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P-glycoprotein transporters found within resistant cancer
cells and throughout body [31] also possess similar transport
capability, exporting a broad range of chemotherapeutic
agents through the cell membrane, again ensuring cancer cell
survival [24, 32, 33].

In prokaryotes, in particular Gram-negative bacteria
possessing the tetracycline-specific family of antibiotic
resistance efflux proteins, designated the Tet proteins [22,
34], tetracycline antibiotics are removed specifically and
with strict molecular requirements for substrate transport
[23]. Our research efforts have centered on the elucidation of
the mechanism of tetracycline efflux and its inhibition by
molecules modified to block the action of the Tet family of
efflux proteins. Tetracycline efflux proteins are targets for
the chemical design of specific inhibitors, rendering the
pumps ineffective and restoring activity to this family of
antibiotics.

Bacterial efflux pumps can also act non-specifically,
removing both hydrophilic and hydrophobic compounds
across a broad range of chemical diversity and substituent
space [13]. Non-specific transport proteins may also act by a
“flippase” mechanism, transporting the drug from the inner
membrane of the cell to the outer of the lipid bilayer, again
ridding the cell of antibiotics and other toxins [15, 21].

The net effect of all efflux proteins, specific and non-
specific, are to remove antibiotics from intracellular
compartments and decrease their intracellular
concentration(s), while changing the chemical distribution,
dynamics, and in some circumstances the electrochemical
proton chemical gradient across the cell membrane [22, 35].
Measurements of antibiotic transport dynamics primarily in
the Gram-negative bacterium Escherichia coli have been
used in our laboratory to follow the distribution of
antibiotics, and as tools of medicinal chemistry and drug
design to describe the mechanisms associated with efflux
inhibition.

But bacteria possess many different bacterial transport or
efflux proteins and many of the efflux systems are comprised
of multiple proteins with large biological and substrate
diversity that are difficult to study using conventional
biochemical methods. Herein lies one of the challenges for
those designing new efflux protein inhibitors while
elucidating the structure-activity relationships of efflux
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inhibition. By studying antibiotic efflux it is feasible to
derive new compounds and treatments for reversing bacterial
efflux-mediated antibiotic resistance.

BIOLOGICAL DIVERSITY OF EFFLUX PROTEINS

Bacterial efflux proteins have been further subdivided
into an ever-increasing number of distinct families, based
upon their molecular architecture, mechanisms of action,
energization requirements, and biochemical constitution
(Table 1). Efflux proteins are found in virtually all
microorganisms, and their role in resistant infection are now
being elucidated. It is expected that major resurgent
pathogens can possess efflux proteins in one or a
combination of all six of the major efflux protein families
described to date.

The major facilitator superfamily (MFS) [36], resistance-
nodulation division family (RND)[37]and the small multi-
drug resistance protein family (SMR) [38], use proton-
motive-force, pH gradient and electrochemical formation to
efflux antibiotic compounds in exchange for protons [39].
The ABC (ATP-Binding Cassette) family of transporter
proteins also removes a broad array of compounds from both
prokaryotic and eukaryotic cells, and is responsible for
antibiotic resistance in many bacterial species [40, 41]. The
ABC proteins derive their energy for drug transport from the
hydrolysis of ATP [42]. More recently discovered drug
transport families have been described, such as the
Multidrug and Toxic Compound Extrusion family (MATE),
and the Putative Efflux Transporter family (PET) [43, 44].
While some of the transport characteristics of the MATE
proteins are known, the PET transporters in bacteria (and
eukaryotic cells) and their effect on antibiotic resistance are
not fully understood as of yet.

