
C’arbohydvate Research, 113 (1983) 173-188 
Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

COMPARISON OF THE 13C-N.M.R. SPECTRA OF GANGLIOSIDES G,, 

WITH THOSE OF G,,-OLIGOSACCHARIDE AND ASIALO-G,,” 

LAUREL 0. SILLERUD AND ROBERT K.Yuf 

Departments of Molecular Biophysics and Biochemistry, and Neurology, Yale University, New Haven, 
Connecticut 06510 (U.S.A.) 

(Received December 22nd, 1981; accepted for publication, May 6th, 1982) 

ABSTRACT 

The 13C-n.m.r. spectra of asialo-G,, and G,, -oligosaccharide* are completely 

assigned and compared to those previously found for intact GM1 and for the series 

G M43 GM~, GM,, GM,, GDI,, GD,I,, and GT,,. Removal of the ceramide residue from 

G,, liberated a free, reducing aldehyde group, which was reflected in a doubling 

of the 13C-n.m.r. signals assignable to the D-glucose residue because of cr,p equilibrium. 

The spectrum of aslalo-G,, lacks the resonances from the sialic acid residue, as 

expected; in addition, several resonances from the neutral gangliotetraglycosyl residue 

shifted to different field positions after removal of sialic acid from GM1. These reso- 

nances include that of C-4 of the inner P-D-galactosyl residue, and C-l of the 2- 

acetamido-2-deoxy-D-galactosyl residue that is near the site of attachment of the 

sialosyl residue. The differences between the chemical shifts of the carbon resonances 

of oligomeric and monomeric saccharides, termed linkage shifts, provide a quantitative 

assignment aid. They are - l/3 of those for residues linked to sialic acid than those 

for residues linked to the neutral hexose chain. Correlations among linkage shifts for 

pairs of glycosidically-linked carbon atoms for asialo-G,, and G,,-oligosaccharide 

were compared with those for the series of gangliosides GM4 to GTlb, and differences 

are noted for resonances for carbon atoms near the sialic acid residue. The spectrum 

of ganglioside Ghllb, a positional isomer of G,, whose 13C-n.m.r. spectrum has not 

yet been observed, is predicted. 

*This work was supported by Grant NS 11853 from the National Institutes of Health and by grant 
RG1289-A-2 from the Multiple Sclerosis Foundation. 
tTo whom reprint requests should be addressed at The Department of Neurology, Yale University, 
New Haven, Connecticut 06510. 
ZThe following ganglioside nomenclature used in this report was recommended by the IUPAC-IUB 
commission on Biochemical Nomenclature: G&II, I13NeuAc-GgOseKer (1); GMIOS, I13NeuAc- 
GgOse4 (2); asialo-G&n (ASG&, GgOseKer (3); Gmb, IV3NeuAc-GgOse&er (7); GYP, 13-NeuAc- 
GalCer (8); GYP, IIsNeuAc-LacCer (9); GMZ, I13NeuAc-GgOseKer (10); Gma, IV3NeuAc,I13NeuAc- 
GgOse&er (4); GD~B, IIs(NeuAc)s-GgOseKer (5); and Gw, IV3NeuAc,I13(NeuAc)s-GgOseKer 
(6). 
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Interest in the sialic acid-containing, cell-surface glycolipids known as ganglio- 

sides stems from their diverbe roles as receptors, antigcnic attachnicnt site\. and 

points of cell--cell interactton’ m-1. The best studied gangliosidc to dale IS the monn- 
. 

smlogangltostde G,,, (I ) Ihr which wt“, and othor~‘. have provided ccmpleto ‘-‘C- 

n.m.r. peak-assignments. Kccently. we have examtncd the t”C‘-11 m.r. hpc’ctra ofsc\‘en 

members of the ganglioside series, starting wtth G h,J (8) and progrr5sing sybtcmati- 

tally to G,,, (6), and wcrc able to identify correlations and similaritic‘\ ,tmong them”. 

Several unique feature5 of the chemical-shift changes, due tu lhc pi!cr>>rd~c ltnkagc 

of the sialic acid residues to the neutral gallgliot~traglyc~~sc~ were tnterl~reted 111 terms 

of primary and secondary structural etrects. The basis for these ctTcc..ts could be 

further elucidated by euamtning the ‘-‘C‘-n.m.r. qectra cjt‘ adilitional. related cotn- 

pounds. We now report the confirmation of our previous proposals 1‘or the “C-n m.r. 

spectra of the intact gangliosides. In addition. wc present assignment5 for, and a 

complete analysis of. the ’ ‘C-n.m.r. spectra c>f aaia1o-G $t, (3) and the oltgssacch;lriric 

portion of Gh,t (2). These results are con~parcd with those obtained praiously for 

the series of intact molcculcs. The data for G,,,OS (2) will assist 111 the study 11f its 

interaction with cholera toxin ‘. 

Further interest in abiaillo-Gb,I (ASG,,, , 3) arises from the recent finding that 

it is a cell-surface market- 01‘ mouse, natural-killer ccllsx~” . and it ma\ bc associated 

with natural, cell-mediated cytoto\ictty”‘. It may also set-\c a5 ;I dttrercnttation 

antigen of mouse” and rat!’ ” thymocytcs. In addttion. this gl~col~picl appear:, tcj 

be a cell-surface marker of‘ leuhcmic cells from patients 11avin g ~L‘LI~I’. I\ mphohlasttc _ 

leukemia”. The detection of abialo-G h,I (3) antibody in hera from pattcnts having 

Graves’ disease and Hashimoto’\ thyroiditts’ i . and syblcmic lupus cl-1 thrt~mato5us’ ” 

suggests that this plycoliptd tnay serve a\ an autoanttgen tn Il;c pathogcnesis of these 

diseases. Since A.%,,,, (3) is mot-e antigenic than most ganelic)side>. and i\ also c 

capable of eliciting highly specific antibodies’ ‘, a chnracteriration 01‘ II> properties 

by high-resolution. physical 1ntzt11od~ is necessary to enable sILtdie< 01. tt\ interaction 

with immunoglobulins to proceed. 

