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'H- and 13C-NMR assignments for the carbohydrate part of the glycopeptide a-D-Man-(l-6)-[B-~-xyl- 
(1 +2)]-p-~-Man-(l4)-/3-~-GlcNAc-(l -4)-[a-~-Fuc-(l+3)]-fl-~-GlcNAc-(1 +N)-Asn - , derived from the pro- 
teolytic enzyme bromelain (EC 3.4.22.4), have been obtained using homo- and heteronuclear correlation spec- 
troscopy, two-dimensional homonuclear Hartmann-Hahn and nuclear Overhauser enhancement experiments. A 
conformational model for the carbohydrate chain, deduced from the NMR data and consistent with hard-sphere 
exo-anomeric calculations shows that the rotamer population about the C-5 - C-6 bond of P-Man is restricted to 
the P, = rotamer, mainly. 

Xylose-containing N-linked carbohydrate chains have chromatography [18]. Denatured bromelain (750 mg) was 
been found as integral parts of plant [I - 121 and animal glyco- subjected to exhaustive pronase digestion [4] and the mixture 
proteins [13 - 3 51. One of the classical examples is the carbo- of glycopeptides obtained was fractionated on Bio-Gel P-6 
hydrate chain of the proteolytic enzyme bromelain from pine- (200 - 400 mesh) [4]. The main glycopeptide fraction was 
apple stem, having the following structure [l, 41; further separated by medium-pressure anion-exchange 

\ 
a-D-Man-( 1 -6) 

/~-D-M~~-(I+~)-P-D-G~CNAC-(~+~)-~- ~-GlcNAc-(l  +N)-Asn - 
/ / / 

In the framework of our analytical [4, 5,  8, 13 - 161 and syn- 
thetic [I71 studies on this type of chains, 'H- and 13C-NMR 
assignments together with conformational data are reported 
here for the carbohydrate part of a glycopeptide derived from 
bromelain. To this end homonuclear Hartmann-Hahn 
(HOHAHA), double-quantum-filtered 'H-'H correlation 
spectroscopy (DQF 'H-'H COSY), 'H-' 3C heterocorrelation 
spectroscopy ('H-13C COSY) and 'H-'H nuclear Overhauser 
enhancement (NOE) spectroscopy (lH-'H NOESY), used for 
build-up rates of the nuclear Overhauser enhancement, have 
been applied in combination with hard-sphere exo-anomeric 
effect (HSEA) calculations. 

EXPERIMENTAL PROCEDURES 

Isolation of bromelain glycopeptide 1 

Bromelain preparations (Sigma ; approximately 50% pro- 
tein) were purified to homogeneity using Sephadex G-100 
gel filtration and SE- or SP-Sephadex C-50 cation-exchange 
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Abbreviations. Xyl, xylose; Fuc, fucose; 1 D, one-dimensional; 
2D, two-dimensional; NOESY, nuclear Overhauser enhancement 
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nuclear Hartmann-Hahn; DQF, double quantum filtered; MLEV, 
Malcom Levitt ; HSEA, hard-sphere exo-anomeric. 

Enzyme. Bromelain (EC 3.4.22.4). 

/ a-~-Fuc-(l+3) 

chromatography on Mono Q with a linear gradient of 0- 
150 mM NaCl in 5 ml water [19]. Glycopeptide I ,  eluting at 
80 mM NaCI, was collected and desalted on Bio-Gel P-2 
(200 - 400 mesh). Sugar analysis [20] revealed the presence of 
GlcNAc, Fuc, Man and Xyl in the molar ratio of 
2.0:1.0:2.0:1.0. Amino acid analysis [21] (Asp:Glu:Ser = 
1 .O : 1.1 : 1.3) was in agreement with the reported peptide se- 
quence Asn-Glu-Ser-Ser [22]. 