Each of the transport protein families in turn are
comprised of multiple members typically named after the
phenotype they express (Table 2). For example, AcrA and
AcrB proteins are described as those that phenotypically
remove the dye acridine (Acr) from the cell, and was one of
the first biochemical characteristics noted of these pumps in
Escherichia coli [45, 46]. Other efflux proteins in resurgent
pathogens and their designations noted include: NorA in
Staphylococcus  aureus, capable of effluxing the
fluoroquinolone norfloxacin [47, 48], the Mex multiple
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Antibacterial Resistance Efflux Protein Families, Biochemical Characteristics, Efflux Substrates and Bacteria Hosts

Family Biochemical Characteristics

Chemical Substrates Bacterial Hosts (genera)

Major Facilitator Superfamily 12 or 14 -membrane spanning

antibiotics, quaternary ammonium Mycobacterium

segments compounds basic dyes, Lactobacillus
phosphonium ions Staphylococcus
Bacillus
Escherichia
Streptococcus
Vibrio
Resistance Nodule Cell Division Multi-component segments: basic dyes, detergents antibiotics, Escherichia
Family membrane protein, outer membrane fatty acids Pseudomonas
protein Neisseria
Haemophilus
Small Multidrug Resistance Family Approximately 100-120 amino antibiotics, quaternary ammonium Bacillus
acids in primary structure, 4 helices | compounds antiseptics, tetraphenyl Escherichia

phosphonium, ethidium Mycobacterium

Staphylococcus

ABC Type Transporters Multiple membrane spanning

helices ATP-binding cassette region

Escherichia
Lactobacillus
Staphylococcus
Mycobacterium

ionophores, ethidium alkaloids,
phospholipids

Multidrug and Toxic Compound
Extrusion Family

12-putative membrane spanning
segments

dyes, fluoroquinolones Haemophilus
aminoglycosides Vibrio
Bacillus

extrusion family of efflux proteins found in Pseudomonas
aeruginosa, capable of removing multiple structural
chemotypes[49-51], and the Qac transporters [52], those
proteins capable of removing quaternary ammonium
compounds and disinfectants in Staphylococcus [53].

It is clearly evident from the extensive list of efflux
pumps, their possible antibiotic substrates, and structural
specificities, that the ability to inhibit a broad range of efflux
pumps in different bacteria by a single inhibitor will be a
daunting task, while designing specific inhibitors of distinct
families of efflux pumps is more approachable and currently
the focus of our laboratory and others.

CHEMICAL DIVERSITY OF EFFLUX SUBSTRATES

The compiled list in Table 2 details the transport proteins
responsible for efflux, their chemical substrates, both
antibiotics and chemical substances, and their transporter
family. It appears that the efflux of toxins by bacteria is an
universal phenomenon, and includes organic substrates as
well as inorganic monovalent and polyvalent cations [54,
55]. Of particular importance are organic cations,
exemplified by nitrogenous bases and heterocyclic
compounds such as dyes and DNA synthesis inhibitors such
as the fluoroquinolones [1, 29]. Other chemically unrelated
nitrogenous bases such as ethidium bromide and the
quaternary ammonium compounds, particularly those that
are effective as antiseptics and detergents, are removed by
numerous bacterial hosts as a defense mechanism to

chemical damage. Given the role of efflux to protect the cell
from chemical damage, there may be other transported
substrates related to metabolism, membrane structure and
integrity, and energy metabolism that may be added to list in
the future.

TETRACYCLINE ANTIBIOTICS AND EFFLUX IN
ANTIBIOTIC RESISTANT BACTERIA

Tetracyclines are used clinically for the treatment of a
broad spectrum of infectious diseases and are still useful
against bacteria which are not tetracycline resistant. Major
members of the tetracycline family of antibiotics, both those
derived from fermentation, semisynthesis, and their
clinically targeted pathogens are depicted in Fig. (2) [56].

