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I. Introduction

With the initial discovery of penicillin and the ensuing mass production of antibiotics in the 

1940s, infectious bacteria quickly adapted and developed resistance to the deleterious 

molecules. In fact, a report published in 1947 found that of 100 staphylococcus infections 

tested, 38 were classified as highly resistant to penicillin (1). The initial resistance was 

primarily associated with individual enzymes inactivating specific antibiotics, such as β-

lactamases on penicillin. As novel antibiotics were implemented to combat resistant 

pathogens, selective pressure led to fundamentally new methods of drug resistance. 

Currently, there are roughly three major mechanisms utilized by bacteria to evade the toxic 

effects of biocidal agents. These mechanisms include enzymes that modify the drug, 

alteration of the antibacterial target, and reduced drug uptake due to the presence of efflux 

pumps or a decrease in porin expression. Enzymatic modification involves two classes of 

enzymes, including those that degrade specific antibiotics (2) and enzymes that chemically 

modify the antibacterial compound (3), resulting in inhibition of drug function. The second 

mechanism employed by bacteria is alteration of the drug target. Nearly all relevant 

fluoroquinolone resistance has been attributed to target alteration, whereby specific 

mutations inhibit the drugs interaction to DNA gyrase and topoisomerase IV (4). Although 
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highly effective, these mechanisms are limited by inhibiting only specific classes of 

antibiotics. A more critical issue is the broad spectrum of antibiotic resistance associated 

with multidrug efflux pumps. Ubiquitous in most living cells, multidrug efflux transporters 

have gained recognition as the major contributor to drug resistance observed in many 

pathogenic microorganisms (5, 6). These transporters are capable of capturing and exporting 

toxic compounds before they reach their cellular target, thereby decreasing the effectiveness 

of the drug (6–8). The first drug transporter TetA, identified in 1980 (9), specifically 

conferred tetracycline resistance on its host. Following this breakthrough, ensuing 

discoveries identified protein families capable of eliminating various structurally unrelated 

toxic compounds.

Based on sequence and functional similarities, there are currently five families of multidrug-

resistant (MDR) efflux pumps, including primary transporters of the ATP-binding cassette 

(ABC) family (10), and secondary transporters in the resistance-nodulation-division (RND) 

(11), multidrug and toxic compound extrusion (MATE) (12, 13), major facilitator (MF) (14–

16), and small multidrug resistance (SMR) families (17). Of these protein families, RND 

transporters are considered the primary contributor to multidrug resistance associated with 

gram-negative bacteria (11, 18, 19). Transporters in the RND family are energized through 

the proton-motive force (PFM), with translocation of protons occurring in the 

transmembrane (TM) domain. These pumps generally function as a tripartite efflux complex 

in conjunction with a membrane fusion protein and an outer membrane channel to export 

substrates completely out of the bacterial cell (11). Strict regulation of these proteins is 

maintained at the transcription level through repressors and activators that respond to a 

similar library of compounds to initiate protein expression.

Recently, tremendous strides have been made toward understanding the mechanisms that 

govern the RND transporter function. These works have focused on both the transporters 

and the regulatory networks that control their expression. In this chapter we focus on the 

tripartite RND transporters that are the primary cause of biocidal resistance identified in the 

three gram-negative bacterial species. These tripartite systems include the AcrAB-TolC and 

CusABC efflux complexes of Escherichia coli, the CmeABC pump of Campylobacter 

jejuni, and the MtrCDE transporter of Neisseria gonorrhea. Further, we discuss the 

regulation of these efflux pumps, especially for the structural aspects of the E. coli AcrR and 

C. jejuni CmeR transcriptional regulators. With a detailed understanding of the nature of 

these protein machineries, it will be possible to generate novel therapeutics capable of 

inhibiting the function of these efflux transporters, thus making futile antibiotics viable once 

again.

II. Escherichia coli AcrAB-TolC system

Bacteria are highly adaptive microorganisms with an impressive ability to acquire resistance 

to each antibiotic they encounter. Broad-spectrum antibiotic resistance, a critical problem 

associated with the treatment of bacterial infections, is attributed primarily to multidrug-

resistant (MDR) efflux pumps. Through sequence analysis, it was identified that E. coli 

harbor 37 putative multidrug efflux transporters (20, 21). Thus far, about 20 of these 

transporters have been identified as contributors to multidrug resistance (21). MDR proteins 
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of the RND transporter family have been suggested to play the most prominent role in drug 

resistance, with the multidrug efflux pump AcrB providing a resistant phenotype to the 

widest range of substrates (22, 23). This inner membrane transporter recognizes and drives 

the extrusion of various structurally dissimilar antibacterial compounds, including 

commonly used antibiotics, bile salts, dyes, and detergents (22, 23). It functions as part of a 

tripartite efflux complex in conjunction with the membrane fusion protein AcrA (24, 25) and 

outer membrane channel TolC (26, 27). Together, the AcrAB-TolC complex spans both the 

inner and outer membranes of gram-negative bacteria to effectively lower the intracellular 

concentration of bactericidal compounds. Drug extrusion is catalyzed through the proton-

motive force (PMF), whereby the RND transporter AcrB constitutes both the site of drug 

recognition and energy transduction for the entire protein complex (8, 28–30).

The AcrB transporter has been implicated in many clinically significant cases of drug-

resistant bacterial infections (31–34). For example, fluoroquinolone resistance in Salmonella 

enterica serovar typhimurium DT104 has been associated with increased efflux through the 

AcrB pump (31). Further, in drug-resistant, clinical E. coli isolates, AcrB overexpression 

was identified as the main cause of resistance to ciprofloxacin (34). To combat these 

pathogens and design better treatments against drug-resistant diseases, it is important to 

delineate the mechanisms of multiple drug recognition and expulsion associated with these 

transporters. Recently, the crystal structures of individual components of both the E. coli 

AcrAB-TolC (27, 35–40) and Pseudomonas aeruginosa MexAB-OprM (41–45) tripartite 

efflux complexes have been made available to us. These structures have provided invaluable 

insights into the efflux mechanisms of these RND transport systems.

The structures of E. coli AcrB (35–39) and P. aeruginosa MexB (41) suggested that these 

two proteins span the entire width of the inner membrane and protrude approximately 70 Å 

into the periplasm. The crystal structures of the outer membrane channels, E. coli TolC (27) 

and P. aeruginosa OprM (42), have also been determined. TolC is highlighted by a 100-Å-

long α-helical tunnel that extends from the outer membrane anchored β-sheet domain and 

protrudes into the α-helical periplasmic domain. The P. aeruginosa OprM channel possesses 

a similar elongated α-helical tunnel that projects into the periplasmic space. Recently, the 

structures of the two periplasmic membrane fusion proteins, E. coli AcrA (40) and P. 

aeruginosa MexA (43–45), associated with these RND transporters have been solved. The 

structures suggest that these two periplasmic proteins are folded into elongated secondary 

structures consisting of an ~47-Å-long α-hairpin domain that presumably interacts with the 

α-helical tunnels of their corresponding outer membrane channels. Furthermore, the N- and 

C-terminal ends of these membrane fusion proteins are thought to contact their respective 

inner membrane transporters, creating a functional complex that spans both membranes (46).

