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The current model of active transport via ABC importers is mostly based on

structural, biochemical and genetic data. We here establish single-molecule

F€orster resonance energy transfer (smFRET) assays to monitor the confor-

mational states and heterogeneity of the osmoregulatory type I ABC importer

OpuA from Lactococcus lactis. We present data probing both intradomain

distances that elucidate conformational changes within the substrate-binding

domain (SBD) OpuAC, and interdomain distances between SBDs or trans-

membrane domains. Using this methodology, we studied ligand-binding mech-

anisms, as well as ATP and glycine betaine dependences of conformational

changes. Our work expands the scope of smFRET investigations towards a

class of so far unstudied ABC importers, and paves the way for a full under-

standing of their transport cycle in the future.

Keywords: ABC transporter; conformational dynamics; membrane

transport; osmoregulation; single-molecule Foerster resonance energy

transfer; substrate-binding domains

ATP-binding cassette (ABC) transporters represent the

most abundant and diverse family of transport pro-

teins known. They play crucial roles in numerous

cellular processes including nutrient uptake [1], antibi-

otic and drug resistance [2], antigen presentation [3],

cell volume regulation [4] and others [5–9]. Despite

Abbreviations

ABC transporters, ATP-binding cassette transporters; SBD, substrate-binding domain; smFRET, single-molecule F€orster resonance energy

transfer.
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their importance, the majority of molecular models

proposed for transport are based on the functional

interpretation of static crystal structures, due to the

inability of classical biophysical and biochemical tech-

niques to visualize dynamic structural changes [5–9].
Advanced mechanistic insights, for instance knowledge

on structural dynamics and heterogeneity of conforma-

tional states in transporters, could be beneficial for the

fight against pathogenic bacteria [10], and for the

treatment of ABC-related diseases such as cystic fibro-

sis [11] and multidrug resistance in cancer cells [2].

Determining the structural dynamics of drug targets

would allow the rational design of high-affinity drugs,

and provide a better understanding of a drug’s mode

of action [12]. However, the development of methods

to make a membrane-embedded transport system

amenable to complex biophysical investigation repre-

sents a huge bottleneck.

Over the past years [13], various laboratories have

introduced single-molecule tools to investigate the

structural dynamics of active membrane transporters

[14–25]. F€orster resonance energy transfer in combina-

tion with single-molecule detection (smFRET [26–28])
has proven to be a particularly useful tool for the vali-

dation of structural models [29–31] and for revealing

functional features of transporters, which are mecha-

nistically important, such as conformational hetero-

geneity [28,32–34]. While the laboratories of Shimon

Weiss [14], Scott Blanchard [15–17] and Antoine van

Oijen [18] have published the first smFRET studies of

secondary active transporters in a detergent environ-

ment [14–16] and within liposomes [17,18], we intro-

duced smFRET for studies of ABC transporters in

collaboration with the groups of Bert Poolman, Kon-

stantinos Beis and Robert Tamp�e. These transporters

included importers (GlnPQ [19,20]) and their sub-

strate-binding proteins and domains [21] and the

exporter McjD [23]. In addition, we have also studied

the non-transporting ABC-protein ABCE1 [35].

Lewinsson [24] and Slotboom [36] have performed

detailed smFRET studies on the type II ABC importer

BtuCD-F. And the influence of different membrane

mimics (detergent, lipid nanodiscs and proteolipo-

somes) was presented in a recent study on the ABC

exporter MsbA [25]. Advances in the visualization of

structural dynamics in transporters have also been

made possible by other biophysical techniques such as

highspeed AFM [37] and EPR [38,39].

All these studies were motivated by the desire to

answer long-standing key questions in the transporter

field. These questions include ligand-binding mecha-

nisms, the mechanistic basis of substrate selectivity,

the precise timescales of conformational changes in

transmembrane and nucleotide binding domains, and

the comparative specific conformational states at rest

for the distinct type I and type II ABC importers. Fur-

thermore, it remains a goal of researchers in the field

to establish complete models of transport that reflect

and enhance an understanding of the coordination of

transport, ATPase activity and the associated confor-

mational changes. Such models would provide a pre-

cise understanding of how substrate-binding and ATP

hydrolysis events are coupled and transmitted from

one domain to another via conformational changes

that ultimately drive substrate transport.

We here extend our smFRET work on ABC trans-

porters to the osmoregulatory OpuA. This importer

represents a well-established model system for the type

I ABC transporters and is involved in cell volume reg-

ulation via the uptake of glycine betaine [4,40]. The

domain organization of the transporter is shown in

Fig. 1A. Poolman and coworkers showed that OpuA

is more complex than other type I ABC importers

such as the molybdate and maltose permeases because

of the presence of two additional cytosolic domains

(Cystathionine b-Synthase; CBS) [4,40]. Each homod-

imer of OpuA consists of two subunits: one composed

of the transmembrane domain TMD and substrate-

binding domain SBD (OpuABC), and the other

OpuAA of the nucleotide binding domain (NBD) and

CBS in tandem (Fig. 1A). The CBS domains play a

role in sensing intracellular ionic strength and, in con-

junction with an anionic membrane surface, gate the

transporter in response to osmotic stress for import of

glycine betaine. The cycling of the NBDs from a

dimeric ATP-bound state to a monomeric ADP-state

is probably dependent on the CBS-CBS interaction,

which is regulated by ionic strength and in particular

potassium [4,40,41]. The presence of the additional

CBS domains might lead to a different mechanism of

transport and/or transporter activation than occurs in

other type I ABC transporters. OpuA is a paradigm

for osmoregulatory ABC transporters, and the system

is widespread in the bacterial and archaeal kingdoms

[4]. It is critical for the survival of low GC Gram-posi-

tive pathogens under conditions of osmotic stress, but

also plays an important role in osmoregulation in

Gram-negative pathogenic bacteria [4].

OpuA is a suitable model system for the present

work because it can be functionally reconstituted in

nanodiscs, where it shows ion- and substrate-depen-

dent ATPase activity with a high coupling efficiency,

when nanodiscs are prepared with physiological lipids

[40]. In this study, our aims were to monitor by confo-

cal smFRET in solution [19–21,23] various aspects

of OpuA conformational dynamics (Fig. 1) and to
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examine whether any structural heterogeneity exists.

We examined the conformational dynamics of the

SBD OpuAC in isolation, and in the context of the

full transporter, and found that its ligand-binding

behaviour was similar (Fig. 1A,B), further supporting

the utility of studies on SBDs and SBPs in isolation

(as done previously for various ABC-related SBPs/

SBDs [21]). OpuAC showed rapid ligand release times,

a feature that might be argued to facilitate high trans-

port rates [40,42–45]. We also studied interdomain

interactions between SBDs (Fig. 1C) and evaluated

suitable labelling positions for smFRET of the TMDs

(Fig. 1D). SBD-SBD interactions were examined in

the ligand-free, ATP-bound and glycine betaine-bound

states. Finally, for TMD studies, we relied on homol-

ogy modelling of the TMDs aiming to label the

extremes of transmembrane helices on either side of

the membrane and generated a large number of cys-

teine derivatives. These were screened to identify posi-

tions with high labelling efficiency and useful

biochemical activity. We provide preliminary smFRET

data on the most promising OpuA TMD mutant, from

which no mechanistic conclusions could be drawn yet.

Methods

OpuA mutagenesis, expression and membrane

vesicle isolation

The OpuA nucleotide sequence (no endogenous cysteines)

from Lactococcus Lactis was subcloned to the pBR322 vec-

tor (Addgene, Watertown, MA, USA). The plasmid was

used for the introduction of point cysteine mutations eligi-

ble for labelling by QC-PCR (Table S2). The point mutants

were subsequently cloned in the pNZopuAHis plasmid (C-

terminal 6-HIS-tag) using EcoRV-AlnwnI (NEB) for the

substrate-binding domain mutants and BamHI-AlwnI

(NEB) for the transmembrane domain mutants (Table S2).

