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A series of 2-amino-[1,8]-naphthyridine-3-carboxamides (ANCs) with potent inhibition of bacterial
NAD+-dependent DNA ligases (LigAs) evolved from a 2,4-diaminopteridine derivative discovered by
HTS. The design was guided by several highly resolved X-ray structures of our inhibitors in complex with
either Streptococcus pneumoniae or Escherichia coli LigA. The structure–activity-relationship based on the
ANC scaffold is discussed. The in-depth characterization of 2-amino-6-bromo-7-(trifluoromethyl)-[1,8]-
naphthyridine-3-carboxamide, which displayed promising in vitro (MIC Staphylococcus aureus 1 mg/L)
and in vivo anti-staphylococcal activity, is presented.

� 2012 Elsevier Ltd. All rights reserved.
Over the last seventy years, antibacterial therapies have revolu-
tionized medical practice and have contributed to the increase of
the average lifespan. Unfortunately, the emergence of multidrug
resistant bacteria has come along with the use of antibacterial
drugs. The prevalence of such resistant pathogens has reached such
an alarming level that immediate and drastic actions are urgently
needed to ensure that effective therapeutic options remain avail-
able.1 Beyond any economical and strategic considerations,2 the
scarcity of novel validated biological targets amenable to antibac-
terial therapy and the lack of new chemical entities not subject
to cross-resistance with established anti-infective drugs, make
the discovery and the clinical development of a novel antibiotic
acting through a novel mode of action, one of the most fascinating
scientific challenges.3

DNA ligases are essential for the maintenance of genome integ-
rity as they are indispensable for DNA replication, recombination
and repair. During these vital processes, 5’-PO4

2� 30-OH polynucle-
otide nicks are formed in double stranded DNA and must be re-
sealed by ligase. NAD+-dependent bacterial DNA ligase (LigA; EC
6.5.1.2) is a validated antibacterial target4 but has so far received
ll rights reserved.

(J.-P. Surivet).
little attention despite the potential to reach broad-spectrum
activity.5 LigA isoenzymes are encoded by essential genes that
show a high degree of conservation across a relevant spectrum of
Gram-positive and Gram-negative pathogens.6 The ligation mech-
anism consists first in the adenylation of a lysine in the active site
of LigA by NAD+ with release of nicotinamide mononucleotide.
Then, the adenosine monophosphate (AMP) is transferred from
the LigA-Lys to the 50-end of the 50-PO4

2�-terminated DNA strand.
Finally, the phosphodiester bond is formed via the nucleophilic at-
tack of the 30-OH end onto the activated 50-PO4

2�, with release of
AMP.7

Bacterial LigA isoenzymes utilize NAD+ as a cofactor and belong
to a distinct phylogenetic cluster strictly separated from the cluster
of mammalian ligases consuming ATP.8 The dissimilarity between
the NAD+-dependent bacterial and the ATP-dependent human DNA
ligases increases the chance to design selective inhibitors of the
bacterial enzyme thereby minimizing the risk of mechanism based
toxicity owing to human ligase inhibition.9

When we initiated our investigations, only two classes of selec-
tive LigA inhibitors displaying target related antibacterial activity
had been reported: one derived from adenosine such as compound
110 and the other belonging to the pyridochromanone family,
exemplified by compound 211 (Fig. 1). Recently, 4-amino-pyr-
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Figure 1. Reported LigA inhibitors 1 and 2, targeting the ATP-binding site.
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ido[2,3-d]pyrimidin-5(8H)-ones, displaying moderate Gram-posi-
tive antibacterial activities through selective LigA inhibition, have
also been reported.12

Herein, we report the discovery of a novel class of DNA LigA
inhibitors based on a 2-amino-[1,8]-naphthyridine-3-carboxamide
(ANC) scaffold and our efforts to improve the biological activity
leading to a compound displaying potent in vivo activity against
Staphylococcus aureus.

