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Abstract

The conformational behaviour of the spacer-linked syntheti® Sdrasaccharidel-p-GalpNAc-(1—4)-
[a-Neu5Ac-(2- 3)]-p-D-Galp-(1—4)-8-D-GlcpNAc-(1—0)(CHp)sNH2 (1) and the two mimicsB-D-Galp-
(1—4)-[a-Neu5Ac-(2— 3)]-B-D-Galp-(1—4)-4-D-GlcpNAc-(1—O)(CHp)sNH2 (2) and B-D-GlcpNAc-(1—4)-
[a-Neu5Ac-(2— 3)]-B-p-Galp-(1— 4)-B-D-GlecpNAc-(1— 0)(CHp)sNH; (3) were investigated byH NMR spec-
troscopy in combination with molecular dynamics (MD) simulations in water. ExperimentdHZROESY cross-

peak intensities (ROES) of the tetrasaccharides were compared with calculated ROEs derived from MD trajectories
using the CROSREL program. Analysis of these data indicated that the oligosaccharidic skeletons of the com-
poundsl-3 are rather rigid, especially tifeD-Hex(NACc)-(1—4)-[a-Neu5Ac-(2- 3)]-p-D-Galpfragments. The-
Neu5-Ac-(2-3)-p-D-Galp linkage occurred in two different energy minima in the three-dimensional structure of
the compound$-3in aqueous solution. Experimental data and dynamics simulations supported the finding that the
higher energy rotamer (CHEAT forcefield) was abundant in compoliadsl3 due to the existence of a hydrogen

bond between the carboxyl group of the sialic acid and the acetamido group of the terminal monosaccharide
(GalNAc or GIcNAc) unit. The conformational similarity betwegrand3 leads to the suggestion that also their

activities will be alike.

Introduction

The S& determinanp-p-GalpNAc-(1— 4)-[a-Neu5-
Ac-(2— 3)]-B-D-Galp-(1—4)-8-D-GlcpNAc-(1—R)
(Donald et al.,, 1983; Williams et al., 1984) was
firstly discovered on human erythrocytes (Macvie
et al.,, 1967) and consequently termed a blood
antigen. However, $d activity is also abun-
dantly present in stomach, kidney, and colon tis-
sues (Watkins, 1995 and references cited therein).
A structurally related pentasaccharide, the Cad
antigen B-bD-GalpNAc-(1— 4)-[a-Neu5Ac-(2- 3)]-B-
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D-Galp-(1— 3)-[a-Neu5Ac-(2-6)]-D-GalpNAc, was
isolated as alditol from glycophorin-A (Blanchard
etal., 1983). Moreover, an Séctive ganglioside, car-
rying the typical S8 determinant, was isolated from
Cad erythrocytes (Gillard et al., 1988). The@Sitk-
terminant is typically found as a terminal sequence
in N-glycans of human Tamm-—Horsfall glycoprotein
(TH-gp) (Williams et al., 1984; Hard et al., 1992; van
Rooijen et al., 1998, 1999). With regard to the physi-
ological function of TH-gp, its binding to neutrophils
has been reported and a role as a specific ligand of
neutrophil integrins has been suggested (Toma et al.,
1994). This binding should facilitate neutrophil migra-
tion across renal epithelium, for example in the case of
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tubulointerstitial nephritis. TH-gp was also reportedto a non-continuum dielectric solvation model have been
display immunosuppressive activity via its N-glycans reported.

(Muchmore and Decker, 1985; Dall’ Olio et al., 1991; In this study we have analysed the three-
Sathyamoorthy et al., 1991). Furthermore, TH-gp has dimensional structure of a synthetic®3#trasaccha-
been suggested to be involved in the prevention of uri- ride B-D-GalpNAc-(1—4)-[a-Neu5Ac-(2-3)]-p-D-
nary tract and urinary bladder infection by inhibitory Galp-(1—4)-p-D-GlcpNAc-(1— O)(CHp)sNH2 (1),
action of its glycans against the fimbriae-mediated and the two mimicsp-b-Galp-(1—4)-[a-Neu5Ac-
adherence oEscherichia colito uroepithelial cells (2— 3)]-B-D-Galp-(1—4)-p-D-GlcpNAc-(1—0O)
(Duncan, 1988; Parkkinen et al., 1988). (CH2)sNH2 (2) and pB-D-GlcpNAc-(1—4)-[a-Neu5-

In order to gain insight into the biological Ac-(2— 3)]-B-D-Galp-(1—4)-B-D-GlcpNAc-(1—O)
functioning of the S8 determinant at the mole- (CH2)sNH2 (3), using 2D ROESY'H NMR spec-
cular level and to predict biological activities of troscopy in combination with non-restrained MD sim-
its mimics, the study of the conformational space ulations in a non-continuum water solvation model.
explored by these glycans is essential. Several The conformational analysis of these oligosaccharides
conformational analyses have already been per- can helpto predictrecognition phenomenawith lectins
formed on free oligosaccharides of the ganglio- or antibodies since, in many cases, the most stable
sides GDla,a-Neu5Ac-(2-3)-8-D-Galp-(1—3)-B- conformation in free oligosaccharides is generally the
D-GalpNAc-(1—4)-[a-Neu5Ac-(2- 3)]-p-D-Galp- one recognised by protein binding sites (Poveda and
(1—4)-B-D-Glcp-(1— O)-ceramide, GM1&-D-Galp- Jiménez-Barbero, 1998).
(1—3)-B-D-GalpNAc-(1—4)-[a-Neu5Ac-(2- 3)]-B-

