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ABSTRACT: Intrinsically disordered proteins (IDPs) are highly dynamic biomolecules that rapidly interconvert among many
structural conformations. These dynamic biomolecules are involved in cancers, neurodegeneration, cardiovascular illnesses, and viral
infections. Despite their enormous therapeutic potential, IDPs have generally been considered undruggable because of their lack of
classical long-lived binding pockets for small molecules. Currently, only a few instances are known where small molecules have been
observed to interact with IDPs, and this situation is further exacerbated by the limited sensitivity of experimental techniques to
detect such binding events. Here, using experimental nuclear magnetic resonance (NMR) spectroscopy '°F transverse spin-
relaxation measurements, we discovered that a small molecule, S-fluoroindole, interacts with the disordered domains of non-
structural protein SA from hepatitis C virus with a K of 260 + 110 M. Our analysis also allowed us to determine the rotational
correlation times (z.) for the free and bound states of S-fluoroindole. In the free state, we observed a rotational correlation time of
27.0 + 1.3 ps, whereas in the bound state, 7, only increased to 46 + 10 ps. Our findings imply that it is possible for small molecules
to engage with IDPs in exceptionally dynamic ways, in sharp contrast to the rigid binding modes typically exhibited when small

molecules bind to well-defined binding pockets within structured proteins.

O ne-third of human proteins are intrinsically disordered
proteins (IDPs) that rapidly interconvert among differ-
ent structures.” > Some IDPs have been suggested to interact
with small molecules,’”"* thus opening up an enormous class
of potential drug targets, especially for conditions including
cancers, cardiovascular diseases, type II diabetes, and viral
infections.'> Nevertheless, the biophysical mechanisms that
underpin the binding between small molecules and IDPs are
largely based on theoretical molecular dynamics (MD)
simulations that, in turn, have suggested that these interactions
are highly dynamic.”””"*~'° Here, we employ experimental
F-based nuclear magnetic resonance (NMR) spectroscopy to
demonstrate that a small molecule remains extremely dynamic
in its bound state with an IDP, in striking contrast to how most
small molecules bind to structured proteins.

MD simulations have the potential to offer important
insights into interactions between IDPs and small molecules;
however, these calculations suffer from force field inaccura-
cies,"” ™" and the reliability of these computationally expensive
simulations is further hindered by long time scales required to
reach convergence, especially for dynamic systems like IDPs,
which undergo motions on varying time scales."*'” There is
also a lack of available experimental techniques suitable for
characterizing interactions between IDPs and small molecules.
Most of our high-resolution understanding of small-molecule/
drug interactions with proteins comes from experimental X-ray
crystallography, which allows scientists to resolve the atomistic
details of the binding interactions, primarily enthalpic
contributions including electrostatics, hydrogen bonding,
m—n stacking, and hydrophobic effects. Due to their highly
dynamic nature, IDPs are generally not amenable to
crystallography, and given the high entropic costs associated
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with folding from a disordered state, it is not yet well-
understood whether a small molecule could induce a single,
stable structure for such experiments.

NMR spectroscopy uniquely provides atomic-resolution
insights into biomolecular interactions in physiological
environments,”’~>* without the need to apply large labels
nor localize the molecules on a surface—both of which may
alter the structural ensemble and thus the behavior of the IDP.
Standard NMR experiments, such as ligand-detected chemical
shift perturbations, are commonly employed to screen and
assess the binding of small molecules to structured proteins.”
However, chemical shifts report on the local 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 between IDPs and small-
molecule ligands,”””'* we rationalized that NMR parameters
that report on ligand dynamics and exchange might be more
sensitive to detect IDP/small-molecule binding than chemical
shifts.'” To further enhance the sensitivity of the experiment to
binding, we employed '°F instead of 'H as a probe, as °F 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 molecule in
question.
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We chose the disordered domains 2 and 3 from the non-
structural protein SA (NSSA-D2D3) from the hepatitis C virus
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Figure 1. Transverse '"F relaxation (Ryef) is sensitive to small-
molecule binding to a disordered protein. (a) Modified pulse
sequence for the F R, ¢ experiment. 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, 47, is
held constant. (b) Structure of S-fluoroindole. (c) Relaxation curves
obtained for 50 yM S-fluoroindole in the absence and presence of
varying concentrations of NSSA-D2D3. Error bars are SEM from >3
technical replicates.

