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ABSTRACT: Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) plays a key role in one-carbon (1C) metabolism in
human mitochondria, and its high expression correlates with poor survival of patients with various types of cancer. An isozyme-
selective MTHFD2 inhibitor is highly attractive for potential use in cancer treatment. Herein, we disclose a novel isozyme-
selective MTHFD2 inhibitor DS44960156, with a tricyclic coumarin scaffold, which was initially discovered via high-throughput
screening (HTS) and improved using structure-based drug design (SBDD). DS44960156 would offer a good starting point for
further optimization based on the following features: (1) unprecedented selectivity (>18-fold) for MTHFD2 over MTHFD1,
(2) a molecular weight of less than 400, and (3) good ligand efficiency (LE).
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Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)
is a human mitochondrial enzyme that is known to play

a key role in purine and thymidine syntheses by generating
one-carbon (1C) units from serine.1 MTHFD2 is a bifunc-
tional enzyme; it catalyzes the dehydrogenation of 5,10-
methylene-THF (CH2−THF) with an NAD+ cofactor and
cyclohydrolysis of 5,10-methenyl-THF (CHTHF) to yield
10-formyl-THF (CHO−THF), subsequently producing for-
mate as a 1C unit.2 It has recently been revealed that
MTHFD2 mRNA and protein are significantly increased in
various types of tumors and that patients with high levels of
MTHFD2 show a poor prognosis.3−5 On the other hand, most
healthy adult tissues do not express MTHFD2, and thus,
inhibitors of MTHFD2 could be potential therapeutics for
MTHFD2-overexpressing cancers with minimal side effects.6,7

Despite high interest in this target, only a few MTHFD1/2
dual inhibitors have been identified. A folate analog LY345899
(Figure 1) inhibited MTHFD2 (IC50: 663 nM) as well as
MTHFD1 (IC50: 96 nM),8,9 and suppressed tumor growth in a
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Figure 1. Reported MTHFD2 inhibitors and HTS hit 1.
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mice xenograft model of colorectal cancer following intra-
peritoneal injection.5 Recently, a nonsubstrate natural product
named carolacton, which binds to both MTHFD1 and
MTHFD2, with the Ki values in the nanomolar range, was
discovered (Figure 1).10 These potent compounds concur-
rently inhibit MTHFD1 and MTHFD2, likely because the
isozymes share the same folding patterns. However, inhibition
of MTHFD1 is considered to be undesirable in terms of
potential safety, as MTHFD1 is broadly expressed in normal
tissues.11 Therefore, a selective inhibitor of MTHFD2 is highly
attractive as a lead for drug discovery in this class.
Herein, we report the discovery of the first isozyme-selective

MTHFD2 inhibitor, DS44960156, with a tricyclic coumarin
scaffold. This novel molecule was initially discovered via high-
throughput screening (HTS), followed by optimization
utilizing a rational structure-based drug design (SBDD).
DS44960156 showed more than 18-fold selectivity for
MTHFD2 over MTHFD1, with a molecular weight of less
than 400.
Through our initial HTS, using a thermal shift assay, we

found a novel tetrahydropyrido[4,3-d]pyrimidin-4-one deriva-
tive as a series of screening hits. The representative compound
1 possessed inhibitory activity against MTHFD2 dehydrogen-
ation with an IC50 value of 8.3 μM (Figure 1). Interestingly, it
did not exhibit inhibitory activity against MTHFD1 (IC50 >
100 μM).
The X-ray crystal structure analysis of the MTHFD2−

