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ABSTRACT 

The main features of the primary structure of the octasaccharide, a-D-Glcp- 

(1~2)-a-D-Glcp-(1~2)-[cu-D-GalpNAc-(1~3)]-cr-D-Galp-(1~3)-cY-D-Glcp-(l~3)- 

[a-LD-Hepp-(l-7)]-a-LD-Hepp-(l-3)-a-LD-Hep, have been determined in the ab 

inifio manner by ‘H-n.m.r. spectroscopy without resorting to biochemical methods 

of analysis. Several nontypical interresidue n.0.e. values point to a preferred solu- 

tion conformation of the molecule. 

INTRODUCTION 

Recently, we reported the determination of the primary structure of the title 

octasaccharide 1 by methylation analysis-mass spectrometry, chemical degrada- 

tions, and simple methods of n.m.r. spectroscopy’: The purpose of the present 
paper is to demonstrate that the main features of the structure can be elucidated 

more easily by use of the newer n.m.r. techniques alone, without resorting to other 

methods. Whereas the previous sample was inhomogeneous to some extent owing 
to a partial splitting off of the diphosphorylethanolamine residue, the oligosacchar- 

ide reported herein was completely dephosphorylated. 

*To whom correspondence should be addressed. 
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The first step in the structural elucidation of an oligosaccharide consists in the 

recognition of n.m.r. signals belonging to closed-spin systems, i.e., to individual 

sugar residues, and this can be best achieved with the aid of correlated spectros- 

copy. Since all nonanomeric proton signals of native oligosaccharides are located in 
a narrow spectrum region, COSY spectra* are usually inadequate in this respect. In 

such cases, relayed coherence transfer3 (RCT) and double-quantum4,5 (DU) 

spectroscopy can help continue the tracing of the connectivity paths lost in the 

crowded areas of a COSY spectrum. 
For the identification of the sugar components and their anomeric configura- 

tion, the coupling constants between neighboring protons around the sugar ring 
must be determined. A useful tool to achieve this goal is the new technique of pure 

absorption, phase-sensitive, shift-correlated spectroscopy6 (PS-COSY). 

Once individual resonances have been assigned to specific sugar residues, 

then the sites of glycosidic linkage and the sequence can be determined by searching 

for n.O.es, between each of the anomeric protons, and the relevant protons of the 

adjacent glycosidically linked sugar residue in a one-’ or two-dimensional* n.0.e. 

(NOESY) spectrum. Moreover, these and other interresidue n.O.es. provide a 

basis for the elucidation of a three-dimensional structure of the oligosaccharide9. 

RESULTS AND DISCUSSION 

The one-dimensional IH-n.m.r. spectrum (Fig. 1) showed the resonances of 

the anomeric protons between 6 4.9 and 5.9, the signal of an acetyl group of an 

amino sugar at 6 2.04, as well as the remaining resonances strongly overlapping 

between 6 3.4 and 4.4. The location of the anomeric proton signals in low field, as 

well as the small 3.J1,2 coupling constants suggested that all sugar components are 

a linked. 

Further protons could be assigned with the aid of COSY2.‘” which was ob- 
tained in the phase-sensitive mode6J0,12 and will be discussed in more detail farther 

below, and relayed-COSY spectra 3J0-12. Starting from a given proton resonance, 

cross-peaks leading not only to the next one, but also to the next but one proton 

can be seen, e.g., from H Iv-1 to HIV-2 and HIV-3. Therefore, after H-2 has been 

determined in a COSY spectrum, H-3 can be assigned in a relayed-COSY spectrum 

in the anomeric region (Fig. 2). Sometimes, an otherwise invisible long-range 

coupling may extend the correlation beyond the expected two-step level. This may 
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Fig. 1. 1D 500-MHz iH-n.m.r. spectrum of the dephosphorylated core octasaccharide (1) from Citrobaczer 
PCM 1487; see scheme for numbering of iH of residues. The acetone peak was set at 6 2.225 as internal 
standard. 

