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Efflux pumps belonging to the ubiquitous resistance-nodulation-
cell division (RND) superfamily transport substrates out of cells by
coupling proton conduction across the membrane to a conforma-
tionally driven pumping cycle. The heavy metal-resistant bacteria
Cupriavidus metallidurans CH34 relies notably on as many as 12
heavy metal efflux pumps of the RND superfamily. Here we show
that C. metallidurans CH34 ZneA is a proton driven efflux pump
specific for Zn(ll), and that transport of substrates through the
transmembrane domain may be electrogenic. We report two X-
ray crystal structures of ZneA in intermediate transport conforma-
tions, at 3.0 and 3.7 A resolution. The trimeric ZneA structures
capture protomer conformations that differ in the spatial arrange-
ment and Zn(ll) occupancies at a proximal and a distal substrate
binding site. Structural comparison shows that transport of sub-
strates through a tunnel that links the two binding sites, toward
an exit portal, is mediated by the conformation of a short 14-aa
loop. Taken together, the ZneA structures presented here provide
mechanistic insights into the conformational changes required for
substrate efflux by RND superfamily transporters.

he resistance—nodulation—cell division (RND) superfamily,

named based on the original members’ roles in metal re-
sistance, root nodulation, and cell division (1), is found in all
kingdoms of life and is comprised of nine phylogenetically dis-
tinct families (2-5). Functional characterization of RND pro-
teins has shown that they are transmembrane efflux pumps that
transport a variety of substrates out of cells, powered by an
electrochemical proton gradient (6). In Gram-negative bacteria,
RND pumps are specific for toxic substrates and largely belong
to one of two families; the heavy metal efflux (HME) family and
the multidrug hydrophobe/amphiphile efflux-1 (HAE1) family.
For the HME- and HAE1-RND-driven efflux systems, a trimer
of the RND pump in the plasma membrane is coupled by a
hexamer of a periplasmic membrane fusion protein (MFP), also
specific for the metal ion substrate in HME-RND-driven efflux
systems, to a pore formed by a trimeric outer membrane factor
(OMF), forming a continuous conduit that spans the inner and
outer membranes (7-10). Each protomer of the RND trimer
consists of a transmembrane domain of 12 transmembrane a-helices
and two large hydrophilic loops that comprise the substrate-
binding porter (or pore) domain and the OMF-coupling docking
domain (11).

X-ray crystal structures of only four RND efflux pumps have
been described, including just one of the HME family to date,
shedding some light on the conformational changes that are
necessary for transport (11-20). In two of these structures, those
of the HAEL1 efflux pumps AcrB from Escherichia coli and of the
closely related MexB from Pseudomonas aeruginosa, each pro-
tomer of the homotrimer is trapped in a unique conformation,
with only a single protomer conducive for substrate binding,
suggestive of a functionally rotating mechanism (12, 14, 16).
Inactivation of a single protomer thus abolishes transport activity
by inhibiting the necessary cycling of structural changes in the
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trimer (21-23). Earlier crystal structures of AcrB, as well as the
more recent structure of the Cu(I) efflux pump CusA from
E. coli, do not show conformational differences between the pro-
tomers of the threefold symmetric trimer, which crystallizes
around a crystallographic threefold axis (11, 18, 19). In the case of
CusA, comparison of the structures in the presence and absence
of substrate shows that the protomer undergoes a large con-
formational change, potentially regulating access to the substrate
binding site from the periplasm (18).

Here we report X-ray crystal structures of a divalent metal-ion
specific RND efflux pump, Zn(II)-specific ZneA from Cupria-
vidus metallidurans CH34, determined at low vs. high pH. At low
pH, the ZneA structure is trapped in an asymmetric conformation
with two protomers of the trimer having a single Zn(II) bound. At
high pH, the ZneA structure adopts a distinct transport state,
showing an additional substrate bound at an interprotomer binding
site. Analysis of the two ZneA crystal structures, and comparison
with other RND structures, reveals that substrate transport through
RND efflux pumps is regulated by distinct conformational changes.

