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/Abstract: The increasing understanding of the essential role
of carbohydrates in development, and in a wide range of
diseases fuels a rapidly growing interest in the basic princi-
ples governing carbohydrate-protein interactions. A still
heavily debated issue regarding the recognition process is
the degree of flexibility or rigidity of oligosaccharides. Com-
bining NMR structure determination based on extensive ex-
perimental data with DFT and database searches, we have
identified a set of trisaccharide motifs with a similar confor-
mation that is characterized by a non-conventional C—H--O

NG

\

hydrogen bond. These motifs are present in numerous
classes of oligosaccharides, found in everything from bacte-
ria to mammals, including Lewis blood group antigens but
also unusual motifs from amphibians and marine inverte-
brates. The set of trisaccharide motifs can be summarized
with the consensus motifs X-B1,4-[Fucal,3]-Y and X-f31,3-
[Fucal,4]-Y—a secondary structure we name [3,4]F-branch.
The wide spectrum of possible modifications of this scaffold
points toward a large variety of glycoepitopes, which nature
generated using the same underlying architecture. D

Introduction

Carbohydrates are found in great abundance on cell surfaces
of all organisms and are crucial for numerous biological pro-
cesses, including cell-cell adhesion, cellular recognition, and
various signaling processes." A wide and diverse range of
highly specific glycoepitopes function as recognition sites for
various receptors—a field receiving increasing attention.”
Branching a linear oligosaccharide with a fucose moiety signifi-
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cantly contributes to this diversity, which plays an important
role in tissue development, cell-adhesion (such as selectin-
mediated leucocyte-endothelial adhesion), fertilization, host-
microbe interactions,”’ and the human Lewis and ABO blood
group antigens.” Moreover, altered fucosylation has been ob-
served in various cancer cells® and diseases, including type 1
diabetes mellitus, rheumatoid arthritis, and cystic fibrosis.®!
Understanding the molecular basis of specificity and affinity
of carbohydrate—protein interactions is the key to uncover the
glycocode and its biological roles. In this context, information
on the conformation of the carbohydrate ligands in the un-
bound and bound form is of particular interest to understand
the entropic contribution to binding. The trisaccharide Lewis*
(Le¥, Galp1,4[Fuca1,3]1GIcNACP) is one of the Lewis blood group
antigens that are widely considered to adopt a well-defined
structure in solution.” Le* is recognized by DC-SIGN" and its
sialylated version sLe* by E-selectin,® as well as the human
zona pellucida.”’ Its conformation in solution is virtually identi-
cal to the conformations found in the vast majority of lectin
complexes, suggesting that the solution conformation is iden-
tical to the bioactive conformation. A strong stacking interac-
tion between its Gal and Fuc moiety"” was attributed to van
der Waals contacts, steric hindrance, especially by the adjacent
GIcNAc moiety, as well as the exo-anomeric effect®' To im-
prove the insight into this stabilization, we recently deter-
mined the NMR structure of Le* attached to a carrier protein.
The slower tumbling due to this attachment caused an en-
hanced nuclear Overhauser effect enabling the measurement
of reliable distance restraints, which were suitable for structure
determination protocols developed for biological macromole-
cules. We noticed the presence of a non-conventional C—H--O
hydrogen bond that plays an important role in the stabilization
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of the conformation of Le*" The C—H--O hydrogen bond be-
tween H5 of fucose and the galactose ring oxygen O5 contrib-
utes about 1.8 kcalmol™" to the stabilization energy at the
Gal-Fuc interface (total 4.5 kcalmol™), locking the already
quite restricted conformational space of that trisaccharide.!'”
The existence of the C—H--O hydrogen bond in Le* has recent-
ly been experimentally confirmed in the tetrasaccharide sialyl
Lewis* (sLe) by observing a spin-spin (scalar) coupling across
this non-conventional hydrogen bond."® Among the key de-
terminants of a C—H--O hydrogen bond are () a distance be-
tween H and O that is shorter than the sum of their van der
Waals radii,"¥ (i) a characteristic downfield shift of the proton
resonance’™ and (ii)) the observation of a (3,-1) bond critical
point between H and O in the electron density topological
analysis of 3D coordinates."™ The role of C—H--O hydrogen
bonds in the stabilization of proteins and nucleic acids has
only recently been debated"” and their existence experimen-
tally proven."® Although generally considered much weaker
than a conventional hydrogen bond, electron-withdrawing
substitutions, like oxygen in the case of Le* or amide, and car-
bonyl in the case of amino acids, substantially polarize the C—
H bond and thus increase its donor ability. High-level quantum
mechanical calculations estimate a stabilization energy of
about 30-50% compared to a conventional hydrogen bond
for a Ca-H-+O hydrogen bond in proteins."”

Here, we raise the question of whether the stabilization of
the Le* trisaccharide that includes this typical C—H--O hydro-
gen bond as a central feature is a unique phenomenon or if
similarly stable conformations exist in other oligosaccharides.
We therefore conducted an extensive search for C—H---O hydro-
gen bonds in fucose-containing oligosaccharides and identified
in many glycoepitopes a common trisaccharide architecture
with a defined three-dimensional conformation that is compa-
rable to secondary structure elements in proteins.