cause confusion, as in the case of Glc”, for which a cross-peak originating from 

long-range magnetization transfer, Vi, was at first mistaken for the expected Vi 

one (for labelling, see figure legends). The HV-3 resonance, which partly overlaps 

with the HV-2 one, was then correctly assigned in the phase-sensitive COSY spec- 

trum (vide infra). By measuring double- and triple-relayed COSY spectra, the 

signals for H-4 and H-5 could also be assigned. Fig. 3 shows the anomeric region of 

TABLE I 

CHEMICAL SHIFTS (8) AND COUPLING CONSTANTS (HZ) OF OCTASACCHARIDE 1 

Chemical 
shift 

Hep(l) Hep(ll) Glc(llI) Gal(N) Glc(V) Glc(VI) Hep(VI1) GalNAc(VIII) 

H-l 5.15 5.12 5.29 5.91 5.52 5.21 4.96 5.19 
H-2 4.06 4.25 3.73 4.21 3.76 3.56 3.97 4.27 
H-3 3.97 4.03 4.14 4.28 3.77 3.78 3.86 4.00 
H-4 3.81 3.51 3.46 3.62 4.06 
H-5 3.85 3.95 
H-6 3.78 3.78 
H-6’ 3.93 3.86 

Coupling constant 
J 1.2 2.0 
.I 2.3 3.2 
J 3.4 
J 4,s 
J 5.6. 
J 5,6b 
J 6a.6b 

2.0 4.1 3.8 3.0 3.8 1.8 3.7 
2.9 10.2 10.4 9.8 9.9 2.8 11.0 

8.4 3.8 8.3 8.8 3.1 
10.6 10.5 10.4 

5.4 5.1 
2.2 2.6 

12.0 12.3 
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Fig. 2. Anomeric region of a 500.MHz, relayed-COSY spectrum of octasaccharide 1. Off-diagonal cross- 
peaks at 8,/S, indicate a scalar coupling between two nuclei resonating at 6, (horizontal scale) and S, 
(vertical scale), respectively; e.g., IV: indicates the coupling of H-l (5.91) with H-2 of IV (64.21). Along 
with one-step connectivities known from the PS-COSY spectrum (e.g., IV:), two-rtep connectivities (e.g., 
IV:) are visible for each of the sugar residues I-VIII. 

the triple relayed-COSY spectrum of 1. Owing to the simultaneous appearance df 

COSY and relayed-COSY cross-peaks, the region of the remaining protons natur- 

ally becomes even more overcrowded than in the COSY spectrum. 

Apart from the relayed-COSY experiments, two-dimensional, double- 

quantum (DQ) spectra4,5J0,12J3 are also suitable for unequivocal assignments of 
proton resonances (see Fig. 4). In the two-dimensional DQ spectrum, direct con- 

nectivities between two coupled protons A and M can be seen at 6,/6, + S, and 

h/S, + &. These peaks are equidistant from the (dotted) skew diagonal, Fl = 
2F,. Furthermore, DQ transitions can occur in AMX systems at b/S, + S, for 

remote connectivities, e.g., DQ VIII:,, (as in Fig. 2, superscripts and subscripts 

refer to chemical shifts in the F, and F, dimensions, respectively). They can be 

easily identified by the lack of pair signals equidistant from the diagonal. 
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big. 3. Anomeric region of a 500-MHz, triple-relayed COSY spectrum of octasaccharide 1. Lahelling 
by analogy with Fig. 2. Owing to relaxation and an incomplete coherence transfer (cf-, Experimental 
section), the assignments are restricted to less than the theoretically possible five protons for some of 
the connectivity paths. 

In contrast to the various COSY spectra, DQ spectra have no diagonal peaks. 

Therefore, signals of coupled nuclei which, on account of a small difference in the 
chemical shift, are lying in the COSY spectrum too closely to the diagonal to be 

resolved, can be recognized separately in the DQ spectrum, e.g.. Hvnl-3 and Hvrn-4. 

