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Abstract—Multidrug-resistance (MDR) occurs in many bacterial species and tumour cells. MDR functions by membrane proteins
which export drugs from cells, resulting in a low ineffective concentration of the drug. We have shown by molecular modelling
that inhibitors of MDR have affinity for substrates of MDR transporters. This affinity may facilitate drug entry into cells and
a large inhibitor–drug complex may be a poorer substrate for the MDR mechanism. This complex would effectively ‘cloak’ the drug
rendering it unavailable for efflux.
# 2003 Elsevier Ltd. All rights reserved.
Multidrug-resistance (MDR) occurs in many bacteria,
fungi and tumour cells1 and this phenomenon is
responsible for exporting drugs from cells, resulting in a
low ineffective concentration of the drug.2 A common
feature of MDR mechanisms is their ability to recognise
many structurally unrelated substrates3 and remove
them from the cell, and inhibitors of these transport
processes are thought to act by directly binding to
hydrophobic regions of MDR proteins causing inhibi-
tion of xenobiotic removal.4 A number of these
transporters have been characterised for mammalian
cells including p-glycoprotein (p-gp)2 and multidrug
resistance related protein (MRP),5 both of which confer
resistance to cytotoxic agents. In Gram-positive and
Gram-negative bacteria, MDR pumps such as NorA6

(Staphylococcus aureus) and MexAB-OprM7 (Pseudo-
monas aeruginosa) export a wide array of antiseptics and
antibiotics including fluoroquinolones.

It is not known exactly how inhibitors of MDR trans-
porters function but there are a few proposed mechan-
isms of action: direct binding of inhibitor to one or
more binding sites on the protein therefore blocking
transport as either competitive or non-competitive
inhibitors,2 depletion of pump energy by inhibiting
binding of ATP and modifying protein conformation by
an inhibitor interaction with the cell membrane.8 There
is indirect evidence by Ahmed et al.,9 that reserpine does
bind to a hydrophobic region of the Bmr MDR trans-
porter of Bacillus subtilis causing inhibition of efflux.

It seemed possible to us that inhibitors of MDR may
have an affinity for substrates and bind them to form a
complex which may facilitate entry of the drug into the
cell and also importantly from the perspective of MDR
inhibition, this complex may not be recognised by the
transporter. In the cell this complex could then
dissociate to release inhibitor and drug. To investigate
our hypothesis, we conducted a series of molecular
modelling experiments to study the affinity that inhibi-
tors of MDR phenomena have with MDR substrates.

The modelling work presented here was performed
using ChemOffice 2002,10 GRID 20,11 Molden,12 and
Viewer Lite 5.013 software packages. In order to model
the MDR inhibitors, antibiotics and anticancer drugs,
molecular mechanical and semi-empirical theory were
used. The structures of each molecule were initially
drawn by ChemDraw. Each 2D structure was converted
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into 3D structure by Chem3D, followed by molecular
mechanics minimization using MM2 force field. MM2
parameters used here are from the full MM2 Parameter
Set including p-systems, as provided by N. L. Allinger
and implemented in Chem3D.10

The resulting structures were further subjected to
altered simulated annealing protocol consisting of 4 ps
molecular dynamics at 300 K to explore conformational
space. Five visibly different structures (not necessarily
lowest energy conformations) for each molecule were
chosen from the trajectory and subjected to 2 ps mole-
cular dynamics at 100 K. The last structure in the
trajectory was minimized using MM2 energy
minimization and further optimized using MOPAC
2000 and the AM1 method. MM2 and Mopac 2000
were implemented in the Chem3D software. Semi-
empirical AM1 geometries of MDR inhibitors and
drugs were used as input files for GRID 20 software.
The whole molecule was considered during calculations
and all GRID parameters were kept at their default
values. Inhibitor molecules were chosen to be target
molecules during calculations, since those were
generally larger than drug molecules. All interactions
were examined by using GROUP probes implemented
in GRID software representing relevant functional
groups of drug molecules. All reported interaction
energies were predicted using GRID20 software.

