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Structural Motifs of the Dimeric Lewis Glycolipids as Determined by
NMR Spectroscopy and Molecular Dynamics Simulations

Armin Geyer,* Gerd Hummel, Thomas Eisele, Stefan Reinhardt and Richard R. Schmidt*

Abstract: Several monomeric and dimeric Lewis glycolipids have been investigated by
NMR spectroscopy, and structural aspects were modelled by computer. From the

pseudo-C,-symmetric tetrasaccharide unit that forms the recognition domain of the
Lewis Y and Lewis b antigens, a totally C,-symmetric tetrasaccharide was designed that
contains the structural element common to all Lewis antigens. Finally, a model for the
presentation of dimeric Lewis antigens at membrane surfaces was derived. The overall
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shapes of the dimeric Lewis oligosaccharides are defined by the connectivity of the sugar

residues within rigid tri- and tetrasaccharide building blocks.

Introduction

Lewis glycoconjugates are expressed in various forms at the
surface of eucaryotic cells and have attracted interest in recent
years as tumour-associated antigens.!!! They also act as binding
epitopes in transient cell recognition by initiating the rolling of
leucocytes over the endothelial cell wall,'?} or by mediating the
first steps of bacterial or viral infections.’®!

Homogeneous glycoconjugates are obtained by chemical syn-
thesis; partial®! and total syntheses!s) have been reported.
Lewis oligosaccharides have been investigated with great com-
putational effort since the pioneering work of Lemieux,'® and
although the spatial structures seem to be well-defined, the ex-
tent of flexibility remains unclear.!” 8 NMR spectroscopic data
are very sensitive towards conformational averaging and allow
the identification of flexible and rigid domains in biopoiymers.
The extent of averaging of NMR data is difficult to quantify for
oligosaccharides, for which often only few interglycosidic NOE
data are available.!® 19

With several monomeric and dimeric Lewis oligosaccharides
at hand,"*!! we could control the reproducibility and reliability
of NOE-derived distance restraints. We looked for common
structural features within the Lewis antigens and tested our
conclusions by comparing the natural structures with two syn-
thetic mimetics. One tetrasaccharide of very different connectiv-
ity, namely Fuca(1 — 2)-Galp,f-trehalose, possessing the same
structural characteristics as the natural oligosaccharides ex-
hibits a nearly identical NOE pattern and thus the same confor-
mation. A second analogue, where minimal structural modifica-
tions—namely exchange of anomeric sulfur for oxygen—de-
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stroy the stabilizing interactions typical of the Lewis antigens,
demonstrates a conformational behaviour which is not compar-
able to that of the natural Lewis oligosaccharides.

Results and Discussion

Data acquisition and interpretation: NOESY spectra!'?) of tetra-
and pentasaccharides usually exhibit weak cross-signal intensi-
ties owing to the intermediate molecular tumbling rates with
correlation times of the order of the inverse of the spectrometer
frequency. The mobility of small molecules can be slowed down
at the surface of [D, ]sodium dodecylsulfate (SDS) micelles in
D,0; the consequence is NOESY spectra of higher intensity, as
they are observed only for larger molecules. Originally, deuter-
ated micelles were employed to study the conformational be-
haviour of peptides in a membrane-mimetic environment,!**
but this method also works very well for a micellar solution of
Lewis glycosphingolipids (Scheme 1) where only the fatty acid
chains insert into the micelles and the oligosaccharide domains
retain most of their conformational degrees of freedom.
'H NMR signals are very sensitive towards environmental influ-
ences, and line broadening (Fig. 1) confirms the insertion of the
glycosphingolipids into the micelle surfaces. The relative chem-
ical shift differences remain unaffected, indicating that no con-
formational changes are induced in the oligosaccharide moieties
by the change between the two different solvent environments.

Though a micellar environment favours spin diffusion,
NOESY spectra with sufficiently short mixing times can be in-
terpreted according to the two-spin approximation.!' It was
shown that this is applicable to glycolipids too;!*% 'l NOESY
spectra for the monomeric Lewis antigens were acquired under
these conditions (Fig. 2).

The dimeric Lewis antigens, which are assembled from nine
sugar residues (Scheme 1) and thus have longer correlation
times than the monomeric antigens, exhibit intense negative
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Scheme 1.

NOEs in pure D,O (R = C¢H,,N,). The reduced line broaden-
ing in pure D,0 allowed the assignment of several NOEs which
are not resolved for the dimeric Lewis antigens (R = ceramide)
in SDS micelles. Thus, for monomeric Lewis oligosaccharides it
was advantageous to acquire NOESY spectra of the natural
glycosphingolipids in the membrane-mimetic environment of
SDS micelles (= intense NOEs), while for dimeric Lewis anti-
gens an investigation of the oligosaccharide moiety in pure D,O
was the better choice (= improved signal resolution).