The splitting patterns of the cross-peaks gave indications on the nature of the 
observed sugar component. For example, DQ VI:+2, the DQ transition from H-l to 
H-2 via the 4J1,3 long-range coupling, showed a triplet fine structure due to the two 

axial-axial couplings from H-3 to H-2 and H-4, which are similar in magnitude, 
whereas DQ VIII~,, of the GalNAc group showed a doublet fine structure, because 

of a large axial-axial coupling between H-3 and H-2, and a small, barely resolved 
axial-equatorial coupling between H-3 and H-4. 
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Fig. 4. Two-dimensional 500.MHz double-quantum spectrum of octasaccharide 1. In order to keep this 
figure readable, only some of the cross-peaks have been labelled. A detailed interpretation is given in the 
text. 

Numerical values of coupling constants can be obtained with the aid of a phase- 
sensitive COSY experiment6J0J2. Owing to the better digital resolution, the appear- 

ance of positive and negative signals within cross-peaks, and pure absorption 

lineshapes, it is much easier to analyze the splitting patterns of cross-peaks in PS- 

COSY than in usual (magnitude mode) COSY spectra. A crosspeak at S,/6, in the 

F,/F, coordinate system cant ained all of the couplings of the nuclei A and B. Cross-sec- 

tions through this peak parallel to F2 showed the multiplet pattern of the A resonance, 

and cross-sections parallel to the F, axis gave the multiplet of the B resonance. The 

coupling JA.B (active coupling) appeared as antiphase splitting along both frequency 

axes, and the couplings of A or B to other protons (passive couplings) gave additional 
in-phase splitting along the F2 and F, axes, respectively (See Table I for the coupling 

constants). 

The structures of the GlcT and Gal: cross-peaks were similar (Fig. 5a) because 
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both these sugar units exhibited an equatorial-axial (ea) coupling of about 4 Hz be- 

tween H-l and H-2 (LY-D configuration) and a large aa coupling, J2,3 -10 Hz. On the 

other hand, the Hep: cross-peak exhibited two small (ee and ea) couplings of -2-3 
Hz because of its mannose configuration. Thus, sugar residues having the gluco and 

galacto configuration could be distinguished from heptopyranose residues (Fig. 5~). 

TO distinguish a Glc from a Gal residue, their differing 3J,,, values were read along 

the Fi axis from the H-2-H-3 cross-peaks, where these couplings are passive (see Fig. 
5b). 

The merits of phase-sensitive correlated spectra were clearly demonstrated by 
the assignment of the GlcV spin system, which could not be deciphered by relayed- 

COSY spectra, as pointed out earlier. The cross-peak at 6(F,) 5.52/6(F,) 3.51 in the 

relayed spectra (Figs. 3 and 4) specified the chemical shift of one of thefurther protons 

belonging to the same spin system as the anomeric proton resonating at 65.52, as H-2 
was directly assigned from the 6 (FJ 5.52/S(F,) 3.76 cross-peak of the PS-COSY spec- 

trum. In the latter spectrum, there were only two cross-peaks at 6(F,) 3.51 (Fig. 5d); 

hence this chemical shift cannot correspond to H-5, which would have shown three 

connectivities. The 6(F,) 3.51/6(F,) 3.85 cross-peak was given the V$ assignment, as 

its twin V: cross-peak, which is better resolved along the F2 axis, exhited two different 
passive couplings, i.e., J5,6a and JS,6b. Consequently, the second cross-peak peak at 
F(F,) 3Sl/S(F,) 3.77 corresponds to the Vi connectivity. Owing to the small chemical 

shift difference 6(H-3) - 6(H-2), it has a second-order character along the Fi axis, 

where the passive H-2-H-3 coupling was displayed, but splitting along the F2 axis may 
be explicitly analyzed, as active couplings in this cross-peak were the same as passive 

couplings in the Vj cross-peak, and vice ver.sa. The 6(H-5) coordinate determined 

from the V: cross-peak facilitated the localization of 6(H-6a) and 6(H-6b), which lied 

in a crowded region of the spectrum, close to the diagonal. These assignments were 
obtained with the aid of a triple-quantum filtered spectrum1n~12~‘4~‘s (not shown here), 

in which only the systems of three mutually coupled spins (i.e., H-5, -6a, and -6b) 

passed the filter. As follows from the aforementioned, phase-sensitive COSY spectra 
enabled the identification of the components of an oligosaccharide by analyzing their 
sets of coupling constants. Neither reasoning by analogy, nor any reference data was 

necessary. 

