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ABSTRACT 

Conformational studies on /3-D-Xyl-( l-2)-[a-D-Man-( 1+6)]-p-D-Man-OMe, B-D-Xyl-( 1 -r2)-[a-D- 
Man-( 1+3)]-P-D-Man-OMe, arid/3--�D-Xyl-( l-2)-[a-D-Man-(] -+3)]-[a-D-Man-(1+6)]-j3-D-Man-OMe have 
been carried out using rotating-frame n.0.e. experiments in combination with HSEA calculations. The 
estimated time-averaged torsional angles <p and ‘Y about the various glycosidic linkages and the estimated 
time-averaged rotamer population around the C-S-C-6-linkage of&Man in the tetrasaccharide are similar 
to the corresponding parameters for both trisaccharides. 

INTRODUCTION 

As part of our studies of xylose-containing N-linked carbohydrate chains’-9, B-D- 
Xyl-( 1+2)-[a-D-Man-( 1+6)]-@Man-OMe (l), B-D-Xyl-(1 +2)-[a-D-Man-(1+3)1-p-~- 
Man-OMe (2), and B-D-Xyl-( l-2)-[a-D-Man-( l-3)]-[a-D-Man-( 1 +6)]-b-D-Man-OMe 
(3), representing structural elements of naturally occurring oligosaccharides, have been 
synthesised’ and characterised by n.m.r. spectroscopy’. We now present conforma- 
tional data for l-3 obtained by rotating-frame n.0.e. (ROESY) experiments’0-‘5 in 
combination with HSEA calculations’““. 

EXPERIMENTAL 

N.m.r. m&ads. - N.m.r. spectra of 15mM solutions of the oligosaccharides 1,2, 
and 3 were recorded at 27”. Prior to n.m.r. spectroscopy, the samples were repeatedly 
exchanged in 99.75% D,O with intermediate lyophilisation, finally using 99.96% D,O 
(Aldrich). In order to enhance the sensitivity in the ‘H-‘H ROESY’“” experiments, the 
samples were degassed in the n.m.r. tube by repeated evacuation, and sealed under 
argon. The experiments were carried out with a Bruker AM-500 spectrometer (Depart- 
ment of NMR Spectroscopy, Utrecht University; SON hf-NMR facility, Department 
of Biophysical Chemistry, Nijmegen University), equipped with an Aspect-3000 com- 
puter, using the sequence 90”-t,-SL-acq(t,), wherein SL is a single 200-ms spin-lock 
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pulse (field strength, 2500 Hz). An 8-pulse phase program was applied”, which included 
a 180” phase alternation for the spin-lock pulse between consecutive scans. A 90” phase 
difference between the 90” pulse and the spin-lock pulse was kept at all times. The 
spectral width was 3333.33 Hz in both dimensions and 520 t, increments were used for 
one experiment. Spectra were measured in the phase-sensitive mode, using quadrature 
detection in F2 and time-proportional phase increments (TPPI)*‘. A 520 x 2k data 
matrix was acquired, which was zero filled and multiplied with a n/2 phase shifted 
sine-bell prior to a phase-sensitive F.t. in order to obtain a lk x lk data matrix. 
Chemical shifts (6) are expressed in p.p.m. downfield from internal sodium 4,4-d& 
methyl-4-silapentane-1 -sulphonate (DSS), but were actually measured by reference to 
internal acetone (6 2.225). The spectral offset (0,) used for compounds 1,2, and 3 was at 
S 5.9,6.3, and 5.6, respectively, thereby minimising the Hartmann-Hahn transfer. 

Distance constraints. - Cross-peak intensities were corrected for their offset from 
the carrier frequency by a correction factori4: 

1 / (sin%;sinB,), 
with tan(0J = yijB,, / (wij - o,,), 

where YB,, is the strength of the spin-lock field in Hz. The peak was detected at the 
frequency of proton i with a modulation of the frequency of protonj. 