For the expression of the mutant proteins, L. lactis Opu401

strain was used, which contains deletion of endogenous

OpuA genes from the chromosome. 2- to 5-L cultures were

grown anaerobically at 30 °C in 2% (w/v) Gistex LS (Strik

BV, Eemnes, the Netherlands) and 200 mM potassium

phosphate (KPi), pH 7.4, supplemented with 1.0% (w/v)

glucose and 5 µg�mL�1 chloramphenicol. At OD600, ~ 2 the

nisA promoter was induced by the addition of 1 ng�mL�1

nisin. Two hours later, the cells were harvested by centrifu-

gation (6000 g; 15 min; 4 °C) and stored at �20 °C. For

the isolation of L. lactis membrane vesicles, all handling

was done at 4 °C unless stated otherwise. The harvested

pellet was resuspended in 50 mM KPi, 200 mM KCl, 20%

glycerol, pH 7.4 (buffer A) in the presence of 1.5 mM

dithiothreitol (DTT). To reduce the viscosity caused by the

release of DNA, 100 lg�mL�1 DNase and 2 mM MgSO4

were added. The suspension was disrupted through a con-

tinuous disruption cycle, twice at 40 Psi in a Constant Cell

Disruption System LTD (Daventry, UK). In the disrupted

material, 1 mM PMSF and 5 mM EDTA, pH 8.0, were

added. First, large cellular debris were removed by centrifu-

gation (11 800 g; 20 min; 4 °C), the pellet was discarded,

and the supernatant was centrifuged again (125 000 g;

60 min; 4 °C). The pellet containing membrane vesicles was

resuspended in buffer A and 1 mM DTT and centrifuged

again (125 000 g; 60 min; 4 °C) to remove any remaining

soluble components. The isolated membrane vesicles were

resuspended in buffer A in the presence of 1 mM DTT, ali-

quoted and flash-frozen in liquid N2 and then stored in

�80 °C. The total protein concentration was determined

using the PierceTM BCA Protein Assay Kit (Fisher Scien-

tific, Landsmeer, Netherlands).

OpuA purification

All the handling described below was done at 4 °C
unless mentioned otherwise. The stored membrane

Fig. 1. Setup for smFRET studies of the type I ABC importer OpuA. (A) Structural organization of OpuA and intradomain FRET assay with

the SBD. Please note that in our work, the second SBD can also be labelled, but this is not shown for clarity. (B) FRET assay principle to

probe the conformational states of the SBD OpuAC via FRET. Open and closed structures are based on the published PBD structures of

soluble OpuAC 3L6G and 3L6H, respectively, showing cysteine variant OpuAC (367C/423C) and ligand in yellow. (C, D) Interdomain FRET

assays based on (C) SBD and (D) TMD labelling. Reactive coordinates probed in each panel are indicated by arrows and dashed lines.
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vesicles were thawed and resuspended in buffer A

(50 mM KPi, 200 mM KCl, 20% glycerol, pH 7.4) with

the addition of 1 mM DTT and 10 mM n-Dodecyl b-D-
maltoside (DDM) and incubated for 60 min while

gently agitated. The solubilized protein was separated

from any insolubilized material by centrifugation

(267 000 g; 20 min; 4 °C). The harvested supernatant

was diluted with buffer A to a final DDM concentra-

tion of 2 mM and loaded to Ni2+-SepharoseTM 6 fast

flow resin (GE Healthcare, Hoevelaken, Netherlands

already equilibrated with 10 CV buffer A with 780 lM

DDM) and was incubated for 60 min under gentle agi-

tation. The resin-bound material was washed three con-

secutive times (10 CV of each: buffer A with 1 mM

DTT and 780 lM DDM, buffer A with 1 mM DTT and

20 mM imidazole and 780 lM DDM, and buffer A with

1 mM DTT and 40 mM imidazole and 780 lM DDM) to

remove all the weakly bound proteins. The purified pro-

tein was then eluted with buffer A with 200 mM imida-

zole and 780 lM DDM.

OpuA nanodisc formation and purification

An optimized synthetic lipid mixture dissolved in

50 mM KPi, pH 7.0 [50% 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine, DOPE: 12% 1,2-dioleoyl-sn-glycero-3-

phosphocholine, DOPC: 38% 1,2-dioleoyl-sn-glycero-3-

phospho-(10-rac-glycerol), DOPG, Avanti Polar Lipids,

Alabaster, AL, USA] was prepared as described [40].

The lipid mixture was thawed and subsequently

extruded through a 400-nm pore size polycarbonate fil-

ter, generating large unilamellar vesicles. 12 mM DDM

was added, and the mixture was vortexed until optically

clear. The final reconstitution reaction was 50 mM KPi,

20% glycerol, 12 mM DDM, and contained 1 nmol

OpuA (labelled/unlabelled), 10 nmol MSP1D1, 1 lmol

lipids in a final volume of 700 lL. To control for size

and formation of nanodiscs, reconstitution reactions

without OpuA were carried out and tested using size-

exclusion chromatography (SEC). The reaction was

incubated for 60 min at 4 °C, while gently agitated.

Then, 500 mg of SM2 biobeads was added to the reac-

tion volume and incubated for 1–12 h with best result

at 1–2 h of incubation. The biobeads were removed,

and the solution was centrifuged (18 000 g; 10 min;

4 °C) to precipitate any aggregated lipids and proteins.

To determine the composition of the nanodiscs and to

separate the nanodiscs from aggregates and empty nan-

odiscs, the supernatant from the previous step was puri-

fied using SEC, using a Superdex 200 10/300 GL

column (GE Healthcare) that was previously equili-

brated with 50 mM KPi, pH 7.0, 200 mM KCl and 4%

w/v glycerol buffer. The protein composition of the

SEC fractions was verified by SDS/PAGE on 12%

polyacrylamide gels.

MSP1D1 expression and purification

Membrane scaffold protein MSP1D1 was used for the for-

mation of nanodiscs [40]. Escherichia coli BL21(DE3) cells

were freshly transformed with the pMSP1D1 plasmid and

grown in 2 L Terrific Broth–kanamycin (10 lg�mL�1) med-

ium at 37 °C under aerobic conditions. At OD600 of 1.5,

the culture was induced with 1 mM isopropyl 1-thio-D-

galactopyranoside (IPTG); 3 h later, the cells were har-

vested by centrifugation (8000 g; 20 min; 4 °C). From this

step onwards, all the processes were done at 4 °C and all

solutions were at 4 °C, unless stated otherwise. The cell pel-

let was resuspended in 20 mM KPi, 1% Triton X-100,

1 mM PMSF at pH 7.4. The cells were lysed by sonification

(5 s on/5 s off, 70% amplitude, 3 min). The cell lysate was

fractionated by centrifugation (125 000 g; 75 min; 4 °C),
and the pellet was discarded. Ni2+-SepharoseTM 6 fast flow

resin (GE Healthcare) was equilibrated with 10 column vol-

umes of 40 mM KPi, pH 7.4, and the supernatant of the

previous centrifugation was gravity loaded to the column.