Results

The chemical shift as an indicator for C—H---O hydrogen
bond confirmed by ab initio calculations

A comparison of the chemical shifts of Le* with the disacchar-
ide Fuca1,3GIcNAc (Figure 1a) revealed the expected large dif-
ferences for C—H groups at the glycosidic linkages (H4, C4, H3
and C3). Interestingly, a very large difference is observed for
H5 of Fuc, a proton in close proximity to the free electron pair
of Gal 05. Chemical shifts of 4.7-4.8 ppm!? were observed,
very much downfield shifted compared to the resonance in
isolated  fucose (419 ppm,  BioMagResBank™  entry
bmse000036), suggesting that a C—H--O hydrogen bond is in-
volved.™ To get further insights into the correlation between
the downfield shift and C—H--O hydrogen bonding, we calcu-
lated the dependence of the 'H chemical shift on the H--O dis-
tance using the model system (iPro-O-Me and Me-O-Me) we
used before? applying DFT calculations (Figure 1b). The short-
er the hydrogen bond distance is, the higher the downfield
chemical shift contribution. For this model system, the ener-
getic minimum was identified previously at a distance of 2.3-
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2.5 A using high level ab initio calculations."? According to the
obtained correlation, this distance range corresponds to a
downfield shift Ad of 0.4-0.8 ppm, a value in agreement with
the experimental shift of Ad~0.45 ppm observed for Le* in
comparison to Fucal,3GlcNAc. Following the computational
procedure suggested by Scheiner,"” we were able to show
that the main contribution to the downfield chemical shift
change is originating from the C—H--O hydrogen bond (Fig-
ure S1 and Table ST in the Supporting Information). We con-
clude from these calculations that the characteristic H5 Fuc
chemical shift can serve as an indicator for the presence of the
C—H--O hydrogen bond between the stacking saccharides of
Fuc and Gal.

Similarity between Le* and GIcNAcf31,4[Fuca1,3]1GIcNAcf

Interestingly, the structure of fucosylated chitobiose
(GIcNAcP1,4[Fuca,3]1GIcNAc; called 3FChB in the following) in
complex with the recently discovered Coprinopsis cinerea lectin
2 (CCL2)®Y determined by NMR spectroscopy, showed strong
similarities to the Le* structure (Figure 1c and d) and most
strikingly a similar downfield shift of the Fuc H5 resonance at
5.05 ppm (BioMagResBank entry 17902) was found. A similar
core structure and a Fuc H5 chemical shift of 4.75 ppm were
observed for 6'-sulfo sialyl Lewis* when bound to Siglec-8%"
(BioMagResBank entry 25799). This prompted us to use the
characteristic Fuc H5 chemical shift as a search criterion for de-
tecting C—H--O hydrogen bonds in similarly stabilized oligosac-
charides.

Statistics of H5 chemical shift of fucose display a discrete
cluster

We analyzed the chemical shift distribution of Fuc H5 by
searching the NMR database of Glycosciences.de,”? which con-
tains 628 entries for fucose H5 chemical shifts (Figure 1e). In-
terestingly, about 25 % of all observed chemical shifts cluster in
a narrow range around 4.84 ppm, which corresponds to the
characteristic H5 chemical shifts of Le*, 3FChB and 6'-sulfo sLe*.
Data of 178 oligosaccharides are found in this cluster (cutoff >
4.6 ppm) that are summarized in Figure 2 (for details, see
Table S2 in the Supporting Information). In addition, 21 values
from publications were included (marked with + in Table S2).
In general, only a1,3- and a1,4-linked but not a1,2- and a1,6-
linked fucose H5 chemical shifts were found within the cluster
>4.6 ppm. However all entries within that cluster were part of
branched oligosaccharides. In the case of a1,3-linked Fuc, it
was always accompanied with a 31,4-linked saccharide, typical-
ly Gal, GIcNAc or GalNAc, whereas a1,4-linked fucose was
always accompanied with a (31,3-linked saccharide, typically
Gal or GIcNAc, leading to the following consensus sequences:
X-B1,3-[Fuca1,4]-Y and X-B1,4-[Fuca1,3]-Y in which X stands for
the stacking saccharide and Y is a saccharide with equatorial
hydroxy groups at positions 3 and 4. Nine differently branched
trisaccharides were found as shown on the left of Figure 2
(typical examples on the right). All classes display a chemical
shift for H5 of Fuc between 4.7 and 5.0 ppm. This suggests

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Characteristic chemical shift reports a C—H--O hydrogen bond. (a) Chemical shift differences between Le* (red) and Fuca1,3GIcNAc that lacks the
stacking Gal (blue) illustrated by an overlay of their *C HSQC spectra. Signals of Le* are labeled and corresponding signals in the disaccharide are connected
by lines to the Le* signals (black label). The stacking Gal signals that are missing in the disaccharide are labeled grey. Signals of the methyl group at the re-
ducing end are indicated by “Me". (b) Dependence of the chemical shift o in a C—H--O hydrogen bond and the electron density at the bond critical point
p(r) on the H-O distance as calculated with Bader’s atom in molecules (AIM) theory using the model system (iPro-O-Me and Me-O-Me) introduced before.'?
For comparison, the energetic minimum for the same model system as a function of the H—O distance"? is shown at the bottom. (c) Representative NMR
structure of Le*."? (d) Structure of 3FChB in complex with the lectin CCL2.2% (e) Histogram of all available chemical shifts of H5 of Fuc within the Glycoscien-
ces.de database.”? The H5 (Fuc) chemical shifts of Le* and of a-L-fucose are indicated.
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Figure 2. Structural motifs displaying a characteristic 'H chemical shift for Fuc H5. On the left, trisaccharide glycan cores that very likely adopt a defined 3D
structure. The number of structures within each category is given as well. Typical examples are shown on the right. Structures indicated with an asterics were

absent in the database search but were added from two publications.”**°

! The associated chemical shifts of H5 of Fuc are presented in blue. A light grey

background indicates glycans with a three-dimensional structure in the PDB databank. Glycans of which the solution structure was determined by NMR spec-

troscopy were highlighted in light magenta and framed in red (this work).

that all of those trisaccharide core structures adopt a stabilized
3D structure similar to 3FChB and Le*. Only two a1,2-fucosylat-
ed glycans display a chemical shift close to the cut-off shift of
4.6 ppm, which however, seem to be part of another cluster
(Figure 1e), probably reflecting a different kind of stabilization.

