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Determination of the quaternary structure of a
bacterial ATP-binding cassette (ABC) transporter in
living cells†

Deo R. Singh,za Mohammad M. Mohammad,zb Suparna Patowary,a

Michael R. Stoneman,ya Julie A. Oliver,c Liviu Movileanud and Valerică Raicu*e

Pseudomonas aeruginosa is a pathogenic Gram-negative bacterium that affects patients with cystic fibrosis and

immunocompromised individuals. This bacterium coexpresses two unique forms of lipopolysaccharides (LPSs) on

its surface, the A- and B-band LPS, which are among the main virulence factors that contribute to its

pathogenicity. The polysaccharides in A-band LPSs are synthesized in the cytoplasm and translocated into the

periplasm via an ATP-binding cassette (ABC) transporter consisting of a transmembrane protein, Wzm, and a

cytoplasmic nucleotide-binding protein, Wzt. Most of the biochemical studies of A-band PSs in Pseudomonas

aeruginosa are focused on the stages of the synthesis and ligation of PS, leaving the export stage involving the

ABC transporter mostly unexplored. This difficulty is compounded by the fact that the subunit composition and

structure of this bi-component ABC transporter are still unknown. Here we propose a simple but powerful

method, based on Förster Resonance Energy Transfer (FRET) and optical micro-spectroscopy technology, to

probe the structure of dynamic (as opposed to static) protein complexes in living cells. We use this method to

determine the association stoichiometry and quaternary structure of the Wzm–Wzt complex in living cells. It is

found that Wzt forms a rhombus-shaped homo-tetramer which becomes a square upon co-expression with

Wzm, and that Wzm forms a square-shaped homo-tetramer both in the presence and absence of Wzt. Based

on these results, we propose a structural model for the double-tetramer complex formed by the bi-component

ABC transporter in living cells. An understanding of the structure and behavior of this ABC transporter will help

develop antibiotics targeting the biosynthesis of the A-band LPS endotoxin.

Insight, innovation, integration
Recently introduced methods for Förster Resonance Energy Transfer
(FRET) imaging of living cells permit determination of the quaternary
structure of protein complexes from the number and relative disposition
of peaks in the distribution of FRET efficiencies across FRET image
pixels. Unfortunately, when the proteins of interest form rapidly
dissociating/associating oligomers, the FRET efficiency distributions

exhibit few or even single peaks, causing severe underestimation of the
oligomer size. We describe a FRET-based method that circumvents this
problem and allows one to probe the stoichiometry and structure of dynamic
protein complexes in living cells. We use this method to determine the
quaternary structure of an ABC transporter complex involved in the export
of lipopolysaccharides to the surface of the pathogenic bacterium
Pseudomonas aeruginosa.

Introduction

ATP-binding cassette (ABC) transporters form a superfamily of
membrane transport proteins that is common to all living
organisms.1 ABC transporters translocate molecules across the
cell membrane by utilizing energy released through the hydrolysis
of ATP. In general, it is assumed that the core of an ABC
transporter consists of two transmembrane domains (TMDs)
and two or more nucleotide-binding domains (NBDs).2–4 TMDs
form the translocation pathway for transporting substrate across
the membrane, while the NBDs are involved in ATP binding and
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hydrolysis and contain the conserved ABC sequence motifs. Most
TMDs and NBDs in bacterial ABC transporters are expressed in
separate polypeptides, while many of eukaryotes’ TMDs and NBDs
are expressed in a single polypeptide.5

Pseudomonas aeruginosa coexpresses two unique forms of
lipopolysaccharide (LPS) on the outer leaflet of its outer
membrane, the common antigen A-band LPS and serologically
variable O antigen B-band LPS.6 For both forms, polysaccharides
(PSs) initially synthesized in the cytoplasm have to be translocated
to the periplasm prior to reaching their final destination, the
outer leaflet of the outer membrane, to form LPSs. The B-band
PSs are translocated to the periplasmic face by Wzx.7 The TMD
protein Wzm and the NBD protein Wzt form a bi-component ABC
transporter8–10 that translocates A-band PSs6 to the periplasm.
Genetic studies showed that the disruption of either wzt or wzm
gene hinders PS export across the inner membranes, resulting in
accumulation of only the A-band PS in mutants’ cytoplasm.11 In
homology to other bacterial systems, Wzt has one NBD located at
its N terminus, while the PS binding site is thought to be located
at its C terminus12,13 (Fig. S1, ESI†). Wzm is thought to provide a
passage for PS during the translocation.

Pseudomonas aeruginosa affects patients with cystic fibrosis and
immunocompromised individuals,14,15 and LPSs represent one of
the main virulence factors which contribute to its pathogenicity.16,17

The exact mechanism of PS export by ABC transporters to its
functional destination in the outer leaflet is still unknown,8,16 and
the problem can be traced back to the difficulty of determining the
spatial assembly of subunits into functional ABC transporters.

Förster Resonance Energy Transfer (FRET) – a process through
which energy is transferred non-radiatively from an optically excited
donor (D) fluorophore to a non-excited acceptor (A) fluorophore18,19 –
is a suitable tool to study macromolecular interactions in living
cells. FRET has been used for detecting conformational changes
in macromolecules,20–24 tracking complex formation,25 probing
heteromerization of more than two proteins,26 analyzing chromatin
compaction,27 and monitoring dynamic protein interactions.28

More quantitatively, FRET has been used for determining the
average size of the oligomers from average FRET efficiency values
of populations of interacting molecules29–31 as well as the
average fraction of associated versus unassociated monomers
in a population of homo-oligomerizing proteins.29,32

Advances in the FRET stoichiometry theory33 together with the
advent of optical micro-spectroscopy technology has led to the
development of a FRET imaging method for the determination of
the stoichiometry and relative disposition of the protomers within
a protein complex (i.e., quaternary structure) in living cells.34 In
contrast to standard average-based methods, this method relies on
the analysis of distributions of apparent FRET efficiencies, Eapp,
across the image pixels of individual cells expressing proteins of
interest. The most probable quaternary structure of the complex is
identified from the number of peaks in the distribution of FRET
efficiencies and their mutual relationships. Such peaks collectively
create a unique fingerprint of a specific oligomer (quaternary)
structure,35 or a ‘‘FRET spectrum’’ of the complex.

