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Abstract

Gram-negative bacteria, such as Escherichia coli, expel toxic chemicals via tripartite efflux pumps
spanning both the inner and outer membranes. The three parts are: 1) a membrane fusion protein
connecting 2) a substrate-binding inner membrane transporter to 3) an outer membrane-anchored
channel in the periplasmic space. A crystallographic model of this tripartite efflux complex has
been unavailable simply because co-crystallization of different components of the system has
proven to be extremely difficult. We previously described the crystal structures of both the inner
membrane transporter CusA1 and membrane fusion protein CusB2 of the CusCBA efflux
system3,4 from E. coli. We here report the co-crystal structure of the CusBA efflux complex,
revealing the trimeric CusA efflux pump interacts with six CusB protomers at the upper half of the
periplasmic domain. These six CusB molecules form a channel extending contiguously from the
top of the pump. The affinity of the CusA and CusB interaction was found to be in the micromolar
range. Finally, we predicted a three-dimensional structure of the trimeric CusC outer membrane
channel, and develop a model of the tripartite efflux assemblage. This CusC3-CusB6-CusA3 model
presents a 750 kDa efflux complex spanning the entire bacterial cell envelope to export Cu(I)/
Ag(I) ions.

In Gram-negative bacteria, efflux systems of the resistance-nodulation-division (RND)
family play major roles in the intrinsic and acquired tolerance of antibiotics and toxic
compounds.5,6 They represent key components for Gram-negative pathogens to use in
overcoming toxic environments unfavorable for their survival. An RND efflux pump7-14

works in conjunction with a periplasmic membrane fusion protein,15-18 and an outer
membrane channel to form a functional protein complex.19,20 In Escherichia coli, one such
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tripartite efflux system CusCBA is responsible for extruding biocidal Cu(I) and Ag(I) ions.
3,4 CusA is a large proton-motive-force-dependent inner membrane RND efflux pump
comprising 1,047 amino acids.3,4 CusC is a 457 amino acid protein that forms an outer
membrane channel.3,4 The membrane fusion protein CusB, containing 379 amino acids,
bridges between CusA and CusC to form a tripartite efflux complex CusCBA.3,4 This three-
component system spans the entire cell envelope of E. coli to export Ag(I)/Cu(I).

Between the cusC and cusB genes, there is a small chromosomal gene that encodes a
periplasmic protein CusF.4 CusF functions as a chaperone carrying Cu(I)/Ag(I) to the
CusCBA efflux pump.21,22

We previously reported the crystal structure of the full-length CusB membrane fusion
protein at a resolution of 3.40 Å, revealing four linearly-arranged domains (Domains 1-4)
comprising approximately 80% of the protein.2 Overall, CusB is folded into an elongated
structure, ~120 Å long and ~40 Å wide. The first three domains (Domains 1-3) of the
protein are mostly β-strands. However, the fourth domain (Domain 4) is all α-helices and is
folded into a three-helix bundle structure.

We also determined the crystal structure of the full-length CusA RND pump (at the 3.52-Å
resolution) that includes approximately 98% of the amino acids.1 The structure suggests that
CusA 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, PC2) and a CusC
docking domain (containing sub-domains DN and DC). Through the use of lysine-lysine
cross-linking and mass spectrometry, it was determined that Domain 1 of CusB directly
contacts the upper portion of sub-domain PN1 of the CusA efflux pump.2

Here, we describe the co-crystal structure of the CusBA heavy-metal efflux complex. We
used molecular replacement with single-wavelength anomalous dispersion (MRSAD) to
determine the structure (Table S1 and Fig. S1), revealing each protomer of CusA interacts
specifically with two elongated molecules of CusB (molecules 1 and 2) at the upper half
portion of the periplasmic domain (Fig. 1). The two CusB adaptors are tilted at an angle of
~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. Molecule 1 of CusB
contacts mainly the upper regions of PN2 and PC1, 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 (Figs. 1 and 2).

Intriguingly, molecule 1 of CusB interacts predominantly 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 (Fig. 3a).
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 L92 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 (Fig. 3b).
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For CusB-CusB interactions, 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. E118, Y119, R186,
E252 and E292 of molecule 1 of CusB participate to form hydrogen bonds with T139, D142,
T206, N312 and N113 of molecule 2 of CusB, respectively (Fig. 4a). Further, molecule 1 of
CusB also 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, 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 (Fig. 4b).

