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The DNA-repair enzyme MutT homolog 1 (MTH1) is a potential target for a broad range of tumors. Its
substrate binding site features a non-catalytical pair of aspartic acids which resembles the catalytic dyad
of aspartic proteases. We hypothesized that inhibitors of the latter might be re-targeted for MTH1 despite
the two enzyme classes having different substrates and catalyze different reactions. We selected from the
crystal structures of holo aspartic proteases a library of nearly 350 inhibitors for in silico screening. Three
fragment hits were identiﬁed by docking and scoring according to a force ﬁeld-based energy with
continuum dielectric solvation. These fragments showed good ligand efﬁciency in a colorimetric assay
(MW < 300 Da and IC50 < 50 mM). Molecular dynamics simulations were carried out for determining the
most favorable interaction patterns. On the basis of the simulation results we evaluated in vitro seven
commercially available compounds, two of which showed submicromolar potency for MTH1. To obtain
deﬁnitive evidence of the predicted binding modes we solved the crystal structures of ﬁve of the 10
inhibitors predicted in silico. The ﬁnal step of hit optimization was guided by protein crystallography and
involved the synthesis of a single compound, the lead 11, which shows nanomolar afﬁnity for MTH1 in
two orthogonal binding assays, and selectivity higher than 2000-fold against its original target (BACE1).
The high rate of fragment-hit identiﬁcation and the fast optimization suggest that ligand retargeting by
binding site analogy is an efﬁcient strategy for drug design.
© 2019 Published by Elsevier Masson SAS.
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1. Introduction
The human MutT Homolog 1 (MTH1) is part of the DNA repair
system in which it hydrolyzes free oxidized nucleotides, particularly 8-oxodGTP and 2-OH-dATP [1]. The phosphate hydrolysis
prevents their misincorporations into DNA which otherwise would
cause mutations. Thus, MTH1 inhibitors have potential as anticancer drugs. Several groups have reported the identiﬁcation of
high nanomolar MTH1 inhibitors by in vitro [2e4] and in silico [5]
approaches. To date, only a few low nanomolar binders have been
reported. The low nanomolar MTH1 inhibitors, TH588 and (S)-crizotinib, showed cytotoxic effects in solid tumor cell lines derived
from colorectal, lung, breast, cervical, pancreatic, ovarian, and bone
cancers [6,7]. Recent studies have provided strong evidence that
potent MTH1 inhibitors do not possess antiproliferative activity
which suggests that the cytotoxic effect of TH588 and (S)-crizotinib
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is due to binding to other targets [8,9]. Therefore, new MTH1 inhibitors can be used to further assess the role of this DNA repair
enzyme in cancer cells.
Structurally, MTH1 has the common Nudix hydrolase fold consisting of a b-sheet and a-helices on each side [10]. The modiﬁed
nucleotides bind to the substrate binding site such that the pyrimidine moiety of the base interacts with two aspartate residues
which are adjacent in sequence and three-dimensional space
(Asp119, Asp120). The Asp-Asp motif (called also aspartate pair
hereafter) in MTH1 is not involved directly in catalysis. Yet, it is
reminiscent of the catalytic dyad in the active site of aspartic proteases. A large number of crystal structures of aspartic proteases in
the complex with small-molecule ligands is available in the Protein
Data Bank [11] because of the importance of these enzymes in
human diseases. In particular, BACE, renin, cathepsin D, and plasmepsins, are involved in Alzheimer's disease, hypertension, cancer,
and malaria, respectively [12,13].
Here, we hypothesized that structural analogy between the
