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ABSTRACT: Pseudomonas aeruginosa is an opportunistic pathogen
that expresses two unique forms of lipopolysaccharides (LPSs) on its
bacterial surface, the A- and B-bands. The A-band polysaccharides (A-
band PSs) are thought to be exported into the periplasm via a
bicomponent ATP-binding cassette (ABC) transporter located within
the inner membrane. This ABC protein complex consists of the
transmembrane (TMD) Wzm and nucleotide-binding (NBD) Wzt
domain proteins. Here, we were able to probe ∼1.36 nS-average
conductance openings of the Wzm-based protein complex when
reconstituted into a lipid membrane buffered by a 200 mM KCl
solution, demonstrating the large-conductance, channel-forming ability
of the TMDs. In agreement with this finding, transmission electron
microscopy (TEM) imaging revealed the ring-shaped structure of the transmembrane Wzm protein complex. As hypothesized,
using liposomes, we demonstrated that Wzm interacts with Wzt. Further, the Wzt polypeptide indeed hydrolyzed ATP but
exhibited a ∼75% reduction in the ATPase activity when its Walker A domain was deleted. The distribution and average unitary
conductance of the TMD Wzm protein complex were altered by the presence of the NBD Wzt protein, confirming the regulatory
role of the latter polypeptide. To our knowledge, the large-conductance, channel-like activity of the Wzm protein complex,
although often hypothesized, has not previously been demonstrated. These results constitute a platform for future structural,
biophysical, and functional explorations of this bicomponent ABC transporter.

P seudomonas aeruginosa is a Gram-negative bacterium
responsible for many notorious infections targeting

patients ailed with cystic fibrosis.1 One major determinant
that contributes to the microbial pathogenesis of this organism
is the endotoxin lipopolysaccharide (LPS),2−5 an essential
structural part of the outer leaflet of the outer membrane
(OM). Some bacteria coexpress more than one type of LPS.6 In
particular, the outer leaflet of the OM of P. aeruginosa contains
two unique LPSs that are initially synthesized in the cytoplasm.
One is the conserved A-band LPS, which contains a
homopolymer of D-rhamnose.4 The other is the B-band LPS
of varying PS structure, serving as the basis for 20 distinct
serotypes of P. aeruginosa. The A-band PS is exported into the
periplasm via a bicomponent ATP-binding cassette (ABC)
transporter formed by the Wzm and Wzt polypeptides (Figure
1A).4,7−10 This ABC transporter is located within the inner
membrane. Bicomponent ABC transporters for the PS efflux
exist in many bacteria.11 Here, Wzm, a 265-residue hydro-
phobic polypeptide, is a transmembrane domain (TMD; Figure
1B).9,12,13 On the contrary, Wzt, a 421-residue hydrophilic
polypeptide, represents a nucleotide-binding domain (NBD;
Figure 1C).9,10

It was persistently hypothesized that the TMDs mediate the
translocation of an A-band PS substrate across the membrane,
whereas NBDs couple the energy from the ATP hydrolysis to
the transport process.14−17 Rocchetta and co-workers have
predicted that Wzm forms a six-helix, TM-spanning domain.18

This TM organization exists for all Wzm proteins in Gram-
negative bacteria, a conclusion based upon their closely similar
hydrophobicity plots.19 However, diverse Wzm proteins share
no significant identity in their primary sequence. Unlike Wzm,
the Wzt proteins are conserved at their N terminus,7,12,13 which
contains all specific domains required for the ATPase activity
(Figure 1C), such as the following:16,17,20 (i) Walker A (or the
P loop) that interacts with the nucleotide, (ii) the ABC
signature (or the LSGGQ motif, also called the C loop) that
mediates the contacts of terminal phosphates in between the P
loop of one ABC domain and the LSGGQ sequence of the
other ABC domain, (iii) Walker B, which contains a conserved
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glutamic acid residue that facilitates the nucleophilic attack on
ATP, (iv) the Q loop, which is involved in the contact interface
between NBD and TMD, (v) the D loop, which makes contact
with Walker A from other monomer in the case of ABC dimer,
and (vi) the H loop, which is implicated in the direct contact
with the γ-phosphate of ATP. A comprehensive bioinformatics
survey of known Wzt proteins indicated their significant
sequence diversity at the C terminus.9 The crystal structure of
the C terminus of E. coli O9a Wzt has revealed that this
polypeptide contains an immunoglobulin (Ig)-like PS-binding
motif formed by a β sandwich.13 Moreover, this extended C
terminus is organized as a dimer. Although fundamentally
important in membrane biology and clinically essential in
microbial pathogenesis, previous biophysical studies on this
ABC transporter have been limited to the exploration of its
assembly and stoichiometry in cells. Recently, the P. aeruginosa

A-band PS ABC transporter was investigated using high-
throughput, two-photon, confocal-based Förster Resonance
Energy Transfer (FRET) analysis to determine its subunit
stoichiometry and quaternary structure in vivo.21 It was found
that Wzt forms a rhombus-shaped tetramer, which changes to a
square upon its coexpression with Wzm. On the other hand,
Wzm forms a square-shaped, membrane-embedded tetramer
regardless of the Wzt coexpression.
In this work, we combined biochemical techniques and

transmission electron microscopy (TEM) imaging along with
electrophysiological recordings to examine the functional
features of the Wzm and Wzt proteins of P. aeruginosa. The
current results demonstrate that the Wzm protein exhibits a
large-conductance, channel-forming ability in lipid membranes
at physiological salt concentration, which is consistent with the
postulated permeation pathway for the bulky A-band
PSs.4,7,9,19,22 On the contrary, the Wzt protein does not form
transmembrane protein channels and interacts with Wzm. This
finding is in accord with a demonstration of its positioning on
the cytosolic surface of the membrane.21 Moreover, Wzt
modulates the average unitary conductance of the Wzm protein
channel. These results have critical implications for a better
mechanistic understanding on how the A-band PSs navigate
through the inner membrane of P. aeruginosa.