In 2009, the full-length MexA membrane fusion protein structure was made available (45). 

The structure revealed that this protein consists of four distinct regions, which include the α-

hairpin, lipoyl, β-barrel and membrane proximal domains. These structural features are in 

good agreement with our recently determined crystal structure of the CusB membrane fusion 

protein, in which the full-length CusB protein also consists of four distinct domains (47). 

Based on the full-length structure of MexA and cross-linking experiments between AcrA, 

AcrB and TolC, the assembled structure of a complete tripartite efflux complex in the form 
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TolC3-AcrA3-AcrB3, of size of ~600 kDa, has been generated (45). Figure 1 illustrates a 

proposed model of this assembled tripartite drug efflux pump. This model revealed that the 

α-hairpin domain of AcrA makes coiled-coil interactions with helices H3 and H4 of the 

TolC entrance coils. Presumably, the flexible nature of AcrA permits the TolC channel to 

shift from the closed state to open conformation, which allows substrates to exit the protein 

complex. In addition, the membrane proximal domain of AcrA, formed by both the N- and 

C-termini, directly contacts the PN2 and PC1 subdomains of AcrB in the periplasm. This 

structural model confirmed the earlier work that the C-terminal end of AcrA is important for 

AcrA and AcrB interaction (46). The model also indicated that AcrA does not contact the 

cleft region between the PC1 and PC2 subdomains of AcrB. Thus, the cleft is opened to the 

periplasm in the assembled structure, presumably allowing substrates to enter the pump. A 

possible pathway for ligand binding and extrusion in the AcrB pump has been suggested by 

the structure of the asymmetric trimer (37–39), in which the external cleft may serve as an 

entrance for AcrB substrates. Indeed, the structures of AcrB in complexes with various 

substrates have confirmed that these molecules are located inside the cleft (48, 49).

The asymmetric model of AcrB (37–39) suggests that the three protomers of the AcrB 

trimer may go through a cyclic conformational change, from an access form through a 

binding mode and finally, to the extrusion conformation. This mechanism is needed to 

couple with the process of proton translocation through the proton relay system in the 

transmembrane domain (29). The periplasmic domain of the binding protomer, containing 

an expanded binding pocket surrounded by several aromatic and hydrophobic amino acids, 

has also been found to bind drugs (37). A detailed description of the AcrAB-TolC system is 

provided in Chapter 1.

A. Crystal Structure of the AcrR Regulator

As a drug/proton antiporter with a wide substrate range, transcriptional regulation of AcrB is 

an important factor in maintaining cell viability. Unregulated overexpression of RND 

transporters can lead to deleterious side effects, including a loss of membrane integrity and 

potential export of important metabolites (50–52). Furthermore, expression of the multidrug 

efflux complex must be induced rapidly while the natural substrates are at subinhibitory 

concentrations.

The acrAB operon is globally regulated by the transcriptional activators MarA, SoxS, and 

Rob. These are well-characterized transcriptional activators that initiate expression of a 

group of 40 promoters (known as the marA/soxS/rob regulon), including acrAB (53, 54) and 

tolC (55), by interacting with the marbox operator sequence. Local regulation of acrAB is 

achieved through the transcriptional regulator AcrR, which is located 141 bp upstream of the 

acrAB operon and is transcribed divergently. AcrR is a prototypical member of the TetR 

family of transcriptional regulators and is responsible for fine-tuning the transcription of 

acrAB by repressing transcription initiation until the appropriate ligands are present (56).

Transcription of acrR gives rise to a 215-amino acid regulatory protein (56). Similar to other 

members of the TetR family, it is characterized by a homologous N-terminal three-helix 

DNA binding domain composed of the hallmark helix-turn-helix (HTH) motif (57). This 

regulator presumably functions as a dimer of dimers to repress transcription of acrAB by 
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interacting with the 24 base pair inverted repeat (IR) operator sequence, 5´-

TACATACATTTGTGAATGTATGTA-3´. The IR sequence is positioned between the acrR 

and acrAB genes and overlapping with the acrAB promoter (56, 58, 59). In addition, the C-

terminal domain, a region highly diverse among the TetR family, functions primarily in 

ligand recognition. As the regulator of AcrAB, AcrR responds to the same array of ligands 

as AcrB. In fact, recent studies indicate that both AcrB and AcrR bind these ligands with 

strikingly similar affinities. It appears that AcrR binds ethidium (Et), proflavin (Pf), and 

rhodamine 6G (R6G) with dissociation constants of 4.2, 10.1, and 10.7 µM (59), while AcrB 

interacts with these ligands with KD values of 8.7, 14.5, and 5.5 µM, respectively (60). 

Presumably, ligand interaction may initiate a conformational shift that results in the 

dissociation of AcrR from its cognate operator (57). Together, this suggests an effective 

mechanism to initiate AcrB expression and expulsion of substrates, while the toxic 

compounds are at subinhibitory levels. Recently, we have determined two distinct crystal 

structures of AcrR in space groups of P2221 (61) and P31 (62). Figure 2 illustrates a 

superimposition of these two AcrR structures. The structures have provided valuable 

insights into the mechanisms of ligand recognition and transcriptional regulation.

The crystal structures of AcrR reveal a dimeric protein with secondary structures composed 

entirely of α-helices and an overall architecture similar to other members of the TetR family, 

including TetR (63, 64), QacR (65, 66), CmeR (67), CprB (68), and EthR (69, 70). Each 

protomer of the AcrR dimer consists of helices (α1 to α9 and α1´ to α9´), with helices α1 to 

α3 making up the N-terminal DNA-binding domain and helices α4 to α9 forming the larger 

C-terminal ligand-binding region. Dimerization of AcrR occurs mostly through contacts 

made between helices α8 and α9, which creates a contact region of 2002 Å2 per monomer. 

The structures also demonstrate that a 350-Å3 internal hydrophobic pocket, surrounded by 

helices α4 through α8 of each monomer, forms a multifaceted ligand-binding pocket. 

Docking of known inducers, including Pf, Et and ciprofloxacin (Cip), into this ligand-

binding pocket suggests that W63, I170, and F114 are supposed to perform hydrophobic 

contacts with the bound drugs. Additionally, residues E67 and Q130 are predicted to make 

important electrostatic interactions to the inducing compounds (61). Further confirmation of 

the binding site was identified with an E67A AcrR mutant that abolished the binding of Pf, 

Et, and rhodamine 6G (R6G) in the regulator (61). Evidence to support the multifaceted 

multidrug binding pocket was provided through fluorescence polarization experiments, 

which indicated that Pf and Et bind noncompetitively within the hydrophobic cavity (59).

