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Characterization of Ligand Binding by
Saturation Transfer Difference NMR
Spectroscopy**
Moriz Mayer and Bernd Meyer*

The difference between a saturation transfer spectrum and
a normal NMR spectrum provides a new and fast method
(saturation transfer difference (STD) NMR spectroscopy) to

Scheme 5. a) [15]Crown-5, THF, 20 8C, 16 h; b) NaOMe, MeOH, THF;
c) DTT, THF, MeOH, Et3N; d) TFA, CH2Cl2, 20 8C.

firms that O-glycosidic bond cleavage from the resin was in
fact responsible for the lower yields of about 70 % found for
compounds 20 ± 28.

In conclusion, a highly efficient method for the synthesis of
thio-oligosaccharides on the solid-phase has been described.

All glycosides were obtained stereoselectively and in high
yield. Side products arising from elimination of the triflates
could be easily removed by washing the resin after glyco-
sylation. The protection of the anomeric thiol function as an
ethyl disulfide proved to be compatible with common
carbohydrate reaction conditions and served as an ideal
protective group.
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Table 1. Selected 1H NMR signals (360 MHz, CD3OD) and MS data of 20,
22 ± 28, and 32.

20 : d� 4.35 (d, 1H, J1,2� 9.7 Hz; 1b-H, 1c-H), 5.45 (d, 1 H, J1,2� 5.0 Hz; 1a-
H); MS: m/z : 461.2 [M�ÿNa]

22 : d� 4.18 (d, 1 H, J1,2� 7.6 Hz; 1b-H), 4.42 (d, 1H, J1,2� 9.6 Hz; 1a-H);
MS: m/z : 493.2 [M�ÿNa]

23 : d� 4.40 (d, 1 H, J1,2� 9.6 Hz; 1b-H), 5.45 (d, 1H, J1,2� 5.0 Hz; 1a-H);
MS: m/z : 461 [M�ÿNa]

24 : d� 4.18 (d, 1 H, J1,2� 7.6 Hz; 1a-H), 4.48 (d, 1H, J1,2� 9.7 Hz; 1b-H);
MS: m/z : 493.2 [M�ÿNa]

25 : d� 4.55 (d, 1 H, J1,2� 10.3 Hz; 1b-H), 5.45 (d, 1 H, J1,2� 5.0 Hz; 1a-H);
MS: m/z : 502.2 [M�ÿNa]

26 : d� 4.16 (d, 1 H, J1,2� 7.6 Hz; 1a-H), 4.70 (d, 1 H, J1,2� 10.4 Hz; 1b-H);
MS: m/z : 534.3 [M�ÿNa]

27 : d� 1.31, 1.33, 1.39, 1.49 (4� s, 12H; CH3), 1.80 (dd, 1H, J3a,4� 11.3,
J3a,3e� 12.8 Hz; 3b-Ha), 1.98 (s, 3 H; NCOCH3), 2.75 (dd, 1H, J3e,4� 4.6,
J3e,3a� 12.8 Hz; 3b-He), 3.67 (s, 3H; COOCH3), 4.31 (dd, 1H, J1,2� 5.0,
J2,3� 2.4 Hz; 2a-H), 4.61 (dd, 1H, J2,3� 2.4, J3,4� 7.9 Hz; 3a-H), 5.42 (d, 1H,
J1,2� 5.0 Hz; 1a-H); MS: m/z : 604.2 [M�ÿNa]

28 : d� 0.88 (m, 3 H; CH3), 1.28 (m, 10 H; Octyl), 1.56 (m, 2 H; OCH2CH2),
1.99 (s, 3 H; NCOCH3), 1.79 (dd, 1H, J3a,4� 11.3, J3a,3e� 12.8 Hz; 3b-Ha),
1.97 (s, 3 H; NCOCH3), 2.75 (dd, 1H, J3e,4� 4.6, J3e,3a� 12.8 Hz; 3b-He), 3.67
(s, 3 H; COOCH3), 4.20 (d, 1 H, J1,2� 7.6 Hz; 1a-H); MS: m/z : 636.3 [M�ÿ
Na]

