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ABSTRACT 14 

The specific binding of ligands by proteins and the coupling of this process to conformational changes 15 

are fundamental to protein function. We designed a fluorescence-based single-molecule assay and data 16 

analysis procedure that allows the simultaneous real-time observation of ligand binding and 17 

conformational changes in FeuA. The substrate-binding protein FeuA binds the ligand ferri-18 

bacillibactin and delivers it to the ABC importer FeuBC, which is involved in iron uptake in bacteria. 19 

The conformational dynamics of FeuA was assessed via Förster resonance energy transfer (FRET), 20 

whereas the presence of the ligand was probed by fluorophore quenching. We reveal that ligand 21 

binding shifts the conformational equilibrium of FeuA from an open to a closed conformation. Ligand 22 

binding occurs via an induced-fit mechanism, i.e., the ligand binds to the open state and subsequently 23 

triggers a rapid closing of the protein. However, FeuA also rarely samples the closed conformation 24 

without the involvement of the ligand. This shows that ligand interactions are not required for 25 

conformational changes in FeuA. However, ligand interactions accelerate the conformational change 26 

10000-fold and temporally stabilize the formed conformation 250-fold. 27 

 28 
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SIGNIFICANCE STATEMENT 30 

Ligand binding and the coupling of this process to conformational changes in proteins are 31 

fundamental to their function. We developed a single-molecule approach that allows the 32 

simultaneous observation of ligand binding and conformational changes in the substrate-33 

binding protein FeuA. This allows to directly observe the ligand binding process, ligand-34 

driven conformational changes as well as rare short-lived conformational transitions that are 35 

uncoupled from the ligand. These findings provide insight into the fundamental relation 36 

between ligand-protein interactions and conformational changes. Our findings are, however, 37 

not only of interest to understand protein function, but the developed data analysis procedure 38 

allows the determination of (relative) distance changes in single-molecule FRET experiments, 39 

for situations in which donor and acceptor fluorophore are influenced by quenching processes. 40 

 41 

 42 

INTRODUCTION 43 

The non-covalent and specific interactions between ligands and proteins underlies almost all biological 44 

processes. The coupling of these binding events to conformational changes allows proteins to act as 45 

highly efficient enzymes, signal transducers, motors, switches or pumps1. Two basic models that 46 

describe the coupling between protein conformational changes and ligand binding are the induced-fit2 47 

and conformational selection mechanism3. These mechanisms represent the two limiting pathways on 48 

the energy landscape that connect unliganded and liganded conformational states (Fig. 1). In the 49 

induced-fit mechanism, ligand interactions trigger conformational changes, whereas in the 50 

conformational selection mechanism, ligand interactions selectively stabilize a subset of 51 

conformations that are already present in the unliganded protein (Fig. 1). Both mechanisms require 52 

intermediate states that are formed during the ligand-binding process. For example, when a protein 53 

switches between two conformational states, such as an open and closed conformation (Fig. 1), an 54 

open-liganded state in the induced-fit mechanism or a closed-unliganded state in the conformational 55 
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selection mechanism, are essential intermediate states. However, the study of such transient and 56 

thermodynamically unstable states remains experimentally challenging. 57 

 Primarily driven by high resolution structural analysis of proteins adopting different 58 

conformations in the absence and presence of ligand, an induced-fit mechanism was implied for many 59 

proteins. However, advancement in especially single-molecule spectroscopy4-7, NMR8-10 and other 60 

spectroscopic methods11, revealed that the structure of proteins are highly flexible and can undergo 61 

large conformational changes intrinsically, i.e., in the absence of the ligand molecule. Examples are 62 

dihydrofolate reductase12, adenylate kinase9, ubiquitin13, ABC exporters7, substrate-binding 63 

proteins of Type I ABC importers4, DNA polymerase14, 15 and  RNase A10. Due to the occurrence of 64 

these intrinsic conformational changes, a conformational selection mechanism has been proposed to 65 

underlie the ligand binding process of many protein systems3. However, the unambiguous 66 

determination of the binding mechanism requires simultaneous monitoring of the ligand binding 67 

events and the protein conformation. Moreover, the intrinsic conformational ensemble can in principle 68 

be investigated by studying the protein in the absence of ligand. However, trace contaminations of 69 

ligand can make this assessment experimentally difficult, especially under single-molecule conditions. 70 

To bypass these problems, we here established a fluorescence-based single-molecule assay and data 71 

analysis procedure that allows the simultaneous real-time observation of conformational changes and 72 

ligand binding in FeuA.  73 

The substrate-binding protein FeuA is associated with the ATP-binding cassette (ABC) 74 

transporter FeuBC from Bacillus subtilis16. This type II ABC importer is involved in the uptake of Fe3+ 75 

ions by ATP-driven active transport of the siderophore bacillibactin (BB) in complex with Fe3+ 76 

(FeBB)16. FeuA and other structurally related substrate-binding proteins (SBPs17) or domains (SBDs17) 77 

represent the primary receptors of bacterial ABC importers17, tripartite ATP‐independent periplasmic 78 

(TRAP) transporters18, and others19. These proteins capture the ligand from the external environment 79 

for delivery to the membrane transporter complex and import into the cell. The structure of FeuA has a 80 

characteristic SBP-fold19, consisting of two subdomains connected by a linking region, with ligand 81 

binding occurring at the interface of the subdomains (Fig. 2a)20. Crystallography studies suggest that 82 

FeuA undergoes conformational changes that involves a domain reorientation that engulfs the ligand, 83 
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leading to opening and closing of the protein20. This apparently simple binary conformational switch, 84 

which is involved in molecular recognition, is investigated in this paper to obtain insight into the 85 

relation between ligand-interactions and the coupling to protein conformational changes.   86 
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MATERIALS AND METHODS  87 

Gene isolation, protein expression and purification  88 

The feuA gene (Uniprot: P40409) was isolated by PCR from the genome of Bacillus subtilis subsp. 89 

subtilis str. 168. The primers were designed to exclude the signal peptide (amino acids 1-19), and 90 

cysteine 20 (which is probably post-translationally lipidated) with NdeI/HindIII restriction sites. 91 

Primers are indicated in Table S1. The generated PCR fragment was A-tailed and ligated into the 92 

PGEM-T Easy Vector System (Promega)21. After removing the NdeI restriction site internal to the 93 

feuA gene by a silent mutation, the gene was sub-cloned in the pET20b vector (Merck) using the 94 

NdeI/HindIII sites. Protein derivatives including the cysteine and the silent mutation were constructed 95 

using QuickChange mutagenesis22. All sequences were checked for correctness by sequencing.  96 

Cells harbouring plasmids expressing the FeuAHis6 wild-type and derivatives were grown at 97 

37ºC until an optical density (OD600) of 0.5 was reached. Protein expression was then induced by 98 

addition of 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 3 hours of induction cells 99 

were harvested. DNase 500 ug/ml (Merck) was added and passed twice through a French pressure cell 100 

at 1,500 psi. 2 mM phenylmethylsulfonyl fluoride (PMSF) was added to inhibit proteases. The soluble 101 

supernatant was isolated by centrifugation at 50,000g for 30 min at 4 ºC. The soluble material was 102 

purified and loaded on Ni2+-sepharose resin (GE Healthcare) in 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10 103 

% glycerol, 10 mM imidazole, 1 mM dithiothreitol (DTT). The immobilized proteins were washed (50 104 

mM Tris-HCl, pH 8.0, 50 mM KCl, 10 % glycerol, 10 mM imidazole, 1 mM DTT and subsequently 105 

with 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10 % glycerol, 30 mM imidazole, 1 mM DTT) and eluted (50 106 

mM Tris-HCl, pH 8.0, 50 mM KCl, 10 % glycerol, 300 mM imidazole, 1 mM DTT). Protein fractions 107 

were pooled (supplemented with 5 mM EDTA, 10 mM DTT), concentrated (10.000 MWCO Amicon; 108 

Merck-Millipore), dialyzed against 100-1000 volumes of buffer (50 mM Tris-HCl, pH 8.0, 50 mM 109 

KCl, 50% glycerol, 10 mM DTT), aliquoted and stored at -20ºC until required. 110 

 111 

Protein labelling  112 

Labelling was performed with the maleimide dyes Alexa555 and Alexa647 (ThermoFisher). The 113 

purified proteins were treated with 10 mM DTT for 30 min at 4ºC to reduce oxidized cysteines. The 114 
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protein sample was diluted to 1 mM DTT, immobilized on a Ni2+-Sepharose resin (GE Healthcare) 115 

and washed with 10 column volumes of buffer A (50 mM Tris-HCl, pH 7.4, 50 mM KCl). The resin 116 

was incubated 2-8 hrs at 4°C with the dyes dissolved in buffer A. The molar dye concentration was 117 

20-times higher than the protein concertation. Unbound dyes were removed by washing the column 118 

with 20 column volumes of buffer A and eluted with 400 mM imidazole. The labelled proteins were 119 

further purified by size-exclusion chromatography (Superdex 200, GE Healthcare) using buffer A. The 120 

sample composition was assessed by absorbance measurement at 280 nm (protein), 559 nm 121 

