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Abstract
ATP-binding cassette (ABC) transporters play crucial roles in cellular processes, such as nutrient uptake, drug
resistance, cell-volume regulation and others. Despite their importance, all proposed molecular models
for transport are based on indirect evidence, i.e. functional interpretation of static crystal structures and
ensemble measurements of function and structure. Thus, classical biophysical and biochemical techniques
do not readily visualize dynamic structural changes. We recently started to use single-molecule fluorescence
techniques to study conformational states and changes of ABC transporters in vitro, in order to observe
directly how the different steps during transport are coordinated. This review summarizes our scientific
strategy and some of the key experimental advances that allowed the substrate-binding mechanism of
prokaryotic ABC importers and the transport cycle to be explored. The conformational states and transitions
of ABC-associated substrate-binding domains (SBDs) were visualized with single-molecule FRET, permitting
a direct correlation of structural and kinetic information of SBDs. We also delineated the different steps
of the transport cycle. Since information in such assays are restricted by proper labelling of proteins with
fluorescent dyes, we present a simple approach to increase the amount of protein with FRET information
based on non-specific interactions between a dye and the size-exclusion chromatography (SEC) column
material used for final purification.

Introduction
In prokaryotic ATP-binding cassette (ABC) importers [1–
3], substrate-binding proteins or domains (SBDs) [4,5] are
used to capture amino acids, sugars [6], vitamins [7], metals
[8], peptides [9] and various other ligands before their
uphill transport via the core of the ABC transporter: the
dimeric transmembrane domain (TMD) and nucleotide-
binding domain (NDB) [10,11]. Although even the molecular
model for ligand binding in ABC-related SBDs is still under
debate, the consequences of the binding model for transport
remains largely elusive [6,12–15]. A key question in that
respect is which of the conformational states of the SBD
interacts with the TMD and leads to a productive transport
cycle. It is also uncertain whether the kinetics of substrate-
binding directly influences the transport rate and if substrate
binding and SBD docking to the TMD could trigger events
during the translocation cycle [16,17].

Key words: ABC importer, fluorophore labelling, FRET, single-molecule studies, transport

mechanism.

Abbreviations: ABC, ATP-binding cassette; ALEX, alternating laser excitation; ATP, adenosin-

tri-phosphate; DA, donor-acceptor; FRET, Fürster resonance energy transfer; SBD, substrate-

binding domain; SEC, size-exclusion chromatography; smFRET, single-molecule FRET; TMD,

transmembrane domain.
1 Correspondence may be addressed to either author (email b.poolman@rug.nl or

t.m.cordes@rug.nl).

To directly observe conformational changes in SBDs and
by this to clarify binding models of these ABC-associated
proteins, we [18] and others [19,20] recently started to
examine SBD conformational states by means of single-
molecule FRET (smFRET) [21]. FRET is a ‘spectroscopic
ruler’ that relies on the measurement of energy transfer
efficiency between two spectrally distinct fluorophores; the
dynamic range is 2–10 nm [2]. In smFRET, a single donor
(D) and acceptor (A) pair are excited and detected. Detecting
a single molecule over a huge excess of solvent molecules
(e.g. 1019 water molecules in 1 μl) is challenging due to
background contributions by scattering [21,22]. Luckily,
fluorescence allows selection of the molecules of interest by
distinct absorption and emission spectra [22]. Background is
additionally diminished by the reduction of the illuminated
volume, for example in a fluorescence microscope [21–23].
The distance between D and A and hence the protein
conformation, determines the fluorescence intensities upon
D excitation (Figure 1a). Using FRET as a 1D ruler, one can
observe (dynamic) conformational changes within a protein,
in-between different proteins or domains. FRET has evolved
to be a complementary tool for classical structural biology
methods [24,25].

In this paper, we illustrate the power of using single-
molecule fluorescence techniques to monitor conformational
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Figure 1 Experimental strategy to link information from structural, biochemical and single-molecule techniques

(a) Left: Crystal structure of the open ligand-free state of SBD2 (grey, PDB 4KR5). Right: Crystal structure of the closed-liganded

state (orange, PDB 4KQP). Surface-located and non-conserved residues are mutated to cysteine for labelling. Glutamine

(shown in grey spheres) induces the closed state conformation. The residues are 4.9 nm apart in the open state and come

to 4.0 nm in the closed state. (b) Confocal single-molecule analysis with ALEX of SBD2 labelled stochastically with Cy3B- and

Atto647N-maleimide. SBD2 in the open state has low apparent FRET value of 0.50 (left); with addition of 10 mM glutamine

the population shifts to a high FRET of 0.69 (right). (c) Left: ALEX experiments (as in b) were also performed at the indicated

concentrations of glutamine. The Kd value of 1.1 μM was obtained from the ratio of areas [closed-liganded/(open-unliganded

+ closed-liganded)] between both populations (shown in b); Right: Binding isotherms of the calorimetric titration of SBD2

wild-type with glutamine were performed on a isothermal titration calorimeter (MicroCal VP-ITC, Malvern), ITC measurements

were performed in 50 mM KPi, pH 7.0, plus 150 mM KCl at 298 K. Purified SBD2 at a final concentration of 30 μM was placed at

the cell in the experiment. Glutamine (2 μl at 500 μM in the syringe) per injections was used to titrate the protein in the cell.