compound 1 complex clearly revealed its binding mode
(Figure 2). Compound 1 occupied the folate-binding site of
MTHFD2 with a binding mode slightly different from that of
LY345899 (Figure 2B). Compound 1 did not occupy the
region where the pteridine moiety of LY345899 was found and
formed a significant hydrogen bond network, whereas the
whole molecule of compound 1, except the terminal benzene
ring, shared the same pocket that the rest of the LY345899
molecule occupied. The key interactions of the MTHFD2−
compound 1 complex were as follows: (1) four hydrogen
bonds (Gln132/Lys88 with CO of the pyrimidin-4-one;
Asn87 with CO of the linker amide; Gly310 with SO of
the sultam) and (2) a π−π interaction between Tyr84 and the
pyrimidin-4-one. These interactions were also observed for the
MTHFD2−LY345899 complex, although some of the hydro-
gen bonds were not strong in the case of the MTHFD2−
compound 1 complex, as indicated by their length of >3.0 Å.
Particularly, the core pyrimidin-4-one structure is thought to
largely contribute to the affinity as it is related to the three key
interactions (two hydrogen bonds and one π−π interaction)
among the five mentioned above. On the other hand, the C
O bond of the linker amide that interacts with Asn87 is
important for isozyme-selectivity. As shown in Figure S2 in the
Supporting Information, Asn87 of MTHFD2 corresponds to
Val55 of MTHFD1, while the other four residues interacting
with 1 are conserved between MTHFD1 and MTHFD2.9 The
Val55 side chain of MTHFD1 does not interact with the C
O via hydrogen bonding unlike Asn87 of MTHFD2, and thus,
the affinity to MTHFD1 is much weaker than that to
MTHFD2. The importance of this CO in MTHFD2
inhibition was experimentally supported; the deletion of the
carbonyl group led to complete loss of the inhibitory activity
(see Supporting Information). The terminal benzene ring of
compound 1 was surrounded by several hydrophobic residues,
such as Leu133, Pro134, and Val205. Considering that this
benzene ring occupied the region that was empty for

LY345899, it is possible that the hydrophobic interactions
between the benzene ring of 1 and the residues partially
contributed to the affinity. However, the contribution might be
limited because the apparent hydrophobic pocket was not
formed and the electron density of the benzene ring was not
well established in the region. Based on these structural
features, we moved on to the initial derivatization of the hit.
First, we transformed the sultam moiety into different

functionalities (Table 1), as we found, by HTS, that this
moiety affected the inhibitory activity of MTHFD2. We
synthesized tetrazole and carboxylic acid variants as bio-
isosteres.12 The carboxylic acid variant (3) was found to have a
3-fold higher inhibitory activity than 1, while the tetrazole
variant (2) was less active. None of the weak acidic moieties
examined, i.e. sulfonamides, benzotriazole, and 1,2,4-oxadiazol-
5-one (4−7), showed potent inhibitory activity. We then
screened the effect of substituents around the benzoic acid
moiety. Both the electron-deficient (8) and -donating (9)
groups at the ortho-position of the acid tolerated inhibitory
activity. In particular, the ortho-Cl analog 8 showed a submicro
molar IC50 value. A sterically bulky naphthyl ring (10) instead
of benzene ring of 3 was also acceptable, providing a 2-fold
increase in the IC50 value (1.4 μM) compared with that of

Figure 2. (A) X-ray structure of the MTHFD2−compound 1
complex refined at 2.5 Å resolution (PDB ID: 6JID). (B)
Superposition of the MTHFD2−LY345899−NAD complex (PDB
ID: 5TC4, magenta) and compound 1 (green).
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compound 3. Replacement of the benzene ring with pyridine
(11, 12) or cyclohexane (13) was not acceptable. Finally, the
N-methylated sultam (14) or the nonacidic analog of 3 (the
ester 15 or the amide 16) did not show any inhibitory activity
against MTHFD2, indicating the importance of acidic
functionality at this position.
With the carboxylic acid variants showing promise, we then