The first two categories contain the widely abundant Lewis-
type blood group antigens Le?, Le®, Le*, and Le”, as well as sub-
stituted versions thereof, including sialyl Le* (sLe*) and several
sulfated Le* Le%, and sLe* epitopes. Glycans containing 3FChB

Chem. Eur. J. 2017, 23, 11598 - 11610 www.chemeurj.org
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are members of the third category that contain a1,3-fucosylat-
ed N-glycan cores typically found in plants and inverte-
brates.”® Interestingly, several additional motifs that are usually
not associated with Lewis antigens were found: a1,3-fucosylat-
ed LacdiNAc (LDNF) present in helminths®? and sea squirt,”*”
species-specific amphibian egg jelly coats with an a1,4-fucosy-
lation,®® and fucosylated chondroitin sulfate®” also display the
downfield-shifted H5 resonance of their Fuc moiety. Moreover,
Lewis-type-like antigens in which the reducing end of GIcNAc

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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is substituted by a Glc moiety fulfill the search criterion as well. ~ NMR structure determination, ab initio calculations, and the

It is noteworthy that a1,2-linked Fuc, as found for example in  analysis of X-ray crystal structures deposited in databases.
determinants for blood groups A, B and H, do not display the
characteristic downfield chemical shift, suggesting that those
motifs are not stabilized by a comparable intramolecular C—
H--O hydrogen bond.

In summary, the database search revealed nine trisaccharide
core structures that all exhibit a H5 chemical shift of Fuc  Three-dimensional structures of carbohydrates in solution are
around 4.8 ppm, which is indicative of a C—H--O hydrogen = commonly obtained by using molecular dynamics (MD) simula-
bond suggesting a very similar three-dimensional architecture.  tions that typically lack any experimental input and might be
To provide more evidence for a common scaffold, we used  biased by the applied force field. A purely experimentally

An efficient, generally applicable approach to obtain 3D-
structures of carbohydrates in solution by NMR spectrosco-
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Figure 3. Efficient approach for three-dimensional structure determination of oligosaccharides in solution. (@) NOE enhancement factors of a transient NOE ex-
periment as a function of the correlation time t. indicated for two magnetic fields corresponding to 500 and 900 MHz. Estimated correlation times of Le*
methyl glycoside (MW: 543.5 gmol™') in D,O are indicated by vertical lines. (b) 2D 'H-"H NOESY spectra of methyl Le* (3.7 mm) in either H,O (red, left) or in
D,O (blue, right) measured at 900 MHz and 277 K. Chemical shift assignments are indicated on the top for isolated resonances. On the right, schematic pre-
sentation of methyl Le* with the observed inter-residue NOEs indicated by red arrows. (c) 2D 'H-"H NOESY spectra of 3FChB (GIcNAcB1,4[Fuca1,31GIcNAc-
O(CH,)sCOOH, 2.8 mwm) in either H,0 (red, left) or in D,O (blue, right) recorded at 900 MHz and 277 K. On the right is a schematic presentation of 3FChB show-
ing the obtained inter-residue NOEs by red arrows. (d) Influence of temperature on the quality of NOESY cross-peaks illustrated by two 2D 'H-'H NOESY spec-
tra of 3.7 mm Le*-OMe in D,0 measured at 900 MHz and either 277 or 293 K. Inter-residue NOE cross-peaks are indicated by red arrows.
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driven, efficient approach has not been established so far. The
most reliable experimental input for the determination of
three-dimensional structure in solution is still the nuclear Over-
hauser effect (NOE). However, for small molecules with masses
around 500 Da, the NOE enhancement factors are close to
zero, that is, NOEs cannot be observed. This stands in contrast
to large biopolymers like proteins for which the enhancement
factors reach an optimal value of —1 (Figure 3a). There are sev-
eral possibilities to obtain a more favorable NOE enhancement
factor: attaching the small molecule to a larger molecule,
which we successfully applied recently,"? decreasing the tem-
perature, and applying higher magnetic fields are additional al-
ternatives (Figure 3a). Whereas the first approach requires the
formation of a covalent bond between the small and the large
B3C/™N labeled molecule, the latter two methods are technical-
ly feasible and directly applicable to the small molecule. From
the calculated enhancement factors (Figure 3a), we «can
deduce that lowering the temperature from 25 to 0°C increas-
es the estimated tumbling time approximately by a factor of 2.
In addition to low temperatures, we used a high magnetic
field strength to measure 2D NOESY spectra. With a magnetic
field of 21.2 Tesla (900 MHz) together with a temperature just
above the freezing point, samples of Le* and a1,3-fucosylated
chitobiose yielded excellent NOE cross-peaks (Figure 3b-d). A
mixing time of 150 ms was applied which is still in the linear
range of NOESY intensities as a function of the mixing time
(Figure S2 in the Supporting Information) to avoid spin diffu-
sion effects. The line shapes and the overall quality of the
NOESY spectra are much better than the *C or N F1-filtered,
F2-filtered NOESY spectra measured with our recent ap-
proach.'”? Exceptionally high numbers of inter-residual NOEs
(Figure 3b and c; Tables S3 and S4), namely 9 for Le* and 11
for fucosylated chitobiose, corresponding to 4.5 and 5.5 NOE
distance restraints per glycosidic linkage, respectively, were ob-
tained. These are redundant experimental restraints for defin-
ing two angles per glycosidic linkage.

For the experimentally driven structure determination, we
first used the NOE-derived distance restraints with a distance
geometry approach to avoid any bias from a force field apply-
ing CYANA” an established software package for proteins
and nucleic acids. In a second step, the obtained coordinates
were further refined using the GLYCAM force field® together
with the experimental restraints. For both trisaccharides, we
obtained a well-defined ensemble (Figure 4a and b; statistics
in Table S5 in the Supporting Information). The structural en-
semble of Le* is virtually identical to the one obtained previ-
ously when we covalently attached it to a protein and mea-
sured at 298 KI'? (Figure 4c). The ensemble of 3FChB corre-
sponds to the structure of the trisaccharide when bound to
CCL2.%Y This also demonstrates that the lower temperature
does not influence the structure significantly, which is also re-
flected by almost identical chemical shifts when comparing
spectra at 277 and 298 K (Figure S3).

Thus, based on collecting a redundant number of experi-
mental distance restraints obtained at ultra-high magnetic
fields and low temperature, we established an efficient and re-
liable method to determine 3D solution structures for small oli-
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GlcNAc

Figure 4. Experimental solution structures of Le* methyl glycoside and
3FChB based on NOESY data recorded at 277 K and 900 MHz. (a) Stereo
figure of an ensemble of 20 best structures of Le* methyl glycoside.

