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Intrinsically disordered proteins are highly dynamic biomolecules that rapidly interconvert between many structural 
conformations. Traditionally, these proteins have been considered un-druggable because of their lack of classical long-
lived binding pockets. Recent evidence suggests that intrinsically disordered proteins can bind small, drug-like molecules, 
however, there are limited approaches to characterize these interactions experimentally. Here we demonstrate that ligand-
detected 19F transverse relaxation rates (𝑹𝟐) obtained from Nuclear Magnetic Resonance spectroscopy are highly sensitive 
to the interaction between a small-molecule and an intrinsically disordered protein, in contrast to chemical shift 
perturbations which are minimally sensitive for this interaction. With this method, we show that the small molecule, 5-
fluoroindole, interacts with the disordered domains of non-structural protein 5A from hepatitis C virus with a 𝑲𝐝 of 260 ± 
110 μM. We also demonstrate that 5-fluoroindole remains highly dynamic in the bound form. Our findings suggest that 
ligand-detected 19F transverse relaxation measurements could represent a highly effective screening strategy to identify 
molecules capable of interacting with these traditionally elusive, dynamic biomolecules.  

Introduction 
Interactions between small-molecules and proteins are ubiq-
uitous in biology, underpinning signaling, metabolism, and 
therapeutic intervention. Despite the importance of these in-
teractions, the current understanding is largely based on in-
teractions between small molecules and structured proteins, 
whereby small ligands are often described as binding into 
well-defined binding pockets. Nevertheless, many proteins, 
including approximately one-third of human proteins, have 
long regions which lack such long-lived binding pockets. 
These include highly dynamic intrinsically disordered pro-
teins (IDPs) that rapidly interconvert between different 
structures and which are highly abundant in eukaryotes.[2-4] 
Some IDPs have been shown to interact with small mole-
cules[5-8] thus opening up an enormous class of potential 
drug targets.[9] The current understanding of the biophysical 
mechanisms that underpin the interactions between small 
molecules and IDPs is largely based on theoretical molecular 
dynamics (MD) simulations that, in turn, have demon-
strated that these interactions are highly dynamic.[5-6, 8, 10-12] 
While offering important insight, MD simulations of IDPs 
and their interactions, are computationally expensive, re-
quire long timescales to reach convergence,[13-14] and suffer 
from force field inaccuracies.[13-15] Similarly, there is cur-
rently a lack of available experimental techniques suitable 
for generally detecting and characterizing interactions be-
tween IDPs and small molecules. Together, the lack of avail-
able and accessible approaches forms a major bottleneck to 
discovering new IDP/small-molecule interactions, uncover-
ing the underlying binding mechanisms, and exploiting 
these interactions for potential treatment. 

Results and discussion 
19F transverse spin-relaxation is sensitive to binding 
To establish sensitive experimental methods to screen for 
and characterize interactions between small-molecules and 
IDPs, we utilized the disordered domains 2 and 3 from the 

non-structural  protein 5A (NS5A-D2D3) from the hepatitis 
C virus (JFH-1 genotype) as a model system[16-18]. We focused 
on solution-state Nuclear Magnetic Resonance (NMR) spec-
troscopy, since this technique uniquely provides atomic-res-
olution insight on biomolecular interactions in physiological 
environments,[19-20] without the need to apply large labels nor 
localize the molecules on a surface; both of which may alter 
the structural ensemble and thus behavior of the IDP.  

Figure 1. Transverse 19F relaxation (𝑹𝟐,𝐞𝐟𝐟) is sensitive to small-mol-
ecule binding to a disordered protein. (a) Modified pulse sequence 
for the 19F 𝑅2,eff experiment.[1] Narrow and wide rectangles indicate 90° 
and 180° pulses, respectively. The number of CPMG blocks, 𝑁, is varied 
in experiments, while the time of each block, 4𝜏 is held constant. Phase 
cycles are reported in Supplementary Information. (b) Relaxation curves 
obtained for 50 μM 5-fluoroindole in the absence and presence of vary-
ing concentrations of NS5A-D2D3. Error bars are SEM from ≥3 technical 
replicates. (c) 𝑅2,eff rates obtained from b as a function of NS5A-D2D3 
concentration. Error bars represent the uncertainty in the 𝑅2,eff-fitted pa-
rameter from b (from the covariance matrix). A one-site binding model 
(grey curve), accounting for 𝑅2,eff rates, chemical shifts, longitudinal re-
laxation, and translational diffusion (see text), was fit to the data, yielding 
an affinity constant (𝐾!) of 260 ± 110 μM. 
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Standard NMR experiments, such as ligand-de-
tected chemical shift perturbations are commonly employed 
to screen and assess the binding of small-molecules to struc-
tured proteins.[21] However, chemical shifts report on the lo-
cal environment of the nuclei in question which, in turn, are 
averaged over time and over all the molecules in solution. 
Given the proposed dynamic nature of the interactions be-
tween IDPs and small-molecule ligands,[5-6, 8, 11] we rational-
ized that NMR parameters that report on ligand dynamics 
and exchange might be more sensitive to detect IDP/small-
molecule binding than chemical shifts.[22]  

