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Number of putative drug efflux genes identified by

Putative drug efflux systems are classified into five types.
The database is posted at [http://www.membranetransport.org/].
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Fig. 2. Classification of drug efflux systems.
Drug efflux systems can be classified into five categories based on their structure and coupling energies.
ABC: ATP binding cassette, RND: resistance nodulation cell-division, MF: major facilitator, SMR: small multidrug resis-
tance, MATE: multidrug and toxic compound extrusion
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Fig. 3. Substrates of the AcrAB-TolC drug efflux system in E. coli.
AcrAB-TolC system enhances multidrug resistance of E. coli. The structures of compounds recognized by this system are shown in
Figure. Number showed the changes MIC levels and their increased ratio when AcrAB-TolC is over-produced in the acrB mutant.
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Fig. 4. Identified drug efflux systems and regulation by signal transduction systems.

We identified 20 drug efflux systems of E. coli by using genomic information. We also discovered a novel resistance mechanism, the

two-component signal transduction system, which regulates these efflux systems.
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Fig. 5. Drug efflux genes encoded in the Salmonella enterica serovar Typhimurium genome.
Chromosomal positions of genes coding for putative drug efflux systems, outer membrane pro-
teins, and membrane fusion proteins are indicated by the kb (kilobase pair) in the §. enterica se-
rovar Typhimurium strain LT2 genome. Arrows correspond to the lengths and directions of the
genes. Amino acid identity between homologous proteins in . enterica and E. coli are indicated
as numbers under the gene names.
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Table 2. Drug resistance profiles of drug efflux systems in Salmonella
MIC for the AacrB mutant-overproducing efflux systems ( #g/mL)
Efflux System
EM NOV TC cp NA NFLX DXR ACR CV EBR MB R6G TPP BENZ SDS DOC

- (AacrB) 4 2 1 0.5 1 0.016 8 32 2 64 16 8 32 4 128 20,000
AcrAB 128 256 4 4 4 0.13 > 128 >512 128 > 512 > 512 > 512 512 64 > 512 > 40,000
AcrD 4 64 1 0.5 1 0.016 8 32 2 64 16 8 32 4 >512 40,000
AcrEF 128 128 4 4 4 013 >128 512 32 >512 >512 > 512 512 64 >512 40,000
MdtABC 4 16 1 0.5 1 0.016 8 32 2 64 16 8 32 4 512 40,000
MdsABC 4 8 1 0.5 1 0.016 8 128 16 128 256 64 64 8 256 20,000
EmrAB 4 16 1 0.5 8 0016 8 32 2 64 16 16 32 4 128 > 40,000
MdfA 4 2 4 8 1 0.13 32 32 2 64 16 8 32 4 128 20,000
MdtK 4 2 1 0.5 1 0.13 64 256 2 64 16 8 32 4 128 20,000
MacAB 8 2 1 0.5 1 0.016 8 32 2 64 16 8 32 4 128 20,000

Abbreviations: EM, erythromycin; NOV, novobiocin; TC, tetracycline; CP, chloramphenicol; NA, nalidixic acid; NFLX, norfloxacin; DXR,
doxorubicin; ACR, acriflavine; CV, crystal violet; EBR, ethidium bromide; MB, methylene blue; R6G, rhodamine 6G; TPP, tetraphenylphos-
phonium bromide; BENZ, benzalkonium chloride; SDS, sodium dodecyl sulfate; DOC, sodium deoxycholate.

Table 3. Susceptibility of Salmonella drug transporter-deleted strains to toxic compounds

MIC ( #g/mL)

Strain
EM NOV TC

NA NFLX DXR ACR CV

EBR MB R6G TPP BENZ SDS DOC

Wild-type 128 256 4 4
AacrAB  acrEF  acrD

mdtABC mdsABC emrAB 4 0.5 1
mdfA mdtK macAB

0.5 0.016 4

025 >128 >512 256 >512 >512 >512 >512 64

> 512 > 40,000

32 2 32 16 8 32 4 32 313

Abbreviations: EM, erythromycin; NOV, novobiocin; TC, tetracycline; NA, nalidixic acid; NFLX, norfloxacin; DXR, doxorubicin; ACR, ac-
riflavine; CV, crystal violet; EBR, ethidium bromide; MB, methylene blue; R6G, rhodamine 6G; TPP, tetraphenylphosphonium bromide;
BENZ, benzalkonium chloride; SDS, sodium dodecyl sulfate; DOC, sodium deoxycholate.

MIC determinations were repeated at least three times.
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Fig. 6. Role of drug efflux systems in Salmonella virulence.
This figure shows the survival rate of mice infected with Salmo-
nella strains. BALB/c mice were inoculated orally with 10° col-
ony forming unit of different Salmonella strains as indicated.
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Fig. 7. Transport of drugs and iron-chelator by drug efflux systems.

The expression acrD and mdtABC drug efflux genes are regulated by Fur. Fur controls iron homeostasis in most Gram-negative

bacteria. We found that these efflux systems transport not only drugs but also the siderophore enterobactin.
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Physiological functions of drug efflux systems in Gram-negative bacteria:
Their roles in bacterial drug resistance and virulence
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Drug efflux systems produce multidrug resistance by exporting antibiotics from the cells. It is well estab-
lished that drug efflux systems encoded by bacteria can confer clinically relevant resistance to antibiotics.
Genomic analysis has resulted in the identification of many genes proposed to code for drug efflux systems.
Bacterial genome sequences have allowed us to identify the drug-resistance gene libraries of bacteria. On
the other hand, recent discoveries support the notion that at least some drug efflux systems have specific
physiological substrates, because these efflux systems have been shown to have roles in bacterial virulence.
Because drug efflux systems have roles in bacterial multidrug resistance and virulence, we propose that
these systems have greater clinical relevance than is usually attributed to them.



