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ABSTRACT: A ligand-observed 'H NMR relaxation experiment is introduced for measuring the binding kinetics of low-
molecular-weight compounds to their biomolecular targets. We show that this approach, which does not require any isotope
labeling, is applicable to ligand—target systems involving proteins and nucleic acids of variable molecular size. The experiment is
particularly useful for the systematic investigation of low affinity molecules with residence times in the micro- to millisecond time

regime.

B INTRODUCTION

According to the residence time model of drug action, the
lifetime of a drug—target complex, rather than its affinity, is the
key determinant of pharmacological activity in vivo.' > On the
basis of this proposition, residence-time-driven lead optimiza-
tion has been suggested,“’5 and significant amounts of data
supporting this model have been accumulated.””"" In fragment-
based drug design, residence-time-driven lead optimization
relies on the initial identification of weakly interacting core
structures (fragments) from compound libraries. These
compounds are subsequently subject to optimization by
chemical modification, using the residence time as optimization
criterion, searching for compounds that dissociate slowly from
their biomolecular targets. Typically, lead compounds identified
by fragment screening are of low molecular weight, with
affinities in the micromolar to millimolar range.'” While optical
biosensors are routinely used to measure the binding kinetics of
high-affinity ligands with residence times exceeding ~1 s,''*
measurements of more rapidly dissociating fragments with
lower affinities are, in many cases, outside the range of this
technique. "

Here, we describe a one-dimensional NMR experimental
scheme to measure ligand dissociation rate constants, kg of
complexes with residence times (7 = 1/k,) in the micro- to
millisecond time regime. Our approach is based on the Carr—
Purcell-Meiboom—Gill (CPMG)'*"” relaxation dispersion
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(RD) technique using protons ("H) in the ligand molecule as
sensors for binding and unbinding kinetics and does not require
any isotope labeling.

B RESULTS

Ligand-observed CPMG experiments are commonly used in
early stage NMR based assays for fragment screening.
Exploiting the full quantitative potential of the CPMG
technique, relaxation dispersion experiments are available to
monitor the binding process of ligand molecules to
proteins'*™>° or nucleic acids”” in a protein'®™*° or ligand-
observed manner.”’ > Ligand detection has the distinctive
benefit of enabling measurements with the sensitivity of low
molecular weight compounds, reducing the experimental time
that is required for data acquisition considerably. So far, ligand-
observed CPMG-RD measurements of binding kinetics have
been performed for peptides interacting with proteins using
5N- or 3C-CPMG-RD experiments,”' > as well as chemically
synthesized (N or "F labeled) low-molecular weight
compounds interacting with RNA or proteins.”*~>" However,
for routine analysis of ligand binding kinetics it is desirable to
obtain data rapidly and at natural abundance, ie., without
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requiring isotope labeling. Ligand-observed 'H-CPMG-RD
experiments clearly are the method of choice.

Figure 1 shows the one-dimensional NMR pulse scheme that
we propose for this purpose. In this experiment, resonances
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Figure 1. NMR pulse scheme for measuring ligand-observed 'H-
CPMG relaxation dispersion profiles. During the CPMG element,
pulses [¢h2, ¢2, 3, 4] are phase-cycled according to the [0013]
alternation scheme.”® See the Supporting Information for details.

from low-molecular weight compounds are selected by a
transverse relaxation filter, followed by a '"H-CPMG pulse train
and a water suppression scheme.” In the "H-CPMG block the
timing between the 'H refocusing pulses is varied, leading to a
modulation of the refocusing efficiencies so long as the
chemical shifts of a particular ligand resonance in free and
bound states are different, and exchange between these states
occurs on the micro- to millisecond time scale. As a
consequence, the kinetic transition between complexed and
free ligand molecules results in a measurable contribution to
relaxation dispersion profiles. To reduce cumulative errors in

the '"H-CPMG block, we employ the [0013] phase alternation
scheme.”® This scheme provides accurate measurements of RD
profiles covering a wider range of resonance frequencies than
CPMG schemes without phase alternation® and is more
tolerant to pulse miscalibration.*!

