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One of the most powerful features of biomolecular NMR
spectroscopy is its ability to study molecular interactions.1 An
important application can be found in drug discovery research,
where NMR has recently gained considerable attention since it
can detect even weak binding interactions between a protein target
and a ligand. Consequently, NMR screening has been established
as an alternative binding assay for lead generation and lead
validation.2 While the advantages of NMR screening are robust-
ness and sensitivity for weak interactions with dissociation
constants in the millimolar range, its disadvantage is the require-
ment for large amounts of concentrated protein. This limits its
applicability to proteins that express well and are soluble up to
high micromolar concentrations. We recently showed that for
second-site NMR screening, where a second ligand is sought
which binds to the target protein simultaneously to a known
ligand, this disadvantage can be overcome by spin-labeling the
first ligand.3 The spin label, a paramagnetic moiety with an
unpaired electron, significantly reduces protein demands due to
the dramatic relaxation effects it exerts on neighboring protons.4

Here we show that the advantageous properties of the spin label
can be utilized also for primary NMR screening. By doing so,
we reduce the protein requirement by 1 to 2 orders of magnitude,
and alleviate the necessity of high ligand solubility.

Unpaired electrons, the essential feature of spin labels such as
2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO) or 2,2,5,5-tet-
ramethylpyrroline-1-oxyl, drastically increase the relaxation of
neighboring protons due to the high gyromagnetic ratio, which
is 658 times larger than that of a proton. In practice, the resonances
of protons that are within a distance of 15-20 Å from the
paramagnetic center are significantly broadened, and their signals
are weakened or quenched when a short spin lock period precedes
detection of the NMR signal.3,5 Since the average distance between
molecules is much larger than 15-20 Å in dilute solutions (1-
100µmol/L), intermolecular relaxation enhancement is negligible
unless molecular interactions establish binding affinity between
two molecules that result in a reduced average distance between
them. In the case of second-site screening, it was shown that only
the presence of a protein target, to which both ligands had weak
affinity, conveyed the relaxation effects from the spin label to
the second ligand.3

If this method is to be used for primary NMR screening, the
protein target itself has to be spin labeled. This is readily achieved

at certain amino acid side chains by applying established
techniques of protein modification.4,6 Any ligand that comes close
to the spin label, due to its affinity to the protein target,
experiences paramagnetic relaxation enhancement caused by the
spin label, so that its resonances are broadened and weakened
(Figure 1).

We demonstrate the power of the SLAPSTIC method (spin
labels attached toprotein side chains as atool to identify
interactingcompounds) by applying it to primary NMR screening
to identify ligands for the FK506 binding protein, FKBP.7 FKBP
has several lysine residues within a radius of 12-15 Å from the
binding site of the pipecolinic acid moiety. We therefore chose
to spin label lysine residues, which is easily achieved within a
few hours by using well-established methods.8 To demonstrate
the technique, we prepared a mixture ofp-hydroxybenzanilid1,
which binds to FKBP with a dissociation constant of 1.1 mM,9

and four nonbinding aromatic compounds. Figure 2 shows proton
spinlock spectra of this mixture, with a short (10 ms, upper row)
and long (200 ms, lower row) spinlock period. In proton spinlock
spectra, ligands to a target protein are identified by a strongly
decreased signal intensity after a long spinlock period. Proton
spinlock spectra were recorded in the absence of target protein
(left), in the presence of 60µM FKBP (middle), and in the
presence of 20µM spin-labeled FKBP (right). Clearly, the affinity
of p-hydroxybenzanilid to FKBP is most easily detected by using
spin-labeled FKBP, since this leads to a complete quenching of
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Figure 1. Principle of the SLAPSTIC method. Small organic compounds
in solution have typically sharp NMR resonances. When a compound is
bound to the spin-labeled protein target, however, it experiences drastic
relaxation effects by the spin label. Upon dissociation, this compound
can easily be identified by its broadened and weakened resonances.
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its resonances. Binding affinity of1 to FKBP can also be detected
by using nonmodified FKBP, but in this case the relaxation effects
are much smaller. Relaxation effects similar to the ones caused
by 60µM nonmodified FKBP are achieved by using 1µM spin-
labeled FKBP. The SLAPSTIC method therefore serves either
for some 50-fold reduction in protein requirement or for largely
increased clarity in the interpretation of NMR screening data,
while still permitting a 3-5-fold reduction in protein concentra-
tion.