Although pixel-level FRET provides invaluable information
for stable (i.e., long-lived) oligomeric complexes, it is difficult to

use in the following situations: (i) when the number of proteins
in a cell is very small; and (ii) when proteins form dynamic
complexes that rapidly associate and dissociate, thereby leading to
uniform distributions of complexes with the same proportion of
donors and acceptors. In both of these cases, the FRET efficiency
histograms present few or even single peaks; this may easily leave
one with the incorrect impression that the protein in question
forms dimers, although it may in fact form higher order oligomers.

In our investigations of various oligomeric proteins, we have
observed that although the Eapp distributions of most cells
expressing dynamic protein oligomers may present single
peaks, the FRET efficiency values corresponding to the maxima
of those peaks do not take on arbitrary values, but cluster
themselves about certain values, with each value corresponding
to a single donor/acceptor configuration within an oligomer.
Based on this observation, we developed a novel method that
we used to determine the quaternary structure of the Wzm and Wzt
homo-oligomers separately as well as that of their functional
hetero-oligomer, the P. aeruginosa ABC transporter. Using CHO
cells as a very competent medium for expression of an ABC
transporter, we show that Wzt forms a rhombus-shaped homo-
tetramer, which changes its shape into a square upon co-expression
with Wzm. In its turn, Wzm forms a square-shaped homo-tetramer
whose geometry remains unchanged upon co-expression with
Wzt. Based on these results, we propose two slight variations of
a hetero-octameric model of the quaternary structure of the
Wzm–Wzt transporter from P. aeruginosa.

The new insights provided by the present study and, in
general, by the proposed technology, will help understand
infectious diseases caused by P. aeruginosa and possibly other
Gram-negative bacteria, and to develop effective treatments.

Materials and methods
Gene cloning and plasmid constructs

To construct pcDNA3.1 (+) gfp2-wzm, pcDNA3.1 (+) yfp-wzm,
pcDNA3.1 (+) gfp2-wzt, and pcDNA3.1 (+) yfp-wzt, the plasmids
pcDNA3.1 (+) gfp2-M2 and pcDNA3.1 (+) yfp-M2 (i.e., gfp2 or yfp
fused to human muscarinic acetylcholine receptor gene M2,
with alpha7 membrane signal peptide from nicotinic receptor)
(a gift from Professor James W. Wells, University of Toronto),
were used in inverse PCR reactions to remove the M2 gene
(leaving the alpha7 signal peptide) by using the following two
primers: 50-AAC ATG GGC GCT ACA AGG TAA TCT AGA GGG
CCC-30 and 50-CTT GTA CAG CTC GTC CAT GCC GAG CGT GAT
CCC G-30. The wzm gene was PCR-amplified from Pseudomonas
aeruginosa genomic DNA (P. aeruginosa PAO1 strain was a gift
from Professor Robert E. W. Hancock, University of British
Columbia). The PCR primers are the following: 50-/Phos/ATG
CTT CTT GGC TTG TCT CGT TCC TTG TGG GGC-30 and 50-ATC
CGG TCT AGA CTA GAG TTC ATC CAC CAT TTC-30. Also, the
wzt gene was PCR-amplified from genomic DNA with the
following two primers: 50-/Phos/ATG GGA CAG ATA CGC GTA
TCC GGC CTC GGC AAG G-30 and 50-GGG CCC TCT AGA TCA
TGG AGT GCT CTC CGC GGA AGT G-30. Underlined sequences
represent the XbaI sites. All PCR products were gel-purified
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(Qiagen, Germantown, MD), digested with XbaI, and then gel-
purified and ligated to produce the desired plasmids. pcDNA3.1
(+) gfp2-wzt, pcDNA3.1 (+) yfp-wzt plasmids were used in another
inverse PCR to remove the alpha7 mammalian signal peptide by
using the following primers: 50-/Phos/AAG GGC GAG GAG CTG TTC
ACC GGG GTG GTG CCC A-30 and 50-/Phos/GGC GGT ACC AAG
CTT AAG TTT AAA CGC TAG CCA G-30. Then, gel-purified PCR
products were self-ligated to produce the desired plasmids.

To construct the untagged wzm gene in plasmid pcDNA3.1
(pcDNA3.1 (+)-wzm), pcDNA3.1 (+) yfp-wzm was used in an inverse
PCR reaction to remove the yfp gene while leaving the signal
peptide intact by using the following primers: 50-/Phos/GTA CAG
CTT CCT TTG GAA CTC TCC TTG CAG GGA C-30; and 50-/Phos/
ATG CTT CTT GGC TTG TCT CGT TCC TTG TGG GGC-30.

To construct the untagged wzt gene in plasmid pcDNA3.1
(pcDNA3.1 (+)-wzt), pcDNA3.1 (+) yfp-wzt was used in an inverse
PCR reaction to remove the yfp gene by using the following
primers: 50-/Phos/GGC GGT ACC AAG CTT AAG TTT AAA CGC
TAG CCA G-30; and 50-/Phos/ATG GGA CAG ATA CGC GTA TCC
GGC CTC GGC AAG G-30. All engineered plasmids were checked
by DNA sequencing.

Expression of fluorescently-tagged Wzm and Wzt in
mammalian cells

The fusion proteins GFP2-Wzm, GFP2-Wzt, YFP-Wzm and YFP-Wzt
were transiently expressed in CHO cells, singly or in combination,
by transfection with pcDNA3.1 (+) gfp2-wzm, pcDNA3.1 (+) yfp-wzm,
pcDNA3.1 (+) gfp2-wzt, or pcDNA3.1 (+) yfp-wzt using Lipofectamine
2000 (Invitrogen, USA), according to the manufacturer’s directions
and as recently described by Pisterzi et al.30 Briefly, CHO-S cells
were maintained in DMEM with 10% fetal bovine serum and 1%
non-essential amino acids. Cells were seeded in 6-well plates at
approximately 40% confluency and cultured overnight. Plasmid
DNA and Lipofectamine were diluted in Opti-MEM medium
(Invitrogen, USA), then added to cells. We used 2 mg DNA for a
single-plasmid transfection reaction and 1 to 4 mg of each
plasmid in co-transfection reactions. Cells were cultured for
36 hours. The cell growth medium was removed and 250 ml of Opti-
MEM was added to each well of the 6-well plates. For imaging and
FRET analysis, the cells were manually removed from the dishes
using cell scrapers. Control reactions included single-plasmid
transfections and mock transfections (i.e., no DNA).