The sequence and glycosylation sites were found with the aid of a two-di- 

mensional n.0.e. experiment (NOESY) (Fig. 6 shows the anomeric region of the 

NOESY spectrum). Along with the intra-residue n.0.e. between H-l and H-2 of 
each of the sugar components, the inter-residue n.0.e. between anomeric protons 

and the relevant protons of the adjacent glycosidically linked residue were clearly 
seen. For example, the IV-l-III-3 cross-peak showed the linkage of Gal’” to O-3 

of Glen*. The VIII-l-IV-3 linkage may seem equivocal, because, for a glycosyl link 
to O-3 of the galactosyl residue, the n.0.e. is usually stronger for H-4 than for H-3. 
This is due to a preferred conformation that locates the anomeric proton of the 

GalNAcV1n residue H-3 and its equatorial neighbor H-4 of the Galiv residue closer 
to the latter. Although this problem has been discussed several times7,9J6-20, no 
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(a) GlCf Gal : 
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Fig. 5. Diagnostic patterns of cross-peaks in the phase-sensitive COSY spectrumof octasaccharide l(posi- 
tive and negative multiplet components are drawn in thin and fat lines, respectively). A detailed interpre- 
tation is given in the text. 

clear conclusion of the use of H-3 and H-4 n.O.es. for linkage analysis of the Gal 

residuehas been reached. Actually, the n.0.e. observed for H-3 was always 

diagnostic of the (l-+3) linkage, because it could not arise from the (l-+4) linkage, 

H-3 being in axial position and lying on the opposite side of the ring with respect 

to H-l of the (l-+4)-linked substituent. For a (1 -3) linkage, therefore, it is mean- 

ingless whether the H-4 n.0.e. was simultaneously observed or not, as in the pre- 
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Glc V4, 

Fig. 5 (continued) 

sent case*. Ambiguity could only arise in a reverse situation, with the n.0.e. for 

H-4 being observed and that for H-3 missing, because this could have resulted from 

two diametrically different reasons: a (1+4) linkage is indeed present, or a (1+3) 

linkage is present, but the H-4 n.0.e. is so much stronger than that of H-3 that the 

latter could not be observed under the experimental conditions applied. 
Interestingly, there were also intense cross-peaks between the anomeric proton 

resonances VI-l and V-l, and V-l and IV-l. Here again, H-l of the glycosyl residue is 

located between the proton at the bridge (H-Z) and the equatorial neighboring proton 

(H-l) of the glycosyl-linked sugar residue. Such less common n.O.es. were observed 

several times for a similar steric situation in a-D-mannose residues linked by a glycosyl 

group at O-221-25. In the present spectrum, the strong VI-l-III-4 cross-peak revealed 

the proximity in space of two sugar rings that are distant from each other in the 

*The failure to detect this signal is probably due to a short transverse-relaxation time, T2, characteristic of 
sugar residues located at points of branching’o. 
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Fig. 6. Anomeric region of the 5WMHz magnitude-mode NOESY spectrum of octasaccharide 1. 
Labelling of cross-peaks referring to inrra-residue n.O.es. is the same as for COSY (Fig. 5) and relayed 
COSY (Figs. 2 and 3), e.g., IV& Cross-peaks originating from &t&v-residue n.O.es. are marked by 
braced proton lahels. A detailed interpretation is given in the text. 

pr-imar-y structure. All these findings reduce the nutnber of possible conformations 

of the oligosaccharide under study, and will certainly be useful in calculations aim- 
ing at the determination of the three-dimensional structure of octasaccharide 1. 

