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Thymidylate synthase (TS, ThyA) catalyzes the reductive methylatiohrd@é@xyuridine 5monophosphate

to 2-deoxythymidine 5monophosphate, an essential precursor for DNA synthesis. A specific inhibition of
this enzyme induces bacterial cell death. As a second round lead optimization design, new 1,2-naphthalein
derivatives have been synthesized and tested against a TS-based biolibrary, including human thymidylate
synthase (hTS). Docking studies have been performed to rationalize the experimentally observed affinity
profiles of 1,2-naphthalein compounds towamttobacillus caseTS and hTS. The best TS inhibitors have

been tested against a number of clinical isolates of Gram-positive-resistant bacterial strains. Compound
3,3-his(3,5-dibromo-4-hydroxyphenylHI3H-naphtho[1,2]furan-1-one %) showed significant antibacterial
activity, no in vitro toxicity, and dose-response effects aga8taphylococcus epidermid{MIC = 0.5~
2.5ug/mL) clinical isolate strains, which are resistant to at least 17 of the best known antibacterial agents,
including vancomycin. So far this compound can be regarded as a leading antibacterial agent.

Introduction O mTHF DHF

Thymidylate synthase (TS, ThyA) (E.C. 2.1.1.45) is a key N N
enzyme in DNA synthesis. It catalyzes the reductive methylation | |

of 2'-deoxyuridine 5monophosphate (dUMP) td-Aeoxythy- © ERbP TS © ERDP

midine 3-monophosphate (dTMP), which, as a triphosphate, is

a substrate of DNA polymerase and is incorporated into the dumpP dTmP

DNA. The catalyzed reaction is assisted MyN>-methylene- Figure 1. TS catalytic reaction (dRbP: 2'-dexyribose-5monophos-

tetrahydrofolate (MTHF), which acts as both a monocarbon unit phate).

donor and reducing agéntFigure 1). TS inhibition leads to i . o

thymineless death, which is a complex mechanism affecting the (LCTS) with submicromolar inhibition constark(= 0.7 uM)
replication process. Therefore, TS has been regarded as a targétnd was 30-fold more specific with respect to HfSThis

for anticancer drugd The enzyme has also been implicated in  compound also showed antimicrobial activity against Gram-
the protein synthesis regulation pathwéyand apoptotic positive bacteria, with a minimum inhibitory concentration
process,as well as in the development of Alzheimer's disease. (MIC) of 1.8 ug/mL.** . _ _

It has also been regarded as a potential target for antibacterial Deétailed studies on proteiriigand interaction, such as X-ray
and antifungal chemotherapy. three-dimensional structure determination, site-directed mu-
TS is inhibited by substrate analogues, such as 5-fluoro-2 tagenesis experiments, and computational stuidi€shave
deoxyuridine 5monophosphate (FAUMP), or cofactor ana- demonstrated that these molecules show a multiple binding
logues, such as ZD1694 and pemetrexed (Alimta) (Chart 1). Mode, raising the important issue of the reliability of a structure-

Recently, nonclassical anti-folate inhibitors (NCAI) that are able Pased drug design approach. In a recent sttidyyas proposed
to specifically inhibit the microbial enzyme with respect to that the basis for species specificity of the naphthalein inhibitors
human thymidylate synthase (hPSY have been reported, lies in the different flexibility of the human enzyme compared
among them 3,3-bis(3-chloro-4-hydroxypheny#y;3H-naphtho- to bacterial ones. The bacterial enzymes, such as LcTS, can
[1,8-c,dpyran-1-one ¢156 compound10 in this paper) and ~ accommodate the naphthalein derivatig6)(n its binding site
didansyltyrosine (DDT)?12-14 (Chart 1). In particular, com-  close to the small domain, a specific sequence (70 residues)
pound 10 proved to specifically bind.actobacillus caseTs ~ that enlarges the active site dométrt®By contrast, in human
enzyme the corresponding binding site is partially inaccessible.

* To whom correspondence should be addressed. Phone: 0039-059-205-AS a consequence, inhibitd0 cannot bind to its preferred site
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#Institute for Health and Consumer Protection. 2) were designed and synthesized along with two new 1,8-
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OO &l shows that these compounds could be allocated to the same

binding site without visible impediment to good fitting. On these
) o . bases, halogen substituents have also been introduced into this
that were most potent in preliminary assays, were tested againshew series to possibly enhance their inhibitory activity and

a TS-based biolibrary containing the following enzymes: specificity, as seen in the previously reported 1,8- and 2,3-
Lactobacillus casefLcTS), Escherichia coliTS (EcTS),Cryp- naphthalein derivativest3 14

tococcus neoformarnks (CnTS), human TS (hTS), and human 1 > Naphthalic anhydrided Y was synthesized according to a
dihydrofolate reductase (hDHFR). To rationalize the observed previously reported methdd.Its condensation with phenol
affinity profiles of this new series, a modeling study was ynder FriedetCrafts conditions gave the 3,3-bis(4-hydroxy-
performed and the interactions of compoufi@nd2 with LcTS phenyl)-H,3H-naphtho[1, Z]furan-1-one 1) as the main reac-
and hTS were explored using the AutoDock 3.0.5 program. {ion product, together with its isomérat a very low concentra-
Moreover, several molecules with significant affiniy 8, 10, tion. The iodo 8) and bromo 4, 5) derivatives were obtained

13-16, 18) were tested against wild-type bacterial strains. In" o 1 py treatment with iodine, chloride, or bromine, respec-
addition, the most active compounds were screened against

clinical isolate resistant bacterial strains and their cytotoxicity W s 'R
was evaluated against VERO cells. -.j '
o

