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Abstract: It is widely accepted that the increased use of antibiotics has resulted in bacteria with
developed resistance to such treatments. These organisms are capable of forming multi-protein
structures that bridge both the inner and outer membrane to expel diverse toxic compounds
directly from the cell. Proteins of the resistance nodulation cell division (RND) superfamily typically
assemble as tripartite efflux pumps, composed of an inner membrane transporter, a periplasmic
membrane fusion protein, and an outer membrane factor channel protein. These machines are the
most powerful antimicrobial efflux machinery available to bacteria. In Escherichia coli, the
CusCFBA complex is the only known RND transporter with a specificity for heavy metals, detoxify-
ing both Cu* and Ag™ ions. In this review, we discuss the known structural information for the
CusCFBA proteins, with an emphasis on their assembly, interaction, and the relationship between

structure and function.
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Introduction

Antibiotics have been used to treat infections for
over a century. However, it is widely accepted that
the increased use of these drugs has resulted in bac-
teria with developed resistance to such treatments,
representing a major public health crisis. Recently,
the World Health Organization reported that more
than 50% of infections by the common pathogens
Escherichia coli, Klebsiella pneumoniae, and Staphy-
lococcus aureus were resistant to routine antibacte-
rial drugs, in many settings.! The complete failure
of both gonorrhea and tuberculosis treatments, due
to resistance to all available drugs, is already a
reality.’
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One of the major means by which bacteria
exhibit antibiotic resistance is the expression of mul-
tidrug efflux pumps, which detoxify diverse antimi-
crobials by directly exporting them from the cell.??
Antibiotic resistance systems of this type have been
found in every bacterial species tested.? Based on
sequence similarity, function, and energy source
these pumps can be divided into five families:>¢ (i)
the adenosine triphosphate (ATP)-binding cassette
(ABC) superfamily” (TC 3.A.1); (i) the major facilita-
tor superfamily (MFS)® (TC 2.A.1); (iii) the small
multidrug resistance (SMR) family® (TC 2.A.7); (iv)
the resistance-nodulation-cell division (RND) super-
family'® (TC 2.A.6); and (v) the multidrug and toxic
compound extrusion (MATE) family!! (TC 2.A.66).

Gram-negative bacteria, including pathogenic
E. coli, K. pneumoniae, Pseudomonas aeruginosa,

Published by Wiley-Blackwell. © 2015 The Protein Society



Streptomyces, Salmonella, and Legionella spp., have
been found to contain transporters of all five fami-
lies.!?2 These organisms are capable of coordinating
multiprotein structures that bridge both the inner
and outer membranes to expel toxic compounds
directly from the cell.'> Composed of an inner mem-
brane transporter, a periplasmic membrane fusion
protein (MFP), and an outer membrane factor
(OMF) channel protein, tripartite efflux pumps rep-
resent the most powerful antibiotic efflux machinery
available to bacteria. They are exemplified by the
RND superfamily, members of which are essential to
the multidrug resistance observed in many
pathogens.'*

In E. coli, there are seven known RND proteins
that can be divided into two subfamilies. The hydropho-
bic and amphiphilic efflux RND (HAE-RND) protein
subfamily!® includes the multidrug efflux pumps
AcrB 5% AcrD19%  AcrF192728  MgtB, 192931
MdtC,'*?93! and YhiV.'%233 The heavy metal efflux
RND (HME-RND) subfamily'®®** contains
CusA 193537

The inner membrane copper and silver ion
transporter CusA operates in conjunction with the
MFP CusB,*® OMF CusC,*** and periplasmic met-
allochaperone protein CusF**2 to form one of only
two known tetrapartite efflux systems. Among all
RND family efflux complexes, CusCFBA is one of
only three with structural information for all compo-
nents, including MexAB-OprM**¢ and AcrAB-
TolC. 4750

This review will focus on the known structural
information for the CusCFBA efflux system, much of
which has been solved in our lab. In addition, the
proposed transport mechanisms of the pump will be
discussed. While the CusCFBA efflux system has
been found to have high specificity for Cu” and Ag™,
in contrast to the broad specificity of HAE-RND pro-
teins, both HAE- and HME-RND family pumps are
believed to be key components of antimicrobial
resistance in Gram-negative pathogens.?’

only

The Cus Determinant

The first HME-RND protein identified was the cad-
mium and zinc specified CzcA divalent cation efflux
pump.5>%3 E. coli CusA was later found to be a puta-
tive monovalent cation metal transporter,'®** which
is closely related to SilA of Salmonella typhimu-
rium,?*%” The chromosomally encoded cus locus con-
sists of two back-to-back operons, cusCFBA and
cusRS. The cusA gene is preceded by cusB, encoding
the MFP, cusF, encoding the small periplasmic met-
allochaperone, and cusC, encoding the OMF protein.
Transcribed in the opposite direction, cusR and cusS
encode a two component regulatory system.?®
Upstream of cusCFBA is a promoter region with
high sequence similarity to other known copper and
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resistance
52,55,59

silver genes in  Gram-negative
bacteria.

Early attempts to characterize these genes led
to the conclusion that transcription of the cus locus
was strongly dependent on both copper and silver.
At similar copper and silver concentrations, tran-
scription levels increased by as much as 30- and 5-
fold, respectively.?® However, the growth of E. coli
EC756 AcusA in copper-containing media was
unchanged compared with the wild-type strain. In
silver-containing media, the growth of E. coli EC756
AcusA, compared with the wild-type, was attenuated
for only small amounts of AgNOs;. Based on these
experiments, it was prematurely concluded that the
cus genes played no part in copper resistance in E.
coli.

While CusCFBA is unique as the only silver
resistance machinery in E. coli, there exists one
other chromosomally encoded copper resistance
determinant. The cue locus encodes both the inner
membrane copper transporter CopA and the peri-
plasmic multicopper oxidase CueO, which detoxify
Cu' ions by actively removing them from the cyto-
plasm or oxidizing them to less dangerous Cu?*,
respectively.®>7® While deletion of cusA alone failed
to produce any difference in the copper sensitivity of
E. coli,?”%° there was a noticeable difference in the
minimum inhibitory concentration (MIC) of CuCl,
for E. coli W3110 copA::km AcueO:.cm (2.25 mM)
compared with W3110 copA::km  AcueO::cm
AcusCFBA::em (1.3 mM).®° Additionally, a striking
difference was observed between the aerobic and
anaerobic growth of E. coli BW25113 AcusR.%® In
the absence of oxygen, the growth of this strain was
attenuated compared with both the AcueO strain
and the wild type.