Intriguing structural changes were observed when comparing the two conformations of 

AcrR (Figure 2), with the most significant changes occurring in the stretch of amino acids 

between helix α1 and the N-terminal half of helix α4 (residues 7–65) in the DNA-binding 

region [root-mean-square deviation (RMSD) of 2.8 Å]. Conformational changes in this 

region seem to be predominately rigid-body translation and rotation, resulting in a 

downward shift by 2.6 Å and a rotational movement of 10° of the N-terminal domain in the 

P31 structure with respective to that of P2221. As a result of these movements, the N-

terminal domains of the dimer move closer together by about 3 Å (42 Å in the P2221 

structure and 39 Å in the P31 conformation) (71). In both QacR (64) and TetR (66), similar 

changes have been observed in which the distances between N-terminal domains decrease 
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by 11Å and 3Å, respectively, when converting from a drug-bound state to the DNA-bound 

conformation. Presumably, these changes allow the regulators to bind consecutive major 

grooves in B-form DNA. In addition to the overall movement of the N-terminal domain, the 

distance between two R45 residues in the dimeric AcrR shifts from 40 Å in the P2221 

structure to 35 Å in the P31 structure (62). As AcrR and QacR share a similar DNA-binding 

mode, in which two dimeric regulators bind one double-stranded DNA, a speculative model 

of DNA-bound AcrR was generated by aligning individual domains of AcrR to those of 

QacR-DNA (61). The model suggests that two AcrR dimers interact with the DNA through 

amino acids, R45, G46, and W50. A study of fluoroquinolone-resistant E. coli strains 

highlights the critical role of R45. Six of the 36 isolated drug-resistant strains of E. coli 

examined had increased levels of AcrA and AcrB due to a mutation at R45 (arg→cys) that 

presumably inhibited AcrR-DNA binding (34).

When examining the changes in the C-terminal domain between the P2221 and P31 

structures, the most striking distinction involves the shift of amino acid E67. In the P31 

conformation, E67 is expelled from the ligand-binding pocket and faces the exterior of the 

protein, which contrasts the P2221 form, whereby E67 is completely buried within the 

binding cavity. These intriguing shifts of E67 suggest that this amino acid may act as a 

molecular switch that drives conformational change during ligand binding (71). The 

movement of E67 out of the binding pocket in the P31 structure initiates considerable 

changes in the C-terminal domain of AcrR, including helix α4a shifting toward the N-

terminal domain by 2.3 Å and a local unwinding of N-terminus of α6, which shortens the 

helix by one turn. Moreover, an important hydrogen-bonded network between residues 

R105, Q14, and D18 identified in the P2221 structure is disrupted in the P31 crystal form 

(62).

With the evidence previously indicated, it is likely that the DNA-bound state of AcrR 

resembles the P31 crystal structure, whereby E67 is positioned outside the ligand-binding 

site. Upon ligand binding, E67 presumably flips into the cavity and makes appropriate 

electrostatic interactions with the ligand creating a conformation closely related to the P2221 

structure. Thus, transmission of the signal from the C-terminal ligand-binding domain to the 

N-terminal DNA-binding region is thought to occur through the hydrogen-bonded network, 

R105, Q14, D18, between helices α1 and α4. The crystal structures of the DNA- and ligand-

bound forms of AcrR are required to confirm the proposed model for transcriptional 

regulation of AcrR.

III. Escherichia coli CusABC Efflux System

E. coli contains seven different RND efflux transporters. These transporters can be 

categorized into two distinct subfamilies, the hydrophobic and amphiphilic efflux RND 

(HAE-RND) and heavy-metal efflux RND (HME-RND) families (11, 72). Six of these 

transporters—AcrB (35–39, 73), AcrD (74), AcrF (75), MdtB (76, 77), MdtC (76, 77) and 

YhiV (21, 78)–are multidrug efflux pumps, which belong to the HAE-RND protein family 

(11). In addition to these multidrug efflux pumps, E. coli consists of only one HME-RND 

transporter, CusA, which specifically recognizes and confers resistance to Ag(I) and Cu(I) 

ions (79, 80). These two metal ions are highly toxic to prokaryotes and have been widely 
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used for centuries as effective antimicrobial agents to combat pathogens. The two sub-

families of these RND transporters share relatively low protein sequence homology. For 

example, alignment of protein sequences suggests that CusA and AcrB possess only 19% 

identity. Because of this low protein sequence homology, the structural model of AcrB may 

not be precise enough to describe the conformation of the CusA transporter.

As an RND transporter, CusA works in conjunction with a periplasmic component, 

belonging to the membrane fusion protein (MFP) family, and an outer membrane channel to 

form a functional protein complex. CusA is a large PMF-dependent inner membrane efflux 

pump that contains 1047 amino acid residues (79, 80). CusC, however, is a 457-amino acid 

polypeptide that forms an outer membrane channel (79, 80). The membrane fusion protein 

CusB consists of 379 amino acids and contacts both the inner membrane CusA and outer 

membrane CusC proteins (79, 80). Presumably, the three components of this HME-RND 

system form a tripartite efflux complex that resembles the AcrAB-TolC complex, whereby 

heavy-metal efflux in CusABC is driven by proton import and catalyzed through CusA.

Between the cusC and cusB genes, there is a small chromosomal gene that produces a 

periplasmic protein CusF (79, 80). This small periplasmic protein is also involved in Cu+ 

and Ag+ resistance. The crystal structure of CusF suggests that this protein forms a five-

stranded β-barrel, and its conserved residues H36, W44, M47, and M49 form a Cu+ or Ag+ 

binding site (81–83). CusF probably functions as a chaperone that carries Cu+ or Ag+ to the 

CusABC heavy-metal efflux pump. In fact, it has been recently shown that CusF is able to 

directly transfer bound Cu+/Ag+ ions to the membrane fusion CusB (84). The entire 

CusAB(F)C system is controlled by a two-component sensory circuit, which includes the 

histidine kinase CusS and the response regulator CusR (85).

Currently, little structural information is available for any components of the HME-RND 

tripartite efflux complexes. Different from the HAE-RND family, members of the HME-

RND family are highly substrate specific, with the ability to differentiate between 

monovalent and divalent ions. Thus, there is a strong rationale to understand the structural 

aspect of this efflux system. As an initial step to examine the mechanisms used by the 

CusABC efflux system to facilitate recognition and extrusion of Ag(I) and Cu(I) ions, we 

recently determined the crystal structure of the periplasmic membrane fusion protein CusB 

(47).

A. Crystal Structure of the Membrane Fusion Protein CusB

The crystal structure of CusB (47) suggests that this protein is folded into an elongated 

molecule with each protomer being divided into four different domains (Figure 3). The first 

three domains of the protein are mostly β-strands. However, the fourth domain forms an 

entirely α-helical domain featuring a three-helix bundle secondary structure.

The first β-domain (domain 1) is formed by the N- and C-terminal ends of the polypeptide 

(residues 89–102 and 324–385). Presumably, this domain is located directly above the outer 

leaflet of the inner membrane and interacts with the CusA efflux pump. Overall, domain 1 is 

a β-barrel domain. It is composed of six β-strands, with the N-terminal end forming one of 
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the β-strands while the C-terminus of the protein constitutes the remaining five strands 

(Figure 3).