The resin-bound MSP1D1 was sequentially washed with 10

column volumes of 40 mM Tris/HCl, 0.3 M NaCl, 1% Tri-

ton X-100, pH 8.0, then 40 mM Tris/HCl, 0.3 M NaCl,

50 mM sodium cholate, 20 mM imidazole, pH 8.0, and

lastly with 40 mM Tris/HCl, 0.3 M NaCl, 50 mM imidazole,

pH 8.0. MSP1D1 was then eluted with 40 mM Tris/HCl,

0.3 M NaCl, 0.4 M imidazole, pH 8.0. The eluent was dial-

ysed overnight (SnakeSkinTM Dialysis Tubing, 7K MWCO

Fisher Scientific) against 20 mM Tris/HCl, 0.1 M NaCl,

0.5 mM EDTA, pH 7.4. Lastly, it was dialysed once more

overnight against 20 mM Tris/HCl, 0.1 M NaCl, 0.5 mM

EDTA, 50% glycerol, pH 7.4. The protein concentration

was calculated by absorbance at 280 nm (extinction coeffi-

cient 21 000 M
�1�cm�1; see Fig. S5a). The purified protein

was aliquoted and stored at �20 °C.

ATPase activity assay

To determine the activity of the reconstituted OpuA, a cou-

pled-enzyme activity assay was used to measure the ATPase

activity of the reconstituted transporter. The coupled enzy-

matic reaction contained ~ 2 units of pyruvate kinase/lactic

dehydrogenase (rabbit muscle isolate mixture; Sigma-

Aldrich, Zwijndrecht, Netherlands) 50 mM KPi, pH 7.0,

300 mM NADH, 4 mM phosphoenolpyruvate (PEP), 62 lM
glycine betaine, 300 mM KCl, and 4 lg of OpuA reconsti-

tuted in nanodiscs. The change in absorbance at 340 nm

was observed with a Synergy MX 96-well plate reader (Bio

Tek Instruments, Inc., Winooski, VT, USA). The reaction

components were incubated in the plate reader at 30 °C for

3 min. Then, 10 mM MgATP, pH 7.0, was added shaking

the plate for 10 s to mix the compounds. A 7-min kinetic

read (340 nm, 30 °C) with minimal time intervals was exe-

cuted. The data were corrected for the path length of each

individual reaction volume. For every mutant tested,
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controls were done in the absence of: (a) glycine betaine,

(b) KCl, (c) glycine betaine and KCl (Fig. S6). The ATPase

activity was calculated from the slope of the measurements

and normalized against the WT internal control.

Radiolabelled isotope uptake

To monitor transport activity, we used an in vivo-radiola-

belled isotope uptake assay in L. lactis according to a pre-

viously published method [46]. Briefly, L. lactis Opu401

transformed with the appropriate plasmid was grown in

glucose-CDM with 5 lg�mL�1 chloramphenicol. At OD600

~ 0.5, the culture was induced with 0.01% (v/v) nisin A (fil-

ter-sterilized culture supernatant from L. lactis NZ9700)

until OD600 ~ 1. The cells were washed and resuspended at

2.5 mg of cell protein�mL�1 in 50 mM HEPES-methylglu-

camine pH 7.3. Next, 10 mM glucose was added, and the

cells were incubated for 5 min at 30 °C. To start the

uptake, a final concentration of 600 mM sucrose (osmotic

stress to increase the internal ionic strength of the cell and

activate OpuA), 1 mM [14C] glycine betaine in the presence

and 50 lg�mL�1 chloramphenicol (to prevent protein syn-

thesis) were added to a reaction volume of 500 lL. Eighty
microlitre samples were taken at regular time intervals and

diluted with 2 mL of ice-cold assay buffer of equal osmo-

lality and filtered through 0.45-lm cellulose nitrate filters

under high vacuum. The membranes were washed with ice-

cold 50 mM HEPES/methylglucamine, pH 7.3. After dry-

ing, 2 mL of scintillating liquid was used to dissolve the

membranes. The radioactivity was determined in a scintilla-

tion counter.

Fluorophore labelling of OpuA

OpuAC was labelled as described previously [21]. For the

labelling process of OpuA, the final elution step was

eschewed during purification and the resin was drained and

washed with buffer A and 780 lM DDM to remove DTT.

Then, 100 nmol of maleimide fluorophores (molar ratio of

7–10 fluorophores per cysteine available) were solubilized

in 10 lL water-free dimethyl sulfoxide (DMSO) at room

temperature and then suspended in buffer A and 780 lM
DDM. The fluorophore mixture was added to the drained

resin and incubated for 60 min under gentle agitation. The

excess of fluorophores was washed with 10 CV buffer A

and 780 lM DDM, and the labelled OpuA was eluted with

buffer A, 200 mM imidazole, 780 lM DDM (Fig. S5b,c).

The protein and fluorophore concentrations were estimated

using Lambert–Beer’s law (A = elc). The absorbance was

calculated by measurements at 280, 560 and 655 nm (calcu-

lating the area under the chromatogram of the relevant

fraction). The path length was 0.1 cm, and the extinction

coefficients were available in the data sheets of the fluo-

rophores (Table S4). Labelling efficiency was calculated as

100 9 moles of total fluorophores/moles of cysteines. The

purified OpuA was directly used for reconstitution into

nanodiscs.

This final protocol was obtained after we observed that

labelling efficiencies dropped significantly after the reconsti-

tution step, as we were determining the labelling efficiency

of our sample prior and subsequent to the reconstitution in

bilayer nanodiscs. After many trials, we could attribute this

effect to be dependent on the use of SM2 biobeads. Bio-

bead systems have been used in the past to scavenge

unbound rhodamine dyes [47]. To better control labelling

efficiency and sticking of protein mediated via fluorophores

to the biobeads, we used MalE as test system, for which we

obtained high labelling efficiency in variant T36C/S352C

[21]. To see the effect of the SM2 biobeads on a soluble

protein; 2.5 nmol of MalE (T36C/S352C) was subjected to

size-exclusion chromatography to determine the baseline

amount of protein in absorbance units (same buffers as

used for OpuA). 2.5 nmol of protein was then incubated

with 1000 mg of SM2 biobeads (the reaction volume was

doubled to 1.4 mL) overnight at 4 °C (in reconstitution

buffer without lipids, detergent and MSP1D1). After incu-

bation, the SM2 biobeads were separated from the solution

by centrifugation and the supernatant was subjected to

SEC. The chromatogram (Fig. S9b) was corrected for the

amount of supernatant lost during the separation of the

SM2 biobeads from the protein solution. Then, it was nor-

malized against the absorbance of nontreated MalE

(Fig. S9a). After extended incubation times, the SM2 bio-

beads can adsorb soluble proteins as indicated by a loss of

~ 35% of unlabelled MalE (T36C/S352C); Fig. S9. To fur-

ther test our hypothesis, 5 nmol of MalE (T36C/S352C)

was labelled as described above with the only difference to

omitting DDM. We used fluorophores Alexa Fluor 555

(Ax555, 50 nmol) and Alexa Fluor 647 (Ax647, 50 nmol)

to achieve a molar ratio of 10 : 1 regarding fluorophore

and cysteine. The eluted labelled protein sample was then

split in two parts. Half of it was analysed by SEC to deter-

mine the labelling efficiency (> 75%) and also provide a

baseline (Fig. S9c). The other half was incubated with

1000 mg SM2 biobeads (1.4 mL reaction volume) for 3 h

at 4 °C (in reconstitution buffer without lipids, detergent

and MSP1D1; Fig. S9c). After the incubation, MalE

(T36C/S352C) was separated from the SM2 biobeads and

again analysed by size-exclusion chromatography. We

observed a dramatic reduction in retrievable labelled pro-

tein (Fig. S9d). Based on these results, further optimization

was conducted, in which we reduced the duration of the

nanodisc formation reaction to 1–2 h as described above

with the best labelling results observed at 1 h.

