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The monoclonal antibody GSLA-2 recognizes the sialyl Lewisa (sLea) epitope, which has an
increased occurrence on mucin type glycoproteins of patients with colorectal carcinoma. GSLA-2
is therefore used in tumor diagnosis. To advance the understanding of this highly specific
molecular recognition reaction, we have analyzed the binding epitope of sLea at atomic resolution
using saturation transfer difference NMR. To compare, the binding epitopes of sialyl Lewisx

(sLex) and of four synthetic derivatives of sLea were explored. Surface plasmon resonance
experiments furnished thermodynamic and kinetic data. It is observed that all pyranose rings
of sLea are in contact with the protein surface, with the neuramic acid residue receiving the
largest fraction of saturation transfer. In contrast, sLex binds very weakly, though specifically
to GSLA-2, with a different binding epitope. This study provides a comprehensive picture of
the recognition sLea and explains the exquisite specificity of the antibody.

Introduction

Tumor growth normally is associated with the pres-
ence of tumor-associated antigens that may serve as
targets for therapy or diagnosis. Today, the use of
monoclonal antibodies for diagnostic purposes is well
established, and therapeutic applications are on the
rise.1 A better understanding of antibody-antigen
recognition will certainly support these applications.
From X-ray diffraction studies, the structures of many
antibody-antigen complexes have become available.
Among these, antibodies recognizing carbohydrate
epitopes have turned out to be challenging targets for
crystallization.2 In solution, the analysis of transfer
NOEs has furnished bioactive conformations of carbo-
hydrate antigens bound to monoclonal antibodies,3-5

and more recently, STD NMR experiments6-9 have been
used to map the binding epitopes of carbohydrate
antigens at atomic resolution.5,10,11 The monoclonal
antibody GSLA-2 detects the tumor-associated antigen
CA19-9,12-15 which comprises the sLea epitope in sera
from patients with pancreatic and gastrointestinal
cancer.16,17 An automated cancer diagnostic assay based
on GSLA-2 has a proven clinical performance and
demonstrates good correlation with the approved CA19-9
assay.18

The sLea epitope is characterized by a fucose and a
sialic acid residue attached to the type 2 LacNAc core,
whereas the sLex epitope contains the type 1 core
structure. This causes a structural similarity of the two
epitopes that was first discussed by Lemieux and co-

workers19 and is illustrated in Figure 1. The spatial
positioning of sialic acid, fucose, and galactose creates
a common three-dimensional motif that is shared by
both sLea and sLex.20 Most monoclonal antibodies can
distinguish between sLea and sLex. A rare exception is
the antibody HECA 452, which along with E-selectin
binds with significant affinity to both structures.

The monoclonal antibody GSLA-2 readily discrimi-
nates between sLea and sLex. sLex is said not to be
recognized by GSLA-2. To understand the basis for this
discrimination, the binding epitopes of GSLA-2 ligands
need to be analyzed at an atomic resolution. We have
employed a combination of STD NMR experiments and
surface plasmon resonance experiments (Biacore)21-23

in order to study this problem.
STD NMR experiments have been introduced6 to

detect and characterize the binding of ligands to recep-
tor proteins.9 Saturation transfer has initially been used
to characterize binding in tightly bound complexes and
to follow the kinetics of exchange processes.24,25 Satura-
tion transfer has also been applied in the analysis of
the binding of carbohydrate ligands to proteins.26,27

However, the enormous potential of saturation transfer
NMR experiments to screen compound mixtures for
binding activity was not realized until recently.6 The
experimental protocol is based on the transfer of satura-
tion from the protein to bound ligands that then
exchange into solution to utilize the free ligand signals
for detection. Subtracting a spectrum of the saturated
protein from that obtained in the absence of protein
saturation produces a difference spectrum where only
the signals of the ligand(s) remain. The irradiation
frequency for protein saturation is set to a value where
only protein resonances and no ligand resonances occur.
Therefore, in the on-resonance experiment a selective
saturation of the protein is achieved. To achieve the
desired selectivity and to avoid sideband irradiation,
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shaped pulses are employed for the saturation of the
protein signals. The method not only discriminates
binding from nonbinding molecules but more impor-
tantly allows the determination of binding epitopes at
atomic resolution.8 Recently, it has been reported that
on the basis of structural data, e.g., from X-ray analysis
or modeling, experimental STD NMR data can be

subjected to a full relaxation matrix analysis that also
includes the exchange kinetics of the binding reaction.28

