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Computer simulation of histo-blood group oligosaccharides:
energy maps of all constituting disaccharides and potential
energy surfaces of 14 ABH and Lewis carbohydrate antigens
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The three-dimensional structures of fourteen histo-blood groups carbohydrate antigens have been estab-
lished through a combination of molecular mechanics and conformational searching methods. The confor-
mational space available for each disaccharide, constituents of these determinants, has been throroughly
characterized. The results have been organized in a data bank fashion. Larger relatives, i.e. 14 tri- and
tetrasaccharides of histo-blood group antigens, have been modelled using a different method for exploring
the complex potential energy surface. This approach is aimed at establishing all the possible families of
conformations, along with the conformational pathways. Different conformational behaviours are exhibited
by these oligosaccharides. Some of them, i.e. Le" and Le" tri and tetrasaccharides, are very rigid; 99% of
their populations belong to the same conformational family. Others, like H type 1, H type 2 or H type 6
oligosaccharides, are essentially rigid, but a secondary conformational family, corresponding to 3-4% of
the total population, can arise. Finally, the H types 3 and 4 trisaccharides, and the A type 1 and A type 2
tetrasaccharides are predicted to behave rather flexibly. The information gathered in the present investiga-
tion has been used to analyse the body of experimental evidence, either physical or biological, available for
this series of carbohydrate antigens. Of special interest are the several different alignments that can be pro-
posed for these molecules. They yield a realistic definition of the three-dimensional features of the epitopes
thereby providing essential information about how carbohydrate antigens are recognized by proteins.
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Introduction

Blood group antigens on human erythrocytes are either
carbohydrate-dependent (ABH, Lewis, Ii, P1, P-related, T and
Tn) or protein-dependent (MNSs, Gerbich, Rh, Kell, Duffy
and Cromer related). The carbohydrate determinants are cova-
lently linked to proteins or lipids. The distribution and struc-
ture of these molecules have been recently reviewed [1]
together with their possible biological functions.

The ABH(O) and Lewis blood group carbohydrate-depen-
dent antigens have been the most widely studied in the past 30
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years and are well characterized. They are now currently
referred to as histo-blood groups antigens (see [2] for review)
as they are expressed on the epithelia of glandular tissues,
primary sensory neurones and exocrine secretions in man and
other mammals (see reviews [3, 4]). In fact, only man and
some anthropoids apes have ABH on erythrocytes whereas
most old world monkeys have ABH only on the vascular
endothelium and exocrine secretions [5]. The physiological
role of the antigens on the erythrocyte cell surface remains
obscure, but sialylated carbohydrates of the Le* family (3’-
sialyl-Le*/Le?) (review [6]) and later sulfated analogues [7]
have been recognized as important ligands in cellular adhe-
sion. At the present time, the clinical importance of histo-
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Figure 1. Schematic representations of the 14 histo-blood group oligosaccharides investigated.
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blood group systems depends on the specificity and frequency
of the related antibodies. The histo-blood group antibodies are
involved in blood group incompatibility and can also be used
as indicators of tissue differentiation and of malignancy [8].

Conformational studies of histo-blood group oligosaccha-
rides first appeared at the beginning of the eighties [9, 10].
These studies were feasible due to both an important effort in
the chemistry of synthetic oligosaccharides and the availability
of conformational analysis methods in the carbohydrate field.
In these early studies, the carbohydrate rings were considered
as rigid, and only the absolute minimum was searched as a
function of rotation about the glycosidic linkage. The main
conclusions of this research underlined the similarities in the
shapes of the BGall-3BGIcNAc and BGall-4BGlcNAc disac-
charides; it was also suggested that the addition of one or two
fucose residues on these disaccharides would not alter their
preferred conformations (see review [11]). Most recently
quantitative nOe measurements have been performed on a
series of blood group determinants to complement the prelimi-
nary NMR data of Lemieux and coworkers [9]. From NMR
data and calculation of molecular dynamics, it was concluded
that these blood group oligosaccharides exhibit much less
internal motion than do the disaccharides from which they are
composed [12, 13]. Due to the biological importance of Le*
and Le® derivatives, much effort has been made in recent years
to establish their conformation by NMR and modelling
[14-16]. In general, the Lewis trisaccharide core has been con-
sidered as having a well established conformation with rigid
behaviour whereas the flexibility of the sialic moiety is still
debated.

Even if blood group oligosaccharides are generally con
sidered as rigid, secondary conformational families can occur
in solution. Also it has been suggested that some of them, such
as the H type 4 trisaccharide which contains the BGall-
3BGalNAc as the core disaccharide, can be more flexible [17].
Recent studies on protein/carbohydrate complexes have shown
that a receptor can select or induce a ligand confor
mation that is not the most frequent in solution [18]. This
has been demonstrated by protein crystallography on
lectin/oligosaccharide complexes [19] by transferred nOe
experiments for the binding of sialyl-Lex by E-selectin [20]
and by both methods for the binding of bacterial polysaccha-
ride by antibodies [21]. It appears important to determine not
only the conformation corresponding to the global energy
minimum of each oligosaccharide but also all the other possi-
bie conformations and to do this in a systematic way. Therefore,
we thought it was necessary to reinvestigate the conforma-
tional behaviour of ABH and Lewis oligosaccharides.