We chose to assess the binding of 19F-containing 
small molecules to NS5A-D2D3 by initially quantifying 19F 
NMR transverse spin-relaxation rates 𝑅2,eff  via a CPMG-
based 𝑅2 experiment[1, 23-24]. Using 19F instead of 1H as a probe 
has the advantage that there are no background signals in 
the NMR spectra, from buffer components nor protein, and 
these spectra therefore exclusively report on the small mole-
cule in question. Using this approach, we identified that 5-
fluoroindole interacts with NS5A-D2D3 (Figure 1). Specifi-
cally, as the concentration of NS5A-D2D3 is increased in 
samples containing 50 µM 5-fluoroindole, the effective 
transverse relaxation rate of the 19F nucleus in 5-fluoroin-
dole, 𝑅2,eff, increases systematically (Figure 1a-c), demon-
strating that 19F transverse relaxation rates allow for a sensi-
tive detection of small-molecule binding to IDPs. 

Transverse spin-relaxation is the most sensitive parameter 
to binding 
Having established that 5-fluoroindole interacts with the 
IDP NS5A-D2D3 allows us to assess the sensitivity of meth-
ods that are typically used within solution NMR spectros-
copy to characterize small-molecule binding, such as chem-
ical shift perturbations and changes in signal intensities, lon-
gitudinal relaxation, and translational diffusion. Firstly, pro-
tein-detected chemical shift-based experiments, such as the 
2D 1H-15N HSQC (Figures 2a, S1, S2), are largely insensitive 
to the interaction between NS5A-D2D3  and 5-fluoroindole 
at protein:ligand ratios of 1:4 and 1:8. This holds for both 
protein 1H and 15N chemical shifts (Figure 2b,c) as well as 
changes in the intensity of protein 1H-15N cross-peaks (Fig-
ure 2d). It was also observed that ligand-detected NMR 
chemical shifts, including both 1H and 19F, are minimally 
sensitive to binding in a concentration-dependent manner 
(Figure 2e-h). Similar conclusions were drawn previously, 
where protein-detected NMR chemical shifts provided lim-
ited information on the binding of the small-molecule 
10074-G5 to the IDP amyloid-β.[5]  

We also tested 19F-detected longitudinal relaxation 
of 50 µM 5-fluoroindole in the presence of varying concen-
trations of NS5A-D2D3, measured using an inversion recov-
ery experiment, and observed minimal sensitivity to binding 
(Figure S3). Similarly, the translational diffusion of 50 µM 
5-fluoroindole, measured by 1H Diffusion Ordered Spectros-
copy (DOSY) was largely insensitive to changes in the ab-
sence and presence of 75 µM NS5A-D2D3 (Figure S4). 

