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Marijn de Boer, Giorgos Gkouridis, Konstantinos Tassis, Gregor Hagelücken, Martin Peter 
and Thorben Cordes

Substrate-binding proteins (SBPs) form a large class of structurally related proteins that are 
best-known for their association with ATP-binding cassette (ABC) importers. Here, we 
studied two SBPs that are not part of ABC importers: SiaP and the regulatory domain of 
CynR. SiaP is part of a tripartite ATP-independent periplasmic (TRAP) transporter and CynR 
belongs to the LysR-type transcriptional regulator (LTTR) family. By using single-molecule 
FRET, we show that SiaP switches from an open to a closed conformation. By surface 
immbilizing SiaP we could directly observe the opening and closing transitions that are 
driven by the binding and unbinding of ligand. In contrast to SiaP, ligand binding induces no 
or only localized conformational changes in CynR. The different responses to ligand binding 
in SiaP and CynR are in line with the proposed mechanistic diversity of these SBP classes.

4
Conformational states of the substrate-binding proteins 

SiaP and CynR probed by single-molecule FRET
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4.1 Introduction 

Substrate-binding proteins (SBPs) form a large class of proteins that are part of ATP-
binding cassette (ABC) importers1. ABC importers constitute the primary uptake pathway 
of prokaryotes2. SBPs are required to capture the substrate and deliver it to the membrane 
subunit for import into the cytoplasm. However, SBPs are not only associated with ABC 
importers, but are also part of other membrane protein complexes. For instance, tripartite 
ATP-independent periplasmic (TRAP) transporters, tripartite tricarboxylate transporters 
(TTT) and G-protein coupled receptors (GPCRs) employ SBPs3, 4. SBPs are not only 
associated with membrane protein complexes, but also function in bacterial transcription 
regulation5.  

Despite their functional diversity and low sequence similarity, SBPs share a common 
structural fold1, 6. They consist of two structurally conserved rigid subdomains connected 
by a hinge region, with the ligand-binding site located at the interface of the two 
subdomains (Figure 1.5). Numerous biophysical7, 8 and high-resolution structural studies9 
on SBPs of ABC importers showed that ligand binding causes the two subdomains to come 
closer together, switching the protein from an open to a closed conformation. However, in 
Chapter 2 we showed that the coupling between ligand binding and conformation changes 
is more complex in some SBPs of ABC importers. It was shown that the closed 
conformation is also formed in the absence of ligand (Section 2.2.2) and that the binding of 
certain functionally inactive ligands (i.e. non-cognate ligands) leaves the SBP structure 
largely unaltered (Section 2.2.3). Furthermore, different ligands induce different 
conformations in the same SBP, so a unique closed conformation does not exist for all 
SBPs (Section 2.2.1). How ligand binding is coupled to SBP conformational changes is not 
as well understood in SBPs not associated with ABC importers.  

In this work, we studied the SBP SiaP, which is part of the TRAP importer SiaPQM of 
Vibrio cholera, and the SBP CynR of Escherichia coli, which belongs to the family of 
LysR-type transcriptional regulators (LTTRs). SiaPQM is a TRAP transporter that is 
involved in the uptake of N-acetylneuraminic acid (Neu5Ac)10. SiaPQM consists of a 
freely-diffusing SiaP protein that binds the ligand Neu5Ac and two transmembrane 
domains (SiaQ and SiaM) that form the translocator unit10, 11. Contrary to ABC importers 
that use the energy released from ATP hydrolysis to power transport, in TRAP transporters, 
the energy is provided by ion-electrochemical gradient3. In case of SiaPQM, a Na2+ 
gradient is used to translocate Neu5Ac across the inner membrane11.  