Interglycosidic NOEs for Le?, Le® and diLe® are listed in
Table 1. The oligosaccharides contain the branched trisaccha-
ride unit GalB(1 — 3)[Fuca(l — 4)]JGlcNAcf with varying sub-
stitution patterns (Scheme 1). Even the long-range NOEs be-
tween sugars not directly connected (bold in Table 1) are similar
for the three oligosaccharides; deviations are within the 10%
range of experimental error. Long-range NOEs are very sensi-
tive towards conformational changes, since they are influenced
by several variable torsion angles.

Fig. 1. Anomeric regions of the 'H NMR spectra (300 K, 600 MHz) of several
monomeric and dimeric Lewis antigens under different solvent conditions. Le® with
a ceramide aglycon in a micellar solution of fully deuterated SDS in D,O differs
from Le® with a short alkyl aglycon in pure D,O by a lowfield shift of Ad =
0.02-0.04 ppm for all signals. The relative positioning of the anomeric protons
remains unaffected and all resonance signals exhibit similar line broadening. The
same effects are visible in the NMR spectra of sLe* and Le’. The two signals at
lowest field are the olefinic protons of ceramide. 98.4 % [D,JSDS resonance signals
are marked by asterisks. Repetitive units in the dimeric Lewis antigens are not fully
resolved in SDS micelles; spectral quality is better in pure D,0.

NOE-derived proton—proton distances from Table 1 served
as the restraints in individual molecular dynamics (MD) simula-
tions of Le?, Le® and diLe®. Ten structures from a 100 ps MD
simulation of each oligosaccharide were averaged and energy-
982 — @y VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1996
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Table 1. The columns labelled “'r” contain the experimentally derived proton -pro-
ton distance restraints. The columns labelled “MD” contain the distances in an
averaged and energy-minimized molecular dynamics simulation (all distances in
pm). Distances of comparable building blocks are listed in the same row; sugars are
numbered along the branching points. Short distances between monosaccharides
not directly connected are in boldface. Diastereotopic assignment of terminal
methylene groups was not possible and a long, less restraining distance of 320 pm
was used in the MD simulations (experimental distances to methylene groups are
listed in the footnotes). n.d. = Not determined. s. = signal overlap.

Le® [a} r MD diLe® [b} r MD
1d-H-3¢-H 260 245 1d-H-3¢-H 240 242
le-H-4c-H 270 236 le-H-4c¢-H s. 250
le-H-5¢-H 330 370 le-H-5c-H nd. n
S5e-H-3¢-H 330 356 Se-H-3¢-H nd. 366
Se-H-24d-H 280 265 S5e-H-2d-H 240 265

le-H-6¢-H™® 320 255
1e-H-6¢-H™ 320 240

te-H-6¢-H”® 320 261
1e-H-6¢c-H™ 320 227

- ) -H-3d-H 20 23
Le’ ] d MD 1f-H-4d-H 60 314
1&-H-3c¢H 260 253 1g-H-3f-H 250 258
seH-2d-H 370 346 sh-H-2gH  nd. 350
fe-H-2d-H 250 230 \h-H-2g-H 240 228
SeH-2c-H 60 253 Sh-H-2£H U0 244
Sf-H-3c-H 320 358 Si-H-31-H nd. 365
Sf-H-2d-H % 243 Si-H-2g-H 2% 48
1f-H-4c-H 60 247 li-H-4g-H s 29
1EH-Sc-H 0 367 1i-H-SEH nd. 382

1i-H-6f-HP? 320 376
1i-H-6f-H"S 320 238

{-H-6¢-HP™® 320 379
1f-H-6¢-H™S 320 243

[a] 1e-H-6¢-H"" i = 260 pm, 1e-H-6¢c-H*o" /it = 230. [b] 1e-H and 1i-H
are not resolved: 1 e-H-6¢c-H'*™ /1, { {.H - 6(-H '~ fi"4 = 260 pm, 1e-H - 6 c-H***
ried {i-H-6f-H" /4 = 240 pm. [c} 1F-H-6¢-H* /" =250 pm, 1f-H-6c-
HMioh Sietd — 930,

minimized; proton—proton distances are listed in Table 1. Devi-
ations are observed for the terminal methylene groups, where
experimental distances that are too short are not reproduced in
‘the MD simulation (footnotes in Table 1). The r~° dependence
of the NOE leads to an excessive contribution from strong NOE
contacts in the rotational motion of the methylene groups. Such
too-short distances are the result of averaging between two or
more states of similar energy content. The experimental NOEs
within the branched carbohydrate moieties correspond well to a
low-energy conformer for each carbohydrate in Table 1. Exper-
imentally derived distances are best reproduced for LeP, for
which the highest ratio of restraints per residue was available.

