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Abstract: The 3-aminoquinzolinediones represent a new series of
antibacterial agents structurally related to the fluoroquinolones. They
are inhibitors of bacterial gyrase and topoisomerase IV and demonstrate
clinically useful antibacterial activity against fastidious Gram-negative
and Gram-positive organisms, including multidrug- and fluoroquino-
lone-resistant organisms. These agents also demonstrate in vivo efficacy
in murine systemic infection models.

Antibiotic resistance, both in the community and in the hos-
pital, is a growing public health concern due to the continual
emergence of bacterial strains that demonstrate multidrug resis-
tance.1 Successful traditional therapies are proving to be ineffec-
tive, and clinicians are now switching to newer agents as a stra-
tegy to treat life-threatening infections. Consequently, the fluoro-
quinolones, as a newer antibacterial class, are filling an unmet
medical need.

Since the discovery of the fluoroquinolones, a great body of
knowledge has been accumulated for this class of bacterial
type-2 topoisomerase (gyrase and topoisomerase IV) inhibitors.2

Structure-activity relationships associated with both efficacy
and safety are well-understood, and new fluoroquinolones3

continue to be developed to overcome issues associated with
existing agents. Prominent clinical agents are ciprofloxacin,
indicated primarily for the treatment of Gram-negative and
urinary tract infections, gatifloxacin, moxifloxacin, and levo-
floxacin (Figure 1) for the treatment of respiratory tract
infections and skin and soft tissue infections caused byS. aureus,
and garenoxacin, a new entry into the class, which is currently
in clinical trials.4

Although the fluoroquinolones are highly effective in the
clinic, increasing use places their future utility in jeopardy. In
recent years, resistance to fluoroquinolones has begun to rise
in both the hospital and community settings.5

The search for new classes of antibacterial agents to overcome
growing bacterial resistance focuses largely on two approaches.
One is to identify novel targets where no pre-existing resistance
exists.6 This approach, although sound in concept, has been met
with little success in identifying quality lead matter due to issues
associated with target validation and low hit rates from high

throughput screening. The second approach is to explore existing
clinically proven targets for new chemical matter or modify
existing matter with limited or no cross-resistance to existing
agents, eliminating the risk of target validation. This approach
has been used successfully by a number of researchers to identify
new series of antibacterial agents. This has been particularly
effective toward the generation of newer classes of macrolide,
tetracycline, and cephalosporin antibiotics and especially sig-
nificant in the discovery of newer generations of vancomycin
derivatives.7

In an effort to discover new classes of antibacterial agents
that inhibit bacterial gyrase and topo IV, we have previously
reported on the discovery of the 2-hydroxyisoquinolines18 and,
subsequently, the 3-hydroxyquinazolinediones2.9 Both series
exhibit moderate antibacterial activity and can be differentiated
from the fluoroquinolones by di-acyl hydroxamic acid func-
tionality (pKa ) 6.3-7.0), which replaces the 3-position
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Figure 1. Structures of known inhibitors of bacterial gyrase/topo IV
and 3-aminoquinazolinediones.

Scheme 1.Preparation of 3-Amino-quinazolinedione
Antibacterial Agents
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carboxylic acid moiety (pKa ) 5.6-6.4) observed with the
fluoroquinolones. The acidic functionality has historically been
viewed as essential for binding to bacterial gyrase and topo IV.10

We now report on the discovery of the 3-aminoquinazo-
linediones, exemplified by3 and4, as a new class of bacterial
gyrase and topo IV inhibitors. The 3-aminoquinazolinediones
challenge the historic dogma that 3-position acidic functionality
is required for antibacterial activity.

The 3-aminoquinazolinediones were prepared according to
Scheme 1. For the analogues highlighted herein, the syntheses
of the 3-aminoquinazolinedione cores5 have been reported
previously.11 These were coupled with side chain6 in good
yields, followed by BOC deprotection, which provided target
compounds3 and4.

The 3-aminoquinazolinediones (3 and 4) demonstrate sig-
nificant inhibition of E. coli gyrase activity, similar to that
observed for the fluoroquinolones (Table 1).12 They can be
characterized, however, as having only moderate activity against
Gram-negative pathogens (Table 1). This is demonstrated by
comparing the activities of3 and4 relative to the comparator
agents againstE. cloacae, K. pneumoniae, P. rettgeri, P.
aeruginosa, andE. coli. One reason for the diminished activity
can be ascertained from the activities of3 and4 against theE.
coli Tol C strain, where an efflux pump has been knocked out,
clearly demonstrating that these agents are substrates for efflux.