N M R  methods 

NMR spectra of an 8 mM glycopeptide solution in 2 H 2 0  
were recorded at 27 "C. Prior to NMR spectroscopy the sample 
was repeatedly exchanged in 99.75% 2 H 2 0  with intermediate 
lyophilisation, finally using 99.96% 'H,O (Aldrich). 'H- 
NMR measurements were carried out on Bruker AM-500 and 
HX-360 spectrometers (Department of NMR Spectroscopy, 
Utrecht University) at 500 and 360 MHz, respectively. Reso- 
lution enhancement of the spectra was achieved by Lorentzian- 
to-Gaussian transformation. Chemical shifts (6) are expressed 
in ppm downfield from internal sodium 4,4-dimethyl-4- 
silapentane-1 -sulphonate, but were actually measured by ref- 
erence to internal acetone (6 2.225 ppm). DQF 'H-'H COSY 
[23 - 251 spectra were measured at 500 MHz in the phase- 
sensitive mode, using quadrature detection in F2 and time- 
proportional phase increments [25], resulting in pure 
absorption/dispersion line-shapes without phase-twist. 
HOHAHA spectra [26, 271 were obtained at 500 and at 
360 MHz. For the 500-MHz HOHAHA spectrum a field 
strength of 8.33 kHz (60-ps 180" pulse width) was used and 
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Fig. 1.360-MHz H O H A  H A  spectrum ofcc-Man-( 1 -6)-(p-Xyl-(l+Z) ]-b-Man-( I +4)-/3-GlcNAc-(I +4)-[a-Fuc-(l --t3)]-/i'-GlcNAc-(l -+N) -  
A m  5 .  The mixing time is 40 ms. Lines are drawn to show scalar coupled networks. 3-H-2 means H-2 of Man-3, X-H-2 means H-2 of Xyl 
and F-H-2 means H-2 of Fuc, etc. 

the mixing period consisted of 60 Malcom Levitt (MLEV)-17 
cycles, resulting in a 120-ms mixing time. For the 360-MHz 
HOHAHA spectrum a field strength of 12.1 kHz (41.2-ps 180" 
pulse width) was used and a compensated phase-alternating 
mixing period of 40 ms was applied. For the NOESY exper- 
iments [28] the sample was degassed in the NMR tube by 
repeated evacuation, and sealed under argon. To determine 
the initial cross-relaxation rate [29], mixing times of 75, 150, 
250 and 350 ms were used. Spectra were measured in the 
phase-sensitive mode, using quadrature detection in F2 and 
time-proportional phase increments [25]. In each 2D 'H- 
NMR experiment, the spectral width was 3333.33 Hz in both 
dimensions, and 512 measurements with t l  values ranging 
over 0.075-76.8 ms were recorded for one experiment. A 
512 x 4K data matrix was acquired which was zero-filled and 
multiplied in both dimensions with a phase-shifted sine-square 
prior to a phase-sensitive Fourier transformation to obtain a 
2K x 4K spectral data matrix. 

Natural-abundance proton-decoupled ' %-NMR spec- 
troscopy was carried out at 50.76 MHz on a Bruker WM-200 
spectrometer (SON hf-NMR-facility, Department of Bio- 
physical Chemistry, University of Nijmegen) equipped with a 
5-mm broad-band probe. The spectral width was 10000 Hz. 
Chemical shifts (6) are given in ppm downfield from external 
Me&, but were actually measured by reference to internal 
acetone (631.55 ppm). 'H-13C COSY was performed with 
simultaneous suppression of 'H-homonuclear-couplings [30, 
311 using the standard Bruker program XHCORRD and a 
phase cycling of the refocussing pulse [32]. Refocussing delays 
were adjusted to an average JC-H coupling constant of 150 Hz. 
The I3C and 'H 90" pulse widths were determined to be 8 
and 12 ps, respectively (cf. [33]). A 64 x 4K data matrix was 

acquired, which was zero-filled prior to Fourier transfor- 
mation to obtain a 1K x 8K spectral data matrix. To enhance 
resolution a non-shifted cosine-squared function for 3C sub- 
spectra and a n13-shifted sine-squared function for 'H sub- 
spectra were applied. 

Distance constraints 

To obtain the initial-rate cross-peak intensity, the NOE 
cross-peak intensities, measured with different mixing times z, 
have to be fitted to the exponential function IT,rel = I,-,,,- 
(ZT.max-li-min)* e-kr (Z,,rel, cross-peak intensity, relative to diag- 
onal cross-peak intensity; Z,-,,,, relative cross-peak intensity 
in spectrum with longest z; relative cross-peak intensity 
in spectrum with shortest z) by the minimum least-square 
method, and the initial rate of the NOE build-up is given by 
k* (Z,-max-ZT-min). Inter-residue 'H - 'H distances are calculated 
by relating their initial-rate NOE cross-peak intensities to the 
initial-rate cross-peak intensities of intraresidue 'H - 'H pairs 
at known distances from each other (0.22 -0.26 nm [34]) by 
the equation rij  = ro(uo/aiJ)'i6 (r i j ,  distance to be determined; 
y o ,  known distance; aij, initial-rate cross-peak intensity of a 
pair of protons at an unknown distance; ao, initial-rate cross- 
peak intensity of a pair of protons at a known distance) [29]. 