Design and Synthesis

The design of the new compounds was based on the known
X-ray crystal structure of the binary complex LcFghenol-
phthalein (pth) (Figure 2Y Since the 1,2-naphthalein derivatives
may exist in two isomeric forms, namely, thesomers {, 3—6)
and theg-isomers 2, 7, 8), both structures were considered.
Assuming that 1,2-naphthaleins have the same binding mode
as pth, the benzene ring added to the phthalein core in the
o-isomer derivatives would be directed toward the folate binding
site and would interact with 181, E84, and V314, whereas in D221
the S-isomer derivatives the benzene ring is directed toward L224
the small domain region and interacts with E84, W85, F104, 6225
and V316. Although we hypothesized that increasing the 7 N i
aromatic bulk with an additional benzene ring could be critical Figure 2. Detalil of the X-ray crystal structure of the binary complex
for pth-derived molecules, the matching dfand 2 with pth LcTS—pth.
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tively (Scheme 1). Compound®-8 were prepared from the  apparent inhibition constark{) values of the tested compounds
1,2-naphthalic anhydridd X by heating with the appropriate  were determined, and the specificity (SI) and selectivity indices
substituted 2-phenol in the presence of aluminum trichloride (SSI) were calculated. The results are shown in Table 1 and
(Scheme 2). It should be noted that while in the casé arfily Figure 3.

the a-isomer was obtained, the opposite was true7/fands, In the 1,2-naphthalein series, all the compounds, with the
which were collected in thg-form. exception o6, inhibited the pathogen TS. Thé{; values were
Compounds16 and 18 were synthesized according to a 1.4-11uM against LcTS, 0.38.5uM against ECTS, and 04
previously reported methdd. 134M against CnTS. In particula? and8 were the most active
compounds against LcTS withk§ of 1.4 uM. Compound2
Profiling Enzyme Inhibition also showed the lowes (0.34M) against EcTS, whild was

A TS-based biolibrary was designed to determine a biological the most potent against CnT&; (= 0.4uM). 1,2-Naphthalein
affinity profile and to provide information on the species compounds generally inhibited hDHFR at a higher level than
specificity and selectivity of the synthesized compounds. In NTS i in the range 3.9110uM vs >1004M), with the sole
particular, the issue of specificity was addressed, including a exception of2 (K; of 35 uM vs 0.4uM ). Compound7 was
number of TS from pathogenic organisms in the biolibrary, such €quipotent against the two enzymds 0f 35 and 34uM,
as LcTS, EcTS, CnTS, in addition to hTS. Selectivity was respectively).
verified toward the hDHFR enzyme, a typical TS metabolically  In the 1,8-naphthalein seriek; values of 0.#31 uM vs
related enzyme that works in competition with hTS in the LcTS, 0.4uM to 11 mM vs EcTS, and 3:335 uM vs CnTS
binding of many classic folate analogues, such as CB3717 (10-were observed. The most active compounds wiérend 11
propargyl-5,8-dideazafolic acid) and methotrexate (MTX). The against LcTSK; = 0.7 uM), 13 against ECTSK; = 0.4 uM),
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Table 1. Inhibition Constantsk;), Specificity Index (Si= K htg/Ki enzymgd and Selectivity Index (SS+ K; npnrr/Ki nts) for Compoundsl—18 against
LcTS, EcTS, CnTS, hTS, and HDHFR

Ki (uM) Sl ssI
LcTS EcTS CnTS hTS hDHFR LcTS vs hTS EcTSvs hTS CnTS vs hTShTS vs hDHFR

1 11 4.4 0.4 >132 110 >12 >30 >330 <1
2 1.4 0.3 0.6 0.4 35 0.3 1 1 88
3 2.0 1.5 4.5 >24F 3.9 >123 >163 >b4 <0.01
4 6.6 0.9 2.7 >132 33 >20 >147 >49 <0.2
5 1.7 8.7 13 >2453 69 >144 >29 >19 <0.3
6 ND¢ ND¢ ND¢ ND¢ 13
7 3.9 1.2 8.1 34 35 9 28 4 1
8 1.4 1.4 3.5 >132 109 >94 >04 >38 <1
9 31 16 >132 94 >4 >8 <1
10 0.7° 0.6 35 3¢ 5.2 43 50 1 0.2
11 0.7 13 9.6 >120 >171 >9 >13
12 2 5.3 3.3 5.7 28 3 1 2 5
13 1 0.4 5.2 >132 3.4 >132 >330 >25 <0.02
14 6.8 0.9 13 4.7 15 1 5 0.4 3
15 0.9 >11 mMR 4 3.2 9.5 4 >0.0003 1 3
16 0.8 4.1¢ 4.1 >245 13 >306 >60 >60 <0.05
17 1.8 1.1 6.4 >402 42 >251 >365 >63 <0.1
18 1.8 1.1 6.5 >24F3 12 >136 >223 >38 <0.05
CB3717 0.08 0.0@ 0.02 1 1

a Calculated supposing 2% inhibition at the maximum solubility concentrationd§®4or 11; 27 uM for 1, 4, 8, 9, 13; 50 uM for 3, 5, 16, 18; 82 uM
for 17; 2.2 mM for 15). ® Already reported:13-15 ¢ Not detectable because of the insolubility of the compound (solubility less thah}1.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 CB

LeTS
EcTS
CnTS
hTS
hDHFR

. 0.1-1 uM - 1.1-10 pM . 11-50 pM - 51-100 uM > 101 pM

Figure 3. Grid of affinity profiling. Ki ranges are described by color code.

and12against CnTSK; = 3.3uM). In addition, better activity By contrast, 1,8-naphthalein derivatives were species-specific
toward hDHFR versus hTX( = 3.4-94 uM) was found in against LcTS whereas 1,2-naphthalein compounds were species-
this series. Only three compounds were more active against hTSspecific against CnTS with respect to hTS. Finally, the latter
than hDHFR, namelyl2 (K; of 28 vs 5.7uM), 14 (K; of 25 vs compounds were less active against hDHFR than 1,8-naphtha-