Such a treatment allows the prediction and optimization
of the conformation and orientation of the ligand in the
binding pocket of the receptor protein.29,30

Here, we have studied a set of compounds that are
related to sLea to inspect the requirements for binding

Figure 1. Structural similarity of sLea (right) and sLex (left). The NAc (red) and the CH2OH groups (opposite the NAc group) of
the GlcNAc moiety “change places”. The models were generated with the program SYBYL (Tripos Inc.) using coordinates of
published conformational analyses.31,34,35 The images were produced with the program PyMOL (http://www.delanoscientific.com/
). It is well established that the Lea and Lex trisaccharide core structures are rather rigid36,37 and thus not altered by the attachment
of a sialic acid residue in the 3-position of galactose.34,36-40 The sLex tetrasaccharide is shown in its bioactive conformation when
bound to E-selectin.31 The sLea tetrasaccharide is shown in a similar conformation (structure 2 of SLNFPII in Table 3 of ref 34)
that has been described to be one of the major conformations in solution.34,35 For clarity, neither the spacer nor the hydrogen
atoms are shown. Also, heavy atoms are not discriminated by color.

Figure 2. Formulas of the compounds investigated. The chemoenzymatic syntheses of the oligosaccharides were performed
according to the following superscripted references: sLea (1),41 2,42 3 and 4,43 5,42 and sLex (6) and 7.44 LSTa (8) was obtained
commercially.
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to GSLA-2. The set of compounds employed in this study
is shown in Figure 2. This analysis aims to establish a
structure-binding relationship without any prior knowl-
edge of the three-dimensional structure of the antibody.

Results

The binding of sLea and derivatives (Figure 2) to
GSLA-2 was studied using STD NMR experiments and
surface plasmon resonance (Biacore). The Biacore analy-
sis yielded thermodynamic and kinetic data, whereas
the STD NMR study revealed the binding epitopes of
the ligands at atomic resolution.

Biacore Experiments. The dissociation constants
KD for sLea and its derivatives are summarized in Table
1 showing that sLea has the highest affinity for GSLA-
2. Any structural changes to the molecule lead to a
decreased binding affinity. For sLex and for compound
7, where the GlcNAc residue had been substituted with
a cyclohexanediol ring, no binding activity was observed.

The dissociation constants of all ligands except for
sLea were in the high micromolar range with off-rate
constants koff that were beyond the kinetics resolution
of the Biacore instrument. Only for sLea was a kinetics
analysis possible, although at the kinetics resolution
limit of the instrument. Figure 3 shows those sensor-
grams that were used for the kinetics analysis. The
curves were globally fitted to a Langmuir 1:1 binding
model employing standard Biacore software. The sen-
sorgrams in Figure 3B were obtained at 0.2, 0.5, 1.0,
2.0, and 5.0 µM ligand concentrations. The sensorgrams
in Figure 3A lack the sensorgram at 2.0 µM ligand
concentration, which does not return to the baseline. It
is found that the binding of sLea is characterized by a
koff value of about 0.5 s-1 and a kon value of about 105

M-1 s-1. From the koff value a half-life of the bound state
of 1.4 s was calculated.

STD NMR Experiments with sLea and GSLA-2.
For the STD NMR experiments a solution containing a
20-fold molar excess of sLea over GSLA-2 was used. The
concentration of binding sites was 6.4 µM, and the
experiments were performed at 290 and 310 K. At 310
K the signals for the two N-acetyl methyl groups of the
GlcNAc and the Neu5Ac moieties were not resolved as
individual signals. On the other hand, the anomeric
proton and H5 of the fucose residue were not obscured
by the residual HDO signal at this temperature. At 290
K the N-acetyl methyl groups were well separated but
H1 and H5 of the fucose residue were buried underneath

the HDO signal. For the on-resonance spectra, irradia-
tion frequencies of either 0.4 or 6.7 ppm were used. It
is observed that all pyranose rings of sLea receive
significant saturation transfer. In contrast, the O(CH2)8-
COOMe reducing end substituent only receives little
saturation. The relative STD intensities of protons of
the pyranose rings are summarized in Table 2. It is
obvious that the STD effects obtained from saturating
the aromatic amino acid residues at 6.7 ppm are
different from those resulting from saturation of ali-
phatic side chain protons at 0.4 ppm. H1 of Gal and H1
of GlcNAc as well as H3 of Gal and H3 of GlcNAc have
almost identical chemical shifts, and therefore, a sepa-
rate analysis of the corresponding STD effects is impos-
sible. Comparison of the relative STD intensities ob-
tained at 290 and 310 K reveals a temperature
dependence of the data. At both temperatures, the
N-acetyl groups of the Neu5Ac residues receive the
largest relative amount of saturation transfer.