This study was conducted on inhibitors of p-glyco-
protein mediated MDR and between cytotoxic drugs
which are substrates of this mechanism (Table 1).
Additionally, inhibitors of bacterial MDR in combin-
ation with fluoroquinolone antibiotics, some of which
are substrates for the bacterial MDR efflux systems
NorA and MexAB–OprM, were also studied (Table 1).
We have examined pairs of MDR inhibitor–drug
(substrate) which have experimental data showing that
the inhibitor restores activity of the drug.14�24

For inhibitors which showed reversal of MDR, the
energy of interaction of the drug with corresponding
inhibitor was calculated by GRID 20 software as nega-
tive and greater than �10 kcal/mol, which indicated
that it was highly likely that these pairs have the ability
to form a complex. Table 1 shows the energy of inter-
action for a wide range of MDR inhibitor–drug com-
plexes and to highlight these findings, below we discuss
selected examples from the anticancer and antibacterial
fields of MDR.

Specifically, the anticancer drugs doxorubicin and vin-
blastine were shown to bind to reserpine (Fig. 1a and b)
at the same moiety of the reserpine molecule, notably
the A, B and C-rings, although the mode of binding of
these two drugs to reserpine is different. In the case of
doxorubicin, an interaction was observed between its
aromatic rings and those of the inhibitor, whilst in the
case of the vinblastine–reserpine complex, the aromatic
region of reserpine fitted into the curvature of the vin-
blastine molecule (Fig. 1b) being perpendicular to the
aromatic rings of vinblastine. In both cases the energy
of interactions are comparable.
For the inhibitor GG918, four combinations with the
cytotoxic drugs doxorubicin, topotecan, mitoxantrone
and vinblastine were studied. For all of these complexes,
the cytotoxic drug bound to the middle portion of
GG918, which links the acridone and isoquinoline
moieties, and the interaction appears to be non-specific,
with topotecan (Fig. 1c) having the highest energy of
interaction (Table 1). Drug–inhibitor complex pairs
represented here have the highest energy of interaction
and it must be noted that a range of other complex
conformations were detected. Although the position of
the drug with respect to inhibitor is different, most sig-
nificantly, the same part of the inhibitor is involved in
all complexes, even with different drugs.

This non-specificity of interaction possibly enables the
MDR inhibitor to recognise and bind a wide array of
structurally unrelated drugs and to restore their efficacy.

a-Tocopherol, which has been shown to reverse the
effects of MDR inhibitors,16 has a higher energy of
interaction with MDR inhibitors than substrates
(�19.06 kcal/mol with GG918). Furthermore, it binds
to the same portion of the inhibitor as the substrates
(Fig. 1d) suggesting that it may function by
preferentially binding to the inhibitor and therefore
preventing the formation of an inhibitor–drug complex.

Four inhibitors of bacterial MDR were chosen with
fluoroquinolones as efflux substrates. Two of these,
reserpine and GG918 have been shown to be inhibitors
of Gram-positive MDR transporters such as the S.
aureus NorA system.17 The last two, MC-002,595 and
MC-207,110 are inhibitors of the MexAB–OprM
and AcrAB–TolC MDR efflux mechanisms found in
Gram-negative species.18
Figure 1. Highest interaction energy complexes between MDR inhibi-
tors and ligand molecules (ligand molecules are represented in green):
(a) binding between A, B and C rings of reserpine and doxorubicin,
indicating p–p stacking between aromatic moieties of the two mole-
cules; (b) reserpine and vinblastine interaction depicting the aromatic
region of reserpine fitting into the curvature of the vinblastine mole-
cule. The A, B and C rings of reserpine are perpendicular to the
aromatic rings of vinblastine; (c) GG918 and topotecan complex; (d)
GG918 and a-tocopherol complex depicting the position of the ligand
molecule binding strongly to the binding site for substrates.
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In all cases of the reserpine–fluoroquinolone anti-
microbial agent complexes, the binding site is the same
for that as the anticancer drugs, being binding to the
first three rings of the reserpine structure as demon-
strated in Figure 2a for the norfloxacin–reserpine
complex. Again all energies of interaction were
comparable, although modes of binding were not the
same. For GG918, the binding site of the fluor-
oquinolones to the inhibitor is also the same region as
that for the anticancer drugs as represented in Figure 2b
Table 1. Interaction energies between different drugs and MDR inhibitors calculated by GRID 20 software in correlation with the reported MDR

inhibition
Drug
 MDR Inhibitor
 Inhibition
 Interaction energy (kcal/mol)
Doxorubicin
 Reserpine
 2.9a,14
 �12.01

