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Abstract—Problems of low solubility, high serum protein binding, and lack of efficacy in vivo in first generation MexAB-OprM
specific efflux pump inhibitors were addressed. Through the use of pharmacophore modelling, the key structural elements for pump
inhibition were defined. Use of alternative scaffolds upon which the key elements were arrayed gave second generation leads with
greatly improved physical properties and activity in the potentiation of antibacterial quinolones (levofloxacin and sitafloxacin)
versus Pseudomonas aeruginosa in vivo.
# 2003 Elsevier Ltd. All rights reserved.
A common recent paradigm for drug discovery involves
the identification and validation of the drug target, fol-
lowed by high throughput screening to identify hits.1

Such starting points for medicinal optimization often do
not possess appropriate physicochemical properties for
their intended use; for example, the aqueous solubility is
frequently far lower than that required for intravenous
formulation, or the lipophilicity is inappropriate for
efficient permeability across membranes.2

We recently described3 the discovery of the first example
of an efflux pump inhibitor (EPI), 1 (Fig. 1), that is
specific for the MexAB-OprM system in Pseudomonas
aeruginosa. This problematic pathogen is characterized
by intrinsic resistance to a variety of antimicrobial
agents through the expression of several different efflux
pumps,4�7 and 1 was a very effective potentiatior, in
vitro, of Levofloxacin (LVFX) or Aztreonam (AZT) in
strains in which MexAB-OprM was over-expressed. The
very high serum protein binding of the compound was
recognized as a probable factor limiting its in vivo effi-
cacy, and came as no surprise given the lipophilic and
acidic nature of the lead. Unsuccessful attempts to
reduce the protein binding through the incorporation of
polar groups were described earlier.3 Herein, we report
the application of a second strategy based upon re-
design of the molecular scaffold, and the consequent
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Figure 1. Structures of 1 and rosoxacin, and novel scaffold design.
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discovery of a molecule that exhibits in vivo efficacy in
the potentiation of quinolones.

The strategy of replacing a molecular scaffold while
maintaining key residues of a pharmacophore in
appropriate positions has been proven as a method of
dramatic alteration of the parent structure without loss
of activity (Fig. 1).8�13 Because the overall structure is
changed drastically, the physicochemical properties of
the lead will be altered. By choosing a scaffold that is
commonly observed in drugs (particularly in the rele-
vant therapeutic area), one might thereby confer mole-
cular properties that are more consistent with the
desired pharmacokinetic profile.

New quinolone antibacterial agents such as LVFX dis-
play low protein binding despite the presence of a car-
boxylic acid. Even the so-called acidic quinolones (early
versions of the class lacking a basic substituent such as
piperazine at the 7-position of the quinolone nucleus)
are not highly bound;14 for example, the protein binding
of Rosoxacin (Fig. 1) is only 80% (ca. 20% free). We
wished to transfer such a profile to 1, without loss of
EPI activity, through the use of quinolones and pyr-
idopyrimidines as scaffolds. In order to do so we
required a hypothesis as to the bioactive conformation
of 1, so as to be able to design new compounds in which
the thiazole moiety, which was essential for activity, was
placed properly on the new scaffold. The molecular
modelling software CATALYSTTM15 was utilized for
this purpose.

First, we chose a training set consisting of 1 and seven
structurally diverse analogues,3 encompassing a wide
range of efflux pump inhibitory activity. Then, all con-
formations within 10 kcal/mol of the global minimum
for each molecule were calculated and used to generate
hypotheses (pharmacophore models). Finally, the model
that gave the most reliable prediction of activity of a test
set of fifteen analogues not included in the training set
was selected. Predictions were binned as inactive, active,
or highly active; the chosen model mis-classified only
two analogues. The coordinates for the model and a
picture in which it is overlaid with compounds 1 and 4
are shown in Table 1 and Figure 2, respectively.

According to this model, the pharmacophore consists of
one acidic (purple sphere) and four hydrophobic moi-
eties (white spheres). The presumed bioactive con-
formation of 1 is shown in black. After a separate
conformational search, we concluded that a molecule
having the thiazole side chain attached to the C7-posi-
tion of a quinolone (compound 4, shown in green) could
also fit the pharmacophore satisfactorily, although one
lipophilic moiety would clearly be lacking.