(b) Stereo figure of an ensemble of the 20 best structures of 3FChB. (c) Most
representative NMR structure (yellow) superimposed with a representative
obtained from a Le*-protein conjugate recorded at 293 K (purple). For sim-
plicity only heavy atoms are shown. The C—H--O hydrogen bond is shown as
a dashed green line.

gosaccharides. In case of Le*, a virtually identical structure was
obtained as in our previous approach, but without the need
for a chemical attachment to an isotopically labeled carrier
protein. This new approach can be applied directly to every
oligosaccharide of interest in aqueous solution.

3D solution structures of trisaccharides displaying the char-
acteristic chemical shift

We used the same experimental approach to determine the
3D solution structures of representatives of four additional
clusters obtained from the chemical shift statistics of Fuc H5
(Figure 2), in particular the blood group epitope Le? fucosylat-
ed LacdiNAc (LDNF), the amphibian egg glycan Bv9,”® and lac-
todifucotetraose (LDFT). For the four carbohydrates, 2D NOESY
spectra were recorded using temperatures of 275 or 273K,
which resulted in slightly supercooled solutions in D,0. High
quality NOESY spectra were obtained resulting in an excep-
tional large amount of inter-residual NOE distance restraints
(Figure S4 and Tables S6-S9 in the Supporting Information)
leading to well-defined structures with a high similarity to
3FChB and Le* (Figure 5a—f; statistics are found in Table S5).
The analysis of the glycosidic linkages (for dihedral-angle plots

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Comparison of the three-dimensional structures of methyl Le*,
methyl Le?, 3FChB, LDNF, Bv9 and LDFT. (a) Representative NMR structure of
methyl Le*. The C—H--O hydrogen bond is indicated by an orange dotted
line and their C5—05 distance is given. In addition the chemical shift of H5
of Fuc is indicated in blue. (b-f) Representative NMR structures of methyl
Le?, 3FChB, LDNF, Bv9, and LDFT, respectively. (g, h) Comparison of the gly-
cosidic dihedral angles of methyl Le*, methyl Le?, 3FChB, LDNF, Bv9, and
LDFT. Left: comparable phi-psi plot of the Fuc-Y linkages. We choose the
NMR angle definition (phi: H,-C;-0,-C'; psi: C;-0,-C'y-H’y) rather than the X-
ray dihedral angle definition (phi: Os-C,-O,-C'y; psi: C;,-O,-C'y-C'y.,), because
the latter would lead to different angles between a1,3- and a.1,4-fucosylated
glycans, differing by ~120°. Angles were extracted by CARP#" Right: com-
parable phi-psi plot of the X-Y linkages in which X stands for the saccharide
that stacks with the Fuc and Y stands for saccharide to which X and Fuc are
connected.

see Figure 5g and h) exhibited basically identical values for
Le*, Le?, 3FChB, LDNF, Bv9, and LDFT, indicating that they share
the same underlying architecture. The three-dimensional ar-
rangements suggest a comparable C—H--O hydrogen bond be-
tween H5 of Fuc and O5 of the stacking Gal, GalNAc or GIcNAc
(see Figure 5a-f). All structures showed comparable H5--O5
distances in the NMR ensembles (Table 1), which however
might be still influenced by the applied force-field.
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Refinement and analysis of 3D solution structures

Because both distance geometry calculations and refinement
with Amber do not allow close contacts between non-cova-
lently bound atoms, the C—H--O hydrogen bond might be
even shorter in reality. We therefore performed calculations
based on first principles: we used DFT®Y at the B3LYP/6-
31G(d,p) level® using an implicit water solvation model to
minimize the geometry of one representative of each of the
six structural ensembles. The resulting structures of Le*, 3FChB,
Le®, LDNF, Bv9 and LDFT (Figure S5 in the Supporting Informa-
tion) are very similar to the initial NMR structures but show
shorter H5--05 distances of 2.3-2.5 A (Table 1), now significant-
ly shorter than the sum of the van der Waals radii of 2.7 A. Fur-
thermore, we used the wave functions obtained from the DFT
calculations to localize and calculate the electron density at
the bond critical points p(r) within the C—H--O hydrogen
bonds with Bader's atom in molecules (AIM) theory®
(Table S10). The existence of bond critical points with a suffi-
ciently high electron density p(r.) between 0.010 and 0.014 au
is clear evidence for the presence of a C—H--O hydrogen bond
in all six structures.

For independently verifying the correctness of our struc-
tures, we used the Gauge-Independent Atomic Orbital (GIAO)
method®" within Gaussian 09" to calculate the NMR shielding
tensor from the DFT-optimized structures (Table S11 in the
Supporting Information). The agreement between the calculat-
ed and the experimental chemical shifts is fairly good (RMSD
0.14-0.22 ppm), especially considering the used approxima-
tions to mimic the solvent. In particular, the chemical shifts of
H5 of Fuc are excellently reproduced with predictions of 4.88-
5.10 ppm, corresponding to a downfield shift of 0.55-0.77 ppm
compared to the non-stabilized Fucal,3GIcNAc disaccharide.
The fact that the distances of 2.3-2.4 A in the used DFT-opti-
mized structures are typical for a C—H--O hydrogen bond,*®
the existence of bond critical points with a sufficiently high
electron density and the agreement of the chemical shift pre-
dictions with the experimental values, provides direct evidence
that the structures are very similar and that a C—H--O hydro-
gen bond is present in all six trisaccharide structures. Applying
the procedure of Scheiner™ further proved the existence of
the hydrogen bond and its impact on the chemical shift of Fuc
H5 saccharide (Table S1).