The second β-domain (domain 2) of CusB is formed by residues 105–115 and 243–320. This 

domain consists of six β-strands and one short α-helix. Again, the N-terminal residues form 

one of the β-strands that is incorporated into this domain. The C-terminal residues contribute 

a β-strand, an α-helix, and four anti-parallel β-sheets.

Domain 3 is another globular β-domain adjacent to the second domain of CusB. This 

domain consists of residues 121–154 and 207–239, with a majority of these residues folding 

into eight β-strands.

Perhaps the most interesting motif appears to be in the fourth domain (domain 4) of CusB. 

This region forms an all-helical domain, which comprises residues 156–205. Surprisingly, 

this α-domain is folded into an antiparallel, three-helix bundle. This structural feature, not 

found in other known protein structures in the MFP family, highlights the uniqueness of the 

CusB protein. The helix bundle creates an ~27-Å-long helix-turn-helix-turn-helix secondary 

structure, making it at least 20 Å shorter than the two-helical hairpin domains of MexA (43–

45) and AcrA (40). To date, CusB is the only periplasmic protein in the MFP family that 

possesses this three-helical domain instead of a two-helical hairpin motif. The overall 

structure of CusB is quite distinct from the known structures of other membrane fusion 

proteins.

B. The CusB-Cu(I) and CusB-Ag(I) Complexes

To identify the metal binding sites of CusB, we prepared the CusB-Cu(I) and CusB-Ag(I) 

crystal complexes by soaking these metal ions into the apo-CusB crystals. The overall 

structures of these complexes are very similar to that of apo-CusB. For example, the 

structures of CusB-Cu(I) and apo-CusB can easily be superimposed, giving an overall 

RMSD of 0.8 Å. It appears that we have found two Cu+ (designated sites C1 and C2) and 

one Ag+ (designated site A1) binding sites in this protein (47). To our knowledge, these are 

the first structures of any membrane fusion proteins that have been determined with their 

ligands. The structures suggest an unusual metal binding mode, in which each metal-binding 

site consists of only one methionine residue to facilitate metal binding.

Cu+ in site C1 is located in domain 1, which is formed by the N- and C-termini of the 

protein. Coordinating with the bound Cu+ ion at this site are M324, F358, and R368. Site C1 

is located near the bottom of the elongated CusB molecule. Presumably, this region may 

interact directly with the periplasmic domain of the CusA efflux pump. The binding of Cu+ 

in site C2 is located close to the center of the three-helix bundle in Domain 4. This α-helical 

domain may make a direct contact with the outer membrane channel CusC. Cu+ in this 

location is bound by M190, W158, and Q162.

For the Ag+ binding, site A1 is found right next to M324 of CusB. It appears that the 

location of this Ag+-binding site is the same as that of site C1 for Cu+ binding. Thus, the 

bound Ag+ at site A1 is coordinated with M324, F358, and R368.
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There is evidence that members of the MFP family play a functional role in the efflux of 

substrates. It has been found that the MFP EmrA is able to directly bind different transported 

drugs (86). Recently, the CusB protein has also been shown to interact with Ag(I) (87). The 

crystal structures of the CusB-Cu(I) and CusB-Ag(I) complexes provide direct evidence that 

this protein specifically interacts with and contacts Cu(I) and Ag(I). Thus, in addition to 

their role as adaptors to bridge the inner and outer membrane efflux components, these 

membrane fusion proteins may participate in recognizing and extruding their substrates.

C. Interaction Between CusA and CusB

To determine how CusB interacts with the CusA efflux pump and the relative orientation of 

CusB in the efflux complex, we cross-linked the purified CusA and CusB proteins in vitro 

using the lysine-lysine cross-linker disuccinimidyl suberate (DSS) (47). The resulting 

product was digested with trypsin and examined using LC-MS/MS. Analysis of the mass 

spectral data suggests that the lysine residue of the polypeptide β 

(IDPTQTQNLGVKTATVTR), originating from the N-terminal residues (84–101) of CusB, 

interacts directly with the lysine residue of peptide α (SGKHDLADLR), which belongs to 

the periplasmic domain (residues 148–157) of the CusA efflux pump. Although the CusA 

and AcrB efflux pumps share only 19% protein sequence identity, we generated a structural 

model of the CusA transporter based on the crystal structure of AcrB and alignment of 

protein sequences of these two transporters (Figure 4). The model indicates that polypeptide 

α (residues 148–157 of CusA) is located directly above the vestibule region of CusA, facing 

the periplasm. This location should correspond to the PN2 region of AcrB. If this is the case, 

the C-terminus of CusB should interact with CusA at a position corresponding to the PC1 

region in AcrB (Figure 4). According to the most recently determined MexA structure, it 

suggested that both the N- and C-terminal ends of MexA are located close to the MexB 

transporter (45). In addition, in vivo cross-linking studies also demonstrated that the N- and 

C-termini of AcrA interact directly with PN2 and PC1 of the periplasmic domain of AcrB, 

respectively (45). Together with the crystal structure of CusB and the mass spectrometric 

data, it has been suggested that domain 1, formed by the N- and C-terminal ends, of CusB 

should interact with the periplasmic domain of the CusA transporter (47).

As CusB is folded into a distinct secondary structure compared with the current crystal 

structures of other membrane fusion proteins, this may imply that its tripartite partners, the 

inner membrane transporter CusA and the outer membrane channel CusC, may also possess 

unique secondary structural features that distinguish them from the existing structures of 

their homologous proteins. Exactly how these individual heavy-metal efflux components 

assemble into a functional complex must await the elucidation of the CusA and CusC 

structures.

IV. Campylobacter jejuni CmeABC Efflux System

Campylobacter jejuni is a major causative agent of human enterocolitis and is responsible 

for more than 400 million cases of diarrhea each year worldwide (88). Campylobacter 

infection may also trigger an autoimmune response, which is associated with the 

development of Guillain-Barré syndrome, an acute flaccid paralysis caused by degeneration 

of the peripheral nervous system (89). C. jeuni is widely distributed in the intestinal tracts of 
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animals and is transmitted to humans via contaminated food, water, or raw milk. For 

antibiotic treatment of human campylobacteriosis, fluoroquinolones and macrolides are 

frequently prescribed (90). Unfortunately, Campylobacter has developed resistance to both 

classes of antimicrobials, especially to fluoroquinolones (91–93). Resistance of 

Campylobacter to antibiotics is mediated by multiple mechanisms (94), including (1) 

synthesis of antibiotic-inactivating enzymes, (2) alteration or protection of antibiotic targets, 

and (3) active extrusion of drugs from Campylobacter cells through drug efflux transporters. 

Different from the first two mechanisms that are usually involved in the resistance to a 

specific class of drugs, antibiotic efflux pumps in Campylobacter contribute to both intrinsic 

and acquired resistance to a broad range of antimicrobials and toxic compounds.