A clue that the 3-aminoquinazolinediones represent a class
of agents dramatically different from the fluoroquinolones is
observed against theK. pneumoniaeextended spectrumâ-lac-
tamase (ESBLa), producing strain KP-3729. Against this strain,
the fluoroquinolones lost significant antibacterial activity as
compared to the corresponding sensitive strain KP-2 (>100-
fold). Both strains were equally sensitive to3 or 4.

Against the fastidious Gram-negative strainsH. influenzae
and M. catarrhalis, reasonable levels of antibacterial activity
can be achieved, especially for3, despite the efflux mechanism.

Against Gram-positive organisms, the 3-aminoquinazolinedi-
ones demonstrate exceptional antibacterial activity. Similar
antibacterial activity is exhibited for comparator agents and
analogues3 and 4 against theS. aureusUC-76 strain. This
changes, however, when all five compounds are examined
againstS. aureusresistant strains. It is well-established that
clinical fluoroquinolone resistance results from multiple target
mutations, the sum of up-regulation of efflux pumps and
multiple mutations in the quinolone-resistant determining regions
(QRDR) of both gyrase and topo IV.13 As shown in Table 1,S.
aureus strains SA-2552, SA-2554, and SA-2558, raised as
strains resistant (each from UC-76) to ciprofloxacin, demonstrate
reduced susceptibility to the comparator fluoroquinolones to
varying degrees. SA-2552 has an efflux pump (norA) that has
been up-regulated and is observed clinically.13 Against this
strain, ciprofloxacin loses significant activity. The remaining
comparators and the 3-aminoquinazolinediones demonstrate a
2- to 4-fold reduction with the resultant MICs still of clinical
utility. Against the SA-2554 strain, which has a mutation in
norA and a single mutation in topo IV (grlA), none of the agents
lose significant activity versus that observed with SA-2552.
However, when a second mutation (SA-2558 strain) is intro-
duced into the QRDR of gyrase (gyrA), all the fluoroquinolone
comparators lose significant antibacterial activity (100- to 500-
fold vs SA-1). This same strain, however, is still highly sensitive
to the 3-aminoquinazolinediones, apart from the 2- to 4-fold
loss in activity due to efflux.

The comparators and3 and 4 were also tested against
methicillin-resistant (MRSA) and ciprofloxacin- and methicillin-
resistant (CMRSA) strains ofS. aureus. As shown in Table 1,
these organisms are highly sensitive to the 3-aminoquinazo-
linediones, whereas the fluoroquinolones are only effective
against MRSA.

a Abbreviations: ESBL, extended spectrumâ-lactamase; QRDR, quino-
lone-resistant determining regions; MRSA, methicillin-resistant; CMRSA,
ciprofloxacin- and methicillin-resistant; strains ofS. aureus; VRE, vanco-
mycin-resistant Enterococci.

Table 1. In Vitro Gyrase and Antibacterial Activity Against Selected Pathogens

ciprofloxacin garenoxacin gatifloxacin levofloxacin 3 4

E. coli gyrase IC50 (µM)12 0.2 0.5 0.2 0.6

organism MIC (µg/mL)

Gram-negatives
E. cloacaeEC1-10 0.03 0.25 0.06 0.06 1.0 2
K. pneumoniaeKP-2 0.03 0.06 0.06 0.03 1.0 8
K. pneumoniaeESBL KP-3729 32 8 8 2 8
P. rettgeriPR-9 0.06 0.06 0.50 0.50 2.0 4
P. aeruginosaPA-7 0.06 1.0 0.50 0.50 4.0 8
E. coli EC-2026 0.06 0.03 <0.06 0.015 1.0 4.0
E. coli EC-2549 (TolC) 0.004 0.008 <0.06 0.008 0.03 0.13

Fastidious Gram-negatives
H. influenzaeHI-3542 0.008 0.015 0.015 0.008 0.125 0.25
M. catarrhalisBC-3531 0.03 0.03 0.03 0.03 0.25 1.0