■ RESULTS

The Channel-Like Activity of the Wzm Protein
Complex. We performed single-channel electrical record-
ings23,24 with the purified wild-type Wzm (Wzm WT) protein
reconstituted in a planar lipid bilayer (Materials and Methods;
Supporting Information, Figure S1). At a transmembrane
applied potential of +40 mV, we observed a stepwise increase in
the macroscopic current, which is consistent with single-
channel activity of the Wzm protein. These electrical
recordings, which were accomplished in 200 mM KCl and 10
mM potassium phosphate at a pH of 7.4, revealed a broad
range of the single-channel conductance between 0.5 nS and
4.2 nS (Figure 2A,B). Remarkably, this finding demonstrates a
large-conductance channel of the Wzm protein with an overall
average value of 1.36 ± 0.15 nS. This result suggests a wide
opening mediated by the transmembrane Wzm protein
complex. Such an overall average value reflects measurements
accomplished with four distinct populations of multiple-channel
insertions, whose average ± population variance25,26 values
were the following: 1.58 ± 0.25 nS (n = 28), 1.29 ± 0.43 nS (n
= 24), 1.24 ± 0.27 nS (n = 14), and 1.32 ± 0.36 nS (n = 3).
This collection of averages over different populations of single-
channel insertions indicates that even when the number of
samples is low, such as in the last population (n = 3), the
population average is closely similar to that value of overall
average. On the other hand, the intratrial population variances
covered a range between 0.25 and 0.43 nS, which is about
13.2% of the overall average conductance, making maximal
population averages of 1.83, 1.72, 1.51, and 1.67 nS,
respectively. A slight difference in the intertrial population
variances might be determined in part by the presence of some
higher-conductance outliers, representing two simultaneous
channel insertions, which were not separated due to limited
time resolution of the instrument. We did not experience any
issue pertaining to the stability of lipid membranes after the
addition of the Wzm protein to the chamber. We routinely
tested the quality of the membranes by applying high

Figure 1. The synthesis of the A-band polysaccharide (A-band PS)
and its export by a bicomponent ABC-transporter in P. aeruginosa. (A)
The first step in the synthesis and export of the A-band PS is the
priming and elongation of the A-band PS within the cytoplasmic side
of the inner membrane (I). WbpL initiates the A-band PS synthesis.
WbpX, WbpY, and WbpZ are rhamnosyltransferases that transfer
rhamnose from GDP-rhamnose for the elongation of the A-band PS.73

The second step is the translocation of the A-band PS into the
periplasm by a bicomponent ABC transporter (II).9,10,18 The third
step is the conjugation of the A-band PS to the A-core lipid, which is
accomplished by the WaaL integral membrane protein (III).74,75 (B)
Cartoon presenting the transmembrane domain (TMD) protein Wzm.
The protein primary sequence was analyzed using TMHMM Server v
2.0,76 whereas the membrane topology was determined using
TMRPres2D software.77 Transmembrane α-helices (TMs) and loops
are labeled with numbers in bold. (C) The nucleotide binding domain
(NBD) protein Wzt.
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transmembrane potentials (e.g., 200 mV) for brief periods with
no observation of such instabilities.
The macroscopic current data indicated that the open-state

conductance is not stable after a lag time. Several tens of
seconds after their reconstitution, the Wzm protein channels
closed at +40 mV (Figure 2C,D), which was preceded by
frequent, transient current fluctuations (Figure 2C, the
expanded-trace inset). We also observed that the histograms
of channel insertions and closures provided a closely similar
average single-channel conductance (Figure 2B,D), suggesting a
full voltage-induced transition to the closed state. In addition,
both histograms exhibited a positive skewness, meaning the
existence of a long thin tail at the right of the average single-

channel conductance.27 At applied transmembrane potentials
greater than +40 mV, the Wzm protein channels closed rapidly,
precluding the systematic examination of their single-channel
features, such as the detailed voltage dependence of their
unitary conductance and electrical signature. For example,
higher applied potentials produced two overlapping processes,
insertions of proteins into the membrane, and their rapid
voltage-dependent closures. An isolated closure of the Wzm
protein channel, at +40 mV, is also illustrated in Figure 2A
(indicated by arrow).

Single-Channel Activity of the Wzm Protein Com-
plexes Is Impacted by the Reducing Agent. The addition
of the DTT-pretreated Wzm protein to the cis chamber did not

Figure 2. Evidence for large-conductance, channel-like activity of Wzm. (A) A representative stepwise increase of the macroscopic current showing
multiple single-channel insertions of Wzm into a lipid bilayer. A transient closure of the Wzm channel was observed during this electrical recording.
This closure is indicated by an arrow. The electrical traces flanked by dashed lines illustrate a region on the lower-time resolution (the bottom trace)
that has been amplified at a greater time resolution (the top trace). The horizontal dashed line represents the zero-current level. (B) A histogram of
the probability (P(G)) of the occurrence of a given single-channel conductance insertion (G(nS)) of Wzm. A total of 79 single-channel insertions
were used to construct this histogram. (C) A representative stepwise decrease of the electrical current showing multiple single-channel closures of
Wzm. The electrical traces flanked by dashed lines illustrate a region on the lower-time resolution (the top trace) that has been amplified at a greater
time resolution (the bottom trace). The horizontal dashed line represents the zero-current level. (D) A histogram of the probability (P(G)) of the
occurrence of a given single-channel conductance closure ((G(nS)) of Wzm. A total of 81 channel closures were employed to construct this
histogram. Histograms in B and D were constructed from three different experiments using two different protein batches. (E) Reduced Wzm does
not form channels. This electrical trace was obtained in the presence of the Wzm protein treated with 10 mM DTT for 20 min at RT prior to its
addition to the chamber. These electrical recordings were performed in 200 mM KCl, 10 mM phosphate buffer, at pH 7.4. The transmembrane
potential was +40 mV. In this figure, the electrical traces were low-pass, Bessel filtered at 0.5 kHz.
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produce single-channel activity, indicating that potentially
exposed disulfide bonds might be essential for its channel-
forming feature (Figure 2E). Furthermore, the closures of the
Wzm channels were irreversible. For example, removing the
applied transmembrane potential for 10 min did not result in
reversible channel reopenings (Figure 3A,B). In order to obtain

single-channel insertions of Wzm, we added the protein sample
to the cis side at a final concentration between 0.03 and 0.05
ng/μL. For a final concentration smaller than 0.002 ng/μL,
single-channel insertions of Wzm were not detectable. Under
these conditions, the in-excess addition of Wzt to the cis
chamber at a concentration of ∼6.5 ng/μL did not result in an
observable channel-formation activity (Figure 3C), indirectly
confirming a recent experimental demonstration that the Wzt
polypeptide features a cytosolic positioning.21

The TEM Imaging of the Wzm Protein Complexes.
TEM images revealed no large-size protein aggregations

(Figure 4A). Interestingly, numerous carbon-coated TEM
grids indicated that the Wzm complexes formed ring-shaped

protein complexes, which were marked by red circles. This
finding is in accord with the formation of large-conductance
protein channels by the Wzm protein complexes when
reconstituted into a planar lipid bilayer (Figure 2B,C).
Amplification of the images of two distinct ring-shaped Wzm
protein complexes was illustrated in Figure 4B. On the
contrary, we did not notice ring-shaped Wzm complexes
when 20 mM DTT was added to the protein sample before the
TEM-imaging experimentation (Figure 4C). This result is
consistent with the inability of the Wzm proteins to form large-
conductance transmembrane channels when incubated with a
reducing agent (Figure 2E).