binding site of the target enzyme (MTH1) and functionally unrelated enzymes (aspartic proteases) can be exploited for hit
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identiﬁcation. More precisely, due to the presence of an aspartate
pair in the substrate binding site of both MTH1 and aspartic proteases, small molecule ligands of the latter constitute a privileged
library for (medium-throughput) screening of MTH1 ligands. Our
hypothesis is inspired by the concept of ‘binding site centric
chemical space’, which implies that binding sites with similar
sterical and/or chemical properties recognize similar functional
groups [14e16].
Following our hypothesis we have identiﬁed three fragment hits
for MTH1 (MW < 300 Da, IC50 < 50 mM) by docking a library of 342
inhibitors of aspartic proteases with subsequent biochemical and
biophysical characterizations. The hit optimization was guided by
molecular dynamics simulations such that only seven molecules
were tested in vitro. We validated the predicted binding mode of
ﬁve of the 10 compounds by protein crystallography. Based on the
available structural information, we decided to synthesize only one
molecule which showed low nanomolar potency and conﬁrmed the
structure-based design.
2. Results and discussion
We ﬁrst present the results of the ligand retargeting strategy.
We then discuss hit optimization which was initially based on
molecular dynamics simulations and in a second stage supported
by crystal structures of holo MTH1. In the following we use the term
fragment as our inhibitors of MTH1 have molecular weight smaller
than 300 Da.
2.1. Ligand retargeting: from protease inhibitors to MTH1 hits
We compiled a library of inhibitors of aspartic proteases with
molecular weight larger than 200 Da, and available crystal structure (269, 3, 67, and 3 ligands of BACE1, BACE2, renin, and cathepsin
D, respectively; Fig. S1). We then used rDock [17] to dock this library into the rigid binding site of MTH1 from its complex with (R)crizotinib (PDB code 4C9W). We selected this structure, instead of
the complex with (S)-crizotinib, as it has two orientations of the
side chain of Asn33, and one of the two orientations is the same as
in the apo structure. Taking into account all possible hydrogenbond patterns between ligands and Asp-Asp pair [18], we
assigned ﬁve different protonation states to the Asp-Asp motif.
Each protonation state was then treated individually during the
docking calculations. About two thirds of the 342 aspartic protease
inhibitors were discarded because their top 20 poses did not
feature the same interactions with the aspartate pair of MTH1 as in
the aspartic protease complex from which they originated. The
remaining poses from the ﬁve docking campaigns were ranked
according to the calculated ligand efﬁciency. The latter was evaluated as the binding energy (calculated by CHARMM [19] and the
CHARMM/CGenFF force ﬁeld [20,21]) divided by the number of
non-hydrogen atoms. Electrostatic solvation effects were approximated by the ﬁnite-difference Poisson equation, i.e., in the continuum dielectric model [22,23]. We decided to use the calculated
ligand efﬁciency to favour compounds of small sizes which has two
advantages. First, docking results are more accurate for small and
(mainly) rigid fragments than large and ﬂexible molecules [23e25].
Second, fragments are usually soluble up to the high mM concentration which is useful for the biophysical characterization [26].
Due to availability we tested in vitro only three of them, viz., compounds 1e3 (Table 1) which ranked 11, 7, and 4, respectively, according to calculated ligand efﬁciency. The fragment hits 1e3,
which originate from the aspartic protease BACE1 (PDB structures
3HW1, 3BUH, and 3MSJ, respectively), showed a potency in the
range of 20 mMe50 mM for MTH1 in a colorimetric assay (Fig. S12).
Furthermore, hits 1 and 3 show a Kd of 15 mM as measured by

