident.
The structure composition often contains many clues as to what
an optimal alignment might be but also the possible ways in
which these substructures can be matched to the input molecules
can provide a wealth of further clues because the variety of
possible substituents and substitution pointsis usualy restrictive.

Once the scaffolds are all known, and the alignment between
them has been resolved, the final challenge is assignment of
the scaffolds to the input molecules in a unique way, which
can be deceptively troublesome. Because a substructure search
does in many cases yield a unique result for each molecule,
this is frequently al that is required to solve the problem.
However, if any of the scaffold substructures has permutational
symmetry, or a molecule has multiple occurrences of a scaffold
substructure, or matches more than one scaffold, then the
circumstances are less forgiving. A trivia example is the
following data set, consisting of 4 molecules:

(1) N _Cl  (3) N Br
» B
¥ Z

(2) NorOH ) Ny ~OH
U /U

An obvious candidate for a scaffold substructure is the 2,6-
disubstituted pyridine template:

R1 N R2
AN

¥

Unfortunately, the pyridine substructure can match each of
the constituent molecules in two ways due to internal symmetry,
which means that the total number of ways to assign the scaffold
to the input molecules is 24 = 16. A quick examination of the
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input molecules reveals that, although these 16 states contain
much degeneracy, they are not all equal if the objective is to
have the minimum number of possible R-groups a each
position. If molecules (1) and (2) are assigned such that R; =
CHs, and molecules (3) and (4) are assigned such that R; =
CH,CHjs, then the total diversity is such that R; € [CHjs,
CH,CH;] and R, € [CI, Br, OH], which is optima by this
criterion. An arbitrary assignment would most likely produce a
less homogeneous set, which would obscure attempts to
understand the structure—activity relationships. While this data
set is sufficiently small to examine al possibilities, most data
sets are large enough that enumerating an exponential number
of potential solutions is not viable. Scaffolds with internal
symmetry, and other causes for assignment degeneracy, are
sufficiently common that this problem needs to be addressed in
order to make best use of structure—activity data.

If a scaffold analysis method fails to find the most relevant
common scaffolds, or does not perceive the way in which the
scaffolds are related, or does not propose an effective way of
mapping scaffolds to molecules when the possibilities are
degenerate, then attempts to understand correlations between
structure and activity will at best be hindered by high signal-
to-noise ratio if not swamped or entirely meaningless.

The remainder of this work describes the implementation of
algorithms to solve the scaffold detection, alignment, and
assignment problems, for moderately sized project databases,
followed by a number of case studies that identify the various
difficultiesinvolved in scaffold analysis and the manner in which
the algorithms overcome these difficulties.

Methods

The three important algorithms described in this section are
outlined as follows:

(1) Scaffold Detection. Inputs: molecule database, optional
prespecified scaffolds. Outputs: list of scaffold substructures.

(2) Scaffold Alignment. Inputs: list of scaffold substructures,
optional atom numbering hints. Outputs: common atom number-
ing scheme for all scaffolds.

(3) Scaffold Assignment. Inputs: molecule database, list of
scaffold substructures, common atom numbering scheme. Out-
puts: mapping to one scaffold substructure for each molecule.

The scaffold detection algorithm is used to find the set of
scaffolds that best suits the data set or to look for additional
scaffolds in the event that scaffolds were supplied by the user.
The scaffold alignment agorithm is used to find correlation
mappings between the scaffolds, in the event that there is more
than one, and any of the scaffolds that were prespecified did
not already contain a common numbering scheme.

The scaffold assignment algorithm makes use of al the
available information (the input molecules, the list of scaffolds,
and the relation between the scaffolds) to assign each of the
input molecules to a single scaffold with a single mapping. The
first two steps can be controlled by the user if scaffold
information is known a priori, but the final assignment step is
necessarily fully automated. Once the series is complete, the
database can be studied using standard cheminformatics tech-
niques in order to break down the list of R-groups at each
position and chart the effects that interchanging substituents and
scaffolds has on activity.

1. Scaffold Detection. For our analysis of molecules, we
begin by applying amethod recently described by Schuffenhauer
et a., which produces a linear fragmentation sequence by
iteratively cleaving substituents from a molecule, starting with
the least scaffold-like.® Figure 1 illustrates the process. The first
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Figure 1. The fragmentation pattern of a single molecule, according
to the Schuffenhauer scheme.

step isto remove termina substituents, while the following steps
involve removing pendant or fused ring blocks, in reverse order
of the likelihood that the removed component is a part of the
core scaffold.

If acollection of molecules are decomposed in this way, and
represented as a string of molecular fragments, smallest first,
and sorted after converting into acanonical string identifier (such
as SMILES),” then the rows and columns can be decomposed
into a tree hierarchy, such asis illustrated in Figure 2. In this
example, seven molecules, for which the terminal substituents
have been removed for clarity, are decomposed into fragments
and sorted, with common ancestors merged into parent nodes.

As can be seen, all of these molecules fragment into asingle
root fragment, (&), which consists of a single six-membered ring.
The root fragment has two descendents, (b) and (c). Because
fragment (c) has just one descendent molecule, and (b) has six,
it isworth considering the possibility that (b) is a better scaffold
than (a), even though it has one less descendent, because it is
larger and less generic. The principle is to look for large
fragments with low symmetry and high membership, whose
immediate descendents have much smaller and more fragmented
descendents.

