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Bacteria have evolved several transport mechanisms to maintain metal homeostasis and to detoxify the cell.
One mechanism involves an RND (resistance-nodulation-cell division protein family)-driven tripartite protein
complex to extrude a variety of toxic substrates to the extracellular milieu. These efflux systems are comprised
of a central RND proton-substrate antiporter, a membrane fusion protein, and an outer membrane factor. The
mechanism of substrate binding and subsequent efflux has yet to be elucidated. However, the resolution of
recent protein crystal structures and genetic analyses of the components of the heavy-metal efflux family of
RND proteins have allowed the developments of proposals for a substrate transport pathway. Here two models
of substrate extrusion through RND protein complexes of the heavy-metal efflux protein family are described.
The funnel model involves the shuttling of periplasmic substrate from the membrane fusion protein to the RND
transporter and further on through the outer membrane factor to the extracellular space. Conversely, the
switch model requires substrate binding to the membrane fusion protein, inducing a conformational change
and creating an open-access state of the tripartite protein complex. The extrusion of periplasmic substrate
bypasses the membrane fusion protein, enters the RND-transporter directly via its substrate-binding site, and
is ultimately eliminated through the outer membrane channel. Evidence for and against the two models is
described, and we propose that current data favor the switch model.

In Gram-negative bacteria, RND-driven tripartite protein
complexes pump out a wide array of substrates. The RND
(resistance-nodulation-cell division) protein superfamily can
be divided into seven protein families with members being
involved in transport of organic substances, transition metals,
and polypeptides (55). Two RND families have been most
extensively studied. The hydrophobe/amphiphile efflux family
includes the RND proteins AcrB from Escherichia coli and
MexB from Pseudomonas aeruginosa, both of which are in-
volved in export of organic substances such as various antibi-
otics, bile salts, and other hydrophobic substances. The heavy
metal efflux family contains metal transporters, such as CzcA
from Cupriavidus metallidurans strain CH34 and CusA from E.
coli. The nonspecificity of the RND proteins exporting organic
substances has made elucidation of the actual transport path-
way and pump regulation difficult. In contrast, metal-transport-
ing RND proteins have a limited substrate spectrum, pumping
out either the monovalent cations Cu(I) and Ag(I) or divalent
cations of the transition metals Zn(II), Ni(II), Co(II), and
sometimes the heavy metal cation Cd(II) (9, 25, 33). Since
metals bind to very specific residues, the elucidation of the
transport pathway should be easier.

RND proteins utilize the proton motive force to drive the
efflux of the substrates (14, 32). They form homotrimers (29)
or heterotrimers composed of two different RND polypeptides

in a 2:1 ratio (18). Each RND monomer spans the inner mem-
brane with 12 transmembrane alpha helices. The RND trimer
contains a large hydrophilic portion that extends into the
periplasmic space. Conformational changes for each monomer
between three states (open access for substrate binding, sub-
strate-bound, and extrusion to the outer membrane protein)
drive proton-coupled export for these systems (28, 47).

The RND trimers are part of a larger tripartite transen-
velope protein complex. The periplasmic portion of the RND
trimer connects to the second component of the system, the
trimeric outer membrane factor (19, 36). The trimer of the
outer membrane factor forms a single tube that spans the outer
membrane as a beta barrel. One end of this tube opens to the
extracellular space and the other connects to an opening on
top of the RND trimer.

The third component of the tripartite protein complex is the
periplasmic membrane fusion protein (44), which forms a
hexameric or trimeric ring around the RND trimer and outer
membrane proteins, thereby stabilizing contact between these
two trimers (2, 3, 29). In characterized examples of metal-
transporting RND-driven protein complexes, CzcA and CusA
are the RND proteins, CzcB and CusB the membrane fusion
proteins, and CzcC and CusC the outer membrane factors
(Fig. 1). Some systems additionally contain soluble periplasmic
metal chaperone proteins, such as CusF for the CusCBA com-
plex, which has been shown to deliver substrate to the mem-
brane fusion protein (13, 23). Based on results of RND pro-
teins belonging to the metal transporters and those for organic
substances such as CzcCBA and TolC-AcrAB, a 3:6:3 polypep-
tide ratio of the CusCBA complex has been predicted (41, 50).
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This would be in contrast to previous modeling attempts where
TolC-AcrAB was envisaged to display a 3:3:3 stoichiometry
(53). The different models have recently been summarized
(26).