Taken together these results indeed support the
role of CusCFBA as a Cu" transporter. In the pres-
ence of oxygen the abundant copper species should
be Cu?*, and in an anaerobic environment it should
be Cu’. The Cu(I) species is much more toxic than
Cu(Il), due to its ability to participate in harmful
Fenton-type reactions, as well as the increased per-
meability of the bilayer to Cu® compared with
Cu?* 847172 Thyg, the importance of CusCFBA in
detoxification of copper ions was most apparent in
the absence of oxygen. Whereas the lack of one or
more copper resistance machines could be compen-
sated for in the aerobic environment, in the anaero-
bic environment it could not.372 The transcription
levels seem to fit this scheme as well. While the aer-
obic half-maximal induction of cusC was measured
at 200 uM, the same expression was achieved at
anaerobic copper concentrations of less than half (70
uM).5* Tt is not surprising that CueO was not impli-
cated in silver resistance® However, some CopA-
type transporters do have the capacity to export Ag™*
and Cu?" ions.
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Figure 1. Crystal structure of the CusA transporter. (a) Rib-
bon diagram of a protomer of CusA. Each domain of CusA is
labeled with a different color (cyan, transmembrane helices;
yellow, PN1; green, PN2; red, PC1; pink, PC2; orange, DN;
slate, DC). (b) Ribbon diagram of the CusA trimer. Each
monomer of CusA is labeled with a different color. Subdo-
mains DN, DC, PN2, PC1, and PC2 are labeled for the front
subunit (blue), while PN1 is occluded from view.

Finally, it was found that deletion of each indi-
vidual Cus protein produced strains that were
unable to restore the copper sensitivity of the wild
type.” The results indicated that each component of
the CusCFBA tetrapartite efflux system is necessary
for the operation of the pump. In the following sec-
tions, the roles of CusA, CusB, CusC, and CusF in
the transport of copper and silver ions will be dis-
cussed, with emphasis on their assembly, interac-
tion, and the relationship between structure and
function.

The Inner Membrane Transporter CusA

Crystal structure of CusA

The crystal structure of CusA (PDB ID: 3K07) was
first determined to a resolution of 3.52 A% (Fig. 1).
Approximately 98% of the 1047 residues (residues
5-504 and 516-1040) were included in the final
model, which suggests that CusA exists as a homo-
trimer. Each monomer of CusA is comprised of 12
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transmembrane «-helices (TM1-TM12) and a large
periplasmic domain formed by two hydrophilic loops
between TM1 and TM2 and between TM7 and TMS,
characteristic of the RND superfamily of transporter
proteins.”® Like HAE-RND family transporters
AcrB,*® MexB,*® or MtrD,” the structure of CusA is
organized into six subdomains. The pore domain is
comprised of PN1, PN2, PC1, and PC2, while DN
and DC form the docking domain for the CusC
channel.

Interestingly, a cleft in the periplasmic domain,
between PC1 and PC2, is covered by one «-helix
(residues 690-706) and three R-sheets (residues
681-687, 711-716, and 821-827), which tilt into the
cleft to close the opening. At the bottom of this cleft,
residues 665-675 form a horizontally oriented «-
helix. This structural feature is not seen in the crys-
tal structures of either AcrB, MexB, or MtrD. Sitting
atop this helical divider are three adjacent methio-
nine residues (M573, M623, and M672). These
methionines were previously identified as conserved
residues and appear to cooperate to form a metal ion
binding site.®®

In addition to the primary three-methionine
site, four unique methionine pairs were identified in
the crystal structure of CusA. These five methionine
pairs/clusters appear to form a relay network to
export the bound metal ions. Three of these pairs,
M410-M501, M403-M486, and M391-M1009, are
found below the primary three-methionine binding
site in the transmembrane domain. The fourth,
M271-M755, is positioned in the periplasm above
the three-methionine site (Fig. 2). Previously, methi-
onine motifs were observed to form metal-binding
sites in copper tolerance proteins,’®"” including
CusF*2" CueR,”® Atx1,%° and CopC.51%2 Thus,
these two- and three-methionine clusters in CusA
may form a pathway for copper and silver extrusion.

Additionally, the transmembrane region con-
tains three conserved charged residues, D405 of
TM4, E939 of TM10, and K984 of TM11, which are
observed to interact with one another. Proteins of
the RND superfamily rely on the proton motive force
(PMF) for active transport of their substrates.®3
These charged residues are expected to be important
to the proton relay network of the pump.

In vivo susceptibility assays

To determine the importance of the three-
methionine cluster to the operation of the pump, res-
idues M573, M623, and M672 were mutated to iso-
leucines, individually. When expressed in E. coli
BL21(DE3) AcueO AcusA cells, the single-point
mutants, M5731, M623I, and M672I, each produced
copper-sensitive strains compared with those
expressing wild-type CusA.3%8 Specifically, the MIC
of CuSOy4 for E. coli cells expressing either M573I,
M6231, or M6721 (0.50 mM) was found to be much
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Figure 2. The methionine relay network of CusA. (a) Stereo view of the trimeric CusA pump. Each subunit of CusA independ-
ently forms a methionine relay network for exporting metal ions. The methionine relay network is included in the front subunit of
the trimer. (b) The methionine cluster (M573, M623, and M672) and four methionine pairs (M271-M755, M401-M501, M403-
M486, and M391-M1009) of each monomer of CusA form the metal transport pathway. These residues are depicted as spheres
(green, C; orange, O; blue, N; yellow, S). Heavy-metal substrates can enter this pathway through the periplasmic cleft between

PC1 and PC2 or through the cytoplasm, illustrated by red arrows.

lower compared with those expressing wild-type
CusA (2.25 mM). Similar results were observed for
susceptibility to silver ions.3?