32 : d� 1.30 (t, 3H, J� 7.4 Hz; CH3), 2.83 (q, 2 H, J� 7.4 Hz; SCH2), 4.31
(d, 2H, J1,2� 9.3 Hz; 1b-H, 1c-H), 4.40 (d, 1H, J1,2� 9.5 Hz; 1a-H); MS:
m/z : 635.1 [M�ÿNa]
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screen compound libraries for binding activity to proteins.
STD NMR spectroscopy of mixtures of potential ligands with
as little as 1 nmol of protein yields 1D and 2D NMR spectra
that exclusively show signals from molecules with binding
affinity. In addition, the ligand�s binding epitope is easily
identified because ligand residues in direct contact to the
protein show much stronger STD signals. For example, the
binding specificity of Lewisb-hexasaccharide to Aleuria aur-
antia agglutinin (AAA) can be mapped to the two fucosyl
residues.

Identification of the binding activity and characterization of
the binding epitope of ligands to proteins is important in bio-
chemical and pharmaceutical research. The advantage of NMR-
based techniques in comparison to other screening methods in
use today, such as ELISA, RIA, Biacore, or immunoblotting,
is the possibility of directly identifying the binding component
from a mixture of potential ligands. Any small molecule in solu-
tion reversibly interacting with the binding domain of a
protein shows characteristic differences in its relaxation
behavior and molecular mobility from those molecules having
no affinity for the protein. Transferred NOE spectra,[1] diffusion-
or relaxation-edited NMR spectra,[2] as well as 15N chemical
shift studies[3] were used to identify substances with binding
affinity from compound mixtures. The factors that reduce the
utility of NMR methods for high-throughput screening are
relatively long acquisition times and the dependence on
ligand excess. An additional drawback of the 15N chemical
shift technique is the need for large quantities of valuable 15N-
labeled biomolecules and the limitation on the protein size to
<30 kDa.[3] Spin diffusion experiments have to date been used
in a variety of ways such as the study of motional properties of
proteins,[4] the effect of H2O suppression on NMR spectra,[5]

and the study of ligand ± protein interactions.[6]

Macromolecules, like proteins, consist of a large system of
protons tightly coupled by dipole ± dipole interactions.[7] The
longitudinal relaxation rate R1 of protons in proteins is
dominated by the cross relaxation rate sintra . Selective
saturation of a single protein resonance will result in a rapid
spread of the magnetization over the entire protein (spin
diffusion). Intermolecular transfer of magnetization from
protein to ligand (sinter) leads to progressive saturation of the
ligand (Figure 1). The only limitation imposed on molecules
in the mixture is that they must not be affected by the selective
saturation pulse. The NOE pumping method[2b] also relies on
the transfer of polarization from the receptor to the bound
compound. In contrast to the NOE pumping method, STD
NMR spectroscopy does not require a diffusion filter, and the
NOE mixing (pumping) time is replaced by the selective
saturation time. These factors make STD NMR spectroscopy
more sensitive and flexible in its applications. STD NMR
spectroscopy should enable the identification of ligand bind-
ing to proteins with dissociation constants KD between 10ÿ3

and 10ÿ8.[8]

The efficiency of the STD NMR technique is shown by the
binding of N-acetylglucosamine (GlcNAc) to wheat germ
agglutinin (WGA). Other studies have shown that the lectin
receptor has an affinity for this ligand.[9] We composed a
library containing six nonbinding saccharides additional to the
binding monosaccharide GlcNAc. Figure 2 A shows the 1D

Figure 1. Scheme displaying the effect of a selective saturation pulse on the
protein envelope to binding (ellipse) and nonbinding molecules (triangle).
The selective pulse saturates only a few protein resonances. This saturation
is spread over the entire protein by intramolecular saturation transfer (spin
diffusion) indicated by the shading of the receptor. Resonances of small
molecules are not directly affected by the selective pulse. Only those ligand
molecules interacting with the receptor are saturated by intermolecular
saturation transfer. Through chemical exchange these saturated ligands are
transferred into solution where they are detected. The molecules repre-
sented here by triangles do not bind to the protein and thus do not become
saturated. The degree of saturation of the binding molecules lag behind the
degree of saturation of the receptor as indicated by the decreased shading
of the binding molecule because the ligands normally remain in the binding
site only for a short time.

