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ABSTRACT 

The computer program CASPER, used in the structural analysis of poly- 
saccharides composed of repeating units, has been extended. The extended version 
uses either unassigned ‘H- or i3C-n.m.r. chemical shifts or the complete unassigned 
C,H-correlation spectrum, and can predict the structure of linear and branched 
oligo- and poly-saccharides. The number of possible structures, consistent with 
sugar and methylation analysis, can be decreased by the use of iJo,n and 3Ju,u 
values. The database, which contains ‘H- or 13C-n.m.r. chemical shift data for 
monosaccharides and ‘H- or 13C-glycosylation shifts for all types of glycosidic 
linkages obtained by combination of the monosaccharides, has been increased and 
now also contains correction values for sugar residues present in branch-point 
regions. The program has been tested on four polysaccharides of known structure 
but with different degrees of complexity. For three polysaccharides, the correct 
structure was suggested; for the fourth, two structures were consistent with the 
n.m.r. data, one of them being correct. 

INTRODUCTION 

In structural studies of carbohydrates, sequence analysis is still a difficult and 
time-consuming task. In earlier studies, the most common procedure was analysis 
of fragments obtained by chemical or enzymic degradations. This method has 
recently been partly replaced by n.m.r. spectroscopy, using information from 
nuclear Overhauser enhancement (n.0.e.)’ and scalar couplings2s3 over the glyco- 
sidic bond and from the chemical shifts of signals from structural reporter groups4. 
The structures of several oligo- and poly-saccharides have also been elucidated, 
mainly or exclusively by one- and two-dimensional n.m.r. spectroscopy. However, 
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these techniques require high-field n.m.r. spectrometers and it is often difficult and 
time-consuming to assign the signals in the rather complex spectra. 

The rH- and 13C-n.m.r. chemical shifts of the resonances from a mono- 
saccharide residue within a larger saccharide depend mainly upon the structure of 
the monosaccharide and upon the nature of the flanking sugar residues. This fact 
has led to some computerised approaches to the structural analysis of carbohydrates, 
using ‘H- and 13C-n.m.r. data. Computer programs have been developed for the 

analysis of oligosaccharide structures, derived from glycopeptides and glycolipids, 
using rH-n.m.r. chemical shifts?‘. As the structures of these oligosaccharides are 
closely related, the chemical shifts of signals from each monosaccharide residue can 
be compared to data for residues having the same surroundings in known structures. 

Recently, we described8 a computer program, CASPER, by which structural 
analysis of (a) linear polysaccharides having repeating units or (6) oligosaccharides 
could be performed. Sugar and methylation analysis data were used in combination 
with unassigned 13C-n.m.r. chemical shift data, Similar approaches have been re- 
ported for the analysis of linear bacterial polysaccharides9 and mannans’O, using 
r3C-n.m.r. chemical shift data. 

We now describe an improved and extended version of CASPER by which 
branched poIysaccharides with one branch-point residue can also be analysed. The 
use of coupling constants for the anomeric carbons and protons (lJc_l,H_l and 3JH.l.H_2), 
the rH-n.m.r. chemical shifts from some or all signals, and data from 2-D C,H- 
COSY spectra have improved the analysis. Using lH and 13C glycosylation shifts, 
the linkage position and the stereochemistry around the glycosidic bond are 
accounted for. By the introduction of C,H-COSY spectra, the influence on the 
chemical shifts of the monosaccharide residues is also considered. The basis for this 
is that the two-dimensional information present in a pair of chemical shifts is lost 
on going to one dimension, i.e., the ID spectrum. An example of this involves the 
chemical shifts for signals from H-3/C-3 and H-4/C-4 in p-D-Glc and in p-D-Gal, 
which, pair-wise, appear as 3.50176.6 and 3.42170.7 p.p.m. for P-D-Glc, and 3.59f 
73.8 and 3.89/69.7 p,p.m. for P-D-Gal. For the corresponding one-dimensional 
data, the identification is less obvious. C/ti-Correlation spectra have not been used 
extensively earlier, because of the low sensitivity of the 13C nucleus. Recently, a 
new technique, “inverse detection” HMQC, utilizing detection of the IH nucleus 
instead, has increased the sensitivity and made it possible to obtain C/H-correlation 
spectra of carbohydrates in considerably shorter timesrl. 

The use of the different possibilities in the program is demonstrated by 
analysis of some polysaccharides having known structures. A detailed account of 
the program will be published elsewhere. 

RESULTS AND DISCUSSION 

General overview. - The previous version of CASPERs consisted of three 
parts, namely, the database, the spectrum simulator, and the fitting procedure. The 
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program could handle linear oligosaccharides and polysaccharides composed of 
regular repeating units for which 13C-n.m.r. spectra for each possible permutation 
could be simulated and compared to the experimental spectrum. The simulation is 
based on an additivity approach. Thus, the spectrum of a polysaccharide is assumed 
to be the sum of the chemical shifts of the monomeric residues and a number of 
induced chemical shift changes (glycosylation shifts). In the extended version of 
CASPER, the size of the database is increased, the program can handle branched 
structures with one branch-point residue, coupling constants for anomeric carbons 
and protons (lJc,H and 3JH,H) can be used to decrease the number of possible struc- 
tures, and ‘H-n.m.r. data and C,H-correlation data obtained by 2D C,H-COSY 
experiments can be used. The program can also calculate the ‘H- and the ‘3C-n.m.r. 
chemical shifts for a given structure. 

