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Phenolnaphthalein derivatives show potential for pharmacological activity as inhibitors of thymidylate
synthase (TS) but difficulties in their synthesis and derivatization hinder their development. A decon-
struction approach aimed at identifying a suitable new scaffold was proposed. A new scaffold was iden-
tified and two compound libraries based on this scaffold were designed. The carboxamide library (Library

B) showed specific inhibition activity against Escherichia coli TS, whereas the sulfonamide library (Library
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development.

C) showed a non-specific inhibition profile against hTS. N-(1,3-Dioxo-1H,3H-benzo[de]isochromen-5-yl)-
sulfonamide derivatives, 1C and 9C, showed one order of magnitude improvement in inhibition constant
against hTS with respect to the starting lead and represent potential compounds for further lead

© 2012 Elsevier Ltd. All rights reserved.

Thymidylate synthase (TS) (EC: 2.1.1.45) catalyzes the reductive
methylation of 2’-deoxyuridine-5’-monophosphate (dUMP) to 2’-
deoxythymidine-5’-monophosphate (dTMP) and is assisted by
the cofactor N°,N'®-methylene tetrahydrofolate (MTHF).! Because
TS is essential for the only synthetic source of dTMP in human cells,
it is a major target for the design of chemotherapeutic agents.?
Among the drugs known to target TS, 5-fluorouracil, raltitrexed
and pemetrexed are used therapeutically as anticancer agents.

Previous studies of phenolnaphthalein derivatives led to the dis-
covery of compounds with species-specific inhibition profiles,
including a156 (3,3-bis(3-chloro-4-hydroxy-phenyl)-3H-benzo-
[de]isochromen-1-one) and GA9 (3,3-bis(3-bromo-4-hydroxy-phe-
nyl)-7-chloro-3H-benzo[de]isochromen-1-one).>® «156 is fifty
times more active toward Escherichia coli TS (ECTS) than human
TS (hTS) (K; = 0.6 and 30 puM, respectively), GA9 shows a K; versus
EcTS of 4.1 pM with no inhibition of hTS at 50 uM concentration.
In particular, 156 has been proposed to be an antibacterial agent
against vancomycin-resistant infections caused by Gram-positive
bacteria, such as Staphylococcus aureus, because of its low toxicity

Abbreviations: DHFR, dihydrofolate reductase; DMSO, dimethylsulfoxide; dTMP,
2'-deoxythymidine-5'-monophosphate; dUMP, 2’-deoxyuridine-5-monophos-
phate; EcTS, Escherichia coli TS; hTS, human TS; ICs, concentration of inhibitor
required for inhibition of 50% of target enzyme activity; K;, inhibition constant;
LcTS, Lactobacillus casei TS; MTHF, N° N'°-methylene tetrahydrofolate; Py, pyridine;
TS, thymidylate synthase.
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to human cells. X-ray crystallographic studies of this class of com-
pounds [a156, PDB ID: 1TSL; MR20 (3,3-bis(4-hydroxy-phenyl)-6-
nitro-3H-benzo[de]isochromen-1-one), PDB ID: 1TSM; GA9, PDB
ID: 2A9W] have shown that their interactions with TS are charac-
terized by multiple binding modes®® (Supplementary Fig. SI-1).
This observation has been corroborated by molecular docking
studies.”