Optical micro-spectroscopy

Spectrally resolved fluorescence images were acquired at room
temperature using a two photon microscope with spectral resolu-
tion constructed in-house.34 The excitation light was provided by
an ultrashort-pulse (modelocked) Ti: Sapphire laser (KM Labs,
Boulder, CO), running at 80 MHz, and tunable from B750 to
820 nm. The laser light was focused with an infinity-corrected
Plan Apochromat objective (�100 magnification, NA = 1.4, oil
immersion; Nikon Instruments, Melville, NY) and raster-scanned
across the sample using galvanometric scanners (Nutfield
Technology, Hudson, NH). A non-descanned detection scheme
was used, in which the emitted fluorescence was projected through
a transmission grating onto a cooled electron-multiplying CCD

(EMCCD) camera with single-photon sensitivity (iXon 897;
Andor Technology, South Windsor, CT). In this manner, full
spectral information was obtained from each sample voxel on a
time scale much shorter than that which would correspond
to molecular diffusion. This is a critical feature when using a
two-photon microscope for molecular imaging in live cells.

Selection of FRET pairs

GFP2 was used as a donor of energy, since it has a single-photon
excitation maximum at B400 nm36 and hence a two-photon
excitation at B800 nm.34 This choice matches the center wave-
length of our Ti: Sapphire laser which was set to B800 nm and a
full-width half maximum (FWHM) of B30 nm. In addition, GFP2
(by contrast to the more popular variant eGFP) has a large Stokes
shift, which allows one to avoid acceptor direct excitation in a FRET
experiment. YFP was used as an acceptor, since its excitation
spectrum overlaps perfectly with the donor emission.29 Moreover,
YFP has a two-photon excitation maximum at B1020 nm and it
therefore cannot be directly excited by the laser light used to excite
GFP2. To prevent nonspecific oligomerization, the A206K muta-
tion37 was included in our fluorescent protein sequences.

Emission spectra

CHO cells expressing either GFP2-tagged or YFP-tagged proteins
were placed on a microscope slide and covered with a cover
slip. Spectral images of the GFP2-expressing cells were obtained
by using laser light with an average power of B25 mW at the
entrance of the microscope. Emission spectra obtained from
several cells expressing GFP2 were averaged and normalized
with respect to their maximum emission intensities to obtain
the normalized spectrum of the GFP2 donor (D). To obtain the
emission spectrum of YFP, CHO cells expressing YFP were
excited with laser light with a red-shifted spectrum (centered
about 820 nm) and twice the average power, which increased
the excitation rate of YFP several-fold;38 this was necessary
since YFP does not absorb efficiently at 800 nm. Spectral
images were obtained from cells showing high levels of YFP
expression (as judged from their overall emission). Since the
emission intensities of the cells expressing YFP were much
lower than those expressing GFP2, this suggested that the
emission spectrum of YFP was contaminated by cell auto-
fluorescence in the lower wavelengths of the spectrum. To
correct for this spurious contribution, the YFP spectrum was
fitted to a sum of three Gaussians: a broad Gaussian corres-
ponding to the cellular auto-fluorescence, as determined from
mock-transfected cells, and two closely-spaced Gaussians
corresponding to the maximum plus a shoulder normally seen
in the spectrum of YFP. We corrected the YFP spectrum by
subtracting the Gaussian which fits the auto-fluorescence part
of the spectrum from the measured spectrum. The corrected
YFP spectra were averaged over several cells expressing YFP,
and the resulting spectrum was normalized with respect to
its maximum emission intensity to obtain the normalized
(or elementary) acceptor (A) spectrum.
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FRET efficiency determination

CHO cells were transfected to co-express GFP2-tagged and YFP-
tagged proteins to determine whether they self-associate to form
oligomers. Spectral images obtained from cells co-expressing GFP2-
tagged and YFP-tagged proteins were unmixed to obtain separate
donor (denoted by kDA) and acceptor (kAD) images, as described
previously.29,34 The apparent FRET efficiency (Eapp) distribution
in a given optical section of the imaged cell was determined for
each image pixel using kDA and kAD and the equation:

Eapp = [1 + (QAkDAwD)/(QDkADwA)]�1,

where wA and wD are the integrals of the measured elementary
spectra of A and D, respectively. QD and QA are the quantum
yields of D and A, respectively,34,35 and their values (QD = 0.55
and QA = 0.61) were obtained from the literature.29,36 All the
computations were performed using the Matlab program (The
MathWorks, Inc., USA). Pseudo-FRET efficiencies for pixels
showing only background noise were avoided by rejecting all
intensities not exceeding 2.5% of the maximum emission
intensity in the Eapp calculations.

Distributions of FRET efficiencies

The number of image pixels that fell into a particular range of
Eapp values was plotted against the corresponding Eapp values to
obtain the distribution of FRET efficiencies in the cell, which is
referred to here as ‘‘the Eapp histogram.’’ About 90% of the cells
showed single peaks and the rest showed multiple peaks in
their Eapp histograms. The use of histograms for representing
the FRET data allows one to discriminate between FRET caused
by specific interactions between the protein of interest and
unwanted stochastic FRET that is caused by simple molecular
agglomeration, if any.39 About 5% of all the imaged cells and for
which Eapp histograms were determined were not considered in
our analysis. These fall into two categories. The cells in the first
category, which represents a minute fraction of the cells not
considered for analysis, showed single peaks in their histogram
with their peak position occurring at very large values of Eapp

compared to the rest of the cells, and were therefore considered
outliers. This occurred in cells that appeared to express unusually
high concentrations of Wzt tagged with YFP. We believe this was
caused by direct excitation with laser light. The second category of
spurious signals came from cells with emission intensities that
exceeded the threshold value of 2.5% of the maximum intensity
for those individual cells, but their overall intensities barely
exceeding the background noise level. Subsequent analysis of
the histograms that passed all the quality checks was depen-
dent on whether they showed single or multiple peaks and was
performed as described below.