The hexameric arrangement of CusB allows this protein to create a funnel-like structure with
the central channel formed along the crystallographic threefold symmetry axis. These
protomers utilize a side-by-side packing arrangement to form this funnel (Fig. 2). 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. 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 ~62 Å long with an average internal diameter of ~37 Å. Thus, the
interior of the channel gives rise to a large elongated cavity with a volume of ~65,000 Å3.
The lower half of the channel is primarily created by β-barrels whereas the upper half is an
all α-helical tunnel. The diameter of the channel is gradually constricted and then dilated as
it approaches the outer membrane. Thus, the α-helices of Domain 4 create an inverted
conical structure. The narrowest section of the central channel is located at residue D232,
which is close to the hinge region between Domains 3 and 4 of the membrane fusion protein.
The widest section of the channel appears to form at the top edge with an inner diameter of
~56 Å. The inner surface of the channel is predominantly negatively charged, as indicated
by the electrostatic surface diagram (Fig. 5), suggesting that the interior surface of the
channel may have the capacity to bind positively charged metal ions.

We used isothermal titration calorimetry (ITC) to determine the binding affinity of CusB to
the CusA pump. The ITC data indicates an equilibrium dissociation constant of 5.1 ± 0.3 μM

(Fig. S2).

Previously, it was found that the N and C-terminal ends (residue 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.2 Here, the co-crystal structure suggests that this region forms

several short α-helices. In molecule 1 of CusB, residues 392-399 at the C-terminal end form

a short α-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 α-helix, respectively. However, the

C-terminal residues 382-392 and 394-400 appear to create two short α-helices. Like

molecule 1 of CusB, the N-terminus of molecule 2 of CusB is near the periplasmic cleft of

the pump (Fig. 1).

It has been proposed that the N-terminal residues M49, M64 and M66 of CusB form a three-

methionine metal-binding site.23 Although these three methionine 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 molecule 1 and 2 of CusB are located outside the cleft

formed between PC1 and PC2 of the CusA pump. Thus, 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. Indeed, a similar suggestion has been made with the adaptor
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protein AcrA whereas this protein might assist in transporting a drug from the periplasm into
the pump.24

The co-crystal structure presented here highlights the structural importance of the
periplasmic membrane fusion protein. Given the fact that six CusB molecules assemble to
form a channel at the CusA funnel top, this suggests that the adaptor is likely to be involved
in the active extrusion of metal ions.

We then constructed a CusCBA model based on the CusBA crystal complex structure and
the predicted CusC model. The final CusC3-CusB6-CusA3 structural model represents a 750
kDa tripartite efflux complex spanning both the inner and outer membranes of E. coli to
extrude Cu(I)/Ag(I) (Fig. S3).

We believe that CusA can take up metal ions from both the periplasm and cytoplasm
utilizing the methionine-residue ion relay network.1 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 periplasmic 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 membrane fusion protein.25 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
periplasmic cleft of the CusA pump may involve a direct transfer from CusF to the
previously proposed three-methionine metal binding site23 (M49, M64 and M66) at the long
N-terminal tail of CusB, situating near the PN2/PC1 cleft of the CusA pump. Thus, the
second step could well be the delivery of the bound metal ion from CusB to the three-
methionine cluster (M573, M623 and M672) inside the periplasmic cleft of CusA.1 The
bound metal ion could then be released to the nearest methionine pair (M271-M755) located
directly above the three-methionine metal binding site,1 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 of the hexameric CusB channel forms part of the
extrusion pathway for Cu(I) and Ag(I). Exactly what this tripartite efflux system's
mechanism is must await confirmation by elucidation of additional crystal structures of the
CusCBA tripartite complex.

Methods Summary

Crystallization of CusA

The procedures for cloning, expression and purification of the CusA and CusB proteins have
been described previously.1,2 Co-crystals of the CusBA complex were obtained using
sitting-drop vapor diffusion. A 2 μl 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 2 μl 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 μl of the reservoir solution. The co-crystallization conditions for CusA (native)-
CusB (SeMet) were the same as those for the native CusBA complex. Co-crystals of CusBA
grew to full size in the drops within two months. Cryoprotection was achieved by raising the
glycerol concentration stepwise to 30% in 5% increments.

Structural determination and refinement

Data of the CusA (native)-CusB (SeMet) co-crystal were collected (Table S1). SAD phasing
using the program PHASER26 was employed to obtain experimental phases in addition to
the phases from the structural model of apo-CusA. Phases were subjected to density
modification and phase extension to 2.90 Å-resolution using the program RESOLVE.27 The
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full-length CusB protein contains nine methionine residues, and six selenium sites per CusB
molecule (12 selenium sites per asymmetric unit) were identified. After tracing the initial
model manually using the program Coot,28 the model was refined against the native data at
2.90 Å-resolution using TLS refinement adopting a single TLS body as implemented in
PHENIX29 leaving 5% of the reflections in the Free-R set. Iterations of refinement using
PHENIX29 and CNS30 and model building in Coot28 lead to the current model, which
consists of 1,686 residues (residues 4-1043 of CusA; residues 79-400 of molecule 1 of
CusB; and residues 79-402 of molecule 2 of CusB).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Methods