In addition, ASG,,, (3) is the neutral oligohcxc~sylcerar~~i~tc bachhvnc of both 

GM, (1) and G,,,, (7); the latter compound isa minor. naturally occLtrringganglioside. 

found in rat-ascitrs hcpatotnn cells’ 8 and human crythr~qtes’ ~I_ ,\ssignnicnts for 

ASG,V, (3) provide a basis for a predtction of the ‘“C-n.m.r. spectrum of Gh,,,, (7) 

which has not been reported to date. This prediction should al\<> prc)\rdc a toht of 

the generality of the assignment techniques used herein. A firm underztanding ol‘ the 

relationship betbkecn structure and “C-tt.m.r. spectrum ib nccc.ss,tr> f;br utilizing 

high-resolution spectroscopy alone to provide information about Lomp1c.y oligo- 

saccharide structures. 

tXPERIMENTAL 

.1f~t~~inl.~. Dcuterium oxide ( IOO”,,), puritied to remove paramagnetic im- 
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purities, was purchased from Stohler Chemical Inc. (Waltham, MA 02154), and 

99.9% 13C-depleted [2Hjmetl~anol (12CDJOD) and [‘HIchloroform (r’CDC1,) 

from Merck and Co. (Rahway, NJ 07065). A deuterated sodium phosphate buffer 

(pD 7.5, 200mM) was first prepared in distilled, filtered, and de-ionized water, and 

then lyophilized and reconstituted with deuterium oxide, 

Purification ofgangliosides. - Ganglioside GM1 (1, 105 mg) was prepared from 

bovine brain according to the method of Sillerud ef af.4, which involves neuraminidase 

treatment of a total ganglioside fraction. The oligosaccharide from GM1 was produced 

by ozonolysis and mild-base cleavage7. Both GM, (1) and its oligosaccharide (2) 

were judged to be about 99 “/, pure by t.1.c. on silica gel. 

Preparation of asialo-G,, (AX,,, 3). - This compound was prepared from a 

bovine-brain ganglioside mixture by hydrolysis in 0.1~ formic acid for 2 h at 100”. 

The liberated ASGM1 (3) was isolated and purified by latrobeads column chromato- 

graphy. The ASGhll (3) preparation was homogeneous as assessed by t.1.c. in several 

solvent systems. Details of the preparative method have been published2’. 

1 3 C-i?.m.r. spectrometrq*. - The spectrum of G,,OS (2) was recorded with a 

Bruker CXP200 spectrometer operating at 50.3 MHz in the Fourier-transform mode, 

according to the procedure of Sillerud et aL7, as a 23mM solution in deuterated 

phosphate buffer, pD 7.5, in a IO-mm spinning tube. Spectra of intact GM1 (1) and 

ASGrYll (3) were recorded at 90.55 MHz with a Bruker, Fourier-transform WH 360 

system, the former sample being in solution in I : I (v/v) “CD,OD-D,O (deuterated 

phosphate buffer, pD 7.5), and the latter in solution in a similar mixture with the 

addition of 20”/, (v/v) ‘*CDCl,. A 20-kHz sweep was collected in 16-k data points, 

following, at 45”, a 20-ps pulse. Complete proton-decoupling was accomplished 

by irradiation of the sample with 1 watt of noise-modulated, radio frequency centered 

4 p.p.m. downfield from the signal of Me,Si. The sample temperature was 20”. An 

excellent signal-to-noise ratio was obtained, after about 10 000 scans, from 75mM 

solutions. The chemical shift accuracy is limited to 0.013 p.p.m. by the digital resolu- 

tion. The shifts are reported relative to the signal of Me,Si at 6 0.00. They were 

referenced to the o-l carbon atom of the ceramide residue, set at 6 23.45, to coincide 

with our previous work4. We found that the chemical shifts thus determined for 

GM,, (l), at 90.55 MHz, were 0.05 + 0.05 p.p.m. (N = 47) larger than those measured6 

at 47.89 MHz. The G,,OS spectrum was referenced to the NHCOCH, resonance of 

the 2-acetamido-2-deoxy-D-galactopyranosyl residue, also set to 6 23.45. 

RESULTS 

The nomenclature relating to the naming of the residues of ganglioside G,, 

(I), and of its oligosaccharide (2) and asialo derivative (3) (See Scheme 1) was 

designed6 for referring unambiguously to individual carbon atoms, since almost 

every carbon nucleus gives rise to a resolved resonance-signal. The free oligosaccharide 

consists of the five monosaccharide residues I-IV and A; with the free anomeric 

carbon C-l -1. We expected to find up to 12 resonances from residue I due to the &P-D 
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Scheme I. Covalent structure of the compounds whose IT-n.m.r. spectra are compared in the 

present work. Ganglloside GM, consists of residues 1, II. 111. IV, A. and K. Asialo-Cl,,1 lacks re\lduc 
A, and oligo-G.\11 lack\ rcsldue K. In ganglioslde GMII,, the siallc acid rwdw I\ att.lched to C-3-I\’ 
instead of to C-3-11 

equilibrium at C-I-I. ASG,,, (3) lacks residue A. which results in ;I poor solubility 

in methanol-water mixtures. 

R”-/II-D-Galp-( I +3)-/kKialpNAc-( I -t4)-/h-Galp-( I +3)-/&1~Glcp-( 1 -+ I )-R 

I 
R’ 

1 R = Cer. R’ = x-NeuAc-(2+3)-. R” = H 

2 R = H. R’ = x-NeuAc-(Z-3)-. R” = H 

3 R = Cer. R’ = R” = H 

4 R = Cer, R’ = R” = x-NeuAc-(2+3)- 

5 R = Cer, R’ = r-NcuAc-(7+X)-r-NeuAc-(243)-. R” = H 

6 R = Cer, R’ = r-NcuAc-(3~X)-r-NeuAc-(2-t3)-. R” = r-NcuAc-(2+3)- 

7 R = Ccl-, R’ = H, R” = x-NeuAc-(2+?)- 

r-NeuAc-(3+3)-j&n-Gal/+( I --f 1 )-Cer 

8 

a-NeuAc-(9~3)-P-o-Galp-(I +4)-/I'-D-Gkp-(I -+ I )-Cer 

9 

a-NeuAc-(2+3)-[/I-u-GaLpNAc-(1 +4)]-P-D-Galp-( I --4)-/i-n-Glcp-( I ---) I )-Cer 

10 
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TABLE I 

IT-CHEMICAL SHIFTS~ (6) AND OLIGOMER-MONOMER SHIELDING DIFFERENCES (A) FOR GANGLIOSIDE 

GM~ (11, THE OLIGOSACCHARIDE PORTION OF GMI (2), AND ASIALO-GMI (3) 