When one methionine in each of the four trans-
membrane pairs was mutated to isoleucine, individ-
ually, the MIC of CuSO, dropped to 1.25 mM for
M391I and 1.75 mM for M410I, M4861I, and M755I,
compared with 2.25 mM for cells expressing wild-
type CusA. Silver tolerance was also clearly attenu-
ated for each mutant strain,® indicating the impor-
tance of these residues in the transport process.

Additionally, the MIC of both CuSO, and
AgNOj for E. coli carrying the proton relay single-
point mutants, D405A, E939A, and K984A, was
measured. In each case, the copper and silver toler-
ance was much less than for cells expressing wild-
type CusA and similar to those carrying the empty
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vector, demonstrating the importance of these
charged transmembrane residues.

In vitro transport assays
To investigate the silver transport capabilities of
CusA alone, the purified CusA homotrimer was
reconstituted into liposomes containing the fluores-
cent indicator Phen Green SK.>® When Ag™® ions
were added into the extravesicular medium, quench-
ing of the fluorescence signal was detected, suggest-
ing the uptake of Ag" into the intravesicular space.
A stopped-flow transport assay was also
employed to determine the importance of the methi-
onine residues, previously found to be essential for
copper and silver tolerance.®® Each CusA single-
point mutant, M3911, M4861, M5731, M623I, M672I,

and M755I, was reconstituted into liposomes
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Figure 3. Superposition of apo-CusA (purple) and CusA-Cu(l)
(green). The bound Cu(l) is blue. Binding induces a conforma-
tional change in the subdomains PC1 and PC2, which cre-
ates a 30° opening in the metal-bound structure. The
transition from the resting state to the binding state is illus-
trated by the black arrow.

encapsulating the same fluorescent indicator. No
quenching was detected, and therefore no mutant
CusA proteins tested were able to uptake Ag™.

Finally, the importance of the charged transmem-
brane residues, D405, E939, and K984, for proton trans-
location was investigated. When reconstituted into
liposomes, the mutants, D405A, E939A and K984A,
were not observed to uptake Ag*, confirming the impor-
tance of these proton relay network residues.

Crystal structures of CusA-ag™ and CusA-cu™
The crystal structures of copper- and silver-bound E.
coli CusA were determined to resolutions of 3.88 A
(PDB ID: 3KSS) and 4.37 A (PDB ID: 3KSO), respec-
tively.?® The root mean square deviation (RMSD)
between the Cu’-and Ag*-bound structures was
1.0 A, suggesting that these two structures are
nearly identical. However, the RMSD between the
ligand-bound and apo-CusA structures was 3.9 A,
revealing that metal ion binding triggers a signifi-
cant conformational change in the pump (Fig. 3).
This deviation is mainly attributed to the cleft
between subdomains PC1 and PC2, which creates a
30° opening in both copper- and silver-bound struc-
tures, presumably for periplasmic metal ions to
enter the pump. This cleft was observed to be closed
in the apo-CusA crystal structure, suggesting that
the binding site is revealed in the presence of copper
or silver and hidden in their absence. Coupled with
this 30° swing, the horizontal helix of CusA, residues
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665-675, also makes a significant conformational
change within the cleft. The C-terminal end of the
horizontal helix is found to rotate upwards by
approximately 21° in the Cu™-bound structure, com-
pared with the apo-CusA structure. Due to this rota-
tion, residue M672 is moved closer to both residues
M573 and M623, which form the transient three-
methionine metal-binding site. In addition to expos-
ing this three-methionine binding site to the peri-
plasm, the overall conformational change also more
closely coordinates each residue (M573, M623, and
M672). Cu™ or Agt was found to bind to this same
site in each structure (Fig. 4).

In response to binding, all «-helices in the
transmembrane region, except TMZ2, shift horizon-
tally by as much as 4 A Further, TM1, TM3, and
TM6 shift toward the periplasm by approximately
one turn. Thus, PN1 and the central pore helix also
move upward by one turn upon metal binding.

Based on these structures, the dynamics of
metal ion transport by CusA were calculated using
the elastic network model.>>8* The results suggest
that each CusA monomer cycles through three dis-
tinct and coupled motions in which the periplasmic
binding cleft alternates between the open and closed
states, similar to AcrB!7-20-2285.86

The Periplasmic Adaptor CusB

Crystal structure of CusB
The crystal structure of CusB was solved to resolu-
tion of 3.40 A, with 78.1% of the total residues (89—

Figure 4. The conformational change induced by binding in
the horizontal helix and TM8 of CusA. The apo-CusA struc-
ture (yellow) and Cu(l)-bound (green) CusA are superimposed,
together with the bound Cu(l) (pink). The blue mesh indicates
the anomalous signal of bound Cu(l) (contoured at 8 o). In the
proximity of copper, residues M573, M623, and M672 are
closely coordinated and this transient binding site is revealed
to the periplasm.

Heavy Metal Transport by the CusCFBA Complex
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Figure 5. Crystal structure of the CusB membrane fusion
protein. (a) Two distinct conformations of CusB were
observed in the crystal structure (gold, purple). (b) Each
CusB monomer can be divided into four domains: three
B-stranded and one a-helical.

385) included in the final model (PDB ID: 300C)3®
(Fig. 5). The asymmetric unit contains two molecules
of CusB (A and B) that are observed to adopt two
distinct conformations, highlighting the flexibility of
this protein. Superimposition of molecules A and B
results in an overall RMSD of 2.6 A, which suggests
that these structures represent distinct conforma-
tional states.

The overall fold of each CusB molecule can be
divided into four domains: three B-stranded and one
a-helical. The first B-domain (membrane proximal
domain) is formed by the N-terminal residues 89 to
102, which comprise one B-strand, and the
C-terminal residues 324 to 385, which comprise the
remaining five B-strands. Domain 1 in molecules A
and B of CusB is almost identical.

The second B-domain (B-barrel domain) of CusB
is formed by residues 105 to 115 and 243 to 320 of
each molecule. In molecule A, this domain consists
of six B-strands and one short «-helix, with the
N-terminal residues forming one B-strand and the
C-terminal residues forming the remaining B-strand,
a-helix, and four-stranded anti-parallel B-sheet.