4.7 uM), and 15 (K; of 9.5 vs 3.2uM). lein derivatives.
In both series, all the compounds were competitive inhibitors .
of the enzymes with respect to the folate cofactor. Modeling

When specificity was considered in both series, 12 out of 18  The three-dimensional models of compouridand 2 were
compounds were 1 order of magnitude more specific for LcTS built using Insightll and then docked in the active site of the
than hTS (S 9—-306). In particular, compound3 5, 8, 11, three-dimensional crystallographic structure of LcTS and hTS
13, and16—18were at least 100-fold more active against LcTS in the presence of a dUMP molecule, using the AutoDock 3.0.5
with respect to hTS (SI= 94—306), 16 being the best program.
representative. The same 12 compounds were also more active Thirty-seven distinct conformational clusters, out of 100 runs,
against ECTS than hTS (St 9—365). Compounds, 4, 8, 13, were obtained for compoundsand2 docked against LcTS. In
and16—18 show a specificity index greater than or around 100, the case of hTS, 26 and 24 distinct conformational clusters, out
the best beind.7. Finally, 10 compoundsl( 3—5, 8, 11, 13 of 50 runs, were obtained for compournidand?2, respectively.
and16—18) were specific for CnTS vs hTS, with a specificity The difference in the calculated docked energy among these
index of 13-330, compound. having the highest value. clusters were around 2 kcal/mol in the case of LcTS and 3.5

However, when selectivity between hTS and hDHFR was and 2.4 kcal/mol in the case of hTS, fband?2, respectively.
considered, only compourzishowed a significant index (SSI  These compounds are characterized by a pseudo-3-fold sym-
= 88), all the other derivatives being either inactive toward hTS metry through which they can change their orientations without
or equipotent against the two enzymes. changing their patterns of interactions; therefore, even if the

It is important to note that any new compound to be program considered all these clusters as distinct, these binding
considered as a potential antibacterial should not be active conformations can be grouped as multiple orientations for the
against hDHFR. Unfortunately, in our case the compounds with two main binding sites previously identifiéd1® the folate-
specific affinity vs LcTS and EcTSLE, 16—18) with respect binding site and the crystallographic binding site of compound
to hTS also showed measurable activity against hDHFR. 10 (near the small domain). The three-dimensional crystal-

Altogether, 1,2- and 1,8-naphthalein derivatives showed somelographic structure of the complex LcF30™ showed that this
similarity in their enzyme inhibition profile. In particular, both  compound bind 5 A away from the folate binding site in a
series were species-specific against ECTS with respect to hTSless conserved region of the enzyme and interacts with many
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Table 2. Docking Results for Compoundsand?2 to LcTS and HTS

Using AutoDock 3.0.5, Showing Percentage of Ligand Conformations
Predicted at the Specified Site (a) and Estimated Free Energy of Binding
(kcal/mol) of the Best-Scored Conformation at the Specified Site (b)

LcTS hTS
folate small domain folate small domain
compd a b a b a b a b
1 50 —-3.14 40 —-199 50 -331 32 188
2 58 —-352 41 -—-246 62 —-310 26 -—1.89

Figure 4. Low-energy binding modes of compountiggreen) and
(pink) in hTS (A) and LcTS (B). In each enzyme, two possible binding
modes are shown: in the folate binding site (on the right of the images)
and in the binding site near the small domain (on the left of the images).
Only the most important residues (colored by atom) interacting with
ligands are shown.

residues of the small domain. All the conformations that were
outside the active site were disregarded.

Costi et al.

in the 3 position of the ribose of dUMP and through its carbonyl
function with the side chain amide of N226. It also interacts
through van der Waals interactions with other seven residues,
including M311.

A second binding site for compounti nearer the small
domain region, was also predicted in hTS. In this binding site,
compoundl forms hydrogen bonds through its carbonyl function
with the imino group of R176and through its phenol hydroxyls
with the carboxyl function of D49, the hydroxyl of Y258, and
the imino group of R175 It also forms van der Waals
interactions with other eight seridues, including T51 and V313.

Compound? binds to hTS in a similar manner. In the folate-
binding site, it forms hydrogen bonds with D218 and 1108,
N226, and the hydroxyl group in thé Bosition of the ribose
of dUMP and interacts through van der Waals interactions with
V79, F80, W109, N112, L221, G222, F225, and Y258 through
its phenols and naphthalene rings. The main difference with
respect to compountlis that compoun@, through its terminal
naphthalene ring, does not interact with M311 but with V79
and F80.

Compound also binds in a second binding site of hTS, near
the small domain. It forms hydrogen bonds with R1 1849,
Y258, and R175and van der Waals interactions with R50,
N112, F117, L192, M311, and A312. There is only a slight
difference in the interaction pattern with respect to compound
1 because of the change in the pose of the terminal naphthalene
ring. In the case of compouridthe terminal naphthalene ring
interacts with T51 and V313, whereas in the case of compound
2 the terminal naphthalene ring interacts with R50. However,
apart from these differential interactions, this part of the
molecule is exposed to the solvent (Figure 4).

Regarding LcTS, in the folate-binding site, compouhd
interacts with D22, T24, E84, Y261, and R1%8 forming
hydrogen bonds through its phenol hydroxyls and with R23,
L195, D221, L224, V314, A315, and V316 through van der
Waals interactions.

In the second binding site of LcTS, near the small domain,
compoundl forms hydrogen bonds with the side chain amino
group of K92, with the nitrogen of the D103 backbone, with
the C-terminus carboxyl group of V316 through its phenol
hydroxyls, and with the hydroxyl of Y118 and the backbone
nitrogen of G105 through its lactonic function. It also forms
van del Waals interactions with R23, T24, E84, E88, M101,
T1021, F104, H106, and A194.

Compound2 shows, in the folate-binding site of LcTS, the
same binding mode as compouhdbut it also interacts with
G225.