Residue I 
la 
,B 103.47 

2a 
B 74.1 I 

3a 
P 75.24 

4a 
B 79.83 

5a 
B 75.76 

6a 
B 61.09 

Residue II 
1 103.47 
2 70.85 
3 75.24 
4 78.34 
5 75.00 
6 61.90 

6.76 

-0.86 

-1.45 

9.37 

-0.78 

-0.59 

92.63 -0.19 
96.61 -0.10 
72.00 -0.25 
74.59 -0.38 
72.21 -1.43 
75.19 -1.50 
79.45 8.99 
79.35 8.89 
70.81 -1.44 
75.60 -0.94 
60.86 -0.69 
60.96 -0.72 

103.34 

74.09 

75.57 

80.18 

75.95 

61.33 

6.63 

-0.88 

-1.12 

9.12 

-0.59 

-0.35 

92.68 --0.14 
96.61 -0.10 
72.03 -0.22 
74.70 -0.27 
72.29 -1.35 
75.23 -1.46 
79.41 8.95 
79.28 8.82 
70.97 -1.28 
75.64 -0.90 
60.90 -0.65 
61.02 -0.66 

D-Glucose 
92.82 
96.71 
72.25 
74.97 
73.64 
76.69 
70.46 
70.46 
72.25 
76.54 
61.55 
61.68 

6.28 103.36 6.17 103.77 6.58 103.77 
-1.82 70.81 -1.86 72.22 -0.45 71.84 

1.70 75.19 1.65 72.63 -0.91 73.41 
8.83 77.95 8.44 76.92 7.41 69.43 

-0.86 74.92 -0.94 15.73 -0.13 76.19 
0.13 61.97 0.10 62.14 0.37 61.91 

- 

6.58 
-0.83 
-0.13 
-0.08 
0.33 
0.14 

B-D-Galactose 
97.19 
72.67 
73.54 
69.51 
75.86 
61.77 

Residue II1 

1 103.47 7.64 103.36 7.53 104.44 8.61 
2 52.84 -1.29 52.47 -1.66 52.84 -1.29 
3 81.58 10.05 81.17 9.64 81.23 9.70 
4 68.75 0.46 68.73 0.44 69.18 0.89 
5 75.76 0.24 75.19 -0.33 75.57 0.05 
6 61.49 0.08 61.50 -0.09 61.41 0.00 
7 175.65 0.81 175.62 0.78 175.70 0.86 
8 23.45 0.73 23.45 0.73 23.45 0.73 

2-Acetamido- 
2-deoxy-p-D- 
galactose 

95.83 
54.13 
71.53 
68.29 
75.52 
61.41 

174.84 
22.72 

______ _.- 

Residue IV p-D-Galactose 
1 105.60 8.43 105.57 8.38 105.90 8.71 97.19 
2 71.77 -0.90 71.54 -1.13 71.96 -0.71 72.67 
3 73.65 0.11 73.35 -0.19 73.87 0.33 73.54 
4 69.26 -0.25 69.44 -0.07 69.80 0.29 69.51 
5 75.76 -0.10 75.72 -0.14 76.13 0.27 75.86 
6 61.90 0.13 61.77 0.00 62.14 0.37 61.77 
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? 

; 

IO’.66 

37.90 

4 69.X 

5 57.06 

6 73.65 

I 69.26 

x 73.03 

9 63.89 

IO 175.65 

II 12.X6 

Residue R 

I 70.20 

2 54.13 

3 72.22 

3 134.91 

5 130.65 

6 33.40 

7 175.22 

x 37.09 

9 76.9X 

10 30.92 

II 30.35 

I2 3183 

13 ‘3.45’ 

14 11.58 

I A 1 

0. I’) 
4.40 

3.78 

0. Ifl 

0.67 

0 5f 

0.1’ 

0.71 

0.09 

0.X 

0.1’ 

I. 0. SlLl k,RL’D. II. K. 1 ! 

7.00 
I.25 
0 53 
I .:7 
0 hl 
0 I5 
0.70 

1.52 

0.w 

0.06 

0.0x 

0 0-l 

0.25 

Vhemd shifts relative to the brgnal of hlelSl :LI A 0.00. ‘Shwldlng dtlti-rencr tn p.p.m. bct\recn 
resonances from the same carbon atom> in the ollgomcr and monomer. “Set tir 117.15 il p m. to corrc- 
spend with previous measurement\‘. 

Linkage shifts (A) were computed as A = S,, &,,:. the diiTercnce hcI\~ecn the 

chemical shifts of the olignmer and monomer. The values of A \;ir\ xcctlrding to the 

distance between a carbon nucleus and the Fiycosldrc linhagc. D~l‘Tcrencc:, 111 1 \alue~ 

may be used as an Indication of altered conformations. 01 0C intcraction5 bct\vcen 

residues, \vhen comparison:, among structurally related (III~_~:\~ccII:~I-IJ~~ UC’ made. 

Empirically, it was found that signals front carbon atoma in prts~t~ons /i or //’ to the 

linkage site (where O-I is the x and C-1 the /j atom, and the otl;el. carbon atom that 

participates in the glycncidic~ linkage is the /I’ atom) in neutral hc\~~p! r;~no~iclea \hnv. 

~4,~ and A,], values of + 6 and i--9 p.p.m.. respccti\elc. \\hcrea~ \~luc\ (>I’ -t-Z to +5. 

and +2 to -l-h p.p.1.. respectively. \vcrc found where uialic xiii reGctuc\ ;lrc present 
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Fig. 1. Natural-abundance, IH-decoupled, 13C-n.m.r. spectra of: (A) asialo-GM1 at 90.55 MHz, 
(B) GMI at 90.55 MHz, and (C) G~IIOS at 50.3 MHz. The assignments are given above the peaks 
and refer to the numbering system shown in Scheme 1. The chemical shifts are reported in Table I. 
Most of the oligosaccharide carbons resonate between 6 60 and 86. The anomeric and ceramide 
carbon atoms resonate mainly outside this range. 

Resonances from carbon atoms in position y to the linkage site show small shifts 

(A, N -1 p.p.m.). Carbon atoms in position 6 or farther from the site of linkage 

show no significant shift. These guidelines are of general application; in case of 

failure, interesting new information about various linkage types may be obtained. 

For example, the small A, values for C-2 of the sialic acid residue reflect the unusual 

electronic structure of these linkages arising from the adjacent carboxyl group. 