The method of scaffold selection used in this work is based
on assigning a score for each distinct possible fragment is given

as:

U 25

a
O-N Y A

where O is the fraction of the remaining molecule set which
contains the fragment; N is the number of heavy atoms in the
fragment; U is calculated by counting the maximum number of
bonds in all possible fragment substructures (i.e., theoretical
maximum number of R-groups): if the largest number of severed
bonds is 2 or 3, then U = 3, if the largest number is 1 or 4,
then U = 2, otherwise U = 1; Y is the number of ways the
structure can be topologically permuted onto itself, plus one; A
is the number of fragments selected in previous iterations; and
S, isthe similarity of the proposed fragment to each previously
selected fragment, calculated as the Tanimoto coefficient using
the MACCS fingerprints.® The final term is set to 1 for the
selection of the first fragment.

The first scaffold is selected by picking the fragment with
the highest score. Molecules that feature this substructure are
removed from the set, and the remaining fragments are rescored.
When the best scoreis less than 1, or no molecules remain, the
scaffold selection stops.

+1
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Figure2. Linear fragmentation pattern of aset of molecules, presented
as a tree, with a single root.

If some of the scaffolds are aready known, then all molecules
that are found to contain any of the provided scaffolds as a
substructure are excluded prior to the determination of additional
scaffolds.

The use of linear fragment decomposition is not only
conceptually simple, but it is also very fast and runs with
effectively linear time dependence on database size, given that
the rate limiting step is the generation of fragments and
conversion into canonical identifiers for rapid comparison.

The simple scoring function, which is primarily driven by
collective population, makes the method somewhat resistant to
the vagaries of graph comparisons, even for input data sets that
contain a significant number of stray molecules not based on
any reasonable notion of a common scaffold. Even for homo-
geneous inputs, molecules with a particularly scaffold-like
substituent may be fragmented differently to the majority of
molecules based on the same scaffold whose substituents are
not scaffold-like. As long as such cases are in the minority,
however, they will appear in the tree hierarchy as small clumps
with aunique or rarely occurring root fragment, which typically
score well below the threshold, so that their constituent
fragments will not be selected as scaffolds. As will be seenin
the following sections, the final assignment of scaffolds to
molecules is not dependent on the origin of the scaffold, so
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molecules that were fragmented in away that did not reveal its
common scaffold can still be correctly assigned as long as the
appropriate common scaffold was discovered elsewhere.

2. Scaffold Alignment. When a database of drug activity
data contains more than one scaffold, it becomes necessary to
develop a notion of how these scaffolds relate to each other so
that the analogous substitution points can be identified.

In cases when the scaffolds are provided and fully annotated
by the user, typically using the Markush-style R-group notation,
it istaken as given that the numbering system is consistent across
the series of scaffolds, i.e., the substitution point labeled as Ry
on one scaffold is conceptually equivalent to the substitution
points denoted as R; on the other scaffolds. When the scaffolds
have been detected automatically, or the use of R-groups is
insufficient to correlate al substitution points, an anaysis of
the scaffolds must be performed in order to find common points
of reference across the series.

To do this, it is necessary to make use of al available hints,
which includes: (1) any partialy prespecified mapping informa-
tion, (2) molecular graphs, (3) chemical properties (atom and
bond labels), and (4) information derived from all possible ways
in which the scaffolds can be mapped as substructures of the
input molecules.

For aligning a set of scaffolds, the working property is taken
to be the mapping number for each of the non-hydrogen atoms
of the scaffold, where the default value for each of these atoms
is unassigned. In cases where prespecified scaffolds with
Markush-style annotations have been provided, for each R-group
label, the atom adjacent to the label is assigned a mapping
number equal to the R-group number, and the label placeholder
atom is removed. In most cases, not al of the scaffold atoms
are adorned with a label-bearing substituent, and so user-
annotated scaffolds will begin in a partialy assigned state, which
may or may not be sufficient to describe al of the possible
substitution positions subsequently encountered.

Because the information contained in the chemical graph of
the scaffolds is often insufficient to make a reasonable guess as
to how two scaffolds relate to each other, it is necessary to
acquire additional information by preanalyzing the ways in
which the scaffolds can occur as substructures for al of the
input molecules, which is done by the following algorithm:

(1) For every scaffold, iterate over all of the molecules;

(2) Find al of the ways in which the scaffold substructure
can be matched to the molecule;

(3) Collect all of the implied substituents that would be
created by removing the scaffold substructure and note the atom
indices of the attachment points;

(4) For every scaffold, compile alist of the unique substituents
connected at each atom position.

For example, consider the following scaffold, with atom
ordering as shown:

in a database containing the molecules:

& oo
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The union of substituent possibilities for al degenerate
substructure matches are: A; € [CH3, F, Cl]; A, € [CH3]; Az €
[CH3], A4 € [CH3, F, CI], the substituents of A5, Ae, A7, Ag,
and Ag al form empty sets. For this purpose, that being coarse
scoring, a hydrogen atom is equivalent to the absence of
substituents. Because the scaffold in this example is symmetrical,
each of the molecules maps to it twice, so A; and A4 are
equivalent asare A, and Az. Asthe scaffold alignment proceeds,
asignificant distinction is made between a scaffold atom, which
does not bear substituents in any of its possible mappings, and
one which does. The actual list of possible substituentsis used
where possible to further distinguish between putative alignments.

Once preprocessing is complete, the scaffold aignment
algorithm operates as follows:

(1) For each pair of scaffolds (i, j), where i < j, find and
record the best way to partially aign the scaffolds i and j;

(2) Exclude any of the pairwise partial alignments that did
not produce a valid result, and stop if none remain;

(3) For each qualifying partial alignment between scaffolds
(i, j), assign a score;

(4) Pick the scaffold pair (i, j) with the best score and use
the partial alignment to update the atom mapping numbers for
both scaffolds;

(5) Goto 1.