Bacteria that are resistant to the tetracyclines have been
studied in our laboratory using both microbiological and
biochemical assays to study the effect of compounds on drug
efflux. The tetracycline efflux system was one of the first
mechanisms of bacterial efflux-mediated resistance
described. In 1978, tetracycline efflux among Gram-negative
bacteria was first described by Drs. Stuart B. Levy and Laura
McMurry, at Tufts University School of Medicine, Boston,
MA [18]. The mechanism was noted at first as a “keep out”
mechanism that resulted in lower concentrations of tritiated
tetracycline (*H-Tc) within the cell (L. McMurry, personal
communication). Since then, the transport activity and efflux
mechanisms of tetracycline resistance have been found in
numerous genetic determinant classes in both Gram-negative
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Table 2. Bacterial Efflux Proteins, Bacterial Hosts . Antibiotics and Compounds Effluxed, and Family Designation
Transport Protein Bacterial Hosts Antibiotics/ Cmpds Effluxed Family
AmrA/AmrB Burkholderia AG, M RND
AcrA Escherichia BD, D MFS
AcrB Escherichia BD, D,BL, CHL, Q,R, TC RND
AcrEF Escherichia BD, D, Multiple RND
Bcer Escherichia B,S MFS
Bmr/BIt Bacillus Multiple, CHL, HOQ MFS
Bmr3 Bacillus P, TO, NOR MFS
EbrAB Bacillus CD, AA SMR
EmrD Escherichia CCcCpP MFS
EmrE (MvrC) Escherichia E, MV, M, ERY, TC, S SMR
EmrAB Escherichia multiple MFS
HI10894/H10895 Haemophilus ERY, R, SDS, CD RND
LfrA Mycobacterium HOQ, CHL MFS
LmrA Lactococcus E, AG, BL, CHL, M, Q, TC ABC
LmrP Lactococcus M, TC MFS
MexA Pseudomonas multiple MFS
MexB Pseudomonas multiple RND
MexE Pseudomonas multiple MFS
MexF Pseudomonas multiple RND
MtrCDE Neisserria FA, BS, BL, CHL, RIF, TC RND
MdfA Escherichia Neutral/cationic cmpds MFS
Mmr Mycobacterium TPP, E, A, SMR
MsrA Staphylococcus ERY ABC
NorA Staphylococcus Q,FQs, TC, CHL MFS
NorM Vibrio BD, HOQ, AG MATE
PmrA Streptococcus A, E, FQ, CIP, NOR MFS
QacA Staphylococcus OC, CH MFS
QacB Staphylococcus MOC, MFS
QacG/QacH Staphylococcus E, QAC SMR
Tap Mycobacterium AG, TC MFS
TehA Escherichia MOC SMR
TetA, B, E Escherichia CHL, TC, NA MFS
TetK Staphylococcus TC MFS
TetVv Mycobacterium TC MFS
VceAB Vibrio D, NA, CHL MFS

Abbreviations: A; acriflavine, AA; anionic antibiotics, AG; aminoglycosides, BD; basic dyes, B; bicyclomycin, BS; bile salts, BL; b-lactams, CD; cationic dyes, CH; chlorhexidine,
CHL,; chloramphenicol, CIP; ciprofloxacin, CCCP; carbonyl cyanide-chlorophenylhydrazone, D; deoxycholate, D; detergents, ERY; erythromycin, E; ethidium bromide, FA; fatty
acids, FQs; fluoroquinolones, HOQ; hydrophilic quinolones, M; macrolides, MOC; monovalent organic cations, MV; methyl viologen, Multiple; structurally dissimilar antibiotics,
NA; nalidixic acid, NOR; norfloxacin, OC; organic cations, monovalent and divalent, P; puromycin, PY; pyronin, Q; quinolones, R; rifampicin, S; safranin O, SDS; sodium dodecyl

sulfate, S; sulphonamides, TC; tetracyclines, TPP; tetraphenyl phosphonium, TO; tosufloxacin
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Fig. (2). The clinically used natural and semisynthetic tetracyclines.

and Gram-positive bacteria, and are given a letter
designation to describe the class of transferable genetic
determinant responsible for the efflux protein (Table 3) [34].
Both efflux-mediated resistance and ribosomal protection
mechanisms [57] (a receptor alteration mechanism) are
responsible for tetracycline resistance in a wide variety of
pathogenic bacteria.

THE MODEL OF TETRACYCLINE EFFLUX

Early studies examined the uptake of °H-Tc into
susceptible and resistant Escherichia coli [58], eventually
identifying antibiotic efflux by de-energizing cells [18].
Susceptible cells accumulated many-fold more tetracycline
than resistant cells possessing plasmid R222, which bears the
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(Table 4). contd....