Figure 2 shows experimental ligand-observed '"H-CPMG-RD
data, recorded at 25 °C, for four different ligand—receptor
systems using low-molecular weight (<500 Da) compounds
binding to biomolecules with molecular masses ranging from 10
kDa (RNA aptamers) to 66 kDa (BSA). In our study we chose
to vary the saturation of ligand with protein or nucleic acid in
six steps between 0% and 5% (proflavin-trypsin), 7.5% (preQ;,-
Fsu and TTe aptamers) or 10% (indoxyl sulfate-BSA,
isoquercitrin-Bet v 1a), respectively, with low-molecular-weight
compound concentrations of 1—=5 mM and protein or RNA
concentrations below 0.2 mM in all cases. The length of the
transverse relaxation filter, Ty, was set to values between 40
and 80 ms. Because large scalar couplings can interfere with
echo formation during CPMG trains,”> we analyzed the 'H
relaxation dispersion data only of protons with homonuclear
Jun scalar couplings of <1.5 Hz (as measured in one-
dimensional 'H experiments). The *Jyyy scalar couplings of
'H-2 in indoxyl sulfate and 'H-8 in preQ; to the imidazole "HN
were eliminated by recording RD experiments in 100% “H,0
buffer.

In all cases perfectly flat 'H-CPMG-RD profiles were
obtained for the low-molecular-weight compounds in the
absence of biomolecules, indicating that any residual (<1.5 Hz)
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Figure 2. Ligand-observed 'H-CPMG relaxation dispersion data for (A) indoxyl sulfate binding to bovine serum albumin BSA (66 kDa), (B, C)
proflavin binding to bovine trypsin (24 kDa), (D) isoquercitrin (R = f8-p-glucoside) binding to the birch pollen allergen Bet v 1a (Bet v 1.0101, 17
kDa), (E, F) preQ, binding to its class I aptamer from Fusobacterium nucleatum (Fsu, 10 kDa) and Thermoanaerobacter tengcongensis (T Te, 10 kDa),
respectively. Data are shown for the protons indicated in red in the ligand structures (indoxyl sulfate, 'H-2; proflavin, 'H-4/5, 'H-9; isoquercitrin,
'H-6; preQ,, 'H-8). Exchange contributions to the relaxation dispersion profiles, R.,, are displayed in all cases. The solid lines are fits to the data,
yielding kg values for the five ligand—receptor systems. All data were recorded on a 600 MHz Bruker Avance II+ NMR spectrometer equipped with
a prodigy cryogenic probe. Experiments were repeated on an Agilent DirectDrive2 500 MHz spectrometer, Figure S1 and Table S1.
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scalar couplings do not significantly interfere with the
experiment. Moreover, it is evident that addition of
biomolecular targets induces a sizable contribution to the
relaxation dispersion data. The RD profiles display a clear
dependence on the ligand—target concentration ratio; higher
saturation of ligand with target generally produces larger
relaxation dispersion profiles, as characterized by increased
values of R, ie., the difference in effective relaxation rates
(Ry.¢) at low and high CPMG refocusing frequencies.

The experimental 'H-CPMG-RD data were analyzed by
fitting a two-site kinetic model (allowing for transitions
between free and target-bound ligand) to the six RD profiles
in each case.”® By this approach, the rate constants for ligand
dissociation, kg were determined, yielding values between
1000 and 5400 s™' for the five different ligand—receptor
systems, corresponding to residence times, 7, between
approximately 1.0 and 0.2 ms (Table 1). Of note, the residence

Table 1. Ligand—Target Residence Times 7 Obtained by
Ligand-Observed 'H-CPMG-RD Experiments, 600 MHz, 25
°C, and Relevant Complex Dissociation Constants (Ky)

ligand resonance target 7 [ms] Ky [uM]
indoxyl sulfate 'H2 BSA 0.67 + 0.09 30**
proflavin 'H-4/5 trypsin 0.19 + 0.02 140%
proflavin 'H-9 trypsin 0.20 + 0.03 140%
isoquercitrin 'H-6 Bet v 1a 1.0+ 0.1 n/a
preQ, H-8 Fsu apt. 0.63 + 0.08 0.28%
preQ, 'H-8 TTe apt. 0.23 + 0.03 0.002"

time for the preQ;-Fsu aptamer complex obtained by 'H-
CPMG-RD, 7 = 0.63 + 0.08 ms, agrees well with 7 = 0.67 +

0.03 ms, as extracted from ligand-observed CPMG-RD
experiments of 'N labeled preQ,,”’ demonstrating the
robustness of the approach. Furthermore, very similar off-
rates were obtained from '"H-CPMG-RD experiments on a 500
MHz spectrometer and by fitting data from 500 and 600 MHz
spectrometers simultaneously (Table S1 and Figure S2). While
experimental times for recording 'H-CPMG and “N-CPMG
RD data (~S h for 6 RD profiles each) and material
consumption are similar, "H-CPMG-RD provides the advant-
age of not requiring additional time and resources for the
chemical synthesis of isotope labeled ligand.