On the other hand, in the second binding site of LcTS, which
is near the small domain, compoughows a different binding
mode with respect to compourdeven though it interacts with
the same residues. It forms hydrogen bonds through its phenyl
hydroxy! with the side chains of K92 and E84 and the backbone
carbonyl of M101.

The results suggest that these molecules can bind in these In agreement with experimental inhibition activity data against

two regions with multiple binding modes in both enzymes. The
folate-binding site is calculated to be more occupied and
energetically more favorable than the second (by abetit.4
kcal/mol) (Table 2).

The most favorable binding modes in each site of both
enzymes can be described in detail for compouhdmnd 2
(Figure 4) as follows.

Compoundl binds in the folate-binding site of hTS, forming
hydrogen bonds through its phenol hydroxyls with the side chain
of D218, the carboxyl function of 1108, and the hydroxyl group

LcTS, AutoDock predicts similar behavior in enzyme binding
for both compounds. On the other hand, on the basis of
inhibition activity data against hTS, one could expect that some
differences may be found in binding to hTS. However, the only
difference between the most favorable binding modes of
compoundsl and2 in the hTS active site is that the terminal
naphthalene ring of compouilin its interaction with the folate
binding site, does not interact with M311 but with V79 and
F80. In particular, F80 may change its conformation and form
a stacking interaction with the naphthalene ring of the ligand.
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Table 3. MIC for Compounds5, 8, 10, 13—16, 18 (ug/mL)
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compd
strains 5 8 10 13 14 15 16 18 cpx
Enterococcus faecal&TCCC29212 25 25 10 25 10 5 5 25 12.5
Escherichia col256 >25 >50 >25 >50 >50 >50 >25 >50 >25
Escherichia col292 >25 >50 >25 >50 >50 >50 >25 >50 >25
Listeria monocytogenes 25 25 25 10 25 25 5 10 25
Listeria monocytogenes 25 25 10 10 5 25 25 10 1
Listeria monocytogenes 25 25 5 10 5 25 5 10 25
Listeria monocytogenes 25 25 10 10 5 25 25 10 25
Listeria monocytogenes 25 25 5 10 1 5 25 10 1
Listeria monocytogenes 25 25 5 25 5 5 5 25 1
Listeria monocytogenesSTCC4428 25 25 5 10 5 2.5 1 10 25
Staphylococcus aurettl 2.5 25 5 25 5 2.5 25 10 1.2
Staphylococcus aure(®t3 2.5 25 5 10 5 25 1 10 0.5
Staphylococcus aurel&28 25 25 >25 25 5 5 25 10 0.5
Staphylococcus auredsTCC29213 2.5 25 5 10 5 2.5 2.5 10 0.5
Staphylococcus haemolyticA3 CC2997 25 25 25 10 5 5 5 10 25
Staphylococcus saprophiticéd’ CC15305 1 25 25 10 5 25 1 10 1
Citrobacter224 >25 >50 >25 >50 >50 >50 >25 >50 >25
Streptococcud?2 25 25 5 10 5 5 1 10 >5
This would be an important specific interaction with hTS that Table 4. Results of MTT Test on VERO Cefls
could contribute significantly to the good affinity and inhibition compd
activity of compound2 for hTS with respect to compountl concn (mg/L)  control 5 10 15 16 14
i >
(K vs I_1TS of 0.4 and>132 uM for com_poundsz and 1, _ 50 100 ~ 100 58 20 61 a1
respectively). Moreover, a deeper analysis of all the predicted 25 100 100 70 >100 85 84
binding modes for each compound reveals that there are few 12.05 100 100 90 >100 97 100
secondary binding modes predicted by AutoDock for compound 6.25 100 100 90 >100 97 100
2 that are not predicted for compoutidThese binding modes 3.12 100 10090 =100 95 100
P P 9 1.56 100 100 90 >100 96 100

allowed the formation of hydrogen bonds with the backbones
of R50 and 1108 and with the phosphate group of the substrate; ¢
of electrostatic interactions with the side chains of D49, N112, &€ Without compounds.
D218, R175 and the 3hydroxyl group of the ribose moiety
of dUMP; and of van del Waals interactions with 10 other against 23 Multiresistant Bacterial Strains

aData are expressed as percentage of cellular growth. Control vessels

Table 5. MIC Values {tg/mL) of Compouds5, 10, and15 Tested

residues, including M311 and A312. Compounshows similar,

k - o~ : compd
but not identical, binding modes. In fact, it was not able to strains s 0 s
assume these same binding modes because of clashes with M311
and A312 Staphylococcus epidermidi® 1 25 >65
: . A Staphylococcus epidermids® 1 25 >65
Other differences are in regard to secondary bl_ndlng moc_ies Staphylococeus epidermicie o5 5 65
near the small domain region. Both compounds interact with  staphylococcus epidermidss 1 25 >65
R50, R176 and dUMP; however, while compouddlso forms Staphylococcus epidermidis 0.5 0.5 >65
hydrogen bonds with D49, S120, A191, and Y258, compound giapny:ococcus ep!germ!ﬁ i gs >gg
_ ' aphylococcus epidermi . >
2 hydrogen-bonds to M190 and R175 Staphylococcus epidermidi®) 1 25 >65
s . . P Staphylococcus epidermidzd 25 5 >65
Profiling Bacterial Strain Inhibition Staphylococcus epidermicis 1 55 =65
A subset of molecule$(8, 10, 13—16, and18) was selected Staphylococcus epidermids§ 1 25 >65
and tested against a collection of 18 Gram-positive or Gram-  Staphylococcus aurey 25 5 ~65
- . . . Staphylococcus aured$ 2.5 10 >65
negative bacterial strains. The compounds were selected mainly giaphyiococcus aureds 5 10 ~65
on the basis of their enzyme inhibition profile and solubility.  staphylococcus aureus 2.5 5 >65
The minimum inhibitory concentrations (MIC), defined as the  Staphylococcus haemolytictis 5 5 >65
lowest concentration at which bacterial growth is no longer Eﬁg:‘g’é%‘é‘;ﬁg‘gggi’gg'yt'Cﬁ@ g ig igg
evident, were ascertained. The MIC values of the substances g ococcus fasciums ~100 ~75 65
are listed in Table 3 and compared to ciprofloxacin (cpx), @ Enterococcus faeciuiz 5 10 >65
member of the fluorquinolone family with a broad spectrum of  Enterococcus faeciu 5 10 >65
action. The active compounds 10, and 13—16 showed a Enterococcus gallinarurg7 25 10 >65
Enterococcus gallinarur64 1 25 >65