Domain 3 (lipoyl domain) is another globular B-
domain, which consists of residues 121 to 154 and
207 to 239. These residues form an eight B-stranded
barrel, which is similar in both molecules A and B.

Domain 4 (a-helical domain) highlights the
uniqueness of CusB. Comprising residues 156 to
205, this domain is all a-helical, with three a-helices
folding into an antiparallel three-helix bundle. This
structural feature has not been found in any other
MFP family protein. The three-helix bundle is
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approximately 27 A long, which is at least 20 A
shorter than the two a-helical hairpin domains of
MexA**4587 and AcrA.*® Both molecules A and B
form a similar structure.

While the overall RMSD between molecules A
and B was 2.6 A, each domain in its respective
structure formed a similar structure. When domains
1 and 2 of each molecule were superimposed, it
resulted in an RMSD of only 0.8 A Similarly, the
superimposition of domains 3 and 4 of A and B
resulted in an RMSD of 0.8 A. Thus, the difference
between each conformation can be summarized as a
shift of domains 1 and 2 with respect to 3 and 4 by
approximately 20°, about a hinge between domains 2
and 3. This movement is expected to result in a
transition from the open conformation of molecule A
of CusB to the closed conformation of molecule B.

In vitro binding assays

Extended X-ray absorption fine structure (EXAFS)
spectroscopy was used by Bagai et al.®® to identify
potential metal ion binding sites of CusB. For
copper-loaded CusB, the best fit to the data was
obtained for three Cu-S interactions. Because CusB
contains no cysteine residues, copper was assumed
to be bound by three methionine residues in this
experiment, as in CusA.?® Alignment of CusB among
similar sequences showed that, of the nine methio-
nines in the mature sequence of CusB, only four
(M21, M36, M38, and M283) are conserved.

To determine which three of these four methio-
nines are involved in metal binding, isothermal
titration calorimetry (ITC) was employed.®® Each
methionine residue was mutated to isoleucine, indi-
vidually, and the ability of the CusB single-point
mutants (M21I, M36I, M38I, and M283I) to bind
Ag"® was tested in vitro. In summary, CusB M21I
showed a 10-fold reduction in the binding affinity
for Ag™, compared with wild-type CusB, mutants
M36I and M38I showed no specific binding to Ag™,
and the affinity of CusB M283I for Ag* was the
same as the wild-type, with an equilibrium dissocia-
tion constant (K4q) of 24.7 nM, indicating that the
residues M21, M36, and M38 may comprise a spe-
cific three-methionine copper and silver binding site
for CusB.®®

In vivo susceptibility assays

To determine the importance of these residues to
bacterial metal resistance, the CusB mutants M21I,
M36I, M38I, and M283I were expressed in the E.
coli strain EC950 AcueO AcusB.® The MICs of
CuCl, for E. coli expressing the CusB single-point
mutants M21I, M36I, M38I, and M283I were
approximately 1 mM, compared with 1.5 mM for
those cells expressing the wild-type and 0.75 mM for
those carrying the empty vector. However, E. coli
cells expressing CusB M2831 were observed to
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Figure 6. Co-crystal structure of the CusBA adaptor-
transporter complex. Three monomers of CusA (red) and six
molecules of CusB (blue, molecule A; green, molecule B)
form the CusBA efflux complex. The subdomains DC, DN,
PC1, PC2, and PN2 of CusA are labeled for the front mono-
mer, while PN1 is occluded from view.

survive in slightly higher copper concentrations com-
pared with the other three,®® further establishing
the importance of residues M21, M36, and M38 for
the full operation of the Cus system.

The Adaptor-Transporter Complex CusBA

Crystal structure of CusBA
The first co-crystal structure of an adaptor-
transporter complex, CusBA, was solved to a resolu-
tion of 2.90 A (PDB ID: 3NE5), including approxi-
mately 91% of the total residues (4-1,043 of CusA,
79-400 of CusB molecule 1, and 79-402 of CusB
molecule 2)*¢ (Fig. 6). Three molecules were present
in the asymmetric unit, revealing that each CusA
monomer interacts with two monomers of CusB.
These two CusB molecules (molecule 1 and molecule
2) were found to represent two distinct conforma-
tions of CusB. Surprisingly, these two conformations
were also distinct from the previously solved struc-
tures of CusB.3®

The two CusB molecules are oriented at an
angle of approximately 50° to the membrane, and
form contacts with the periplasmic domain of CusA
via domains 1 and 2. CusB molecule 1 interacts with
CusA regions PN2, PC1, and DN, while molecule 2
primarily interacts with PC1, PC2, and DC of the
pump. The nature of the interaction between CusB
molecule 1 and CusA is electrostatic, with charged
residues K95, D386, E388, and R397 of CusB form-
ing salt bridges with charged residues D155, R771,
R777, and E584 of CusA, respectively. The interac-
tion between CusB molecule 2 and CusA is dipole-
dipole and charge-dipole in nature. Residues Q108,
S109, S253, and N312 of CusB form hydrogen bonds
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with Q785, Q194, D800, and Q198 of CusA, respec-
tively. The interactions between neighboring CusB
molecules are primarily in domains 1 to 3, with resi-
dues E118, Y119, R186, E252, and R292 of CusB
molecule 1 forming hydrogen bonds with T139,
D142, T206, N312, and N113 of molecule 2,
respectively.

The crystal structure suggests that the trimeric
inner membrane CusA pump should interact with
six periplasmic CusB molecules, forming a hexame-
ric funnel above the periplasmic domain of CusA.
Based on the CusBA complex structure, we have
predicted that the complete tripartite efflux assem-
blage should be in the form of CusCs3-CusBg-CusAz
(Fig. 7), which spans the entire bacterial cell enve-
lope to export Cu*/Ag™.3® This assembly is in good
agreement with the work of others.?%89-91

Within the CusBA complex structure, domain 1
and the lower half of domain 2 of each CusB mole-
cule create a cap-like structure, while domain 3,
domain 4, and the upper half of domain 2 form the
central channel, which is contiguous with that of
CusA. Thus, the interior of the channel gives rise to
a large elongated cavity with a volume of approxi-
mately 65,000 A.® The inner surface of this channel
is strikingly electronegative, which suggests the
capacity to bind positively charged metal ions.

