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On Scaffolds and Hopping in Medicinal Chemistry 
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Abstract: The molecular scaffold is an oft-cited concept in medicinal chemistry suggesting that the definition of what 
makes a scaffold is rigorous and objective. However, this is far from the case with the definition of a scaffold being highly 
dependent on the particular viewpoint of a given scientist. It follows, therefore, that the definition of scaffold hopping and,
more importantly, the detection of what constitutes a scaffold hop, is also ill-defined and highly subjective. 

Essentially, it is agreed that scaffolds should be substantially different from each other, although significantly similar to 
each other, to constitute a hop. In the latter, the scaffolds must permit a similar geometric arrangement of functional 
groups to permit the mode of action. However, this leaves the paradox of how to describe both scaffold similarity and dis-
similarity simultaneously. 

In this paper, the current statuses of scaffolds and scaffold hopping are reviewed based on published examples of scaffold 
hopping from the literature. An investigation of the degree to which it is possible to formulate a more rigorous definition 
of scaffolds and hopping in the context of molecular topologies is considered. These techniques are adapted from 
chemoinformatics to be applied in the design of new medicinal compounds. 
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1. INTRODUCTION 

 It is of great importance in the development of Novel 
Chemical Entities (NCEs) to explore chemical series outside 
those that have been considered previously. This is important 
not only for investigating unprotected regions of chemistry 
space in terms of intellectual property, but also for opening 
up new lines of inquiry that have hitherto not been contem-
plated. This is crucial in diversifying our compounds in 
terms of chemical families that are returned initially from 
our High-Throughput Screening (HTS) campaigns [1]. 

 In recent years, the term scaffold has been used exten-
sively in the context of molecules generally to describe the 
central component of a molecule. However, although a num-
ber of scaffold definitions and determination algorithms have 
been mooted, no single approach covers all of the features 
that are intuitively important to all practitioners for which it 
is required. 

 The determination of a scaffold is particularly important 
in identifying new chemical series in a process referred to as 
scaffold hopping (also referred to in the literature as lead 
hopping, leapfrogging, chemotype switching, and scaffold 
searching) [2]-[5]. Therefore, if a suitable definition for a 
scaffold cannot be settled upon agreeably, then the definition 
of what constitutes a scaffold hop remains equally difficult 
to formulate objectively and reliably. 

 In this review, consideration is given to the variability of 
definitions of scaffolds and how this affects the follow-on 
challenge of scaffold hopping. The paper concludes with a  
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review of methods published recently to effect scaffold hop-
ping using topological representations, where no knowledge 
is assumed of a binding site or bound conformation. 

2. MOLECULAR SCAFFOLDS 

 The term scaffold is now used extensively to describe the 
core structure of a molecule. Taken literally, the core struc-
ture is the central component of a molecule: the substantial 
substructure that contains the molecular material necessary 
to ensure that the functional groups are in a desired geomet-
ric arrangement. However, the core structure can also simply 
refer to the key component or components of the molecule 
that a particular scientist defines, and not necessarily a scaf-
fold in the literal sense. 

 Experts with different backgrounds and knowledge will 
tend to define a scaffold differently depending on their par-
ticular domain of interest. For instance, a medicinal chemist 
may define a molecular scaffold based on the diversity not of 
their perception of a core structure, but on the relative diver-
sity of the synthetic routes to the molecules themselves. 
Whereas, patent lawyers would typically consider only the 
general similarity of the internal structure of the molecule to 
determine whether or not that particular region of ‘scaffold’ 
chemistry space has prior art in terms of its Markush struc-
ture representation (see below) for the particular application 
domain of interest. Chemoinformaticians, however, will al-
ways favor an objective and invariant algorithm that will 
provide a solution rapidly and without ambiguity. In this 
case, a scaffold definition is provided by a graph transforma-
tion algorithm that, given a molecular topological graph, 
ensures that the scaffold can be realized deterministically. 
However, there are also significant limitations in the scaffold 
determination algorithm that maintains current favor in 
Chemoinformatics. 
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2.1. Early Definitions of Scaffolds 

 One of the earliest scaffold descriptions was that intro-
duced by Eugene A. Markush of the Pharma-Chemical Cor-
poration in a landmark patent that was granted on 26th

August, 1924 [6] – although this was not the first patent to 
include such a generic definition. Markush’s patent covered 
an entire family of pyrazolone dye molecules: 

 The process for the manufacture of dyes which comprises 
coupling with a halogen-substituted pyrazolone, a diazotized 
unsulphonated material selected from the group consisting of 
aniline, homologues of aniline and halogen substitution 
products of aniline. 

 In making this claim, Markush was able to claim rights to 
not just an individual compound of interest, but also a large 
number of molecules of only potential interest in the chemis-
try space surrounding the actual molecule synthesized at the 
centre of the claim. Markush structures are now used exten-
sively to protect chemical series of interest in patents in any 
industry that develops NCEs. Since the Markush generic 
structure has an intellectual property rights, rather than a 
scientific, founding it is not of absolute necessity that the 
molecules are chemical realizable. 

 The previous scaffold definition is for intellectual prop-
erty applications, but the scientific definition is also impor-
tant to describe accurately and invariantly. However, the 
definition of a scaffold is deceptively trivial to state, but in-
credibly difficult – if at all possible – to reduce to a set of 
generic rules that do not consider how the definition will be 
applied. For an early reference for an acceptable definition of 
a scaffold, as we tend to mean it today, we can go to the 
American Chemical Society (ACS) literature database and a 
paper from 1969 [7] that describes it thus: 

 The ring system is highly rigid, and can act as a scaffold 
for placing functional groups in set geometric relationships 
to one another for systematic studies of transannular and 
multiple functional group effects on physical and chemical 
properties. 

 Although the definition is clear in explanation it does not 
provide the practitioner with a rigorous and invariant de-
scription to allow the determination of the scaffold compo-
nent of any given molecule. 