A HTS campaign against the Escherichia coli LigA resulted in the
identification of compounds 3 and 4 (Table 2). The two hits dis-
played IC50 in the low micromolar range against S. aureus LigA
and in a higher range against the E. coli enzyme.13 Neither the hu-
man DNA ligase 114 (huLig 1) nor the growth of wild-type bacte-
ria15 was inhibited by compounds 3 and 4. However, LigA
specific inhibitory activity could be shown with a panel of isogenic
‘permeable’ DtolC (efflux knock-out) DrfaC (truncated LPS) E. coli
strains with low or high ligation activity. Thus, a particular ligase
mutation (L15F amino acid exchange in ligA251)16 rendered strains
carrying only the ligA251 allele more sensitive toward specific LigA
inhibitors resulting in a >20-fold reduced ligation activity.17 The
specificity of compound 3 for LigA was shown through the signifi-
cant increase of MIC (minimal inhibitory concentration) when
wild-type (wt) LigA (pECLigA) was over-produced in the isogenic
E. coli strain. Compound 4 showed a similar activity pattern as
compound 3, however to a lower extent as a result of its weaker
inhibitory potency against E. coli LigA (Table 1). The better bio-
chemical potency and whole-cell activity of hit 3 over hit 4, com-
bined with a slightly better Ligand Efficiency (LE, 0.54 vs
0.4 Kcal/mol/non H-atom, calculated using S. aureus LigA inhibition
data) and a higher amenability for structural modifications,
prompted us to select the pteridine derivative 3 as a starting point
for a medicinal chemistry program.18

In parallel, the X-ray crystal structure of hit 3 (Fig. 2) bound
within the AMP binding pocket of a truncated form of Streptococcus
pneumoniae LigA was solved. The major binding interactions are a
p-stacking interaction with the side chain of Tyr225 and a series of
Table 1
Biological activities of HTS validated hits 3 and 4 on LigAs and engineered E. coli strains

N

N NH2

NH2

N

N

O

3
18

Compounds IC50
a S. aureus IC50

a E. coli K

3 2.5 25 0
4 2.5 >25 2

a IC50 on LigA (lM).
b Equilibrium dissociation constant measured on Biacore using Streptococcus pneumon
c E. coli DtolC, DrfaC
d E. coli DtolC, DrfaC, ligA251.
e E. coli DtolC, DrfaC, ligA251, pECLigA.
f MICs expressed in mg/L.
hydrogen bonds either with the backbone of the enzyme (Leu114)
or amino-acid side chains (Glu113 and Lys290).16

A superposition of compounds 1 and 3 bound to LigA (Fig. 3) re-
vealed that both compounds are covering the same space as the
AMP unit of NAD+, as found in the structure of NAD+ bound to
Enterococcus faecalis LigA (PDB code 1TAE).19 The cyclopentyl unit
of 1 and the 7-methoxy group of 3 are both occupying a part of a
hydrophobic cave which we dubbed ‘tunnel’. This cavity is not
present in huLig 1 since it is blocked by the side chain of Trp742
(PDB code: 1X9N).9,20 Replacement of the N-5 nitrogen of hit 3
by a carbon atom offered a new and promising exit vector in the
direction of the ribose pocket. The 4-amino group of compound 3
interacted with the backbone of LigA (Lys115) through a water
molecule (Fig. 2). Although compound 3 did not inhibit huDHFR,
the removal of this 4-amino group, combined with the replace-
ment of the N-3 nitrogen of 3 by a carbon atom was a preemptive
measure to avoid undesired interactions with enzymes of the fo-
late pathway, as experienced with related molecules.21 We in-
tended to combine features of compound 1 and a modified
version of 3 (compound 5a, Fig. 3) in order to reach simultaneously
the ribose pocket as well as the hydrophobic ‘tunnel’.

Compound 6 (Scheme 1) inhibited E. coli LigA (IC50 = 25 lM)
and the growth of sensitized E. coli strain in the same range as
compound 3, but inhibited neither huLig 1 nor huDHFR at this con-
centration. We focused our efforts on exploring a suitable substitu-
tion pattern to fill the ribose site, initially defining R3 as CF3.
Unfortunately, enzymatic inhibition measured for more than 100
compounds of formulae 8 and 9 (Scheme 1) on E. coli LigA re-
mained in a range between 5 and 25 lM (IC50). The introduction
of hydrophobic groups, such as aromatic or hetero-aromatic
groups were usually not tolerated (compounds not shown), with
the exception of phenyl groups substituted with polar functional
groups such as in compound 8a (Scheme 1). The introduction of
aliphatic polar substitutions as in compound 9a (Scheme 1), did
not lead to improved enzymatic inhibitory activities either. The hy-
droxyl groups of the compound 9a did not interact favorably with
the existing H-bond network defined by water molecules and sur-
rounding amino acid side chains in contrast to the hydroxyl groups
of the ribose unit present in AMP.