limited spectrum of action, being active mainly toward Gram-

positive bacteria. The MIC values were often similar to that of

cpx, in the range 0:512.5ug/mL. antibiotics, such a8-lactam, macrolides, and aminoglycosidic.
The MTT test was performed to evaluate the toxicity of The measured MIC values ranged between 2.5 angd@isL

compounds, 10, and14—16 against VERO cell cultures. The (Table 5). The most interesting results are related to compounds

data in Table 4 clearly show the absence of toxicity, especially 5 and 15, showing a MIC value of 0.5ug/mL against

for 5 and 15. Cell growth was not significantly modified by  Staphylococcus epidermid85, a strain that is resistant to 17

the presence of different concentrations of the other compounds.antibiotics. No activity is evident for compourid against the

Three compounds5( 10, and 15) were also tested against 23 multiresistant strains (Table 5).

clinical isolate multiresistant bacterial strains recovered from  Figure 5 shows the growth curve recorded biophotometrically

hospitalized patients who have been treated with different over 24 h ofStaphylococcus epidermidigone (control) and in
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Figure 5. Growth curves ofStaphylococcus epidermidiglinical
isolate, in the presence of compousid (blue) control; (pink) 0.1ug/
mL; (yellow) 0.5 ug/mL; (light-blue) 1 ug/mL; (violet) 5 ug/mL;
(brown) 25ug/mL.

16h 24h

the presence of different concentrations of compaobinit 0.1
ug/mL no effect onStaphylococcus epidermidgrowth was
observed. By contrast, antibacterial activity was evident after 8
h at a dose of 0.xg/mL. The best results were obtained with
1.0 ug/mL (corresponding to the MIC value for most of the
strains). The remaining dosages had a bactericidal effect.

Discussion

New 1,2-naphthalein derivatives have been designed and

synthesized. All the compounds and a few more previously

Costi et al.

On the basis of the biolibrary screening results, eight
compounds were selected for multistep cell-based assays. The
first screening was done on 18 wild-type bacterial cell lines,
including Gram-positive and Gram-negative bacteria, such as
Enterobactey StaphylococcysaandEscherichia Of eight mol-
ecules, the five most interesting compounds were tested using
MTT tests to evaluate their cytotoxicity. Compour&l45, and
10 showed null or very low toxicity in the assay, suggesting
that these molecules could be selected for further experiments.
Then a second level of cell-based assays was performed against
clinical isolate resistant strains. Different clinical specimens
(blood and purulent exudates) from the microbiology laboratory
of Modena Hospital were processed for cultural analisis.
Particular attention was paid to tlnterococcusstrains with
full or medium sensitivity to teicoplanin and vancomycin. Two
of them were fully resistant and one was medium-resistant to
vancomycin. Among theStaphylococcustrains, 13 showed
medium resistance to teicoplanin, 10 of them belonged to the
speciesStaphylococcus epidermidishile another belonged to
Staphylococcus aureusnd the other two td&staphylococcus
haemoliticus StaphylococcuandEnterococcusre among the
Gram-positive that are most frequently involved in infective
processes.

In our study, compound$ and 15 showed good activity
against most of the multiresistant strains tested, in particular

reported 1,8-naphthaleins were tested against a TS-baseddainstStaphylococcus epidermidis contrast, the previously

biolibrary mostly from pathogen TS enzymes, in addition to

reported compound0 was completely ineffective against the

hTS and hDHFR. In the 1,2-naphthalein series the most Species_resistant strains, even if it was effective against wild-type Gram-

specific was compound (K; against CnTS of 0.4M and Sl

Ki ntg/Ki cnts Of 330 with respect to hTS). By contrast,
compound? was very active against both pathogen and human
TS (K for the latter of 0.4uM). In the 1,8-naphthalein series,
compoundslO and 11 were the most active against LCTE; (

of 0.7 uM), while compoundl6 was the most species-specific
(SI of 306, with respect to this enzyme). The most species-

specific compounds, of great interest as leading antibacterial

agents, weré, 10, 13—16, and18. TheK; values ranged from

positive bacteria (Table 5).

Compound5 was tested against all the above-described
multiresistant strains, and the best result was obtained against
Staphylococcus epidermidB&5 (Figure 5), showing an MIC
value of approximately 0.xg/mL.

Conclusions

We have previously synthesized and tested a series of 1,8-
naphthalein analogues, which showed interesting biological

0.7 to 1.7 as the best result for each compound considered. Theactivity profiles against model bacterial cell lines from ATCC

Sl Ki hr/Ki Lets determined so far ranged from 50 to 330.
Out of all the derivatives]7 was the most species-specific
(SI Ki h19/Ki cTs = 365).

and low toxicity vs human cells. The best inhibitors showed a
Ki of 0.5u4M and a MIC of 1.8«g/mL. In the present paper we
obtained a compound) showing 2 times better efficacy against

The selected species-specific compounds were considered forclinical isolates bacterial cells. Th& value was in the same

further in vitro studies against bacterial wild-type and clinical
isolates.

order as those of the previous naphthaleins; thus, we successfully
improved the cellular pharmacokinetic profile. The clinical

The data referring to the 1,2-naphthalein series suggest aisolates showed drug resistance vs a number of antibiotics and

relationship between the structural isomeric form and the

observed specificity. In fact, onlg-isomer2 showed affinity

for both pathogen and human enzymes whilectisomers were

all inactive @, 3—5, 8) or poorly active 7) toward the latter.
With the aim of understanding the observed enzyme inhibition

profile, molecular modeling studies were performed and the

AutoDock 3.0.5 program was applied to calculate the most

favorable binding site of compoundsand2 toward LcTS and

chemotherapeutic agents including vancomycin, an antibiotic
indicated for the treatment of serious, life-threatening infections
by Gram-positive bacteria, which are unresponsive to other less
toxic antibiotics. Compouné is suggested as a possible lead
with promising antibacterial activity.