OpuA structure modelling

The homology model for the prediction for candidate

mutagenic sites was done using Swiss Model Server

[48,49]. The template structure used was the molybdate/
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tungstate ABC transporter from Archaeoglobus fulgidus

(ModBC, 2ONK), the Maltose transport system from

E. coli (MalG, 2R6G and 4JBW), the molybdate/tungstate

transporter from Methanosarcina acetivorans (ModBC,

3D31) and the methionine importer (MetNI, 3DHW). The

sequence identity between OpuA and the templates was

between 20.4% and 26.6%, while similarity was ~ 30%.

To calculate the relative distant change, the produced

model was aligned with the inward- and outward-facing

conformations of the maltose transporter in PYMOL [50]

and the distances were measured also with PYMOL for Ca-

positions of the residues.

Solution smFRET measurements and data

analysis

The methods and experimental devices used here have been

described previously in detail [19,20,51,52]. In brief, labelled

OpuAC or OpuA was diluted to 20–100 pM in imaging buf-

fer: 50 mM potassium phosphate pH 7.4, 1 mM Trolox and

10 mM cysteamine (pH 7.5; Sigma-Aldrich). Previously, the

cover slip (no. 1.5H precision cover slides, VWR, Marien-

feld, Amsterdam, Netherlands) was passivated with a BSA

solution (200 lL of 1 mg�mL�1 BSA) for 30 s to minimize

fluorophore interactions with the glass slide. The measure-

ments were done using a custom-built confocal microscope

[19,20] at room temperature. Excitation was at 532 and

640 nm in accordance with the fluorophore absorbance

maxima (SuperK Extreme, NKT Photonics A/S, Birkerød,

Denmark). Alternation between the two excitation wave-

lengths was achieved by 50 µs alternation. The output

beam was coupled to a single-mode fibre (PM-S405-XP;

Thorlabs LTD, Ely, UK) and recollimated (MB06; Qioptiq

Photonics GmbH & Co. KG, Goettingen, Germany) before

entering an oil immersion objective (609, NA 1.35,

UPLSAPO 60XO; Olympus Germany GmbH, D€usseldorf,

Germany). Excitation and emission were separated by a

dichroic beam splitter (zt532/642rpc; AHF analysentechnik

AG, T€ubingen, Germany) mounted in an inverse micro-

scope body (IX71; Olympus Germany GmbH). Fluores-

cence emitted by diffusing molecules in solution was

collected by the same oil objective, focussed onto a 50 nm

pinhole and spectrally separated (640DCXR; AHF analy-

sentechnik AG) onto two APDs (s-spad, < 50 dark

counts�s�1; Picoquant, Berlin, Germany) with the appropri-

ate spectral filtering (donor channel: HC582/75; acceptor

channel: Edge Basic 647LP; both AHF analysentechnik

AG). Unless mentioned otherwise in the figure legends

ALEX data [23,51] were analysed with a dual-colour burst

search (M = 15, T = 500 µs and L = 25) and the resulting

data were plotted with 61 9 61 bins considering an S-range

of 0.3–0.8 with additional thresholding of all pho-

tons > 100. The data of OpuA (A12C) were collected by a

similar confocal microscopy setup as described in Ref. [51].

Here, the excitation was done via two Coherent OBIS

lasers centred at 532 and 637 nm and the objective lens was

609, NA 1.2, UPlanSAPO 60XO (Olympus Germany

GmbH).

Surface scanning microscopy and data analysis

For surface immobilization of OpuA nanodiscs, custom

flow cells were made as previously described in Refs

[19,23,52]. The flow cell surface was functionalized at room

temperature with a neutravidin solution; 0.2 mg�mL�1 neu-

travidin (Invitrogen, Carlsbad, CA, USA) in 50 mM potas-

sium phosphate pH 7.4, filtered with 250-lm syringe filter

(buffer B) for 5–10 min. The unbound excess of neutravidin

was washed with the same buffer. Subsequently, the surface

of the flow cell was incubated with an anti-His antibody (in

buffer B) for 5 min and washed again with buffer B. Then,

His-tag containing OpuAC was introduced to the flow cell

(in buffer B supplemented with 10 mM of (�)6-Hydroxy-

2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox;

Sigma-Aldrich Chemie N.V. Zwijndrecht, Netherlands) as a

photostabilizer [20]) and incubated for 30–120 s while at

the same time scanning the surface to determine the opti-

mum density. When the particle density was adequate, the

excess of labelled proteins was washed away, using buffer

B with 10 mM Trolox. Fluorescence traces were recorded at

room temperature. The fluorescent trajectories were anal-

ysed using a hidden Markov Model [53] as described in

Ref. [21]. The binning time was 1.5 ms.

Results

To determine whether isolated OpuAC retains native

ligand-binding behaviour, we compared the isolated

SBD (Fig. 1B) with the SBD present in full-length

OpuA (Fig. 1A). To this end, we generated two double

cysteine derivatives of OpuAC: OpuAC (360C-423C)

also used in Ref. [21] and OpuAC (367C/423C). Muta-

tions were located on the rigid subdomains of OpuAC,

and substrate binding was expected to increase the

proximity of donor and acceptor fluorophores on

labelled OpuAC, that is lead to a high FRET effi-

ciency state upon ligand binding (Fig. 1B). Our goal

initially was to maximize the FRET efficiency change

during the conformational motion, and so the impact

of mutations or fluorophore labelling on OpuAC’s

ability to dock with the transporter was not consid-

ered.

Conformational dynamics of isolated OpuAC

To characterize the conformational dynamics of sol-

uble OpuAC labelled with Cy3b and ATTO647N, we

used both alternating laser excitation (ALEX) on dif-

fusing molecules and confocal scanning microscopy on
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surface-immobilized ones [21]. In agreement with pre-

viously published results [21], OpuAC (360C/423C)

changed its conformation in a ligand-dependent fash-

ion (Fig. 2A–C).
Both the open-unliganded (low FRET) and closed-

liganded states (high FRET) were detectable, and their

occupancy changed as a function of the glycine betaine

concentration in the buffer solution (Fig. 2A,B). In the

absence of glycine betaine, we find exclusively occupa-

tion of the open state (Fig. 2A,B – apo), as was also

shown previously [21]. This result and its interpreta-

tion were valid for freely diffusing (Fig. 2A) and sur-

face-immobilized OpuAC (Fig. 2B). Identical results

were obtained when an alternative pair of fluorophores

was used for labelling (Alexa Fluor 555, Alexa Fluor

647; Fig. S1). This suggests that the fluorophores do

not compromise the conformational changes of

OpuAC and do not alter the ligand-binding affinity.

The supporting data in Fig. S1 also show the two-di-

mensional character of the ALEX experiments, that is

low stoichiometry acceptor-only molecules (S < 0.3),

intermediate stoichiometry donor–acceptor-labelled
molecules (0.3 < S < 0.8) and high stoichiometry

donor-only molecules (S > 0.8). For histograms shown

in Fig. 2A and subsequent figures where 1D E* his-

tograms are presented, we focussed on the analysis of

the FRET efficiency distributions in the intermediate

stoichiometry region, where the protein carries one

donor and one acceptor fluorophore.

Next, we studied the dynamic conversion between

conformational states (Fig. 2C). For this, the temporal

evolution of donor and acceptor fluorescence signals

of surface-immobilized (as described in Surface micro-

scopy section in Methods) OpuAC molecules was fol-

lowed using confocal scanning microscopy. The FRET

efficiency time traces show frequent switching between

the low and high FRET state, which indicates the

opening and closing transitions of OpuAC (Fig. 2B).

