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The interaction of multivalent carbohydrate derivatives with
carbohydrate-binding proteins (lectins) is frequently
observed in biological systems, and th e ir inhibition by tailored
multivalent ligands is a powerful strategy for the treatment of
many human diseases. fli Compared to monovalent interactions, multivalency can lead to significantly increased binding
affinities and specificities. Several mechanisms have been
suggested to be responsible for the observed binding enhancements. fl f. 21Among them is the spanning of adjacent binding
sites by the multivalent ligand (chelate effect)[31 to which the
highest contribution to enhanced binding affinity is attributed. Recently, we were able to characterize chelating binding
of multivalent N-acetylglucosamine (GlcNAc) derivatives to
wheat germ agglutinin (WGA) by X-ray crystallography.l4]
Since it is well established that the structure of biomolecules
determined by X-ray crystallography is not necessarily
identical to their solution structure[SI and, furthermore, binding mechanisms in a densely packed crystal and in solution
may differ, a method to determine the binding mode of
multivalent interactions in solution is desirable. Here, we
describe the application of electron paramagnetic resonance
(EPR) spectroscopy of spin-labeled ligands for this purpose
and provide structural evidence for chelating binding of a
multivalent GlcNAc derivative to WGA in solution.
WGA is a plant lectin that forms a 36 kDa stable
homodimer with a twofold symmetry axis and is specific for
terminal N-acetylneuraminic acid and GlcNAc.[6] WGA
contains eight binding sites, termed A1, BIC2, CIB2,
DIA2, A2, B2Cl, C2Bl, and D2A1.171 We could show by Xray crystallography that four molec ules of divalent liga nd 1
(Scheme 1) simultaneously bind to all e ight GlcNAc binding
sites of the WGA dimer with each ligand bridging pairs of
adjacent binding sites, specifically, BIC2-C2B1, B2CI -CIB2,
AI-D2Al , and A2- Dl A2.141 T his struct ure explains the high
binding affinity of 1 towards WGA (lC50 = 57 J.LM)141 that had
[k] Dipl.·Chem . P. Braun, M. Sc. B. N age le, Prof. Dr. V. Wittm ann,
Dr. M. Drescher
University of Konstanz, Department of Chem istry
and Konstanz Research School Chemical Biology (KoRS·C B)
78457 Konstanz (Germany)
Fax: (+ 49) 7531·88·4573
E·mai l: mail@valentin·wittmann.de

[''''J

This work was supported by the Deutsche Forschungsgemeinschaft
(DR 743/2·1), the University of Konstanz, and the Konstanz
Research School Chemica l Biology. We thank Martin Spitzbarth, Tim
ten Brink, and Dr. Thomas Exner for contributions to data ana lys is.

H~O~
~

ACHN~QtI...
r~~~

H

H

0f(N ~O ~ O~ O .~ Nf(0

o

0

1: R' = R2 =OH

1,: R'=OH, R2=
1 2: R' = R2 =

[R1)

OH

HO~

HO AcH'Nl

H

AcHN~QtI...

rO~~

H

0f(N ~O~ N f(0

o

0

2: R' = R2 = OH

2,: R' = OH, R2 =
22: R' = R2 =

HO~O
HO

AcHN

H

0f(N~

o
3: R = OH

3,: R =

Scheme 1. Mono· and divalent WGA li gands.

been determined by an enzyme-linked lectin assay (ELLA) .[S]
Divalent ligand 2 with a shorter linker has an IC50 value of
734 J.LM, and monovalent GlcNAc derivative 3 has an ICso
value of 8 mM[4]
Employing a combination of continuous-wave (cw) EPR
spectroscopy and a two-frequency pulsed EPR method
utilizing analog ues of 1, 2, and 3 containing e ither one (11)
21> 3.) or two (12 , 22) niU'oxide spin labels (Scheme 1), we now
present evidence for the chelating binding of 1 in frozen glassy
solution. In contrast, ligand 2 with the shorter linker between
the GlcNAc residues is shown to not be ab le to bridge
adjacent binding sites of the lectin but to rather bind
monovalently.
The double electron-electron resonance (DEER or
PELDOR)[9 1 technique can be used to measure distributions
of long distances between spin labels separated by up to
10 nm and is, therefore, ideally suited for the study of
multivalent ligand- protein interactions. To the best of our
knowl edge, this powerful technique here is used for the first
time in this context. Distances less than 1.5 nm are not
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accessible by D EER/lO[ but we re detected by low-temperature
cw E PR. Rotational mobility was determined by cw EPR at
ambient temperature using singly labeled liga nds. Examination of the crystal structure of the complex of 1 and WGA
(PDB ID : 2X52)14[ revealed that the hydroxy group in the 6position of the GlcNAc residues is not involved in protein
binding and is sterically suited for the attachm ent of a spin
label. Therefore, we replaced this hydroxy group of one or
both GlcNAc moieti es of 1- 3 with an amine and attached a
nitroxide label through an amide bond (Scheme 1; for details
of th e synthesis see th e Supporting Information).
All EPR experime nts were carried out at a ligand
concentration of 33 f.tM . For D EER expe rim ents, samples
were annealed either in the presence or absence of W GA in
aqueous solutions containing 30% (v/v) glycerol. The measureme nts were performed at a temperature of 40 K after
shock-freezing in liquid nitroge n in order to trap the annealed
conformation (for details and baseline-subtracted D EER
data see the Supporting Information) . Distance distributions
were obtained by a model-free ana lysis using D EERAnalysis
2009./1 1]
D EER expe rime nts perform ed with a solution of diva lent
doubly spin-labeled liga nd 12 in the absence of WGA revealed
a broad distance distribution with significant contributions
be low 2 nm (Figure 1, bottom) and eve n below 1.5 nm as
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1. Distance di stribution s from DEER ana lysis for doubly sp in labe led divale nt li ga nd 1, in the absence (bottom) and prese nce of
WGA (mol ar ratio WGA dim erjli ga nd 1, 8:1 (center) and 1:4 (top» .
Th e peak at 2.3 nm (ce nter) is attributed to the bridgin g of adjacent
prim ary bindin g sites ; additi ona l distances (top) correspond to interli gand distances between li ga nd s bound to th e sa me WGA dimer.