The three CusB methionines (M21, M36, and
M38) which were proposed to form a copper and sil-
ver binding site cannot be identified in the electron
density map of the co-crystal. However, the N-
terminal tails of CusB molecules 1 and 2 of CusB
can be seen outside the cleft formed between PC1

300 A

Figure 7. Predicted assembly of the complete CusCBA efflux
complex. The pump is shown as a surface rendering of tri-
meric CusA (gold), hexameric CusB (cyan), and trimeric CusC
(purple). The tripartite pump completely spans the inner- and
outermembranes of E. coli to expel toxic Cu(l) and Ag(l).

Heavy Metal Transport by the CusCFBA Complex


info:x-wiley/pdb/3NE5

Figure 8. Crystal structures of the CusBA-Cu(l) efflux complex. (a) Form la of the crystal structure has been designated as the
“pre-extrusion 1” state (cyan), with bound copper (purple). (b) Form Ib of the crystal structure has been designated as the “pre-
extrusion 2” state (orange), with bound copper (red). (c) Form Il of the crystal structure has been designated as the “pre-
extrusion 2” state (green), with bound copper (red). (d) Form Il of the crystal structure has been designated as the “extrusion”
state (magenta), with bound copper (blue). Molecules of CusB are not shown. In each state, the opening of the periplasmic cleft

is depicted by the dashed line.

and PC2 of the CusA pump, which harbors the
three-methionine metal-binding site of CusA. It is
possible that CusB might help to transfer the metal
ions from its N-terminal three-methionine binding
site into the CusA pump for extrusion. However, a
recent study demonstrated that CusB is not able to
transfer metal ions to the CusA pump.?? The role of
CusB is more likely to switch the conformation of
CusA, allowing this pump to accept ions from the
CusF periplasmic chaperone.®? Interestingly, it was
also shown that the CopA ATPase is capable of shut-
tling Cu" to CusF,”® providing an evidence that both
CusA and CopA may work together to clear up Cu™
ions.

Crystal structures of CusBA-cu™

The crystal structures of the Cu'-bound CusBA
complex reveal three distinct binding conformations
(forms I, II, and IIT)*? (Fig. 8). The form I structure
of Cu*-bound CusBA was solved to a resolution of
3.42 A (PDB ID: 3T56). In this structure, the C*
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chain of residues 664 to 717 and 814 to 888, which
forms the horizontal helix TM8 in CusA, displays
two distinct conformations (forms Ia and Ib). The
occupancy of forms Ia and Ib in the crystal lattice is
approximately 0.22:0.78, form Ia:Ib.

As in the metal-bound conformation of CusA,3®
the periplasmic cleft of CusA is found open in the
form Ia CusBA structure. However, the conformation
of CusA in form Ib is closer to the apo-CusA struc-
ture, in which the periplasmic cleft is closed. In both
forms Ia and Ib, a single bound Cu* is found to coor-
dinate CusA residues M573, M623, and M672, which
forms the main three-methionine binding site inside
the periplasmic cleft of CusA. In comparison with
the structure of the binding state, the horizontal
helix (residues 665-675) of form Ib is tilted approxi-
mately 10° downward. This rotation shifts M672
away from M573 and M623, partially disassembling
the three-sulfur metal coordination site. Further
rotation may release the bound metal ion from this
site. While it is less obvious in the form Ia structure,
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Figure 9. Superimposition of each crystal structure of the CusBA-Cu(l) complex. (a) Superimposition of subdomains PC2 and
TM8 of CusA. The 30° rotation of PC2 upon transition from the “pre-extrusion 1” state (blue), through the “pre-extrusion 2” state
(green) to the “extrusion” (red) state is depicted by the black arrow. (b) Superimposition of subdomains PC1 and the horizontal
helix of CusA. The C-terminal end of the horizontal helix is observed to rotate by 21° upon binding (gray, apo-CusBA,; yellow,
CusA-Cu(l); blue, form la; green, form Il; magenta, form lll). The C-terminal residues 391 to 400 of molecule 1 of CusB (orange)
are also included. (c) Superimposition of TM5 and TM6 of CusA. Upon binding, these subdomains are observed to shift toward
the periplasm by approximately one turn (gray, apo-CusBA; yellow, CusA-Cu(l); blue, form la; green, form II; red, form lll). The
structure of form Ib, which is nearly identical to that of form Il, has not been included.

this change can be similarly interpreted as a 3°
downward tilt. In contrast to the structure of apo-
CusBA, no continuous channel is created by either
forms Ia and Ib%” as indicated by the program
CAVER. Therefore, these conformations have been
designated as the pre-extrusion 1 (form Ia) and pre-
extrusion 2 (form Ib) states.

The crystal structure of form II of the CusBA-
Cu" complex was solved to a resolution of 3.90 A
(PDB ID: 3T51).3” The overall conformation of this
structure is almost identical with the pre-extrusion
2 state. The program CAVER illustrates that the
channel formed by the methionine relay network of
each protomer of CusA is closed in this conforma-
tion. The only cavity that can be identified is the
periplasmic cleft, which houses the three-methionine
binding site formed by M573, M623, and M672.
However, this binding conformation is quite distinct
from that of CusA-Ag’ or CusA-Cu’.?® In addition
to the changes induced by the pre-extrusion 2 state,
a cluster of conserved charged residues, including
R83, E567, D617, E625, R669, and K678, is found
nearby the bound copper ion. These conserved
charged residues are intriguingly positioned along
the transmembrane methionine relay network of
CusA.
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The crystal structure of form III of CusBA-Cu®
was solved to a resolution of 3.30 A (PDB ID:
3T53).3” The conformation of CusA in this structure
is similar to that of apo-CusA. However, a careful
inspection of the structures suggests that there are
concerted changes in the conformation of CusA that
involve several groups of residues. Upon binding to
CusA, a short C-terminal helix (residues 391-400) of
molecule 1 of CusB seems to press down a helix (res-
idues 582-589) located at the upper half of PC1 of
CusA. Consequently, the N-terminal end of the helix
tilts downwards by approximately 8° in the form III
structure compared with that of apo-CusA. The
motion of these helices is concerted with another
loop (residues 609-626) that tilts downward, poten-
tially widening the channel for metal transport.
Thus, form III has been designated as the extrusion
state of the pump.

