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Gram-negative bacteria frequently expel toxic chemicals through tripartite efflux pumps that span
both the inner and outer membranes. The three parts are the inner membrane, substrate-binding
transporter (or pump); a periplasmic membrane fusion protein (MFP, or adaptor); and an outer
membrane-anchored channel. The fusion protein connects the transporter to the channel within
the periplasmic space. One such efflux system CusCBA is responsible for extruding biocidal
Cu(l) and Ag(I) ions. We previously described the crystal structures of both the inner membrane
transporter CusA and the MFP CusB of Escherichia coli. We also determined the co-crystal structure
of the CusBA adaptor—transporter efflux complex, showing that the transporter CusA, which is
present as a trimer, interacts with six CusB protomers and that the periplasmic domain of CusA
is involved in these interactions. Here, we summarize the structural information of these efflux pro-
teins, and present the accumulated evidence that this efflux system uses methionine residues to bind
and export Cu(I) and Ag(I). Genetic and structural analyses suggest that the CusA pump is capable
of picking up the metal ions from both the periplasm and the cytoplasm. We propose a stepwise
shuttle mechanism for this pump to export metal ions from the cell.

Keywords: tripartite efflux pump; multidrug resistance; resistance-nodulation-cell division;
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1. INTRODUCTION

Silver is a heavy metal with a relatively high toxicity in
prokaryotes. Ionic silver exhibits antimicrobial activity
against a broad range of micro-organisms, and has long
been used as an effective broad antimicrobial agent
against pathogens [1,2]. Copper, although required in
trace amounts for bacterial growth, is highly toxic even
at low concentrations [3]. Thus, both silver and copper
are well-known bactericides, and their biocidal effects
have been used for centuries. In Gram-negative bacteria,
efflux systems of the resistance-nodulation-cell division
(RND) superfamily play major roles in the intrinsic
and acquired tolerance of antibiotics and toxic com-
pounds, including silver and copper ions [4,5]. The
Gram-negative bacterium Escherichia coli harbours
seven different RND efflux transporters. These seven
transporters can be categorized into two distinct sub-
families, the hydrophobic and amphiphilic efflux RND
(HAE-RND) and heavy-metal efflux RND (HME-
RND) families [4,5]. Six of these transporters, such as
AcrB [6-16], AcrD [7,17,18], AcrF [7,19,20], MdtB
[7,21,22], MdtC [7,21,22] and YhiV [7,23,24], are
multidrug efflux pumps, which belong to the HAE-
RND protein family [4]. In addition to these multidrug
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efflux pumps, E. coli contains one HME-RND efflux
transporter, CusA, which specifically recognizes and
confers resistance to Ag(I) and Cu(I) ions [25,26].

As an RND transporter, CusA works in conjunction
with a periplasmic component, belonging to the mem-
brane fusion protein (MFP) family, and an outer
membrane channel (OMC) to form a functional protein
complex. CusA is a large proton motive force-dependent
inner membrane efflux pump comprising 1047 amino
acids [25,26]. CusC, however, is a 457 amino acid
protein that forms an OMC [25,26]. The MFP CusB
(379 amino acids) contacts both the inner membrane
CusA and outer membrane CusC proteins [25,26]. Pre-
sumably, the three components of this HME-RND
system form a tripartite efflux complex CusCBA,
which spans both the inner and outer membranes of
E. coli to export Ag(I) and Cu(I) directly out of the
cell. Heavy-metal efflux by the CusCBA complex is
driven by proton import, and this process is catalysed
through the inner membrane transporter CusA.

Between the cusC and cusB genes, there is a small
chromosomal gene that produces a periplasmic protein
CusF [26]. CusF is also involved in Cu(I)/Ag(I) resist-
ance. It functions as a chaperone that carries Cu(l)/
Ag(D) to the CusCBA tripartite efflux pump [27,28].

Among those transporters belonging to the RND
superfamily, the structural and functional relation-
ships of the HAE-RND pumps have been elucidated
extensively. Currently, two crystal structures of the
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Figure 1. Crystal structures of the CusB and CusA efflux proteins. (@) Ribbon diagram of the CusB protomer. The structure
can be divided into four distinct domains. Domain 1 (red) is formed by the N- and C-termini and is located above the inner
membrane. The loops between domains 2 (blue) and 3 (magenta) appear to form an effective hinge to allow the molecule to
shift from an open conformation to a more compact structure. Domain 4 (green) is folded into an anti-parallel, three-helix
bundle, which is thought to be located near the outer membrane. (b) Ribbon diagram of the CusA protomer viewed in the
membrane plane. Sub-domains DN, DC, PN1, PN2, PC1 and PC2 are coloured cyan, magenta, yellow, orange, green and
red, respectively. The transmembrane helices are coloured blue. (¢) Ribbon diagram of the CusA homotrimer viewed in the
membrane plane. Each subunit of CusA is labelled with a different colour. Sub-domains DN, DC, PN2, PC1 and PC2 are
labelled on the front protomer (magenta). The location of PN1 in this protomer is behind PN2, PC1 and PC2 (see text).

HAE-RND-type efflux pumps, the E. coli AcrB [8—16]
and Pseudomonas aeruginosa MexB [29] multidrug
transporters, have been determined. Their structures
suggest that both AcrB and MexB span the entire
width of the inner membrane and protrude approxi-
mately 70 A into the periplasm. Along with the
models of these two HAE-RND transporters, the crystal
structures of the other components of these tripartite
complex systems have also been determined. These
include the OMCs E. coli TolC [30] and P aeruginosa
OprM [31], as well as the periplasmic MFPs E. coli
AcrA [32] and P aeruginosa MexA [33-35].