(Alexa555), and 645 nm (Alexa647) to determine labelling efficiency. For all samples the labelling 122 

efficiency was >90%.  123 

 124 

Ensemble fluorescence measurements  125 

The fluorescence spectra were recorded on a scanning spectrofluorometer (Jasco FP-8300). Emission 126 

spectra were recorded by excitation at 635 nm (5 nm bandwidth) in steps of 2 nm (2 nm emission 127 

bandwidth and 8 s integration time). Fluorescence anisotropy values 𝑟 = (𝐼𝑉𝑉 − 𝐺𝐼𝑉𝐻)/(𝐼𝑉𝑉 +128 

2𝐺𝐼𝑉𝐻) were determined around the emission maxima of the two fluorophores (for donor, λex = 535 129 

nm and λem = 580 nm; for acceptor, λex = 635 nm and λem  = 660 nm; 5 nm bandwidth and 8 s 130 

integration time). 𝐼𝑉𝑉 and 𝐼𝑉𝐻 are the fluorescence emission intensities in the vertical and horizontal 131 

orientation, respectively, upon excitation along the vertical orientation. The correction factor is 132 

𝐺 = 𝐼𝐻𝑉/𝐼𝐻𝐻, where 𝐼𝐻𝑉 and 𝐼𝐻𝐻 are the fluorescence emission intensities in the vertical and 133 

horizontal orientation, respectively, upon excitation along the horizontal orientation. Experiments 134 

were performed in buffer A at a concentration of 100-250 nM of labelled proteins and free-135 

fluorophores at room temperature.  136 

 137 

Solution-based smFRET and ALEX 138 

Solution-based smFRET and alternating laser excitation (ALEX)23, 24 experiments were carried out at 139 

25-100 pM of labeled protein at room temperature in buffer A in the absence or presence of ferri-140 

bacillibactin (EMC biochemicals). Microscope cover slides (no. 1.5H precision cover slides, VWR 141 
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Marienfeld) were coated with 1 mg/mL BSA (Merck) for 1 min and unbound BSA was subsequently 142 

removed by washing with buffer A.  143 

The measurements were performed using a home-built confocal microscope as described 144 

before4. In brief, two laser-diodes (Coherent Obis) with emission wavelength of 532 and 637 nm were 145 

modulated in alternating periods of 50 µs. The laser beams where coupled into a single-mode fiber 146 

(PM-S405-XP, Thorlabs) and collimated (MB06, Q-Optics/Linos) before entering a water immersion 147 

objective (60X, NA 1.2, UPlanSAPO 60XO, Olympus). The fluorescence was collected by excitation 148 

at a depth of 20 µm. Average laser powers where 30 μW at 532 nm (~30 kW/cm2) and 15 μW at 637 149 

nm (~15 kW/cm2). Light was separated by a dichroic beam splitter (zt532/642rpc, AHF 150 

Analysentechnik), mounted in an inverse microscope body (IX71, Olympus). Emitted light was 151 

focused onto a 50 µm pinhole and spectrally separated (640DCXR, AHF Analysentechnik) onto two 152 

single-photon avalanche diodes (TAU-SPADs-100, Picoquant) with appropriate spectral filtering 153 

(donor channel: HC582/75; acceptor channel: Edge Basic 647LP; AHF Analysentechnik). Registration 154 

of photon arrival times and alternation of the lasers was controlled by an NI-Card (PXI-6602, National 155 

Instruments).  156 

 157 

Analysis of solution-based smFRET data 158 

Photons were binned in 1 ms intervals and only bins with a total of >200 photons considering all 159 

detection channels were further analyzed. Three photon count rates were measured: 𝑁𝐷𝐴
′  (acceptor 160 

emission upon donor excitation), 𝑁𝐷𝐷
′  (donor emission upon donor excitation) and 𝑁𝐴𝐴

′  (acceptor 161 

emission upon acceptor excitation)23. The background counts were estimated by excluding all time-162 

bins containing more than 20 counts and calculating the mean count rate over all remaining time-bins. 163 

The leakage and direct excitation contributions were determined from the donor- and acceptor-only 164 

labeled molecules as described by Lee et al25. Crosstalk and background correcting 𝑁𝑋𝑌
′  yields 𝑁𝑋𝑌. 165 

The proximity FRET efficiency 𝐸𝑃𝑅 is  166 

 𝐸𝑃𝑅 =
𝑁𝐷𝐴

𝑁𝐷𝐴 + 𝑁𝐷𝐷
 (1) 
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and the Stoichiometry S is  167 

 𝑆 =
𝑁𝐷𝐴 + 𝑁𝐷𝐷

𝑁𝐷𝐴 + 𝑁𝐷𝐷 + 𝑁𝐴𝐴
 (2) 

The appropriate sub-populations within 𝐸𝑃𝑅 and S dataset where clustered using a Gaussian Mixture 168 

Model, with one (apo) or two (holo) multivariate normal distributions. Molecules were assigned to the 169 

component yielding the highest posterior probability and are within 98% of the probability mass. For 170 

each cluster the average 𝑁𝐷𝐴 𝑁𝐷𝐷⁄ , 𝑁𝐷𝐷 𝑁𝐷𝐴⁄  and 𝐸𝑃𝑅 was calculated. All post-processing steps were 171 

programmed in Matlab (MathWorks). 172 

 173 

Theory of interprobe distance ratio estimation  174 

The distance between the donor and acceptor fluorophore 𝑟 is related to the FRET efficiency 𝐸 via  175 

 𝐸 =
𝑅0

6

𝑅0
6 + 𝑟6

=
𝑛𝐷𝐴

𝑛𝐷𝐴 + 𝛾𝑛𝐷𝐷
 (3) 

where 𝑅0 is the Föster radius, 𝑛𝐷𝐷 and 𝑛𝐷𝐴 are the background- and spectral crosstalk-corrected donor 176 

and acceptor emission count rates when the donor is excited, respectively. 𝛾 = 𝜙𝐴𝜂𝐷 𝜙𝐷𝜂𝐴⁄  depends 177 

on the donor and acceptor quantum yields, 𝜙𝐷 and 𝜙𝐴, respectively, and the detection efficiencies of 178 

the donor- and acceptor emission detection channels, 𝜂𝐷 and 𝜂𝐴, respectively25. Equation (3) can be 179 

rewritten as 180 

 (
𝑟

𝑅0
)

6

= 𝛾
𝑛𝐷𝐷

𝑛𝐷𝐴
 (4) 

Let 𝑟1 and 𝑟2 denote the (average) donor and acceptor fluorophore distance of two states. By 181 

using the definition of 𝛾 and noting that 𝑅0
6 is proportional to 𝜙𝐷, we find that the ratio between 𝑟1 and 182 

𝑟2 satisfies: 183 

 (
𝑟1

𝑟2
)

6

=
𝜙1∙𝐴

𝜙2∙𝐴

𝑛1∙𝐷𝐷

𝑛1∙𝐷𝐴

𝑛2∙𝐷𝐴

𝑛2∙𝐷𝐷
 (5) 
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where 𝑛𝑖∙𝐷𝐴 and 𝑛𝑖∙𝐷𝐷 are the donor and acceptor count rates when the donor is excited and belong to 184 

𝑟𝑖, and 𝜙𝑖∙𝐴 is the acceptor quantum yield. Let us now consider how the distance ratio (𝑟1 𝑟2⁄ )6 can be 185 

estimated from the data. We use the following notation: 𝑁𝑖∙𝑋𝑌 represents the measured count rate of Y 186 

emission upon X excitation belonging to 𝑟𝑖. 𝑁𝑖∙𝑋𝑌 is corrected for spectral crosstalk and background. 187 

We can assume that the relaxation times of the excited states of the fluorophores are short compared to 188 

the time between two consecutively detected photons, so that there is no correlation between 189 

consecutive photons and the distribution of 𝑁𝑖∙𝑋𝑌 can be approximated by a Poisson distribution26. 190 

Then,  191 

 (
𝑅1

𝑅2
)

6

= ⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ ⟨

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩ (6) 

with  192 

 

 

 

⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ =

1

𝑘
∑

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
 

⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ =

1

𝑝
∑

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
 

⟨
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩ =

1

𝑤
∑

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
 

(7) 

where 𝑘, 𝑝 and 𝑤 denote the number of observations, is an unbiased and consistent estimator for 193 

(𝑟1 𝑟2⁄ )6. The sum in equation (7) extends over all observations, i.e. the total number of traces or time-194 

bins (see results section for details). In the absence of fluorophore quenching by the ligand we find 195 

that 𝜙𝐹∙𝐴 = 𝜙𝐵∙𝐴 and 196 

 (
𝑟1

𝑟2
)

6

=
𝑛1∙𝐷𝐷

𝑛1∙𝐷𝐴

𝑛2∙𝐷𝐴

𝑛2∙𝐷𝐷
 (8). 