Estimation of the protein expression level

From the fluorescence of the donor in the presence of acceptor
(kDA) and the fluorescence of acceptor in the presence of donor
(kAD), we computed the fluorescence of the donor in the absence
of acceptor using the formula FD = kDAwD + kADwAQD/QA, where all
the symbols are as defined above. Then we calculated the average

donor fluorescence in the absence of FRET. In order to obtain
an order of magnitude estimate of the donor concentration
inside the cells, we used the following expression, derived from
the expression for the number of photons generated by a two-
photon absorption process:38

Cx ¼ Cs
FxssQstdsNAs

4Ps
2fstxlx

F ssxQxtdxNAx
4Px

2fxtsls
;

where C is the molar concentration, F is the average fluores-
cence intensity of the donors in the absence of energy transfer,
s is the two-photon absorption cross-section, Q is the quantum
yield, td is the pixel dwell time of the scanning system, NA is the
numerical aperture of the microscope objective, P is the average
excitation light power, f is the repetition rate of the laser pulse,
t is the laser pulse duration (of the order of 10 to 100 fs), and lex

is the excitation wavelength, while the subscripts s and x stand
for standard solution and for the unknown concentration (of
donor-tagged molecules). The average fluorescence intensity of a
fluorescent standard consisting of an aqueous solution of YFP
(10 mM concentration) was determined using a separate micro-
scope (Zeiss Axio Observer; Zeiss, Thornwood, NY) equipped with
an OptiMiSt module (Aurora Spectral Technologies, Bayside, WI)
and an ultrashort-pulse laser (MaiTait, Spectra Physics, Santa
Clara, CA) tuned to 960 nm. The solution of YFP was prepared as
described elsewhere.40 The absorption cross sections and the
quantum yields were obtained from the literature.41,42

Analysis of Eapp histograms

Of all the cells analyzed that co-expressed either GFP2-Wzt and
YFP-Wzt or GFP2-Wzm and YFP-Wzm, a large majority (see
Results section) exhibited single peaks located at various posi-
tions along the horizontal axis (i.e., Eapp), while some showed
multiple, and often overlapping peaks in their Eapp histograms.
The Eapp distributions for cells presenting only one peak were
fitted to single Gaussian functions. Some cells, which pre-
sented broad Eapp distributions with dominant peaks, were
also considered for analysis, with their dominant peaks fitted
to Gaussian functions. The peak positions from individual
histograms were binned and collected in ‘‘meta-histograms’’
representing the total number of peak positions obtained for
each Eapp value (in intervals of 0.02). The five or three clearly
distinct peaks in the meta-histograms (see for instance Fig. 3C
and 4C) were simulated using five or three Gaussian functions
respectively, with the location on the horizontal axis of their
maxima predicted by either a rhombus-shaped tetramer model
(as depicted in, e.g., Fig. 3D) or a square tetramer (see Fig. 4D).
Other models were also considered but were eventually dis-
carded, as they either predicted peaks that were not observed
experimentally (for instance in the case of linear tetramers,
pentamers and hexamers) or failed to predict peaks that were
detected experimentally (dimers and trimers). Details about the
derivations of the expressions for the peak positions for these
models are given elsewhere.34,35 The fitting of the simulated
curves to the experimental ones consisted of minimizing the
mismatch between experimental and simulated data by adjust-
ing a number of parameters, as described next.
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(i) The exact value of the pair-wise FRET efficiency (Ep), which
determines the position of all peaks in a histogram (according to
expressions given in Fig. 3D and 4D), depends on the distance
between individual donors and acceptors within the protein
complex, relative to the Förster radius corresponding to the
FRET pair used. Ep was therefore considered to be an adjustable
parameter in the data fitting process, which determined the
positions of all five Gaussians predicted by the rhombus-shaped
tetramer model (Fig. 3D) or all three Gaussians predicted by the
square-shaped tetramer model (Fig. 4D).

(ii) The width of each Gaussian in the meta-histograms
accounts for variations from cell to cell due to pH, viscosity,
or other factors that may alter the properties of the fluorescent
probes and their rotational diffusion rates; the widths of the
peaks in the meta-histogram were therefore adjusted indepen-
dently in the fitting process.

(iii) Finally, the amplitudes of the peaks depend on the
number of instances each donor–acceptor configuration is
observed in all the cells. For a large population of cells imaged,
the average D to A concentration ratio should approach unity if
the transfection ratio varies randomly from cell to cell. This
would allow one to control the amplitudes for the individual
peaks in the meta-histogram. However, it is possible that we
underestimated instances when high FRET efficiencies were
present in Eapp histograms, due to the fact that peaks corres-
ponding to higher values of FRET efficiencies were usually
broader and had lower amplitudes, which may have caused
them to be masked by peaks corresponding to lower values of
FRET efficiencies. Therefore, the peak amplitudes were used as
independently adjustable parameters, and no significance was
ascribed to them in the present analysis.

Results
Cytoplasmic Wzt and membrane-bound Wzm interact at the
plasma membrane

From many bioinformatics servers, including NCBI (ncbi.nlm.
nih.gov) and ExPASy (expasy.org), we found that the Wzm and
Wzt proteins possess no domains or motifs that can be targeted
for modification by eukaryotic cellular machinery or exhibit any
signal for organelle localization. Hence, we chose Chinese
hamster ovary (CHO) cells as a model system to study the

interaction of Wzm and Wzt proteins. CHO cells are readily
transfected to transiently express proteins of interest using
standard techniques. Moreover, the significantly larger size of
CHO cells compared to most bacteria makes them suitable for
pixel-level FRET studies.

Before probing the quaternary structure of Wzm and Wzt,
we wanted to determine their cellular localization. We fused
the fluorescent protein GFP2

36 to their N termini and
expressed them individually in CHO cells, which were then
subjected to two-photon excitation using our home-made
two-photon microscope with spectral resolution (or optical
microspectroscopy system).34 Fluorescent images of different
optical sections of the CHO cells expressing GFP2-Wzm or
GFP2-Wzt fusion proteins were collected at B508 nm, the
wavelength at which the intensity of the GFP2 emission
spectrum is at its maximum (Fig. 1). The consecutive sections
of these cells are 3 mm apart (i.e., above the limit of the axial
resolution of the two-photon microscope). The fluorescence in
the CHO cell expressing GFP2-Wzm originates mainly from
annular regions, consistent with the localization of this protein
at the level of the plasma membrane (Fig. 1, upper panels),
while the fluorescence in the CHO cell expressing GFP2-Wzt is
distributed throughout the cytoplasm (Fig. 1, bottom panels).
The dark pockets in some sections are probably cellular
organelles. From these images, we concluded that Wzm is
targeted to the cellular membrane whereas Wzt localizes in
the cytoplasm.