Energy calculations and molecular modelling 

The HSEA program [35 - 381, taking into account non- 
bonded interactions as expressed by the Kitaigorodsky algor- 
ithm, together with a term for the exo-anomeric effect, was 
used to estimate minimum energy conformations together 
with the rotational freedom of every glycosidic linkage. In the 
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Fig. 2. 500-MHz HOHAHA spectrum of a - M a n - ( l + s ) - ( P - X y l - ( l j 2 ) ] - ~ - ~ a n - f  I+l)-/l-GlcNAc-(I ~ l ) - [ a - F u c - i l - t 3 ) / - ~ - G E c N A c -  
(I+N)-Asn - .  The mixing time is 120 ms. Lines are drawn to show scalar coupled networks. 3-H-2 means: H-2 of Man-3, etc. as in Fig. 1 
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Fig. 3. 500-MHz 'H- 'H COSY spectrum oj  a - M u n - ( l ~ 6 ) - ~ ~ - X y l - ( l ~ 2 ) ] - / 3 - M a n - ( l + 4 ) - ~ - G l c N A c - ~ l + 4 j - [ a - F u c - ( l ~ 3 ) ] - ~ - G ~ c N A c -  
( I + N ) - A s n  -. Lines are drawn to show some correlations present. 3-H-1,2 means: cross-peak between H-1 and H-2 of Man-3, etc. 
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Table 1. ' H-chemical shifts of the constituent monosacclzaridees ofglycopeptide 1 
Chemical shifts (6) are expressed in ppm downfield from internal sodium 4,4-dimethyl-4-silapentane-l-sulfonate in 'HZO at 27°C acquired at 
500 and 360 MHz, but were actually measured by reference to inlernal acetone (6 2.225 ppm). For the numbering of the monosaccharides, see 
the formula 

Atom Chemical shift in residue 

GlcNAc-1 GlcNAc-2 Man-3 Man-4  XYl Fuc 

H-I 
H-2 
H-3 
H-4 
H-5 

H-6 
H-6' 
NAc 
CH3 

5.121 
4.033 
3.924 
3.920 
3.575 

3.892 
3.723 
1.994 
- 

4.579 
3.786 
3.735 
3.458 
3.590 

3.920 
3.691 
2.066 
- 

4.839 
4.262 
3.665 
3.615 
3.618 

3.785 
3.920 
- 

- 

~ 

4.913 
3.972 
3.863 
3.640 
3.620 

3.770 
3.887 
- 

- 

4.470 
3.376 
3.452 
3.637 

3 .9 6 1 (H-5e) 
3.270(H-5~) 

- 

~ 

- 

- 

5.136 
3.721 
3.981 
3.814 
4.722 

- 

- 

__ 
1.285 
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Fig. 4. 500-MHz ' H - ' H  NOESY spectrum of a - M a n - ( I + 6 ) - [ B - X y l - ( I ~ 2 ) ] - p - ~ u n - ( I  +4)-P-GlcNAc-(1~4/-[a-Fuc-(I+3)]-p-GlcNAc- 
( l + N ) - A s n  -. The mixing time is 250 ms. 3-H-2 means: H-2 of Man-3, etc. 

y / y ~  domain iso-energy contour levels were calculated with 
steps of 2.1 kJ/mol (0.5 kcal/mol). The torsional angle cp is 
defined as (H-l',C-l',O,C-x) with x = 2,3,4 or 6;  the torsional 
angle w as (C-l',O,C-x,H-x) with x = 2, 3 or 4, and as 
(C-I',O,C-6,C-S) for (1 +6)-linkages; the bond angle T (C-l', 
0,C-x) is set at 117". 

The rotamer population about the C-5-C-6 bond of /I- 
Man is calculated from the spin-spin couplings J5,6 and J5,6, 
[39]. The torsional angle o is defined as (0-6,C-6,C-5,H-5). 

Molecular modelling has been carried out on an Evans & 
Sutherland PS 300 graphic display station and the geometry 

calculations were performed on a local VAX cluster by use of 
the program PLATON [40]. 