C. jejuni harbors multiple drug efflux transporters of different families (94). Among them, 

CmeABC, an RND-type efflux pump, is the primary antibiotic efflux system and is the best 

functionally characterized transporter in Campylobacter (95, 96). CmeABC consists of three 

components including an outer membrane protein (CmeC), an inner membrane drug 

transporter (CmeB), and a periplasmic fusion protein (CmeA). CmeABC contributes 

significantly to the intrinsic and acquired resistance of Campylobacter to structurally diverse 

antimicrobials, including fluoroquinolones and macrolides, by reducing the accumulation of 

drugs in Campylobacter cells (95–100). It has been found that CmeABC functions 

synergistically with target mutations in conferring and maintaining high-level resistance to 

fluoroquinolones and macrolides (97, 98, 100–102). This efflux pump also plays an 

important role in the emergence of fluoroquinolone-resistant Campylobacter under selection 

pressure (103). Inactivation of CmeABC reduced the frequency of emergence of 

fluoroquinolone-resistant mutants, while overexpression of CmeABC increased the 

frequency of emergence of the mutants (103). This contributing effect of CmeABC is due to 

the fact that many of the spontaneous gyrA mutants can not survive selection by 

ciprofloxacin in the absence of CmeABC.

In addition to conferring antibiotic resistance, CmeABC also has important physiological 

functions. It has been shown that CmeABC is functionally interactive with CmeDEF, 

another RND-type efflux pump, in maintaining optimal cell viability in Campylobacter, 

possibly by extruding endogenous toxic metabolites (104). Double mutations in CmeABC 

and CmeDEF appeared to be lethal to C. jejuni strain 11168 and significantly reduced the 

growth of strain 81–176 in conventional media. Another important function of CmeABC is 

bile resistance. As an enteric pathogen, C. jejuni must possess means to adapt in the animal 

intestinal tract, where bile acids are commonly present. Mutations of CmeB in C. jejuni 

resulted in a drastic increase in the susceptibility to various bile acids and a severe growth 

defect in bile-containing media or in chicken intestinal extracts (105). When inoculated into 

chickens, the CmeB mutant failed to colonize the inoculated birds. These findings provide 

compelling evidence that by mediating the resistance to bile acids, CmeABC is essential for 

Campylobacter adaptation to the intestinal environment. These findings also strongly 

suggest that bile resistance is a natural function of this RND-type efflux pump.

CmeABC is subject to regulation by a transcriptional factor named CmeR (106). The cmeR 

gene is located immediately upstream of the cmeABC operon and encodes a 210-amino acid 

protein that shares N-terminal sequence homology to the members of the TetR family of 
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transcriptional repressors (57, 107). Similar to other members in the TetR family, the N-

terminal region of CmeR contains a DNA-binding α-helix-turn-α-helix (HTH) motif, while 

the C–terminal region is involved in the interaction with inducing ligands (67). cmeR is 

transcribed in the same direction as cmeABC and the intergenic region between cmeR and 

cmeA contains the promoter (PcmeABC) for cmeABC. As a transcriptional repressor, CmeR 

binds directly to an inverted repeat in PcmeABC and inhibits the transcription of cmeABC 

(106). Deletion of cmeR or mutations in the inverted repeat of PcmeABC releases the 

repression and results in overexpression of CmeABC. Recently, it was shown by DNA 

microarray that CmeR functions as a pleiotropic regulator and modulates the expression of 

multiple genes in C. jejuni, occurring by direct or indirect methods (108). One of the newly 

identified CmeR-regulated genes is Cj0561c, which is predicted to be a periplasmic protein. 

The promoter of Cj0561c contains two CmeR-binding sites and is strongly repressed by 

CmeR. Although the exact function of Cj0561c was unknown, inactivation of this gene led 

to reduction of Campylobacter colonization in the intestinal tract of chicken (108), 

suggesting that Cj561c is important for Campylobacter physiology.

As a major mechanism in bile resistance, cmeABC is inducible by various bile conjugates 

(109). Thus, the expression level of cmeABC is influenced by bile. The induction of 

cmeABC is due to the inhibitory effect of bile on the binding of CmeR to PcmeABC, which 

promotes the release of CmeR from the promoter DNA (109). Since CmeR represses the 

expression of cmeABC, dissociation of CmeR from PcmeABC results in elevated expression of 

cmeABC. Not surprisingly, bile salts also strongly induce the expression of Cj0561c, which 

is also regulated by CmeR (108). These in vitro findings were consistent with the results 

from in vivo studies, in which DNA microarray and real-time RT-PCR revealed that 

expression of cmeABC and Cj0561c was greatly up-regulated in animal intestinal tracts 

(110). This suggests that bile-mediated induction of CmeR-regulated genes also occurs in 

animal hosts. Based on these findings, it is conceivable that CmeR senses the presence of 

bile compounds in the environment and accordingly, modulates the expression levels of its 

target genes.

The information discussed above indicates that the CmeR regulatory network plays an 

important role in Campylobacter physiology and in its resistance to various antimicrobials. 

To understand the structural basis of CmeR regulation and facilitate the development of anti-

Campylobacter therapeutics, we have initiated our work to determine the three-dimensional 

structure of CmeR. Our protein crystallization studies confirmed the two-domain structure 

of CmeR and showed that CmeR functions as a homodimer (67).

A. Crystal Structure of the CmeR Regulator

The crystal structure of dimeric CmeR, a member of the TetR family of regulators, is shown 

in Figure 5. This structure revealed that each subunit of CmeR is composed of nine α-

helices, in which the characteristic short-recognition α3 helix, presumably formed by 

residues 47–53, is replaced by an intriguing random coil (67). This is, perhaps, the most 

striking feature that distinguishes CmeR from the other TetR family members. To date, the 

CmeR regulator is the only observed case of a random coil replacing helix α3 in a TetR 

family member. Presumably, the TetR regulators possess a HTH DNA-binding motif formed 
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by helices α2 and α3. Owing to its important role in recognizing target DNA, helix α3 is 

named the recognition helix (57). Since CmeR is a pleiotropic regulator of a large set of 

genes and is predicted to bind multiple operator sites, with many of those not being of the 

consensus IR sequence located in the promoter region of cmeABC (108). It could be 

postulated that the flexibility of the DNA-binding domain, illustrated by the random coil in 

place of the helix α3, permits CmeR to recognize multiple cognate DNA sites. One other 

unique feature of the CmeR structure is its large center-to-center distance between the two 

N-termini of the dimer. This center-to-center distance (according to the separation between 

Cα atoms of Y51 and Y51' was measured to be 54 Å (67). The corresponding distances are 

39 Å and 35 Å in the apo forms of QacR (65) and TetR (64). These center-to-center 

distances increase upon ligand binding. For the ligand-bound dimers of QacR (65), TetR 

(63), EthR (70), and YfiR (111), these distances become 41, 38, 52, and 54 Å, respectively. 