Branched fucosylated oligosaccharides in protein crystal
structures

The well-defined NMR structures of Le*, Le?, 3FChB, LDNF, Bv9,
and LDFT prompted us to additionally analyze protein crystal
structures that contain representatives of the trisaccharide cat-
egories displayed in Figure 2, either as ligand or within a
glycan. One hundred crystal structures containing four out of
the nine trisaccharide categories are available (marked with a
grey background in Figure 2; Tables 1 and S12 in the Support-
ing Information). Due to its high abundance in N-glycan, cores
of plant proteins 3FChB are overrepresented. For comparison,
we also included a crystal structure of isolated Le* from the
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Table 1. Distances between H5 of Fuc and O5 of Gal/GIcNAc in the NMR structures, one Cambridge Structural Database (CSD) structure and Protein Data-
bank (PDB) structures as evidence for C—H--O hydrogen bond. For more details see Table S12 in the Supporting Information.
Method Glycomotif Type of structure or PDB/CSD entry identifier Number Distance H5(Fuc)- Distance C5(Fuc)-
of motifs 05(Gal/GIcNAc) [A] 05(Gal/GIcNAc) [A]
NMR 3FChB ensemble 20 2.5840.01% 3.6240.01%
DFT minimized 1 235 3.44
Le* ensemble 20 2.50+0.01" 3.56+0.01"
DFT minimized 1 2.32 3.41
Le® ensemble 20 2.49+0.01%" 3.55+0.01%
DFT minimized 1 2.33 343
LDNF ensemble 20 2.36+£0.01" 3.43+£0.02"
DFT minimized 1 2.41 3.50
Bv9 ensemble 20 2.54+0.02" 3.60+0.02"
DFT minimized 1 233 342A
LDFT ensemble 20 2.53+£0.02" 3.58+£0.02"
DFT minimized 1 247 3.57
X-ray Le* ABUCEF 2 2.31 and 2.29 3.30 and 3.27
(CSD)
X-ray  Le* 1FWU, 1G1R, 1G1S, 1G1T, 1KMB, 1SL5, 15L6, 1UZ8, 2KMB, 20X9, 2R61, 2RDG, 68 2.4140.06" 3.4440.05
(PDB) 278L, 3AP9, 3KMB, 3PVD, 3ZNL, 3ZNM, 4CSY, 4DXG, 4KMB, 4P2N, 4RCO, 4RFB,
4U06, 4U07, 4USO, 4X0C, 5A70, 514D*
Le 1CLY, 1CLZ, 1GSL, 1S3K, 2J1T, 3EYV, 3LEG, 3PA2, 3PUN, 4D4U, 4GWI, 4P25, 4RDL, 46 2.4740.06" 3.5040.06"
4WZE, 5ELB, 5ELC, 5ELD, S5ELE™
Le® TFWV, TW8H, 3ASR, 4P31, 4RMO, 4UT5, 4WZL, 5A6Z" 23 2.43+0.08"9 3.46+£0.07"
Le® 1LED, 3ASS, 3AST, 3LEK, 3SEJ, 4RDK, 4GWJ, 40PO, 4ZH7, 5F8R, 5F7M, 5F7N, 34 2.4140.109 34340119
5F7W, 5F93, 5F9A, 5F9D
3FChB (N-  1E4M, 1E6Q, 1E6S, 1JU2, 1LK9, 1YMO, 2B9L, 2F9N, 2QQM, 3L9R, 3QW9, 4ARN, 28 (only  2.4040.06" 3.4640.05"
glycan 4GWM, 4GWN, 4GZT™ selection)
cores)
Le*like 1W8F 4 2.3840.08" 3.4540.09"
Le*-like 202L, 3EFX, 5ELFY 26 2.48+0.06" 3.51+0.059
[a] Average distances and standard deviation of the ensemble consisting of 20 structures. [b] Excluded 3ZW1, 4UNZ, 4U02, 5AJB, and 5AJC that displayed
an elongated Le* conformation. [c] Average distances and confidence interval (95%) of all motifs within one category; protons were added to the struc-
tures by Maestro (Schrédinger) because the crystal structures lacked protons (details in Table S12). [d] Excluded 2WMG, 2WMK, 2 structures of 4D4U that
displayed an elongated Le”’ conformation. [e] Excluded 3UET that displayed an elongated Le® conformation. [f] Excluded 3UOP that displayed an elongated
difucosylated N-glycan core conformation..

Cambridge Structural Database (CSD). In almost all of the 254
extracted oligosaccharide structures from the PDB, the trisac-
charide core adopts the same conformation as we found for
the six solution structures of Le* Le?, 3FChB, LDNF, Bv9, and
LDFT. Only in the case of 21 carbohydrate structures from 12
PDB entries do the carbohydrates adopt an obviously different
extended conformation, indicated by a large distance between
the fucose and the stacking saccharide (Table S12).

In the majority, consisting of 233 oligosaccharides, the dis-
tance between C5 of Fuc and O5 of Gal/GalNAc/GIcNAc shows
a sharp maximum around 3.5 A. After adding protons, the
measured distances between H5 of Fuc and O5 of Gal/GalNAc/
GIcNAc cluster in a narrow range around 2.4 A (Figure 6,
Tables 1 and S12). Even if some of these clustered distances
are slightly biased due to repulsive terms between “non-
bonded” atoms in the applied force-fields""? the H5—05 distan-
ces are clearly shorter than expected from the sum of the van
der Waals radii of 2.7 AP Both sharp distance distributions
correspond to typical distances for nearly linear C—H--O hydro-
gen bonds that were observed in high-resolution neutron dif-
fraction structures of carbohydrate crystals.”® There is no dif-
ference in the H5—05 and C5-05 distances depending on the
kind of trisaccharide (Table 1). In the 21 oligosaccharide struc-
tures with extended conformations, the H5—O5 distances
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Figure 6. Distribution of the H-O and C—O distances between Fuc C5-H5
and its corresponding hydrogen bonded oxygen in crystal structures. Data
from 256 oligosaccharides from the PDB and CSD databases are included
(Table S12). The sum of the van der Waal radii is indicated.
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range from 3.7-7.4 R and C5-05 distances between 4.2-7.8 A
(Figure 6). Considering that one of these exceptions is a glycan
in complex with an inactivated glycoside hydrolase GH98>"
that normally cleaves Galf31,4GIcNAc linkages, the exact linkage
that is distorted in the structure, we speculate that this distor-
tion is required for the enzymatic function. Recently, a detailed
investigation of extended Le* conformations in silico and
bound to f-propeller lectins was reported, which estimated an
energetic difference of about 2.5 kcalmol™' between the
closed and extended conformation.*” Based on MD simula-
tions, it was concluded that the open state exits in 1.4% of the
time in solution.