A comparison of the central region (6 60-85 p.p.m.) of the i3C-n.m.r. spectra 

of the three compounds l-3 is shown in Fig. 1; the complete assignments and chemi- 

cal shifts are reported in Table 1. The order of presentation of the data will follow 

the naming of the residues, i.e., I, II, III, IV, A, and R, with the data for G,,OS (2) 

preceding those for ASGM1 (3). 

8-~-GZ~~o~~~r~r~osyZresidzre (I). - Residue I, in the intact glycolipids, is attached 

by a b-D-glycosidic linkage to the ceramide moiety. Therefore, resonances from only 

the P-D anomer are expected for G,, (1) and ASG,, (3). On the other hand, GMIOS 

(2) has an anomeric equilibrium for this reducing residue, with the result that reso- 

nances from both C-l-a and -/I are expected. GM1 (1) and ASG,, (3), as intact 

molecules, contribute six carbon resonances. G,,OS (2) contributes twelveresonances, 

whose reduced intensities fall into a pattern characteristic of the equilibrium distribu- 

tion of C- 1-m and -p, namely, 60 7; of fi and 40 yi of c( at 20”. As a result, the resonances 

from residue I in GM,OS (2) are smaller than those from the other residues, which are 

restricted to a single anomeric configuration. The resonances from residue I in G,,OS 

(2) can be assigned on the basis of chemical shift, by use of a&D-glucose and lactose 
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Fig. 2. Relationship between the oiigomer-monomer shielding difference\ f 1) for the pairs of “X‘ 

resonances of the /I and /I’ carbon atom5 participating in glycos~dic linkage\, 111 the ollgo~accharldcc 

of the gangliosides studled preciously”, and In the present (;\,I dcrlvatlve\. rhc &~ded cll~pes are 

centered at the means and hdvc axcs corresponding to t!so standard devutlons for the datd from 

gangliosides” GVJ, CV.~, C;VJ. C;U~. (2111.~. GI,II,. and G,r, I,. The cymholt for rrevdw frtxn Scheme I 
are used to denote linhage-shift clusters. The clusters are Identified 1~1 the re4ue contributing the I; 

carbon. Data from the present study ue denotcd by. ASGVI: 1 ‘, ciz, 10s. anti 0. hcLoac. 

(Table I) as modela for the glycosidic-linkage shifts. and the Q-D configurational 

and conformational efficts. The free anomeric-cquilrbrium and the Ixh of a lin!iagc 

shift (As) for C-I-I in G,,,OS (2) are evident 111 the ratios it’ the intc‘ncitica of the 

C-l-z and -p signals at ii 91.63 and 96.6 I. respectively (Fig. 2 ). 

The intensity diffrrcnces between rt’sonanws l‘rom c&w atom> III rcsiduo I. 

and those from carbon atom> 111 the other saccharidc rcsiducs. arc 01 continuing 

importance in the assignmenta for C-2-I through C-6-l 111 Ci,,,OS (2). They also 

provide confirmation for the sswgnments for residue’ 1 III G,,, (1) and ASG,,, (3). 

where no such intensity din‘erenccs exist to be utilized. Cnnsequcntly, the assignment\ 

for G,,,OS (2) \cill be presented before those for ASG \,, (3) and (i,,, (1 ). The x.,/j 

intensity differences arc clearly shown for the ~~eso~mmx from <V-1/I-t at (3 73.9 

and C-3x-I at 77.00 (Table I) III G \,,OS (2) (Fig. 2). The rcsonancc dnc to C-3/i-l 

at (5 75.10 overlaps several other resonances. hut that for C-37-I I\ distinct at ci 72.2 I 

(Fig. 2). Lactose is an euccllrnt model for the field position for C‘--kz~./;-I. The lrlgh- 
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resolution 13C-n.m.r. spectrum of lactose shows that the cc&D-configurational and 

conformational effects are small, but present, at C-4-I. The separation is 0.13 in 

lactose, and 0.10 p.p.m. in G,,OS (2), the /I resonance being at higher field in both 

cases (Table I). The resonance from C-5/3-1 is visible as a shoulder at 6 75.60. The 

CH,OH resonances for C-6a(p)-I at 60.96 (60.86) are resolved. They are shifted 

upfield from those of a$-D-glucose by 0.7 p.p.m. This shift is also seen in the lactose 

spectrum. 

The chemical-shift differences due to anomeric equilibrium at residue I in 

G,,OS (2) are virtually identical in magnitude and sign to those found for the 

spectra of D-glucose and lactose. These similarities indicate that residue I in G,,OS 

(2) is in the identical 'C,(D) conformation to that found for the D-glucose residue in 

lactose and the monosaccharide D-glucose. The SI and /? resonances from G,,OS (2) 

C-3-I and -5-I are separated by 2.98 and 4.79 p.p.m., respectively, as compared with 

2.94 and 4.67 p.p.m., respectively, for lactose, and 3.05 and 4.29 p.p.m., respectively, 

for D-glucose. Even C-6-I shows an sl,p splitting of 0.12 +0.02 p.p.m. for G,,OS (2), 

o-glucose, and lactose. The assignments for residue I in G,,OS (2) then account 

in detail for all of the features, including the intensity pattern and the chemical-shift 

differences in the ’ jC-n.m.r. spectrum. It is also clear that lactose serves as an excellent 

model for the linkage shifts for the resonances from each anomer of residue I in 

G,,OS (2). The linkage shift pattern for C-3-1, -4-I, and -5-I in lactose is very well 

correlated with that for G,,OS (2) (Table I). 

Thus, the task of assigning the resonances of residue I in GM1 (1) and ASGMl 

(3) was considerably simplified. The resonance from C-l-1 in G,, (1) at 6 103.47 

(Table I) is not completely resolved from that for C-1-11 and -111. In ASG,, (3), 

the resonance for C-l-I was assigned to the peak at 6 103.34, which is the highest- 

field resonance of the spectral region characteristic for B-D-glycosyl-linked carbon 

atoms. This resonance appears in G,, (9) at 6 103.64, indicating the most shielded, 

neutral-hexopyranoside, carbon resonance in this molecule6. The linkage shifts of 

C-l-I and -11 of a size exemplified by d, and A, should be present, and the remaining 

carbon resonances should be found at field positions characteristic for only the P-D 

anomer in the D-glucose residue in lactose and Gb,,OS (2). The linkage shifts for 

C-l through 5-1, for G,, (1) and ASG,, (3) examined here, are anticipated to follow 

the A,, A,, A,, A,,, and A, pattern resulting from the substitution at C-l-I and -4-I. 