Liposome-Reconstituted Wzm Interacts with Wzt. An
important step in deciphering the mechanism of A-band PS
transport through the ABC transporter is to understand the
interaction between Wzm and Wzt. We were able to purify Wzt
protein using His+ tag affinity chromatography (Materials and
Methods). The SDS-PAGE gel analysis showed that the
purified Wzt protein has a molecular weight of ∼50 kDa (the
calculated molecular weight is 47.5 kDa; Figure 5A, lane 1).18

The Wzt protein was confirmed by specific anti-His+ tag affinity
staining (Figure 5A, lane 2; Materials and Methods). First, we

Figure 3. The closures of the Wzm channel are not reversible. (A)
After a lengthy period in which continuous closures of the Wzm
protein channel were observed at +40 mV, we turned the applied
transmembrane potential off (V = 0) for 10 min and then applied
again a transmembrane potential of +40 mV. There was no recovery of
channel closures, as the macroscopic current was closely similar to that
value before the interruption of the applied transmembrane potential.
(B) Irreversible closures of the Wzm protein channels at a higher
applied transmembrane potential. Once Wzm channels were closed, an
alternation of negative and positive transmembrane potential of 100
mV was applied in an attempt to reopen them. (C) Wzt does not form
a channel in a planar lipid bilayer. Wzt was added to the cis chamber at
a final concentration of ∼6.5 ng/μL. The Wzm concentration in the cis
chamber was ∼0.002 ng/μL. In this figure, the electrical traces were
low-pass, Bessel filtered at 0.5 kHz. Other experimental conditions
were the same as those in Figure 2. The dashed lines represent the
zero-current level.

Figure 4. Transmission electron microscopy (TEM) imaging of the
Wzm protein complex. (A) Numerous Wzm oligomers were noticed
as ring-shaped protein complexes when the protein sample was
deposited on carbon-coated TEM grids. (B) Two distinct examples of
an amplified image of a ring-forming Wzm protein complex. (C) Ring-
shaped Wzm oligomers were no longer noticed when the protein
sample was incubated in 20 mM DTT before its application on
carbon-coated TEM grids.
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wanted to determine whether the Wzt protein exhibits ATPase
activity. Therefore, we executed an ATPase assay28 using the
purified Wzt protein. The reactions were initiated either by the
addition of 1 mM ATP to reactions in the presence of Wzt or
by the addition of 1 mM ADP to reactions without Wzt (Figure
5B, control; the red bar). Indeed, our results showed that the
Wzt protein hydrolyzed ATP (the green bar). On the contrary,
we detected dramatically reduced ATPase activity to ∼25%
when a truncation derivative of Wzt, also called Wzt Δ (Walker
A) (Materials and Methods), was used in this assay (the blue
bar). Next, using liposomes we inspected whether Wzm and
Wzt interact with each other (Figure 5C). Wzm and Wzt
proteins were added together to either liposome-free or
liposome-containing solution. Then, the collected liposomes
were assayed for the presence of proteins by SDS-PAGE. As
expected, the Wzm protein was readily reconstituted into the
liposomes (Figure 5C, lanes 1, 2, and 3). Moreover, Wzt
interacted with liposomes in the presence of Wzm (Figure 5C,
lanes 4 and 5; Figure 5D). This approach also revealed that Wzt
did not bind to the liposomes significantly in the absence of
Wzm (Figure 5C, lane 5). In addition, these results indicated
that the Wzm−Wzt interactions were not significant in the
absence of liposomes (Figure 5D).

Electrical Signature of Wzm WT upon Its Interaction
with Wzt. Using liposomes, we demonstrated a significant
interaction of Wzt with Wzm. Therefore, it was worth pursuing
the impact of Wzt on the channel-forming activity of Wzm WT.
Initial observations that Wzt alters the channel activity of Wzm
were made when Wzt was added to the Wzm-containing
chamber. However, in the follow-up experimentation, Wzm and
Wzt were incubated and allowed to interact for 5−10 min on
ice. Two immediate effects were noticed. First, the channel
insertions were reproducibly less frequent as compared to the
single-channel insertions recorded with the Wzm WT protein
alone (Figure 6A). Similarly to channels formed by Wzm WT
alone, the Wzt-interacting Wzm protein channels closed during
the application of a transmembrane potential of +40 mV
(Figure 6B). Second, the range of single-channel conductance
became counterintuitively broader (∼0.5−12.5 nS, Figure 6C)
than that recorded with the Wzm WT protein alone (0.5−4.2
nS; Figure 2D). At a transmembrane potential of +40 mV, we
observed that the average single-channel conductance of the
Wzt-interacting Wzm protein complex was ∼3.25 nS in 200
mM KCl, 10 mM potassium phosphate, at a pH of 7.4 (Figure
6C). This is a ∼ 2.6-fold increase in the single-channel
conductance, as compared to that value detected with the Wzm
WT protein channel.
Such substantial conductance enhancement likely results

from a transient widening of the cross-sectional area of the
Wzm WT channel lumen in the presence of Wzt. In each of
these cases, the application of a transmembrane potential
produces a full closure of the Wzm WT channel after a lag time

Figure 5. Distinct polypeptide subunits of the A-band PS ABC
transporter complex interact in vitro. (A) The SDS-PAGE gel analysis
of the purified Wzt protein. Protein purity and identity was assessed as
in the Supporting Information, Figure S1A and B. The molecular-
weight markers are indicated on the left side of the panel. (B) ATPase
activity of the purified Wzt protein and its variant Wzt Δ (Walker A).
The ATP hydrolysis activity was obtained by coupling ATP hydrolysis
to NADH oxidation. (C) The SDS-PAGE gel analysis revealing
specific interactions between Wzm and Wzt in liposomes. Purified
proteins were incubated with liposomes for 1 h at RT and then spun
down for 20 min at 16 000g. The supernatants were spun down at
180 000g for 30 min. Pellets, which contained the liposomes and
incorporated proteins, were washed and spun down at 180 000g for 30
min. Then, pellets were solubilized with SDS loading buffer prior to
loading on the SDS-PAGE gel. Lanes 1 and 6 are the input Wzm and
Wzt proteins (no liposomes, no spinning down), respectively. Equal
quantities of proteins of 150 μg were used with a protein-to-lipid ratio

Figure 5. continued

of ∼50:200. In the input lanes, 20% of the protein sample was loaded,
whereas in lanes 2−5, 100% of the sample was loaded. (D) The
interaction of Wzm and Wzt is liposome-membrane-dependent. Same
procedures were performed as in B, except that the liposomes were not
added to the protein mixture containing Wzm and Wzt. Lane 3 was
loaded with 5× more protein to provide evidence that the protein
without liposomes does spin down. In this figure, the SDS-PAGE gel
images are representative of three independent experiments.
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of several tens of seconds. We also learned that Wzt interacts
with Wzm through its extended N terminus (Supporting
Information, Figures S2 and S3). Cuthbertson and colleagues
demonstrated that the Wzt protein of E. coli does not require
ATP to bind to its cognate PS.13 They suggested that the N
terminus of E. coli Wzt interacts with its C terminus during the
PS export cycle, and perhaps the ATP binding or hydrolysis
induces an interaction that consequently imposes further
conformational changes in the Wzm polypeptide.
Mutations of Individual Cysteine Residues of the

Wzm WT Protein. The Wzm WT polypeptide contains two
transmembrane cysteines, Cys 75 (TM2) and Cys 247 (TM4),
and two loop cysteines, Cys 111 (L2) and Cys 184 (L4, Figure
1B). We wanted to explore the effect of removing single
cysteines on the oligomerization of Wzm. Therefore, individual
cysteine residues were mutated to alanine. These single alanine
mutants were expressed following the same protocol used for
the Wzm WT protein (Materials and Methods). When the
purified single-alanine mutants were run on an SDS-PAGE gel,
protein bands 3 and 4 were predominant in all mutants except
Wzm C111A, where band 4 is major, as opposed to band 3 in

Wzm WT (Figure S1, Figure 7A,B). Based on these results, it is
more than likely that a single alanine mutation did impact the
equilibrium between various oligomers of Wzm C111A, as
compared to Wzm WT.