(JFH-1 genotype) as a model system, given the availability of
established purification protocols and chemical shift assign-
ments.”* ¢ Using F transverse spin-relaxation rates R, ¢ via
a CPMG-based R, expe1‘imentl’27‘28 (Figure 1a), we identified
that S-fluoroindole (Figure 1b) interacts with NSSA-D2D3.
Specifically, as the concentration of NSSA-D2D3 is increased
in samples containing S0 yM S-fluoroindole, the relaxation
curves systematically decrease (Figure 1c), corresponding to an
increase in the effective transverse relaxation rate of the '°F
spin in S-fluoroindole, R, & (Figure 2a). Key features of the
Ry pulse program (Figure la) include 1) a heating
compensation element to ensure that the sample is exposed
to identical RF power independent of the number of CPMG
blocks used" and 2) an anti-ringing sequence to remove broad
baseline artifacts at the on-resonance '°F frequency that result

from sub-optimal performance of the "H RF coil that has been
detuned for '"F experiments."”” We also measured '°F
longitudinal relaxation rates R,. (Figure 2b) using an
inversion recovery experiment’ and '’F chemical shift
perturbations (Figure 2c) of SO M S-fluoroindole in the
presence of varying concentrations of NSSA-D2D3 and
observed systematic changes.

To gain additional insight into the interaction mechanism of
S-fluoroindole with NSSA-D2D3, a simple one-site binding
model was assumed, where S-fluoroindole can exist in one of
two states: a “free” form (F) and a “bound” form (B)
interacting with NSSA-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 R; 4 and R, observed
with increasing concentrations of NSSA-D2D3 (Figure 2)
could arise from either elevated intrinsic relaxation rates of 5-
fluoroindole in the bound conformation or an exchange-
induced increase in these relaxation rates.’® To address this, we
took an integrative approach: the experimental '°F transverse
relaxation, (Figure 2a), '°F longitudinal relaxation (Figure 2b),
and "F chemical shifts (Figure 2c, Figure S1) were combined
with translational diffusion measurements of 50 yM 5-
fluoroindole, measured by 'H diffusion ordered spectroscopy
(DOSY) (Figure S2). 'H instead of '’F DOSY measurements
were employed due to the relatively increased sensitivity of the
'H nucleus. 'F transverse relaxation, longitudinal relaxation,
and chemical shift data involved titration of NSSA-D2D3 up to
90 uM. 'H DOSY measurements were performed in the
absence and presence of 75 yuM NSSA-D2D3. All data were
analyzed simultaneously within the one-site binding model. In
particular, we related free and bound longitudinal and
transverse relaxation rates (Ryg, R, Ryp and R, ) with free
and bound rotational correlation times (7.p and 7_g,
respectively) via well-established equations (Supporting
Information).>’ ~** The free and bound rotational correlation
times, the dissociation rate (k.4), the dissociation constant
(Ky), and the diffusion coefficient of the bound form (Dg)
were determined from a least-squares analysis; see the
Supporting Information. The diffusion coeflicient of the free
form of S-fluoroindole (Dy) was determined to be (1.47 +
0.02) x 107 m* s™' by fitting the '"H DOSY data in the
absence of NSSA-D2D3 (Supporting Information and Figure
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Figure 2. '’F NMR reveals binding of a small molecule to a disordered protein. (a) R, . rates, obtained from Figure lc as a function of NSSA-
D2D3 concentration. Error bars represent the uncertainty in the R, gfitted parameter from Figure lc (from the covariance matrix). (b) R,
relaxation rates of S-fluoroindole measured using the '°F inversion recovery experiment” in the absence and presence of various concentrations of
NSSA-D2D3. Error bars represent the uncertainty in the R, fitted parameter (from the covariance matrix of the exponential fit to intensities from
the inversion recovery experiment). (c) Quantification of ligand-detected '°F chemical shift perturbations relative to 50 uM S-fluoroindole alone
(Figure Slc), measured in parts per billion. Error bars represent SEM from >2 technical replicates. A one-site binding model (gray curve),
accounting for R, . rates, R, . rates, chemical shifts, and translational diffusion (see text), was fit to the data, yielding an affinity constant (K) of
260 + 110 uM.
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S2). Fits obtained using all data are shown in Figures 2 and 3.
The analysis gave a K4 of 260 = 110 uM (Figure 3a,b), a k g of
800 + 500 s~ (Figure 3a,c), a 7. of 27.0 + 1.3 ps, a 75 of 46
+ 10 ps (Figure 3b,c), and a Dy of (1.5 + 0.6) X 107" m*s™".