For each pass of the main loop, the pairwise combinations
of scaffolds are enumerated and each is examined in order to
find a good way to map scaffold(i) onto scaffold(j). If no
reasonable mapping is found, or the only reasonable mappings
require that previously determined mapping numbers clash, then
theresult isinvalid. Similarly, if the best mapping includes only
atoms that share the previously assigned mapping number or
none of the freshly assigned atoms are suitably adorned by
potential substitution points, the result is not stored.

If none of the pairwise comparisons are valid, the loop is
terminated. Otherwise, the mapping that yielded the best score
is selected. The atoms that were mapped from scaffold(i) to
scaffold(j) are compared with regard to mapping number: if the
atom in scaffold(i) has a defined mapping number but the atom
in scaffold(j) does not, the number is copied fromi to j, or vice
versa. If neither atoms have a mapping number, then a
previously unused number is assigned to both.

Should the loop be terminated before all atoms are given a
mapping number, then unique mapping numbers are selected
for each unassigned case.

Determination of the best-possible mapping between two
scaffolds, either or both of which may be fully or partialy
populated with preexisting mapping numbers, begins by con-
sidering the possibility that the two heavy-atom graphs are
identical, such as is the case for:

o<1 O

In the above example, there are four ways to map the two
graphs onto each other if the chemical |abels are ignored. Each
of these isomorphisms is checked to see if previously assigned
mapping numbers clash, and when this occurs, these mappings
are rejected. The remaining mappings are subjected to a score,
which is computed as according to the following scheme:

+1 for each mapped atom;

+1 for each mapped atom with the same element;

+0.1 for each mapped atom with the same number of heavy
neighbors on both sides;

+0.1 for each mapped atom for which both sides would have
a substituent in at least one possible substructure match;
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+0.1 for each identical substituent shared at a substitution
point;

+1 for each mapped bond;

+1 for each mapped bond of same type;

+5 for each ring fully and contiguously mapped on both sides.

If any graph isomorphism is valid, then the highest scoring
case is returned. Otherwise, the next phase is activated, which
is a greedy search to find the mapping with the highest score,
as described above, with sufficient constraints to prefentially
identify the most promising candidates first.

In principle, it may be considered necessary to examine all
possible mappings of atoms between the two scaffolds, which
has an exponentia time dependence. However, because the
value of assigning atoms such that they are contiguous on both
sidesis so high, then if severa atoms from the optimal solution
can be correctly locked into place, the remainder can usually
be found quickly by sequentialy adding atoms to this set.
Additionally, it is usually the case that analogous scaffolds have
graphsthat share at least onering. For example, if the unlabeled
graphs of two scaffolds both have a single six-membered ring,
then there are 12 ways of superimposing these rings. The
mapped sets of size 6 can be scored and ranked according to
the score described for graph isomorphisms, i.e,, common
elements, bond types, and substitution positions will favor large,
contiguous mappings that have more common functionality.

The agorithm proceeds as.

(0) Seed the list of partia aignments with all possible ways
to map a single small ring from one scaffold to the other;

(1) Score and rank all of the postulated partial alignments,
and keep the best 50;

(2) For each partia alignment that was added in the previous
step, grow the partial alignment by the following methods: (a)
chain growth, (b) ring growth;

(3) Add nondegenerate new partial alignments that do not
clash with preassigned atom mapping numbers;

(4) If new partia alignments were found, Goto 1.

At each stage of the iteration, the existing mappings are
explored for valid ways to make them larger. The enlarged
mappings are added to the collection, which is scored and
ranked. Because the score improves when atoms and bonds are
added, larger mappings have a tendency to displace smaller
mappings, encouraging the search to find a more complete
alignment between the two scaffolds.

Two methods are used to grow an existing mapping and
postulate some number of larger overlaps, which will subse-
quently be checked for validity and then assigned a score. Chain
expansion is straightforward, and is performed one atom at a
time. For every pair of mapped atoms, the nonmapped atoms
that they are bonded to in either structure are enumerated and
the pairwise sets of expansions are submitted. For example,
for the following two structures, which are annotated by their
partially assigned mapping numbers:

A) 1 (G
6 2 6 2
5 3 5 3

the atoms mapped as 1 both have a single substituent, and so a
single additional mapping possibility is generated. The atoms
mapped as 2 and 3 each have a substituent on one of the
structures but not the other, so no additional mapping possibili-
ties are generated. The atoms mapped as 4 each have two
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substituents, so al four of the possible pairwise combinations
are added to the list.

New possibilities generated by ring expansion are added
whenever possible. A pairwise list of bonds mapped in both
structures is generated, and this list is restricted to those that
are part of a fully mapped ring, on both sides. For each such
pair of qualifying bonds, for both structures, a list is made of
the rings that share an edge with the bond but are not fully
mapped. If for both structures the set is nonzero, then these
rings are compared pairwise. In the following simple example,
both structures share a six-membered ring that has been mapped
between the two, coincidently in the optimal way. The bond
between the atoms mapped as 2 and 3, in both cases, happen to
have five-membered rings fused to them, which are presently

unassigned:
(A) ! (B) 1
6 2 6 2
5[ j\//\ 5[ j:/\
s 3 4 3

Because the rings are of the same size, the expanded mapping
can be unambiguously added. In the next example:

(A) 1 B 1
oo lte,
5 5
43 43

no further mappings are generated because the unassigned fused
ring shares an edge with atoms 2 and 3 in structure A and with
1 and 2 in structure B.