Does Wzm C111A Protein Channel Irreversibly Close
As Well? Since the Wzm C111A mutant must have
biochemical features that are distinctive from Wzm WT (Figure
7A,B), we wanted to inspect if this single-alanine mutation also
impacts the channel-forming activity of Wzm. When we
monitored the insertion of these Wzm C111A channels at
+40 mV, we observed a stepwise increase in the macroscopic
current within a broad range of unitary conductance values
between ∼1 and ∼10 nS, but with a noticeable peak between 1
and 2 nS (Figure 7C, Figure 7D). This demonstrates that the
single-alanine mutation at position 111 determined a wider
range of unitary conductance, as compared to Wzm WT.
Interestingly, this range of unitary conductance values is similar
to that corresponding to Wzt-interacting Wzm protein channel
(Figure 6C). It is important to point out that the Wzm C111A
protein channels never closed to a zero-conductance value, yet
frequent and transient single-channel current blockades were
observed at both positive and negative applied transmembrane
potentials of 40 mV (Figure 7E,F). Moreover, in contrast to
Wzm WT, the long-lived current blockades of the Wzm C111A
channels were reversible. For example, the removal of the
applied transmembrane potential for several minutes enabled
the reopening of many of these channels (Figure 7G). Under
the same experimental conditions used to assay Wzm WT and
Wzm C111A channel insertions, the cysteine-to-alanine
mutants Wzm C75A, Wzm C184A, and Wzm C274A did not
show any channel-like activity. This result is consistent with the
finding that DTT-treated Wzm WT proteins did not exhibit
channel-like activity as well, suggesting that these cysteine
residues have major implications in the channel-forming
functional features of the Wzm protein complex. We argue
that there is a clear level of specificity when Cys-to-Ala mutants
were extensively examined over a large number of repetitions.
For example, we acquired a ∼98% success rate of channel-
forming electrical signature by performing experiments with the
Wzm WT protein complex when N = 50 distinct repetitions
were conducted. For the Wzm C111A mutant, we obtained a
∼80% success rate over N = 10 individual repetitions. No
success has been achieved despite numerous trials, at least N =
15, when single-channel examinations involved cysteine-to-
alanine mutants Wzm C75A, Wzm C184A, and Wzm C274A.
In these no-success experimental cases, the quality of the
membranes was checked by adding high-insertion rate, pore-
forming toxins, such as staphylococcal α-hemolysin (αHL),
which were available in this laboratory.29−31

■ DISCUSSION
Large-Size Oligomerization Is Not Unique among the

Members of the Superfamily of ABC Transporters. The
large-conductance Wzm protein channel represents a potential
permeation-pathway mechanism through which the A-band PSs
navigate across the inner membranes of P. aeruginosa. This has
previously been postulation by several groups.4,7,9,19,22 The
accommodation of the A-band PS by the TMD should only be
one step among several complex molecular episodes that
accompany the full PS export into the periplasm, some of which
are discussed below. In E. coli 09, the extended Wzt C terminus
was purified and crystallized as a dimer.12,13 To our knowledge,
no Wzm protein, either in P. aeruginosa or in other Gram-

Figure 6. The high-conductance, channel-forming ability of Wzm is
impacted by Wzt. (A) A representative electrical current recording
showing two single-channel insertions of Wzm into a planar lipid
bilayer in the presence of Wzt. They are marked by the arrows 1 and 2.
(B) A continuation of the same recording presented in A, showing a
single closure of Wzm. (C) A histogram of the probability (P(G)) of
the occurrence of a given single-channel conductance insertion
(G(nS)) of Wzm in the presence of Wzt. A total of 25 channel
insertions were used to construct this histogram. A total of 50 ng of
Wzm and 500 ng of Wzt proteins were incubated for 5 min.
Thereafter, this protein mixture was added to the cis side. In this figure,
the electrical traces were low-pass, Bessel filtered at 0.5 kHz. Other
experimental conditions were the same as those in Figure 2. The
dashed lines represent the zero-current level.
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negative bacterial systems, has ever been expressed and purified
for a direct comparison with other systems. KspM1, the TMD
component of the ABC transporter involved in the export of
polysialic acid in E. coli K1 forms a dimer in vivo (Supporting
Information, Figure S4).32

The subunit oligomerization and heterogeneous coexistence
of a variety of different-size protein complexes, as noticed in
this work (Supporting Information, Figure S1), are not unique
among the members of the superfamily of ABC transporters.
For instance, Denis and co-workers have discovered that the
human ABCA1 transporter, a lipid extruder that was expressed
in fibroblasts, is a tetramer that coexists with a significant
proportion of oligomers higher than tetramers.33 Using
chemical cross-linking and SDS-PAGE, they have demonstrated
that the ABCA1 dimers, but not the tetramers, are covalently
linked. The coexistence of different-size oligomers was found in
other ABC transporters. For example, the multidrug resistance
(MDR) half-transporter ABCG2 exhibits a predominant
tetramer,34 but other higher-order oligomers, including
dodecamers, were noticed as well.35,36 We think that the
large-molecular weight oligomerization of Wzm is required for
its channel-forming activity, because no channel-forming
activity was observed with a DTT-treated Wzm protein sample
(Figure 2E, Supporting Information, Figure S1). This result is
also consistent with the lack of ring-shaped Wzm protein
complexes in DTT-treated samples, as determined by the TEM
imaging. Using high-throughput FRET microspectroscopy in
vivo, Raicu and co-workers21,37 have determined that the
quaternary structure of the bicomponent A-band PS ABC
transporter complex is a heterotetramer, whose each subunit is
formed by a single Wzm polypeptide and a single Wzt
polypeptide.