The chemistry of 1,2-naphthalein derivatives allowed an easier
derivatization of the core skeleton from the perspective of further
functionalization with respect to 1,8-naphthalein analogues.

hTS. The results suggested that these molecules could bind in As an important remark, we observe that an interpretation of
both enzymes in two regions, in the folate-binding site and near the specificity profile of the two compoundsand 2 against
the small domain region. As already observed in the case of LcTS and hTS enzymes is accessible through modeling studies.

other naphthalein derivatives and in agreement with experi-

The parallel behavior of the biological profile against bacterial

mental data derived from site-directed mutagenesis and enzymecell lines does not lead to the conclusion that thymidylate

kinetic studies;* for compoundsl and2 the AutoDock results
suggest a multiple binding mode that is typical of the phthalein
structure!*1” The results highlight some differences in the
binding modes of compoundsand?2 in the hTS active site. In
particular, compoun@ seems to be able to take advantage of
the favorable interactions with F80, M311, and A312.

synthase enzymes are the exclusive intracellular target of the
identified leads. More pharmacology studies are needed for this
conclusion.

The results presented confirm the relevance of the naphthalein
derivatives as antinfective agents and are encouraging further
developments to clarify their full mechanism of action.
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Experimental Section

Chemistry. The melting points were determined usingdu
510 capillary melting point apparatus and are uncorrected. The
elemental analyses for the test compounds were witt4 of

the theoretical values. TLC on silica gel plates was used to check

product purity. Silica gel 60 (Merck, 23800 mesh) was used for

flash chromatography. The structures of all the compounds were
consistent with their analytical and spectroscopic data. NMR spectra

were performed on a Bruker FT-NMR AVANCE400.

NMR data of compound&—8, 16, 18 are reported in Table 6.

Synthesis of 1,1-Bis(4-hydroxyphenyl)-H-naphtho[1,2<]fu-
ran-3-one (1) and 3,3-Bis(4-hydroxyphenyl)-Bl-naphtho[1,2]
furan-1-one (2). The compounds were obtained by condensing the
1,2-naphthalic anhydride and phenol according to a known proce-
dure?® Separation was accomplished by flash chromatography,
eluting with dichloromethane/methanol, 98/2. Hothe yield was
15%. For2, the yield was 1%. Anal. (§H1¢04) C, H.

Synthesis of 1,1-Bis(4-hydroxy-3-iodophenyl)H-naphtho-
[1,2-c[furan-3-one (3).lodine monochloride (0.65 mmol) in glacial
acetic acid (1 mL) was added dropwise to a mixturé ¢0.05 g,
0.14 mmol) suspended in glacial acetic acid (2.5 mL), and the
mixture was stirred overnight at room temperature. After evapora-
tion of the solvent, the residue was purified by flash chromatog-
raphy, eluting with dichloromethane/methanol, 98/2, to give 0.062
g of 3 (712%) Anal. (Q4H14|204) C,H, I

Synthesis of 1,1-Bis(3-bromo-4-hydroxyphenyl)-Hi-naphtho-
[1,2c]furan-3-one (4). A solution of bromine (0.27 mmol) in
dichloromethane (1 mL) was added dropwise to a solutiod of
(0.05 g, 0.14 mmol) in dichloromethane (3 mL), under stirring at
room temperature. Afte5 h the solvent was evaporated and the
residue purified by flash chromatography, eluting with dichlo-
romethane/methanol, 98/2, to gi¥e(28%). Anal. (G4H14Br,04)

C, H, Br.

Synthesis of 1,1-Bis(3,5-dibromo-4-hydroxyphenyl)-naph-
tho[1,2-c]furan-3-one (5). Excess bromine (0.7 mL) was added
dropwise at room temperature to a solutiod ¢0.05 g, 0.14 mmol)
in ethanol (2 mL), and the mixture was stirred overnight. The

solvent was evaporated and the residue purified by flash chroma-

tography, eluting with cyclohexane/ethyl acetate, 80/20, to five
(64.5%). Anal. (GsH12Brs04) C, H, Br.

Synthesis of 1,1-Bis(4-hydroxy-5-isopropyl-2-methylphenyl)-
1H-naphtho[1,2<]furan-3-one (6). Aluminum chloride (0.67 g,
5 mmol) was added portionwise to a mixture of 1,2-naphthalic
anhydride (0.5 g, 2.5 mmol) and thymol (5 mmol)stietrachlo-
roethane (25 mL), and the mixture was stirred at 4@ %or 3 days.
The still hot mixture was poured onto ice and dichloromethane was
added. After stirring for 0.5 h, the insoluble was filtered off. The
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solvent, the residue was purified by flash chromatography, eluting
with dichloromethane/methanol, 98/2, to give 0.004 §®10.2%).
Anal. (G4H13Br,ClO,) C, H, Br, Cl.

