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The scaffold hopping potential of popular 2D fingerprints has been thoroughly investigated. We have
found that these types of fingerprints have at least limited scaffold hopping ability including early
enrichment of small numbers of active scaffolds at high database ranks. However, it has not been
possible to derive Tanimoto coefficient value ranges for individual fingerprints that are generally
preferred for scaffold hopping. For selected fingerprints, similarity threshold values have been identified
that yield small database selection sets having a high probability to contain a few active scaffolds.
Furthermore, essentially all tested fingerprints have shown the ability to enrich scaffold hops in
approximately 1% of a screening database. For the test cases reported herein, selecting 0.5-1% of
the screening database yields ∼25% of the available scaffolds. On the basis of our findings, practical
guidelines for virtual screening using different types of 2D fingerprints have been formulated.

Introduction

For ligand-based virtual screening (LBVSa), a variety of
computational approaches have been introduced that can
roughly be divided into similarity search and compound
classification methods.1 Popular LBVS methods and molec-
ular representations that are utilized often greatly vary in their
level of sophistication. Among relatively simplistic search
tools are fingerprints calculated from two-dimensional (2D)
molecular graph representations, so-called 2D fingerprints.2,3

Typically, these fingerprints are bit string representations of
molecular structure and properties. Various 2D fingerprint
designs have been introduced that encode different types of
molecular descriptors.2,3 Despite their simplicity, 2D finger-
prints are widely used for chemical similarity searching
and virtual screening for bioactive compounds, although
they generally do not encode structure-activity relationship
(SAR) information. In both benchmark trials and practical
applications, 2D fingerprints have often been found to be
surprisingly successful in retrieving active compounds.4-8

Because fingerprints do not directly capture SAR informa-
tion, the relationships between chemical similarity andactivity
similarity must be established, which is not a trivial task.3

Fingerprint similarity searching generates a database ranking
byquantifying fingerprint overlap using similarity coefficients
and utilizing the resulting values as a measure of molecular
similarity.9 To what extent so derived molecular similarity
correlates with activity similarity or, in other words, which

similarity values are a reliable indicator of similar biological
activity is currently unknown for most fingerprints. In a
seminal study analyzing neighborhood behavior, scientists
from Tripos demonstrated, among other aspects, that for
their UNITY fingerprints, a Tanimoto coefficient (Tc)9 value
of at least 0.85 indicated a high probability that the compared
compounds had the same bioactivity.10 Although neighbor-
hood behavior is fingerprint- and similarity coefficient-
dependent,3 this Tc value of 0.85 has been propagated in the
literature as a general threshold for bioactivity, although it has
been shown that it is not reliable when other fingerprints are
utilized.11 Hence, much work will be required to establish
similarity threshold values of bioactivity for other finger-
prints, if they in fact exist. From this point of view, fingerprint
searching for active compounds is still in its infancy despite its
long history and its popularity.

Of course, one might argue, rightfully so, that the most
similar compounds detected in a similarity search should
always have the highest probability to be active. Unfortu-
nately, these are potentially active compounds one is usually
not very interested in because they tend to be close structural
analogues of known active reference compounds. Rather,
“scaffold hopping” is the primary goal.12-18 Scaffold hopping
refers to the search for active compounds having different core
structures than known reference compounds. Thus, one deli-
berately attempts to depart from known active chemotypes
and identify structurally diverse active compounds, rather
than analogues. Again, in this context, active compounds are
typically considereddiverse if theyhaveunique core structures.