RESULTS 

' H-NMR ussignments 

The HOHAHA (mixing times 40 and 120 ms) and the 
DQF 'H-lH COSY spectra of glycopeptide I are depicted 
in Figs 1, 2 and 3, respectively. A survey of the 'H-NMR 
assignments is given in Table 1. To obtain complete assign- 
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H O H A H A  spectrum of a-Mun-(I -6)-(p-Xyl-(I +2) /$-Man- 
( 1  +4)-B-GlcNAc- ( I  -14) -[a-Fuc- ( I  +3)/-P-GlcNAc- ( I  + N )  - A m  -. 

3-H-6 means: H-6 of Man-3. etc. 

ments of the 2D spectra, the earlier identified H-I signals [4] 
are used as starting points. For Xyl, the H-1 resonance is 
observed at 6 4.470ppm. The 40-ms HOHAHA spectrum 
shows at the Xyl H-1 track transfer of the magnetisation from 
H-1 to H-2,3,4. The assignments of the final protons are 
made on the basis of cross-peaks in the DQF 'H-'H COSY 
spectrum. In the 120-ms HOHAHA spectrum a further trans- 
fer of this magnetisation to H-5a,5e is realised. The starting 
point for the assignments of the Man-4' resonances is the H- 
1 doublet at 6 4.913 ppm [4]. The 40-ms HOHAHA spectrum 
shows the H-2 resonance at the Man-4' H-1 track and the 120- 
ms HOHAHA spectrum reveals at this track the H-3 and H- 
4 resonances in addition. The H-3 and H-4 resonances are 
discriminated on the basis of cross-peaks in the DQF 'H-'H 
COSY spectrum. The H-2 track (6 3.972 ppm) in the 120-ms 
HOHAHA spectrum shows the H-3,4,5,6,6' resonances, and 
the H-5, H-6 and H-6' resonances are assigned on the basis of 
the characteristic H-6,6' and H-5,6' cross-peaks in the DQF 
'H-'H COSY spectrum. The Man-3 H-I resonance is found 
at 6 4.839ppm [4]. The 40-ms HOHAHA spectrum shows 
the H-2 resonance at the Man-3 H-I track and the H-3,4 
resonances at the Man-3 H-2 track (6 4.262 ppm). H-3 and 
H-4 are discriminated on the basis of cross-peaks in the DQF 
'H-'H COSY spectrum. In the 40-ms HOHAHA spectrum 
no further magnetisation transfer is observed due to small 
coupling constants between H-1,2 as well as H-2,3. The 120- 
ms HOHAHA spectrum shows only the H-2 resonance at the 
H-1 track, but at  the H-2 track the magnetisation is transferred 
up to and including the H-6,6' resonances. The overlapping 
H-4 and H-5 resonances have been assigned by a 'H-'H 
NOESY experiment (Fig. 4), showing strong H-1,3 and H-lJ  
NOE cross-peaks for Man-3. The remaining H-6 and H-6' 
cross-peaks have been interpreted on the basis of their coup- 
ling pattern in the cross-section at the Man-3 H-2 track (Fig. 5 )  
of the 120-ms HOHAHA spectrum. For GlcNAc-2 the 40-ms 
HOHAHA spectrum exhibits at the H-1 track (6 4.579 ppm) 
H-2,3,4, whereas the 120-ms HOHAHA spectrum shows at 
this track the complete GlcNAc-2 subspectrum. In conjunc- 
tion with the observed H-1,2, H-3,4, H-4,5, H-5,6 and H-6,6' 
cross-peaks in the DQF 'H-'H COSY spectrum the reson- 
ances for GlcNAc-2 could be assigned unequivocally. For 
GlcNAc-1 the 40-ms HOHAHA spectrum reveals the H-2,3,4 
resonances on the H-I track (6 5.121 ppm [4]) with the H-3 
and H-4 cross-peaks nearly coinciding. A cross-peak between 

the H-4 resonance of GlcNAc-1 and the H-1 resonance of 
GlcNAc-2 in the 'H-'H NOESY spectrum shows H-4 to 
resonate at 3.920 ppm, whereas the H-2,3 cross-peak in the 
DQF 'H-'H COSY spectrum reveals H-3 to resonate at 6 
3.924 ppm. On the H-1 track in the 120-ms HOHAHA spec- 
trum the resonances for H-2,3,4,5 are observed. In addition, 
connectivities for H-5,6,6' are found on the H-5 track (6 
3.575 ppm) in the 40-ms HOHAHA spectrum. This spectrum 
shows at the Fuc H-1 track (6 5.136 ppm [4]) the H-2,3 reson- 
ances, whereas the 120-ms HOHAHA spectrum shows the 
H-4 resonance at this track in addition. The H-2 and H-3 
resonances are distinguished by the H-I ,2 cross-peak in the 
DQF 'H-'H COSY spectrum. The H-5 chemical shift is 
assigned by the cross-peak between H-5 and CH3 [4]. 