Vinblastine
 Reserpine
 8.0a,14
 �11.63

Mitoxantrone
 GG918
 1.2–1850b,15
 �13.02

Topotecan
 GG918
 1.0–23b,15
 �16.15

Doxorubicin
 GG918
 �58% reductionc,16
 �13.42

Vinblastine
 GG918
 �95% reductionc,16
 �15.89

a-Tocopherol
 GG918
 Reversal of MDR inhibition16
 �19.06

Norfloxacin
 Reserpine
 4d,17
 �13.29

Ciprofloxacin
 Reserpine
 8d,17
 �12.94

Levofloxacin
 Reserpine
 2d,17
 �13.32

Moxifloxacin
 Reserpine
 2d,17
 �12.95

Norfloxacin
 GG918
 8d,17
 �13.57

Ciprofloxacin
 GG918
 8d,17
 �13.94

Levofloxacin
 GG918
 2d,17
 �15.24

Moxifloxacin
 GG918
 0d,17
 �14.58

NPN
 MC-002,595
 2.3e,18
 �12.97

Levofloxacin
 MC-207,110
 2–64f,18
 �13.75

Vincristine
 JTV-519
 3.7g,19
 �15.05

Taxol
 JTV-519
 24.8g,19
 �13.18

Etoposide (VP-16)
 JTV-519
 2.6g,19
 �13.18

Doxorubicin
 JTV-519
 2.7g,19
 �15.59

Actinomycin D
 JTV-519
 3g,19
 �12.15

STI571
 JTV-519
 3.1g,19
 �13.10

Taxol
 VX-710
 Successful in clinical trial20
 �10.64

Daunorubicin
 XR-9576
 IC50=38.18 nM21
 �14.98

Vincristine
 Sinensetin
 72.28h,22
 �10.1

Doxorubicin
 Indomethacin
 0.251/NAi,23
 �18.60

Doxorubicin
 Sulindac
 0.368/0.449i,23
 �15.23

Doxorubicin
 Tolmetin
 0.357/0.467i,23
 �13.05

Vincristine
 Indomethacin
 0.301/NAi,23
 �16.66

Vincristine
 Sulindac
 0.462/0.241i,23
 �16.10

Vincristine
 Tolmetin
 NA/0.593i,23
 �15.73

Etoposide
 Indomethacin
 0.916/0.534i,23
 �15.50

Etoposide
 Sulindac
 0.681/0.463i,23
 �15.02

Etoposide
 Tolmetin
 NA/0.745i,23
 �12.58

Taxol
 Indomethacin
 2.234/1.227i,23
 �12.90

Taxol
 Sulindac
 1.539/1.233i,23
 �12.43

Taxol
 Tolmetin
 1.349/NAi,23
 �9.18

Doxorubicin
 Tetrandrine
 5.4–20.4 j,23
 �12.89

Doxorubicin
 Verapamil
 �33% reductionc,16
 �12.73

Vinblastine
 Verapamil
 �88% reductionc,16
 �12.53

a-Tocopherol
 Verapamil
 Reversal of inhibition16
 �15.39

Doxorubicin
 Clofazimine
 �40% reductionc,16
 �23.70

Vinblastine
 Clofazimine
 �94% reductionc,16
 �20.25

a-Tocopherol
 Clofazimine
 Reversal of inhibition16
 �29.55

Doxorubicin
 B669
 �31% reductionc,16
 �20.59

Vinblastine
 B669
 �95% reductionc,16
 �17.94

a-Tocopherol
 B669
 Reversal of inhibition16
 �20.80

Doxorubicin
 a-Tocopherol
 0% reductionc,16
 �13.64

Vinblastine
 a-Tocopherol
 0% reductionc,16
 �14.24

Norfloxacin
 Agent from Lycopus europeus
 No inhibitory activity25
 �8.51
a Fold increase, IC50 for drug alone/IC50 for drug in the presence of inhibitor.
bDMF, dose modifying factor defines as the IC50 for the chemotherapy drug without GG918 divide by IC50 with GG918.
c Approximate percentage for the level of inhibition of cell growth in the presence of cytotoxic drug in the presence and absence of inhibitor using
H69/LX4 cells. This was calculated using the percentage growth value of inhibitor+drug divided by the value for drug.