D-Galp-(1—4)-B-D-Glcp-(1—O)-ceramide, and GM2,
a-Neu5Ac-(2- 3)-[p-D-GalpNAc-(1—4)]-8-D-Galp- Materials and methods
(1—4)-B-D-Glcp-(1— O)-ceramide, which have struc-
tures related to the Sddeterminant. Sabesan et al. The compound$—3 were synthesized (van Seeventer
(1984, 1991) studied the conformational properties of et al., 1997) (Figure 1) and provided by Dr. P.B. van
these gangliosides using 1D and 2D NOESY exper- Seeventer (Bijvoet Center, Utrecht University).
iments and molecular mechanics calculations (MM)
and concluded that the glycosidic linkageNeu5Ac- 1H and3C NMR spectroscopy
(2— 3)-B-D-Galp for the branched sialic acid unitswas  Compound4-3 were exchanged ifH>0 (99.9%°H,
found to be extremely rigid. Other conformational MSD Isotopes), with intermediate lyophilization, and
studies of gangliosides and related oligosaccharides infinally dissolved in 50quL 2H,0 (99.96%2H, MSD
non-aqueous solvents (Acquotti et al., 1990; Scars- Isotopes). 1D'H NMR and 2D ROESY experiments
dale et al., 1990; Levery, 1991) have shown that the in 1H,0:2H,0 (9:1, v/v) were performed at pH 6.0
presence of ani-NeuS5Ac substituent at the linear using phosphate buffer (50 mM NdPQ,/50 mM
oligosaccharide sequence can have a significant influ-NaH,PQ, containing 0.1 mM NaB). 1D and 2D
ence on their conformational structure. The structural 'TH NMR measurements at 500 or 600 MHz were
perturbations in GM1a, GM2 and GD1a appeared to carried out on Bruker AMX-500 and AMX-600 spec-
be stabilised by the formation of a hydrogen bond be- trometers, respectively (Bijvoet Center, Department of
tween theN-acetyl group of GalNAc and the carboxyl NMR Spectroscopy, Utrecht University}d chemical
group of Neu5Ac (Acquotti et al., 1990; Scarsdale shifts ¢) were expressed in ppm downfield from in-
et al., 1990; Levery, 1991). Recently, some confor- ternal sodium 4,4-dimethyl-4-silapentane-1-sulfonate,
mational studies of the GMla oligosaccharide have but were actually measured by reference to internal
been achieved in agueous solution (Bernardi and Rai- acetate ¥ 1.908). Suppression of tHeHO?H signall
mondi, 1995; Brocca et al., 1998). However, the for measurements ifH,O was performed by presat-
search of conformations was performed using a ho- uration during the relaxation delay for 1 s. For 1D
mogenous dielectric environment that does not take 1H NMR experiments ifH,0:2H,0 (9:1, v/v) of the
into account the solvation effects of water molecules. tetrasaccharides, a 1D NOESY sequence was applied
So far, no conformational analyses on the?* $ie- with a homo-spoil pulse of 10 ms and a consecutive
terminant or structurally related oligosaccharides (i.e. recovery delay of 15 ms during the NOESY mixing
those of the gangliosides) using MD simulations with time, and relaxation delays of 1, 5 and 10 s and vari-
able temperatures were used in order to obtain the
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Figure 1. Synthetic analogue of the tktrasaccharide determinad) @nd mimic compound2(and3). Abbreviations used, B-D-GIcNAC;
b, B-D-Gal; c, a-Neu5Ac;d, R.
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Figure 2. (a) 1D 'H NMR spectrum of compound, with presaturation times 1, 5 and 10 s, recordedt»O-2H,0 (9:1, v/v), pH 6.0
(NaHPOy/NapHPOy) at a probe temperature of 298 K. (b) Graphic representation of the logarithm of NH-proton intensities versus presatu-
ration time for compound. (c) Graphic representation of the logarithm of NH-proton intensities versus presaturation time for corBpound
Abbreviations used are the same as for Figure 1.
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exchange rates and temperature coefficients, respecwas achieved by application of States-TPPI (Archer

tively. All 2D spectra were processed on a Bruker
Aspect Station using UXNMR, or on a Silicon Graph-
ics (Indigd?) Workstation using the local TRITON
software (R. Kaptein, R. Boelens and J.A. van Kuik,
Bijvoet Center, Utrecht University).

The 2D TOCSY experiments were recorded at
278 K using MLEV-17 mixing sequences (Bax and

et al., 1992).

Molecular mechanics calculations

The molecular mechanics calculations were per-
formed using the CHEAT forcefield (Grootenhuis
and Haasnoot, 1988) in the INSIGHTII program
(BIOSYM/Molecular Simulations, 1995,Insightll

Davis, 1985a) at a field strength corresponding to 9.6— 95.0 Molecular Modelling SystenBSan Diego, CA)

8.9 kHz (90 pulse width of 26—-28.s), with the offset
frequency placed on theHO?H frequency position.

on a Silicon Graphics Indigoor O, computer. The
CHEAT forcefield is based on the treatment of hy-

The mixing times were 12 or 80 ms, and the spectra droxyl groups as extended atoms, which contain ad-

were recorded at a spectral width of 2000 Hz in each
dimension.

The 2D ROESY (Bax and Davis, 1985b) spectra
of 1-3 were recorded with a modified pulse sequence
at 278 K. Spin-lock times of 75, 150, 225, or 300 ms
were applied fod, and 25, 50, 80, 115, 145, or 200 ms
for 2 and3, at a field strength of 9.4 kHz. The modified

justed parameters for the aqueous state. This avoids
the appearance of unrealistic intramolecular hydrogen
bonds in vacuum and reduces the number of local en-
ergy minima, because the large number of possible
hydroxy! group dihedral angles has disappeared. The
forcefield was modified to have explicitly the hydro-

gen atom of the HO8 group of Neu5Ac, in view of the

pulse sequence had three different carrier frequencies.presence of an intramolecular hydrogen bond between
Initially, the frequency was set to the water resonance HO8 and the carboxyl group of Neu5Ac (Acquotti

for presaturationipresat = 4.76 ppm). The presatura-
tion time was 0.8 s. Next, the frequency was shifted to
the centre of the spectral regiddyfectrum= 3.1 ppm).
Prior to spin-locking, the frequency was moved off
resonancedg. = 12.6, 10.0 and 13.5 ppm fdr,

2 and 3, respectively). Since setting the frequency
on this NMR spectrum region took a few millisec-
onds, aA-18C-A sequence was used to set the fre-
guency and to refocus the magnetisation. Following
the spin-lock pulse, a similak-180°-A sequence was
introduced in which the carrier frequency was set to
3spectrun™ 3.1 ppm. The spectral width was2200 Hz

etal., 1990; Poppe and van Halbeek, 1991). The atoms
of the methylN-acetyl and carboxyl substituents, and
the HO8 atoms of the Neu5Ac residues were imple-
mented on the basis of the existing general valence
forcefield (CHARMmM).