Thus, the relatively large center-to-center distance observed for CmeR reflected the fact that 

CmeR was liganded (67). Indeed, the crystal structure indicated that a fortuitous glycerol 

molecule was bound in each subunit of the CmeR dimer (Figure 5) (67). Although glycerol 

has not previously been identified as a natural inducer of cmeABC, it is plausible that it 

mimics the binding mode of other CmeR substrates.

The C-terminal domain of CmeR consists of helices α4 through α10, with helices α4, α5, 

α7, α8, and α10 forming an antiparallel five-helix bundle. In view of the crystal structure, 

helices α6, α8, α9, and α10 are involved in the formation of the dimer. Dimerization occurs 

mainly by couplings between pairs of helices (α6 and α9', α8 and α10', and their identical 

counter pairs). A surface area of 1950 Å2 per monomer is buried in the contact region of the 

dimer (67). This interaction surface is mostly hydrophobic in character.

The C-terminal domain also forms a large tunnel-like cavity in each subunit of CmeR. This 

tunnel, surrounded by mostly hydrophobic residues of helices α4 to α9, opens horizontally 

from the front to the back of each protomer. The length of this tunnel is approximately 20 Å. 

Helices α7 and α8 from one subunit, and α9' from the other subunit of the regulator make 

the entrance of the tunnel. Helices α4-α6, however, contribute to form the end of this 

hydrophobic tunnel. Each hydrophobic tunnel, occupying a volume of about 1000 Å3, spans 

horizontally across the C-terminal domain and can be seen through from the front to the 

back of the dimer without obstruction. This unique feature, not found in other structures of 

the TetR family of regulators, highlights the flexibility of the CmeR regulator (67). As 

indicated above, the crystal structure of CmeR revealed the presence of a glycerol molecule 

inside this large ligand-binding tunnel (Figure 5). Glycerol binds identically in each subunit, 

as indicated by the crystallographic two-fold symmetry of the CmeR dimer (67). This 

ligand-binding mode is different from that of QacR, in which one dimer of QacR binds one 

drug (65), but similar to that of TetR, which interacts with tetracycline in a manner of a 1:1 

monomer-to-drug molar ratio (63). The volume of the ligand-binding tunnel of CmeR is 

large enough to accommodate a few of the ligand molecules. Additional water molecules fill 

the portion of the large tunnel that is unoccupied by ligand. The structure suggests that 

CmeR might be able to bind more than one drug molecule at a time, or possibly 

accommodate significantly larger ligands, which spans across the entire binding tunnel. 

Indeed, a docking study showed that the hydrophobic tunnel of CmeR should be able to 
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accommodate large, negatively charged bile acid molecules, such as taurocholate and 

cholate (67). The bound bile acids are predicted to anchor to several hydrophobic, polar, and 

positively charged residues, including H72, F99, F103, F137, S138, Y139, V163, C166, 

T167, K170, and H174. These anionic ligands were predicted to span almost the entire 

length of the ligand-binding tunnel of the regulator, respectively. The large tunnel, possibly 

consisting of multiple minipockets that may be employed to interact with different ligands, 

is rich in aromatic residues and contains three positively charged amino acids (two histidines 

and one lysine). It is very likely that these positively charged residues are crucial for CmeR 

to recognize negatively charged ligands. Site-directed mutagenesis is needed for an 

understanding of the detailed function of these charged residues.

V. Efflux Pumps of Neisseria gonorrhoeae : Repertoire and Contributions to 

Antimicrobial Resistance

The strict human pathogen N. gonorrhoeae expresses four drug efflux pumps (112), which 

belong to the resistance-nodulation-division (RND) family (MtrCDE), the major facilitator 

(MF) family (FarAB-MtrE), the ABC transporter family (MacAB), and the multidrug toxic 

compound extrusion (MATE) family (NorM). These pumps are also possessed by N. 

meningitides (112), but in this chapter we concentrate on their structure, function, and 

regulation in gonococci. In addition to these four efflux pumps, some clinical isolates have 

acquired the mef gene, which encodes a pump that recognizes macrolides (113).

There is evidence that gonococcal efflux pumps can contribute to levels of bacterial 

resistance to classical antibiotics since inactivation of efflux pump-encoding genes can 

enhance susceptibility to pump substrates (114–116). Moreover, mutations that increase 

efflux pump gene expression can also increase antimicrobial resistance of N. gonorrhoeae. 

From a clinical perspective, the important question is whether efflux pumps can influence 

the efficacy of antibiotic treatment. In this respect, work on the MtrCDE efflux pump in 

clinical isolates indicates that this is indeed the case. As an example, overexpression of the 

mtrCDE operon due to mutations in the mtrR-coding sequence, which encodes a repressor of 

mtrCDE expression (see below), or its promoter can provide gonococci with a twofold 

increase in resistance to penicillin (116). However, when strains have co-resident mutations 

in other chromosomal genes that influence the affinity of penicillin for penicillin-binding 

proteins (PBPs) or drug influx, resistance can become clinically significant (≥ 2.0 µg/ml). 

The outbreak of penicillin-resistant gonorrhea that occurred in Durham, North Carolina in 

the 1980s (117), due to a strain (termed FA6140) that had mtrR mutations as well as other 

mutations that both decreased the binding of penicillin to PBP-1 and PBP-2 and the influx of 

penicillin (118), is an example of the impact that efflux can have on gonococcal resistance to 

antibiotics. Thus, while introduction of the mtrR mutations from penicillin-resistant strain 

FA6140 by transformation into highly penicillin-sensitive strain FA19, resulted in only a 

twofold increase in resistance, inactivation of the mtrD gene, which encodes the inner 

membrane RND transporter protein, in resistant strain FA6140 decreased resistance from 4 

to 0.25 µg/ml. This decrease in resistance, due to the loss of efflux activity, was intriguing as 

it represented a transition from clinical resistance to sensitivity and provides support for the 

notion that inhibitors of efflux pumps could reverse antibiotic resistance exhibited in 
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pathogenic organisms. In addition to penicillin, gonococcal clinical isolates bearing mtrR 

mutations can express decreased susceptibility to macrolides and tetracycline (119). In fact, 

a cluster of azithromycin-resistant gonococci identified in a cohort of patients in Kansas 

City, Missouri were found to have a Correia insertion within the DNA sequence that 

intervenes the divergently transcribed mtrR and mtrCDE genes (120).

It has been suggested (112) that efflux pumps endow bacteria with the ability to resist 

natural or manufactured antimicrobial agents in their local environment and that such 

resistance is important for their survival in ecosystems. For strict human pathogens, such as 

gonococci that do not naturally exist for long periods of time outside the human body, these 

antimicrobial agents would be compounds (e.g., antimicrobial peptides, long-chain fatty 

acids, bile salts, certain hormones) that are at the frontline of the innate host defense system. 

