1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
J Mol Biol. 2012 September 21; 422(3): 429-441. d0i:10.1016/j.jmb.2012.05.038.

Charged amino acids (R83, E567, D617, E625, R669 and K678) of
CusA are required for metal-ion transport in the Cus efflux
system

Chih-Chia Sul'¥, Feng Long®¥, Hsiang-Ting Leil, Jani Reddy Bollal, Sylvia V. Do?,
Kanagalaghatta R. Rajashankar3, and Edward W. Yul.2:4.*
1Department of Chemistry, lowa State University, Ames, IA 50011, USA

2Bioinformatics and Computational Biology Interdepartmental Graduate Program, lowa State
University, Ames, IA 50011, USA

SNE-CAT and Department of Chemistry and Chemical Biology, Cornell University, Bldg. 436E,
Argonne National Laboratory, 9700 S. Cass Avenue, Argonne. IL 60439, USA

4Department of Physics and Astronomy, lowa State University, Ames, IA 50011, USA

Abstract

Gram-negative bacteria expel various toxic chemicals via tripartite efflux pumps belonging to the
resistance-nodulation-cell division (RND) superfamily. These pumps span both the inner and outer
membranes of the cell. The three components of these tripartite systems are an inner membrane,
substrate-binding transporter (or pump); a periplasmic membrane fusion protein (or adaptor); and
an outer membrane-anchored channel. These three efflux proteins interact in the periplasmic space
to form the three-part complexes. We previously presented the crystal structures of both the inner
membrane transporter CusA and membrane fusion protein CusB of the CusCBA tripartite efflux
system from Escherichia coli. We also described the co-crystal structure of the CusBA adaptor-
transporter, revealing the trimeric CusA efflux pump assembles with six CusB protein molecules
to form the complex CusBg-CusAsz. We here report three different conformers of the crystal
structures of CusBA-Cu(l), suggesting a mechanism on how Cu(l) binding initiates a sequence of
conformational transitions in the transport cycle. Genetic analysis and transport assays indicate
that charged residues, in addition to the methionine pairs and clusters, are essential for extruding
metal ions out of the cell.

INTRODUCTION

Efflux pumps of the RND superfamily are integral membrane proteins that derive energy
from the proton motive force. In Gram-negative bacteria, these pumps play major roles in
the intrinsic and acquired tolerance of antibiotics and toxic compounds.}2 The £. coli CusA
heavy-metal efflux pump is a large inner membrane RND protein that is responsible for
extruding Cu(l) and Ag(l) ions, which are biocidal.3# CusA operates with a periplasmic
membrane fusion protein, CusB, and an outer membrane channel, CusC, to form a
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functional protein complex. The resulting CusCBA tripartite efflux system spans the entire
cell envelope and confers resistance to Cu(l) and Ag(l) by exporting these metal ions
directly out of the cell 34

The crystal structures of individual components of this three-part complex system have been
determined. The structure of CusA suggests that this RND pump exists as a homotrimer.®
Each subunit of CusA consists of 12 transmembrane helices (TM1-TM12) and a large
periplasmic domain formed by two periplasmic loops between TM1 and TM2, and TM7 and
TM8, respectively. The periplasmic domain of CusA can be divided into a pore domain
(comprising sub-domains PN1, PN2, PC1 and PC2) and a CusC docking domain (containing
sub-domains DN and DC). The structures indicate that this transporter utilizes methionine
pairs and clusters to bind and export Cu(l) and Ag(l) ions.>

Overall, the structure of CusB demonstrates that this adaptor protein is folded into a four-
domain elongated structure, ~120 A long and ~40 A wide.” The first three domains
(domains 1-3) of the protein are mostly p-strands. However, the fourth domain (domain 4)
is all a-helices and is folded into a three-helix bundle structure. Interestingly, the co-crystal
structure of the CusBA adaptor-transporter reveals that the trimeric CusA pump associates
with six CusB molecules to form the CusBg-CusAg complex.8 Thus, the entire tripartite
efflux assembly is expected to be in the form of CusC3-CusBg-CusAgs, which span both the
inner and outer membranes of £. colito export Cu(l) and Ag(l) ions. This assemblage is
indeed in good agreement with the predicted 3:6:3 polypeptide ratios of these three-part
complexes.910

Recently, the crystal structure of the CusC channel has also been resolved,! suggesting that
this protein resembles the architectures of TolC12 and OprM.13 The trimeric CusC channel
consists of a membrane-anchoring B-barrel domain and an elongated periplasmic a-helical
tunnel.1! The periplasmic tunnel is ~100 A long with an outermost diameter of ~35 A at the
tip of the tunnel.