To obtain the associated kinetics, the time traces were

fitted with a two-state hidden Markov model (HMM).

The lifetime distributions of the low and high FRET

states were obtained from the fit (as described in Ref.

Fig. 2. smFRET studies of isolated OpuAC (360C-423C) with Cy3B and ATTO647N as donor and acceptor fluorophores, respectively. (A)

Apparent FRET efficiency histogram of freely diffusing fluorophore-labelled OpuAC molecules, obtained from the solution-based smFRET

and ALEX measurements under the indicated conditions. (B) Fluorescence trajectories of OpuAC under different conditions as indicated;

donor (green) and acceptor (red) photon counts were binned with 1.5 ms. The top panel shows calculated apparent FRET efficiency (blue)

with the most probable state trajectory of Hidden Markov Model (HMM) (black). (C) Average closing rate (black) and lifetime of the closed

state (purple) as function of glycine betaine concentration. Error bars indicate the 95% confidence interval. (D) Lifetime distribution of the

closed state as obtained from the most probable state trajectory of the HMM of all molecules. Grey bars are the binned data, and the solid

line is an exponential fit.
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[21]; Fig. 2C,D). From this, we extracted the average

opening and closing rates (Fig. 2C,D). We observed

that the average opening rate was largely concentra-

tion-independent, whereas the average closing rate

scales approximately linearly with glycine betaine con-

centration. This ligand dependency is indicative of an

induced-fit ligand-binding mechanism [19–21,23], yet

the limited time resolution of 1.5 ms cannot rule out

faster conformational switching under the conditions

tested. We stress, however, that the fluorescent time

traces of OpuAC (360C/423C) are of very good quality

and OpuAC has the fastest ligand release time that we

have detected with HHM analysis and dwell time anal-

ysis amongst all SBPs and SBDs that we have analysed

[21]. Our data (see below) also suggest that the ligand-

binding affinity (Kd) was in the low micromolar range

(Fig. 2C), as determined by titration experiments on

freely diffusing molecules. This ligand affinity was in

agreement with a value from published bulk experi-

ments where a Kd-value of ~ 4 µM was reported [54].

Conformational states and dynamics of soluble

and membrane-anchored OpuAC

In order to quantify the ligand affinity of free OpuAC,

in comparison with the physiological situation, where

the protein is covalently tethered to the OpuA translo-

cator (TMDs), we performed a glycine betaine titra-

tion (Fig. 3). For this, we used OpuAC (367C/423C)

with a slightly altered labelling scheme as compared to

the data presented in Fig. 2, that is OpuAC (360C/

423C). The results were qualitatively similar, and only

the absolute FRET efficiencies were distinct between

the experiments due to differences in the intercysteine

distances (compare apo/holo in Figs 2A and 3A). By

fitting the FRET efficiency histograms with two Gaus-

sian distributions, the relative populations of the open

and closed states were obtained as function of glycine

betaine concentration [GB] (Fig. 3B). The data points

were fit to the function rc = [GB]/(Kd + [GB]), which

results in a dissociation constant Kd of ~ 6 µM for free

OpuAC (95% confidence interval); the fit is displayed

as a black line in Fig. 3B. In the equation, rc is the

fraction of OpuAC in the closed state.

To study the conformational switching for OpuAC

within the whole transporter, we reconstituted the cor-

responding cysteine variant of OpuA (367C/423C) into

nanodiscs using previously established protocols (for

details, see Methods) [40]. The experimental procedure

is schematically sketched in Fig. 4. In brief, OpuA

derivatives were expressed and purified as described

previously [40] (Fig. S4). The cell pellets were dis-

rupted and cell lysates fractionated by centrifugation

to obtain membrane vesicles containing the overex-

pressed L. lactis OpuA derivatives (Fig. 4, V). OpuA

was solubilized with DDM and immobilized on a

Ni2+-sepharoseTM resin (Fig. 4, I). Fluorophore label-

ling was performed at this stage. After removal of

excess dye, OpuA was reconstituted into nanodiscs.

The nanodiscs were purified by size-exclusion chro-

matography (SEC) (Fig. S4). Selected fractions from

SEC were analysed by SDS/PAGE to verify that the

transporter complex was reconstituted intact (Fig. S4).

Proper biochemical activity was verified by assessing

the glycine betaine and potassium-induced ATPase

activity, which was stimulated fourfold to 10-fold over

the basal activity (Fig. S5, wt OpuA).

On SEC, we obtained a peak eluting at ~ 12 mL

containing the reconstituted Nd-OpuA (367C/423C)

derivative [40] and a second one with the empty nan-

odiscs at ~ 14 mL (Fig. 3C). By determining the

absorbance at the indicated wavelengths in the corre-

sponding elution volumes (grey bar, Fig. 3C), we esti-

mated the labelling efficiencies, that is the relative

concentration of donor and acceptor dye to OpuA (for

details, see Methods). As expected, from the size dif-

ference between free and nanodisc-embedded OpuAC

within the entire transporter, the nanodisc-reconsti-

tuted OpuA shows a slightly shifted burst length distri-

bution with respect to free OpuAC, indicating slower

diffusion (Fig. 3D).

Next, we performed smFRET on nanodisc-reconsti-

tuted Nd-OpuA (367C/423C) (Fig. 3E) at different

ligand concentrations, as previously done for free

OpuAC (Fig. 3A). OpuA can be labelled with more

than two fluorophores in the 367C/423C variant, since

four cysteines are present due to the fact that each

protomer contains an OpuAC SBD. To exclude inter-

domain artefacts in our smFRET experiments, we

analysed only molecules with a stoichiometry value

> 0.5 to bias our analysis towards OpuA molecules

bearing fewer fluorophores. This selection was based

on the analysis of photon counting histograms

(Fig. S3) of Nd-OpuA (367C/423C). We noted that

the acceptor-based acceptor emission AA was lower in

the high stoichiometry region, which suggests fewer

acceptor labels here. Furthermore, low S molecules

also show stronger donor-quenching, which is likely

due to the presence of multiple acceptor fluorophores.

In line with this interpretation and data selection,

the resulting FRET efficiency histograms of soluble

OpuAC and Nd-OpuA (367C/423C) were similar. In

addition, the fit of the glycine betaine response sug-

gests a Kd-value of ~ 2 µM for Nd-OpuA (367C/423C)

(Fig. 3B, grey fit line), which is threefold higher as

compared to the soluble OpuAC (~ 6 µM). This
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difference in Kd can be seen by distinct ratios of open/

closed-state population at similar concentrations of

glycine betaine (Fig. 3A vs. E), an observation that is

in line with a proposed Kd increase for OpuAC in the

context of the transporter from Ref. [54]. We can thus

conclude that the conformational changes in OpuAC

and ligand binding are slightly influenced by its link-

age with the translocator domain of OpuA.

In type I ABC importers, TMDs are known to tran-

sit from the inward-facing state (‘resting’, free or

ADP-bound) to the outward-facing ATP-bound state

during transport [55]. To understand how these con-

formational changes are transmitted to the SBDs, we

monitored the conformational states of OpuAC within

the nanodisc-embedded OpuA (Fig. 5A, Fig. S6).

Our data suggest that addition of ATP does not

influence the conformational state of OpuAC either in

the absence or presence of glycine betaine, using vari-

ant Nd-OpuA (367C/423C) (Fig. 5A). Note that we

assume here that ATP hydrolysis is slow at room tem-

perature and can be used to induce conformational

switching in ABC transporters using ALEX micro-

scopy as shown previously for McjD [23]. This idea

was supported by the fact that we obtained identical

results as shown in Fig. 5 (+ATP) with AMPPNP

(Fig. S6b). We thus conclude that the conformational

changes of the TMDs driven by ATP binding are not

transmitted to the SBDs in a way detectable by our

FRET assay. However, we must note that the SBD-la-

belling scheme we used might impair the docking of

OpuAC to the TMDs. Thus, future studies should

focus on heterodimer expression of OpuA to avoid the

presence of more than one donor–acceptor pair and

consider backside labelling of OpuAC to avoid such

complications (see Discussion for details).