4' 
a-Man-(1+6) 

\ 3  2 1 
I I 

B-Man-( 1+4)-~-GlcNAc-(1+4)-~~lcNAc-(l+N)-Asn- 

B-Xyl-(l+2) a-Fuc-(l+3) 

I 
4' 

a-Man-(l-+6) 
\ 3  

p-Man-(l+O!-hk 
I 

p-xyl-(l+2) 

2 

4' 

1 
a-Man-( 1 4 )  

\ 3  2 
p-Man-(1+4)-~-GlcNAc-(1-+4)-~GlcNAc-(1+N)-Asn 

3 

I I 
a-Fuc-(l-tZ) a-Fuc-(1+3) 

5 

13C-NMR assignments 

The I3C-NMR data of the carbohydrate part of 
glycopeptide I are summarised in Table 2. Owing to the low 
amount of material, the assignments of the 13C resonances 
could not be made on the basis of the 'H-13C COSY spectrum 
only. For this reason use has been made of the I3C-NMR data 
of the reference compounds 2 - 5  [16, 41, 421 (Table 2). The 
13C resonances of Xyl, Man-4' and Man-3 have been assigned 
on the basis of the corresponding data of compound 2. Com- 
parison of the 13C-NMR data of I and 3 shows that the 
attachment of Xyl at C-2 of Man-3 results in a downfield 
shift for the resonance of Man-3 C-2 ( A 6  +7.34 ppm) and in 
upfield shifts for the resonances of Man-3 C-I and C-3 ( A 6  - 
0.53 and -0.92 ppm, respectively). The I3C resonances of 
GlcNAc-2 in I have been established by comparison with the 
13C-NMR data of 3,  and the positions of C-4 and C-5 have 
been proved by 'H-13C COSY. The observed chemical shift 
differences for GlcNAc-2 C-4 ( A 6  +1.12 ppm) and C-5 ( A 6  
- 1.45 ppm) in I and 3 may be ascribed to the presence of a- 
Fuc (1 +3)-linked to GlcNAc-1. For Fuc, the 13C resonances 
in I have been obtained by comparison with the data of 5,  
whereby the position of the C-2 resonance has been derived 
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from 'H-I3C COSY. The chemical shifts of the resonances for 
C-1, C-2 and C-6 of GlcNAc-1 are assessed by comparison 
with the data of 3 and the chemical shifts of the resonances 
for C-3, C-4 and C-5 are assigned by the 'H-I3C COSY 
experiment. It is noteworthy that, compared to 3, the a-(1-3)- 
fucosylation strongly influences the position of the C-3, C-4 
and C-5 resonances ( A 6  + 3.98 ppm, -3.86 ppm and - 
1.94 ppm, respectively). Comparable shifts for C-3 and C-4 
were found in the step from 4 to 5. 

Conformational analysis 

In Table 3 the initial-rate cross-relaxation data, calculated 
from the 'H-'H NOESY spectra with mixing times of 75, 
150, 250 (Fig. 4) and 350 ms, respectively, are presented. As a 
typical example, in Fig. 6 the Zrel/z curves are shown for the 
magnetisation transfer from Man-3 H-I to the nearby protons. 
The use of NOE build-up rates permits an accurate interpret- 
ation of NOE data in terms of 'H-'H distances, because spin 
diffusion artefacts can be excluded to a large extent [29]. 
Owing to the signal/noise ratio in the 'H-'H NOESY spectra, 
only the NOE build-up ranges for protons within 0.30 nm 
from each other are taken into account. From the absence of 
an NOE cross-peak between two protons it is concluded that 
these are more than 0.30 nm from each other. In Table 3 also 
the calculated 'H-'H distances for inter-residue 'H-'H pairs 
are presented, together with intraresidue 'H-'H distances [34] 
as references. To determine the maximum inaccuracy in the 
calculation of the initial-rate cross-relaxation data, the report- 
ed intraresidue distances [34] were compared with those 

calculated from the initial-rate cross-peak intensities. The 
maximum deviation was found to be lo%, corresponding to 
an inaccuracy of 2% for the calculated 'H-'H distances. 