In the light of this result, several test cases with bicyclic
aromatic scaffolds were synthesized. Concerned that the
simple carboxylic acid might be slightly too close to the
central lipophilic moiety, we also synthesized some cor-
responding tetrazoles.16 The synthesis of quinolone
analogues17 is depicted in Scheme 1, and of pyridopyr-
imidine variants,18 exemplified with vinyl tethers, in
Scheme 2. The scaffolds were formed by the condensa-
tion of aniline or 2-aminopyridine derivatives with
ethoxymethylene malonic acid ester or its tetrazole
counterpart, followed by removal of the protecting
groups.

To quantify the activity of the inhibitors in vitro, we
defined the term MPCn as the minimum concentration
Figure 2. Pharmacophore model generated by CATALYSTTM and
overlaid structures of compounds 1 and 4.
Table 1. Parameters for the most reliable pharmacophore model
Feature
 X (Å)
 Y (Å)
 Z (Å)
 Tolerance (Å)
1
 Hydrophobic
 �8.486
 0.701
 0.909
 1.7

2
 Hydrophobic
 �4.926
 2.381
 0.069
 1.7

3
 Hydrophobic
 0.194
 �2.179
 �0.451
 1.7

4
 Hydrophobic
 7.114
 1.541
 0.909
 1.7

5
 Negative ionizable
 6.83
 �1.989
 �1.591
 1.7
Scheme 1. Synthesis of quinolone derivatives.
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(mg/mL) of inhibitor required to reduce (potentiate) the
activity of antibacterial drug n-fold. Data for the
potentiation of LVFX and AZT in the presence or
absence of added horse serum is displayed in Table 2,
along with the HPLC retention time (Rt) using an
albumin-bound column, which conveniently allows an
estimate of relative affinity for human serum albumin
(HSA). For compounds with low Rt and reasonable
activity that was not dramatically affected by serum, we
measured the protein binding (%) and affinity for
albumin (Kd, mM).

Although the extremely high potency of 1 was some-
what compromised in novel analogues, the effect of the
addition of horse serum was greatly reduced. Of the two
novel scaffolds, pyridopyrimidine derivatives gave the
best results both in terms of activity and Rt (cf 3 vs 6).
Consistent with the hypothesis for the spatial require-
ments of the acidic and central lipophilic moieties, tet-
razoles were found to be significantly more active than
carboxylic acids (2 vs 3, 5 vs 6, 7 vs 8, 9 vs 10). Rt
proved to be a useful predictor in that the rat serum
protein binding of the most promising analogues was
indeed significantly reduced. Of the novel analogues, 6
and 8 were selected for further study in the potentiation
of LVFX in a murine neutropenic sepsis model (Fig. 3).
First, we tested LVFX alone to determine the dose
response in this model using PAM1723,20 an experimental
strain of P. aeruginosa in which the MexAB-OprM
pump is overexpressed and MexCD-OprJ and MexEF-
OprN are genetically disrupted (MIC of LVFX; 32 mg/
mL). As shown in Table 3, a dose of 30 mg/kg gave
good survival, whereas no obvious effects were observed
at lower doses. The results of potentiation experiments
with 6 and 8 are shown in Tables 4 and 5.
Table 2. In vitro potentiation activity of novel EPIsa
MPC8 (AZT); mg/mLb
 Ratio
 MPC8 (LVFX) (mg/mLc)
 Rt on HSA-HPLC (min)d
 Protein binding (%) (Kd; mM)
Without serum
 With 10% horse serum
1
 �0.63
 10
 >16
 �0.63
 >60
 >99.9 (0.28)

2
 10
 10
 1
 >160
 >60
 —

3
 5
 20
 4
 1.25
 >60
 —

4
 10
 10
 1
 320
 13.9
 90.5

5
 80e
 40
 0.5
 >320
 3.0
 —

6
 2.5
 2.5
 1
 1.25
 13.0
 90.8 (22.0)