Superimposition of subdomain PC1 and the hor-
izontal helix of CusA for each state reveals a
sequential conformational change during metal
transport (Fig. 9). This change can be interpreted as
a 10° downward swing of the horizontal helix upon
binding copper or silver, from the binding state to
the pre-extrusion 1 state.3” This motion shifts M672
away from both M573 and M623, disassembling the
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cytoplasm

Figure 10. Schematic representation of the metal transport
pathway of a subunit of CusA. The conserved charged resi-
dues R83, E567, D617, E625, R669, and K678 of a subunit of
CusA are labeled. This figure also includes the three-
methionine binding site formed by M573, M623, and M672
(dashed red circle) within the subunit. The direction of metal
transport is indicated by the black arrows.

three-sulfur metal coordination site and allowing for
release of the Cu'/Ag" into the pump for eventual
extrusion.

In vivo susceptibility assays

Based on the CusBA-Cu' structures, six charged
residues (R83, E567, D617, E625, R669, and K678)
were identified in a line along the extrusion path-
way of the pump (Fig. 10). To determine whether
these residues were important for the operation of
the pump, they were mutated to alanines, individu-
ally, and expressed in the E. coli strain BL21(DE3)
AcueO AcusA.>® When expressed in a copper envi-
ronment, each of these CusA single-point mutants
was entirely unable to relieve the copper sensitivity
of E. coli. The MICs of CuSOy for E. coli expressing
these single-point mutants was similar to those car-
rying the empty vector (0.5 mM), and much attenu-
ated compared with E. coli which expressed the
wild-type pump (2.25 mM). Thus, these residues are
necessary to confer full copper resistance.

In vitro transport assays

To investigate whether the line of charged residues
in CusA were essential for metal ion transport, the
purified R83A, E567A, D617A, E625A, R669A, and
K678A mutant proteins were reconstituted, individ-
ually, into liposomes containing the fluorescent indi-
cator Phen Green SK, and a stopped-flow transport
assay was used to determine whether the mutant
proteins can capture metal ions from the extravesic-
ular medium.?® When Ag" ions were added into the
extravesicular medium, no quenching of the fluores-
cence signal was detected in each case, in contrast
to the results for the wild-type CusA pump. These
results suggest that these mutant transporters are
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unable to uptake Ag® and that these conserved
charged residues are critical for the function of the
transporter.

The stopped-flow assay was also used to mea-
sure the transport activity of the wild-type CusBA
complex.?” The results suggest that the CusBA is
more active than CusA alone, as indicated by an
approximate 50% attenuation of the fluorescent
signal.

Crystal structure of CusB-D405A-cu™

The crystal structure of the mutant complex CusB-
D405A-Cu™ was solved to a resolution of 3.10 A
(PDB ID: 4DNT).>” Previously, three conserved
charged residues (D405, E939, and K984) of CusA
were identified as part of the proton relay network
of the pump, and their mutation resulted in loss of
transport activity.*>”® Thus, the D405A mutant was
chosen to produce the CusB-D405A-Cu(I) co-crystal.
The overall structure of CusB-D405A-Cu™ resembles
that of apo-CusBA. Superimposition of these two
structures resulted in an RMSD of only 0.2 A. Sur-
prisingly, no copper signal was detected in the crys-
tal, indicating that the D405A mutant is not capable
of binding Cu*.

Crystal structure of CusB-R669A-cu*
The crystal structure of the mutant complex CusB-
R669A-Cu” was solved to a resolution of 4.20 A
(PDB ID: 4DOP).?” Residue R669 of CusA was iden-
tified as one of six intriguingly positioned residues
lining the inner channel of the pump (R83, E567,
D617, E625, R669, and K678) and was found to be
critical for its function.?” Thus, the CusA mutant
R669A was used to produce the co-crystal CusB-
R669A-Cu?. Similar to CusB-D405A-Cu™, no copper
signal was detected. The overall structure is nearly
identical with that of apo-CusBA. Superimposition of
the two resulted in an RMSD of only 0.3 A

Given the fact that they are incapable of bind-
ing copper, it is likely that the CusA mutants D405A
and R669A are trapped in one of the transient states
of the pump and unable to change conformation to
adopt the binding state. Based on their similarity to
the apo-CusBA structure, these CusB-mutant CusA
structures should correspond to the resting state of
the pump. Taken together, these experiments sup-
port our hypothesis that the Cus system undergoes
sequential transitions during the extrusion process,
from the resting state to the binding, pre-extrusion
1, pre-extrusion 2, and extrusion states®” (Fig. 11).

The Outer Membrane Channel CusC

Crystal structure of CusC

The crystal structure of wild-type CusC was deter-
mined to a resolution of 2.09 A (PDB ID: 4K7R)*
(Fig. 12). Previously, the structure had been solved
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Figure 11. Sequential conformational changes of the CusBA complex. To transport metal ions, this pump transitions from the
“resting” state through the “extrusion” state (a, “resting” state; b, “binding” state; c, “pre-extrusion 1” state; d, “pre-extrusion
2” state; e, “extrusion” state). Subdomains PC1, PC2 and the helices TM5, TM6, and TM8 of CusA are shown for each state

with the bound copper ion (blue). The change in conformation from the previous state is depicted by the black and blue

arrows.

by Kulathila et al. *° to a resolution of 2.30 A (PDB
ID: 3PIK). These two structures are nearly identical.
Superimposition of the two results in an RMSD of
0.28 A over 429 C* atoms.>*

The overall structure of CusC suggests that it
forms a homotrimeric «/f barrel, approximately 130
A long, with a large cylindrical internal cavity,
approximately 28,000 A® in volume. Like TolC,*"
each CusC monomer can be divided into four B-
strands: S1 (residues 84-94), S2 (104-116), S3 (290—
301), and S4 (313-322). In the periplasmic domain
of CusC, nine a-helices from each protomer contrib-
ute to form an elongated o-barrel: H1 (residues

36-41), H2 (43-56), H3 (58-80), H4 (121-188), H5
(193-230), H6 (242-246), H7 (256-286), H8 (329-
397), and H9 (403-437).