Each inter-residue ‘H-‘H distance was calculated from the two rotating-frame 
n.0.e. cross-peaks between the two resonances by relating their intensities to eight 
intensities of four ‘H-‘H pairs at known distances from each other (1.78-2.56 A”) by the 
equation rij= ro(aO/a,i)“6 (rii, distance to be determined; r,, known distance; aij, cross-peak 
intensity of a pair of protons at an unknown distance; a,, cross-peak intensity of a pair of 
protons at a known distance)22. The 16 resulting values were averaged, giving the 
distance and the estimated error. The same method was applied to the intra-residue 
‘H-‘H pairs that were taken as references, in order to check the internal consistency. 

Energy calculations. -The HSEA program’““, taking into account non-bonded 
interactions as expressed by the Kitaigorodsky algorithm, together with a term for the 
exo-anomeric effect, was used to estimate the preferred conformations for each glyco- 
sidic linkage. In the 0/Y domain, iso-energy contour levels were calculated with steps of 
0.5 kcal/mol. The torsional angle @ is defined as (0-S’,C-l’,O-x,C-x) with x=2,3,4, or 
6; the torsional angle Yas (C-l’,O-x, C-x, C-(x-l)) with x = 2,3,4, or 6; the bond angle z 
(C-l’,O-x,C-x) is set at 117”. The dihedral angle o is defined as (0-6,C-6,C-5,C-4)*. 

Molecular modelling. - Molecular modelling has been carried out on an Evans & 
Sutherland PS300 graphic display work-station, and geometry calculations were per- 
formed on a local VAX cluster by use of the software program Platon23. 

* In this study, the IUPAC rules for defining torsional angles in carbohydrates have been used. 
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RESULTS AND DISCUSSION 

In order to obtain conformational data for 1, 2, and 3 by n.m.r. spectroscopy, 
inter-residue ‘H-‘H distances are calculated by comparing the corresponding cross- 
relaxation rates with those of intra-residue ‘H-‘H pairs at known distances from each 
other. ‘H-‘H ROESY instead of ‘H-‘H NOESY experiments are used, because, in the 
latter at 500 MHz, the correlation time r, approaches the inverse of the Larmor 
frequency, resulting in near-to-zero cross-peak intensities, whereas, in rotating-frame 
experiments, the effective Larmor frequency is low, as compared to the molecular 
reorientation rates”. However, under conditions used for ‘H-‘H ROESY experiments, 
Homonuclear Hartmann Hahn (HOHAHA) type of magnetisation transfer might 
occur’3, thereby hampering the interpretation of ROESY effects in terms of ‘H-‘H 
distances. In order to suppress these interfering effects, the experimental conditions 
have to be chosen carefully14. It is known that the rate of the HOHAHA type of coherent 
magnetisation transfer between two protons is slowed down by a large absolute 
difference of their respective offsets12, by a minimal sp in-lock field strength, and by a 
small coupling constant between them. Therefore, the offset was positioned at the far 
low side of the spectrum and the spin-lock field strength was minimised so that, for 
protons at the high-field side of the spectrum, 0 was -60” (ref. 14). The cross-peak 
intensities were corrected for the decrease in spin-lock efficiency at increasing offset 
from the carrier frequency. The intensities were not normalised, because overlap on the 
diagonal prohibited accurate measurement of diagonal intensities. However, this is not 
a serious problem, because only intensities within the same experiment have to be 
correlated. Cross-peaks arising from intra-residue ‘H-‘H pairs at known distances can 
be used as references to determine other ‘H-‘H distances from their cross-peaks. In 
Table I, reference*’ and calculated ‘H-‘H distances together with the estimated errors 
are given. For each compound, four intra-residue ‘H-‘H pairs with distances ranging 
from 1.78 to 2.56 A were taken as references. With two cross-peaks per ‘H-‘H pair, 
sixteen different values for the distance are obtained. Simple statistics give the averaged 
distance and its standard deviation as its estimated error. As a typical example, the 
‘H-‘H ROESY spectrum of 3 is depicted in Fig. 1. 