1d-H
T

(13 so

Fig. 2. Expansion of the NOESY spectrum (300 K, 600 MHz) of sLe* with a ce-
ramide aglycon in SDS micelles. Sugars are numbered according to Scheme 1;
ceramide protons are denoted by “cer”. The NOEs are evaluated in Table 2.

Even for Le®, where few experimental restraints were available,
the deviation between experimental data and the low-energy
conformer is only 11 %. An averaged and energy-minimized
representation of diLe® is shown in Figure 3. Glycosidic angles
for sugar f of diLe® (Scheme 1) are 41° (¢) and —40° (¢); other
relevant torsion angles are listed in Table 3. The branched build-
ing blocks are connected to lactose by a GlcNAcf(1 — 3)Gal
bond. In the case of diLe® this linkage is defined by the NOEs
tc-H-3b-H (230 pm) and 1c-H-4b-H (350 pm) (similar dis-
tances were determined for the other glycolipids). The glyco-
sidic angles generally vary about the equilibrium values of
¢ =50° (¢ = H'-C'-03-C? and y = — 40° (y = C'-03-C>-
H?). The Galf(1 - 4)Glc bond of lactose!' " is defined by the
NOEs 1 b-H-4a-H (220 pm) and 1 b-H -6 a-H?k (330 pm) and
1b-H-6a-H?"*S (290 pm); angles fluctuate around ¢ = 50° and
=0

The glycosidic torsion angles within the branched tri- and
tetrasaccharide building blocks of Le?, Le® and diLe® in Table 3

Table 2. Columns with proton - proton distances are arranged to contain the terminal trisaccharide unit (c, d, e for sLe* and Le’; f. g, h for sdiLe* and diLe’) in one row.

Further details are given in Table 1.

sLe* [a) r MD sdiLe* [b) r MD diLe’ [¢] r MD Le' [d) r MD

1d-H-3c-H 260 255 1d-H-3c-H 275 261

6d-H-2e-H 3% 377 5d-H-2e-H 260 252

te-H-6c-H™R 320 278 te-H-6c-H™R 320 285

1e-H-6c-H7S 320 272 1e-H-6c-H"S 320 294

{f-H-3e-H 230 221 1f-H-3e-H 230 217

1f-H-4e-H 35 334 1f-H-4e-H nd. 377
1d-H-3c-H 260 255 1g-H-30H 260 255 1g-H-36H 280 267 1d-H-3¢-H 260 289
5d-H-2e-H 280 244 6g-H-2h-H 30 3 6g-H-2b-H 280 270 5d-H-2e-H 260 303
te-H-4c-H 235 th-H-4f-H 226 1h-H-4F-H 250 226 le-H-4cH 240 219

s.
1h-H-6f-H"R 320 276
1h-H-6f-H"S 320 265

s.
1e-H-6¢c-H”R 320 273
le-H-6¢c-H"S 320 242

1e-H-6c-HPR 320 281
1e-H-6c-H*S 320 270

1h-H-6f-HrR 320 286
1h-H-6f-HPS 320 257

1i-H-2h-H 290 253 1-H-2¢-H 260 247
5i-H-5f-H 280 266 5f-H-5¢-H 280 313
Si-H-6{-HmR 320 438 5f-H-6c-HPmoR 320 438
5i-H-6f-HeS 320 276

Sf-H-6c-H?*S 320 269

{a] 6c-H"" /¢ and 4¢-H overlap: 1d-H - 6¢-H*%» Jield = 240: 3f-H**—3e-H = 340 pm. [b] Only the terminal methyl groups are sufficiently resolved for d and g; therefore
the 6d-H-2e-H and 6g-H-2h-H distances were determined. 6¢/f-H™" 1 and 4c/f-H overlap for the repetitive trisaccharide units; 1d/g-H-6c/f-H"s* Sield = 230;
3i-H**-3h-H = 340 pm. [c] 6¢-H"" fi¥ and 4¢-H overlap; 1 d-H - 6¢-H*s* Jield = 250, 6f.HMeh /iel 4i.H and 3{-H overlap: 1h-H-6f-H"* /i = 260 pm, 5i-H-6f-H""
Jield — 230 pm. [d] 6c-HMo* fietd 41.H and 3c-H overlap: 1e-H-6¢-H'** /¢ = 250 pm, 5f-H-6c-H'** #*4 = 290 pm.
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LeY tetra.

Leb tetra.

lactose

Fig. 3. Carbohydrate moieties of the Lewis antigens diLe” (left) and diLe® (right)
averaged over 100 ps of MD simulation with experimental restraints and followed
by energy minimization. The central Le* trisaccharide moiety stabilizes the linear
structure of diLe’. The central Le* moiety of diLe® stabilizes the bent conformation
of this glycolipid. The rigid tri- and tetrasaccharide units are connected by less
restrained GlcNAc(1 — 3)Gal linkages.

