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Abstract: A protocol based on saturation transfer difference (STD) NMR spectra was developed to characterize
the binding interactions at an atom level, termed group epitope mapping (GEM). As an example we chose the
well-studied system of galactose binding to the 120-kDa leRtinus communigagglutinin | (RCA,q). As

ligands we used methyl-p-galactoside and a biantennary decasaccharide. Analysis of the saturation transfer
effects of methy3-p-galactoside showed that the H2, H3, and H4 protons are saturated to the highest degree,
giving evidence of their close proximity to protons of the R@fectin. The direct interaction of the lectin

with this region of the galactose is in excellent agreement with results obtained from the analysis of the binding
specificities of many chemically modified galactose derivatives (Bhattacharyya, L.; Brewer, ELirFJ.
Biochem.1988 176, 207—212). This new NMR technique can identify the binding epitope of even complex
ligands very quickly, which is a great improvement over time-consuming chemical modifications. Efficient
GEM benefits from a relatively high off rate of the ligand and a large excess of the ligand over the receptor.
Even for a ligand like the biantennary decasaccharide with micromolar binding affinity, the binding epitopes
could easily be mapped to the termipab-Gal-(1—4)-5-p-GlcNAc (3-p-GIcNAc = N-acetylp-glucosamine)
residues located at the nonreducing end of the two carbohydrate chains. The binding contribution of the terminal
galactose residue is stronger than those of the penultimate GIcNAc residues. We could show that the GICNAc
residues bind “edge-on” with the region from H2 to H4, making contact with the protein. Analysis of STD
NMR experiments performed under competitive conditions proved that the two saccharides studied bind at the
same receptor site, thereby ruling out unspecific binding.

Drug—receptor interactions, signal transduction processes, andcan be obtained;® or structure-activity relationship (SAR) by
cellular recognition are only a few examples of binding NMR, which provides information about the binding site of the
processes where a profound understanding is indispensableprotein®
Hence, there is a large demand for new methods to characterize Certain situations do not allow the analysis of single
the nature of these binding interactions. Most studies dealing compounds, such as when studying substances extracted from
with the specificity of interactions rely on individually testing natural sources or from a combinatorial library. Our recently
large amounts of ligands with different properties. Specific presented saturation transfer difference (STD) NMR method
characterization of which parts of a ligand are in direct contact offers several advantages over normal methods to detect binding
to a protein is currently left largely to X-ray analyses of activity (Scheme 1). First, the binding component can usually
cocrystallized liganéreceptor complexes. be directly identified, even from a substance mixture, allowing

NMR Spectroscopy has been utilized to detect b|nd|ng of low- it to be utilized in SCreening for |igandS with dissociation
molecular-weight compounds to large biomolecules for almost constantsKp ranging from ca. 10°~10"® M. Second, the
30 yearst2 When choosing a NMR-based method to study Puilding block of the ligand having the strongest contact to the
binding, one wishes to gather information not available by other Protein shows the most intense NMR signals, enabling the
techniques, since the raw speed of high-throughput screeningm@pping of the ligand's binding epitope. And third, very
(HTS) robots is faster. However, in particular the past 5 years iImportant for a NMR-based detection system, its high sensitivity
have produced many new NMR-based screening methods to@llows using as little as 1 nmol of protein with a molecular
characterize binding processes, e.g., transferred nuclear Over¥eight>10 kDa!~*! One should also point out that this method
hauser enhancement (trNOE) spectroscopy, by which details oniS not restricted to the detection of carbohydrate ligands. Our
the three-dimensional structure of the ligand in the bound state ™ 3)veyer, B.: Weimar, T.; Peters, Eur. J. Biochem1997, 246 705—

709.
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Scheme 1. lllustration of Group Epitope Mapping (GEM)
for a Ligand in Fast Exchange between the Bound State and
the Free Stafe
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2 [rradiation of the protein at a resonance where no ligand signals

are present leads to a selective and very efficient saturation of the entire

protein by spin diffusion. Saturation is transferred to the binding parts
of the ligand by intermolecular saturation transfer. Here, groups

represented by the large proton are in close contact with the protein,
while the medium-sized proton symbolizes a group with less interaction.
The smallest proton represents a group with almost no contact with
the protein, thus receiving minimal saturation. Therefore, the degree
of saturation of the individual protons of a small ligand molecule reflects

the proximity of these to the protein surface.
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Figure 1. (A) Reference 1D NMR spectrum of the 120-kDa lectin
RCA2 (50uM in binding sites), displaying the very broad lines normal
for a protein this size. The few sharp resonances arise from low-
molecular-weight impurities. (B) Corresponding STD NMR spectrum
showing that, by irradiating at2 ppm, the entire protein is saturated

group was able to demonstrate that peptides, glycopeptides, an@iniformly and can therefore be efficiently used for the STD NMR
typical representatives of drug candidates such as aromatic andechnique. One can also see that the impurities contained in the spectrum

heterocyclic compounds can also be easily detel@éd.

Here we show the use of STD NMR to obtain information
about the binding specificity at an atom level. As an example
we use Ricinus communisagglutinin, which is a 120-kDa
tetramer consisting of two AssB dimers attached to each other
norcovalently. The B-chain contains the lectin domain with
binding affinity for terminal galactoses. The utility of lectins is
closely related to their specificity toward a given saccharide,
i.e., characterization of oligosaccharides, or isolation of glyco-
proteins and oligosaccharides by affinity chromatography. With
the RCA»lectin, a variety of methods such as hemagglutination
inhibition assay3;1®affinity chromatography®17equilibrium
dialysis, microcalorimetry® or, in the past few years, surface
plasmon resonané®?’ have been used.

Scheme 1 shows the different steps involved in the STD NMR
experiment. STD NMR relies on the transfer of saturation from
the protein to the ligand. For this to work, the protein must be

(8) Klein, J.; Meinecke, R.; Mayer, M.; Meyer, B. Am. Chem. Soc.
1999 121, 5336-5337.

(9) Vogtherr, M.; Peters, T1. Am. Chem. So200Q 122, 6093-6099.

(10) Umemoto, K.; Oikawa, S.; Aida, M.; Sugawara,JY Biomol. Struct.
Dyn. 1988 6, 593-608.

(11) Maaheimo, H.; Kosma, P.; Brade, L.; Brade, H.; Peters, T.
Biochemistry200Q 39, 12778-12788.