Results

ZneA Is a Proton-Dependent Antiporter Specific for Zn(ll). The Gram-
negative bacteria C. metallidurans CH34 grows in millimolar
concentrations of metal ions that would normally be toxic to cells
(24, 25). As many as 12 HME-RND proteins are carried by
C. metallidurans CH34, only four of which are located within

Significance

Transmembrane efflux pumps belonging to the resistance-
nodulation—cell division (RND) superfamily are found in all
kingdoms of life, and transport substrates out of cells, pow-
ered by an electrochemical proton gradient. Here we report
two X-ray crystal structures of a Zn(ll) efflux pump, ZneA, that
capture different intermediate states along the transport cycle.
The structures show how passage of substrates through ZneA
is regulated by a series of conformational changes in the efflux
pump. By comparing the structures of ZneA with other RND
efflux pumps, we present a coherent mechanistic model for
RND-mediated substrate efflux, which ensures efficient trans-
port of substrates out of the cell.

Author contributions: J.E.P., E.N.E.,, F.D.A,, G.V., and R.M.S. designed research; J.E.P., E.N.E.,
E.GK, J.D.O, F.D.A, MB.T., K.-M.D,, Y.R.-C,, RAR., and G.V. performed research; J.E.P.,
E.N.E,, G.V., and R.M.S. analyzed data; and J.E.P,, E.N.E,, E.G.,, G.V,, and R.M.S. wrote the
paper.

The authors declare no conflict of interest.

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.pdb.org (PDB ID codes 4KOE and 4KO0J).

').E.P. and E.N.E. contributed equally to this work.

2To whom correspondence may be addressed. E-mail: vbussche@ulb.ac.be or stroud@msg.
ucsf.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1318705110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1318705110


http://www.pdb.org
http://www.rcsb.org/pdb/explore/explore.do?structureId=4K0E
http://www.rcsb.org/pdb/explore/explore.do?structureId=4K0J
mailto:vbussche@ulb.ac.be
mailto:stroud@msg.ucsf.edu
mailto:stroud@msg.ucsf.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318705110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318705110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1318705110

L T

/

1\

=y

their own operon that includes the HME-RND protein, MFP,
OMF, as well as a two-component regulatory system or sigma
and anti-sigma factors (26-28). The mechanism and binding
partners of the remaining eight RND proteins are as yet un-
defined (27). Of the four that are each located within a full
complement operon, the cobalt-zinc-cadmium resistance pro-
teins (CzcCBA) confer resistance to Cd(II), Zn(II), and Co(II),
and the cobalt-nickel-resistance proteins (CnrCBA) confer re-
sistance to Co(II) and Ni(II) (29-34). zneBAC is also contained
in a full complement operon, and we previously showed that the
periplasmic MFP ZneB binds to Zn(II) with a K4 of ~3 pM (35),
but not to Cd(II) or Co(II) (or other divalent metal ions).