Figure 2. Characterization of ligands with binding affinity with the 1D
STD NMR spectroscopic method. A) 1D 1H NMR spectrum of a mixture
of seven saccharides (1mm of a-d-GlcNAc, a-d-Man-OMe, a-d-Gal-OMe,
a-l-Fuc-OMe, b-d-Gal-(1!4)-b-d-Glc-OMe, b-d-Gal-(1!4)-b-d-Glc-O-
Allyl, d-raffinose) and WGA recorded with off-resonance irradiation at
d� 30, and B) with on-resonance irradiation at d� 10. C) The correspond-
ing STD spectrum (spectrum (A) minus spectrum (B)). D) Reference
spectrum showing a STD NMR spectrum obtained from WGA and
GlcNAc alone without the six nonbinding saccharides. The spectra (C) and
(D) were obtained by collecting 128 scans for the on- and off-resonance
spectra each and internal subtraction from each other by phase cycling.
Only resonances of GlcNAc remain in the STD NMR spectra (C) and (D).
The concentration of WGA in solution was 45 mm (binding sites), the excess
of the ligands was about 20:1. A pulse train of 40 Gaussian bell-shaped
selective pulses of 50 ms duration separated by a 1 ms delay were used to
saturate the protein. A T2 relaxation filter consisting of a 70 ms spin lock
pulse was applied to remove protein background signals resulting also in
reduced signal intensities in (C) and (D).
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1H NMR spectrum[10] of the compound library recorded with
off-resonance irradiation at d� 30. Figure 2 B shows the 1D
1H NMR spectrum of the same sample with selective saturation
of the protein by a cascade of shaped pulses with on-resonance
irradiation at d� 10. One can clearly see that the binding
compound cannot be identified by observing changes of
intensity between the spectra (A) and (B) due to extreme
overlap in the hump region (ring protons) (Figure 2). How-
ever, in the difference spectrum given in Figure 2 C even
signals of the hump region may be assigned, making identi-
fication of GlcNAc possible. For reference, the STD NMR
spectrum in Figure 2 D was recorded with a sample containing
WGA in the presence of only GlcNAc. The spectra in Figures
2C and 2D are identical proving that all signals from non-
binding compounds are completely eliminated in Figure 2 C.

The dependence of the degree of saturation on ligand
excess was determined by titration of GlcNAc relative to
WGA (Figure 3 A). The signal-to-noise ratio determined

Figure 3. A) Signal-to-noise ratio (S/N) obtained from STD NMR spectra
as a function of the molar excess (x) of GlcNAc relative to WGA for
selected resonances (* N-acetyl group, & a-H1). The sample contained
22 nmol WGA. The spectra were recorded at 290 K with off-resonance
irradiation at d� 20 and on-resonance irradiation at d� 7. Maximum
saturation is not even reached at a 200-fold molar excess of ligand.
B) Integral value (I) as a function of saturation duration (t) of selected a-l-
Fuc-OMe resonances (* O-methyl group, & H6-Fuc group). The sample
contained 28 nmol of AAA and a 30-fold molar excess of ligand. The
spectra were recorded at 310 K with selective irradiation of the protein at
d� 7. Saturation of signals increases to about 2 s leveling out at about 60%
reduction of signal intensity.

from difference spectra of the anomeric a-H1 proton and the
N-acetyl group increases beyond an excess of 210:1. The
intensity of the STD NMR signal increases as a function of
ligand excess as long as ligand molecules having received no
or little saturation bind to the receptor. Therefore, high
turnover rates result in a larger effect at higher ligand-to-
protein ratios. Slow dissociation rates will yield smaller STD
NMR signals and, thus, reduce sensitivity.