STD NMR Experiments and Transferred NOE
Analyses with sLex and GSLA-2. For the STD NMR
experiments samples with different ratios of sLex to
GSLA-2 were prepared. At low ratios, i.e., 12:1 and 25:
1, only one signal is observed at 310 K for the two
N-acetyl groups. At higher ratios of 100:1 and for free
sLex, two signals are observed that are separated by
about 0.1-0.2 ppm. This effect is due to chemical
exchange. STD spectra were obtained at a ratio of 100:1
of sLex to GSLA-2. Weak STD effects are observed for
each pyranose unit of sLex (Table 2). From Table 2 it is
obvious that the neuramic acid residue of sLex is most

Table 1. Dissociation Constants KD from Surface Plasmon
Resonance Experiments (Equilibrium Analysis) Performed at
298 K with mAb GSLA-2 Immobilized on a CM5 Chipa

ligand

sLea sLex LSTa 2 3 4 5

KD (µM) 4 ( 2 ndb 73 ( 5 211 ( 11 114 ( 11 606 ( 266 c 46 ( 2

a The data for sLea were averaged from five independent
experiments. For LSTa and compounds 2-5 four independent
experiments were performed. From the molecular weight of sLea

(MW ) 1012.99 g mol-1) a maximum RU value of 243 is calculated
compared to a maximum value of 124 from the experimental data,
substantiating the assumption of a simple 1:1 binding model. b For
sLex and compound 7 (not shown in this table), no binding affinity
was detected. c For compound 4 the significant error is due to the
large KD value. At this affinity, the titration would have to be
performed up to about 6 mM in order to obtain saturation. The
highest concentration used in the titration of 4 was 800 µM.

Figure 3. Biacore sensorgrams of sLea binding to GSLA-2
(immobilized; see Experimental Section for details) for which
a kinetics analysis was performed. Sensorgrams were fitted
to a Langmuir 1:1 binding model utilizing standard Biacore
software in the global fitting mode. (A) The concentrations of
sLea were (from bottom to top) 0.2, 0.5, 1.0, 2.0, and 5.0 µM.
The global fit yielded the following parameters: KA ) 1.7 ×
105 M-1, KD ) 5.9 × 10-6 M, RUmax ) 173, koff ) 0.54 s-1, kon

) 9.2 × 104 M-1 s-1, ø2 ) 9. (B) The ligand concentrations were
(from bottom to top) 0.2, 0.5, 1.0, and 5.0 µM. The global fit
yielded the following parameters: KA ) 2.3 × 105 M-1, KD )
4.3 × 10-6 M, RUmax ) 149, koff ) 0.48 s-1, kon ) 1.1 × 105 M-1

s-1, ø2 ) 11. The data show that the association process of sLea

and GSLA-2 is slower than expected for a diffusion-controlled
process. From koff a half-life of 1.4 s is calculated. The KD values
derived from this kinetics analysis compare well with the data
in Table 1.
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important for binding. Because the binding affinity of
sLex was too low to be observed in the Biacore experi-
ment, we analyzed NOESY experiments for the trans-
ferred nuclear Overhauser effect of sLex in the presence
of GSLA-2 to substantiate its low binding affinity. At
500 MHz NOEs for free sLex were negative, as has been
previously described.31 Therefore, at this field strength
binding cannot be detected on the basis of a change of
the sign of the NOEs, and the acquisition of NOE
buildup curves and their analysis for a transferred NOE
component were necessary. The buildup curves show
that the maximum NOE is at mixing times between 600
and 800 ms for sLex in the presence of GSLA-2,
compared to a maximum NOE at mixing times between
800 and 1000 ms for free sLex. This change indicates
the presence of a transferred NOE component to the
NOE in the presence of antibody and is thus a clear sign
of (weak) binding of sLex to GSLA-2. A detailed analysis
of the bound conformation of sLex was not attempted
because of the small differences between the NOE
buildup curves.