To illustrate further applications and to validate our
approach, we performed competitive '"H-CPMG-RD experi-
ments using indoxyl sulfate as a ligand for bovine serum
albumin and adding L-tryptophan to the sample (Figure 3).
Tryptophan and indoxyl sulfate bind serum albumins at Sudlow
site IL°® It is evident from the 'H-CPMG-RD data in Figure 3
that addition of L-tryptophan induces a significant reduction of
the magnitude of the indoxyl sulfate RD profiles, indicating that
L-tryptophan perturbs the interaction between indoxyl sulfate
and BSA. Interestingly, quantitative analysis of the 'H-CPMG-
RD data shows that kg for indoxyl sulfate is not affected by L-
tryptophan. Values of kg were determined as 1700 + 100, 1700
+ 200, and 1600 + 400 s~ for samples containing 0, 0.03, and
0.06 mol equiv (with respect to indoxyl sulfate) of L-
tryptophan, respectively. The reduction of the magnitude of
the RD profiles can thus be attributed to a lower population of
ligand-bound indoxyl sulfate in samples where L-tryptophan is
present, indicating that both ligands indeed compete for the
same binding site. Of note, addition of 0.50 mol equiv of L-
tryptophan produces flat RD profiles for indoxyl sulfate, which
is consistent with L-tryptophan having a higher affinity for
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Figure 3. 500 MHz ligand-observed 'H-CPMG relaxation dispersion data for 2.0 mM indoxyl sulfate ("H-2) interacting with BSA (up to 10%
saturation) before (A) and after addition of (B) 0.06 mM (0.03 mol equiv with respect to indoxyl sulfate), (C) 0.12 mM (0.06 mol equivalents), and

(D) 1.0 mM (0.50 mol equiv) of L-tryptophan.
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serum albumins than indoxyl sulfate.’”*" This is further
supported by our observation that L-tryptophan binding
kinetics to BSA cannot be studied by 'H-CPMG-RD
experiments (Figure S3), presumably because k. is outside
(below) the range of time scales that can be measured by this
technique.

As a negative control experiment (Figure 4), we show that
indoxyl sulfate does not bind to bovine trypsin and also does
not interfere with the binding of proflavin, a generic serine
protease inhibitor, to trypsin.*
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Figure 4. 500 MHz ligand-observed "H-CPMG relaxation dispersion
data for (A) proflavin ('H-4/5) interacting with bovine trypsin (3%
saturation) before (red) and after (black) addition of equimolar
amounts of indoxyl sulfate and (B) data for indoxyl sulfate ("H-2) in
the presence of trypsin (3% saturation).

B DISCUSSION AND CONCLUSIONS

Ligand-observed 'H-CPMG-RD experiments combine a
number of advantages. Measurement at high sensitivity in
one-dimensional NMR spectra (approximately 30—120 min per
sample on a 600 MHz NMR spectrometer equipped with a
cryogenic probe, and approximately 60—240 min on a room
temperature probe 500 MHz spectrometer) is possible without
requiring isotope labeling. Addition of only low mole fractions
of biomolecular targets (<10%, concentration typically up to
100—200 pM) ensures that ligand can be observed at high
sensitivity even when high-molecular-weight proteins or nucleic
acids are studied. Due to the high magnetogyric ratio of 'H,
even relatively small chemical shift differences between free and
bound states (~0.1 ppm) can produce large enough relaxation
dispersion profiles for recording 'H-CPMG-RD data. More-
over, sample heating in 'H-based CPMG experiments is
significantly lower than for heteronuclear ("N or '*C)
CPMG experiments,42 which enables the use of higher pulse
repetition rates to sample RD profiles over a wider range and
hence the measurement of processes as fast as ~10* s™' and
above. In addition, "H-CPMG refocusing pulses are typically
shorter than those of "N or *C nuclei, reducing systematic
errors arising from off-resonance effects.*’

In practice, ligand-observed 'H-CPMG-RD measurements
are viable for low-molecular weight compounds that bind to
proteins or nucleic acids with ligand on—off rates in the micro-
to millisecond time regime, corresponding to affinities in the
micromolar to millimolar range for diffusion limited complex
formation. It is important to be aware of the boundary

conditions for ligand-observed 'H-CPMG-RD measurements
that are imposed by potential systematic sources of error. As
mentioned above, only ligand 'H resonances with scalar Jiyy
couplings not exceeding ~1.5 Hz were used for analysis. Larger
homo- or heteronuclear couplings can result in contributions to
relaxation dispersion profiles that are related to the interchange
of magnetization within the scalar coupling network during the
CPMG element.** We estimate that ~40—50% of all molecules
in commercial small fragment libraries contain one or more
protons that fulfill these criteria and can be used for ligand-
observed '"H-CPMG-RD measurements.

