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ARTICLE INFO ABSTRACT

The ATP-binding cassette (ABC) superfamily includes regulatory and transport proteins. Most human ABC ex-
porters pump substrates out of cells using energy from ATP hydrolysis. Although major advances have been
MsbA made toward understanding the molecular mechanism of ABC exporters, there are still many issues unresolved.
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LRET During the last few years, luminescence resonance energy transfer has been used to detect conformational
Eﬁg{esceme changes in real time, with atomic resolution, in isolated ABC nucleotide binding domains (NBDs) and full-length
NED ABC exporters. NBDs are particularly interesting because they provide the power stroke for substrate transport.

Luminescence resonance energy transfer (LRET) is a spectroscopic technique that can provide dynamic in-
formation with atomic-resolution of protein conformational changes under physiological conditions. Using
LRET, it has been shown that NBD dimerization, a critical step in ABC proteins catalytic cycle, requires binding
of ATP to two nucleotide binding sites. However, hydrolysis at just one of the sites can drive dissociation of the
NBD dimer. It was also found that the NBDs of the bacterial ABC exporter MsbA reconstituted in a lipid bilayer
membrane and studied at 37 °C never separate as much as suggested by crystal structures. This observation
stresses the importance of performing structural/functional studies of ABC exporters under physiologic condi-
tions. This article is part of a Special Issue entitled: Beyond the Structure-Function Horizon of Membrane

Proteins edited by Ute Hellmich, Rupak Doshi and Benjamin Mcllwain.

1. Introduction

Membrane proteins (MPs) constitute between 20 and 30% of the
sequenced genomes, and are the targets of > 50% of pharmacological
agents in the market [1]. Alterations in MP function of genetic and
acquired origin are at the core of disorders of medical importance such
as cystic fibrosis, cerebrovascular accidents, deafness, cardiac infarcts,
and neurodegenerative diseases, among many. Since MPs mediate
fundamental life processes, they are of broad interest to the basic sci-
ences as well as to the fields of biotechnology and medicine. Despite the
relevance of MP, understanding their structure and function has been
limited by the experimental difficulties associated with the hetero-
geneous lipid/water environment where these proteins reside. There-
fore, it is of great interest to develop experimental approaches that can
allow us to study MP in their natural environment.

Most high-resolution structures of MPs have been obtained by X-ray
crystallography and to a much lesser extent by NMR spectroscopy.
Cryo-electron microscopy/single-particle analysis has emerged as a

powerful methodology that has produced a number of recent structures;
it is expected that it will soon rival or surpass X-ray crystallography as a
source of membrane protein structures, including structures in MPs in
the membrane. In some cases, it is possible to obtain high-resolution
structures of proteins “locked” in different conformations directly or by
a hybrid approach combining a structure in a particular conformation
with experimental data and computational modeling. Examples are the
uses of electron paramagnetic resonance spectroscopy to obtain data of
proteins locked in different conformations using site-directed spin la-
beling in combination with either continuous wave-electron para-
magnetic resonance spectroscopy (side chain environment and dy-
namics) or double electron-electron resonance (DEER) spectroscopy
(spin label-spin label distances). High-resolution structures and in-
formation on proteins locked in specific states are essential to under-
stand how proteins work because they provide a detailed picture of the
proteins “frozen” in a particular conformation. However, proteins are
highly flexible molecules that sample an ensemble of conformations
around the average structure because of thermal motion. They also
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experience slow molecular motions in the microsecond to second
timescale. These are low probability events that lead to higher energy
states on an energy landscape, which are directly linked to protein
function. It follows that understanding the mechanisms of proteins at
the atomic/molecular level requires a description of the conformational
states and the kinetics of the essential transitions between those states.
This cannot be achieved only with high-resolution structures of defined
states, but requires protein dynamics studies that add a time dimension
to the high-resolution structural snapshots.

Optical spectroscopic techniques such as Forster (or fluorescence)
resonance energy transfer (FRET) and luminescence resonance energy
transfer (LRET) are ideal to follow conformational changes in real time
under physiological conditions. They can provide information at the
population (e.g., FRET, LRET, Trp fluorescence spectroscopy) and
single-molecule levels (e.g., single-molecule FRET). FRET and LRET
have atomic-resolution and high sensitivity, and can provide dynamic
information on the most relevant conformational changes of membrane
proteins that are associated with function. FRET has been a metho-
dology of choice for dynamics studies in the ns to s time range.
However, light scattering by detergent micelles and liposomes com-
plicates FRET quantitation in membrane-protein studies. Light-scat-
tering problems are minimized when LRET is used instead of FRET to
follow membrane-protein domain motions, although these motions
have to be generally slower than 200 ps.

In this review, we discuss our recent findings using luminescence
spectroscopy to study ATP-binding cassette (ABC) transporters. We
present examples of the use of Trp spectroscopy and LRET to study ABC
proteins under steady-state conditions and during transitions between
defined states. We frequently refer to publications that deal with spe-
cific issues, where more extensive references and original publications
are included.

2. Membrane-protein platforms
2.1. Traditional membrane-protein platforms

Purification and reconstitution are critical to study the structure and
function of MPs under well-controlled experimental conditions.
However, whereas working with purified proteins is essential for most
detailed structural studies of MPs, functional, and also structural studies
of MPs have been successfully performed with proteins in membrane
vesicles. One clear advantage of this type of studies is that the MPs are
studied in their native membrane environment. As an example, an ap-
proach for transport studies of ABC exporters is the use of inside-out
membrane vesicles with measurements of ATP-dependent substrate
uptake upon addition the nucleotide to the bath [2]. For the work with
purified MPs, an essential step is the extraction of the proteins from cell
membranes with amphiphiles. Solubilization of membranes with de-
tergents is the most frequent approach because of the availability of a
broad range of detergents with different properties and the simplicity of
the process. However, detergent micelles have very different physico-
chemical properties than lipid bilayers, which contribute to the reduced
stability of detergent-solubilized MPs. Lipids have a major contribution
to the curvature, lateral pressure profile, thickness, and other bulk
physicochemical properties of biomembranes [3-6]. While these
properties are generally preserved in artificial lipid bilayers, they are
largely absent in detergent, detergent-mimicking alternatives such as
peptide surfactants, amphipols, and facial amphiphiles [7-9]. Bicelles
are discoidal structures formed by phospholipids and detergent, with a
planar region that mimics a biomembrane [10]. Unfortunately, bicelles
can only be formed with limited lipid compositions and knowledge of
the properties of MPs in bicelles vs. MPs in lipid bilayer is very limited.

Reconstitution of detergent-solubilized MPs into lipid bilayers in-
creases their stability, and unilamellar liposomes represent a well-es-
tablished reconstitution configuration. The lipid bilayer of liposomes
separates two compartments, making liposomes well suited for
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Fig. 1. Self-assembly of nanodiscs (NDs). Schematic representation of the formation of
NDs upon detergent removal from a mixture containing membrane scaffold protein (MSP)
and detergent-solubilized phospholipids and membrane proteins. Detergent molecules are
represented as yellow ovals (hydrophilic heads) with magenta tails (hydrophobic moi-
eties), and phospholipids as red circles (hydrophilic heads) and black tails (hydrophobic
chains).

membrane transport studies. However, since the accessibility to the
intraliposomal side is limited, the use of liposomes represents a com-
plication for applications such as binding studies. In addition, the re-
latively large size of the liposomes complicates optical spectroscopy
measurements due to light scattering. In recent years, nanodiscs (NDs)
have been introduced as a new approach for the study of membrane
proteins in a lipid bilayer. NDs are proteolipid or polymer-lipid na-
nostructures that display a great potential as platforms for the study of
MPs [11-13].

2.2. Nanodiscs

NDs consist of two molecules of a membrane scaffold protein (MSP)
that encase a small patch of lipid bilayer (Fig. 1) [12,13]. Most MSPs
are based on apolipoprotein Al, a major component of serum high-
density lipoprotein complexes [13]. Changing the MSP length allows
for control of the NDs size in the ~8-17 nm range [12-15], which can
be useful to adapt diameter to the application. In the NDs, most hy-
drophobic residues of the MSPs interact with the hydrophobic moiety of
the lipid bilayer, whereas the MSPs hydrophilic residues face the out-
side and help to maintain the solubility of the NDs in water-based so-
lutions [12,13,16].