In the following example:

1 1
5 5
5 3 4 3

both partial mappings possess as yet unmapped rings that share
an edge with atoms 1 and 2. Because they differ in size by one,
it is worth postulating a new mapping for each of the ways in
which the two rings can be mapped together, with the six-
membered ring leaving one atom unmapped. For the 6:5
combination, there are four possibilities, each of which is
registered as a possible expansion:

In most cases, the mapping of additional rings is achievable
by exploring a sufficiently large number of single unit growth
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steps, but in practice, matching ring blocks to each other is the
most effective way to quickly generated the best-scoring
alignments as early as possible, which improves the likelihood
of obtaining a high quality match before the cutoff buffers fill
up.
3. Scaffold Assignment. Once the scaffolds are known and
their alignment relative to one another has been determined, it
is necessary to find out for each input molecule which scaffold,
if any, it should be assigned to and, in the case of multiple
mappings, which of those should be selected.

The trivial case is commonly encountered, that being when
each of the input molecules contains only one of the scaffolds
as a substructure, and there is only one way to map this
substructure or the molecule matches no scaffolds at al. If this
istruefor al of the input molecules, then no further effort need
be expended. If this is not the case, however, deciding upon
the best combination of scaffold assignments has a formally
exponentia time complexity, and cannot redlistically be explored
exhaustively nor can the problem reasonably be ignored.

Consider the following scaffolds, where the alignment
between the atoms in both cases is indicated with numeric labels:

(e}

QY 1 (8) 1)]\
5V3 SK):;

4 4

When applied to a database containing the following hypotheti-
cal molecules:

HN” NH NP N HN

it isclear that no aspect of scaffold assignment is unambiguous.
Molecule (1) matches the first scaffold but does so in two ways
because the scaffold has symmetry: one match is such that atom
3 has a methyl substituent, and the other places the methyl
substituent on atom 5. Molecule (2) matches the same scaffold,
and substituents 3 and 5 can be assigned to methyl and fluoro,
or fluoro and methyl, respectively. In isolation, these choices
are arbitrary, but when considered together, it is far more useful
to assign the mappings that place the common methyl group in
the same position in both cases, e.g., atom 3 is aways methyl
substituted, while atom 5 can be attached to either a hydrogen
or a fluorine atom.

Molecule (3) matches the second scaffold, but because the
two scaffolds were aigned so that they have a high degree of
commonality in their numbering system, the decision as to
whether to assign the methyl substituent to atom 3 or atom 5 is
not independent of the decisions made regarding the previous
two molecules, i.e., if the first two molecules were assigned
such that atom 3 featured a methyl substituent, then it would
be desirable to do likewise for molecule (3) because the scaffolds
have previously established positional equivalence.

Molecule (4) matches both of the incoming scaffolds, while
molecule (5) has two occurrences of the second scaffold and
both have internal symmetry. The choice of which scaffold to
assign amolecule to could be assisted by the possibility of other
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preferences, e.g., favoring larger scaffolds, more-buried sub-
structure matches, the production of not too few and not too
many implicit substituents, etc. However, this information is
seldom sufficient to make the best choice overal, and the
selections still need to be made in the context of a global
optimum. In this example, if molecule (4) were assigned to the
first scaffold such that the implied substituent of atom 5 is the
cyclourea ring, and molecule (5) were assigned to the second
scaffold such that atom 5 bears the same incarnation of the
cyclourea ring and atom 3 is methyl substituted, then this can
be combined with nominal assignments for the first three
molecules, which produces an assignment result with optimally
low substituent diversity.

To address the problem of scaffold assignment, we consider
al of the possible combinations of assignments and pick the
combination for which the diversity of substitution patterns is
minimal. A naive way to solve this problem is simply to perform
abrute-force comparison; while thisis appropriate for very small
data sets, or data sets in which the degrees of freedom is very
low, the number of combinations of assignmentsis exponentially
proportional to the number of molecules that have nonunique
solutions, and so a more sophisticated approach is required. In
general, each of the molecules offers one or more possibilities,
or states, where a state is a specific atom-by-atom assignment
to a particular scaffold substructure, and for each of the
molecules exactly one state must be selected.

More precisely, for every possible scaffold substructure
match, a candidate state is produced, which consists of the
following information: (a) amoleculeindex, (b) a scaffold index;
(c) an atom-to-atom substructure mapping, and (d) the composi-
tion and location on the scaffold of each of the implied
substituents. Figure 3 shows the possible assignments for the
example used at the beginning of this section, the substructure
matches for which divide the five molecules into a total of 14
states, each of which has a specific atom-to-atom mapping to
one of the scaffolds, and a collection of implied substituents at
each of the mapped positions.

For each pair of states, i and j, ascoreis calculated reflecting
the compatibility of the assignment; this score is O if the two
states have the same molecule index, otherwise —Sy, the negative
of a measurement of similarity between the implied substitu-
ents.® The pairwise scores are arranged into a symmetric matrix
S. Let x denote a binary vector with each element corresponding
to aparticular state; avalue of “1” means that a particular state
is chosen and avalue of “0” means that a particular state is not
chosen. An admissible vector is a binary vector for which
collection of states with the same molecule index has exactly
one state chosen, i.e., exactly one “1” value in the vector
elements corresponding to that molecule index. The scaffold
assignment problem is then solved by computing the admissible
vector x that minimizes the multidimensional quadratic function
XTSx. This combinatorial optimization problem is an instance
of unary quadratic optimization (UQO) and in the present work
we use the large-scale UQO solver used in Protonate3D;°
alternatively, dead end elimination™ techniques can be used.
In practice, those molecules with only a single produced state
(singletons) are separated from the others because these
singletons affect only scoring. The optimization is then cast into
the mathematically equivalent form sp + sTx + Y,x"Sx were x
now contains only nonsingleton molecules, S contains the
pairwise scores between states corresponding to nonsingleton
molecules, the s vector contains the scores with respect to the
singleton molecules (the “self” scores), and sp is a constant.