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. To elucidate the mechanism used by
the CusCBA efflux system for Cu(I)/Ag(I) recognition
and extrusion, we recently determined the crystal struc-
tures of the CusB MFP [36] and the CusA inner
membrane efflux pump [37], both in the absence and
presence of Cu(l) or Ag(I). We also described the co-
crystal structure of the CusBA adaptor—transporter
complex [38]. The structure indicates that the complete
assembly of the CusCBA tripartite efflux complex
should be in the form of CusC;—CusBg—CusA3 that
spans both the inner and outer membranes of E. col
and extrudes Cu(I) and Ag(I) ions [38]. In this review,
we summarize the structural information on these
efflux proteins. Based on the new findings about
this efflux system, we put forward our opinion on how
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these protein machines facilitate metal transport. The
structures strongly suggest that the CusCBA efflux
system relies upon methionine residues to bind and
export the metal ions.

2. CRYSTAL STRUCTURE OF THE CusB
MEMBRANE FUSION PROTEIN

The crystal structure of CusB (pdb code: 3HOI),
comprising approximately 80 per cent of the protein
(residues 89—-385), was originally determined to a reso-
lution of 3.40 A [36]. The structure revealed that the
asymmetric unit of the crystal consists of two protomers.
These two CusB molecules were found to interact with
each other. Each CusB molecule is folded into an
elongated polypeptide approximately 120 A long and
40 A wide. Intriguingly, this adaptor protein can be
divided into four different domains (figure 1a). The
first three domains of the protein are mostly B-strands.
However, the fourth domain forms an all a-helical
domain, which is folded into a three-helix bundle
secondary structure.

The first f-domain (domain 1) of CusB is formed
by the N- and C-terminal ends of the polypeptide (resi-
dues 89-102 and 324-385). This domain is located
directly above the outer-leaflet of the inner membrane.
Using lysine—lysine cross-linking coupled with liquid
chromatography—tandem mass spectrometry (LC-MS/
MS), it has been found that this domain specifically inter-
acts with the periplasmic domain of the CusA efflux
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pump [36]. Overall, domain 1 is a B-barrel domain,
consisting of six 3-strands, with the N-terminal end form-
ing one of the B-strands while the C-terminus of the
protein constitutes the remaining five strands (figure 1a).

The second B-domain (domain 2) of CusB is formed
by residues 105-115 and 243-320. This domain
comprises six B-strands and one short a-helix. Again,
the N-terminal residues form one of the B-strands that
is incorporated into this domain. The C-terminal
residues contribute a [-strand, an a-helix and four
anti-parallel B-sheets.

Domain 3 is another globular B-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 3-strands.

Perhaps, the most interesting motif appears to be in
the fourth domain (domain 4) of CusB. This region,
comprising residues 156-205, forms an all-helical
domain. Surprisingly, this domain is folded into an
anti-parallel, three-helix bundle [36]. 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 approxi-
mately 27 A long helix-turn-helix-turn-helix secondary
structure, making it at least 20 A shorter than the two-
helical hairpin domains of MexA [33-35] and AcrA
[32]. 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 crystal structure of CusB represents the first
structure of any MFP that is associated with an HME-
RND-type transporter. Among all known structures of
the MFP family, including AcrA [32] and MacA [39],
the CusB [36], MexA [35] and most recently deter-
mined ZneB [40] proteins exhibit the most complete
three-dimensional structures. Like MexA and ZneB,
the structure of CusB revealed that this MFP consists
of four major domains, including three B-strand
domains and one a-helical domain. However, CusB is
folded into a distinct secondary structure when com-
pared with the other available MFP structures. This
distinct structural feature may underscore the unique
functionality of CusB in the MFP family.

There is strong 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 [41].
Recently, it has also been shown that the CusB [42]
and ZneB [40] proteins directly interact with the
metal ions. Thus, it is expected that in addition to
their role as adaptors to bridge the inner and outer
membrane efflux components, these MFPs may par-
ticipate in recognizing and extruding their substrates.

3. CRYSTAL STRUCTURE OF THE CusA
HEAVY-METAL EFFLUX PUMP

The crystal structure of the CusA efflux pump [37] was
resolved to a resolution of 3.52 A, with 98 per cent of the
residues (residues 5—504 and 516—1040) included in
the final model (pdb code: 3KO7; figure 15). Overall,
the crystal structure of CusA is quite distinct from
those of the HAE-RND pumps AcrB and MexB.
Superimposition of the structure of CusA with the
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structure of AcrB results in a high r.m.s.d. of 11.4 A
for 1003 C* atoms, suggesting highly significant dif-
ferences between these two transporters. Sequence
alignment shows that CusA and AcrB have only
19 per cent identity; thus it is not surprising that their
secondary structures are distinct from each other.
CusA exists as a homotrimer, and each subunit of
CusA consists of 12 transmembrane helices (TM1-
TMI12) and a large periplasmic domain formed by
two periplasmic loops between TM1 and TM2, and
TM7 and TMS, respectively (figure 1c¢). In the
transmembrane region, the relative locations of
TMI1-TM6 are related to those of TM7-TMI12 by
pseudo-twofold symmetry. These TM helices are
arranged in such a way that TM4 and TM10 form the
centre of the core and are surrounded by the other TM
helices. Different from AcrB and MexB, four helices—
TM4, TM5, TM10 and TM11—extend into the cyto-
plasm, forming the cytoplasmic domain of the pump.
Two other helices, TM2 and TMS, protrude into the
periplasm and contribute part of the periplasmic
domain. It is important to note that TM2, TM4 and
TM5 of the N-terminal half correspond to TMS,
TM10 and TM11 of the C-terminal half, respectively,
in the pseudo-twofold symmetry.