Gram-positives
S. aureusSA-1417 0.5 0.06 0.125 0.25 0.125 0.5
S. aureusUC-76 SA-1 0.13 .015 .03 0.125 0.06 0.13
S. aureusSA-2552 (nor A) 2.0 0.03 0.125 0.25 0.25 0.5
S. aureusSA- 2554 (nor A, grlA) 2.0 0.03 0.125 0.50 0.13 0.25
S. aureusSA-2558 (nor A, grlA, gyrA) 64.0 2.0 4.0 8.0 0.25 0.5
S. aureusMRSA SA-1417 0.5 0.03 0.125 0.25 0.125 0.25
S. aureusCMRSA SA-2017 >64 2 8 8 0.5 1
E. faecalis MGH-2EF1-1 0.5 0.125 0.50 1.0 0.125 0.13
E. faecalis(VanA) EFI-3524 32 4 16 32 0.25 0.25
E. faeciumVRE (van A) EF4-3489 >64 8 32 64 1 1
S. pneumoniaeSVI SP-3 1.0 0.03 0.125 0.50 0.015 .03
S. pneumoniaeQRSP SP-3763 64 1 4 16 0.06 0.06
S. pyogenes C-203 SP1-1 0.5 0.06 0.50 0.50 0.015 .03
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Against the Enterococci strains (E. faecalisandE. faecium),
both wild-type (EF1-1) and VRE (EF1-3524, vancomycin-
resistant Enterococci), the 3-aminoquinazolinediones demon-
strate reasonable antibacterial activity, especially when compared
to the fluoroquinolones. Particularly noteworthy is the sensitivity
of E. faeciumVRE to3 and4, considering the rise of resistance
to vancomycin in the hospital setting, which represents a
significant medical need.1

Streptococci organisms are also highly sensitive to3 and4.
Of particular interest is the activity against quinolone-resistant
S. pneumoniae(QRSP), where the fluoroquinolones are es-
sentially devoid of clinical utility (garenoxacin is borderline).

Although the 3-aminoquinazolinediones have striking struc-
tural similarity to the fluoroquinolones and demonstrate enzy-
matic activity against gyrase (vide supra), fluoroquinolone-
resistant organisms are still highly susceptible to this novel class.
To better understand this phenomenon, a number of studies with
compound3 were carried out to validate its mechanism of
action. Biochemical studies reveal that the conformational
change in DNA gyrase in the ternary complex of gyrase/DNA/3
is identical to that induced by ciprofloxacin.14 Compound3 also
inhibits the ability of purifiedE. coli DNA gyrase to supercoil
DNA at concentrations comparable to ciprofloxacin and, like
ciprofloxacin, produces a linear cleavage product.15 It was also
found in studies againstE. coli gyrase that unlabeled cipro-
floxacin and compound3 each displaced bound [14C]-cipro-
floxacin in competition assays, suggestive of similar or overlap-
ping binding regions on the enzyme for the two classes.16

To further assess the mechanism of action of compound3,
the compound was tested in whole cell macromolecular
synthesis analysis17 to determine the effect of the compound3
on the synthesis of DNA, RNA, fatty acids, and protein. These
experiments demonstrated that only the synthesis of DNA was
specifically inhibited, consistent with the in vitro DNA gyrase
assay data.

To help identify the precise molecular target,N. gonorrheae
mutants resistant to at least four times the MIC of3 were
isolated, and the mutations responsible for resistance were
identified by genetic “backcross” experiments.18 The mutations
were identified to be in or near the quinolone-resistant determin-
ing regions (QRDR) in eithergyrA,resulting in D95G or E161K
alterations of the DNA gyrase A-subunit, orgyrB, resulting in
E469V, K450N, or D419N substitutions in the DNA gyrase
B-subunit.19 These data suggest that the mechanism of action
of the 3-aminoquinazolinediones is due to specific inhibition
of DNA gyrase and topo IV in a quinolone-like manner.

To further assess the utility of the 3-aminoquinazolinediones,
3 and4 have also been examined for in vivo efficacy in murine
bacteremia infection models (Table 2).20 Both compounds
exhibit significant activity in both models (S. pyogenesandE.

faecalis) via oral and subcutaneous dosing, demonstrating the
potential of the 3-amino-quinazolinediones as antibacterial
agents.