HSEA calculations have been used to establish the iso- 
energy contours (Fig. 7) for the glycosidic linkages and to 
estimate 'H-'H distances as a function of the torsional angles 
cp and v. In the following, each glycosidic linkage will be 
discussed separately. 

B-Xyl- ( I  +2) -Man-linkage. The interglycosidic NOE ef- 
fect between H-I of Xyl and H-2 of M a n 3  indicates a distance 
of 0.23 nm between these protons (Table 3). All cp/v combi- 
nations allowed by this distance constraint are marked in the 
iso-energy contour map in Fig. 7a. The HSEA calculations in 
combination with the distance constraint leads to cp/v = 50i 
0 for the conformation about the B-Xyl-(l+2)-Man-linkage 
(Ta:Jle 4). It should be noted that the conformation of the 
linkage can not be derived from the 'H-NMR data alone, 
because one interglycosidic distance constraint points only to 
a range of cp/v values. The iso-energy contours are not 
changed substantially by extending the disaccharide with 
GlcNAc-2 (data not shown). 

a-Man- (1 +6)-Mun-linkage. To determine the orientation 
of a-Man (1 -6)-linked to P-Man the rotamer population 
about the C-5-C-6 bond is calculated [39] from the vicinal 
coupling constants J5,6 ( = I  Hz) and J5,6, (2.1 Hz) as mea- 
sured from the H-6 and H-6' signals in the subspectrum at 
6 4.262ppm (Man-3 H-2 track) in the 120-ms HOHAHA 
spectrum (Fig. 5). These values reflect a rotamer population 
dominated by the P,= rotamer (> 98%). Analysis of cross- 
relaxation rates between H-I of Man-3 and H-6,6' of Man-4 
shows the H-1 - H-6 and the H-I - H-6' distances to be 0.24 
and 0.30 nm, respectively. In the energy profile for the P,= 1 8 0  

rotamer (Fig. 7b) the cpiv areas, deduced from the distance 
constraints, are marked. The cross-section of both distance 
constraints at cp/y = -40/170 (Table 4) defines the time- 
averaged conformation about the (1 +6)-linkage. 

p-Mun- ( I  *4)-GlcNAc-linkuge. NOE effects between H-1 
of Man-3 and H-4,6 of GlcNAc-2 show the H-I -H-4 and 
H-I -H-6 distances to be 0.24 and 0.29 nm, respectively 
(Table 3). The cpiy areas deduced from these distance con- 
straints are marked in the iso-energy contour map in Fig. 7c, 
showing that the H-1 - H-4 distance constraint limits cp and 
the H-1 - H-6 w. The cross-section of both areas at cp/v = 60/0 
reflects the conformation of the (1 -4)-linkage, in accordance 
with the HSEA calculations. 

P-GlcNAc-(I -4)-GlcNAc-linkage. NOE effects between 
H-I of GlcNAc-2 and H-4 of GlcNAc-1 and between H-I of 
GlcNAc-2 and H-6 of GlcNAc-1 point to distance constraints 
of 0.24 and 0.27 nm (Table 3), respectively, and determine the 
conformation about the (1+4)-linkage to be q/y = 50/10 
(Table 4), in agreement with the HSEA calculations (Fig. 7d). 
A comparison of the cp/v maps for the glycosidic linkage 
of this disaccharide with and without Fuc, a-(1 + 3)-linked to 
GlcNAc-1 (data not shown), shows that the potential energy 
well is considerably narrowed by Fuc, but not shifted to other 
cp/y regions. 

a-Fuc-( I +3)-ClcNAc-linkuge. NOE effects between H-3 
of Fuc and H - 6  of GlcNAc-2, H-5 of Fuc and H-2 of GlcNAc- 
2, and H-I of Fuc and H-3 of GlcNAc-1 indicate distances of 
0.24, 0.27 and 0.25 nm, respectively. All cp/y combinations 
deduced from these distance constraints are marked in the 
iso-energy contour map (Fig. 7e). The cross-section determines 
cp/v to be 45/30. HSEA calculations for the a-Fuc-(1+3)- 
GlcNAc-linkage show that the orientation of a-Fuc is influ- 
enced by the attachment of GlcNAc-2, yielding cpiv = 50/25 
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Table 2. '3C-chemicul shifts qf'the constituent monosaccharides of g/ycopeptide 1 and the reference structures 2 [16], 3 (411. 4 and 5 (421 
Chemical shifts (6) are expressed in ppm downfield from external Me,Si in *l iZO at 27°C acquired at 50 MHz, but were actually measured 
by reference to internal acetone (6 31.55 ppm). For the numbering of the monosaccharides, see the formula 