Like AcrB and MexB, the periplasmic domain
of CusA can be divided into six sub-domains: PN1,
PN2, PC1, PC2, DN and DC (figure 15). Sub-domains
PN1, PN2, PC1 and PC2 form the pore domain, with
PN1 making up the central pore and stabilizing
the trimeric organization. Sub-domains DN and DC,
however, contribute to form the docking domain, pre-
sumed to be interacting with the OMC CusC. The
trimeric CusA structure suggests that sub-domains
PN2, PC1 and PC2 are located at the outermost core
of the periplasmic domain, facing the periplasm. In
AcrB, sub-domains PC1 and PC2 form a large external
cleft and are presumed to create the entrance for drugs
from the periplasm. However, the apo-CusA structure
shows that the gap between PC1 and PC2 is completely
closed (figure 1c¢). In witro cross-linking coupled with
mass spectrometry has suggested that sub-domain PN2
of CusA should interact with the N-terminus of the
MFP CusB [36]. Thus, sub-domains PN2 and PC1 of
CusA most likely form the binding surface for CusB.

Perhaps the most interesting secondary structural
feature appears in the cleft region of the periplasmic
domain. In figure 2, the residues located on the left wall,
formed by one a-helix (residues 690—706) and three
B-sheets (residues 681-687, 711-716 and 821-827),
appear to tilt into the cleft to close the opening. Surpris-
ingly, residues 665—675, located at the bottom of the
cleft, form an a-helix. This structural feature, not found
in AcrB and MexB, likely governs the specificity of the
CusA pump. The a-helix orients horizontally and roughly
divides the transmembrane and periplasmic domains into
two compartments. Located just above this horizontal
helix, we find three proximal methionine residues,
M573, M623 and M672, presumably creating a three-
methionine specific binding site for Cu(Il) and Ag()
ions [43,44]. Notably, M672 is also one of the residues
within the horizontal helix. Site-directed mutagenesis
had suggested that these three-methionine residues are
essential for mediating copper resistance [26].
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Figure 2. Comparison of the apo and metal bound structures of CusA. (@) Superimposition of a monomer of apo-CusA
(magenta) onto a monomer of Cu(I) bound-CusA (yellow). The bound Cu(l) is in blue. The arrow represents a major
swing of the PC2 sub-domain initiated by Cu(I) binding. (b) Conformational changes of the periplasmic domain of CusA.
The conformation of each sub-domain of CusA before (left) and after (right) Cu(I) binding. The periplasmic cleft formed
between PC1 and PC2 is opened after Cu(I) binding. The bound coppers in the CusA—Cu(I) structure are coloured blue.
M573, M623 and M672 forming a metal binding site at the periplasmic cleft are shown in stick form (magenta). (¢) The
changes in conformation of the horizontal helix and TMS8, are shown in a superimposition of the structures of apo (magenta)
and Cu(I)-bound (yellow) CusA. The bound Cu(l) is shown as a blue sphere. Anomalous map of the bound Cu(I), contoured
at 80, is in green. M573, M623 and M672 are shown as sticks. (d) The Ag(I) binding site. The bound Ag(I) is shown as a grey
sphere. Anomalous map of the bound Ag(I), contoured at 100, is in red.

4. CRYSTAL STRUCTURES OF THE CusA-Cu(l)
AND CusA-Ag(l) COMPLEXES

Intriguingly, the overall structure of the CusA—Cu(I)
complex (pdb code: 3KSS) [37] is quite distinct
from that of apo-CusA (figure 2). Superimposition
of these two structures gives an overall rm.s.d. of
3.9 A (for 1006 C* atoms). We used the copper edge
wavelength (1.3779 A) to collect the X-ray diffraction
data of the CusA—Cu(I) crystal, thus allowing us to
identify the location of the bound Cu(I). As men-
tioned above, the bound Cu(I) ion was found to
coordinate residues M573, M623 and M672. These
three methionines specifically form a typical three-
methionine coordination site for binding Cu(I)/Ag(I)
[43,44]. Binding of Cu(]) initiates significant conform-
ational changes in the periplasmic as well as
transmembrane domains of CusA. Perhaps the most
noticeable difference between the apo and ion-bound
structures appears in the PC2 region (figure 2a).
Cu(I) binding leads to a 30° swing of the entire PC2
sub-domain. This motion shifts PC2 away from the
PC1 sub-domain. The hinge for this rotational move-
ment appears to be at the junction between sub-
domains PC2 and DC, with residues G721 and
P810 forming the hinge. As a consequence, the gap
between PC1 and PC2 appears to open up after bind-
ing this metal ion (figure 2b6). This gap presumably
creates an entrance for metal ions from the periplasmic
space. The horizontal helix, residues 665—-675, located
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inside the cleft also makes a substantial movement.
The C-terminal end of this helix is found to tilt
upward by 21° in the Cu(I)-bound structure with
respect to the apo form (figure 2¢). This tilting
motion allows M672 to move closer to M573 and
M623 to complete the three-methionine coordination
site. Coupled with this movement, TMS8 also shifts
in position to a more vertical orientation while retain-
ing its a-helical structure. Overall, the N-terminal end
of TMB8 is found to shift away from the core by 10 A
after Cu(I) binding.