Inparticular for 2D fingerprints, scaffoldhoppingpotential
has remained controversial.13 Proponents of more sophisti-
cated LBVS approaches might occasionally question the
principal ability of rather simple fingerprints to recognize
remote similarity relationships. However, simplicity is prob-
ably not themain reason for questioning the scaffold hopping
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potential of 2D fingerprints (or fingerprints in general).
Rather, similarity-based ranking becomes again a focal point.
If structurally diverse active compounds are detected in a
fingerprint search, they will typically not appear at top ranks
but at lower rank positions because ranking is based on
structural similarity, not activity similarity. Where to look
for structurally diverse active compounds in database rank-
ings is another unsolved problem in fingerprint similarity
searching, in addition to the lack of generally applicable
activity similarity, threshold values, as discussed above. In
fact, to our knowledge, Tc value ranges where scaffold
transitions among active compounds preferentially occur
have not yet been determined for any standard fingerprint,
although such insights would be of prime importance for
practical similarity search application. It is not even clear if
preferred similarity value ranges for scaffold hopping exist at
all and, if so, how they might compare across different
fingerprint designs and compound classes. Hence, in practice,
in order to increase the probability of successfully selecting
structurally diverse active compounds from database rank-
ings, information from multiple search trials using different
fingerprint methods is often combined.19 Alternatively, in-
vestigators must have the ability or intuition to cherry-pick
active compounds from rankings, hence rendering compound
selection a form of art, if not “black magic”.

Moreover, assessing scaffold hopping potential, i.e., the
ability to retrieve structurally diverse active compounds in
similarity searching, is further complicated by the fact that no
generally accepted definition currently exists of what consti-
tutes a successful scaffold transition.20 In many benchmark
investigations, the term scaffold is rather loosely used and it
often remains unclear how scaffold hopping potential has
exactly been evaluated.20

In light of this situation, given the importance of scaffold
hopping guidelines for fingerprint similarity searching, we
decided to systematically analyze the scaffold hopping poten-
tial of conventional 2D fingerprints and characterize their
search behavior. To these ends, we have generated a carefully
designed scaffold hopping benchmark system as the basis for
our analysis. This compound database is made publicly
available to support further investigations. Five conventional
fingerprints representing different designs have been system-
atically analyzed and compared in calculations applying
established similarity search strategies. We show that it is
generally difficult, but not impossible, to find structurally

diverse active compounds in small database selection sets of
fewer than 100 compounds. However, we also show that 2D
fingerprints generally enrich different bioactive scaffolds in
approximately 1% of the screening database, which has clear
implications for how fingerprint similarity searching is best
applied. Taken together, the findings presented herein have
made it possible to formulate some general guidelines how to
best utilize different 2D fingerprints in virtual screening.

Materials and Methods

Scaffold Definition and Source. To consistently derive scaf-
folds for our analysis, we applied the scaffold definition of Bemis
andMurcko.21Following this definition, scaffoldswere extracted
from compounds by removing all R-groups but retaining linkers
between ring systems. This hierarchical fragmentation approach
currently is the most widely applied and established scaffold
definition. We did not consider unusual scaffolds, i.e., scaffolds
that contained rings with more than six atoms or poly amine
structures. As a scaffold source, we utilized the freely available
ChEMBL database22 that contains curated sets of active com-
pounds mostly originating from pharmaceutical sources.

Bemis and Murcko scaffolds were also transformed into
“carbon skeletons” and “reduced cyclic skeletons” according
to Xu and Johnson.23 Carbon skeletons are derived from
scaffolds by changing each heteroatom to a carbon atom and
all bond orders to single bonds. Thus, different carbon skeletons
represent topologically distinct scaffolds. Reduced cyclic skele-
tons further abstract from carbon skeletons by ignoring differ-
ences in ring size and linker length (i.e., all rings are of the same
size and linkers have unit length).

Data Set Selection. For scaffold derivation, only compounds
were considered with potency (Ki or IC50 value) of at least 1 μM.
Molecular size was restricted to amaximumof 50 non-hydrogen
atoms. Furthermore, to ensure that there was no unreasonably
large discrepancy between compound and scaffold size, com-
pounds representing a given scaffold were only selected if their
R-groups had in total not more non-hydrogen atoms than the
scaffold. A target-directed scaffold set had to contain a mini-
mum of 10 distinct scaffolds, each of which had to be repre-
sented by five different compounds/analogues. On the basis of
these criteria, we derived compound and scaffold sets for 17
different compound activity classes containing a total of 1675
unique compounds comprising 334 unique scaffolds (335 scaf-
folds in total), as reported in Table 1. The activity classes
contained between 55 and 230 compounds corresponding to
11-46 scaffolds, i.e., each scaffold was represented by exactly
five compounds. For compounds and scaffolds, the number of
heavy atoms ranged from 11 to 49 and 6 to 37, respectively, and