The conformational search of the 14 histo-blood group tri-
and tetrasaccharides displayed in Fig. 1 has been performed in
the present study. First, the relaxed potential energy surfaces
of the 10 constituting disaccharide fragments were calculated
with the aid of the molecular mechanics program MM3  [22,
23]. The MM3 program has been widely used in carbohydrate
modelling and has been shown to give a correct description of
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ring geometries, anomeric equilibria and linkage torsion
angles with suitable accuracy [24, 25]. Also the program
allows the molecule to be optimized at each point of a confor-
mational search, giving a more realistic approach than the
‘rigid’ one used in early studies.

The systematic search about the glycosidic torsion angles
which is classically performed for disaccharide modelling,
becomes too CPU-consuming for larger structures. Molecular
modelling of oligosaccharide was therefore performed with a
new method CICADA (Channels In Conformational space
Analyzed by Driver Approach) [26] interfaced with the MM3
program. The CICADA approach explores the potential
energy surface in an intelligent and less CPU-consuming way,
therefore allowing for larger molecules to be modelled. This
method has recently been proven to be of prime interest in the
modelling of carbohydrates {27]: it allows for accurate deter-
mination not only of the global energy minimum and all sec-
ondary minima, but also of the low-energy conversion
pathways. The results from CICADA also permit prediction
of some flexibility indexes for molecules and for individual
group rotations.

Methods

All the disaccharides and oligosaccharides were built using
MONOBANIK, a data base of three-dimensional structures for
monosaccharides [28].

Nomenclature

The two torsion angles describing a glycosidic linkage are
defined as

D = ©(0-5-C-1-0-1-C’"-X) and
¥ = 0(C-1-0-1-C"-X-C"-X+1)

with the primed atoms belonging to the reducing side and the
sign being in agreement with IUPAC nomenclature [29].

Relaxed (F,Y) maps of disaccharides

The ten disaccharides that constitute the oligosaccharides dis-
played in Fig. 1 have been studied by a systematic grid search
method. The calculations were always performed on the disac-
charides with a methyl group at the reducing end. Starting
from a refined geometry, the procedure drives @ and ¥ torsion
angles in steps of 20° over the whole angular range while the
MM3 program provides full geometry relaxation. The block-
diagonal minimization method, with the default energy-con-
vergence criterion {(0.00008*n kcal mol™ per five iteration, n =
number of atom) was used for grid-point optimizations and the
dielectric constant was given a value of 4. Several maps are
calculated for each disaccharide in order to take into account
the several possible orientations of the primary and secondary
hydroxyl groups. At most, 36 starting geometries are needed
to take into account the three staggered orientations of each
monosaccharide hydroxymethyl group, referred as GG, GT
and TG [30] and the two possible networks of secondary



334

hydroxyl groups, around each ring, referred as clockwise and
counterclockwise. For each disaccharide, the results of these
many calculations are summarized in a so-called ‘adiabatic’
map where only the conformer with the lowest energy for each
(®,P) value is considered. Isoenergy contours are then plotted
by interpolation of 1 kcal mol™ within a limit of 8 kcal mol™.

Calculation of potential energy surfaces using CICADA

The CICADA program, which is an interface to the MM3
force field, was used for the conformational analysis of tri- and
tetrasaccharides. All the oligosaccharides were considered in
the methyl glycoside form. Input of the CICADA program
consists mainly of one or a few conformers in MM3 format
and a file containing the list of torsion angles to be driven
and/or monitored. During the CICADA calculations, each
individual torsion angle is driven in each direction from the
initial conformation at a given increment. At each step, the
structure is optimized except for the driven torsion angle.
When CICADA detects a minimum, the conformation is fully
optimized, including the driven torsion angle. The resulting
structure is compared with the previously stored ones and
stored as a new geometry if it is one that has not yet been dis-
covered. Structures corresponding to energy maxima, the
‘transition states’ are also saved. Calculations stop when no
new conformers (local minima) are found within a desired
energy window. The same criteria were used for the minimiza-
tions as for the grid search, except that the dielectric constant
was set to 80, in order to lower the influence of hydrogen
bonding on the potential energy surface.

For each oligosaccharide, between one and three conformers
were built and fully refined to serve as starting points for the
CICADA runs. The step of increment of the driven torsion
angles was set at 20°. The driven torsion angles were ® and W
at each linkage, the torsion angle of each hydroxymethyl group
(0-5-C-5~C-6-0-6) and the first torsion angle of the N-acetyl
groups (C-1-C-2-N—C-8). The number of driven torsion angles,
and therefore the dimensionality of the potential energy surface
to explore, ranged from seven or eight for the trisaccharides to
10 or 11 for the tetrasaccharides. The torsion angles of all the
secondary hydroxy! groups, as well as the first torsion angle of
the O-methyl group of the reducing end, were not driven but
were monitored. Two conformers were considered different if at
least one of their dihedral angles, either driven or monitored,
differed by more than 30°. Two cutoffs for relative energy were
applied, one for exploring the PES (50 kcal mol™), and one for
considering a conformer to be a new starting geometry. This last
value defines the length of the calculations, so it was set to 6
kcal mol™! for the most rigid oligosaccharides but to only 3 or 4
for the flexible ones.