For the CusA—Ag(I) complex (pdb code: 3KSO)
[37], an anomalous difference Fourier peak was
found at the centre of residues M573, M623 and
M672, indicating that the bound Ag™ ion is coordin-
ated by these three methionines (figure 2d). The
overall conformational changes triggered by Cu(I)
and by Ag(I) binding are nearly identical. Superimpo-
sition of the CusA—Cu(I) and CusA-Ag(I) structures
gives an overall r.m.s.d. of 1.0 A (for 1021 C%s). Based
on the crystal structures, the horizontal helix in the
cleft directly interacts with the N-terminal end of
TMS8. The movement of TM8 may relate directly to
transmembrane signalling and could initiate the trans-
location of a proton across the membrane. Indeed, in
the AcrB pump, there is evidence that proton trans-
location is coupled to the conformational change in
TMS8 [13,15]. The change in conformation takes
place in TMS8 by reeling in some random coil residues
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Figure 3. The methionine-residue ion relay network and the co-crystal structure of the CusBA adaptor—transporter efflux
complex. (@) The proposed metal transport pathway of the CusA efflux pump. The five methionine pairs/clusters of the
apo-CusA transporter form a pathway for metal export. These five methionines are shown as spheres (C, magenta; O, red;
N, blue; S, orange). The pair M271-M755 is located at the bottom of the periplasmic funnel where the metal ion could
then be released for final extrusion. The paths for metal transport through the periplasmic cleft and transmembrane region
are illustrated with black curves. (b) Ribbon diagram of the structures of one CusA protomer (green) and two CusB protomers
(red and blue) in the asymmetric unit of the crystal lattice. (¢) Side view of the CusBA efflux complex. Each subunit of CusA is
coloured green. Molecules 1, 3 and 5 of CusB are coloured red. Molecules 2, 4 and 6 of CusB are in blue.

to extend the a-helix [13]. In addition, when individual
residues of the proton-relay network are changed to ala-
nine, disrupting the hydrogen bonds in the system, it
is reported that TM8 of AcrB becomes longer and
extends into the periplasmic domain [15]. In contrast
to AcrB, the helical structure of the N-terminus of
TMS8 in CusA is retained after metal binding. Instead,
the N-terminal end of TM8 moves outward, together
with the movement of the PC2 sub-domain.

It appears that the binding of Cu(I) or Ag(I) also trig-
gers significant conformational changes in the other
transmembrane helices of the pump. In addition to the
movement of TMS8, all other transmembrane helicgs
except TM2 shift horizontally by as much as 4 A,
mimicking the motion of TMS8. Further, TMI, TM3
and TM6 readjust in an approximately 3 A upward
shift with respect to the inner membrane surface. The
net result is that all three of these transmembrane helices
move towards the periplasm by one turn. Mutagenesis
studies of the transmembrane domain of CusA indicated
the conserved charged residue D405 of TM4 to be
essential for transporter function [26]. Based on the
crystal structure, this acidic residue interacts with E939
and K984 [37]. It is possible that these three charged
residues participate in forming the proton-relay network
in the transmembrane region of the pump.

Coupled with the above conformational changes, the
sub-domain PN1 at the periplasmic domain was also
found to undergo substantial movement. Overall, PN1
also shifts upward by 3 A. This moves the central pore
helix upward by one turn upon metal binding. It
should be noted that the binding of metal ions does not
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significantly affect the conformation of the sub-domains
DN, DC, PN2 or the transmembrane helix TM2.

5. THE METHIONINE-RESIDUE ION
RELAY NETWORK
The full-length CusA includes 34 methionine residues,
with 18 of them located in the transmembrane
domain. Of the 18 methionines, six are paired up to
form three distinct methionine pairs. These methionine
pairs are M410 of TM4 and M501 of TM6; M403 of
TM4 and M486 of TM6; and M391 of TM4 and
M1009 of TM12 (figure 3a). It is known that copper
tolerance proteins, such as CusF [27,28], CueR [45]
and Atx1 [46], frequently use two-methionine or two-
cysteine binding pockets to carry their Cu(I)/Ag(l)
cargos. Thus, these methionine pairs could potentially
form binding sites for Ag(I) and Cu(I) in the transmem-
brane region of the pump. If this is the case, then CusA
could transport these metal ions from the cytoplasm
along these methionine pairs. In the periplasmic
domain of CusA, we have found another methionine
pair (M271-M755) in addition to the three-methionine
metal binding site (figure 3a). In view of the crystal struc-
tures, these five methionine pairs/clusters are deemed to
be important for binding and transport of metal ions.
We then found that each protomer of apo-CusA
forms a channel spanning the entire transmembrane
region up to the bottom of the periplasmic funnel. A
similar channel has also be seen in the CusA—Cu(l)
structure. Intriguingly, the channel includes four me-
thionine pairs, three (M410-M501, M403-M486
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Table 1. MICs of copper and silver for different CusA
mutants expressed in E. coli BL21(DE3)AcueOAcusA.

gene in MIC (mM) MIC (uM)
BL21(DE3)AcueOAcusA of CuSO, of AgNO;
empty vector 0.50 10.0

cusA (wild-type) 2.25 30.0

cusA (M5731) 0.50 12.5

cusA (M6231) 0.50 12.5

cusA (M6721) 0.50 12.5

cusA (M3911) 1.25 10.0

cusA (M4101) 1.75 17.5

cusA (M486I) 1.75 17.5

cusA (M7551) 1.75 12.5

cusA (D405A) 0.50 12.5

cusA (E939A) 0.50 12.5

cusA (K984A) 0.50 12.5

cusA (E412A) 1.00° 12.5%
cusA (S453A) 1.00% 15.0%
cusA (C353A) 2.25°

cusA (C375A) 2.25°

?Residues E412 and S453, located in the vicinity of the triad
formed by D405, E939 and K984, may also be involved in the
proton-relay network.

®The CusA pump contains only two cysteine residues, C353 and
C375, which may not be involved in copper resistance.

and M391-M1009) from the transmembrane region
and one (M271-M755) from the periplasmic domain,
as well as the three-methionine binding site formed by
M573, M623 and M672. Taken together these five
methionine pairs/clusters are likely to form a relay net-
work facilitating metal ion transport. Remarkably, this
channel spans almost the entire length of each proto-
mer, from the transmembrane domain through to the
bottom of the periplasmic funnel region, and is likely
to represent a real path for transporting the metal
ion from both the cytoplasm and periplasm to the
periplasmic funnel for extrusion.