Upon detergent removal, NDs assemble spontaneously from mix-
tures containing MSP and detergent-solubilized lipids (Fig. 1)
[13,14,17]. Possibilities to remove the detergent include dialysis, de-
tergent-binding columns, and binding to detergent-absorbing beads
such as Bio-Beads SM2 from Bio-Rad [12-14,18]. Varied MPs have been
incorporated in NDs of varied lipid compositions [12-14,18]. The ap-
propriate phospholipid:MSP molar ratio depends on the length of the
MSP (ND diameter) and the absence or presence of MP. Incorrect ratios
can lead to low reconstitution efficiency, MSP aggregation and/or for-
mation of large proteolipid complexes [14,18].

Styrene-maleic acid (SMA)-lipid particles (SMALPs) or Lipodisgs are
a relatively recent ND variation. SMALPs are polymer-encased NDs
where amphipathic SMA copolymers replace the MSPs [19-21]. The
interest in SMALPs is increasing for two main reasons. One is that SMA
copolymers act as a membrane solubilisation agent, generating NDs
directly from biological membranes [19-21], bypassing the use of de-
tergent, which can be disruptive for many MPs, and the reconstitution
step. The other reason is that SMALPs made from solubilisation of na-
tive membranes contain the original lipids, which may be an advantage
to study MPs in a close to physiological environment [19-21]. Sig-
nificant disadvantages are the poor control of SMALPs diameter and the
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incompatibility of SMA with common buffer solutions (low pH, cationic
solutes) [19,22,23]. The latter include coordination of the SMA car-
boxylates with the immobilized metals used to purify His-tagged MPs,
and precipitation due to electrostatic interaction between the SMA
carboxylates and divalent inorganic cations. Relevant to ABC proteins,
their ATPase activity requires Mg?*, precluding studies of functional
ABC proteins reconstituted in SMALPs. Recent finding and future de-
velopments are likely to address the problems described and increase
the use of SMALPs [24].

3. Lanthanide-based (or luminescence) resonance energy transfer
(LRET)

3.1. Basic principles of LRET

FRET and LRET are two sensitive spectroscopic techniques based on
energy transfer from a donor to an acceptor. Energy transfer between
the donor and acceptor depends on the distance that separates these
spectroscopic probes, making these techniques very useful for the study
of conformational changes in proteins. FRET and LRET are particularly
well suited for structural studies of biomolecules because efficient en-
ergy transfer occurs in a distance range compatible with the size of
biological macromolecules and membrane thickness, and its extent can
be predicted from the donor-acceptor distance and the properties of the
donor and acceptor [25]. FRET occurs between a donor molecule in the
excited state and an acceptor molecule in the ground state. Generally,
the donor emits light at wavelengths that overlap with the acceptor
absorption spectrum. However, energy transfer does not occur through
photons emitted by the donor, but it is the result of long range dipole-
dipole interactions between the donor and acceptor. This is important
because photons can travel very long distances and absorption does not
depend intrinsically on the distance, but on many factors that include
concentration of the molecule that absorbs and pathlength. LRET is
somewhat similar to the traditional FRET, but in LRET a luminescent
lanthanide (generally Tb®* or Eu®*) chelate is used as donor [26].
Tb®>* and Eu®"* display long lifetime of their excited states because
emission arises from a parity forbidden 4f to 4f electronic transition that
also involves a high spin to high spin transition from an S = 2 state (°D,
for Tb®* and °D, for Eu®*) to an S = 3 state ("F;, where J = 0-6)
[26]. Because of the high spin nature of the transitions, emission of the
luminescent lanthanides is not formally fluorescence (singlet-to-singlet
transition) or phosphorescence (triplet-to-singlet transition) [25,26].
However, since emission arises primarily from electric dipole transi-
tions [26], the electric field produced by Tb® ™ or Eu®** and by a FRET
organic donor have the same dependence on distance (R), decreasing as
a function of R~ 2 (for R <) resulting in the same dependence on
distance (R~ °) for FRET and LRET.

LRET has a number of advantages over FRET for studies of MPs.
These advantages are the result of two unique properties of the lumi-
nescent lanthanides, namely line spectra emission and long lifetime of
the excited state. Different from the broad spectra of traditional fluor-
ophores used in FRET, Tb®* and Eu®* chelates display atomic-like line
spectra, with sharp peaks separated by dark regions (Fig. 2A). This
permits isolation of the acceptor fluorophore emission without con-
tamination from donor emission. Avoiding overlap between the broad
excitation and emission spectra of the donor and acceptor in FRET is
not possible. Also, lifetimes of the excited-state of traditional fluor-
ophores are generally in the ns range (e.g, ~3ns for fluorescein),
whereas those of Tb® ™ and Eu®* are 10° to 10° folds longer, in the ms
range [25,26]. The long lifetime of the Tb®* and Eu®* excited states
can be used to introduce a delay between a relatively short excitation
pulse and the acquisition of the acceptor emission [26,27]. In this ac-
quisition mode, the detector is off during the excitation pulse and is
gated-on with a delay of tens to hundreds of ps from the excitation pulse
(Fig. 2B). In practice, the LRET donor is excited with a relatively short
pulse from a laser or a flash lamp, and the long-lifetime emission is
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recorded with a 20-200 ps delay after the excitation pulse. The LRET
donor and the acceptor sensitized emission arising from LRET are re-
corded. The sensitized LRET emission is the long-lifetime emission from
the LRET acceptor that can only originate from energy transfer from
Tb® " or Eu® ™" chelates to traditional fluorophores [26]; for example,
the intrinsic lifetime of fluorescein emission is ~3 ns, whereas the
sensitized emission of a fluorescein acceptor has a ms lifetime because
the fluorescein acceptor follows the long-lifetime emission from the
LRET donors that participate in LRET. During the delay, before the
detector is gated-on, light from processes with lifetimes in the ns range
will decay to negligible values, resulting in a very low background.
These processes include sample autofluorescence, emission due to di-
rect excitation of the acceptor, and scattering of the excitation pulse
[26]. Light scattering is a major problem in spectroscopic research of
MPs in liposomes, detergent micelles, and NDs. Another advantage of
LRET is that the emission from the donor and acceptor is unpolarized
[26,28]. This reduces problems due to orientation factors, which in-
troduce uncertainties in FRET-based calculations (see Section 3.3). Also
different from FRET, donor-acceptor distances calculated from sensi-
tized emission lifetimes are independent of the labeling stoichiometry
[26,29]. When using chemical labeling probes in LRET, the signals from
donors and acceptors that are unpaired and do not participate in energy
transfer have to be subtracted. In contrast, since in LRET the sensitized
emission originates exclusively from energy transfer, it is not necessary
to subtract emission from donors and acceptors that do not participate
in energy transfer. The increase in LRET donor-acceptor pairs will im-
prove sensitivity, but will not have effect on LRET calculations.

3.2. Lanthanide probes

Luminescent Tb®* or Eu®* chelate complexes are used as donors in
LRET. They have ms lifetimes and high quantum yields, and produce
unpolarized sharp atomic-like line emission spectra with a broad visible
emission range that extends from ~490 to 700 nm [26]. To assess
conformational changes in proteins using LRET, efficient excitation of
the donor and control of the position of the Tb®* or Eu®* chelates in
the protein are essential. Because of their low absorption coefficients
(< 1000 folds of organic fluorophores), the luminescent lanthanides
are rarely excited directly, but their excitation is mediated by a nearby
antenna of high absorption coefficient. Lanthanide excitation in the
chelate is accomplished in a two-step process where the excitation light
is first absorbed by the antenna (step 1 in Fig. 2C and D), which in turn
transfers energy to the lanthanide with high efficiency (step 2 in Fig. 2C
and D). The emission quantum yield for Tb®>* and Eu®* in the chelates
used for LRET is quite high, which is important because of the depen-
dence of energy transfer efficiency on the donor quantum yield [26,30].
Lanthanide complexes include those where the chelator and antenna
are distinct components, and those where the chelate backbone co-
ordinates the lanthanide and serves as antenna. The first group includes
the lanthanide chelate DTPA-cs124-EMCH that we have used (Fig. 2C)
[30]. The second group includes organic compounds such as pyridine
derivatives and the genetically-encoded lanthanide binding tags
(Fig. 2D) [26,31-34].