The CICADA runs required 5000 to 10 000 fully relaxed
energy minimizations before the PES was thought to be cor-
rectly explored, which corresponds to 27 500 to 55 000 MM
computations. There is no absolute way to determine if the
sampling is correct, i.e. if all the conformational families have
been explored. As a check, we used the disaccharides energy
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maps calculated with the grid search method to verify if all the
conformations of each glycosidic linkage (and when possible
all combinations) have been explored during the sampling.

Analysis of the potential energy surface

A second program, PANIC, was then used to analyse the
potential energy surface. It lists the minima and transition
states, and calculates some flexibility indexes [31]. Another
homemade program, FAMILY [32], analysed the clustering of
conformers, determining family of conformations in a given
energy window. Requirements for the program are the list of
torsion angles of interest and the separation value which will
determine a different family. The algorithm concludes that a
conformer belongs to a conformational family if at least one of
its torsion angles differs by less than the separation value to at
least one of the conformers of the family. In the present study,
the families are defined only by the variations in the glyco-
sidic torsion angles, and a separation value of 15° was used.
Families are characterized by their conformation of lowest
energy and also by their possible variations in oligosaccharide
shapes within a given energy window. As for the relative
importance of each family, their population is calculated using
a Boltzmann type of distribution.

Alignment of conformers

The alignment of conformers was performed with the FIT pro-
cedure of the SYBYL molecular modelling software [33].
Only the ring atoms and glycosidic oxygens of the H trisac-
charide cores (aFucl-2bGall-3bGlcNAc or aFucl-2bGall-
4bGlcNAc or aFucl-2bGal1-3bGalNAc) were used. In this
procedure, the atoms belonging to the galactose and fucose
were fitted identically (O-3 on O-3...) whereas for GlcNAc
and GalNAc the inversion of the ring orientation was consid-
ered depending on the nature (1-3 or 1-4) of the linkage.

Miscellaneous

The calculations were performed on UNIX computers (Silicon
Graphics R3000, R4000 and Power Challenge, IBM Risc 6000,
Sun). All molecular drawings were done with SYBYL [33].

Results

Data bank of disaccharides energy maps

Ten disaccharides are needed to build the oligosaccharides of
Fig. 1. For the H type trisaccharides, the constituting-disac-
charides are bGall-3bGlcNAc (or Lec), bGall-4bGlcNAc (or
lacNAc), bGall-3aGalNAc, bGall-3bGalNAc and bGall-
4bGic for the core moiety and aFuc1-2bGal which is the H
disaccharide. The so-called Lewis disaccharide aFucl-
4bGIcNAc is present in Le? and Le® whereas the disaccharide
aFucl-3bGlcNAc is present in LeX and LeY. Finally, the two
disaccharides aGalNAc1-3bGal and aGall-3bGal are the ter-
minal determinants of blood group A and B, respectively. The
conformational analysis of all these disaccharides has been
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Figure 2. Projections on two (®,'¥) maps of the CICADA conformational search of three oligosaccharides. The dots indicate the ®,¥ values of

all the optimized conformations determined by CICADA for each oligosaccharide in a 5 kcal mol™' energy window. For comparison, the

isocontours, drawn in 1 kcal mol™' steps with an outer limit of 5 kcal mol™, represent the energy levels of each disaccharide as calculated with

the relaxed grid search approach (see Figs S1 and S4). The secondary low energy region of BGal(1-4)BGIcNAc, (conformation D in Fig. S1) has

not been included since it does not contain any oligosaccharide structures with a relative energy of less than 5 kcal mol~!.
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completed by a systematic grid search approach. The resulting
adiabatic maps, along with the drawings of the conformations
of interest are given in Figs S1-S8 (see supplementary
Figures). Only eight maps have been represented since the di-
saccharide bGal1-3bGalNAc displays the same energy surface
as bGall-3aGalNAc, and the lactose disaccharide (bGall-
4bGlc) has the same conformational behaviour as LacNAc
(bGall-4bGlcNAc).

The analysis of the energy maps demonstrates that these
disaccharides can access a large number of conformational
states and have therefore high potential flexibility. The lowest
energy conformations of each region are represented in Figs
S1-S8. Hydrogen bonding stabilizes some of these conforma-
tions, but this is not a general feature. The linkages with the o
orientation are quite restricted for the rotations about the @
torsion angle with values centred at about —80° for the L
configuration and about 80° for the b configuration as dictated
by the exo-anomeric effect [34]. Much more flexibility is
exhibited by the W torsion angles which can adopt two or
three different low energy values and which can, in general,
span the entire angular range within an energy barrier of 8
kcal mol™!. The energy maps of the §§ linkages show almost
the same flexibility for the W torsion angle. For the @ torsion
angle, in addition to the main low energy value of around —80°
that corresponds to the exo-anomeric effect, a secondary
minimum is predicted for @ of about 100°. Even if this sec-
ondary minimum is 3-5 kcal mol™ above the global one, it
should not be g priori discarded. In the crystalline complex
between a plant lectin and an oligosaccharide, it has been
observed that the BGIcNAc1-20Man moiety has such a con-
formation [19, 32].