In summary, we have detailed the synthesis and in vitro and
in vivo activity of selected compounds of the 3-aminoquinazo-
linediones, a novel class of antibacterial agents. This class is
shown to be inhibitory against bacterial gyrase and topo IV in
a fluoroquinolone-like manner and demonstrates significant
antibacterial activity against wild-type and multidrug-resistant
organisms. The greatest utility of the 3-aminoquinazolinediones
appears to be against Gram-positive organisms that have reduced
sensitivity to the known antibacterials, including the fluoroquino-
lones. This class of compounds also demonstrates excellent in
vivo activity in murine infection models. In future publications,
we will extensively detail in vitro structure-activity relation-
ships, in vivo activity, and PK/PD relationships for this novel
class.

Supporting Information Available: Synthesis procedures,
supporting analytical data, testing protocols, and data associated
with mechanism of action studies. This material is available free
of charge via the Internet at http://pubs.acs.org.

References
(1) (a) Ohno, A. Antimicrobial agents and drug-resistance mechanism.

Infect. Control2004, 13 (10), 1012-1017. (b) Livermore, D. M.
Bacterial resistance: Origins, epidemiology, and impact.Clin. Infect.
Dis. 2003, 36 (Suppl. 1), 1058-4838.

(2) (a) Sprandel, K. A.; Rodvold, K. A. Safety and tolerability of
fluoroquinolones.Clinical Cornerstone2003, (Suppl 3), S29-36.
(b) Drlica, K.; Zhao, X. DNA gyrase, toposiomerase IV, and the
4-quinolones.Microbiol. Mol. Biol. ReV. 1997, 61, 377. (c) Gootz
T. D.; Brighty K. E. Fluoroquinolone antibacterials: SAR, mechanism
of action, resistance, and clinical aspects.Med. Res. ReV. 1996, 16
(5), 433-486.

(3) (a) Hoepelman, I. New fluoroquinolones: levofloxacin, moxifloxacin,
and gatifloxacin.Ned. Tijdschr. Geneeskd.2004, 148 (43), 2115-
2121. (b) Yoo, B. K.; Triller, D. M.; Yong, C.-S.; Lodise, T. P.
Gemifloxacin: a new fluoroquinolone approved for treatment of
respiratory imfections.Ann. Pharmacother.2004, 38 (7-8), 1226-
1235. (c) Dalhoff, A.; Schmitz, F.-J. In vitro antibacterial activity
and pharmacodynamics of new quinolones.Eur. J. Clin. Microbiol.
Infect. Dis.2003, 22 (4), 203-221.

(4) Ince, D.; Zhang, X.; Silver, L. C.; Hooper, D. C. Dual targeting of
DNA gyrase and topoisomerase IV: target interactions of genenoxa-
cin (BMS-284756, T-3811ME), a new desfluoroquinolone.Antimi-
crob. Agents Chemother.2002, 46 (11), 3370-3380.

(5) Ferraro, M. J. The rise of fluoroquinolone resistance: Fact or fiction.
J. Chemother.2002, 14 (Suppl. 3), 31-41.

(6) Projan, S. J. New (and not so new) antibacterial targets-from where
and when will the novel drugs come?Curr. Opin. Pharmacol. 2002,
2 (5), 513-522.

(7) (a) Chu, D. T. Recent developments in macrolides and ketolides.
Curr. Opin. Microbiol. 1999, 2, 467-474. (b) Wise, R.; Andrews,
J. M. In vitro activities of two glycyclines.Antimicrob. Agents
Chemother.1994, 38, 1096-1102. (c) Sanders, C. C.â-lactamase
stability and in vitro activity of oral chphalosporins against strains
possessing will-characterized mechanisms of resistance.Antimicrob.
Agents Chemother.1989, 33, 1313-1317. (d) Kahne, D.; Leimkuhler,
C.; Lu, W.; Walsh, C. Glycopeptide and lipogylcopeptide antibiotics.
Chem. ReV. 2005, 105, 425-448.

(8) (a) A preliminary account of this work has been presented, cf. Stier,
M. A.; Watson, B. M.; Domagala, J. M.; Sanchez, J. P.; Gracheck,
S.; Joannides, E. T.; Olson, E.; Shapiro, M. A.; Amegadzie, A.;
Micetich, R.; Singh, R.; Vo, D.; Vaisburg, A.; Wu, K. The synthesis
and SAR of a series of 2-hydroxyisoquinolones: new antibacterial
gyrase inhibitors.Book of Abstracts; 40th Interscience Conference
on Antimicrobial Agents and Chemotherapy, Abstract No. 1503,
2000. (b) Amegadzie, A. K.; Carey, M. E.; Domagala, J. M.; Huang,
L.; Micetich, R. G.; Singh, R.; Stier, M. A.; Vaisburg, A.; Sanchez,
J. P. Isoquinolones. PCT Int. Appl. WO 9819648, 1998.