The structures of components of the Cus system provide
exciting perspectives for understanding the structure and func-
tion of RND-driven tripartite systems. The structure of the
RND protein CusA (24) established that Cu(I) binds to three
methionines in the periplasmic cleft of the inner membrane
transport protein. Methionines essential for function of CusA
were earlier identified at this position (13), making it probable
that these residues form the periplasmic cation substrate-bind-
ing site of CusA. Moreover, this substrate-binding site is lo-
cated in a similar position in the RND proteins AcrB and
MexB, which transport organic substances (28, 38, 47). How-
ever, in contrast to the rather unspecific substrate binding sites
in AcrB and MexB in CusA, a thioether-only binding site,
formed by three methionines, confers specificity to Cu(I) and
Ag(I) but not to other metals (43).

Two modes of action have been proposed for RND-driven
tripartite efflux systems (33): periplasmic efflux and transen-
velope efflux (Fig. 1). Periplasmic efflux involves the binding of
periplasmic substrates by the RND inner membrane protein
and subsequent export through the outer membrane factor to
the extracellular space. In contrast, transenvelope efflux sug-
gests transport of cytoplasmic molecules through the entire
transmembrane region of the RND protein and the outer

membrane factor into the extracellular milieu, without releas-
ing the substrate into the periplasm. It is very difficult to dif-
ferentiate between both modes of action by biochemical ex-
periments because any periplasmic efflux would decrease the
periplasmic concentration of any substance, thereby decreasing
uptake into the cytoplasm. To add more complexity, RND
proteins may even mediate both processes, periplasmic efflux
and transenvelope efflux. However, the question is, to what
extent and under what conditions?

TRANSENVELOPE EFFLUX BY METAL-TRANSPORTING
RND PROTEINS?

The structure of the metal-transporting RND protein CusA
suggests a possible methionine-lined pathway (M410-M501,
M486-M403, M391-M1009) from the cytoplasm to the three
conserved methionine residues (M573, M623, M672) that form
the periplasmic substrate binding site (24). Such a putative
copper transport pathway spanning the transmembrane alpha
helices of CusA would argue for transenvelope efflux of copper
ions. Indeed, transport of Ag(I) by membrane-reconstituted
CusA has been demonstrated (24).

Other studies also have shown that RND proteins might
transport substrates across the inner membrane. CzcA trans-
ports metals in vitro into proteoliposomes (14), and MexB of
Pseudomonas aeruginosa similarly transports drugs (58). MexB
even functions when expressed in Gram-positive bacteria that

FIG. 1. Model of periplasmic and transenvelope efflux. Transenvelope efflux involves the detoxification of cytoplasmic substrates, which enter
the complex from the cytoplasm and through the RND-driven complex protein to the extracellular milieu. Periplasmic efflux involves the extrusion
of periplasmic substrates through the RND protein and out the outer membrane protein to the extracellular space.
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do not have a periplasm (58), since some of these Gram-
positive bacteria contain genes for RND proteins in their ge-
nomes (33). Additionally, AcrB (10) and CzcA (14) may con-
tain substrate binding sites located in the cytoplasm, and AcrD
captures aminoglycosides from this cellular compartment (1).
These data suggest transport across a single membrane, but are
these results physiologically relevant?

Conversely, metal sensitivity and physiological evidence in-
dicate that the metal-transporting RND proteins CusA and
CzcA predominantly carry out efflux from the periplasm to the
extracellular space. In E. coli, deletion of the gene encoding
the Cu(I)-translocating P-type ATPase CopA, which exports
cations from the cytoplasm to the periplasm, leads to a copper-
sensitive phenotype (39) (Fig. 2). Copper sensitivity is not
further increased by the additional deletion of cusCFBA (15)
but is, however, by deletion of cueO, which encodes a periplas-
mic Cu(I) oxidase (15, 42, 49) (Fig. 2). Thus, CusCBA can be
functionally substituted by an enzyme that detoxifies periplas-
mic Cu(I) by oxidation into the less toxic Cu(II) state, but
CusCBA is not able to substitute CopA, the transporter that
decreases the cytoplasmic Cu(I) concentration by export across
the inner membrane.

A similar scenario emerged when studying the function of
the metal-transporting RND-driven tripartite protein complex
CzcCBA from C. metallidurans CH34 (conferring cobalt, zinc,
and cadmium resistance). Deletion of two Zn(II)/Cd(II)-trans-
locating P-type ATPases led to loss of the ability of CzcCBA to
confer Cd(II) resistance (22). A deletion of two Co(II)/Zn(II)
transporters of the cation diffusion facilitator (CDF) protein
family (36) resulted in a failure of CzcCBA to mediate cobalt
resistance (27). A quadruple mutant strain devoid of the
known P-type ATPases and CDF proteins able to export

Zn(II) across the inner membrane into the periplasm is highly
zinc sensitive but can be complemented to wild-type zinc re-
sistance levels by overexpression of czcCBA (45). Although this
result may be an argument in favor of transenvelope efflux, it
is not: overexpression of czcCBA in a C. metallidurans strain
carrying a �zupT deletion led to growth impairment because
the cells are unable to acquire zinc (M. Herzberg, A. Kirsten,
and D. Nies, unpublished data). ZupT is the main zinc uptake
system for C. metallidurans under conditions of low zinc avail-
ability but not the only zinc uptake system. Nevertheless, over-
expression of czcCBA seems to decrease the periplasmic zinc
concentration to a level that is not sufficient for further zinc
uptake by these other systems, which also protects the cell
when environmental zinc concentrations are very high, even in
the absence of all known inner membrane efflux systems.