Table 3. Glycosidic angles (*) of the Lewis oligosaccharides (¢ = H''-C'-0*-C*,
¥ = CV-0*C*-H*). Dimeric Lewis antigens are listed twice for their first (1) and
second (2) repetitive unit (Scheme 1). Average values are denoted by “av™.

Fuca(l - 4)GIcNAcf  Galp(1 — 3)GIcNAcS  Fuca(l - 2)Galf

4 v ¢ ¥y ¢ v
Le* 43 20 52 21 - -
Le® 39 23 54 24 49 2
diLe® (1) 52 22 45 26 - -
diLe® (2) 44 16 54 29 37 21
av 45 20 51 25 43 22

Fuca(l — 2)Galp

¢ v ¢ v ¢ v
sLe* 52 29 55 7 - -
sdiLe* (1) 50 30 54 -1 - -
sdiLe* (2) 50 3 54 1 - -
Le 59 38 58 0 42 3
diLe’ (1) 55 3 51 -6 - -
diLe’ (2) 57 33 49 3 52 27
av 54 R 55 1 47 29

are retained throughout the Le*® series (average torsion angles
are listed under ‘““av’’). These angles were used for the represen-
tation of the Le® tri- and Le® tetrasaccharide units in Figure 4.
The same procedure was applied to four representative oligosac-
charides of the Le*” series (Table 2). The branched trisaccharide
unit Galp(1 -+ 4)[Fuca(l — 3)])GIcNAcB recurs with different
substitution patterns in the series (Scheme 1) and several NOEs
are conserved (Table 2); these again served as distance restraints
for four individual MD simulations. An averaged energy-mini-
mized structure of diLe’ is shown in Figure 3. Torsion angles
determined for sugar f of diLe” are 54° (¢) and —25° (¥); tor-
sion angles for sugar f of sdiLe* are 52° (¢) and —38° (). NOEs
within the lactose unit are similar to those observed for the Le*®
series. Glycosidic angles are listed in Table 3. The averaged tor-
sion angles were taken for Le* trisaccharide and the Le? tetrasac-
charide of Figure 4.

For the NeuSAca(2 — 3)Gal linkage, only one strong trans-
glycosidic NOE could be detected (Table 2); this does not permit
the restriction of two glycosidic angles. Sialic acid rotated freely
in the MD simulations of sLe* and sdiLe*; we could not deter-

984 —— © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

Fig. 4. Le* and Le* trisaccharides and Le” and Le® tetrasaccharides are the building
blocks for oligomeric Lewis antigens. Averaged glycosidic angles from Table 3 were
used for this representation. A 180° flip of N-acetylglucosamine around its pyranose
ring plane transforms the Le*” series into the Le*® series. The relative orientation
of fucose and galactose moieties remains unchanged.

mine one dominating energetic minimum. The NeuSAca(2 — 3)-
Gal linkage obviously populates more than one energetic mini-
mum in solution.!'® Since sialic acid does not influence the
conformational behaviour of the branched building blocks of
sLe* and sdiLe* (Table 2), it is therefore neglected in the follow-
ing analysis.

The similarity between Le* and Le* trisaccharides has been
pointed out in earlier studies.! 78 The Le* trisaccharide is
transformed into the Le* trisaccharide by turning N-acetylglu-
cosamine 180° around its ring plane. The relative orientation of
fucose and galactose remains unaffected (Fig. 4). This confor-
mational similarity of the trisaccharide building blocks is strictly
maintained throughout the naturally occuring gangliosides and
sphingolipids in Scheme 1. The NOE between the fucose and
galactose that are not directly connected in the branched trisac-
charide units (bold in Tables 1 and 2) varies between 250 and
280 pm, well within the range of experimental error.!*3!

Le®, diLe®, Le and diLe? contain an additional fucose moiety
which is connected a-glycosidically to the 2-O of galactose. The
5-H of this fucose shows an intense NOE (260 pm + 10%) to
2-H of the preceeding N-acetylglucosamine in the Le® series and
to 5-H of N-acetylglucosamine in the Le’ series. A 180° flip of
N-acetylglucosamine around its ring plane transforms the Le®
tetrasaccharide into the LeY tetrasaccharide and moves 2-H to
the position of 5-H (Fig. 4) but again has no influence on the
NOE intensity.