A flow diagram for the extended version of CASPER is shown in Fig. 1. 
Input data are the identities of the constituent sugars in the repeating unit of the 
polysaccharide, or the oligosaccharide, and the linkage positions. Other data are 
the lH- or the 13C-n.m.r. chemical shifts, or C,H-correlation data. For the C,H- 
spectra, the chemical shifts for each C/H signal are given to the program as pairs of 
chemical shifts in a descending order with respect to carbon. In addition, the 3JH,H 
values for signals from anomeric protons, if present, are given as the number of 
large (7-8 Hz), medium (34 Hz), and small (<2 Hz) couplings, referring to the 
normal values for the P-glucolgalacto, cu-gluco/galacto, or crlp-manno configura- 
tions, respectively. Thus, the number 123 means that six sugar residues, one with 
the &$Ko-, two with the (Y-gluco-, and three with the a- or p-manno configura- 
tion, are the constituents of the repeating unit. The values for lJc,H, if available, 
are given as another number which refers to the size of each C-l,H-1 coupling 

Choice between 

a Structural determination 

b. Simulation of one spectrum 

c. GeneratIon ot 3D-pictures 

Input of 

0. Chemical shifts: C or H or C/H 

b. Components and linkages 

c. J-values (optional) 

Generolion of 011 possible structures 

Deletion of J-incompatible structures (optional) 

I 
Comparison of spectro,ronking of simulated structures 

I 
output 

II structures 

b Differences;cxperimental-simulated 

c. Tabular display of sorted and non-sorted spectra 

d. Graphical display: 1 D-spectra (13C), ZD-spectra 

Fig. 1. Generalised flow diagram for the extended version of CASPER 
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TABLE I 

THE EFFECT OF INTRODUCING J-VALUES TO DECREASE THE NUMBER OF SUGGESTED STRUCTURES 

Polysaccharide Number of possible structures 

Totala J H.2 J,,,” J H,H +Jc,H~ 

S. $exneri Y 96 48 24 6 
S. pneumoniae t8A 1536 576 480 288 
S. flexneri X 1536 768 240 96 
E. coli 075 192 96 72 48 

“Number of possible structures using information on components and linkages. *Number of structures 

compatible with information on J,,,,, etc. 

constant, -170 Hz for (Y, or -160 Hz for /3. A number of 12 thus means one cy and 

two p configurations. These lJc,n values also differentiate between (Y- and p-manno 

configurations, which have the same 35n,n value (<2 Hz). Furthermore, the 
program requires information about the type of saccharide that is analysed, i.e., a 

poly- or an oligo-saccharide. Using data on components and linkages, all possible 

repeating units or oligosaccharide structures can be generated by the computer by 

permutation of the constituent sugars and generation of all possible combinations 

of anomeric configurations. If 3Jn,H and/or ‘J,,, values are available, a comparison 

of the given numbers, representing the anomeric configurations, with the numbers 

from all suggested structures can be performed. This procedure drastically de- 

creases the number of possible structures, as all suggested structures having a non- 

corresponding set of anomeric configurations will be omitted (Table I). Con- 

sequently, this saves calculation time for simulation of spectra and decreases the 

demand for computer memory. 

The lH- and/or J3C-n.m.r. spectra for all suggested structures are then 

calculated using chemical shifts, glycosylation shifts, and, for branched polysacchar- 

ides with vicinal disubstitution, correction values for sugars present in branching 

regions, using data from the database (see below). The fit according to peak-by- 

peak comparison with the experimental spectrum is calculated, and the simulated 

spectra are ranked according to their fit. In order to avoid a large number of 

calculations of C,H-spectra, which would be the case if the spectra of all possible 

structures were simulated and compared with the experimental spectrum, the JsC- 

n.m.r. chemical shifts are simulated first and only structures with a good fit to these 

data are used in the further simulations. For the comparison of C,H-correlation 

spectra, a least-squares-fit procedure is used. This comparison is a time-consuming 

task, as there are many different combinations that must be tested to fit the spectra 

together. A simplification in the fitting procedure which significantly decreases the 

calculation time has been introduced by a division of the spectrum into groups of 

signals. This procedure is especially important for the signals from the ring atoms 

and is possible if there are gaps in the spectrum. Furthermore, as the spectral dis- 
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persion is different for ‘H- and 13C-spectra, scaling factors have to be used. Con- 
sequently, C,H-differences are expressed in units instead of p.p.m. A&sums. 

Databases. - In the previous version of CASPER, the database contained 
only chemical shifts for the 13C resonances of both anomeric forms of six mono- 
saccharides and 13C glycosylation shifts observed for differently linked mono- 
saccharides. In the extended version of CASPER, the database contains ‘H and 13C 
chemical shifts for both anomeric forms of eleven monosaccharides, among which 
both amino sugars and uranic acids are represented (Tables II and III). The glyco- 
sylation shifts for all ‘H and 13C resonances for all types of disaccharide elements 
having pyranosidic rings are given in the AS-file. These glycosylation shifts are 
mainly obtained from studies of model disaccharides12-16. For some Shigella poly- 
saccharides with branched structures, it was shown that, when the branched residue 
was not vicinally disubstituted, additivity of A&values holds; for vicinally disubsti- 
tuted residues, deviations are found 17. Therefore, the extended version of 
CASPER contains a file with correction values for sugar residues in the branch- 
point region. These values were obtained from model studies of “branched” tri- 
saccharides15J8. 