For ASG,, (3) and G,I, (l), the glycosidic-linkage shift (see below) of A, 7.1 to.2 

p.p.m. found for C-l-t in ganglioside G,, (9), for example6, serves as a good model. 

The linkage shifts for C-2-I in G,, (1) and ASC,, (3) are expected to be small. 

The value of A, for C-2-I was found to be -0.86 p.p.m. for GM, (1) and ASGMl (3), 

suggesting a A, value for C-2-I for GM, OS (2) not muc!l greater than a few tenths of a 

p.p.m. The pattern of A values for C-3-1, -4-L and -5-I should be A,, A,, and A,, 

respectively, in all three structures studied here. The results (Table I) bear out this 

expectation, It is gratifying to observe the differences in linkage A values for C-1-I 

and -2-I when the oligosaccharide data are compared with those for GM, (1) and 

ASG,, (3). 



The present opportunity to rxaminc the ‘“C-n.ti-r,r. spectra of ,ISG~,, (3) and 

G,,,OS (2) has provided data that bear 011 the assigntnent~ srigin:tIl~ propcwd f0r 

ganglioside G,,, (1 ). M’hcI? there IKM data arc considered. together with the cLtrrentl~ 

reported higher-field and ht~hel--rcscllLltilln spectrum f0r G,, , (1 1. ewxl of the 

previotts proposals f0r asbtgrtmrnts of G,,, (1 1 ‘iC‘-recnn:tnccs ma! he pLlt on n 

sounder experitncntal IxI>I\, Oii the \k%oIe. the c)rtginal propoala l‘ijr G,,, (1 1 hlc 

been con tirmcd. ihut SOIIIC rcasuyimcnts to slightly difTcrcnt chcm~cal shifts ;Lrc 

reported in Table I. owin, $1 to the tncrowxi rrsolutio:i 31 90.55 hlH/. Other rc:L5sign- 

mrnts haw been fou~lcl to bc ncccssar~ as a rc~ult of tltc tlisw\cr! 0f Ltnanttctpatcd 

structural efftxts on the ‘?C‘-n.ni.r. hpcctra. A coniprchcnsi~e cwniinatton of a 

complete series of gangliclsides. rnnglng fr-0m G,,, (8) thrmgh G,-,h (61. also tmnblctl 

us to reasstgn sccw:LI G,, , (1 ) resonmcc4” In residue I. C‘-l-l. -5-l. 31id -6-l \\cre 

reassigned to 6 103.-17. 75.76. and h I .09, from ~5 105.18. 75.17, and 0 I .4(1. rc~pccliwly. 

The signal near 5 105.5 ~,a not foLrnd ” in the .speclruni of Ci,,, (IO) or cjtlier gan@~+ 

sides that lack residue IV; thercfor~, it I:, ass~gnecl tn C‘- I-IV. Rcax~igtncnts fw 

C-5-I and -6-J arose from the increac.cd resolution at 90.55 MHL. 

/I-t,-(;rlffic~tr,~~!‘l~cilroc l./ I‘L’rk/ll<’ (II 1. The a\.sigtttncnt tcchntquc\ !Lt%t Lttilizcd 

for residue J arc appltcnhlc to the remaning residues L is b\eII 7 hci i‘ is iii’ fret anntneric 

grnup 111 any residue other than iii I. C’on~qLimtl!; the ’ “C’-ii.i-ii.t-. ipectrCi of the 0thct 

residues are simpler. and raitlue II in the /I-D configuration ~IOLII~ ~IW h rcwn;Lncc\. 

Linkage shifts fnr the rcwnxncc~ fro:lt C-l - tlttwLtgh -5-11 gtm~rall! fail into t hc 

pattern d,,. Zdi.. A,,,, .d,: , and .A, for G,,, (1) and Ght, OS (2). and rnto the pattern 

d,,. n ,. ii,,. A,]., and ,I, for .ASG,,, (3). Not:Lblc arc the differettcc~ twtwcen the ,1 

values for C-2- through -5-11 in ASG,,, (3), anti in the other two ~l>~c~\lipids These 

differences tnust reflect the efYV.-ct of the sialic acid rexidLte (A ) OI: the cltcmical shifts 

of resonances froin carhotl atom4 at of near the hitc of attachnicnt of this I-cstduc. 

Of particular interest ts the wry smnll value of d,, f0r C-3-11 tn C;,,, (1) and G,,tOS 

(2). Illstead of’the _ 9 p.p.m. elcpecttxl. ;t value c&d,; ofonly I 67 p.p.in. \\a:, ~~txcrved. 

Theref0rc. tt tnuxt be emphastwd that the effects of the linhagc\ <)I‘ the 5iallc acid 

rcsidLw do not follow the gcncral rLtlc< f0r the linkage shift5 fcjr ncLttral hc\osc reslducx 

Attachtncnt of restdue 111 to O-4-11 shifted the rcI;on:Lncc 01 (‘--t-Ii by S.h p p.m. 

downtield f0r G,,, (I ) and Ci ,r,OS (2), but only 7.4 p.p.nl for- .4SG,,t (.3). This 

smaller _1,]. for ASG h,, (3) niay bc a long-range effect’ 01‘ the :tcct> I FroLtp c‘-7-ll I 

and -S-III of rcsiduc 111. or mi etytxt from the electric field of‘ the ntxirbq’ charscd 

sialic acid csrhoxyl groLtp. In an>’ c;Lx. ;I pLIrc ,I, of 1 p p.m. ~\aLlld lx cuptxtcd 

at C’-3-11 CIUL to the linkage 31 Cl-3-11; III tirct. ;t diffcrrncc of Iitthage \htfts of + I.2 

p.p.tn. i% as ohset-vcd hct\veet~ ASG ,,[ (3) and the c)ther t~$\o ~truc‘turc~ I and 2. 

It ii unhnown \+hethcr t?ts at~on~~~lou:, elr‘ect 0n t!;c values of .,I, ii, gcncral I;lr s~:Lltc 

acid residue linkages. A re-cxatnination of the ba\t\ for the ;taigttmcnt frw (‘-2-11 

may Ltltttnatelv be ~iccc~sar-F. 