(12) Mdller, H.; Serttas, N.; Paulsen, H.; Taylor-Papadimitriou, J.; Meyer,
B. J. Mol. Biochem.submitted.
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are effectively subtracted and therefore do not give rise to signals in
the difference spectrum. (C) 1D NMR spectrum recorded with,a
filter, consisting of a 30-ms spin-lock pulse, to eliminate the broad
resonances of the protein. Only those resonances of the low-molecular-
weight impurities remain in the spectrum. (D) Reference 1D NMR
spectrum of RCAyo (40 uM in binding sites) in the presence of 1.2
mM S-GalOMe, without theTy, filter. (E) Corresponding STD NMR
spectrum showing thgi-GalOMe yields signals and therefore binds

to the receptor. (F) STD NMR spectrum as in (E) but with The

filter eliminating all protein background signals.

selectively saturated. This is possible because protein resonances
have significant intensity even in the negative ppm region or
in the downfield region above 10 pproutside of the spectral
window of low-molecular-weight substances. Therefore, even
if one wishes to study peptides, there are no difficulties in
selectively saturating the protein in the negative ppm region.
Very efficient intramolecular transfer of magnetization within
the protein (so-called spin diffusion) then leads to fast saturation
of the entire protein and not only of the few directly saturated
resonancest

Figure 1A shows a normdH NMR spectrum of RCApo,
revealing the broad resonances typical for a protein of this size.
The few sharp resonances are due to low-molecular-weight
impurities. Spectrum B in Figure 1 corresponds to the STD
NMR spectrum of the same sample recorded with off-resonance
irradiation at 30 pprrrresulting in no saturation of the protein
and on-resonance irradiation-a2 ppm. The protein envelope
is identical to that shown in Figure 1A, which proves that
intramolecular spin diffusion is, in effect, able to transfer the
saturation over the entire protein. We have also obtained a series
of STD spectra with saturation times ranging from 250 ms to
2.5 s. No influence on the STD spectra of the receptor could be
observed (not shown). This proves that even at short irradiation
times, the entire receptor is efficiently saturated. Additionally,
low-molecular-weight impurities observed in spectrum A are

1997, 7, 1201-1208.

(21) Kalk, A.; Berendsen, H. J. Q. Magn. Resonl976 24, 343—-366.
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Scheme 2. Structures off-GalOMe and NA A
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Figure 2. Pulse sequence for the 1D STD NMR spectra recorded in
no longer detectable in spectrum B, verifying efficient subtrac- D20 (A) and with an additional WATERGATE step for.8 samples

tion. Spectrum C shows a normal NMR spectrum recorded with (B). The subtraction is performed after every scan via phase cycling.
a Ty, filter consisting of a 30-ms spin-lock pulse prior to The on- and off-resonance frequency of the selective pulse is therefore

. - - switched between 30 and0.4 ppm after every scan. The length of
acquisition. No p_rot_eln resonances can be detectec_i, since the3fhe selective pulse was set to S%pms and the c{%mtween the pt?lses
have relaxed within this period, and only the impurities '

. . D is 1 ms; the duration of the presaturation period was adjusted by the
contained in the buffer remain visible. number of pulses (typically n = 40). d1 is an additional short
A small ligand which is not directly affected by the saturation relaxation delay which was here set to 100 ms. The intensity of the

pulse, here methy-p-galactopyranosidgs¢GalOMe, Scheme  selective saturation Gauss pulses corresponds to a strength of 86 Hz.
2), was added to the sample as shown in the reference spectrunPhases in (A) areé, = (X, =X, =X, X, ¥, =Y, =Y, ¥, =X, X, X, =X, =Y,
(Figure 1D). Saturation is exclusively transferred to molecules ¥: ¥» ~¥); #2 = 2(y, =), 2(=X, ¥); andgrec = 2(3), 2(—x), 24), 2(-y),
bound to the protein. Therefore, the difference spectrum contains2(™X); 209; 2(=y), 2())- Phases in (B) arg, = (x, =X); ¢z = (y, =y);

only signals of molecules with binding affinity. This is shown ¢3 = 2(x), 20). 2(), 2(7Y); da = 2(=x), 2(7Y), 20), 20)); Prec =

. - . 2(X), 2(—x). The two PFGs have equal intensity and sign. Water
here in the STD NMR spectra in Figure 1E,F, recorded without suppression is achieved here by a binomial 3-9-19 pulse sandwich,

and with the protein suppression filter, respectively. Clearly, resiting in inversion of all signals except the HDO signal at the carrier

only NMR signals of the ligang@-GalOMe remain. frequency. The delay between the 3-9-19 pulses is 0.2 ms each (cf.
These spectra prove that we are able to (1) use BR&Hs a Methods and Materials)

receptor, (2) detect binding substances, and (3) effectively

suppress protein signals. Since neither the ligand nor the proteinwas employed® Here, the hard pulse WATERGATE version was used

needs to be isotopically labeled or modified for binding to be since it gave better results than the soft pulse version. The strength of

detected, the method is applicable to the majority of problems the 3-9-19 pulses in the pulse sandwich was sey{@r()B, = 6944
involving protein-ligand interactions Hz. Thex pulse at this power level corresponds to a length of 26 in

the 3-9-19 notation. The delay between the 3-9-19 pulses determines
) the next frequency with zero intensi®ynex nut (Hz) = 1/2d. The delay
Methods and Materials dwas set to 0.2 ms, resulting in the next frequency with zero intensity
at Av = 2500 Hz.

The on-resonance irradiation of the protein was performed at a
chemical shift of—0.4 ppm unless otherwise stated. Off-resonance
irradiation was applied at 30 ppm, where no protein signals were
present. 1D STD NMR spectra were multiplied by an exponential line-
broadening function of 3 Hz prior to Fourier transformation. The
irradiation power of the selective pulses in all STD NMR experiments
was set to {¢/27)B; = 86 Hz. Selective presaturation of the protein
was achieved by a train of Gauss-shaped pulses of 50-ms length each,
separated by a 1-ms delay. The number of selective poldetermines
the presaturation period, and the standard value was 40 pulses, leading
to a total length of the saturation train of 2.04 s. The additional delay
dl was set to 100 ms in all STD experiments. If ligands with very
long relaxation times are studied, this delay should be increased as
relaxation artifacts may arise. The total number of scans was 256 or