In summary, 92 % of oligosaccharide structures from the PDB
(Figure 2, indicated by a grey background) confirm that the
glycoepitopes of Le* Le’, Le?, Le, 3FChB, difucosylated N-
glycan cores, Le®like and a Le’-like motifs (Glc instead of
GIcNAc) share the same architecture and contain a C—H--O hy-
drogen bond in their trisaccharide motif when bound or linked
to protein.

A common scaffold and allowed substitutions

The present work suggests the same core architecture of the
glycan motifs in Figure 2 consisting of an a-L-Fuc that stacks
to a Gal/GlcNAc/GalNAc and a GIcNAc/GIc/GIcA that connects
both stacking monosaccharide moieties with either a1,3 and
B1,4 or a1,4 and 31,3 linkages (both in equatorial position). A
superposition of the six NMR structures of 3FChB, Le*, Le?
LDNF, Bv9, and LDFT illustrates the shared architecture (Fig-
ure 7 a). The various substitutions and additional carbohydrate
linkages, found in other oligosaccharides with the characteris-
tic Fuc H5 chemical shift, are summarized in Figure 7b. Where-
as the L-Fuc moiety is mostly not modified (except at O2 with
R,), modifications of the Gal/GlcNAc/GalNAc moieties stacked
upon Fuc are found on all positions: C2, O3, 04 and 06 (func-
tional groups R,, R;, R, Rs). The GIcNAc/GIc/GIcA at the branch-
ing site can be connected in two orientations (swapping the
equatorial O3 and 04 linkages) and can contain various equa-
torial substituents at C2 and C6 (R; and R,). The a-L-Fuc
moiety is the integral part of the conserved secondary struc-
ture since a-configuration is a prerequisite for the proper ori-
entation of the C—H--O hydrogen bond. L-Saccharides are rare
among the common glycans and only a-L-rhamnose exhibiting
deviating chirality from a-L-Fuc at C2 and C4 might fulfill the
role of the a-L-saccharide.

Discussion

The NMR structures of a1,3- and a1,4-fucose-branched oligo-
saccharides determined here together with existing protein/
carbohydrate crystal structures (Figure 2) show that all adopt a
defined conformation and share the same spatial architecture.
Common to those structures is a characteristic chemical shift
of H5 of L-Fuc that is indicative of a C—H--O hydrogen bond
between H5 of Fuc and the ring oxygen of a neighboring Gal/
GIcNAc/GalNAc moiety. Six NMR solution structures, two crystal
structures of an isolated carbohydrate and additionally 233 oli-
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Figure 7. A common scaffold—a secondary structure element in glycans.

(a) Superposition of a representative NMR structure of Le* (purple), Le?
(cyan), 3FChB (green), LDNF (pink), Bv9 (pale green), and LDFT (brown). The
shared architecture is colored in yellow and the C—H--O hydrogen bond is il-
lustrated by a dotted, orange line. Protons are omitted for clarity except Fuc
H5 that is colored in grey. (b) Consensus structure of branched trisaccharides
stabilized by a C—H--O hydrogen bond. Observed modifications are given in
blue. (c) Schematic presentation of a short a-helix including the N—H--O hy-
drogen bonds as green dashed lines (top) and as ribbon model (bottom).
The amino acid side chains are indicated as R';-R’,.

gosaccharide structures found in the PDB database support a
common scaffold of X-f1,4-[Fucal,3]-Y or X-f1,3-[Fucal,4l-Y
glycoepitopes (Figure 2) that contains a C—H--O hydrogen
bond as a central feature. We name the structural element
“[3,4]F-branch” standing for a glycan branching point with
either a1,3- or al,4-Fuc. The consensus structure illustrated in
Figure 7b provides a conceptual basis for understanding a
large part of glycoepitopes by their shared architecture that is
similar to secondary structure elements in proteins. For com-
parison, an a-helix as a typical secondary structure of proteins
is depicted in Figure 7 c. The exemplary heptapeptide contains
12 rotatable backbone angles, indicating the fragility related to
large degree of freedom. Four conventional N—H--O hydrogen
bonds (~5-6 kcalmol™' each) are required to stabilize this a-
helix. In contrast, the [3,4]F-branched oligosaccharides (Fig-
ure 7b) are already quite restricted in their conformation due
to three pyranose rings with a favored pucker and only four
torsion angles of the two glycosidic linkages that are rotatable
within a certain range avoiding steric hindrance. A C—H--O hy-
drogen bond between Fuc H5 and O5 of the stacking pyra-
nose would be able to stabilize the conformation even with a
much smaller energetic contribution in comparison to an a-
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helix. In the case of Le*, we concluded earlier from ab initio cal-
culations a stabilization energy between Gal and Fuc of
~4.5 kcalmol™" consisting of stacking interactions (~2.7 kcal
mol ') and a C—H--O hydrogen bond (=~ 1.8 kcalmol")"? that
restraints the four glycosidic torsion angles, resulting in a com-
parable stabilization energy per rotatable bond as in an a-helix
(1.1 kcalmol™" versus 1.6-2.0 kcalmol™). Steric hindrance at
the glycosidic linkages or sometimes between bulky substitu-
tions, and further stabilization by the exo-anomeric effect
might play an additional role. There could be even an addi-
tional contribution from a second C—H--O hydrogen bond be-
tween Fuc H5 and GIcNAc 04, which displays a H-O distance
of 2.7-29 A in our refined structures and 2.5-2.7 A in the
ABUCEF crystal structure (no force field applied) as suggested
but not experimentally confirmed by Battistel et al."® This sce-
nario would be called a 3-centered hydrogen bond because
the very same Fuc H5 is involved. Such shared hydrogen
bonds have been reported for example in collagen previous-
ly.“? However, the observed H5—-04 distances are in the range
of the sum of the van der Waals radii of about 2.6 A at the ob-
served C-H-O angle of 145°.%% The close distances between H5
and the two oxygens have been already noticed in Le® in 1980
by Lemieux et al.® but at this time non-conventional hydro-
gen bonds were not widely known or considered.