Competitive STD NMR and NOE Experiments
with sLex and sLea in the Presence of GSLA-2. The
mode of binding of sLea and sLex was further investi-
gated by competitive STD NMR and NOE experiments.
For the NOE experiments, a field strength of 360 MHz
was chosen in order to observe positive NOEs for free
sLea and sLex. At this field strength, for both tetrasac-
charides the presence of the transferred NOE contribu-
tion to the NOE results in the observation of a negative
NOE, which unambiguously indicates binding of the
saccharides to the antibody. A titration of a sample of
sLex and GSLA-2 with sLea gives a series of NOE
spectra where the sign of the cross-peaks of sLea

gradually changes from positive to negative (Figure 4).
At each titration point, STD spectra were also obtained.
The STD spectrum (Figure 5B) and a reference spec-
trum (Figure 5A) at a ratio of sLea/sLex/GSLA-2 of 73:
100:1 indicate that at this point only signals from sLea

are observed because sLex has been completely displaced
from the binding pocket of GSLA-2. The enlarged
regions in Figure 5 show two signals, H1 of fucose and
H3ax of Neu5Ac, that allow an easy distinction between
sLea and sLex.

STD NMR Experiments with Tetrasaccharides
2-4 and GSLA-2. For the sLea derivatives 2-4 STD

NMR experiments were performed for a 20- to 200-fold
molar excess of ligand over GSLA-2. For these com-
pounds only the STD effects of the protons of the
aromatic substituents at the 2-position of the GlcNAc
ring, of H1 and H6 of fucose, and of H3eq, H3ax and
the N-acetyl group of Neu5Ac were analyzed because
of severe signal overlap in the spectral region between
3.3 and 4.1 ppm. For comparison, the STD effects were
normalized using the signal of the methyl group of the
N-acetyl side chain of the Neu5Ac unit as a reference.
A comparison of the STD data shows that the pattern
of saturation transfer is very similar for tetrasaccha-
rides 3-5. An inspection of the region between 3.3 and
4.1 ppm reveals no significant differences between the
compounds investigated. Qualitatively, it is observed
that the relative extent of saturation transfer to protons
of the Gal and the modified GlcNAc unit is less efficient
than for the Neu5Ac and Fuc units, as has been

Table 2. Relative STD Intensities for sLea and sLex Bound to GSLA-2 at 500 MHza

T (K),
F (ppm)

H1
(Fuc)

H5
(Fuc)

H1
(Gal,

GlcNAc)

H3
(Gal,

GlcNAc)
H6proS

(GlcNAc)
H4

(Gal)
H4

(Fuc)

H5
(GlcNAc),

H7
(Neu5Ac)

H2
(Gal)

H3eq
(Neu5Ac)

NAc
(GlcNAc)

NAc
(Neu5Ac)

H3ax
(Neu5Ac)

H6
(Fuc)

sLea

310, 0.4 43 49 45 49 38 43 48 43 56 47 100* 100* 38 62
310, 6.7 73 73 68 69 53 59 62 53 73 44 100* 100* 53 43
290, 0.4 nd nd 27 27 22 19 29 27 22 31 41 59 40 58
290, 6.7 nd nd 65 61 45 38 49 43 37 nd 40 60 nd 16

sLex
310, 7.2 16 21 0 23 24 18 10 33 47 26 0 100 56 25

a sLea: The STD NMR values are normalized using N-acetyl groups as a reference. At 310 K, the signals for the N-acetyl groups are
not separated. The values given are the sum of the two signals. Therefore, at 290 K the STD NMR signals are also normalized using the
sum of the STD NMR factors of the two N-acetyl groups as a reference (signals marked with an asterisk). The saturation frequency F for
the on-resonance spectrum was 0.4 or 6.7 ppm, and for the off-resonance spectrum it was 40 ppm. The saturation time was 3 s, and 1K
scans were obtained. The data suggest that the binding mode may slightly alter with the temperature. sLex: The STD values are normalized
using the N-acetyl group of Neu5Ac as a reference. The saturation frequency for the on-resonance spectrum was 7.2 ppm, and for the
off-resonance spectrum it was 40 ppm. The saturation time was 1.6 s, and 1280 scans were collected. In contrast to sLea, no saturation
transfer is observed for the N-acetyl group of the GlcNAc unit.