Potential energy surfaces of histo-blood group oligosaccha-
rides

The conformational behaviour of the 14 oligosaccharides of
Fig. 1 were fully investigated. Since the conformational
searches were performed in conformational spaces having
from seven to eleven dimensions, it is not straightforward to
describe the results in a simple representation. One possibility
would be to project the results onto each two-dimensional (F,
Y) map. This will allow visualization of the reduction in flexi-
bility of each linkage when comparing the disaccharide alone
or as part of an oligosaccharide. Figure 2 displays such an
analysis for two linkages, bGal1-4bGlcNAc and aFuc1-2bGal,
when they are part of the H type 2 trisaccharide and also of the
Leb and A type 2 tetrasaccharides. For each oligosaccharide,
all the CICADA conformations with relative energy of less
than 5 kcal mol-1 have been projected onto the corresponding
disaccharide energy maps. (741 conformers for an H type 2,
271 for LeY and 905 for A type 2). The same linkage has a
quite different flexibility in different oligosaccharides. The
lactosamine linkage can belong to the three low energy
regions A, B and C (see Fig. S1) of the map when it is part of
an H type 2 trisaccharide and an A type 2 tetrasaccharide. In
constrast, it is confined to the A conformation when it is part
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of the more rigid Le” tetrasaccharide. Other conformations are
explored by the sampling, but their energy is significantly
higher because of steric conflicts involving the two other
residues of the tetrasaccharide.

For H type 2 and A type 2 oligosaccharides, some confor-
mations (with a relative energy between 4 and 5 kcal mol™)
can occur outside the 5 kcal mol™ limit of the disaccharide.
This originates from the ‘stacking-type’ of stabilizing interac-
tion occurring between the apolar face of the fucose at posi-
tion 2 of galactose (created by methine hydrogens H-3, H-4
and H-5) and the apolar face of N-acetyl-glucosamine
{created by the hydrogens H-1, H-3 and H-4). Such a long
range interaction could not be predicted from the lactosamine
energy map alone and results from the 1-2 type of glycosidic
linkage.

Another representation of the results requires a prior charac-
terization of the conformational families resulting from the
potential energy surfaces. A clustering method, or family
analysis [32] has been applied to conformational data of the 14
oligosaccharides.

For the H trisaccharides, the characteristics of the confor-
mational families having a population of more than 1% at
room temperature are listed in Table 1. Two very different
conformational behaviours are present among the five trisac-
charides studied here. For three of them (H type 1, H type 2
and H type 6), one family of conformation overwhelms the
others, representing more than 90% of the whole population.
In all three cases, a second family of conformations appears
but it represents only 3.5-5% of the population. The occur-
rence of this less populated family does not depend on the
conformational change of one glycosidic linkage, but on the
concerted conformational changes of both. Although the ©®
torsion angles always display the same value centred at about
~80° for Fam. I and Fam. I, both ¥ torsion angles rotate when
changing of conformational family. For these three trisacchar-
ides, Fam. I contains the B conformation of the oFucl-2BGal
disaccharide (¥ close to —95%) and the A conformation of the
core disaccharides (see Figs S1-S5); whereas Fam. II contains
the A conformation of the oFuc1-2BGal disaccharide (¥ close
to —165°) and the B conformation of the core disaccharides.
Several other families of conformations can be described for
the oligosaccharides but only two of them (Fam. III for H type
1 and H type 6) have a population of more than 1%.

Two trisaccharides (H type 3 and H type 4) behave in quite
a different manner. Their populations divide into two confor-
mational families of almost equivalent importance. The local
minima of each family have similar energies. In both cases, the
absolute minimum does not belong to the most populated
family (Fam. I) but to the second one (Fam. II). This can be
correlated to the extended lowest energy region of the adia-
batic energy map of the core disaccharide $Gall-30/BGalNAc
(see Fig. S3). The two lowest energy conformations A and B
have almost no difference in energy; they belong to a very flat
plateau which allows facile interconversions. For both disac-
charides, Fam. I contains conformation B of the oFuc1-2BGal
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Characteristics of H oligosaccharide conformational families. Only the families having an energy-weighted population of more than

1% (at 296 K) have been listed. For each oligosaccharide and each family, E_,, indicates the glycosidic linkages torsion angles and relative
energy of the lowest energy conformation, whereas min and max are the limit values for each torsion angle within an energy window of 5 kcal