2.2. Medicinal Chemistry and Molecular Scaffolds 

 Historically, medicinal chemists have used intuition to 
design molecules that exhibit a particular biological activity 
and that are sufficiently structurally dissimilar to extant 
molecules so as to be defined as a new chemical class. As a 
result it is difficult if not impossible to define a set of rules 
or heuristics that were used since each approach was influ-
enced largely by the biological activity being sought rather 
than a particular set of defined rules that can be applied in 
general. The necessity was to develop molecules that are 
isofunctional but are sufficiently different from extant mole-
cules so as to be novel: mode of action, selectivity, potency, 
other further aspects of activity, administration, availability 
at the target site, or other metabolic properties. This process 
included not only bioisosteric replacement, but also signifi-

cant alterations and substitutions to the underlying structure 
to bring about both novelty and the desired response.

2.3. Recent Growth of Occurrence of Scaffold Terms 

 Over recent years there has been a marked increase in the 
use of the term scaffold when considering molecular classes 
or chemotypes – and even more recently the concept of scaf-
fold hopping, which will be considered in the following sec-
tion of this review. Much of this interest has arisen through 
the advent of combinatorial chemistry, and this is the most 
likely reason why our current methods tend to emphasize 
some core structural component as the molecular scaffold. 

 We can observe this substantial growth if we consider a 
series of text searches of the entire ACS literature catalogue 
by year (http://pubs.acs.org). By querying the occurrences of 
the terms ‘scaffold’ and ‘scaffold hopping’ in each of the 
titles, abstracts and main text, respectively, of the articles in 
the archive it is possible to develop an understanding of the 
perceived rate of growth of the use of these terms in the field 
of chemistry. It is accepted that these terms are searched in a 
general context, but we feel that the results should provide at 
least a good indicator of the growth of usage of these terms – 
with an anticipated similar trend with the various syno-nyms 
of scaffold – in the field of chemistry. The results are re-
ported for each year as the proportion of the entire set of 
articles that contain these terms. 

 From Fig. (1) it can be observed that only in the last 10 
years or so (1995 to 2005) has there been significant growth 
in the use of the ‘scaffold’ term – prior to 1980 the results 
were negligible or non-existent. While, in Fig. (2), the use of 
the ‘scaffold hopping’ term has only really been evident 
from 2000 onwards, with 50 papers published that contained 
the scaffold hopping phrase in 2005. Part, and perhaps a sub-
stantial amount, of the increase in the use can be attributed to 
the advent of combinatorial chemistry. However, it is also 
difficult to separate that field with the field under considera-
tion here. It can also be generally observed that there has 
indeed been an increase in the interest in scaffolds and scaf-
fold hopping in general over recent times. 

2.4. Computational Scaffold Abstractions 

 None of the references above provides us with an invari-
ant computational method for determining the scaffold com-
ponent of a molecule, which is essential for the nature of our 
current efforts in deriving information and understanding 
from our vast chemical libraries. In 1996, Bemis and Murcko 
[8], proposed the molecular and graph frameworks of mole-
cules as invariant approaches to determine scaffold represen-
tations of molecules such that the resultant scaffolds could 
then be applied to classification problems and the objective 
determination of scaffold hopping. 

 From a single molecule, it is possible to generate the 
Bemis and Murcko scaffold or molecular framework, as well 
as the graph framework, as required. The former prunes side-
chains of the molecule, but maintains the original atom typ-
ing and bond orders used. The latter takes the same molecu-
lar framework and then proceeds to further abstract the at-
oms and bonds to uncolored and unweighted nodes and 
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edges, respectively, thus giving an indication of the general 
framework of each molecule considered. The graph frame-
works can be further abstracted by representing the ring sys-
tems as nodes of the graph. An example of a molecule, the 
anti-hypertensive drug Diovan® (Fig. 3a) with its molecular, 
graph, and reduced scaffold frameworks is provided in Figs. 
(3b, 3c and 3d), respectively. 

 The scaffold frameworks defined here have found great 
application in reducing the over-representation of particular 
chemical classes in subset problems where the aim is to ra-
tionalize the sizes of the chemical series in lead-finding ex-
ercises [1]. Additionally, the methods have been applied as 
an approach to determine whether or not – and the degree to 
which – a scaffold hop has been achieved. However, the al-
gorithm can suffer from pathological conditions in a number 
of cases. In instances where a molecule is acyclic then, ac-
cording to the Bemis and Murcko rules, there is no definable 

scaffold. This therefore leads to null scaffolds. Furthermore, 
additional consideration is necessary to determine whether or 
not a particular molecular scaffold is a substructure of an-
other molecular scaffold. This is a particular challenge in 
situations where substituents are themselves ring systems, 
since they will be contained as part of the scaffold and there-
fore different to the ‘true’ scaffold. In cases such as these, it 
is important to detect these limitations to ensure improved 
application of the Bemis and Murcko method. Recent efforts 
have been made to overcome this latter issue by defining 
scaffold trees that indicate the inheritance traits of scaffold 
families [9-11] and this approach has been demonstrated to 
be applicable to the generally more complex natural products 
databases [12]. 

 One particular method of defining scaffolds is to cluster a 
given dataset based on structure into defined classes and then 
perform a Maximum Common Substructure (MCS) search 

Fig. (1).  The cumulative rate of growth of the use of the term ‘scaffold’ in the title, abstract, and articles from the ACS literature archive in 
the last 25 years (1980 – 2005); pre-1980 figures are negligible. 

Fig. (2).  The cumulative rate of growth of the use of the term ‘scaffold hopping’ in the title, abstract, and articles from the ACS literature 
archive in the last 5 years (2000 – 2005); pre-2000 figures are negligible. 
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for each of these classes to determine the MCS for each clus-
ter [10]. This provides a more naturalistic method of scaffold 
detection by grouping similar objects and discovering the 
largest degree of structural similarity they have in common. 
However, a drawback to this approach is that the method is 
dataset dependent, since different datasets will result in al-
ternative clustering results and, subsequently a different 
MCS for the clusters. 

