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Aryldiketo Acids Have Antibacterial Activity Against MDR Staphylococcus
aureus Strains: Structural Insights Based on Similarity and Molecular
Interaction Fields
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and Mire Zloh*[b]

Staphylococcus aureus is a major community- and hospital-
acquired pathogen.[1] Reports of resistance to antibiotics, in-
cluding the fluoroquinolone class,[2] have placed a greater em-
phasis on the development of new drugs for the treatment of
both methicillin- (MRSA) and multidrug-resistant (MDR)
S. aureus strains. Recently, mixed quinolonediketo acid deriva-
tives, which are based on the scaffold of fluoroquinolone anti-
biotics, were shown to exert significant anti-HIV-1 potency.[3]

The g-diketo moiety is also found in tetracycline, and is there-
fore potentially important for antibacterial activity. GS-9137 (el-
vitegravir, CAS 697761-98-1), a 4-quinolone-3-carboxylic acid-
based HIV-1 integrase inhibitor is presently in phase III clinical
trials.[4] The similarity between these two scaffolds (Figure 1),

both of which are integrase inhibitors, inspired our study of ar-
yldiketo acids (ADK) as potential antibacterial agents. To the
best of our knowledge, the antibacterial activity of ADK, the
scaffold of an important class of HIV-1 integrase inhibitors,[5]

has not been reported in the literature so far.

4-Phenyl-2,4-dioxobutanoic acids (1–19) were tested for anti-
bacterial activity against clinical isolates of MDR bacterial
strains (Table 1). The synthesis and characterisation of 1–7, 13–
19 was previously reported.[6, 7] Characterisation data for 8–12

and 20 are given in the Supporting Information. All com-
pounds (1–10, 12–20) were initially tested for their antibacteri-
al activity against SA-1199B, a strain of S. aureus possessing the
NorA MDR efflux protein that confers resistance to hydrophilic
fluoroquinolones, including norfloxacin.[8] Minimum inhibitory
concentration (MIC) values were also compared with those of
norfloxacin (21),[8] tetracycline, erythromycin and reference flu-
oroquinolone antibiotics, ciprofloxacin (22), levofloxacin (23)
and moxifloxacin (24)[9] (scheme 1S in the Supporting Informa-
tion).

Figure 1. Scaffolds of a) prevailing keto-enol form of ADKs[6 7] and b) fluoro-
quinolone antibiotics, including substituent numeration.

Table 1. Structures and antibacterial activities of ADKs 1–20 against se-
lected MDR S. aureus strains.

Compd R MIC [mm]
SA-

1199B[a]

IS-
58

XU-
212

RN-
4220

CD-
1281

ATCC-
25923

EMRSA-
15

1 H >2660 – – – – – –
2 4-Me >2480 – – – – – –
3 4-Et >2320 – – – – – –
4 4-iPr >2320 – – – – – –
5 4-tBu 1030 – – – – – –
6 2,5-di-Me >2320 – – – – – –
7 3,4-di-Me >2320 – – – – – –
8 2,4-di-iPr 232 116 464 232 232 232 232
9 2,5-di-iPr 232 232 464 464 464 464 464
10 2,4,6-tri-Et 116 232 232 232 232 232 232
11b 2,4,6-tri-iPr – – – – – – –
12 4-Ph 477 – – – – – –
13 b-naphthyl >2110 – – – – – –
14 3-OH >2460 – – – – – –
15 4-OH >2460 – – – – – –
16 4-MeO >2300 – – – – – –
17 4-NO2 >2160 – – – – – –
18 4-F >2440 – – – – – –
19 4-Cl >2260 – – – – – –
20 4-(1H-

indol-3-yl)
>2220 – – – – – –

Norfloxacin[c] 106 – – – – 6.6 3.3
Tetracycline[c] – 72 288 – 72 – –
Erythromycin[c] – – – 175 – – –

[a] Compounds that exerted an MIC against SA-1199B in concentrations
higher than 400 mm were not screened against other strains. [b] Com-
pound was unstable. [c] The MIC determination for these compounds
was measured only against relevant resistant strains. – Not measured.
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The most promising potency against bacterial strains overex-
pressing efflux pumps was observed for compounds 8–10,
with MIC values comparable to clinically used antibiotics sus-
ceptible to MDR. Compounds 5 and 12 exhibited only moder-
ate potency against SA-1199B and were not subjected to stud-
ies against other strains. The MIC value of the most potent ar-
yldiketo acids (8–10, 12) did not change significantly against
strains overexpressing efflux pumps or for the standard labora-
tory strain (ATCC 25923); this indicates that the compounds are
possibly not substrates for these efflux pumps. Compounds 8
and 10 were twice as potent as erythromycin and/or tetra-
cycline against bacteria resistant to those antibiotics.