So, an unbiased and consistent estimator for equation (8) is 197 

 (
𝑅1

𝑅2
)

6

= ⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩ (9) 
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Further details and a full derivation are provided in the Supplementary Information.  198 

 199 

Scanning confocal microscopy  200 

Confocal scanning microscopy was performed at room temperature using a home-built confocal 201 

scanning microscope as described before27, 28. In brief, surface scanning was performed using a XYZ-202 

piezo stage with 10010020 µm range (P-517-3CD with E-725.3CDA, Physik Instrumente). The 203 

detector signal was registered using a HydraHarp 400 picosecond event timer and a module for time-204 

correlated single photon counting (both Picoquant). Data were recorded with constant 532 nm 205 

excitation at intensities between 0.1 and 5 μW (~25-1250 W/cm2) for smFRET measurements and 0.1 206 

μW (~25 W/cm2) when the protein was only labeled with Alex647 (640 nm excitation) or Alex555 207 

(532 nm excitation). Scanning images of 1010 µm were recorded with 50 nm step size and 1 ms 208 

integration time at each pixel. After each surface scan, the positions of labeled proteins were identified 209 

manually. Surface immobilization was done and a flow-cell arrangement was prepared as described 210 

before28, 29. Measurements were done in buffer A supplemented with 1 mM 6-hydroxy-2,5,7,8-211 

tetramethylchroman-2-carboxylic acid (Trolox; Merck) and 10 mM Cysteamine (Merck). 212 

 213 

Analysis of fluorescence trajectories  214 

Fluorescence trajectories were recorded in time-bins of varying length as stated in the text or figure 215 

captions. We use the following notation: 𝑁𝐷𝑌
′  is the uncorrected count rate, 𝑁𝐷𝑌

′′  is the background 216 

corrected count rate and 𝑁𝐷𝑌 the background and spectral crosstalk corrected count rate of Y emission 217 

(Donor, Acceptor) upon donor excitation. The apparent FRET efficiency is 𝑁𝐷𝐴
′  (𝑁𝐷𝐷

′ + 𝑁𝐷𝐴
′ )⁄ . Only 218 

traces lasting longer than 20 time-bins, having on average more than 10 photons per time-bin which 219 

showed clear bleaching steps were used for further analysis.  220 

Equation (9) was used to estimate the interprobe distance ratio, with 𝑁𝐷𝐴 𝑁𝐷𝐷⁄ = 221 

(𝑁𝐷𝐴
′′ − (𝑙 + 𝑑𝛽𝛾)𝑁𝐷𝐷

′′ ) ((1 + 𝑑𝛽)𝑁𝐷𝐷
′′ )⁄  and 𝑁𝐷𝐷 𝑁𝐷𝐴⁄ = ((1 + 𝑑𝛽)𝑁𝐷𝐷

′′ ) (𝑁𝐷𝐴
′′ − (𝑙 + 𝑑𝛽𝛾)𝑁𝐷𝐷

′′ )⁄ , 222 

where l, d,  and  are correction factors25. Background was determined as the average count rate per 223 

channel when the fluorophores have bleached. The correction factors were determined using solution-224 
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based ALEX as described in Lee et al25. In brief, the l and d factors were determined from the donor- 225 

and acceptor-only labeled FeuA molecules and the  and  factors using a protein reference standard 226 

(MalE4). All correction factors were determined on the same microscope also used for the surface-227 

based measurements (details of setup in Gouridis et al.28).  228 

The state-trajectories were modelled by a Hidden Markov Model (HMM)30. For this an 229 

implementation of HMM was programmed in Matlab (MathWorks) as described previously4. We 230 

assume that the FRET and acceptor-only and donor-only fluorescence trajectory can be considered as 231 

a HMM with only two states having a one-dimensional Gaussian- or a Poisson-output distribution, 232 

respectively. The Gaussian distribution of state 𝑖 (𝑖 =1, 2) is defined by the average and variance. The 233 

Poisson distribution of state 𝑖 (𝑖 =1, 2) is defined by the average intensity of the acceptor or donor in 234 

state 𝑖. The likelihood function was maximized by using the Baum-Welch algorithm31. The most 235 

probable state-trajectory was found using the Viterbi algorithm32. The time spend in each state was 236 

interfered from the most probable state-trajectory and used to construct a 95% confidence interval for 237 

the mean lifetime. The quenching ratio for each molecule was obtained by taking the ratio of the 238 

intensity levels as obtained from the Poisson HMM.   239 
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RESULTS 240 

Direct observation of binding and unbinding of ligand 241 

To investigate ligand binding of FeuA at the single-molecule level we labelled FeuA with the 242 

fluorophore Alexa647 in one of its subdomains, by introducing a single cysteine residue at a non-243 

conserved position, which is solvent-exposed and distant from the binding pocket (Q112C; Fig. 2a). 244 

First, we determined the emission spectra of FeuA-Alexa647 and free Alexa647 in the presence and 245 

absence of FeBB. We observed that only the fluorescence intensity of FeuA-Alexa647 was quenched 246 

in the presence of 5 µM FeBB (Fig. 2b). Since no quenching was observed for free Alexa647 (Fig. 247 

2b), we attribute this to binding of FeBB by FeuA.  248 

To directly observe ligand binding and unbinding events, the fluorophore emission of 249 

individual surface-tethered labeled proteins was studied over time by using confocal scanning 250 

microscopy (Fig. 2c). Representative fluorescent intensity trajectories of FeuA in the presence of 40 251 

nM FeBB are shown in Fig. 2d. All analyzed fluorescence trajectories show a single bleaching step, 252 

indicating that single molecules are examined (Fig. 2d). Only in the presence of FeBB we observed 253 

stochastic switching between two intensity levels (Fig. 2d), caused by fluorescence quenching of 254 

Alexa647 by FeBB. Thus the intensity fluctuations can be interpreted as individual binding and 255 

unbinding events of the ligand FeBB to FeuA. To substantiate this claim, we determined the relative 256 

population of the lower intensity level to estimate the dissociation constant KD of FeBB binding by 257 

FeuA. From the analysis of 50 traces we obtained an estimated KD of 20 nM, which is in good 258 

agreement with the value obtained from tryptophan fluorescence (KD = 27 ± 1 nM)33. In summary, our 259 

assay can directly probe the ligand binding process of FeuA. However, how the binding and unbinding 260 

events are coupled to the conformational changes in FeuA remains unclear.  261 

 262 

Conformational states of FeuA 263 

To further elucidate this, we used Förster resonance energy transfer (FRET) to analyse the 264 

conformational changes of FeuA. In the assay, each of the two subdomains was stochastically labelled 265 

with either a donor (Alexa555) or an acceptor fluorophore (Alexa647). Surface-exposed and non-266 

conserved residues, showing largest distance changes according to the crystal structures of the open 267 
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and closed states20, were chosen as cysteine positions for fluorophore labelling (Q112C/I255C; Fig. 268 

2a). The relationship between FRET efficiency and interprobe distance requires free fluorophore 269 

rotation, which was verified by steady-state anisotropy measurements (Table S2). 270 

We used confocal microscopy with alternating laser excitation (ALEX)23 to explore the 271 

conformational states of individual freely diffusing proteins (Fig. 3a). During its diffusional transit 272 

through the excitation volume of a confocal microscope, the labelled protein generates short 273 

fluorescent bursts, allowing the determination of the apparent FRET efficiency and the stoichiometry S 274 

(see Materials and Methods section for details). To retrieve interprobe distances, the apparent FRET 275 

efficiency was corrected for background and spectral crosstalk to obtain the proximity ratio EPR. In our 276 

assays, changes in the apparent FRET efficiency and EPR can originate from interprobe distance 277 

changes, but also due to quenching of the fluorophores by binding of FeBB (Fig. 3b). Finally, S relates 278 

the total fluorescence recorded after donor excitation in the green and red detection channel to the total 279 

fluorescence after direct donor and acceptor excitation in each detection channel.  280 

The EPR and S values of many individual proteins were acquired in the absence or presence of 281 

saturating concentrations of FeBB (100 µM) (Fig. 3c-d). By separating donor-acceptor labelled 282 

proteins from the donor- and acceptor-only labelled proteins based on the S range, a EPR histogram 283 

was constructed (Fig. 3e). The EPR histogram of ligand-free FeuA is unimodal and well fitted by a 284 

single Gaussian distribution. In the presence of 100 µM FeBB, two populations of donor-acceptor 285 

labelled proteins are observed and are centered around different EPR and S values (Fig. 3d-e). FRET 286 

analysis of surface-tethered proteins in the presence of 100 µM FeBB, reveals that FeuA does not 287 

switch between these FRET states, i.e., fluorescence trajectories are obtained in either FRET state, 288 

with no switching between them (Fig. 3f). The cysteine positions in the crystal structure have distinct 289 

distances to the ligand binding site. Therefore, the two FRET states most likely arise due to the 290 

different donor and acceptor labelling orientations. This is expected from stochastic labelling of two 291 

different cysteine positions whichcauses differences in fluorophore quenching by FeBB and thus 292 

differences in EPR and S values. Indeed, analysis of individual acceptor- and donor-only labelled 293 

proteins shows that the quenching is position and fluorophore dependent (Fig. 4).  294 
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To correct the FRET efficiencies for fluorophore quenching, we related the populations in Fig. 295 

3d to its corresponding labelling orientation. The low S value of the high FRET population in Fig. 3d 296 