In the absence of the CusB adaptor, two distinct structures of CusA were obtained by x-ray
crystallography.® These structures probably capture two different conformational states of
the pump in the transport cycle. One key feature of the CusA pump is that its external
periplasmic cleft, formed by subdomains PC1 and PC2, can be open and closed. In the
absence of Cu(l) or Ag(l), the cleft is closed. However, in the presence of Cu(l) or Ag(l),
this cleft becomes open. The bound Cu(l) or Ag(l) is found to coordinate at the center of a
three-methionine binding site, formed by M573, M623 and M672.% This methionine triad is
probably responsible for the selectivity of the pump.

The apo-CusA conformation should represent the “resting” state where the external
periplasmic cleft is closed. However, the Cu(l) and Ag(l)-bound CusA structures should
correspond to the “binding” state where the periplasmic cleft is open. Upon metal ion
transport, the pump must go through other transient states to actively remove the metal ions.
Here, we present new crystal structures of the CusBA-Cu(l) efflux complexes, which
represent different intermediates transitioning between the “binding” and “resting” states in
the transport cycle. The structures also indicate that the conserved charged residues located
at the periplasmic domain of CusA are essential for the transport of metal ions.

Crystal structures of the CusBA-Cu(l) complexes

There are three distinct conformations of CusBA-Cu(l) based on the crystal structures, and
all these structures contain one CusA and two CusB protomers in the asymmetric unit (Table
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1). One of the structures, designed as form I, constitutes two mixed conformations within a
single Ca chain of CusA. The structure reveals that the Ca chain of residues 664-717 and
814-888, which contribute to form the horizontal helix, subdomain PC2 and TM8 of CusA,
displays two distinct conformations (forms la and Ib) (Fig. 1). The occupancy distribution of
forms la and Ib are in the ratio of 0.22:0.78. The conformation of the CusA molecule in
form la appears to be similar to but is also different from the CusA-Cu(l) structure. Like the
“binding” conformation, the periplasmic cleft is open in the form la structure (Figs. 1 and 2).
The conformation of CusA in form Ib seems to be closer to but is distinct from the apo-
CusA structure of the pump. In this conformation, the periplasmic cleft is closed, similar to
that of the “resting” state. In both forms la and Ib, a single bound Cu(l) is found to
coordinate residues M573, M623 and M672, which forms the distinct three-methionine ion
binding site inside the cleft of the periplasmic domain of CusA. Surprisingly, the nearby
conserved charged residue E625 seems to be involved in the binding (Fig. 3). In comparison
with the structure of the “binding” state, the horizontal helix, formed by residues 665-675,
inside the cleft of the structure of form Ib is significantly lower in position (Fig. 4). The
change can be interpreted as a 10° downward tilting motion of the C-terminal end of the
horizontal helix in this structure when compared with the CusA-Cu(l) form. This motion
also shifts M672 away from M573 and M623, seemingly to disassemble the three-sulfur
coordination site and to release the bound Cu(l) ion from this site. The change of the
horizontal helix is less obvious in the form la structure, but it can be interpreted as a 3°
downward tilt at the C-terminal end in comparison with that of CusA-Cu(l). In addition, the
transmembrane helices 5 and 6 (residues 447-495) are found to shift downward by 5 A with
respect to the membrane plane in both forms la and 1b, mimicking the change in position of
the horizontal helix, when compared with the conformation of the “binding” state (Fig. 4). In
contrast to the “binding” and “resting” structures, no continuous channel is found in the
CusA protomer of forms la and 1b as indicated by the program CAVER
(http:/loschmidt.chemi.muni.cz/caver) (Fig. 3a and b). Because the conformations of forms
la and Ib are different from those of the “binding” and “resting” forms, these conformations
are designated as “pre-extrusion 1” and “pre-extrusion 2” states, respectively.