EXPERIMENTAL 

Material. - The core oligosaccharide’ was dephosphorylated by a treatment 

with 40% HF at 4” during 4-5 days and purified, after lyophilization, on a Sephadex 

G-25 column (3 x 34 cm). 
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‘H-N.m.r. spectroscopy. - The samples were repeatedly treated with 2H,0, 

with intermediate lyophilization, and then dissolved in 2H,0 (0.3 mL) containing a 

trace of acetone, which was used as internal reference (8 2.225). All spectra were 

measured at 303 K with a Bruker AM-500 spectrometer, equipped with an Aspect 

3000 computer and an array processor using Bruker standard software. 

For the relayed coherence-transfer spectrum the accordion variant, i.e., the in- 

crementing of the coherence-transfer delay (T) in concert with t, was applied in order 

to cover a wider range of coupling constants3J. The pulse sequence was 

90 - tl - 90 - (rl + nrJ - 180 - (TV + nr2) - 90 - t2 (n 1,2, . . . 256). The sum 
(rl + nr2) was incremented stepwise from 0.031 to 0.125 s to optimize transfer via J 
-2-8 Hz. Relaxation delay between the pulse sequences was 2 s. A spectral width of 
1650 Hz in both dimensions was used with quadrature detection to collect a 256 x 
1024-data matrix with 64 transients for each tl delay. The matrix was zero-filled in the 

t, dimensions and transformed in the magnitude mode by use of the sine-bell window 

function in both dimensions. Digital resolution in the resulting 512 x 512 matrix was 

3.2 Hz per point. A double-relayed experiment was performed analogically, with one 

more -(or + IIT~) - 180 - (TV + nTJ - 90 sequence inserted before t2. 

The triple relayed COSY measurement was performed both in the accordion 

mode and with fixed delays of 0.02 s for each step. Against expectations, the latter 

variant gave slightly better results, although fixed delays obviously cannot optimally 

matchall thecouplingconstantsoccurringinGlc, Gal,GalNAc, andHeppresidues. 

The double-quantum spectrum was measured by the method of Mareci and 
Freeman4, by applying a 90”-reconversion pulse and quadrature detection in both di- 

mensions. Spectral width was 2660 Hz in the 1;1 dimension and 1330 Hz in the F, dimen- 

sion. A 256 X 2048-data matrix with 64 transients for each tl delay was acquired. The 

time domain data were multiplied by a sine-bell window function in both dimensions 

and zero-filled in the Fl dimension. The magnitude-mode spectrum was calculated 

after Fourier transformation. The F2 dimension was calibrated relative to the acetone 

peak, and twice as large achemical shift was set in the FI dimension. With this calibra- 

tion, each of the contours appeared at an Fl coordinate equal to the sum of the chemical 

shifts of the protons involved in double-quantum transitions. 
The phase-sensitive COSY spectrum with pure absorption line shapes and quad- 

rature detection in both dimensions was obtained by the use of time-proportional 

phase increments6,26. The spectral width was 1330 Hz in both dimensions, and the 

spectral size in the time domain was 1 K x 4 K; 96 transients for each t, were accumu- 
lated. Prior to Fourier transformation, the time-domain data were multiplied by 

phase-shifted sine-bell window functions (phase shifts of r/8 and r/16 were used in t, 
and t2 dimensions, respectively), and zero-filled in both dimensions. Digital resolu- 

tions in the resulting 2 K x 8 K-data matrix were 0.32 and 1.3 Hz per point in the F, 
and F, dimensions, respectively. 

NOESY spectra were obtained both in the phase-sensitive27 and the magnitude 

mode28 with 96 and 32 transients for each t,, respectively. The mixing delay t,,, 0.5 s 
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was randomly varied by +5% of its value to suppress remaining J-coupling effects. 

For other details, see relayed COSY. 
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