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 2 475

state molecule scaffold substituents

| As=CH;
3 P

2
N A3=CH;
3

A;=F

2 6
4 2 ! 3)|\){ As=CH;
F
As=CH,
(L o

6
NH As=CHj
NP

7 4 1 | As=CsHsN,0
sla Mg
4
0
Joe L
8 4 1 HN™ “NH  NZ N A=CsHoN;0
5
4
T
6 1,
9 4 2 HN N3H N¢\|N A3=CsHsN;
5 NS
4
T
2 e
10 4 2 HN" "NH N¢\|N As=CsHsN,
3K/W
4
(e} (e}
g 1o )k
11 5 1 HN N: HN NH Az=CeH 1 N,O
sl
4
(e} [e]
2 M M
12 5 1 HNT O NHCHNT NH ) cHIN,O
PPN
4
o} ol
J\ 6 M1 2
53 5 ) HN” “NH HN” NH As=CH;
5 3 As=CsHoN;0
4
(e} (e}
JL 2 e
1 P 5 HN™ NH HNT NH As=CsHsN,0

K)\M As=Clls
4

Figure 3. Assignment of states to specific scaffold mappings.

Figure 4 shows a matrix of the 14 states produced by the
example used in this section. Each element in the matrix is
marked with the pairwise score of the two states, except those
that belong to pairs of states that are both from the same
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8 9 10 11 12 13 14

0.03-0.07-0.00/-0.03 -0.

.00(-0.03 -0.00-0.00-0.07-0.00-0.03-0.03 -1.00

.03 -0.07 -0.00{-0.03 -0.

.00/-0.03 -0.00-0.00-0.07/-0.00-0.03-0.03 -1.00

.03-0.07 -0.00/-0.03 —o.ooﬁ—o.os

-0.03-0.00-0.00 -0.07/-0.00 -0.03 -0.03 -1.00

.03

.00
9 |-0.07 -0.00/-0.07 -0.00|-0.07 -0.00

10 |-0.00 -0.07/-0.00 -0.07|-0.00 -0.07

.00-0.03 -1.

n/a
-0.39-0.00-0.07 -0.33

-0.00-0.39-0.33 -0.07

11 |-0.03 -0.00|-0.03 -0.00|-0.03 -0.00|-0.00 -0.80 -0.39-0.00

.03

.03}

.00

.00 -0.39
n/a
.07 -0.33

.33-0.07

Figure 4. Construction of the unary quadratic pairwise terms. Each matrix element which is not forbidden by the unary constraint is assigned a
number equal to the negative sum of the Tanimoto coefficients, using the MACCS fingerprint keys, between each of the implied substituents at

analogous positions on the two scaffolds.

molecule. In this example, the self-score terms are all zero
because al of the scaffolds have internal symmetry, which
means that the solution to the scaffold assignment is based
entirely on the pairwise score terms. The optimal solution shown
in this case is the selection of states 1, 3, 5, 7, and 13, which
are indicated in the matrix by light-gray shading. The pairwise
score in this case is —14.0, which is obtained by adding up the
values of the cells from each of the selected rows vs each of
the selected columns. For this solution, the distribution of
implied substituentsis Az € [H, CH3]; As € [H, F, CsHgNO].
A second optimal solution exists in which the substituents
connected to Az and As are reversed.

In cases where some of the molecules match just one scaffold
uniquely and the scaffold alignment mappings show common
substitution points, the self-score terms will play a significant
rolein the selection of scaffold assignments for those molecules
that have degenerate possible assignments. However, the method
used to solve the unary quadratic optimization problem must
take into account the possibility that pairwise score terms
dominate the solution, with potentially degenerate multiple
solutions, and a number of possible assignment combinations
that grows exponentialy with increasing data set size. Also,
for data sets that have little or no overlap of implied substituents
at their assigned scaffold positions, the solutions may be
effectively partitioned into multiple groups of subsolutions
whose outcomes do not significantly affect the others.

The fina result from the optimization is that each of the
molecules that contained any of the scaffolds as a substructure
is now assigned to a single scaffold, and the mapping between
the scaffold and the molecule is recorded.

4. Post-Assignment. Once the scaffolds are known, aligned,
and optimally assigned to their corresponding molecules, the
scaffold:molecule pairs can be analyzed using routine molecular
graph methods. For each input molecule, removing the atoms
assigned to the scaffold produces a list of substituents making
up the remaining connected components. Recording the scaffold-

invariant assignment identifiers to which each of these substit-

uents was attached allows them to be analyzed collectively, and

a list of R-group positions for the database can be assigned.

The molecular compositions of R-groups, whether terminal or

cyclic, are available for use in structure—activity analysis.
For example, if the scaffold:

1 8
2@‘:'\1)
7

3 Y
4508

were mapped to the following three input molecules as-
numbered:

7 7 7
g g 3575 g w
4 4 4 ° 6
then a collective analysis would reveal that scaffold atoms
mapped as atoms 2, 3, and 8 are all adorned with non-hydrogen
substituents in at least one case, and so the scaffold can be

subsequently decorated with consecutively numbered R-groups
at these positions, e.g.:

R3
R1 N
10
R2
For the first molecule, R, = Me, R, = Me, R; = H, and for

the second molecule, R, = H, R, = H, R; = 'Pr. For the third
molecule, the chain disconnect would be expressed as:

o O
A1
(Ry,Ry) = ; Rs=H
AZ
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For purposes of subsequent analysis, it is advisable to record
the composition of the substituents such that the attachment
points are noted, allowing them to be unambiguously recon-
nected, asis shown for the cleaved-ring substituent above, where
the numbersfor A, match the corresponding scaffold substituent
point R,.