In C. metallidurans CH34 a deletion of czcA led to a strong
expression of a czc-lacZ reporter fusion, which is under the
control of a two-component regulatory system CzcRS (com-
posed of a membrane-bound histidine kinase sensor and cyto-
plasmic response regulator) (45). In contrast, deletion of the
gene encoding the main Co(II)-exporting CDF protein DmeF
did not yield upregulation of czcCBA. Thus, CzcS is sensing the
metal concentration in the same cellular compartment that is
detoxified by CzcCBA, which is the periplasm. Moreover, al-
though CzcA is able to transport Zn(II) into proteoliposomes,
the Km value of the transport is about 6.6 mM (14), 33-fold
higher than the total cellular zinc content of 0.2 mM (34).
Finally, metal transport by CzcA into proteoliposomes was
abolished in the presence of glutathione (D. Nies, unpublished
data) whereas glutathione would be present in physiologically
relevant amounts in the cytoplasm.

Thus, transport of metal cations by CusA and CzcA from the

FIG. 2. Copper homeostasis mechanisms in E. coli. Several homeostatic mechanisms detoxify the cell of copper. Copper enters the bacterial
cell through an unknown importer. CueO, multicopper oxidase; CusF, Cu(I)-binding metallochaperone; CusCBA, RND-driven tripartite complex;
CopA, Cu(I)-translocating P-type ATPase; P, phosphate group. CusS, a histidine kinase, senses periplasmic Cu(I) and subsequently phosphorylates
CusR, a response regulator, to activate transcription of cusCFBA. CueR senses copper and activates transcription of copA and cueO.
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cytoplasm to the periplasmic substrate-binding sites can be
demonstrated but probably does not contribute to metal resis-
tance, which is predominantly based on periplasmic efflux by
the respective RND-driven tripartite transenvelope complexes.
What could be the physiological relevance of an RND-medi-
ated transport across the inner membrane?

One possible answer is that rather than a primary function in
transport across the inner membrane, the transmembrane me-
thionine pairs (M410-M501, M486-M403, and M391-M1009)
of CusA regulate the extrusion of substrate under various
metal concentrations. CusCBA and CzcCBA export surplus
cations (copper and zinc, respectively) that are essential at
lower levels. Moreover, copper and zinc are necessary in both
the periplasmic and the cytoplasmic compartments. While
most zinc-containing proteins reside in the cytoplasm (30), the
periplasmic alkaline phosphatase, for instance, is transported
into the periplasm as an unfolded polypeptide via the Sec
general excretion pathway (37). Consequently, zinc insertion
must take place in the periplasm. Similarly, although most
copper-containing enzymes of E. coli are periplasmic or have
their copper sites exposed to the periplasm, the presence of
cytoplasmic copper proteins cannot be excluded. Examples of
these are YhcH (54) and factors involved in molybdenum
cofactor biosynthesis (46). Therefore, flux control is needed for
these two RND-driven efflux pumps to prevent situations of
metal starvation, similar to the flux control that fine-tunes the
activity of other metal transporters (31). Flux control of RND-
driven systems would need two checkpoints, one in the
periplasm and one in the cytoplasm, because metal homeosta-
sis in both compartments has to be protected.

Indeed, an important result (24) supports this proposal:
when the three methionine pairs (M410-M501, M486-M403,
and M391-M1009) in CusA that are suggested to be part of the
methionine-lined pathway in the transmembrane helices were
changed into isoleucine residues, the mutant strains displayed
decreased copper resistance. However, this result is not nec-
essarily due to the ineffective transport of substrate from the
cytoplasm to the periplasm.

An alternative explanation is that CusA contains a cytoplas-
mic exposed methionine pair (M410 and M501) that serves as
a flux control switch. In this case, binding and transport of
cytoplasmic copper may be a sensing mechanism. The impor-
tance of cytoplasmic sensing may be to signal extreme copper
stress that could be alleviated in part by decreasing periplasmic
copper through export by the Cus system. Full CusCBA activ-
ity would be attained only if sufficient copper is present in the
cytoplasm. The switch could be reset by residual transport of
copper from one methionine pair to the next, eventually to the
three methionine-coordinating binding sites (M573, M623, and
M672) and subsequent export. Based on the available evi-
dence, a cytoplasmic flux control should be carefully consid-
ered.