Th? pulse scheme of the 1D STD NMR spectr_um.correqunds_ toa 512, and 16 dummy scgns were applied, typically using 12 ppm spectral
modified 1'? NOE difference pulse sequence and is d|sp|a_1yed In F'gwe widths for the 1D STD NMR spectra. All 1D STD spectra of samples
2. Subtractl'on of the 1D STD spectrum was perfqrmed |nt_ernally via containing ligands were recorded with a 30-ms spin-lock pulse, or so-
phase cycling after every scan to minimize artifacts arising from calledT,, filter, after thezr/2 pulse with a strength of/(277)B, = 4960
temperature and magnet instability. For samples with higher concentra-\,, “ il eliminates the background protein resonances to facilitate
tions of HO, the water suppression _by gradient tgllored exc't‘?‘“on analysis. As has been pointed out in our previous publicdtiba,spin-
(WATERGATE) scheme for suppression of the residual HDO signal |17 ise also results in a slightly decreased STD signal intensity of

the ligand. To compensate for this effect, the reference NMR spectra
were also recorded with a spin-lock pulse of the same length. Integration

Man-4°
o]
OH

All NMR experiments were performed on a Bruker Avance DRX
500-MHz spectrometer equipped with a 5-mm inverse triple-resonance
probe head at 300 K. NMR samples were prepared in&06f 99.9%

D0 buffer containing 20 mM NaCl, 10 mM phosphate buffer at pH 7
(not corrected for PO), and 0.04% NalN Solute exchange was
achieved by ultrafiltration of the 120-kDa RGA (Vector Laboratories)
with a Centricon (Millipore) membrane having a cutoff value of 50
kDa. Protein concentrations in the NMR samples were in a range
between 20 and 50M, determined using UV absorbance at 280 nm
of A%1cm= 11 8 for the monome® $-GalOMe was purchased from
Sigma-Aldrich. The asialo complex type decasaccharide ($&heme

2) was isolated from fibrinoget#¥:2* Addition of the saccharides to the
protein NMR sample took place from concentrated stock solutions;
therefore, dilution effects were minimal.

(22) Bhattacharyya, L.; Haraldsson, M.; Brewer, CBachemistry1l 988
27, 1034-1041.

(23) Tamura, T.; Wadhwa, M. S.; Rice, K. @nal. Biochem1994 216, of the 1D and 2D STD NMR spectra was achieved by creating region
335-344.
(24) Corradi da Silva, M. L.; Tamura, T.; McBroom, T.; Rice, K. G. (25) Piotto, M.; Saudek, V.; Sklenar, \1. Biomol. NMR1992, 2, 661—

Arch. Biochem. Biophy4.994 312,151-157. 665.
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Figure 3. (A) Reference WATERGATE NMR spectrum of a mixture
of RCAq20 (40 uM binding sites) angg-GalOMe (4 mM) in a ratio of
1:100. (B) WATERGATE STD NMR spectrum of the same sample.
Prior to acquisition, a 30-m§,, filter was applied to remove residual

J. Am. Chem. Soc., Vol. 123, No. 25, Z1a1
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Figure 4. Structure of3-GalOMe and the relative degrees of saturation
of the individual protons normalized to that of the H3 proton as
determined from 1D STD NMR spectra at a 100-fold excess. The
concentration of RCfy was 40uM and that of3-GalOMe 4 mM.

On the other hand, H5, H6a, and H6b have smaller STD
intensities, ranging from 63% to 67%. The lowest intensities
correspond to the H1 proton and the protons of @imethyl
group, which reach values of only 40% and 32%, each. Thus,
a clear distinction between protons with a strong contact to the
protein, i.e., H2, H3, and H4, and the others can be made. These
results correlate well with the known binding specificity of
RCA5 for the nonreducing end of terminal galacto3es.

protein resonances. From the STD spectrum, one can characterize the FOr the titration, competition, and saturation ime experiments,

binding epitope by using relative integral intensities of the signals in
spectrum B (cf. Figure 4).

files for the individual spectra to guarantee identical boundaries. In
competition and titration experiments, the individual 1D STD NMR
experiments were acquired and processed identically.

For the group epitope mapping analysis, the STD integrals of the

individual protons of the two saccharides are referenced to the stronges

STD signal in each spectrum, which is assigned to a value of 100%.
The differential STD effects within one saccharide then yield informa-
tion on the proximity of the individual protons to the protein surface.
2D STD total correlation spectroscopy (TOCS%}pectra were
recorded with 32 or 40 scans périncrement. A total of 256
increments were collected in an interlaced mode for the on- and off-

we introduce the STD amplification factor. This factor allows
a better assessment of the absolute magnitude of the STD effect.
The STD amplification factor is the fractional saturation of a
given proton multiplied by the excess of the ligand over the
protein. In effect, the STD amplification factor is the relative
intensity of the STD signal compared to that of a signal of the
rotein; i.e., an STD amplification factor of 22 means that the
TD signal has an intensity 22 times higher than the intensity
of a protein proton. The STD amplification factor provides an
easy measure to quantify the amplification of the protein
information observed in the STD signals of the ligand. Obvi-
ously, the STD amplification factor can be significantly larger
than 1 only if the residence time of a ligand is significantly

resonance spectra, respectively. Prior to subtraction, both spectra wereshorter than the saturation time and if the concentration of the

processed and phased identically. An MLEV-17 mixing fifreé 100

ms was applied in all TOCSY spectra. The acquisition times for the
2D experiments were typically around 13 h. All spectra were processed
on Silicon Graphics @workstations with Bruker Xwinnmr 2.5 software.
2D spectra were multiplied with 96shifted squared sine bells in both
dimensions and zero-filled two to four times.

Results

The binding interactions gf-GalOMe and NA with Ricinus
communisagglutinin were studied by STD NMR spectroscopy
(cf. Scheme 2). Samples of (I) RGA with 5-GalOMe, (ll)
RCA120 with NA,, and (Ill) RCA» mixtures of both carbo-
hydrates were prepared and analyzed.

1. Group Epitope Mapping (GEM). A. Analysis of 5-Ga-
IOMe. Figure 3 displays (A) the reference NMR spectrum of
B-GalOMe with RCA in a 100:1 ratio and (B) the corre-
sponding STD NMR spectrum. The STD spectrum proves that
p-GalOMe binds to the RCAgreceptor, since large signals of
the ligand can be observed. In addition, protons of the ligand
which are nearest to protons of the protein can easily be
identified from the STD NMR spectrum, because they are

saturated to the highest degree. The different signal intensities

of the individual protons are best analyzed from the integral

values in the reference and STD spectra, respectively. The

integral value of the largest signal 8fGalOMe, the H3 proton,
was set to 100%. Figure 4 displays the relative degree of
saturation for the individual protons. The H2, H3, and H4 ring
protons all have similar STD intensities between 87% and 100%.