In addition to an efficient excitation, an accurate positioning of the
luminescent lanthanide chelates is required. The most common ap-
proach is the use recombinant proteins with Cys residues that can be
selectively labeled by standard thiol chemistry, generally using mal-
eimides or methanethiosulfonates. Although not always necessary, all
native Cys can be replaced to generate a functional Cys-less protein that
can then be used as framework to introduce Cys in the places desired for
the location of the LRET probes. The time invested to reach this point
varies from protein to protein and it is difficult to predict. In our ex-
perience, it was relatively simple to do it for the ABC bacterial exporter
MsbA because substitution of all native Cys residues with Ala and/or
Ser yielded a fully-functional protein [35]. In contrast, to develop a
fully-functional Cys-less P-glycoprotein (Pgp, MDR1 or ABCB1) took us
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Fig. 2. Luminescence resonance energy transfer (LRET). A.
Emission spectra of the Tb®* chelate LRET donor and fluorescein.
The Tb** sharp emission with dark regions between peaks con-
trasts with the broad emission spectra of fluorophores such as
2 fluorescein. B. Use of gated emission in LRET. Representative of

typical LRET gated emission (red, period 2) after a delay of mi-
croseconds (period 1) that follows a short 337 nm ns-excitation
pulse. Emissions that decay with ns lifetimes (during period 1) are
depicted in green. C. Luminescent lanthanide probe with separate
chelator and antenna. Example of a polyaminocarboxylate-carbos-
tyril probe consisting of a DTPA chelate and cs124 antenna. R re-
presents the maleimide group. D. Genetically-encoded lanthanide
binding tag (LBT) where chelator and antenna are part of the same
structure. Ribbon representation of Tb®*-LBT complex with the
Tb®* (cyan sphere) coordinated by ligands of two Asp (magenta
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a lot more effort because we had to do it in stages by directed evolution
using a powerful drug resistance screen [36].

A number of thiol-reactive luminescent lanthanide chelates suitable
as LRET donors are commercially available or have been synthesized
[26,27,30,37,38], but we generally use the Tb®>* chelate DTPA-cs124-
EMCH (Fig. 2C) [28-30,35,39-41]. It has a maleimide for covalent
reaction with Cys thiols, a carbostyril antenna chromophore that ab-
sorbs well at 335nm (cs124; 7-amino-4-methyl-2(1H)-quinolinone;
good for excitation with a nitrogen laser), and the high-affinity die-
thylenetriaminepentaacetic acid (DTPA) chelator. The antenna absorbs
the excitation light (Fig. 2C, step 1) and transfers it to the Tb®* with
high efficiency (Fig. 2C, step 2), whereas the chelator shields the Tb®*
from the broadening effects of the water, keeping the Tb® ™ spectral
peaks sharp. This compound is water soluble and displays a lifetime of
~ 2 ms, high-quantum yields, large Stokes shifts, and emission spectra
with sharp peaks [30]. Even though the size of the probe places the
Tb®* away from the Cys a carbon, this seems to be a minor problem
because the donor-acceptor distances determined in several systems are
very close to those estimated from crystal structures [28,35,39,42,43].
This is likely the result of positioning of the probes on the outside of the
structure, away from other areas, and the unpolarized long lifetime of
the LRET sensitized emission that allows the probes to sample all or-
ientations, centered close to the a carbon. If needed, the position of the
probes can be modeled based on the protein structure and LRET

parameters [44-46].

One positioning approach alternative to the chemical labeling is the
use of  genetically-encoded lanthanide-binding  sequences
[31-34,47,48]. These are sequences derived of the EF hand motifs of
Ca®*-binding proteins, which display high affinity for lanthanides
[31,32] and have been successfully introduced in proteins for LRET
studies [31,33,34]. These tags include acidic coordination residues and
a Trp residue that functions as antenna (Fig. 2D). Since the structure of
the lanthanide binding tags and the atomic distances within the tag
complex are known, their use could allow for more precise predictions
of the location and orientation of the donor. In principle, lanthanide
binding tags can be used in combination with tetracysteine tags that
react with fluorescent biarsenicals acceptors [49,50]. Lanthanide
binding tags minimize the need to work with purified proteins. In fact,
combining the use of tags or specific binders has allowed for mea-
surements of atomic distances of MPs such as the Na,K-ATPase and ion
channels in intact cells [33,34,47].

3.3. LRET data analysis

The relevant long-lifetime emissions used for LRET calculations are
those from the luminescent lanthanide donor and the sensitized emis-
sion of the acceptor fluorophore [26]. The distance between the donor
and acceptor can be calculated from:
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R =Ry (E7' — 1S, 1
where E is the efficiency of energy transfer calculated as:
E=1-14/w, (2)

Ry is the Forster distance (distance at which E = 0.5), and 7p and
7pa are the lifetimes of the donor in the absence and presence of the
acceptor, respectively. In LRET, the sensitized acceptor emission is es-
sentially equal to zps (see Section 3.1). Ry is calculated from the
spectral properties of donor and acceptor according to:

Ro = 021 (J g n™* k216 (in A), 3

where J is the normalized spectral overlap of the donor emission and
acceptor absorption, gp is the donor quantum yield in the absence of
acceptor, n is the refractive index, and x? is a geometric factor related to
the relative orientation of the transition dipoles of the donor and ac-
ceptor and their relative orientation in space.

The orientation factor x? is related to the angle between the donor
and acceptor transition dipole moments and is a source of uncertainty
in FRET measurements. The extreme values of x* are zero if all angles
are 90°, and 4 if all angles are 0°. Its value equals 2/3 if the donor and
acceptor rotate rapidly and completely during the lifetime of the donor
excited state. Constraints can be imposed by measuring the polarization
of donor and acceptor emissions to reduce the uncertainty in «2
Considering the unpolarized emission of Tb®> " chelates and that the
acceptor will very likely rotate during the long donor lifetime, errors in
distances calculated from LRET due «* are negligible. This makes dis-
tance calculations based on LRET data generally more accurate than
those based on FRET data.

In our hands, sensitized emission lifetimes in ABC exporters are few
and can be determined easily and accurately by fitting the LRET decays
to a multi-exponential function, with the fitting quality assessed from
the random residual distribution, which should not show structure and
have a chi-squared value near unity. Two key parameters can be ob-
tained from the multi-exponential fitting of the donor only and sensi-
tized acceptor emission decays: the intensity of each component at
time = zero (pre-exponential term), and the decay lifetime. The latter
can be used to calculate E (Eq. (1)) and donor-acceptor distances (Eq.
(2)). The percentage of donor-acceptor pairs showing a specific distance
can be calculated from the fractional intensity contribution of each
distance component divided by the rate of energy transfer
(k=1/1pa — 1/ ) [35,39].

In addition to the multi-exponential fitting that unveils predominant
donor-acceptor pair distances, we routinely use an exponential series
method designed to recover lifetime distributions without a priori as-
sumptions about the distribution shape [39,51,52]. For this, we analyze
the LRET sensitized emission decays using a series of 200 exponentials
with variable pre-exponentials and fixed, logarithmically-spaced life-
times. The lifetime distributions can then be converted to distance
distributions. Since the analysis does not have assumptions about the
distributions shapes, it can be used to discriminate between discrete
and continuous distance distributions.

3.4. Applications of LRET

The applications of LRET are many and include its use in bio-
chemical assays, measurements of protein-protein and protein-DNA
interactions, determination of the oligomeric composition of proteins,
and assessment of conformational changes of DNA and proteins [26].
The use of LRET in high-throughput screening assays is particularly
important. Its widespread use is based on the facts that the assays are
not radioactive and do not require separation of products or washes,
that LRET is highly sensitive, and that E can be measured over relatively
long distances. The high sensitivity and signal-to-noise ratio of LRET is
particularly appealing because it allows analysis of poorly-labeled
samples in complex preparations (e.g., cell lysates) and can be detected
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at sub-nM concentrations, reducing the use of expensive reagents. Also,
since LRET occurs over a fairly long distance range (10-100 A), it is
possible to use the same lanthanide-labeled “large” reagents (e.g., an-
tibodies, streptavidin) for different assays (e.g., labeled streptavidin for
assays of a variety of biotinylated binders).

Relevant to focus of this review, LRET has been used in a number of
membrane protein studies for diverse purposes, including determina-
tions of conformational changes [29,33,34,42-44,47,53-60]. Here, we
will discuss the use of LRET to follow ABC proteins conformational
changes in Sections 4 and 5.