The resonance from C-S-l1 wa\ found at ,i 74.96 1-0.06 t;>r tltc siallc acid- 

containing conipoL~nds I xiid 2. and at (5 75.73 for .ASG,,, (3). The diffit-encc of 

0.77 p.p.111. I\ of t11c \l/C cupcctcd for- a /I, ;ts ;t. I’exLllt <)I‘ xLtl~~trtr!tii~n at U-3-11. 
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No effect of magnitude y or larger is expected for C-6-11, and this is reflected by 

assignments. There are no significant differences between the chemical shifts for 

C-6-11 for any of the gangliosides (6 61.95 +O. 17) or in model compounds, such as 

fi-D-glucose, or lactose (6 6 I .84 + 0.10). 

2-Acrtarnido-2-deo.~~-~-~-galactop~~anos_~f residue (III). - The assignments for 

this sole 2-acetamido-2-deoxy sugar residue are not expected to differ, among any 

of the compounds studied, from those originally proposed” for G,, (1). However, 

ASG,, (3) and G,,OS (2) have structural features that give increased spectral 

resolution of the 13C-n.m.r. spectra, which led. in a few instances, to improved chemi- 

cal-shift measurements and more definitive assignments. The increased resolution 

of the spectrum of ASG,, (3), at 90.55 MHz, and in a ternary solvent mixture (see 

Methods), is manifest in the anomeric-carbon region. Here are found, at 6 v 103 

three resonances, two of which have already been assigned to C-I-I and -l-II. The 

peak at 6 104.44 in the spectrum of ASG,, (3) is now assigned to C-l-III. It is likely 

that the difference in chemical shift of I .03 p.p.m. between the resonance for C-I-III 

of ASG,, (3) and those of the other ganglioside oligosaccharides reflects a perturba- 

tion of electron density at this site by the adjacent sialic acid residue. 

The resonance for C-2-III was originally4 assigned to the peak at 6 51.86 

in the spectrum of G,, (1) on the basis of chemical and linkage shifts. Of the carbon 

atoms contributing signals in this spectral region, one is contributed by C-5-A and, 

hence, lacking in the spectrum of ASG,, (3), and another one originates from C-2-R 

and is absent in the spectrum of G,,OS (2), whereas the last, from C-5-111, is present 

in all three oligosaccharide spectra. It is now clear that the resonance from C-2-111 

in the GM1 (1) spectrum occurs at 6 52.84, showing a y-linkage shift of ~ 1.29 p.p.m, 

due to substitution at both C-l-III and -3-111 (Fig. 2). The resonances from C-3-111 

through -8-111 are found at chemical shifts that vary little from those originally 

found4 for G,, (1). The higher-resolution data now available enable more accurate 

field-positions to be provided for the resonances from C-6-III and -8-111. The pattern 

of linkage shifts for C-I-III through C-4-III is A,, 2A,,Ass, and A,, = 7.8, -1.4, 9.8, 

and -0.6 p.p.m. in all three oligosaccharide spectra studied here. 

fl-D-Ga/actopyrarzos)‘I residue (IV). - Chemical shifts for this residue, and the 

changes due to the glycosidic linkage at C-l-IV, were initially expected to be quantita- 

tively similar to those found for the P-D-galactopyranosyl residue in lactose. It was 

found6, however, by comparing the spectrum of G,,, (1) with that of G,, (lo), in 

which residue IV is lacking, that the resonances from C-l-IV must be assigned to the 

peak at 6 105.60. The linkage shift A, of 8.41 p.p.m. is larger than the 6.2 p.p.m. 

shift shown by C-I-II. This difference may reflect the difference between the j-D- 

(1+3) (between residues III and IV) and the /i-~-(1 -+4) linkage (in lactose). The 

remaining resonances for C-2- through -6-IV follow the pattern of the resonances of 

the P-D-galactopyranosyl residue of lactose very well (Table I}. The signal of C-Z-IV 

shows a y-linkage shift of -0.89 +0.18 p.p.m. in lactose and in the oligosaccharide 

chains discussed here. 

5-Acetamido-3,~-~~ideo.~J~-D-glycero-a-D-ga~acto-n~~?u~op~rU~?oSJ’~ acid residue 
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(,-1). ~~~ The assignments for this residue have proven to be the most difficult to 

establish, in spite of the anticipated, negligible linkage-shifts for C-3- through -1 I-A. 

Part of the problem stems from the lack of mewtrements for the c~hemic:ll shifts of 

the Y anomer of sialic actd. due to its low concentrution in equiltbrium soluttons <jf 

x./kialic acid in deuterium oxide Spectra having a high signal-to-ncltsc ratio ha\ c 

now provided data” for all of the small Y resonances obtained from equiltbrium 

tnixtures, including the resonance from C-1 r-A at 6 175. I? (Table I) In addition. 

the a5signments for both Y- and /kialic actd have hccn in\ esttgated” by n~e;tns of 

differences in the deuterium-isotol7e shift:, at the L arious ’ 3C-t1,ni.r. rcsoniu~ces2z. 

These tneasurcments prn\idc a basis from which to propobc hcttcr :tsstgnmcnt\ for 

the resonances due to the r-linked sialic acid residue in ga!?gltc~cte\. The aceragc 

dtfference between the chemical shtfis of resonances from C-3- tht-ougtl -I I-A in the 

oligotners and monomer is I).(F) 3iO.44 ~~.p.m. Thus, for the :tforcmentioncd reasons. 

the signal at d Sl .96 In the \pcctrutn of G hll (I ) has hcen reassigned from C-Z-III 

to C-5-A. because rcsiduc A I:, absent in ASGh,, (31. 

Resonances from C-l- through -3-A \cere elpccted to shop a ._1;. I,]. and LI, 

linkage-shift pattern as a result of the linkage of C-Z-4 to O-J-11. U’e found that the 

signal of t!le carbnxyl group C-l -A only shifted upfield by ~1, 0.74 j10.06 p.p.m. 

Shifts LI,~ of 4.50 kc). 14 and /l, of 3.75 f0.04 p.p.m. were >ccn for C-Z-A and -?-.A, 

respectively. These lalt t?-1 o values are quite different i~tui~i the /$- and ;,-linkage shifts 

f’or neutral hcxopyr:tnos>“l restducs. It IS probable that the electromagnetic field from 

the N-acetyl group in rrsiduc IT1 perturbs’ ” the local field at C-Z-A and -3-A. 

Relatively large ditferenccs in chemical shift for tl 3~‘ resonancc~ from C-6-A and -S-.4 

wcrc ober\ ed between ‘x-wlic acid ancl rcsiduc A of the oligosacchartde chains of 

the eangliosidcs. c 

Cwmzidc wsidw ( R ). The hydruphabic portion of the g: wgliosides consist of 

a ceramide residue (R), whose chemical shifts have been pre\tou\ly reportedi.-5,‘“. 