The overall conformation of the second CusBA-Cu(l) structure (form Il) is almost identical
to the form Ib structure, indicating that this structure should also represent the “pre-extrusion
2” state. A strong peak at the copper edge was observed at the periplasmic domain of CusA
in this CusBA-Cu(l) complex (Fig. 3c). The program CAVER illustrates that the channel
formed by the methionine relay network of each protomer of CusA has been closed up in
this conformation. The only cavity that can be identified is the space nearby the copper
signal (Fig. 3c). This copper signal is found in the familiar three-methionine binding site
formed by M573, M623 and M672. However, its binding mode is quite distinct from that
found in the “binding” state. First, the C-terminal end of the horizontal helix (residues 665—
675) significantly tilts downward by ~10° in this “pre-extrusion 2” state in comparison with
the CusA-Cu(l) form. This motion shifts the position of M672 away from M573 and M623,
probably weakening the binding for Cu(l) within the methionine triad. Secondly, coupled
with this movement, the side chain of a conserved anionic charged residue E625, located
deep inside the periplasmic cleft, is found to flip towards the bound Cu(l) and interact with
this ion by electrostatic interaction. In addition, a cluster of conserved charged residues,
including R83, E567, D617, E625, R669 and K678, is found nearby this copper signal.
Interestingly, these conserved charged residues line along the metal-ion transport channel
formed by the methionine relay network (Figs. 5 and S1), suggesting that these charged
residues may be important for the transporter’s functioning.

The third CusBA-Cu(l) structure (form 111) is nearly identical to that of apo-CusBA, and one
bound Cu(l) is found to coordinate M573, M623, M672 and E625 (Fig. 3d). The
conformation of CusA in this complex structure is also very similar to that of apo-CusA at
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the “resting” state. However, a closer inspection of these structures suggests that the CusA
protomers in the two CusBA complexes are in a different conformational state when
compared with the apo-CusA form. Binding of the CusB adaptor triggers a subtler but
significant conformational change at the upper portion of subdomain PC1 of the CusA
transporter. It is observed that a short C-terminal helix (residues 391-400) of molecule 1 of
CusB directly interacts with and pushes a helix (residues 582-589) located at the upper half
of PC1 of CusA (Fig. 4). The consequence is that the N-terminal end of this PC1 helix is
found to tilt downwards by 8° in the CusBA form in comparison with the apo-CusA
structure. This tilting motion in turn further pushes a loop (residues 609-626) located right
below the PC1 helix downward. On the basis of these structures, CusB may be involved in
tuning the width of the channel formed by the methionine metal-ion relay network to its
optimal level through the above mechanism. The structure of form 111 is thus designated as
an “extrusion” state of the pump.

In the “pre-extrusion 2” structures, the channel formed by the methionine metal-ion relay
network is occluded (Fig. 3b and c). It is observed that the region nearby E622 and M812
form the narrowest region immediately after the three-methionine binding site. Interestingly,
M812 was found to be significant in relieving copper sensitivity of £. co/i* Thus, an
empirical measurement defined as the Ca—Ca distance between E622 and M812 was used
to identify the degree of opening of the channel. These distances are 13 A, 12 A, 10 A, 10 A
and 11 A for the “resting”, “binding”, “pre-extrusion 17, “pre-extrusion 2” and “extrusion”
states, respectively. In the “resting” state, the channel is fully open. This channel is also
open and is believed to be at its optimal degree of opening in the “extrusion” form.

It should be noted that the conformation of the CusB hexamer does not change much at
various states of the efflux complex. Superimpositions of molecules 1 and 2 of CusB onto
their corresponding molecules at different states give rmsd between 0.2-0.5 A.

It is also worth noting that, unlike the CusA structures, no continuous channel is found
spanning the transmembrane region of these three CusBA-Cu(l) complexes. The only
tunnel-like feature observed by CAVER is the periplasmic channel observed in the
“extrusion” state (form I11) of the pump (Fig. 3d).