4. ABC proteins superfamily

ABC proteins comprise one of the largest protein families, with
members in all kingdoms of life [61,62]. ABC importers are found
predominantly in bacteria and archaea, whereas most eukaryote ABC
proteins are exporters [61,63,64]. The human ABC protein family in-
cludes 49 members, which are divided into 7 sub-families based on
sequence similarities [61,62,65]. Except for the ABCE and ABCF
members, which comprise 4 soluble regulatory proteins, human ABC
proteins are multispanning transmembrane proteins. The majority are
exporter pumps localized to the plasma membrane, which contribute to
the reduction of intracellular concentration of their substrates. The
ABCC subfamily has a few exceptions of members that do not work as
exporter pumps, the Cl~ channel CFTR (ABCC7; cystic fibrosis trans-
membrane conductance regulator), and the regulatory subunits of Katp
channels SUR1 and SUR2 (ABCC8 and ABCC9, respectively; sulfony-
lurea receptors) [65-67]. The substrates of ABC exporters are varied
and include endogenous molecules, environmental contaminants and
drugs used for the treatment of human diseases [62,65,68]. These
pumps are also integral parts of the placental, blood-brain and blood-
testis barriers [69,70]. Therefore, ABC exporters play important roles in
human physiology, pathophysiology, blood-tissue barriers and drug
pharmacokinetics. ABC exporters such as Pgp transport cytotoxic agents
used to treat cancer and have been associated with cancer multidrug
resistance [62,65,71].

4.1. ABC exporters

The basic structural/functional unit of human ABC exporters con-
sists of two halves, each containing a helical transmembrane domain
(TMD), generally formed by six a helices, and a nucleotide binding
domain (NBD) (Fig. 3) [61-63,65]. In Pgp and many other ABC ex-
porters the TMD1-NBD1-TMD2-NBD2 structure is part of a single
polypeptide, with intracellular N- and C-terminal ends (Fig. 3A). Sev-
eral exporters have an additional N-terminal domain (TMDO) formed by
several transmembrane a helices. The TMDOs of MRP1 and other ABCC
proteins have 5 transmembrane helices linked to the basic core struc-
ture by the LO loop (Fig. 3B) [65,66,68]. The transporter associated
with antigen processing (TAP1/TAP2), a heterodimer formed by TAP1
(ABCB2) and TAP2 (ABCB3), has a 4-transmembrane helix TMDO that
functions as a transmembrane interaction hub for the assembly of the
peptide loading complex (Fig. 3C) [67].

The hydrophobic TMDs vary within ABC exporters, whereas the
NBDs are structurally conserved. Since the TMDs form part of the
pathway for substrate transport across the membrane, the diversity of
TMDs is consistent with the need for binding sites and transport path-
ways for very different substrates. In contrast, the conserved NBDs bind
and hydrolyze nucleotide triphosphates, a common function that pro-
vides the energy for transmembrane transport. Thus, the common nu-
cleotide binding and hydrolysis functions of ABC proteins have struc-
turally-conserved NBDs at their core. The NBDs contain several
conserved sequences that are important for ATP binding and hydrolysis,
which include the Walker A motif (motif A or P-loop), the Walker B
motif (motif B), the signature sequence (motif C), the A-loop, the H-loop
(H-switch), the Q-loop and the D-loop (Fig. 4A). Upon ATP binding, the
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Fig. 3. Domain structure of three human ABC exporters. Schematic representation of P-
glycoprotein (Pgp), multidrug resistance protein 1 (MRP1) and the transporter associated
with antigen processing (TAP; TAP1/TAP2). Transmembrane a-helices are depicted as
cylinders. TMD: multispanning transmembrane domain. NBD: nucleotide binding do-
main. Ly: linker or lasso domain.

NBDs dimerize in a head-to-tail orientation, with two ATP molecules
bound at the NBD-NBD interface (Fig. 4B). In the nucleotide-bound
NBD dimer, each of the two nucleotide-binding sites (NBSs) is formed
by the Walker A motif, Walker B motif, A-loop, H-loop and Q-loop of
one NBD, and the D-loop and signature motif of the other NBD (Fig. 4A)
[72,73]. The Walker A motif is involved in binding of nucleotide
phosphates and the Walker B, which ends with the catalytic Glu, is
involved in Mg?* and water coordination, and together with the D-
loop, it positions and activates the attacking water for ATP hydrolysis
[72,73]. The D-loop is also important for NBD dimerization since upon
ATP binding the D-loop Asp of each NBD forms hydrogen bonds and an
electrostatic network with the H-loop and Walker A motif of the other
NBD, and the two D-loop backbones interact with each other
[72,74,75]. The A-loop contains a conserved aromatic residue that in-
teracts with the purine or pyrimidine rings of nucleotides and it is
important for nucleotide binding (Fig. 4A) [72]. The general view is
that ATP hydrolysis by the NBDs is catalyzed via a general base me-
chanism where the carboxylate of the end of the Walker B motif po-
larizes the hydrolytic water that attacks the y-phosphate of ATP [72].
However, it has also been proposed that the Walker B Glu is part of a
complex that stabilizes the transition state rather than being a catalytic
base [76].

The functional unit of most ABC exporters has two identical (e.g,
MsbA) or very similar NBDs (e.g, Pgp), with two NBSs that can

NBD1

NBD2

Qloop—;
Walker B/
H loop
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hydrolyze ATP [63]. However, in a few human exporters only one of
the NBSs is catalytically competent [63]. For example, an Asp replaces
the catalytic Glu in several ABCC proteins, including CFTR and MRP1,
and the side chain of this Asp may not be long enough to interact with
the hydrolytic water [63,77,78]. In some proteins such as MRP1, the
NBD2 signature sequence also deviates from the LSGGQ consensus se-
quence [77]. Even though the two NBDs of proteins such as Pgp and its
bacterial homologue MsbA are very similar, there is evidence for
asymmetry in the structure and function of the NBD dimer [79-82]. A
Pgp model based on biochemical and structural data proposes that ATP
hydrolysis occurs at one site, with alternating site catalysis where only
one of the two ATP molecules is bound tightly and committed to hy-
drolysis (“trapped”) [79,83]. It is still unclear how this binding and
hydrolysis of ATP in the NBDs is translated into substrate transport by
the TMDs.

4.2. Molecular mechanism of ABC exporters

In spite of decades of studies, our understanding of the mechanism
of ABC exporters is very limited and there is no agreement on the
molecular mechanism of operation. Except for the case of the lipid-
linked oligosaccharide flippase PglK, for which transport seems to occur
only through outward-facing conformations [64], it is thought that ABC
exporters operate by alternating the access to their transmembrane
central cavity between both sides of the membrane [64]. The general
view is that formation of the ATP-bound NBD dimer drives rearrange-
ments in the TMDs that result in the transition from an inward-facing,
open conformation (dissociated NBDs or loosely-associated NBDs) to an
outward-facing, closed conformation (tight ATP-bound NBD dimer)
(Fig. 5A). In plasma-membrane ABC exporters such as Pgp, in the in-
ward-facing conformation the binding pocket would be accessible to the
inner leaflet/cytoplasm, whereas in the outward-facing conformation
the pocket accessibility will switch to the extracellular side. Bound
transport substrates will then be released from this outward-facing
conformation into the external medium. The NBD dimerization elicited
by ATP binding would provide the power stroke, and the NBD dis-
sociation or dimer opening that follows ATP hydrolysis would reset the
exporter for the next cycle.