Table 1. Scaffold Data Sets

target ID target name no. molecules no. scaffolds

EB1-9 epidermal growth factor receptor erbB1 55 11

CA2-15 carbonic anhydrase II 70 14

D2R-72 dopamine D2 receptor 95 19

CB1-87 cannabinoid CB1 receptor 80 16

GRH-118 gonadotropin-releasing hormone receptor 65 13

SRT-121 serotonin transporter 80 16

KOR-137 κ opioid receptor 65 13

ECB-174 estrogen receptor β 70 14

HIP-191 human immunodeficiency virus type 1 protease 165 33

CFX-194 coagulation factor X 85 17

HIR-228 human immunodeficiency virus type 1 reverse transcriptase 100 20

N1R-250 neurokinin 1 receptor 60 12

AA3-280 adenosine A3 receptor 130 26

MR4-10142 melanocortin receptor 4 100 20

DHF-10457 dihydrofolate reductase 65 13

VEG-10980 vascular endothelial growth factor receptor 2 160 32

MCH-19905 melanin-concentrating hormone receptor 1 230 46
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the molecular weight from 166.2 to 708.6 Da and 78.1 to 515.8
Da, respectively. Upon publication, these compound/scaffold
data sets are freely available via the followingURL: http://www.
lifescienceinformatics.uni-bonn.de.

Screening Databases.As background databases for similarity
search calculations, ChEMBL and a subset of ZINC24 were
selected. After removal of all compounds with activity annota-
tions for our 17 targets, a total of 492415 ChEMBL compounds
remained (all of which with known activity) that were used as
one of two screening databases. Furthermore, from ZINC,
a total of 507594 compounds (with largely unknown activity
annotations) were selected that fell into the same molecular
weight and heavy atom ranges defined by our test compounds.
Two background databases were used for fingerprint similarity
searching as a control for database-dependent effects on search
results.

Fingerprints.We selected five representative 2D fingerprints of
different design that are available in the popular Pipeline Pilot25

and/or Molecular Operating Environment26 chemoinformatics
platforms includingMolecular ACCess System (MACCS) struc-
tural keys27 (166 bit positions), Extended Connectivity Finger-
Print with bond diameter 4 (ECFP4; ∼4 � 109 possible
features),25 Extended Connectivity Fingerprint with Counts
and bond diameter 4 (ECFC4; ∼4 � 109 possible features),25

the Typed-Graph Triangles (TGT; 1704 bits),26 and the Graph-
Π-Donor-Acceptor-Polar-Hydrophobe-Triangle (GpiDAPH3;
30240 possible features)26 fingerprint. MACCS consists of 166
structural substructures/patterns with 1-10 non-hydrogen
atoms. ECFP4 is a combinatorial molecule-specific fingerprint
that encodes layered atom environments with a maximum dia-
meter of four bonds around each atom in amolecule, andECFC4
is the corresponding nonbinary count fingerprint. This means
that it not only detects unique connectivity patterns in amolecule,
like ECFP4, but also records how often each feature is generated.
TGT and GpiDAPH3 fingerprints are pharmacophore finger-
prints calculated from 2D molecular graphs that account for
three-point pharmacophore patterns. TGT assigns each atom to
one of four atom types (hydrogen bond donor or base, hydrogen
bond acceptor or acid, both hydrogen bond acceptor and donor,
or hydrophobic) and interatomic distances are divided into six
different bond distance ranges. For GpiDAPH3, each atom is
assigned to one of eight types derived from three atomic proper-
ties (“inπ system”, “is donor”, and“is acceptor”) and interatomic
distances are divided into eight different bond distance ranges.

These five fingerprints were selected because they repre-
sent structural fragment, pharmacophore, or topological finger-
prints, which are major 2D fingerprint categories. Furthermore,
they are of distinct design and have different format, complex-
ity, and size. For similarity calculations using the nonbinary
ECFC4 fingerprints, the general form of the Tanimoto coeffi-
cient was used9 and for the other four fingerprints, binary Tc
calculations were carried out.