The ‘H-n.m.r. A&file. - The ‘H A&file contains glycosylation shifts for di- 

TABLE II 

IH-N.M.R. DATA4 FOR GLYCOPYRANOSES 

Sugar H-I H-2 

a-D-Glc 

P-D-Glc 
a-D-Gal 
p-D-Gal 
a-D-Man 

::;:E; 

P-L-Rha 
a-~-Fuc 
FL-Fuc 
a-D-GlcNAc 
&D-G~cNAc 
a-D-GalNAc 
p-o-GalNAc 
a-D-ManNAc 

P-D-ManNAc 
a-D-GlcA-Na 
/3-D-GlcA-Na 
rr-D-GalA-Na 
P-D-GalA-Na 
a-D-ManA-Na 
P-D-ManA-Na 

5.23 3.54 
4.64 3.25 
5.22 3.78 
4.53 3.45 
5.18 3.94 
4.89 3.95 
5.12 3.92 
4.85 3.93 
5.20 3.71 
4.55 3.46 
5.21 3.88 
4.72 3.65 
5.28 4.19 
4.68 3.90 
5.13 4.31 
5.01 4.45 
5.24 3.59 
4.65 3.30 
5.30 3.83 
4.56 3.51 
5.22 3.90 
4.89 3.93 

H-3 H-4 H-5 H-6 H-6 NAc 

3.72 3.42 3.84 3.16 3.84 
3.50 3.42 3.46 3.72 3.90 
3.81 3.95 4.03 3.69 3.69 
3.59 3.89 3.65 3.64 3.12 
3.86 3.68 3.82 3.14 3.86 
3.66 3.60 3.38 3.15 3.91 
3.81 3.45 3.86 1.28 
3.59 3.38 3.39 1.30 
3.86 3.81 4.20 1.21 
3.63 3.74 3.19 1.26 
3.75 3.49 3.86 3.17 3.85 2.06 
3.56 -3.46 -3.46 3.75 3.91 2.06 
3.95 4.05 4.13 3.79 3.19 2.06 
3.71 3.98 3.12 3.82 3.84 2.06 
4.07 3.63 3.86 -3.84 -3.84 2.W 
3.83 3.52 3.45 3.81 3.90 2.06 
3.75 3.53 4.09 
3.52 3.54 3.12 
3.92 4.29 4.39 
3.69 4.23 4.03 
3.87 3.83 4.04 
3.66 3.72 3.63 

“Obtained at 70” for solutions in deuterium oxide (internal TSP; 6 0.00). bThe assignment of signals from 
the N-acetyl groups in the respective anomeric forms was done using information on peak heights. 
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13c-N.M.R. DATA” FOR GLYCOPYRANOSES 

Sugar C-I c-2 c-3 c-4 c-5 C-6 NAc 

a-~-Glc 92.99 72.47 73.78 70.71 72.37 61.84 

P-D-Glc 96.84 75.20 76.76 70.71 76.76 61.84 
a-D-Gal 93.18 69.35 70.13 70.28 71.30 62.04 
@D-Gal 97.37 72.96 73.78 69.69 75.93 61.84 
a-D-Man 94.94 71.69 71.25 67.94 73.34 61.99 
P-D-Man 94.55 72.13 74.03 67.69 77.00 61.99 
ru-L-Rha 94.84 71.81 71.00 73.19 69.12 17.67 

P-t_-Rha 94.37 72.23 73.76 72.83 72.83 17.61 

a-L-Fuc 93.12 69.09 70.30 72.80 67.10 16.33 
/3-L-FUC 97.15 72.73 73.93 72.35 71.64 16.33 

a-D-GlcNAc 91.77 55.00 71.74 71.26 72.51 61.78 22.87* 175.13b 
P-D-G~cNAc 95.85 57.86 74.81 71.06 76.82 61.85 23.10 175.49 

cu-D-GalNAc 91.95 51.16 68.40 69.56 71.36 62.11 22.91 175.43 
P-p-GalNAc 96.29 54.80 72.01 68.85 75.98 61.89 23.12 175.78 

n-p-ManNAc 93.96 54.14 69.75 67.93 73.00 61.54 22.84 175.43 

/3-D-ManNAc 93.91 54.94 73.00 67.65 77.25 61.54 22.98 176.39 

a-D-GlcA-Na 92.96 72.26 73.52 72.91 72.47 177.42b 

P-D-GlcA-Na 96.77 75.00 76.53 72.69 76.93 176.47 
cu-o-GalA-Na 93.07 69.03 70.26 71.64 72.30 176.43 

P-D-GalA-Na 96.89 72.62 73.79 71.18 76.44 175.59 
a-D-ManA-Na 94.80 71.42 71.10 69.95 73.68 177.58 
p-D-ManA-Na 94.48 71.93 73.86 69.58 76.95 176.82 

“Obtained at 70” for solutions in deuterium oxide (internal 1,Cdioxane; 6 67.40). bThe assignment of 

signals from the N-acetyl groups and the carboxyl groups in the respective anomeric forms was done 
using information on peak heights. 

saccharide elements obtained by combinations of the monosaccharides to all types 
of l-92, l--+3, l-94, and 146 linkages. These glycosylation shifts are mainly ob- 
tained from studies of model disaccharides12-l5 or by approximation of glycosyla- 
tion shifts from these studies. Certain groups, e.g., acetamido groups, cause shield- 
ing of neighbouring hydrogens on the adjacent ring. This effect varies between 
-0.1 and -0.2 p.p.m., depending upon substance, distance, and type of glycosidic 
linkage. For approximations from disaccharide elements lacking acetamido groups 
to elements with acetamido groups, such a shielding correction was introduced. An 
example is 3-linked 2-acetamido-Z-deoxy-D-glucose derivatives. 

