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CHAPTER 4

Sample optimization for single-molecule FRET analysis of 
S-component association with and dissociation from the ECF 
module

Weronika K. Stanek, Joris M.H. Goudsmits, Thijmen van der Loop, Dirk J. Slotboom

ABSTRACT

Association of proteins into and dissociation from complexes can be investigated by single-
molecule fluorescence resonance energy transfer (SM FRET) of suitably labeled proteins. 
Our aim was to study the transport cycle of energy-coupling factor (ECF) transporters with 
this method. We encountered the problem that the protein activity was dramatically reduced 
upon purification of fluorescently labeled transporter complexes for FRET measurements. 
The activity of the transporters containing engineered cysteine residues, which were required 
for the labeling reaction, was affected by the length of purification and labeling procedures. 
Therefore, to optimize the sample preparation we chose to shorten the purification procedure 
and reduce the labeling time as much as possible with the goal to obtain active transporter 
complexes with an adequate level of labeling. Preliminary data obtained with SM FRET are 
largely in agreement with the proposed transport mechanism for ECF transporters. ATP-
dependent release, and substrate-driven association of the S-component and ECF module 
was observed. However, the experiments must be repeated with proteoliposomes prepared 
using the improved purification and reconstitution procedure to obtain better statistics.
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INTRODUCTION

One of the methods used to determine interactions between proteins is single-molecule 
fluorescence.1,2 Protein-protein interactions can be studied by several variants of this 
technique. Co-localization techniques allow for detection of proteins in close proximity 
to each other.3,4 Fluorescence quenching or enhancement requires only one interacting 
partner to be fluorescent and is more precise than co-localization.5,6 However, this method 
provides only a single readout that is strongly dependent on the nature of the target protein. 
More precise and distance-dependent methods with double readout (donor and acceptor 
fluorescence detected) are based on Förster resonance energy transfer (FRET).7,8 The single-
molecule FRET technique in combination with total internal reflection fluorescence (TIRF) 
microscopy allows for precise measurements with the reduced background noise compared 
with epifluorescence microscopy.9,10 Low background signal is obtained by a limited sample 
volume for fluorophore excitation. Only fluorophores in close proximity to the glass support 
slide are excited and visible. TIRF microscopy requires immobilization of proteins close 
to the surface of the cover slide. For membrane proteins present in lipid bilayers linkage 
can be done through the modification of protein or through the lipids. Because amino acid 
modifications were often detrimental for the activity of ECF transporters (Chapter 7) in this 
study we used biotinylated lipids to anchor the proteoliposomes to the glass slide.11,12

The transport mechanism of ECF transporters can only be fully studied in the lipid bilayer 
environment, as the association and dissociation of the S-component during the transport 
cycle requires the membrane as two-dimensional solvent for diffusion. We chose to perform 
all the SM-FRET studies with the purified proteins embedded in the liposome membrane. 
With this approach single-molecule FRET combined with TIRF microscopy can trace 
protein-protein interactions in the lipid bilayer and may allow derivation of kinetic and 
thermodynamic parameters of the process.
Our aim was to perform the single-molecule FRET experiment with fluorescently labeled 
ECF transporters. Labeling of the S-component and the ECF module is expected to allow 
for monitoring of complex association and dissociation. The energy transfer between donor 
and acceptor can be observed only at a short distance. This corresponds in our system to the 
situation where donor and acceptor dye coexist in the same complex. When donor and acceptor 
are present on different ECF complexes or when S-component dissociate from the complex 
they are too far apart for FRET. Double cysteine mutants of transporters were purified and 
labeled with Alexa Fluor maleimide dyes. A mixture of donor and acceptor fluorescent dyes 
was used for random labeling. Labeled transporters were subsequently reconstituted into 
proteoliposomes using a protein-to-lipid ratio yielding at most one complex per liposome. 
Proteoliposomes assayed by single-molecule FRET methods were also checked for transport 
activity using radiolabeled substrates. 
The single-molecule FRET technique was selected with the perspective to obtain quantitative 
information about S-component association and dissociation. Furthermore, the future 
perspective for the system is to be used in the studies of toppling. 