 Regardless of these limitations, the Bemis and Murcko 
scaffold frameworks have been adopted widely in the field 
as is evident by the literature. The approach is by no means 
suitable in all cases, but it does provide us with a method 
that can be applied generally in our analyses while also pro-
viding a reasonably effective indicator of whether or not a 
scaffold hop has occurred. 

 The definition of a scaffold is by no means a solved prob-
lem and is prone to a wide range of subjective viewpoints 
that are necessitated by the particular problem domain under 
consideration. However, the general acceptance of the Bemis 
and Murcko methods for scaffold representation determina-
tion in computational analyses has permitted a number of 
structural analyses that allow us as scientists to select mole-
cules based on their likely chemical class in an unbiased and 
repeatable manner and also to suggest whether we have 
achieved the goal of jumping from one chemical series to 
another. 

3. LIGAND-BASED SCAFFOLD HOPPING 

 Scaffold hopping has quickly become a very important 
area of investigation in drug discovery to determine or de-
sign novel molecular backbones that still permit the desired 
response to be observed when the backbone is decorated 
with substituents to evoke that function [5]. 

 When a binding site or a pharmacophoric model is 
known then it is possible to use de novo design methods 
[13,14] that are to develop novel molecules with signifi-
cantly different scaffolds thereby providing potential areas of 
greater potency and novel intellectual property. Extant mole-
cules may also be virtually docked against the protein bind-
ing site to investigate the potential binding energies of the 
molecules [15-17]. However, when the receptor structure 
information is not known, it is necessary for extant mole-
cules that are known to invoke a desired response to be ap-
plied in an attempt to discover or develop new molecules 
with diverse scaffolds that maintain a likelihood of being of 
interest in terms of the objective of the study: ligand-based 
scaffold hopping. 

 The availability of only topological information necessi-
tates the development and application of molecular descrip-
tors that both emphasize the similarities that are considered 
important for the response being measured in an invariant 
way, while also providing an abstracted description of what 
is largely unimportant for the same response. Therefore, to 
over-simplify somewhat, the search is for something that is 
similar in response but different in structure. However, the 
topological and geometric arrangements of the potential in-
teraction points of a molecule are also highly important and 
must be taken into account to some degree to ensure that the 
newly discovered or designed molecule will retain a suitable 
geometric similarity to the query molecule in terms of its 
perceived key pharmacophoric points. This can be differenti-
ated somewhat from scaffold replacement strategies where 
the aim is to identify new scaffolds to replace an extant scaf-
fold that will still maintain the spatial arrangement of the 
actual substituents in the molecule, rather than potential in-
teraction points. 

 The challenges in the discovery or design of molecules 
with novel scaffolds for a particular response of interest can 
be summarized with the matrix in Fig. (4), where the dimen-
sions consider the similarities in a particular property and 

Fig. (3).  The (b) molecular, (c) graph, (d) reduced scaffold frame-
work representations for the anti-hypertensive Diovan® molecule 
(a), respectively. 

Fig. (4).  Illustration of the objectives in scaffold hopping where 
the aim is to locate an isofunctional molecule that has a scaffold – 
however defined – that is significantly different from our known 
structures; the lower-right quadrant.  Traditional similarity search-
ing only returns molecules from the upper-right quadrant and, al-
though interesting in a wide range of circumstances, does not pro-
vide us with information about truly novel regions of chemical 
space. 
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scaffold space, respectively. According to this matrix, the 
aim in scaffold hopping is to discover or design compounds 
in the lower-right quadrant where the outcome is similarity 
in our desired property space, but dissimilarity in our speci-
fied (and as mentioned previously, potentially arbitrary) 
scaffold space. In the more traditional connection-based 
similarity searching approaches, molecules from the upper-
right quadrant are typically returned, essentially molecules 
from a region of chemistry space that has likely been ex-
plored widely in previous studies. Our aim in scaffold hop-
ping is to move away from what is in the known region of 
chemistry space towards new regions of chemistry space that 
will result in molecules with similar properties yet diverse 
frameworks. 

 Therefore, in situations where only the topology of a 
molecule of interest is known, it is necessary to employ 
structure representation methods that do not explicitly cod-
ify, or at the very least de-emphasize these structural fea-
tures, the connection or topological information within the 
molecule, but instead attempts to obfuscate this information 
permitting the search process to be relaxed and consider only 
those aspects of the molecule of interest that are expected to 
be of significance, namely the functional groups and their 
geometric orientations. What follows is a brief review of 
recent methods that have been published for ligand-based 
scaffold hopping. 

3.1. Objective Measures of Scaffold Hopping 

 Many approaches have been posited for scaffold hopping 
in silico; however the validation of these approaches has 
quite often been based upon visual inspection of the returned 
structures and therefore highly subjective and variable. 
However, for a scientific study it is necessary to define ob-
jective measures for determining reliable indicators of scaf-
fold hopping. Recently, efforts have been made to provide 
objective validation protocols in retrospective studies to de-
termine with some level of confidence whether the results of 
these methods are likely to be occurrences of scaffold hop-
ping. 

 The chemotype hit rate was proposed by Good et al. [18] 
as a method of investigating not simply the overall enrich-
ment of actives in a virtual screening campaign, but also the 
number of chemotypes, however defined, that are recalled 
with the approach. In this approach, the chemotypes appear 
to have been defined based on structural moieties of recalled 
structures rather than a Bemis and Murcko approach. In a 
similar approach, Stiefl et al. [19], recently proposed a 
method of measuring objectively both the recall of actives, 
while also giving due consideration, where appropriate, to 
the chemical classes that are also covered in the recalled 
compounds, again applying visual inspection together with 
clustering methods to both subjectively and objectively in-
vestigate the quality of the results in terms of scaffold hop-
ping. 