Unpublished ‘H-n.m.r. data, obtained from model studies, which were used 
in this study are given in Table IV. 

The *3C-n.m.r. AS-file. - The i3C A&file contains glycosylation shifts for all 
13C resonances for the same disaccharide elements as the ‘H A&file12P16. Approxi- 
mations introduced to the glycosylation shifts for disaccharides that are not in- 
cluded in the model studies follow several rules. If similar stereochemistry is pre- 
sent around the glycosidic linkage, the same A&set is used, e.g., for /3-D-Galp- 
(l-+3)-cy-D-Manp and P-D-Glcp-(l-+3)-a-D-Manp. For an axial hydroxyl sub- 
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TABLE IV 

lH-N.M.R. GLYCOSYLATION SHETS (A&VALUES) FROM UNPUBLISHED MATERIAL USED IN THE CALCULATION 

OFSIMULATEDSPECTRA 

Dzkaccharide element H-l H-2 H-3 H-4 H-5 H-6 H-6’ CH, 

/?-D-Gal-(1+3)-PD-GlcNAc -0.11” 0.10 0.05 0.04 0.05 0.14 0.06 

0.06 0.13 0.25 0.09 0.04 0.02 0.01 -0.01 

B-D-GlcNAc-(1+3)-@D-Gal 0.02 0.08 0.03 0.01 0.01 0.01 0.00 -0.02 
0.00 0.06 0.06 0.19 -0.01 0.00 0.00 

“The upper line refers to values of the glycosyl group. 

TABLE V 

13C-~.~.~. GLYCOSYLATION SHIFTS (A&VALUES) FROM UNPUBLISHED MATERIAL USED IN THE CALCULATION 

OF SIMULATED SPECTRA 

Disaccharide element C-l c-2 c-3 c-4 C-5 C-6 CO CH, 

pD-Gal-(l-+3)$3-D-GlcNAc 6.93” -1.31 -0.26 -0.24 0.20 -0.03 

-0.25 -1.07 8.76 -1.28 -0.45 -0.01 0.09 0.05 

B-D-GlcNAc-( l-+3)-B-D-Gal 7.39 -1.11 -0.19 -0.21 -0.22 -0.01 0.17 0 

0.00 -0.97 9.23 -0.39 -0.40 -0.06 

The upper line refers to values of the glycosyl group. 

stituent in a 1,3-relation to the linkage, modified A&values are given, e.g., for 
20substituted D-Galp, 0.5 p.p.m. to the hiSvalue of C-2, and for 4-O-substituted 
D-Manp, 1.0 p.p.m. to the A&value of C-4. If an a-glycosyl group has HO-2 axial, 
a correction of -0.5 p.p.m. for signals from C-l’ and C-2’ in the glycosyl group 
and for the linkage carbon in the substituted residue, i.e., the aglycon, was intro- 
duced. For P-linked disaccharides with an axial substituent, only the linkage carbon 
will obtain an additional -0.5 p.p.m. for its Ai_%value. 

Unpublished 13C-n.m.r. data, obtained from model studies, which were used 
in this study are given in Table V. 

The branch-point correction A&file. - Files containing values for the correc- 
tion of ‘H and 13C A&values are implemented for some 2,3- and 3,Cbranched 
residues, and a correction of the glycosylation shifts is introduced for the branch- 
point residue and for the two sugars substituting it. Reference data are derived 
from sixteen trisaccharides consisting of 3,4-diglycosyl-substituted a-D-galacto- 
pyranosyl residues that have recently been investigated15J8. Every possible combi- 
nation of glycosyl groups with Q-, /3-, D-, and L-configurations has been investi- 
gated. For approximations of the glycosylation shifts for other vicinally substituted 
trisaccharide elements, only the A&values for signals from the linkage carbons and 
the corresponding protons are corrected. Thus, for example, for 3,4-branched L- 
fucosyl derivatives (2), the same correction values are used as those obtained for 
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OH 0 
0 9 OH OMe 

P 

HO 

a-o-Hex 

L- Fuc 

HO 
OH b OH 

0 
HO 

U-L-Hex 

2 

the corresponding o-galactosyl derivative (1) in which the glycosyl groups have the 

opposite configuration. The main interactions between the different residues will 

then be identical, except that those to the hydroxymethyl group will now be to a 

methyl group. 

In a similar manner, 2,3-disubstituted L-rhamnosyl residues are approximated 

from D-galactosyl trisaccharides. The 2-0-glycosyl group and the 3-0-glycosyl 

group in the L-rhamnosyl residue should have the same anomeric and absolute 

configuration as the 4-0-glycosyl group and the 3-0-glycosyl group, respectively, 

in the galactosyl derivative. For the two trisaccharides, the stereochemistry around 

the glycosyl bonds is the same and consequently the main interactions between the 

different residues are the same. The values for the 4-0-glycosyl group and C-4 in 

the D-galactosyl derivative are then used for the 2-0-glycosyl group and C-2 in the 

L-rhamnosyl derivative. 