To determine the transport specificity of ZneA, we used a
reconstituted proteoliposome assay that measures substrate
transport through the transmembrane domain of ZneA (Fig. 1 4
and B). ZneA was purified and reconstituted into liposomes
containing one of five different divalent metal ions at 1 mM. In
the presence of a pH gradient, ApH (inside-alkaline), Zn(II) is
transported out of the lipid vesicles by ZneA, as monitored by an
increase in fluorescence of a membrane-impermeable chelator
specific for Zn(II) and other divalent metal ions (FluoZin-3) (36)
located outside the proteoliposomes, to ~95% of the maximal
signal generated by subsequently solubilizing the proteolipo-
somes (Fig. 1C). In the absence of ZneA, liposomes that were
treated otherwise identically show essentially no Zn(II) export
(<3% of maximal signal upon solubilizing the liposomes; Fig.
1D). With ZneA but in the absence of ApH (inside-alkaline), Zn
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Fig. 1. ZneA is a proton-dependent Zn(ll) efflux pump. Reconstituted pro-
teoliposome transport assay in the absence (A) and presence (B) of ApH
(inside-alkaline). ZneA (transmembrane domain as cylinders, porter and
docking domains as circles) reconstituted into liposomes (gray ring) were
loaded with divalent metal ion (yellow hexagons). The increase in fluores-
cence of FluoZin-3 (purple) upon divalent metal-ion binding is depicted as
a black wavy line. (C) FluoZin-3 fluorescence in the presence of ApH (inside-
alkaline) across the membrane of ZneA proteoliposomes containing Zn(ll)
(blue), Cd(ll) (yellow), Co(ll) (green), Ni(ll) (light blue), or Mn(ll) (red). (D)
FluoZin-3 fluorescence in the presence (blue) or absence (green) of ApH
(inside-alkaline) across the membrane of ZneA proteoliposomes containing
Zn(ll) or in the presence of ApH (inside-alkaline) across the membrane of
control liposomes containing Zn(ll) (light blue). A single representative
measurement from three independent measurements is shown. Fluores-
cence (F) was normalized to the maximum fluorescence (F¢) measured after
disruption of the proteoliposomes with 0.25% (wt/vol) DDM. (F, represents
the fluorescence before addition of the proteoliposomes.)
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(IT) reaches the outside, down the gradient of Zn(II), at a slow
rate (~16% of maximal signal upon solubilizing the proteolipo-
somes; Fig. 1D). The other cations tested, also at 1 mM [Cd
(II), Co(II), Ni(II), Mn(II)], were only slowly released from the
ZneA proteoliposomes in the presence of ApH (inside-alkaline,
~10-28% of their maximal signal assessed by solubilizing the
proteoliposomes; Fig. 1C). Therefore, we conclude that ZneA is
a proton-dependent antiporter that is specific for Zn(II), the
same as the Zn(II) specificity shown by ZneB (35).

Efflux of Zn(II) located in the cytoplasm, through the trans-
membrane domain of ZneA, would be electroneutral at a proton
to Zn(II) ratio of 2:1, and electrogenic for all other proton-to-Zn
(IT) ratios. For electrogenic transport, a membrane potential
(AY) might also serve to energize ZneA mediated efflux of Zn
(II). To examine this, Zn(II) efflux out of proteoliposomes was
measured in response to AW generated by a transmembrane
gradient of K* in the presence of valinomycin (Fig. S1). A total
of 5 uM of the K*-specific ionophore valinomycin was added to
the assay mixture, allowing K* to diffuse down its concentration
gradient, generating AW. In the presence of AY (inside-nega-
tive), the rate of Zn(II) efflux out of ZneA proteoliposomes is
increased, whereas little change is observed in control lipo-
somes (Fig. S14). In contrast, in the presence of A¥ (inside-
positive), Zn(II) efflux increases for the ZneA proteoliposomes
and the control liposomes, likely because of Zn(II) diffusion
out of the liposomes, down its electrochemical potential (Fig.
S1B). The stimulation of ZneA-mediated Zn(II) efflux by AY
(inside-negative) suggests that transport through the trans-
membrane domain is probably electrogenic, with a proton-to-Zn
(I) ratio of greater than 2:1.

Crystallization of Unique Transport States of ZneA. We have de-
termined two independent X-ray crystal structures of ZneA, one
at a lower pH (pH 5.2, 3.0 A resolution) with two biological
trimers in the asymmetric unit, and one at a higher pH (pH 7.5,
3.7 A resolution) with one b1010g1ca1 trimer in the asymmetric
unit (Fig. 2.4 and B and Table S1), from two unrelated C2 crystal
forms (Fig. S2 A and B). The weighted 2mFo-DFc electron
density maps for both crystal forms were of high quality
throughout the trimers (Fig. S2 C and D) except in the regions of
the cytoplasmic loops, 4 N-terminal residues, and 20 C-terminal
residues. The final refined structures showed good stereochem-
istry and refinement statistics (Ryork = 27.9% and Ryee = 30.5%
at low pH, and Ryox = 22.9% and Rgee = 28.3% at high pH;
Table S1).