isothermal titration calorimetry (ITC) (Fig. S11). Importantly for
fragment growing, they have a very favorable ligand efﬁciency of
about 0.40 kcal/mol per non-hydrogen atom and good lipophilic
ligand efﬁciency (Table 1). Furthermore, fragment hits 1 and 3
exhibited 38 and 28 times lower IC50 values, respectively, for MTH1
than BACE1. Thus, ligand retargeting by binding site analogy
allowed the efﬁcient identiﬁcation of fragment hits for MTH1.
To further validate the ligand retargeting strategy we tried to
solve the crystal structures of MTH1 in complex with the fragment
hits 1e3. We were successful for the complex with compound 1 but
only at a late stage of the project. More precisely, we identiﬁed in
silico (and tested in vitro) compounds 1e10 (Tables 1 and 2) before
we could solve any crystal structure of holo MTH1. (Note that
crystal structures are mentioned here, and not in chronological
order, for clarity.) The structural overlap of the binding sites of
MTH1 and BACE1 shows that ligand 1 is involved in similar interactions with the aspartate pair in the two enzymes (Fig. 1A). The
interactions with Asp119 and Asp32 (in MTH1 and BACE1, respectively) are identical. Furthermore, both Asp120 and Asp228 (in
MTH1 and BACE1, respectively) interact with the NH2 of inhibitor 1
via a water-bridged and direct polar interaction, respectively. The
2-aminoquinoxaline occupies an aromatic cage (Phe72, Trp117, and
Phe139) in MTH1 while the corresponding pocket in BACE1 has a
single aromatic side chain (Tyr71) and aliphatic side chains (Leu30,
Ile118).
We next had to decide which of the hits 1e3 would be the most
appropriate for optimization. During the in vitro validation of our
compounds 1e3, a 2-aminoquinazoline derivative was published
by others (compound 24 in Ref. 9). This MTH1 inhibitor is similar to
our 2-aminoquinoxaline based compound 1. The hit 2 had slightly
worse afﬁnity for MTH1 than compounds 1 and 3, and is only about
ﬁve times more potent for MTH1 than BACE1 (Table 1). Furthermore, the purity of compound 2 was only moderate. Given the issues of novelty of hit 1 and limited selectivity of 2, we decided to
focus our hit optimization efforts on fragment 3, which had favorable ligand efﬁciency for the MTH1 target, good selectivity against
BACE1, and a novel blueprint within the pool of the published inhibitors of MTH1.
We purchased and tested only three analogues of fragment 3,
viz., compounds 4e6 (Table 1) because we wanted to investigate
three hypotheses, respectively, the dispensability of the propanol
and Cl substituents, the role of the NH2 group, and the inﬂuence of a
pyridinyl nitrogen as hydrogen bond acceptor. The fragment 4
which lacks the propanol and Cl substituents (on the ﬁve-ring and
six-ring, respectively) showed similar potency as the hit 3 conﬁrming our hypothesis, based on the docked pose, that these substituents do not contribute to binding. The crystal structure of the
complex of MTH1 and fragment 4 provided a posteriori validation of
our strategy as the binding mode is essentially identical to the one
of fragment 3 in BACE1 (Fig. 1B). Concerning the second hypothesis,
the docking prediction of the key role of the NH2 group was validated by the modest potency of fragment 5 which lacks the amino
group.
The strong inﬂuence of an additional hydrogen bond acceptor,
i.e., the nitrogen atom in the pyridinyl ring of compound 6, was
rather unexpected. It resulted in a substantial improvement of
potency of compound 6 which showed a 1-mM afﬁnity in both the
colorimetric assay and ITC (Table 1). In other words, the replacement of the carbon atom at position 4 of the 2-aminobenzimidazole
4 by a nitrogen resulted in a factor of 40 or 13 higher afﬁnity for
compound 6 as measured by the colorimetric assay or ITC,
respectively. The overlap of the crystal structures of MTH1 in the
complexes with fragments 4 and 6 shows that fragment 6 is more
buried and there is an inward rotation of the Asn33 side chain c1
angle by about 90� so that the side chain oxygen of Asn33 is in