CusB MAY ACT AS A SWITCH OR A FUNNEL

The membrane fusion protein CusB of E. coli contains three
methionines, M21, M36, and M38, at positions similar to those
that are conserved in all known Cu(I)- and Ag(I)-transporting
MFP proteins (16) (Fig. 3). The three methionines have been
shown to specifically bind Cu(I) and Ag(I) and are also able to

accept these cations when delivered by the metallochaperone
CusF (6). Upon metal binding, CusB undergoes a conforma-
tional change (5). Replacing any of the three conserved me-
thionines with isoleucine in both the substrate binding sites in
the periplasmic cleft of CusA (M573I, M623I, M672I) and in
the N terminus of CusB (M21I, M36I, M38I) led to a loss of
CusCBA/CusF-mediated copper resistance (5, 13, 24). Other
putative copper binding residues, M190 and M324 in CusB,
identified by metal binding of the crystals (52), were shown not
to be physiologically relevant (E.-H. Kim, C. Rensing, and
M. M. McEvoy, unpublished data). What is the role of metal
binding by the membrane fusion proteins? Here, the signifi-
cance of the metal binding site of membrane fusion proteins in
two proposed models is discussed (Fig. 3).

In the funnel model, metal is transferred from one protein
metal binding site to the next utilizing the metal binding site in
CusB as one step in the transfer pathway. In this case, CusF
binds Cu(I) in the periplasm and transfers Cu(I) to the three
methionines of the CusB proteins of the complex. Cu(I) would
then be transferred to the three methionines of a CusA mol-
ecule presently in the open access state to make it a ligand-
binding conformation (Fig. 3). An advantage of this model
would be that it could enhance substrate specificity through
three successive checkpoints via the metal binding sites in
CusF, CusB, and CusA. Other interfering metals would not be
bound by CusF and CusB and thus would not interfere with
CusA-mediated extrusion of Cu(I) and Ag(I).

The switch model predicts that the role of the membrane
fusion protein is to bind metal, resulting in an “on” conforma-
tional state. Here, the substrate is not transferred from the
membrane fusion protein to the RND inner membrane pro-
tein, but substrate enters the pump directly from the periplasm
to the RND protein (Fig. 3). In this case, the metal binding site
of the membrane fusion protein could be a periplasmic flux
control switch. This could be achieved by the CusB subunits
undergoing a conformational change triggered by binding of
Cu(I) cations, which in turn leads to the activation of CusA or
the opening of the outer membrane factor CusC. As described
for AcrB (28, 47), the substrate-binding site of the trimeric
CusA would alter between three states: open access, ligand
binding, and ligand extrusion into the CusC outer membrane
factor tube. Open access would only be allowed if CusB is in
the correct “on” conformation. Alternatively, a Cu(I)-linked
conformational change in CusB might lead to an opening up of
CusC, which may be closed at the periplasmic end when not
transporting substrates (4, 20). Since membrane fusion pro-
teins contact the C-terminal domain of the outer membrane
factors with an alpha-helical hairpin domain (7, 8, 17, 57), such
a pairwise conformational change is possible.

A periplasmic flux control switch seems to be required in C.
metallidurans, as evidenced by the growth impairment of a
�zupT mutant strain that overexpresses czcCBA. In this case,
however, efficient flux control is hampered by the absence of
the three periplasmic metal chaperones CzcI, CzcJ, and CzcE
of the Czc system and the artificially high expression level of
czcCBA (21). The membrane fusion protein CzcB possesses
two putative metal-binding sites that are required for full
CzcCBA-mediated metal resistance in C. metallidurans (41)
and could be involved in this regulatory process.

2384 MINIREVIEW J. BACTERIOL.

 on M
arch 3, 2016 by C

E
N

T
R

O
 D

E
 IN

V
E

S
T

IG
A

C
IO

N
E

S
 B

IO
LO

G
IC

A
N

S
 D

E
L N

O
R

A
E

S
T

E
 S

C
. B

IB
LIO

http://jb.asm
.org/

D
ow

nloaded from
 

http://jb.asm.org/


WHAT IS THE EVIDENCE FOR THE SWITCH MODEL
VERSUS THE FUNNEL MODEL?