Another potential source of error is dipolar 'H cross
relaxation between nearby protons during 'H-CPMG pulse
trains,** which can cause spurious oscillations in RD profiles.*”
In addition, intrinsic micro- to millisecond conformational
exchange in small ligand molecules can result in nonflat
relaxation dispersions even in the absence of a biomolecular
target.”> Because these effects can seriously compromise the
extraction of kinetic data, it is critical to assess the quality of the
data before initiating a ligand binding study by recording a RD
profile of unbound ligand. In our case, only resonances with
deviations of <1 s™' from flat dispersion profiles in the absence
of biomolecule were used for analysis. Adding only a low mole
fraction of protein or nucleic acids maintains the high sensitivity
of the small ligand molecule for detection that would otherwise
be compromised, in particular for ligands binding to large
targets, and keeps dipolar cross relaxation effects between
ligand and biomolecule at a low level. Of note, these effects can,
in principle, be efficiently reduced or abolished by (partial)
deuteration of the biomolecular target.

Taken together, we have shown here that ligand-observed
"H-CPMG-RD represents a simple and reliable tool for the
determination of residence times of low molecular weight
compounds. Since this approach does not require isotope
labeling, it is applicable to a wide range of ligand-binding
systems and may well serve as standard technique for residence-
time-driven lead optimization in drug development. This
experiment has similar sample and affinity requirements as
STD and WaterLOGSY and can be used at the same stage of
the optimization process. 'H-CPMG-RD experiments have the
potential to routinely measure residence times of chemically
modified low-molecular-weight compounds and to systemati-
cally probe the structural determinants of ligand—target binding
kinetics.*® Such structure—kinetic relationships represent a
critical and essential tool for rationally modifying drug—target
residence times during lead optimization.

B EXPERIMENTAL SECTION

Sample Preparation and NMR Experiments. Targets: Bet v la
(Bet v 1.0101) protein, Fsu, and TTe RNA aptamers were prepared by
bacterial overexpression and solid-phase synthesis, respectively, and
purified chromatographically as described.”*® Purities were deter-
mined by electrospray ionization mass spectrometry (purity >95% for
all targets). Bovine serum albumin (BSA) and bovine trypsin were
purchased from Sigma-Aldrich (100% pure, as determined by agarose
electrophoresis and UV spectroscopy, respectively; see Supporing
Information). Ligands: Indoxyl sulfate, 3,6-diaminoacridine (profla-
vin), quercetin 3-B-p-glucoside (isoquercetin), preQ;, and L-
tryptophan were purchased from Sigma-Aldrich (with purities of
100%, 96.3% 92.1%, 98%, and 100%, respectively, as determined by
TLC and HPLC, see Supporing Information). The purity of these
ligands was verified by 'H NMR spectroscopy.

Concentrations and buffers in NMR experiments. Indoxyl sulfate
binding to BSA: 50 mM potassium phosphate buffer (pH 5.8), 25 mM
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NaCl, 1 mM NaNj,, 100% D,0, indoxyl sulfate 2.0 mM, BSA [0, 40,
80, 120, 160, 200 uM]. Isoquercetin binding to Bet v 1.0101: S mM
sodium phosphate buffer (pH 8.0), 10% D,0, isoquercetin 2.0 mM,
Bet v 1a [0, 40, 80, 120, 160, 200 zM]. Proflavin binding to trypsin: 20
mM Tris-HCI buffer (pH 7.5), S mM CaCl,, 4% dimethyl sulfoxide,
10% D,O, proflavin 2.0 mM, trypsin [0, 20, 40, 60, 80, 100 uM].
PreQ; binding to Fsu and Tte aptamers: 10 mM sodium cacodylate
buffer (pH 6.4), 2 mm MgCl,, 100% D,0, PreQ, [2.0, 5.3, 2.7, LS8,
1.3, 1.1 mM], RNA [0, 80, 80, 80, 80, 80 uM]. All NMR experiments
were performed at 25 °C.