In vivo and vitro functional studies

The structures of CusBA-Cu(l) highlight the importance of charged residues for the
transporter’s functioning. These conserved charged residues (R83, E567, D617, E625, R669
and K678) seem to form a network and line along the wall of the methionine relay tunnel in
the periplasmic domain of CusA. These residues were mutated into alanines (R83A, E5S67A,
D617A, E625A, R669A, K678A) or aspartate (E625D), and the corresponding mutant
transporters were expressed in BL21(DE3) A cueOA cusA that lacks both the cueOand cusA
genes (Fig. S2). All these mutant proteins were expressed in the bacterial membrane. In
addition, the secondary structures of these mutant transporters were the same as that of the
wild-type in detergent solution as suggested by CD spectroscopy (Fig. S3). The ability of
these mutant transporters to confer copper resistance was then tested /77 vivo using
susceptibility assay. The results indicate that all these CusA mutants are unable to relieve the
copper sensitivity of strain BL21(DE3)A cueOA cusA (Table 2), suggesting that these
residues are critical for the function of the pump.

To investigate whether these charged residues are essential for metal ion transport, the
purified R83A, E567A, D617A, E625A, R669A and K678A mutant proteins, which are
shown to abolish the function of the pump, were reconstituted into liposomes containing the
fluorescent indicator Phen Green SK (PGSK) in the intravesicular space, respectively. A
stopped-flow transport assay was used to determine whether these proteoliposomes can
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capture metal ions from the extravesicular medium. When Ag* ions were added into the
extravesicular medium, no quenching of the fluorescence signal were detected. Unlike the
wild-type CusA pump, the results suggest that these mutant transporters are incapable of
taking up Ag* from the extravesicular medium into the intravesicular space of the
proteoliposomes (Fig. S4a). These collective experiments provide compelling evidence that
these conserved charged residues are critical for the transporter’s functioning.

The stopped-flow assay was also used to study the transport activity of the reconstituted
CusBA proteoliposomes. The results suggest that the CusBA proteoliposomes are more
active than those liposomes containing CusA only for metal transport as indicated by the
position of the 50% attenuation of the fluorescent signal (Fig. S4b). No transport activity has
been observed in liposomes containing CusB only, indicating that these CusB
protoliposomes cannot uptake silver ions (Fig. S4b).

Crystal structures of the CusB-mutant CusA-Cu(l) complexes

Previous study suggested that the charged residues, D405, E939 and K984, located at the
transmembrane region form the proton-relay network of the pump. Replacements of these
residues with alanines (D405A, E939A and K984A) disrupted the hydrogen-bonded
network, which in turn abolished the function of the pump.® Thus, the D405A mutant was
chosen to produce the CusB-D405A-Cu(l) co-crystal (Table 1). Surprisingly, no copper
signal was found in this co-crystal, indicating that the D405A mutant is not capable of
binding Cu(l) (Fig. S5a). This result is indeed in good agreement with the functional studies
in which a mutation on this residue abolishes the function of the pump. The overall structure
of CusB-D405A-Cu(l) resembles the apo-CusBA conformation. Superimposition of these
two structures gives an rmsd of 0.2 A.

The CusA mutant R669A was also used to crystallize and produce the CusB-R669A-Cu(l)
co-crystal. Again, no copper signal was found in this co-crystal (Fig. S5b). The overall
structure of this mutant co-crystal is nearly identical to the apo-CusBA structure. A
superimposition of these two co-crystals results in an rmsd of 0.3 A. It is likely that the
D405A and R669A mutants are trapped in one of the transient states of the pump and thus
cannot change their conformation to go through the transport cycle.