Based on the structures for AcrB, MexB and CusA, the
central substrate binding domain of RND proteins is in the
periplasmic cleft (24, 48, 59). If the membrane fusion protein
of the tripartite protein complex delivers metal to the substrate
binding region in the periplasmic cleft of the RND protein, as
postulated in the funnel model, metal binding to the mem-
brane fusion protein must take place in close proximity to the
cleft of the RND protein. However, based on available knowl-
edge of metal binding sites in membrane fusion proteins and
periplasmic clefts of RND proteins, this is not the case. In
ZneB, a membrane fusion protein from an RND-driven
tripartite system from C. metallidurans CH34, the zinc binding
site is located between the beta barrel and membrane proximal
domain, which is predicted to be distant from the periplasmic
cleft; therefore direct substrate transfer is unlikely (11). In
CzcB, two putative metal-binding sites immediately follow the
hydrophobic membrane anchor of the membrane fusion pro-
tein (41) so that these sites are distant from the periplasmic
cleft of the RND protein CzcA. In CusB, the three methio-
nines that bind Cu(I) are also near the N terminus, proximal to
the outer face of the inner membrane. Some CusB-like pro-
teins have two repeats of the conserved MX13MXM motif,
such as in the obligate methanotroph Methylosinus trichospo-
rium strain OB3b. Thus, the location and number of metal

binding sites in the membrane fusion proteins lend support to
the switch model. Analogous to the situation in metal regula-
tory proteins (25), binding of a metal cation with a subsequent
conformational change in the membrane fusion protein may
serve to fine-tune the transport activity of the RND-driven
tripartite protein complex, thereby ensuring proper metal ho-
meostasis in the periplasm. This is especially important in light
of the need to have metal concentrations within acceptable
concentrations in the various compartments of the cell to en-
sure that the correct metal is incorporated into the respective
enzyme (56).

Further support of the switch model for tripartite RND-
efflux systems comes from the analysis of mutations in the
metal binding residues of the CusCBA system. When M21,
M36, and M38 in CusB were replaced with cysteines rather
than isoleucines, two mutant proteins (M36C and M38C)
mediated some residual copper resistance. However, the
M21C mutant protein was unable to contribute to copper
resistance. In CusA, replacement of M573, M623, or M672
with cysteine resulted in copper sensitivity (Kim et al., un-
published). This would indicate that there is little flexibility
in the substrate binding and transport region of CusA. In
contrast, CusB may have more flexibility because Cu(I) only
needs to be bound to induce the conformational change that
leads to activation of the transport activity of the CusCBA
efflux complex.

FIG. 3. Funnel and switch model of CusCFBA-mediated Cu(I)/Ag(I) transport. CusF coordinates Cu(I)/Ag(I) via H36W44M47M49 (23) and
delivers metal to the metal-binding site of the membrane fusion protein CusB (M21M36M38) (5), thereby inducing a conformational change and
creating an open-access state of the CusCBA complex. In the switch model, periplasmic Cu(I)/Ag(I) binds to the metal-binding site of CusA
(M573M623M672) (13, 24) and then exits through CusC to the extracellular space. However, in the funnel model, Cu(I)/Ag(I) is transferred from
CusB directly to the metal-binding site of CusA and then exits through CusC to the extracellular space.
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WORKING MODEL OF CusCFBA

Together, the structural models and functional data suggest
the following for bacterial metal homeostasis as described be-
low for the E. coli systems. Copper is sensed by CueR and
CusRS (Fig. 2). CueR regulates expression of the Cu(I)-trans-
locating P-type ATPase CopA and the multicopper oxidase
CueO (40). While CopA pumps out excess copper from the
cytoplasm, CueO oxidizes Cu(I) to Cu(II) within the
periplasm, thereby preventing Cu(I)-mediated toxicity (Fig. 2).
However, under anaerobic conditions CueO is not active and is
also readily poisoned by minute amounts of Ag(I) making
expression of cusCFBA necessary (35; S. K. Singh et al., un-
published data). The periplasmic metallochaperone CusF is
strongly upregulated by excess copper as indicated by microar-
ray data (12) and would initially function to sequester excess
Cu(I) rapidly in the periplasm. This would then allow for the
assembly of the CusCBA complex. Metal binding by CusB
could trigger activation of the CusCBA complex, which pumps
Cu(I) from the periplasm to the extracellular milieu. Once the
Cu(I) concentration dips below a level needed to fill the CusB
binding sites, the pump is turned off. Additional protection
may arise from transport of cytoplasmic copper through the
Met pairs of CusA as proposed by Su et al. (51), or if these
methionine pairs act as a flux control site, absence of Cu(I)
from these sites could also downregulate activity. However,
these residues are not conserved in all putative CusA-like
RND transporters, making an essential role unlikely. Follow-
ing CusA, Cu(I) could be transferred through the CusC chan-
nel to the outside of the cell.

In conclusion, CusCFBA appears to have at least two sites of
allosteric control regulating transport of periplasmic copper to
the extracellular milieu. This may be a general feature of all
metal-transporting RND proteins, which may thus be con-
trolled at the transcriptional level and by flux control.