In this respect, the MtrCDE efflux pump appears to recognize certain antimicrobial peptides 

(121), progesterone (115) and bile salts (115), while the FarAB-MtrE pump recognizes long-

chain fatty acids (122). In support of the hypothesis that efflux pumps can promote bacterial 

survival during infection, Jerse et al. (123) found that the MtrCDE efflux pump is required 

for survival of gonococci in the lower genital tract of experimentally infected female mice 

(115). More recently, this group reported (124, 125) that the degree of in vivo fitness 

expressed by gonococci is related to the presence of the MtrR repressor or MtrA activator, 

which modulate levels of mtrCDE expression (see below). This is a unique example of how 

a mechanism of antibiotic resistance can actually increase in vivo fitness and is probably due 

to the ability of the MtrC-MtrD-MtrE pump to recognize both classical antibiotics (e.g., 

penicillin) and host-derived antimicrobials.

A. Structure of the MtrCDE Efflux System

The mtr (multiple transferable resistance) system was first identified by Maness and 

Sparling (126) when they isolated a spontaneous mutant that exhibited increased resistance 

to multiple structurally diverse antimicrobial hydrophobic compounds. It was originally 

thought that mtr modified outer membrane permeability (127). However, subsequent cloning 

and sequencing experiments (114, 115, 128, 129) showed that the mutation was located 

within a gene encoding a transcriptional repressor (MtrR) of a downstream but 

transcriptionally divergent operon (mtrCDE) encoding the tripartite MtrCDE efflux pump. 

Similar to other RND-type pumps of gram-negative bacteria, the three proteins are a 

cytoplasmic membrane transporter (MtrD), a membrane fusion protein (MtrC), and an outer 

membrane channel protein (MtrE). Directly or indirectly, other proteins also participate in 

efflux mediated by the pump. Veal and Shafer (130) identified an accessory protein (MtrF) 

which, for reasons that are not yet clear, is required for efflux activity when the host strain is 

expressing high levels of the pump during stressful conditions. Energy supplied by the 

TonB-ExbB-ExbD system is also needed for inducible antimicrobial resistance mediated by 

MtrC-MtrD-MtrE (131).

B. Regulation of the mtrCDE System

Expression of the mtrCDE operon is controlled by both cis- and trans-acting regulatory 

elements that negatively or positively control production of the pump proteins at the level of 

transcription. The DNA-binding proteins that are involved in regulation of this system and 
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their biological importance are described in Figure 6. The degree of mtrCDE gene 

expression that is controlled by these elements corresponds to constitutive or inducible 

levels of gonococcal resistance to antimicrobials recognized by the pump. The important 

trans-acting factors that control mtrCDE expression directly or indirectly in gonococci are 

MtrR, MpeR, and MtrA (Figure 6). Recent studies indicate (132) that the two-component 

regulatory system termed MisR-MisS (133) also controls mtrR expression and, as a 

consequence, mtrCDE. In meningococci, regulation of mtrCDE appears to be controlled by 

a Correia element (CE) within the mtrR and mtrCDE intervening region that contains a 

binding site for integration host factor (134). This element was found to be similarly 

positioned in azithromycin-resistant gonococcal clinical isolates in Kansas City, Missouri 

(120), but the presence of the CE at this site is apparently unique to these strains.

The MtrR repressor, which is similar to the TetR family of repressors (128), binds as two 

homodimers to a DNA sequence that lies just upstream of the mtrCDE operon (135). The 

15-bp MtrR-binding site is within the mtrCDE promoter and is characterized by two pseudo-

direct 7-bp repeats. Mutations in the mtrR helix-turn-helix coding region that reduce or 

abrogate DNA binding, as well as missense mutations in the C-terminal-encoding region 

that probably impact homodimer formation, can enhance transcription of mtrCDE and 

elevate gonococcal resistance to antimicrobials (114, 136, 137). This regulation has 

important biological consequences. First, by dampening mtrCDE expression levels of 

gonococcal, resistance to hydrophobic antimicrobials is decreased. Second, and probably 

linked to the first point, production of an active MtrR decreases gonococcal fitness in vivo 

(but not in vitro), as assessed by the use of an experimental murine model of lower genital 

tract infection (124, 125). Expression of mtrR seems to be regulated by both direct and 

indirect processes involving DNA-binding proteins (Figure 6) and a cis-acting 13-bp 

inverted repeat within the mtrR promoter (see below). We reported on an AraC-like 

transcriptional regulator that represses mtrF (Figure 6) expression and termed the protein 

MpeR (138). In the same year, Dyer’s group reported that mpeR (NGO0025) is maximally 

expressed under iron-limiting conditions (139), and recent studies showed that iron-replete 

conditions dampen mtrR expression by an MpeR-dependent mechanism during late-log 

(140), a phase of growth likely to be iron limiting. It may be that mpeR expression is 

negatively controlled by the ferric uptake regulator (Fur) in the presence of iron (141), 

which provides a connection between iron limitation and the regulation of genes encoding 

transcriptional modulators of efflux pump genes. mtrR expression is also negatively 

regulated by a two-component regulatory system termed MisR-MisS (142) that is 

functionally similar (133), but not identical, to the PhoP-PhoQ system in Salmonella 

enterica serovar typhimurium, which is known to modulate levels of bacterial susceptibility 

to cationic APs (143).

In addition to regulating mtrCDE, we found (144) through microarray analysis that MtrR 

can positively or negatively regulate the expression of nearly 70 genes, including genes 

known or presumed to be involved in the regulation of antimicrobial resistance (marR and 

farR), response to stress conditions (rpoH), polyamine uptake (potF), glutamine biosynthesis 

(glnA and glnE) and transport (glnM and glnQ), peroxide detoxification (ccp), and sodium-

glutamate symporter activity (gltS). FarR is a transcriptional repressor of the farAB efflux 
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pump system (139), which exports antimicrobial fatty acids (122), but can also activate glnA 

and marR (Figure 6). Thus, we propose that a regulatory circuit exists in gonococci as 

demonstrated in Figure 6, which controls not only levels of bacterial resistance to host 

antimicrobials and antibiotics, but also expression levels of important metabolic processes 

(e.g., glutamine biosynthesis).

Thus, apart from its ability to control levels of MtrCDE, MtrR may control other processes 

important for basic metabolism and pathogenesis. Given this hypothesis, it is fair to ask: 

Why did evolution not select against mtrR if its loss increases fitness during infection? We 

believe that the answer is, in part, because MtrR can directly or indirectly activate certain 

genes important for metabolism and other cellular processes. For example, MtrR appears to 

up-regulate expression of glnE, which encodes the enzymatic regulator of glutamine 

synthetase (GlnA). Thus, the initial advantage afforded by loss of MtrR (resistance to host 

antimicrobials) might be negated later during infection if biosynthetic processes are 

negatively impacted due to loss of MtrR. This, in part, may explain why natural mtrR 

mutants represent <25% of all clinical isolates (112) and why mtrR expression is subject to 

transcriptional regulatory processes.