DISCUSSION

Four lines of evidence suggest that the structures identified can be understood in terms of
sequential transition of conformations leading to the extrusion of metal ions from the CusA
pump. First, the sequential decrease in distance between subdomains PC1 and PC2 from the
“binding” to “resting” states. This change highlights the sequential movements of CusA
upon transiting from one state to the other. Secondly, a subtler shift in position of the
horizontal helix leading to the departure of M672 from the methionine triad and a release of
the bound Cu(l) from these methionines. In addition, transmembrane helices 5 and 6 are
found to shift in position at different conformational states (Fig. 6), mimicking the change of
the horizontal helix. Lastly, a smaller change in conformation of subdomain PC1 of CusA
upon CusB binding, which in turn controls the degree of opening of the channel formed by
the methionine relay network. These structures also suggest that the CusB adaptor may play
an essential role in tuning the extent of channel opening upon conformational transition
through different states.

It should be noted that all these protein conformers were obtained via soaking, a procedure
which may limit the degree of conformational transitions. Nonetheless, the co-crystal
structures of CusBA-Cu(l) extend our knowledge on how successive motions in the CusBA
efflux pump are coordinated and how CusBA extrudes the bound metal ions. This protein
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complex undergoes cycles of conformational changes that drive the passage of the metal
ions. In the absence of both CusB and Cu(l) or Ag(l), the CusA pump prefers the “resting”
conformation where the periplasmic cleft between subdomains PC1 and PC2 are closed.
Cu(l) or Ag(l) binding triggers a large conformational change where subdomain PC2
performs a 30° swing to open this cleft. In the presence of CusB, the subsequent steps may
be a transitions to the “pre-extrusion 1” and then “pre-extrusion 2” states in which PC2 is
found to swing back to close the cleft (Fig. 7). The majority of the channel formed by the
methionine relay network becomes occluded at the “pre-extrusion 2” state. Subsequently,
the last step is a transition to the “extrusion” form where CusB is responsible for stabilizing
the conformation of this state, and for tuning the channel at the optimal degree of opening to
conduct metal ion export. It is very likely that the CusCBA pump operates through an
alternating-access mechanism.14-16 Indeed, functional dynamics simulation has already
suggested that the periplasmic cleft of CusA may alternately open and close upon metal
transport.> As the crystal structures of the CusBA adaptor-transporter complex depict that
there are several intermediates participating in the transport cycle, it is difficult to correlate
all these conformational states to those of AcrB. Nonetheless, the “binding” and “extrusion”
states of the CusBA system should correspond to the “T” and “O” states of the AcrB
pump,14-16 respectively.

The metal ions can enter the CusA pump via the periplasmic cleft as well as the cytoplasm
(Fig. 5). It is believed that CusA predominately carries out metal ion efflux through the
periplasm.1” Thus, the major path for taking up metals should be across the cleft in the
periplasmic space. During the transport cycle, the CusBA efflux complex must go through
different transient states, including the “resting”, “binding”, “pre-extrusion 1”, “pre-
extrusion 2” and “extrusion” conformations, to complete the transport cycle. Thus, in
coordination with the motion of the periplasmic cleft, the transmembrane portion of the
methionine relay channel should also be synchronized to open and close to accommodate for
the export of metal ions. It is likely that the long N-terminal tail of CusB may be involved in
the delivery of metal ions from the periplasmic space into the cleft of the CusA pump.8
Genetic data and transport assay in this study have shown that the conserved charged
residues lining the methionine relay channel are essential for the transporter’s functioning.
Therefore, it is possible that these conserved charged amino acids are responsible for
passing the transported metal ion along from one residue to another in the methionine relay
channel. Coupling with the methionine pairs and clusters, these conserved charged residues
are deemed to be of importance in transferring the metal ions out of the cell.

Preparation of the CusBA-Cu(l) and CusB-mutant CusA-Cu(l) complexes

The procedures for cloning, expression and purification of the CusA and CusB proteins have
been described previously.>’ Co-crystals of the CusBA complex were obtained using
sitting-drop vapor diffusion.8 Briefly, the CusBA crystals were grown at room temperature
in 24-well plates with the following procedures. A 2 pl protein solution containing 0.1 mM
CusA and 0.1 mM CusB in buffer solution containing 20 mM Na-HEPES (pH 7.5) and
0.05% (w/v) CYMAL-6 was mixed with a 2 pl of reservoir solution containing 10% PEG
6000, 0.1 M Na-HEPES (pH 7.5), 0.1 M ammonium acetate and 20% glycerol. The resultant
mixture was equilibrated against 500 pl of the reservoir solution. Co-crystals of CusBA
grew to a full size in the drops within two months. Typically, the dimensions of the crystals
were 0.1 mm x 0.1 mm x 0.1 mm. The procedures for producing the CusB-CusA mutant
crystals were the same as those of the wild-type crystals.