A number of models have been proposed to explain the conforma-
tional changes that take place during the ATP hydrolysis cycle in the
NBDs. They can be generally divided into: 1) monomer/dimer models,
where dissociation of the NBD dimers follows ATP hydrolysis
[72,84-88], and 2) constant-contact models, where the NBDs remain in
contact during the hydrolysis cycle [89,90]. A schematic representation
of these general models is presented in Fig. 5C: one proposing complete
NBDs dissociation (monomer-dimer models) and the other continuous
contact between the NBDs (constant-contact models). The crystal
structures of Pgp and MsbA (obtained in the absence of lipids), and
DEER spectroscopy studies, support the monomer/dimer models view

Fig. 4. Structure of the NBD dimer. A. View of a nucleotide-binding
site. Stick representation showing the ATP (black) and several
conserved sequences. Other residues were removed to make
viewing easier. B. Ribbon representation of the ATP-bound MJ0796
dimer. Monomers are displayed in purple and orange, and ATP
molecules in blue. Based on the structure of the catalytically-in-
active MJ0796-E171Q mutant PDB 1L2T.
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Fig. 5. NBD-NBD interactions during the ABC protein hydrolysis cycle. A. Model of ABC exporter operation based on MsbA crystal structures. Monomers are represented in different tones
of gray. The residue at position 561, used for LRET experiments (T561C mutant) is labeled red. Based on PDB 3B5W (open conformation) and PDB 3B60 (closed conformation). B.
Schematic representation showing the aC-aC distances in the open and closed conformations. C. Models of NBD interactions during the catalytic cycle. Panel B has been modified from
reference [34], with permission from the American Society for Biochemistry and Molecular Biology.

that large conformational changes on the NBDs side (of ~30 to > 60 A)
take place when the exporters switch between the inward- and out-
ward-facing conformations (Fig. SA and B) [91-95]. However, the ex-
istence of such large conformational changes have been put in doubt by
the nucleotide-bound, outward-facing structure of the bacterial homo-
dimer exporter Sav1866, where interactions between the two subunits
are expected to make a significant separation of the NBDs difficult at
best [89]. The Savl866 structure agrees with results from electron
microscopy structures of Pgp in a lipid bilayer [96] and with our recent
spectroscopy studies in MsbA [35,39], which point to close proximity of
the NBDs in the nucleotide- and substrate-free (apo) state. This notion is
consistent with Cys cross-linking studies showing that the C-terminal
ends of the two Pgp NBDs do not need to separate significantly during
the drug-stimulated catalytic cycle [97,98]. These data suggest that the
NBDs remain in contact, or very close to each other, during the hy-
drolysis cycle, and that large conformational changes on the NBDs side
might not be physiological. However, differences between the modes of
operation of Sav1866 and other exporters such as Pgp are possible. For
example, in contrast to Sav1866 [89], Pgp seems to prefer the inward-
facing conformation, probably because of its increased substrate
binding pocket hydrophobicity and charge density of the NBDs inter-
face [99,100].

Discrimination between the two sets of models in Fig. 5C can be
directly addressed using steady-state LRET and LRET kinetics. Com-
parison of steady-state distances between the NBDs in the nucleotide-
free monomer state, ATP-bound dimer state and during hydrolysis can
provide information needed to distinguish between monomer/dimer
and constant-contact models. But LRET can also be used to study the
kinetics of the conformational changes, an issue frequently neglected in
structural-functional studies of ABC proteins. Experiments under
steady-state conditions, where the NBDs are “locked” in specific states
(e.g., nucleotide-free, ATP-bound) can determine that it is possible to
obtain a given conformation under the experimental conditions used,
but it does not provide information on the relevance of that con-
formation in the catalytic cycle. Measuring the kinetics of the con-
formational changes and correlating those changes with the function
(e.g., rate of ATP hydrolysis) can provide essential information for a
complete understanding of the catalytic cycle. For example, the finding
of dissociated NBDs by itself just indicates that the NBDs can separate
during the hydrolysis cycle. However, if the rate of NBDs dissociation is
much slower than the rate of hydrolysis, it can be concluded that the
dissociation is a rare event that occurs only after many hydrolysis

cycles. Therefore, LRET represents a powerful technique for the study of
ABC transporters and other MPs.

5. Application of LRET for the study of isolated nucleotide-binding
domains

5.1. Methanocaldococcus jannaschii MJ0796 as a prototypical ABC NBD

Although understanding of the NBD-NBD interactions in ABC pro-
teins requires studies in full-length proteins, isolated NBDs (expressed
without their TMDs) constitute a much simpler system, where basic
details of the structure and function can be explored. However, at-
tempts to study isolated NBDs from eukaryote ABC proteins, and even
prokaryote ones, have been disappointing, with eukaryote NBDs unable
to dimerize efficiently in response to ATP binding, or prokaryote NBDs
able to dimerize only after mutations that render their ATPase activity
very low. MJ0796 from the thermophile M. jannaschii is a notable ex-
ception. MJ0796 is a homolog of the E. coli LolD, the NBD of the LolCDE
transport system that mediates the translocation of lipoproteins from
the inner membrane to the outer membrane [101]. MJ0796 has been
used extensively for biochemical, biophysical and structural studies
[28,40,41,72,102-105], and the crystal structure of the ATP-bound
form was the first for an NBD dimer of an ABC transporter [72,105].
MJ0796 is a simple system because the dimer is formed by two identical
NBDs. Additional advantages for spectroscopic studies are that MJ0796
has no native Trp residues and only two Cys. This simplifies the mu-
tagenesis needed to introduce Trp residues that can be used as spec-
troscopy environment probes, and the creation of single Cys mutants for
chemical attachment of LRET probes.

5.2. Tryptophan fluorescence spectroscopy to assess NBD conformational
changes

Trp fluorescence is a classical spectroscopic technique that has been
widely used to study conformational changes in proteins because Trp
emission is highly sensitive to its environment. Trp residues have been
introduced into specific positions of the otherwise Trp-less MJ0796,
generating two mutants, Tyr11Trp and Glyl174Trp, which are catalyti-
cally active, and have been used to follow ATP-dependent dimerization
by the quenching of the Trp emission [72,104,105]. The Trp174 is lo-
cated at the center of the NBDs dimer interface, and the ATPase activity
of this mutant is similar to that of wild-type MJ0796 [104,105]. The
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Fig. 6. NBD association/dissociation. A. Structure of the MJI NBD dimer. Top: ribbon representation of the ATP-bound MJI dimer. Monomers are displayed in different tones of gray and
ATP molecules in cyan. Trpl174 (G174W mutation), Q171 (E171Q mutation) and Cys14 (G14C mutation) are also shown (sticks). Bottom: Expanded view of the center of the dimer
interface showing the two Trp174 residues (pink sticks) in a parallel x stacking interaction. Based on PDB 3TIF. B. Dimerization in response to ATP (> 20 folds the ECs,) increases the
hydrodynamic radius as determined by size-exclusion chromatography. A,go: absorbance measured at 280 nm, normalized to the peak value. C. Dimerization in response to ATP. ATP
(> 20 folds the ECsp) produces Trp emission quenching. D. Time course of the monomer/dimer equilibrium following ATP binding and hydrolysis. The final concentrations of ATP and
Mg? * were 2 and 10 mM, respectively. Bottom: complete time course. Top left: time course of MJ Trp-174 fluorescence quenching by NaATP (black) and MgATP (red) after rapid mixing
in a stopped-flow device. Top right: time course of the Trp-174 fluorescence increase elicited by Mg-dependent hydrolysis after rapid mixing. Panels B-D have been modified from
reference [101], with permission from the American Society for Biochemistry and Molecular Biology.

location of the Trp residue at the dimer interface was confirmed by X-
ray crystallography of a nucleotide-bound Gly174Trp mutant where the
catalytic carboxylate Glul71 was substituted with Gln. This mutant
(MJ0796-E171Q/G174W) has essentially no ATPase activity and forms
very stable dimers, suitable for crystallization, in the presence of ATP.
The structure of the dimer in Fig. 6A [105] shows the Trp174 residues
of each NBD in a & stacking (1p, parallel configuration) near the center
of the dimer interface (Fig. 6A). This short distance between the Trp
indole rings (3.0-3.5 A) in the dimeric NBDs can account for the
quenching of Trp emission upon dimerization, as discussed below; Trp-
Trp FRET homotransfer (Ro ~ 5-15 A) [106] surely plays an important
role in the quenching, but other mechanisms (e.g., static quenching) are
also likely to contribute [107].

The Trp-Trp aromatic interactions, dominated by van der Waals
forces, could add as much as 3 kcal/mol to the dimer binding energy
[108], which could account for the increased dimer stability that allows
for the observable presence of nucleotide-bound MJ0796-G174W active
dimers in solution by size-exclusion chromatography (SEC), whereas

such dimers had been observed before only for catalytically inactive
NBDs [87]. The complete formation of dimers at a saturating con-
centration of ATP (and disappearance of monomers) [105], indicates
that essentially all NBDs can form ATP-bound dimers (Fig. 6B). Such
dimerization of active NBDs in solution was also observed by quenching
of the Trpl174 emission after addition of ATP (Fig. 6C) [105]. The high
fluorescence of monomeric NBDs decreases as dimers are formed, lar-
gely as a result of the Trp-Trp n stacking. Fig. 6C also shows that, in
addition to the quenching, in the NBD dimers the Trp174 emission peak
experiences a blue shift of ~10 nm [105], consistent with the decreased
solvent accessibility of the Trp residues in the dimer [105].