mol™
Fam. I Fam Il Fam. I
@ b4 e v E,, % @ ¥ i ¥ E,., % /] b4 o] ¥ E, %
Fucl12Gal Gall3GIecNAc Fucl2Gal Gall13GlcNAc Fuc12Gal Gall3GicNAc
H Enn -81.1 955 -71.8 138.8 0.00 -97.3 ~168.1 -87.2 67.2 1.38 -109.1 -159.1 -66.8 1579 2.62
Type min -90 -109 -78 127 94.5 -104 -175 -90 57 4.1 -151 -173 -79 131 1.1
1 max -71 -89 62 171 -92 -167 -86 68 -100 -145 -55 191
Fucl12Gal Gall4GIcNAc Fuc12Gal (Gall4GleNAc
H Epe —79.0 -935 -76.9 -113.6 0.00 -96.0 -170.8 -87.5 -179.8 1.82
Type min -86 ~-103 -79 -122 946 -104 ~174 -91 175 3.6
2 max -73 87 67 -103 -92 -164 -86 177
Fucl2Gal Gall30GalNAc Fucl2Gal  Goall3oGalNAc
H Enn —79.8 -953 -72.2 129.6 0.11 -96.6 -168.1 -87.9 664 0.00
Type min -82 -96 78 118 514 -99 178 -90 57 46.7
3 max -76 93 69 142 -92 -167 -84 68
Fuc12Gal Gall3BGalNAc Fucl2Gal  Gall3fGalNAc
H Eon ~792 -954 -71.5 127.1 0.05 -98.0 -164.6 -90.0 61.7 0.00
Type min -90 -104 -79 74 68.5 -105 -177 -~91 57 29.7
4 max -73 -84 -60 152 -93 -164 -84 70
Fucl2Gal Gal14Glc Fuci2Gal  Gall4Glc Fucl2Gal Gal14Gic
H Epm 820 -973 -714 -113.0 0.00 -100.2 -165.9 -88.0 178.8 1.73 —64.5 -67.7 913 -172.8 1.99
Type min -87 -101 -80 -121 91.3 -105 -178 -90 176 4.8 66 72 95 178 1.5
6 max -72 -83 67 -103 -90 -160 -86 -178 -61 58 87 171

and conformation B of BGall-30/BGalNAc, whereas Fam, 11
contains conformation A of both linkages.

Figure 3 displays several conformations for each family: the
lowest energy conformation and also the ones with the largest
variations for the linkage torsion angles in an energy window
of 5 kcal mol™!. These variations are also listed in Table 1. For
all trisaccharides, Fam. I and Fam. II do not exhibit large vari-
ations around the absolute minimum. In general, each torsion
angle can have variation amplitudes of about 20°. The excep-
tion is the H type 4 trisaccharide where the ¥ torsion angle of
the BGall-3BGalNAc disaccharide can vary by almost 90° in
the large conformational plateau (see Fig. S3).

Another striking feature appears when taking a closer look
at Fig. 3. The shapes of all the oligosaccharides of Fam. I are
almost identical, irrespective of the subtypes. This can be cor-
related to the previously reported close shapes of the global
minima of the PGall-4BGIcNAc, BGall-3fGIcNAc and
lactose disaccharides [9, 10] (A conformations of the present
study). The novel feature is that the second low energy confor-
mation of the BGall-30/fGalNAc disaccharide (B conforma-
tions) also displayed the same shape. Since this conformation
generates Fam. I, all the most populated conformational fami-
lies have the same shape. The only difference arises from the

position of the N-acetyl group, which is either on one side or
the other side of the neighbouring glycosidic linkage depend-
ing on the 1-3 or 1-4 nature of the latter, and the axial or
equatorial position of the O-4 atom of the reducing ring
depending on the galacto or gluco configuration. The second
family of conformations (Fam. IT}, whether heavily populated
or not, also displays the same overall shape for all the H
oligosaccharides (but obviously different from Fam. I). The
slight differences between oligosaccharides noted in Fam. 1
also apply to this family.

The same family analysis has been applied to the Lewis
oligosaccharides (Table 2). The conformational behaviours of
these tri- and tetra-saccharides appear to be more rigid than
those of the H oligosaccharides. Le?® and Le® oligosaccharides
have more than 95% of their conformational population in one
family, whereas this overpasses 99% in the case of LeX and
LeY oligosaccharides. Nevertheless, the existence of a second
conformational family, even if not energetically favoured,
cannot be discarded, specially in the case of the Le? trisaccha-
ride (see Fig. 4). When this conformational family occurs (see
Table 2), it is correlated to a conformational change in the
oFucl-4BGlcNAc linkage which switches from to conforma-
tion A (with ¥ value close to —170%).
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Figure 3. Graphic representation of all the conformational families of H type trisaccharides having a population of more than 1%. For each
family, the lowest energy conformation has been drawn in black. The conformations with the largest difference in @ and ¥ torsion angles within

an energy window of 5 kcal mol™' are drawn in grey.
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Table 2. Characteristics of Lewis type oligosaccharide conformational families. Only the families having a energy-weighted population of
more than 1% (at 296 K) have been listed. For each oligosaccharide and each family, E;, indicates the glycosidic linkages torsion angles and
relative energy of the lowest energy conformation, whereas min and max are the limit values for each torsion angle within an energy window

of 5 kcal mol ™.