CynR belongs to the LTTR family, which forms a large class of bacterial transcription 
regulators5. The E. coli transcription regulator CynR regulates the cyn operon (encoding the 
genes cynT, cynS and cynR) by sensing the presence of cyanate and azide12. CynR and 
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other LTTRs consist of a N-terminal DNA-binding domain, which contains the winged 
Helix-Turn-Helix (wHTH) structural motif, and a C-terminal regulatory domain (RD), 
which has the characteristic SBP-fold (Figure 4.1A)5. Full-length LTTRs form a 
homotetramer and ligand induced structural changes of this complex have been proposed to 
provide the signal for transcription regulation in the LTTR family13-15.  

Here, we used single-molecule detection in combination with Förster resonance energy 
transfer (FRET)16 to analyse the conformations of SiaP and the RD of CynR in solution and 
at room temperature. We labelled each of the two SBP subdomains with either a donor or 
an acceptor fluorophore and probed the distance between them by measuring the FRET 
efficiency. We show that ligand binding switches SiaP from an open to a closed 
conformation, while no such conformational changes could be detected in CynR. 

 

4.2 Results  

4.2.1 The conformational states of CynR  

We used single-molecule FRET (smFRET) to analyse the CynR conformation in the 
absence and presence of the ligand azide. We deleted the N-terminal DNA-binding domain 
(residue 1-59) and studied only its RD (residue 59-299), hereinafter denoted as CynRRD 

(Figure 4.1B). Each of the two subdomains of CynRRD was stochastically labelled with 
either a donor (Alexa555) or an acceptor fluorophore (Alexa647). Surface-exposed and 
non-conserved residues, were chosen as cysteine positions for fluorophore labelling 
(C137/R233C; Figure 4.1B). In our assay, the interprobe distance reports on the relative 
orientation and distance between the subdomains and is thus indicative for the degree of 
closing.  

Figure 4.1. Crystal structures of SBPs from the LTTR family and TRAP transporters. (A) 
Crystal structure of full-length CysB monomer (PDB ID: 1IXC). The regulatory domain (RD) is 
shown in green, the DNA-binding domain with the winged Helix Turn Helix (wHTH) motif is shown 
in pink and the linker helix that connect these domains is shown in orange. (B) Crystal structure of 
the RD of CynR from Escherichia coli without ligand bound (PDB ID: 2HXR). (C) Crystal structure 
of apo SiaP from Vibrio cholerae (PDB ID: 4MAG). In (B) and (C) the two subdomains are coloured 
dark and light grey and the hinge region is shown in blue. 
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First, we used confocal microscopy with alternating laser excitation (ALEX)17 to 
explore the conformational states of individual and freely-diffusing CynRRD proteins 
(Figure 4.2A). During its diffusional transit through the excitation volume of the confocal 
microscope, the labelled protein generates a short fluorescent burst, allowing the 
determination of the apparent FRET efficiency and confirm the presence of the acceptor 
fluorophore via direct acceptor excitation (Figure 4.2B). The apparent FRET efficiency of 
many individual proteins were acquired in the absence and presence of 5 mM sodium azide 
(NaN3) (Figure 4.2C). The dissociation constant (KD) of NaN3 binding by the unlabelled 
protein is ~1 µM (personal communication, Economou Laboratory, KU Leuven), so 5 mM 
NaN3 should be sufficient to saturate the protein with ligand. Interestingly, the apparent 
FRET efficiency histograms with and without 5 mM NaN3 are similar. No shift in the 
distribution mean can detected; the fitted Gaussian distributions are centred around an 
apparent FRET efficiency of 0.703 ± 0.003 and 0.707 ± 0.005 (95% confidence interval) in 
the absence and presence of NaN3, respectively. In conclusion, the interprobe distance 
remains unaffected by NaN3, suggesting that ligand binding induces no or only localized 
conformational changes in the RD of CynR. 
 
4.2.2 The conformational states of SiaP 

We used the same experimental strategy to study the SiaP conformation as was done for 
CynR. For SiaP, surface-exposed and non-conserved residues were chosen as cysteine 
positions for stochastic labelling with the Alexa555 and Alexa647 fluorophores 
(Q54C/L173C; Figure 4.1C).  