In combination: doxycycline / analogue and effect
E. coli ML308-225 Tet A 3.12/1.56 synergy
E. coli ML308-225 Tet B 1.56/1.56 synergy
E. coli D31m4 Tet B (LPS-) 1.56/0.39 synergy
S. aureus (RN4250) Tet K 3.12/0.78 additive
E. faec. (ATCC9790) Tet L 1.56/0.19 additive
#Amount of compound to inhibit growth after 18h at 37 °C.
H;C
HC_ CHs CH,
CH, H,C CH,
OH
OH
- CH
0 3
CH
H;C CH 3 H,C cH C
? 3 CH, H,C cH, .
RO-07-3149 ! I

Fig. (9). Ro-07-3149 and derivatives | and II.

Fig. (10). Ginsenosides Rh2 (1) and F1 (I1).

activity but were weakly synergistic. The presence of 8
nmg/mL of Ro-07-3149 (25% the MIC) decreased the MIC
value of tetracycline 2-fold. While the activity profile of the
efflux pump inhibitor was low, this study also pointed out
the importance of studying the synergy properties and
radiolabeled antibiotic accumulation in resistant cell lines for
screening efflux pump inhibitors

GINSENOSIDES

Tetracycline resistant S. aureus strains possessing
different resistance determinants for efflux proteins Tet(K)
and ribosomal protection were found to be inhibited by
prosapogenins from extracts of ginseng, Panax ginseng [70].

The ginsenosides, of which there are greater than 10
chemotypes, are a group of tricyclic triterpene glycosides
possessing carbohydrate components at various positions
within the steroid nucleus. Prosapogenins comprised of b-D-
glucopyranoside moieties for ginsenosides Rh2 and F1 (Fig.
10, I and I1) were found to be active as putative efflux pump
inhibitors against S. aureus possessing Tet(K) efflux
proteins, but not the Tet(M) ribosomal protection mutant.

INDOLES

High-throughput screening of compounds by the Pfizer
Animal Research Division, Groton, CT, using the bovine
respiratory  pathogens Pasteurella haemolytica and
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Fig. (11). UK-57,562-01.

Pasteurella multocida possessing Tet(C) efflux proteins,
identified the indole derivative UK-57, 562 as a lead
tetracycline resistance reversing agent and putative efflux
protein inhibitor (Fig. 11) [71]. UK-57, 562 reduced the MIC
for tetracycline 8 to 32-fold for both strains in the
concentration range of 25-50 ng/mL (25 and 50% its MIC
value) and was non-antibacterial alone. Structure modified
derivatives showed that the carbon chain between the two
amine functional groups did not direct activity, however,
changes at position 3 within the indole substructure
substantially decreased reversing activity. It was suggested
that the indole derivatives were acting primarily by
membrane perturbation.

EFFLUX PUMP INHIBITION AND MODULATION
OF FLUOROQUINOLONE EFFLUX: RESERPINE

The fluoroquinolones are antibiotics that have found
wide clinical use against numerous bacterial infections,
where they are effectively bacteriocidal, killing Gram-
positive species such as Staphylococcus aureus by inhibiting
DNA replication and synthesis via inhibition of DNA
replicating  enzymes.  While  resistance to  the
fluoroquinolones have been attributed to the mutation of
DNA gyrase and topoisomerase IV [72, 73], several bacterial
strains, Bacillus subtilis and Staphylococcus aureus, also
overexpress Bmr and NorA multidrug transport proteins,
respectively, and have been shown to contribute to antibiotic
resistance [74, 75]. The function of both of these efflux
proteins have been found to be inhibited by reserpine, an
indole alkaloid obtained from the extraction of the roots of
Rauwolfia serpentina [48, 76] (Fig. 12).

Fig. (12). Reserpine.
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Reserpine has been used clinically as an antihypertensive
and neuroleptic agent, but has the side effects of mental
depression and iatrogenic Parkinsonism [77]. At the
molecular level, reserpine affects the storage and reuptake of
monoamine neurotransmitters by neuronal synaptic vesicles
and nerve endings. Reserpine also inhibits the ability of
adrenal chromaffin granules to take up catecholamines by a
Mg?" and ATP-dependent process via cholinergic transport
and reuptake pumps.