 Although the limitations of the Bemis and Murcko scaf-
folds have been noted already, this scaffold determination 
method does provide a method of investigating the extent to 
which a newly found ligand or set of ligands from a scaffold 
hopping campaign constitutes a scaffold hop. By reducing 

the query ligand and the retrieved ligands to the molecular 
and graph frameworks, respectively, a comparison may be 
made to determine the extent to which a scaffold hop has 
been achieved. This comparison may be made either by vis-
ual inspection or, more objectively, through molecular simi-
larity methods using topological or whole-structure descrip-
tors to determine a quantitative degree of similarity. 

 The MEQI (Molecular EQuivalence Indices) keys [20] 
define a one-way transform from molecular structure or sub-
structure to a 5 alphanumeric character key, or meqnum. The 
MEQI approach may be used in scaffold hopping to evaluate 
the chemotype class membership by generating the keys for 
each of the possible abstractions of the molecules: whole 
molecule representations; Bemis and Murcko frameworks 
with no abstraction, atom, atom and bond, and ring abstrac-
tions, respectively; and also the constituent cyclic fragments 
separately as cycle size and abstracted cycles, respectively. 
An illustration of meqnum key generation is provided in Fig. 
(5) providing keys that represent the entire structure and two 
subcomponents. 

 meqnum Structure 

(a) A9P8B 

(b) KYYT5       NRR57 

Fig. (5).  The unitary meqnum (a) of the whole structure with the 
ring systems taken jointly and (b) its two composite ring system 
meqnum representations.

 A further approach recently proposed by Hert et al. [21] 
calculates the Mean Pairwise Similarity (MPS) of the set of 
returned structures with the expectation that an instance of 
scaffold hopping will be apparent in instances when the re-
turned set has a lower MPS value. This method of measuring 
structural diversity indicates the overall structural diversity 
covered by the dataset that is under analysis. Again, the de-
scriptors to calculate the MPS should be those that provide a 
whole-structure description, thereby explicitly encoding the 
internal structure – and therefore its scaffold information – 
of the molecule. However, the set of retrieved structures may 
contain a large number of close analogues (dependent on the 
similarity method applied) and it therefore may be prudent to 
rationalize the retrieved set by removing those structures that 
contain an identical or similar Bemis and Murcko scaffold to 
the query molecule. 

 A related approach considers the structure of the data of a 
dataset known a priori that permits an estimation of Tani-
moto coefficient values or ranges at which scaffold hopping 
characteristics may be expected [22]. The approach uses the 
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Tanimoto values of the pairwise comparisons of all of the 
molecules in a given dataset from which the distribution of 
Tanimoto similarities can be analyzed to indicate a likely 
lower-bound Tanimoto similarity below which scaffold hop-
ping would be more likely to occur. The authors of this study 
concluded that it was of great importance to consider the 
structure of your given data itself rather than rely on a poten-
tially dataset dependent heuristic Tanimoto cuts-off that have 
been proposed to suggest a confidence limit for similar bio-
logical activity to be present. 

 Given the vagaries surrounding what constitutes a mo-
lecular scaffold, it is advisable that a selection of these ob-
jective measures be used to provide a greater assurance as to 
whether a scaffold hop has indeed been achieved. 

4. MOLECULAR DESCRIPTORS FOR LIGAND-

BASED SCAFFOLD HOPPING 

 The specificity of a molecular descriptor method is im-
portant in scaffold determination and its applications. Gener-
ally, it is considered that a molecular descriptor should be 
specific: that is, the description should be as unique as is 
possible so that a molecule maps to a unique region of our 
descriptor space. However, in the context of scaffolds and 
scaffold hopping, it tends to be more important to blur our 
descriptions such that molecules with the characteristics in 
which we are interested being mapped to the same or similar 
regions of our descriptor space, there by allowing us to read-
ily access these structures. 

 Currently, three general approaches have gained currency 
in ligand-based scaffold hopping: topological, geometric and 
surface-based (or field-based), representations. Each of these 
methods characterize the given structure in an abstracted 
form thereby altering the rigid connection-based or structural 

chemistry space in which we are searching to reflect the par-
ticular application for which the methods are intended. 

 Abstraction of molecules for the purpose of scaffold hop-
ping should focus on the information-rich components, 
whether these are substructures or inter-relationships be-
tween molecular features – where features can be defined as 
atoms and/or substructures. Typically, the most information-
rich components in a molecular tend to be heteroatoms and 
the atoms at the extremities of the molecule. In the topologi-
cal descriptor methodologies described here, the approaches 
tend to describe the most information-rich atoms – as in to-
pology-based methods – or to find a lower dimension projec-
tion of the intramolecular space that maximizes the informa-
tion content in the chosen projection – as in topography and 
surface-based methods. 

4.1. The CATS Family 

 The Schneider laboratory has published a family of three 
ligand-based scaffold hopping descriptors known collec-
tively as the CATS (Chemically Advanced Template Search) 
descriptors: CATS, CATS3D, and SURFCATS, respec-
tively. Each member of the family takes advantage of differ-
ent representations of the molecules under consideration: 
topology, topography, and surface, respectively. These de-
scriptors are classified generally as Correlation Vector Rep-
resentations (CVR), and were first reported in the 1980s 
[24]. Here, a brief overview is given of each of the descriptor 
methods. A diagrammatic summary of each is provided in 
Fig. (6). 

CATS 

 Perhaps the first molecular descriptor that was defined 
explicitly for the challenge of scaffold hopping were the 

Fig. (6).  The CATS family of descriptors: CATS, CATS 3D, and SURFCATS, respectively.  Image courtesy of Renner and Schneider [23] 
and reprinted here with permission. 