METHODS

Mutagenesis

Cysteines before the N-terminal His-tag on EcfA and after the C-terminal StrepII-tag on PanT 
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(p2BAD MCSI: Cys-10xHisTEV ecfAA’T, MCSII: panT-StrepII-Cys) were introduced with 
two, consecutive rounds of QuikChange PCR (Stratagene). Forward and reverse primers for 
cysteine introduction are listed in Table 1.

Table 1 QuikChange primers to introduce cysteines in ECF-PanT in p2BAD vector

Mutation name Primer sequence (5’→3’)
CysHisEcfA GAGGAATTAACCATGtgtCATCACCATCACCAC

CysHisEcfARv GTGGTGATGGTGATGacaCATGGTTAATTCCTC

p2BAD PanTStrepCys Fw CATCCTCAGTTTGAAAAAtgcTAACTCGAGGTTTAAACGG

p2BAD PanTStrepCys Rv CCGTTTAAACCTCGAGTTAgcaTTTTTCAAACTGAGGATG

Overexpression and membrane vesicle preparation

Proteins were produced in Escherichia coli MC1061 from the p2BAD vector.13 Overexpression 
and crude membrane vesicles preparation was the same as for wild type ECF transporters 
from Lactobacillus delbrueckii (Chapter 3).

Purification, labeling and reconstitution

A detailed protocol for ECF transporter purification was described in Chapter 3. Protein 
labeling was done with protein bound to the nickel material with 50 μg maleimide derivative 
of AlexaFluor dye in 0.5mL wash buffer. Protein reconstitution for uptake assays was done as 
described in Chapter 3,14 with a modified version of the protocol used for samples prepared 
for FRET TIRF microscopy.7,11 The main differences in the reconstitution procedure for 
uptake and microscopy experiments were the lipid composition (E.coli polar lipids with PC 
for uptake assays and synthetic lipids or E.coli polar lipids with 24% PC and 1% biotin-
DOPE for microscopy), protein to lipid ratio (1:1000 protein/lipid (w/w) vs. around 1:10 
protein/liposome, also dependent on labeling efficiency) and proteoliposomes size (400 nm 
and 100 nm).

Uptake assays

Uptake assays were performed us described in Chapter 3. Briefly, purified transporters were 
reconstituted in 1:1000 protein to lipid (w/w) ratio into large unilamellar vesicles formed 
from E.coli polar lipids and egg phosphatidylcholine. Uptake of radiolabeled substrate to 
nucleotide loaded proteoliposomes was detected in a scintillation counter. 

Single-molecule fluorescence microscopy

Experimental setup, image acquisition and data analysis are in detail described in 11.
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RESULTS

Preliminary results on association and dissociation of S-components

To visualize the S-component and ECF module of ECF-PanT in fluorescence microscopy 
two cysteines were introduced per ECF-PanT complex for labeling with donor and acceptor 
fluorophores. The first cysteine was engineered at N-terminal end of EcfA (before the 10xHis-
tag) and the second at the C-terminus of the S-component after the StrepII-tag. The resulting 
protein was named Cys-10HisTEV-EcfAA’T PanT-StrepII-Cys. Both cysteines were 
accessible for the fluorescent labels (Figure 1). The engineered ECF-PanT complex retained 
pantothenate transport activity, showing that the N- and C-terminally located cysteines were 
not detrimental (in contrast to other mutations, presented in Chapter 7). Labeling of the 
cysteines with a mixture of Alexa 555 and Alexa 647 molecules (labeling efficiency 94% for 
AF555 and 74% for AF 647) did not affect activity (Figure 1 B). Other positions for cysteine 
mutants were also tested, but in all cases the mutants either caused a significant decrease in 
activity or labeling efficiency was low (not shown). 