For monosaccharide residues the co-ordinates
from X-ray analyses were used. Only the dihedral
angles of glycosidic bondsp(and ) were variable
and defined according to the IUPAC-IUB recommen-
dations (IUPAC-IUB, 1983))p = 6(Osa-C1a-OxB-
Cxg) and{ = 6(C1a-Oxg-Cxg-Cx—1B). The gly-
cosidic bond angle, (C1-Ox-Cx), has fixed values of

in each dimension. Peak intensities were determined 117°. Solvation was not taken into account.

by integration in a rectangular area around the peak

Iso-energy contour plots were calculated for gly-

maximum, or in the case of overlap, around the centre cosidic linkages by making steps of 1 ¢ and .

of the peak cluster.

1H-1H COSY (Bax and Freeman, 1981a, b) spectra
of 1-3 were recorded at 278 K using a spectral width
of 4032 Hz.

Natural abundance 1tH-decoupled3C measure-
ments were carried out on a Bruker AC-300 spectrom-
eter operating at 75 MHz at 300 K. Chemical shifs (
are expressed in ppm downfield from external tetra-
methylsilane, but were actually measured with refer-
ence to internal aceton& 81.55).

A 1H-13C HMQC (Bodenhausen and Ruben,
1980) experiment was carried out at 500 MHz for the
1H and at 126 MHz for thé3C nuclei at 278 K, using
spectral widths of 4032 and 15092 Hz, respectively.
Phase-sensitive handling of data in the direction

The calculated iso-energy maps (French, 1989; Tran
et al., 1989) are plotted at intervals of 1 kcal/mol with
respect to the calculated global energy minimum.

Molecular dynamics

Molecular dynamics (MD) simulations were carried
out on a Silicon Graphics Indigoor O, computer
using the GROMOS-87 program package (van Gun-
steren, 1987). Positions of hydrogen atoms of the
united CH, ChH and CH; atoms were calculated after
simulation using ‘ideal’ tetrahedral geometry and a C-
H bond length of 0.11 nm. Neutral charge groups were
applied with a cutoff radius of 1.2 nm. The negatively
charged carboxyl group was neutralised by assembling
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a sodium cation. The SPC model (Berendsen et al., matrices of compoun# were formed by 41 aliphatic
1981) was used to describe the water molecules. protons.

Simulations were carried out for ethyl glycoside
analogues ofl-3, placed in a truncated octahedron ROESY spectra analysis
with a minimum distance of 1.2 nm to the edge of The theoretical basis of the ROESY spectra analysis
the box. Subsequently, the box was filled with water applied in this report has been described by Lom-
molecules (between 1100-1300 molecules). Periodic merse et al. (1995a), including a treatment for TOCSY
boundary conditions were applied together with a effects and for intramolecular flexibility by various
cutoff radius of 1.5 nm. All bond lengths were con- calculation methods. Here, for the ROESY analysis
strained and the water molecules were kept rigid using Methods | and Ill are applied. Method | is based
the SHAKE method (van Gunsteren and Berendsen, on the assumption that the molecule is in a single,
1977). rigid, average conformation, experiencing only one ro-

Before the simulations were started, an energy tation correlation timetp) describing the overall mo-
minimisation was performed on the whole system. tion. Method Ill assumes different mobilities for each
Initial velocities were obtained from Maxwellian dis- monosaccharide residue. However, it does not take
tribution at 300 K and the simulation continued with into account fast internal motion within a monosac-
steps of 0.002 ps. No constraints were applied in order charide ring. These fast internal motions are included
to give the glycoside the opportunity to make confor- in the effective local rotation correlation timeg k)
mational transitions. The simulations were performed of each monosaccharide residue and the interresid-
at a constant pressure of 1 atm with a relaxation time ual vectors are described hys x of the most mobile
(tp) of 0.5 ps and at a constant temperature of 300 K residue.
for compoundl and 278 K of compound® and 3, The experimental ROE data were transferred into
by loose coupling of solvent and solute separately to matrices, in which each columwy (w; is constant) is
temperature baths with relaxation timeg) ©f 0.1 and scaled according to Wscaling (Leeflang and Kroon-
0.1 ps, respectively. An equilibrium of the total energy Batenburg, 1992). The CROSREL program recon-
was reached after about 10 ps in each run. The first structs ROE intensities from ethyl glycoside models
10 ps were considered to be the equilibration time of obtained from MD simulations. These theoretical ROE
the system and were not used for analysis. intensities were compared with experimental data. Ro-

For hydrogen bonding analysis, two criteria were tation correlation timestg, teff k) were determined for
applied to establish hydrogen bond formation: (1) a each theoretical model by fitting calculated intraresid-
distance of less than 0.24 nm between the donor hy- ual 'H-'H ROEs to the experiment. In general, those

drogen atom and the acceptor, and (2) a bond angle ofintraresidual'H-1H pairs were taken, in which one

more than 120(van Eijck and Kroon, 1989).

MD simulations (500 ps) were performed by start-
ing with the lowest energy conformations at fhe-
Hexp(NAc)-(1—4)--D-Galp and B-D-Galp-(1—4)-
B-D-GlcpNAc linkages as obtained from MM simula-
tions minima (Table 1). MD simulations B,D,F corre-
spond to a relative energy minimum in teeNeu5Ac-
(2—3)-f-D-Gap linkage @, = —32°,—-142),
where C1 of NeuS5Ac adopts an anti arrangement with
respectto Gal C3. In the MD simulations A,C,E, the
Neu5Ac-(2-3)--D-Galp linkage was situated on the
global energy minimumd{,y =59°,—12%) obtained
from MM calculations.

Theoretical models of the ethyl glycoside confor-
mations consisted ofH-H distance matrices, cal-
culated by r= <r=3>-1/3 for each complete MD
trajectory. The distance matrices of compoutdsd
3 were formed by 44 aliphatic protons and the distance

of the protons is an anomeric proton. Furthermore,
the intraresiduatH-'H pairs were preferably chosen
in a non-overlapping part of the spectrum, without
the presence of strong TOCSY relay effects, and
in particular without overlapping interresidutt-1H
pairs. Overall rotation correlation timesg( applied

in Method I) were determined by a simultaneous fit
of four intraresidual ROEs, one corresponding to each
monosaccharide residue. The effective local rotation
correlation times efr k, applied in Method 11I) were
obtained for each linkage as described above.