The CusBA-Cu(l) or CusB-mutant CusA-Cu(l) complex crystals were then prepared by
incubating crystals of apo-CusBA or apo-CusB-mutant CusA in solution containing 10%

J Mol Biol. Author manuscript; available in PMC 2013 September 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

Page 7

PEG 6000, 0.1 M Na-HEPES (pH 7.5), 0.1 M ammonium acetate, 20% glycerol, 2 mM
[Cu(CH3CN)4]PFg, 2 mM tris(2-carboxyethyl)phosphine (TCEP) and 0.05% (w/v)
CYMAL-6 for 1 hour at 25°C. Cryoprotection was achieved by incubating the CusBA-Cu(l)
or CusB-mutant CusA-Cu(l) crystals in cryoprotectant containing 10% PEG 6000, 0.1 M
Na-HEPES (pH 7.5), 0.1 M ammonium acetate, 25% glycerol, 2 mM [Cu(CH3CN)4]PFg, 2
mM TCEP and 0.05% (w/v) CYMAL-6 for 5 min at 25°C.

Data collection, structural determination and refinement

All diffraction data were collected at 100K at beamline 241D-C located at the Advanced
Photon Source, using an ADSC Quantum 315 CCD-based detector. Diffraction data were
processed using DENZO and scaled using SCALEPACK .18

The crystals belong to space group A32 (Table 1). The structures of the CusBA-Cu(l) and
CusB-mutant CusA-Cu(l) complexes were phased using molecular replacement, utilizing
the apo-CusBA structure (3NES5)8 determined earlier by our group as a search model. The
models were refined using TLS refinement techniques adopting a single TLS body as
implemented in PHENIX (20) leaving 5% of reflections in Free-R set. Iterations of
refinement using PHENIX19 and CNS20 and model building in Coot?! lead to the current
models (Table 1)

For the form | crystal data, the group occupancy of residues 664 through 888 in the two
conformations (forms la and 1b) was refined under the constraint that individual occupancies
added up to one. This increased one more parameter to the refinement process. The final
refined occupancies were 0.22 and 0.78 for the conformations of forms la and Ib,
respectively.

Susceptibility assays

The double knocked-out £. coli strain BL21(DE3)A cueOA cusA was produced as described
previously.> The susceptibility to copper of £, coli BL21(DE3)A cueOA cusA harboring
pPET15bQcusA expressing the wild-type or mutant transporters, or the pET15b empty vector
was tested on agar plates. Cells were grown in Luria Broth (LB) medium with 100 pg/ml
ampicillin at 37 °C. When the ODgqq reached 0.5, the cultures were induced with 0.5 mM
IPTG and harvested in two hours after induction. The expression level of each mutant in
BL21(DE3)A cueOA cusA is similar to that of the wild-type transporter as indicated by
Western blot analysis (Fig. S2). The minimum growth inhibitory concentrations (MICs) to
copper of £. coliBL21(DE3)A cueOA cusA(incoculum, 500 cells/ml) harboring these
vectors were then determined using LB agar containing 50 pg/ml ampicillin, 0.1 mM IPTG
and different concentrations of CuSOy4 (0.25 to 2.75 mM in steps of 0.25 mM) (Table 2).

CD spectroscopy

CD spectra were measured at 25 °C using a Jasco J-710 spectropolarimeter with a cell path
length of 1 mm. The concentrations of the apo-CusA and mutant-CusA proteins were 0.6
UM in buffer containing 10 mM sodium phosphate, pH 7.5, and 0.028% CYMAL-6. Spectra
were recorded at wavelengths between 190 and 260nm. For each spectrum, 10 scans at a
scanning speed of 10 nm/min and a data pitch of 0.1 nm were averaged.