In addition to collating and enumerating R-group substituents,
it is also possible to make use of the fact that the scaffold
alignment algorithm assigns matching identifiers to al of the
scaffold atoms when it comes to providing 2D depiction layout
coordinates. Consider the following two scaffolds, with their
respective mapping indices:

(b)

3 /5 7 _NH 13 15
4 ® 14

If the scaffold with fewer degrees of freedom, (a), were
to be depicted as shown above, aresult that might be obtained
from an unconstrained depiction layout algorithm, the depic-
tion of (b) would do well to take into account the distances
between analogous atoms found in the resulting layout for
(a). For example, the pyridine nitrogen labeled as 1" could
be placed on either the same or the opposite side of the amide
functional group. This could be encouraged be affecting a
bias toward distances between anal ogous atoms, such as “1”
and “8". Similarly, the pendant phenyl ring should be
arranged in a manner that is not optimal in terms of maximal
dispersion but most closely reproduces distances found in
the example. We have previously described 2D molecule
depiction with additional distance constraints.*?

5. Implementation. The scaffold detection, alignment, and
assignment algorithms, as well as the Schuffenhauer fragmenta-
tion patterns, were implemented using scientific vector language
(SVL), running under molecular operating environment
(MOE).®® The variant of substructure searching was imple-
mented using distance matching constraints to postulate possible
matches between chemical graphs, which had been preprocessed
to convert Kekulé-style aromaticity into resonance form.
Substructures that split double bonds or aromatic ring blocks
were rejected. The unary quadratic optimizer used for scaffold
assignment is a part of the SVL function library.

Performance metrics vary depending on the degeneracy of
the scaffolds. Using contemporary hardware (e.g., single Intel
x86 CPU, 3.0 GHz), data sets consisting of thousands of
molecules can be analyzed in a matter of seconds when a small
number of rigid scaffolds with no symmetry are detected. For
larger sets of scaffolds with rotatable bonds, or nonsymmetrical
mappings, the processing time becomes longer, and for cases
when all the scaffolds are symmetrical or otherwise degenerate,
the full UQO equation can take as long as severa minutes to
solve for data sets of up to a thousand molecules.

Results

Case 1: Homogeneous Single Scaffold. A collection of 136
molecules studied for inhibition of HIV-1 reverse transcriptase
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was assembled, selected examples of which are shown in Figure
5a. In this data set, there is a single scaffold framework, which
can be readily detected by the observer:

R3 RZ\

o}
N
| ~
— A\
R4 N N / RS
=

/
R1

Figure 5b shows the root and stem of the tree of linear
fragmentation patterns. All of the input molecules are ultimately
peeled down to a single seven-membered ring, originaly
obtained from the 6:7:6 fused ring block that forms the core of
each molecule. Note that from this base, there are two fused
pyridine rings that may be peeled off stepwise, which introduces
an issue of ordering. For 134 of the molecules, the ring adjacent
to the carbonyl group was peeled first, and for the remaining
two, the ring furthest from the carbonyl group was peeled first.
The alternate fragmentation pattern was induced by the differ-
ence in the pendant substituents of both sides. The reason why
these minority cases were fragmented in a different way is
because of the presence of scaffold-like substituents, which
influenced the peeling order.

Analysis of the fragmentation tree picks the best scaffold as
(i) because the scoring method is proportional to fragment size
and to the number of descendents. While fragment (i) is the
root of the whole database (136 counts), fragment (ii) has an
additional four atoms, and only two less descendents. Fragment
(i) is better till, as it has another four atoms and the same
number of descendents as its parent. Progressing any further
along this branch, however, the score reduces drastically as the
fragments split into a multitude of much smaller groups. Once
fragment (iii) has been selected as the first candidate for a
scaffold, it isfound that the two molecules that did not descend
from this fragment do in fact contain the selected fragment as
a substructure, and so they are removed from the list of
fragmentation sequences that could potentially lead to new
scaffolds being selected, rendering the alternate fragmentation
pathway a harmless artifact.

The scaffold assignment is, in this case, straightforward,
because only one scaffold was detected, which contains no
symmetry. Also, none of the input molecules contain multiple
instances of this substructure, and so the matches are completely
unambiguous.

Case 2: Mideading Nonscaffolds. A collection of 146
molecules tested for activity against the histamine H1 receptor
(HRH1) features an optima scaffold based on two six-
membered rings joined by an aliphatic linker:

jon
(\N/\/\O
R2/N\)

The chemical features of the scaffold do not distinguish
themselves from other potential scaffold hypotheses, and as can
be seen from parts a, b, and ¢ of Figure 6, which show selected
portions of three roots of the fragment decomposition tree, which
indicates to some extent the apparent disarray of the fragmenta-
tion patterns. However, most of the molecules are peeled down
to one of two roots: benzene (67) or piperazine (65), with nine
other root fragments covering the remaining 14 molecules. The
molecules that were reduced to a single benzene were frag-
mented in a way that does not lead to the most promising
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Figure5. (a) Selected examples of molecules studied for possible HIV-1 reverse transcriptase inhibition. (b) The root of the fragmentation sequence

and partial traversa of the tree.

scaffold, and thisis evident by the way the root quickly branches
into smaller groups. The molecules reduced to piperazine largely
did so in a way which proceeds via the optimal scaffold: the
first descendent shown has a group size of 38, which is much
larger than any of the other sets and also has afairly high atom
count and lower symmetry than some of the other contending
fragments. It is therefore selected as the first scaffold fragment.
After molecules containing this substructure are removed,
tentative scaffolds from the remaining fragments fall below the
cutoff threshold due to a combination of low group size, high
symmetry, and overly diverse possible substitution points.