Why Does the Channel Close at Greater Trans-
membrane Potentials? The average size of the A-band PS
polymers is ∼70 D-rhamnose monomers,4 making an average
molecular mass of ∼11.5 kDa and an equivalent length of ∼28
nm. However, atomic force microscopy (AFM) studies have
shown that the A-band PSs can be up to ∼36 nm in length.5

The translocation of such a large neutral polymer requires at
least three distinct mechanisms that should work in concert: (i)
a free-energy activation processan external energetic source
through a catalytic ATP-dependent process is needed to fulfill
this Wzt-dependent, barrier-crossing process; (ii) a low-affinity
binding site for the A-band PS recruitmenta high-affinity
binding site would be accompanied by an additional energetic
well for the transit of the A-band PS across the membrane;38,39

(iii) a transmembrane permeation pathway that should
accommodate a neutral and bulky A-band PS. In this work,
we directly confirmed that the purified Wzm protein is a
transmembrane protein,21,37 but more importantly it exhibits a
large-conductance channel-like activity (Figure 2). This TMD

Figure 7. Electrical signature of the Wzm C111A protein. (A) The
SDS-PAGE gel analysis of the purified wild-type Wzm (Wzm WT)
protein and its single-alanine mutants. A total of 10 μg of Wzm WT
and 20 μg of each single-alanine mutant were loaded onto the SDS-
PAGE gel. The gel staining was accomplished as in Figure S1A. The
molecular-weight markers are indicated on the left side of the panel.
(B) Quantification of the band intensities of bands 1, 2, 3, and 4 in the
purified Wzm proteins from panel A using ImageJ software. The
vertical bars represent ratios of the band intensities of the Wzm
mutant to the Wzm WT protein. Error bars are standard deviations
from three independent SDS-PAGE gels. (C) Distinct single-channel
insertions of Wzm C111A channel illustrated by different arrows. (D)
A histogram of the probability (P(G)) of the occurrence of a given
single-channel conductance insertion (G(nS)) of Wzm C111A. In E
and F, single-channel electrical traces show transient openings and
closings of Wzm C111A at an applied transmembrane potential of +40
and −40 mV, respectively. The expanded traces illustrate signatures of
the Wzm C111A channels at a greater time resolution. (G) Wzm

Figure 7. continued

C111A channel closures were reversible. After a period in which
continuous closures of Wzm were observed at +40 mV, we turned the
applied transmembrane potential off (V = 0) for 7 min and then
applied a transmembrane potential of +40 mV. A total of 50 ng of
Wzm C111A was added to the cis side. In this figure, the electrical
traces were low-pass, Bessel filtered at 0.5 kHz. Other experimental
conditions were the same as those in Figure 2. The dashed lines
represent the zero-current level.
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represents a potential conduit pathway for the accommodation
of the A-band PS.
Therefore, we propose that the higher-order oligomeriza-

tion21,37 and channel-forming ability of Wzm enable a
translocation conduit for the A-band PS, as previously
hypothesized.4,7,9,19,22 At an applied transmembrane potential
of +40 mV, channels close rapidly to a zero-conductance value.
This is the major reason for which a systematic examination of
the single-channel features of the Wzm protein complex, for
long periods, is not achievable. Here, the sign of “+” means
positive within the trans side and negative within the cis side.
Since the Wzm protein sample was added to the cis side, this
corresponds to a potential of −40 mV across the bacterial inner
membrane. Such a result is not surprising, because the inner
membrane of Gram-negative bacteria features a large negative
transmembrane potential between −120 and −200 mV.40

Indeed, rapid closures of the Wzm protein channels were
observed at elevated applied transmembrane potentials (Figure
3B). Under these experimental conditions, Wzm is supposed to
exhibit a low open probability.41,42 Full channel gating of Wzm
was also noticed when Wzm was incubated with Wzt before its
addition to the cis chamber. It is worth stressing that a much
broader distribution of large-channel conductance was detected
in this case.
The Histogram of the Single-Channel Conductance

Values of the Wzm WT Protein Is Distinctive from Those
Recorded with Wzt-Interacting Wzm and Wzm C111A.
An immediate observation of our extensive electrophysiological
examinations was that the unitary conductance values recorded
with the Wzm WT protein complex was in a range 0.5−4.2 nS,
which was peaked at ∼1.36 nS. Another unique characteristic,
determined under the experimental conditions exercised in this
work, was the voltage-induced gating of the Wzm WT protein
complex to a fully closed state. We discovered that the
incubation of Wzm WT with Wzt produced alterations in the
range of the unitary conductance of the Wzm WT, a result also
noticed during the reconstitution of the Wzm C111A into a
planar lipid membrane. The specific change of the broad
distribution of the unitary conductance values of the Wzm
C111A protein channel was supplemented by its distinction in
the voltage gating with respect to Wzm WT. All these
modifications of the biophysical properties of Wzm under
various experimental conditions reveal the sensitivity of the
electrophysiological approach in response to the architectural
and biochemical alterations of the protein. On the other hand, a
nonuniformity of the broad histograms noticed with Wzt-
interacting Wzm and Wzm C111A proteins is not unique
among the biophysical features of α-helical and β-barrel
membrane proteins. For example, rational membrane protein
design of cytolysin A from Salmonella typhi (ClyA) resulted in
α-helical preoligomerized ClyA pores with broad ranges of the
unitary conductance values as well as asymmetric single-channel
histograms of varying skewness,43 a result also encountered in
this study. Moreover, it was found that even different β-barrel
protein channels and pores exhibit multiple-peak conductance
histograms with either positively or negatively skewed data as
well as a broad dispersion of their unitary conductance.44−46

Again, these results demonstrate the power of the single-
channel electrical recording23 to illuminate various populations
of the conformations of a membrane protein when recon-
stituted into a planar lipid bilayer.
Potential Mechanisms for Gating and Oligomeriza-

tion of Wzm Polypeptides. However, to accommodate the

transit of a large-molecular mass A-band PS across the inner
membrane, the reconstituted Wzm protein must undergo
drastic conformational alterations, culminating with large-
conductance, short-lived open substates. This is only possible
if the TM α-helices feature numerous clusters of proline and
glycine residues, including conserved proline-containing motifs
specific to molecular hinge-bending motions, helix packing, and
signal transduction, as encountered in other landmark examples
pertinent to ion channel gating.47,48 The coupling between
ATP-binding/hydrolysis and the A-band PS binding to the
NBD Wzt subunits is ultimately transduced by the opening of
the TMD protein complex formed by the Wzm subunits.
Indeed, the amino acid sequence of Wzm reveals G-XX-P
proline-containing motifs, such as GILP in TM5 and GQWP in
TM6, which are conserved sequences encountered in molecular
hinge-bending motions (Figure 1B).49,50 The oligomeric
mixture of Wzm showed SDS-sensitive and SDS-resistant
interactions (Supporting Information, Figure S1). We think
that the SDS-resistant interactions of the Wzm oligomers are
determined by the disulfide bonds among cysteine residues as
well as other motifs driving strong helix−helix interactions.
DTT incubation caused the higher-order Wzm oligomers to
disassociate, at least in part (Supporting Information, Figure
S1C), but they did not show channel forming ability (Figure
2E). This result suggests that at least one exposed disulfide
bond is critical for the functional reconstitution of the TMD
Wzm protein into a planar lipid membrane.
We also determined that the replacement of a single cysteine

by alanine at position 111 (loop L2; Figure 1B) altered the
equilibrium among various mixture oligomers but induced the
reversibility of the single-channel closures of Wzm. Such a
finding reveals the critical importance of C111 for keeping a
fully gated state of the channel at high transmembrane
potentials. In other words, Wzm C111A might be a leaky
pathway in the inner membrane of P. aeruginosa, suggesting a
lack of its proper functionality in vivo. The interactions between
TM α-helices are the major determinants of the structure of
membrane proteins. A well-characterized specific motif that
drives strong helix−helix interactions is G-XXX-G (or GG4), in
which two glycines are separated by three variable residues.51