Figure 4. Portions of the NOE spectra obtained at 360 MHz
and 300 K for a mixture of sLea, sLex, and GSLA-2. For each
spectrum a mixing time of 400 ms was used. The ratio of sLea/
sLex/GSLA-2 was (top) 16:100:1, (second from top) 26:100:1,
(third from top) 53:100:1, and (bottom) 73:100:1. The cross-
peak shown is the one between H1 and H3 of fucose. sLex gives
negative cross-peaks (black) at 360 MHz in the presence of
GSLA-2 due to transferred NOEs. The sign of the cross-peaks
for sLea change from positive (red) to negative at ratios above
approximately 50:100:1, indicating competition with sLex for
the same binding site of the antibody. For reference, on the
left the anomeric protons H1 of fucose are shown during the
titration.
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described above for sLex (Table 2). The N-acetyl group
of the Neu5Ac residue receives the largest amount of
saturation transfer in each of the compounds 3-5 and
therefore was used as reference. A series of STD
titration experiments delivered STD amplifications as
a function of ligand excess (Figure 6), reflecting that
within the N-acyl group of the GlcNAc residue satura-
tion transfer to H5 of the aromatic ring is most efficient
for each of the compounds 3-5.

Discussion

In this study, the combined use of surface plasmon
resonance experiments, STD NMR experiments, and
transferred NOE analyses furnishes details of the
molecular recognition of the sLea epitope and various
derivatives thereof by a monoclonal antibody, GSLA-2.
Surface plasmon resonance experiments delivered a
ranking of the structural variations and their relevance
to the binding reaction of sLea to GSLA-2 in terms of
their dissociation constants, KD (Table 1). The compari-
son shows that the loss of the C6-methyl group of fucose
is always associated with a decrease in binding affinity.
Likewise, modifications of the N-acetyl group of the
GlcNAc residue in sLea resulted in reduced affinity and,
at the extreme of substituting the GlcNAc moiety with
a cyclohexanediol ring (compound 7), in a complete loss
of binding.

The variation of the N-acyl substituents in compounds
2-5 shows that the N-acetyl group in sLea cannot
simply be exchanged by other types of substituents to
yield a better binding affinity. It appears that the
N-acetyl group is already optimized for binding to

GSLA-2, and since any modification results in at least
a 10-fold increase in KD (Table 1), it can be concluded
that the N-acetyl group is essential for a good binding
affinity. In addition, the lack of the C6-methyl group of
the fucose residue in compounds 2 and 4 results in
another substantial decrease of binding affinity, e.g., an
almost 6-fold reduction when comparing compounds 3
and 4. Consequently, compound 4, which lacks the C6-
methyl group of fucose and has a modified N-acyl side
chain in the GlcNAc moiety, has the lowest binding
affinity in this row of compounds, characterized by a
∼150-fold increase in KD compared to sLea. In this
context it is also interesting to compare the 3,5-dihy-
droxybenzyl carbamate derivative 2 to the 3,4-dihy-
droxybenzyloxy derivative 4. In both compounds the C6-
methyl group of fucose is missing, resulting in a
decreased affinity compared to the parent compound
sLea (1). Interestingly, the introduction of two extra
bonds between the CO function of the carbamate and
the phenyl ring (compound 2) leads to an increase in
binding affinity. This may be explained by an increased
flexibility of the N-acyl side chain, resulting in a better
accommodation of this group within the binding pocket.

For sLex no binding activity was detected in the
surface plasmon resonance experiments, although sLex

is structurally closely related to sLea (Figure 1). It has
been shown before that sLea and sLex may be superim-
posed by rotating one of the molecules 180° around the
long axis (C1-C4) of the GlcNAc pyranose ring and that
the conformational properties of the tetrasaccharides
sLea and sLex are very similar.20 The major structural
differences between sLea and sLex are summarized as
follows. (1) When superimposed, the N-acetyl function
of GlcNAc of sLea is at the C6 position of GlcNAc in sLex

Figure 5. STD spectra of a mixture of sLex and sLea in the
presence of GSLA-2 at a ratio of 100:73:1 sLex/sLea/GSLA-2
at 500 MHz in D2O. The on-resonance frequency was 7.2 ppm,
and the off-resonance frequency was 40 ppm. The saturation
pulse was 1 s in duration. Spectrum A shows the 1H NMR for
the reference, and spectrum B is the STD spectrum. The insets
show the protons H1 of fucose and H3ax of Neu5Ac. These
protons have different chemical shifts in sLea and sLex and
were used to detect differential binding of the two tetrasac-
charides.