6(7)-Chloro-3,3-bis(3-fluoro-4-hydroxyphenyl)-H,3H-naph-
tho[1,8-c,dpyran-1-one (18).To a mixture of the commercially
available 4-chloro-1,8-naphthalic anhydride (0.5 g, 2.15 mmol) and
2-fluorophenol (0.383 mL, 4.3 mmol) 5 drops 0f$0, were added.
The mixture was left under stirring at 18 for 5 h. After the
mixture was cooled, the residue was purified by flash chromatog-
raphy, eluting with dichloromethane/methanol (98/2) to give 0.02
g of 18 (2.12%). Anal. (GiH1sCIF:04) C, H, CI, F.

It is noted that because of the presence of a chlorine atom on
the naphthalene ring, in the cases of bb&and18, a mixture of
6 or 7 substituted isomers was obtained, which was tested as such.

Biological Evaluation. Purification of the Enzymes.All the
strains and plasmids were provided by Dr. D. V. Santi, from the
University of California, San Francisco. The expression and
purification of LcTS, ECTS, CnTS, and hTS were done following
known procedured'-24 The enzyme LcTS was purified by column
chromatography using phosphocellulose (P11, Biorad) and hy-
droxyapatite (HAP, Biorad) resin, using phosphate buffer as the
eluent. ECTS, CnTS, and hTS were purified as previously repdtted.
The enzyme preparations wer®5% homogeneous as visualized
by SDS (sodium dodecyl sulfate) polyacrylamide gel electrophore-
sis. The purified enzymes were stored -a80 °C in 10 mM
phosphate buffer, pH 7.0, and 0.1 mM EDTA. The enzyme activity
was determined spectrophotometrically by steady-state kinetic
analysis, following the increasing absorbance at 340 nm due to the
oxidation reaction ofN® N0-methylenetetrahydrofolate (MTHF) to
dihydrofolate (DHF®> An amount of 1 mL of reaction solution
was formed by standard assay buffer, pH 7.4, dUMP (&R0,
6(R,S)-1-CH,CH,-folate (140uM) (Sigma), and enzyme (0.QiM).
Assays were performed at 2Q in the standard assay buffer formed
by TES (N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid)
(50 mM) at pH 7.4, MgGl (25 mM), formaldehyde (6.5 mM),
EDTA (1 mM), and 2-mercaptoethanol (75 mM). hDHFR (DHFR,
E.C. 1.5.1.3) was purified through alternate steps of column
chromatography and ammonium sulfate precipitations as rep®rted.
DHFR catalyzes the NADPH-dependent reduction of dihydrofolate
(DHF) to tetrahydrofolate (THF). The assays were run spectropho-
tometrically by measuring the decrease in absorbance at 340 nm
upon DHF reduction at 28C. One enzyme unit is defined as 1
nmol of DHF reduced per minute. The reaction mixture was formed
by 50uM TES, pH 7.0, 1uM EDTA, 75 uM 1-mercaptoethanol,
100uM NADPH, and 58.0«M DHF.?"

Assays.Stock solutions of the inhibitors were prepared in DMSO
(dimethyl sulfoxide) and stored &t20 °C until use. Compound
was tested as a racemic mixture. The inhibition pattern for all the

organic layer was separated, dried over sodium sulfate, andcompounds was determined by steady-state kinetic analysis of the

concentrated under vacuum. The residue was purified by flash
chromatography, eluting with cyclohexane/ethyl acetate, 70/30, to
give 0.07 g of6 (5.8%). Anal. (G;H3,04) C, H.

Synthesis of 3,3-Bis(3-chloro-4-hydroxyphenyl)43-naphtho-
[1,2c]furan-1-one (7) and 3,3-Bis(3-fluoro-4-hydroxyphenyl)-
3H-naphtho[1,2<]furan-1-one (8). A mixture of 1,2-naphthalic
anhydride (0.5 g, 2.5 mmol), the appropriate phenol (5.0 mmol),
and a few drops of sulfuric acid was heated under stirring at 180
°C for 5 h. After the mixture was cooled, water was added and the
mixture was extracted with dichloromethane X330 mL). The
organic layer was dried over sodium sulfate, and the solvent was
evaporated. The residue was purified by flash chromatography,
eluting with dichloromethane/methanol, 95/5. Fér 0.085 g
(7.8%). Anal. (G4H14Cl;04). For 8: 0.068 g (6.8%). Anal.
(CosH14F204) C, H, F.

Synthesis of 1,8-Naphthaleins. 6(7)-Chloro-3,3-bis(3-bromo-
4-hydroxyphenyl)-1H,3H-naphtho[1,8-c,dpyran-1-one (16).Bro-
mine (7.5x 1073 mL, 0.146 mmol) in 0.5 mL of dichloromethane
was added dropwise, under stirring, to a solution of 6-chloro-3,3-
bis(4-hydroxyphenyl)-#,3H-naphtho[1,8¢,dpyran-1-oné3 (0.03
g, 0.07 mmol) in 2 mL of dichloromethane. The reaction mixture
was stirred at room temperature for 4 h. After evaporation of the

dependence of enzyme activity on folate concentration at varying
inhibitor concentrations. All the compounds showed competitive
inhibition. K; values were obtained from the linear least-squares
fit of the residual activity as a function of inhibitor concentration,
using suitable equations for competitive inhibit®rEach experi-
ment was repeated at least three times, and no individual measure-
ment differed by more than 20% from the mean. The maximum
solubility is reported when a molecule does not show any inhibition
of TS activity at the solubility limit. To better understand the
biological activity profile, we simulated the kgvalues assuming

an inhibition of 2% at the solubility limit and calculating a projected
ICs for the compounds studied? This number underestimates
the potency of the inhibition, but it is helpful in the comparative
analysis of the specificity index (S)which was determined by
the ratioK; yrg/Ki other enzyme SSI was determined by the rat®nrs/

Ki hDHFR-

The effect of increasing DMSO concentration in the TS assay
mixture was studied, and it was observed that no change in TS
activity was seen at concentrations up to 8% DMSO.