6. IN VIVO METAL SUSCEPTIBILITY ASSAY

We made an E. coli knocked-out strain BLL21(DE3)
AcueOAcusA that lacks both the cueO and cusA genes.
The cueO gene encodes a putative multi-copper oxidase,
CueO, which is also involved in copper homeostasis
[47]. We mutated M573, M623 and M672, which are
members of the binding site triad inside the cleft of
the periplasmic domain, into isoleucines (M573I,
M6231 and M672I). We then expressed these three
mutant transporters in BL21(DE3)AcueOAcusA, and
tested their ability to confer copper and silver resistance
m vivo. We found that the CusA mutants, M573I,
M6231 and M6721 are unable to relieve the copper or
silver sensitivity of strain BL21(DE3)AcueOAcusA
(table 1), thus agreeing well with the work of Franke
et al. [26] in which M573, M623 and M672 were
shown to be essential for the function of CusA.

We mutated M410 into an isoleucine (M410I) to
disrupt the pair formed by M410 and M501 at the
bottom of the transmembrane and also replaced M486
and M391, which pair with M403 and M1009, with
isoleucines (M4861 and M391I). Expression of these
three mutants in BL21(DE3)AcueOAcusA showed a
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significant decrease in the level of copper and silver tol-
erances when compared with cells expressing wild-type
CusA. In addition, we introduced M7551 in the
periplasmic domain. Again, when expressed in BL21
(DE3)AcueOAcusA, this mutant transporter (M755I)
showed a decrease in copper/silver tolerance in compari-
son with cells harbouring the wild-type transporter
(table 1). Together, these results strongly support the
hypothesis that these methionine pairs/clusters engage
in the methionine-residue ion relay channel.

Based on the crystal structure of CusA, it is
expected that the charged residues D405, E939 and
K984 are important for the proton-relay network of
the pump, and these in turn were replaced with ala-
nines (D405A, E939A and K984A) to disrupt the
hydrogen-bonded network. Indeed, cells expressing
this mutant were unable to tolerate copper and silver
(table 1), demonstrating that these three charged
residues are essential for the transporter’s functioning.

7. IN VITRO METAL TRANSPORT ASSAY

To investigate whether CusA can transport metal ions
from the cytoplasm, we reconstituted the purified
CusA protein into liposomes containing the fluor-
escent indicator Phen Green SK in the intravesicular
space. The intravesicular and extravesicular pHs of
these proteoliposomes were 6.6 and 7.0, respectively.
We then determined whether these proteoliposomes
can capture metal ions from the extravesicular
medium with a stopped-flow transport assay. When
Ag" ions were added into the extravesicular medium,
we detected the quenching of the fluorescence signal,
suggesting the uptake of Ag' into the intravesicular
space. The uptake into proteoliposomes is presumably
due to the CusA active transport activity.

In addition to the above experiment, we investigated
the methionine residues that were shown to be import-
ant for copper and silver tolerances with the above
transport assay. We expressed, purified and reconsti-
tuted the CusA mutants M5731, M6231 and M6721
into liposomes encapsulated with the same fluor-
escence indicator. As expected, these mutant
transporters do not take up Ag' from the extravesicu-
lar medium of the proteoliposomes [37]. It is clear that
even single point mutations M5731, M6231 or M6721
abolish the process of metal transport across the mem-
brane. Thus, it is expected that this three-methionine
site is requisite for both metal binding and export.

We then purified the mutants, M3911I, M486I and
M7551, and reconstituted them into liposomes. In
these three cases, the fluorescence signals did not attenu-
ate as indicated by the stopped-flow assay. When
compared with the result from the wild-type CusA,
this suggests that the M3911, M4861 and M7551
mutant transporters are unable to actively transport
Ag" across the membrane. Our collective experiments
provide direct compelling evidence that CusA is capable
of taking up Ag* from the cytoplasm [37].

The crystal structure of CusA suggests that the
charged residues D405, E939 and K984 in the trans-
membrane domain may be important for proton
translocation. When reconstituted into liposomes,
mutant transporters (D405A, E939A and K984A) do
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not take up Ag' into the intravesicular space, thus con-
firming the importance of D405, E939 and K984 for
the function of the pump [37]. This proton-relay net-
work, formed by residues D405, E939 and K984, has
to couple with the methionine-relay network upon
metal-ion extrusion.

8. DYNAMICS SIMULATIONS

It is likely that CusA operates through an alternating-
access mechanism [11-13]. We calculated the
dynamics of the trimeric CusA pump using the elastic
network model [48]. The result indeed suggests that
CusA functions through three coupled motions in
which the periplasmic cleft formed by sub-domains
PC1 and PC2, presumably acting as the periplasmic
metal entry site, alternately opens and closes.

9. CO-CRYSTAL STRUCTURE OF THE CusBA
ADAPTOR-TRANSPORTER COMPLEX

The co-crystal structure of CusBA was determined to a
resolution of 2.90 A, and with the final structure
includes 93 per cent of the total amino acids (pdb
code: 3NE5) [38]. The structure suggests that each pro-
tomer of CusA specifically interacts with two elongated
molecules of CusB (molecules 1 and 2) at the upper half
portion of the periplasmic domain (figure 35). The two
CusB adaptors are tilted at an angle of approximately
50° with respect to the membrane surface, and establish
a close fit with the transporter at the concave surface
formed by domains 1 and 2 of the adaptor. It is found
that molecule 1 of CusB contacts mainly the upper
regions of PN2 and PCl1, and the DN sub-domain of
CusA. Molecule 2 of CusB, however, predominantly
bridges to the upper regions of PC1 and PC2, and
also the sub-domain DC of the pump. These two
adaptor molecules are also seen to specifically contact
one another, primarily through domains 1, 2 and 3 of
these two elongated molecules. The trimeric CusA
pump therefore directly contacts six CusB adaptor
molecules, which form a channel at the top of the
CusA trimer (figure 3¢).