In general, phenolnaphthalein derivatives show appreciable
pharmacological potential in terms of species specificity but exhi-
bit low chemical tractability and require improvement to be con-
sidered as drug candidates.* To develop new inhibitors targeting
TS, we applied a ligand-based approach to phenolnaphthalein
derivatives, which were then deconstructed into fragments®
(Scheme 1). A novel scaffold was sought and identified (Library
A, Table 1), two libraries (Libraries B and C, Table 2) were synthe-
sized and screened against hTS and EcTS.
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Scheme 1. Deconstruction approach.
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Inhibition activity profiles of compounds from Library A
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2 NI indicates no detectable inhibition at the concentration reported in brackets ([I]). In these cases K; was estimated considering an inhibition percentage (I%) of 2% at this
concentration and applying the formulas ICso = (100 - %) x [I]/I% and K; = ICs0/(1 + [S]/Ki)?" where [S] is the concentration of folate used in the assay and K, is the affinity
constant of the enzyme for that substrate.”
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Table 2
Inhibition activity profiles of compounds from Libraries B and C
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Table 2 (continued)
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2 Nl indicates no detectable inhibition at the concentration reported in brackets ([I]). In these cases K; was estimated considering an inhibition percentage (I%) of 2% at this
concentration and applying the formulas ICso = (100 — I%) x [I]/I% and K; = ICs0/(1 + [S]/Km)?' where [S] is the concentration of folate used in the assay and Ky, is the affinity

constant of the enzyme for that substrate.’

A deconstruction approach was applied to three known phenol-
naphthalein derivatives: 156, MR20 and GA9. Two simple frag-
ments were identified: phenol (1) and benzo[de]isochromene-
1,3-dione (known also as 1,8-naphthalic anhydride) (2) (Scheme 1).
We focused on fragment 2 and an initial library of commercially
available compounds (Library A, 1A-18A) (Table 1) that repre-
sented potentially new scaffolds was compiled and screened
against hTS and EcTS. The library was designed using ChemFinder
from the ChemOffice program suite®; the ACXProd database and
ChemFinder were searched using the substructure search (see Sup-
plementary Fig. SI-2 for queries used). The 306 retrieved results
were filtered based on each candidate’s suitability for further
derivatization, commercial availability and cost. All of the com-
pounds were commercially available, with the exception of com-
pound 18A, which was obtained by the reduction of compound
17A.]0'1]

With the exception of three compounds (11A, 12A and 18A;
K; =105, 26.8 and 6.8 1M, respectively) (Table 1), none of the com-
pounds inhibited EcTS.!? Almost half of the compounds in Library A
(3A-5A, 9A, 13A-14A and 16A-18A) did not show inhibition
against hTS. The most active compounds against hTS were 10A
and 12A, with K; values of 2.0 uM (Table 1, Fig. 1).

From Library A, compound 18A was selected because it has a
chemical handle which allows easy structural variation. This com-
pound was active at low micromolar levels against EcTS and
showed no inhibition of the human enzyme. Two libraries, N-

(1,3-dioxo-1H,3H-benzo[de]isochromen-5-yl)-carboxamide deriv-
atives (Library B, 1B-15B) (Table 2) and N-(1,3-dioxo-1H,3H-
benzo[de]isochromen-5-yl)-sulfonamide derivatives (Library C,
1C-12C) (Table 2), were designed, synthesized and screened. Frag-
ments considered for addition at the amino group at position 5
were selected for their drug-like properties and their adherence
to Lipinski’s rules,'® with the aim of exploring molecular diversity
while focusing on aromatic and hetero-aromatic compounds. Sub-
stituents included small aliphatic chains (10B); aromatic systems
with zero, one, or two substituents (1B-7B, 9B, 11B, 1C-5C and
7C-10C); longer chains with a variable-size aliphatic bridge (8B,
12B, 13B and 11C); two aromatic systems with variable substitu-
ents (14B, 15B, 6C and 12C). MW values ranged from 327 to
506 Da; LogD values at pH 7.4 ranged from 0.37 to 4.76. Except
for compound 3B, which had three H-bond donor atoms, all of
the other derivatives had only one H-bond donor center. The num-
ber of H-bond acceptor atoms varied from 4 to 7.