Neyfakh first identified reserpine as a potential efflux
protein inhibitor in 1992, when it was shown that it reversed
resistance to the fluoroquinolones in resistant Bacillus
subtilis possessing the Bmr multidrug efflux protein [48].
While reserpine alone has no inherent bacteriological
activity, it was also able to dramatically suppress the
emergence of norfloxacin resistant S. aureus 1199 cells.

Staphylococcus aureus also harbors a related efflux
protein, designated NorA, which shares greater than 40%
homology with Bmr and results in resistance to numerous
chemically dissimilar compounds, as well as the
fluoroquinolones [75]. Both efflux pumps, Bmr and NorA,
can be inhibited using reserpine.

In Streptococcus pneumoniae, fluoroquinolone resistance
can be modulated and reversed also by using reserpine,
where strains exhibited a 3 to 4-fold increase in resistance to
norfloxacin, a hydrophilic fluoroquinolone. Reserpine at 10
my/mL caused a significant reversal of resistance,
presumably by the inhibition of NorA efflux proteins [76].

Other Streptococcus pneumoniae strains selected for
resistance to ethidium bromide showed antibiotic efflux via
energy-dependent processes that could be reversed by
reserpine. Using cells that were sensitive and those resistant
to ethidium bromide, the kinetics of accumulation were
examined fluorometrically [78] in the absence and presence
of reserpine. Reduced accumulation of ethidium bromide
was due to its enhanced efflux after expression of multidrug
transporters, a process that was found to be energy-
dependent and sensitive to CCCP. These experiments
showed that energy-dependent efflux pumps are present
within the cell that are sensitive to reserpine, and that
inhibition led to a reversal of resistance at the whole cell
level.

The use of reserpine as a NorA protein inhibitor in
Staphylococcus aureus is precluded by its neurological
properties and toxicity in humans. Its ability to affect
antibiotic efflux proteins indicates that other indole
derivatives or derivatives of reserpine may function to
reverse resistance without toxicity.

Screening of chemical libraries possessing chemical
substructures inherent in the core nucleus of reserpine
resulted in the discovery of numerous novel inhibitors of
growth in B. subtilis DNorA, a bacterial strain that has the
genes for Bmr and BIt bacterial transport removed while
expressing only the NorA efflux protein via the plasmid
expression vector pBEV [79]. This knock out strain showed
the resistance effect of NorA multidrug transporters in
bacterial strains and the effects of efflux inhibitors NorA-
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specific. Staphylococcus aureus SA1199B possessing the
norA gene was also evaluated along with its isogenic
counterpart strain to determine its mode of action. From
these studies several chemical classes were found to reverse
the resistance of strain DNorA. Active as efflux pump
inhibitors were indole derivatives, biphenyl ureas, and other
unrelated structures (Fig. 13). Five of the best inhibitors
were assayed in combinations with ethidium bromide or the
fluoroquinolone ciprofloxacin against DNorA S. aureus, and
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Fig. (13). Synthetic derivatives.

were found to act synergistic. All five of the compounds
were found to be at least 8-fold more potent than reserpine.
Other studies showed that they also reduced the number of
spontaneous mutants to ciprofloxacin by 50-fold or more. In
summary, these compounds were found to be more potent
than reserpine in increasing the bacteriocidal activity of
ciprofloxacin while reducing the rate of emergence of
ciprofloxacin resistance.

BERBERINE ALKALOIDS AND HYDNOCARPINS

Berberine alkaloids (Fig. 14), used in Native American
and Chinese traditional medicine for centuries, have been
found to have potent antibacterial as well as anti-fungal
activity [80]. Berberine isoquinoline alkaloids are composed

Fig. (14). Berberine.
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of a planar aromatic cationic center that is thought to be the
primary pharmacophore responsible for both antibacterial
activity and recognition by efflux proteins in microbial cells,
rendering them ineffective against efflux-resistant pathogens.