The Ry value was used to evaluate the fit of a set of
calculated ROEs to the experimental data. A ROE ma-
trix was calculated of each obtained geometric model
applying Methods | and Il of the full relaxation rate
matrix analysis and using effective correlation times
of the models (Lommerse et al., 1995b).
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Table 1. Initial conditions of the MD simulations A—F of the compourds3

Compound 1 2 3

A(9 ) B(. W) Clo.W) D(9.V) E(o.V) Fo.W)
GlcNAc-a-1-O-Ethyl —64°, 180° —64°, 180° 43,175 —71°,17% —71°,17% —71°, 175
Galb-(1-4)-GlcNAc-a -6, 123 —63, 123 -6, 123 -110, 110 -6, 123 -6, 123
NeuSAcc-(2—3)-Galb 59°, —129  —3°,-142® 59,129 32, -142 5, —129 -3, 142
R-d-(1—4)-Galb -68°, —110°0 68,110 —64°,-111 —110°, -140 —65°,-112 —65°, 112
Temp. (K) 300 300 278 278 278 278
Number of HO molecules 1237 1272 1126 1218 1271 1238

Results and discussion of the S& determinant (Donald and Feeney, 1986).

Stereospecific assignments of H6Brand H6prdr

The three-dimensional structures in water of th@ Sd were performed by analogy withH-NMR studies
determinantl and two structurally related mimica of stereospecifically deuteraten-hexoses (Nishida
and3 are investigated. Complete assignments of the et al., 1987). The!H chemical shifts of the spacer
proton and carbon chemical shifts were obtained by were assigned by using homonuclear NMR techniques
using different standard NMR techniques (3B and (COSY and TOCSY, Supplementary material). Of the
13C, and 2D TOCSY, ROESY and HMQC); the calcu- methylene protons of the spacer, only those closest
lation of temperature coefficients and exchange ratesto the attachment to GlcNAa-(—OCH,—) are chem-
of the NH protons is described in ti¥oton and car- ically non-equivalent. This is a consequence of the
bon chemical shift assignmersisction. In théMlolecu- hindered rotation around the glycosidic bond due to
lar dynamics trajectoriesection, the MM calculations  the exoanomeric effect (TvaroSkova and Bleha, 1989).
are described to obtain local energy minima at the gly- To assign the H5, H6pf&and H6prdR protons
cosidic linkages of the compountis3. Starting from of R-d and Galb, and the H8, H9pr® and H9pr&R
conformations at these different local minima, MD signals of Neu5A@, 1D 13C NMR measurements
simulations of the compounds-3 have been carried combined with HMQC experiments were carried out.
out to obtain different trajectories. From these tra- The carbon chemical shifts (Supplementary material)
jectories, information about intramolecular hydrogen agree with previous data for a ganglioside tetrasaccha-
bonding was extracted. ride structurally related with compourddBock et al.,

ROESY spectra of the three compounds at dif- 1984). The signals corresponding to the Neu®Ac-
ferent mixing times have been recorded to construct H9a,9b protons are assigned as $and prdz, re-
ROE build-up curves that reflect the experimental spectively, in accordance to a previous assignment
distances between interresidual proton pairs. In the of the Neu5Ac protons of GMla (Acquotti et al.,
ROE analysis by CROSRHKection, theoretical in-  1990). For the assignment of the two non-equivalent
terresidual proton ROEs were calculated from these methylene protonsafCHa,b) of the spacer, the same
trajectories and compared with the experimental ones criteria were used as for the H6itand H6pr&atoms
by applying the full-relaxation matrix theory with the  of B(1—6)-disaccharides described by Ohrui et al.

CROSREL program. (1985).

Comparison of théH NMR data ofl-3 shows that
Proton and carbon chemical shift assignments the replacement of GalNAd-(1) by Gald (2) has
The'H NMR chemical shifts and couplings of1-3 a strong influence on the resonance positions of the

are listed in Table 2, and the 2D ROESY (150 ms) H1,2,3,4 of Galb. Furthermore, a clearly deviating set
spectra of1-3 are given in the Supplementary ma- for NeuSAc< H3eq,3ax was found. Such remarkable
terial. The results forl fully agree with the partial  shifts are not observed when replacing GalN#¢t)
assignments of oligosaccharides structurally related to by GlcNAc-d (3) (van Seeventer et al., 1997).

the S& determinant, such as gangliosides (Koerner ~ The J couplings of NeuSAe of compoundl,

et al.,, 1983; Sabesan et al., 1984; Acquotti et al., Js,7 = 2.1 Hz,J78 = 10.1 Hz,Jg395 = 6.3 Hz and
1990; Sabesan et al., 1991) or an alditol derivative Jgopb<1 Hz, indicate a lower flexibility of the glycerol
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Residue GIcNA&a Galb Neu5Acc R-d
Compound 1
H1 4510y 7.8Hz) 4.5501 2 9.8 Hz) - 4.723;,2 9.8 Hz)
H2 4 3.35(0237.8Hz) - 3.908 3 9.8 Hz)
H3ax 3.72 4.1413 4 2.3 Hz) 1.92 §3ax3eq 13, J3ax 4 13 H2) 3.67 034 <1Hz)
{
H3eq - - 2.6613eq44-5 H2) -
H4 3.69 (45 8.2 Hz) 411045 <1Hz) 3.78 04,5 10.4 Hzy 3.91
H5 3.58 (05624.2,J56p 6.1 Hz)  3.77 3.83 56 11.8 Hz) 3.72
H6a (proS) 3.99 Js46p12.6 Hz) 4 3.49 0 7 2.1 Hz) A
H6b (proR) 3.83 3.82 - 3.82
{ {
H7 - - 3.59 {7 8 10.1 Hz} -
H8 - - 3.75 O&Qb <1 HZ)>1< -
H9a (proS) - - 3.89 (g 94 6.3 Hz) -
H9b (proR) - - 3.60 (o 0p 12.1 HzY -
Compound 2
H1 4.51 012 7.9Hz) 4.60§1,27.9 Hz) - 4.7381,2 7.9 Hz)
H2 4 3.68(02311.5Hz) - 3.481,3 8.8 Hz)
H3ax 3.70 4.2213 4 2.3 Hz) 1.86 §3ax3eq 12, J3ax4 12 H2) 3.66
i
H3eq - - 2.7083eq4 4.4 Hz) -
H4 3.68 (45 8.8 Hz) 4.18 045 <1 Hz) 3.68 04,5 11.5 Hzf 3.89
H5 3.58 (5 64 3.7 Hz)* 3.75 3.84 3.73
H6a (proS) 4.00 Jpa6013.2 Hz) 4 3.57 0
H6b (proR) 3.84 3.77 - 3.74
\ \
H7 - - 3.57 -
H8 - - 3.83 -
H9a (proS) - - 3.88 -
H9b (proR) - - 3.60 -
Compound 3
H1 4.50 (1,2 7.8 Hz) 4.5501 2 9.0 Hz) - 4.7881,2 9.4 Hz)
H2 1 3.30 (023 9.0Hz) - 3.7183 7.7 Hz}
H3ax 3.70 4.16 1.93%ax3eq12.1,J3ax412.1 Hz)  3.49
{
H3eq - - 2.6403eq43.9 H2) -
H4 3.70 410445 <1 Hz) 3.75 (4,5 7.8 HzJ* 3.46
H5 3.57 (45 7.7 Hz) 3.78 3.84 3.49
H6a (proS) 3.99 Usa6p11.2 Hz) 1 3.46 3.89
H6b (proR) 3.82 (5,6p 7.7 Hz) 3.80 - 3.76
{
H7 _ - 3.59 -
H8 - - 3.73 -
H9a (proS) - - 3.87 -
H9b (proR) - - 3.59 -