(orange population) implies that the quenching of the donor is more prominent than that of the 297 

acceptor. To quantify the quenching we prepared and studied all four single cysteine mutants also used 298 

in our FRET assays (Fig. 4). The quenching behavior seen in Fig. 3b was observed when Q112C was 299 

labelled with a donor and I255C with an acceptor (Fig. 4a-b). The largely unaltered S value of the low 300 

FRET population in Fig. 3d (red population) suggests that donor and acceptor quenching is similar and 301 

was observed to occur when the labelling orientation is reversed, i.e., Q112C is labelled with an 302 

acceptor and I255C with a donor (Fig. 4c-d). 303 

To evaluate whether ligand binding conformational changes in FeuA are coupled, we 304 

developed an analysis scheme that describes the influence of (i) donor and acceptor quenching (by 305 

ligand FeBB) and (ii) considers FRET between the donor and acceptor fluorophores. We show in the 306 

Materials and Methods section and Supplementary Information that 307 

 
(

𝑅𝐵

𝑅𝐹
)

6

= ⟨
𝑁𝐵∙𝐴𝐴

𝑁𝐹∙𝐴𝐴
⟩ ⟨

𝑁𝐵∙𝐷𝐷

𝑁𝐵∙𝐷𝐴
⟩ ⟨

𝑁𝐹∙𝐷𝐴

𝑁𝐹∙𝐷𝐷
⟩ (10) 

is an unbiased and consistent estimator for (𝑟𝐵 𝑟𝐹⁄ )6, where 𝑟𝐵 and 𝑟𝐹 are the interprobe distance of the 308 

ligand-bound (B) and ligand-free (F) proteins. In equation (10), 𝑁𝑖∙𝑋𝑌 denotes the measured count rate 309 

of Y emission (Donor, Acceptor) upon X excitation (Donor, Acceptor) when being in state 𝑖 (Bound, 310 

Free) and ⟨∙⟩ denotes the average. Noteworthy, the distance ratio is independent of donor quenching, 311 

i.e. of 𝑁𝐵∙𝐷𝐷 𝑁𝐹∙𝐷𝐷⁄ .  312 

 The average ratios 𝑁𝐵∙𝐷𝐷 𝑁𝐵∙𝐷𝐴⁄  and 𝑁𝐹∙𝐷𝐴 𝑁𝐹∙𝐷𝐷⁄  are obtained from the selected molecules in 313 

Fig. 3c-d and noting that EPR = 𝑁𝑖∙𝐷𝐴 (𝑁𝑖∙𝐷𝐴 + 𝑁𝑖∙𝐷𝐷)⁄  (Fig. 3e). The average ratio 𝑁𝐵∙𝐴𝐴 𝑁𝐹∙𝐴𝐴⁄  is 314 

obtained for individual acceptor-only labelled proteins and by determining the ratio between the 315 

acceptor fluorescence intensity in the free and ligand-bound state (Fig. 4b, d). All values used for the 316 

distance ratio estimation are provided in Table 1. Finally, by using equation (10), we find that the 317 

distance ratio 𝑟𝐵 𝑟𝐹⁄ , when Q112C is labelled with donor and I255C with acceptor, is estimated to be 318 

0.90 ± 0.01 (95% confidence interval (CI)) and remains the same (0.91 ± 0.01) when the labelling 319 
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orientation is revered (Table 1). These values are in good agreement with those calculated from the 320 

crystal structures of ligand-free and FeBB-bound FeuA20 that predict a 86% reduction in Cα‐Cα 321 

distance between the residues Q112 and I255. In summary, the analysis reveals that under FeBB 322 

induces a conformational change in FeuA in buffer solution. Moreover, the reduced interprobe 323 

distance in the presence of ligand is consistent with the view that the conformational transition from 324 

the open to the closed state in FeuA and related SBPs4 are driven by ligand-protein interactions. 325 

However, the precise ligand-binding mechanism and whether there are short-lived intermediate states 326 

or fast conformational sampling cannot be concluded from these measurements.  327 

 328 

Rare intrinsic conformational transitions 329 

To directly observe how binding and unbinding of the ligand FeBB are coupled to conformational 330 

changes, and to obtain insight into conformational dynamics, individual proteins were studied for 331 

extended times by investigating surface-tethered FeuA proteins with smFRET. It is worthwhile to note 332 

that in our surface-based smFRET assays we do not determine absolute distances, but only monitor 333 

relative distance changes by determining the instrument-dependent apparent FRET efficiency.  334 

With this, we investigated the dynamics of ligand-free FeuA and addressed whether the 335 

protein can also close intrinsically, i.e. when the ligand is absent. Compared to the solution-based 336 

smFRET experiments, examining individual surface-tethered proteins greatly increases the sensitivity 337 

to detect rare events. To investigate a truly ligand-free protein a high concentration of unlabeled FeuA 338 

protein (~20 μM) was added to scavenge any potential ligand contamination that could otherwise 339 

cause ligand-induced closing events.  340 

Consistent with the solution-based smFRET measurements (Fig. 3c), FeuA is in a single 341 

FRET state (the open conformation) in the majority of fluorescence-trajectories (280 traces out of 342 

294). In these traces, FeuA shows no detectable changes in the apparent FRET efficiency (or 343 

fluorescence intensity) related to conformational changes. However, in a small number of trances (14 344 

traces out of 294), we observed rare transitions to a high FRET state, suggesting that FeuA can 345 

intrinsically close (Fig. 5). Indeed, by using equation (9) (see Materials and Methods) the average 346 

distance ratio between this high and low FRET state is 0.88 ± 0.02 (95% CI). This shows that the 347 
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interprobe distance of this rare ligand-free protein state is reduced and inferred to be closure of the 348 

protein. Importantly, the absence of additional quenching effects provides direct evidence that the 349 

conformational change occurs independently of the ligand FeBB. From the analysis of all the 350 

transitions, we find that the ligand-free closed state has an average lifetime of 37 ± 9 ms (mean ± 351 

s.e.m.) and is formed on average only once every 38 s (Fig. 5). In summary, ligand-free FeuA is 352 

primarily in an open conformation and can extremely rarely close, leading to the formation of a short-353 

lived closed conformation.  354 

 355 

The ligand-bound protein is in the closed conformation  356 

We then investigated the conformational dynamics of the ligand-bound protein. In our assay, the total 357 

fluorescence intensity reports on the presence of the ligand, whereas additional apparent FRET 358 

efficiency changes are indicative for protein conformational changes. However, in the 105 359 

fluorescence-trajectories that were recorded in the presence of ~KD concentrations of FeBB we could 360 

not observe any FRET changes within the period a ligand was bound by FeuA, i.e. the low intensity 361 

quenched state (Fig. 6a; Fig. S1a). By examining 140 binding events we observed that the average 362 

apparent FRET efficiency was not significantly different within each period as compared to the initial 363 

or final 200 ms (P=0.28, one-way analysis of variance (ANOVA); Fig. 6b). This suggests that once 364 

the ligand is bound, FeuA remains closed and other conformational transitions, such as formation of 365 

an open liganded-state, do not occur (or only on timescales faster than 200 ms, see below).  366 

With this in mind we determined the lifetime of the ligand-bound state at varying FeBB 367 

concentrations. We observed that the lifetime of this state was largely concentration independent 368 

(P=0.63, one-way ANOVA) and has an average lifetime of 9.0 ± 0.2 s (mean ± s.e.m.; Fig. 6c-d; Fig. 369 

S1b). Interestingly, the ligand-bound closed conformation is 250-fold longer lived that the intrinsic 370 

closed state (9.0 ± 0.2 s versus 37 ± 9 ms).  371 

 372 

Ligand are recognized and bound via an induced-fit mechanism 373 

Next, we investigated which conformational state binds the ligand (intrinsically closed or the open 374 

state), and thus whether the ligand is bound via a conformational selection or an induced-fit 375 
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mechanism (Fig. 1). We expect that when the intrinsic closed conformation binds the ligand, the 376 

ligand binding frequency would be limited by the intrinsic closing frequency (~1.6 min-1). So we 377 

determined the lifetimes of the ligand-free states at varying FeBB concentrations (Fig. 6d; Fig. S1a, 378 

c). We observed that the binding/closing frequency increases linearly with FeBB concentration and is 379 

already 7.8 ± 0.2 min-1 (mean ± s.e.m.) for the lowest concentration measured (10 nM FeBB) (Fig. 380 

6d). Thus ligand binding occurs at a faster rate than the intrinsic closing rate. These data are consistent 381 

with ligand-binding occurring via an induced-fit mechanism. In addition, in traces recorded at higher 382 

excitation intensity, as a way to increase the time resolution from 100 to 5 ms, shows no substantial 383 

FRET changes prior to binding of the ligand, e.g. it reveals the absence of intrinsic closing before the 384 

ligand binds (Fig. 6e). The average apparent FRET efficiency of the 10-ms-period before the ligand 385 

binds (0.53 ± 0.02, mean ± s.e.m.) and the period prior to that (0.53 ± <0.01, mean ± s.e.m.), when the 386 

protein is in the open conformation, are not significantly different (P=0.88, two-tailed unpaired t-387 

test). This shows that the open conformation binds the ligand and that ligand binding occurs via 388 

induced-fit (Fig. 6f).  389 

 390 

Open conformation in complex with ligand is extremely short-lived  391 

An essential intermediate state of the induced-fit mechanism is the open-liganded state (Fig. 1). Based 392 

on our data we concluded already that the open-liganded state has to be shorter-lived than 200 ms (see 393 