The whole set (1–20) was also tested for the ability to mod-
ulate the activity of norfloxacin against the norfloxacin-resist-
ant NorA-overexpressing strain SA-1199B. The results are given
in Table 2; only compounds that had any potentiating effect

are given. The presence of several compounds at 25 % of their
MIC (max 100 mg mL�1) improved the potency of norfloxacin
(21) by decreasing its MIC value to 53 mm. A further decrease
in the concentrations of 15 and 17 did not affect their modula-
tion ability, while compounds 7, 12 and 20 lost their ability to
modulate norfloxacin activity at a lower concentration.

Six compounds were selected from for evaluation in a cyto-
toxicity assay: compounds 8, 10, 12 with antibacterial activity
(MIC) values lower than 400 mm ; compounds 15, 17 able to po-
tentiate the antibacterial action of 21; indolyl derivative 20. All
tested compounds inhibited 90 % of healthy human cell
growth at concentrations higher than their MIC value (Support-
ing Information). A moderate selectivity was observed that
could potentially be improved by appropriate structural modi-
fications on the aryl ring.

A common feature for the activity of the two classes of drug
is the requirement for metal complexation. Inhibition of HIV-1
integrase by aryldiketo acids is mediated by Mg2+ ion com-
plexation to the diketo moiety.[10] We reported the influence of
the phenyl substitution pattern in aryldiketo acids on Mg2 +

complexation.[7] In a similar manner, Mg2 + bound to the fluoro-

quinolone carboxylic acid group at position 3 is necessary for
the interaction with prokaryotic gyrase A (GyrA).[11] Notably,
ionisation constants for moieties responsible for Mg2+ binding
in fluoroquinolone antibiotics and aryldiketo acids are similar.
Ionisation constants of 5, 8–10, 12, 15, 17, 19, 21–24 are given
in Table 3. pKa values of 5, 8–10, 15, 17, 19, were experimental-
ly obtained, pKa of 12 was calculated by MoKa, while values of
21–24 were taken from the literature.

Furthermore, structural similarity between 1–20 and norflox-
acin 21 was observed by overlaying the representative confor-
mations of the monoanions of 1–20 generated by OMEGA,[12]

with the representative conformations of 21 in its zwitterionic
form, using ROCS.[13] Visual analysis of the overlays was carried
out,[14] and a qualitative correlation between the overlap of im-
portant pharmacophoric features of 21[15, 16] with 1–20, and
their antibacterial potency was observed (overlaid 3D struc-
tures in msv file format are available as Supporting Informa-
tion). Substituents in positions 1, 3, 4 and 7 of the quinolone
core (Figure 1) are a prerequisite for antibacterial activity. The
C(O)CH=C(OH)COO� moiety of 1–20 overlaps well with the
3-carboxylate and 4-carbonyl positions of the norfloxacin core,
which are responsible for binding to cleaved or perturbed
DNA and are critical for antimicrobial activity.

Compounds only exhibited notable antibacterial activity if
there was additional overlap with the other two pharmaco-
phoric points of 21, the R1 ethyl moiety responsible for hydro-
phobic interaction with the major grove of DNA, and R7 pipera-
zinyl moiety that directly interacts with GyrA or topoisomera-
se IV. The ortho-phenyl substituents of compounds 8–10 over-
lap with the important R1 of 21; those compounds possess
MIC values between 116 and 232 mm. As the overlap decreases,
and the R1 position is no longer mimicked, the potency de-
creases as can be seen for 12 and 5, with MIC values of 477
and 1030 mm, respectively. Activity diminishes for the remain-
ing compounds lacking phenyl substituents able to overlay the

Table 2. Antibacterial activity of norfloxacin against norfloxacin-resistant
NorA-overexpressing S. aureus strain SA-1199B in the presence of ADKs at
two different concentrations.

Compd[a] R ADK [mm] MIC [mm]

Norfloxacin – 106
7 3,4-di-Me 454 53

50 106
12 4-Ph 119 53

50 106
15 4-OH 240 53

50 53
17 4-NO2 211 53

50 53
20 4-(1H-indol-3-yl) 430 53

50 106

[a] No improvement in antibacterial activity of norfloxacin was observed
for compounds 1–6, 8–11, 13–14, 16, 18–19.