109

L. Wiedmer et al. / European Journal of Medicinal Chemistry 175 (2019) 107e113

Table 1
MTH1 hits obtained by docking a library of aspartic protease inhibitors. Dissociation constant (Kd) and half maximal inhibitory concentration (IC50) were measured by ITC
and colorimetric assay, respectively. aLigand efﬁciency (LE) was calculated as � 1:37log(IC50)/HA, where HA is the number of non-hydrogen atoms. bClogP was calculated by
ChemDraw. cLipophilic ligand efﬁciency (LLE) was calculated as pIC50-ClogP. dValues for BACE1 inhibition were taken from previous works [29,32,33], except for fragment 6
which was measured by the assay with the ﬂuorogenic substrate (Fig. S13). The PDB codes of the structures of MTH1 in complex with compounds 1, 4, and 6 are 6EQ6, 6EQ5,
and, 6EQ2, respectively.

MTH1
ID
1
2
3
4
5
6

R1

R2

NH2
NH2

(CH2)3OH

NH2

R3

C1

BACE1
a

X

IC50(mM)

Kd(mM)

LE

15

C
C
N
N

23
46
28
44
123
1.1

0.40
0.37
0.41
0.60
0.60
0.82

15
18
1.3

c

b

LLE

ClogP

IC50(mM)

2.3
1.1
3.2
3.2
3.2
5.4

2.3
3.2
1.5
1.2
0.7
0.6

870d
770d

Kd(mM)
220d

>200

Table 2
Hit optimization. Nine derivatives of the 7-azaindole 7 were tested in vitro: compounds 8e10 and the six molecules in Table S1. See caption of Table 1 for notes. The PDB codes
of the structures of MTH1 in complex with compounds 8 and 9 are 6EQ4 and 6EQ3, respectively.

MTH1
ID

R1

IC50(mM)

Kd(mM)

LEa

LLEc

ClogPb

7

H

132

96

0.59

2.7

1.2

8

0.8

2.4

0.52

4.2

1.9

9

0.4

0.7

0.55

5.7

0.7

10

17

0.36

3.5

1.2

hydrogen bond distance (2.8 Å) from the NH2 group of fragment 6
(Fig. 2A). As a consequence two water molecules are displaced and
there is a slight rotation of the plane of the carboxyl group of
Asp120. Concerning the hydrogen bonds with the aspartate pair of
MTH1, it is interesting to note that the donor-acceptor pattern of
our fragment 6 mimics the 6,8-diketo form while the low-nM inhibitor TH588 (5 nM in Ref. 6) mimics the 6-enol-8-keto form of 8oxo-dGTP (Fig. S10). It has been suggested that MTH1 preferably
binds to the 6-enol-8-keto form of 8-oxo-dGTP [10]. The binding of
the 6,8-diketo form would require a different protonation state of
the Asp-Asp motif of MTH1. Note that modiﬁcations of the protonation state of the catalytic dyad upon complex formation have
been reported for aspartic proteases [27].
Similar changes in binding pose as for the heterocyclic change
between fragment 4 and 6 are unlikely to occur in BACE1 due to the

resulting clashes with Asp228 (Fig. 2B). Consistently, in the ﬂuorescence quenching assay we could not measure any inhibition of
BACE1 at 200 mM of compound 6 (Fig. S13).
2.2. Molecular dynamics-guided hit optimization
We decided to carry out hit optimization on compound 6
because of its potency and ligand efﬁciency for MTH1, and its
selectivity against BACE1 (Table 1). To validate the pose predicted
by docking, which had used a rigid protein structure, we carried out
explicit solvent molecular dynamics simulations. The docked pose
was stable in ﬁve independent runs of 200 ns each (Fig. 3A). The
binding site of MTH1 did not show major rearrangements except
for an outward rotation of Asn33 (Fig. 3C and D). As a consequence,
the hydrogen bonds between fragment 6 and the aspartate pair
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Fig. 1. Ligand retargeting from BACE1 to MTH1. The relative orientation of the two catalytic aspartates in BACE1 (carbon atoms in green) differs slightly from the Asp-Asp pair in
MTH1 (yellow). Nevertheless, the binding mode of the retargeted ligands is similar in the two enzymes. (A) Complex of fragment 1 and MTH1 (PDB:6EQ6) overlaid to the complex
with BACE1 (PDB:3HW1). (B) Complex of fragment 4 (PDB:6EQ5) and MTH1 overlaid to the complex of fragment 3 and BACE1 (PDB:3MSJ). The crystal structures were overlaid using
the atoms in the double-ring systems of the ligands (spheres). The water molecule that bridges the exocyclic NH2 group and Asp120 in MTH1 is labeled W1 (yellow sphere).
Hydrogen bonds to the aspartate pair are shown (dashed lines). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this
article.)