Stermitz et al. identified a potent efflux protein inhibitor
from the extracts of the leaves of Berberis fremontii as 5’-
methoxyhydnocarpin  (5’-MHC, Fig. 15), a flavanoid
derivative found in other plant species as well which

INF277

potentiated the activity of compounds that were typical NorA
efflux  substrates:  berberine,  ethidium  bromide,
tetraphenylphosphonium ion, pentamidine, benzalkonium
chloride, and palmitine [81]. Both berberine and norfloxacin
efflux were inhibited in the presence of 10 ny/mL of
hydnocarpin in S. aureus possessing NorA efflux proteins
while other derivatives had varying degrees of efficacy.

Synthetic hydnocarpin flavonolignans and other flavones
were examined for synergistic activity with berberine against
S. aureus bacteria (Fig. 16) [82]. Many of the flavonolignan
compounds displayed synergy against S. aureus RN4222
with a subinhibitory concentration of berberine (30 ng/mL)
at approximately the same concentration ranges (0.1- 10
my/mL) of efflux protein inhibitor. Additionally, several
structural features related to bioactivity, particularly the

OCHj OH
0- OCH;

" CH,
CH,

Fig. (15). 5'-methoxyhydnocarpin (5-MHC).
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Fig. (16). Flavonolignan 5, 7-deoxyhydnolignan.

absence of a free hydroxyl group on ring A of the
flavonolignan substructure. This compound was found to be
the most potent of all derived, with an MIC of 0.08 ng/mL in
the presence of 30 my/mL of berberine against S. aureus
possessing NorA efflux proteins.

Simple flavones also acted synergistically against S.
aureus strains with NorA efflux proteins (Fig. 17). Alkoxy

=l

Fig. (17). Flavones I, Il and IlI.

flavones I, Il and 111 in Fig. (18) showed MIC values of 0.4,
1.9 and 1.6 ny/mL, respectively in the presence of 30 ng/mL
of berberine.

One of the remarkable features from these studies is that
both berberine and flavonolignan efflux protein inhibitors
were found as co-constituents in several plant species,
lending to the notion that plants have developed complex
secondary metabolite mixtures to ward off bacterial
infections using both antimicrobial substances, in this case
berberine, and efflux inhibitors, flavonolignans. Clearly this
two compound strategy would enable a plant to survive as
the fittest against microbial invasion and infection, and is a
prime example of looking to natural products as efflux pump
inhibitor sources.
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Fig. (18). MC-04,124.

Mark L. Nelson
AcrA-AcrB-TolC EFFLUX PROTEIN INHIBITION

The AcrA-AcrB-TolC three component efflux protein
system in E. coli acts to remove antibiotics from the
cytoplasm, through the periplasm, directly to the external
media, fusing the inner and outer cell membranes of bacteria
[45, 46, 83, 84]. It is believed that AcrB proteins provide
molecular recognition sites for antibiotics while the AcrA
protein is responsible for intermembrane transfer of the
antibiotic to the surface channel protein, TolC [85, 86].
Three component systems are widely found in many
bacteria, both non-pathogenic and pathogenic.

PEPTIDE Acr-AB INHIBITORS

Microcide Pharmaceuticals, Inc., of Mountain View, CA,
has described an efflux inhibitor MC-04,124, an unusual
dipeptide capped with both a quinoline (at the carboxy
terminus) and an aminoproline (at the N terminus) (V. Lee,
Microcide, personal communication) that enhances the

antibacterial action of the 14-and 15-membered ring
macrolides azithromycin, clarithromycin and erythromycin,
against a variety of Gram-negative bacteria [87] (Fig. 18).
The isogenic strains tested include Escherichia coli,
Salmonella typhimurium and Haemophilus influenza
possessing the AcrA-AcrB efflux protein system. MC-04,
124 was also examined against multiple clinical isolates of
E. coli, H. influenza, K. pneumoniae, A. baumannii, and P.
aeruginosa. Their findings showed that at 20 nmg/mL MC-
04,124 potentiated the in vitro activity of all three macrolides
against the isogenic strains including P. aeruginosa, while
the clinical strain MIC values also were lowered
significantly, except for P. aeruginosa. The bacteriocidal
effects of the inhibitor at 20 ng/mL in combination with
azithromycin (25% of the MIC) against wild-type E. coli and
H. influenza resulted in a greater than 4 orders of magnitude
reduction in bacterial numbers after 24 hours, similar to that
found at the MIC of azithromycin. It was concluded that
MC-04, 124 had potentiating activity against strains of
Enterobacteriacea and P. aeruginosa.

