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DETALS OF THE NMR PULSE SCHEME. All solid pulses in the pulse scheme to measure 1H 

relaxation dispersion data (see Figure 1 of the main text) have flip angles of  90° (narrow) or  

180° (wide), applied with phase x unless indicated otherwise. The two pulses flanking the last 

180° pulse in the WATERGATE solvent suppression scheme scheme1 are water selective 90° 

rectangular flip-back pulses with a field strength of 0.16 kHz (500 MHz spectrometer) and 0.18 

kHz (600 MHz spectrometer). The phase cycling employed is φ1 = [y, −y], φ2 = [x, −x], φ3 = [y, −

y], φ4 = [−y, y], φ5 = [−y, y], φ6 = [x, x, −x, −x], φ7 = 4[x], 4[y], φ8 = 4[−x], 4[−y] and φrec = 2[x], 4[−

x], 2[x].2 Gradient strengths in G/cm (durations in ms) are g1 = 5.0 (0.1), g2 = 8.0 (0.6), g3 = 

12.0 (1.0). Relaxation dispersion data are recorded by varying the number of basic CPMG 

elements, n, within a fixed time, Trelax to sample different values of CPMG refocusing 

frequencies νCPMG = 1/(4 τCPMG), where 2 τCPMG is the time between successive refocusing 

pulses, along with a reference experiment where the CPMG element is omitted, as described.3 
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FIGURE S1. Ligand-detected 1H-CPMG relaxation dispersion data, recorded on an Agilent 

DirectDrive2 500 MHz spectrometer equipped with a room-temperature probe, for (A) indoxyl 

sulfate binding to BSA, (B) and (C) proflavin binding to bovine trypsin, (D) isoquercetin (R=β-D-

glucoside) binding to Bet v 1a, (E) and (F) preQ1 binding to aptamers from F. nucleatum and Th. 

tengcongensis. Data are shown for the protons indicated in red in the ligand structures (indoxyl 

sulfate: 1H-2, proflavin: 1H-4/5 and 1H-9, isoquercetin: 1H-6, preQ1: 1H-8). The exchange con-

tributions Rex = R2,eff − R2,eff(νCPMG = ∞) to the relaxation dispersion profiles are shown. The solid 

lines are fits to the data.  
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FIGURE S2. Variation of χ2
red from fits of 1H-CPMG relaxation dispersion as a function of off-

rate, koff. For calculation of χ2
red, koff was fixed at values between 100 s−1 and 6900 s−1 (in 200 s−1 

intervals) and the two-site kinetic model described in the Experimental Section of the paper was 

fit to the experimental data. χ2
red variations are shown for (A) indoxyl sulfate (1H-2), (B) proflavin 

(1H-4/5),  (C) isoquercetin (1H-6) and (D) preQ1 (binding to the Fsu aptamer), using only the 600 

MHz data (top) or both 500 MHz and 600 MHz data (bottom) for analysis. Well-defined minima 

in the χ2
red vs. koff profiles are found for (A), (C) and (D), while the broader minimum for faster 

off-rates in (B) is indicative for higher experimental uncertainties. In such cases, the perfor-

mance of the experiment is enhanced by measurind RD data at two different magnetic field 

strengths. 
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FIGURE S3. Ligand-detected 1H-CPMG relaxation dispersion data, recorded at 500 MHz, for L-

tryptophan binding to BSA. Data are shown for the indole 1H-2 proton indicated in red. 

Experimental conditions: 50 mM potassium phosphate buffer (pH 5.8), 25 mM NaCl, 1 mM 

NaN3, 100% D2O, L-tryptophan: 2.0 mM, BSA: [0, 40, 80, 120, 160, 200 µM].  
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FIGURE S4. One-dimensional 1H-CPMG relaxation dispersion spectra, recorded on a 600 MHz 

Bruker Avance II+ NMR spectrometer equipped with a prodigy cryogenic probe using the expe-

rimental scheme presented in this work. Low field portions (5.5 −  9.0 ppm) of spectra for the 

small-molecule ligands (A) indoxyl sulfate, (B) isoquercetin, (C) proflavin and (D) preQ1 without 

receptor (left) and with the highest level of receptor saturation that was used (right) are shown. 

Assignments of ligand resonances that were used for 1H-CPMG relaxation dispersion analysis 

are indicated; for isoquercetin and proflavin assignments were taken from the literature.4, 5 Ttfilt 

was 60 ms for indoxyl sulfate, 80 ms for isoquercetin, 60 ms for proflavin and 40 ms for preQ1. 

Resonances marked by asteriks have scalar couplings > 1.5 Hz and were not used for analysis. 

These resonances can be distorted in spectra with transverse relaxation filtering because of in-

terconversion between in-phase and anti-phase magnetization during Ttfilt.  
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ligand resonance target koff [s-1] a) koff [s-1] b) koff [s-1] c) 
indoxyl sulfate 1H-2 BSA 1500 ± 200 1500 ± 200 1500 ± 100 
proflavin  1H-4/5 trypsin 6000 ± 1000 5400 ± 700 5600 ± 600 

proflavin 1H-9 trypsin 3700 ± 1000d) 5100 ± 900  4400 ± 600 

isoquercetin 1H-6 Bet v 1a 1000 ± 200 1000 ± 100 1100 ± 100 

preQ1 1H-8 Fsu aptamer 1400 ± 300 1600 ± 200 1500 ± 200 
preQ1 1H-8 TTe aptamer 3900 ± 300 4400 ± 500 4000 ± 300 

 
TABLE S1. Off-rates, koff, of ligand-target complexes obtained by fitting a) 500 MHz data, b) 

600 MHz data and c) 500 and 600 MHz data simultaneously. d) For the proflavin 1H-9 resonan-

ce at 500 MHz exchange contributions are small (Rex below 7 s−1 at 5% saturation with trypsin, 

Figure S1).  
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