O

O

O

S
H2N

O

O

O



On Scaffolds and Hopping in Medicinal Chemistry Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 11    1223

CATS two-dimensional (2D) vectors from Schneider et al.
[2]. The method proceeds initially by abstracting each of the 
nodes in a given molecular graph to one or more of the fol-
lowing atom types as in Fig. (7): hydrogen-bond Donor,  
hydrogen-bond Acceptor, Positively charged, Negatively 
charged, and Lipophilic. Nodes that cannot be classified as 
one of the above abstracted atom types are not assigned a 
type, or remain uncolored. 

Fig. (7).  Example of the conversion of a molecular graph (a) into 
the generalized CATS molecular graph.  The figure has been re-
drawn from Schneider et al. [2].

 The algorithm then proceeds by calculating the shortest 
graph edge path between all abstracted node pairs, bar the 
remaining uncolored nodes, up to a maximum distance of 10 
bonds. Since, from the 5 generalized atom types described 
above, there are 15 unique atom pairings and only graph 
edge distances from 1 through 10 are considered, this results 
in 150 unique vector positions, with each position corre-
sponding to the frequency of occurrence for each abstracted 
node pair at a given graph distance. 

CATS3D 

 CATS three-dimensional (3D) vectors are an extension of 
the standard CATS vectors that uses the Euclidean distance 
between the atom in the molecule in ångströms (Å) [25]. A 
single conformer is generated using the CORINA software 
[26]. The generalized atom types – assigned to all atoms, 
including hydrogens – in CATS3D are a set of seven fea-
tures: cationic, anionic, polar, acceptor, donor, hydrophobic, 
or other. Each of these are from the set of types defined by 
the PATTY (Programmable ATom TYper) typing scheme 
[27]. This scheme results in 28 unique atom pairs and 20 
distance bins (from 0 to 20 Å) resulting in a vector of length 
560. 

SURFCATS 

 The SURFCATS descriptors, also from the Schneider 
laboratory, were defined recently [23] and essentially turn 
the CATS and CATS3D descriptors inside out and concen-
trate on describing the key surface points of the molecule 
under consideration. The same 20 distance bins as for 
CATS3D were used. The surface of a molecule is realized by 
the Gauss-Connolly function from the MOE software [28] 
with a spacing of 2 Å. 

 The CATS family of descriptors was published recently 
in a comparative study [23] for scaffold hopping where it 
was discovered that the application of all members of the  

family provides disjoint sets of solutions. The recommenda-
tion from this result, therefore, is that a range of possible 
molecular representations can be applied usefully in real-
world situations. 

 Two further descriptors have also been proposed by the 
Schneider laboratory [29] for scaffold hopping and these are 
discussed here in brief. 

CHARGE3D 

 The CHARGE3D descriptor vector representation [24] 
uses the partial atomic charges as atomic descriptors, with 
each atom pair – including hydrogens – being specified by 
the product of its two partial atomic charges together with 
the Euclidean distance between those two atoms in a single 
conformer generated by the CORINA software. The Euclid-
ean distances are binned into 100 individual positions on a 
vector from 0 to 10 Å in 0.1 Å increments, with all distances 
greater than 10 Å added to the final bin in the vector. The 
vector positions are incremented with the relevant product of 
the atom pair partial charges for the particular vector position 
that corresponds to the Euclidean distance between the two 
atoms.

SQUID 

 The SQUID (Sophisticated QUantification of Interaction 
Distributions) descriptors again use pharmacophoric abstrac-
tions of the atoms as with the CATS3D vectors [30]. How-
ever, SQUID uses alignments of multiple ligands of interest 
to define a weighted pharmacophore model with preserved 
features gaining a higher significance in the pharmacophore 
model using spatial Gaussian probability densities. All the 
pairs of these Potential Pharmacophoric Point (PPP) distribu-
tions are then taken together with the interatomic distance in 
ångströms. These PPP pairs are then encoded into an identi-
cally formatted vector as for the CATS3D vectors. 

4.2. Similog 

 Similog pharmacophoric keys are similar to the topologi-
cal CATS variant in that the nodes of a molecular graph are 
generalized by four features with these being represented as 
four bits per atom. However, Similog keys represent triplets 
of atoms rather than pairs, thereby increasing the size of the 
potential key space [31]. In this way they can be seen as 
topological analogs of traditional 3-point geometric pharma-
cophore models. 

 The keys are based on a DABE atom typing scheme in 
which the constituents are: potential hydrogen bond Donor; 
potential hydrogen bond Acceptor; Bulkiness; and Electro-
positivity. Therefore, theoretically there are 24 potential atom 
types; however, 6 of these are not possible with neutral or-
ganic species and the key 0000 is uninformative, leaving 9 
possible keys. All possible triplet combinations of these 9 
keys give a theoretical limit of 8031 triplets; however, only 
5989 had been found at the time the original paper was writ-
ten [31]. The sorted triplet keys are each encoded into a bi-
nary vector of length 5989, to denote presence or absence of 
a particular key. A summary of Similog key construction is 
given in Fig. (8). 

O
N

O

NN

N

(a)

L

L
L

L
L

A
D

N/D

P/DD

D

(b)



1224 Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 11 Brown and Jacoby

Fig. (8).  Example of a Similog key determination.  The figure has 
been redrawn from Schuffenhauer et al. [31].

4.3. Reduced Graphs 

 Another approach that has been employed to develop 
generalized or abstracted representations of molecules is the 
reduced graph (RG) representation [32,33]. In this method, 
entire substructures, according to some defined scheme, are 
collapsed into single nodes resulting in an RG that is smaller 
and less complex. RGs were first developed for application 
in generic chemical structure retrieval using structure and 
substructure searching, but have since been applied to simi-
larity searching [34-37]. 