The normalized enthalpy changes per glutamine injected is plotted as a function of the protein-to-glutamine ratio, yielding

Kd value of 1.27 μM. (d) Representative fluorescence time traces of SBD2 labelled with Cy3B- and Atto647N-maleimide

with the indicated concentrations of glutamine. SBD2 shows an open state at E* = 0.50 and a closed high FRET state at E* =
0.69 in the presence of saturating concentrations of glutamine. At substrate concentrations around the Kd, two populations

can be resolved. Panels c and d are partially reprinted with permission from Nature Publishing Group.
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states and the kinetics of conformational transitions of
protein domains such as the SBDs of ABC importers.
These approaches unmask heterogeneity and stochastic and
dynamic behaviour of proteins that are typically hidden in
ensemble measurements, such as NMR, EPR and others [26].
We can thus observe directly how binding interactions drive
local conformational changes and how these are transmitted
to different subunits of an ABC transporter to regulate its
function. Although the study of membrane transporters with
single-molecule approaches such as electrophysiology was
already initiated decades ago, advanced imaging techniques
were introduced to the field only recently. The most
prominent in vitro single-molecule studies aiming to verify
aspects of published reaction models include investigations of
lactose permease [27], secondary active transporters [28], an
ABC exporter (P-glycoprotein [29]) and, only more recently,
ABC-associated SBDs such as maltose-binding protein
(MBP) [19,20] and SBDs from other bacterial importers [18].

Monitoring conformational states of SBDs
with smFRET
The core of all ABC-related SBDs, which initiate transport via
capturing substrates, consists of two structurally conserved
rigid domains connected by a flexible hinge region, which
allows a conformational transition from an open to a
closed conformational state [30] (Figure 1a). We recently
studied SBD1 and SBD2 of the ABC transporter for
glutamine-importer from Lactococcus lactis (GlnPQ) from
Lactococcus lactis, using a combination of single-molecule
and biochemical methods to elucidate their exact role and
function in transport [18].

To allow FRET investigations of SBDs, two cysteines were
introduced at non-conserved and solvent-exposed sites that
can be labelled stochastically with maleimide-derivatives of
organic fluorophores (Figure 1a, Cy3B as D and ATTO647N
as A). The crystal structure of SBD2 in its open state suggests
a distance between residues T369C and S451C of 4.9 nm
and 4.0 nm for the closed state (Figure 1a). In such an assay
design, the open conformation of the protein should have low
FRET efficiency, whereas the closed conformation should
have a higher FRET efficiency; hence, FRET efficiency (E) is
indicative of the conformational state of the protein.

With this assay, we determined the ligand-binding
mechanism by stepwise addition of substrate, monitoring
the hypothesized transition from open-unliganded to closed-
liganded state using alternating laser excitation (ALEX) [31].
This technique allows to study FRET efficiency E* and
labelling stoichiometry S of individual molecules during the
short millisecond-long transit through the excitation volume
of a confocal microscope [2,32]. A single population is
observed around an apparent FRET value E* of 0.50 in the
apo-state of SBD2 (Figure 1b). At saturating concentrations
of glutamine (�Kd), the population shifts to a high FRET
state E* = 0.69. These observations are in good agreement
with expectations from crystal structures, since the apo-

state of the protein has a higher distance between both
attachment points, whereas the liganded state of the protein
shows a smaller separation. Gradual titration of ligand and
plotting the relative population of open to closed state yields
an apparent Kd-value of ∼1 μM that is in full agreement
with values derived from isothermal titration calorimetry, as
shown in Figure 1(c) [18].