HSEA calculations carried out on the complete oligosaccharides were used to 
determine the iso-energy contours for the glycosidic linkages. The iso-energy contour 
maps of 3 are shown in Fig. 2. Each structure is discussed separately. 

p-D-xy1-(1+2)-[ a-D-&fun- (Z-+6) ]-P-D-Man-OMe (1). - For the a-Man- 
(1+6)-Man linkage, the rotamer population in Man-3 (for explanation of the code 
system, see Table I) is calculated” from the vicinal coupling constants8 J5,6 (2.3 Hz) and 
J5,@ (5.2 Hz), yielding a rotamer population of Po=60:Pw= 180:Po=_60 = 40:60:0 (Table II). 
Analysis of the cross-relaxation data between H- 1 of Man-l’ and H-6,6’ of Man-3 shows 
the H-l-H-6 and H-l-H-6’ distances to be 3.0 and 2.4 A, respectively (Table I). Each 
distance constraint can be realised by a range of Q/Y values. Based on the combination 
of both @/!?ranges, the conformation about the a-(1 -+6) linkage is described by Q/Y 
70/l 80 (Table II). For the P-Xyl-( 1+2)-Man linkage, the interglycosidic ROESY effect 
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TABLE I 

Cross-peak intensities, intra-residue distances, and calculated inter-residue distances between the protons of 
the constituent monomers of 1, 2, and 3 @Man = Man-3, cr-Man-(1+6) s Man-l, u-Man-(143) G 
Man-4 

~-D-~y~-(~-t2)-[~-D-~an-(l+b)]-~-D-hfan-Obfe (1) 

‘H-‘H connectivity Reference Calculated Estimated 
distance (A) distance (A) error (A) 

Intra-residue H-l XY’ H-5a Xyl 2.50 2.4 0.1 
H-5a Xyl H-5e Xyl 1.78 1.9 0.1 
H-l Man-3 H-2 Man-3 2.45 2.4 0.1 
H-l Man-4 H-2 Man-4 2.56 2.6 0.1 

Inter-residue H-l XY’ H-2 Man-3 2.3 0.1 
H-l Man-4 H-6 Man-3 3.0 0.15 
H-l Man-4 H-6’ Man-3 2.4 0.1 

t!-D-Xyl-(1+2)-[a-D-Man-(l-+3)]-/3-D-Man-OMe (2) 

‘H-‘H connectivity Reference Calculated Estimated 
distance (A) distance (A) error (A) 

Intra-residue H-l XYl H-5a Xyl 2.50 2.4 0.1 
H-5a Xyl H-Se Xyl 1.78 1.9 0.1 

H-l Man-3 H-2 Man-3 2.45 2.4 0.1 
H-l Man-4 H-2 Man-4 2.56 2.5 0.1 

Inter-residue H-l Xyl H-2 Man-3 2.2 0.1 
H-3 Man-3 H-l Man-4 2.25 0.1 
H-2 Man-3 H-5 Man-4 2.4 0.1 

B-D-Xy[-(I-*2)-(a-D-Man-(l~3)]-[a-D-Man-(I~6)]-8-D-Man-OMe (3) 

‘H-‘H connectivity Reference Calculated Estimated 
distance (A) distance (A) error (A) 

Intra-residue H-5a Xyl H-5e Xyl 1.78 1.9 0.1 
H-l Man-3 H-2 Man-3 2.45 2.4 0.1 
H-l Man-4 H-2 Man-4 2.56 2.6 0.1 
H-l Man-4 H-2 Man-4 2.56 2.6 0.1 

Inter-residue H-l XYl H-2 Man-3 2.2 0.1 
H-3 Man-3 H-l Man-4 2.3 0.1 
H-2 Man-3 H-5 Man-4 2.4 0.2 
H-l Man-4 H-6 Man-3 3.2 0.15 
H-l Man-4 H-6’ Man-3 2.4 0.1 
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Fig. 1. 500-MHz ‘H-‘H ROESY spectrum of p-D-Xyl-( 1 +2)-[u-D-Man-( l-+3)]-[a-D-Man-( l-6)1-8-~- 
Man-OMe (3). Lines are drawn to show scalar coupled networks. 3-H2 means H-2 of Man-3. 