Figure 3 B indicates the dependence of the STD NMR
signal intensity on the duration of saturation. The saturation
profile shows that intra- and intermolecular saturation trans-
fer is very efficient since a 100 ms irradiation period leads to a
decrease in signal intensity of ligand resonances by about
15 %. The maximum degree of saturation under these
conditions of about 60 % is reached at a saturation time of
about 1.5 s. More important in this context is that prolonged
irradiation of the protein does not lead to a decrease of the
STD NMR signal intensity. The high degree of saturation

(60 %) even at a ligand excess of 30:1 makes STD NMR
spectroscopy very sensitive and, therefore, only very small
amounts of protein are required. In sum, the degree of
saturation of ligands depends on the size of the protein, the
offset, and the duration of the on-resonance irradiation, the
dissociation rate constant koff, and the excess of ligand.

Screening of the library containing 22 nmol (400 mg) of
WGA and a 20-fold ligand excess by 1D STD NMR
spectroscopy is possible in two minutes. The sensitivity limits
of the method became apparent when we successfully
observed GlcNAc binding to as little as 1 nmol of WGA
(18 mg) from a mixture of 200 nmol GlcNAc (44 mg) and a-l-
Fuc-OMe (36 mg) each within about one hour on a 500 MHz
spectrometer. Using higher field spectrometers will make the
method even more efficient since sensitivity and spin diffusion
increase with field strength.

To identify more complex components from a library
additional experiments, that is 2D NMR spectra, are neces-
sary. The saturation transfer effect is applicable to virtually
any form of NMR experiment. This allows us to record 2D
experiments that reveal structural information of the ligand
interacting with the protein. Here, we demonstrate the
benefits of STD NMR spectroscopy by means of a TOCSY
difference spectrum (Figure 4) with the same NMR sample

Figure 4. Characterization of ligands with binding affinity with the 2D
STD NMR spectroscopic method. A) TOCSY spectrum of a mixture of
seven saccharides and WGA recorded with off-resonance irradiation at
d� 20. B) STD TOCSY spectrum obtained by subtraction of a spectrum
recorded with on-resonance irradiation at d� 7 from spectrum (A). The
on- and off-resonance TOCSY spectra were recorded at 290 K with 200
increments in t1 and 32 transients each. Only resonances of GlcNAc remain
in the STD TOCSY spectrum. The two spectra were recorded with t1

increments interlaced and processed and phased identically before
subtraction.
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used in the 1D experiment. The spectrum in Figure 4 A shows
the TOCSY spectrum of the compound mixture recorded with
off-resonance irradiation. Figure 4 B shows the STD TOCSY
spectrum containing only cross peaks originating from the
binding component GlcNAc. The recording of 2D NMR
spectra allows unambiguous identification of complex ligand
molecules directly from mixtures.

To test the STD NMR spectroscopic method with a larger
ligand we recorded TOCSY spectra of Lewisb-hexasaccharide
(lacto-N-difucosylhexaose I, 1) in presence of the fucose-

binding lectin AAA.[11] The resonances of the individual sugar
residues of the Lewisb-hexasaccharide show very different
intensities (Figure 5). Only the fucose residues are located in
direct contact to the protein and, thus, obtain a high degree of
saturation directly from the protein (Figure 5 B). The other
sugar residues, namely Gal-II, GlcNAc-III and Gal-IV, show
only about 60 % of the saturation since they can only obtain
saturation through the directly interacting fucoses (Fig-
ure 5 C). The Glc-I residue shows an even smaller effect of
about 30 % saturation relative to that of the fucosyl residues
(not shown). Therefore, binding epitope and neighboring
residues can easily be mapped by STD NMR spectroscopy.
This holds true for all ligands where the transfer of magnet-
ization outside the binding epitope goes through a ªbottle-
neckº such as peptide[12] or glycosidic linkages. The analysis
shown here was made with 10 nmol of recoverable protein
and 1 mmol of ligand. Therefore, STD NMR spectroscopy
seems to be a viable alternative to, for example, mapping of
binding epitopes by determining the affinity of a large number
of short overlapping peptides by ELISA.