 A number of related methods have been published re-
cently that report approaches to RGs for scaffold hopping. 
The general approach to reduced graph generation, as pre-
sented by Barker et al. [37], is given in Fig. (9). 

Feature Trees 

 The Feature Trees (FTrees) approach [38]-[40] is very 
similar to the RG method, but encodes the nodes of the 
graphs based on their calculated physicochemical properties 
and, as the name suggests, the algorithm generally abstracts 
a given molecular graph to a tree; i.e. with no cyclic systems. 
Therefore, all rings are collapsed into single nodes, while 
fused or spiro ring systems may also be encoded as single 
nodes depending on the level of resolution used for the struc-
ture encoding. Steric features are also encoded to provide an 
indication of bulk properties of the molecule being encoded. 
The comparison of two trees is performed by a graph-
matching algorithm; however, since the data structures are 
trees the comparisons are much more computationally trac-
table than tends to be the case with cyclic graphs. The appli-
cation of FTrees to scaffold hopping was presented in [39] 
and was judged on a subjective basis to be capable of scaf-
fold hopping by visual inspection. 

Sheffield Reduced Graphs 

 Barker et al. [41] recently extended the extant work from 
Sheffield on RGs to scaffold hopping using a clique detec-
tion algorithm as a graph-matching comparison function; 
graph-matching on RGs was first reported by Takahashi et
al. [34]. The graph reduction strategy applied in this study is 
similar to that published in [37] and given the designation 
ring/feature/link reduction/level 4 while also combining the 
identification of nodes that are acids or bases giving a total 
of 14 (17 when counting donor and acceptor nodes sepa-
rately) RG node types. The graph-matching procedure is the 

Fig. (9).  Examples of reduced graphs: (a) acids take precedence over rings; (b) terminal nodes are described as linkers; (c) linker nodes may 
include heteroatoms if they have no hydrogen-bonding character.  Ar: aromatic ring, no hydrogen-bonding; Ac: acid feature; L: acyclic inert 
node; B: base feature; RA: alicyclic ring, hydrogen bond acceptor.  The figure has been redrawn from Barker et al. [37]. 
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Bron-Kerbosch clique-detection algorithm [42] to discover 
the Maximum Common Induced Subgraph (MCIS), that is 
the maximum common node-induced subgraph between the 
two graphs under consideration. This study discovered that 
using a graph-matching comparator function the results for 
scaffold hopping were superior to results when using a fin-
gerprint representation of the RGs and was better in many of 
the activity classes than the Daylight hash-key fingerprints. 

Extended Reduced Graphs 

 The Extended Reduced Graphs (ErG) from Stiefl et al.
[19], as the name suggests, extends the existing RG defini-
tion from the studies conducted at Sheffield. The extensions 
take the form of a combination of the RGs together with 
binding property pairs proposed by Kearsley et al. [43]. The 
first steps of the algorithm assign charges to the atoms of the 
molecule, followed by defining hydrogen-bonding. The at-
oms in the molecule are then abstracted as nodes that define 
their potential binding properties. The later stages of the al-
gorithm then proceed to abstract the ring systems in the 
graph as the ring centroids for the general ring property fea-
tures – e.g. aromatic – while retaining all bridgehead nodes 
and connecting these bridgeheads to their respective ring 
centroids. This approach also introduces a method of ab-
stracting distance constraints to avoid issues in potential brit-
tleness when considering identical node pairs with different 
edge distances between them that would otherwise be con-
sidered as dissimilar with many existing methods. A number 
of additional special cases are defined by Stiefl et al. and the 
reader is referred to [19] for the full definition of the algo-
rithm. 

4.4. Topomers 

 The topomer concept was introduced by Cramer et al.
[44]-[48] for the rapid searching of large virtual combinato-
rial libraries in silico. Essentially, topomers are topologies of 
substructures from which a theoretically valid geometry can 
be generated in silico using a 3D generation program such as 
Concord [49]. The pre-defined attachment point of the sub-
structure is then aligned with a vector in Cartesian space 
with consideration given to the chirality and torsion angle 
between the fragments. Usually only a single conformer of 
each of the fragments is used. The comparison of topomers 
is then achieved by examining the steric field properties of 
the topomers. Therefore, the similarity of the individual 
comparator topomers gives the overall similarity of the vir-
tual molecules under consideration. The topomer approach 
was demonstrated to be effective for scaffold (or lead) hop-
ping in a number of cases considering the low Tanimoto 
similarities of their fingerprints and also by visual inspec-
tion. Tripos, Inc. applies the topomer concept in analyzing a 
vast virtual library of approximately 1013 molecules as part 
of the ChemSpace™ platform. 

4.5. FBSS 

 Field-Based Similarity Searching (FBSS) is a program 
that was developed in Sheffield to compare molecules using 
a Genetic Algorithm (GA) to optimize the alignments of the 
molecules’ electrostatic potentials [50], [51], although alter-
native molecular fields can be used such as steric or hydro-

phobic fields. The GA optimizes the alignment of two mole-
cules based on chromosomes representations that encode the 
translation and rotation of a given molecule against a mole-
cule that is held in position. An individual candidate solution 
is scored according to the Gaussians calculated by the Carbó 
coefficient of the overlap of the molecular fields [52]. An 
example of an FBSS alignment is provided in Fig. (10). 
Schuffenhauer et al. demonstrated the potential of FBSS for 
scaffold hopping in reference [53]. Bohl et al. have also re-
ported the application of FBSS for searching for novel yet 
equivalent scaffolds ensuring that the scaffold attachment 
points using steric fields as the comparator [4]. 

Fig. (10).  Here are two thrombin inhibitor molecules with the steric 
fields used to overlay them in FBSS.  The steric field of the target 
molecule, 1C4V (orange framework), is shown in white and the 
steric field of the hit molecule, 1D6W (magenta framework), is 
shown in green, both at 2 kcal/mol.  The similarity determined by 
the Carbó coefficient was 0.832.  The molecules are coded using 
the PDB (Protein Data Bank) system.  Image courtesy of Kirstin 
Moffat of the University of Sheffield and reprinted here with per-
mission.