Similarity Searching. For fingerprint searching, all five com-
pounds representing an individual scaffold were used once as
reference molecules to search for compounds representing the
remaining scaffolds (10-45) for each activity class. Hence, for
each activity class, between 11 and 46 search trials were carried
out (see Table 1). For these calculations, all active test com-
pounds (except the respective reference set) were added to the
background databases. For similarity searching, the one nearest
neighbor (1-NN) search strategy4 was applied. In 1-NN calcula-
tions, the final similarity value for a database compound relative
to the reference set is obtained by selecting the maximum
observed Tc value between the database compound and each
reference molecule. This search strategy often favors the detec-
tion of structurally similar compounds (for example, analogues
of reference compounds)5 and hence is expected to yield a lower
limit for (and thus conservative assessment of) the scaffold
hopping potential of fingerprints in similarity search calcula-
tions using multiple reference compounds.

The results of fingerprint search calculations were monitored
for each activity class and each scaffold and averages were also
calculated. “Scaffold recall” was determined as the number of
distinct scaffolds retrieved within the top 100, 500, 1,000, and
5000 database compounds (corresponding to approximately
0.02%, 0.1%, 0.2%, and 1.0% of the screening database,
respectively). Furthermore, for each fingerprint, the distribu-
tion of Tc values was determined for database and active test
compounds and, in addition, rank positions were analyzed. For
database compounds, the median rank for a given Tc value
was calculated. Recall rates were also calculated for carbon
skeletons and reduced cyclic skeletons.

Results and Discussion

Our aims have been to systematically assess the scaffold
hopping potential of contemporary 2D fingerprints, investi-
gate Tc value ranges where scaffold hops might occur, and
compare similarity value distributions and ranks amongactive
and database compounds. To these ends, we have designed a
compound benchmark system that has made it possible to
evaluate scaffold hopping potential in a well-defined manner.
We have also ensured that active and screening database
compounds had comparable size in order to avoid similarity
search bias through molecular size effects.28 In the systematic
search calculations reported herein, any detection of a true-
positive active compound represented a successful scaffold
transition from one Bemis and Murcko scaffold to another
because we exclusively used sets of reference compounds
whose common scaffold was not contained in any other active
compound. Furthermore, for any of our activity classes, at
least 11 distinct scaffolds were available as targets for similar-
ity searching, each of which was represented by five different
compounds. Initially, we determined global scaffold (and
skeleton) recall rates for different 2D fingerprints.

Global Scaffold Recall. In Table 2, we report the results of
systematic similarity search calculations over all activity
classes for the ChEMBL and ZINC background databases
and selection sets of 100 and 5000 compounds. For the top
100 database compounds, scaffold recall rates for the differ-
ent fingerprints ranged from 8.4 to 13.5% for ChEMBL and
13.9 to 21.9% for the ZINC background database. For the
top 5000 ranks, i.e., 1%of the screening database, recall rates
ranged from 28.2 to 41.7% (ChEMBL) and 29.6 to 42.8%
(ZINC). Five general observations were made. First, each of
the five fingerprints showed at least limited scaffold hopping
ability. Second, on average, scaffold recall in small selection
sets did not substantially differ for the studied fingerprints,
although they were of different design and in part very
different complexity. Third, as indicated by relatively large
standard deviations (Table 2), significant fluctuations be-
tween individual search trials were observed, as discussed in
more detail below. These large standard deviations are a
general characteristic of fingerprint search calculations re-
flecting the influence of selecting different reference com-
pound sets, especially because the reference sets used herein
are composed of compounds sharing the same scaffold (i.e.,
different reference sets represent distinct scaffolds). This
represents another complication of similarity searching.
Fourth, scaffold recall rates were overall slightly higher for
the ZINC than the ChEMBL database, probably because
ChEMBL compounds are on average more similar to each
other than ChEMBL compared to ZINC compounds (and
hence more difficult to differentiate). However, the relative
fingerprint performances for these screening databases were
equivalent. Because corresponding trends were observed, we
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discuss in the following representative and average search
results obtained for the ChEMBL background database,
shown in Figures 1-4, and provide complete results for
ChEMBL and the corresponding results for the ZINC back-
ground database in Supporting Information Figures S1-S3
and Supporting Information Table S1. Fifth, Table 2 also
shows that recall rates comparable in magnitude to scaffolds
were also observed for carbon skeletons and reduced cyclic
skeletons that represent further abstractions from scaffolds
at varying levels. Because multiple scaffolds might corre-
spond to the same carbon skeleton and multiple carbon
skeletons to the same reduced cyclic skeleton, recall rates
typically decrease in this order. However, the observation
that their magnitude was similar for essentially all finger-
prints demonstrates that the majority of detected scaffolds
were topologically distinct. Hence, in the following, we focus
on the analysis of scaffold recall characteristics.