To investigate the dynamics of the ligand-binding process,
smFRET experiments with identical labelling scheme have
to be performed with surface-bound proteins, using a
confocal scanning microscope. In accordance with ALEX
experiments, SBD2 was predominantly (>95 %) in the open
conformation when no ligand was present (Figure 1d, left
panel). Importantly, however we observed rare transitions to
a high FRET state with identical FRET values as observed
for the closed conformation with saturated concentration of
glutamine (Figure 1d, right panel). These data reveal that
SBD2 can transit to a closed-unliganded state (lifetime of
∼60 ms) and does so on average every 2 s. It is unclear
whether these closing events can trigger ATP-hydrolysis
and are one cause for the basal activity of a transporter.
In accordance with the Kd-value, SBD2 shows frequent
switching between low and high FRET state with even
occupation at low ligand concentrations (Figure 1d, middle
panel). These conditions represent direct observation of
substrate binding and unbinding events that are coupled with
conformational changes in SBD2. Surprisingly, the lifetimes
of the closed-liganded and closed-unliganded state were
identical within error, thus indicating that the ligand does not
‘stabilize’ the closed conformation relative to the transition
state. The concentration dependence of both on/off-rate
clearly follows an induced fit mechanism (or ‘Venus fly-
trap’), where the on-rate increases with increasing ligand
concentration whereas the off-rate is found constant.

To understand the implication of milliseconds-lifetimes of
closed-liganded and closed-unliganded states of the SBDs
for transport, the single-molecule data were correlated with
those obtained from standard biochemical assays. In vivo
uptake experiments of radiolabelled amino acids were used
to determine the transport rates [18]. A direct comparison
of the kinetics of the conformational transitions of SBDs
with the respective transport rates of wild-type SBDs but
also of SBDs with altered conformational dynamics, allowed
us to uncover salient features of the transport cycle of type-I
ABC importers [18].

Advancing single-molecule tools:
optimized protein labelling
As shown in Figure 1, single-molecule based assays provide
unique opportunities to unravel heterogeneity, to observe rare
events and to study unsynchronized biochemical processes
even in real time. The observation of individual biomolecules
is however complicated by the following major obstacles:
(i) a significant number of individual molecules have to be
studied to obtain statistically significant information about
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a biochemical process or a conformational state/transition.
(ii) Single-molecule approaches allow for user-based pre-
selection of the experimental data, which can ultimately lead
to false interpretations and irrelevant models. Both problems
can only be overcome by collecting large data sets using
automated non-biased data analysis. (iii) smFRET is further
complicated by the need for protein species bearing exactly
one donor and one acceptor fluorophore. The standard
procedure to allow FRET on a protein is stochastic labelling
of two (typically engineered) cysteines residues, using
reactive fluorophore derivatives, e.g. maleimides (Figure 1a).
‘Informative’ protein molecules are those labelled with
both donor and acceptor fluorophore and the yield of
these molecules can be 50 % at maximum for stochastic
labelling since four possible species with equal probability
are obtained: donor-only D(cys#1)/D(cys#2), acceptor-only
A(cys#1)/A(cys#2) and the donor–acceptor (DA) species
D(cys#1)/A(cys#2) and A(cys#1)/D(cys#2).

ALEX- or Pulsed Interleaved Excitation (PIE)-
spectroscopy [2,33] provide a bias-free view on the
populations of conformational states of freely diffusing
proteins (Figure 1b). With this a priori knowledge regarding
the relevant conformational states from ALEX (Figure 1b),
single-molecule experiments of surface-immobilized
molecules can be obtained without false bias (Figure 1d),
hence solving problem ii. Often however, additional
complications such as labelling efficiency restrict the amount
of available information in single-molecule experiments and
render the presented strategy not feasible (problems i/iii).

In Figure 2(a), we show biochemical and single-molecule
data from a typical FRET pair, i.e. donor Cy3B and acceptor
Cy5. The chromatogram of the labelled protein shows a
single mono-disperse protein species that contains both
fluorophores (Figure 2a, left top) with ∼65 % labelling
efficiency. Next, we analysed the different size-exclusion
chromatography (SEC)-fractions for the relative population
of DA, donor-only and acceptor-only. This percentage
was determined from confocal solution ALEX experiments
[31] by analysing single-molecule transits through the
confocal volume. Two parameters are obtained: labelling
stoichiometry S and apparent FRET efficiency E*. The
2D E*/S histogram reports on apparent FRET E* (x-axis),
i.e. a measure of the inter-probe distance and the labelling
stoichiometry between the two fluorophores on the y-
axis (Figure 2a, left bottom). Low stoichiometry (<0.3)
corresponds to acceptor-only molecules; high stoichiometry
(>0.8) corresponds to donor-only molecules; whereas
intermediate values (0.3 < S < 0.8) correspond to DA
molecules. The percentage of the DA population was
determined from the areas under the respective S populations.