ACKNOWLEDGMENTS

M.M.M. and C.R. gratefully acknowledge support from NIH grant
GM079192. E.-H.K. is a scholar of the Alfred. P. Sloan Foundation.

REFERENCES

1. Aires, J. R., and H. Nikaido. 2005. Aminoglycosides are captured from both
periplasm and cytoplasm by the AcrD multidrug efflux transporter of Esch-
erichia coli. J. Bacteriol. 187:1923–1929.

2. Akama, H., et al. 2004. Crystal structure of the drug discharge outer mem-
brane protein, OprM, of Pseudomonas aeruginosa: dual modes of membrane
anchoring and occluded cavity end. J. Biol. Chem. 279:52816–52819.

3. Akama, H., et al. 2004. Crystal structure of the membrane fusion protein,
MexA, of the multidrug transporter in Pseudomonas aeruginosa. J. Biol.
Chem. 279:25939–25942.

4. Andersen, C., et al. 2002. Transition to the open state of the TolC periplas-
mic tunnel entrance. Proc. Natl. Acad. Sci. U. S. A. 99:11103–11108.

5. Bagai, I., W. Liu, C. Rensing, N. J. Blackburn, and M. M. McEvoy. 2007.
Substrate-linked conformational change in the periplasmic component of a
Cu(I)/Ag(I) efflux system. J. Biol. Chem. 282:35695–35702.

6. Bagai, I., C. Rensing, N. J. Blackburn, and M. M. McEvoy. 2008. Direct
metal transfer between periplasmic proteins identifies a bacterial copper
chaperone. Biochemistry 47:11408–11414.

7. Bai, J., L. Mosley, and J. A. Fralick. 2010. Evidence that the C-terminus of
OprM is involved in the assembly of the VceAB-OprM efflux pump. FEBS
Lett. 584:1493–1497.

8. Bavro, V. N., et al. 2008. Assembly and channel opening in a bacterial drug
efflux machine. Mol. Cell 30:114–121.

9. Conroy, O., E. H. Kim, M. M. McEvoy, and C. Rensing. 2010. Differing
ability to transport nonmetal substrates by two RND-type metal exporters.
FEMS Microbiol. Lett. 308:115–122.

10. Das, D., et al. 2007. Crystal structure of the multidrug efflux transporter

AcrB at 3.1A resolution reveals the N-terminal region with conserved amino
acids. J. Struct. Biol. 158:494–502.

11. De Angelis, F., et al. 2010. Metal-induced conformational changes in ZneB
suggest an active role of membrane fusion proteins in efflux resistance
systems. Proc. Natl. Acad. Sci. U. S. A. 107:11038–11043.

12. Egler, M., C. Grosse, G. Grass, and D. H. Nies. 2005. Role of the extracy-
toplasmic function protein family sigma factor RpoE in metal resistance of
Escherichia coli. J. Bacteriol. 187:2297–2307.

13. Franke, S., G. Grass, C. Rensing, and D. H. Nies. 2003. Molecular analysis
of the copper-transporting efflux system CusCFBA of Escherichia coli. J.
Bacteriol. 185:3804–3812.

14. Goldberg, M., T. Pribyl, S. Juhnke, and D. H. Nies. 1999. Energetics and
topology of CzcA, a cation/proton antiporter of the resistance-nodulation-
cell division protein family. J. Biol. Chem. 274:26065–26070.

15. Grass, G., and C. Rensing. 2001. CueO is a multi-copper oxidase that confers
copper tolerance in Escherichia coli. Biochem. Biophys. Res. Commun. 286:
902–908.

16. Kim, E.-H., C. Rensing, and M. M. McEvoy. 2010. Chaperone-mediated
copper handling in the periplasm. Nat. Prod. Rep. 27:711–719.

17. Kim, H. M., et al. 2010. Functional relationships between the AcrA hairpin
tip region and the TolC aperture tip region for the formation of the bacterial
tripartite efflux pump AcrAB-TolC. J. Bacteriol. 192:4498–4503.

18. Kim, H. S., D. Nagore, and H. Nikaido. 2010. Multidrug efflux pump MdtBC
of Escherichia coli is active only as a B2C heterotrimer. J. Bacteriol. 192:
1377–1386.

19. Koronakis, V., A. Sharff, E. Koronakis, B. Luisi, and C. Hughes. 2000.
Crystal structure of the bacterial membrane protein TolC central to multi-
drug efflux and protein export. Nature 405:914–919.

20. Kulathila, R., M. Indic, and B. van den Berg. 2011. Crystal structure of
Escherichia coli CusC, the outer membrane component of a heavy metal
efflux pump. PLoS One 6:e15610.