Reconstitution and stop-flow transport assay

The Phen Green SK (PGSK) (Invitrogen) encapsulated proteoliposomes of the wild-type
CusA, R83A, E567A, D617A, E625A, R669A or K678A was prepared as edescribed.® In all
cases, nearly 100% of these detergent solubilized CusA proteins were incorporated into the
proteoliposomes through these procedures. The CusB and CusBA proteoliposomes were
produced using the similar method except that the liposomes were made in the presence of
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50 pg purified CusB in the reconstitution buffer containing 20 mM HEPES-KOH, pH 6.6.
Transport experiments were performed at 250C on a stopped-flow apparatus (Hi-Tech
Scientific) connected to a spectrofluorometer (PerkinElmer LS55). Proteoliposomes and a
transport assay buffer (20 mM HEPES-KOH pH 7.0 and 1 mM AgNO3) were loaded into a
two separate syringes of equal volume. Transport reactions were initiated by pushing 400 pl
fresh reactants at a 1:1 ratio through the 90 pl mixing cell at a flow rate of 2 ml/s. Stopped-
flow traces were the cumulative average of three or four successive recordings at 530 nm
with the excitation wavelength at 480 nm.

Data Deposition

Atomic coordinates and structure factors have been deposited with the Protein Data Bank
under codes 3T56 (form 1), 3T51 (form 1), 3T53 (form I11), ADNT (CusB-D405A-Cu(l))
and 4DOP (CusB-R669A-Cu(l)).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Stereo view of the electron density map at a resolution of 3.45 A. This is a 2F, — F electron
density map (blue mesh) contoured at 1.0 o. The Ca traces of residues 664-717 and 814—
888, showing a distinct conformation of the structure of form la are in green. The Ca traces
of form Ib of CusA, and molecules 1 and 2 of CusB are in red, white and yellow,
respectively.
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Figure 2
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Figure 2.

Structures of the CusBA-Cu(l) efflux complexes. (a) Ribbon diagram of the structure of
form la (blue) viewed in the membrane plane. The bound copper is shown as a purple
sphere. This structure represents the “pre-extrusion 1” state of the pump. (b) Ribbon diagram
of the structure of form Ib (yellow) viewed in the membrane plane. The bound copper is
shown as a red sphere. This structure represents the “pre-extrusion 2” state of the pump. (c)
Ribbon diagram of the structure of form Il (green) viewed in the membrane plane. The
bound copper is shown as a red sphere. This structure represents the “pre-extrusion 2” state
of the pump. (d) Ribbon diagram of the structure of form 111 (magenta) viewed in the
membrane plane. The bound copper is shown as a blue sphere. This structure represents the
“extrusion” state of the pump. For clarity, only the periplasmic domain (subdomains PN2,
PC1 and PC2) and part of the transmembrane region of CusA are shown in (a)—(d). The
molecules of CusB in each complex are not included.
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Figure 3.

Formation of channels at different conformational states. (a) The channel formed by a
protomer of the form la structure of CusBA at the periplasmic domain is in brown color. The
bound Cu(l) is shown as a red sphere. M573, M623, M672 and E625, which form a Cu(l)
binding site, are shown as sticks (slate, carbon; blue, nitrogen; red, oxygen). The CusA and
two CusB protomers are in green, orange and magenta ribbons, respectively. M573, M623,
M672 and E625, which form a Cu(l) binding site of the form la conformation, are shown as
sticks (slate, carbon; blue, nitrogen; red, oxygen). (b) The channel formed by a protomer of
the form Ib structure of CusBA at the periplasmic domain is in brown color. The bound
Cu(l) is shown as a red sphere. Anomalous map of the bound Cu(l), contoured at 3o, is in
cyan. M573, M623, M672 and E625, which form a Cu(l) binding site of the form Ib
conformation, are shown as sticks (slate, carbon; blue, nitrogen; red, oxygen). The CusA and
two CusB protomers are in green, orange and pink ribbons, respectively. (c) The channel
formed by a protomer of the form Il structure of CusBA at the periplasmic domain is in
brown color. The bound Cu(l) ions are shown as a red sphere. Anomalous map of bound
Cu(l) ion, contoured at 3o, is in cyan. Residues forming the Cu(l) binding sites M573,
M623, E625 and M672 are shown as sticks (slate, carbon; blue, nitrogen; red, oxygen). The
CusA and two CusB protomers are in green, orange and magenta ribbons, respectively. (d)
The channel formed by a protomer of the form Il structure of CusBA at the periplasmic
domain is in brown color. The bound Cu(l) is shown as a red sphere. Anomalous map of the
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bound Cu(l), contoured at 3a, is in cyan. M573, M623, E625 and M672, which form the