‘The ligand-bound protein is in the closed conformation’ section). To further investigate the lifetime 394 

of this state, we increased the excitation intensity to obtain a time resolution of 4 ms. To probe the 395 

open-liganded state, we used saturated amounts of FeBB. Under these conditions the ligand-free open 396 

conformation is expected to be absent and any detected open state would consequently correspond to 397 

the open-liganded form. However, by examining 94 individual molecules with a total observation time 398 

of 104 s, we could not detect any opening transitions (Fig. 7). All these traces show FRET 399 

fluctuations, but those could not be separated from noise and did not originate from a clear anti-400 

correlated donor and acceptor fluorescence change, as expected for real changes in FRET efficiency.  401 

Although we could not directly observe the open-liganded state, we were able obtain an upper 402 

bound for its lifetime. Based on the time resolution of the measurement we conclude that the open-403 
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liganded state should be shorter lived than 4 ms. Thus, when FeuA is in complex with FeBB, closing 404 

is accelerated more than 10000-fold, i.e., from <0.004 s to 38 s. This suggests a mechanism in which 405 

the ligand drastically accelerates the conformational change that is already present in the ligand-free 406 

protein.  407 

 408 

The energy landscape of FeuA  409 

So far we focused on the dynamical aspect of the molecular recognition process that ultimately 410 

originates from the precise architecture of the energy landscape of the combined system comprising 411 

the protein and ligand. Here, we use our single-molecule results to determine the thermodynamic 412 

properties of FeuA (Fig. 8).  413 

The binding process can most easily be treated within the context of Gibbs ensembles. The 414 

grand partition function Ω(𝑇, 𝜇) of a single protein-ligand system as shown in Fig. 8 is  415 

 Ω(𝑇, 𝜇) = 𝑒−𝛽𝐺𝑂 + 𝑒−𝛽𝐺𝐶 + 𝑒−𝛽(𝐺𝐶𝐿−𝜇) + 𝑒−𝛽(𝐺𝑂𝐿−𝜇) (11) 

where 𝛽 is (𝑘𝑏𝑇)−1, 𝑘𝑏 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝐺𝑖 is the free energy 416 

of state i (O open-unliganded; C closed-unliganded; OL open-liganded; CL closed-liganded) and 𝜇 is 417 

the chemical potential. We assume that the ligand solution can be treated as ideal, so 𝜇 = 𝜇0 +418 

𝑘𝑏𝑇 ln 𝐿, where 𝐿 is the ligand concentration (relative to 1 Molar) and 𝜇0 is the standard chemical 419 

potential, i.e. 𝜇 = 𝜇0 when 𝐿 = 1 .  420 

The probability that the protein is in the intrinsic closed conformation is   421 

 
𝑃(𝐶; 𝐿 = 0) =

𝑒−𝛽𝐺𝐶

Ω(𝑇, 𝜇 → −∞)
=  

1

1 + 𝑒𝛽∆
 (12) 

where ∆ = 𝐺𝐶 − 𝐺𝑂 is the ligand-free protein conformational free energy. From the fraction of time 422 

spend in the intrinsic closed conformation in the absence of ligand (Fig. 5), we find that 𝑃(𝐶; 𝐿 = 0) 423 

is 10-3 so ∆ = 7 𝑘𝑏𝑇.  424 

In the presence of ligand, the fraction of proteins occupying a ligand is given by 425 
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𝑃({𝑂𝐿, 𝐶𝐿}; 𝐿) =

𝑒−𝛽(𝐺𝐶𝐿−𝜇) + 𝑒−𝛽(𝐺𝑂𝐿−𝜇)

Ω(𝑇, 𝜇)
 (13) 

By treating 𝜇 as an ideal ligand solution and 𝑒−𝛽𝐺𝐶𝐿 ≫ 𝑒−𝛽𝐺𝑂𝐿  (see also below) we find that equation 426 

(13) reduces to  427 

 
𝑃({𝑂𝐿, 𝐶𝐿}; 𝐿) =

𝐿

𝐾𝐷 + 𝐿
 (14). 

Here 𝐾𝐷 is the dissociation constant as determined in our study equal to 428 

 𝐾𝐷 = 𝑒𝛽Λ (1 + 𝑒𝛽∆)  (15) 

where Λ =  (𝐺𝐶𝐿 − 𝜇0) − 𝐺𝐶 is the protein-ligand interaction free energy of the closed conformation. 429 

We found that FeuA binds FeBB with a 𝐾𝐷 of 20 nM so Λ = −25 𝑘𝑏𝑇.  430 

When the protein is saturated with ligand, the probability of being in the closed conformation 431 

is 432 

 
𝑃(𝐶𝐿; 𝐿 = ∞) =

𝑒−𝛽𝐺𝐶𝐿

Ω(𝑇, 𝜇 → ∞)
=  

1

1 + 𝑒𝛽𝜃
 (16) 

where 𝜃 =  𝐺𝐶𝐿 − 𝐺𝑂𝐿 is the ligand-bound protein conformational free energy and 𝑃(𝑂𝐿; 𝐿 = ∞) =433 

1 − 𝑃(𝐶𝐿; 𝐿 = ∞). We could not directly observe the OL state in the smFRET measurements (Fig. 7), 434 

but we can calculate an upper bound for 𝑃(𝑂𝐿; 𝐿 = ∞). An estimator for 𝑃(𝑂𝐿; 𝐿 = ∞) is 435 

 𝑃(𝑂𝐿; 𝐿 = ∞)  =  
𝜏𝑂𝐿

𝜏𝑂𝐿 + 𝜏𝐶𝐿
 (17) 

where 𝜏𝑂𝐿 and 𝜏𝐶𝐿 are the lifetime of the OL and CL state, respectively. By using 𝜏𝑂𝐿 < 4 ms and 436 

𝜏𝐶𝐿 = 9.0 s, we find that 𝑃(𝑂𝐿; 𝐿 = ∞) < 5 10−4 so that 𝜃 < −8 𝑘𝑏𝑇. Finally, we find that 𝜎 =437 

(𝐺𝑂𝐿 − 𝜇0) − 𝐺𝑂 = ∆ + Λ − 𝜃 > −10 𝑘𝑏𝑇, where 𝜎 is the protein-ligand interaction free energy of 438 

the open conformation.  439 

Taken together, in the absence of ligand the closed conformation is thermodynamically 440 

unstable and requires an energy input of ∆ = 7 𝑘𝑏𝑇 for its formation. The situation is completely 441 
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reversed when FeuA has a ligand bound; the open conformation is thermodynamically unstable and 442 

requires an energy input of more than −𝜃 = 8 𝑘𝑏𝑇 for its formation. From the fact that Λ − 𝜎 =443 

(𝐺𝐶𝐿 − 𝐺𝐶) − (𝐺𝑂𝐿 − 𝐺𝑂) < −15 𝑘𝑏𝑇 we conclude that the protein-ligand interactions are at least 15 444 

𝑘𝑏𝑇 stronger in the closed conformation compared to the open conformation.  445 
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DISCUSSION 446 

Modulation of the protein conformational landscape by ligand interactions is fundamental to the 447 

function and regulation of proteins. Here, we used a single-molecule approach to investigate the ligand 448 

binding process and to understand how this is coupled to the conformational dynamics of the protein. 449 

For this, we analyzed the protein conformation and changes thereof via FRET and visualized the 450 

presence or absence of a ligand molecule via fluorophore quenching.  451 

 From our analysis of FeuA, combined with recent work of others4, 7, 9, 10, 12, a picture emerges 452 

where ligand-binding does not induce new protein conformations, rather its interaction with ligands 453 

modulates the conformational equilibrium (Fig. 8). It appears that ligand binding only alters the free-454 

energies of the equilibrium states and the barriers between them. For FeuA, the equilibrium shifts 455 

towards the open conformation in the absence of ligand, with the closed conformation being 7 𝑘𝑏𝑇 456 

higher in free energy. On the other hand, when FeuA is bound to a ligand molecule, the closed 457 

conformation is more than 8 𝑘𝑏𝑇 lower in free energy than the open conformation. Because of these 458 

large free energy differences, it is clear that in FeuA there is a strong, but not an absolute, coupling 459 

between ligand binding and protein conformational changes. This shows that nature has fine-tuned the 460 

conformational landscape to approximate the behavior of FeuA by a simple binary-switch that is 461 

regulated by ligand interactions. 462 

Traditionally the ligand binding process of (monomeric) proteins can be described by different 463 

mechanisms, such as the lock-and-key, induced-fit or a conformational selection mechanism. In the 464 

classical lock-and-key mechanism no conformational change occur, while in the induced-fit 465 

mechanism, ligand interactions induce a conformational change. In the conformational selection 466 

mechanism the intrinsic closed conformation would bind the ligand and shift the equilibrium towards 467 

closed state. Here, we demonstrate that ligand recognition occurs via an induced-fit mechanism by 468 

showing that the open conformation, rather than the intrinsically closed conformation, binds the ligand 469 