(26) Bax, A.; Davis, D. GJ. Magn. Resonl985 65, 355-360.

ligand is higher than that of the protein. Therefore, the STD
amplification factor can be used to compare the STD effect of
corresponding resonances of the two sugars in the competition
and titration experiments, even if the protein concentration is
not identical in the corresponding NMR samples. In the equation
below, (o — lsa)/lo is the fractional STD effect, expressing the
signal intensity in the STD spectrum as a fraction of the intensity
of an unsaturated reference spectrum; i.e., a value of 0.32 as
displayed for the first point of the titration shown in Figure 5A
would be equivalent to a saturation of 32% of the ligand’s signal
intensity. Obviously, the fraction of ligands which are saturated
is continuously reduced when the ligand excess is increased.
By multiplication of the ligand excess with this fractional STD
effect, the STD amplification factor is obtained; e.g., at the first
data point in Figure 5, the fractional STD effect is 0.32 and the
ligand excess 6.25, resulting in a STD amplification factor of
2.0. Figure 5B shows the curve which is obtained by plotting
the STD amplification factor against the ligand concentration.
As expected, the curve flattens at higher ligand concentrations,
in this case reaching a STD amplification factor of ca. 10.

IO Isat

STD amplification factor= x ligand excess

lo

In this equation|ly is the intensity of one signal in the off-
resonance or reference NMR spectruggis the intensity of a

(27) Goldstein, I. J.; Poretz, R. D. [Fhe LectinsLiener, I. E., Sharon,
N., Goldstein, I. J., Eds.; Academic: New York, 1986; pp-237.
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Figure 5. (A) Diagram showing the fraction of the H4 signal of 3 0
B-GalOMe which is saturated at a given ligand excess. The concentra- % 5.
tion of RCA;o was 40uM and the saturation time 2 s. (B) Display of ,9
the same data in terms of the STD amplification factor. This second w 00 T 2 3 4 3
plot shows that even though the fraction of ligand which is saturated T s
it

decreases at a higher ligand excess, the absolute STD signal intensity =
increases in the form of a saturation curve. The STD amplification Figure 6. Observed STD amplification factors of two resonances of
factor is obtained by multiplying the fractional STD effect shown in 3-GalOMe plotted against the saturation timig, at three different

(A) with the ligand excess and is proportional to the signal intensity. ligand concentrationdl, H3 proton;®, OMe protons). STD amplifica-
tion factors at concentrations of (A) 0.5 mM, (B) 1 mM, and (C) 4

mM f-GalOMe in the presence of 4fM binding sites of RCAgo A
large ligand excess yields larger STD intensities and better discrimina-
tion between strongly and weakly binding groups.

signal in the on-resonance NMR spectrum, apd— lsa
represents the intensity of the STD NMR spectrum.

By introducing the STD amplification factor, it is also possible
to quantify the “active” ligand concentration labeled in the STD Effective group epitope mapping (GEM) within one residue
experiment, which therefore allows an estimation of the amount or building block should be possible if the dissociation rate
of protein needed for a STD experiment. If a specific resonance constantky; is greater than or of the same magnitude as the
of the ligand has a STD amplification factor of 10, then, a intermolecular saturation transfer rate within the bound ligand.
protein concentration of 5@&M results in a labeled ligand  Effectively, the ligand has to leave the binding site before all
concentration of 50«M. Therefore, knowledge of the STD  magnetization has been equally distributed among all spins in
amplification factor will directly translate into the signal intensity the ligand. This condition is fulfilled for ligands with a high
which is obtainable from a given amount of protein. turnover number. Sincg-GalOMe is a weakly binding ligand

The time course of saturation is obtained by plotting the STD with a dissociation constant of 2.6 10~ M, the turnover
amplification factor against the saturation tirg; Figure 6 number, or dissociation rate constant, is high enough to map
shows the saturation profile for two selected resonances ofthe interactions within the monosaccharide to the individual
p-GalOMe at three different ligand concentrations. The squares protons.
correspond to the H3 proton and the circles to the protons of B. Analysis of NAy. (i) 1D STD Experiment. Figure 7 shows
theO-methyl group. In all three diagrams, the STD amplification (A) the reference and (B) the difference spectra of a selected
factor of the H3 proton is larger than that of tBemethyl group. region of the complex type biantennary decasaccharide,,(NA
However, one can clearly observe that the larger the excess 0f0.55 mM; cf. Scheme 2) in the presence of RGAS50 uM).
B-GalOMe is, the more pronounced are the differences betweenWe chose this oligosaccharide as a ligand to demonstrate that
the STD effects of the protons with strong contacts and those epitope mapping by STD NMR is also applicable to large ligand
that have only weak interactions. This means that it is of molecules, in this case with a molecular weight of 1836 Da.
advantage to use a higher excess when mapping the ligand’'sAlthough we pointed out that it is of advantage to have a large
epitope. Additionally, one can observe that longer saturation excess of the ligand for efficient GEM, here we used only an
times are required to reach the maximum observable STD effect11-fold excess of NA because the decasaccharide was not
at high excess. At a 0.5 mM concentration, a 2-s saturation time available in larger amounts. A titration curve was measured at
is more than sufficient, whiletaa 4 mM concentration, even a  a low protein concentration of 20M and a higher ligand excess.
saturation time D5 s is notlong enough to reach the maximum However, the signal-to-noise ratio of the STD NMR spectra
STD effect. The relative STD intensities, which were specified was not good enough for a GEM analysis. The GEM was
for 5-GalOMe in Figure 4, are therefore specific for a given consequently performed at an 11-fold excess obNA
ligand concentration and do not represent absolute values. As for3-GalOMe, the analysis of the relative STD intensities
Another advantage arises from the fact that absolute signalof NA, was accomplished by integrating the dispersed proton
intensities grow with increasing concentrations. The maximal resonances and referencing them to one of the most intensive
STD amplification factor for the H3 proton at a 0.5 mM proton signals, the H4 of the galactose residue (Table 1). The
concentration reaches only values of ca. 4, whil@a& mM 1D NMR spectra shown in Figure 7 reveal that a direct analysis
concentration it reaches values of ca. 18, making the STD of the integrals of individual proton resonances in the hump
experiment highly sensitive. region is impeded due to severe signal overlap. Nevertheless,
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- o -~ better comparison of the STD effects at a lower excess, Table
- s g_ Ol 1 also shows the relative intensities for selected signals of
g |l o8 e 28 )€ 8 -GalOMe at both 12.5- and 100-fold excess. The relative STD
3 T g‘zig e ovy¥ 86 3 8 intensities of the two saccharides are very similar at the low
%E I |Bog s S5& EE 2 g ligand excess. For example, the anomeric protofi-GlalOMe
SR gf T T Sgg 1 reaches a value of 61% in comparison to the 40% reached at a
= -~ [saln ' P v . . . . -
IT I =R Co 100-fold excess. This indicates the influence of the ligand excess

on the STD effects and that differentiation between direct and
indirect contact of the decasaccharide probably would have been
more pronounced at a higher ligand excess.