The apparent FRET efficiencies of many individual SiaP proteins were acquired in the 
presence and absence of 1 mM Neu5Ac (Figure 4.2D). This saturating concentration of 
Neu5Ac11, 18 shifts the apparent FRET efficiency histograms and the fitted Gaussian 
distributions to higher values compared to the ligand-free protein (Figure 4.2D; top and 
bottom panel). This indicates a reduced distance between the two subdomains and thus 
closing of SiaP upon Neu5Ac binding. This observation is in agreement with the recent 
pulsed electron-electron double resonance (PELDOR)19 measurements on SiaP from Vibrio 
cholerae. By using the formalism outlined in Chapter 5 we estimate that the average 
interprobe distance is reduced 21 ± 3% when the ligand binds. 

We note that the solution-based FRET distributions in the absence (Figure 4.2D; top 
panel) and presence (Figure 4.2D; bottom panel) of saturating concentrations of ligand are 
unimodal, thus do not reveal any substantial conformational heterogeneity, such as a closed 
state in the absence of Neu5Ac or an open state when Neu5Ac is bound.  

 



 

 111 

We next determined the apparent FRET efficiency of individual SiaP proteins in the 
presence of 500 nM Neu5Ac (Figure 4.2D; middle panel). This concentration is close to the 
KD value as determined by isothermal titration calorimetry (ITC)18 and intrinsic tryptophan 
fluorescence11. At this concentration SiaP is in an equilibrium between the low FRET 
(open) and high FRET (closed) state (Figure 4.2D). By fitting the histogram with a 
weighted sum of the Gaussian distributions of the open and closed states, we find that 70% 
of the proteins are in the closed state and 30% in the open state. With these percentages we 
can obtain an approximate estimate for the KD. By using the Hill-Langmuir equation 
𝑃 = 𝐿 (𝐿 + 𝐾')⁄ , where 𝑃 is the relative population of the ligand-bound state and 𝐿 the 
ligand concentration, we obtain an approximate KD value of 200 nM. This value is in good 
agreement with ITC (300 nM)18 and intrinsic tryptophan fluorescence (100 nM)11. 
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Figure 4.2. Conformational states of SiaP and CynR probed by smFRET. (A) Cartoon view of 
labelled proteins diffusing trough the excitation volume of the confocal microscope. (B) Fluorescence 
bursts of individual SiaP(Q54C/L173C) proteins that are labelled with Alexa555 and Alexa647. NXY 
denotes the measured photon count rate (per ms) during the X (Donor/Acceptor) excitation period 
and photons arriving in the Y (Donor/Acceptor) detection channel. Apparent FRET efficiency 
histogram of the RD of CynR(C137/R233C) (C) and SiaP(Q54C/L173C) (D) labelled with Alexa555 
and Alexa647 under different conditions as indicated. The bars are the data and the solid line a 
Gaussian distribution fit.  
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The observations that (i) the apparent FRET distributions of SiaP are unimodal and 
centered around different values in the presence and absence of ligand and (ii) the close 
correspondence between KD obtained by smFRET and methods that directly probe ligand 
binding11, 18, suggest that a strong coupling between ligand binding and protein 
conformational changes exists in SiaP.  

 
4.2.3 Ligand-free conformational dynamics of SiaP 

From the solution-based smFRET measurements only limited insight into the structural 
dynamics can be obtained. For each labelled protein that transits through the excitation 
volume, the information is limited by both the short observation time (~1 ms) and the small 
number of detected photons per individual molecule (~200 photons). Hence, to obtain 
insight in the conformational dynamics of SiaP, we carried out smFRET experiments on 
surface-tethered proteins. In addition, compared to the solution-based smFRET 
experiments, measuring individual surface-tethered SBPs also increases the sensitivity to 
detect rare events. Proteins were immobilized on a glass-coverslip via an anti-his antibody 
(Figure 4.3A) and the positions of the individual proteins were identified by using confocal 
scanning microscopy (see Materials and Methods). The position information was 
subsequently used to generate fluorescence trajectories (Figure 4.3B). All the analysed 
trajectories showed a single bleaching step (data not shown), indicating that single 
molecules are examined. 

