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Malaria is a major global disease caused by parasites of the
genus Plasmodium, which are transmitted to people when

female anopheles mosquitoes feed on human blood.1 In 2009,
more than 200 million of cases of malaria were reported, causing
nearly 1 million deaths, mostly among pregnant women and
young children,2 with Plasmodium falciparum and Plasmodium
vivax being primarily responsible for themortality andmorbidity,
respectively.1�3 In regions where malaria is endemic, the huma-
nitarian and economic burdens are considerable, and in 2007, the
Bill and Melinda Gates Foundation, supported by other global
health agencies, initiated an agenda, the ultimate aim of which is
the eradication of malaria.

The reasons for the mortality and morbidity are varied and
include access to medicines. However, P. falciparum resistant
strains to standard antimalarial drugs have also developed.4 As a
consequence, there is an urgent requirement for new antimalarial
drug, and this has triggered a great number of drug discovery and
development programs from public institutions, private institu-
tions, and public�private partnerships.5,6 Many new antimalarial
compounds and mechanisms have been investigated.7,8

The criteria for new antimalarial drugs are demanding; first,
the drug must be safe and efficacious. Then, the profile of a new
molecule should be better than that of existing drugs, it should be
affordable (less than $1/treatment for an adult), and it should be
active against resistant strains. Moreover, with the eradication
strategy in mind, one component of the profile should ideally
include activity against the hepatic or mosquito stage of the
parasite lifecycle.

Most current antimalarial therapies generally only operate
against four metabolic pathways of the parasite.9 In contrast,
sequencing of the P. falciparum genome has revealed more than

5000 genes, and a significant number of these genes are expected
to encode for proteins that are essential for the intraerythrocytic
stages of the parasite.9

Where should the search for leads for new antimalarial drugs
start? In visionary initiatives, in 2010, St Jude's Children's
Research Hospital10 and Novartis11 both published the struc-
tures of thousands of compounds that inhibit parasite growth,
which represents a step change in the number of leads available
for drug discovery programs. Also, in 2010, we at GlaxoSmithK-
line (GSK) published the Tres Cantos Antimalarial Set
(TCAMS), 13533 compounds that are the result of screening
nearly 2 million compounds from the GSK corporate collec-
tion.12 The three sets of compounds are available for download
from the Chembl-NTD database (http://www.ebi.ac.uk/
chemblntd).

Being able to select a high-quality series for lead optimization
from over 13000 potential starting points presents both an
unprecedented opportunity and also a challenge for the medic-
inal chemist community. A clear strategy is required to rapidly
identify those molecules that have both the best chance of being
converted into differentiated antimalarial drugs and that are also
likely to have the lowest risk of attrition in development. This
letter describes our strategy in mining TCAMS to identify
potential starting points for lead optimization programs. An
elegant structure�activity relationship (SAR) analysis of
TCAMS has already been described by Wawer and Bajorath;13

however, our priority in this work is different in that we use
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ABSTRACT: In 2010, GlaxoSmithKline published the struc-
tures of 13533 chemical starting points for antimalarial lead
identification. By using an agglomerative structural clustering
technique followed by computational filters such as antimalarial
activity, physicochemical properties, and dissimilarity to known
antimalarial structures, we have identified 47 starting points for
lead optimization. Their structures are provided. We invite
potential collaborators to work with us to discover new clinical
candidates.
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criteria designed to identify high-quality starting points suitable
for oral drug discovery. These criteria have dictated the mining
and filtering processes that we have used. This is just one way of
mining TCAMS and one that may deprioritize compounds that
represent perfectly good starting points if different mining or
filtering processes were used or if exploratory SAR studies were
carried out. Our aim was to select no more than five potential
starting points for lead optimization. The main characteristics
that the selected starting points should ideally possess are (a) the
scaffold (chemotype) should be structurally different to known
antimalarial scaffolds as various parasite strains are resistance to
many of these drugs; (b) high tractability to facilitate rapid lead
optimizations programs; (c) physicochemical profiles that are
compatible with good oral absorption14 and reasonable aqueous
solubility; (d) no known toxicity issues; (e) druglike function-
ality; (f) no known intellectual property issues; and last but not
least, (g) moderate to good antiplasmodial activity. We note in
particular that being able to control and if necessary reduce
lipophilicity is an important criterion in c and d,15 and while
low lipophilicity is desirable in the starting point, it is not
essential.