Figure 1 Purification and activity of ECF-PanT. A) ECF-PanT double cysteine mutant purification. Wild type 
ECF-PanT size-exclusion profile (solid line) is overlaid with mutant ECF-PanT profile 280 nm absorbance (long 
dashed line) labeled randomly with two fluorescent dyes. The AlexaFluor555 absorbance is shown with short dashed 
line and the AlexaFluor647 absorbance with dotted line. B) Transport activity of ECF-PanT and labeled (AF555 and 
AF647) double cysteine mutants.

The donor-acceptor pair AlexaFluor555 and AlexaFluor647 was chosen based on the estimated 
distance between the cysteines in the crystal structure of the L.delbrueckii transporter, ECF-
FolT2 (PDB ID 5JSZ). We used the structure of ECF-FolT2, since we do not have a crystal 
structure of ECF-PanT. The estimated value of 51 Å between the cysteines in ECF-FolT2 
is in the same range as the Förster radius for the fluorescent donor-acceptor pair, but it may 
not be the same in ECF-PanT. In addition, electron densities were missing in the ECF-FolT2 
structure for the segments where we introduced cysteines, and the positions for the cysteines 
were in the flexible, terminal parts of proteins. Therefore, it was hard to estimate exact 
distance between cysteines. The intensity of the FRET signal suggested that the dye pair was 
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out of range for resonance energy transfer. We then estimated the maximal possible distance 
between cysteines to be 76 Å based on the structure of ECF-FolT2. A fluorescent labels pair 
with efficient fluorescence resonance transfer in this range is AlexaFluor546 (donor) and 
AlexaFluor647 (acceptor).
We started SM-FRET experiments with ECF transporters reconstituted into liposomes 
composed of 40% DOPC, 30% DOPE, 30% DOPG, and 1% biotin-DOPE. However, ECF 
transporters had decreased activity in this lipid mixture (Chapter 6). In-house purified E.coli 
lipids did have some auto-fluorescence, but since increased background noise levels in TIRF 
microscopy of E.coli proteoliposomes were acceptable (Figure 2) we started using this 
mixture. 

A                                               B                                              C

      
Figure 2 Testing for auto-fluorescence of E. coli lipids. The same amounts of lipids under the green (left) 
or red (right) excitation. A) A regular background of the flow cell filled with buffer. B) Background of empty 
E.coli liposomes. Laser intensity 20x compared with (A). C) Proteoliposomes formed from synthetic lipids with 
reconstituted labeled ECF transporter.

At first, we tested the effect of Mg-ATP addition on dissociation of the S-component from 
the ECF complex. In this experiment we intended to observe exclusively the effect caused by 
nucleotides. Therefore, the protein complex was purified and reconstituted in the apo-state, 
and the substrate was not supplemented during the measurements (neither inside nor outside 
the liposomes). To evaluate the effect of Mg-ATP, we counted events where the initial FRET 
signal disappeared in the presence and absence of Mg-ATP flown through the flow-cell. The 
amount of events in which the FRET signal disappeared immediately after nucleotide flow 
was higher when ATP was added than in the control experiments where buffer without ATP 
was added (Figure 3), indicating that ATP caused dissociation of the S-component from the 
complex. It should be noted that in this experiment only the inside-out oriented proteins (with 
ATPase domains exposed on the outside of the liposomes) are expected to be sensitive to 
the addition of Mg-ATP. In chapter 5 we show that approximately 50% of the reconstituted 
complexes indeed have the inside-out orientation.
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A                                            B                                                                       C

Figure 3 Detecting ATP-dependent S-component release. A) Schematic representation of proteoliposomes setup 
used in the experiment. The protein orientation in proteoliposomes reflects orientation probed in the experiment. 
B) Representation of donor and acceptor traces detected. Addition of Mg-ATP indicated with an arrow (release). 
C) Histogram of FRET signal disappearance events after addition of ATP (light grey) and without ATP (dark grey).