First, we investigated SiaP in the absence of Neu5Ac. To investigate a truly ligand-free 
protein, ~20 µM of unlabelled SiaP was added to scavenge any potential ligand 
contamination. We recorded a total number of 701 fluorescence trajectories, with a total 
observation time of 13 min. In all the trajectories we observe that SiaP is in a single FRET 
state (Figure 4.3B; left panel). All these trajectories show FRET fluctuations, but those 
could not be separated from noise or did not originate from clear anti-correlated donor and 
acceptor fluorescence changes, as expected for true changes in the FRET efficiency. This 
suggests that the ligand is required to close SiaP. However, we cannot rule out that the 
conformational transitions are too fast to be observed with our time resolution of 5 ms or 
that they occur on timescales that extend our total observation time of 13 min.  
 
4.2.4 Opening and closing transitions in SiaP 

Next, we investigated individual, surface-tethered SiaP proteins in the presence of 500 nM 
Neu5Ac, a concentration close to the KD. We recorded a total number of 49 fluorescence 
trajectories. In these traces we see the stochastic switching between a low and high FRET 
state (Figure 4.3B; middle panel). The low and high FRET state have an average apparent 
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FRET efficiency of 0.814 and 0.892, respectively, and are highly similar to the average 
efficiencies in the absence (0.810) and presence of saturating (0.899) concentrations of 
Neu5Ac (Figure 4.3C). Thus, these FRET fluctuations represent the opening and closing of 
SiaP that is coupled to the unbinding and binding of Neu5Ac.  

To characterize the kinetics of the conformational transitions, we modelled the 
underlying state-trajectory of the fluorescence trajectories by a Hidden Markov Model 
(HMM)20 with two states, open and closed (Figure 4.3B; middle panel). From the state 
assignment of the HMM the individual lifetimes of the closed state could be extracted. The 
distribution of these lifetimes can be well described by an exponential distribution (p=0.11, 
Lilliefors test; Figure 4.3D), with an average lifetime of 98 ± 2 ms (95% confidence 
interval). Thus, once SiaP is in the closed conformation, it takes on average around 
98 ± 2 ms to open and release the ligand. The exponential nature of the lifetime suggests 
that there is a single step that dominates the opening transition. 
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Figure 4.3. Opening and closing events of individual SiaP proteins. (A) Schematic of surface-
immobilization procedure. (B) Representative fluorescence trajectories of SiaP(Q54C/L173C) 
labelled with Alexa555 and Alexa647 under different conditions as indicated in the figure. The top 
panel shows the apparent FRET efficiency (blue) and donor (green) and acceptor (red) photon counts 
in the bottom panel. Orange lines are the most probable state-trajectory of the Hidden Markov Model 
(HMM). (C) Apparent FRET efficiency histogram of all fluorescence trajectories recorded in the 
absence and presence of 1 mM Neu5Ac. (D) Cumulative distribution function (CDF; black line) for 
the lifetime of the closed conformation (high FRET state) from all fluorescence trajectories recorded 
in the presence 500 nM Neu5Ac. The red line is a fit to the CDF of an exponential distribution. A 
95% confidence interval for the mean lifetime is indicated.  
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4.3 Discussion 

A single-molecule approach was used to study the conformational changes of SiaP and the 
RD of CynR. By using smFRET, we show that SiaP switches from an open to a closed 
conformation upon ligand binding, whereas in the RD of CynR no large conformational 
changes are induced by the ligand.  