The rotational correlation time of the bound state of the
small molecule (7_p) of 46 ps suggests that the small molecule
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Figure 3. Normalized probability surfaces as functions of Ky, 7.5, and
kg showing a micromolar binding affinity and fast dynamics in the
bound state. The surfaces shown are calculated as p(x,y) = exp(—y* —
Jain)/2), where y* is obtained from the least-squares fit of a one-site
binding model to the experimental data. Solid and dashed lines
represent the 68% and 95% confidence intervals, respectively.

is extremely dynamic within the bound state. This is
particularly evident when considered in the context of the
rotational correlation time of typical disordered proteins.
Tryptophan residues, which, like S-fluoroindole, also contain
an indole motif, within disordered protein sequences have
been reported to have fast rotational correlation components
between approximately 100 and 260 ps, with longer
components on the low nanoseconds time scale.”” In this
context, the 7_p that we observe, faster than the rotational
correlation time of tryptophan residues in disordered proteins,
suggests that the small molecule remains highly dynamic in the
bound state. This extreme dynamics of the small molecule in
the bound state is consistent with 1Eredictions of other small
molecules interacting with IDPs.””"

This analysis allows not only for a sensitive detection of
small-molecule binding to IDPs but also the quantification of
the associated dynamics of the interaction, dissociation
constant, and off-rates. The value of the derived Kj is
particularly of note, since the micromolar interaction observed
here is the same order as often observed for lead compounds in
initial drug-screening programs.''

To better understand the role of specificity in this
interaction, we compared R, .4 measurements of 5-fluoroindole
for samples containing similar densities of either PEG-20k or
75 uM NSSA-D2D3, given that the two polymers have roughly
the same molecular weight. The decrease in the relaxation
profile is more significant for NSSA-D2D3 than for PEG-20k
(Figure S3), suggesting that the interaction between the IDP
and S-fluoroindole is distinct from simple crowding.

It has previously been reported that, at high concentrations,
both NSSA-D2 and NSSA-D3 form transient secondary
structures, potentially due to the formation of multimers.”*
To confirm that this also occurs for NSSA-D2D3, we
performed circular dichroism (CD) measurements and
observed a concentration-dependent loss of disorder at and
above 100 uM, suggesting transient secondary structure
formation (Figures S4 and SS). From the CD experiments a
saturation of the more structured state could not be achieved,
and therefore an equilibrium constant could not be determined
for the multimerization.