The first step was to carry out a clustering exercise with all of
the compounds in the set. From the plethora of methods
available, we chose a standard agglomerative clustering technique
to facilitate analysis of the data set using structural similarity
tools. The “structural similarity” between clusters is defined by
the Tanimoto similarity index between two compounds using
Daylight fingerprints.16 Following this algorithm, we obtained
2948 clusters. Most of the clusters contained less than 20
compounds, and 1120 clusters contain only one compound (in
other words, they are singletons).17

Having clustered the TCAMS, we started the filtering process
by assigning a score of up to 30 points to each compound in the
clusters. We chose to prioritize compounds initially by their
P. falciparum (3D7 strain) antimalarial activity by progressively
assigning more points to the more potent compounds up to a
maximum of 15 points for the most potent compounds. Com-
pounds having an XC50

12 less than 0.01 μM were assigned
15 points, those with an XC50 between 0.010 and 0.1 μM were
assigned 10 points, those between 0.1 and 1 μM were assigned
4 points, and those between 1 and 2 μM were assigned 1 point.
The second priority was the lipophilicity (clogP) of the com-
pound as a preliminary measure of drug-likeness—compounds
with a clogP < 4 scored 6 points; those with a clogP between 4
and 6 scored 3 points; and those with clogP > 6 scored 1 point.
The third priority was given to the number of compounds in each
cluster to prioritize clusters containing numerous compounds
over those containing very few or only one (singletons). Thus,
where a cluster contained more than 20 compounds, 6 points
were added to the score of each compound in that cluster; where
the cluster contained between 5 and 20 compounds, 3 points
were added to each compound; and those containing fewer than
5 compounds, only 1 point was added. We judged that the more
compounds a series contained, the more evidence there was that
that cluster was likely to be amenable to lead optimization and
that the overall profile of a lead compound could be improved by
chemical modification. In contrast, with singletons, there is less
immediate evidence that the overall profile of the compound
can be improved. Note, however, that very potent singletons
were still able to survive the filtering process. Finally, we also
scored compounds by their molecular weight (<400, 3 points;
400�600, 2 points; and >600, 1 point).

Having scored all of the compounds, we discarded all of those
scoring 15 points or less; only 3414 compounds in 467 clusters
passed these filters (Figure 1). At this point in the filtering
process, all of the surviving compounds should have a combina-
tion of good druglike properties, namely, their potency, lipophi-
licity, and molecular weight. A poor score against one property
will be offset by an excellent score against another property. For
example, any remaining singletons are likely to be highly potent.

In an attempt to improve the quality of the remaining
compounds, the set was filtered further to remove less “drug-
gable” molecules using filters, which are based on a selection of
simple calculated molecular properties. These filters include
assessments of heavy atom count (>60), the ratio of the total

Figure 1. Top panel shows P. falciparum 3D7 XC50 vs total score (Total
Score Fast-track) (see the text). Each spot represents a compound with
the color of each compound/spot reflecting its potency with a gradient
frommost potent in red (e0.5 μM) to least potent in blue (0.51�1 μM).
Note that many compounds overlap resulting in black coloring. Asmight
be expected, the compounds with the highest scores tend to be the most
potent. The bottom panel shows those compounds scoring more than
15 with cluster number (Complete_Link_Clus) plotted vs score (Total
Score Fast-track). The colors of the compounds reflect their potency
with XC50e0.5 (red), 0.51�1 (blue), 1�1.5 (yellow), and 1.51�5 μM
(black). Compounds appearing in the same column are members of the
same cluster. Note that some clusters only contain one compound
(singletons).
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number of nitrogen, oxygen, and sulfur atoms to carbon atoms
(>1.5), the number of halogen atoms (>4),18 lipophilicity (clogP
> 6 without ionizable groups), and substructure filtering of well-
known nondesiderable groups for stability or toxicity reasons
were removed, including aldehydes, carboxylic acids, aromatic
nitro groups, alkyl chains g3, primary alkyl amines, methoxy or
ethoxy aromatics groups, phenols, and guanidine derivatives.

Next, using simple substructure searches, we removed those
structures that were related to known antimalarials17 to reduce

the risk of developing a series with high potential for resistance.
This removed approximately 3000 further compounds.

At this point, there were 322 compounds that remained
grouped into 47 clusters comprising both series and singletons.
Having identified the 47 top clusters, we added back into these
clusters all of the compounds that had scored <15, taking the
total number back up to 552 or so. The most druglike (often the
most potent) representatives are shown (Figure 2). Inspection of
a plot of the potency of these cluster representatives against

Figure 2. Continued
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lipophilicity (Figure 3) shows most with excellent potency (XC50 <
100nM) and moderate to good lipophilicity. A list of the SMILES
structures of these ∼500 compounds together with their cluster

number, TCAMS reference number, pXC50, and other physio-
chemical/structural descriptors is provided in the Supporting
Information.

Figure 2. Most druggable/interesting structures from the 47 clusters that remain after the filtering process. Note that some of the scaffolds in these
different series (clusters) are structurally very similar (e.g., series 16 and 24)—here, the algorithm has focused on the dissimilarity of the peripheral
functionality.