This t-esiduc is not present in GkI, OS (2). Inspection of the ’ -‘C‘-n.m.r-. spectrutn of 

G,,,OS (2) shows that tk method of pquration of the oligosaccharide coml~letcl~ 

rrmwcd the ceramide residue, xtncc no resonances from thi5 rcsiduc were obxcrvcd. 

Thus. the assignment\ of \evcr:ti crramide rewnancc> can be given I\ ith tmprovcti 

confidence. These rncludc resonances from C-l- through -3-R. ;wcl -8-R. No signili- 

cant deviation of the chemical shifts of the rcmaintng ccraiiiiCic-C;Lt.hr,li rewn3ncc5 

from those for either G lil I (1 ) or the ccranitde residut‘ alone \\eri’ obscrvcd. 

The high-field, high-rcwlutinn, * “C-n.m.r. spectra of pangliosidc G,,, (1 ), 

ASG,, (3). and G,,,OS (2) arc presented herein. The large. chemical-shift range 

of the “C-n.m.t-. spectra enabled ub tu rcsolvc the resonances for ;tltnost awry carbon 

nuclcu\ of thcsc molcc~tlc5 hy coiitp;trin, (7 the spectrum of ganglic>\ide G,,, (I) with 

the spectra of t\vo pre: 11~ut1~ ttntx~n~~t~t’cl dcri\attvey. ;t\ialo-Ci ,t, 1.3 ). \vhich laths 

only the \ialio acid residue. and G ,,,OS (2). whtch laths only the ccramtde rcsiduc. 
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In the absence of ’ 3C-labeled compounds, the examination of such derivatives as 

1, 2, and 3 is the only method to provide assignments that can show the effects of 

substitution at specific sites on the oligosaccharide. The proposed, complete assign- 

ments for ASG,, (3) and G,,OS (2) illustrate the manner by which they may give 

information on the relationships between the spectra of complex oligosaccharides 

and their primary and secondary structures. These assignments will also be useful 

for interpreting 13C-n.m.r. data from previously uncharacterized oligosaccharides. 

Thus, it will be possible to determine the conformation, anomeric configuration, 

linkage position, identity and number of sugar residues, and possibly the sequence 

of a new ganglioside. 

The chemical shifts and cc,fl resonance-intensity pattern for the D-glucose 

residue of lactose were used to assign the resonances of residue I in G,,OS (2). 

The chemical shift difference between the CI and b anomers of D-glUCOSC is a parameter 

that is sensitive to the conformation of the sugar ringz5. No significant difference 

in this parameter was observed among the spectra of the three compounds, D- 

glucose, lactose, and G,,OS (2) ( see Table I). The proportion of /I anomer was 

found to be 64 &4% for the D-glucose residue in G,,OS (2), a value similar to that 

of 63 ‘A for lactose and 61 y0 for D-glucose, indicating that the conformation of 

residue I in G,,OS (2) is identical with that found for D-glucose, and for the D-glUCOSe 

residue of lactose. Substitution of D-glucose at O-4 does not, therefore, alter the 

equilibrium between ring structures within the limits of the ‘3C-n.m.r. data. Thus, 

the data obtained for C-l in residue I of G,,OS (2) provide firm assignments for the 

same in ASG,, (3), and confirm those for G M1 (1) as well. The data obtained for 

ASG,, (3) allowed us to evaluate the effects of the sialic acid linkage, when compared 

with the data obtained6 for G,, (9) and G M2 (lo), as well as with those from either 

GM1 (1) or G,,OS (2). Comparison of the chemical shifts and linkage shifts of 

ASG,, with those of G,, shows that removal of the sialic acid residue reduces the 

linkage shift d,. of C-4-11 by about 1 p.p.m. (Table I); in addition, the resonances 

from C-2-11 and -3-11 are displaced by - 1.4 and f2.6 p.p.m., respectively. These 

shifts for the three carbon resonances that are expected to be most strongly influenced 

by the sialic acid residue linkage are quantitatively different from those found for 

the neutral hexose residue linkages. The shift for C-3-11 is in the same direction as 

that caused by the neutral residues in GM, (1) and its oligosaccharide portion, but 

it is l/3 the size. On the other hand, the shift for C-4-11 is of opposite sign 

from the A, of -1 p.p.m. shown by the shift for C-4 of residues I, III, and IV. It 

has previously been proposed5,6 that the acetamido group of residue III perturbs 

the signals of C-2 and of the methylene carbon (C-3) of the sialic acid residue (A) 

of G,, (1). Changes in the field positions of these resonances were observed’ when 

cholera toxin binds G,,OS (2). The present data for the 13C-n.m.r. spectrum of 

ASG,, (3) indicate that the electromagnetic field originating from the sialic acid 

carboxyl group similarly perturbs the local nuclear field of the adjacent carbon atom 

C-4-11. Consequently, two sources of chemical-shift perturbation result from the 

branching in the oligosaccharide residue of G,, (1). Examination of a Corey-Pauling- 



Koltun model of G,,,OS (2) sho\\s that, ~kn the carb~n>~l oxygen atom of residue 

Irr to-7-171 ) is nricntcd toward the iil~th~ilC!ll~ carbon ulotn of the sixtic acid resicluc. 

the carbouyi group 15 oricnlcd in a positton that tieshield~ C-4-I I and bhirids C‘- I -I I I. 

In this conli~rmation. OIII:L 3 5tn;tii cfl;sct on the rcwnancc t‘rotlt C--4-11 \h~~uid hc 

apparent. This eifect on the rcwnanci front (‘-4-11 lil:tk bc dc>tcctcd oni~; hq :I spccilic 

‘“C-labeling cupcrtlncnl. ,\s llotcd earltrl-, t!tc resonance l‘~<~ti~ (‘-4-I Ii mo\t‘:, upt~clcl, 

i.v.. is shielded. by I .O p.p.tn. ohm the sialic acid rcs~duc ts pt-c’>t_nt a?; 111 Ghll t T‘:tidc 

I). Thus, this rwdue perturb5 both partnw of the Itnhngc patr C‘-I-III and (‘-a-II. 