(Fig. 6). We argue that the conformational landscape provides the required directionality for the 470 

induced-fit mechanism. If ligand-binding was to use a conformational selection mechanism, a 471 

substantial amount of thermal energy (∆ = 7 𝑘𝑏𝑇) would be required to form the ligand-competent, 472 

intrinsic closed conformation, rendering the process highly inefficient (Fig. 8). The induced-fit 473 
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mechanism would be more efficient, as no thermodynamically unfavorable intermediate states need to 474 

be formed during the binding process (𝜎 > −10 𝑘𝑏𝑇, 𝜃 < −8 𝑘𝑏𝑇; Fig. 8). 475 

By using sensitive single-molecule methods, we observed that ligand-free FeuA can sample a 476 

temporally- and thermodynamically-unstable state that is different from the open conformation (Fig. 477 

5). We provide direct evidence that the conformational change occurs independently of the ligand 478 

FeBB, as the FRET change occurs without any additional quenching effects that occurs when the 479 

ligand binds. However, further investigations would be required to characterize this conformation on a 480 

molecular level, but based on the reduced interprobe distance relative to the open state we infer that 481 

this rare protein state represents a closed conformation. We also note that we cannot exclude the 482 

existence of other conformations that exchange with the open conformation on the nanosecond-to-483 

microsecond timescale. Such conformations could be other short-lived conformations such as a semi-484 

closed state, as has been observed for the SBP maltose-binding protein8; the apparent open state would 485 

then be a temporal average of two states. For such scenarios, the binding mechanism would be more 486 

complex and might involve ligand binding to a short-lived conformation instead of the open 487 

conformation. To further elucidate this, methods with high(er) temporal resolution such as NMR8, 488 

pulsed interleaved excitation (PIE) spectroscopy34 or multiparameter fluorescence detection (MFD)35 489 

would be required.  490 

To date, intrinsic closing has only been reported for SBPs of Type I ABC importers4. ABC 491 

importers that employ SBPs can be subdivided as Type I or Type II based on structural and 492 

mechanistic distinctions36. FeuA belongs to the Type II FeuBC import system and based on our data, 493 

we conclude that intrinsic closing can occur in SBPs of both Type I and Type II systems. Thus, some 494 

SBPs4, 28, 37, 38, including FeuA, can close both spontaneously and with ligand. In FeuA, ligand 495 

interactions drastically accelerate the closing transition more than 10000-fold compared to the intrinsic 496 

closing rate (<4 ms versus 38 s; Fig. 5; Fig. 7). We speculate that once the open-liganded state is 497 

formed, direct ligand interactions pull the domains together, resulting in an acceleration of the closing 498 

transition compared to when the ligand is absent.  499 

The ligand does not only accelerate closing, it also temporally stabilizes the conformation by a 500 

factor of 250 (Fig. 5; Fig. 6d). Some insight into this temporal stabilization can be obtained from the 501 
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crystal structures of FeuA20. In the holo crystal structure of FeuA the ligand is engulfed by the protein 502 

by favorable interactions with the binding-site. Hence it requires substantial input of (thermal) energy 503 

to break these interactions and cross the energetic barrier to open the protein again. Contrary, in the 504 

intrinsic closed conformation these interactions are not present, allowing a more rapid crossing of the 505 

energy barrier.  506 

Taken together, ligand interactions are not necessary for a conformational change in FeuA, 507 

however, these interactions accelerate the conformational change (10000-fold) and temporally 508 

stabilize the formed conformation (250-fold). Both effects shift in the conformational equilibrium 509 

towards the closed conformation. This shift in the conformational equilibrium may have been driven 510 

by mechanistic determinants to couple ligand-induced conformational changes in FeuA with transport 511 

in FeuBC. Ligand binding by FeuA and related SBPs via an induced-fit mechanism would allow the 512 

ABC transporter to discriminate between the ligand-free and ligand-bound states39. The ligand-bound 513 

FeuA can be used to sense the presence of the correct ligand and initiate the transport process. Some 514 

SBPs have additional roles, as they are known to interact with chemoreceptors40. Switching between 515 

two conformations allow these proteins to transduce a signal, which is allosterically regulated by the 516 

ligand. Furthermore, we speculate that a wasteful conversion of chemical energy is prevented by the 517 

transient nature and high free energy of the intrinsic closed conformation, as any thermally driven 518 

mimic of the ligand-bound FeuA complex might be able to initiate the translocation cycle and 519 

consume the energy of ATP. In addition, a competition between the ligand-free and ligand-bound 520 

closed conformations to interact with the membrane-embedded transporter would inhibit substrate 521 

import into the cell28.  522 

As a final comment, we note that our data analysis approach to derive the distance ratio of two 523 

(conformational) states with altered quantum yield of donor/acceptor dye could also be applied for 524 

situations where FRET is changed due to protein-induced fluorescence enhancement (PIFE)41-43. The 525 

approach suggested here is particularly attractive for PIFE, since the distance ratio is independent of 526 

the donor quantum yield, and thus Cy3, which is the most popular dye for PIFE, could be used in a 527 

straightforward fashion without additional knowledge of its quantum yield (changes).   528 
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CONCLUSION  529 

We designed a single-molecule assay and data analysis procedure to probe the FeuA conformational 530 

changes via FRET and the presence of the ligand FeBB via fluorophore quenching. We show that 531 

FeuA exists in an open and a closed conformation in solution. In the absence of ligand FeuA is 532 

(predominately) in the open state and ligand shifts the equilibrium towards the closed state. Ligand 533 

binding occurs via the induced-fit mechanism, that is, ligands bind to the open state and subsequently 534 

triggers a rapid closing of FeuA in less than 4 ms. Unbinding of the ligand also occurs almost 535 

simultaneously with the opening of the protein. However, FeuA also rarely samples the closed 536 

conformation without the involvement of the ligand and shows that ligand interactions are not required 537 

to close. However, such interactions accelerate the closing transition 10000-fold and decrease the 538 

openings rate 250-fold.  539 
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 658 

Figure 1. Conformational landscape and ligand-binding mechanism of FeuA. Energy landscape of 659 

a protein adopting open and closed conformations in the absence (apo) and presence of ligand (holo). 660 

Ligand recognition can be coupled to conformational changes by an induced-fit mechanism, wherein 661 

substrate binding facilitates a conformational change, or a conformational selection mechanism, in 662 

which thermal energy induces conformational changes to enable ligand recognition.  663 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 2, 2019. ; https://doi.org/10.1101/624817doi: bioRxiv preprint 

https://doi.org/10.1101/624817


30 

 

 664 

Figure 2. Direct observation of ligand binding in FeuA using fluorescence quenching. a, X-ray 665 

crystal structure of the open-unliganded state of FeuA (PBD ID: 2WI8). Hinge region is indicated in 666 

blue. b, Emission spectra of FeuA labeled with Alexa647 and free Alexa647 in the presence and 667 

absence of 5 µM FeBB. c, Schematic of the experimental strategy to study individual surface-tethered 668 

FeuA proteins. d, Representative fluorescence trajectories of FeuA(Q112C)-Alexa647 in the presence 669 

of 40 nM FeBB. The fluorescent intensity (red) with the most probable state-trajectory of the Poisson 670 

Hidden Markov Model (PHMM) (black) are shown. The number of analysed molecules is provided in 671 

Table S3.  672 
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 673 

Figure 3. Conformational changes of FeuA in solution. a, Cartoon view of labeled proteins 674 

diffusing trough the excitation volume of the confocal microscope. b, The presence of quenching and 675 

FRET depends both on the protein conformation and presence of the ligand FeBB. c-d, EPR and S of 676 

single FeuA(Q112C/I255C) proteins in the absence (c) and in the presence of 100 µM FeBB (d). e, 677 

EPR histogram of the indicated regions of Fig. 3c-d. Solid line is a Gaussian fit. A 95% confidence 678 

interval for the average EPR and count rate rations are indicated. f, Representative fluorescence 679 

trajectories of surface-immobilized FeuA(Q112C/I255C) in the presence of 100 µM FeBB. Top panel 680 

shows calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon 681 

counts as shown in the bottom panels. Black line indicates the average efficiency. The number of 682 

analysed molecules is provided in Table S3.  683 
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      684 

Figure 4. Fluorescence quenching in FeuA depends on the labeling position and the fluorophore. 685 

a-d, Representative fluorescence trajectories (left) of single-fluorophore labeled FeuA in the presence 686 

of 25 nM FeBB (a and c) or 40 nM (b and d) and corresponding histogram of the count rate ratios 687 

𝑁𝐵∙𝐷𝐷 𝑁𝐹∙𝐷𝐷⁄  or 𝑁𝐵∙𝐴𝐴 𝑁𝐹∙𝐴𝐴⁄  of all molecules (right). In the fluorescence trajectories: donor (green) 688 

and acceptor (red) count rate with the most probable state-trajectory of the Hidden Markov Model 689 