The conformational arrangement of membrane-

anchored SBDs

We next used the established fluorophore labelling

procedure of nanodisc-reconstituted OpuA to study

relative changes in interdomain distances between the

Fig. 3. smFRET studies of intramolecular SBD conformation of free OpuAC or in the context of the transporter embedded in nanodiscs. (A,

E). Apparent FRET efficiency histogram of OpuAC/Nd-OpuA (367C/423C) at different glycine betaine concentrations [GB] as indicated in the

figure. The relative populations of open/apo and holo/closed state were determined using a double-gaussian fitting model with a fixed mean

and width and were plotted in (B) as a function of ligand concentration. (C) Size-exclusion chromatogram of fluorophore-labelled Nd-OpuA

(367C/423C), light grey bar annotates the fraction used for the smFRET experiments. Examples of the full data sets are shown in Fig. S2/

S3. (D) Differences in burst duration, related to size increase in Nd-OpuA, were determined from the example data sets of panel (A, E).
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two SBD domains within the full transporter

(Fig. 1C). For this, the labelling scheme was tailored

to maintain only one cysteine per SBD and thus two

per full transporter, that is Nd-OpuA (329C). The

FRET efficiency histograms of Nd-OpuA (329C) were

obtained in the apo state or in the presence of glycine

Fig. 4. Workflow for labelling of nanodisc-reconstituted OpuA for smFRET studies. The OpuA cysteine derivatives (example used here refer

to TMD positions) were overexpressed in Lactococcus Lactis (step I). The cells were mechanically ruptured (step II), and transporter-

containing membrane vesicles were isolated (steps III–IV). At this stage, the membrane vesicles can be stored at �80 °C until needed for a

period of 6–12 months. OpuA was released from membrane vesicles with DDM (step VI). The solubilized transporter complex was then

purified and labelled utilizing affinity chromatography (step VII). In the final step, OpuA was reconstituted into nanodiscs using synthetic

lipids and an amphipathic scaffold protein MSP1D1 [66] (step VIII).

Fig. 5. ATP- and ligand-dependent

conformational switching of OpuA in

nanodiscs with intramolecular SBD labels.

(A) Nd-OpuA (367C-423C) and interdomain

labels. (B) Nd-OpuA (329C).
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betaine and/or ATP (Fig. 5B). The FRET efficiency

distributions were wider as compared to a static DNA

sample with one defined distance or conformational

state (Fig. 5B). Similar observations were also made

with another labelling positions, that is Nd-OpuA

(440C) and Nd-OpuA (458C) displayed in Fig. S6c. In

comparison with the dsDNA sample, this suggests that

either fast distance fluctuations occur on the sub-mil-

lisecond timescale or reveal the existence of multiple

distances that give rise to overlapping distributions. To

rationalize these interpretations, that is the existence of

more than one possible structural state or a larger

ensemble of states, we analysed a static DNA sample

(Fig. 5B, upper panel). Here, the donor–acceptor dis-

tance is 18 bp suggesting 6.1 nm distance between

donor–acceptor attachment points using a linear DNA

model and 7.2 nm for cylindrical DNA model [56]. As

was shown previously, the width of such a distribution

depends solely on photon statistics (and background)

and is characteristic of a static conformational state

[31,57]. The broad and nonspecific FRET efficiency

distributions of the interdomain labels in Nd-OpuA

(329C) can also explain the lower data quality of Nd-

OpuA (367C/423C) in comparison with soluble

OpuAC (367C/423C). Nd-OpuA (367C/423C) showed

a significantly elevated number of unspecific FRET

events, which were likely related to interdomain FRET

events and were found around the major population at

E* ~ 0.4 of intramolecular FRET within OpuAC (see

Fig. S2, line 1 vs. line 2) due to the possibility of label-

ling both SBDs.

Towards smFRET studies of the TMDs

As high-resolution structures of the translocator

domain (TMD) of OpuA were not available to us, we

performed homology modelling by using the Swiss-

Model server [48,49] (Note S1 and Figs S7 and S8) to

identify suitable positions in the TMD for smFRET

studies. The best templates for modelling were the

structures of the bacterial importers for maltose

(4JBW), molybdate tungstate (2ONK), methionine

(3DHW) and molybdate sulfate (3D31). Unfortu-

nately, the sequence identity was < 26% and the

sequence similarity was < 32%, suggesting that the

resulting model may not be entirely accurate.

Keeping the limitations of the model and its unclear

accuracy in mind, we focussed here on establishing an

experimental pipeline to identify suitable TMD resi-

dues for smFRET with the goal to visualize changes

between the inward- and outward-facing conforma-

tion. As a first step, we identified nonconserved resi-

dues that were surface-exposed and then residues that

undergo significant distance changes between the

inward- and outward-facing conformation in the

model (Figs S7 and S8). Because our choices were

based on a homology model, we decided to generate a

larger number of cysteine derivatives (Figs 6 and 7A).

The translocator domain of OpuA is homodimeric,

and so only a single cysteine substitution per protomer

would be sufficient to obtain two anchor points for

fluorophores. The resulting derivatives were subse-

quently tested for their in vivo/in vitro functionality

and labelling efficiency (Fig. 7A).

The selected TMD derivatives were labelled with dif-

ferent fluorophore pairs as exemplified in Fig. 6 for

Nd-OpuA (176C) with TMR/Cy5 and for Nd-OpuA

(12C) with Alexa 555/Alexa 647. As shown in Fig. 6,

wild-type OpuA was not labelled with maleimide fluo-

rophores due to the absence of thiol groups. The label-

ling efficiencies were derived by monitoring the

absorbance of the protein and the fluorescent dyes at

their corresponding maximum wavelength. Concentra-

tion determination of protein and fluorophores was

performed using the Lambert–Beer law and published

extinction coefficients (see Methods section and

Table S1). Unfortunately, the contribution of MSP1D1

to the 280 nm absorbance could not be deconvoluted,

because methods to perform such a deconvolution

only became available quite recently [58]. The labelled

fraction (~ 11–12 mL) expected to contain the two

OpuA components in equimolar ratio was selected for

subsequent testing in biochemical and biophysical

assays (Fig. 6C,D).

To test the effect of the cysteine mutations on func-

tion, we first performed in vivo uptake assays using

radiolabelled glycine betaine (Fig. 7A) as described in

Ref. [40]. Moreover, to evaluate the effect of fluo-

rophore attachment, we determined ATP hydrolysis

rates for OpuA (12C) labelled with TMR-Cy5 pair in

comparison with OpuA wild-type. In Fig. 7A, we sum-

marize the relevant, substrate-stimulated ATPase activ-

ities relative to wild-type; full data sets of different

biochemical conditions (apo, KCl, GB and KCl) are

shown in Fig. S6. We identified the OpuA (12C)

derivative as a promising candidate with a good label-

ling efficiency (~40% total labelling efficiency of donor

and acceptor dye) and ~ 70% substrate-stimulated

ATPase activity when labelled.

We performed ALEX experiments on the apo-pro-

tein state of OpuA (12C) under ATP- and ligand-free

conditions in both detergent and nanodiscs (Fig. 7C).