*J-couplings obtained from the COSY spectra.
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Table 3.Temperature coefficients (ppmiR) of a with H1, H3,4. The NH signals situated at high
NH-protons of compoundb and3 field (5 ~7.40 ppm) showed ROE cross peaks with
Compound GlcNA@a  NeuSAce  R-d H1, H2,4, H3,5 and NAc of GalNAd- Finally, the
remaining NH signal at ~8.20 ppm was assigned to
1 00055 0.0074 0.0049 the NH of Neu5Ace, which only showed ROE peaks
3 0.0085 0.0066 0.0039 with H3ax. Assignments of NH protons of compound

3were achieved by comparison with chemical shifts of
the previously assigned NH peaks of compotinthe
calculated temperature coefficients of the NH peaks

. .  Thi of compoundsl and 3 (Table 3) gave lower values
side chain of NeuSAe: This has been reported for for the NH of R than for the other NHSs, indicating

various sialyl oligosaccharides as a consequence of the -
existence of a strong intramolecular hydrogen bond :ggilézeed ;?rlr:/i?ar]r}ya?:rsns:l)lglryd;?:rréggel\il: tﬁfeﬁzfg:?s-ity
between the hydroxyl function at C8 and the carboxyl C ’ .

y y y of the NH signal of GalNAd with respect to the NH

oxygens of sialic acid (Acquotti et al., 1990; Poppe peaks of NeuSA@ and GlcNAca was observed at

etal., 1997). In compoundsand3, it was not possible longer presaturation times (Fiaure 2). The plots of the
to obtain thel couplings of the glycerol side chain in gerp uration t (Figure 2). nep .
In Ip for NH protons versus presaturation times (Fig-

N A i Y i I f
eu5_ ¢ using COSY experiments due to overlap o ure 2b,c) show that the slope (exchange ratg) Kor
the signals. the NH of Rd is closer t — —48x 104
To construct the experimental ROE build-up aned Ke ° zlgxcl%s—%rfgrzc:eg?ni)%(ur:dgl éngs re
h ks of [ h I- e = e e
curves, the tracks of anomeric protons and the Ga spectively) than for the NH-protons of the Neu5Ac-

b H3,4 and NeuS5A& H3eq of 1-3 were chosen. In ) .
' and GIcNAca residues. These data support again the
compoundsl and 3, the Galb H2 track was also lower accessibility to solvent of the NH of the dR-

included for the CROSREL analysis, whereas in com- . . . .
inciu ' analysis, w s 1 unit. These results, together with the chemical shift

ound?2, the Gald H2 track was chosen. All these ' : .
pROE peaks were scaled according tg-btaling. For and ROE data, confirm that this NH group is likely
: implicated in an intramolecular hydrogen bond with

all the compounds, the ROESY analysis is centered on th boxvll f NeUBAC
the interresidual cross peaksR41-Galb H3,4, Gal- € carboxylic group of NeusAC:
b H1-GIcNAca H2,3,4 and Gab H3,4-Neu5Ace
H3ax (Supplementary material). This last cross peak is
more intense in compoundsand3 than in compound

Molecular dynamics trajectories

MD simulations starting from energy minima confor-
2, indicating that for these compounds Neu5&and matio_ns obtained by MM calculations in the CHEAT
Galb must mainly adopt a conformation with anti- forcefield (Table 1, A—F) have been performed for the

disposition between C1 of Neu5Azand C3 of Gab compoundd-3 in order to investigate time-averaged
(Poppe et al., 1989). The existence of a hydrogen conformations and the flexibility within the oligosac-

bond between the NH of B-residues and the carboxyl charides in terms of transitions at the glycosidic link-
oxygens of NeuSAin the preferred solution confor- ages. These starting conformations are chosen accord-

mations of1 and3 provides an adequate explanation "9 0 the ROESY data obtained. Tkey dihedral
of this phenomenon. angles of each glycosidic linkage of the MD trajec-

In order to obtain additional proof supporting the (©1ieS are plotted in Figures 3-5. These plots show
existence of intramolecular bonding between the NH that the conformations are mainly around the starting

of R-d residues and the carboxyl oxygens of NeuSAc- €N€rdy minima from the MM calculations. Average
¢ of compoundsl and3, 1D 'H NMR experiments dihedral angles of the complete trajectories are listed

in water were recorded at different temperatures (278, I Table 4. Hydrogen bonds which appeared for more
288 and 298 K), to obtain the temperature coeffi- than 10% of the total simulated MD trajectories are
cients, and also at different presaturation times (1, 5 listed in Table 5.

and 10 s). First, a 2D ROESY experiment at 278 K i

(Hard et al., 1991) in water for compourdwas  ROE analysis by CROSREL

carried out in order to assign the three NH signals Theoretical ROE intensities were calculated from
observed in the 1D spectra. The peak at lowest field ( the MD simulation models applying Method | (as-

~8.40 ppm) was assigned to the NH-track of GIcNAc- suming isotropic motion) and Method Il (assuming
anisotropic motion) and compared with experimental
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Figure 3. Plots in®,W¥ surfaces of the various glycosidic linkages for compolingor each glycosidic linkage has been plotted: (1) Iso-energy
contour levels as obtained by CHEAT calculations at intervals of 1 kcal/mol from the global minimur;¥2)ihedral angle pairs of the A
(3a—) and B @d—e) simulations.