(HMM) (black) are shown. In the histogram: bars are the data and solid line a Gaussian fit. A 95% 690 

confidence interval for the average of the brightness ratios are indicated. The number of analysed 691 

molecules is provided in Table S3.   692 
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 693 

Figure 5. Ligand-free conformational dynamics of FeuA. Representative fluorescence trajectories 694 

of surface-immobilized FeuA in the absence of ligand. 20 μM unlabeled FeuA was present to remove 695 

potential traces of contaminating ligands. The top panel shows apparent FRET efficiency (blue) which 696 

was derived from the donor (green) and acceptor (red) photon count rates shown in the bottom panel. 697 

The cartoon depicts the open and closed conformation in the absence of ligands with their respective 698 

lifetimes. The number of analysed molecules is provided in Table S3.  699 
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 700 

Figure 6. FeuA binds ligand via an induced-fit mechanism. a, Representative fluorescence 701 

trajectories of FeuA. In all fluorescence trajectories presented in the figure, the top panel shows 702 

apparent FRET efficiency (blue) and donor (green) and acceptor (red) photon counts in the bottom 703 

panel. Orange lines are the most probable state-trajectory of the Hidden Markov Model (HMM). b, 704 

Apparent FRET efficiency histogram of the first and last 200 ms of the binding event and the period 705 

between that. Mean ± s.e.m. is indicated  c, Cumulative distribution function (CDF) of the time FeuA 706 

has FeBB bound (tbound; top) or is free (tunbound; bottom). Discontinuous line denotes non-parametric 707 

CDF estimate and continuous line an empirical Weibull distribution fit. d, tbound (purple) and the rate of 708 

binding (1/tunbound; green) as function of FeBB concentration. Data is mean ± s.e.m. and solid line a 709 

linear fit. From the fit a binding and unbinding rate of 3 106 M-1s1 and 0.11 s-1 are obtained, to yield a 710 

KD of 33 nM. e, Representative fluorescence trajectories of FeuA showing a binding event. f, 711 

Schematic of induced-fit mechanism. Number of analysed molecules in Table S3.  712 
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 713 

Figure 7. Ligand-bound conformational dynamics of FeuA. Representative fluorescence 714 

trajectories of surface-immobilized FeuA(Q112C/I255C) in the presence of 100 µM FeBB. To 715 

improve the temporal resolution, the excitation intensity was increased to 5 kW/cm2. The top panel 716 

shows calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon 717 

counts as presented in bottom panel. Orange line indicate average apparent FRET efficiency value. 718 

The cartoon depicts the open and intrinsic closed conformation with its lifetime indicated. The number 719 

of analysed molecules is provided in Table S3.  720 
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 721 

Figure 8. The conformational landscape of FeuA. Schematic representation of the thermodynamics 722 

of ligand binding and conformational states of FeuA. Details on the determination of energy values 723 

can be found in results section.   724 
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Table 1. Interprobe distance ratio estimation 725 
 726 
Assumed labelling 

orientation ⟨
𝑁𝐵∙𝐴𝐴

𝑁𝐹∙𝐴𝐴
⟩ ⟨

𝑁𝐵∙𝐷𝐷

𝑁𝐵∙𝐷𝐴
⟩ ⟨

𝑁𝐹∙𝐷𝐴

𝑁𝐹∙𝐷𝐷
⟩ (

𝑅𝐵

𝑅𝐹
)

6

 
𝑅𝐵

𝑅𝐹
 

Q112C-I255C  

donor-acceptor 

0.733 ± 

0.010 

0.671 ± 

0.021 

1.113 ± 

0.016 

0.547 ± 

0.020 

0.904 ± 

0.006 

Q112C-I255C  

acceptor-donor 

0.432 ± 

0.008 

1.168 ± 

0.045 

1.113 ± 

0.016 

0.562 ± 

0.025 

0.908 ± 

0.007 

Error denotes a 95% confidence interval.  727 
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 2 

Supplementary Text 15 

The donor and acceptor fluorophore distance ratio of two states, denoted by 𝑟1 and 𝑟2, satisfies (see 16 

Materials and Methods section for the full derivation): 17 

 (
𝑟1

𝑟2
)

6

=
𝜙1∙𝐴

𝜙2∙𝐴

𝑛1∙𝐷𝐷

𝑛1∙𝐷𝐴

𝑛2∙𝐷𝐴

𝑛2∙𝐷𝐷
 (S1) 

where 𝑛𝑖∙𝐷𝐴 and 𝑛𝑖∙𝐷𝐷 are the (background- and spectral crosstalk-corrected) donor and acceptor count 18 

rates when the donor is excited and belong to 𝑟𝑖. 𝜙𝑖∙𝐴 is the acceptor quantum yield. Equation (S1) 19 

holds when the refractive index of the medium, the dipole orientation factor 2, the molar extinction 20 

coefficient of the acceptor and the normalized donor emission spectra are the same for state 1 and 2.   21 

Here, we will consider how the distance ratio (𝑟1 𝑟2⁄ )6 can be estimated from the data. We use 22 

the following notation: 𝑁𝑖∙𝑋𝑌 represents the measured count rate of Y emission (Acceptor, Donor) upon 23 

X excitation (Acceptor, Donor) belonging to 𝑟𝑖. 𝑁𝑖∙𝑋𝑌 is corrected for spectral crosstalk and 24 

background. In the derivation below we assume that the relaxation times of the excited states of the 25 

fluorophores are short compared to the time between two consecutively detected photons, so that there 26 

is no correlation between consecutive photons and the distribution of 𝑁𝑖∙𝑋𝑌 can be approximated by a 27 

Poisson distribution with parameter 𝑛𝑖∙𝑋𝑌 
1. Then,  28 

 (
𝑅1

𝑅2
)

6

= ⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ ⟨

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩ (S2) 

with  29 

 

 

 

⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ =

1

𝑘
∑

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
 

⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ =

1

𝑝
∑

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
 

⟨
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩ =

1

𝑤
∑

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
 

(S3) 

where 𝑘, 𝑝 and 𝑤 denote the number of observations, is an unbiased and consistent estimator for 30 

(𝑟1 𝑟2⁄ )6. The sum in equation (S3) extends over all observations, i.e. the total number of traces or 31 
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 3 

time-bins as described in the main text. Noteworthy, in the absence of additional fluorophore 32 

quenching we have 𝜙1∙𝐴𝐴 = 𝜙2∙𝐴𝐴 so that  33 

 (
𝑟1

𝑟2
)

6

=
𝑛1∙𝐷𝐷

𝑛1∙𝐷𝐴

𝑛2∙𝐷𝐴

𝑛2∙𝐷𝐷
 (S4) 

and can be estimated from the data by using the estimator  34 

 (
𝑅1

𝑅2
)

6

= ⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩ (S5) 

Estimation of the interprobe distance ratio does not require the determination of 𝛾 or the Föster radius 35 

𝑅0. Below we will focus on the more general scenario as given by equation (S1) and (S2) and note that 36 

the results also apply to the more specific case as given by equation (S4) and (S5). 37 

First, we will show that (𝑅1 𝑅2⁄ )6 is an unbiased estimator for (𝑟1 𝑟2⁄ )6 so 𝔼[(𝑅1 𝑅2⁄ )6] =38 

(𝑟1 𝑟2⁄ )6, where 𝔼[𝑋] is the expectation value of the random variable 𝑋. Each term in the product of 39 

equation (S2) is independent of each other, so that 40 

 𝔼 [⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ ⟨

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩] = 𝔼 [⟨

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩] 𝔼 [⟨

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩] 𝔼 [⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩] (S6) 

Furthermore, it holds that  41 

 

𝔼 [⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩] = 𝔼 [

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
] 

𝔼 [⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩] = 𝔼 [

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
] 

𝔼 [⟨
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩] = 𝔼 [

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
] 

(S7) 

as the terms in the sum of equation (S3) are independent and have the same distribution. By 42 

combining equation (S6) and (S7) we have, 43 

 𝔼 [⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ ⟨

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩] = 𝔼 [

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
] 𝔼 [

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
] 𝔼 [

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
] (S8) 
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 4 

We can approximate each term in equation (S8) further by approximating each term to second-order, 44 

 𝔼 [
𝑋

𝑌
] ≅

𝔼[𝑋]

𝔼[𝑌]
(1 −

Cov(𝑋, 𝑌)

𝔼[𝑋]𝔼[𝑌]
+

Var(𝑌)

𝔼[𝑌]2 ) (S9) 

The covariances between 𝑁1∙𝐴𝐴 and 𝑁2∙𝐴𝐴, 𝑁1∙𝐷𝐷 and 𝑁1∙𝐷𝐴 and of 𝑁2∙𝐷𝐴 and 𝑁2∙𝐷𝐷 are zero2. Further, 45 

under our assumption of Poissonian statistics it holds that Var(𝑁𝑖∙𝑋𝑌) 𝔼[𝑁𝑖∙𝑋𝑌]2⁄ = 𝔼[𝑁𝑖∙𝑋𝑌]−1 and is 46 

thus is negligible when 𝔼[𝑁𝑖∙𝑋𝑌] = 𝑛𝑖∙𝑋𝑌 ≫ 1. Hence, we can safely make the approximation that 47 

 