Figure 6. STD amplification factors (see Experimental Sec-
tion) of compounds 3-5 as a function of excess ligand. It is
seen that the saturation transfer to H5 in the N-acyl side chain
is most pronounced in each of the three tetrasaccharides. For
compound 5, only three curves are shown because it contains
two free OH groups instead of the OH and OMe groups in
compounds 3 and 4.

Comparative Epitope Mapping with STD NMR Journal of Medicinal Chemistry, 2005, Vol. 48, No. 22 6883



and vice versa. (2) The ring oxygen O5 of GlcNAc in sLea

is located at the position of C1 of GlcNAc in sLex and
vice versa. Assuming that the Neu5Ac, Gal, and Fuc
residues of sLea and sLex bind to the same subsites of
the GSLA-2 binding pocket, it is therefore concluded
that the significantly decreased binding affinity of sLex

is due to two major structural features. First, the
N-acetyl group is missing at the correct position, where
now a CH2OH group is positioned. Second, the O(CH2)8-
COOMe spacer is shifted relative to its position in the
sLea ligand and thus creates potential steric conflicts
with the amino acids of the binding pocket.

From Table 1 it is seen that the linear pentasaccha-
ride LSTa (compound 8 in Figure 2) also binds to
GSLA-2 with a KD value similar to the one of compound
5. It appears that that the two extra pyranose rings at
the reducing end of LSTa add to the free energy of
binding and thus compensate for the loss of fucose.
Consistent with this explanation is the interpretation
that the -O-(CH2)8COOMe spacer in sLex is oriented
such that it cannot contribute to the binding affinity
and may even be in steric conflict with amino acids of
the antigen binding site. In contrast to sLex, the
N-acetyl function of GlcNAc in LSTa is placed at the
same position as for sLea. From these results it may be
predicted that a fucosylated LSTa pentasaccharide
would have a significantly increased binding affinity
toward GSLA-2.

From the Biacore sensorgrams (Figure 3), it can be
seen that a kinetics analysis is possible only for sLea,
although at the limit of the kinetics resolution of the
Biacore 3000 instrument. The on- and off-rates for the
other derivatives were too fast to be followed with this
instrument. The analysis reveals that koff for sLea is
about 0.5 s-1 and kon is about 105 M-1 s-1. Therefore,
the association reaction is significantly slower, and this
is expected for a diffusion-controlled association process.
This can be explained to a large extent by the confor-
mational flexibility of the neuramic acid residue.31,34,36-40

It is reasonable to assume that upon binding, only one
of the conformations present in aqueous solution is
recognized by the antibody.31 This conformational selec-
tion of the R(2,3)-glycosidic linkage during the binding
process may be associated with a significant amount of
activation entropy.

Complementary to the determination of dissociation
constants KD by surface plasmon resonance, the binding
epitopes of sLea and its derivatives (Figure 2) were
mapped at an atomic resolution using STD NMR.8 One
important observation is that each pyranose ring of sLea

is involved in binding to GSLA-2, as all protons receive
saturation transfer. Therefore, the antibody recognizes
a tetrasaccharide epitope. Because good binding affinity
for LSTa (compound 8) may be explained by the exten-
sion of the binding epitope at the reducing end, one may
conjecture that the O(CH2)8COOMe spacer is also in
contact with the binding pocket of GSLA-2. In fact, only
very weak STD effects were observed for the spacer.
Therefore, we suggest that the spacer makes only a loose
contact with the binding site and as such contributes
to the overall binding, yet not to the extent as the
additional pyranose units in LSTa.

One has to be aware that the STD intensities in Table
2 depend on whether the on-resonance frequency for