(9) Tran, T. P.; Ellsworth, E. L.; Stier, M. A.; Domagal, J. M.; Showalter,
H. D. H.; Gracheck, S. J.; Shapiro, M. A., Joannides, T. E.; Sing, R.
Synthesis and structural-activity relationships of 3-hydroxyquinazo-
linedione antibacterial agents.Bioorg. Med. Chem. Lett.2004, 14,
4405-4409.

Table 2. In Vivo Efficacy of 3-aminoquinazolinediones3 and4 in
Systemic Murine Infection Models

3

organism route of admin. MIC (µg/mL) PD50 (mg/kg)

S. pyogenes PO 0.015 1.4
SC 0.27

E. faecalis PO 0.06 19
SC 4.2

4

S. pyogenes PO 0.03 3.1
SC 1.2

E. faecalis PO 0.25 38
SC 11

Letters Journal of Medicinal Chemistry, 2006, Vol. 49, No. 226437



(10) Wentland, M. P. Structure-activity relationships of fluoroquinolones.
In The New Generation of Quinolones; Siporin, C., Heifetz, C. L.,
Domagala, J. M., Eds.; Marcel Dekker: New York, 1990; pp 1-43.

(11) Tran, T. P.; Ellsworth, E. L.; Watson, B. M.; Sanchez, J. P.;
Showalter, H. D. H.; Rubin, J. R.; Stier, M. A.; Yip, J.; Nguyen, D.
Q.; Bird, P.; Singy, R. A facile synthesis of substituted 3-amino-
1H-quinazoline-2,4-diones.J. Heterocycl. Chem. 2005, 42, 669-
674.

(12) Domagala, J. M.; Hanna, L. D.; Heifetz, C. L.; Hutt, M. P.; Mich,
T. F.; Sanchez, J. P.; Solomon, M. New structure-activity relation-
ships of the quinolone antibacterials using the target enzyme. The
development and application of a DNA gyrase assay.J. Med. Chem.
1986, 29 (3), 394-404.

(13) Hooper, D. C. Emerging mechanisms of fluoroquinolone resistance.
Emerging Infect. Dis.2001, 7 (2), 337-341.

(14) Hooper, D. C. Quinolone mode of actionsnew aspects.Drugs1993,
45 (Suppl 3), 8-14.

(15) Shen, L. L.; Pernet, A. G. Mechanism of inhibition of DNA gyrase
by analogues of nalidixic acid: the target of the drugs is DNA.Proc.
Natl. Acad. Sci. U.S.A.1985, 82 (2), 307-11.

(16) (a) Morrissey, I.; Hoshino, K.; Sato, K.; Yodshida, A.; Hayakawa,
I.; Bures, M. G.; Shen, L. L. Mechanism of differential activities of
ofloxacin enantiomers.Antimicrob. Agents Chemother.1996, 40 (8),

1775-1784. (b) Critchlow, S. E.; Maxwell, A. DNA cleavage is not
required for the binding of quinolone drugs to the DNA gyrase-
DNA complex.Biochemistry1996, 35, 7387-7393. (c) Hughs, J.;
Mellows, G. On the mode of action of pseudomonic acid: inhibition
of protein synthesis inStaphylococcus aureus. J. Antibiot.1978, 4,
330-335.

(17) Hughs, J.; Mellows, G. On the mode of action of pseudomonic acid:
inhibition of protein synthesis inStaphylococcus aureus. J. Biochem.
1978, 176, 305-318.

(18) Dunham, S. A.; Olson, E. Methods of identifying and characterizing
mutations within bacterial DNA gyrase and fabI. PCT Int. Appl. WO
0024932, 2000.

(19) Piddock, L. J. Mechanisms of fluoroquinolone resistance: an update.
Drugs 1999, 58 (Suppl 2), 11-18.

(20) Cohen, M. A.; Huband, M. D.; Yoder, S. L.; Gage, J. W.; Roland,
G. E. Bacterial eradication by clinafloxacin, CI-990, and ciprofloxacin
employing MBC test, in-vitro time-kill and in-vivo time-kill studies.
J. Antimicrob. Chemother. 1998, 41, 605-614.

JM060505L

6438 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 22 Letters