The results on SiaP are in line with the crystal structures of other SBPs associated with 
membrane protein complexes1, 21. Crystal structures of the ligand-free and ligand-bound 
protein are only available for the homologous protein SiaP of Haemophilus influenza (50% 
sequence identity)22, 23. In agreement with our results, the subdomains are apart in apo 
structure and are closer together with Neu5Ac. PELDOR measurements showed that the 
spin-probe distance between residues Q54 and L173 is reduced by Neu5Ac19, which is in 
agreement with our data. Although (sm)FRET measurements require the specific 
attachment of fluorescent probes to the protein, they have the advantage over X-ray 
crystallography and PELDOR measurements that they can be performed both in solution 
and at room temperature. 

The drastic change of the SiaP conformational equilibrium may have been driven by 
mechanistic determinants to couple the conformational changes in SiaP with transporter 
function in SiaQM, similar as for SBPs of ABC importers9. Ligand binding in SiaP and 
related proteins via a tightly regulated induced-fit (or ‘Venus flytrap’) mechanism24, 25 
would allow the membrane protein complex to discriminate between ligand-free and 
ligand-bound receptor proteins26. The distinct conformation of the ligand-bound protein 
could be used to sense the presence of the correct ligand and initiate the translocation 
reaction.  

Within the detection limit of smFRET, we observed that SiaP is exclusively in the open 
state when the ligand is absent and is closed when the ligand is bound. Contrary to some 
SBPs of ABC importers (Section 2.2.2 and 5.2.3)27-29, no ligand-free closed or ligand-
bound open state could be detected in SiaP. However, we cannot exclude that fast closing 
transitions occur that cannot be detected with our millisecond time resolution or that the 
transitions are so rare that they require a longer observation time to be detected. For 
instance, conformational transitions on the nanosecond to microsecond timescale were 
detected in the SBP MalE by NMR27, but these could not be resolved by smFRET 
(Figure 2.3). To further elucidate this for SiaP, methods with high(er) temporal resolution 
such as NMR27, pulsed interleaved excitation (PIE) spectroscopy30 or multiparameter 
fluorescence detection (MFD)31 would be required. Certain observations already suggest 
that some SBPs of TRAP transporters undergo intrinsic conformational changes. For 
instance, stopped-flow measurements suggest the existence of intermediate states in ligand-



 

 115 

free DtcP32. Furthermore, molecular dynamics calculations indicate that TeaA could sample 
a thermodynamically unstable ligand-free closed and ligand-bound open state33. 

In the E. coli transcription factor CynR a different mechanism is used to couple ligand 
binding with conformational changes in the protein. Full-length LTTRs associate as 
homotetramer and bind to DNA with and without effector34, 35. Effector binding by CynR 
induces bending of DNA and activation of transcription35. In the ‘sliding dimer’ hypothesis, 
effector binding induces a change in the tetrameric structure, switching the complex from a 
so-called compact to an extended configuration, thereby forcing the DNA to bend13-15. It 
must be noted that the experimental evidence for the different tetrameric structures is 
minimal. To date, various members of the LTTRs have been crystallized in either the 
compact36-38 or extended configuration14, 39-41, but no full-length LTTRs have been 
crystallized in both states. Here, we showed that binding of the effector NaN3 leaves the 
interprobe distance between residues C137 and R233 unaltered. This suggest that effector 
binding induces no closing of the RD of CynR. It is possible that localized conformational 
changes occur that are missed in our FRET assay. However, preliminary hydrogen/ 
deuterium exchange mass spectrometry (HDX-MS) measurements indicate that the 
complete structure of CynRRD remains largely unaltered when NaN3 binds (personal 
communication, Economou Laboratory, KU Leuven). The crystal structure of the CynR 
RD has been deposited in the Protein Data Bank, without (PBD ID: 2HXR) and with azide 
bound (PDB ID: 3HFU). Superimposing the backbone of both structures gives a RMSD of 
0.26 Å, implying that both structures are virtually identical. Similar observations were 
made for OxyR, in which the crystal structures of the RD remains overall same in its 
reduced and oxidized states, except for a single loop that is localized on one of its 
subdomains42. Thus, transcription activation by CynR and other LTTRs is probably based 
on minor and/or localized structural changes in the RD, rather than the rigid-body 
rearrangements that are common to SBPs that interact with membrane protein complexes.  