While mtrR-coding mutations can enhance transcription of mtrCDE and elevate HA 

resistance in gonococci, high-level resistance requires a cis-acting mutation within the 

overlapping mtrR and mtrCDE promoters (114, 133, 146). The mtrR promoter contains a 13-

bp inverted repeat sequence between the −10 and −35 hexamers (114,146). A single bp 

deletion (114,146) or a dinucleotide insertion within this inverted repeat is sufficient to 

reduce transcription of mtrR dramatically. These cis-acting promoter mutations are observed 

in clinical isolates expressing high levels of HA resistance. We proposed (146) that because 

the mtrR and mtrCDE promoters overlap on opposite strands at their −35 hexamer region, 

the single bp deletion or the dinucleotide insertion enhance mtrCDE expression by both 

reducing mtrR expression and making the mtrCDE promoter more available for interacting 

with RNA polymerase. This model provides a mechanism to explain why mtrR promoter 

mutants express higher levels of antimicrobial resistance and mtrCDE than those of strains 

with mtrR point mutations that cause radical amino acid changes, inactivating MtrR function 

(114, 125, 137). High-level antimicrobial resistance mediated by overexpression of the 

mtrCDE operon can also be afforded by a point mutation 120 nucleotides upstream of the 

mtrC translational start (125). This mutation, found in strain MS11, when transferred to 

strain FA19 could result in levels of antimicrobial resistance and in vivo fitness similar to 

that endowed by the single bp deletion in the mtrR promoter. Warner et al. (125) found that 

this point mutation could enhance the half-life of the mtrCDE transcript, and recent evidence 

(147) indicates that it generates a new promoter element that is used preferentially for 

mtrCDE transcription.

Transcriptional activation of efflux pump genes is common in bacteria and can lead to 

inducible resistance to antibiotics and other antimicrobials recognized by the specific pump 

(112). For example, environmental and antimicrobial stimuli have been shown to modulate 

expression of the acrAB efflux pump system in E. coli through the action of several DNA-

binding proteins (MarR, Rob and SoxS) (148). This inducible resistance process is typically 

transient and allows bacteria to quickly respond to antimicrobials in their local environment. 
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Expression of the mtrCDE efflux pump locus can be up-regulated when gonococci are 

grown in the presence of a sublethal level of an antimicrobial agent recognized by the pump 

(149). This induction requires the presence of an AraC/XylS-like protein termed MtrA (149) 

and energy supplied by the TonB-ExbB-ExbD system (131). MtrA can activate expression 

of mtrCDE even in the presence of an active MtrR and we (150) found that it can bind to a 

DNA sequence upstream of mtrCDE . Moreover, MtrA can bind certain substrates (e.g., 

TX-100) that induce the expression of the mtrCDE operon and these interactions enhance its 

binding to target DNA sequences. Like MtrR, MtrA can regulate directly or indirectly 

(positively or negatively) several genes in gonococci, including mpeR (Figure 6). The 

capacity of MtrA to regulate gonococcal genes is probably of importance during infection 

because an mtrA null mutant of strain FA19 was less fit than its mtrA+ parent strain in the 

lower genital tract of experimentally infected female mice.

VI. Concluding Remarks

It has been well established that overexpression of RND multidrug efflux pumps led to a 

resistant phenotype in pathogenic organisms. This problem is exacerbated by the ease with 

which many of these resistant genes can pass from one microorganism to another through 

plasmid transfer (151). The availability of the three-dimensional structures of these efflux 

transporters potentially allows us rationally to design agents that block the function of these 

pumps. However, there is still quite a mountain to climb in the development toward 

achieving this goal. To date, no efflux pump inhibitor has been licensed for use in the 

clinical treatment of bacterial infections. As RND pumps assemble as tripartite complexes, 

one method to inhibit the drug-resistant phenotype is to prevent the assembly of complex 

formation by blocking the different subunits from forming a functional complex. The 

possibility of this approach has been demonstrated by the crystal structure of AcrB in 

complex with the designed ankyrin repeat protein inhibitor (DARPin), in which the inhibitor 

is bound in such a way that AcrB is not able to form a functional complex with TolC (33). 

Another potential approach is to target the transcriptional regulators that modulate the 

expression of these RND pumps. For example, the global regulator CmeR controls the 

expression of several genes, including cmeABC (108). By inhibiting the interactions between 

the regulator and its substrates, expression of these transporter genes could potentially be 

blocked. Recently, more examples of RND transporters regulated by two-component 

systems have been identified, including E. coli CusRS, which controls the expression of 

CusABC (85). The structures of different components of these regulatory systems may 

potentially allow us to rationally design inhibitors that reduce the level of efflux pump 

expression.
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Figure 1. 
Model of the assembled tripartite drug efflux pump of AcrAB-TolC in the form of TolC3-

AcrA3-AcrB3. This possible model is generated based on the crystal structures of individual 

components of the complex in addition to cross-linked data between AcrA, AcrB, and TolC. 

The TolC trimer [orange, red, and yellow subunits with gray equatorial domains and outer 

membrane (OM) regions] was docked onto AcrA (green)-docked AcrB trimer (blue/light 

blue subunits with gray inner membrane (IM) regions). [From (45), with permission from 

the National Academy of Sciences and V. Koronakis.] (See insert for color representation.)
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Figure 2. 
Structural comparison of the P31 and P2221 structures of AcrR. Superimposition of the 

dimeric AcrR structures was performed using the program ESCET (green, P31 structure; 

orange, P2221 structure). The conformational differences highlighted in these two crystal 

structures provide a plausible model to describe transcriptional regulation by AcrR. Residue 

E67 in each subunit is shown as a stick model. (See insert for color representation.)
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Figure 3. 
Crystal structure of the CusB membrane fusion protein. The structure can be divided into 

four distinct domains. Domain 1 is formed by the N- and C-termini and is located above the 

inner membrane. The loops between domains 2 and 3 appear to form an effective hinge to 

allow the molecule to shift from an open conformation to a more compact structure. Domain 

4 is folded into an antiparallel, three-helix bundle, which is thought to be located near the 

outer membrane. (See insert for color representation.)
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Figure 4. 
Specific interaction between CusA and CusB. The model of CusA (gray) was created based 

on protein sequence alignment and the crystal structure of AcrB. Mass spectral data suggest 

that the periplasmic domain of CusA specifically interacts with the N-terminus of CusB 

(light brown). Polypeptides α, SGKHDLADLR (from CusA), and β, 

IDPTQTQNLGVKTATVTR (from CusB), are shown in red and blue, respectively. (See 

insert for color representation.)
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Figure 5. 
Crystal structure of the CmeR regulator. The dimeric structure of CmeR indicates that 

CmeR is an all-helical protein (α1-α10 and α1'-α10', respectively) which can easily be 

divided into two domains (the N-terminal DNA-binding and C-terminal ligand-binding 

domains). The bound glycerol molecule in each subunit of CmeR is represented as a hard-

sphere model. (See insert for color representation.)
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Figure 6. 
Proposed model of the regulatory system in N. gonorrhoeae. Shown is a proposed regulatory 

system in N. gonorrhoeae strain FA19 that impacts levels of antimicrobial resistance via 

drug efflux pumps. The lines with bars indicate transcriptional repression; the lines with 

arrows indicate transcriptional activation.
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