The ZneA trimer is held together by extensive interprotomer
interactions that bury a total surface area of 15,000 A". Nearly
the entire interface is contributed by the docking domains
(57%), which would couple to the hexameric MFP ZneB and the
trimeric OMF ZneC to form the complete tripartite assembly,
and the large, periplasmic-facing porter domains (33%). The
transmembrane domains of ZneA are more disordered (average
B values of 100 A? at low pH and 134 A? at high pH) compared
with the porter and docklng domains (average B values of 60
at low pH and 112 A? at high pH) Pairwise alignment of each
protomer pair of the trimers, using the secondary structure-
matching (SSM) algorithm (37), results in ranges of rmsd values
of 0.7to 0.8 A atlow pH, 1.0 to 1.3 A at high pH, and 0.9to 1.2 A
between low and high pH protomers, over all common Co atoms.
The differences in structure are spread throughout the entire
polypeptide chain, and are more subtle than those of the three
protomer conformations [i.e., tight (or binding), loose (or ac-
cess), and open (or extrusion)] seen in the asymmetric crystal
structures of AcrB (12, 14) (rmsd calculated using SSM to be
1.8-2.3 A). Structural superimposition of AcrB with ZneA using
SSM shows that the open (or extrusion) conformation of AcrB is
most similar to the protomers of ZneA.

In the high-pH ZneA structure, difference Fourier electron
density (>60) was observed at two sites, each consistent with
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Fig. 2. Overall structure of ZneA at high vs. low pH and substrate binding sites. Cartoon representation of the high-pH (A) and low-pH (B) crystal structures of ZneA,
viewed parallel to the inner membrane plane. Zn(ll) ions are depicted as spheres in red. (C) Zn(ll) binding sites of ZneA at high pH. Carbon atoms (stick and ribbon
representation) are colored by protomer as defined in A and B. Zn(ll) ions are depicted as spheres in yellow. Simulated-annealing omit Fo-Fc electron density is shown in

red, contoured at 3c. The orientation shown is similar to that of A and B.

a fully occupied Zn(II) binding site, one in the center of the
porter domain, termed the proximal site, and one near the exit
funnel formed between the three protomers, termed the distal
site (Fig. 2C). The proximal site is an anionic pocket for the
positively charged Zn(II) ion surrounded by the side chain car-
boxylates of E136, D602, E610, D654, and D658 (Fig. 2C). The
proximal site is conserved in the divalent metal-ion transporters
CzcA and CnrA (34% and 35% sequence identity with ZneA,
respectively), is less conserved in the monovalent metal-ion
transporter CusA (31% sequence identity with ZneA), and is
absent entirely from the hydrophobic/amphiphilic drug trans-
porter AcrB (24% sequence identity with ZneA; Fig. S3 A and
B). The Zn(II) at the proximal site is ~5 A away from, and
completely different from, the sole Cu(I) binding site observed
for E. coli CusA (18), and is coordinated by different types of
residues (Asp/Glu in ZneA vs. Met in CusA) from different parts
of the sequence.

In contrast to the high-pH structure, at low pH, the proximal
site is occupied in only two protomers of each trimer and is
absent from the third (Fig. 34). In the unbound protomer, the
carboxylate of D602 is displaced ~1.3 A away from that observed
for the Zn(II) occupied protomers (Fig. 3B). D602 of ZneA is

D658 <7
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To Exit Funnel
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Distal Site b

absolutely conserved with both D619 of CzcA and D617 of CusA
(Fig. S3B). A D617A CusA mutant exhibits no measurable Cu(I)
transport activity (20), despite the observation that D617 is ad-
jacent to the Cu(I) binding site and forms no interactions with
Cu(I) (18). In ZneA, the displacement of the carboxylate of
D602 away from the Zn(II) ion would reduce affinity for Zn(II),
disrupting the proximal site, and likely contributes to the absence
of Zn(II) at the proximal site in the unbound protomer.