Figure

detected by cw EPR (Supporting Information, Figure Sl).
This can be explained by the flexibility of th e linker betwee n
the two spin-labeled GlcNAc moieties which allows the
sampling of many conformati ons with varying dista nces
between the spin labels (Figure 2 a). T he rotational diffusion
of th e spin labe l attached to 11 at room temperature is fast
(rc = 120 ps, Figure S2, bottom) as expected for a molecule of
this size.
Upon additio n of an e ightfold molar excess of the W GA
dim e r, we ex pect almost quantitative binding of 1 to the
protein , assuming the IC50 value of the liga nd is similar to its
f(D' Accord ingly, the rotational mobility of the singly labe led
ligand 11was found to be significa ntl y decreased under these

Figure 2 . a) Diva lent li ga nd 1, in solu tion; th e nex ibl e linker allows the
sa mplin g of many con form at ions which have varying distances
betwee n the sp in labels. Proposed binding mod e of 1, in the presence
of b) an excess of WGA dim er and c) a n excess of li gand 12 ,
d) Proposed binding mode of diva lent 2, in the presence of an excess
ofWGA dimer. The two su bunits of the WGA dimer are co lored blu e
and gree n. Nitroxid e spin labels are dep icted as ye ll ow circles.

conditions (rc = 1.8 ns, Figure S2, center) confirming quantitative binding. Also, the distribution of distances be tween the
two spin labels within 12 has changed significantly. The width
of the distance distribution has become narrower a nd its peak
max imum has shifted to 2.3 nm ; no distances below 1.5 nm
are evident (Figure 1, center ; Figure Sl, center) . This correlates well with a stretched divalent liga nd binding simultaneously with both sugars to the protein (Figure 2 b). Given the
8:1 protein/ligand mol ar ratio, statistically not more th an one
divalent ligand is bound to one WGA dimer. Quantitative
a nalysis of the distance distribution taking into accoun t the
conformation of the bound ligand accordin g to the crystal