5-fluoroindole remains dynamic in the bound form 

Figure 2. NMR chemical shifts are insensitive to IDP/small-mole-
cule binding. (a) 1H-15N HSQC spectrum of 40 μM NS5A-D2D3 in the 
absence (green) and presence (orange) of 320 μM 5-fluoroindole ac-
quired at 15°C. Insert shows the largest chemical shift difference calcu-
lated as shown in Supplementary Information (Figure S1) (b-d) Histo-
gram of chemical shift changes of NS5A-D2D3 in the presence of 160 
μM (light orange) and 320 μM (dark orange), relative to NS5A-D2D3 
alone, showing minimal perturbations in the presence of the small mol-
ecule, including 1H (b) and 15N (c) chemical shift perturbations and in-
tensity changes (d). See also Figure S2. (e) Ligand-detected 1H chem-
ical shifts of 50 μM 5-fluoroindole show minimal changes upon titration 
with NS5A-D2D3, acquired at 25°C. (f) Quantification of ligand-detected 
1H chemical shift perturbations relative to 50 μM 5-fluoroindole alone, 
measured in parts per billion. (g) Ligand-detected 19F chemical shifts of 
50 μM 5-fluoroindole show minimal changes upon titration with NS5A-
D2D3, acquired at 25°C. Curves represent the average of ≥2 technical 
replicates. Error bars represent SEM. (h) Quantification of ligand-de-
tected 19F chemical shift perturbations relative to 50 μM 5-fluoroindole 
alone, measured in parts per billion. Error bars represent SEM ≥2 tech-
nical replicates. Although the changes alone provide limited insight, to-
gether with the 𝑅2,eff rates these shifts are important for the analysis. A 
one-site binding model, accounting for chemical shifts, transverse relax-
ation, longitudinal relaxation, and diffusion (see text), was fit the data 
(grey curve). 
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To gain additional insight into the interaction mechanism of 
5-fluoroindole with NS5A-D2D3, a simple one-site binding 
model was assumed, where 5-flouroindole can exist in two 
states: a ‘free’ form (F) and a ‘bound’ form (B) interacting 
with NS5A-D2D3. The binding mechanism is likely dynamic 
and more complex, but here we simply assume the ‘bound’ 
form represents an ensemble of states all interacting with 
NS5A-D2D3. The increase in 𝑅2,eff observed with increasing 
concentrations of NS5A-D2D3 (Figure 1) could arise from 
either an elevated intrinsic 𝑅2 of 5-fluoroindole in the bound 
conformation or an exchange-induced increase in 𝑅2.[25] The 
experimental 19F transverse relaxation, (Figure 1c), 19F 
chemical shifts (Figure 2h), 19F longitudinal relaxation 
(Figure S3), and 1H diffusion measurements (Figure S4) 
were therefore analyzed simultaneously within the one-site 
binding model. In particular, we related 𝑅1,F, 𝑅1,B, 𝑅2,F, and 
𝑅2,B  with free and bound rotational correlation times, 𝜏c,F 
and 𝜏c,B , respectively via well-established equations (Sup-
plementary Information).[26-29] 𝜏c,F , 𝜏c,B , 𝑘off , 𝐾d , and 𝐷! , 
the diffusion coefficient of the bound form, were determined 
from a least-squares analysis; see Experimental Proce-
dures (Supplementary Information). Fits obtained using all 
data are shown in Figures 1c, 2h, and S3. The analysis gave 
a 𝐾d of 260 ± 110 µM, a 𝑘off of 800 ± 500 s-1 (Figure 3), a 
𝜏c,F of  27.0 ps ± 1.3 ps, a 𝜏c,B of 46 ps ± 10 ps, and a 𝐷! of 
(1.5 ± 0.6) ×	10-9 m2s-1. Tryptophan residues, which, like 5-
fluoroindole also contain an indole motif, within disordered 
protein sequences have been reported to have rotational cor-
relation components between approximately 100 and 260 
ps.[30] In this context, the 𝜏c,B we observe suggests that the 
small molecule remains highly dynamic in the bound state, 
consistent with predictions of other small molecules inter-
acting with IDPs.[5, 8, 11] Not only do 19F transverse relaxation 
rates allow for a sensitive detection of small-molecule bind-
ing to IDPs, but an analysis of the data also allows for a quan-
tification of the associated dynamics of the interaction, dis-
sociation constant, and off-rates. The value of the derived 𝐾d 
is also of note, since the micromolar interaction observed 
here is the same order as often observed for lead compounds 
in initial drug-screening programs.[31]  

When NS5A-D2D3 is less disordered, chemical shift pertur-
bations are more significant 
It has previously been reported that at high concentrations 
both NS5A-D2 and NS5A-D3 form transient secondary 
structures, potentially due to the formation of multimers.[16] 
To confirm this also occurs for NS5A-D2D3, we performed 
circular dichroism (CD) measurements and observed a con-
centration dependent loss of disorder at and above 100 µM, 
suggesting transient secondary structure formation (Figure 
4a, S5). From the CD experiments a saturation of the more 
structured state could not be achieved, and an equilibrium 
constant could therefore not be determined for the multi-
merization. 