Determining the binding contribution of thdl-acetylp-
glucosamine (GIcNAc)-5/5residues is important in order to
identify the binding epitope. In the 1D STD NMR spectrum,
only the anomeric H1 protons and thidacetyl groups of
GIcNACc-5/5 can be integrated separately. The H1-GIcNAc-5/
5' protons have an integrated mean STD effect of 52% compared
T T T T T T T to that of the H3 protons of Gal-6/6The resonances corre-

20 48 46 44 42 40 38 36 pem sponding to theéN-acetyl groups of GIcNAc-5/5have a mean
Figure 7. (A) Section of a reference NMR spectrum of a mixture of vyalue of 37%. The ring protons H2, H3, and H4 of GlcNAc-
RCAuz0 (50 uM binding sites) and NA(0.55 mM) in aratio of 1:11. 5 5 have their resonances in the spectral region between 3.65

(B) STD NMR spectrum revealing that the directly interacting residues and 3.75 ppm. This region has a high integral in the STD

of NA, have the strongest signals. The resonances corresponding to f -
the terminal galactoses Gal-6/énd the adjacent GIcNAc-5/have experiment. Although the resonances are not dispersed and

the most intensive STD signals. The spectral region from 3.65 to 3.75 therefo_re no '”d'V'dLﬂa' S'Q”a's c_an _be assigned, one can
ppm marked with the asterisk shows strong STD signals which originate @PProximate the STD intensity contribution of the three GIcNAc-

almost entirely from the H5 and H6a/6b of Gal-6#d the H2, H3, 5/5 ring protons in this crowded region. The signals in this
and H4 of GIcNAc-5/5 protons in equal parts (cf. text). H1-Fut-1 ~ section originate from different saccharide residues; however,

anda-H1-GIcNAc-1 have almost no detectable STD signal intensity. only a few of these contribute significantly to the STD intensity.
This shows that they are far away from the binding domain of the lectin. | the spectral region from 3.65 to 3.75 ppm, we can find
Table 1. STD Signal Intensity of NAand-GalOMe at a Ligand res_onances of the H5, H6a, ‘de H6b signals of the _Ga|'6/6
Excess of 12.5- and 100-Fold, Respectively residue, the H2, H3, and H4 signals of the GICNAc residues 5,
STD signal (%) 5,2, and 1, the H3 and H6a signals of the Man-3 re§|due, the

H5 proton of Man-4 residue, and two ring proton signals of

11-fold ~ 12.5fold  100-fold Fuc-1 (Figure 7). Even though there are signals of 23 protons

i

NAie(’i;,?,ZLOC'Z'e) e,ﬁfiiss ﬁ_eG)g:Ieos'ae ﬂ_g)gigs,\ie in this region, only 12 of these make a significant contribution
HA-Gal-6/8° 100 9 e to the mean STD integral. Because the STD contributions of
(H4-5-GalOMe) the signals of residues farther away from the binding site are
H3-Gal-6/6° ~100 100 100 known from the integration of the anomeric signals, we can
(H3-8-GalOMe) approximate the binding contribution of the GIcNAc-5/5
H2-Gal-6/6° ~100 95 87 residues by subtracting the integral values of the others from
&le_géfg;g)Me) 0 61 20 the full integral over that region. No contribution of the Fuc-1
(H1-8-GalOMe) and GIcNAc-1 signal is taken into account, since they are
H5-Gal-6/6° ~80 74 67 farthest away from the binding domain, and the other resolved
(H5-B-GalOMe) signals of these residues show only minute intensities. The
'{'ﬁﬁé’é?%‘f@we) ~80 72 63 contribution of the H2, H3, and H4 protons of GIcNAc-2 to
H2, H3, HA-GIcNAC-5/5b ~70 the mean STD integral is very small and lies around 20%, which
H1-GIcNAC-5/8 52 was estimated from the STD integral of its anomeric and
H2-Man-4 44 N-acetyl group signals. The contribution of the H3 and the H6a
H2-Man-4 42 signals of Man-3 lies around 30%, and that of the H5 proton of
:izmzz:j ;39 Man-4 is about 40%. All of these proton signals make up only
H2-Man-3 28 a small fraction of the mean integral value. The remaining STD
NHAC-5/5 37 integral value is distributed between the six H5, H6a, and HEb
NHAc-2 17 protons of Gal-6/6and the six H2, H3, and H4 protons of
H6-Fuc-1 2 GIcNAc-5/8. The STD intensity reached by the H5, H6a, and

2 The intensities are normalized to the H3 proton of the respective H6P protons inj-GalOMe at a corresponding ligand excess is
galactose residué.Values with error of~10% due to signal overlap.  ca. 74%. Since the STD intensity of the H1 proton is higher in
the decasaccharide than in {h€salOMe (cf. Table 1), we can
the so-called structural reporter group spectral region corre- approximate that the intensities of the three protons H5, H6a,
sponding to the anomeric protons is well resolved and can beand H6b are also higher by an equivalent amount. They are
used to classify the saccharide residues relevant for interactionattributed to a mean value of 80%. By this exclusion principle,
with the lectin. Additionally, the H2, H3, and H4 resonances we can now approximate the mean contribution of the six
of the two terminal galactose residues are indicated in the STD GIcNAc-5/5 protons H2, H3, and H4 to a mean value of about
spectrum (Figure 7B) and show large STD intensities. From 70% per proton. This value is much higher than the ca. 40%
the 1D STD spectra, we could determine the signal intensities reached by the protons of the Man-4vdsidues. In conclusion,
of the H2, H3, and H4 protons of Gal-6/&% ca. 100%. For the GIcNAc-5/5 residues make direct contact with the protein
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surface via their H2, H3, and H4 region. In contrast, the
interactions of the H6a (at 3.946 ppm) protons of GIcNAc
residues 5 and '5with the protein are very small, and
consequently show a STD effect of only about 20%. Addition-
ally, the interaction of the GIcNAc residues 5fverall is less
strong than that of the Gal-8/6esidues. Because of the strong
differentiation of the STD effects within the GIcNAc residues,
it is likely that these sugars bind edge-on to the protein with
the C2 to C4 region making contact and the ring oxygen and
C6 pointing away from the receptor.