saturation transfer is set at a frequency in the region
of aromatic amino acid side chain protons or in the
region of aliphatic amino acid side chain protons. This
is due to an effect termed “exchange leakage” that has
been discussed in detail before.28,29 In short, saturation
that originates at aliphatic amino acid residues first has
to be passed on to aromatic amino acids before it may
be transferred to protons of the ligand that are in
contact with aromatic amino acid protons and vice
versa. Since the bound ligand molecules are in fast
exchange with the bulk of free ligand molecules, satura-
tion is effectively removed from the binding site protons,
and the transfer of saturation within the protein via
relay protons competes with the “leakage” of saturation
into the pool of free ligand molecules. Whereas the
transfer of saturation within the protein depends on the
efficiency of spin diffusion, i.e., on the transverse
relaxation time T2, the exchange reaction is determined
by the dissociation rate of the protein-ligand complex.
Therefore, when the saturation transfer is indirect, i.e.,
it occurs via aromatic or aliphatic relay protons within
the protein, it becomes dependent on the respective T2
values and on koff.28,29 Only for very short T2 times in
the case of very large proteins is the difference negli-
gible. This dependence on the saturation frequency may
be put to good use in cases where a quantitative
treatment of the STD data is aimed for. In contrast,
direct saturation of amino acid protons in contact with
ligand protons leads to more efficient saturation transfer
because no relay protons in the protein are involved in
this process, which is independent of individual spin
diffusion pathways inside the protein.

In all experiments it is observed that both N-acetyl
groups of sLea receive a large fraction of saturation
transfer. Since the signals of the two N-acetyl groups
are resolved at a lower temperature of 290 K, it was
possible to discriminate between the two groups show-
ing that the GlcNAc N-acetyl function is in slightly more
intimate contact (larger STD value) with binding site
protons, independent of the saturation frequency. The
protons H1, H4, and H5 of fucose, the protons H1, H3,
and H4 of Gal and GlcNAc, the proton H2 of Gal, and
H6proS of GlcNAc show larger relative STD intensities
with the saturation frequency set at 6.7 ppm, indicating
that this part of sLea makes contact with aromatic
amino acids in the binding pocket. For the C6-methyl
group of fucose the opposite situation is observed, and
it is concluded that it is in contact with aliphatic amino
acid residues. For the other protons the dependency on
the saturation frequency is less pronounced.

Although surface plasmon resonance did not allow
measurement of binding affinities for sLex, very weak
binding affinity to GSLA-2 was observed in both trans-
ferred NOE experiments and STD NMR experiments.
From the STD NMR data, it is concluded that the
antibody recognizes mainly the neuramic acid residue.
This is highlighted by the fact that no observable signal
is found for the N-acetyl function of GlcNAc in the STD
spectrum. The Lewisx core does not receive large
amounts of saturation transfer (Table 2), thus substan-
tiating the hypothesis that the -O-(CH2)8COOMe
spacer is in steric conflict with amino acids in the
binding pocket. A comparison with other proteins that
recognize sLea or sLex shows that this strong discrimi-
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nation between the two epitopes is quite unique. For
example, for E- and P-selectin, it has been observed that
these lectins recognize both tetrasaccharides with simi-
lar affinities. From crystallographic studies of these
complexes,32,33 it is known that the binding pocket is
rather flat. From NMR experiments and from chemical
modifications it became apparent that the main binding
epitope is represented by the fucose and the galactose
units and only portions of the neuramic acid and the
GlcNAc residues. In contrast, our STD NMR data
indicate that the complete tetrasaccharide is buried in
the antigen-binding site of the GSLA-2. Therefore, most
modifications of sLea do not lead to increased binding
affinities toward GSLA-2.

To answer the question of whether sLex binds to the
same site of GSLA-2 as sLea, competitive NOE (Figure
4) and STD NMR experiments (Figure 5) were per-
formed. Since competition was observed, it is concluded
that sLea and sLex indeed bind to the same site.

In general, our study highlights the benefits of
combined STD NMR experiments and Biacore studies
for the analysis of structure-activity relationships.
Here, structural variations of the sLea epitope were
correlated with binding affinities toward a monoclonal
antibody GSLA-2, which is used in tumor diagnosis. The
study has revealed the key pharmacophoric groups that
are required for the recognition of this carbohydrate
epitope by the antibody and has delivered the binding
epitopes of sLea and derivatives thereof at atomic
resolution.

Experimental Section

NMR Experiments and Sample Preparation. NMR
experiments were performed on Bruker DRX 500 and DPX 360
spectrometers operating at 500 and 360 MHz, respectively.
GSLA-2 belongs to the IgG1 subclass and has a molecular
weight of 150 kDa. For the preparation of the GSLA-2/
oligosaccharide samples, GSLA-2 was transferred into deu-
terated PBS buffer (20 mM phosphate, 10 mM sodium chlo-
ride)usingCentricon(Amicon)orVivaspin(Sartorius)concentra-
tors with a molecular weight cutoff of 30 or 10 kDa, respec-
tively. The pH was adjusted to 7.2-7.4 and was not corrected
for D2O. The GSLA-2/sLex samples each contained 2.8 mg of
GSLA-2 in 560 µL of buffer solution, corresponding to 67 µM
in binding sites. The GSLA-2/sLea and GSLA-2/2 - 5 samples
each contained 0.3 mg of GSLA-2 in 545 µL of buffer solution,
corresponding to 7.4 µM in binding sites. Ligands were
dissolved in D2O and titrated into the GSLA-2 samples such
that an addition of 10 µL of ligand solution corresponded to a
binding site/ligand ratio of 1:20. The binding site/ligand ratio
was varied from 1:20 to 1:200.