The overall conformation of the CusA protomer in
the complex resembles the apo-CusA structure [37].
Superimposition of these two structures results in an
rm.s.d. of only 1.0 A for 1019 C* atoms. For the
CusB protomers, two distinct conformations of this
adaptor are captured in the complex. When we super-
impose these two elongated protein structures a high
rm.s.d. of 7.5 A is observed for the 321 C% atoms,
suggesting that the conformations of these two proto-
mers are quite different. Interestingly, a comparison
of these two molecules with the two previously deter-
mined structures of CusB [36] indicates that the four
molecules display four distinct conformations, pre-
sumably representing different transient states of this
MPFP (figure 4a). This observation is consistent with
the previous finding that these MFPs are highly flex-
ible [32,35,36], with the ability to change their
conformations upon ligand binding [40,42]. Indeed,
it has been demonstrated that binding of metal ions
trigger significant conformational changes in the
CusB [42] and ZneB [40] adaptor proteins.

Phil. Trans. R. Soc. B (2012)

Previously, it was found that the N- and C-terminal
ends (residues 29-88 and 386-407) of the CusB
adaptor are intrinsically disordered and cannot be
identified in the electron density maps of the CusB
crystals [36]. Here, the co-crystal structure suggests
that this region forms several short a-helices. In mol-
ecule 1 of CusB, residues 392—-399 at the C-terminal
end form a short a-helix. However, residues 79-95
of the N-terminus feature a long random coil and
these amino acids are located immediately outside
the cleft formed between sub-domains PC1 and PC2
of the CusA pump. For molecule 2 of CusB, the
N-terminal residues 79-85 and 86—92 participate to
form a random coil and a short a-helix, respectively.
However, the C-terminal residues 382-392 and
394—-400 appear to create two short a-helices. Like
molecule 1 of CusB, the N-terminus of molecule 2
of CusB is near the periplasmic cleft of the pump
(figure 3c¢).

It has been proposed that the N-terminal residues
M49, M64 and M66 of CusB form a three-methionine
metal-binding site [42]. Although these three-me-
thionine residues cannot be identified in the electron
density maps of our co-crystal, the co-crystal structure
does show that the N-terminal tails of both molecules
1 and 2 of the CusB adaptors are located outside the
cleft formed between PC1 and PC2 of the CusA
pump. On the basis of this structure, it is possible
that CusB might help to transfer the metal ions via
the N-terminal three-methionine binding site into
the periplasmic cleft of CusA.

10. CusA AND CusB INTERACTIONS

Intriguingly, molecule 1 of CusB interacts pre-
dominantly with CusA through charge—charge
interactions. Residues K95, D386, E388 and R397
of this CusB molecule form four salt bridges with
D155, R771, R777 and E584 of CusA, respectively.
In addition, T89, the backbone oxygen of N91, and
R292 of molecule 1 of CusB form hydrogen bonds
with K594, R147, and the backbone oxygen of Q198
of CusA to secure the interaction [38]. However, the
interaction between molecule 2 of CusB and CusA
appears to be governed principally by charge—dipole
and dipole—dipole interactions. Specifically, Q108,
S109, S253 and N312 of CusB (molecule 2) form
hydrogen bonds with Q785, Q194, D800 and Q198
of CusA, respectively. The backbone oxygens of 1.92
and T335 of this CusB molecule also contribute two
additional hydrogen bonds with the side chains of
K591 and T808 of the CusA pump to anchor the
proteins [38].

11. CusB AND CusB INTERACTIONS

For CusB-CusB interactions, it appears that molecule
1 of CusB makes a close contact with molecule 2 of
CusB. Domains 1-3 of these two molecules are
involved in the binding. Residues E118, Y119, R186,
E252 and R292 of molecule 1 of CusB participate to
form hydrogen bonds with residues T139, D142,
T206, N312 and N113 of molecule 2 of CusB,
respectively [38]. Further, molecule 1 of CusB also
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Figure 4. Comparsion of the four conformations of CusB observed in the CusBA and CusB crystals, and structure of the hex-
americ CusB channel. (a) This superimposition suggests that the main difference between the conformations of these four
CusB molecules comes from domains 1 and 2 (red, molecule 1 of CusB in the CusBA co-crystal structure; blue, molecule 2
of CusB in the CusBA co-crystal structure; green, molecule A of CusB in the CusB crystal structure; orange, molecule B of
CusB in the CusB crystal structure). (b) Side view of the hexameric CusB channel. The six molecules CusB are shown in ribbons
(cyan, molecule 1; magenta, molecule 2; slate, molecule 3; green, molecule 4; pink, molecule 5; orange, molecule 6). (¢) Top view
of the hexameric CusB channel. The six molecules CusB are shown in ribbons (cyan, molecule 1; magenta, molecule 2; slate,
molecule 3; green, molecule 4; pink, molecule 5; orange, molecule 6). Residue D232, which forms the narrowest region of the
central channel, from each subunit of CusB is in sticks. The internal diameter of this narrowest region is approximately 18 A.
(d) Side view of the electrostatic surface potential of the hexameric CusB channel. This view shows the cap and channel regions
formed by the CusB hexamer. Blue (+15 kgT) and red (— 15 kgT) indicate the positively and negatively charged areas, respect-
ively, of the protein. (¢) Top view of the electrostatic surface potential of the hexameric CusB channel. The widest section of the
hexameric channel appears to form at the top edge with its internal diameter of approximately 56 A. Blue (+15kgT)andred (— 15

kgT) indicate the positively and negatively charged areas, respectively, of the protein.

contributes to contact molecule 6 of CusB, which is
anchored to the next subunit of CusA. The majority
of the interactions come from domains 2 and 3 of
these two molecules. Particularly, residues N113,
N228 and N312 of molecule 1 of CusB pair up with
R292, the backbone oxygen of A126, and E252 of
molecule 6 of CusB to form three hydrogen bonds.
In addition, D142 of molecule 1 of CusB participates
to form two hydrogen bonds with Y119 and R297 of
molecule 6 of CusB to secure the binding [38].