Fam. 1 Fam. Il
i b4 0] b 4 o b 4 E., % b b d ()] bd D b d E,, %
Gall4GIcNAc Fucl3GIcNAc
LeX E.. -749 -103.6 -81.3 150.7 0.00
max -81 -107 -86 146 99.5
min 71 99 75 155
Fucl2Gal Gall4GIcNAc Fucl3GIcNAc
Le¥Y E,, -783 -99.0 -73.0 -102.2 -79.4 146.6 0.00
min -85 -105 -81 ~-106 88 145 99.2
max 77 -91 -65 -97 66 159
Gall3GIcNAc Fucl4GleNAc Gall3GlecNAc Fucl4GIcNAc
Le*  E,n -75.4 1441 -794 977 0.00 —-634 178.1 -96.5 -170.7 1.8
min -78 140 ~80 -99 95.8 —65 177 -103 -171 3.8
max -75 146 -76 -96 62 178 -96 -161
Fucl12Gal Gail3GIcNAc Fucl4GIcNAc Fucl12Gal Gal13GleNAc Fucl4GleNAc
Le® E,., -790 -976 -740 1452 -783 -97.0 0.00 -86.7 -95.6 -63.7 1781 -96.2 -170.9 2.57
min -8 -106 -88 139 -87 -100 979 -88 -98 —88 151 -138 -172 14
max -72 -85 -70 160 -76 -95 -76 -84 -63 180 -92 -154

Comparison of Fam I in Figs. 3 and 4 shows the similarities
of shape in the common part of LeY and its precursor H type 2,
and between Le® and its precursor H type 1. It appears there-
fore, as already mentioned [9, 10], that the addition of a fucose
moiety on the GlcNAc does not alter the preferred conforma-
tions of these trisaccharides.

When applied to the A and B blood group determinants, the
family analysis demonstrates a much higher flexibility. As dis-
played in Table 3 and in Fig. 5, tetrasaccharide determinants
of blood group A type 1, A type 2 and B type 2 can occupy
three families of conformations, two of them being highly
populated. The most populated family of conformations (Fam.
) closely corresponds to the most populated conformation of
the corresponding trisaccharide precursor (H type 1 or H type
2) of Table 1. However, this family contains only between 55
and 73% of the tetrasaccharides conformers. The second
family (Fam. II) contains a quite important population
(between 21 and 39%); it corresponds to the second conforma-
tional family of the H trisaccharides. As in the case of the H
oligosaccharides, the differences between the two families
consist of large modifications in both the aFucl-2pGal and
BGal1-4BGlcNAc (or BGall-3BGlcNAc) linkages. The termi-
nal linkage oiGalNAc1-3fGal or aGall-3BGal always keeps
the same orientation (centred at about ® = 70° and ¥ = 65°)
and is neither influenced by the other linkage orientations nor
by the presence of the N-acetyl substituent. A third conforma-
tional family, which contains about 5% of the population, can
also be identified. In this family, the terminal A or B disaccha
ride determinants also maintained the same orientation.

If the reducing residue is not taken in account, i.e. when
considering the A and B trisaccharide determinants, the con-
formational behaviour is totally different. The first conforma-
tional family of the A and B tetrasaccharides hardly exists
anymore and the second family of conformations becomes the
dominant one.

Discussion

Comparison with X-ray data

Due to the difficulties of crystallizing such compounds, no
single crystals of histo-blood group oligosaccharides have
been grown at the present time. The only crystallographic
structure obtained of such oligosaccharides has been by X-ray
investigations of the complex between a plant lectin, Griffonia
simplicifolia isolectin IV (GSIV) and the Le® tetrasaccharide
[35]. The conformation adopted in the complex displays the
values of @ =-65°, ¥ = -100° for the aFuc1-2BGal linkage,
® =-64°, P=138" for the fGal1-3BGIcNAc, and ® = -63°, ¥
= -88° for the aFuc1-4BGIcNAc linkage. This conformation
corresponds closely to the family predicted to be the most
populated (Fam. I in Table 2). When fitting the ring atoms and
glycosidic oxygen atoms of the lowest energy conformation to
the X-ray structure, they superpose well and the resulting
RMS deviation is only 0.23 A. The only disagreement is a sys-
tematic shift in the value of the @ angle. For the a-L and for
the B-p linkages of this tetrasaccharide the MM3 calculations
predict an optimal value around —80° whereas the protein crys-
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Figure 4. Graphic representation of all the conformational families of Lewis type oligosaccharides having a population of more than 1%. For
each family, the lowest energy conformation has been drawn in black. The conformations with the largest difference in ® and W torsion angles

within an energy window of 5 kcal mol™ are drawn in grey.
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Figure 5. Graphic representation of all the conformational families of A and B type oligosaccharides having a population of more than 1%.
For each family, the lowest energy conformation has been drawn in black. The conformations with the largest difference in ® and ¥ torsion

angles within an energy window of 5 kcal mol~' are drawn in grey.
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Figure 6. Stereo plots of two models for the alignment of histo-blood group oligosaccharides based on a fit of the ring and glycosidic atoms of
the H trisaccharides core. I alignment of the lowest energy conformers of the conformational family Fam. I. IT Alignment of the lowest energy

conformers of the conformational family Fam. IL

tallography has determined a value of ~60°. From a survey of
carbohydrate crystal structures [36], it has been shown than
80% of this type of linkage have an exo-anomeric conforma-
tion in the range —70° to —90°. Since the protein crystal struc-
ture has been refined with a version of X-PLOR [37] which
has not been modified for carbohydrate stereochemical

specificities, this could explain why the value of the @ angle
differs slightly from the optimal one.

