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NMR experiments based on saturation transfer difference (STD)
NMR spectroscopy allow direct identification and structure elu-
cidation of substances with binding activity from mixtures.1 Here
we demonstrate that STD NMR can be used as a fast and sensitive
screening method to characterize binding affinity in mixtures, e.g.,
combinatorial libraries, in heterogeneous samples if high resolu-
tion magic angle spinning (HR-MAS) NMR techniques are uti-
lized. Screening a mixture of seven oligosaccharides for affinity
to wheat germ agglutinin (WGA) immobilized to controlled pore
glass (CPG) revealed only resonances ofN,N′-diacetylchitobiose,
a disaccharide that binds to WGA. Nonbinding compounds gave
no response in the STD spectrum because their signals canceled
out. A reference experiment proved the absence of unspecific int-
eractions between the solid support and the components of the
library.

New developments in combinatorial chemistry allow the pro-
duction of many compounds in a short time and a great variety,2

such that the characterization of biological activity in combina-
torial libraries has become rate-limiting. Screening experiments
based on NMR spectroscopy allow the identification and structural
elucidation of substances with binding activity directly from mix-
tures of compounds.1,3-5 Therefore, they possess advantages com-
pared with other screening methods such as ELISA, RIA, im-
munoblotting, or affinity chromatography. NOE pumping,5a affin-
ity NMR,5b,5c transferred nuclear Overhauser enhancement (tr-
NOE)6-8 and, to an even greater extent, the recently published
STD NMR method1 are highly sensitive because they can utilize
a large excess of unlabeled ligands in the presence of relatively
small amounts of receptor molecule. There is no need to isolate
substances from mixtures because the bioactive component(s) can
easily be identified (screening) and, at the same time, the regions
of the ligands directly interacting with the receptor can be assigned
(epitope mapping).

Intermolecular spin diffusion and saturation transfer difference
spectra have long been used for structure elucidation and the study
of macromolecule-ligand interactions.9,10 As a new approach,
STD NMR can be used to screen substance libraries for biological
activity.1 Selective saturation of resonances of a receptor protein

leads to fast intramolecular magnetization transfer that spreads
the saturation efficiently over the entire protein. Intermolecular
cross-relaxation transfers saturation from the macromolecular
receptor to bound ligands. Saturation is transferred into solution
through fast exchange of ligand molecules from the bound to the
free state where the saturation-transfer effect is detected (Figure
1). Subtraction of the spectrum with saturation of the protein from
another spectrum without saturation yields the final STD NMR
spectrum that cancels all resonances but those from species with
binding affinity. Neither variations in composition and concentra-
tion of library components nor the ratio of free to bound ligand
molecules are critical in STD NMR. The difference mode ensures
that only nuclei of molecules that were at one time bound to the
receptor contribute to the STD spectrum eliminating the risk of
detecting false positives. Furthermore, STD NMR can be applied
to almost all types of NMR spectra to identify structurally complex
components from ligand libraries and to obtain information about
the parts of the ligand in direct contact with the receptor. The
utility of NMR based screening methods would be greatly en-
hanced if insoluble receptor proteins in heterogeneous systems
could be analyzed. Susceptibility-matched high-resolution magic
angle spinning (HR-MAS) probes allow recording of high-re-
solution NMR spectra in heterogeneous systems.11-13

As a model system, we analyzed the binding affinity to wheat
germ agglutinin (WGA) coupled to a solid support. WGA is a
36-kDa protein possessing binding sites for oligomers ofN-
acetylglucosamine, with strongest binding of the di- or trisac-
charide.14 WGA was coupled to a variety of solid phases, e.g.,
agaroses, dextrans, celluloses, controlled pore glasses (CPG), and
Toyopearl, of which CPG turned out to have the best performance
for detecting binding by HR-MAS methods.

The conventional1H HR-MAS NMR spectrum of a mixture
of 7 oligosaccharides15 in suspension with WGA coupled to CPG
is shown in Figure 2a. It is crowded, and especially the hump
region is characterized by severe overlap of resonances such that
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Figure 1. Scheme displaying the saturation transfer between a receptor
protein and ligand molecules. Protein resonances are selectively saturated
indicated by the shading of the receptor. Resonances of small molecules
are not directly affected by the applied selective pulse. Ligand molecules
interacting with the receptor (circles) are saturated by intermolecular
saturation transfer. A fast exchange equilibrium between receptor bound
ligand and the free state allows the detection of these molecules in
solution. The degree of saturation of the binding molecules lags behind
the one of the receptor and increases gradually as indicated by the different
shadings of the binding molecules.
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individual saccharides cannot be identified. In contrast, the STD
HR-MAS NMR spectrum (Figure 2b) contains only the resonan-
ces ofN,N′-diacetylchitobiose and no signals of the other members
of the library. This shows that only resonances from molecules
with binding affinity show up in the STD spectrum because they
have been partially saturated by intermolecular magnetization
transfer from the protein. For comparison, the1H NMR spectrum
of pure N,N′-diacetylchitobiose is given (Figure 2c). The STD
spectrum of the saccharide library with unconjugated CPG is
shown (Figure 2d) to prove that unspecific binding does not occur.
STD NMR yields fast information about the binding species with
one-dimensional spectra taking less than 5 min to record.