dFold reduction in minimum inhibitory concentration (MIC) of antibiotic in the presence of inhibitor.
e Fold reduction in fluorescence in presence of inhibitor (128 mg/mL) compared to absence of inhibitor.
f Ratio between the MIC without efflux pump inhibitor (EPI) and the MIC in the presence of a potentiating concentration of EPI.
gRelative resistance determined by dividing the IC50 values of drugs with or without the inhibitors by that without the reversing agents.
hChemosensitizing index IC50 (vincristine)/IC50 (vincristine+inhibitor).
i Combination index (CI) values, a quantitative measure of drug interaction in terms of an additive (CI=1), synergistic (CI<1) or antagonistic
(CI>1) effect. Values quoted for two different cell lines (A549/DLKP). NA is not available.

j Fold-reversal, ratio of the IC50 for doxorubicin alone versus the IC50 for doxorubicin in the presence of the modulating agent.
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for the GG918-norfloxacin complex, and energies of
interactions are given in Table 1. Interestingly, a
recently isolated plant natural product from Lycopus
europaeus,25 which did not modulate the activity of
norfloxacin and therefore is not an inhibitor of NorA in
S. aureus, showed a low energy of interaction with
norfloxacin (�8.51 kcal/mol). Whilst this compound
possesses similar lipophilic properties to reserpine, it is a
non-aromatic highly chiral non-planar compound,
which may account for its low predicted interaction
with aromatic planar achiral norfloxacin. This would
again support the importance of complex formation
between MDR inhibitor and drug for reversal of MDR.

The inhibitors of the MexAB–OprM and AcrAB–TolC
MDR transporters, MC-207,110 and MC-002,595, have
a similar binding site for all fluoroquinolones
investigated, being the quinoline portion of the mole-
cule. In Fig 2c and d, complexes between MC-207,110
and levofloxacin, and MC-002,595 and NPN (N-phen-
ylnaphthylamine, a fluorescent substrate for the
AcrAB–TolC mechanism), are shown. Interaction
energies are within the range of 1 kcal/mol for both
substrate–inhibitor complexes investigated. Again, as in
the previous case, each inhibitor bound the substrate at
the same site on the inhibitor but with a different
portion of each substrate.

Interestingly, the Gram-positive bacterial MDR inhibi-
tors reserpine and GG918 do not inhibit Gram-negative
pumps such as MexAB–OprM and this has been
explained as being presumably due to differences in cell
wall architecture. Looking at the structures of MC-
002,595 and MC-207,110, both inhibitors possess
lipophilic regions which are probably important for
complex formation and transport into the membrane,
and hydrophilic moieties (which are lacking in reserpine
and GG918) such as the two primary amine groups.
These may be important in facilitating transport of
the complex across the hydrophilic domain of the
periplasmic space, which is present between the two
membranes of Gram-negative bacteria.

At the present time, we cannot correlate the predicted
energy of interaction with inhibitory potential due to
the fact that the experimental efflux/modulation results
come from different in vivo and in vitro studies, and the
levels of MDR inhibition were not reported explicitly or
were reported using different criteria. We propose three
empirical correlations:

1. A low predicted interaction energy (<�9 kcal/
mol) results in absence of MDR inhibition.

2. Optimal predicted interaction energy for MDR
inhibition is generally greater than �10 kcal/mol.
The exception is combinations of taxol and
inhibitors (sulindac, tolmetin and indomethacin)
where interaction energies were between �9 and
�13 kcal/mol, but MDR inhibition was not
detected in the experimental studies.23 However,
these interaction energies are lower than inter-
action energies between other drugs and the same
set of MDR inhibitors in that study.23

3. A high interaction energy between non-drug
molecule and inhibitor molecule results in
reversal of MDR inhibition.

Our results lead to the conclusion that it is highly likely
that inhibitors of MDR have affinity for substrates of
efflux transporters, and that they may form complexes
which could have a number of roles in the mechanism of
MDR inhibition. These complexes may facilitate entry
of drugs into the cell and secondly the drug in such a
complex may be hidden from MDR transporters. The
structural moieties which are present in many MDR
inhibitors have been described26 and some of these,
notably quinoline and benzyl moieties are found in the
drug-binding sites of MDR inhibitors in this study for
example GG918 and MC-002,595.

This study may change the perception of MDR
inhibition and open further research to find compounds
which have good drug-binding capabilities and readily
form complexes whilst retaining features which enhance
membrane permeability and imperviousness to efflux.
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