12. THE HEXAMERIC CusB CHANNEL

The co-crystal structure suggests that CusB forms a
hexamer above the trimeric CusA pump (figure 4b,c).
This hexameric arrangement allows the MFPs to
create a funnel-like structure with the central channel
formed along the crystallographic threefold symmetry
axis. Six of these CusB protomers use a side-by-side
fashion to pack against one another to form this

Phil. Trans. R. Soc. B (2012)

funnel (figure 4b). In view of the structure, it appears
that domain 1 and the lower half of domain 2 of CusB
primarily create a cap-like structure, whereas the
upper half of domain 2, domain 3 and domain 4 of
the adaptor contribute to the central channel of the
funnel (figure 44,d). The inner surface of the cap fits
closely with the outer surface of the upper portion
of the periplasmic domain of the CusA trimer. The
channel formed above the cap of the adaptor is approxi-
mately 62 A long with an average internal diameter of
approximately 37 A. Thus, the interior of the channel
gives rise to a large elongated cavity with a volume of
approximately 65 000 A®. The lower half of the channel
is primarily created by B-barrels, whereas the upper half
is an all a-helical tunnel. Presumably, this channel is
filled with solvent molecules. The diameter of the chan-
nel is gradually constricted and then dilated as it
approaches the outer membrane. Thus, the a-helices
of domain 4 create an inverted conical structure. The
narrowest section of the central channel is located at
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residue D232, which is close to the hinge region
between domains 3 and 4 of the MFP (figure 4c). The
widest section of the channel appears to form at 56 A.
The inner surface of the channel is predominantly nega-
tively charged, as indicated by the electrostatic surface
diagram (figure 4e), which suggests that the interior
surface of the channel may have the capacity to bind
positively charged metal ions.

The co-crystal structure presented here highlights the
structural importance of the periplasmic MFP. Given
the fact that six CusB molecules assemble to form a chan-
nel at the CusA funnel top, this suggests that the adaptor
is likely to be involved in the active efflux of metal ions.
The hexameric arrangement of these MFPs has also
been observed in the crystal structure of MacA in
which six protomers assemble to create a large channel
[39]. Thus, in addition to their role as adaptors to
bridge the inner and outer membrane efflux com-
ponents, we can anticipate that these MFPs are likely
to actively participate in extrusion of their substrates.

13. ISOTHERMAL TITRATION CALORIMETRY FOR
CusA AND CusB BINDING

We used isothermal titration calorimetry (ITC) to
determine the binding affinity of CusB to the CusA
pump. The ITC data indicate an equilibrium dissoci-
ation constant of 5.1 + 0.3 puM [38]. The titration is
characterized by a negative enthalpic contribution
(AH = —22.4 + 0.3 kcal mol '), which yields a hyper-
bolic binding curve. The entropic contribution (AS) of
this binding reaction was found to be —50.9 cal mol !
deg ™ '. Interestingly, the molecular ratio for this bind-
ing reaction based on ITC is one CusA monomer per
two CusB protomers [38]. This result is indeed con-
firmed by the crystal structure where each protomer
of CusA binds two molecules of CusB.

Recently, artificial peptides, DARPins, have been
introduced to bind and effectively inhibit the AcrB
transporter [13]. The inhibitor-binding site is found
right above the cleft formed between PC1 and PC2
of AcrB [13]. Interestingly, the location of this inhibi-
tor-binding site corresponds to the binding site for
molecule 2 of CusB in the CusBA complex. Thus, it
is likely that the mechanism of action for these inhibi-
tors may be the disruption of the adaptor—transporter
interaction by competition. If this is the case, then a
proposed AcrB;—AcrAs;—TolCs model [35] containing
only one protomer of AcrA per AcrB protomer would
not be sufficient to form a functional pump. Indeed, it
has been recently demonstrated that AcrA and AcrB
interact with the stoichiometry of 2:1 adaptor-to-
transporter molar ratio [49].

14. DOCKING OF CusC ONTO CBA

Recently, the crystal structure of the CusC channel has
been determined [50]. The structure suggests that this
channel protein resembles the architectures of the
OprM [31] and TolC [30] channels. To understand
how the CusBA complex interacts with CusC, we con-
structed a CusCBA fitting model based on the crystal
structures of CusBA [38] and CusC [50]. A steered
molecular dynamics simulation was used to rigidly
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dock the trimeric CusC channel to the crystal form
of the hexameric CusB channel bound to the trimeric
CusA pump. During the rigid-body docking process,
the molecules were aligned with the z-axis (the three-
fold symmetry axis). CusB was then held rigidly,
allowing CusC to pull along the z-axis towards CusB
until no further change in the centre of mass was
measured. As the inner diameter of the top portion
of the hexameric CusB channel is larger than the
outer diameter of the periplasmic end of the trimeric
CusC channel, this suggests that the CusC channel
could easily be inserted into the CusB channel when
they contact one another. After optimizing this
docked model, the final structure of the CusCBA com-
plex suggests that CusC interacts with CusBA at the
interior of the upper half of the channel formed by
the a-helical domain (domain 4) of CusB, primarily
through coiled-coil interaction (figure 5a).