The X-ray structure of the pyridochromanone 2 bound to trun-
cated E. faecalis LigA (PDB code 3BA8)22, revealed that an amide
moiety strengthened the interaction with the enzyme backbone.
This observation led us to establish the 2-amino-[1,8]- naphthyri-
dine-3-carboxamide (ANC) series 5b (Fig. 3), and further introduce
a substitution on position 6 (R2 substitution) to increase the inter-
actions with the protein. During the course of our program, X-ray
structures of two pyridopyrimidine derivatives bound to LigA have
4
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Table 2
Enzymatic inhibitory and antibacterial activities15 of ANC derivatives 5b (see Fig. 3)

Compounds R1 R2 R3 IC50
a (lM) MIC wtb MIC Lig� c,d KD

e (nM) MICi

S.af S.pg H.ih

13a H H –CF3 0.5–0.6 16 0.125 101 8 >16 0.5
13b Me H –CF3 0.5 4 0.25 48 8 >16 0.5
13c –(CH2)2OMe H –CF3 10 >16 2 458 >16 >16 4
13d –(CH2)2OH H –CF3 10 >16 1 431 >16 >16 1
13e –CH2NH2 H –CF3 2.5 >16 1 102 >16 >16 4
13f Ph H –CF3 2.5 32 0.5 237 >16 >16 8
17a –(CH2)2– –Cl 0.6 8 0.25 152 16 >16 8
17b Me Bn –Cl 0.5 4 0.125 107 4 4 2

17c Me –Cl 0.8–1 8 0.125 116 8 >16 4

17d Me
N

–Cl 1–2 >16 0.25 118 >16 8 2

20a H Br CF3 0.3 2 0.063 16 1 2 0.125
20b H Br tBu 0.3–0.5 8 0.25 77 4 8 2

20c H Br 0.5 >16 4 184 >16 >16 >16

20d H Br OBn >5 >16 8 4312 >16 >16 >16

20e H Br NBoc >5 >16 >16 2608 >16 >16 >16

22a H Me CF3 0.5 0.5 0.063 48 4 8 0.25

22b H CF3 0.4 8 0.125 89 2 >16 1

22c H Et CF3 0.6 8 0.25 75 4 >16 2

22d H CF3 0.8-1 >16 1 152 16 >16 8

22e H CF3 0.4 2 0.125 83 1 16 0.5

22f H CF3 2.5 >16 4 150 >16 16 16

22g H Bn CF3 0.8–1 16 0.125 141 >16 >16 4
22h H –CH2Bn CF3 >10 >16 32 1216 >16 >16 >16
22i H –CH2OH CF3 0.5 >16 2 389 >16 >16 2

30a N OH Br CF3 0.5 4 0.125 43 16 >16 4

30b N
OH

Br CF3 0.7 4 0.125 31 8 8 8

30c N OH Br CF3 0.7 8 0.25 39 >16 16 >16

30d N
OH

Br CF3 0.7 >16 0.5 57 8 8 4

30e N
NH2

Br CF3 1–2 >16 1 86 >16 >16 8

a E. coli LigA.
b E. coli DtolC, DrfaC.
c E .coli DtolC, DrfaC, ligA251.
d All compounds showed MIC >16 on E. coli DtolC; DrfaC, ligA251, pECLigA except compound 20a (MIC = 8).
e Equilibrium dissociation constant measured on Biacore using S. pneumoniae LigA (nM).
f S. aureus ATCC 29213.
g S. pneumoniae A-216.
h Haemophilus influenzae A921.
i MICs expressed in mg/L. None of the compounds reported in the table inhibited huLig1 or huDHFR.
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been released.23 These inhibitors share structural features with 5b,
but no biological data were published so far. A series of 5-substi-
tuted-7-trifluoro-ANC 13a–f and 5,6-disubstituted-7-chloro-ANC
17a–d were synthesized (Schemes 2 and 3) and evaluated (Table
2).