The quenching of Trpl174 emission provides a way to follow con-
formational changes of the NBDs in real time. For example, Fig. 6D (top
inset) shows fast dimerization (quenching) when NBDs are mixed in a
stopped-flow chamber with their physiological substrate, MgATP (red),
whereas the dimerization in response to NaATP, also at a saturating
concentration is slower (black) [105]. The faster dimerization by
MgATP vs. NaATP is likely the result of Mg * coordination at the active
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site and electrostatics at the dimer interface [72]. Interestingly, Fig. 6D
(bottom inset) also shows a partial recovery of the Trpl74 emission
with the transition from NaATP-bound dimers to a continuous hydro-
lysis state after Mg>* is added to initiate hydrolysis. The fluorescence
value during ATP hydrolysis is approximately halfway between those
corresponding to the monomers and dimers [105]. As expected, this
effect is not observed in the catalytically-inactive MJ0796-E171Q/
G174W, where the protein stays as ATP-bound dimers in the presence
of MgATP [28,105]. It is tempting to conclude that the partial recovery
of Trp emission during hydrolysis is the result of dissociation of the
MJ0796-G174W dimers, and that the rate of Trp emission recovery,
which can be measured by mixing ATP-bound dimers with MgCl, in a
stopped-flow device (Fig. 6D, right side inset), is related to the dimers'
dissociation rate. This conclusion will be consistent with the dissocia-
tion of ATP-bound MJ0796-G174W dimers observed by SEC in response
to Mg2 + [105]. However, this interpretation is not necessarily correct
since this partial Trp fluorescence increase cannot only be the result of
dissociation of the dimers, with re-association to reach a new equili-
brium with less dimers, but also the result of an opening of the dimers
that breaks the Trp-Trp & stacking interaction, without complete dis-
sociation of the NBDs. LRET is an ideal technique to determine whether
the NBDs actually separate during hydrolysis and to determine the rate
of dimer dissociation.

5.3. Following NBDs association/dissociation in real time by LRET

For the LRET experiments the native Cys of MJ0796-G174W and
MJ0796-E171Q/G174W, Cys53 and Cys128 were replaced with Gly
and Ile, the residues at the equivalent positions in MJ1267, a related M.
jannaschii NBD [28]. The resulting Cys-less NBDs have biochemical and
functional properties very similar to those of the parent NBDs, even
after labeling with the LRET probes [28]. Then, a single-Cys was in-
troduced for labeling with the LRET probes at position 14 to produce
MJ0796-G14C/G174W and MJ0796-G14C/E171Q/G174W, which we
referred to as MJ and MJI (catalytically-inactive MJ), respectively.
Position 14 was selected because it is on the NBD surface (away from
the active site in the dimer interface), exposed to the aqueous solvent
(suitable for labeling), and the Cys14-Cys14 distance in the dimer, es-
timated from the MJI crystal structure, is ~50 A [28,105], quite com-
patible with common LRET donor-acceptor pairs such as Tb® " -fluor-
escein (R = 46 A) (Fig. 6A). Therefore, these mutant NBDs containing
a single Trp at position 174, and a single Cys at position 14, can be used
as a model system to study the dimerization process by traditional Trp
fluorescence and by LRET.

As shown in Fig. 7A (black), similarly to what was observed for the
MJ0796-G174W mutant with native Cys, addition of a saturating con-
centration of NaATP produced a slow Trp quenching that is the result of
ATP-induced dimerization. Once all NBDs are ATP-bound dimers, ad-
dition of Mg? " starts ATP hydrolysis, with a partial recovery of the Trp
emission. Fig. 7A also shows equivalent LRET experiments performed
on the Cys14 NBDs labeled separately with donor and acceptor probes
and then mixed in equimolar proportion (red). The LRET intensity looks
like a mirror image of the Trp emission quenching (black), as expected
from the increase in energy transfer when the NBDs are closer (opposite
to the increase Trp quenching upon dimerization) [28,105]. Addition of
NaATP increases LRET intensity, and during hydrolysis the LRET signal
decreases to a value close to that halfway between that in the nucleo-
tide-free monomers and the ATP-bound dimers [28,105]. However,
there is an important difference between Trp quenching and LRET
spectroscopy. The analysis of LRET intensity decays (this is, the time
that the sensitized emission of acceptor takes to decay after a single
excitation pulse) can provide information on the Cys14-Cys14 distance
from the analysis of LRET decay lifetimes. As discussed in Section 3,
lifetimes can be used to calculate donor-acceptor distances. Fig. 7B
shows that the low intensity and slow decay in the nucleotide-free state
(NBD monomers, black), is replaced by a high intensity and faster decay
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in the presence of NaATP (ATP-bound dimers, red). At NBD con-
centrations in the 0.5-1 uM range, and in absence of ATP, the average
distance between NBDs is > 1100 A and LRET is negligible, but upon
NaATP-induced dimerization LRET increases dramatically, as expected
from the fact that essentially all NBDs are present as dimers [28,41].
When LRET decays are visualized in a semi log scale, the single straight
line indicates the presence of a single donor-acceptor distance (Fig. 7C).
Calculations indicate that the distance is 100 A in the nucleotide-free
state (as expected from momoneric NBDs), and ~50A in the ATP-
bound state and during ATP hydrolysis. It follows that if the NBD di-
mers dissociate, the decrease in LRET during hydrolysis will be the
result of a reduced number of dimers, and then the donor-acceptor
distance will remain unchanged; the lower intensity will be the result of
a reduced number of dimers with the same Cys14-Cys14 distance as in
the ATP-bound state. In contrast, if the dimers open without dissocia-
tion, the decrease in intensity during hydrolysis will result from an
increase in the donor-acceptor distance, with slower rate of LRET in-
tensity decay. A combination of both phenomena will produce a mix,
and the decay will not follow a single-exponential function. The results
in Fig. 7C clearly show that the rates of sensitized emission LRET in-
tensity decays in the ATP-bound state and during hydrolysis are the
same (two parallel straight lines), indicating that the number of dimers
is reduced during ATP hydrolysis, and that there is no new distance, as
will occur with a partial opening of the dimers.

5.4. Determining the number of ATPs hydrolyzed per NBD dimer
dissociation

Considering that the one of the NBSs of proteins such as CFTR and
MRP1 is not catalytically active, it is possible that the molecular in-
teractions between the NBDs in such ABC proteins are different from
those in proteins with two catalytically-active NBSs such as MsbA and
Pgp. This issue is related to a general question in the field that is: Are
both ATPs bound to the NBD dimer hydrolyzed during a hydrolysis
cycle or just 1?

Computational simulations suggest that ATP hydrolysis at one site is
sufficient to induce opening of the NBD dimer [109,110], but because
of the absence of direct measurements a number of molecular models
have been proposed [72,79,87-89,102,111,112]. These include various
models where one or two ATPs are hydrolyzed per cycle, including
sequential hydrolysis of both ATPs before NBDs dissociation [87], and
alternate hydrolysis between the two NBSs with one hydrolysis per
cycle [79,83]. LRET has proven useful to address this issue [41]. Fig. 7D
shows a real-time measurement of the association and dissociation of
NBDs that have two NBSs, but only one hydrolytic site. For this ex-
periment, the active MJ was labeled with the maleimide Tb®* chelate
as donor, and the inactive MJI with fluorescein maleimide as acceptor.
Upon mixing the NBDs in equimolar proportion LRET is negligible in
the absence of ATP because the NBDs are monomers, too far away from
each other for efficient LRET. However, upon addition of a saturating
concentration of NaATP LRET increases because of formation of MJ/
MJI heterodimers (Tb® ™ /fluorescein). MJ/MJI heterodimers (visible by
LRET) are expected to be ~50% of the dimers for a random mix, with
the remaining being homodimers (essentially invisible by LRET): ~25%
of catalytically-active MJ/MJ homodimers (Tb® * /Tb® ™) and ~ 25% of
catalytically-inactive MJI/MJI homodimers (fluorescein/fluorescein).
Thus, only the heterodimers that have two NBSs and one functional
ATP hydrolysis site are followed by LRET in real time. Addition of
Mg?* to initiate and maintain hydrolysis produces a decrease in LRET
intensity. This result indicates that the MJ/MJI heterodimers dissociate
following ATP hydrolysis, but since only one NBS is catalytically active,
this dissociation must occur after hydrolysis of a single ATP. The ex-
periment in Fig. 7E illustrates a typical example where the rate of MJ/
MJI heterodimer dissociation is directly compared with that of MJ/MJ
homodimers. Basically, ATP-bound dimers were rapidly mixed with
MgCl, and a large excess of unlabeled MJ in a stopped-flow device.