Microbiology. A collection of 18 Gram-positive and Gram-
negative wild-type bacterial strains were tested against the selected
molecules (Table 3).
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Table 6. NMR Data ¢, ppm) of Compound4—8, 16, 18

1,3,4,5,6
1 3 4 5 6 1 3 4 5 6

1 7.94d 7.97d 7.96d 8.12d 7.70d 14 110t

2 7.69t 777t 7.741 7.75t 7.581 15 =H15

3 7.841 7.881 7.87t 7.841 7.80t "6

4 8.30d 8.34d 8.32d 8.28d 8.30d "7 =H7 =H7 7.60 dJn, =H7 6.60 dJn,

5 8.35d 8.40d 8.38d 8.34d 8.35d '8 =H8

6 8.05d 8.08d 8.07d 8.14d 8.00d "9 =H9 =H9 7.32 over. 6.90 dn

7 7.31dJ 7.54 dJ 7.00 dJo 7.79s 7.05 dm 10 =H10 =H10 7.15 dJo =H7

8 6.99 dJo 11 9.55s

9 =H8 7.20 dJo =H8 6.53, dJm 12 2.22s
10 =H7 7.37 ddJg-dnm =H7 =H7 13 3.05m
11 9.50s 14 0.65t
12 1.72s 15 0.771t
13 3.22m

1. COSY: H1-H2; H2—HI3; H3—H4; H5—H6; H7—H8. NOE: H4-H5; H1—H7. Solvent: acetonds. Temp= 25°C.

3. COSY: H1-H2,H3; H2-H3; H4—H3,H2; H5-H6; H9—H10; H7—H10. NOE: H4-H5; H1—H2,H7,H10. Solvent: acetords:
Temp=25°C.

4. COSY: H1-H2,H3; H2-H3; H4—H3,H2; H5-H6; H7 —H10; HY—H10; NOE: H4—H5; H1—H7. Solvent: acetonds.
Temp=25°C.

5. COSY: H1-H2; H2—H3; H3—H4; H5—H6. Solvent: acetonds + benzeneds. Temp= 25°C.

6. COSY: H1-H2; H2—H3; H3—H4; H5—H6; H7—H8. NOE: H4-H5; H1-H7. Solvent: acetonds. Temp= 25°C.

2,7,8 16,18
2 7 8 16 18
1 7.95d 9.14d 9.14d 1 8.51d 8.49d
2 7.69t 7.951 7.97t 2 8.03t 8.01t
3 7.41t 7.85t 7.87t 3 8.68d 8.65d
4 8.30d 8.26d 8.29d 4 7.95d 7.93d
5 8.35d 8.50d 8.52d 5 7.20d 7.17d
6 8.05t 8.02d 8.02d 6 7.28%, 7.20 dd®Inue—Jm
7 7.31d 7.54 dn 7.29 dd®Jne—Jm 7
8 6.99d 8 7.03 d 7.051J,
9 =H8 7.20 dJ, 7.17 dd*Jue—Jo 9 6.97 ddJo—Jm 7.10 ddJo—Jm
10 =H7 7.37 ddJo—Jm 7.22 ddJo—Jn 6' =H6 =H6
7 =H7 =H7 =H7 7
8 =H8 8 =H8 =H8
9 =H9 =H9 =H9 9 =H9 =H9
10 =H10 =H10 =H10 16. COSY: H1-H2; H2—H3; H4—H5; H6—H9; H8—H9;
H6'—H9'; H8'—HY'. Solvent: DMSOds. Temp= 25°C.
2. COSY: H1-H2, H2—H3; H3—H4, H5—H6; H7—H9; H7—H12; 18 COSY: H1-H2; H2—H3; H4—H5; H6—H9; H8—H9;
H9—H12; H14,15-H13; H7 —H9'; H7'—H12; H9'—H12; H6'—H9'; H8'—HY', Solvent: DMSOes. Temp= 25°C.

H14—-H13; H15—-H13. NOE: H1-H7; H9—H11,;
H7—H14,H15; HE-H7'; H9'—H11; H7' —H14'; H7'—H15.
Solvent: DMSO€ds. Temp= 25°C.

7.COSY: H1-H2; H2—H3; H3—H4; H5—H6; H9—H10; H7—H10.
NOE: H4—H5; H6—H10; H6—H7.
Solvent: acetonés. Temp= 25°C.

8. COSY: H1-H2; H2—H3; H3—H4; H5—H6; H9—H10; H7—H10.
NOE: H4—H5. Solvent: acetonds. Temp= 25°C.

Twenty-three strains, comprising strains 8taphylococcus the strains showed multidrug resistance and were clinical isolates
epidermidis(11 strains),Staphylococcus aureu@ strains),Sta- recovered from blood or urine of patients without malignancies.
phylococcus haemoliticu§2 strains), Enterococcus faeciunf4 The strains were resistant to at least 17 of the most used antibacterial
strains), andEnterococcus gallinarun@ strains), were tested. All  agents including vancomycity¥®-36 (Supporting Information).
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Sensitivity Test. The Gram-positive and Gram-negative bacteria ~ Supporting Information Available: Multidrug resistance data
were cultured in a MuellerHinton broth (Difco Milan, Italy) at of clinical isolates multidrug-resistant strains used and elemental
37°C for 24 h. While the bacteria were developing exponentially, analysis results of the synthesized compounds. This material is

they were diluted in a liquid sterile medium to obtain a final available free of charge via the Internet at http://pubs.acs.org.
innoculum of approximately X 10* CFU/mL and subsequently

put in contact with increasing concentrations of the compounds References

under study. The minimum inhibitory concentrations (MICs),
defined as the lowest concentration at which bacterial growth was
no longer evident, were ascertained.

Cytotoxicity Test. The Trypan blue exclusion and MTT tests
were performed using VERO cells cultured in MEM medium
supplemented with 5% heat-inactivated (& 30 min) fetal calf
serum (FCS), 1% of penicillin (50 U/mL), streptomycin (a0/
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