Assuming fast ligand dissociation rates, the transverse R2 (R1F)
relaxation rates of ligand protons can be approximated by

where R2free describes transverse relaxation of the unbound ligand,
R2bounddescribes transverse relaxation due to increased correlation
time when bound to the (nonmodified) target protein, and R2para

describes additional transverse relaxation due to paramagnetic
relaxation enhancement when bound to the spin-labeled target
protein.pb is the percentage of bound ligand. R2ex accounts for
exchange broadening in the intermediate exchange regime, which
can be neglected for weak (high micromolar) binding affinities.
For the most upfield aromatic proton of1, the individual rates
were determined as R2free ) 0.6 s-1, pb‚R2bound ) 0.75 s-1, and
pb‚R2para) 12 s-1 for 50µM p-hydroxybenzanilid1 in the absence
of protein, in the presence of 60µM FKBP, and in the presence
of 20 µM spin-labeled FKBP, respectively.11 This corroborates
the efficiency of paramagnetic relaxation caused by a spin-labeled

protein. The effects may even be more dramatic for other proteins
in case the spin label is closer to the ligand binding site, since
paramagnetic relaxation effects decay with the sixth power of
distance.4 This is particularly important for small proteins with
relatively small R2bound.

The desiredKd sensitivity of the SLAPSTIC method can be
tuned for each individual case by adjusting the concentration of
protein target. Since the observed attenuation of ligand signals
depends on the percentage of bound ligand,pb, ligands have to
bind with higher affinity to be detected with lower protein
concentration. In this respect, it is noteworthy that for weak
binding affinities, the percentage of bound ligand,pb, for a given
affinity depends highly on protein concentration but only slightly
on ligand concentration, as long as the ligand concentration is
not more that 100 times higher than the protein concentration.12

The SLAPSTIC method greatly alleviates the requirement of
NMR screening for large amounts of soluble protein. It also
relieves the necessity for high ligand concentrations, which had
severely limited the nature of compounds to be investigated for
protein binding, and had led to automation problems, when
compounds precipitated in the course of sample preparation or
sample transfer. With the SLAPSTIC method, compound con-
centrations of 50µM are sufficient to detect binding within
experimental times of 2 min per compound mixture. Since the
spin labels also quench protein signals, there is almost no protein
background, which can hamper analysis of T1F relaxation
experiments at short spin lock periods (Figure 2, middle). The
SLAPSTIC method is extremely easy to set up and analyze, and
is highly amenable to automation.

A drawback of the SLAPSTIC method, as with all methods
that detect binding by transfer to the ligand resonances,2b-g is its
inability to detect strongly binding ligands with slow dissociation
rates, since the ligand is in high excess. Therefore, tightly binding
ligands (Kd < 10 -6 M) will produce false negatives. Detailed
information on the binding site is not available either, although
competition experiments with known ligands can give valuable
information. The SLAPSTIC method should therefore be regarded
as a primary screening method, and promising hits should be
further investigated with HSQC- and NOE-based methods.2a They
can then be spin labeled themselves to discover second-site
ligands.3 Ideally, both ligands are then linked to form a high-
affinity ligand.

In conclusion, the SLAPSTIC method belongs to the most
sensitive techniques of NMR screening. It offers a reduction in
protein demands by 1 or 2 orders of magnitude compared to T1F
relaxation experiments using nonmodified protein targets,2d and
by 2 to 3 orders of magnitude compared to15N,1H-HSQC-based
methods.2a The requirement for only 50µM compound concentra-
tions significantly broadens the nature of compounds that can be
screened by NMR. This leads to a higher diversity of ligands to
be discovered, and to a broader applicability of NMR screening.
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Figure 2. T1F relaxation experiments of a mixture of1, 2, and four
nonbinding compounds, with spin lock periods of 10 (upper row) and
200 ms (lower row). The compound concentration was 50µM, and protein
concentrations were 0 (left), 60µM nonmodified FKBP (middle), and
20 µM spin-labeled FKBP (right). The measuring time for each spectrum
was 90 s. Signal quenching of1 (solid arrows) is most easily detected
with spin-labeled FKBP (right), which identifies1 as a ligand for FKBP.
Dotted arrows indicate resonances of methyl-4-methoxythiophene-3-
carboxylate, which binds to FKBP very weakly (Kd ) (9 ( 2) mM).10

There are two signals at 7.8 ppm, one from compound1, and one from
a nonbinding compound.

R2 ) (1 - pb)‚R2free + pb‚R2bound+ pb‚R2para+ R2ex (1)
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