EFFLUX PROTEIN INHIBITION AND MODULA-
TION IN PSEUDOMONAS AERUGINOSA

Bacterial strains of Pseudomonas aeruginosa have
differing degrees of intrinsic resistance to a large variety of
chemically unrelated antibiotics, disinfectants and antiseptics
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[88-91]. It was once thought that intrinsic resistance was due
to compound impermeability, as in the case of the b-lactam
antibiotics [92], where the hydrophobic Pseudomonas cell
wall acts as a barrier to therapeutic compounds. But the
barrier hypothesis alone was not enough to explain the
eventual equilibrium of some small molecule antibiotics
across their membranes, which occurred rapidly within
minutes after exposure to de-energization agents such as
CCCP [93].

Pseudomonas strains have been found to express
numerous three-component efflux protein systems. The
MexA-MexB-OprM proteins and their precedent operons
containing genes mexA, mexB, and oprM, are responsible for
intrinsic resistance, removing intracellular tetracyclines,
chloramphenicol, norfloxacin, as well as a wide range of
chemically unrelated substances [50, 94, 95]. Similar to
AcrA-AcrB-TolC in  functional architecture, MexB
chemically recognizes the antibiotic, while MexA transports
it to the exit channel protein OprM [96-99].

Related efflux systems, MexC-MexD-OprJ and MexX-
MexY-OprM, also confer efflux-mediated resistance to
diverse substrates such as tetracyclines, chloramphenicol,
quinolones, as well as the b-lactam carbenicillin [95].
MexX-MexY-OprM has been shown to remove
aminoglycosides, suggesting that MexY proteins may have
specific molecular recognition requirements apart from the
other efflux systems [100].

Microcide has also described the activity of the
fluoroquinolone  levofloxacin  against ~ Pseudomonas
aeruginosa in the presence of other synthetic efflux pump
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Fig. (19). MC-207,110, MC-02,595 and N-methyl derivative I.
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inhibitors. The compound MC-207,110, an
aminonaphthalene derivative of a phenylalanine-arginine
dipeptide, was further examined as an inhibitor of efflux
proteins, and found to possess superior activity (Fig. 19) as a
synergist against Pseudomonas aeruginosa [98]. Chemical
modifications of both amino acids and the end terminus
carboxylic acid group led to the development of other
dipeptide derivatives possessing synergistic activity, notably,
the naphthalene derivative, MC-207,110 and a quinoline
derivative at the cap position and modified aa; and aa,
regions designated MC-02,595 [98, 101]. Both compounds
were able to potentiate the activity of levofloxacin against
strains possessing the Mex pumps MexA-MexB-OprM,
MexC-MexD-OprJ and MexE-MexF-OprN, although MC-
02,595 was particularly active against E. coli possessing the
AcrA-AcrB-TolC tripartite system These compounds were
the first broad-spectrum efflux pump inhibitors to be
described and were also found to be effective synergists
against other Gram-negative bacteria, primarily Klebsiella
species.

Subsequent studies of the most active dipeptides upon
incubation with serum indicated cleavage of the amide bond
between aa; and aa, by serum proteases, leading to a loss of
activity. A stable N-methyl analog was prepared (Fig. 19, I)
to improve stability in against proteases [102], while MC-
02,595, studied in a mouse thigh model of bacterial
proliferation with Pseudomonas aeruginosa, demonstrated a
2 to 3-log reduction in viable bacteria over 4 hours [103]. It
is promising that potentiating the activity of levofloxacin by
Mex efflux protein inhibitors in vitro can lead to in vivo
efficacy [98].
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PEPTIDOMIMETICS OF PEPTIDE AMIDE EFFLUX
INHIBITORS

From the dipeptide series, an effort was made to
synthesize peptidomimetics of MC-02, 595, in order to
achieve biological stability against plasma and bound
proteases in vivo. Several different series of compounds were
designed and synthesized of which three possessed activity
similar to the lead compound, MC-02, 595. Ether, thioether,
oxazole and other non-peptide linkages provided activity in
potentiating the activity of levofloxacin  against
Pseudomonas aeruginosa strains possessing Mex pumps
(Fig. 20), although the in vivo activity of these new
compounds in combination with levofloxacin was not
reported [104].