4.6. Extended Electron Distribution Force Fields 

 Cresset Biomolecular Discovery [54] has developed eX-
tended Electron Distribution (XED) force fields determined 
based on the interaction potential of a probe molecule [55], 
[56]. The field point generation consists of a number of 
stages to characterize four different kinds of field properties: 
electrophilicity, electrophobicity (or nucleophilicity), van der 
Waals attractive (referred to as ‘sticky’ points), and hydro-
phobicity. The steric and electrostatic fields are first gener-
ated using a probe molecule to better define the interaction 
points available to other molecules. One hundred and twenty 
points are generated for each atom and these are used to de-
fine common extrema values to determine the final interac-
tion points. Conformational flexibility is also taken into ac-
count by taking controlled subsets of the conformer space up 
to a defined maximum subset size. 

 The search process initially a distance matrix is generated 
of all of the pairwise Euclidean distances in ångströms be-
tween the field points allowing for direct comparisons to be 
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made between the field point sets of different molecules as a 
fast screening strategy. Only the top ranked comparisons are 
then considered for the more computationally-intensive field 
point alignment method using clique detection and simplex 
optimization algorithms. The Cresset approach has been 
demonstrated to be applicable in scaffold hopping [57] to 
novel chemotypes by visual inspection of the molecules re-
trieved, as illustrated in Fig. (11). 

4.7. OpenEye Scientific Software 

 OpenEye has released two software programs for com-
parison of small molecules and can both be applied to in
silico scaffold hopping campaigns. The first is ROCS (Rapid 
Overlay of Chemical Structures) and considers volume over-
lap as a measure of similarity, while the second is EON and 
considers the similarity of the electrostatic fields [58]. The 
programs can be used as part of a defined workflow, with 
ROCS providing an optimized alignment based on volume 
overlap, and EON calculating the electrostatic Tanimoto 
similarity of the two aligned structures.

ROCS 

 The ROCS algorithm attempts to discover the largest 3D 
volume overlap between two structures under consideration 
[59]. Like FBSS, ROCS also uses a Gaussian representation 
of the volume as opposed to the hard-sphere volume ap-
proach, but optimizes on the entire volume rather than the 
surface model. Since the product of Gaussians is also a 
Gaussian, the intersections are trivial to calculate. The com-
parisons are performed by application of the shape-based 
variants of the Tanimoto and Tversky similarity measures. 

The Tversky coefficient is asymmetric and particularly effec-
tive when considering molecules that are substantially dif-
ferent in size. 

 The speed of the ROCS approach typically permits 600-
800 comparisons to be made per second. Therefore, multiple 
conformers of individual molecules can be considered as the 
normal method of analysis. 

EON 

 The EON program calculates the similarity of two pre-
aligned molecules based on the electrostatic fields of the two 
molecules [60]. This provides for a realistic comparison than 
simply based on shape, since it provides an objective meas-
urement of the potential interaction similarities of the two 
structures under consideration. 

4.8. FEPOPS 

 The calculation of the FEature POint PharmacophoreS 
(FEPOPS) descriptors proceeds by systematically generating 
a number of potential molecular geometries from the ligand 
alone [61]. Each conformer is then reduced to a 4-point 
pharmacophore using a K-medoids clustering algorithm, 
reducing N atoms to 4 feature points. The feature points are 
then assigned properties based on the interpolations of the 
atomic properties. 

 Although this method is considered for scaffold hopping, 
the approach does not explicitly consider a scaffold defini-
tion. Rather, it takes the somewhat inverse approach in that it 
attempts to disconnect the underlying scaffold of the mole-
cule by looking at molecular graph vectors between atoms of 
functional interest in geometric space. 

Fig. (11). Here two thrombin inhibitor molecules - (a) 1C4V and (b) 1FPC - with significantly different scaffolds are aligned (c) based on
their field points, as determined by the XED approach. The field points correspond to electrophilicity, nucleophilicity, van der Waals attrac-
tive, and hydrophobicity. The sizes of the field point glyphs indicate the depth of the energy well for each point. Image courtesy of Cresset 
Biomolecular Discovery, Ltd. and reprinted here with permission. 
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4.9. MOLPRINT 3D 

 The MOLPRINT 3D descriptor is a geometric extension 
to the MOLPRINT 2D descriptor [62] by Bender et al. [63]. 
The algorithm proceeds by determining points on the surface 
of a given single conformation of a molecule. Interaction 
energies are then calculated for each of these surface points 
using theoretical probes that vary according to the particular 
interaction type under consideration. The probe types used 
are those defined by the GRID software [64]: C3, DRY, 
N1+, N2, O, and O-. 

 From each of these surface points, it is then possible to 
enumerate an environment of additional surface points radi-
ating from the center point. A binary vector is defined for 
each radius from a given surface point. The EUs of the sur-
face points are encoded into binary vectors for each of the 
probe types that encodes the EU values as bins with a bit 
being set for the surface point at that radius according to the 
binning scheme for that EU value as in Fig. (12). 

Fig. (12).  Illustration of the descriptor generation step for a single 
surface point environment.  The three components of the descriptor 
characterize the 0th, 1st, and 2nd surface point environment layers, 
respectively.  The figure has been redrawn from Bender et al. [36].

5. DISCUSSION AND CONCLUSIONS 

 Each of the methods described herein attempts to reduce 
the influence of the underlying connectivity of the molecules 
in the descriptor representation. This level of abstraction 
does not necessarily extend to the distances between those 
atoms, which tend to be defined rigidly based on the shortest 
bond distance between two atoms, although some of the 
most recent work does consider this [19]. Rigid adherence to 
this through-graph distance means that keys that are identical 
in all but distance, will be treated differently although there 
are many examples in which an increase or decrease in the 
distance will also fit the desired conformation and potential 
interactions. Therefore, it seems that the topological dis-
tances between atoms should be considered in all approaches 
as a further component to introduce a degree of obfuscation 
to reduce this rigorous adherence. 