Next, we tested the influence of the transported substrate. We used proteoliposomes without 
any substrate supplemented. After 60 seconds, 200 µM pantothenate was flown into the 
flow cell. The FRET events where donor and acceptor became within the Förster radius 
(increase in FRET) were more frequent immediately after mixing with pantothenate (Figure 
4B). In case of complex dissociation (disappearing FRET signals) also a small increase upon 
substrate addition was observed. However, the amount of dissociation events in the control 
experiments, where buffer without substrate was used, was also high (Figure 4A). More 
experiments are necessary to confirm the effect of substrate on the ECF complex formation.
A                                                                                                B

Figure 4 Histograms of pantothenate influence on FRET disappearance (A) and appearance (B). Black bars 
represent events from experiments without pantothenate and grey bars represent events from samples treated with 
200 µM pantothenate from 60th second.

Finally, the system was studied in conditions with both transported substrate and nucleotide 
present. We loaded lumen of proteoliposomes with pantothenate and then tested the influence 
of addition of Mg-ATP on the outside. Classification of down events (losing FRET signal, 
release of S-component) and up events (gaining FRET signal, binding) plotted in histograms 
(events vs. time) showed that around the time of ATP addition to the system there was an 
increase in release events (Figure 5A) and possibly also in binding events (Figure 5B). 
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However, the numbers for the latter events are very low.

A                                                                                            B

Figure 5 Histograms of pantothenate and Mg-ATP influence on FRET disappearance (A) and appearance (B). 
Black bars represent events from experiments without pantothenate and grey bars represent events from samples 
preloaded with 200 µM pantothenate treated. To all samples 2mM Mg-ATP was added externally from 60th second.