Comparison with high resolution NMR data

Most experimental data has arisen from high resolution NMR
spectroscopy, with the use of nOe measurements. Since the
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Table 4. Structural variations between the lowest energy conformation of the most populated conformational family (Fam. I) of the 10 histo-
blood group oligosaccharides which contains an H trisaccharide moiety. The fit procedure has been performed for the 20 atoms constituting the
three carbohydrate rings and the two glycosidic oxygens and the root mean squares (A) have been calculated from the same atoms.

Htype 2 Htype 3 Huoped  Hrpeb Le’ Le® Atype 1 A type 2 B type 2
Htype 1 0.11 0.09 0.10 0.10 0.12 0.13 0.18 0.22 0.18
H type 2 0.08 0.08 0.08 0.14 0.16 0.17 0.17 0.12
Htype 3 0.02 0.07 0.18 0.19 0.20 0.20 0.17
H type 4 0.07 0.18 0.19 0.20 0.20 0.17
Htype 6 0.17 0.19 0.23 0.24 0.20
LeY 0.05 0.14 0.21 0.18
Le® 0.13 0.22 0.19
Atype 1 0.12 0.05
A type 2 0.05

Table 5. Structural variations between the lowest energy conformation of the second most populated conformational family (Fam. II) of eight

histo-blood group oligosaccharides. See Table 4 for details.

H type 2 H type 3 H type 4 Hitype 6 A type 1 A type 2 Bitype 2
Htype 1 0.08 0.15 0.15 0.06 0.05 0.08 0.05
H type 2 0.18 0.16 0.07 0.10 0.05 0.09
H type 3 0.08 0.15 0.13 0.15 0.15
H type 4 0.14 0.14 0.14 0.16
Htype 6 0.10 0.08 0.05
Atype l 0.07 0.08
A type 2 0.10

first NMR experiments reported by Lemieux and coworkers
[91, nOe data have become available for H type 1 [38, 39], H
type 2 [38], H type 4 [17] and H type 6 [40] trisaccharides.
Experimental data are also available for Lea [16, 41], Leb [41]
and LeX [42, 43] oligosaccharides, as well as for the tetrasac-
charide determinants of blood group A type 1 and A type 2
[13, 44]. In many of the above mentioned cases, the NMR
studies, often in association with molecular mechanics or a
molecular dynamics study, proposes only one conformation
for the blood group oligosaccharides. This unique conforma-
tion always belongs to the most populated conformational
family in our calculations. It has to be kept in mind that these
studies often use NMR data as constraints applied to the
energy minimizations or to the dynamic trajectories and there-
fore the existence of only one family of conformation is an a
priori hypothesis which is reflected in the results.

In recent studies on H type 4 [17] and H type 6 [40], NMR
data were not used as constraints, and the occurrence of two
conformations was predicted by the molecular modelling
study. In the case of H type 6 trisaccharide [40], the two pro-
posed conformations mainly differ by the orientation of the
oFuc1-2BGal linkage. The lowest energy one corresponds to
the most populated conformational family (Fam. I) of the
present work, whereas the second one (® = -140°, ¥ = -140°

for the oFucl-2BGal linkage) does not have a reasonable
energy. As stated by Ejchart and coworkers [40], this can
probably be accounted for by a partial inadequacy of the
CVFF force-field [45] which was not specifically parameter-
ized for oligosaccharides.

In the case of H type 4 trisaccharide [17], the two conforma-
tions predicted by a force-field derived from MM2 [46] corre-
spond closely to conformers of Fam. I and Fam. II of the present
study. The authors considered the observed nOes to be in agree-
ment with only one of their predicted conformations, the one
corresponding to our most populated conformational family,
Fam. I. In fact, when we calculated averaged distances over all
the conformations of the CICADA potential energy surface, the
agreement with NOESY derived interresidue distances was
excellent. The occurrence of a second family of conformations
(30% of the population) is therefore confirmed rather than dis-
proved by the comparisons between theory and experiments.

The A group tetrasaccharides also contain a secondary
family of conformations with a non-negligible population. The
reported nOe data [13, 47] are mostly in agreement with the
occurrence of the Fam. I type of conformers. Conformers of
Fam. II, which represent almost 40% of the population in our
calculations, do not seem to be detected in aqueous solution.
However, in an early study, Bush and coworkers [44] noticed
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Figure S1. Adiabatic relaxed map of the fGall-4BGIcNAc-O-Me disaccharide as a function of the @ and W glycosidic torsion angles. Iso-
energy contours have been drawn at 1 kcal mol™ increments above the absolute minimum. The outer line represents the 8 kcal mol™! isoenergy
contour. The lowest energy conformation of each domain has been represented by a ball and stick model and its location is indicated on the
map. Inter residue hydrogen bonds are drawn as dotted lines.
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Figure S2. Adiabatic relaxed map of the BGall-3BGIcNAc-O-Me disaccharide as a function of the ® and ¥ glycosidic torsion angles. See Fig.
S1 for details.