Fast-equilibrating conformational states lead to averaged
NOEs from which unwanted, so-called virtual conformations
are derived; their analysis is only possible with additional exper-
imental data.!'®) Since conformational equilibria are very sensi-
tive towards a changing chemical environment, minor structural
modifications will strongly influence the NOE pattern. Invari-
able NOE intensities are observed within the branched tri- and
tetrasaccharide building blocks of the Lewis oligosaccharides,
where a changing connectivity and number of sugar substituents
definitely would influence conformational averaging.*®) This
preserved NOE pattern is strong evidence for conformational
homogeneity within this series of oligosaccharides, and the
structural similarity within the Le* and Le?® trisaccharide units
(Le’ and Le® tetrasaccharide units) can be confirmed indepen-

0947-6539/96/0208-0984 $ 15.00 + .25/0 Chem. Eur. J. 1996, 2, No. 8
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dently from the model employed to derive proton—proton dis-
tance restraints from NOEs.

Steric hindrance, hydrophobic interactions, and the exo-
anomeric effect contribute to the stability of the Lewis anti-
gens.!8! Le¥ and Le® tetrasaccharides are exceedingly rigid car-
bohydrate structures, created to be presented as conformation-
ally stable recognition domains at the cell surface. The stability
of the tetrasaccharide units is manifested in a pseudo-C, sym-
metric spatial structure. The pseudo-C, symmetric pyranose
backbone of the Le® tetrasaccharide becomes visible after delet-
ing the ring substituents of Le® in Figure 5. The four pyranose

Fuco.
Galp Galp

pseudo-Cz
~, GlcNAcS

Fuca

Fuco Fuca

Fig. 5. A pseudo-C, symmetric carbohydrate scaffold remains after deleting the
ring substituents of the Le® tetrasaccharide. The pyranose rings are positioned in the
corners of a slightly distorted tetrahedron. This secondary structural element fits for
all Lewis antigens; the Le? tetrasaccharide yields an analogous result. The trisaccha-
rides are partial structures of the tetrahedron.

rings are arranged to minimize steric interactions and span a
slightly distorted tetrahedron. The two fucoses in the Le® te-
trasaccharide are stabilized by hydrophobic contacts to either
N-acetylglucosamine or galactose. The ring plane of the fucose
connected to 4-O of N-acetylglucosamine is about 400 pm dis-
tant from galactose; the second fucose is oriented similarly to-
wards N-acetylglucosamine (Fig. 4, right). All the Lewis tri- and
tetrasaccharides in Figure 4 are superimposable on this struc-
tural element, the flexibility of the individual linkages being
locked in this globular pseudo-C, symmetric motif.

The secondary structural element of Figure S is not restricted
to the Lewis antigens but holds also for other oligosaccharides
as long as the vicinal, bis-equatorial 2- and f-connectivity is
maintained.

C,-symmetric Lewis antigen mimetics: The pseudo-C, symmet-
ric motif allows the design of totally C, symmetric tetrasaccha-
rides. Such substances are readily accessible and form a new
class of Lewis antigen mimetics, a topic of current medicinal
interest.f”-21) With only two retrosynthetic steps, the tetrasac-
charide f,g, is disconnected to its monosaccharide building
blocks (Scheme 2).1221 Not only is synthesis of this B,8-trehalose
straightforward, but also structural analysis is simplified by the
C, symmetry.

Two interglycosidic NOEs define the relative orientation of
fucose and galactose: 1b-H-2a-H = 235 pm; Sb-H-2a-H =
270 pm. The f8,B-trehalose glycosidic linkage is oriented to min-

OH

OH 129,
Me (o)

OH OH
Y o)
HO%
o OH
OH fucose

O
b “on
Scheme 2.
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imize steric interactions between the two disaccharide building
blocks (Fig. 6a). The resulting tetrahedron is similar to the one
spanned by the Le® tetrasaccharide (Fig. 5), the lengths of sides
are between 700 and 900 pm (with 4a-C and 3b-C as corners).
Figure 6b shows 10 snapshots of a 100 ps MD run; the relative

Fig. 6. a) The C,-symmetric Lewis antigen mimetic f, g, . The stacked orientation
of galactose and fucose, a characteristic of all Lewis antigens, occurs twice in this
compound. Average glycosidic angles for fucose (¢ = 42°, ¥ = 21°) and galactose
(¢ = 50°) are similar to the angles listed in Table 2. b) 10 Snapshots from a 100 ps
restrained MD simulation of f, g, at 300 K. The relative mobility of the symmetric
disaccharide units is described by a, which varies by less than 30° about an average
value of 107°.

mobility of the two Fuca(1 — 2)Galf units is described by the
angle a, which varies between 90 and 120°. Hydrophobic inter-
actions between fucose and the opposite galactose stabilize the
globular structure of f,g, and a tightly stacked motif is formed,
identical to the one described for the Lewis®” tetrasaccharide
units.