 

4.4 Materials and Methods 

Gene isolation, protein expression and purification. SiaP(Q54C/L173C) was expressed 
and purified as described previously19. The cynR gene (UniProt: P27111) was isolated from 
the genome of Escherichia coli DH5α. The primers were designed to exclude the DNA-
binding domain (residue 1-58), and include the DNA sequence coding the RD of CynR 
(residue 59-299). Primers introduced NdeI and BamHI restriction sites, and the gene 
product was sub-cloned into the pET16 vector (Novagen, EMD Millipore). By using 
QuickChange mutagenesis43 we removed the two natural cysteines (C290A/C208G) and 
introduced the R233C mutation for labelling. All sequences were checked for correctness 



 

 116 

by sequencing. Cells harbouring the expression plasmid were grown at 37 ºC until an 
optical density (OD600) of 0.5 was reached. Protein expression was then induced by 
addition of 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 3 h of induction 
cells were harvested. DNase 500 ug/ml (Merck) was added and passed twice through a 
French pressure cell at 1,500 psi. 2 mM phenylmethylsulfonyl fluoride (PMSF) was added 
to inhibit proteases. The soluble supernatant was isolated by centrifugation at 50,000´g for 
30 min at 4 ºC. The soluble material was purified and loaded on Ni2+-Sepharose resin 
(GE Healthcare) in 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 10 mM imidazole 
and 1 mM dithiothreitol (DTT). The immobilized proteins were washed (50 mM Tris-HCl, 
pH 8.0, 50 mM KCl, 10% glycerol, 10 mM imidazole and 1 mM DTT, and subsequently 
with 50 mM Tris-HCl, pH 8.0, 1 M KCl, 10% glycerol, 30 mM imidazole and 1 mM DTT) 
and eluted (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 10% glycerol, 300 mM imidazole and 
1 mM DTT). Protein fractions were pooled (supplemented with 5 mM EDTA and 10 mM 
DTT), concentrated (10.000 MWCO Amicon; Merck), dialyzed against 100-1000 volumes 
of buffer (50 mM Tris-HCl, pH 8.0, 50 mM KCl, 50% glycerol and 10 mM DTT) and 
stored at -20 ºC. 
 
Protein labelling. Labelling was performed with the maleimide dyes Alexa555 and 
Alexa647 (ThermoFisher). In brief, the purified proteins were treated with 10 mM DTT at 
4 ºC and diluted to 1 mM DTT after 30 min of incubation, immobilized on an equilibrated 
Ni2+-Sepharose resin and washed with 10 column volumes of buffer A (50 mM Tris-HCl, 
pH 7.4 and 50 mM KCl). The resin was incubated 2-8 h at 4 °C with the dyes dissolved in 
buffer A. The molar dye concentration was 20-times higher than the protein concentration. 
Unbound dyes were removed by washing the column with 20 column volumes of buffer A 
and eluted with 500 mM imidazole. The labelled proteins were further purified by size-
exclusion chromatography (Superdex 200; GE Healthcare) using buffer A and 
simultaneously recording the absorbance at 280 nm, 559 nm and 645 nm to assess the 
sample composition.  
 
Microscopy. smFRET experiments and data analysis was done as described in Chapter 2. 
Surface immobilization of SiaP and the preparation of the flow-cell arrangement was done 
as described in Chapter 2. All smFRET measurements were done at room temperature in 
buffer A. For the surface-based experiments, we supplemented the buffer with 1 mM 
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and 10 mM Cysteamine 
for photostabilization of the fluorophores.  
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