𝔼 [
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
] =

𝔼[𝑁1∙𝐴𝐴]

𝔼[𝑁2∙𝐴𝐴]
=

𝑛1∙𝐴𝐴

𝑛2∙𝐴𝐴
 

𝔼 [
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
] =

𝔼[𝑁1∙𝐷𝐷]

𝔼[𝑁1∙𝐷𝐴]
=

𝑛1∙𝐷𝐷

𝑛1∙𝐷𝐴
 

𝔼 [
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
] =

𝔼[𝑁2∙𝐷𝐴]

𝔼[𝑁2∙𝐷𝐷]
=

𝑛2∙𝐷𝐴

𝑛2∙𝐷𝐷
 

(S10) 

The count rate 𝑛𝑖∙𝐴𝐴 is the product of the probabilities that (i) the acceptor is excited by the laser 48 

(𝑝𝐸𝑋), (ii) the acceptor decays to its ground state by emitting a photon (𝜙𝑖∙𝐴) and (iii) the emitted 49 

photon is detected (𝜂𝐴)2, thus,   50 

 𝑛𝑖∙𝐴𝐴 = 𝑝𝐸𝑋𝜙𝑖∙𝐴𝜂𝐴 (S11) 

By using equation (S10) and (S11) we have 51 

 𝔼 [
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
] =

𝜙1∙𝐴

𝜙2∙𝐴
 (S12) 

By combing equation (S8), (S10) and (S12) it follows that   52 

 𝔼 [(
𝑅1

𝑅2
)

6

] =
𝜙1∙𝐴

𝜙2∙𝐴

𝑛1∙𝐷𝐷

𝑛1∙𝐷𝐴

𝑛2∙𝐷𝐴

𝑛2∙𝐷𝐷
 (S13) 

so  53 

 𝔼 [(
𝑅1

𝑅2
)

6

] = (
𝑟1

𝑟2
)

6

 (S14) 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 2, 2019. ; https://doi.org/10.1101/624817doi: bioRxiv preprint 

https://doi.org/10.1101/624817


 5 

and shows that (𝑅1 𝑅2⁄ )6  is an unbiased estimator for (𝑟1 𝑟2⁄ )6.  54 

If the random variables 𝑋𝑖 ⋯ 𝑋𝑛 are independent, then it can be shown that 55 

 Var(𝑋𝑖 ⋯ 𝑋𝑛) = ∏ (Var(𝑋𝑖) + 𝔼[𝑋𝑖]2)𝑛
𝑖=1 − ∏ 𝔼[𝑋𝑖]2𝑛

𝑖=1 . (S15) 

where Var(𝑋𝑖) is the variance of 𝑋𝑖. The terms in the product of equation (S2) are independent so by 56 

using equation (S15) we find that  57 

 

Var [⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩ ⟨

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩ ⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩]

= (Var (⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩) + 𝔼 [⟨

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩]

2

) (Var (⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩)

+ 𝔼 [⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩]

2

) (Var (⟨
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩) + 𝔼 [⟨

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩]

2

)

− 𝔼 [⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩]

2

𝔼 [⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩]

2

𝔼 [⟨
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩]

2

 

(S16) 

As before, each term in the sum of equation (S3) are also independent and have the same distribution, 58 

so  59 

 

Var [⟨
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
⟩] =

1

𝑘
Var [

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
] 

Var [⟨
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
⟩] =

1

𝑝
Var [

𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
] 

Var [⟨
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
⟩] =

1

𝑤
Var [

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
] 

(S17) 

By combining equation (S7), (S16) and (S17) we obtain,   60 

 
Var [(

𝑅1

𝑅2
)

6

] = (𝑘−1Var (
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
) + 𝔼 [

𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
]

2

) (𝑝−1Var (
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
)

+ 𝔼 [
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
]

2

) (𝑤−1Var (
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
) + 𝔼 [

𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
]

2

)

− 𝔼 [
𝑁1∙𝐴𝐴

𝑁2∙𝐴𝐴
]

2

𝔼 [
𝑁1∙𝐷𝐷

𝑁1∙𝐷𝐴
]

2

𝔼 [
𝑁2∙𝐷𝐴

𝑁2∙𝐷𝐷
]

2

 

(S18) 
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To show that (𝑅1 𝑅2⁄ )6 is a consistent estimator, we need to show that (𝑅1 𝑅2⁄ )6 converges in 61 

probability to (𝑟1 𝑟2⁄ )6. We define 𝒏 = {𝑘, 𝑝, 𝑙}, where (𝑅1 𝑅2⁄ )6 depends implicitly on 𝒏. We should 62 

proof that for any 𝜀 > 0 it holds that,     63 

 lim
𝒏→∞

𝑃(|(𝑅1 𝑅2⁄ )6 − (𝑟1 𝑟2⁄ )6| > 𝜀) = 0 (S19) 

where 𝒏 → ∞ should be understood as 𝑘 → ∞, 𝑝 → ∞ and 𝑤 → ∞. By using Chebyshev's inequality 64 

and the fact that 𝔼[(𝑅1 𝑅2⁄ )6] = (𝑟1 𝑟2⁄ )6 we can obtain an upper bound for 𝑃(|(𝑅1 𝑅2⁄ )6 −65 

(𝑟1 𝑟2⁄ )6| > 𝜀), 66 

 𝑃(|(𝑅1 𝑅2⁄ )6 − (𝑟1 𝑟2⁄ )6| > 𝜀) ≤
Var((𝑅1 𝑅2⁄ )6)

𝜀2
 (S20) 

From equation (S18) it follows that  67 

 lim
𝒏→∞

Var((𝑅1 𝑅2⁄ )6) = 0 (S21) 

thereby proving that for any 𝜀 > 0 equation (S19) holds. In conclusion, (𝑅1 𝑅2⁄ )6 is an unbiased and 68 

consistent estimator for (𝑟1 𝑟2⁄ )6.   69 
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 70 

Figure S1. Ligand dependence on protein conformational dynamics and ligand binding kinetics. 71 

a, Representative fluorescence trajectories of FeuA in the absence and presence of varying 72 

concentrations of FeBB as indicated. In all fluorescence trajectories presented: top panel shows 73 

calculated apparent FRET efficiency (blue) from the donor (green) and acceptor (red) photon counts as 74 

shown in the bottom panels. Orange lines indicates most probable state-trajectory of the Hidden 75 

Markov Model (HMM). b-c, Cumulative distribution function (CDF) of the time a molecule is bound 76 

to FeuA (tbound; b) and FeuA is ligand-free (tunbound; c). Discontinuous line denotes non-parametric 77 

estimate of the CDF and continuous line an empirical fit to a Weibull distribution. Average lifetimes 78 

are shown in Fig. 6d.  79 
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Table S1. Primers used in this study 80 

Primer Primer sequence (5’ to 3’) 

Forward primer isolation feuA from gDNA (inserts NdeI site) GGGAATTCCATATGGGCAGTAAAAATGAATCAACTGCCAGCAAG 

Reverse primer isolation feuA from gDNA (inserts HindIII site) GACCCGAAGCTTGTTTTGTGTCAATTTTTCAGCAGCCGCTTT 

Forward primer to abolish internal feuA NdeI site GAATACCTTGATAAAACATACGAAGTAACTGTACCGACA 

Reverse primer to abolish internal feuA NdeI site  TGTCGGTACAGTTACTTCGTATGTTTTATCAAGGTATTC 

Forward FeuA(Q112C) TTTCCGGAAAAAACGCTGTGCAAAATCAGCACAGCAGGC   

Reverse FeuA(Q112C) GCCTGCTGTGCTGATTTTGCACAGCGTTTTTTCCGGAAA 

Forward FeuA(I255C) GATTTAGAGAAA AATCCATGCTGGAAAAGCCTTAAAGCA 

Reverse FeuA(I255C) TGCTTTAAGGCTTTTCCAGCATGGATTTTTCTCTAAATC 

  81 
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Table S2. Steady-state anisotropy values 82 

 Anisotropy 

 Alexa555 Alexa647 

Free dye 0.25 0.20 

FeuA(Q112C/I255C) 0.29  0.24 

Data correspondents to mean (s.d. below <0.01) of duplicate experiments with the same labelled 83 

protein sample.  84 
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Table S3. Number of analysed molecules  85 
 86 

Solution-based smFRET 

Condition Number of analysed molecules 

Apo 1572 
100 µM FeBB 1362 

 
Surface-based smFRET 

Condition Number of analysed molecules 

Apo (5 ms) 294 
Apo (100 ms) 45 
10 nM FeBB (100 ms) 49 
25 nM FeBB (100 ms) 32 
25 nM FeBB (5 ms) 30 
75 nM FeBB (100 ms) 24 
100 µM FeBB (100 ms) 26 
100 µM FeBB (4 ms) 22 
  

Surface-based single-fluorophore assay   

Condition Number of analysed molecules 

FeuA(Q112C)-Alexa647 + 40 nM FeBB 50 
FeuA(I255C)-Alexa647 + 40 nM FeBB 87 
FeuA(Q112C)-Alexa555 + 25 nM FeBB 48 
FeuA(I255C)-Alexa555 + 25 nM FeBB 50 

  87 
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