In order to probe the mutual interaction between Wzm and
Wzt, we expressed fusion proteins GFP2-Wzm and YFP-Wzt – where
YFP was the yellow variant of the green fluorescent protein
GFP43 – separately or in combination in CHO cells, and imaged
them using a two-photon microscope with spectral resolution.34

The cells expressing only GFP2-Wzm or only YFP-Wzt were imaged
to obtain elementary spectra of GFP2 and YFP, respectively. In the
cells co-expressing both fusion proteins, GFP2

36 was directly
excited by laser light and acted as a donor (D) of energy, while
YFP43 acted as an acceptor (A) in a FRET process18,19,44 and was
almost completely insensitive to excitation by laser light under
the conditions that excite GFP2. Spectral images obtained from
cells co-expressing GFP2-Wzm and YFP-Wzt were unmixed (see
the Materials and methods section) to obtain the fluorescence
of donors in presence of acceptors (kDA) and the fluorescence of

Fig. 1 Localization of Wzm and Wzt proteins in optical sections of Chinese hamster ovary (CHO) cells as detected by a two-photon microscope with spectral resolution.
The top row displays fluorescence images (at 508 nm) of seven sections from top to bottom of a CHO cell expressing Wzm protein fused to the green fluorescent
protein variant GFP2. The bottom row displays fluorescence images (at 508 nm) of sections, from top to bottom, of a CHO cell expressing Wzt protein fused to GFP2.
Consecutive sections of these cells were 3 mm apart, which is roughly within the axial resolution of the two-photon microscope. Vertical scale bar indicates fluorescence
intensity, in arbitrary units.
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acceptors in presence of donors (kAD). From kDA and kAD, the
apparent FRET efficiency (Eapp) for every image pixel was
determined as described briefly in the Materials and methods
section, and in more detail elsewhere.29,34 Typical results
shown in Fig. 2 indicate that Wzt and Wzm interact in living
cells to form complexes at the plasma membrane, as evidenced
by FRET occuring mostly at the plasma membrane but also in
regions possibily occupied by intracellular membranes (such as
the ER, Golgi, and transport vesicles). Analysis of these data
alone is insufficient to extract detailed structural information
regarding the complexes. However, such data do provide critical
evidence for the interaction between Wzm and Wzt at the level of
the plasma membrane, which will be used below in elucidating
the structure of the entire hetero-oligomer.

The quaternary structure of Wzt in the absence of Wzm

CHO cells were transfected to express the fusion proteins GFP2-Wzt
and YFP-Wzt, separately or in combination at varied plasmid ratios,

and imaged as described above. The apparent FRET efficiency
(Eapp) for every image pixel was determined and a distribution
of FRET efficiencies (or the Eapp histogram) for each cell imaged
was obtained by plotting the number of pixels that fell into a
particular range of Eapp values against the corresponding Eapp

value (Fig. 3). Of all the cells co-expressing GFP2-Wzt and YFP-
Wzt that were analyzed, roughly 90% exhibited single peaks
located at various positions along the horizontal axis (i.e., Eapp),
while about 10% showed multiple peaks in their Eapp histo-
grams. The two-dimensional Eapp maps for representative cells
expressing Wzt proteins and their corresponding Eapp distribu-
tions are shown in Fig. 3A and B. The Eapp distributions for
cells presenting only one peak were fitted to single Gaussian
functions. Some cells, which presented broad Eapp distributions
with dominant peaks, were also considered for analysis,
with their dominant peaks fitted to Gaussian functions. The
best-fit curves provided individual peak positions, that is,
Eapp values corresponding to the distribution maxima (Fig. 3B).

Fig. 2 Mapping the spatial distribution of complexes of Wzm and Wzt proteins in thin (3 mm) optical sections through a CHO cell co-expressing Wzm proteins tagged
with GFP2 as a donor, and Wzt proteins tagged with YFP as an acceptor. Two-dimensional spatial distribution maps of fluorescence of donors in presence of acceptors
(kDA) and the fluorescence of acceptors in presence of donors (kAD) were obtained from spectral unmixing, while the apparent FRET efficiency (Eapp) map was
calculated from kDA and kAD for every pixel (see text for details).

Fig. 3 Homo-oligomerization of Wzt expressed in CHO cells in the absence of Wzm. A. Apparent FRET efficiency (Eapp) maps of representative cells expressing Wzt. B.
Distributions of FRET efficiencies (Eapp histograms) across the pixels composing the FRET efficiency maps shown in panel A. C. The peak positions of 380 cells showing
single or dominant peaks in their corresponding Eapp histograms were binned and used to form meta-histograms (circles), and then fitted simultaneously to five
correlated Gaussians shown individually (red, green, cyan, brown, and blue lines) or as a sum (black line). The five peaks in the meta-histogram correspond to different
configurations of a rhombus-shaped tetramer shown in panel D. The peak positions of the five simulated Gaussians were determined from a single adjustable
parameter, the pair-wise FRET efficiency (Ep) (see equations in panel D). The best fit was obtained for Ep � S.D. equal to 0.139 � 0.013. D. A rhombus-shaped tetramer
model used to interpret the results in panel C. Ep is the pair-wise FRET efficiency between a single donor (D) and a single acceptor (A).
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The Eapp distributions presenting multiple peaks were analyzed
separately (see below).

Peak positions from single-peaked histograms acquired
from 380 cells expressing Wzt in the absence of Wzm were
binned and collected in ‘‘meta-histograms’’ representing the
total number of peak positions obtained for each Eapp value (in
intervals of 0.02). As seen from Fig. 3C, the meta-histogram
showed five distinct peaks, which means that the peak posi-
tions obtained for individual histograms did not vary over a
continuum of Eapp values but rather clustered around five
distinct values each corresponding to a different tetrameric
configuration in individual cells. The five peaks in the meta-
histograms (Fig. 3C) were simulated using five Gaussian func-
tions, with the location on the horizontal axis of their maxima
accurately predicted by a rhombus-shaped tetramer model34,35

depicted in Fig. 3D. According to this model, the positions of
all five peaks in the meta-histogram may be computed from
a single Eapp value, which is termed the ‘‘pair-wise FRET
efficiency’’ (Ep) and, incidentally, corresponds to the second
peak in the meta-histogram shown in Fig. 3C. (see Fig. 3D
for mathematical expressions corresponding to each peak
position). The fitting process consisted of minimizing the
mismatch between experimental and simulated data by adjusting
Ep as well as the amplitudes and widths of the Gaussian functions.
A detailed justification of this fitting approach is provided in the
Materials and methods section above.