Cu(l) binding site, are shown as sticks (slate, carbon; blue, nitrogen; red, oxygen). The CusA
and two CusB protomers are in green, orange and magenta ribbons, respectively.
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Figure 4.

Different conformational states of CusBA-Cu(l). (a) Superimposition of subdomain PC2 and
TMB8 of each state of the pump. The arrow indicates a 30° swing of PC2 upon
conformational transition from the “pre-extrusion 1” (cyan) to “pre-extrusion 2” (green) and
“extrusion” (magenta) states. The structures of forms la, Il and 111 are used to represent the
“pre-extrusion 17, “pre-extrusion 2” and “extrusion” states, respectively. (b)
Superimposition of subdomain PC1 and the horizontal helix of each state of the pump. The
figure illustrates the change in conformations of the PC1 helix (residues 582-589) and the
flexible loop (residues 609-626) upon CusB binding. For clarity, only the short C-terminal
helix (residues 391-400) of molecule 1 of CusB (red) is included. The change in
conformation of the horizontal helix at different states of the pump is also shown in this
superimposition (apo-CusBA, gray; CusA-Cu(l), orange; form la, cyan; form I, green; form
111, magenta). (c) Superimposition of the transmembrane helices 5 (TM5) and 6 (TM6) of
each state of the pump. The figure illustrates the change in positions of TM5 and TM6
(residues 447-495) within the transport cycle (apo-CusBA, gray; CusA-Cu(l), orange; form
la, cyan; form 11, green; form 111, magenta). As both forms Ib and Il are in the same state,
the conformation of form 1b is not included in (a)-(c) for clarity.
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Cu(l) binding site and conserved charged residues. This is a schematic representation of the
CusA channel. The conserved residues R83, E567, D617, E625, R669 and K678, lining the
channel at the periplasmic domain are indicated. The dotted circle marks the location of the
Cu(l) binding site formed by the methionine triad M573, M623 and M672. The paths for

metal transport through the periplasmic cleft and transmembrane region are illustrated with

black curves.
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Figure6.

Sequential conformational transition of the CusBA pump. This figure depicts stepwise
motions of CusA in the adaptor-transporter complex transitioning between the “resting” and
“extrusion” states (a, “resting” state; b, “binding” state; c, “pre-extrusion 1” state; d, “pre-
extrusion 2” state; e, “extrusion” state). For clarity, only subdomains PC1 and PC2 in the
periplasmic domain and transmembrane helices 5, 6 and 8 in the transmembrane region of
CusA are shown. The bound copper is in red sphere. The red arrows indicate the change in
conformation of the protein within the transport cycle.
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Figure7.
Proposed model of metal ion export within the transport cycle. The model is based on

different structures obtained by x-ray crystallography. Molecules 1 and 2 of CusB and a
protomer of CusA are colored blue, green and orange. The angle of inclination of the
horizontal helix at each state is shown in the figure. For clarity, the front protomers (one
CusA and two CusB molecules) are not included.
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MICs of copper for different CusA mutants expressed in £. co/BL21(DE3)A cueOA cusA

Table 2

Gene MIC (mM) of
inBL 21(DE?A)\AcueOAcus CuSO4
Empty vector 0.50
cusA (wild-type) 2.25
cusA (R83A) 0.50
cusA (E567A) 0.50
cusA (D617A) 0.50
cusA (E625A) 0.50
cusA (E625D) 0.50
cusA (R669A) 0.50
cusA (K678A) 0.50
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