sLe* with four thioglycosidic bonds: Isosteric substitution of sul-
fur for oxygen is frequently used to modify conformational fea-
tures of biopolymers. In spite of the obvious homology of the
two elements, the conformational consequences of sulfur within
the backbone of carbohydrates are not easy to predict.1?¥) The
C-S bond is about 40 pm longer than the C-O bond and the
C!-§*-C* angle smaller (100°) than the C'-O*-C* angle (116°).
As a consequence, the distance between two sugars connected
by a thioglycosidic bond is increased by 40 pm. A thioglycosidic
linkage therefore weakens steric interactions between monosac-
charides and allows easier rotation, affecting the adjacent tor-
sion angles ¢ and .[2* Mutual cancellation of dipole moments
of the glycosidic oxygens is accompanied by favoured
orientations of the glycosidic ¢ angle (exo-anomeric
effect, electrostatic model!?5)). The exo-anomeric ef-
fect should be weaker for thioglycosides, as was ob-
served for the anomeric effect in thioglycosides.!2%- 29)
The resulting restriction of glycosidic torsion angles is
of little relevance in a polar solvent like water where
steric interactions, hydrogen bonding, and the mini-
mization of the solvent-accessible hydrophobic sur-
face (hydrophobic effect) dominate the conforma-
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tional equilibrium of a carbohydrate.[?” To exclude the possibil-
ity of an overestimation of the exo-anomeric effect in the com-
puter simulations, we did not include the exo-anomeric effect as
an additional torsional force either for glycosides or for the thio-
glycoside. The interpretation of NMR data, as performed for the
natural Lewis antigens, was used to describe the conformational
behaviour of the sLe*-mimetic thio-sLe*!28 in D,0.

Previous analyses of thioglycosides treated linear carbohy-
drates and demonstrated the high flexibility of the thioglyco-
sidic bond.!?®:*® The branched trisaccharide unit Galf(1 — 4)-
[Fuca(l — 3)]JGlcNAcf with thioglycosidic bonds is contained
in tetrasaccharide thio-sLe* and the influence of the increased
spacing between the monosaccharide units in thio-sLe* on the
NOE pattern can be compared with the structure of the natural
Le* trisaccharide. Magnetic anisotropy of the C-S bonds led to
well-resolved NMR signals, as visible from the expansion of the
ROESY spectrum of thio-sLe* (Fig. 7). Correlations definitely

HOGy ¢
§'/§0H

on MeN 20

HO

HO NaO,C OH0 S a OH _C.H
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Fig. 7. Expansion of the ROESY spectrum (300 K. 600 MHz) of 2 in D,0. Two
intense ROEs are dectected for each of the anomeric protons of fucose and galactose
and the preceding glucose.

absent or very weak in the Le* series (i.e., a proton-proton
distance of >400 pm, Fig. 8) give rise to intense ROE:s in thio-
sLe*. The opposite is found for the very reproducible NOE
contact between fucose H-5 and galactose H-2, highlighted in
Tables 1 and 2; this correlation is absent in thio-sLe*.

The differences in geometry between oxo- and thiosugars are
visible in Figure 8. Fucose and galactose are about 400 pm apart
in the oxo-compound (Fig. 82a) and hydrophobic interactions
stabilize the stacked syn/syn arrangement (syn orientation of
anomeric proton and transglycosidic proton, ¢ = 50°, Y ~0°) of
the two pyranose chairs. Figure 8 b shows the syn/syn conformer
of thio-sLe* with the same glycosidic angles. Fucose and galac-
tose are ca. 500 pm apart at their anomeric carbons and 650 pm
at C-4. Thus, not only is the steric interaction with glucose
reduced, but the two pyranose rings also lose the hydrophobic
contacts with each other. The anomeric proton of fucose shows
an intense NOE to glucose 3-H (290 pm), indicating the syn
conformation found for the oxo-analogous carbohydrate.!3!!
But there is an additional NOE (270 pm) to glucose 4-H which
is only reasonable with an anti conformation (anti orientation of
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Fuc: ca. 54°, ca. 32°
Gal: ca. 55° ca. 1°

Fuc: ca. 55°, ca. 30°
Gal: ca. 55°, ca. 0°

anti/anti

syn/anti

Fuc: ca. 5§5°, ca. 30°

Gal: ca. 55°, ca. 180° Fuc: ca. 55°, ca. 180°

Gal: ca. 55°, ca. 180°

Fig. 8. a) The Le* trisaccharide of Fig. 4 displayed from a different angle. Fucose
(¢ = 54°, ¢ = 32%) and galactose (¢ = 55°, ¥ =1°) are connected to the vicinal
oxygens 3 and 4 of N-acetylglucosamine, which is shown without further ring sub-
stituents for clarity. b) Four different conformers of the trisaccharide unit of thio-
sLe® (the ring substituents of glucose are again deleted except for fucose and galac-
tose). In the syn/syn conformer the distance between fucose and galactose is 100 to
250 pm longer than in sLe*. The conformational equilibrium of thio-sLe* is de-
scribed by the four structures syn/syn, synjanti, anti/syn and antifanti.