Data Representation. To comprehensively analyze rela-
tionships between scaffold recall/hopping, corresponding Tc
value ranges, and database rank positions, we designed an
information-rich data representation for comparison of in-
dividual search trials, as shown in Figure 1. At first glance,
this representation is fairly complex and, therefore, Figure 1a
provides a representative examplewith detailed explanations
of the elements of data display and analysis. For individual
search trials and database ranks of up to 500000 molecules,
correctly identified active compounds representing a scaffold
hop are shown with their rank positions and corresponding
color-coded Tc values. Furthermore, average cumulative
ranks for recall of 25%, 50%, and 75% of all scaffolds in
an activity class are reported. This data representation
provided the basis for our subsequent analysis.

Fingerprint Search Phenotypes. The representative search
trials in Figure 1 illustrate in part rather general search and
scaffold hopping characteristics of the compared finger-
prints. For example, Figure 1a reveals that MACCS search
calculations enrich small numbers of active scaffolds at high
rank positions and high Tc values of>0.8 (red shaded area),
a trend that has been observed for many different activity
classes. As reported in Table 2, the overall scaffold recall for
the top 100 database ranks achieved with MACCS was
10.2%, which is quite consistent with the results shown in

Figure 1a. Typically, however, the majority of scaffold hops
were found at lower Tc values of 0.4-0.6 (green shaded area)
together with more than 100000 database compounds.
Hence, in these cases, most active scaffolds vanish in the
background database. For the example in Figure 1a, in order
to achieve 25% scaffold recall with MACCS, the first
approximately 1000 database ranks had to be selected. A
scaffold recall rate of at least 25% was generally con-
sidered a lower limit for successful scaffold hopping and
retrieval.

For the individual trials shown in Figure 1a, scaffold hops
were underrepresented within the Tc interval 0.6-0.8, but
these observations varied from class to class. For the differ-
ent reference sets, there was only little variation in observed
Tc distributions, i.e., similar Tc values corresponded to
similar database ranks, in contrast to ECFC4 in Figure 1b,
but comparable to ECFP4 in Figure 1c. ECFC4 is the count
fingerprint variant of ECFP4, and its individual search trials
were characterized by highly variable Tc profiles. However,
despite this variability, a fairly constant distribution of
scaffold hops over almost the entire Tc range was observed
including high ranks (with, on average, 13.5% scaffold recall
for the top 100 database compounds; Table 2). ECFP4
produced overall much lower Tc values than ECFC4. As
can be seen in Figure 1c, there was a clear enrichment of
scaffold hops within the Tc interval 0.2-0.4 (blue shaded
area), active scaffolds were similarly distributed over this
interval, and there was only little variation over individual
search trials, similar to MACCS. Such observations were
alsomade for other activity classes. In the example shown for
ECFP4, only approximately 100 database ranks needed to be
considered in order to achieve 25% scaffold recall. The other
fingerprints performed similarly well on this specific activity
class. Different from ECFP4, the pharmacophore-type fin-
gerprints GpiDAPH3 (Figure 1d) and TGT (Figure 1e)
displayed highly variable Tc distributions and significantly
different scaffold recall in individual trials using different
reference sets. In both cases, many scaffolds congregated
in very low Tc ranges, i.e., 0.0-0.2 (purple shaded area)
for GpiDAPH3 and 0.2-0.4 (blue shaded area) for TGT,
together with 10000-100000 or more (for TGT) data-
base compounds. For GpiDAPH3, the Tc range 0.0-0.2