structure (PDB entry 2X52) as well as the dimensions and
orientational fl exibility of the spin labels (Figures S4 and S5),
reveals th at th e ligand bridges pairs of adjacent primary
binding sites (BIC2/C2Bl or B2ClICIB2).
If we decrease th e lectin concentration to a WGA dimer/
ligand molar ratio of 1:4, only a fraction « 40 %) of the
divalent ligand is expected to bind to WGA. Mobility
measurements (Figure S2, top) also suggest only partial
binding. Partial binding is also reflected in the distance
distribution between the two spin labels within 12 (Figure 1,
top) with the low-distance peak featuring a broader shoulder
at th e lower distance end and a shift of its maximum to a
slightly smaller distance. This suggests a superposition of the
distance distributions for bound and for unbound liga nds,
respectively. Corresponding simulations suggest about 40 %
bound ligands. In addition, the measurements of the shorter
distances using cw spectra at low temperatures (Figure Sl,
top) indicate a reduced- compared to in the absence of WGA
(Figure Sl, bottom)- but still significant presence of short
distances (r < 1.5 nm) allocated to unbound ligands. While the
relative binding fraction of the divalent ligand is decreased at
the reduced protein concentration , the number of bound
ligands per protein is increased, that is, larger than 1
(Figure 2c). Consequently, additional distances appear in
the distribution (Figure 1, top) corresponding to interligand
spin interactions between different molecules of 12 bound to
the very same WGA dimer. While a quantitative analysis for
multiple spin interactions is difficult,(1 21 a prominent peak at
r = 4.3 nm and a broad feature for r < 4 nm can be identified.
These distances correspond very well to the interliga nd
distances between the primary binding sites predicted from
th e crystal structure (cf. Figure S4, distances between oxygens
in the 6-position of G1cNAc residues : 4.2, 2.6, and 3.5 nm).
The interligand distances between the secondary binding sites
D2A1 and DIA2 (up to 5.3 nm) are not found.
For the divalent ligands 21 and 22 with the short linker we
find in the absence of WGA a situation similar to that for 11
and 12 , respectively. Rotational diffusion of 21 is fast ('c =
120 ps, Figure S6, bottom), distances shorter than 1.5 nm are
present (Figure S7, top), and th e distance distribution
obtained from DEE R analysis of 22 features a single broad
peak with a maximum at 1.8 nm (Figure 3, bottom). This
maximum occurs at the same distance as for 12 , This can be
explained by th e gauche effect of the oxygen atoms in the
linker region of 12 leading to a folded conformation that is
well known for oligo(ethylene glycol) chains.(13] Upon addition of WGA, the results for the shorter ligand 22 completely
from those obtained with 12 , Even in th e presence of an
eightfold molar excess of the WGA dimeI', the main
component of th e cw spectrum of 21 at room temperature
remains the fast motion regime as in th e absence of WGA.
Only a small fraction features a reduced mobility (Figure S6,
top). This finding suggests a low binding affinity which is in
accordance with the ICso value of 2. In the distance
distribution obtained with 22 under these conditions
(Figure 3, top) , the same short distances as those in absence
of WGA are found (including distances below 1.5 nm ; cf.
Figure S7). Distances of r = 2.3 nm corresponding to th e
stretched, site-bridging liga nd conformation do not appear
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Figure 3. Distance distributions for 2, in the absence (bottom) and
presence ofWGA (molar ratio WGA dim er/ligand 2,8:1, top). Small
peaks at r = 3.1 and 3.9 nm (bottom) are not significant (see the
Supporting Information).

significantly. In contrast, distances around 3 nm are present
that are attributed to interligand distances between spinlabeled ligands bound to CIB2 and C2Bl. From these findings
we conclude that there is a small fraction of monovalently
bound divalent ligands which preferably bind to CIB2 and
C2B1 (Figure 2d). The absence of the typical prominent peak
at r = 2.3 nm observed for 12 shows that under these
conditions adjacent binding sites, for example CIB2 and
B2C1, are not occupied simultaneously. Since the crystal
structure does not suggest steric hindrance of simultaneous
binding to adjacent binding sites, th e most plausible explanation for this observation is that the binding affinity for
CIB2 and C2Bl is higher than for the other two primary
binding sites.
In a solution of monovalent ligand 31 and WGA (each
33 !J.M), only weak binding is detected by EPR spectroscopy.
The main contribution to the dipolar evolution in the DEER
experiment originates from the background signal of a
homogeneous three-dimensional spin distribution. However,
there is a small contribution from interacting spins of singly
labeled ligands 3, bound to the very same WGA dimer. The
peak at 2.3 nm which is characteristic for binding to adjacent
binding sites is missing (Figure 4, bottom) as in the case of 22 ,
Only longer distances allocated to distances between the
binding sites CIB2 and C2Bl (around 3 nm , cf. Figure 3, top)
and between BIC2 and B2C1 (around 4 nm) occur. Not until
the WGA concentration is decreased to a protein/ligand
molar ratio of 1 :7, resulting in more ligands bound per
protein, does the peak attributed to adjacent binding sites
appear (Figure 4, top). The increase of the relative intensity of
th e peak allocated to the occupied binding sites Bl C2 and
B2Cl (approximately 4 nm) with decreasing protein/ligand
ratio, again , indicates the lower binding affinity of these sites
compared to CIB2 and C2B1.
In summary, our results show a detailed picture of the
molecular mechanism of the binding of mono- and divalent
ligands to WGA. Applying a combination of state-of-the-art
EPR techniques, we obtained, for the first time, structural
evidence for multivalent protein-ligand interactions in solution. The chelating binding of the divalent liga nd 12 , which has
a linker long enough to bridge adjacent binding sites, is
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Figure 4. Distance distributions for 3, in the presence of WGA (molar
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ratio WGA dimerjligand 3, 1:1 (bottom) and 1:7 (top)) .

directly detected and can be differentiated from the monovalent binding of multiple molecules of the divalent ligand 22,
which has a linker that is too short to bridge binding sites. In
addition, analysis of intermolecular spin interactions between
different ligand molecules of 22 or 3. bound to the same
multivalent protein molecule provides hints as to which
binding sites are preferentially occupied. The technique
presented here is not confined to WGA but has broad
applicability to the analysis of many multivalent proteinligand interactions.
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