For 2,3-disubstituted D-mannosyl residues, values from o-galactosyl tri- 

saccharides with reversed absolute configuration of the glycosyl groups are used to 

obtain the same stereochemistry at the glycosyl bonds. Thus, for a 3-O-ru-I.-glyco- 

syl-4-0-/3-r+glycosyl-substituted D-galactosyl residue, values for a 3-O-cz-D-glyco- 

syl-4-0-P-L-glycosyl-substituted D-mannosyl residue are obtained and the A&value 

from the C-4 signal in the D-galactosyl derivative is given to the C-2 signal in the 

D-mannosyl derivative. For the latter two approximations, some deviations can be 

expected from the presence of the aglycon on C-l. 

In the simulation of the n.m.r. spectra, the values from the monomer Mile, 

the A&file and, when applicable, the correction file are added. 

Output of results. - The results from CASPER include a chosen number of 

suggested structures ranked according to their fit with the experimental spectrum. 

In addition to these, the A&sum, the deviation/signal, the numbers for the coupling 

constants, and a check number are given for each suggested structure. The A&sum 

is the total chemical shift difference between signals in the simulated and experi- 

mental spectrum when a signal-to-signal comparison is performed. The structures 
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are ranked according to this value. The check numbers describe the accuracy of the 
simulation; a low number is given when data from identical disaccharide elements 
or only minor approximations of these have been used. The calculated chemical 
shift data for each structure are given with all values in a descending order, or in a 
non-sorted form in which the chemical shifts for the signals from each monosacchar- 
ide residue are given in a Table. The simulated C,H-correlation spectra are given 
with the values for each C,H-pair in the order that they fit those in the experimental 
spectrum. In addition, the spectra can be shown and compared in the graphic mode. 

A quantitative estimation of the A&sum is dependent upon the type of 
simulation, i.e. , 13C, ‘H, or C,H-correlation n.m.r. spectrum, and the quality of 
data used, i.e., the check-number sum. As a rule of thumb, 13C A&sums that are 
>1.5 times the value for the best structure are considered to be incompatible with 
the n.m.r. data. For C,H-correlation data, the corresponding value is 1.25. If a 
structure is ranked number one in both simulations, increased credit is given to that 
structure. This also requires that no coarse approximations are used. For some 
structures, the difference between the A&sums may be small, as similar or identical 
stereochemistry may occur for several of the linkages involved. 

Structure determination with CASPER. - The procedure for the deterrnina- 
tion of polysaccharide structures will be exemplified by using four polysaccharides 
with known structures. Each of them will present a new type of complexity and 
illustrate how different data can be used in the calculations. 

Shigella Bexneri type Y (a linear polysaccharide). - The complete assign- 
ments of the ‘H and the i3C resonances for the S. flexneri type Y 0-polysaccharide 
were recently published 17J9. The polysaccharide has structure 3. 

~2)-a-L-Rhap-(l~2)-a-L-Rhap-(l~3)-cu-L-Rhap-(l~3)-~-D-GlcpNAc-(l~ 
RhaI RhaII RhaIII GlcNAc 

3 

If information on components and linkages is given to the program, a total number 
of 96 suggested structures results after permutation of the components and genera- 
tion of all possible combinations of anomeric configurations (Table I). Using the 

3J~ H , values (103 see above), the number is reduced to 48, and all structures con- 
taining an a-D-GlcpNAc residue are omitted as no anomeric proton signal has a 
3JH,H value of 3-4 Hz. If also the ‘J, H , values are used (13)) the number of suggested 
structures is decreased to 6, as the structures containing P-L-Rhap residues are 
omitted (Table I). As two +2)-cY-L-Rhap-(l+ residues are present in the repeating 
unit, the actual number of structures is three. By comparison of the simulated 
spectra with the experimental 13C-n.m.r. spectrum (Fig. 2), a best-fitting structure 
is obtained. The order of the three possible structures is given in Scheme 1 and the 
correct structure has the best fit. The A&value for the second best suggestion is 
-40% higher than that for the correct structure. A comparison between the non- 
sorted simulated spectrum and the assigned experimental spectrum” shows that 
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Fig. 2. Graphical output of the “ring carbon region” in the 13C-n.m.r. spectrum of the S. flexneri type 
Y polysaccharide (upper) and the corresponding part of the simulated spectrum with the best fit (lower). 

-CASPER 0 = Expperimentd spectrum or SF7 
C,H-COSY x= simul.tsd z+wctrum no.2 I 

96 88 80 72 64 56 

Fig. 3. Graphical output of a part of the C,H-COSY spectrum of the S. jiexneri type Y polysaccharide 
(0) and the simulated spectrum with the best fit (X). 
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Fig. 4. Graphical output of the simulated H,H-COSY spectrum of the highest ranked S. flexneri type Y 
structure. The spin-coupling connectivity pathway for each spin system is depicted using different lines; 
alternatively, cross-peaks could be shown by markers. Only half of the cross-peaks were used in order 
to reduce overlap. 

the largest deviations derive from C-2 and C=O in the /3-D-GIcNAc residue and 
the linkage carbons in the flanking cu-L-Rhap residues. This situation originates 
from the fact that glycosylation shifts obtained from disaccharides containing D- 
Glcp residues are used and that no corrections have been done for the acetamido 
group. In order to obtain additional evidence for the suggested structure, the com- 
plete C,H-COSY spectrum is given to CASPER. The fitting procedure gives a 
ranked list (Scheme 2) in which the order of the structures is identical to that from 
the run using only 13C-n.m.r. data, but the fitting values are now different. A 
graphical output of the experimental spectrum and the simulated spectrum with the 
best fit is shown in Fig. 3. The correct structure is 1.7 units lower than the second 
best structure, and the third is another 1.5 units higher. It is not possible to compare 
lH-n.m.r. data in C,H correlation spectra directly, as the 13C-chemical shifts may 
be interchanged and then the corresponding ‘H signals would be interchanged as 
well. 