The cannon shape of the CusC trimer is similar
to other proteins of the OMF family, including
TolC,*” OprM,*® MtrE,** and CmeC.®® Many outer
membrane channels appear to be interchangeable.
For example, the E. coli genome contains over 30
inner membrane transporters of the RND, MFS, and
ABC superfamilies, but only four OMF family pro-
teins, including TolC.?® However, TolC was unable to
replace CusC in the CusCBA complex.” Thus, CusC
is believed to work only within the Cus efflux

O\

Figure 12. Crystal structures of the CusC outer membrane channel. (a) One monomer of the CusC trimer is shown in rainbow
colors, while the other two monomers are depicted in gray. (b) Each CusC monomer (rainbow) can be divided into four B-
strands and nine a-helices. The CusC protomer is acylated (red) through the residue C1 to anchor to the outer membrane. (c)
Structure of the monomeric AC1 mutant. (d) Structure of the monomeric C1S mutant. The mutant structures are seen to adopt
a dramatically different, partially folded conformation, compared with the wild-type CusC.
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Figure 13. Superimposition of a monomer of wild-type CusC
onto that of the AC1 mutant. The structures of the wild-type
CusC and AC1 protomers are colored green and purple,
respectively. The arrows indicate the drastic changes in posi-
tions and secondary structures when comparing the confor-
mations of the wild-type and AC1 CusC.

system. Its irreplaceability may be due to the unique
overall structure of CusB compared with other mem-
bers of the MFP family.®®

Although CusC is highly specific to the
CusCFBA system, there is no evidence of copper or
silver specificity in the channel. When the apo-CusC
crystals were prepared in copper or silver concentra-
tions exceeding 10 mM, no bound metal ions were
detected.’® Whereas CusA has been shown to bind
copper and silver using a three-methionine motif,
the five methionines in CusC are far remote from
one another in the crystal structure of apo-CusC.
Thus, it is unlikely that CusC possesses any specific-
ity for these metal ions. As seen in the electrostatic
charge distribution, the interior surface of the tri-
meric CusC channel is strikingly electronegative,
similar to that of the hexameric CusB channel
within the CusBA complex.?%3” The electrostatic
gradient created by the internal surfaces of the
CusB hexamer and CusC trimer may provide a pos-
sible mechanism for metal ion transport.'451:97:98

Delmar et al.

Interestingly, these CusC structures also reveal
that the first N-terminal cysteine residue (C1) is
covalently bonded to an outer membrane lipid via a
thioester bond,>*° securing the anchoring of the tri-
meric CusC channel to the outer membrane.

Crystal structure of AC1 CusC

As we suspected that the C1 residue of CusC might
play an important role in the protein-membrane
interaction, we decided to remove this residue to cre-
ate the AC1 mutant channel. The crystal structure
of the AC1 CusC mutant was determined to a reso-
lution of 2.53 A (PDB ID: 4K7K) (Fig. 12), with all
residues included in the final model except 21 to 31
and 99 to 129, which formed disordered regions.®®
The overall structure of AC1 CusC was quite distinct
from that of wild-type CusC. Superimposition of
these two structures resulted in an RMSD of 22.49
A over 378 C* atoms (Fig. 13). The most significant
differences can be seen in the amino acids that form
the four transmembrane B-strands (S1-S4) in the
wild-type structure. These residues adopt a dramati-
cally different conformation in AC1 CusC. The
majority of these residues in the AC1 channel
appear to be unstructured and form two large ran-
dom loops. Residues 290 to 326, which form the
transmembrane B-strands S3 and S4 of wild-type
CusC, are found to flip down to the outermost sur-
face of the periplasmic a-helical tunnel. Additionally,
the top portion of the periplasmic a-helices H7 and
HS8 are found to bend downward to accommodate for
the change. Residues N276 of H7 and N334 of H8
appear to form hinges for the bending.

Interestingly, the drastic conformational
changes as described above are accompanied by the
structural changes of residues 84 to 116. These resi-
dues form the transmembrane B-strands S1 and S2
of wild-type CusC. In the AC1 mutant, the electron
density map in this region is very unclear, suggest-
ing that the majority of the secondary structure of
this area is disordered.?® Thus, this region also cre-
ates a large random loop in the AC1 mutant. Similar
to H7 and HS8, the top portion of the periplasmic a-
helices H3 and H4 also bend downward about a
hinge created by residues N76 and T137.

The periplasmic domain of the AC1 CusC
mutant is largely unchanged compared with that of
the wild-type protein. However, the symmetry of the
AC1 CusC crystal suggests that AC1 CusC is mono-
meric, compared with the trimeric wild-type CusC
channel. This observation was confirmed by gel fil-
tration assays.>®

Crystal structure of C1S CusC

We also mutated this C1 residue to a serine to pro-
duce a C1S mutant channel. The crystal structure of
the single-point mutant C1S CusC was determined
to a resolution of 2.69 A (PDB ID: 4K34)>° (Fig. 12).
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This structure was almost identical to that of the
AC1 CusC mutant. Superimposition of these two
structures resulted in an RMSD of only 0.37 A over
381 C® atoms. Taken together, the structures of
AC1, C1S, and wild-type CusC provide molecular
details of the assembly and folding of the CusC
outer membrane channel, similar to the OMF family
protein OmpA. 9102

In the aqueous phase, before encountering the
outer membrane, the B-barrel domain of OmpA is
unstructured. Interaction between the aqueous
phase and the outer membrane leaflet produces the
molten intermediate Ip;.!%' However, similar to AC1
and C1S CusC, the protein is still highly disordered.
After membrane association, two more sequential
intermediates are formed, molten disk (I3s) and
molten globule (I3), before the native state. In the
I state, there is some B-structure, but its forma-
tion is localized to the membrane surface. Then, in
the Iz state, these B-hairpin loops are partially
inserted into the bilayer. Finally, extensive rear-
rangement of side chains and formation of backbone
hydrogen bonds is necessary to achieve the final
transmembrane B-channel structure.