BENASTATINS

Natural compounds isolated from fermentation have also
been found to modulate efflux proteins and the activity of
several antibiotics. The potentiation of action of levofloxacin
against Pseudomonas aeruginosa is possible using the O-
sulfates of benastatins A and B, produced by an
Actinomycete collected from the rain forests of Ecuador,
closely related to Streptomyces vellosus (strain MF-EA371-
NS1) [105]. The most potent compounds described were
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Fig. (20). Peptidomimetic potentiators.
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Fig. (21). Benastatins.
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MF-EA-371a and MF-EA-371d, which were found to be
specific for the MexA-MexB-OprM efflux system,
decreasing the MIC value of levofloxacin 4-fold at a
concentration of 0.625 mg/mL (Fig. 21).

CONCLUDING REMARKS

It is evident that the number of efflux pump inhibitors
presented in this manuscript is extremely small, and every
attempt was made by the author to describe all the possible
bacterial efflux protein inhibitors published to date. But what
was described above is all there is. Descriptions of a detailed
SAR would have a goal of deriving similar structural
chemotypes that could emerge throughout the different of
series, leading to further rational drug design efforts. Instead,
the rational design of efflux protein inhibitors against
bacterial pumps has not advanced enough to be practical,
even with the continued efforts of Microcide
Pharmaceuticals and the Neyfakh and Stermitz/Lewis
laboratories among others. Given the scarcity of structural
information several chemical themes have emerged that
could be used initially to guide future directions in the design
of new efflux protein inhibitors.

One prominent chemotype evident in antibiotic efflux is
the organic cation pharmacophore and its role in molecular

H,N HN

MF-EA-371d
Benastatin A
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recognition of antibiotic substances by antibiotic efflux
proteins. Conversely, the compounds described as efflux
protein inhibitors are extremely diverse in structure, some
possessing such a cationic center, others not. Some efflux
inhibitors show other molecular topology, functionality and
diverse chemical features, but the SAR of efflux protein
inhibition in general remains elusive.

Specific efflux proteins may be inhibited by specific
efflux substrates and substrate derivatives, as evidenced by
the inhibitors of the Tet family of proteins, while non-
specific efflux proteins may also be inhibited by substrate
analogues, provided hydrophobic and/or other functional
groups and substituents are present within distinct regions of
the molecule. Also, non-specific efflux proteins can be
inhibited by hydrophobic compounds with and without
partial cationic character, as shown by the indane and
hydnocarpin inhibitor studies, respectively, indicating that
many different structural chemotypes may harbor efflux
inhibition activity. Again it appears that chemical requisites
for efflux protein inhibition may be less evident, and much
more structure-versus-activity data are needed before any
conclusive SAR can be described. As the number of
compounds reported as efflux inhibitors increase, one hopes
structure-activity relationships to unfold.

It is also evident that broad separate families of efflux
proteins in bacteria co-exist, sometimes in multiple numbers
within the same bacterial cell, where multiple efflux proteins
can be specific, or non-specific, making the inhibition of one
efflux system negated by another, adding yet another layer of
complexity. Before structure-activity relationships are
conclusive we must be assured that other efflux systems in
bacteria are not operable to avoid misinterpreted data.
Biochemical indices of efflux must be worked out further
before true rational drug design can occur.

In closing, the tools of medicinal chemistry and
molecular biology are just beginning to be applied to the
design of compounds that can inhibit antibiotic efflux
proteins in bacteria, restoring activity to our dwindling
arsenal of antibiotics. Inhibiting efflux proteins and
increasing intracellular antibiotic concentrations may
constitute an effective approach to reversing antibiotic
resistance, changing a resistant bacterium to a susceptible
one.
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