For a standard couple of donor and acceptor, e.g.
Cy3B/Cy5, all fractions show an average of ∼20 %–30 %
DA population (Figure 2a, right top) [34]. With this sample,
we performed similar experiments as in Figure 2 and [18]
to see whether the fluorophores have (unwanted) effects
on observables such as dissociation constant. A glutamine
titration of SBD2 labelled with Cy3B/Cy5 gives rise to an

apparent Kd value ∼1.0 μM, which is in full agreement with
ITC experiments (Figure 2a, right bottom compared with
Figure 1c, right) and our previous experiments obtained with
Cy3B and Atto647N [18]. We noted, however that the SEC
profiles of SBDs labelled with specific fluorophore pairs,
e.g. Cy3B/ATTO647N showed a less homogenous labelling
ratio (Figure 2b). A relative difference in the retention
time of molecules with differing labels offers the interesting
possibility to improve the yield of molecules having both
donor and acceptor labelling beyond the possible 50 % for
stochastic labelling.

To enrich the population of these molecules, we used
the propensity of specific fluorophores (here Atto647N)
to interact non-specifically with the SEC column material
Superdex 200; for details see ‘Methods’ in [18]. SBD labelled
with Cy3B and Atto647N was analysed with SEC, showing
an average labelling efficiency of ∼67 %. As observed,
molecules labelled only with Cy3B elute at 17.5 ml (like
unlabelled molecules, dashed line; Figure 2b, left top).
Fraction number 5 has consequently the lowest percentage
of DA (∼1.5 %), whereas molecules labelled with Atto647N
only elute at 21 ml (fraction number 12) with a percentage
of DA of ∼43 %. Intermediate volumes, e.g. 19 ml (fraction
number 8), show the highest percentage of DA population
∼59 %. Thus, by simply selecting intermediate elution
fractions, we were able to enrich the percentage of double-
labelled molecules (Figure 2b, right top). The ability to
enrich for DA molecules is exclusively due to the non-
specific interaction of Atto647N with Superdex 200 column
material, as molecules labelled with Cy3B and Cy5 elute as a
single mono-disperse peak (Figure 2a, left top). Importantly,
labelling with both pair dyes does not interfere with protein
function, as SBD2 labelled with Cy3B–Cy5 has unaffected
affinity for glutamine (Figure 2a) compared with wild-type
SBD2 or other fluorophore pairs such as Cy3B/ATTO647N
[18].

Conclusion and outlook
This review focused on the use of single-molecule meth-
odology and its practical advancement in terms of labelling
to obtain detailed information regarding the conformational
states and dynamics of SBDs of type I ABC importers. The
knowledge of the binding mechanism and the correlation of
kinetic data with in vivo transport rates allowed us for the
first time to characterize the initial steps of the translocation
cycle of an ABC importer. The details of this study are
found in [18] and can be summarized as follows: (i) Substrate
capturing is accomplished by an induced fit mechanism
(or Venus fly-trap), (ii) the lifetime of the closed-liganded
state directly influences the rate of transport, (iii) a closed-
unliganded state can lock the transport cycle in an non-
productive state; (iv) different ligands trigger ATP hydrolysis
with different efficiencies; (v) docking efficiency depends on
the SBD; (vi) SBD opening seems faster when the SBD is
docked/interacting with the transporter.

C©2015 Authors; published by Portland Press Limited

D
ow

nloaded from
 https://portlandpress.com

/biochem
soctrans/article-pdf/43/5/1041/433937/bst0431041.pdf by U

niversity of G
roningen user on 20 February 2020



ATP-binding cassette transporters: from mechanism to organism 1045

Figure 2 Improved strategy for stochastic labelling of proteins used in smFRET studies

(a) Top left: Chromatogram of SBD2 labelled with Cy3B and Cy5. Top right: The percentage of DA population from different

fraction was calculated. All fractions have an average of ∼20 %–30 % of DA population. Bottom left: 2D histogram and 1D

histogram of fraction number 5. Bottom right: The Kd value of SBD2 labelled with Cy3B and Cy5 for glutamine, obtained by

plotting the peak value of FRET from a Gaussian fit as a function of its concentration. We obtained similar results after labelling

other positions in the SBD or using Cy3B and Atto647N fluorophores [18]. The different ‘donor-only’, ‘DA’ and ‘acceptor-only’

populations are depicted in cartoon style. (b) Top left: Chromatogram of SBD2 labelled with Cy3B and Atto647N; unlabelled

protein is represented in black dashes. SBD2 labelled with Atto647N is retarded on the column and elutes later than the

unlabelled protein. Top right: The percentage of DA population from different fractions is depicted. Fraction number 8 has

the highest percentage DA population, in agreement with the chromatogram. Bottom: 2D histogram and 1D histogram of

fractions number 13, 8, 5 respectively.
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Our findings contribute to a general understanding of
the mechanism of ABC transport, information that became
only accessible by combining single-molecule tools with bio-
chemical data. Future work will show whether the proposed
model for substrate-binding and the resulting implications
for transport hold for other types of transporters (type II,
energy-coupling-factor ABC transporter or tripartite ATP-
independent periplasmic transporters) that also use SBDs for
substrate transport.[4].
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