The capsular polysaccharide from Streptococcus pneumoniae type 18A (a 
branched polysaccharide). - The structure of this capsular polysaccharide was 
recently published 20. It is composed of pentasaccharide repeating-units (4) and, in 
addition, contains a glycerol phosphate group. The structure was elucidated using 
mainly n.m.r. spectroscopy, and most of the signals in the spectra of the poly- 
saccharide without substituents were assigned. In this study, the polysaccharide 
without the glycerol phosphate group was used. 
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-+4)-/_!I-D-Galp-( l-4)-cu-D-GlcpNAc-( l-+3)-P-L-Rhap-( I-+4)-/3-D-Glcp-( 1+ 

1 

a-D-Glcp 

4 

SHIG_FL_Y 
No. Polysaccharide. 

2 -2ALRHA -2ALRHA -3ALRHA -3BDGLCN- 
4 -2ALRHA -3ALRHA -2ALRHA -3BDGLCN- 
6 -2ALRHA -2ALRHA -3BDGLCN -3ALRHA- 

No. 

2 
4 
6 

13c 13c Sum 13c 
Deltasurn /sig Check # 

5.4 0.21 0.22 
7.7 0.30 0.22 
8.1 0.31 1.12 

512 = 103 and JCH = 31 used to eliminate structures 

13C Experimental spectrum 
174.9 102.9 101.9 101.8 101.6 82.4 79.6 78.9 78.3 76.7 
73.3 73.2 72.5 71.5 71.0 70.8 70.0 69.9 69.9 69.5 
61.8 56.4 23.2 17.5 17.5 17.3 

Spectrum number 2. 
175.5 102.8 102.0 101.8 101.5 82.5 80.3 79.3 78.8 76.9 
73.6 73.0 72.5 71.3 71.1 70.9 70.0 70.0 69.9 69.5 
61.7 57.5 23.1 17.6 17.4 17.4 

Spectrum number 4. 
175.5 102.8 102.8 102.1 100.4 82.5 80.3 79.7 78.7 76.9 
73.4 73.2 72.5 71.1 71.0 70.8 70.1 70.0 69.8 69.5 
61.7 57.5 23.1 17.5 17.5 17.4 

Spectrum number 2. 
102.0 80.3 71.1 73.6 69.9 17.4 
101.8 79.3 70.9 73.0 70.0 17.6 
101.5 71.3 78.8 72.5 70.0 17.4 
102.8 57.5 82.5 69.5 76.9 61.7 23.1 175.5 

Scheme 1 

The branching at positions 2 and 4 is not vicinal and no corrections are intro- 
duced. The substitution at positions 1 and 2 is vicinal, but model studies of a limited 
number of substances indicate that smaller deviations from the glycosylation shifts 
in the respective disaccharides are observed for this type of substitution21. How- 
ever, correction values for this type of substitution will be introduced. 

The 13C-n.m.r. data and information on the components and linkages are 
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SFY 
No. Polysaccharide. 

2 -2ALRHA -2ALRHA -3ALRHA -3BDGLCN- 
4 -2ALRHA -3ALRHA -2ALRHA -3BDGLCN- 
6 -2ALRHA -2ALRHA -3BDGLCN -3ALRHA- 

No. C,H 13c 1H 

Deltasum Check+ Check# 

2 2.6 0.22 0.22 
4 4.3 0.22 0.22 

6 5.8 1.12 0.22 

512 = 103 and JCH = 31 used to eliminate structures 

Experimental C,H-correlation spectrum. 
102.9 4.75 
79.6 4.14 
73.2 3.49 
70.0 3.69 

61.8 3.91 
17.3 1.26 

Spectrum number 
102.8 4.67 

80.3 4.13 
73.0 3.49 
69.9 3.76 
61.7 3.90 

17.4 1.26 

Spectrum number 
102.8 4.67 
80.3 4.13 

73.2 3.47 
69.8 3.79 
61.7 3.90 
17.5 1.27 

101.9 4.88 101.8 5.16 101.6 5.15 82.4 3.66 

78.9 4.06 78.3 3.79 76.7 3.46 73.3 3.34 
72.5 3.55 71.5 3.87 71.0 3.93 70.8 3.87 
69.9 3.76 69.9 4.01 69.5 3.55 61.8 3.76 
56.4 3.84 23.2 2.06 17.5 1.31 17.5 1.26 

L. 

101.5 4.90 

79.3 4.07 
72.5 3.55 
70.0 3.79 
57.5 3.83 

4. 
102.8 4.96 
79.7 3.94 
72.5 3.57 
70.1 3.81 
57.5 3.83 

102.0 5.21 101.8 5.13 82.5 3.63 

78.8 3.73 76.9 3.45 73.6 3.32 
71.1 3.88 71.3 4.01 70.9 3.94 
70.0 4.02 69.5 3.50 61.7 3.74 

23.1 2.06 17.6 1.30 17.4 1.28 

102.1 5.27 loo.4 5.01 82.5 3.63 

78.7 3.86 76.9 3.45 73.4 3.32 

71.1 3.91 70.0 3.97 71.0 3.78 
70.8 4.14 69.5 3.50 61.7 3.74 

23.1 2.06 17.4 1.29 17.5 1.28 

Scheme 2. 

given as input data. In order to reduce the number of suggested structures, both the 

3JH H , and %,H values are added to delete J-incompatible structures. The four 
suggested structures with the best fit are shown in Scheme 3, and the first suggested 
structure is correct. The second structure is similar to the first in most respects; the 
only difference is the position to which the P-L-Rha residue is linked, namely, to 
the /3-D-Glcp residue in structure 1 and to the a-~-Gkp residue in structure 2, and 
no major differences in the simulated spectra should be present. The next two 
suggested structures have several disaccharide elements that are different from 
those in the first two structures. 