Exact differentiation of the binding affinity of the two
branches of NA by means of the H1 protons of Gal-6/& of
GIcNAc-5/5 was not possible due to signal overlap. However,
the individual protons have about the same intensities (cf. Figure
7), indicating identical affinities of the branches to RGAThe
H1-Man-4/4 can be integrated separately. The H1 proton of
Man-4 has a value of 40% and the H1 proton of Maa-#alue B
of 33%. Interestingly, the H2 protons of Man-4/dre both
saturated to a degree of ca. 43%, again demonstrating that
individual protons within one residue can show variations.

The determination of the exact size of the ligand-binding
domain from STD NMR data is complex in this case, since
one cannot observe a clear cutoff value at the concentration
used here. The NAconcentration of only 0.55 mM, corre-
sponding to an excess of 11, was not high enough for optimal
group epitope mapping. However, the data clearly show that
the Fuc-1as well as the GIcNAc-1 residues do not lie within "
the realms of the RCAq binding pocket, since they show a
degree of saturation of only about 2%. The methyl group proton . . i .
resonances of th&l-acetyl group of GIcNAc-2 and the H2 5.00 4.50 4.00 3.50 ppm
proton resonance of Man-3 are saturated to a degree of 17%Figure 8. (A) Reference or off-resonance TOCSY spectrum of;NA
and 28% relative to the H3 protons of Gal-6/espectively. (B) STD TOCSY spectrum obtained by subtraction of an on-resonance
So the protein surface is at a large distance from these protons.TOCSY spectrum from spectrum A. In the STD spectrum B, traces
For the Man-4/4residues, it is not straightforward to determine  ¢0'responding to the H1-Gal-8/@nd the H1-GlcNAc-5/5are very
whether they are in direct contact with the receptor. The degreesS'0"9: Whereas the Hi-Man-4 and H1-Mdntéces show reduced
of saturation of their H1 and H2 protons lie around a value of intensities, due to thellr larger distance to the binding site of RCA
33—44%, which is considerably lower than the ca. 70% reached GIcNAc-1h/2 ?{]d Euc-l cross peaks ar_ehal;]sent from spectrum B,
by the H’2, H3, and Ha protons of the GIcNAC-5@sidue. proving that they have no interaction with the protein.

Only the terminal galactose has very strong interactions with
the protein-binding domain, however with a considerable
binding contribution from the neighboring GIcNAc residue.
Therefore, the terminaN-acetylp-lactose (LacNAc) moiety
forms the binding epitope in direct contact with RGA

(ii) 2D STD TOCSY Experiment. The same sample was 0
also used in a 2D TOCSY experiment. Figure 8 shows a region 00 03 06 09 12 15
of the off-resonance TOCSY spectrum (A) and the correspond- NA, [mM]

1 regon of the STO TOCSY spectur (5) A9 91 41 i . Traion ot f V0 NI sanple consinng i
(20 uM in binding sites), monitoring the increase of the STD

proximity to the receptor are saturated to a higher degree, ympjification factor of the H4-Gal-6/6proton versus the ligand
resulting in more intense cross-peaks. Highlighted are the tracesconcentration Tea = 2 ).

corresponding to the H1-Gal-6/&nd H1-GIcNAc-5/5as well
as the H1-Man-4 and H1-Man-4rotons. No cross-peaks |eveling off at higher concentrations. This is the consequence
stemming from GIcNAc-1/2 or the Fuc-flesidues can be seen  of RCA., binding sites becoming saturated with ligand, but
due to their low degree of saturation. In agreement with the 1D the |arger effect comes from the limitation in terms of the
STD experiment, the strongest signals are again clearly thosetyrnover number. At a certain ligand concentration, a further
corresponding to the terminal LacNAc moiety of the decasac- increase will no longer result in a gain in signal intensity, and
charide. a maximum STD amplification factor is reached. The point at
2. Titration and Competition Studies by STD NMR. A. which this concentration is reached depends on the turnover
STD NMR Titration Studies. The titration study was per- number between the bound and the free states, the size of the
formed to determine the effect of the ligand excess on the STD protein, and th&; relaxation time of the ligand in the free state
signal intensities. Figure 9 displays the increase of the STD (Tyr). Large saturation transfer effects will be observed for large
amplification factor for the H4-Gal NAresonance. The titration ~ values of ko and long relaxation timedy. Additionally,
plot in Figure 9 reveals that the signal intensity increase is more molecules exchanging slowly from the bound state to the free
pronounced at low ligand concentrations and that it starts state reach their maximum earlier than molecules with fast
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Figure 10. Diagram showing the STD amplification factoi@®,(H1
p-GalOMe; B, H1 Gal-6/6 NA;) determined from STD spectra on
titration of 5-GalOMe to a sample of RGAo (50 «M in binding sites)
and NA, (0.55 mM). The STD amplification factor of the signal
corresponding to NA decreases from 1 to 0.66 with increasing
concentration of3-GalOMe. This competition experiment gives evi-
dence for the specificity of the RG4 toward galactose-containing
saccharides. ThKp of NA, can be calculated to be 2aM.

J. Am. Chem. Soc., Vol. 123, No. 25, Z10b

those obtained by other methot#g? We therefore performed

a SPR study on a detection system where the lectin was
immobilized. These results will be published elsewrérale
found aKp of 4.4 x 1076 M for NA», which is in much better
agreement with our STD data than tkg of 0.8 x 1078 M
obtained by Shinohara et ¥l The reduction of the STD effects

of NA, by addition of 3-GalOMe gives evidence for the
competition for the same binding site. However, the intensities
of the STD signals of different ligands cannot be directly
correlated to the occupation of binding sites by analyzing just
their ratio at one concentration. Since the magnitude of the STD
effect relies largely on the dissociation rate constaptof the
binding substances, more molecules of a ligand with a high
turnover number can be saturated during the irradiation time
and result in a higher signal intensity. This explains why signals
of f-GalOMe grow faster than the signals of the NAre
reduced as a function of concentration. HoweWgyyalues can

be determined from the replacement of one ligand as a function

exchange kinetics. This can be observed if one compares theof the concentration of another. By using the equation of Cheng

titration curves of3-GalOMe (Figure 5B) and NA(Figure 9).

and Prusoffl it is possible to determine théy value from the

The ligand with a higher turnover number (I) reaches higher 1Cs, value of a competitive inhibitor with a known dissociation
STD amplification factors and (Il) reaches these values at higher constant. Here, &, value of 2.6 x 1074 M for the ligand
concentrations. The intensity increases strongly as long as ligand3-GalOMe was used to calculate tKg value of NA, with the
molecules having received no saturation are available in large following equation:

numbers to bind to the receptor. Hence, the STD amplification
factor approaches a maximum with increasing ligand extess.