Although the resulting single scaffold has 4 interna symmetry
permutations, the final scaffold assignment is simple because
all possible substructure mappings produce a degenerate col-
lection of R-groups, i.e., the values of R; and R, are the same
regardless of which degenerate substructure match is selected,
and so duplicates are removed and the assignment does not
require an extensive optimization step.

Case 3: Multiple Similar Common Scaffolds. A collection
of 75 molecules with activity measurements against dihydro-
folate reductase (DHFR) targets was assembled. Figure 7a shows
the first two layers of the fragmentation tree, which reduces to
two roots, one of which has two immediate descendents. During
scaffold detection, the second-tier fragments are selected one
at a time as the best scoring scaffold hypotheses, which
completes the process.

Alignment of the scaffolds relative to one another isrelatively
straightforward because the chemical graphs without node or
edge labels are equivalent, with 4-fold symmetry. Figure 7b

indicates the manner in which the scaffolds are aligned to each
other by decorating the substituent positions with R-groups. For
any pairwise comparison of two scaffolds, the four possible ways
to map them in a graph equivalent way quickly resolve
themselves with the assistance of the ring shown on the left-
hand side in each of the drawings, which matches element labels
in al cases, then more so by the substituents. Parts c, d, and e
of Figure 7 show some of the molecules based on these three
scaffolds. It can be seen that the R; and R, positions are
consistently placed, and share common values. The R, position
is also consistently placed throughout the set, and some of the
identities of the substituents are common between scaffolds,
which further improves the rating of the match. All things
considered, this is an example of when detection, alignment
and assignment of multiple scaffolds is straightforward and
easily resolved by a small amount of exploration.

Case 4: Ambiguous Common Scaffolds. A collection of
300 molecules with activity measured against the serotonin
5-HT,c target was assembled. The three scaffolds determined
from the set are shown in Figure 8, which match 159, 83, and
20 molecules, respectively, with 38 molecules remaining
unmatched. In the diagram, the use of decorating R-groups, and
the layout of the molecules, make the relative alignment of the
scaffolds clear to the observer. However, the relation between
these scaffolds is considerably less obvious to an algorithm.
First of al, the central urea moiety, which is present in all
scaffolds, can be matched in two distinct ways for any pairwise
examination. When comparing scaffolds 1 and 3, the fact that
one end of the urea group is cyclized into a 6:5 ring system
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Figure 6. For a collection of molecules studied for possible HRH1 inhibition: (a) Subset of fragments which reduced to benzene (67 molecules,
31 shown). (b) Subset of fragments which reduced to piperazine (65 molecules, 43 shown). (c) Subset of fragments which reduced to thiophene.

should be sufficiently much of a clue, unless the priority of the
mapping is chosen to be a different ring, such as the matching
m-pyridyl substituents, in which case a quite different alignment
would result. While an agorithm which maximizes graph
compatibility would quite likely obtain the best alignment
between scaffolds 1 and 3, when scaffold 2 is compared against
either scaffold 1 or 3, it isnot at al clear from the graph how
these alignments should proceed. Given that matching the urea
group contributes significantly to the score, the two ways in
which this match can be achieved have comparable merits.
Figure 9 shows six representative examples of the source
molecules. As it happens, this particular data set has a low

variety of possible substituents at certain positions and the same
substituents are repeatedly encountered across molecules that
have different scaffolds. In the selection shown, it can be seen
that the substituents denoted by R, in each of the scaffolds
(which is degenerate with R, in the case of scaffold 2) feature
—CF; at least once for all of the scaffolds, while —Cl is also
commonly observed. At position Rz, the —OMe substituent is
seen at least oncein all cases, while a phenyl substitution at R;
is also common. The presence of these common substituents
influences the scoring function, which encourages the rings on
either side of the lactam functiona group to be aligned in the
optimal way.
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) ) o Case 5: Symmetrical Common Scaffolds. A collection of
Figure 8. Scaffolds determined for molecules measured for activity 45 molecules with activity against melatonin receptor 1 (MT1)
against S-HTzc. was assembled, all of which were based on the two scaffolds,

shown below:

Note also that all of the nonfused rings in these scaffolds
contain graph symmetry, which further increases the number

) R3 R2 ) R3 R2
of permutations that must be considered during the mapping . ‘
process. |t also ensures that the following scaffold assignment R4 Rt R4 R1
step requires a nontrivial analysis of the possible substructure OO OO
matches.
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Figure 10. Representative molecules from the MT1 set.

Both scaffolds have the four possible substitution points
marked as R; through R,. Because both of these scaffolds have
2-fold symmetry, there are no self-energy terms in the initial
assignment iteration, and the number of ways to assign the
scaffolds to the input molecules is 2%. In Figure 10, the first
row shows three representative examples of the assignments
made, drawn such that the layout orientation matches that of
the scaffolds.

Note that all of the solutions chosen are such that R, has
an amide substituent, which is true for all of the correspond-
ing molecules. In no cases was the symmetric state chosen
such that the amide substituent was placed at the location of
Rsz. Reinforcing this decision is the fact that all of the
molecules with this scaffold have either no substituent on
the aromatic part of the ring block or have a methoxy
functional group in the 3 position closest to the amide, i.e.,
in the position of R, as assigned. The optimal solution could
just have easily been such that R; and R, were substituted
instead, due to symmetry. Mixing and matching the degener-
ate options, however, would result in a nonoptimal solution
to the unary quadratic equation.

In the final analysis of the substituent patterns, the R label
is dropped because the optimal solution contains sufficiently
low substituent diversity that this site is never occupied by
anything other than hydrogen. A nonoptimal solution would
have produced assignments which necessitated retention of all
four possible substitution points.