ROEs from ROESY experiments, using the CROS- than thertefk values of the rest of the residues, in
REL program (Leeflang and Kroon-Batenburg, 1992). agreement with the previous results of Lommerse et al.
The intraresiduatH-'H pairs, which were used to fit  (1995a, b); see Table 6.

rotation correlation times, are given in Table 6. The The Ry values of the intraresidual (Table 7) and
resulting overall fo) and local effective correlation interresidual (Table 8) ROEH-1H pairs indicate the
times (efr k), as obtained by Methods | and 1ll, re- accuracy of the calculated ROE intensities by the used
spectively (Lommerse et al., 1995a), are presented in methods. The distances between intraresidual pro-
Table 6. In general, theefr k values of Galb situated tons depend on monosaccharide ring conformations.
on the mass center of the molecules3 are longer For this reason, the intraresidu4t-'H ROE inten-
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Figure 4. Plots in®, V¥ surfaces of the various glycosidic linkages for compoRnior each glycosidic linkage has been plotted: (1) Iso-energy
contour levels as obtained by CHEAT calculations at intervals of 1 kcal/mol from the global minimu;¥2)ihedral angle pairs of the C

(4a—) and D @d-e) simulations.

sities will be approximately the same for the various
theoretical models, resulting in similar intraresidual
Rw values. Only those interresidusiH-'H pairs are
analysed that could be measured reliably (Table 8).
Comparison of the theoretical and experimental in-
terresidual ROE peaks is achieved by using build-up
curves (Figures 6-8) and thg,Ralues (Table 8).
Theoretical ROE intensities from simulation B
have a better fit than those from A to the experi-
mental ones for compount In Table 8 it is shown
that the R, values of B are shorter than those of
A. The build-up curves 6d-f fit better to the exper-
imental ROEs than 6a—c (Figure 6). However, the

application of Method Il (anisotropic assumption)
does not translate into an improvement of the fit-
ting between experimental and theoretical interresid-
ual ROE intensities as for bromelain (Lommerse et al.,
1995hb). This suggests that the conformational behav-
iour of compoundl is rather isotropic. Also, these
build-up curves and R values indicate that thg-
D-GalpNAc-d-(1—4)-B-p-Galp-b and thep-p-Galp-
b-(1—4)-B-D-GlcpNAc-a glycosidic linkages adopt
conformations around the corresponding global en-
ergy minimum ¢: —93+A15°, {: —103tA15%;

¢: —80L£A20°, {: 108tA20°, respectively; Fig-
ure 3d,f), whereas those afNeu5Acc-(2— 3)-B-D-
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Figure 5. Plots in®, W surfaces of the various glycosidic linkages for compo8néor each glycosidic linkage has been plotted: (1) Iso-energy
contour levels as obtained by CHEAT calculations at intervals of 1 kcal/mol from the global minimurh;¥2)ihedral angle pairs of the E
(5a—) and F 6d-€) simulations.

Galp-b are situated on a relative energy minimum the NH of GalNAcd and the carboxyl oxygens of
(b —29+A15°, ¢ —150+A15° Figure 3e). The Neu5Ac<¢ (~2.5 A) for hydrogen bonding (Table 5,
dihedral angles predicted fgfD-GalpNAc-d-(1—4)- ~50-75% of the simulated time).

B-D-Galp-b and a-Neu5Ac¢-(2— 3)-B-D-Galp-b are For compouna, the interresidual R values (Ta-

in agreement with the previous ones obtained for GM1 ble 8) and the build-up curves 7a—f (Figure 7) show
gangliosides (Sabesan et al., 1984, 1991; Acquotti that each of the C and D simulations alone cannot
et al.,, 1990; Levery, 1991). For thgD-Galp-b- describe satisfactorily its conformational equilibrium
(1—4)8-D-GlcpNAc-a bond, the average dihedral in water. Nevertheless, the CROSREL program allows
angles are closer to the values predicted in the*SLe the combination of the trajectories C and D in a conve-
determinant by Rutherford et al. (1994). In Figure 9a nient percentage in order to obtain a new model C/D
it is shown that the averaged model B adopts an anti that better fits the theoretical interresidual peaks to the
conformation at thex-Neu5Ac<¢-(2— 3)-B-D-Galp-b experimental ones (Table 8, Figure 7g—i). Similarly to
bond similar to that proposed by Sabesan et al. (1991) compoundl, the application of thees x values does
and Poppe et al. (1989). This conformation approachesnot improve significantly the fitting between experi-
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Figure 6. ROE build-up curves of interresidudH-1H pairs within compound, both experimental and calculated for the @e{c) and B
(60—f) simulations using the CROSREL program.

mental and theoretical interresidual peaks (Figure 7), in the global energy minimumd¢{ 60£A15°,
which again suggests an isotropic behaviour of the —120+A15°; Figure 4b) prevail over those situated

conformation in2. This C/D model is a combina-
tion of 85% of conformer C and 15% of conformer
D and all the trajectories of thg-D-Galp-d-(1—4)-
B-D-Galp-b and p-b-Galp-b-(1—4)-8-D-GlcpNAc-a
glycosidic linkages are mainly situated on the global
energy minimum regions (Figure 4a,c,d,f). In the
Neu5Ac<¢-(2— 3)-B-D-Galp-b bond, the trajectories

on the relative energy minimum¢( —56tA15°,

Y: —120+A15°; Figure 4e). This energy minimum
conformation has been observed in conformational
studies of GM1a (Bernardi and Raimondi, 1995) and
GM4 gangliosides (Poppe et al., 1989). Recently, a
conformational analysis of NeuS5Ac-{23)-8-D-Galp-
(1—4)-8-D-Glcp carried out by Milton et al. (1998)
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Figure 7. ROE build-up curves of interresidudH-1H pairs within compoun@, both experimental and calculated for the@ac), D (7df)
simulations and a combination of two trajectories Cfig{) using the CROSREL program.