Polar residues in the transmembrane domain of RND efflux
pumps have been shown to be critical for transport, and have
been suggested to be the sites of proton translocation (29, 38—40).
In ZneA, three acidic residues on TM4 (D393, D399, and E406)
span a ~19-A distance from the center of the transmembrane
domain toward the cytoplasm. Structural superposition of all
protomer conformations at low and high pH shows that the car-
boxylate side chains of the three residues all orient in the same
direction, between TM4 and TM11, implying a possible role in
proton translocation distant from the proximal site. Indeed, muta-
genesis of the corresponding conserved residues in CzcA (D402N,
D408N, or E415Q) all lead to the loss of proton-dependent
transport activity for Co(II), Zn(II), and Cd(II) (29).

Fig. 3. Asymmetry in substrate binding at low pH.
(A) The proximal site at low pH is shown, in the same
orientation, for each protomer of one ZneA trimer.
Carbon atoms (stick-and-ribbon representation)
are colored by protomer as defined in Fig. 2. Zn(ll)
ions are depicted as spheres in yellow. Simulated-
annealing omit Fo-Fc electron density is shown in
red, contoured at 3c. (B) Access-loop flexibility de-
fines substrate binding asymmetry at low pH. Zn(ll)-
bound (green carbon atoms) and apo (yellow carbon
atoms) protomers at low pH were aligned by using
SSM. Side chains are shown as sticks, and the access
loop is shown in cartoon representation. The Zn(ll)
ion from the Zn(ll)-bound protomer is shown as a
green sphere. van der Waals overlaps that would
occur between the side chains of R596 in the apo
conformation and H268 in the Zn(ll) bound confor-
mation are shown as red disks. Carbon atoms for the
protomers are colored as defined in Fig. 2.
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Transport of Substrates Through ZneA. For all protomers at low
and high pH, a continuous ~16-A-long tunnel extends from the
proximal site, through the porter domain, to an opening at the side
of the porter domain that is surrounded by the side chains of P129,
D172, and E599. From this opening, Zn(II) would have access to
the exit funnel, which links through ZneCB to expel Zn(II) out of
the cell (Fig. 4 A and B). This tunnel in the porter domain ap-
proximately corresponds to that observed for the open (or
extrusion) conformation of AcrB (12, 14, 41), except that, in the
case of ZneA, the tunnel does not further extend into the
docking domain. We do not see a carboxylate-lined tunnel
through the transmembrane domain that leads into the proximal
site of the porter domain, which would correspond to the me-
thionine-lined transmembrane transport pathway of CusA (18).

For only one protomer at high pH, difference Fourier electron
density (>60) was seen at the exit site of the tunnel (Fig. 2C),
termed the distal site, further supporting this tunnel as a transport
pathway in ZneA. Similar to that of the proximal site, the distal site
consists of the carboxylates of D172, E599, and an intermolecular
E72. For all other protomer conformations at low and high pH, the
distal site is absent as a result of displacement of No1, on which E72
resides, away from the distal site. Unlike that observed for the
proximal site, the distal site of ZneA is not highly conserved in
CzcA and CnrA (Fig. S3B). In addition to having fewer carboxylate
side chains, the distal site has the side chain amide of K165 within
3.5 A of the Zn(II) ion, which would electrostatically repel Zn(II)
binding. For the proximal and distal binding sites, the distances to
the Zn(II) ion (4.1 + 0.2 A) are larger than that of a O-Zn(II)
coordination bond (~2 2 A) (42), implying that Zn(II) carries
a hydration shell, and is not tightly constrained at the proximal or
distal sites, allowing for movement through the tunnel.