between H-l of Xyl and H-2 of Man-3 points to a distance of 2.3 A between these 
protons (Table I). Taking together the HSEA calculations and the distance constraint, 
the p-( 1+2) linkage is determined at @/ !P - 70/120 (Table 11). The iso-energy contours 
are not changed substantially by the attachment of a-D-Man in (l-6) linkage to Man-J, 
as is clear from a comparison of the HSEA calculations for this glycosidic linkage in 
/I-D-Xyl-( 1+2)-/3-D-Man-OMe and 1 (data not shown). 

~-~-XyI-(l~2)-[a-D-Man-(l+3)]-~-D-Man-OMe (2). - For the a-Man- 
(l-+3)-Man linkage, RUESY effects between H-l of Man-4 and H-3 of Man--?, and 
between H-5 of Man-l and H-2 of Man-J, show the H-l-H-3 and H-5-H-2 distances to 
be 2.3 and 2.4 A, respectively (Table I). A combination of the Q/Y ranges, as indicated 
by the two distance constraints, limits the orientation around the glycosidic linkage to 
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Fig. 2. Contour maps of the cl-Man-(l-+3)-Man linkage (a), the a-Man-(l-6)-Man linkage for the P,=,,, 
(b) and the POEM) (c) rotamer, and theB-Xyl-( l-2)-Man linkage (d) of 3, showing iso-energy contours and 
marked areas with al1 @/Y combinations as indicated by the experimentally obtained distance constraints, 
allowing a deviation of twice the estimated error. 
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G/Y 80/ - 140 (Table II). For the j?-Xyl-(1+2)-Man linkage, a distance constraint of2.2 
A, as indicated by a ROESY effect between H-l of Xyl and H-2 of Man-3, together with 
the results of the HSEA calculations, determine the conformation to be Q/Y -80/125. 
A comparison of the calculations for this glycosidic linkage in j?-o-Xyl-(1+2)-b-D-Man- 
OMe and 2 shows that the potential energy well is narrowed by Man-l, but not shifted to 
other regions (data not shown). 

TABLE II 

Torsional angles (@,P) for the glycosidic linkages of 1, 2, and 3 as determined by ‘H-‘H ROESY 
measurements in combination with HSEA calculations 

Linkage @lY 

~-D-Xyl-(I-t2)-/~-D-~an-(~~6)]-~-D-~a~-oMe(l) 

w 

p”=60:pw, 180 

u-Man-( 1 -+-Man linkage 170/180 
/I-Xyl-( l-+2)-Man linkage -70/120 

p-D-Xyl-(l+2)-/a-D-Man-(l-+3)~-/?-D-Man-OMe (2) 

40:60 

a-Man-(1 +3)-Man linkage so/ - 140 
p-Xyl-( 1 -+2)-Man linkage -80/125 

8-D-Xyl-(1~2)-[U-D-Man-(l~3)l[a-D-Man-(~~6)~-~-D-Man-OMe (3) 

or-Man-( l-3)-Man linkage 80/ - 140 
a-Man-( I +6)-Man linkage 80/170 40:60 
fl-Xyl-( 1+2)-Man linkage -80/125 