were stable while those with the Asn33 side chain were broken
during most of the sampling (Fig. 3B). In other words, the molecular
dynamics results indicate that the interactions with the aspartates
contribute more to the afﬁnity than the hydrogen bond to Asn33.
Thus, we purchased and tested in vitro the 7-azaindole 7 which is
the minimal scaffold that can interact with the Asp-Asp pair
(Table 2). The favorable ligand efﬁciency of fragment 7 (0.59 kcal/
mol per non-hydrogen atom) validated our molecular dynamicsbased hypothesis.
Next, we decided to apply the anchor-based library tailoring
(ALTA) procedure [23,28] to improve afﬁnity. We screened in silico
the nearly 5000 derivatives of fragment 7 that were commercially
available. We selected fragment 7 for optimization by catalogue as
only 8 and 321 derivatives of fragments 6 and 5, respectively, were
available (Fig. S5). As we wanted to preserve the 7-azaindole core
bound to the Asp-Asp motif, we considered derivatives of fragment
7 with substituents at positions 3e6 (see Table 2 for numbering).
The docking was carried out using the crystal structures 4C9X and
5ANS which have the outward orientation of the Asn33 side chain
and two different orientations of the loop consisting of residues

23e31. Note that the higher ﬂexibility of this loop with respect to
the rest of MTH1 had been observed in the molecular dynamics
simulations (Fig. S7). Upon docking we discarded compounds in
which the 7-azaindole scaffold deviated more than 2 Å from fragment 7. The remaining compounds were ﬁrst ﬁltered for a size
larger than 15 non-hydrogen atoms to have at least one ring-like
substituent. The remaining compounds were sorted according to
calculated ligand efﬁciency (Table S1). From the list of the top 100
compounds we decided to order only nine molecules as they were
all available from a single commercial entity (compounds 8e10 in
Table 2 and S1-S6 in Table S1). Eight of these compounds at 50 mM
concentration showed inhibition of MTH1. Moreover, inhibitor 9
shows sub-micromolar afﬁnity according to both the colorimetric
assay and ITC, while inhibitor 8 has an IC50 of 0.8 mM in the colorimetric assay and a Kd of 2.4 mM by ITC (Table 2). The three inhibitors 8e10 are substituted at position 4 of the 7-azaindole
scaffold and the substituents were predicted to occupy the hydrophobic pocket that is ﬁlled by the deoxyribose of 8oxo-dGMP. The
predicted poses of compounds 8 and 9 were subsequently validated
by X-ray crystallography (Fig. S3 and Table S2). Both inhibitors

Fig. 2. Different hydrogen bonding-pattern of fragments 4 and 6. (A) The different binding poses of fragments 4 (carbon atoms in yellow, PDB:6EQ5) and 6 (cyan, PDB:6EQ2) are
shown with the water molecules in the complex with 4 (spheres). The additional heteroatom in fragment 6 results in displacement of two water molecules and a more buried
binding mode than the one of fragment 4. The 2Fo-Fc maps is contoured at 1s. The crystal structures were overlaid by using the Ca atoms of the regular elements of secondary
structure. (B) The structural overlap of fragment 4 in MTH1 (not shown) and fragment 3 in BACE1 (carbon atoms in green) shows that fragment 6 (cyan) would bump into the side
chain of Asp228 of BACE1. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Stability of docked pose of fragment 6 and interactions with the Asp-Asp motif. (A) The RMSD of fragment 6 in the ﬁve 200-ns trajectories (individual runs separated by
vertical red line) was calculated by using non-hydrogen atoms and the crystal structure as reference (PDB code 6EQ2). (B) The average distances of the hydrogen bond between
fragment 6 and the MTH1 binding site residues. (C) Time series of the c1 angle of Asn33 (horizontal lines emphasize the two main orientations of the Asn33 side chain). (D) The two
orientations of Asn33 observed in the simulations are shown (colors correspond to those in panel C). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the Web version of this article.)