This motif is important for protein dimerization in ATP
synthase and in other membrane proteins.52

Indeed, Wzm contains the following four GG4 motifs: (i) at
the beginning of TM1 (G30−G34), (ii) in the middle of TM4
(G164−G168), (iii) at the beginning of loop L3 (G139−
G143), and (iv) in loop L4 (G178−G182; Figure 1B). These
motifs are likely significant contributors to the tight packing of
the TM α-helices and the strong interactions at the interfaces
among the Wzm subunits. The electrophysiological examina-
tions conducted in this study enabled us to formulate a simple
mechanistic model of the interactions between Wzm and Wzt
as well as their relationships to the applied transmembrane
potential (Figure 8). In the absence of a transmembrane
potential, Wzm is an open channel. The interaction of Wzm
with Wzt is accompanied by a 2.6-fold increase in the average
single-channel conductance (Figure 8A). In each case, the Wzm
channel is closed by the application of a greater transmembrane
potential (Figure 8B).
Because P. aeruginosa is a notorious opportunistic pathogen,

whose primary virulence factor and molecular trigger of
inflammation is its LPS endotoxin,2−5 there is a potentiality
for further developments in this area that could result in the
design, synthesis, and creation of small-molecule inhibitors of
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the translocation of PS across the inner membrane of this
Gram-negative bacterium. In this way, the blockers would
specifically interact with the Wzm-based conduit of this fairly
unexplored bicomponent ABC transporter, leading to new
therapeutic methodologies. In recent years, molecular modeling
and electrophysiology studies revealed the ability to inhibit the
protective antigen of anthrax toxin by small-molecule, high-
affinity inhibitors.53,54 This approach might prove more
effective than that of developing new antibiotics against P.
aeruginosa, requiring their navigation through the outer
membrane carboxylate channels OccD55 and OccK,56,57

because of their relatively small internal diameter.58,59 A more
efficacious approach is to target the transport of capsular
polysaccharides across the outer membrane of Gram-negative
bacteria. The translocation of such polysaccharides might
potentially be inhibited using antibiotics against the outer
membrane sugar-specific transporters. For example, Wza of
Escherichia coli E69 is a transmembrane protein conducting
high-molecular mass capsular polysaccharides from the
periplasm into the outermost protective layer.60,61 Such a
translocation pathway also exists in P. aeruginosa,62 although it
has been fairly unexplored. Advantageously, the blocking
compounds of Wza targeting the inhibition of polysaccharide
translocation would not need to cross the outer membrane of P.
aeruginosa, which is already quite impermeable for small-
molecule hydrophilic solutes.63,64

Summary and Conclusions. In summary, our findings
support the model of the formation of the large-conductance
Wzm protein channels, which is in accord with a large
permeation conduit required by the translocation of the A-band
PSs.22 We noticed voltage-induced irreversible closures of the
Wzm protein channels in the presence and absence of Wzt in
the chamber. We speculate that these closures are produced by
the hydrophilic parts of Wzm, which include the fluctuating

loops on the cytoplasmic (L2 and L4) and periplamic sides
(L1, L3, L5) as well as the N and C termini (Figure 1B). In the
absence of other regulatory mechanisms, such as the ATP
binding and hydrolysis as well as the A-band PS binding and
translocation, such extra-membranous parts of Wzm might fold
back into the channel lumen forming a strong interaction that
can preclude its transition back to the fully open-conductance
state. In this study, we have established the groundwork for
future biochemical and biophysical investigations of this
transmembrane protein complex of P. aeruginosa. We used
200 mM KCl, because this salt concentration is near the
physiological conditions. Despite this choice, there is still a lot
of departure from physiological conditions, given the specific
lipid composition present within the inner membrane of P.
aeruginosa. This aspect will be taken into consideration in our
future studies when reconstituting and reassembling this
bicomponent ABC transporter into planar lipid membranes
and functional liposomes. The reconstituting lipid bilayers
should be asymmetric in terms of the lipid composition of
individual monolayers.65,66 The insertion rate and voltage-
induced gating activity of the Wzm protein complex are
expected to be dependent on environmental conditions, such as
the lipid composition and ionic strength of the bathing
conditions. The ultimate stage of these projected studies is
the full reconstitution of this bicomponent ABC extruder in
proteoliposomes.22 In this way, the energetic balance and
relationships between the ATP hydrolysis at the N terminus of
Wzt, the A-band PS interaction with the carbohydrate-binding
pocket at the C terminus of Wzt, as well as the conformational
alterations of Wzm and the A-band PS export across the
membrane can be examined in a mechanistic and quantitative
fashion.67,68 Finally, a detailed understanding of the structure
and function of the A-band PS ABC transporter will be critical
for developing other small-molecule drugs targeting the
biosynthesis and translocation of the A-band LPS endotoxin,
a major determinant in the P. aeruginosa pathogenesis.

■ MATERIALS AND METHODS
Gene Cloning and Plasmid Constructs. The wzm and wzt genes

were PCR-amplified from Pseudomonas aeruginosa genomic DNA (P.
aeruginosa PAO1 strain was a gift from Professor Robert E.W.
Hancock, The University of British Columbia at Vancouver). For the
in vitro transcription and translation expression system (IVTT), the
genes were cloned in the pPR-IBA1 expression vector. For expression
in E. coli, the wzm and wzt genes were cloned in either pPR-IBA1 or
pBAD TOPO with a His+ tag at the 3′ end. TheWzm gene was cloned
with or without the addition of the DNA sequence that encodes the
viral M13 signal peptide of the inner membrane. These plasmids were
the following: pPR-IBA1-wzm-His+, pPR-IBA1-M13-wzm-His+, pPR-
IBA1-wzt-His+, pBAD-wzm-His+, pBAD- M13-wzm-His+, and pBAD-
wzt-His+. To construct pPR-IBA1-wzm and pPR-IBA1-wzt, the wzm
and wzt genes were cloned into pPR-IBA1 plasmid utilizing BsaI and
HinDIII sites. The wzm gene was PCR-amplified from genomic DNA
with the following two primers: 5′-TGA CTG GGT CTC GAA TGC
TTC TTG GCT TGT CTC G-3′ (forward) and 5′-ATG CTG AAG
CTT TCA GAG TTC ATC CAC CAT TTC GC-3′ (reverse). The
wzt gene was PCR-amplified from genomic DNA with the following
two primers: 5′-TGA CTG GGT CTC GAA TGG GAC AGA TAC
GCG TAT C-3′ (forward) and 5′-ATG CTG AAG CTT TCA TGG
AGT GCT CTC CGC GGA AG- 3′ (reverse). In these primers, the
noncoding DNA is italicized, whereas the BsaI and HinDIII sites are
underlined and bolded, respectively. The PCR products were gel
purified (Qiagen, Germantown, MD), digested with BsaI and HinDIII
enzymes (New England Biolabs, Ipswich, MA), repurified, and ligated