Sub-micromolar inhibitory activities against E. coli LigA were
measured for compounds 13a and 13b, confirming the positive im-
pact of the carboxamide that forms two H-bonds with the back-
bone of the protein (Fig. 4). Compounds 13a and 13b bearing
either no or just a small substituent in position 5 displayed strong
growth inhibitory activity on sensitized E. coli strains but lacked
inhibitory activities against huDHFR and huLig1 respectively, con-
firming the excellent specificity and selectivity profile already ob-
served for compound 6. The same findings were observed with
several 7-chloro-ANC (17a–d) featuring small R1, which inhibited
LigA as well as a sensitized E. coli strain. Derivative 17b exhibited
measurable antibacterial effects on wild type S. aureus and Hae-
mophilus influenzae (Table 2). By contrast, increasing the size
and/or the polarity of R1 in position 5 caused a decrease of inhibi-
tion on E. coli LigA and sensitized E. coli strain (compounds 13c–f).



Figure 2. Co-crystal structure of HTS hit 3 with truncated S. pneumoniae LigA16

(PDB code: 4GLW).
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The two derivatives 20a and 20b, wherein R3 is trifluoro or tert-bu-
tyl respectively, showed potent inhibition of E. coli LigA, low equi-
librium dissociation constant on S. pneumoniae LigA enzyme, and
strong growth inhibition of sensitized E. coli strains. Furthermore,
compounds 20a and 20b showed significant antibacterial activity
on wild-type S. aureus, S. pneumoniae and H. influenzae. Increasing
either the size and/or the polarity of the R3 (compounds 20c–e) led
to decreased activity.

The beneficial effect of the R2 substitution on the antibacterial
activities is obvious by comparing the activities of compounds
13a and 20a. Due to an easier chemical access to the ANC scaffold
(Scheme 3), an extensive investigation around R2 was performed
keeping R3 = CF3. Various small alkyl groups were tolerated, pro-
viding compounds with significant antibacterial activity on wild-
type S. aureus and H. influenzae (compounds 22a–e, Table 2) while
larger substituents such as a benzyl (compound 22g) or a phen-
ethyl (compound 22h) displayed weaker or no measurable antibac-
terial activities. To further extend our exploration of the 6-bromo-
7-trifluoromethyl-ANC scaffold, various N-5 substituted deriva-
tives (30a–e) were synthesized (Scheme 4). While sub-micromolar
inhibitory activities against E. coli LigA were recorded for hydrox-
yalkylamine compounds 30a–d, only modest minimal inhibitory
concentrations were obtained on wild-type S. aureus confirming
N NR3

R1 NH

possible
DHFR inhibit

Figure 3. Structure guided design of novel ANCs starting from the super
again the detrimental impact of any large R1 substitution filling
the ribose pocket, on the antibacterial activities.

The SAR around the 2-amino[1,8]-naphthyridine scaffold was
explored preparing two series of 7-trifluoromethyl-2-amino[1,8]-
naphthyridines. Naphthyridines of formula 8 were obtained from
the intermediate 6 (obtained by chlorination of the known deriva-
tive 724) via a Suzuki–Miyaura cross coupling reaction25 using a
variety of (hetero)aromatic boronic acids. Naphthyridines of for-
mula 9 were prepared via a substitution reaction of compound 6
with secondary amines (Scheme 1). The synthesis of 5-substi-
tuted-7-trifluoromethyl-ANC 13 (Scheme 2) started with the con-
densation of ethyl diamino-acrylate 10 with b-substituted-b-
methoxyvinyl trifluoromethyl ketones 11 affording the pyridines
12. The reduction of the ester moiety with LAH and subsequent oxi-
dation with MnO2 led to the corresponding aromatic aldehydes that
were further condensed with 2-cyanoacetamide in presence of
TMG leading to derivatives 13a–f. In case R1 = CH2NHBoc or
(CH2)2-OBn, a deprotection step was necessary using either HBr in
AcOH or TFA. 5,6-Disubstituted-7-chloro-ANC 20a–e were pre-
pared via a condensation reaction of the a-substituted b-ketoesters
14 with ethyl diamino-acrylate 10.26 The resulting 6-amino-pyri-
din-2-ones 15 were refluxed in POCl3 to afford the chloropyridines
16, which were further converted to the ANC 17 using the usual
three ultimate steps (as outlined in Scheme 2). A series of 2-ami-
no-pyridines 19 and 21, bearing various substitutions in position
6, were obtained by condensation of the sodio enolates 18 with
ethyl diamino-acrylate 10 in presence of acetic acid. The regioselec-
tive bromination was performed with NBS, yielding the derivatives
19. Palladium-catalyzed cross coupling reactions, carried out with
various boronic acids, potassium trifluoroborate salts27 or zinc re-
agents28 provided derivatives 21, bearing a variety of substitutions
in position 6. If necessary, any remaining unsaturation was reduced
by catalytic hydrogenation. The derivatives 20 were directly ob-
tained from the intermediate 19 (R = CF3) using a three steps se-
quence (reduction to the alcohol, oxidation to the aldehyde and
condensation with 2-cyanoacetamide). The same sequence was ap-
plied to generate ANC derivatives 22a–i from the esters 21 (Scheme
3). The synthesis of a library of 5-N-substituted ANC derivatives
30a–e (Scheme 4) was achieved through nucleophilic substitution
of the 5-chloro ANC 29 using various primary and secondary
amines. The synthesis of the intermediate 29 was achieved from
the known precursor 23.29 After chlorination in hot POCl3, sequen-
tial displacement with the sodio anion of 4-methoxybenzylalcohol
N N NH2R3