Fig. 4. Crystal structures of MTH1 in the complex with inhibitors 8 and 9. Both inhibitors show the polar interactions with the aspartate pair as predicted by docking. (A) The 3ﬂuoro-pyridine of inhibitor 8 engages the side chain of Phe27 by an edge-to-face interaction (PDB 6EQ4). Two orientations of ﬂuorine are observed in the electron density map. (B)
Structural overlap of MTH1 in complex with 8-oxo-dGMP (carbon atoms in green, PDB 3ZR0) and inhibitor 9 (carbon atoms in yellow, PDB 6EQ3). The Ca atoms of the secondary
structure elements of MTH1 were used for the structural overlap. The sulfur atom and nitrogen atom of the thiazole ring of compound 9 occupy the position of the atoms O8 and N9,
respectively, of 8-oxo-dGMP. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

retained their 7-azaindole core bound to the Asp-Asp motif (Fig. 4).
The 3-ﬂuoro-pyridine of inhibitor 8 is next to the Phe27 in the
ﬂexible loop (residues 23e31) which can accommodate different
ligands through small changes [9]. The observed edge-to-face pstacking interaction might contribute to loop stabilization. Interestingly, the superposition of the structures of MTH1 in the complex with the substrate 8oxo-dGMP and inhibitor 9 shows that the
sulfur and nitrogen atoms of the thiazole ring overlap with the O8
and N9 atoms of 8oxo-dGMP, respectively (Fig. 4B). In addition, the
hydroxyl group of inhibitor 9 is involved in a hydrogen bond with
the backbone carbonyl of Thr8 which corresponds to the interaction with the hydroxyl of the deoxyribose.

2.3. Structure-based design of lead compound 11
The comparison of fragment 7 and its derivative 8 indicate that
the 3-ﬂuoro-pyridine of the latter results in a potency improvement by a factor of 40 (according to ITC) to 165 (according to the
colorimetry assay) (Table 2). Thus, we hypothesized that the 3ﬂuoro-pyridine substituent could improve the afﬁnity of the 1 mM
fragment hit 6 into the nanomolar range. From the structural
alignment of the complexes of MTH1 with fragment 6 and fragment
8 it clearly emerged that the imidazopyridine and 7-azaindole
overlap such that the 3-ﬂuoro-pyridine could be substituted in
position 7 of the imidazopyridine 6 (Fig. 5A). Thus, we decided to
synthesize compound 11 (Fig. 5C and Supplem. Information) which
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Fig. 5. Design and characterization of the lead compound 11. (A) The overlap of the crystal structures of MTH1 in the complexes with fragment 6 (carbon atoms and electron
density in yellow) and fragment 8 (cyan) suggests that the 3-ﬂuoro-pyridine can be substituted also on fragment 6. The two orientations of the ﬂuorine atom of fragment 8 are
shown with the corresponding densities. (B) The crystal structure of the complex of MTH1 and the lead compound 11 validates the design. (C) Chemical structures and CETSA
results. In the absence of inhibitors, MTH1 unfolds and precipitates at high temperature ( > 58� C) in K562 cells. The inhibitors stabilize MTH1 and raise the melting temperature. The
amount of unprecipitated protein was quantiﬁed by Western Blot. The nanomolar inhibitor TH588 (5 nM in Ref. 6) was used as positive control. (D) The values of afﬁnity of our lead
11 and the inhibitor TH588 in binding assays with recombinant MTH1 are tabulated (see caption of Table 1 for notes), together with the cytotoxic effect on HeLa cells. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