Figure 8. Cartoon showing the dynamics of gating of the Wzm protein
complex. (A) A model of the gating dynamics and conductance
alterations produced by the interaction of the Wzm and Wzt proteins
as well as by the presence or absence of an applied transmembrane
potential. (B) A cartoon showing that the current amplitudes of the
channel insertions and voltage-induced gating are comparable.
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to the pPR-IBA1 plasmids, which were predigested with BsaI and
HinDIII.
To construct the pPR-IBA1-wzm-His+ and pPR-IBA1-wzt-His+

plasmids, the gene encoding the 10 × His+ tag was added to the
reverse primers 5′-CAT CAT CAC CAT CAC CAC CAT CAT CAC
CAC- 3′. To construct pPR-IBA1-M13-wzm-His+ plasmid, the DNA
sequence encoding the M13 signal peptide, MKKSLVLKASVA-
VATLVPMLSFA, was divided into two halves in the two primers,
which were used in an inverse PCR reaction on pPR-IBA1-wzm-His+.
The two primers were: 5′-TAC TGA TGC TTT TAG TAC TAG
TGA TTT CTT CAT TTG TAT ATC TCC TTC TTA AAG TT-3′
(M13_P1) and 5′-GCA GTA GCA ACA CTA GTA CCA ATG CTA
TCA TTC GCA CTT CTT GGC TTG TCT CGT TCC-3′
(M13_P2). The resultant PCR product was gel purified and self-
ligated to produce the pPR-IBA1-M13-wzm-His+ plasmid. All final
plasmids were checked by DNA sequencing.
To construct the pBAD-wzm-His+ and pBAD-wzt-His+ expression

vectors, the wzm and wzt genes were cloned into pBAD TOPO (Life
Technologies, Grand Island, NY) that lacked the enterokinase
recognition site and the V5 epitope but contained the 6 × His+ tag.
To remove the enterokinase recognition site and V5 epitope, the
pBAD-TOPO control vector (pBAD-TOPO-lacZ-V5-His+) was used
in an inverse PCR reaction with the following two primers: 5′-GGG
TAT GTA TAT CTC CTT CTT AAA GTT AAA CAA AAT TAT
TTC TA-3′ (REV1_pBAD) and 5′-CAT CAT CAC CAT CAC CAT
TGA GTT TAA ACG GTC TCC AG-3′ (REV2_pBAD). The wzm
gene was PCR-amplified from genomic DNA with the following two
primers: 5′-ATG CTT CTT GGC TTG TCT CGT TCC TTG TGG
GGC-3′ (forward) and 5′-GAG TTC ATC CAC CAT TTC GCC
GAC CCG CTG GCG-3′ (reverse). The wzt gene was PCR-amplified
from genomic DNA with the following two primers: 5′-ATG GGA
CAG ATA CGC GTA TCC GGC CTC GGC AAG G-3′ (forward)
and 5′-TGG AGT GCT CTC CGC GGA AGT GGG GTC CAG
AGC C-3′ (reverse). The PCR products were gel purified and ligated.
The cloned genes have a 6 × His+ tag at their 3′ end. To construct
pBAD-M13-wzm-His+, the M13_P1 and M13_P2 primers were used
in an inverse PCR reaction with pBAD-wzm-His+ as a DNA template.
The resultant PCR product was gel-purified and self-ligated to produce
pBAD-M13-wzm-His+. The primer M13_P1 worked on the pBAD
vector, because the initial annealing template covered 21 base pairs,
including the ribosome binding site (RBS) and TATA box, which are
identical to the sequence in the pBAD-TOPO vector. However, the
base-pair number between the TATA box and the translation starting
codon, ATG, were reduced from 7 to 3 (CATACCC to CAA). The
final plasmids were checked by DNA sequencing.
To construct the pBAD-wzt Δwalker A-His+ plasmid, the pBAD-

wzt-His+ plasmid was used in an inverse PCR reaction with the
following two primers: 5′-CTG CTG AAG ATG ATC GCC GGC
ACC ACC CAG CC-3′ (Δ(Walker A) forward) and 5′-GAT GCC
GAC CGC TTC GCC CGG CTC GAT GGT GAA CT-3′
(Δ(Walker A) reverse). The resultant PCR product was gel purified
and self-ligated to produce the pBAD-wzt Δwalker A-His+ plasmid
(DNA coding sequence for V57GVNGAGKST66 was deleted). The
final plasmid was checked by DNA sequencing.
Expression and Purification of the Wzm Protein. The pBAD-

M13-wzm-His+ was transformed into E. coli TOP10. Transformed cells
were grown in 2xYT medium until OD600 ∼ 0.6−0.8. Protein
expression was induced with 0.1% arabinose at 20 °C for 24 h. The
cells were collected by centrifugation at 4150g for 20 min, then
resuspended in 50 mL of lysis buffer (85 mM NaCl, 40 mM sodium
phosphate, pH 8.0, 10% glycerol) and finally ruptured by a
microfluidizer (Microfluidics, Westwood, MA). Cell debris and
inclusion bodies were removed by low speed centrifugation (13 000g
for 30 min). Proteins were purified as previously by Engel and co-
workers,69 but with some minor alterations. Briefly, the supernatant
was centrifuged at 150 000g for 45 min. The pellet, containing the total
membranes, was resuspended in 30 mL of lysis buffer. The membrane
proteins were extracted by the addition of 3% (w/v) n-dodecyl β-D-
maltoside (DDM) at 4 °C for 16 h. This procedure was followed by
ultracentrifugation at 150 000g and 4 °C for 45 min.

The supernatant, enriched in membrane proteins, was used for
protein purification utilizing a 5-mL Ni2+-nitrilotriacetic acid (Ni-
NTA) column (Bio-Rad, Hercules, CA). The NaCl concentration of
the supernatant was increased to 500 mM before protein sample
loading onto pre-equilibrated Ni-NTA. The column was then
sequentially washed with 50 mL of buffer A (500 mM NaCl, 50
mM sodium phosphate, 20% glycerol, 0.2% DDM, pH 8.0), 25 mL of
buffer B (200 mM NaCl, 50 mM sodium phosphate, 20% glycerol,
0.02% DDM, pH 8.0), 25 mL of buffer C (200 mM NaCl, 50 mM
sodium phosphate, 20% glycerol, 0.01% DDM, pH 8.0), whereas the
wzm proteins were eluted with buffer D (200 mM NaCl, 50 mM
sodium phosphate, 20% glycerol, 0.01% DDM, 300 mM imidazole, pH
8.0). The purified proteins were checked by the SDS-PAGE gel and
blue staining using the GelCode Blue Stain Reagent (Thermo
Scientific, Waltham, MA; Figure S1).