The stronger binder NAhas a maximal STD amplification
factor of about 2.5, whereas the weaker bindfiigalOMe

_ [NAZIK,
- 1Cs0 — K,

reaches a value of ca. 7 at the same concentration and saturation

time. This reflects the highdgs value for the monosaccharide.

Very smallkq rates of strongly binding molecules cause the
ligand to stay in the binding site for an extended period of time.
This, in turn, makes the group epitope mapping very difficult.

If the residence time of the ligands is longer than about 5 times

In this case, the concentration of NAvas 0.55 mM and the
ICs0 was determined to be 5.6 mM. With the above equation,
this results in &Kp value for NA of 2.7 x 10°> M. Details
will be presented in a separate publicatin.

To evaluate the utility of 2D spectra for competition experi-

the T of the ligand in the bound state, one expects a spreadingments, the STD intensities of 2D TOCSY spectra were
of the magnetization over many protons, resulting in very small integrated. The diagram presented in Figure 11 shows how the

differential STD effects.

B. STD NMR Competition Studies.The competition studies
were performed to determine if the two ligands, Nand
p-GalOMe, interfere with each other at the receptor site.
Determined from calorimetric titration studies at 293 K,
B-GalOMe has a dissociation constd¢g = 2.6 x 1074 M.18

STD amplification factors evolve when titratiffgGalOMe to

the sample containing NA The RCA2o sample with a
concentration of NA of 0.55 mM was analyzed by TOCSY
STD NMR spectra with concentrations of the competitor
p-GalOMe of 0.0, 0.8, and 3.0 mM, respectively. Six cross-
peaks with good signal-to-noise ratios were selected from the

Surface plasmon resonance (SPR) binding data obtained for the~1 traces of the H1 Gal protons of Nand-GalOMe. The
decasaccharide immobilized on the chip’'s surface gave g values are in very good agreement with the results obtained by

dissociation constarip of 0.8 x 108 M, which corresponds
to a very tight binding inhibitor with a dissociation constant a
factor of 32 000 smaller than that gfGalOMe?® There was
evidence from the titration experiments that NA not a
nanomolar inhibitor of RCAyg since under the experimental

integrating the 1D STD NMR spectra. The plot in Figure 11
shows the increase in intensity of the selected cross-peaks of
p-GalOMe, while the signal intensities of the MAnolecule
decrease. As in Figure 10, the intensities of the signals
corresponding t@-GalOMe more than double on an increase

conditions used here, only very small STD effects of the ligand of the 5-GalOMe concentration from 0.8 to 3 mM. In contrast,

would be observed. To further pursue this point, we added the

weak inhibitor3-GalOMe to a sample containing RGA and
NA,. If NA, is, in effect, an inhibitor with a nanomolar

dissociation constant, no STD signals of the monosaccharide

should be observable, since it would have no opportunity to TIPS
D data and calculate from the&g and/orICsg values. This will

make contact with the receptor. Figure 10 displays the ST
amplification factors of the H1 protons of Gal-64F NA, (H)
andp-GalOMe @) and shows thgt-GalOMe yields large STD
NMR signals when added to the sample containing Rigand
NA.. A possible explanation is that NAas a weaker affinity
in solution than that published for an oligosaccharide-im-
mobilized SPR experiment. It was shown that ligand im-
mobilization can lead to largely exaggeratésivalues, whereas
protein immobilization gives binding affinities in agreement with

signal intensities of NA show a decrease between 30% and
50%. The observed STD amplification factors BGalOMe

again reached higher values compared to those of the NA
molecule, also in agreement with the 1D spectra. This confirms
that a few cross-peaks can be sufficient to collect competition

be very useful if spectra are extremely crowded due to large
amounts of different substances.

(28) Shinohara, Y.; Sota, H.; Kim, F.; Shimizu, M.; Gotoh, M.; Tosu,
M.; Hasegawa, YJ. Biochem. (Toky0}995 117, 1076-1082.

(29) Nieba, L.; Krebber, A.; Pluckthun, AAnal. Biochem1996 234,
155-165.

(30) Mayer, M.; Weimar, T.; Meyer, B., to be published.

(31) Cheng, Y.; Prusoff, W. HBiochem. Pharmacoll973 22, 3099~
3108.
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STD ampl. factor

Figure 11. Diagram showing the STD amplification factors of selected
cross-peak intensities of NAand 5-GalOMe determined from STD
TOCSY spectra. The selected cross-peaks represent the F1 traces
the two H1 protons of the galactose residues. The light gray bars
correspond to #-GalOMe concentration of 0.0 mM, when only NA
(0.55 mM) is present in the sample containing R&@A50 uM). The
open bars correspond tofaGalOMe concentration of 0.8 mM, and

0

Mayer and Meyer

galactose derivative's. Bhattacharyya and Brewer found that
neither the C1 nor C6 hydroxyl groups of the galactose residue
contribute to the binding affinity, whereas that at C2 has both
acceptor and donor functions, and the C3 and C4 hydroxyl
groups serve only as donors. Martin-Lomas et al. found also
that C2, C3, and C4 hydroxyl groups are involved in binding.
In contrast to Brewer et al., they also identified the C6 hydroxy!
group as a key group for binding activity in lactose derivatitfes.
A third study conducted by the same group also classified the
nature of the hydrogen-bonding interactions between the ligand
and the protein into neutral or charged protein residues,
depending on their free energy vali#édt was found that the
C3 and C4 hydroxyl groups interact with charged protein
residues, while the C2 and C6 hydroxyl groups interact with
neutral residues on the protein. These data correlate with our
results obtained from STD NMR studies. The saturation received
by the individual protons of thg3-GalOMe show strong
§aturation of the H2, H3, and H4 protons, intermediate saturation
of the H5 and H6 protons, and much weaker saturation of the
H1 proton and the methyl group.