R2
R1

R4
N

NH2

2

5a R2 = R4 = Hor

ANC 5b R4 = CONH2

design of selective
bacterial LigA

inhibitors

improving enzymatic
inhibitory activity

imposition of compounds 1 (yellow bonds) and 3 (magenta bonds).
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Scheme 1. Reagents and conditions: Preparation of small librairies of 7-trifluoromethyl-2-amino[1,8]naphthyridines 8 and 9: (a) POCl3, reflux; (b) R1-B(OH)2, (PPh3)4Pd
(5 mol %), K2CO3, aq dioxane, reflux; (c) R5R6’NH, NMP, 120 �C.
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and 3,4-dimethoxybenzylamine and cleavage of both protecting
groups in TFA afforded the intermediate 27. Subsequently, a treat-
ment with POCl3 followed by a bromination using NBS gave rise
to the ester 28. The transformation into naphthyridine 29 was then
performed in three steps as described previously.

The physicochemical properties and metabolic stability profile
of the most promising LigA inhibitor 20a were determined in more
detail. The aqueous solubility remained in the low single digit lg/
mL range at all pHs.30 Major human cytochrome P450 isoenzymes
2C9, 2D6 and 3A4 were not inhibited by compound 20a
(IC50 > 50 lM). It was stable in rat microsomes and hepatocytes
with respective intrinsic clearances of 20 lL/(min⁄mg) and
1.8 lL/(min⁄106cells). Rat PK performed with compound 20a re-
vealed low clearance, moderate volume of distribution and high
oral bioavailability (F = 80%) while subcutaneous administration
(10 mg/kg) to mice resulted in high exposure (see Table 3). As sig-
nificant free concentration was measured in mouse plasma for
the compound 20a, it was evaluated in a neutropenic murine thigh
infection model31 using a quinolone sensitive laboratory strain
descendent of S. aureus DSM 11823 as infecting pathogen (20a;
MIC = 0.5mg/L). When administered at a dose of 100 mg/kg (s.c.;
2h post-infection and once per experiment), 20a provided a net sta-
tic effect 24 h after infection (inoculum size 2 � 103 cfu i.m.; com-
pound formulated in 5% DMSO/15% solutol HS15 in water). In
vivo efficacy of a LigA inhibitor was already demonstrated on a sim-
ilar aminal model with a metabolically labile adenosine analog.10c

Compound 20a inhibited growth of various strains of S. aureus
even in presence of human serum (Table 4), and displayed some



Figure 4. X-ray structure of ANC 20a bound to E. coli LigA (PDB code: 4GLX).