Discrepancies were observed between labelling effi-

ciency of OpuA in detergent and labelling efficiency of

OpuA in nanodiscs (Fig. 7C) due to the biobeads

interacting with the fluorophores (Fig. S9, Methods:
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Fluorophore labelling of OpuA). For nanodisc-recon-

stituted OpuA, the labelling efficiency was ~ 40% for

TMR-Cy5 (Fig. 6C), the donor–acceptor fraction was

expected to be < 10%. It is likely for this reason that

in our preliminary ALEX experiments, we observed a

high degree of random coincidence, that is coincident

detection of donor- and acceptor-only species due to

the high concentrations needed to see FRET events.

This random coincidence was observed as a smear

from low E/high S to low S values in this data set

(Fig. 7C, l-shaped lines between donor- and acceptor-

only at low FRET efficiency). Nevertheless, for

TMRCy5-labelled protein, there was a clear species at

E* ~ 0.7. The presence of low-FRET species represent-

ing a more open conformational state of the protein

hidden by the high level of random coincidence cannot

be ruled out. All other cysteine variants (Fig. 7A) gave

smFRET results with still smaller donor–acceptor
yields and thus no interpretable FRET efficiency his-

tograms.

We next tried to use a commonly employed fluo-

rophore pair Alexa Fluor 555–647 and obtained label-

ling efficiencies of 39% in nanodiscs and 46% in

detergent (Fig. 7C). Despite the fact that the fluo-

rophores perform better in terms of brightness, Nd-

OpuA (12C) labelling with Alexa dyes resulted in noisy

data in both nanodiscs and detergent. Based on the

quality of the available data, no useful interpretation

was possible. We attribute the poor quality of the

resulting histograms to artefactual interactions of the

dyes with the protein; for example, the aggregation of

OpuA in detergent might have occurred and could

explain why higher yields of donor–acceptor-contain-
ing molecules found in the detergent solution in com-

parison with lipid nanodiscs (Fig. 7C). This example

shows clearly that better data quality is required to

rule out artefacts and the availability of a high-resolu-

tion structure would facilitate assay design and final

interpretation of smFRET results in a meaningful

way.

Discussion and Conclusion

Long-distance allosteric communication is central to

the function of ABC importers [59] and exporters [60].

The association and dissociation events of the NBDs

that are driven by ATP binding and hydrolysis are

transmitted to TMDs, which undergo conformational

rearrangements that facilitate transport. SBDs act as

primary receptors to bind and donate their respective

substrates for transport initiation. The tight connectiv-

ity between the different domains is undisputed, and

its functional repercussions have been verified in many

systems, for example the means by which the

Fig. 6. Optimization of fluorophore

labelling for smFRET studies of OpuA

TMD mutants. (A) Size-exclusion

chromatograms of (I) reconstituted

nanodiscs without any OpuA. (B) Wild-

type OpuA reconstituted in nanodiscs and

labelled with TMR and Cy5 to evaluate the

possibility of nonspecific binding of the

fluorophores to the cysteine-less Nd-

OpuA. (C) Nd-OpuA 176C labelled with

TMR and Cy5. (D) Nd-OpuA 12C labelled

with Alexa 555 and Alexa 647. Al nanodisc

preparations show a shoulder at lower

elution volumes, which might indicate

nanodiscs with more than one transporter.
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conformational changes of SBDs dictate substrate

specificity [21] and transport [19]. However, many sali-

ent features of these interdomain associations remain

elusive and the latter form the basis of the distinction

between different transporter systems.

Substrate capture by SBDs is the initial step for

transport. In type I systems, the SBDs alternate

between two distinct conformations, an open-unli-

ganded form in which the two lobes resemble an open

book, and a closed-liganded one, in which the ligand

is captured by the well-known Venus fly trap motion

[61]. In contrast, in type II importers the structural

rearrangements in the SBDs driven by the ligand are

minor [61]. OpuAC from L. lactis is a type I SBD

linked to the TMDs. Thus, two OpuAC domains are

present per functional transporter. In this paper, the

SBD OpuAC was labelled with donor and acceptor

fluorophores and its conformational states were

probed by smFRET. Soluble OpuAC, as also previ-

ously reported for other members of the periplasmic

binding protein family [21], binds its substrate by the

Venus fly trap motion and most likely an induced-fit

mechanism according to our data. Its structural transi-

tions are ligand-dependent, and by titrating the ligand,

we derived Kd-values by kinetic rate analysis and occu-

pation ratios of the conformational states. These val-

ues are in excellent agreement with the ones

determined in bulk, indicating that labelling and our

smFRET assays do not interfere with ligand binding.

We also probed the conformational changes of

OpuAC within the full transporter complex. For this,

we tested many distinct labelling protocols including

fluorophore addition (a) during the purification, (b)

solubilization or (c) reconstitution of the entire trans-

porter. The highest labelling efficiency could be

achieved when the fluorescent dyes were added to

Fig. 7. smFRET studies of TMD-labelled OpuA with OpuA (12C). (A) To select the appropriate cysteine derivatives for smFRET experiments,

we tested the effect of the cysteine point mutations and the fluorophore labelling on the activity of OpuA. Labelling efficiency was

calculated by considering both donor- and acceptor-labelling yields from SEC runs when comparing protein and dye absorbance. In the last

column, we also present the distance change between the modelled inward and outward conformation, an important parameter for the

sensitivity of the smFRET assay. (B) ATPase activity comparison between labelled Nd-OpuA (12C) and OpuA wild-type (WT); mean � SEM

is shown (N = 3). (C) Nd-OpuA (12C) with different fluorophore pairs showing increased donor–acceptor yield for use of Alexa 555–647. For

the data, all photon burst search was used (M = 15, T = 500 µs and L = 50) with additional thresholding of all photons > 100. The S-range

for 1D-E* histograms is indicated in the figure as dashed line.
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detergent-solubilized OpuA that was immobilized on

the Ni-NTA column material (Fig. 4). The 2D ALEX

plot of the labelled OpuAC within OpuA indicated the

existence of multiple labelling populations, as expected

because of the two OpuAC domains per transporter,

and the possibility of attachment of two fluorescent

labels per OpuAC. With analysis based on fluorophore

brightness (Fig. S3), we can separate the populations

(Figs 1A and 3). The results indicate that OpuAC

within the entire transporter samples similar conforma-

tion states: open-unliganded and closed-liganded state.

Furthermore, ligand titrations indicated that OpuAC

within OpuA might have elevated binding affinity for

glycine betaine. We must note that currently we can-

not exclude the labels that hinder the docking process

and further optimization of the labelling scheme is

required to minimize this possibility.

The second step of transport is represented by the

interaction of the SBD with the TMDs. In type I

importers, the TMDs differentiate between the open-

unliganded and the closed-liganded state of the SBD.

It is believed that interaction of the closed-liganded

state with the TMD [19] efficiently triggers ATP

hydrolysis [42,62]. Conversely, the ATPase activity of

type II importers can be ligand-independent or shows

at least much smaller stimulation values in the pres-

ence of liganded SBD/SBP [63,64]. Such findings sug-

gest a communication of the SBDs and the NBDs

via the TMDs. Within our assays, we probed the

OpuAC conformational states during transport condi-

tions (glycine betaine + ATP) and throughout its rest-

ing state (apo). Addition of ATP and glycine betaine

had no effect on the conformational dynamics of

OpuAC. Since a single SBD interacts with the TMD

to deliver one substrate per transport cycle [42], an

important question is whether the two OpuAC

domains interact stochastically or in a concerted fash-

ion with the TMD to release the substrate. To probe

the relative movement of the two OpuAC domains,

we placed one probe per domain using three different

OpuA derivatives (329C, 440C and 458C). Our

results indicate that probably there are fast, noncon-

certed motions between the two SBDs that are inde-

pendent of the state of the TMDs, since we did not

find changes in the distribution upon addition of

ATP/GB. All three mutants also gave fairly broad

featureless distributions (Fig. 5B, Fig. S6c), which

might relate to uncorrelated stochastic motion.