M.E. Zoghbi, G.A. Altenberg

BBA - Biomembranes xxx (XXXX) XXX—XXX

A ATP  —Trp Mg B C
—LRET |
L e — Apo ! — ATP-bound
— ATP-bound —MgATP
el = 2 0.1
5 0.5 3 0.5 3
£ £ £ 001
00~ = 0.0 0.001
r v T ¥ T v 1 L] T L] T v T L] 1 s T L T v T ' 1
0 5 10 15 2000 4000 6000 8000 2000 4000 6000 8000
time (min) time (us) time (us)
D ATP Mg E
18 1.0 — MJ/MJ (2 ATPase sites)
MI/MJI . — MJ/MJI (1 ATPase site)
) (1ATPasesite =
c 05 < 0.5
o) 2
k= £
00=* 0.0
r T T T T T T T T T 1
0 12 24 0 20 40 60
time (min) time (s)

Fig. 7. NBD association/dissociation followed by LRET. A. Time course of MJ NBD association/dissociation monitored by LRET and Trp quenching. ATP and MgCl, were used at 2 and
10 mM, respectively (saturating concentrations). MJs labeled with Tb®* chelate or fluorescein were mixed for the LRET experiments. For the Trp quenching experiments the MJs were
not labeled. Sensitized fluorescein emission was measured at 520 nm and the signals were normalized to the total change. B. Effect of ATP on the sensitized fluorescein emission decay
from MJ. Black (No ATP) and red (ATP). Intensities were normalized to the ATP intensity at 200 ps. C. Effect of MgGATP on the MJ sensitized fluorescein emission decay. Semi-log plot of
the ATP (black) and MgATP (red) decays. D. Changes in sensitized fluorescein emission from MJ/MJI heterodimers during the hydrolysis cycle. These heterodimers have two nucleotide
binding sites, but only one can hydrolyze ATP. Tb® *-labeled MJ and fluorescein-labeled MJI were mixed in a 1:1 molar ratio. E. Time course of the dissociation of MJ homodimers and
MJ/MJI heterodimers. Dissociation of ATP-bound dimers labeled with LRET probes followed by rapid mixing in a stopped-flow cell with MgCl,, to start ATP hydrolysis. Panels A-E have
been modified from references [27,40], with permission from the American Society for Biochemistry and Molecular Biology.

When the dimers dissociate following hydrolysis, they re-associate
largely with unlabeled MJ (no LRET), and the rate of decrease in LRET
is equivalent to the rate of dimer dissociation. Once again, with LRET it
is possible to follow the behaviour of the molecules of interest within a
complex mix. The results in Fig. 7E clearly indicate that the rates of
dissociation of MJ/MJ (two hydrolysis sites) and MJ/MJI (one hydro-
lysis site) are identical. Moreover, the MJ/MJ and MJ/MJI dissociation
rates and the rate of ATP hydrolysis under the same experimental
conditions are virtually the same [41]. The equality between the rates
of hydrolysis and dissociation of MJ homodimers indicates hydrolysis of
only one of the bound ATPs. Overall the results indicate that a single
hydrolysis event can drive NBD dimer dissociation, even when the NBD
dimer is formed by two identical NBDs. These results suggest that the
molecular mechanism is not necessarily different for ABC proteins with
one (MRP1) and two (Pgp) hydrolysis sites.

5.5. The role of the two ATP binding sites in NBD dimer formation

One obvious question that follows the observation that only one
hydrolysis event is needed to dissociate ATP-bound NBD dimers is why
do ABC proteins have two NBSs. This can also be easily answered using
LRET in isolated NBDs [40]. In this case, MJ/MJ mutant heterodimers
can be engineered to control the average occupation of the NBSs. When
they associate with MJ, the resulting NBD dimers will form one
“normal” NBS and one low affinity NBS [40]. Lys44 is a conserved
residue in the Walker A motif that participates in ATP binding through
interactions with the nucleotide phosphates, and its mutation to Ala
decreases the affinity for ATP [72,84]. The ECsq values for NaATP- and
MgATP-induced dimerization of MJ are ~50 and < 5 pM, respectively.
As a result, MJ homodimers are readily formed in 500 pM NaATP or
~10 uM MgATP [40]. The ECs, values for NaATP- and MgATP-induced
dimerization of the MJ-K44A mutant are >500 and ~70 uM, respec-
tively. As a result, MJ-K44A homodimers (two low-affinity NBSs) are
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not formed in 500 uM NaATP or 10 uM MgATP, but are produced in
500 pM MgATP [40]. The study of heterodimers formed by one MJ
(Tb2 *-labeled) and one MJ-K44 (fluorescein-labeled) as a function of
the number of NBSs occupied by ATP, indicates that dimers are not
formed under conditions where only one of the NBSs is occupied (low
ATP concentration; 500 uM NaATP or 10 uM MgATP), but form when
both NBSs are occupied (500 uM MgATP). Hence, it appears that oc-
cupation of the two NBSs of ABC proteins is essential to produce an
ATP-sandwich dimer of sufficient stability to allow for ATP hydrolysis
at one of the NBSs.

All together this information illustrates LRET as a powerful tech-
nique that can help answer many basic questions about the molecular
mechanism of MPs, which can be applied to the study of relatively
simple but important domains, such as the conserved NBDs of ABC
transporters, or can be used for the study of full-length MPs, in condi-
tions that approach the physiological environment of these proteins, as
is discussed below.

6. Application of LRET to a full-length ABC exporter
6.1. MsbA as an ABC exporter model

Although many ABC transporters have been studied by different
approaches, there is not a general consensus to explain how they
function at the molecular level. Many discrepancies between the results
that serve as bases for the alternative models of the molecular me-
chanisms of ABC exporters could be explained by the use of non-phy-
siological conditions (absence of bilayer, low temperatures, proteins
locked in particular conformational states). To address the molecular
mechanism of ABC exporters under more physiological conditions LRET
has been employed to study the conformational changes of functional
MsbA. The bacterial ABC transporter MsbA has been used as a model for
structural and  functional  studies of ABC  exporters
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Fig. 8. Comparison of MsbA in NDs with MsbA in detergent. A. Sensitized Bodipy FL emission decays from MsbA in NDs (MsbA-NDs; main panel) and in detergent (MsbA-detergent;
inset). Measurements were performed in the apo state (nucleotide free buffer with 1 mM EDTA to chelate trace divalent cations and prevent ATP hydrolysis) and after addition of NaATP
(5 mM NaATP; ATP-bound state). Intensities were normalized to the ATP intensity at 200 ps. B. Top: distances calculated from the LRET sensitized Bodipy FL emission decays of MsbA-
NDs. Possible structures associated with each distance are shown on the right (labeled C561 is shown in red). Measurements started in the apo state, and then the samples were analyzed
after successive additions of ATP (5 mM NaATP; ATP-bound state), MgSO4 (10 mM MgSO,; MgATP; during continuous ATP hydrolysis) and sodium orthovanadate (0.25 mM Vi; MgATP
+ Vi state; post-hydrolysis intermediate state). Bottom: percentage of molecules with closely-associated NBDs (d1; ~36 A). C. Distance distributions of MsbA in NDs (top) and in
detergent (bottom). Distance distributions were calculated from the lifetime distributions of LRET sensitized emission intensity decays in the apo state and during hydrolysis. The MsbA
T561C mutant was used in the experiments. Figures were adapted from reference [38], with permission from the American Society for Biochemistry and Molecular Biology.

[35,39,82,93,95,113-121]. It is a lipid flippase that uses the energy of
ATP hydrolysis to translocate lipid A from the inner leaflet to the outer
leaflet of the inner membrane of Gram-negative bacteria
[114,120,121]. Lipid A is a component of the endotoxin responsible for
the toxicity of Gram-negative bacteria [114,122].