Genetic experiments revealed that the «-helical
domain of the TolC channel is mapped predominantly
to the B-barrel domain of the AcrA adaptor [51]. This
result has led to the hypothesis that the MexA adaptor
provides two binding sites for the periplasmic a-helices
of the OprM channel, one at the a-hairpin domain and
the other at the B-barrel domain [34]. These two
domains should correspond to domain 4 and domain
2 of CusB, respectively. It is likely that the above
docked CusCBA structure is a useful snapshot for
how CusBA recruits CusC at the early stage. To
pump metal ions, the CusC channel may need to con-
tact the top of CusA. Interestingly, the CusBA crystal
structure suggests that the funnel top of the trimeric
CusA pump is surrounded with domain 2 of the
CusB hexamer. Thus, it is likely that the funnel top
of CusA, a-helical end of CusC, and domain 2 of
CusB may contact one another during the extrusion
cycle (figure 5b). If this is the case, then it is possible
that the recruitment of the CusC channel to the tripar-
tite complex is a two-stage process. The first step may
involve an interaction between both the «-helical
domains of CusB and CusC. Then, the CusC channel
could slide further down the CusB channel and contact
the top of CusA, whereas this region is surrounded with
domain 2 of the CusB hexamer (figure 5).

We thus investigated the possible interaction of CusC
with domain 2 of CusB, which also brings it into close
proximity to CusA. First, the trimeric CusA pump and
domains 1 and 2 of the hexameric CusB channel were
held rigidly, while domains 3 and 4 of each CusB mono-
mer were pulled outward using customized harmonic
forces to open the annulus of the hexameric channel.
Next, we manually inserted CusC into the opened
CusB ring. Finally, simulated annealing followed by
energy minimization was performed to relax CusB and
CusC from these positions and allow them to assume a
lower energy conformation (figure 56). All simulations
were performed using nanoscale molecular dynamics
(NAMD) [52] and the chemistry at Harvard macromol-
ecular mechanics 27 (CHARMMZ27) with a phi—psi
cross term map correction (CMAP) force field [53].
The final CusC3—CusBg—CusAj structural models rep-
resent a 750 kDa tripartite efflux complex spanning both
the inner and outer membranes of E. coli to extrude
Cu(D)/Ag(D) (figure 5).
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Figure 5. Docking of CusC to CusBA. (a) The a-helical end of CusC interacts with the a-helices (domain 4) of CusB in the
CusBA complex. (b) The funnel top of CusA, a-helical end of CusC and domain 2 of CusB contact one another when the
CusC channel slides further down the hexameric CusB channel. The surface rendering of the CusC3—CusBg—CusA; complex
is coloured as follows: green, CusC trimer; blue, CusB hexamer; red, CusA trimer.

15. PROPOSED MECHANISM FOR METAL-ION
EXPORT

We believe that CusA can pick up metal ions from both
the cytoplasm and periplasm. A similar suggestion
has been made for the CzcA [54] and AcrD [18]
efflux pumps. However, the major path for ion efflux
should be carried out through the periplasm [55].
We propose that the CusA transporter uses methionine
pairs/clusters to export Cu(I) and Ag(I). The periplas-
mic cleft of CusA presumably remains closed when
there is no Cu(I)/Ag(I). In the presence of Cu(I) or
Ag(I) ions, the periplasmic cleft opens. Metal ions
could enter the three-methionine binding site,
formed by M573, M623 and M672, inside the cleft
between sub-domains PN2 and PC1 on the periplas-
mic portion of CusA or via the methionine pairs
within the transmembrane domain of the pump. It
has been demonstrated that the chaperone CusF can
directly transfer its bound Cu(I) to the CusB MFP
[56]. Thus, it is likely that CusF is responsible for
delivering metal ions to the CusCBA tripartite efflux
system in the periplasm. There is a chance that the
initial step of metal transport through the periplas-
mic cleft of the CusA pump may involve a direct
transfer from CusF to the previously proposed three-
methionine metal binding site [42] (M49, M64 and
M66) at the long N-terminal tail of CusB. Based on
the co-crystal structure of CusBA, each flexible tail
of CusB is located near the PN2/PC1 cleft of the
CusA pump. Thus, the second step could well be a
delivering of the bound metal ion from CusB to the
three-methionine cluster (M573, M623 and M672)
inside the periplasmic cleft of CusA [37]. The bound
metal ion could then be released to the nearest me-
thionine pair (M271-M755) located directly above
the three-methionine metal binding site [37], from
which the ion could be released into the central
funnel of CusA and eventually the CusC channel for
final extrusion. It is not yet known whether the interior
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of the hexameric CusB channel forms part of the
extrusion pathway for Cu(I) and Ag(). Based on
the crystal structures of CusBA [38] and CusC
[50], the interior surface of both the hexameric
CusB and trimeric CusC channels are predominantly
negatively charged and the interior surface of CusC
is more electronegative. Thus, it is likely that the last
step of transport of cationic Cu(I) and Ag(I) is facili-
tated by the negative potential gradient created by
the CusB and CusC channels. During metal-ion
extrusion, a large conformational change of CusC
may occur to open this OMC, similar to the cases of
TolC [57] and OprM [58]. Exactly what this tripartite
efflux system’s mechanism is must await confirmation
by elucidation of additional crystal structures of the
CusCBA tripartite complex.

16. CONCLUDING REMARKS

It is clear from the published literature that the RND
efflux pumps have significant functions in conferring
resistance to clinically relevant antimicrobials [59].
Thus, it is very important to understand how these
tripartite pumps work and assemble. To date, a crystallo-
graphic model of these tripartite efflux complexes has
not been reported. One direct approach to obtain the
complete picture of these efflux complexes is to elucidate
the structures of individual components as well as the
assembled complexes of these efflux systems. This
approach should allow us rationally to design inhibitors
that prohibit different components of the pumps assem-
bling, thus preventing these pumps from functioning.
In the case of the Cus efflux system, the availability of
the co-crystal structures of the adaptor—transporter
CusBA, the channel-adaptor CusCB, and the complete
tripartite CusCBA efflux complexes are essential in
order to achieve this task, although co-crystallization of
different components of these RND efflux systems has
proven to be extremely difficult.
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