21. Legatzki, A., et al. 2003. First step towards a quantitative model describing
Czc-mediated heavy metal resistance in Ralstonia metallidurans. Biodegra-
dation 14:153–168.

22. Legatzki, A., G. Grass, A. Anton, C. Rensing, and D. H. Nies. 2003. Interplay
of the Czc system and two P-type ATPases in conferring metal resistance to
Ralstonia metallidurans. J. Bacteriol. 185:4354–4361.

23. Loftin, I. R., et al. 2005. A novel copper-binding fold for the periplasmic
copper resistance protein CusF. Biochemistry 44:10533–10540.

24. Long, F., et al. 2010. Crystal structures of the CusA efflux pump suggest
methionine-mediated metal transport. Nature 467:484–488.

25. Ma, Z., F. E. Jacobsen, and D. P. Giedroc. 2009. Coordination chemistry of
bacterial metal transport and sensing. Chem. Rev. 109:4644–4681.

26. Misra, R., and V. N. Bavro. 2009. Assembly and transport mechanism of
tripartite drug efflux systems. Biochim. Biophys. Acta 1794:817–825.

27. Munkelt, D., G. Grass, and D. H. Nies. 2004. The chromosomally encoded
cation diffusion facilitator proteins DmeF and FieF from Wautersia metalli-
durans CH34 are transporters of broad metal specificity. J. Bacteriol. 186:
8036–8043.

28. Murakami, S., R. Nakashima, E. Yamashita, T. Matsumoto, and A. Yama-
guchi. 2006. Crystal structures of a multidrug transporter reveal a function-
ally rotating mechanism. Nature 443:173–179.

29. Murakami, S., R. Nakashima, E. Yamashita, and A. Yamaguchi. 2002. Crys-
tal structure of bacterial multidrug efflux transporter AcrB. Nature 419:587–
593.

30. Nies, D. H., and G. Grass. 1 October 2009, posting date. Chapter 5.4.4.3,
Transition metal homeostasis. In A. Bock et al., (ed.), EcoSal—Escherichia
coli and Salmonella: cellular and molecular biology. ASM Press, Washington,
DC. doi:10.1128/ecosal.5.4.4.3.

31. Nies, D. H. 2007. Biochemistry. How cells control zinc homeostasis. Science
317:1695–1696.

32. Nies, D. H. 1995. The cobalt, zinc, and cadmium efflux system CzcABC from
Alcaligenes eutrophus functions as a cation-proton antiporter in Escherichia
coli. J. Bacteriol. 177:2707–2712.

33. Nies, D. H. 2003. Efflux-mediated heavy metal resistance in prokaryotes.
FEMS Microbiol. Rev. 27:313–339.

34. Outten, C. E., and T. V. O’Halloran. 2001. Femtomolar sensitivity of met-
alloregulatory proteins controlling zinc homeostasis. Science 292:2488–2492.

35. Outten, F. W., D. L. Huffman, J. A. Hale, and T. V. O’Halloran. 2001. The
independent cue and cus systems confer copper tolerance during aerobic and
anaerobic growth in Escherichia coli. J. Biol. Chem. 276:30670–30677.

36. Paulsen, I. T., J. H. Park, P. S. Choi, and M. H. Saier. 1997. A family of
Gram-negative bacterial outer membrane factors that function in the export
of proteins, carbohydrates, drugs and heavy metals from gram-negative bac-
teria. FEMS Microbiol. Lett. 156:1–8.

37. Piggot, P. J., and S. Y. Taylor. 1977. New types of mutation affecting for-
mation of alkaline phosphatase by Bacillus subtilis in sporulation conditions.
J. Gen. Microbiol. 102:69–80.

38. Pos, K. M. 2009. Drug transport mechanism of the AcrB efflux pump.
Biochim. Biophys. Acta 1794:782–793.

39. Rensing, C., B. Fan, R. Sharma, B. Mitra, and B. P. Rosen. 2000. CopA: an

2386 MINIREVIEW J. BACTERIOL.

 on M
arch 3, 2016 by C

E
N

T
R

O
 D

E
 IN

V
E

S
T

IG
A

C
IO

N
E

S
 B

IO
LO

G
IC

A
N

S
 D

E
L N

O
R

A
E

S
T

E
 S

C
. B

IB
LIO

http://jb.asm
.org/

D
ow

nloaded from
 

http://jb.asm.org/


Escherichia coli Cu(I)-translocating P-type ATPase. Proc. Natl. Acad. Sci.
U. S. A. 97:652–656.

40. Rensing, C., and G. Grass. 2003. Escherichia coli mechanisms of copper
homeostasis in a changing environment. FEMS Microbiol. Rev. 27:197–213.