Figure 3. Plot showing the representatives of the 47 selected series comparing potency/clogP (red, cLogPe 3; blue, clogP 3.1�5; yellow, clogP 5.1�6;
and black, clogP > 6).
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Forty-seven clusters of compounds were regarded as a more
manageable number for a nonautomated inspection and selec-
tion process. So, in the last part of the filtering process, we
manually inspected each cluster according to the following
criteria: (a) the antiplasmodial activity based on its XC50, (b)
the “druggability” or appeal of the structure to the experienced
medicinal chemist, (c) an assessment of the synthetic tractability
of the compound, (d) the availability of SAR around the
compound from within TCAMS, and (e) searching the literature
for information about the compound and related substructures
(e.g., had they previously been described as having antimalarial
activity, were they in a crowded intellectual property space, or did
they have activity against known biological or other targets?).
This ultimately resulted in the selection of five series featuring
indolines (series 18), aryl carboxamides (series 11), alkylpyra-
zoles (series 37), thienopyrazoles (series 31), and 4-aminopiper-
idines (series 38); they complied with our three main require-
ments, namely, potency, druggability, and tractability (Figure 4).
All five series have undergone preliminary exploration at GSK.

In the indoline series, the exemplar TCMDC-139046, is highly
potent compound with a Pf IC50 = 80 nM. While the molecular
weight and lipophilicity are high, it has little cytotoxicity or hERG
activity and is metabolically stable in mouse and human micro-
somes. This series is also known to have activity against the
5-HT2c receptor.19 Remining TCAMS for analogues of
TCMDC-139046, 62 compounds are found (the majority of
which failed to survive the 15 point cutoff described earlier)
having Pf XC50 values of 0.04�2.0 μM. Within the series are
urea-linked indolines (Pf XC50 = 0.04�1.15 μM) and the
analogous amide-linked indolines (Pf XC50 = 0.28�1.18 μM).

The exemplar compound from the second series termed the
“aryl carboxamides” is TCMDC-125454, which is also very
potent with Pf IC50 = 60 nM and is in fact a singleton. The
cytotoxicity, hERG, and microsomal stability profiles of
TCMDC-125454 are all druglike. We found other related
carboxamide analogues in TCAMS (TCMDC-125023 and
TCMDC-124492 (series 12) (Figure 5). All are attractive from
a medicinal chemistry viewpoint for their low molecular weights
(339�429), lipophilicity (clogP 2.48�4.72), and hydrogen
bond acceptor and donor counts. All of the analogues feature a
trisubstituted left-hand side aromatic ring linked through an
amide in various ways to a right-hand aromatic ring.

The third series—the alkylpyrazoles—is exemplified by
TCMDC-134142 with a Pf IC50 = 0.1 μM. It represents a novel
antimalarial structural scaffold with an excellent cytotoxicity and
hERG profile, with moderate lipophilicity and molecular weight,
and poormicrosomal stability.We found six analogues of TCMDC-
134142 in TCAMSwith a potency range of PfXC50 of 0.18�2 μM.

The last two series are the thienopyrazoles exemplified by
TCMDC-123580 Pf IC50 = 0.95 μM and 4-aminopiperidines series
exemplified by TCMDC-124833 PfXC50 = 0.09 μM.The compara-
tively lower molecular weights and lipophilicities of these exemplars
are very attractive with the aminopiperidine having cytotoxicity,
hERG, and microsomal stability profiles, which are druglike. Other
analogues of both the thienopyrazoles (six analogues) and the
aminopiperidine series (two analogues) were also found in TCAMS.

Having completed this selection process, we briefly investi-
gated whether using other selection criteria such as ligand
efficiency (LE) would have selected different chemical classes.
We therefore selected those compounds from the TCAMSwith a
LE g 0.35 (pXC50 � 1.37/number of heavy atoms) and
belonging to a cluster with five or more compounds. We then
applied the same structural/developability filters described above
to these compounds, which generated 27 clusters (shown in the
Supporting Information). Interestingly, 20 of these 27 chemical
classes (75%) were also selected, by the “fast-track” approach
described above. This perhaps suggests that while mining the
TCAMS in different ways will lead to identification of different
chemical classes, the overlap in finding the same series is expected
to be high.

Figure 4. Exemplar compounds and their profiles for the top five selected series. For comparison, chloroquine has Pf IC50 = 0.024 μM.

Figure 5. Analogues of TCMDC-125454 in the aryl carboxamide series
found in TCAMS.
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The next step would be to assess the in vivo efficacy of the
different selected series. Currently, we are following this strategy
using a P. berghei mouse model adapted for screening to validate
this theoretical analysis. The description of the methodology and
results of the screen will be object of another publication.

In conclusion, we have described a fast-track filtering process
of the TCAMS with a view to identifying high-quality starting
points for lead optimization efforts. We have detailed here 552
such starting points, which are available as a resource for malaria
drug discovery efforts. Furthermore, fuller profiles of exemplars
from the five prioritized series are detailed. As with the publica-
tion of TCAMS, the publication of these chemical series is to
contribute toward open-innovation in malaria drug discovery.
We are unable to pursue lead optimization of 47 series simulta-
neously, and we invite and encourage other groups to collaborate
with us in developing these series.
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