was not commercially available. Note that we also considered to
decorate the fragment hit 6 in position 7 with the thiazole substitution instead of the 3-ﬂuoro-pyridine but realized that its synthesis would be more difﬁcult than the one of compound 11. The
crystal structure of the complex with compound 11 validates our
structure-based design as its imidazopyridine and 3-ﬂuoro-pyridine occupy the same position and are involved in the same interactions as fragment 6 and the 3-ﬂuoro-pyridine of compound 8,
respectively (Fig. 5A and B). As already observed for fragment 8, the
ﬂuorine atom on the pyridine ring points either to the Asn33 or to
the opposite hydrophobic site consisting of Ile70, Phe72, Met81,
and Val83. Gratifyingly compound 11 shows an IC50 of 0.03 mM in
the colorimetric assay and a Kd of 0.1 mM by ITC (Fig. 5D). Furthermore, the selectivity of our lead 11 against BACE1 and hERG is
higher than a factor of 2000 as lead 11 at 200 mM does not show
inhibition of these off-targets (Figs. S13 and S14). A potential hERG
liability was investigated as the optimization program of fragment
3 on BACE1 resulted in a series of inhibitors that block hERG [29].
We checked our inhibitors for potential assay interference and/
or aggregation. The compounds 1e11 were negative in tests for
known pan-assay interference (PAINS) substructures at the FAFDrugs4 Web server [30]. Furthermore, except for fragments 3 and
5, our inhibitors are negative in a test for known aggregation substructures or properties at the Aggregator Advisor Web server [31].
A potential aggregation of fragment 3 was not reported in Ref. 29 in
which it was selected as starting scaffold for an inhibitor series to
target BACE1. Fragment 5 is similar to part of an aromatic four-ring
system (Fig. S8) and because of its smaller size it is likely not to be
problematic. The use of ITC as a complementary and orthogonal

binding assay excludes possible assay interferences of compounds
with the colorimetric assay. Moreover, the direct measurement of
ligand-protein binding by ITC (Fig. S11) provides further evidence
of one to one binding to MTH1.
Next we decided to assess the activity of our lead compound in
the cell with a target-engagement assay. For this purpose, 11 was
tested in a cellular thermal shift assay (CETSA) which monitors the
increase in thermal stability upon ligand binding. The stabilization
of MTH1 as measured by CETSA is evident already at submicromolar concentrations of 11 (Fig. 5C) which is consistent with
the nanomolar potency measured by ITC and in the colorimetric
assay.
To evaluate its potential as anticancer lead compound, fragment
11 was tested on HeLa cells by resazurin-based cell proliferation
assay using TH588 as a positive control. Although both TH588 and
our lead compound 11 show nanomolar potency in the MTH1
enzymatic assay (Fig. S12) and CETSA (Fig. 5C), only TH588 showed
antiproliferative effects in HeLa cells. The GI50 of 3.8 mM (Fig. S15)
measured for TH588 is in good agreement with the published value
of 2.6 mM [6]. Thus, our CETSA and cell-proliferation assays provide
further evidence that the cytotoxic activity of TH588 originates
from off-target effects as reported in recent studies [8,9].
Irrespective of the validity of MTH1 as a drug target, our strategy
of retargeting BACE1 inhibitors for MTH1, which is based on the
common pair of aspartate residues, resulted in efﬁcient hit ﬁnding
and follow-up optimization. The same strategy can be applied to
other pairs of non-homologus enzymes (or receptors) that have
analogous binding sites.
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3. Conclusions
We have hypothesized that similarity in the binding sites of two
unrelated enzymes can be exploited for ligand identiﬁcation.
Following our hypothesis we have screened 342 inhibitors of
aspartic proteases for binding to MTH1 as MTH1 features a pair of
aspartates adjacent to its catalytic site. The screening was carried
out by docking and yielded three fragment hits with very favorable
ligand efﬁciency. Molecular dynamics simulations provided information on the key interactions of the 1-mM hit 6. These interactions
were preserved during hit optimization in the space of commercially available compounds. The overlap of the crystal structures of
MTH1 in the complexes with fragment 6 and compound 8 suggested the synthesis of compound 11. The structure-based design
was successful as the lead compound 11 shows nanomolar potency
for MTH1 and high selectivity against the potential off-targets
BACE1 and hERG. The predicted binding modes of ﬁve compounds were validated by protein crystallography which provides
evidence that structural analogy can be exploited for (in silico)
ligand identiﬁcation. Ligand retargeting by binding site analogy is
particularly useful for those targets that show structural analogy
with binding sites of unrelated proteins for which many inhibitors
are known.
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