Case 6: Overly Common Scaffolds. For a collection of 21
molecules with activity against acetylcholine esterase (AChE),
all of them were found to have the scaffold shown below:

R1
R1

~
| —
N R2

While the scaffold does not have permutational symmetry,
and occursin all of the scaffolds, it can be seen from Figure
11 that the scaffold is present in two fragments of some of
the input molecules. Normally this would trigger the complex
phase of the scaffold assignment algorithm, however, in this
case, it happens that all of these nondegenerate assignments
produce exactly equivalent implied substituents, so the
mol ecules with degenerate potential assignments are trimmed
down to a single unique assignment, and the procedure
becomes trivial.

Case 7. Prespecified Scaffolds. The a priori scaffold
discovery and analysis techniques described in this work are
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Figure 11. Severa molecules from the AChE set.

based on finding optimal ways to maximize alignment of
scaffolds by structural similarity and uniform distribution of
substituents. Sometimes, however, information about the scaf-
foldsis available from other sources, such as from the synthetic
procedures used to produce the lead molecules, or aignments
obtained from crystallographic data. The methods described in
this work can be used when partia information is available, in
which case the analysis proceeds to fill in any missing
information.

Figure 12 shows two ligands, inhibitors of p38 MAP kinase,
aligned such that the protein residues are superimposed, showing
the relative binding modes of the ligands, which is not
necessarily the alignment that would be guessed by comparing
the chemical graphs. The pertinent scaffolds, manually derived
from the structural data, are:

R2

TRs

These user-supplied scaffolds are labeled with R-groups at
the positions where auxiliary substituents were trimmed off. The
label numbers have been chosen such that they have common
meaning for both scaffolds.

When applied to a data set of 183 compounds measured
for activity against p38 MAP kinase, the scaffold detection
process identifies three additional substructures that cover
the remainder of the data set. Figure 13 shows the complete
set of scaffolds. The detected scaffolds (3, 4, and 5) are
relatively easy to align to the presupplied scaffolds (1 and
2) because they are graph isomorphic, and the element
substitution patterns clearly favor a preferred lock (e.g., 1
and 3 have multiple permutations, but the common pyridyl
nitrogen exerts a significant bias). The scaffolds are shown
with additional substitution points, R, and Rs, because the
input data has additional substitution patterns that were not
observed in the two ligands that were used to construct the
original scaffold submissions.

This example illustrates how judicious use of a small
amount of experimentally derived knowledge can be used to
impart structural meaning on a database of ligands which
was not otherwise readily derivable from the ligand structures
alone.
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Figure 12. Structural alignment of two inhibitors of p38 MAP kinase (PDB codes 1A9U and 1IM7Q).
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Figure 13. All scaffolds, including those determined automatically.

Case 8: Consistency. A collection of 38 structures tested
for activity against the adenosine receptor 3 (ADORA3) as
assembled, each of which was based on one of the following
scaffolds:

R4
R6 R3
RI_N__N
i )—Rs R7 =N
N Ay )—R5
NYN
R2
R4 R2
e Wy
RN N
Y i )—rs
07N N
R2

From the original small set, al possible substituents at all
connection points were obtained, of which there were 29
instances, some of them chains and others containing ring
blocks, listed in the Supporting Information. A combinatorial
library of 1000 molecules was generated by randomly combining
substituents from any scaffold at any of the positions annotated
with R-group labels.

The scaffold detection, alignment, and assignment algorithm
was applied to the set of 1000 molecules, and the three scaffolds
shown above were detected and aligned as shown above. The
data set was then split randomly into two fractions of 500
molecules each and analyzed separately. In each case, the same
scaffolds were detected, with the same topologica alignment
as shown above.

For cooperative data sets such as this one, where all
molecules match one of a few scaffolds and there is a
moderately high redundancy of R-groups at particular at-
tachment positions, the algorithms that we describe are largely
insensitive to size and permutation of input data because

commonality provides the hints that are often vital to
achieving the final scaffold assignment. For data sets which
have a large proportion of molecules that are not based on
one of a small number of analogous scaffolds, however,
outlier scaffolds are often detected, the composition of which
can vary as more data is added. Because outlier scaffolds,
which are not part of any analogous series, can also interfere
with the topological alignment, the number of molecules that
do not belong in the series should be minimized. The results
of afirst-pass assignment of scaffolds is often an effective
way to partition the data, and an iterative process of removing
outliers, or selection of preferred scaffolds prior to resub-
mission, is an effective way of categorizing molecular
structures about which little was previously known.

Conclusion

We have presented a method for detection, alignment, and
assignment of scaffolds for databases of molecules which
are related by one or more common scaffold substructures.
The issues of multiple scaffolds, noncommon scaffolds, and
symmetry are all addressed. The algorithms involved are fast
and have been tuned such that steps which have rate-limiting
scalability properties can be effectively reduced in size with
minimal loss of efficacy. The method has practical utility
for a priori application to databases where scaffold informa-
tion is not already available, as well as instances where
traditional Markush-style sketches of known scaffolds are
supplied, in which case, the methods described in this work
are useful for completing partial specifications and resolving
symmetry and degeneracy issues.

Further work on this subject includes developing new ways
to present structure—activity information once the scaffolds are
determined, trestment of databases which have multiple uncom-
mon scaffolds, which are not related and effectively partition
the database, and methods for automatically examining other
possible scaffold alignment information, such as may be
available when some of the ligands in the set have accompany-
ing structural data for known binding modes. An end-user
application for presenting the results of this scaffold analysis
in the form of an interactive report is presently under active
development.

Supporting Information Available: The source data for each
of the case studies is available as separate SMILES strings. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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