The quaternary structure of Wzt in the presence of untagged
Wzm

To investigate whether the presence of Wzm affects the stoichio-
metry and quaternary structure of Wzt, CHO cells were transfected
to coexpress GFP2-Wzt, YFP-Wzt and untagged Wzm, and imaged
to obtain Eapp histograms for each cell. As in the experiments
described above, the Eapp histograms of about 90% of the cells
showed single peaks, while the rest showed broader distributions.

Typical results for cells expressing Wzt in the presence of
untagged Wzm are presented in Fig. 4.

The peak positions for the singly-peaked histograms and
broad histograms showing dominant peaks were collected,
binned, and plotted against Eapp. The meta-histogram thus
obtained and its best-fit to a sum of three Gaussians are shown
in Fig. 4C, while the three configurations of a square tetramer
model used to simulate the histogram are shown in Fig. 4D. In
contrast to the model describing Wzt homo-oligomers in the
absence of Wzm, the square-shaped tetramer correctly
described this experimental meta-histogram.

The quaternary structure of Wzm in the absence or in the
presence of untagged Wzt

To determine the quaternary structure of Wzm, CHO cells were
transfected to express fusion proteins GFP2-Wzm and YFP-Wzm
in the absence or presence of untagged Wzt and were imaged to
obtain pixel-level distributions of Eapp for each individual cell.
Here again, the Eapp histograms of most cells expressing Wzm
in the absence of Wzt presented single peaks, while some
presented multiple peaks. Typical data for the cells expressing
Wzm proteins are shown in Fig. 5. Tails towards high Eapp

values were seen in almost all the histograms, suggesting the
presence of small and poorly defined peaks at high Eapp values.
The meta-histogram obtained by collecting and binning the
peak positions of the single-peaked Eapp histograms or the
dominant peaks in broad and multi-peaked histograms and
its theoretical best-fit to a sum of three Gaussians is shown in
Fig. 5C. The peak positions of the individual Gaussians in the
meta-histogram correspond to the apparent FRET efficiencies
of different configurations of square-shaped tetramers as
shown in Fig. 5D.

Similarly, the Wzm oligomeric structure in the presence of
Wzt was also investigated, and typical results are shown in
Fig. 6. Analysis of the meta-histogram obtained from such cells

Fig. 4 Homo-oligomerization of Wzt expressed in CHO cells in the presence of untagged Wzm. A. Apparent FRET efficiency (Eapp) maps of representative cells
expressing Wzt in the presence of Wzm. B. Distributions of FRET efficiencies (Eapp histograms) across the pixels composing the FRET efficiency maps shown in panel A. C.
Meta-histogram obtained by accumulating the peak positions of 87 cells presenting single or dominant peaks in their Eapp distributions (circles) and theoretical best-fit
to three correlated Gaussians shown individually (red, green, and brown lines) or as a sum (black line). The three peaks in the meta-histogram correspond to different
configurations of a square-shaped tetramer shown in the same order in panel D. The best-fit was obtained for Ep � S.D. equal to 0.17 � 0.016. D. Square-shaped
tetramer model used to interpret the results in panel C. Ep is the pair-wise FRET efficiency between a single donor (D) and a single acceptor (A).

Integrative Biology Paper

D
ow

nl
oa

de
d 

on
 3

1 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 2

6 
N

ov
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2I
B

20
21

8B
View Article Online

http://dx.doi.org/10.1039/c2ib20218b


This journal is c The Royal Society of Chemistry 2013 Integr. Biol., 2013, 5, 312--323 319

revealed that Wzm forms square-shaped tetramers in the
presence of untagged Wzt (Fig. 6C).

Confirmation of the quaternary structure from analysis of
broad Eapp distributions

We simulated, using either the rhombus-shaped tetramer or the
square-shaped tetramer model, the distribution of FRET efficien-
cies for individual cells showing multiple peaks (B10% of the
total population of cells). The Ep values for individual cells were
allowed to vary between Ep � S.D. and Ep + S.D. as determined
from the meta-histogram analysis (Fig. 3C, 4C, 5C and 6C). The
theoretical best-fits of the cells showing multiple peaks in their

Eapp distributions are shown in Fig. 7. The different Gaussians
correspond to the different configurations of the tetramers
depicted in Fig. 3D and 4D, respectively. Variations in the FRET
efficiency due to the relative orientation of the donor and acceptor
transition dipoles, as well as smearing of the FRET distributions
due to the point spread function of the microscope, influence the
width of individual Gaussians. Because of this, here again, the
widths of the Gaussians were adjusted independently of each
other in the process of data fitting. Following this procedure,
an agreement between the quaternary structure models and the
experimental results was obtained as follows: the rhombus-shaped
tetramer for Wzt in the absence of Wzm (Fig. 7A), and the square

Fig. 6 Homo-oligomerization of Wzm expressed in CHO cells in the presence of untagged Wzt. A. Apparent FRET efficiency (Eapp) maps of representative cells
expressing Wzm in the presence of Wzt. B. Distributions of FRET efficiencies (Eapp histograms) across the pixels composing the FRET efficiency maps shown in panel A.
The majority of cells presented single peaks, with minor tails at higher Eapp values. C. Meta-histogram obtained from the peak positions of 210 cells presenting single or
dominant peaks in their Eapp distributions (circles) and theoretical best-fit to three correlated Gaussians shown individually (red, green and brown lines) or as a sum
(black line). The three Gaussians correspond to different configurations of a square-shaped tetramer shown in the same order in panel D. The best-fit was obtained for
Ep � S.D. equal to 0.121 � 0.010. D. Square-shaped tetramer model and its corresponding expressions for FRET efficiencies used to interpret the results in panel C. Ep is
the pair-wise FRET efficiency between a single donor (D) and a single acceptor (A).