Table 4. Average dihedral angles of the MD simulations for compoulieis

Linkage Galb(1—->4)GIcNAca Neu5Acc(2—3)Galb  R-d(1—4)Galb

dv b LR
Simulation  Compound
A —88°,105 55°,—130¢° —80°,—103
B —80°,108 —29°,—150¢° —93°,-103
Compound2
C —83,111° 60°,—120° —85°,—101°
D —62°,112 —56°,-140 —66°, —117
Compound3
E —63°,11# 64°,—121° —67°,103

F —48°,-106° —46°,-130 —77°,108
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Table 5. Presence of hydrogen boridés of the simulated trajectory) during the different
long MD trajectories of compounds-3

Hydrogen bond

MD simulations

Donor --Acceptor A B Cc D E F
R-d (NH/OH2)? --.NeuSAcc OC=0 - 504 - 180 - 83.8
R-d (NH/OH2)b --Neu5Acc OC=0 - 250 - - - -
R-d OH6 -:NeubAcc OC=0 - - - - 11.8 -
Neu5Ac< OH8 --.NeuSAccOC=0 226 152 - 539 - 94.0
Neu5Ac€ OH8 --Neu5Acc O6 - - - 253 - 27.6
Neu5Ac€ OH7 --Neu5Acc 09 — 178 - - 120 -
Galb OH2 --GIcNAc-a O6 - 191 - - - -
Galb OH2 --Neu5Acc O6 - - 388 - 219 -
GIcNAc-a OH6 --Galb 02 — — 277 - - -
GlcNAc-a OH3 -.Galb O5 134 159 416 - - 10.0

abcompoundsl and3 have NH in position 2 of R, compound2 has OH in position 2 of

R-d.

*Only hydrogen bonds are given which were formed for more than 10% of the complete MD

trajectory.

Table 6. Rotation correlation times (ns) for the monosaccharide residues and the
overall rotation correlation time of compounds3 using different calculation

methods
Simulation  Method 1 {g) Method IIl (teff, k)
Overall GIcNAca Galb Neu5Ac¢ GalNAcd
H1-H3* H1-H5* H3ax-H3eq H1-H3
A 0.43 0.23 0.64 0.53 0.35
B 0.56 0.23 0.96 0.79 0.34
Overall GIcNAca Galb Neu5Ace Gald
H1-H3* H1-H3* H3ax-H3eq H1-H3
C 0.79 0.62 0.80 0.57 0.92
D 0.72 0.45 0.89 0.87 0.76
C/ID 0.73 0.59 0.82 0.62 0.90
Overall GIcNAca Galb Neu5Ace GIcNAc-d
H1-H3* H1-H3* H3ax-H3eq H1-H3
E 0.27 0.18 1.33 0.25 1.12
F 0.24 0.12 1.95 0.22 2.08
E/F 0.25 0.15 1.59 0.24 1.52

*These intraresiduatH-1H pairs overlap with other cross peaks in the ROESY

spectrum.

Table 7. Total Ry values for the intraresidual ROEs using various calculation methods
for compound<€—-3

Method  Simulation

A

B C

C/D E F E/F

| 0.162 0.187 0.142
I} 0.148 0.120 0.110

0.163 0.106 0.254 0.354 0.388

0.125 0.091 0.229 0.269 0.243
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Figure 8. ROE build-up curves of interresiduiH-H pairs within compound, both experimental and calculated for theg&c), F (8cf)
simulations and a combination of two trajectories EBB-{) using the CROSREL program.

also revealed the existence of a family of confor-
mations aroundp,y = 57°,—112. In Figure 9b

it is shown that in the more predominant conforma-
tion C, the OH2 of GaH and the carboxyl oxygens
of Neu5Ac< are distant in space. The predominance

of conformer C suggests that the hydrogen bond be-

tween the OH2 of Gatt and the carboxyl oxygens

of Neu5Ac< observed during simulation D (Table 5)
is not effective enough to shift the conformational
equilibrium towards anti-conformer D.

Finally, the interresidual R values (Table 8) and
build-up curves (Figure 8a—f) of compour®l ob-
tained from its E and F simulations indicate that an
individual MD model is not suited to describe the con-
formational equilibrium of this molecule in aqueous

solution. Again, the combination of the trajectories
E/F fits quite well the experimental interresidual peaks
(Figure 8g—i). However, in this case, the E and F mod-
els take part equally in the three-dimensional structure
of 3(E:F=0.55:0.45). As for the previous compounds
1 and2, the application of Method Ill to calculate the-
oretical ROE peaks from the trajectories does not im-
prove their fitting to the experimental ones, implying
an isotropic tumbling of compouril From the build-

up curves (Figures 8a,d,g and 8c,f,i), it is deduced
that this molecule adopts conformations around the
global energy minima in thg-D-GlcpNAc-d-(1—4)-
B-D-Galp-b and p-b-Galp-b-(1—4)-8-D-GlcpNAc-a
linkages (See Figures 5a,d and 5c,f, respectively). In
the a-Neu5Ace-(2— 3)-p-D-Galp-b bond, the inter-
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GlcNAC