Future studies should reveal the relative motions of

the two OpuAC domains during nucleotide cycling in

more detail using advanced fluorescence methods with

improved temporal resolution such as multiparameter

fluorescence detection (MFD analysis [30]),

fluorescence correlation spectroscopy or pulsed-inter-

leave excitation [57].

The absence of ATP/ligand-driven effects in our

study might, however, also result from a failure of our

labelled mutants to dock to the translocator TMDs

due to steric hindrance effects and the chosen posi-

tions, which were only optimized for smFRET and not

the biochemical activity. In future experiments, such

effects must be avoided by use of alternative labelling

schemes, for example on the back of OpuAC. Optimal

labelling residues on the back of OpuAC (hinge

region) for use of Cy3B/ATTO647N or Alexa 555/647

would be A414C-A569C, A414C-A565C, A414C-

A570C or A414C-A562C for intradomain monitoring

(or any of these single cysteines for interdomain moni-

toring) considering the F€orster radii of the two fluo-

rophore pairs and the fact that they were used

successfully for labelling nanodisc-reconstituted OpuA

here.

The next step of transport involves the TMD con-

formational changes that need to occur to promote the

passage of the substrate to the cell interior. Those

changes are assumed to be strongly coupled to the

ATPase cycle in type I importers [59]. Type I ABC

transporters switch from the resting state of the

inward-facing conformation to the outward, a process

coupled to ATP and SBD binding events – which is

distinct for type II importers. That might be the rea-

son that in type I importers, the ATPase activity is

better regulated (i.e. here ATP hydrolysis is generally

well coupled to translocation), whereas type II impor-

ters manifest high basal ATPase activities in the

absence of SBD and substrate. To probe transitions

between the inward- and outward-facing conformation

of OpuA, we produced a large number of cysteine

derivatives. We started with a set of 14 mutants of

which 11 still proved to be functional (> 60% trans-

port activity in vivo). Remarkably, while the chosen

positions are surface-exposed according to our homol-

ogy model, the majority could not be labelled well

with dyes, suggesting that the position might be dis-

tinct from what is suggested in the model. The low

sequence conservation of OpuA with available struc-

tures renders this finding not surprising. However, we

selected the best derivative with respect to the labelling

efficiency and the retention of the in vivo and in vitro

functionality. The interpretations of the smFRET

results of Nd-OpuA (12C) are still not fully clear since

the resulting donor-acceptor yields were too low for

in-depth interpretation. Without further studies, we

cannot claim with confidence whether we observe one

or multiple conformational states at this position and

also whether the choice of different fluorophore pairs
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might have impacted our observations (Fig. 7C). In

the future, more experiments with improvements on

labelling efficiency and in particular donor–acceptor-
containing functional transporter molecules are

required. This type of problem, that is high labelling

efficiency yet low donor–acceptor fractions when label-

ling TMD residues in ABC transporters, was reported

by us [23] and others [24] before. This complication

was much less pronounced when the labelling was per-

formed on the NBDs [23]. Improvement of this aspect

could reduce the measurement times from > 1 h for

proper statistics, too much shorter periods, and would

allow further testing of different biochemical studies of

the transport cycles.

After our manuscript was accepted for publication,

a paper was published reporting the structure of the

OpuA transporter in different conformational states

[65]. The new structural information allowed further

interpretations of our results: (a) The structure of

OpuA was obtained in different conformations (PDBs:

7AHC, 7AHD, 7AHE, 7AHH) and revealed a unique

TMD ‘scaffold’ [65]. The latter comprises residues 1–
90 with two amphipathic helices that lie on top of the

outer membrane leaflet, where two transmembrane

helices act as membrane ‘anchors’. The structure

revealed that our homology model (Fig. S7) was incor-

rect with respect to the N-terminal part of OpuA.

However, most of the residues that we selected to

probe conformational changes on the translocator

(Fig. 7A) were indeed facing either the cytoplasmic or

the periplasmic side. Only three out of the fourteen

selected residues were ‘true’ transmembrane residues

(Leu102, Leu106 and Leu110). Noteworthy, in our

unbiased experiments, we noticed that the labelling

efficiency of the corresponding membrane residues was

extremely low (< 10%) in comparison with all others

(> 40%). Importantly, (b) the cysteines in OpuAC

(367C/423C) employed to compare the SBD conforma-

tions between a free or a membrane-linked SBD

(Fig. 3) turned out to be distant from the translocator

domain (PDBs: 7AHD, 7AHH). Thus, dye attachment

at these positions is unlikely to interfere with SBD

docking. (c) In the apo-protein state of the transporter

(PDB: 7AHC), both SBDs are not resolved, most

likely due to structural flexibility as also suggested by

Sikkeman et al. [65]. This is also in line with our inter-

pretations in Fig. 5B (upper panel), in which we

directly probed fast dynamics between the SBDs. Very

importantly though, (d) our data suggest that the

SBDs do not dock stably onto the TMD for all condi-

tions tested (Fig. 5: addition of ATP, glycine betaine

or both). To achieve stable SBD docking onto the

TMDs, Sikkeman et al. introduced OpuA (E190Q)

derivative (PDB: 7AHD) or the addition of cyclic-di-

AMP (PDB: 7AHH). This recent structural work sug-

gests that SBD fluorophore labelling as used here

might actually not impair with SBD-TMD docking

and our interpretations based on data in Figs 3 and 5

might be physiologically relevant.

In summary, despite all problems encountered, we

here pave the way for future experimental smFRET

studies that aim at understanding the salient features

of inter- and intradomain communication in ABC

transporters and in particular for OpuA.
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online in the Supporting Information section at the end

of the article.
Fig. S1. General description of smFRET experiments

and analysis on the example of OpuAC (V360C/

N423C).

Fig. S2. ALEX 2D plots (as in Supplementary Fig-

ure 1) of soluble OpuAC (OpuAC 367C/423C) or nan-

odisc reconstituted Nd-OpuA (367C/423C) labelled

with Cy3B and ATTO647N fluorophores.

Fig. S3. Analysis of the labelling composition of Nd-

OpuA complexes.

Fig. S4. OpuA and MSP1D1 expression and purifica-

tion.

Fig. S5. In vitro ATPase results.

Fig. S6. (a) Burst length distributions (all 100, 0.4-0.8

S) for OpuAC (free substrate protein) and Nd -OpuA

(full transporter reconstituted in nanodiscs). (b) Addi-

tional smFRET data sets showing that AMPPNP had

a similar negligible impact compared to ATP addition.

(c) Additional smFRET data sets showing distribu-

tions of interdomain SBD labelling of Nd-OpuA

(458C) and Nd-OpuA (440C).

Fig. S7. The homology model of the OpuA transmem-

brane domain was done using Swiss-model server [3].

Fig. S8. OpuA homology models with selected label-

ling positions relevant to monitoring TMD move-

ments.

Fig. S9. a. Chromatogram of unlabeled MalE. b.

Chromatogram of unlabeled MalE after overnight

incubation with SM2 bio-beads.

Table S1. List of maleimide fluorophores used in this

study including their extinction coefficients.

Table S2. QC-PCR primers for cysteine derivatives of

OpuA.

Table S3. List of crystal structures used as templates

for OpuA-TMD.

Table S4. Calculated distances between the cysteine

positions in the homodimer of OpuA.

Note S1. Homology model.
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