In conclusion, STD NMR spectroscopy is a new member of
bioaffinity NMR methods[1a,b] which allow detection and
identification of binding molecules directly from mixtures. It
is insensitive to ligand excess and eliminates the risk of
detecting false positives, since only saturation transferred to
the ligand through the protein is detected. With STD NMR
spectroscopy there are few limitations to the size of the ligand
molecules as long as the receptor can be selectively excited.
Compound mixtures containing substances in variable con-
centrations and of different sizes can therefore be efficiently
screened. Furthermore, there is no limit to the size of the
protein. In fact, there is an increase of sensitivity with the size
of protein due to a more efficient inter- and intramolecular
saturation transfer. In contrast to the determination of
stucture ± activity relationships (SAR) by NMR spectroscopy
this method does not yield information on the receptor site of
the protein. STD NMR spectroscopy should also be appli-

Figure 5. STD NMR TOCSY spectra of Lewisb-hexasaccharide demon-
strating epitope mapping. A) TOCSY spectrum of 1 without protein. B)
STD TOCSY spectrum of 1 in the presence of the protein AAA (10 mm
binding sites) showing only the intensive signals of fucosyl residues V and
VI. C) STD TOCSY spectrum at about 60% level of that in (B) showing in
addition to the fucosyl cross peaks from (B) cross peaks originating from
Gal-II, GlcNAc-III, and Gal-IV. The full STD TOCSY exhibiting also the
even less intensive signals of Glc I at about 30% of the intensity of cross
peaks in (B) is not shown. The on- (d� 10) and off-resonance (d� 30)
TOCSY spectra were recorded at 300 K with 200 increments in t1 and 40
transients each.

cable to tighter binding ligands although the absolute effect
will be smaller than with faster exchanging ligands since fewer
ligands are saturated and exchanged into solution. Very
valuable is the fact that most 1D or nD experiments can be
modified in such a way that the STD NMR method is
applicable, for example TOCSY, COSY, NOESY, and inver-
sely detected 13C or 15N spectra.
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A Solution-Phase Chemical Approach to a New
Crystal Structure of Cobalt**
Dmitry P. Dinega and M. G. Bawendi*

Cobalt has long been known to have two crystal struc-
turesÐclose-packed hexagonal (hcp) and face-centered cubic
(fcc). While both phases can coexist at room temperature, the
fcc structure is thermodynamically preferred above 450 8C
and the hcp phase is favored at lower temperatures.[1] For
small particles, however, the fcc structure appears to be
preferred even below room temperature.[2] The existence of
fcc and hcp cobalt was first reported by Hull[3] in 1921 after
analyzing diffraction patterns of metallic powders prepared
by several methods. Krainer and Robitsch[4] reported observ-
ing new diffraction lines in samples prepared by spark erosion
of bulk cobalt surfaces, but the structure was never fully
established. Kajiwara et al.[5] observed several new lines in the
diffraction pattern of cobalt nanoclusters prepared by plasma
evaporation and the subsequent condensation of the metal,
but attributed these lines to a form polymorphous to the two
known structures. Similar results are reported by Leslie-
Pelecky et al.[6] with cobalt particles prepared by the reduc-
tion of cobalt salt in solution with metallic lithium. A recent
report by Respaud et al.[7] provides some evidence for a new
structure of cobalt present in small cobalt clusters produced
by the decomposition of organometallic precursors, but the
structure was not identified. Herein we report and identify a
new stable structure for elemental cobalt.

The fcc and hcp phases of cobalt are close-packed structures
that differ only in the stacking sequence of atomic planes in
the 111 direction. Low activation energy for formation of
stacking faults often leads to the formation of both phases in
the same sample under high-temperature crystallization
techniques, such as melting ± crystallization and evapora-
tion ± condensation. Low-temperature solution chemistry
methods, on the other hand, often yield exclusively one phase
of cobalt.

We used thermal decomposition of octacarbonyldicobalt in
solution in the presence of trioctylphosphane oxide (TOPO)
as a coordinating ligand to prepare cobalt nanoclusters. This
method provides a ªcleanº route for the preparation of the
material since elemental cobalt is the only nonvolatile product
of the reaction: [Co2(CO)8]!2 Co� 8 CO. The resulting
powder was highly susceptible to magnetic fields generated
by a small permanent magnet, suggesting that it consisted of
metallic cobalt. Transmission electron microscopy (TEM)
showed that the powder consisted of roughly spherical

Keywords: bioaffinity studies ´ combinatorial chemistry ´
molecular recognition ´ NMR spectroscopy
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