Table 2. Recall Rates for Scaffolds, Carbon Skeletons, And Reduced Cyclic Skeletonsa

ChEMBL

100 5000

B-M carbon Sk reduced Sk B-M carbon Sk reduced Sk

MACCS 10.2 (7.2) 6.2 (5.5) 3.6 (4.6) 31.5 (15.1) 25.7 (13.2) 22.8 (15.2)

ECFC4 13.5 (8.0) 9.9 (7.5) 7.0 (7.7) 36.1 (17.2) 30.9 (16.5) 26.9 (21.5)

ECFP4 13.5 (7.3) 10.5 (6.6) 6.9 (6.1) 41.7 (21.9) 36.8 (21.3) 34.0 (25.1)

GpiDAPH3 13.3 (8.0) 10.0 (7.0) 6.5 (6.7) 37.0 (18.7) 32.6 (19.6) 29.2 (24.5)

TGT 8.4 (6.2) 5.7 (4.8) 2.9 (3.4) 28.2 (18.0) 22.8 (17.9) 20.1 (20.5)

ZINC

100 5000

B-M carbon Sk reduced Sk B-M carbon Sk reduced Sk

MACCS 14.5 (11.0) 10.0 (8.5) 7.3 (7.5) 35.9 (15.6) 30.3 (14.2) 27.1 (15.1)

ECFC4 20.9 (14.2) 16.5 (14.6) 13.8 (17.3) 38.7 (17.8) 33.7 (17.9) 30.1 (22.4)

ECFP4 21.6 (13.5) 17.4 (12.4) 13.2 (14.8) 42.8 (22.6) 38.7 (22.9) 37.1 (27.8)

GpiDAPH3 21.9 (14.4) 17.9 (12.8) 15.2 (15.7) 38.8 (19.7) 34.3 (21.2) 30.2 (24.5)

TGT 13.9 (14.1) 10.8 (12.3) 7.5 (9.6) 29.6 (19.3) 24.8 (19.4) 21.4 (23.3)
aAverage recall rates (in%) are reported for Bemis andMurcko scaffolds (B-M), carbon skeletons (carbon Sk), and reduced cyclic skeletons (reduced

Sk) over all activity classes for the top-ranked 100 and 5000 database compounds. Standard deviations for individual search trials are given in
parentheses.
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consistently was the most populated interval across different
activity classes. On the other hand, TGT showed much
greater variation in Tc ranges across classes and reference
sets, covering a Tc range from about 0.2-0.7. Despite the
variability of individual search trials, GpiDAPH3 produced
a constant limited early enrichment of scaffold hops. On
average, TGT displayed the weakest search performance.
Importantly, Figure 1 also reveals that different fingerprints
enriched active scaffolds at very different Tc values, e.g.,
MACCS > 0.8, ECFP4 > 0.2, or GpiDAPH3 predomi-
nantly < 0.2. Consequently, it is essentially impossible to
define generally applicable Tc threshold values for scaffold
hopping.

Similarity ValueDistributions andDatabase Selection Sets.

Next we investigated the general distribution of Tc threshold
values over all activity classes for which a scaffold recall of at
least 25% was achieved and determined the corresponding
database selection set sizes. The results are shown inFigure 2.
For all fingerprints, Tc value ranges that detected at least
25% of the possible scaffold hops for diverse active com-
pounds were found to vary substantially. The Tc value range
distributions ofMACCS (Figure 2a) andECFC4 (Figure 2b)
were comparable, but the distribution of ECFC4 was

Figure 4. Similarity values for scaffold hops and correspondingmedian ranks. Distributions of Tc values of active compounds (scaffold hops)
across all trials are shown. The bars are color-coded according to themedian database rank corresponding to the Tc values. The red color range
corresponds to ranks 1-100, the green to ranks 100-5000, and the blue to range from5000 to 50000. The solid curvemonitors Tc values and the
corresponding median ranks and the dashed lines show the interquartile range, i.e. the variation in ranks observed over all trials. (a) MACCS,
(b) ECFC4, (c) ECFP4, (d) GpiDAPH3, (e) TGT.