Tabie 4. Interglycosidic proton-proton distances (pm} of thio-sLe*.

2 r 2 r
1b-H-2a-H 350 lc-H-3a-H 270
1b-H-3a-H 290 1c-H-5a-H 310
1b-H-4a-H 270 2¢-H-4a-H 330
2b-H-3a-H 350 3¢c-H-3d-H* 360
2b-H-4a-H 310 2¢-H-5b-H > 400
S5b-H-2a-H 300 2¢-H-6b-H >400
1c-H-4a-H 280

anomeric proton and transglycosidic proton, ¢ =~ 50°,  x 180°)
of the Fuca(1 — 3-S)Gle bond. No combination of glycosidic
angles can explain both NOEs simultaneously. The two NOEs
are therefore a result of conformational averaging which is too
fast to be resolved by NMR spectroscopy.t*?! At least two differ-
ent relative orientations of fucose and glucose must contribute
to the solution structure of thio-sLe*. Galactose exhibits a sim-
ilar behaviour: two strong NOEs are also found between galac-
tose 1-H and glucose. Besides the NOE indicating syn orienta-
tion (1b-H-4a-H =280 pm), there is a NOE for anti
orientation (1 b-H-3a-H = 270 pm). Thus, the thioglycosidic
linkages Fuca(l — 3-S)Glc and Galf(1 — 4-S)Glc in thio-sLe*
exhibit at least two rotamers each (Fig. 8b).

0947-6539/96/0208-0986 $ 15.00 + .25/0 Chem. Eur. J. 1996, 2, No. 8



Dimeric Lewis Glycolipids

981-988

There are too few NMR data for thio-sLe* to permit assign-
ment of all participating conformers, and the computational
data alone cannot describe a thioglycoside in a realistic
manner. Figure 8b shows the accessible conformational space
of the thiotrisaccharide moiety Galf(1 — 4-S)[Fuca(1 — 3-S)]-
GlcNAcp of thio-sLe*. Fucose and galactose can populate the
syn (¢ =50°,  ~0°) and anti (¢ ~50°, Y = 180°) orientation of
the glycosidic linkage, respectively. Probably four distinct orien-
tations with syn/syn, syn/anti, anti/syn and antijanti arrange-
ments contribute to the spatial structure of the trisaccharide unit
of thio-sLe*. The absence of long-range NOEs and the detection
of additional NOEs between directly connected sugars are typi-
cal for flexible compounds and contrast with the NOE pattern
observed for the natural oligosaccharides.

Membrane anchoring of the dimeric Lewis glycosphingolipids:
Although the branched units of the natural Lewis oligosaccha-
rides are structurally very similar, as pointed out above, the
interchanged connectivity at the N-acetylglucosamine results in
different features for the higher oligomers of the Le*” and the
Le*® series. sdiLe® and diLe are assembled from alternating
(1-3)/(1-4) connected monosaccharides. Both glycolipids and
also their higher oligomers form a linear extended chain (Fig. 3,
left). Clearly different features are found for diLe®, the backbone
of which is formed by only (1 — 3)-connected carbohydrates
(except for lactose). A bent structure with a right angle between
tri- and tetrasaccharide units results for diLe® (Fig. 3. right).
Higher oligomers of the Le*® series (their existence in biological
systems is not yet proven) will therefore probably be helical.

The Lewis oligosaccharides are connected to ceramide
through the anomeric carbon of glucose, and although NOEs
could be detected in this region, it was not possible to interpret
the proton-proton distances with a single conformational
minimum (e.g., for Le’: 1a-H-1cer-H"" /¥ = 260 pm,
1a-H-1cer-HMet Sield — 250 pm, 1a-H-2cer-H = 270 pm).
Rotation around the bonds connecting lactose and the ceramide
aglycon is not fully constrained and NOEs are probably influ-
enced by conformational averaging.

Figure 9 shows a model for the presentation of the Lewis
antigens at the membrane surface with a perpendicular orienta-
tion of lactose relative to the membrane, an orientation also
found for a comparable membrane-anchored carbohydrate.l*3!
Rotating around their axis, oligomeric Lewis antigens describe
a cone, long and slender in the case of dile” (Fig. 9. left), short
and wide in the case of diLe® (Fig. 9, right). Thus, the recogni-
tion domains of the dimeric Lewis antigens are presented in
different ways at the cell surface and the formation of microag-
gregates'®* will be affected by this.