Figure 9. (a) Average simulated model from the B MD simulation of compotin@) Average simulated model from the C MD simulation of
compound2. (c) Average simulated model from the F MD simulation of compo8nd

residual theoreticalH-1H pairs only show a correct  a powerful tool to describe the conformational behav-
fitting for the model E/F (Figure 8h). This means iour of oligosaccharide compounds. The application
that the two local energy minimad( 64+A15°, of this method on the Sddeterminant, especially in
P —1214+A15°; Figure 5b andp: —46EA15°, combination with two mimics, provides a detailed
—130+A15°%; Figure 5e) have an important presence model of the structure of the Sdleterminant and
in the conformational equilibrium of compouBdThe the essential structural elements of this tetrasaccha-
trajectories situated on the relative energy minimum ride for biological functioning. The presence of the
(Figure 5e) approach the NHAc group of GlcNAlc- NHAc group in the terminal monosaccharidedR-
and the carboxylic group of NeuS5Ac{Figure 9c), of compoundsl and 3 plays a significant role in
favouring an intramolecular hydrogen bond (Table 5). the three-dimensional conformation adopted by these
The hydrogen bond analysis of the simulations also oligosaccharides in aqueous solution. Based on this
predicts the existence of a hydrogen bond between theMD study and the NMR data an intramolecular hy-
OHB8 and the carboxyl groups of Neu5A&dn the A, drogen bond RI-NHAc- - -Neu5Ac¢-OCO (presence
B, D and F simulations (Table 5), in accordance with 50—75%) favours the anti conformer in theNeu5Ac-
Acquotti et al. (1990), and Poppe and van Halbeek c-(2— 3)-B-D-Galp-b bond. A similar hydrogen bond-
(1991). ing was suggested in some studies on the conforma-
tional properties of gangliosides (Acquotti et al., 1990;
Scarsdale et al., 1990; Levery, 1991). In mingc
Conclusions where this NHAc group is absent, onlyl5% of the
time the conformation resembles the?$igterminant,
The present report shows that the combination of stabilised by a weak hydrogen bond between &Gal-
MD simulations in water and NMR spectroscopy is OH2- - -Neu5Ac€-OCO (presence 18%). And85%



Table 8. Total Ry valueg for the interresidual ROEs using various calculation methods

for compounds—-3

75

Simulation  Overall Gab H1- Neu5Ace H3ax-  GalNAcd H1-
GIcNAc-aH2,3,4 Galb H3,4 Galb H3,4
Method |
A 0.543 +0.298 -0.975 —0.440
B 0.254 +0.160 —0.045 —0.225
Method IlI
A 0.570 +/—0.048 -0.975 —0.479
B 0.373 -0.197 +/—0.090 —0.349
Overall  Galb H1- Neu5Ace H3ax- Gald H1-
GIcNAc-aH2,3,4 Galb H3,4 Galb H3,4
Method |
C 0.421 +0.272 —0.959 +0.436
D 1.151 +/—0.051 +3.532 +0.216
C/ID 0.237 + 0.204 +/—0.069 +0.384
Method IlI
C 0.424 +0.161 —0.960 +0.446
D 1.203 +/—0.055 +3.701 +0.225
C/D 0.266 +0.148 +/—-0.085 +0.461
Overall  Galb H1- Neu5Ace H3ax-  GIcNAcd H1-
GIcNAc-aH2,3,4 Galb H3,4 Galb H3,4
Method |
E 0.566 —0.401 -0.972 —0.403
F 0.580 —0.365 +1.115 +/—0.209
E/F 0.388 —0.385 +/—-0.096 -0.171
Method IlI
E 0.566 —0.465 -0.975 -0.271
F 0.627 —0.503 +0.820 +0.638
E/F 0.425 —0.475 +/-0.122 +0.154

*Minus, plus or plus/minus shows if the calculated ROE build-up curve is smaller, larger
or goes through the experimental curve, respectively.

of the time, thex-Neu5Ac<-(2— 3)-8-D-Galp-b link-
age is in the syn conformation, further stabilised by
the hydrogen bond between QalOH2- - -Neu5Ac-
c-OCO (presence 38.8%). Mimi8 is found in an
intermediate situation. In 45% of the simulation time,
the higher energy anti conformer, similar to the
native S& determinant, is stabilised by the hydro-
gen bond GIcNAd-NH- - -Neu5Ac¢-OCO (presence
84%). However, there is a strong competition with
the syn conformation, similar to mimi2, further
stabilised by a hydrogen bond between GlcN#c-
OHB6 - -Neu5Ac€-OCO (presence 12%). The differ-
ence of the population distributions of compounds
1 and 3 can be explained taking into account the
competition between the hydrogen bonds GIcNic-
NH- - -Neu5Ac¢-OCO of conformer F and GIcNAc-
d-OH6- - -Neu5Ac¢-OCO of conformer E (Table 5)
in compound3. For B-D-GIcNAc, it is known that

the rotamer tg at the C5-C6 bond is very unfavoured
(Nishida et al., 1987) because of the synperiplanar
repulsion between the OH4 and OH6 bonds (Perkin
etal., 1977). Thus, the hydroxymethylene group of the
GlcNAc-d residue should mainly adopt gg and gt dis-
positions. The latter would favour the presence of the
GIcNAc-d-OH6- - -Neu5Ac¢-OCO hydrogen bond in
the lower energy conformer E. Therefore, the compe-
tition between the two intramolecular hydrogen bonds
could explain the almost equal presence of the two
conformers E and F in the conformational equilibrium
of compound3. In the case of the GalNAd-residue

of compoundl, the C5-C6 bond is more flexible,
since there is no synperiplanar repulsion. This ex-
plains the absence of the GalNAOH®6. - -NeuSAcc

in the A and B simulations. Thus, the presence of
a unique hydrogen bond between the GalNAand



76

Neu5Ac<cresidues (Table 5) shifts the conformational
equilibrium of1 to the B conformation.

From the ROE build-up curves (Figures 6-8) and
interresidual R, values (Table 8) of compounds-3
it can be deduced that the conformational behaviour
of these molecules is rather isotropic. This is in agree-
ment with the observation that a generally better fitting
of the calculated interresidual ROE peaks to the ex-
perimental ones was obtained assuming isotropic tum-
bling of the molecule (Method I). This means that the
mobility of all the glycosidic linkages is similar. How-
ever, thea-Neu5Ac¢-(2— 3)-B-D-Galp-b linkage of
compound3 shows very shorteesf k Values (0.22—
0.25 ns). This is in agreement with fast transitions be-
tween the two minimum energy regions (Figures 5b,e)
predicted for this compound.

The conformational resemblance bfand 3 sug-
gests that mimic3 could possibly display similar
biological activity as S8 tetrasaccharidd. Further
binding studies with lectins and antibodies of these
structure-related tetrasaccharides to thé &etermi-
nant are in progress in order to prove these predictions.
It is evident that knowledge of the relation between
three-dimensional structure and binding properties of
these biomolecules could assist in the design of new
carbohydrate-based therapeutic agents.
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