In this respect, the crystal structures of both
AC1 and C1S CusC should correspond to the
unstructured Iyp; intermediate conformation of the
CusC channel. As both mutant proteins were puri-
fied from the outer membrane for crystallizations,
they must be at least partly associated with the
bilayer. However, as in the Iy; state of OmpA, they
have no B-structure and are not yet inserted into
the membrane.’®® Thus, the next conformational
steps for CusC may be the formation of a monomeric
molten disk (mono-Iyz) intermediate, containing
partial B-strands, but no B-barrel motif. At this
stage, as in AC1 and C1S CusC, mono-Iy, is still
monomeric. Upon oligomerization, the trimeric mol-
ten disk (tri-Iyp) intermediate can transition to the
trimeric molten globule intermediate, Iy3, which is
now partially inserted to the inner leaflet of the
outer membrane. The native trimeric CusC struc-
ture is finally achieved upon folding of the 12-
stranded B-barrel.?4°

The Periplasmic Metallochaperone CusF

Crystal structure of CusF

The crystal structure of CusF was determined by
Loftin et al.*' to a resolution of 1.50 A (PDB ID:
1ZEQ), including residues 6 to 88. The overall struc-
ture of CusF is a small five-stranded p-barrel,
formed by two antiparallel B-sheets. The first B-
sheet is composed of strands B1-B3, while the second
strand comprises 4, 85, and the shared B1. The sec-
ondary structure of CusF is unique among small
copper-binding  proteins, including Atx1%® or
CopC.8182 However, alignment of CusF with the top
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35 homologous sequences reveals that there are
three totally conserved residues (H36, M47, and
M49) located between B2 and B3.

In vitro binding assay

To determine whether the three conserved residues
of CusF are important for metal binding, a hetero-
nuclear single quantum coherence (HSQC) spectrum
was collected from CusF in the presence of Cu® or
Cu?*.*! In the case of Cu?", 28 residues correspond-
ing to the N-terminal and C-terminal ends were
observed to participate in binding. However, the
authors note that the C-terminal residues include
both cloning artifacts and an affinity tag for purifi-
cation. Thus, these residues are probably not
involved in specific binding of the copper substrate.
Accordingly, when a twofold molar excess of Cu?*
ions were added to the sample no change in the
spectrum was observed. In the case of Cu®, analysis
shows that the residues most affected by the addi-
tion of copper, as measured by chemical shift, are
T48, M47, M49, R50, D37, H36, E46, Q74, W44, and
Q75, respectively. Most of these residues are located
in B2 and B3, including the highly conserved M47,
M49, and H36. Thus, these residues should partici-
pate in the specific binding of Cu™ by CusF.

Crystal structure of CusF-ag™ and CusF-cu™
The crystal structure of Cu”-bound CusF was deter-
mined by Xue et al.*? to a resolution of 1.70 A (PDB
ID: 2VB2), including 88 residues of the mature pro-
tein. The crystal structure of Ag*-bound CusF was
similarly solved to a resolution of 2.33 A. Both struc-
tures of CusF-Cu’ and CusF-Ag™ are almost identi-
cal to that of apo-CusF. Interestingly, both bound
copper and silver ions were found to be coordinated
by residues H36, M47, and M49. This metal-binding
region (residues 36-49) of the CusF-Cu" structure is
observed to change conformation slightly, compared
with that of apo-CusF, with the M47 and M49 side
chains reorienting to make favorable Cu-S bonds.
Residues H36 and T44 also shift slightly in this con-
formation. Space-filling representations reveal that
the metal-binding residues M47 and M49 are
exposed to substantially more solvent in the apo-
structure, compared with the Cu™- and Ag*-bound
structures, possibly facilitating substrate capture
from the periplasm.

The CusCFBA Transport Pathway

The divalent cation efflux pump CzcA®3 and the ami-
noglycoside efflux pump AcrD?® were previously
shown to be capable of capturing their substrates in
vitro from both the periplasm and cytoplasm. We
hypothesize that CusA is also able to extrude copper
and silver ions from both sides of the inner
membrane.'®® From the cytoplasm, the methionine
ladder created by transmembrane pairs M410-M501,
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M403-M486, and M391-M1009 should shuttle Cu*
and Ag"' ions to the primary three-methionine bind-
ing site. The periplasmic cleft of CusA containing
these residues (M573, M623, and M672) presumably
remains closed in the resting state. However, in the
presence of Cu’ or Ag™, the periplasmic cleft opens,
closely coordinating the three-methionine binding
site and revealing it to the cytoplasm. Metal ions
should be able to enter the CusA pump directly
through this cleft or via the cytoplasmic tunnel.
However, the major path for metal ion export should
be via the periplasmic cleft. Adjacent to the periplas-
mic metal-binding site of CusA is the N-terminal tail
of CusB.?® There is a possibility that this region of
CusB, which contains the methionine triad (M21,
M36, and M38) may engage to shuttle Cu* and Ag*
ions to the periplasmic metal-ion binding site of
CusA. However, it has been found that CusB is not
capable of transferring ions to the CusA efflux
pump.®® Thus, it is most likely that the metallocha-
perone CusF is responsible for scavenging Cu*/Ag*
and shuttling these metal ions to CusA.®? Transport
of these metal ions in CusA is likely to involve a
stepwise process that shuttles the metal ions from
one cluster of methionines to another.'®® Upon
entering the central channel, the electrostatic gradi-
ent formed by the inner surfaces of the hexameric
CusB and trimeric CusC channels may draw the
ions across the outer membrane for final extrusion.

Conclusion

The availability of the three-dimensional structures
of these efflux transporters and their accessory pro-
teins should allow us to block their function. Poten-
tially, by the rational design of inhibitors, as
demonstrated by AcrB and DARPin.>? In this
respect, the work is still in its infancy. To date, there
is no high-resolution three dimensional structure of
a completely assembled tripartite efflux system. It is
our hope that this invaluable structural information
may one day provide a platform for producing new
drugs that heighten bacterial sensitivity to the avail-
able antibiotics.
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