Residue Atom Chemical shift in carbohydrate 

1 2 3 4 5 

PPm 

GlcNAc-2 

GlcNAc-1 c- 1 
c - 2  
c - 3  
c - 4  
c -5  
C-6 
' 3 3 3  

c - I  
c - 2  
c - 3  
c - 4  
c - 5  
C-6 
CH3 

Man-3 c - I  
c - 2  
c - 3  
c - 4  
c - 5  
C-6 

Man-4 c - I  
c - 2  
c - 3  
c - 4  
c -5  
C-6 

c - 2  
c - 3  
c - 4  
c -5  
CH3 

XYl c - 1  
c - 2  
c - 3  
c - 4  
c - 5  

~ - ( 1  +3)-Fuc c - I  

79.28 
55.62 
78.25 
76.40 
75.84" 
61.04 
23.51 

102.04 
56.39 
73.66 
82.30 
74.50 
62.21 
23.52h 

101.56 
79.28 
73.35 
68.32 
75.83" 
67.14 

101.11 
71.12 
71.74 
68.03* 
74.01 
62.50" 

99.64 
69.04 
70.57" 
73.01 
68.04d 
16.84 

105.50 
74.59 
76.67 
70.51 
66.39 

102.66 
79.56 
73.41 
68.47 
75.77 
67.03 

100.90 
71.19 
71.90 
67.98 
74.00 
62.21 

105.48 
74.56 
76.73 
70.52 
66.42 

79.61 102.35 1 
55.12 56.71 
74.27' 73.58 
80.26 77.72 
77.78 76.58 
61.45 61.59 
23.63 

102.83 
56.45 
73.53' 
81.18 
75.95 
61.63 
23.77 

102.09 
71.94 
74.27 
68.36 
75.95 
67.75 

101.26 
71.45 
71.94 
68.36 
74.27 
62.51 

102.22 
57.39 
76.94 
74.62 
76.18 
61.29 

99.87 
69.65 
70.53 
73.26 
68.1 5 
16.81 

C chemical shifts might be interchanged between each of these five pairs of atoms a - e  1 3  

I3C chemical shifts are interchanged between this pair of atoms, according to [43] 

(Fig. 7e) in the presence of GlcNAc-2 and cpiw = 45/15 in the 
absence of GlcNAc-2 (data not shown). 

DISCUSSION 

The assignments of the 'H-NMR spectra for the carbo- 
hydrate part of glycopeptide I have made possible a confor- 
mational analysis of all glycosidic linkages. The linkage con- 
formations are expressed by the parameters cp and y with an 
inaccuracy of rf- 5 '. Except for the p-Xyl-(1+2)-Man-linkage, 
all conformations can be deduced from 'H-NOE data only. 
It was found that the cp/y values for the b-GlcNAc-(l+4)- 
GlcNAc-linkage are identical to those calculated for this link- 
age in case of a non-fucosylated N,M-diacetylchitobiose unit 
[44], indicating that the conformation is not substantially in- 
fluenced by the a-(1 +3)-attachment of Fuc. According to the 