Quantitative t‘wiuation of this pcrturhation \1 ill bc ubcfui ;I\ ;I scnGtt\c tttdicatc~r of 

conformation for studich tn:ol\ ins. I;)r C~iaillpic‘, hlndln;r to ptntcl:lh 

Accurate assignnicnt\ for r-csidue IV arc ofthiporI;tncc ~tncc htnding by cholera 

toxin has been shown” ” at this site in G,,, (1). Examination ofthi’ I.‘(‘-n.rt7.r. spcc- 
. . 

trum 01 A%,, , (3) confirms ~I-CVIOL~~ pr ~~posais” for- the assignments c)f!hc rcson:tncc:, 

from residue IV, bcca~t~~ no significant shifts due to ataiic acid arc iil\cij. The 5mali 

dtffcrertcc of 0.7-0.4 p.p.n:. hetwcen the chemical 5hiQs 01‘ (‘-5 lhri,ufh -6rb. ami 

the corrcspondins shtfts of rqaiacto~e (Tabic I ) may he cxplaincd b> II solvent effect 

(SW Methods). 

It i4 possibic now to awrrtain the extent of the aittxttlo~~ ~>l‘ the magnetic 

environment of the sialic xtd carbon nuclei by the ~:tngiiorctt.afI!. ~x~\vl chain. The 

small downticid-shrft d,, (4.5 p.p.m.) of C’-7-A (Table I). and the upticid ahtfc J, 

( 3.X p.p,m.) for C-?-ii ha\c bxn dtscusscd earlier. Thq depend” on the ptwznce 

of the .?-acctnmido-2-dcc~~)-r,-gaiactop!ranosyi residue II I. C i~rrei;itcd ch;ingcs in 

those IinLagz shifts arc conformatti,n31 in origin. deriving from the rcl;tti\c nricntation 

ofresiducs 111 mcl A. The rcnminder ol‘thc ’ ‘C‘ rebonancc5 from c;irh~lii\ C’--I- t hri)ugh 

-I I-A are found at field positions that are close to lho~,c for t 11~ i‘rcc n~onwncr. those 

from C-6-A and -X-4 bctng shificd do~\nfcld by 0.4 and 0.6 p.p.m . rcspcctr\cl~. 

Saits’8. hydrogen bonding”‘. and ptl’! afkct the ficid po\tlions ot‘ thcsc carbon 

rcsownccs. 

It is of interrst to comparc the linhqe shifts of G,,, (1 ). G,,,OS (2). and 

ASG 3 h,, (_ ). Corrciatrons bctwcrn the linlage shifts for the /i and //’ carbon rcso- 

mnccs (Fig. 3) for the sertc\“ ofgangliosidcs G,,,. G,,?. Ci,,-. G,,[. G,,, .:, G,,,,, and 

G rlh artsc’ from co\.alent-c’I~ctroli-Cie[)sity changes accompanying f~~rmatron of the 

oltgosaccharides frown the nionc)saccll:lridL’~. The anomertc ~)xygen atoni Jrshields both 

the /j and /I” carbon nucici to ;t stmilar e‘utent. The data 11i FIN. 3 for- the sent‘> GhlJ 

to Cl.,, fall into distinct rcgi~~iis in the .LI,~ and ~4,~~ apax. as indicated by shaded 

ellipses centcrcd at the tnex~l and cutcnding by a vaiuc of two standmxl deviations on 

either side. Each type oflinhqx, for ctxmmpic. (‘-l-II -*C.--!-i (clcnotcd h! li III k-ig. 3 I 

is characterixd by a unique region. There is no overlap among these region\. The 

linkage-shift pairs of‘ the neutral hcxoxc‘ units :w_ 1 grouped around -1;:. := ‘) p.p_m, The 

L:~LICS for the staiic xtd rcsidues arc \trikin_cly xmailcr. h~wc\cr. clustering around 

rl,{ 4 and 11,~. :! p.p.m_ The lield on the SI;LIIC ac~cl car-boxy1 ~ woup cctrttrihutc‘~ ;I \!iiclding 

effect that partially cotnpcn\ate~ for the deshieldin g obxrvcd in the nettlral Ix\oses. 

The data for the linhapr-shift pairs of<;,,, OS (2) for wGclt.te~ A. II. 111. and I\ 



13C-N.M.R. SPECTRA OF GANGLIOSIDES 187 

are essentially identical to those found for G,, (1) and the other gangliosides (Fig. 3). 

This is an indication that removal of the ceramide residue from G,, (1) has no 

detectable long-range influence on the 13C-n.m.r. properties of the oligosaccharide. 

We conclude that the chemical shifts and linkage shifts of G,,OS (2) are sensitive 

to conformation, like those of G,, (1). The similarity of the chemical and linkage 

shifts of G,, (1) and G,,OS (2), in spite of their marked difference in aggregation 

state, suggests also that the 13C-n.m.r. chemical shifts of these molecules are insensi- 

tive to micelle formation. 

No significant difference was found when the linkage shifts for ASG,, (3) were 

compared to those for G,, (l), except for the shift of the linkage C-l-III-to-4-11, 

which is adjacent to the site of attachment of the sialic acid residue in G,, (1). 

Upon removal of residue A, the shifts for this linkage changed from 7.6 and 8.8, 

to 8.6 and 7.4 p.p.m., respectively. Thus, desialosylation resulted, for these linkage 

shifts, in changes, that are not in the expected directions of 0 for C-l-III and + 1 

p.p.m. for C-4-11, and the carboxyl group of residue A probably exerts long-range 

shielding effects. 

Finally, the present data may be useful for predicting the 13C-n.m.r. spectrum 

of ganglioside GWlb (7), as the chemical shifts for residues I, II, and III would closely 

resemble those found for ASG M1 (3) and the shifts for residues IV and the sialic 

acid residue attached to 0-3-IV would be very similar to those found6 for residues 

IV and B in gangliosides GDla (4) and GTlb (6). In particular, the linkage shifts for 

residue IV would fall into the pattern d,, 2 d,, d,., d,, d,, and A,, where d, = 8.15 

kO.32, 24, = -1.83 *0.73, d,. = 2.95 kO.06, d, (C-4-IV) = -0.39 kO.11, 

d, = -0.32 p.p.m., and A, = 0.09 kO.09 p.p.m. The residue of sialic acid at position 

B would show a linkage shift pattern of d,, d,, d,, d,, . . ., where d, = -0.23 20.21, 

A, = 2.63 +_0.04, and A, (C-3-B) = -0.92 kO.02 p.p.m., and the linkage shifts for 

C-4- through -11-B would be essentially 0 p.p.m. 
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