RD profiles were recorded as follows. The length of the CPMG
element, T, was set to 60 ms (indoxyl sulfate, isoquercetin,
proflavin) and 30 ms (preQ;) (Figure S4). The number of basic
[0013] elements, #, each containing four 'H refocusing pulses, was set
to [1,2, 3,59 13, 17, 21, 25, 29, 33, 37, 41, 45, 49, 53] (indoxyl
sulfate, isoquercetin, proflavin) and [1, 2, 3, 5, 6, 9, 12, 15, 17, 19, 21,
23, 25, 27, 29, 30] (preQ,), resulting in vcpyg values of [33, 67, 100,
167, 300, 433, 567, 700, 833, 967, 1100, 1233, 1367, 1500, 1633 1767]
Hz and [66, 133, 200, 333, 400, 600, 800, 1000, 1267, 1400, 1533,
1667, 1800, 1933, 2000] Hz, respectively. In addition, repeat
experiments were recorded at vcpyg values of [67, 567, 1100] Hz
for indoxyl sulfate, isoquercetin, and proflavin experiments and [133,
333, 600] Hz for preQ, experiments. The length of the transverse
relaxation filter, T\g,, was set to 40 ms for indoxyl sulfate/BSA, 80 ms
for isoquercetin/Bet v la, 60 ms for proflavin/trypsin, and 60 ms for
preQ,/Fsu/Tte (see Figure S2). Number of transients: between 48
(for uncomplexed ligand) and S12 (for the highest level of receptor
saturation) per one-dimensional experiment.

NMR Data Analysis. RD data were processed and analyzed with
the nmrPipe/nmrDraw suite of programs.”” Resonance intensities,
Icppmcy were measured by adding the intensities in +3 grids centered
on the peak maximum (covering ~20% of the peak width) and
converted to effective relaxation rates, Ry as Ryp = (—1/
Trew)In(Icpma/Io), where I is the resonance intensity in the reference
experiment. The data were subsequently analyzed by fitting a two-site
kinetic model allowing for transitions between free and receptor-
bound ligand (L + T < LT) where L is the low-molecular-weight
ligand, T is the biomolecular target, LT is the ligand—target complex,
and k,, and k. are the second order association rate constant and the
dissociation rate constants of the ligand—target complex, respectively.
The fractional populations of target-bound (LT) and unbound (L)
ligand molecules are given by p;r and p;, with pyr + py = 1. The
chemical shift difference for a particular ligand resonance between the
target-bound and the free from is Aw.

Because significantly different rotational correlation times of free
and target-bound ligand molecules are to be expected, different values
for the intrinsic relaxation rates of ligand in its free form (R,;) and in
the ligand—target complex (Ry;r) have to be taken into account. Ry,
is known from the RD data in the absence of target and can be
constrained in the fitting procedure. Moreover, because in
(moderately) fast exchange processes fractional populations and
chemical shift differences are correlated and associated with a single
shared parameter @, = p (1 — pyr)Aw? these values cannot be
determined separately, while the exchange rate constant, k., is
accessible from the data. The exchange rate constant is related to k,
and kg as ke = kon[L] + ko Because at equilibrium kg = f-k,,,[L], with
f= (1= pur)/pLr at ligand/biomolecule saturation levels below the
binding midpoint, i.e.,, pyp < 0.5, f > 1 and k.g is greater than ky,[L]. In
our experimental setup with saturation levels below 10%, k. thus
exceeds k,,[L] significantly and k,, is dominated by kg irrespective of
the on-rate k,,. Therefore, at low saturation levels, k¢ is accessible
from RD data under (moderately) fast exchange conditions.

Exchange parameters were obtained by simultaneously fitting all six
RD profiles for each titration experiment to the above two-site kinetic
model, employing the equation given by Baldwin.”> We extracted a
single (global) value for kg along with values of @, for each titration
step and a single (global) value of Ry 1. In Figures 2—4, S1, and S3 the
exchange contributions to RD profiles, R, = Ry ot — Ry o¢(Vcpmg = ),
are shown. Uncertainties in ks were estimated via a Monte Carlo
approach using 500 synthetic data sets generated on the basis of the

experimental uncertainties (as determined from the repeat experi-
ments) and propagated to residence times 7 by error propagation;
standard deviations are reported.
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