The next part of the output shows that the correct structure has a A&sum that 
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Sl8A 
No. Polysaccharide. 
14BDGAL 4ADGLCN-3BLRHA 4BDGLC - 

AD:LC 
2 -2BDGAL 4ADGLCN-3BLRHA 4ADGLC - 

4 
BDGLC 

3 -2BDGAL 4ADGLCN- 
4 

ADGLC -3BLRHA -4BDGLC 
4 4BDGAL - 

BDGLC 4ADGLCN-3BLRHA 4AD:LC 

No. 

1 
2 
3 
4 

13c 13C Sum 13c 
Deltasum isig Check# 

9.2 0.29 0.50 
11.5 0.36 0.50 
11.9 0.37 0.50 
12.3 0.39 0.50 

512 = 221 and JCH = 23 used to eliminate structures 

13C Experimental spectrum. 
175.1 -104.7 102.3 

76.6 76.4 75.5 
71.5 71.2 70.4 
22.8 17.6 

101.3 98.8 94.7 79.4 78.4 77.6 77.4 
75.2 74.7 73.8 73.0 72.8 72.6 72.3 
70.1 68.2 61.9 61.7 61.4 61 .n 54.2 

Spectrum number 1. 
175.1 104.5 104.3 

77.5 76.6 75.4 
71.8 71.0 70.5 
22.9 17.4 

Spectrum number 2. 
175.1 104.6 104.3 

77.5 76.8 76.8 
71.2 71.0 70.7 
22.9 17.4 

Spectrum number 1. 
98.6 72.3 73.8 

104.3 77.5 72.6 
94.7 54.5 70.4 

101.4 68.1 78.8 
104.5 74.5 76.6 

Scheme 3. 

101.4 98.6 94.7 80.4 78.8 78.7 77.9 
75.3 74.5 73.8 73.0 72.6 72.6 72.3 
70.4 68.1 61.8 61.5 61.4 60.9 54.5 

101.4 98.5 94.7 80.4 78.8 78.7 77.8 
75.3 74.7 73.5 73.0 72.6 72.2 71.8 
70.4 68.1 61.8 61.4 61.4 60.9 54.5 

70.5 72.6 61.5 
78.7 75.3 61.4 
80.4 71.8 60.9 22.9 175.1 
71.0 73.0 17.4 
77.9 75.4 61.8 

is -2 p.p.m. lower than the second structure, and somewhat larger A&sums are 
observed for the third and fourth structures. A comparison with assigned experi- 
menta1 data20 shows that the largest deviations are found for linkage carbons of the 
disaccharide element P-D-Galp-(l-+4)-a-D-GlcpNAc, 2.0 (C-l of /3-D-Gaip) and 
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SlSA_CH 
No. Polysaccharide. 
1-4BDGAL -4ADGLCN-3BLRHA -4BDGLC - 

2 
ADGLC 

2 -4BDGAL - 
2 

BDGLC -4ADGLCN-3BLRHA -4ADGLC 
3 -2BDGAL -lADGLCN- 

4 
ADGLC -3BLRHA -4BDGLC 

4 -2BDGAL --4ADGLCN-3BLRHA --4ADGLC - 
4 

BDGLC 

No. H,C 13c 1H 
Deltasum Check# Check# 

1 5.0 0.50 0.50 
2 5.6 0.50 0.50 
3 5.1 0.50 0.50 
4 5.8 0.50 0.50 

512 = 221 and JCH = 23 used to eliminate structures 

Experimental H,C-correlation spectrum 
104.7 4.65 102.3 4.67 101.3 4.83 
79.4 4.18 78.4 3.64 77.6 3.63 
16.4 3.66 75.5 3.50 75.2 3.74 
73.0 3.41 72.8 3.88 72.6 4.07 
71.2 3.47 70.4 3.45 70.1 3.99 
61.9 3.80 61.7 3.85 61.7 3.80 
61.0 3.80 61.0 3.80 54.2 3.98 

Spectrum number 1. 
104.5 4.62 104.3 4.56 101.4 4.93 
18.7 4.16 80.4 3.73 77.9 3.63 
16.6 3.70 75.4 3.48 75.3 3.72 
73.0 3.34 72.6 3.83 72.6 4.00 
71.0 3.50 70.5 3.44 70.4 3.95 
61.8 3.85 60.9 3.92 61.5 3.83 
61.4 3.66 60.9 3.86 54.5 3.98 

Spectrum number 2. 
105.7 4.68 103.3 4.52 101.4 4.93 
78.8 4.12 80.4 3.73 78.8 3.69 
16.6 3.53 76.9 3.50 75.2 3.66 
73.0 3.34 73.5 3.93 71.8 4.07 
71.0 3.50 70.5 3.45 70.4 3.95 
61.7 3.74 61.4 3.88 61.6 3.81 
60.9 3.92 60.9 3.86 54.5 3.98 

Scheme 4. 