In analogy to an a-helix in which the variety of amino acid
side chains (R';-R’;) provide a specific surface for interactions,
the recognition of the glycoepitopes (Figure 7b) is mediated
by their exposed functional groups (R,-R,). Small modifications
of the substitutions change the glycoepitope that can lead to
markedly different recognition events, for example a 6’-sulfo-
modification makes sLe* invisible for L-selectin®’ but generates
a glycoepitope that can be recognized by Siglec-8.

Carbohydrates with a pre-defined, biologically active solu-
tion structure are perfect ligands because they do not need to
change their conformation upon binding and thus have the
advantage of a lower entropic penalty and a faster on-rate
(kon) Upon binding to their target lectin. An example is 3FChB,
which is bound by the lectin CCL2 with a moderately high af-
finity (Kb=1 um) and adopts the same conformation in solu-
tion and in the complex with the lectin.”” The advantage of a
pre-organized conformation is best illustrated by sLe* ana-
logues that were developed as E-selectin antagonists."'®*! In
the case of a replacement of the GIcNAc moiety by either cy-
clohexane-1,2-diol or flexible ethylenglycol, a more than 100-
fold higher inhibitory concentration ICs, is observed for the
flexible analogue compared to the cyclohexane derivative. In
the case of the more rigid cyclohexane-1,2-diols, a Fuc H5
chemical shift of 4.6-4.77 ppm indicates the presence of a C—
H--O hydrogen bond, whereas for the flexible version a chemi-
cal shift of only 4.12 ppm is observed, indicating the lack of
such stabilization.

Our studies do not exclude a small degree of dynamics like
a fast transition to a very low population of an extended con-
formation as suggested by Topin etal”” Such an exchange
with low populated higher energy states have been experi-
mentally observed in structured biomolecules like proteins™®
and DNA,™" and their presence is probably more common
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than expected. However, the observed downfield chemical
shifts resulting from the C—H--O hydrogen bond are time aver-
aged and indicate with values very close to the ones obtained
by quantum mechanics that in the overwhelming majority of
the time, the conformation is in the closed state. The existence
of such low abundant dynamics in Le® is supported by the
small temperature-dependence of the downfield chemical shift
of Fuc H5 (A8/AT=—2.2 ppbK").*¥ In the rare case that a pro-
tein is able to stabilize an open, extended conformation, the
chemical shift of Fuc H5 will not be downfield shifted anymore
as our GIAO calculations of previously reported open confor-
mations suggest (Figure S6 in the Supporting Information).

Among the glycans adopting the presented scaffold are
physiologically as well as pathophysiologically highly impor-
tant glycoepitopes: sLe* and 6-sulfo sLe*, natural ligands of se-
lectins that are involved in leucocyte rolling and homing,™”
sLe* in the zona pellucida is crucial for human fertilization,” 6'-
sulfo sLe* is specifically recognized by Siglec-8,*"*¥ an immu-
nosuppressive co-receptor present on eosinophiles, whereas 6-
sulfo sLe* is a ligand for Siglec-9.°% In addition, LDNF is a cen-
tral part of an allergenic sea squirt pentasaccharide™® and is
present in glycans of parasitic helminths,*” and a.1,3-fucosylat-
ed N-glycan cores, major allergic determinants of pollen and
insect venoms,”” are found as well. Surprisingly, fucosylated
chondroitin sulfate found in crab?” and sea cucumber®" that
was earlier promoted as selectin antagonist,®" is also among
the stabilized glycoepitopes.

Conclusion

The discovery of a secondary structure element that includes a
C—H--O hydrogen bond and thus stabilizes carbohydrate con-
formations adds a new dimension to the glycocode® and we
speculate that more such stabilizing interactions among glyco-
epitopes remain to be uncovered. Critical for our present in-
vestigation were carbohydrate databases that included search-
able chemical shifts and structural data,'***® and we are con-
vinced that such databases will reveal other exciting insights
into carbohydrate structures in the future.

Experimental Section

Carbohydrate samples: Le* methyl glycoside, Le* methyl glyco-
side, Fuca1,3GIcNAc methyl glycoside and LDFT were purchased
from Carbosynth (UK). The synthesis of LDNF and of 3FChB is de-
scribed in the Supporting Information. Bv9 was a generous gift of
the laboratory of Yann Guerardel (Lille). Carbohydrates were dis-
solved in either D,0O or 94% H,0/6% D,0 with concentrations be-
tween 2.8 and 3.7 mm.

NMR spectroscopy: All spectra were acquired on Bruker Avance IlI
500 MHz, 600 MHz and 900 MHz spectrometers equipped with cry-
ogenetic triple-resonance probes. Spectra were processed in Top-
spin 2.1 (Bruker, Germany) and analyzed in Sparky (T. D. Goddard
and D. G. Kneller, SPARKY 3, University of California, San Francisco).
Resonance assignment was achieved with 2D 'H-*C HSQC, 2D 'H-
3C HMBC and 2D 'H-'H TOCSY spectra with mixing times ranging
from 13-120 ms. 2D 'H-"H NOESY experiments were recorded with
mixing times of 150 ms. The temperature was calibrated with
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MeOD according to Findeisen et al.” NMR tubes that withstand
freezing aqueous solutions (5 mm TA, Armar, Switzerland) were
used for all measurements. Samples dissolved in D,0 did not
freeze even at 273 K. All spectra are referenced to 2,2-dimethyl-2-
silapentanesulfonic acid (DSS). C chemical shifts were indirectly
referenced using a scaling factor = of 0.251449530 according to
Markley et al.” Assigned 'H-"*C HSQC spectra of all investigated
oligosaccharides are shown in Figure S7 in the Supporting Informa-
tion.