7
 40
 80
 2
 320
 1.2
 —

8
 5
 5
 1
 10
 4.7
 88.4 (66.4)

9
 >40
 >40
 —
 >40
 0.9
 —

10
 10
 10
 1
 >80
 3.1
 81.5 (327)
aVersus PAM1032.19 All the analogues were devoid of intrinsic antibacterial activity (MIC >320 mg/mL).
bValues are for 100% growth inhibition.
cValues are for 70% growth inhibition.
dHypersil chiral and drug binding column (HSA) (length, 30�4.6 mm) was used; mobile phase, M/15 phosphate buffer solution–H2O–iPrOH
(5:10:1); flow rate, 1 mL/min. A DMSO solution (6.4 mg/mL) of each compound was diluted to 40 mg/mL with phosphate buffer (pH 7.0), and 10 mL
of the resulting solution was injected.
eCompound precipitated in well.
Table 3. In vivo activitya of LVFX alone21
Dose of LVFX
(mg/kg)
Number of survivors
 % survival on day 7
Day 0
 Day 1
 Day 4
 Day 7
7.5
 10
 0
 0
 0
 0

15
 10
 1
 1
 1
 10

30
 10
 9
 7
 7
 70
aOrganism: PAM1723.
Scheme 2. Synthesis of pyridopyrimidine derivatives.
Figure 3. Novel analogues with quinolone or pyridopyrimidine scaf-
fold.
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The combination of 6 with 15 mg/kg of LVFX gave a
result equivalent to that of 30 mg/kg LVFX alone.
More striking effects were observed with compound 8,
which in combination with 15 mg of LVFX gave greater
survival than for 30 mg/kg LVFX alone. Furthermore,
an increase in survival at a dose of 7.5 mg/kg LVFX was
achieved.

It is possible that the observed potentiation in these
studies arises from a pharmacokinetic interaction of the
potentiator with the antibiotic, leading to higher LVFX
exposures in the combination regimen. While this can-
not be ruled out for the above experiments, supplemen-
tary work provided further circumstantial evidence for
in vivo activity due to MexAB-OprM inhibition. Two
clinical strains were identified that displayed similar
susceptibilities to sitafloxacin (STFX), one of which
(MIC 2 mg/mL) responded to potentiation by 8 in vitro
(MPC4 2.5 mg/mL), whereas the other (MIC to STFX 1
mg/mL) did not. For the first strain, an obvious effect
was observed in vivo. Thus, STFX given alone21 at
doses of 100 and 150 mg/kg gave 20 and 90% survival,
respectively, whereas at 75 mg/kg in combination with
821 (50 mg/kg iv), survival was 100%. In contrast, no
differential effects were seen upon combination of STFX
with 8 in vivo for the second strain that was unrespon-
sive to potentiation in vitro.

In conclusion, the problems of low solubility, high
serum protein binding and lack of efficacy in vivo in the
first generation of MexAB-OprM specific efflux pump
inhibitors were addressed by the design of alternative
scaffolds using a pharmacophore model. By this means
activity was retained and the serum protein binding was
successfully reduced, resulting in 8, which clearly
showed in vivo efficacy as a potentiator of two quino-
lones (LVFX and STFX). The results of further opti-
mization of this series, together with more detailed
analysis of pharmacokinetic profiles of combination
regimens, will be reported in due course.
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Table 4. In vivo activitya of LVFX+6 (50 mg/kg)21
Dose of LVFX
(mg/kg)
Number of survivors
 % survival on day 7
Day 0
 Day 1
 Day 4
 Day 7
7.5
 10
 1
 1
 1
 10

15
 10
 10
 7
 7
 70
aOrganism: PAM1723.
Table 5. In vivo activitya of LVFX+8 (50 mg/kg)21
Dose of LVFX
(mg/kg)
Number of survivors
 % survival on day 7
day 0
 day 1
 day 4
 Day 7
7.5
 10
 4
 4
 4
 40

15
 10
 10
 10
 10
 100
aOrganism: PAM1723.
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