Figure 3. Average Tc threshold values for scaffold recall rates.
For MACCS (blue), ECFC4 (green), ECFP4 (red), GpiDAPH3
(cyan), and TGT (magenta), the average Tc threshold value
required to achieve a given scaffold recall rate is reported. The
variation in these Tc values across all trials (error bars) is shown for
recall rates of 25%, 50%, and 75%.Numbers next to the error bars
report the median database selection set size for which a recall rate
is achieved.
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somewhat narrower. By contrast, the distributions of ECFP4
(Figure 2c) and, in particular, GpiDAPH3 (Figure 2d), were
considerably shifted toward small Tc values, whereas the
distribution of TGT (Figure 2e) displayed overall broadest
coverage of the entire Tc range. The Tc value ranges where a
notable number of scaffold hops for different compound
classes occurred were highly variable. Thus, for these finger-
prints, it was not possible to determine narrow and generally
applicable Tc values where scaffold hops preferentially
occurred. Database selection set sizes corresponding to
25%scaffold recall also varied for different trials, as revealed
in Figure 2.

Scaffold Recall Potential. Calculating median values of
these distributions made it possible to compare the scaffold
recall potential of different fingerprints. In decreasing order
of search performance, for ECFP4, ECFC4, GpiDAPH3,
MACCS, and TGT, median database selection set sizes of
approximately 2400, 3000, 4300, 5500, and 9200 compounds,
respectively, were required to obtain 25% of all active
scaffolds. Hence, with the exception of TGT, a significant
enrichment of scaffolds was achieved by selecting approxi-
mately 0.5-1% of the screening database. This analysis is
further extended in Figure 3 that reports average Tc thresh-
old values for increasing scaffold recall andmedian database
selection set sizes for 25%, 50%, and 75% recall. To achieve
50% scaffold recall, the top three fingerprints at this level,
ECFP4, ECFC4, and MACCS, required selection of ap-
proximately 19000-24000 database compounds. For 75%
recall, at least approximately 69000 database compounds
needed to be selected (MACCS). Hence, while a notable
general enrichment of active scaffolds was observed in
0.5-1% top-ranked database compounds for four of five
fingerprints, complete (or nearly complete) scaffold coverage
could not be achieved through fingerprint searching.
In addition, Figure 3 also highlights much lower scaffold
hopping-relevant Tc values observed for ECFP4 and Gpi-
DAPH3 compared to the other fingerprints.

DatabaseRanksandSimilarityThresholdValues. InFigure4,
the distribution ofTc values for active compounds is compared
to corresponding database ranks. Although it was not possible
to identify generally preferred Tc value ranges for scaffold
hopping, as discussed above, in some instances, wewere able to
determine Tc threshold values for the enrichment of scaffolds
at high database ranks. Essentially all five fingerprints dis-
played an early enrichment of at least a few active scaffolds.
However, the definition of Tc threshold values for highly
ranked scaffold hops was only meaningful in cases where the
underlying distribution of Tc values was relatively narrow and
reference set- and target-dependent variations in search per-
formance were limited. For example, this has been the case for
MACCS (Figure 4a) and ECFP4 (Figure 4c), but not ECFC4
(Figure 4b) or TGT (Figure 4e). For GpiDAPH3, the Tc
distribution was narrow, but most of the actives produced Tc
values<0.2,whereas individual scaffoldhopswereobservedat
Tc values of up to 0.9, thus prohibiting the definition of
meaningful threshold values. However, this was accomplished
for MACCS and ECFP4 that detected a limited number of
scaffold hops within the top 10-100 database compounds at
Tc values above 0.8 and 0.4, respectively.

Guidelines for Virtual Screening. Taken together, the
results of our analysis have made it possible to extrapolate
to virtual screening situations and formulate some “rule-of-
thumb” guidelines for the use of these fingerprints in prac-
tical applications.