Isothermal Titration Calorimetry

We used isothermal titration calorimetry to examine the binding of the purified CusB
adaptor to the purified CusA pump. Measurements were performed on a VP-
Microcalorimeter (MicroCal, Northampton, MA) at 25 °C. Before titration, the CusA and
CusB proteins were thoroughly dialyzed against buffer containing 20 mM Na-HEPES pH
7.5 and 0.05% CYMAL-6, respectively. The protein concentrations were determined using
the Bradford assay. The CusA protein sample was then adjusted to a final monomeric
concentration of 14 μM. The CusB protein solution consisting of 350 μM monomeric CusB
in 20 mM Na-HEPES pH 7.5 and 0.05% CYMAL-6 was prepared as the titrant. The
samples were degassed before they were loaded into the cell and syringe. Binding
experiments were carried out with the CusA protein solution (1.5 ml) in the cell and the
CusB protein solution as the injectant. Ten microliter injections of the CusB solution were
used for data collection.

Injections occurred at intervals of 300 s, and the duration time of each injection was 10 s.
Heat transfer (μcal/s) was measured as a function of elapsed time (s). The mean enthalpies
measured from injection of the ligand in the buffer were subtracted from raw titration data
before data analysis with ORIGIN software (MicroCal). Titration curves were fitted by a
nonlinear least squares method to a function for the binding of a ligand to a macromolecule.
Nonlinear regression fitting to the binding isotherm provided us with the equilibrium
binding constant (KA = 1/KD) and enthalpy of binding (ΔH). Based on the values of KA, the
change in free energy (ΔG) and entropy (ΔS) were calculated with the equation: ΔG = - RT

lnKA = ΔH - TΔS, where T is 273 K and R is 1.9872 cal/K per mol. Calorimetry trials were
also carried out in the absence of CusA in the same experimental conditions. No change in
heat was observed in the injections throughout the experiment.

Structural prediction and docking of CusC onto CusBA

A homology model of CusC was generated using the crystal structure of OprM (PDB ID:
1wp1)20 as a template through the I-TASSER server.31 Alignment of protein sequences
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suggests that these two channel proteins share 42% identity. A steered molecular dynamics
simulation was then used to rigidly 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. CusB was then held rigidly, allowing
CusC to pull along the z-axis toward CusB until no further change in the center of mass was
measured.

We next 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
monomer 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. All
simulations were performed using NAMD32 and the CHARMM27+CMAP force field.33
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Fig. 1.

Structure of the CusBA efflux complex. (a) 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. (b) Side view of the CusBA efflux complex. Each subunit of CusA is colored
green. Molecules 1, 3 and 5 of CusB are colored red. Molecule 2, 4 and 6 of CusB are in
blue. (c) Top view of the CusBA efflux complex. Each subunit of CusA is in green.
Molecules 1, 3 and 5 of CusB are in red. Molecules 2, 4 and 6 of CusB are in blue.
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Fig. 2.

Structure of the hexameric CusB channel. (a) 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). (b) 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 ~18 Å.
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Fig. 3.

CusA-CusB interactions. (a) The interactions between molecule 1 of CusB and CusA.
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. (b) The interactions between molecule 2 of CusB and
CusA. Residues Q108, S109, S253 and N312 of molecule 2 of CusB form hydrogen bonds
with Q785, Q194, D800 and Q198 of CusA, respectively. The backbone oxygens of L92 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.
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Fig. 4.

CusB-CusB interactions. (a) The interactions between molecules 1 and 2 of CusB. Residues
E118, Y119, R186, E252 and E292 of molecule 1 of CusB participate to form hydrogen
bonds with residues T139, D142, T206, N312 and N113 of molecule 2 of CusB,
respectively. These hydrogen-bonded distances are 2.7, 2.7, 3.0, 3.0 and 3.0 Å, respectively.
(b) The interactions between molecules 1 and 6 of CusB. 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. D142 of molecule 1 of CusB also
participates to form two hydrogen bonds with Y119 and R297 of molecule 6 of CusB. These
hydrogen-bonded distances are 2.7, 2.8, 3.1, 2.7 and 2.8 Å, respectively.
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Fig. 5.

Electrostatic surface potential of CusB. (a) 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 kBT) and red (-15 kBT) indicate the positively and negatively
charged areas, respectively, of the protein. (b) 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 ~56 Å. Blue (+15 kBT) and red (-15 kBT)
indicate the positively and negatively charged areas, respectively, of the protein.
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