modified the core scaffold. Cyclic amides, such as pyrimidin-4-
one, sometimes show poor physicochemical properties13 that
are most likely due to the presence of unmasked weak acidic
N−H. As the carboxylic acid moiety of 3 was not easily
replaced with other nonacidic groups, as indicated by the
results in Table 1, we thought that the removal of the N−H
from pyrimidin-4-one would avoid the potential risk of a poor
ADME profile. Our initial X-ray analysis of the MTHFD2−
compound 1 complex (Figure 2) suggested that the presence
of the carbonyl groups and the π−π stacking ability of the core
scaffold were required for MTHFD2 inhibition. On the other
hand, two nitrogen atoms of the pyrimidin-4-one did not form
any key interaction with the protein or water molecules.
Moreover, the electron density of the benzene substituent was
not apparent, indicating that this benzene was not well packed
into the protein pocket and therefore was replaceable with
other units. These observations motivated us to demonstrate
“structure-based scaffold hopping”14 of the core unit. To
obtain the SAR information with simple substituents, we
combined a benzoic acid group with each synthesized core.
Various pyrimidin-4-one derivatives (Scheme 1, compounds

24−29) were synthesized by condensation of the correspond-

ing amidine (18) and N-Boc-protected β-ketoester (17),15

followed by amidation with the terephthalic acid half ester and
hydrolysis. Another quick approach was to use t-Bu
terephthalic amide intermediate (22), prepared in one step
from commercially available reagents, for condensation. The
bicyclic pyrazolin-3-one system (32−34) was also accessible
using the same intermediate via reactions with hydrazine
derivatives.16 For 4-pyridone derivatives, N-benzylpiperidin-4-
one (35) was converted to enamine17 and reacted with β-
ketoester to give a bicyclic pyran-4-one intermediate (36).18

Substitution with methylamine resulted in the corresponding
4-pyridone core (37).19 Subsequent debenzylation, amidation,
and deprotection resulted in the target compound 38.
The tricyclic coumarin intermediate 39 was prepared using a

previously reported Pechmann condensation.20 We followed
the protocol for the first batch; however, the reaction was not
efficient (∼10% yield) due to the low reactivity of phenol.
Subsequently, we developed a new stepwise protocol for
tricyclic coumarin construction (Scheme 2). The pinacol

Table 1. Structure−Activity Relationship of the Sultam
Transformationa

aThe IC50 values are for the enzymatic assay. The method is described
in the Supporting Information.

Scheme 1. Synthesis of Compounds with Various Core
Scaffoldsa

aReagents and conditions: (a) K2CO3, EtOH, 35%−75%; (b) HCl,
1,4-dioxane or TFA, CH2Cl2, 24%−quant.; (c) carboxylic acid, WSCI-
HCl, HOBt, DMF, or CH2Cl2, 65%−97%; (d) 1 M NaOH, THF, rt,
67%−95%; (e) EtOH, Et3N, 61%−100%; (f) morpholine, toluene,
reflux, quant.; (g) ethyl benzoylacetate, xylenes, reflux, 26%; (h)
MeNH2, MeOH, 80 °C−100 °C, 87%; (i) Pd(OH)2, H2, 1 M HCl,
MeOH, rt.

Scheme 2. Synthesis of Tricyclic Coumarin Derivativesa

aReagents and conditions: (a) 4-(tert-butoxycarbonyl)benzoic acid,
WSCI-HCl, HOBt, CH2Cl2 or DMT-MM, MeOH, 86%−94%; (b)
HCl, 1,4-dioxane or TFA, CH2Cl2, 31%−quant.; (c) Pd(dppf)Cl2, o-
bromophenol or o-bromoaniline, NaHCO3, THF-H2O, 45%−57%.
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borate intermediate 42 was prepared by triflation of β-
ketoester,21 followed by Miyaura borylation.22 Under Suzuki
coupling conditions between o-bromophenol and 42, Pd-
catalyzed coupling and the following 6-membered lactone
formation simultaneously proceeded. This tandem reaction
and the subsequent deprotection yielded the tricyclic coumarin
intermediate 39 as a single product. The total yield of
intermediate 39 from 17 was 26%. As a further benefit, this
sequential protocol enabled the construction of the amide
variant (45),23 by replacing o-bromophenol with o-bromoani-
line.
Table 2 shows the results of scaffold hopping. Our strategy