Fig. 5 Homo-oligomerization of Wzm expressed in CHO cells in the absence of Wzt. A. Apparent FRET efficiency (Eapp) maps of representative cells expressing Wzm. B.
Distributions of FRET efficiencies (Eapp histograms) across the pixels composing the FRET efficiency maps shown in panel A. Most histograms presented single peaks,
although those with peaks at lower values also present tails at higher Eapp values. C. Meta-histogram obtained from the peak positions of 240 cells presenting single or
dominant peaks in their Eapp distributions (circles) and their theoretical best-fit to three Gaussians shown individually (red, green and brown lines) or as a sum
(black line). The three Gaussians correspond to different configurations of square-shaped tetramers shown in the same order in panel C. The best fit was obtained for
Ep � S.D. equal to 0.121 � 0.010. D. Square-shaped tetramer model and its corresponding expressions for FRET efficiencies used to interpret the results in panel C. Ep is
the pair-wise FRET efficiency between a single donor (D) and a single acceptor (A).
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tetramer for Wzt in the presence of Wzm (Fig. 7B), Wzm in the
absence of Wzt (Fig. 7C), and Wzm in the presence of Wzt
(Fig. 7D). This is similar to the results of the analysis of meta-
histograms obtained from single-peaked histograms. As for the
observation that the Eapp histograms of most cells exhibited
single peaks (corresponding to single combinations of donors
and acceptors in the cell) while some exhibited multiple peaks
(corresponding to multiple D–A combinations), an explanation
will be attempted in the Discussion section.

Reliability of the pixel-level FRET method

As seen above, determinations of the quaternary structure of
Wzt in the absence or presence of Wzm, and of that of Wzm in
the absence or presence of Wzt were based primarily on FRET
efficiency meta-histograms (obtained from the peak position of
single-peaked histograms or multi-peaked histograms exhibiting
dominant peaks) and their best-fit to different theoretical
models. Analysis of the smaller number of histograms presenting
multiple peaks provided additional support to the quaternary
structure model. Since all the results presented above relied
heavily on the assumption that one peak in the meta-histogram
corresponds to one oligomeric configuration, it was important to
assess the validity of this assumption. To this end, we transfected
CHO cells with plasmids encoding an artificial tetrameric

construct consisting of three Venus molecules (a yellow variant
of GFP, here serving as the FRET acceptor), and a Cerulean
molecule (a cyan variant, serving as the FRET donor); this
construct is denoted herein by VCVV. The plasmids were a
generous gift from Dr Steven Vogel of NIH and were described
and characterized in detail elsewhere.45 Analysis of cells
expressing this construct was carried out the same way as for
Wzm- and Wzt-expressing cells. As expected, the individual
histograms of all cells expressing VCVV presented a single peak.
By collecting and binning all those peaks, we obtained the
meta-histogram shown in Fig. 8, which shows a clearly identifi-
able single peak. This is in agreement with our assumption that
one tetrameric configuration corresponds to one peak in the
meta-histogram, and demonstrates that our method of analysis
does not introduce spurious peaks in the meta-histogram. We
conclude that the multiple peaks obtained for Wzm and Wzt do
originate from different combinations of donors and acceptors
within a rhombus or square tetramer.

Order-of-magnitude estimate of the two hetero-tetramers
concentration

Using a reference solution consisting of 10 mM YFP and the
average fluorescence intensity of donors corrected for loss
through FRET (FD), we first estimated the molar concentrations
for Wzm and Wzt separately. For instance, for the cells shown
in Fig. 4 (for Wzt) and Fig. 6 (for Wzm), the molar concentra-
tions of donor-tagged molecules were on the order of 10 nM.
Then, using an approximate radius value of 10 mm for a CHO
cell, we estimated the Wzm or Wzt concentrations to be on the
order of a few hundred thousand molecules per cell. For all the
cells imaged in this study, the numbers varied between a
hundred thousand and one million molecules per CHO cell.
For a P. aeruginosa cell, shaped as a rod of diameter of about
700 nm and length of 2 mm, this is the equivalent of a few tens
to a few hundreds of molecules per cell. Given the quaternary
structure we just determined, we estimate the number of Wzt
and Wzm tetramers to be on the order of a few to a few tens per
cell, which does not appear to be a particularly high expression
level and might be close to physiological levels.

Fig. 8 Meta-histogram obtained from peak positions of individual Eapp

histograms for CHO cells expressing an artificial tetramer (circles) consisting of
three acceptors (Venus) and one donor (Cerulean).45 The solid line represents the
theoretical best-fit to a single Gaussian.

Fig. 7 Determination of the quaternary structure of Wzt and Wzm expressed in
CHO cells showing multiple peaks in their Eapp histograms. A. Eapp histogram of a
cell expressing Wzt in the absence of untagged Wzm (circles) and theoretical
best-fit (for Ep = 0.143) to five Gaussians shown individually (red, green, cyan,
brown, and blue lines) corresponding to different configurations of the rhombus
shaped tetramer shown in Fig. 3D or as a sum (black line). B. Eapp histogram of a
cell expressing Wzt in the presence of untagged Wzm (circles) and theoretical
best-fit (for Ep = 0.180) to three Gaussians shown individually (red, green and
brown lines) corresponding to different configurations of a square shaped
tetramer shown in Fig. 4D or as a sum (black line). C. Eapp histogram of a cell
expressing Wzm in the absence of untagged Wzt (circles) and theoretical best-fit
(for Ep = 0.135) to three Gaussians shown individually (red, green and brown
lines) corresponding to different configurations of square shaped tetramer of
Fig. 5D or as a sum (black line). D. Eapp histogram of a cell expressing Wzm in the
presence of untagged Wzt (circles) and theoretical best-fit (for Ep = 0.135) to
five Gaussians shown individually (red, green and brown lines) corresponding
to different configurations of square shaped tetramer of Fig. 6D or as a sum
(black line).
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Discussion
Why the individual histogram peaks are broader than those of
meta-histograms

Visual comparison between the individual peaks in the meta-
histograms shown in Fig. 3–6 and the individual peaks of the
multi-peaked histograms (Fig. 7) revealed that the widths of the
individual peaks in multi-peaked histograms were vastly wider
than those of the meta-histograms. The width of each Gaussian
in the meta-histograms accounts for variations from cell to cell due
to pH, viscosity, or other factors that may alter the properties of the
fluorescent probes and their rotational diffusion rates, while the
distributions of Eapp values accounting for the widths of the peaks in
Eapp histograms showing single peaks or individual peaks of Eapp

histograms showing multiple peaks were caused by two main
factors: (a) changes in relative orientations of the individual transi-
tion dipoles of donors and acceptors undergoing rotational diffusion
during the process of measurement, and (b) mixing of signals
between adjacent tetramers (or possibly between tetramers and free
monomers) due to image-blurring effects caused by the point spread
function of the instrument. Numerical simulations suggest that the
second effect should be stronger for higher concentrations of
molecules.39 Both of these effects add significant blur to individual
histograms, which is cleared away by the method based on genera-
tion of meta-histograms introduced in this paper. This allowed us to
clearly resolve the fine structure of the Eapp histograms – as if we
were using an imaging method with super-resolution – and thus
determine the structure of the Wzm and Wzt oligomers.