Conformational Regulation of Transport. In the structures of ZneA,
a 14-aa loop lines the transport tunnel, approximately halfway
between the proximal and distal sites (Fig. 4C). The loop, which
we term the access loop, connects the Cp2 and CB3 strands of the
PC1 subdomain and exhibits low sequence conservation with
those of CusA or AcrB (Fig. S34). The corresponding loop of
AcrB, alternatively termed the G-loop, switch-loop, or Phe-617
loop, is glycine-rich and has been shown to adopt multiple con-
formations that are important for regulating substrate binding
(13, 15, 43). The access loop of ZneA can also adopt different

conformations (Fig. 3B). In the ZneA protomer that lacks Zn(II)
at the proximal site, the access loop, on which D602 resides,
moves up to 2.0 A (based on common Cu posmons) leading to
the disruption of the proximal site, and increasing the diameter
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Fig. 4. Transport of substrates between binding

sites to the exit funnel. (A) The high-pH structure

of ZneA is shown in cartoon representation, with

the access loop shown in red. The transport tunnel,

shown in dark gray, was calculated with CAVER (51)

using the Zn(ll) ion at the proximal site as the start

point for the calculation. (B) Transport pathway as

viewed along the exit funnel of ZneA, 90° relative to

that of A. Distances between select Cx atoms near

C; the top of the exit funnel are shown for reference.

Zn(ll) (C) Transport pathway from the proximal to distal

Distal Site sites in ZneA compared with CusA. ZneA (in blue

> and green) and CusA (in orange), aligned by using

SSM, are shown in cartoon representation. The ac-

cess loops for ZneA and CusA are shown in darker

blue and orange, respectively. The Cu(l) ion from

CusA is shown as a red sphere, and Zn(ll) ions are

shown as yellow spheres. The transport pathway for

ZneA is shown in gray. For A and C, the orientation
shown is similar to that of Fig. 2 A and B.

of the tunnel in the vicinity of the proximal site by ~0.5 A. The
space required to accommodate this access-loop conformation is
created by a large concomitant movement of the side chain of
H268 up to 4.8 A (based on common side chain atoms), away
from the access loop and toward the side chain of T180; in the
absence of this H268 movement, a large number of steric clashes
would exist between R596 and H268 (Fig. 3B).

The conformations of the access loops of ZneA are very dif-
ferent from those of the corresponding sequence of CusA (Fig.
4C). Structural alignment of ZneA with Cu(I)-bound CusA
shows that the access loop of CusA is displaced up to 5.0 A
(based on Cu positions) relative to that of ZneA, and that this
difference is larger than that observed for the entire polypeptide
chain (rmsd of 2.0 A, over all common Ca atoms). The confor-
mation of the access loop of CusA would, in ZneA, directly in-
sert into the tunnel between the proximal and distal sites, and
thus prevent backflow of substrates from the distal site to the
anionic proximal site. Indeed, the transport tunnel observed here
for ZneA, through the porter domain and to the exit funnel, is
blocked in the structure of CusA by the access loop.