For 1D 1H NMR experiments, 16K data points were ac-
cumulated with a spectral width of 10 ppm. The acquired data
were subjected to exponential line broadening prior to Fourier
transformation. Chemical shifts were referenced against DSS.
The 1H NMR signal assignment was achieved via the standard
2D experiments COSY, TOCSY, NOESY, and HSQC. For these
spectra the quadrature detection method used in t2 was the
TPPI method except for the case of the HSQC spectra where
the echo/antiecho method was used instead; the residual HDO
was suppressed by weak preirradiation when required.

NOESY Experiments. NOE spectra were acquired with
512 increments in t1 and 2K data points in t2. The number of
transients acquired per increment was sample-dependent.
Prior to 2D Fourier transformation, the data matrix was zero-
filled to 4K (t2) × 2K (t1) data points and multiplied by a π/2
shifted squared sine bell function in both dimensions. The
NOE spectrum for the GSLA-2/sLex/sLea sample obtained at
360 MHz was acquired with 256 increments in t1 and 2K data

points in t2. For this spectrum 16 transients were acquired
for each increment.

STD NMR Experiments. STD NMR spectra were obtained
on a Bruker DRX 500 spectrometer equipped with a triple
resonance probehead, incorporating gradients in the z-axis. For
the acquisition of STD NMR spectra, a 1D pulse sequence
incorporating a T1 F filter was used. On-resonance irradiation
was performed at -1.0, 0.4, 6.7, or 7.2 ppm, and off-resonance
was performed at -20 or 40 ppm. Irradiation was performed
using 50 Gaussian pulses with a 1% truncation and 49 ms
duration and were separated by a delay of 1 ms to give a total
saturation time of 1 s. The duration of the T1 F filter was 15
ms. STD NMR spectra were acquired with a total of 1024-
4096 transients in addition to 32 scans to allow the sample to
come to equilibrium. Spectra were obtained with a spectral
width of 10 ppm and 16K data points. Reference spectra were
acquired using the same conditions but with only half the
number of transients. STD amplification factors were deter-
mined as previously described.

Surface Plasmon Resonance Experiments (Biacore).
Surface plasmon resonance experiments were performed on a
Biacore 3000 machine using CM5 chips. GSLA-2 was im-
mobilized following the standard Biacore EDC/NHS im-
mobilization procedure. For this, 2 µL of a GSLA-2 solution of
3.9 mg/mL in PBS buffer was added to 98 µL of acetate buffer,
pH 4.5. The immobilization yielded between 12.000 and 20.000
resonance units. For a reference in one flow cell anti myoglobin
antibody was immobilized, and one other flow cell was only
capped with ethanol amine. Ligands were dissolved in HEPES
buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, and 0.005% (v/
v) polysorbate 20, Biacore). Twelve ligand concentrations (for
sLex, 16 ligand concentrations) ranging from 0.2 to 800 µM
were used for the experiments. The flow rate was 5 µL/min
for the immobilization and 10 µL/min for the injection of
ligands. For the determination of KD values and for the kinetics
analysis, standard Biacore software, version 3.2, was used.
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Appendix

Abbreviations. sLea ) sialyl Lewisa ) tetrasaccha-
ride 1; sLex ) sialyl Lewisx ) tetrasaccharide 6; GSLA-2
) monoclonal antibody that recognizes sLea; mAb )
monoclonal antibody; GlcNAc ) D-N-acetylglucosamine;
Gal ) D-galactose; Fuc ) L-fucose; Neu5Ac ) D-N-
acetylneuramic acid ) 5-acetamido-3,5-dideoxy-D-glyc-
ero-R-D-galacto-2-nonulopyranose; STD NMR ) satu-
ration transfer difference NMR; NOESY ) nuclear
Overhauser and exchange spectroscopy.
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