Optimization of samples preparation for single-molecule FRET experiments

The efficiency of labeling and the activity of labeled proteins showed considerable variation 
between experiments. This resulted in the need to optimize the protocol.11 The labeling 
efficiency was improved by protecting cysteines from oxidation, which also reduced the 
experiment-to-experiment variation. We maintained reducing conditions during crude 
membrane vesicles preparation by adding 1 mM DTT to all the buffers. Crude membrane 
vesicles were also stored frozen not longer than overnight. Additionally, all the buffers used 
for membrane vesicles preparation and purification were degassed.
To preserve protein activity, we decided to shorten the time of purification so that the protein 
was as short as possible outside the lipid bilayer. First we tested reduced solubilization times. 
We divided crude membrane vesicles into four portions and performed solubilization with 
1 % DDM followed by standard Ni-affinity chromatography procedure. The total amount 
of protein solubilized was analyzed. The samples incubated for 30, 45 and 60 minutes gave 
similar amounts of solubilized protein, but shorter time (15 min) reduced the efficiency. 
Therefore, we concluded that 30 min is the minimal time required for efficient extraction 
of ECF transporters form the E.coli membranes. Second, a similar procedure was used to 
determine optimal length of binding to the Ni-Sepharose column. Again the sample was 
divided into four portions, and the different aliquots were incubated with the Ni-Sepharose 
material for 15, 30, 45 or 60 minutes followed by washing steps and elution with imidazole. 
30 minute incubation was sufficient for binding. Further, we tried to reduce the time of 
the procedure by speeding up the flow through the column. To do so we manually applied 
pressure to push solutions through the nickel-sepharose column material. The procedure 
caused more unwanted material to be co-purified with the ECF transporter. It is also likely 
that the stability of the complex was affected, based on the appearance of the subsequent 
size-exclusion chromatogram (Figure 6). We decided not to use pressure at the affinity 
chromatography steps.
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A crucial step in protein preparation for SM FRET microscopy is sufficient labeling with 
donor and acceptor dye. In our standard procedure the labeling is performed for 60 minutes 
when the protein is immobilized on the Ni-Sepharose column. We tested whether the 
labeling reaction could be performed during the solubilization step, which would reduce 
the time protein would be outside the membrane. In this approach ECF-PanT was mixed 
with fluorescent dye when still in membrane vesicles (Figure 7). The label concentration 
was doubled compared with labeling on the column, because we expected labeling of 
cysteines in other proteins present in the membrane vesicles. Labeling efficiency using 
the new procedure was unsatisfactory (~60%, Figure 7) after 1 hour labeling time. In 
an alternative approach, we followed the standard purification protocol but reduced the 
labeling time when the protein was bound on the nickel column. Labeling efficiency was 
subsequently determined for each labeling time by size-exclusion chromatography and 
absorbance spectroscopy (Figure 8, Table 2). It appeared that 30 minutes labeling is long 
enough for high labeling efficiency.
We also tried reducing the incubation times during the reconstitution procedure (Figure 9). 
The purified and labeled ECF transporter was reconstituted into liposomes consisting of 
E.coli polar lipids and PC (see Chapter 3). We either used the standard procedure, which 
includes an overnight incubation step, or a procedure in which this step was reduced to 
2 hours. In the latter case double the amount of BioBeads was used to ensure efficient 
detergent removal in the shorter time. At first glance the short reconstitution protocol 
appeared as good as the standard one. It seems even better in terms of FRET levels 
because after overnight reconstitution only ~23% of donors lead to FRET (Figure 9A, 2D 
histogram), whereas after the short reconstitution procedure the fraction was ~35% (Figure 
9B, 2D histogram). In both procedures we observed an aggregation of donor dye (Figure 
10B). The distribution of dye molecules did not follow the theoretical values for donor 
distribution in proteoliposomes. The protein-to-lipid ration used for reconstitution was 
expected to result on average in one transporter complex present per 10 liposomes. Based 
on the observed labeling efficiency we expected that 7.23% of the proteoliposome are 
associated with at least one donor dye. In this population, the probability of finding 2 dyes 
was expected to be 52.50%, 3 dyes 2.54%, 4 dyes 0.69%, and 5 dyes 0.03%. However, we 
found a much higher fraction of liposomes with multiple donor dyes (Figure 10). In case 
of the acceptor dye we did not observe aggregation since the statistical representation of 
acceptor amounts was close to theoretical values (Figure 10C). The transport activity in 
samples prepared using the short reconstitution was decreased (Figure 9C) probably due 

Figure 6 Effect on size-exclusion profile 
of pressure applied during Ni-affinity 
chromatography to increase the flow. Solid 
line represents standard draining of the column 
and dashed line represents purifications with 
forced flow.
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to lower reconstitution efficiency. The reduced efficiency was also observed in SM FRET 
experiments, as less donor and acceptor spots were visible (Figure 9B). Therefore, if the 
short reconstitution protocol is to be used in the future it needs careful optimization.
 

Figure 7 Labeling in the crude membrane vesicles. 
Size-exclusion chromatogram with absorbance at 280 
nm (solid line) and 555 nm (dashed line). The labeling 
efficiency calculated based on absorbance was 60%. 

Table 2 Comparison of labeling time influence on labeling efficiency 

Labeling time (min) Labeling efficiency
15 93%
30 100%
45 84%
60 81%

Figure 8 Size-exclusion chromatograms from different labeling times. Chromatograms represents 
absorbance at 280 nm (solid line) and absorbance at 555 nm (dashed line) for 15 minutes (A), 30 minutes (B), 
45 minutes (C) and 60 minutes (D) labeling. 

C                                                                             D

A                                                                             B
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Figure 9 Effect of reconstitution time on SM FRET sample. The same protein sample was reconstituted overnight 
(standard protocol, A), or within 2 hours (B). Left panels represent direct excitation of donors and acceptors. The 
sample loading ratio was the same for both samples but 2 hour reconstitution (B) shows less spots. In the middle 
panels 2D histograms of static binding are shown. At first acceptors were picked by excitation with the acceptor laser 
(acceptor count on x-axis). Then with donor laser a pair for donors were picked (calculated FRET, y-axis). Theoretical 
line where 50% of acceptors have a donor was drawn. C) Transport of [3H]pantothenate in proteoliposomes with 
AlexaFluor 546/647 labeled ECF-PanT from standard and short reconstitution procedure. Uptake normalized to the 
standard (long) reconstitution procedure.