Discussion

An intriguing aspect of HME-RND-driven efflux systems is their
apparent ability to recognize and transport metal ions located in
the cytoplasm or in the periplasm, termed transenvelope efflux
or periplasmic efflux, respectively (44, 45). The low- and high-pH
crystal structures of trimeric ZneA reported here show how
substrates can be transported through the periplasmic porter
domain, from the proximal site in the center of the porter do-
main to the distal site, through a tunnel seen in all protomers.
From the distal site, substrate would be expelled through the
nearby exit funnel and out of the cell. Thus, the protomer con-
formations of ZneA seen here are states that are capable of
periplasmic efflux, late in the transport cycle. Indeed, structural
comparison of ZneA with CusA shows that the open periplasmic
cleft seen in the structure of CusA in complex with Cu(I) (18)
is closed in the structures of ZneA (Fig. S4), thus preventing
backflow of substrates from the proximal site into the periplasm.
The local asymmetries at the proximal site, particularly apparent
in the low-pH protomer that lacks substrate bound at the prox-
imal site, are not large, and comparative structural changes in
other HME-RND proteins could be accommodated with subtle
conformational switches in the vicinity of the proximal site. An
electrochemical proton gradient, via proton conduction through
the transmembrane domain of ZneA, would power these nec-
essary conformational changes in the porter domain through
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action at a distance. The side chains of three polar residues
on TM4 (D393, D399, and E406), conserved and essential for
proton-dependent Zn(II) efflux in CzcA (29), form a network of
titratable residues that could serve as the sites of proton trans-
location, ~40 to 60 A from the proximal site of the porter do-
main. An additional role for the carboxylates of D393, D399, and
E406 in binding to Zn(II) during transenvelope efflux is possible.
However, the structures of ZneA do not clearly reveal how
substrates would be transported through the transmembrane
domain, as no carboxylate-lined tunnel, analogous to the me-
thionine-lined tunnel of CusA (18), is present in ZneA.

The access-loop of ZneA, situated between the proximal and
distal substrate binding sites, is well positioned to regulate
transport through the porter domain. The structures of ZneA,
CusA, and AcrB show that the access loops can sample a large
conformational space, fitting with a role in regulating substrate
transport. Nevertheless, their proposed modes of action are
different. The access-loop conformations adopted in the struc-
tures of ZneA and CusA would alternately permit and gate sub-
strate extrusion through the tunnel in the porter domain, ensuring
that transport is made unidirectional by preventing substrate
backflow from the distal site to the proximal site. In AcrB, the
corresponding loop would also regulate transit of substrates be-
tween binding sites, albeit by alternately occluding substrate binding
at one of two sites (13). These different modes of action may
be reflective of the sizes of substrates used by HME-RND vs.
HAE1-RND efflux pumps, as the smaller binding site footprints of
HME-RND efflux pumps would reduce the available volume that
could be occluded by conformational changes in the access loop.
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Fig. 5. Schematic representation of a proposed periplasmic substrate efflux
pumping cycle. The periplasmic porter domain is outlined in blue, the trans-
membrane domain is outlined in yellow, the transport tunnel through the
porter domain is colored in light blue, and the membrane bilayer is depicted as
gray rectangles. Zn(ll) is depicted as a yellow circle, and carboxylate side chains
are shown as sticks in black and red. Colored rectangles represent different
portions of polypeptide that undergo conformational change during the
pumping cycle: periplasmic gate (orange), access loop (purple), and distal site
Na1 helix (cyan). See text for a detailed description of panels A-F.
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The structures of ZneA, combined with those of CusA and
AcrB, suggest a coherent model for the efflux of substrates that
are located in the periplasm (Fig. 5). Efflux is made unidirec-
tional by a series of switches that alternately regulate the entry,
passage, and exit of substrates through the porter domain,
powered indirectly by conformational changes induced by the
electrochemical proton gradient across the inner membrane.
Initial access to the porter domain is gated (Fig. 54), with a large
conformational change being required to open a periplasmic
cleft (Fig. 5B), as is observed in the apo and Cu(I)-bound
structures of CusA, respectively (Fig. S4). Opening of the peri-
plasmic cleft may be coupled to proton translocation through the
transmembrane domain, or to conformational changes in the
MFP (35, 46, 47) if, indeed, the MFP acts as an allosteric acti-
vator of the RND pump (45). Closure of the periplasmic cleft in
the presence of substrate at the proximal site (Fig. S4) prevents
backflow of substrate to the periplasm (Fig. 5C). Alternatively,
substrates might also enter the proximal site from the cytoplasm at
this point, through the transmembrane domain, if transenvelope
substrate efflux is significant in vivo (45). In addition to gate clo-
sure, the access loop adopts a conformation that no longer blocks
passage through the transport tunnel between the proximal and
distal sites (Fig. 5C), reminiscent of a peristaltic mechanism as
proposed for AcrB. Dissolution of the proximal site (Fig. 5D), in
ZneA caused by local displacements of carboxylate side chains
away from Zn(II) and a further conformational change of the
access loop, and formation of the distal site (Fig. 5E) permits
forward transport of substrate through the porter domain to the
distal site. Direct protonation of the carboxylates of the proximal
and/or the distal site, before the protons are translocated into the
cytoplasm, remains a possibility and would also lead to substrate
release by changing the charge of the carboxylates from negative
to neutral (44). Dissolution of the distal site and the return of the
access loop to the ground state conformation (Fig. 5F) would
prevent backflow of substrate to the more anionic proximal site,
thereby ensuring efficient transport of substrates out of the cell.