Fig. 9. Schematic model of the oligosaccharide mobility of diLe (left) and diLe®
(right) at the membrane surface. Cones are drawn around the glycolipids to under-
line the differing rotational behaviour. The extended structure of diLe" reaches
further into the periplasmic space than diLe®.
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Conclusion

The spatial structures of the oligomeric Lewis antigens are sep-
arable into flexible and rigid domains. The lactose moiety acts
as a flexible link between the cell membrane and the first Lewis
trisaccharide unit. The GIcNAcf(1 — 3)Gal linkage connects
rigid trisaccharide building blocks with the globular (pseudo-C,
symmetric) headgroups that are the most restricted motifs of the
Lewis glycoconjugates. A real secondary structure dominates
the Le” and Le® tetrasaccharide building blocks, because orien-
tation of the four pyranose rings depends only upon their con-
nectivity and sugars can be exchanged with minimal structural
consequences. This carbohydrate scaffold is well-suited for the
design of new, totally C,-symmetric selectin inhibitors that
present two binding domains in one compound.

Experimental Section

All NMR experiments were executed with a Bruker DRX 600 spectrometer at a
proton resonance frequency of 600.13 MHz. Spectra were recorded at 300 K and
chemical shifts were calibrated to internal HDO (6 = 4.67). Homo- and heteronu-
clear NMR signal assignment was performed in D,0 with the glycolipids connected
to a short alkyl spacer (methoxycarbonyloct-1-yl for Le® and Le*, azidohexyl for
diLe®. sLe*. sdiLe* and diLe”). TOCSY [35] and DQF-COSY [36] spectra permitted
the assignment of the proton spin systems, proton-bearing carbons were identified
from HMQC [37] spectra, and sequential assignment of the monosaccharides was
obtained from 2J; ,; and 3J , coupling constants in HMBC [38] spectra. The same
procedure was applied to f,g, and thio-sLe"

NOESY spectra with a mixing time of 150 ms were recorded for the dimeric Lewis
antigens: NMR tubes contained a maximum of 10 mg oligosaccharide connected to
the spacers mentioned above. NOEs were interpreted according to the two-spin
approximation and calibrated (r~® dependence of the NOE {39]) to one well-re-
solved intraglycosidic NOE (1-H-3-H = 250 pm in GicNAc. Gal, or Gic: 4-H-6-
H(Me) = 280 pm in fucose for NOEs to methyl groups). Several more intraglyco-
sidic NOEs in each oligosaccharide allowed checking of the calibration. For the two
fucose units in sdiLe* only 5-H and 6-H are well resolved; the homology of the two
trisaccharide blocks leads to almost complete signal overlap for protons 1-H to 4-H.
The overlapping NOEs 1o the two anomeric protons of fucose are calibrated from
the overlapping intraglycosidic NOEs fucose 1-H-2-H = 240 pm. Overlap of fu-
cose resonance signals in diLe® and diLe® was treated in a similar way.

NOESY spectra with a mixing time of 70 or 80 ms were acquired for the monomeric
Lewis antigens: NMR tubes contained & maximum of 6 mg oligosaccharide con-
nected to ceramide in 0.5 mL of 320 mmolar solution of [D,]SDS in D,0. NOEs
were interpreted according to the two-spin approximation as described above.

For f,g, and thio-sLe*, compensated ROESY [40] spectra were acquired (150 ms
mixing time, offset correction of peak intensities: again intraglycosidic ROEs served
for calibration of interglycosidic ROEs. All 2D experiments were recorded in the
phase-sensitive mode by means of time-proportional phase incrementation. Data
matrices contained 2048 points in £2 and 512 points in f1. For data processing the
matrices were one-time zero-filled in both dimensions followed by apodization with
a squared sine bell function shifted by p:2 in both dimensions. For the HMBC
spectra & magnitude calculation was performed in the 2 dimension.

MD simulations which were performed with the force field MM + (HyperChem
[41]). an extension of MM 2 developed by Allinger [42]. Electrostatic contributions
were simulated by bond dipole moments associated with polar bonds. Simulations
were performed with ethyl aglycons: no explicit solvent molecules and no torsional
force 10 simulate the exo-anomeric effect were included. Distance restraints were
included with a force constant of 3000 kJ mol ™' nm ~ 2. Two intraglycosidic NOEs
per suguar residue were included to maintain the chair conformations of the
monosaccharides. When the structures remained constant after 50 to 100 ps. the
following 100 ps were stored for interpretation. 10 snapshots from this 100 ps trajec-
tory were averaged and then energy-minimized without experimental restraints.

"H and '*C chemical shifts and %J, _,, ,_, coupling constants are available as sup-
plementary material from the correspondence authors.
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