41. Rensing, C., T. Pribyl, and D. H. Nies. 1997. New functions for the three
subunits of the CzcCBA cation-proton antiporter. J. Bacteriol. 179:6871–
6879.

42. Roberts, S. A., et al. 2002. Crystal structure and electron transfer kinetics of
CueO, a multicopper oxidase required for copper homeostasis in Escherichia
coli. Proc. Natl. Acad. Sci. U. S. A. 99:2766–2771.

43. Rubino, J. T., P. Riggs-Gelasco, and K. J. Franz. 2010. Methionine motifs of
copper transport proteins provide general and flexible thioether-only binding
sites for Cu(I) and Ag(I). J. Biol. Inorg Chem. 15:1033–1049.

44. Saier, M. H., R. Tam, A. Reizer, and J. Reizer. 1994. Two novel families of
bacterial membrane proteins concerned with nodulation, cell division and
transport. Mol. Microbiol. 11:841–847.

45. Scherer, J., and D. H. Nies. 2009. CzcP is a novel efflux system contributing
to transition metal resistance in Cupriavidus metallidurans CH34. Mol. Mi-
crobiol. 73:601–621.

46. Schwarz, G., P. L. Hagedoorn, and K. Fischer. 2007. Molybdate and tung-
state: uptake, homeostasis, cofactors, and enzymes. Springer, Berlin, Ger-
many.

47. Seeger, M. A., et al. 2006. Structural asymmetry of AcrB trimer suggests a
peristaltic pump mechanism. Science 313:1295–1298.

48. Sennhauser, G., M. A. Bukowska, C. Briand, and M. G. Grutter. 2009.
Crystal structure of the multidrug exporter MexB from Pseudomonas aerugi-
nosa. J. Mol. Biol. 389:134–145.

49. Singh, S. K., G. Grass, C. Rensing, and W. R. Montfort. 2004. Cuprous
oxidase activity of CueO from Escherichia coli. J. Bacteriol. 186:7815–7817.

50. Stegmeier, J. F., G. Polleichtner, N. Brandes, C. Hotz, and C. Andersen.
2006. Importance of the adaptor (membrane fusion) protein hairpin domain
for the functionality of multidrug efflux pumps. Biochemistry 45:10303–
10312.

51. Su, C. C., F. Long, and E. W. Yu. 2011. The Cus efflux system removes toxic
ions via a methionine shuttle. Protein Sci. 20:6–18.

52. Su, C. C., et al. 2009. Crystal structure of the membrane fusion protein CusB
from Escherichia coli. J. Mol. Biol. 393:342–355.

53. Symmons, M. F., E. Bokma, E. Koronakis, C. Hughes, and V. Koronakis.
2009. The assembled structure of a complete tripartite bacterial multidrug
efflux pump. Proc. Natl. Acad. Sci. U. S. A. 106:7173–7178.

54. Teplyakov, A., G. Obmolova, J. Toedt, M. Y. Galperin, and G. L. Gilliland.
2005. Crystal structure of the bacterial YhcH protein indicates a role in sialic
acid catabolism. J. Bacteriol. 187:5520–5527.

55. Tseng, T. T., et al. 1999. The RND permease superfamily: an ancient,
ubiquitous and diverse family that includes human disease and development
proteins. J. Mol. Microbiol. Biotechnol. 1:107–125.

56. Waldron, K. J., and N. J. Robinson. 2009. How do bacterial cells ensure that
metalloproteins get the correct metal? Nat. Rev. Microbiol. 7:25–35.

57. Weeks, J. W., T. Celaya-Kolb, S. Pecora, and R. Misra. 2010. AcrA suppres-
sor alterations reverse the drug hypersensitivity phenotype of a TolC mutant
by inducing TolC aperture opening. Mol. Microbiol. 75:1468–1483.

58. Welch, A., C. U. Awah, S. Jing, H. W. van Veen, and H. Venter. 2010.
Promiscuous partnering and independent activity of MexB, the multidrug
transporter protein from Pseudomonas aeruginosa. Biochem. J. 430:355–364.

59. Yu, E. W., J. R. Aires, G. McDermott, and H. Nikaido. 2005. A periplasmic
drug-binding site of the AcrB multidrug efflux pump: a crystallographic and
site-directed mutagenesis study. J. Bacteriol. 187:6804–6815.

VOL. 193, 2011 MINIREVIEW 2387

 on M
arch 3, 2016 by C

E
N

T
R

O
 D

E
 IN

V
E

S
T

IG
A

C
IO

N
E

S
 B

IO
LO

G
IC

A
N

S
 D

E
L N

O
R

A
E

S
T

E
 S

C
. B

IB
LIO

http://jb.asm
.org/

D
ow

nloaded from
 

http://jb.asm.org/