Proposed structural model

The FRET analysis described above indicates that the cytoplasmic
Wzt protein forms a rhombus-shaped tetramer in the absence of
the transmembrane domain Wzm, but changes its shape into a
square-shaped tetramer in the presence of Wzm. By contrast,
Wzm forms a square-shaped tetramer whether Wzt is present or
not. In addition, we have demonstrated that the Wzm and Wzt
oligomers interact with one another to form a hetero-oligomer.
Based on these results, we are now ready to formulate a model
for the supramolecular assembly of the Pseudomonas aeruginosa
ABC transporter for polysaccharides, which consists of one Wzm
homo-tetramer on top of one Wzt homo-tetramer, creating a
hetero-dimer of homo-tetramers, or a hetero-octamer. Some
ambiguity remains with regard to whether each protomer in
the Wzm tetramer interacts with a single protomer in the Wzt
tetramer and thus forms a head-to-head structure, or a Wzm
protomer interacts with two adjacent Wzt protomers thereby
forming an interlaced structure (Fig. 9). The two configurations
differ from each other by a 451 rotation of the Wzt and Wzm
tetramers relative to each other and around a common axis
perpendicular to the membrane. Further biochemical work will
be necessary to determine the specific interactions sites in order
to choose one configuration over the other.

Considerations regarding the stability of the complexes

Additional information regarding this octamer may be gleaned
from the observation that, while most of the cells presented

single-peaked Eapp histograms, a small fraction presented multi-
ple peaks. In other words, while for most cells, the proportion of
donors and acceptors was on average the same in each homo-
tetramer (of Wzm or Wzt), for some cells all three (for square
tetramer) or five (for rhombus tetramers) peaks were present. The
preponderance of singly-peaked histograms suggests that the
observed structures are dynamic and that the individual mono-
mers may associate or dissociate reversibly to eventually form
tetramers with the same D to A ratio throughout the cell. More
specifically, if given enough time after synthesis, the dynamic
oligomers will reach a composition of donors and acceptors that
approaches the overall ratio between donors and acceptors
concentration within the entire cell. The fact that the histograms
of some cells presented all the peaks suggests that the association/
dissociation process is slow and those cells had not expressed
the protein tetramers for a length of time sufficient to allow full
randomization of their composition.

Comparison to other studies

The discovery that Wzm and Wzt form interacting tetramers is
not an unusual finding in the study of ABC transporters. Indeed,
several ABC transporters have been reported to associate into
either dimers or multimers. For example, the human multidrug
resistant half transporter MRP1,46 human cystic fibrosis trans-
membrane conductance regulator (CFTR)47 and the yeast Pdr5p
full transporter48 have been reported to form dimers. Recently,
the multidrug resistant half-transporter human breast cancer
protein, ABCG2, was purified as a tetramer.49 Similarly, human
ABCA1 transporter exists in intact fibroblasts as a homo-tetramer or
even higher oligomerization states.50 Finally, the bi-component ABC
transporter protein BtuCD involved in vitamin B12 uptake in E. coli –
consisting of the homo-dimeric transmembrane protein BtuC and a
homo-dimeric nucleotide-binding protein, BtuD – appears to form a
hetero-tetramer51 and serves as a paradigm for all other bacterial
ABC transporters. All these studies were done in vitro and most of
them were limited to the determination of the size of oligomers.

Fig. 9 Two versions of the hetero-octameric model proposed for the quaternary
structure of the Wzm–Wzt ABC transporter. A. Four units of Wzm interacting with
four units of Wzt face-to-face. B. Four units of Wzm are interlaced with four units
of Wzt.
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Unlike those approaches, the spectrally-resolved FRET used
in this study allowed us to determine the stoichiometry of a
bi-component bacterial ABC transporter in living cells. We
determined the oligomer size of each component as well as
their quaternary structure in vivo and, based on these observa-
tions, proposed a quaternary structure model which is different
from the model proposed for the transporter BtuCD in E. coli.

Significance of the present results

At this point the question that remains is how would tetra-
merization of Wzt or Wzm be relevant to substrate or even its
translocation? Unlike the ABC transporters mentioned in the
previous paragraph, which mostly translocate drugs or ions,
the ABC transporter formed by Wzm and Wzt translocates a
relatively large substrate, the A-band PS. The A-band PS sugar
chain is a homopolymer of D-rhamnose of approximately
70 monomers,52 giving it the length of B28 nm, assuming an
extended form of the polymer with a 0.4 nm per monomer. In
fact, recent atomic force microscopy (AFM) studies have shown
that the A-band PS can be up to B36 nm long.53 In light of this,
higher order oligomerization of Wzm and Wzt might be
required for the translocation of the PS substrate. The Wzt
tetramer could provide multiple binding sites for the long or
bulky PS substrate. In analogy, the biochemical studies on the
homo-tetrameric human ABCA1 led to the proposal that multiple
binding sites exist for its substrates.50 Wzm is supposed to form
a channel to facilitate the passage of PS across the membrane. It
is conceivable therefore that Wzm being a tetramer can form an
accommodating channel for the translocation of the bulky PS, a
scenario originally proposed by Cuthbertson et al.12 Also, the fact
that the Wzt protein tetramer changes its shape upon binding to
Wzm may suggest that these structural changes allow for PS or
PS-Wzt orientation prior to translocation.

One of the next steps in these studies would be to determine
the binding interfaces for Wzt as well as the side chains of the
Wzm that face the channel. This could be done by attempting
to orient the Wzm and Wzt subunits within the general
quaternary structure and under the constraints of the relative
distances between protomers set by the present study. This step
would require knowledge of the tertiary structure, which could
be achieved using X-ray crystallographic measurements, which
are currently unavailable.

An understanding of the structure and function of this ABC
transporter provides critical information for developing anti-
biotics targeting the biosynthesis of the A-band LPS endotoxin,
a primary factor in P. aeruginosa pathogenesis.
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