Expression and Purification of the Wzt and Wzt Δ(Walker A)
Proteins. The pBAD-wzt-His+ and pBAD-wzt Δwalker a-His+

plasmids were transformed into E. coli TOP10 cells that are deficient
in production of polysaccharides. The transformed cells were then
grown in Luria−Bertani (LB) broth at 37 °C until OD600 ∼ 0.6−0.8.
Protein expression was induced with 0.1% arabinose at 20 °C for 24 h.
Cells were collected by centrifugation at 4150g for 20 min. The cell
pellet was resuspended in the binding buffer (500 mM NaCl, 50 mM
Tris, 10% glycerol, 10 mM imidazole, 1 mM DTT, pH 8.0). The cells
were lysed using a microfluidizer (Microfluidics), after which the
lysates were centrifuged at 150 000g for 1 h. The Wzt and Wzt
Δ(Walker A) protein-containing supernatants were further cleared
using a 0.2 μm filter (Millipore, Billerica, MA) loaded onto a 5-mL Ni-
NTA column (Bio-Rad), which was equilibrated with the binding
buffer. The column was sequentially washed three times with 50 mL of
the binding buffer containing 10, 20, and 30 mM imidazole,
respectively. The protein was eluted using the binding buffer that
contained 300 mM imidazole. The final protein sample was analyzed
by the SDS-PAGE gel and blue staining using the GelCode Blue Stain
Reagent (Thermo Scientific; Supporting Information, Figure S2). The
identity of Wzt in eluted fraction was confirmed by staining with
Invision His+ tag stain (Life Technologies). Peak fractions were
concentrated using Amicon filters (Amicon, Billerica, MA) with 30 and
10 kDa molecular-weight cutoffs for the Wzt and Wzt Δ(Walker A)
proteins, respectively.

Gel Filtration Chromatography. Gel filtration chromatography
was performed on a BioLogic DuoFlow system (Bio-Rad) with a
Superdex 200 column (GE Healthcare Life Sciences, Pittsburgh, PA).
A total of 0.5 mL of purified Wzm proteins (250 μg) was injected into
the column, which was equilibrated with the running buffer (150 mM
NaCl, 50 mM sodium phosphate, 20% glycerol, 0.01% DDM, pH 8.0),
and eluted at 0.5 mL per fraction (Figure S1). Protein molecular
weight standards, including thyroglobulin (669 kDa, bovine), γ-
globulin (158 kDa, bovine), ovalbumin (44 kDa, chicken; Bio-Rad),
and apoferritin (443 kDa, horse spleen; Sigma-Aldrich, St. Louis, MO),
were separated by a BioLogic DuoFlow system under the same
conditions and confirmed by the UV detector of the system. The
molecular weights of the Wzm protein complexes were estimated
based on the linear regression of the molecular weight standards and
their retention volumes.

ATPase Activity Assay. We employed an ATPase assay that
couples ATP hydrolysis to NADH oxidation.28 Briefly, 0.16 mg of
purified Wzt and its truncation mutant Wzt Δ(Walker A) were used in
a 250 μL reaction volume containing ATPase assay buffer, which
included 100 mM KCl, 5 mM MgCl2, 10% glycerol, 1 mM DTT, and
50 mM HEPES at pH 7.9. The ATPase assay components were added,
as described by Gronenberg et al.28 These were 0.1 unit/mL lactate
dehydrogenase, 4 mM phospho(enol) pyruvic acid (PEP), 0.32 mM β-
nicotinamide adenine dinucleotide, reduced disodium salt (NADH), 6
units/mL pyruvate kinase, and 0.25 mg mL−1 bovine serum albumin
(BSA). The amount of ATP used in all experiments was 1 mM,
whereas the amount of ADP used in the control experiments was 1
mM. The reaction mixtures were incubated at 37 °C for 60 min. A
total of 750 μL of ATPase assay buffer was added to all reactions.
NADH oxidation was measured by the decrease in the absorbance
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recorded at a wavelength of 340 nm. Reactions with Wzt protein, but
lacking ATP, were performed for each sample as a negative control.
The percentage of ATP hydrolysis was obtained by the ratio of the
absorption at 340 nm in the absence of ATP divided by the absorption
at 340 nm in the presence of ATP.
Transmission Electron Microscopy Imaging. The purified

protein samples were deposited on carbon-coated TEM grids and
allowed to settle for 1 min. Then, they were covered with the stain
solution (1% uranyl acetate or 1.5% phosphotungstic acid). The Wzm
protein complexes were visualized using a JEOL-2100 TEM
instrument operating at an accelerating voltage of 200 kV.70 Electron
micrographs were recorded with a TVIPS F415-MP charge-coupled
device (CCD) camera (Tietz Video and Image Processing Systems,
Gauting, Germany) at an electron optical magnification of 40 000×.
Preparation of Liposomes. A total of 1 mg of 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) was dissolved in 1 mL of
chloroform. Liposomes were made as previously described by Farzin
Haque et al.71 To make a uniform thin lipid layer, a gentle stream of
nitrogen gas was used to evaporate the chloroform. The lipid film layer
was dried in vacuum for overnight. To generate giant unilamellar
vesicles (GUVs), 2 mL of 300 mM sucrose in 150 NaCl and 10 mM
Tris·HCl, at a pH of 8.0 was added to the lipid layer film. To generate
small unilamellar liposomes (SUVs), the giant liposomes were
extruded using a Mini-extruder (Avanti Polar Lipids, Alabaster, AL)
with a polycarbonate membrane featuring a pore size of 200 nm.
Electrical Recordings Using Planar Lipid Bilayers. Single-

channel electrical recordings were performed using planar bilayer lipid
membranes, as previously described.57,72 The chamber consisted of the
cis and trans sides, each with a volume of 1.5 mL. These sides were
separated by a 25-μm-thick Teflon partition (Goodfellow Corporation,
Malvern, PA). An 80-μm-wide aperture was drilled in the Teflon
partition. The aperture was pretreated with hexadecane (Sigma-
Aldrich) dissolved in 10% pentane (v/v; Fisher HPLC grade, Fair
Lawn, NJ). A bilayer was formed across the aperture using 1,2-
diphytanoyl-sn-glycero-phosphatidylcholine (Avanti Polar Lipids). The
cis chamber was grounded, so that a positive current represented
positive charge moving from the trans to cis side. To obtain single-
channel insertions into a planar lipid bilayer, the membrane-extracted
Wzm protein sample was added to the cis side at a final concentration
between 0.03 and 0.05 ng/μL. Single-channel currents were acquired
by using a patch-clamp amplifier (Axopatch 200B, Axon Instruments,
Foster City, CA) connected to Ag/AgCl electrodes through agarose
bridges. An Optiplex Pentium PC (Dell Computers, Austin, TX) was
equipped with a DigiData 1322A analog-to-digital converter (Axon)
for data acquisition. The single-channel electrical traces were filtered
with an 8-pole low-pass Bessel filter (Model 900; Frequency Devices,
Ottawa, IL) at a frequency of 10 kHz and sampled at 50 kHz.
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