To immobilize WGA (Scheme 1), 32 mg (107µL) of succina-
midopropyl-CPG (pore diameter, 100 nm) was succinylated.16 Af-
ter washing and drying, the succinamidopropyl-CPG beads were
activated usingN-hydroxysuccinimide andN,N′-dicyclohexyl-
carbodiimide in dioxane.17 Protein immobilization was achieved
by adding a solution of 10 mg of WGA (Vector, USA) dissolved
in 0.5 mL of buffer (100 mM sodium bicarbonate, 500 mM sod-
ium chloride, pH 8.5) to the activated beads.18 The coupling reac-

tion was terminated after 24 h, and the glass beads were washed
and remaining activated groups hydrolyzed (1 M glycine solution
in 100 mM sodium bicarbonate buffer, pH 7.0, hydrolysis over-
night). The concentration of active binding sites was approxi-
mately 60 nmol per 100µL settled solid-phase beads. NMR sam-
ples were prepared using 4-mm ZrO2 HRMAS rotors. Samples
contained 95-100 µL of settled CPG. Appropriate amounts of
sugar were added to give a 35-fold excess of each nonbinding
sugar (2.1µmol per 100µL) and a 25-fold excess of the binding
sugar (1.5µmol per 100µL) compared to the number of active
binding sites. Phosphate buffer in D2O (pD, 7.0) was given to
the suspension to yield a 50 mM buffer solution. Spectra were
recorded at 306 K and MAS spinning rates of 4000 Hz. To satur-
ate the protein selectively, a total saturation time of 2.04 s was
applied, consisting of a pulse train of 40 Gaussian bell shaped
selective pulses of 50-ms length, each, separated by a 1-ms delay.
A 10-ms spin lock pulse was utilized to remove residual protein
resonances. Difference spectra were obtained by internal alternated
subtraction with appropriate phase cycling using a frequency list
for on resonanceandoff resonanceirradiation, 4000 and 20 000
Hz, respectively.

The utility of the other solid phases investigated is limited either
by a high flexibility of tethers linked to the solid phase which
caused broad, intensive lines in some spectra19 or by unspecific
interactions that occurred between ligand molecules and the sur-
face of the bead. In contrast the STD NMR spectra obtained with
succinamidopropyl-derivatized CPG were highly reproducible and
yielded the correct responses compared with other binding assays.
However, even this derivatized CPG reproducibly interacted un-
specifically with small molecules of less than about 250 Da, such
as monosaccharides. None of the larger molecules such as di- or
higher oligosaccharides tested in this work gave evidence for non-
specificity. Therefore, succinamidopropyl-derivatized CPG repre-
sents a suitable solid support for investigating receptor-ligand
interactions using immobilized proteins, although low molecu-
lar mass ligands of the size of monosaccharides cannot be used
together with this CPG as solid support. Current work is under
way to remove this obstacle.

The application of saturation transfer difference NMR spec-
troscopy to heterogeneous samples provides an excellent way of
obtaining binding information about receptor proteins that cannot
be handled in solution either because of solubility problems or a
possible change in conformation or binding ability. Furthermore,
the conjugation of the protein to an insoluble matrix facilitates
the recovery of the receptor from the ligand. Employing this
technique to substance libraries offers a convenient, fast, and
sensitive method for the identification of biologically active com-
ponents with the extra benefit of gaining structural information
on the bound species and the binding epitope. If more than one
ligand is present in the mixture, their relative binding strengths
can be assessed semiquantitatively by integrating their signals
(to be published). As it was shown, this method is applicable
even in the presence of a large excess of nonbinding components.
Reference experiments using plain, nonreceptor bound-solid phase
must be used to verify true ligand-receptor binding and rule out
unspecific binding to the solid phase. In addition, unspecific bind-
ing to the protein can be ruled out if a tight-binding ligand is
available and added to the mixture to suppress the STD effects.
The method is limited to ligands with significantly longerT2

relaxation times than the immobilized receptor. So far, succinami-
dopropyl-derivatized controlled pore glass has been found to work
best, combining a high capacity for immobilization of receptor
protein, mechanical stability required for magic angle spinning
experiments, and high inflexibility of side chains to avoid reson-
ances of the solid support in the spectrum with a minimal tendency
toward unspecific interaction with molecules of the ligand mixture.

Acknowledgment. Support by the BMBF, Bruker Analytik GmbH,
and DFG, Grants SFB 470/B2 and GRK 464, is gratefully acknowledged.
JA990706X(17) Cuatrecasas, P.; Parikh, I.J. Biochem.1972, 11, 2291-2299.

(18) Matsumoto, I.; Mizuno, Y.; Seno, N.J. Biochem. (Tokyo)1979, 85,
1091-1098. (19) Keifer, P. A.J. Org. Chem.1996, 61, 1558-1559.

Figure 2. Identification of binding affinity on immobilized WGA by
1D 1H HR-MAS STD NMR. (a) Spectrum of a mixture of seven oligo-
saccharides in the presence of WGA derivatized succinamidopropyl-CPG
beads showing all signals of the components. (b) STD spectrum of a
mixture of seven oligosaccharides in the presence of WGA derivatized
succinamidopropyl-CPG beads showing the cancellation of all signals
but those ofN,N′-diacetylchitobiose. (c) Spectrum ofN,N′-diacetylchi-
tobiose given for reference purposes. (d) STD spectrum of a mixture of
seven oligosaccharides in the presence of succinamidopropyl-CPG beads
showing that no unspecific binding is present and, therefore, all signals
are canceled.

Scheme 1.Scheme showing the coupling of the WGA protein
to succinamidopropyl-CPG beads byN-hydroxysuccinimide
(HO-Su)/N,N′-dicyclohexylcarbodiimide (DCC) activation.
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