A                                                        B                                                    C

Figure 10 The amounts of donor (AlexaFluor547) label in the sample from standard purification and 
reconstitution protocol. A) Bleaching analysis of the donor fluorophore revealed that 100 kcounts correspond to 
1 molecule. B) Histogram of initial fluorescence intensity values based on bleaching steps (averaged over first 10 
seconds). C) Statistical representation of amounts of acceptors. Around 40 kcounds correspond to 1 dye molecule.

DISCUSSION

Membrane proteins may lose their activity as a consequence of protein extraction from the 

Donor emission Acceptor emission

Donor emission Acceptor emission

A

B

C

C
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lipid environment.15 Reducing the membrane protein purification time, and thereby shortening 
the time protein is not surrounded by a bilayer, may increase the yield of active protein. 
ECF transporters were successfully purified and reconstituted in the past.16–18 Here, the 
protocol used for ECF-PanT and ECF-FolT2 purification (Chapter 3 and 5) was optimized 
to get higher yields of active transporters. The extra labeling step required for the FRET 
experiments increased the time the proteins were in detergent-solution, outside the membrane, 
by almost 1.5 hour. This extension was reflected in the decreased activity of transporter. We 
were able to shorten the standard protocol (from approximately 4.5 to 3 hours) without losses 
in the protein yield and with preservation of labeling efficiency. 

Table 3 Comparison of standard and improved purification and labeling protocols

Standard protocol Improved protocol

Solubilization 1 hour 30 min
Centrifugation 25 min 25 min

Binding to Ni-Sepharose 1 hour 30 min
Labeling 1 hour 30 min

Wash ~20 min ~20 min
Elution ~10 min ~10 min

Size-exclusion chromatography ~40 min ~40 min
Reconstitution overnight 2.5 h

Single-molecule fluorescent experiments using TIRF microscopy were successfully used 
in studies of movements within transporters12,19–21 and complex formation in the transport 
cycle.7,22 We applied the SM FRET technique to study the exchange of S-components during 
the transport cycle of ECF-PanT. Our preliminary results suffered from severe loss of activity 
of the protein due to the long purification and labeling protocol. To optimize the purification 
and labeling protocol we have been juggling between reducing the time that the protein 
spends in the detergent solution and keeping the steps long enough to obtain good yield of 
pure and labeled protein. In Table 3 we compare the previously used protocol with the one 
described above. The optimized protocol will be used for future SM FRET studies.
Nevertheless, we performed preliminary SM FRET experiments with the unoptimized 
protocol. Despite the limited number of experiments, with insufficient amounts of data for 
solid conclusions, we tentatively conclude that upon addition of Mg-ATP to proteoliposomes 
containing reconstituted ECF-PanT, the S-component is released from the complex (Figure 
3). Upon addition of substrate (pantothenate) there is more S-component binding to the 
ECF module (Figure 5) and when both pantothenate and Mg-ATP are present release and 
association of S-component can be observed (Figure 4). Such behavior would agree with 
the most recently proposed transport mechanism.16 In this model, ATP hydrolysis causes 
conformational changes resulting in S-component dissociation from the ECF complex. 
S-components released from the complex topple to the outward facing conformation. In 
this conformation substrate can be bound. Binding of the substrate triggers formation of a 
compact form of the S-component and allows for toppling. In the toppled state S-components 
are able to associate with the ECF module. 



76

With the improved activity of the labeled ECF transporter, it will be possible to study behavior 
of S-component in details. It will also allow for studies of competition between different 
S-components for association with the same ECF module at the single molecule level. For 
such experiments three color-FRET should be used.23 
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