The time course of the STD amplification factor as a function
of the saturation time shows that stronger differentiation of the

the dark gray bars represent a concentration of 3.0 mM. These valueshinding group epitopes can be obtained at a large ligand excess.
are consistent with the values obtained from the 1D STD spectra (Figure An additional advantage arises from the fact that larger

10); therefore, even a few cross-peaks can be sufficient to perform
titration experiments

Discussion

The group epitope mapping (GEM) by STD NMR described

concentrations also produce greater STD signal intensity, and
therefore higher sensitivity. The concentration dependence of
the STD amplification factors indicates relative binding strength
insofar as weakly binding ligands show a strong growth even
at large concentrations, whereas the STD amplification factors

here can be used to characterize at the atomic level binding®f Stronger binding ligands level off much earlier.

interactions of ligands with a receptor. Here we demonstrate

Sharma et al. have shown that there is an additional binding

the method for the binding of two saccharides to the lectin Site next to the galactose which can accommodate the next
RCA20 The results from the STD NMR spectroscopic studies 91c0sy! building block of an oligosaccharid®.The NA.

of RCAuwpo in the presence of the weakly binding ligand decasaccharide, which has a higher binding affinity than the
B-GalOMe clearly indicate the specificity of the R lectin monqsa(_:charlde, was therefore included in our study to al_nalyze
for the nonreducing end of the saccharide. Ring protons H2, the binding of the adjacent GIcNAc and/or mannose residues.
H3, and H4 form a tight contact with the protein, whereas H5 One can again directly map the terminal galactose residues of
and H6a, H6b are also involved in binding but with less intense the decasaccharide to exhibit the strongest STD signals and thus
contacts to the protein. In contrast, the anomeric proton and P€ essential for binding affinity. The H2 to H4 have about 100%,
protons of the methyl group show significantly less interactions H2, H6a, and H6b 80%, and H1 about 70% integral. Resonances
with the protein. The titration and saturation time analysis Of the neighboring GIcNAc residues also exhibit high degrees
reveals that this system is in fast exchange on the NMR time Of saturation and are thus recognized by the receptor. The H2

scale, since a relatively large excess of ligands can be labeled0 H4 signals have a STD integral of ca. 70%, whereas H6

Recently, Dalvit et al. have demonstrated that selective
excitation of the HDO signal in samples containing 90%60OH

can be used to detect binding of ligands to receptors. Due to

the negative NOE originating from “bound” water molecules,
ligands can be detected in the water ligand observation with
gradient spectroscopy (WATERIogsy) spectréfniihey have
opposite sign compared to nonbinding molecules which only
have contact to “unbound” water molecules, resulting in a

positive NOE. This pathway of magnetization can be neglected
in the STD experiments since the samples were measured in

99% D,O and saturation of the protein was performed-at4
ppm—at more than 5 ppm from the HDO signal. Additionally,
in samples with large amounts of,@, the irradiation of the
protein does not excite the bulk water enough that it is a
significant pathway for the transfer of the magnetization. This

is evidenced from comparison of spectra of the same system in

H.,0O and in DO, respectively.

Other studies have concentrated on the importance of the
donor and acceptor properties of the hydroxyl groups of various

shows only about 20% STD effect. The anomeric H1 has a
slightly reduced STD integral of 60% compared to that of the
H2 to H4 resonances. Therefore, an interaction of this residue
with the protein through its H2 to H4 region is proposed. From
the antepenultimate mannose residues onward, the degree of
saturation continuously decreases toward the reducing end of
the saccharide. This effect arises from a slow transfer of
saturation through the glycosidic bonds. This is a bottleneck
for the transfer of the magnetization, as only two protons, H1
and the aglyconic equivalent proton, have a distance that is
usually on the order of 2.8 A. No other protons across the
glycosidic linkage come close to this distance. In addition, other
protons in the sugar rings usually have multiple pathways for
transferring magnetization. Another important result is the lack
of preference of RC#yo for either the (1-3) or (1-6) linked
branches of the biantennary decasaccharide. The STD intensities
of the two chains are nearly equal for all analyzed protons. This
also is in agreement with the results of Bhattacharyya, who
found that neither the linkage to the branching mannose, nor
the length of the chain, has an influence on the binding affinity.

(32) Dalvit, C.; Pevarello, P.; Tato, M.; Veronesi, M.; Vulpetti, A.;
Sundstrom, M.J. Biomol. NMR200Q 18, 65—68.

(33) Salis, D.; Fernandez, P.; Diaz-MauwinT.; Jimenez-Barbero, J.;
Martin-Lomas, M.Eur. J. Biochem1993 214, 677—683.
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From the STD spectra of the mixtures of the two binding more sensitive, and second, the discrimination between directly
ligands, it could be clearly demonstrated that the two ligands interacting and nonbinding groups even within a single residue
compete for the same binding site, since the signal intensitiesis easier. If well enough resolved, the binding epitope can be
of NA, decrease continuously with increasing concentrations determined from integrals of the signals in 1D spectra or from
of f-GalOMe. In addition, the STD NMR competition and 2D cross-peak integrals. For molecules as large as#¥836
titration experiments showed that MAs not a nanomolar Da, binding epitopes can be successfully assigned. Comparison
inhibitor under the conditions present in the NMR sample. The of STD NMR with other methods to determine the binding
STD amplification factors reached in the titration experiment epitope of non-peptide ligands shows that STD NMR provides
are too large for a very strongly binding ligand with slow a fast and reliable method to determine binding epitopes down
exchange kinetics. From analysis of the competitive titration to the contributions of individual groups that interact with a
studies shown in Figure 10 and by using a one-site competition receptor protein. In addition, one can think of future applications

model, one obtains a dissociation constant of caul@l7 This combining the results obtainable by SAR by NMR concerning
is slightly weaker than the value of 44M we determined from the binding epitope of the protein and the binding epitope of
a SPR study. the ligand obtainable by STD NMR. By linking two weakly

The 2D TOCSY spectrum consolidates the data presentedbinding ligands via positions not crucial for binding affinity,
by the 1D STD spectra with the added advantage that morean optimized ligand can be obtained much more quickly.
complex structures are identifiable. We could also show that
integration of cross-peaks from 2D spectra can yield the data Acknowledgment. We thank Dr. S. Meyer and A. Kahrs
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