~-D-Xyl-(l-r2)-[a-D-Man-(l~3)]-[a-D-Man-(l~6)]-~-D-Man-OMe (3). - 
For the a-Man-(1 -+3)-Man linkage, interglycosidic ROESY effects between H-l of 
Man-4 and H-3 of Man-3 and between H-5 of Man-4 and H-2 of Man-3 show the 
H-l-H-3 and the H-5-H-2 distances to be 2.3 and 2.4 A, respectively (Table I). The G/Y 
areas, indicated by these distance constraints, are marked in the &o-energy contour map 
in Fig. 2a. The conformation of the (l-3) linkage, as defined by the cross-section of 
both areas, is identical to that of this linkage in 2 (@/‘Y 80/- 140). For the a-Man- 
(1+6)-Man linkage, the rotamer population, as calculated from the vicinal coupling 
constants8 J5,6 (2.2 Hz) and J5,6’ (5.3 Hz), is determined to be Po=6,,:Po=,s0: Po=_-60= 
40:60:0. Distance constraints between H-l of Man-l’ and H-6,6’ of Man-3 of 3.2 A and 
2.4 A, respectively (Table I), determine the conformation at @/ V80/170, in accordance 
with the HSEA calculations (Fig. 2b,c). For the j&Xyl-(l-+2)-Man linkage, an in- 
terglycosidic ROESY effect between H-l of Xyl and H-2 of Man-3 points to a distance 
of 2.2 A for this proton pair (Table I). In combination with the HSEA calculations, the 
conformation of the (142) linkage is described by Q/Y - 80/125 (Fig. 2d). 

On the basis of the conformational data, molecular models of the trisaccharide 
and the tetrasaccharide in solution were constructed and are shown in Fig. 3, although it 
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should be kept in mind that these conformations reflect time-averaged structures. The 
torsional angles in the trisaccharides appear to be similar to the corresponding angles in 
the tetrasaccharide. The @/ ly data for the (l-6) and (1 + 3) linkage in 1,2, and 3 agree 
with those of an asialo diantennary structure2sV26 and the @J/Y data for the (1+6) and 
(l-2) linkage in 1 and 3 agree with those in the carbohydrate chain of bromelaing. It is 
known” that the rotamer population about the C-5-C-6-linkage of Man-3 can be 
influenced by adding a residue to the primary sequence. This influence was studied for 
several compounds. Comparison of the data for 1 and 3 reveals that the addition to 1 of 
Man-#, in a-( 1 + 3) linkage to Man-3, does not affect the rotamer population about the 
C-5C-6-linkage of Man-3. A comparison of the rotamer populations for 3 and for 
a-D-Man-( 1+6)-[a-D-Man-( l-+3)]-/?-D-Man-( 1 +4)-B-D-GlcNAc-(1 +4)-p-~-GlcNAc- 
OH27,28 shows that Xyl, /?-( l-+2)-linked to Man-J, does not change the rotamer pop- 
ulation about the C-5-C-6 bond of Man-3 either. Finally, a comparison of the rotamer 
population about the C-5-C-6 bond of Man-3 in 1 (PW=so:P,=,80:Po= _6,, = 40:60:0) and 
in bromelaing, a-D-Man-( 1 +6)-[p-D-Xyl-( 1+2)]+D-Man-( 1 +4)-/?-D-GlcNAc-( l-4)- 
[a-L-Fuc-(1 +3)]-j?-D-GlcNAc-( 1 +N)-Asn w (Pm+ > 98%), establishes that the struc- 
tural element /3-D-G~cNAc-( l-+4)-[a-L-Fuc-( 1 + 3)1-j&D-GlcNAc-( 1 -+N)-Asn N does 
have an effect and induces the P,=, rotamer. 

(1) 

Fig. 3. Molecular models of 1,2, and 3,s deduced from the ‘H-‘H ROESY and HSEA data (only the Pw=,BO 
conformations are shown). 
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Taking into account the foregoing results, it can be found that the effects of 
changes in the primary structure of oligosaccharide chains on the time-averaged 
conformation are not easily predictable. Significant conformational changes will occur 
only if the additional residues have or induce attractive or repulsive interactions with 
other parts of the molecule. Therefore, measurements of n.0.e. effects, giving in- 
formation about time-averaged short ‘H-‘H distances, in combination with energy 
calculations that afford the magnitude of the interactions, are of great importance for 
structural analysis. The ROESY experiment, provided it has been set up carefully, is a 
useful tool in conformational studies. 
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