Compounds 1B-15B were obtained by reaction of 18A with the
corresponding acyl chloride as depicted in Scheme 2.'° After reac-
tion termination, ice was added to the solution and a precipitate
was formed. In the case of 1B, 2B, 4B-7B, 9B and 12B-14B, the
reaction mixture was first filtered to separate a precipitate consist-
ing of the starting material and then treated with ice. The filtered
precipitate was suspended in water and treated with sodium bicar-
bonate (pH to 8 and 9); the reaction product was then separated
out by filtration (Scheme 2).
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Figure 1. Inhibition activity profile of Libraries A, B and C.
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Scheme 2. Synthesis of Libraries B and C.

Compounds 1C-12C were synthesized by reacting 18A with the
corresponding sulfonyl chloride as depicted in Scheme 2.'° After
reaction termination, the reaction solution was diluted with water
and the resulting precipitate was separated by filtration, dissolved
in a mixture of acetone and ethanol (50/50 v/v) and subsequently
dried under vacuum. This last step was repeated two or three times
to eliminate the residual Py (Scheme 2).

Compounds 1B-15B are active as inhibitors of EcTS, with K; val-
ues in the range of 4.0-44.7 pM.!? Six compounds (3B-4B, 9B and

12B-14B) are species-specific, that is, they showed inhibitory
activity toward the bacterial enzyme without inhibiting the human
enzyme. The other compounds were also active against hTS, with
K; values in the range of 2.3-58 uM (Table 2, Fig. 1).

Compounds 1C-12C are better inhibitors of TS and exhibit K;
values in the narrower range of 0.3-5.0 uM, but they are not spe-
cific inhibitors of the bacterial TS, as they show the same level of
inhibition against both bacterial and human enzymes'? (Table 2,
Fig. 1).

It is worth considering the change in the inhibition activity pro-
file resulting from the derivatization of the scaffold at position 5
with a carboxamidic bridge or a sulfonamidic bridge. The carbox-
amidic bridge does not modify the activity level or the species
specificity profile of the scaffold compound. In contrast, the sulfo-
namidic bridge leads to increased activity with respect to the scaf-
fold compound (18A) over non-specific compounds and enhances
the activity against hTS. Docking studies have been performed to
explain the difference in activity profiles between Library B and Li-
brary C (see Supplementary data). The results obtained show that
these molecules (4B, 1C, 4C and 9C) are predicted to bind in the
same region, that is, in the folate binding site where other folate-
analog TS inhibitors bind. The sulfonamidic derivatives show a dif-
ferent overall shape compared to the carboxamide compounds and
bind deeper in the active site (see Supplementary Figs. SI-2 and
SI-3). The interaction pattern is different: the sulfonamidic
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derivatives interact with the non conserved residue, Trp 83 in EcTS
that corresponds to Asn 112 in hTS; the carboxamidic compound
4B is predicted to interact only with the bulky Trp. These results
can partly explain the observed biological activity profiles.

Some of the compounds in Library B were also tested against
human dihydrofolate reductase (hDHFR), which is an enzyme of
the thymidylate cycle, to identify potential off-target effects. All
of the tested compounds were inactive toward hDHFR (see Supple-
mentary Table SI-4), which demonstrates that they are selective
inhibitors of the TS enzyme.

By applying a ligand-based approach to the phenolnaphthalein
class of TS inhibitors, we identified a new scaffold (18A) that could
be easily modified through synthetic chemistry, thus allowing the
development of two compound libraries stemming from an initial
scaffold. Screening against hTS and EcTS revealed differences in the
species-specific inhibition activity of the two libraries. Most of the
carboxamide derivatives showed specificity toward the bacterial
TS. In particular, compounds 4B and 9B will be further developed.
Their levels of activity and specificity are similar to that of GA9 but
the chemical structure of this series of compounds allows further
exploration of the neighbouring chemical space to obtain promis-
ing antibacterial lead compounds. In contrast, the sulfonamide
derivatives are promising as anticancer compounds, as they inhibit
hTS with K; values in the range of 300 nM-5 pM. In particular,
three compounds (1C, 4C and 9C) with K; values from 300 to
500 nM will be proposed for the development of drug leads that
are useful against human tumor cells.
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