Table 3. Ionisation constants of 5, 8–10, 12, 15, 17, 19, 21–24.

Compd pKa1 pKa2 pKa3 HA� (%)[c] A2� (%)[c] Ref.

5 2.21�0.03 7.77�0.06 – 72.45 27.55 [6]
8 2.04�0.04 7.29�0.03 – 46.51 53.49 –
9 2.33�0.03 7.13�0.04 – 37.59 62.41 –

10 1.99�0.03 6.72�0.03 – 18.98 81.02 –
12 2.35�0.33a 6.94�0.59a – 28.01 71.99 –
15 2.29�0.05 7.73�0.01 – 70.42 29.58 [6]
17 1.87�0.06 6.63�0.02 – 83.92 16.03 [6]
19 2.09�0.04 7.30�0.03 – 47.17 52.83 [6]

21 – 6.32�0.005 8.56�0.005 Zwitterion [18]
22 – 6.23�0.004 8.58�0.004 Zwitterion [18]
23 – 6.24�0.02 8.26�0.05 Zwitterion [18]
24 – 6.25�0.02 9.29�0.04 Zwitterion [19]

[a] Estimated by MoKa v1.0.9;[20] [b] For compounds 21–24 pKa2 and pKa3

refers to ionisations of carboxyl group at C3 and distal nitrogen of heter-
oalicyclic ring at C7, respectively;[21] [c] % of HA� refers to the estimated
percentage of monoanionic form, % A2� refers to the estimated percent-
age of dianionic form at physiological pH (7.35).
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R1 and R7 positions of 21 (msv files showing overlaid structures
of 21/15 and 21/17 can be found in the Supporting Informa-
tion).

Further SAR analysis was carried out by including factors
other than shape similarity. The protonation states under phys-
iological pH (Table 3) of 5, 8–10, 12, 15, 17, 19, 21–24 were
considered as more accurate representation of pH effects on
conformation. The molecular interaction fields (MIF) of the
active ADKs were compared to those of the fluoroquinolones.
The alignment-free 3D QSAR models developed on the basis
of GRid INdependent Descriptors (GRIND)[17] were built to pro-
vide quantitative representation of pharmacophoric points
that are common for these two classes of compounds. The
best model was obtained with active molecules (5, 8–10, 12,
15, 17, 19) and reference commercial antibiotics (21–24) in
ionised form at physiological pH (7.35). A necessary approxi-
mation was introduced during in silico structure preparation; if
a particular molecule (5, 8–10, 12, 15, 17, 19) under physiolog-
ical pH existed in more than 50 % in the A2� form, this mole-
cule was considered to be a dianion. The remaining molecules
in the set were treated as monoanions (HA�). The most favour-
able interaction regions extracted from molecular interaction
fields obtained with N1, DRY and TIP probes (hydrogen bond
donor (HBD), hydrophobic and shape, respectively) were corre-
lated with potency of compounds by partial least square (PLS)
analysis, and a corresponding PLS coefficient plot is shown in
Figure 2. Information about statistics of the model, observed
versus calculated log (1/MIC), and detailed descriptions of moi-
eties associated with variables with a high impact on the
model and association of variables to particular compounds

are given in the Supporting In-
formation. For comparison, a
similar model that included the
same molecules in their neutral
form is also discussed in the
Supporting Information.

A structural similarity between
moieties of the studied aryldike-
to acids (5, 8–10, 12, 15, 17, 19)
and fluoroquinolone antibiotics
(21–24) was observed and all of
those similar regions were posi-
tively correlated with potency.
Similarity between the 4-phenyl-
4-oxo-2-butenoic moiety of the
aryldiketo acids and the quino-
lone core of compounds 21–24
is shown by variables DRY–DRY
24 and 25 (Figure 3 a and b).
One node of the variable is posi-
tioned in proximity to the
phenyl rings of both the ADK
and quinolone core (interaction
energy (IE) =�1.76 kcal mol�1),
while the other node is posi-
tioned in proximity to the 4-oxo-
2-butenoic moiety or pyridone

C=C double bonds (IE =�2.08 kcal mol�1).
The spatial arrangement between the carboxyl group and

the ortho-alkyl substituent of aryldiketo acids 8–10 is similar to
the arrangement of the quinolone core 3-carboxyl group and
the alkyl substituent in its position 1 (Figure 3 c and d), as de-
picted by the variable TIP–TIP 31.