MACCS. The bulk of scaffold hops occur within the Tc
range 0.4-0.6 that usually also covers more than 50% of the
screening database, which is not suitable for practical applica-
tions. Compounds with Tc values above 0.8 can be evaluated
for a limited number of scaffold hops. A threshold value of 0.8
consistently yields database selection sets of approximately
100 compounds (for source database of ∼500000 molecules).

ECFP4. This fingerprint showed overall the highest scaf-
fold hopping potential in our study. A Tc threshold value
of 0.4 can be applied to evaluate potential scaffold hops in
database selection sets of approximately 100 compounds.
Furthermore, a Tc threshold value of 0.2 can be applied
to select approximately 1% of the database that is likely to
contain a significant number of scaffold hops. These scaffold
hops are widely distributed over the top 1% of the database
ranks, suggesting random sampling of candidate compounds
in this range or experimental screening of this small subset.

ECFC4. The scaffold recall performance is generally
similar to ECFP4, but much higher variation in Tc value
ranges are observed, hence prohibiting the definition of
reliable similarity threshold values. Accordingly, compound
selection should generally be based on database rank posi-
tions, rather than Tc values.

TGT. This fingerprint shows the lowest scaffold hopping
potential in our study. Application in virtual screening
would generally be problematic due to large variation in Tc
value ranges and highly variable performance, depending on
both reference sets and compound classes.

GpiDAPH3.This fingerprint displays an extreme Tc value
distribution; nearly all database compounds consistently
yield values <0.2, which is not suited for derivation of Tc
threshold values. The compound class-dependent variation
in search performance is high, but the fingerprint is likely
to substantially enrich diverse scaffolds within the top 1%of
the database.

Conclusions

Representative fingerprints derived from 2D molecular
representations of different design and complexity have been
thoroughly investigated for their ability to detect compounds
having similar activity but distinct scaffolds. For this purpose,
a well-structured scaffold hopping benchmark system has
been generated.On the basis of systematic search calculations,
we have found that the fingerprints we analyzed had at least
limited scaffold hopping potential although they differed in
their search behavior. It has not been possible to determine
generally preferred similarity value ranges for scaffold hop-
ping, due to large variations inTcvalues obtained for different
reference sets and/or compound classes. Accordingly, com-
pound selection on the basis of rank positions was generally
preferred to Tc-based selection. Nevertheless, for at least two
fingerprints, ECFP4 and MACCS, it has been possible to
define Tc threshold values that can be applied to select small
database selection sets of approximately 100 compounds
displaying an early enrichment of scaffold hops (although
only small numbers of alternative scaffolds might be avai-
lable). However, essentially all five fingerprints are capable of
enriching database subsets with active scaffolds; in four cases,
selecting the top-ranked 0.5-1% of the screening database
has been sufficient to retrieve on average 25% of the scaffolds
belonging to 17 different activity classes. These findings have
implications for practical similarity search applications using
these types of 2D fingerprints. If the primary goal is the
identification of only a few novel hits, the results of our
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analysis suggest that it is well worth analyzing the approxi-
mately top 100 database compounds.However, thismight not
be the preferred strategy for similarity searching. On the basis
of our findings, it would often make more sense to preselect
approximately 1% of the database for a subsequent limited
screening campaign, thereby exploiting a likely notable en-
richment of structurally diverse hits in a small subset of the
database. In light of the results presented herein, we suggest
that preselection of database subsets of such size (i.e., ∼1%)
presents a more meaningful application of fingerprint simi-
larity searching than the “needles in haystacks” scenario
associating with focusing on small numbers of top-ranked
candidate molecules.

Supporting Information Available: Figures S1-S3 report
complete individual and average fingerprint search results for
the ChEMBLandZINCbackground databases and correspond
to Figures 1, 2, and 4 of the paper. Table S1 reports scaffold
recovery rates for the top 100, 500, 1000, and 5000 compounds
for ChEMBL and ZINC background databases corresponding
to Table 2 of the paper. This material is available free of charge
via the Internet at http://pubs.acs.org.
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