MsbA (S. typhimurium MsbA) has a few advantages for LRET studies
vis-a-vis Pgp and other mammalian ABC exporters: 1) it can be easily
expressed in E. coli, 2) it has less native Cys that need to be removed to
generate a Cys-less version, 3) since it is a homodimer, introduction of a
single-Cys provides a pair of Cys in equivalent positions of the full
transporter for LRET labeling, and 4) is quite stable in detergent.
Although several single-Cys MsbA mutants have been studied, here we
focus on the single-Cys mutant Thr561Cys; Thr561 is near the C-
terminal end of the MsbA NBD. According to the MsbA structures and
DEER spectroscopy, very large Cys561-Cys561 distance changes are
expected during the MsbA hydrolysis cycle (Fig. S5A and B) [93,95].
Importantly, Cys561 is far away from the active site and it is accessible
for labeling. MsbA-T561C displays a high ATPase activity, comparable
to that of wild-type MsbA, which is not affected by labeling with the
LRET donor or acceptor probes [35].

6.2. MsbA in detergent and NDs

MsbA purified by immobilized metal affinity chromatography and
SEC is stable in salt buffers containing the detergents dodecylmaltoside
(0.065%) and sodium cholate (0.04%) [35,39]. Addition of the latter
greatly increases the functional stability of the protein stored at 4 °C.
Different from the isolated NBDs, the purified homodimeric MsbA-
T561C was labeled with the donor Tb®* chelate and the fluorophore
acceptor simultaneously [35,39]. The acceptor was N-(2-aminoethyl)
maleimide (Bodipy FL maleimide) because the Forster distance for the
Tb® *-Bodipy FL pair of 41 A provides very good sensitivity for the
changes in distance that take place during hydrolysis. It is expected that
LRET measurements will be from at most 50% of the labeled MsbA
homodimers (those homodimers labeled with donor and acceptor).
Random labeling is likely because the donor and acceptor reactions are
based on the same maleimide-thiol chemistry and the same residue
(Cys561) is labeled in each monomer. As a result, the other 50% of the
MsbA molecules, donor/donor and acceptor/acceptor labeled, will be
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invisible to LRET.

Labeled MsbA can be studied in detergent or after reconstitution in
liposomes or NDs. For reconstitution in NDs detergent-solubilized
MsbA, E. coli lipids and MSP are mixed (Fig. 1) [39]. We have used
MSP1E3D1, a MSP variant that produces empty NDs of ~11-nm dia-
meter and MsbA-loaded NDs of ~13-nm diameter. These NDs fit one
MsbA/ND, which was confirmed by SEC, dynamic light scattering and
transmission electron microscopy. Even though empty NDs do not affect
the LRET measurements, MsbA-loaded NDs can be purified by SEC or
immobilized metal affinity chromatography [39]. Compared to MsbA in
detergent, the ATPase activity of MsbA in NDs is 5 to 10 folds higher,
and is less sensitive to changes in temperature [35,39]. A major ad-
vantage is that MsbA in NDs can be treated as a soluble protein.

6.3. Conformational changes on the MsbA NBDs side

Because of technical limitations and simplicity, most structural
studies of MsbA and other ABC exporters have been performed with the
proteins solubilized in detergent, locked in specific conformations and/
or at low temperature [91-95]. However, studies under more physio-
logical conditions are essential to understand the structure and function
of ABC exporters. To this end, LRET in combination with reconstitution
in NDs is very powerful since it allows for studies at 37 °C while the ABC
exporters are functioning [39].

In general terms, the time course of the changes in LRET intensity in
the different states is similar for MsbA and the isolated NBDs, meaning
an increase in LRET with the transition from the apo (nucleotide-free,
substrate-free) to the ATP-bound state, and a decrease during hydro-
lysis, after addition of Mg?* (MgATP state; continuous hydrolysis at
near maximal rate) [35,39]. Fig. 8A shows sensitized emission decays of
MsbA in NDs (MsbA-NDs, main panel) and MsbA in detergent (MsbA-
detergent, inset) in the apo state, ATP-bound state, and during ATP
hydrolysis (MgATP state). It is clearly apparent that the increase in
LRET intensity by transitioning from the apo state (black) to the ATP-
bound state (red) is much reduced in the NDs. Also different from MsbA
in detergent, in the NDs MsbA sensitized emission decay during hy-
drolysis (blue) is close to that of the apo state (black). Analysis of the
MsbA LRET decays shows two dominant donor-acceptor distances in all
cases, distances that remain unchanged during the ATP hydrolysis cycle
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(Fig. 8B top). The shorter distance (~36 10\; dl1) is essentially the same
in NDs and detergent, and corresponds to the tightly-associated NBD
dimer of the closed conformation (outward-facing) (Fig. 8B top). The
longer Cys561-Cys561 distance (d2) is shorter in MsbA-ND (~47 A)
than in MsbA-detergent (~53 A) [35,39], and much shorter than that in
the inward-facing MsbA apo structure (> 80 f\; Figs. 5A, B and 8B top)
[93]. The shorter d2 in detergent is not the result of constraints imposed
by the ND because similar results were obtained for MsbA in ~100-nm
diameter unilamellar liposomes [39].

The differences in LRET intensity decays are not caused by changes
in distances (i.e., different conformations), but changes in the percen-
tage of molecules in each conformation [39]. Fig. 8B (bottom panel)
shows the proportion of MsbA molecules (donor-acceptor pairs)
adopting the 36-A conformation (d1) during the ATP hydrolysis cycle
for MsbA in NDs (black) and MsbA in detergent (red). The most striking
difference is in the apo state, where the proportion of molecules in the
36-A conformation is ~50% in MsbA-ND vs. only < 10% in MsbA-de-
tergent. This observation suggests that reconstitution of MsbA into a
lipid bilayer shifts the equilibrium towards associated NBDs, even in the
absence of nucleotide.

Analysis of LRET intensity decays also yields distance distributions,
which are useful to discriminate discrete from continuous distributions
between conformations. The results confirm the presence of discrete
conformations in MsbA-ND in all the states studied, except for the most
physiological, MsbA in ND during ATP hydrolysis (Fig. 8C, top, red)
[39]. This broadening of the distance distribution during hydrolysis is
not present in MsbA-detergent (Fig. 8C, bottom, red) [39]. Also, MsbA
in detergent samples much longer distances in the apo state than MsbA
in NDs (Fig. 8C, black, bottom vs. top) [39]. This suggests high flex-
ibility of the apo MsbA in detergent micelles. Overall, the distance
distributions in Fig. 8C show that MsbA is more compact in NDs than in
detergent [39]. Basically, the main differences between LRET in MsbA-
ND and MsbA-detergent are: 1) a much larger fraction of NBDs asso-
ciated or in very close proximity in the apo MsbA-ND, and 2) the re-
placement of the longer distance of fully-dissociated NBDs in MsbA-
detergent by a shorter distance compatible with loosely-associated
NBDs or NBDs dissociated, but very close to each other. It seems that
the catalytic cycle of MsbA reconstituted in a lipid bilayer proceeds
with smaller conformational changes than previously thought, in
agreement with a FRET study of Pgp in liposomes at 37 °C, electron-
microscopy of Pgp showing close proximity of the NBDs in apo state,
and computational studies [96,123-125].

7. Concluding remarks

LRET is a powerful technique that can be used to follow con-
formational changes in real time with atomic resolution. The studies on
isolated NBDs show that occupancy of both NBSs is needed to form a
dimer, whereas dissociation of the dimer follows hydrolysis of only one
of the two ATPs bound. Conformational changes on the NBD side of the
ABC exporters switch the accessibility of the substrate-binding pocket
between the inside and outside, which is coupled to substrate transport.
However, the magnitude and nature of the changes at the NBD side that
drive the alternating access are not well defined. The results on MsbA
studied under near-physiological conditions show that the conforma-
tional changes during the ATP hydrolysis cycle are much smaller than
previously thought; the NBDs separate by only ~10 A. It seems likely
that the large NBD to NBD distances of MsbA crystal structures re-
present rare conformations. The results using LRET on MsbA recon-
stituted in NDs stress the importance of performing structural/func-
tional studies of ABC exporters under conditions as close as native as
possible, including, at a minimum, reconstitution into lipid bilayers and
normal temperatures.
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