was to change the heteroaromatic system of the bicyclic

pyrimidin-4-one moiety without deleting the essential carbonyl
groups and π−π stacking ability. Deletion of phenyl

substitution (24) reduced the inhibitory activity, suggesting
that the benzene ring contributed to the binding, likely via
interaction with the surrounding hydrophobic residues, and
therefore was important. Ring expansion of piperidine (25) or
the introduction of methyl groups (26, 27) did not result in
inhibitory activity. We then removed the free N−H of the
pyrimidin-4-one to minimize the potential risk of poor
physicochemical properties. As mentioned earlier, this N−H
did not form any significant hydrogen bonds or interactions. As
a result, N-methylated (28) and cyclized compounds (29)
possessed moderate inhibitory activity, although the IC50
values were 9- and 3-fold lower than that of the parent
compound 3, respectively. Replacement of pyrimidin-4-one
with a 4-pyridone core (38) resulted in an IC50 value
comparable to that of compound 3. The fused pyrazolin-3-
one system was then investigated; we found that the bulkier
substituents increased the inhibitory activity (32−34). This
result is consistent with the significant increase in potency due
to phenyl substitution at the 2-position of pyrimidin-4-one (3
vs 24). Compound 34 showed the highest IC50 value in this
series. Finally, the tricyclic coumarin scaffold was examined.
Compound 41 (DS44960156) was found to be more potent
than the other derivatives examined in Table 2, including the
original pyrimidin-4-one. The amide variant (45) was not
promising compared to DS44960156. It is worth noting that
the IC50 value against MTHFD1 of all compounds examined
was >30 μM.
The structure of the MTHFD2−DS44960156 complex

determined by X-ray crystallography is shown in Figure 3.
The binding mode was almost the same as that of compound
1. All the key features (the four hydrogen bonds and the π−π
stacking) still existed, and the terminal carboxylate strongly
interacted with the main chain N−H of Gly310 via hydrogen
bonding, as observed in the sultam of 1. Both the oxygen
atoms of the carboxylate of DS44960156 were located
approximately 3 Å from the N−H of Gly310 and appeared
to contribute to the binding, whereas one of the oxygen atoms
of the sultam of 1 was oriented differently and approximately
4.4 Å away from the same N−H. This might be one of the
reasons for the enhanced potency of DS44960156.
Table 3 shows a brief comparison of the profiles of

compounds 1 and DS44960156. DS44960156 presented an
IC50 value higher than that of compound 1 (1.6 vs 8.3 μM)
and had a lower molecular weight (349 vs 422, respectively).
Ligand efficiency (LE) is now widely used as a simple metric of
binder, where LE = free energy of ligand binding/heavy atom
count.24 A ligand of LE ≥ 0.3 is considered to be a good binder
for further optimization.25 Although the HTS hit 1 (LE =
0.24) had a lower LE than the standard value, DS44960156
possessed an LE of 0.31, which is a commonly accepted value,
similar to that of carolacton (LE = 0.35). Overall, DS44960156
has an acceptable profile for an initial lead and would offer a
good starting point for further optimization.
In summary, we discovered DS44960156, a novel small

molecule MTHFD2 inhibitor with a tricyclic coumarin
scaffold. Design of this scaffold, assisted by SBDD, enabled
us to transform the HTS hit into a promising compound. It is
noteworthy that the revised synthetic protocols made it
possible to derivatize the initial lead. DS44960156 has >18-fold
selectivity for MTHFD2 over MTHFD1, with a low molecular
weight and a good LE. Evaluation of the biological roles of
MTHFD2 with the derivatized molecule, and its further
optimization to achieve greater potency, are ongoing.

Table 2. Scaffold Hopping of the Corea

aThe IC50 values are for the enzymatic assay. The method is described
in the Supporting Information.
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