Knowing that 5-fluoroindole interacts with NS5A-
D2D3, we wondered whether this interaction alters the equi-
librium of N55A-D2D3 related to a change in secondary 

structure propensity. At NS5A-D2D3 concentrations at or 
below 75 µM, we observed minimal changes in the presence 
of 50 µM 5-fluoroindole, consistent with the protein-de-
tected NMR experiments (Figure S5a, b), that is, 5-fluoroin-
dole generally does not alter the secondary structure propen-
sity of NS5A-D2D3. At 200 µM NS5A-D2D3, very subtle 
changes were observed, suggesting that 5-fluoroindole may 
stabilize the less disordered state adopted by NS5A-D2D3 
when it is at higher concentrations (Figure S5c). 

Of particular interest is that the NS5A-D2D3 system 
at high concentrations provides a way to assess the binding 
of 5-fluoroindole to a less disordered state. Notably, when 
chemical shift perturbations of 5-fluoroindole were meas-
ured in the presence of 200 µM NS5A-D2D3, small, but sig-
nificant chemical shift perturbations for both 1H (Figure 4b) 
and 19F (Figure 4c) were detected. This observation coin-
cided with an increase in 19F longitudinal (𝑅1,eff) and trans-
verse (𝑅2,eff) relaxation rates of 0.24 ± 0.02 s-1 and 1.40 ± 0.11 
s-1, respectively. These data suggest a further change in the 
effective correlation time of 5-fluoroindole when it interacts 
with the less disordered state of NS5A-D2D3. 

Conclusion 
NMR chemical shift perturbations are a gold-standard tech-
nique for screening and characterizing small-molecule bind-
ing to structured proteins. While significant protein-de-
tected chemical shift perturbations have been reported for 
small-molecule interactions with IDPs,[8, 31] these are often 
small, a fraction of the peak linewidths, or even undetectable 
in cases like the one presented here (Figure 2). Further-
more, it has recently been reported that HSQCs of disordered 
proteins are highly prone to false-positive characterization 
of ligand interactions due to artefacts arising from mis-
matched pH.[32] In contrast, we report here that ligand-de-
tected 19F transverse relaxation measurements are sensitive 
to small-molecule/IDP binding. We uncovered a micromo-
lar binding affinity between 5-fluoroindole and NS5A-D2D3 
in its disordered form, where chemical shift perturbations 
were minimal. We also show that the small molecule 

Figure 3. Normalized probability surface as a function of Kd and koff 
show a micromolar binding affinity. The surface shown is calculated 
as 𝑝(𝐾d, 𝑘off)  =  exp(−(𝜒2 − 𝜒min

2 ) /2) , where 𝜒2  is obtained from the 
least-squares fit of a one-site binding model to the experimental data. 
Solid and dashed lines represent 68% and 95% confidence intervals, 
respectively. 
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remains very dynamic when interacting with NS5A-D2D3 in 
its disordered state.  We anticipate that 19F ligand-detected 
spin-relaxation experiments offer a promising medium-
throughput screening strategy to identify small molecules 
that bind IDPs and other dynamic biomolecules, especially 
in cases where such interactions may be largely undetectable 
by other approaches. Moreover, the method presented is 
general and would also apply to measuring the transverse re-
laxation rate of other nuclei within ligands, such as, 1H, 
given that these can be measured accurately.  

Methods 
Samples of NS5A-D2D3 were expressed and purified as de-
scribed in the Supplementary Information. NMR 19F relaxa-
tion experiments were performed on Bruker Avance III 500 
MHz (CP-prodigy probe). 1H-15N experiments were per-
formed at 700 MHz. NMR spectra were processed and ana-
lyzed as detailed in Supplementary Information. A compre-
hensive list of all experiments including sample details and 
experimental conditions is given in the Supplementary In-
formation. 

Supplementary information  
Supplementary information[33-43] includes several figures, 
methods, and the 𝑅2,eff pulse program. Code that supports 
the findings of this study is available from GitHub at 
https://github.com/hansenlab-ucl/R2_IDP_small_mol. All 
data files are available from Zenodo at https://ze-
nodo.org/record/7892349#.ZFKHGC8w3Uo.  
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