Methods

Details of the methods used for protein expression, purification, reconstitution,
and structure determination are provided in S/ Methods.

Protein Expression, Purification and Crystallization. The gene encoding ZneA
was amplified by PCR from C. metallidurans CH34 genomic DNA and subcl-
oned into pET30b (Novagen). Full-length ZneA, with a C-terminal Hisg af-
finity tag, was expressed in E. coli C43 (DE3) cells (Lucigen), and purified by
Ni-NTA affinity chromatography and size-exclusion chromatography.

Crystals of ZneA were grown by hanging-drop vapor diffusion. ZneA was
concentrated to 4.5 to 7 mg/mL in buffer containing 20 mM MES, pH 6,
100 mM NacCl, 10% (vol/vol) glycerol, and 0.05% n-dodecyl-a-D-maltoside
(a-DDM) or n-dodecyl-B-D-maltoside (8-DDM). After concentration, ZnCl,
was added at a final concentration of 50 pM. For the low-pH crystal form, 0.3
pL of ZneA in p-DDM was mixed with 0.3 pL of well solution consisting of
26% (vol/vol) PEG 400, 100 mM N-(2-Acetamido)iminodiacetic acid, pH 5.2,
and 100 mM LiSO,. For the high-pH crystal form, 0.1 pL of ZneA in «-DDM
was mixed with 0.1 pL of well solution consisting of 30% (vol/vol) PEG 400,
100 mM Na Hepes, pH 7.5, and 100 mM MgCl,. All crystals were frozen in
liquid nitrogen, with no additional cryoprotection being added.

Data Collection, Structure Determination and Refinement. Diffraction images
were collected at beam line 23-ID-B of the Advanced Photon Source (for the
low-pH crystal form) and beam line 8.3.1 of the Advanced Light Source (for
the high-pH crystal form). The low-pH crystal form belongs to space group C2
with unit cell parameters of a = 223.7, b = 129.0, ¢ = 391.9, and § = 94.6,
whereas the high-pH crystal form belongs to C2 with unit cell parameters of
a=2154,b =127.1, c=163.3, and = 93.1.

The low-pH crystal form was solved by molecular replacement using
PHASER (49), using a modified CusA [Protein Data Bank (PDB) ID code 3NE5]
search molecule. Six monomers (two biological trimers) are found in the
asymmetric unit (~70% solvent content). The high-pH crystal form was
solved by molecular replacement, by using a partially refined low-pH ZneA
monomer as the search molecule. Three monomers (one biological trimer)
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are found in the asymmetric unit (~60% solvent content). Both structures
were refined in PHENIX (50) with several cycles of simulated annealing,
followed by coordinate and individual B-factor refinement and translation/li-
bration/screw (TLS) refinement. The low- and high-pH crystal structures were
refined at 3.0 A (R = 27.9% and Riree = 30.5%) and 3.7 A (R = 22.9% and Ryree =
28.3%), respectively, and had good overall stereochemistry. Coordinates and
structure factors for the high-pH (PDB ID code 4KOE) and low-pH (PDB ID code
4KO0J) crystal structures of ZneA have been deposited in PDB.
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