measured coupling constants the rotamer population about 
the C-5 - C-6 linkage of Man-3 is dominated by the presence 
of the Po=18o rotamer. A comparison of the rotamer popu- 
lations about the C-5 - C-6-linkage of Man-3 for a variety of 
oligosaccharides, obtained by calculation from J5,6 and J5 ,69  
values, shows that the rotamer population can vary consider- 
ably [45]. For a-Man-(1 +6)-[a-Man-(l+3)]-P-Man-(l+4)- 
p-GlcNAc-( 1 +4)-p-GlcNAc-o1 [45] and for a conventional 
asialo diantennary alditol [45 - 471 the rotamer population is 
characterized by the clear presence of both the P,= 1 8 0  and 
P,= rotamers. The P,=,,, rotamer only has been found 
for an asialo bisected diantennary alditol [45, 471 and for 
an oligomannose structure [(Man),(GlcNAc2)ol] [47]. For 
a-Man-(I +6)-[a-Man-(l+ 3)]-[p-Xyl-(1+2)]-fi-Man-(l+4)- 
p- GlcNAc- (1 +4) - [a- Fuc- (1 + 3)] - f i -  GlcNAc- (1 +N) - Asn 
the presence of both the P, = 8o and Pa= - 6 o  conformers has 
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Fig. 7. The iso-energy contour maps of ( a )  the fi-Xyl-(l+2)-Man linkage, (b)  the a-Man-/l-t6)-Mun linkage for  the Pa= rotumer, (c) the 
P-Mun-i 1 +4)-GkNAc linkage, ( d )  the fl-GlcNAc-(l+4)-GlcNAc linkage with cc-Fuc (1+3)-linked to GlcNAc-I, (el  the a-Fuc-(l-t3)-GIcNAc 
linkugc with P-GlcNAc (1 +4)  -linked to GlcNAc-I. Marked areas with the rply combinations deduced from the experimentally obtained 
distance constraints are included. X-H-1,3-H-2 means: all cp/y combinations indicated by the NOE effect betwcen H-l or Xyl and H-2 of 
Man-3 
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Table 3, Initial cross-relaxation rates, reference intraresidue distances and calculated inter-residue dixtances between protons qf constituent 
monomers of glycopeptide 1 

Intraresidue distances [34] ‘ H - ~ H  connectivity 
~~ 

Intial-rate Calculated 
cross-relaxation inter-residue distances 

nm 

0.26 
0.24 

0.26 

0.26 
0.25 
0.24 

0.24 

0.25 

0.23 

H-1 Xyl: H-3 Xyl 
H-1 Xyl: H-5a Xyl 
H-1 Xyl: 11-2 Man-3 

€3-1 Man-4: H-2 Man-4’ 
H-I Man-4: H-6 Man-3 
H-I Man-4’: H-6  Man-3 

H-I Man-3: H-2 Man-3 
H-1 Man-3: H-3 Man-3 
H-I Man-3: H-5 Man-3 
H-1 Man-3: H-4 GlcNAc-2 
€3-1 Man-3: H-6 ClcNAc-2 

H-1 GlcNAc-3: H-5 GlcNAc-2 
H-I GIcNAc-2: H-4 GlcNAc-1 
€1-1 GlcNAc-2: H-6 GlcNAc-1 

H-I FUC: H-2 FW 
H-l  FUC: H-3 GlcNAc-1 
H-5 Fuc: H-4 Fuc 
H-5 FUC: H-2 GlcNAc-2 
H-3 FUC: H-6’ GlcNAc-2 

1.65. lo-’  
2.80. lo-’ 
3.55 ’ lo-’  

1.55 ’ lo-’ 
2.75. lo-’ 
0.70. lo-’ 

1.60. lo-‘  
2.40. 
2.95. lo-’ 
2.95. lo-‘ 
1.00 lo-’ 

3.00. lo-’ 
2.70. lo-’  
1.40. 10 -‘ 
2.10 ’ 10 - 2  

2.25.10-2 
3.00. lo-’ 
1.10 ’ lo-’ 
2.30. lo-’ 

nm 

0.23 

0.24 
0.30 

0.24 
0.29 

0.24 
0.27 

0.25 

0.21 
0.24 

Table 4. Torsional angles (9,~) ,for the various glycosidic linkages of 
glycopeptide 1 and the rotamerpopulation ahout the C-5- C-6 bond of 
P-o-Man, as determined by ’ H-NMR measurements in combination 
with HSEA calculations 

Linkage 9lW poJ=1s0 Organization for Scientific Research (NWO). 

the C-5 - C-6 linkage of P-Man, yielded a model as presented 
in Fig. 8. 

This investigation was supported by the Netherlands Foundation 
for Chemical Research (SON) with financial aid from the Netherlands 
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P-Man-(1+4)-GlcNAc 6010 

~/-Fuc-(l+3)-GlcNAc 45130 
/?-GlcNAc-(l+4)-ClcNAc SOjlO 

$?. Man-4’ 

W 

Fig. 8. Molecular model of cc-Man-(l+6}-[/?-Xyl-(l-r2)]-/?-Man- 
( I  +4)-/j’-GlcNAc-(l+4)-[~/-Fuc- ( I  +3)]-B-GlcNAc .for the P,, = 1 no 
rotamer 
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