 From the selection of 3D methods presented here, it 
seems that careful consideration of the conformational space 
is essential to enhance ligand-based scaffold hopping results. 
It is intuitive that the set of conformers selected should be 

representative of the entire conformational space; however it 
is not currently clear as to which method to apply in generat-
ing such a set of conformers. Alignment-free descriptor vec-
tors [23, 65-67] appear to be the pre-eminent choice for the 
conformer problem since extant ‘diverse’ subset selection 
methods can be applied readily to select conformers that are 
representative of the entire conformer space and will be ef-
fective both within and between individual molecules. 

 The most recent advances in ligand-based scaffold hop-
ping [24] using topology, geometry, and surface models have 
suggested that it is beneficial to apply a set of these comple-
mentary methods to ensure that the disjoint nature of these 
approaches allow for a more diverse set of returned struc-
tures in terms of their perceived chemotypes. While the sets 
of returned structures may be applied individually, there is a
definite interest in combining results from such disparate 
representation methods using the data fusion approach – also 
referred to as consensus scoring in the virtual docking com-
munity – to generate more robust enrichments of retrieved 
molecules from diverse chemotypes [68]. 

 In Chemoinformatics it is common to apply the graphical 
abstractions of molecules when considering automated 
analyses of large datasets to investigate the chemical class 
memberships of these molecules. However, there is no valid 
claim that these methods of molecular abstraction identify 
correctly the most salient points of the molecules under con-
sideration in terms of their perceived scaffolds. Indeed, stud-
ies in which computational methods are applied in the field 
of scaffold hopping tend to claim scaffold hopping when 
some arbitrary limit is reached in dissimilarity between the 
molecules. This is by no means a criticism of these studies, 
merely a reflection of the current state of our scaffold defini-
tions. 

 The major issue, as we see it, with scaffold definitions is 
the subjectivity involved in defining a scaffold. As Chemo-
informaticians we prefer an invariant rule-based method that 
defines accurately and consistently the scaffold of a given 
molecule in isolation thereby permitting global application. 
However, the molecular scaffold is not simply a function of 
the molecule itself, since this information alone does not 
clarify what is important in terms of binding to a specific site 
on a protein. 

 A scaffold is not only dependent on the molecule itself, 
but it is also necessary to place that molecule in the context 
of the dataset of interest. For instance, blind application of 
the Bemis and Murcko scaffold determination algorithm, can 
often result in scaffolds that are uninformative or even mis-
leading in instances with acyclic structures and cyclic sub-
stituents. However, the Bemis and Murcko frameworks do 
provide value in our chemical class analyses at present and 
recent research extends these concepts to increase further 
their application. Indeed, the Bemis and Murcko provide us 
with perhaps the most objective measure of success in scaf-
fold hopping campaigns. Of course this does not imply that 
these methods should necessarily be applied in isolation, on 
the contrary the application of a number of approaches is 
advised. 

 One of the most important activities in Chemoinformatics 
is to generate reliable descriptions of molecules that contain 
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as much of the information related to that molecule as is pos-
sible. However, in the context of scaffolds and scaffold hop-
ping, it is preferable that the descriptors are not as informa-
tion-rich since this will tend to not find novel chemotypes in 
which we are interested. Therefore, it is important to develop 
descriptor generation methods that characterize the proper-
ties of the molecule in question, but not consider so strongly 
the scaffold component of the molecule. It is evident, there-
fore, that the preferred descriptors for scaffold hopping are 
those that introduce an element of fuzziness into the charac-
terization. 

 The descriptors reviewed in this paper each provide ab-
stracted descriptions of molecules in which the underlying 
connectivity of the chemical structure is either generalized or 
ignored completely. This process relaxes our definition of 
the neighborhood property in our chemical space of interest. 
In similarity searching it is the aim to locate molecules in the 
connectivity chemistry space with anticipation that these 
molecules will share similar properties. However, the aim in 
designing descriptors for scaffold hopping is to alter our 
definition of chemistry space so as to locate molecules that 
are similar to our query but not in terms of underlying con-
nectivity. 

 The topological methods reviewed here tend to abstract 
the atoms of the molecular graph or indeed groups of atoms 
and look at their potential geometric distances based on their 
through-graph shortest distances. The geometric methods 
either consider physical properties of the atoms or surface 
aspects. However, very few of these methods consider the 
conformer problem and this seems essential in dealing with 
geometry. By considering only a single conformer generated 
in silico with no information a priori then the importance of 
that particular 3D model may be brought into doubt. Indeed, 
a subtle change in the 3D model of a ligand can lead to 
vastly different properties such as the Connolly surface. 
Therefore, it is anticipated that ongoing research will change 
the focus of these methods onto dealing with conformational 
flexibility and ensembles of conformers with special consid-
eration for the extent to which these affect the potential for 
scaffold hopping. 

 It is our conclusion that current scaffold determination 
algorithms are prone to limitations that may eventually be 
overcome, but these methods will nonetheless rely on sub-
jective interpretation. However, the extant approaches such 
as the frameworks from Bemis and Murcko do provide the 
practitioner with pragmatic approaches to classify molecules 
based on their chemotypes and further methods will un-
doubtedly be developed that will improve upon these ap-
proaches. The limitations to the existing methods detailed 
here require careful consideration and new methods are 
emerging that address these. Furthermore, new methods will 
continue to be developed to better consider molecular scaf-
folds both in their determination and the objective analysis 
of scaffold hopping campaigns to resolve more accurately 
whether the methods result in a scaffold hop. 
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