Figure S3. Adiabatic relaxed map of the BGall-30GalNAc-O-Me disaccharide as a function of the @ and ¥ glycosidic torsion angles. See Fig.
S1 for details.
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Figure S4. Adiabatic relaxed map of the aFuc1-2BGal-O-Me disaccharide as a function of the @ and ¥ glycosidic torsion angles. See Fig. S1
for details.
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Figure S5. Adiabatic relaxed map of the aFucl-3BGlcNAc—O-Me disaccharide as a function of the ® and ¥ glycosidic torsion angles. See
Fig. S1 for details.
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Figure S6. Adiabatic relaxed map of the oFucl-4BGlcNAc-O-Me disaccharide as a function of the @ and ‘¥ glycosidic torsion angles. See Fig.
S1 for details.



Computer simulation of histo-blood group oligosaccharides

o-D-Gal(1-3)B-p-Gal

300

240

180

120;

S B B N T
-120 —60 Q 60 120 180 240

Figure S7.
for details.

a-D-GalNAe(1-3)B-D-Gal

60
360 o
300+
240 B
180~
120+
60~ A
0 G e s
-120 -60 0 60 120 180 240

347

Adiabatic relaxed map of the 0Gall-3BGal-O-Me disaccharide as a function of the ® and ¥ glycosidic torsion angles. See Fig. 51

Figure S8. Adiabatic relaxed map of the 0GalNAc1-3BGal-O-Me disaccharide as a function of the ® and ¥ glycosidic torsion angles. See

Fig. S1 for details

some important changes in the nOe on changing from D,0 to
pyridine solvent. At that time, they explained this change in nOe
by some small changes in conformation. In the light of the
present calculations, it could be proposed that this change in
nOe results from the change of populations between the two
main conformational families.

Comparison with biochemical data

Validation of a computer simulation study can also be per-
formed by testing the models against immunological or bio-
chemical data. As for the histo-blood group series, a large
amount of data are available for their molecular recognition by
antibodies because of the medical importance of blood group
incompatibility in blood transfusion, organ transplantation and
“pregnancy. To rationalize the complicated cross-reaction pattern

that antibodies display towards histo-blood groups {48, 49], it is
of interest to visualize the different shapes that the carbohydrate
epitopes can adopt, and to quantify their similarities and differ-
ences. :

From the ensemble of calculations described in this work, it
is possible to propose one such general model; it consists of an
alignment of the 10 histo-blood groups as either H or having an
H precursor. Considering the lowest energy conformation of
the most populated family (Fam. I) for each oligosaccharide,
all the H trisaccharide moieties have been superimposed. The
resulting alignment is displayed in Fig. 61. The alignment of
the three rings of the core trisaccharides is excellent as demon-
strated by the root mean squares values listed in Table 4, This
excellent alignment creates the common shape of all oligosac-
charides. Differences arise from the presence or the absence of
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the fourth residue (1-4 linked Fuc of the Lewis group, GalNAc
of the A group, and Gal of the B group), but also from the
nature of the core disaccharide. Depending on the 1-3 or 1-4
nature of the core linkage, the N-acetyl group is on one side or
the other of the GlcNAc (or GalNAc) residue. Similarly, the
O-methyl group can have different locations or orientations.
Most of these oligosaccharides have been shown to have
more than one family of possible conformations. Therefore, it
is important to consider this second family for alignment pur-
poses. Even though the energies are less favourable, these sec-
ondary minima could be selected upon binding to a receptor.
Consequently, a second model is proposed in Fig. 611, based
on the alignment of the lowest energy conformations of the
second main conformational family (Fam. II). Only eight
oligosaccharides have been taken into account since the Le¥
and Le® tetrasaccharides have a quite different conformational
behaviour. Table 5 presents the structural variations which are
very limited. As with the first alignment, main differences are
due to the presence of terminal substituents and to the differ-
ent location of the N-acetyl group on the reducing residue.
The aim of these two models is to provide a basis for further
reflections about the possible mode of binding of such mole-
cules by antibodies or by plant lectins. We are currently using
these alignments for a Quantitative Structure Activity
Relationships (QSAR) study in relation to the immuno-chemical
characterization of histo-blood group oligosaccharides (Imberty,
Mikros, Carrupt, Mollicone, Oriol and Pérez, in preparation).

Conclusions

In pioneering work {9,10], similarities in shape between H
type 1 and H type 2 trisaccharides, and by extension between
Lewis® and LewisY tetrasaccharides have been proposed.
Nevertheless, it is the first time that: (i) such alignment is
extended to 10 histo-blood group oligosaccharides; and (ii)
that secondary minima are taken into account by the proposal
of a secondary possible alignment.

The CICADA procedure used in this work allowed us to
investigate in a complete way the conformational behaviour of
the oligosaccharides. When compared to molecular dynamic
studies, it has the advantage of exploring conformational fami-
lies in a very efficient way — whereas molecular dynamic tra-
jectories are often trapped in one single energy well [17]. Also
the procedure is interfaced with MM3 which has been shown
to be well suited to carbohydrate conformational analysis,
whereas the force-field used in molecular dynamic studies are
not always well adapted for sugars.
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