The similarity between the aroyl moiety (Ar�C(O)�) of the
ADKs and the quinolone moiety of compounds 21–24 is de-
scribed by the variable DRY–N1 22 (Figure 4). For aryldiketo
acids, the N1 node is associated with the aroylketo group,
while the DRY node (IE =�3.03 kcal mol�1) is associated with
the phenyl ring of ADKs. For the fluoroquinolone molecules,
the N1 node (IE =�6.60 kcal mol�1) is associated with the keto
group in position 3, while the DRY node is situated in close
proximity to both the aromatic quinolone core and the alkyl
substituent in position 1.

The distinction between fluoroquinolones 21–24 and the ar-
yldiketo acids is given by the variable N1–TIP 58. The non-zero
value of this variable is found only for the fluoroquinolones
(table 7S in the Supporting Information). ADKs, in both neutral
and ionised forms, with longer or branched ortho-alkyl sub-
stituents on the phenyl ring (8–10), adopted conformations
that matched well with the quinolone core and the 1-, 3-, and
4-substituents of compounds 21–24. Along with the quinolone
7-substituent, these are the most important moieties of of the
fluoroquinolones, responsible for antibacterial activity.

Although the inclusion of the MG + 2 probe (Mg2 + ion) did
not improve the ALMOND models, it was found that the most
favourable interaction regions of this probe with both aryldike-
to acids and fluoroquinolones are located in proximity to the

Figure 2. PLS coefficient plot (2 PC) of the ALMOND model show which GRIND variables are correlated to the po-
tency of 5, 8–10, 12, 15, 17, 19 and 21–24, in their ionised forms against SA-1199 B. MIF regions around molecules
associated with variables are given in Figures 3 and 4, as well as in panels I and II in the Supporting Information.
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aromatic rings of 1–24. The carboxylate moieties of both aryl-
diketo acids and fluoroquinolones, which bind the Mg2 + ion in
the active sites of their respective target enzymes, have to

some extent less favourable in-
teraction energies. Similarities of
the GRID MG + 2 probe isocon-
tour levels on slightly less fa-
vourable (less negative) interac-
tion energies are given in
Figure 5. So far, only one com-
plex of an aryldiketo acid with
the Mg2+ ion has been report-
ed.[22] In this complex, the spatial
arrangement of the diketo acid
C(O)CH=CH(OH)COOH moiety
and the Mg2+ ion is almost iden-
tical to the region around the ar-
yldiketo acids reported here, as
predicted by the GRID Mg + 2
probe (see 3D msv and mol2
files in the Supporting Informa-
tion for examples). The observed
regions of MG + 2 probe favour-
able interactions will be the sub-
ject of a further study.

The potentiation ability of
compounds 7, 12, 15, 17 and
20, can not be explained by the
possible complex formation be-
tween 21 and ADKs (Supporting
Information).[23] The loss of po-
tentiation with decreased com-
pound concentrations indicates
that competitive binding of aryl-
diketo acids might be responsi-
ble for overcoming the efflux
pumps. The examined aryldiketo
acids probably bind to the efflux
pumps in a similar position to
norfloxacin (21) prior to removal
from the cell, emphasising the
importance of similarities be-
tween norfloxacin (21) and com-
pounds 15 and 17.

The antibiotic activity of aryl-
diketo acids has been reported
here for the first time. Some
compounds have antibiotic ac-
tivity against MDR S. aureus
strains comparable to norfloxa-
cin; furthermore, other com-
pounds have the ability, albeit
weak, to potentiate the activity
of norfloxacin against effluxing
strains. Similarity studies have re-
vealed the importance of the
nature of substituents and their

position on the aryldiketo acid phenyl moiety on the type of
activity (antibacterial/MDR modulation) and their potency. This
class of compounds could be a good platform for designing

Figure 3. Favourable interaction fields with hydrophobic (up) and shape probes (down). Variable DRY–DRY 25 for
a) 9 and b) 22 in their ionised forms at physiological pH. Variable TIP–TIP 31 for c) 10 and d) 21 in their ionised
forms at physiological pH.

Figure 4. Variable DRY-N1 22 for a) 10 and b) 22 in their ionised forms at physiological pH.

Figure 5. MG + 2 GRID probe isocontour levels on �22.2, �4.2 kcal mol�1 for 10 and 21, respectively, in their ioni-
sation states at physiological pH (7.35).
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novel therapeutics that are able to act alone or in synergy with
other antibiotics, namely fluoroquinolones. The design, synthe-
sis and evaluation of novel congeners is currently underway.
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