Knowing that S-fluoroindole interacts with NSSA-D2D3, we
wondered whether this interaction alters the equilibrium of
NSSA-D2D3 related to a change in the secondary structure
propensity. At NSSA-D2D3 concentrations at or below 75 uM,
we observed minimal changes in the presence of 50 uM §-
fluoroindole (Figure SSab), consistent with the protein-
detected NMR experiments (Figures S6—S8, discussed
below); that is, S-fluoroindole generally does not alter the
secondary structure propensity of NSSA-D2D3. At 200 uM
NSSA-D2D3, very subtle changes were observed, suggesting
that S-fluoroindole may stabilize the less disordered state
adopted by NSSA-D2D3 when the protein is at higher
concentrations (Figure SSc). Of particular interest is that the
NSSA-D2D3 system at high concentrations provides a way to
assess the binding of S-fluoroindole to a less disordered state.
Notably, when chemical shift perturbations of S-fluoroindole
were measured in the presence of 200 uM NSSA-D2D3, larger
chemical shift perturbations for both 'H (Figure S4b) and "°F
(Figure S4c) were detected as compared to those detected for
NSSA-D2D3 in its more dilute (and thus more disordered)
state. This observation coincided with an increase in '’F
longitudinal (R, .4) and transverse (R,.q) relaxation rates of
0.24 + 0.02 and 1.40 + 0.11 s~ respectively. These data
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suggest a further increase in the effective correlation time of S-
fluoroindole when it interacts with the less disordered state of
NSSA-D2D3.

NMR chemical shift perturbations are the gold-standard
technique for screening and characterizing small-molecule
binding to structured proteins. While significant protein-
detected chemical shift perturbations have been reported for
small-molecule interactions with IDPs,’~'' these are often
small—a fraction of the peak line widths—or nearly
undetectable in cases like the one presented here (Figures
S6—S8). The largest protein-detected chemical shift perturba-
tions we observe (more than 1 SD across all residues, each less
than 12 ppb), which are consistent across two concentrations
of S-fluoroindole, occur at residues A308, W312, A313, T334,
S414, and S448. Furthermore, it has recently been reported
that heteronuclear single-quantum coherence spectra
(HSQCs) of disordered proteins are highly prone to false-
positive characterization of li§and interactions due to artifacts
arising from mismatched pH.”® In contrast, we report here that
ligand-detected '"F transverse relaxation measurements are
sensitive to small-molecule/IDP binding.

In this case study, we uncovered a micromolar binding
affinity between S-fluoroindole and NSSA-D2D3 in its
disordered form, where chemical shift perturbations were
minimal. We observe that transverse relaxation (R,) is more
sensitive to binding than either longitudinal relaxation (R;) or
chemical shift perturbations alone. In the 1D experiments,
subtle changes can indeed be observed, but these could have
easily been mistaken for mismatched buffers. These include
very subtle increases in peak intensities, which can be explained
by increases in longitudinal relaxation suggested by our model,
combined with short relaxation delays (‘H: D, = 1's, ’F: D, =
0.5 s). We also observe subtle chemical shift perturbations in
the 1D experiments. The change in chemical shift upon
binding leads to a chemical-exchange contribution to the
transverse relaxation but not to longitudinal relaxation, making
changes upon binding easier to detect via R,-based methods as
compared to R;-based experiments. We do not observe line
broadening in the 1D experiments, as they are overshadowed
by 'H—"F scalar couplings. Our integrative analysis,
combining transverse and longitudinal relaxation, chemical
shifts, and diffusion measurements, suggests that the small
molecule remains very dynamic when interacting with NSSA-
D2D3 in its disordered state. Our analysis of the NMR data
coarsely assumes a singly averaged bound state, whereas MD
simulations can frequently resolve multiple conformations
within the bound ensemble.®””*” Additional types of NMR
measurements could potentially provide further insight into
the bound state ensemble.*®

We anticipate that 'F ligand-detected spin-relaxation
experiments offer a promising route to characterize the
conformational dynamics of small molecules bound to IDPs.
Furthermore, this approach could be adapted as a 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. Using this tool, it is feasible to quantify the
binding of numerous small-molecule/IDP interactions, includ-
ing point mutants. This could facilitate the exploration of
crucial inquiries regarding specificity and the nature of these
dynamic interactions, ultimately contributing valuable insights
into the prospective “druggability” of these dynamic bio-
molecules.
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