NMR structure calculations: NOE cross-peaks extracted from 2D
"H-"H NOESY spectra were quantified and converted into proton-
proton distances that were used in structure calculations as upper-
limit restraints (Tables S3, S4, S6-59). More precisely, signal to noise
(S/N) ratios of the NOE cross peaks were extracted using Sparky (T.
D. Goddard and D. G. Kneller, SPARKY 3, University of California,
San Francisco). The S/N ratios were correlated to distances assum-
ing a r® dependence. The S/N ratios of cross peaks originating
from degenerate CH, or CH; groups were divided by 2 or 3, re-
spectively. Distances were calibrated with H3-H5 correlations, nor-
mally nicely isolated in the NOESY spectra that correspond to a dis-
tance of 2.65 A in a typical chair conformation. Initial calibration at-
tempts with the fixed H61-H62 distance of 1.77 A gave similar re-
sults, but due to the proximity of those signals to the diagonal,
their S/N ratios could not be extracted reliably for all carbohy-
drates. Initial coordinates were obtained by the Biomolecule Build-
er from the GLYCAM website (http://glycam.ccrc.uga.edu/AMBER/
index.html) that were used to generate carbohydrate parameters
in the CYANA library file. Preliminary structures were calculated by
CYANAR® starting from 300 structures with randomized conforma-
tion using upper limit constraints calculated from the S/N ratios
and expanded by a 0.2 A tolerance as explained in Tables S3, 5S4,
S6-59 in the Supporting Information and the associated footnotes.
The 30 best structures (lowest target function) were further refined
with Amber 9.0°¢ using the Glycam06 force field*® together with
an implicit solvent model. 20 structures with the lowest distance
violations were used for the final structural ensemble.

Databank search for specific glycan chemical shifts: The chemi-
cal shift search of GLYCOSCIENCES.de® was used to search for
fucose H5 chemical shifts between 4.5 and 5.5 ppm. The glycan
structures and chemical shifts of the 178 results were extracted
and transferred into a file. For glycans containing multiple fucose
residues, the chemical shifts were unambiguously assigned to each
of them. The list contained one line per chemical shift with the as-
sociated glycomotif that was highlighted in case of a larger glycan.
Finally the entries were ordered and categorized after their glyco-
motif. Data from five publications?*?*%*” were added to support
categories with only few data. The full list of results is found in
Table S2 in the Supporting Information. To estimate the percentage
of glycans containing a C—H--O hydrogen bond, all entries contain-
ing a H5 (Fuc) chemical shift were searched, revealing 628 entries.
The 178 entries that displayed a H5 (Fuc) chemical shift of 4.7-
5.0 ppm present then about 25%. A similar search in structural
data is described below.

Databank search for glycan coordinates: A substructure search
within GLYCOSCIENCES.de was used to search protein structures
for the individual glycomotifs. A broader search for X-p1,4-
[Fuca1,3]-Y and X-f31,3-[Fuca1,4]-Y did not reveal any additional re-
sults. However, a search using the GlycomeDB"® and the protein
database (PDB) directly revealed additional PDB entries. The ob-
tained protein crystal structures containing either glycans or carbo-
hydrate ligands were used to extract the distances between Fuc
C5 and O5 of the stacking monosaccharide using XtalView."® To all
structures, protons were added with Maestro (Schrédinger) and
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the distances measured between Fuc H5 and O5 of the stacking
monosaccharide in order to detect C—H--O hydrogen bonds. The
results are summarized in Table S12. The percentage of fucose-con-
taining glycans that are stabilized by a C—H--O hydrogen bond
was estimated from 4271 entries containing an a-L-fucose, 232 en-
tries containing X-f1,3-[Fuca1,4]-Y and 910 entries containing X-
(1,4-[Fuca1,3]-Y as found in GLYCOSCIENCES.de.

Accession codes: The atomic coordinates, chemical shifts, and re-
straints used for the structure calculations were deposited with the
help of Protein Data Bank Japan (PDBj) and PDBj-BMRB in the Bio-
logical Magnetic Resonance Bank (BMRB) with the accession codes
21031, 21032, 21034, 21053, and 21054. The LDFT structure and re-
straints were deposited at the Protein Data Bank (PDB) with acces-
sion number 2MK1 (PDB accepts oligosaccharides with four or
more residues) and the chemical shifts at the BMRB with accession
number 19748.

Computational Methods

Estimation of the correlation time t. and the nuclear Overhaus-
er enhancement: The correlation time was estimated according to
the Stokes’ law and an estimation of the hydrodynamic radius
from the molecular weight according to Cavanagh et al.,*¥ assum-
ing an average specific volume of the carbohydrate of 0.65 cm®g™"
and a hydration layer of 1.6 A. Viscosity values reported for D,0®”
were used. The nuclear Overhauser enhancement was calculated
for a transient NOE experiment in dependence of the magnetic
field according to Neuhaus and Williamson.”"

Geometry optimization and chemical shift calculation: The ge-
ometry of one representative of each NMR structure was optimized
using DFTE" at the B3LYP/6-31G(d,p) level of theory.*? Solvent ef-
fects were accounted for applying the CPCM model (implicit sol-
vent).®” NMR shielding tensors were obtained using the gauge-in-
dependent atomic orbital (GIAO) method.®¥ Protons were added
to the open Le* structures from the PDB by Maestro (Schrédinger).
Absolute chemical shift values were referenced to tetramethylsi-
lane (fully optimized in solvent using the same level of theory). Vi-
brational mode analysis was performed at the optimized geometry
to confirm the stability of the obtained minimum. No imaginary
frequencies were found. All ab initio geometry optimizations and
chemical shift calculations were performed using Gaussian 09.5°
Bond critical point of C—H--O hydrogen bonds: The molecular
wave functions obtained at the B3LYP/6-31G(d,p) level were ex-
ported to the program AIMAIIL®® which was used to localize and
characterize the bond critical points on the basis of the quantum
theory of atoms in molecules (AIM).=*
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