Table 4
Antibacterial activity15 of compound 20a against selected pathogens32

Gram-positive strains MIC (mg/
L)

Gram-negative strains MIC (mg/L)

S. aureus A798 1 H. influenzae A921 0.125
S. aureus ATCC25923 1 M. catarrhalis A894 8
S. aureus ATCC25923a 2 P. aeruginosa ATCC27853 >32
E. faecium A949 >32 K. pneumoniae T6474 >32
E. faecalis ATCC29212 8 A. baumannii T6474 >32
S. pneumo.ATCC49619 16 E. coli ATCC25922 >32
C. difficile ATCCA1148 8 S. cerevisiae (yeast) A136 >32

a Measured in presence of 50% human serum.
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antibacterial potency against other Gram-positive (E. faecalis) and
RTI pathogens such as S. pneumoniae and Moraxella catarrhalis
but it did not inhibit growth of Enterococcus faecium, and in general
Gram-negative organisms. The IC50 against S. pneumoniae LigA was
two to threefold higher than for S. aureus LigA. Not surprisingly for
Gram-negative strains, the lack of activity can be attributed to poor
permeability and high efflux (see permeable E. coli activity in Table
3). The complete absence of activity against Saccharomyces cerevi-
siae which has an ATP-dependent ligase, confirmed the excellent
selectivity profile of our ANC inhibitors for the bacterial class of
these enzymes.novel class of NAD+-dependent LigA inhibitors, i.e.
functionalized 2-amino-[1,8]-naphthyridine-3-carboxamides, has
been obtained in a structure guided optimization approach starting
from a HTS hit featuring a 2,4-diaminopteridine scaffold. The most
Table 3
PK parameters determined for compound 20a

CLc Vss
d

Rat (0.1 mg/kg, iv.a or 1 mg/kg po.b) 11.0 0.71

Mouse (10 mg/kg, s.c.b) n/a n/a

a 5% DMSO/28.5% HPbCD in water.
b 5% DMSO/15% Solutol HS15 in water.
c Total plasma clearance (mL/min/kg).
d Volume of distribution at steady state (L/kg).
e Terminal half-life (h).
f Highest observed plasma concentration (lg/mL).
g Area under the concentration�time curve from time 0 to 1 (iv.) or 24 h (po./sc., mg
h Determined from the po. experiment.
i Unbound fraction fu = 0.14.
j Unbound fraction fu = 0.046. n/a: not applicable.
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Scheme 4. Reagents and conditions: Synthesis of various 5-substituted 6-bromo- ANC 30
BnNH2 (DMBNH2), 100 �C; (d) TFA, 70 �C, 2 h; (e) NBS, MeCN, rt; (f) LAH, Et2O, 0 �C; (g) M
100 �C.
potent inhibitors displayed in vitro antibacterial activities on
Gram-positive S. aureus as well as fastidious Gram-negative H.
influenzae. Target specificity of these inhibitors was established
by comparing whole-cell assays using E. coli strains with low or
high DNA LigA activity respectively. The establishment of the
SAR required the development of synthetic pathways leading to
highly functionalized 2-aminopyridines, a process not suited for
high-throughput chemistry. Our investigations demonstrated 1)
that substitution of position 5 did not lead to an increase of binding
affinity and 2) that substituents in positions 6 and 7 have a strong
influence on SAR.

In depth characterization of compound 20a showed that its
good metabolic stability (combined with an acceptable mouse
plasma protein binding) led to sufficient free exposure to ensure
in vivo efficacy in a murine infection model, using a S. aureus strain
as an infecting pathogen. Complete characterization of biochemical
and antibacterial properties of inhibitor 20a will be discussed else-
where. Further investigations of the ANC scaffold will focus on 1)
improving the biochemical potency on various LigA enzymes to ex-
pand the antibacterial spectrum, 2) decreasing resistance frequen-
t1/2
e Cmax

f AUCg fAUCg

2.3 0.41h 0.15
1.22h

0.021i

0.171h,i

2.9 7.05 84.5 3.89j

*h/L).

N

Cl

F3C

Br

N NH2

O

NH2

N

N

F3C

Br

N NH2

O

NH2
R6R5

29 30

i

: (a) POCl3, DMF, 90 �C; (b) 4-MeO-BnOH (PMB-OH), NaH, DMF, 0 �C; (c) 3,4-di-MeO-
nO2, DCM, 40 �C; (h) 2-cyanoacetamide, TMG, EtOH, 60 �C; (i) HNR5R6, Et3N, NMP,
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cies 3) optimizing the key physicochemical properties (solubility,
plasma protein binding).
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