98.8 5.31 94.7 5.07 
77.4 3.87 76.6 3.77 
74.7 3.37 73.8 3.74 
72.3 3.55 71.5 4.11 
68.2 4.19 61.9 3.92 
61.4 3.80 61.4 3.80 
22.8 2.06 17.6 1.34 

98.6 5.28 94.7 5.09 
78.8 3.69 77.5 3.73 
74.5 3.37 73.8 3.75 
72.3 3.54 71.8 4.07 
68.1 4.19 61.8 3.91 
61.5 3.17 61.4 3.83 
22.9 2.04 17.4 1.30 

98.5 5.26 94.7 5.09 
78.1 3.76 77.8 3.66 
74.1 3.33 72.8 3.82 
72.2 3.55 71.2 4.04 
68.1 4.19 61.7 3.93 
61.6 3.66 61.4 3.53 
22.9 2.04 17.4 1.30 

3.0 (C-4 of a-D-GlcpNAc) p.p.m., respectively. This may be the result of the 2-0- 

substituent. In order to provide additional evidence for the structure suggested by 

using 13C-n.m.r. data, the complete C,H-COSY matrix is given as input. The result 

is shown in Scheme 4, and again the correct structure is found as number one. 
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Structures numbered four, three, and two from the preceding list now appear as 

suggested structures numbers two, three, and four. The difference values are 

relatively similar, however, but the combined evidence strongly favours the correct 

structure. 

The 0-polysaccharide from S. flexneri type X (a branchedpolysaccharide with 
vicinal disubstitution). - Both the IH- and the 13C-n.m.r. spectrum for the S. 

jlexneri type X polysaccharide have been assigned17s19. The polysaccharide has 

structure 5. 

RhaI RhaII RhaIII GlcNAc 

~2)-a-L-Rhap-(1~2)-cu-L-Rhap-(l~3)-~-L-Rhap-(l~3)-~-D-GlcpNAc-(l~ 

7 
1 

c~-D-Glcp 

5 

When using the 13C-n.m.r. chemical shift data, and values for 3JH,H and lJc,H 

as spectral input, the simulation results in the ranked list given in Scheme 5. The 

correct structure has the best fit and is closely followed by a structure that has 

RhaII and RhaIII interchanged. Structure number three has a considerably higher 

A&sum. No large differences between the experimental and the best simulated 

spectrum are observed. 

If the C,H-correlation spectrum is given as additional input, the simulation 

yields the result shown in Scheme 6. Again, the correct structure is selected as 

suggested structure number one, followed by the same structure chosen when the 

13C-n.m.r. data were used. The differences from the experimental spectrum are -4 

and -5 units, respectively. The combined evidence thus strongly indicates 

suggested structure number one to be correct. 

The 0-polysaccharide from Escherichia coli 075 (a branched polysaccharide 

with vicinal disubstitution). - The structure 6 was originally determined using 

mainly chemical degradations and information on ‘H-n.m.r. chemical shifts and 

3JIYI,” values of signals from anomeric protons2*. 

-+3)-cu-D-Galp-(l-+4)-Lu-L-Rhap-( l--+3)-P-D-GlcpNAc-(l-+ 

; 
1 

j3-D-Manp 

6 

As a first attempt, the 13C-n.m.r. chemical shift data and information on the 

components and linkages are given as input. The result of the CASPER simulation 



COMPUTER-ASSISTED STRUCTURAL ANALYSIS OF POLYSACCHARIDES 185 

SHIG_FL_X 
No. Polysaccharide. 

l -2ALRHA -2ALRHA -3ALRHA -3BDGLCN- 

ADGLC 
2 -2ALRHA -3ALRHA -2ALRHA -3BDGLCN- 

3 
ADGLC 

3 -2ALRHA -3ALRHA -3BDGLCN -2ALRHA - 
3 

ADGLC 
4 -2ALRHA -3BDGLCN-2ALRHA -3ALRHA - 

3 
ADGLC 

No. 

1 
2 
3 
4 

13c 13C Sum 13c C-Branch 
Deltasum /sig Check+ Check# 

9.5 0.30 0.32 1.00 
10.6 0.33 0.32 1.00 
14.1 0.44 0.32 1.00 
14.3 0.45 0.32 1.00 

512 = 113 and JCH = 41 used to eliminate structures 

13C Experimental spectrum. 
174.6 102.4 102.0 101.9 101.4 95.6 82.5 79.2 78.2 76.9 
75.1 74.9 74.1 73.2 72.5 72.4 72.3 71.8 71.5 70.9 
70.6 70.3 69.9 69.9 69.5 61.8 61.4 56.2 23.4 17.6 
17.6 17.3 

Spectrum number 1. 
175.5 101.8 101.8 101.8 101.5 96.5 82.5 79.3 78.6 76.9 
75.9 75.9 74.0 73.0 73.0 72.5 72.3 72.0 71.3 70.9 
70.7 70.0 70.0 69.9 69.5 61.7 61.6 57.5 23.1 17.6 

17.4 17.4 

Spectrum number 2. 
175.5 102.8 101.9 101.8 100.4 96.5 82.5 79.7 78.7 76.9 
76.0 75.9 74.0 73.2 73.0 72.5 72.3 71.8 71.0 70.8 
70.7 70.1 70.0 69.8 69.5 61.7 61.6 57.5 23.1 17.5 
17.4 17.4 

Spectrum number 1. 
96.5 72.3 74.0 70.7 73.0 61.6 

101.8 75.9 75.9 72.0 69.9 17.4 

101.8 79.3 70.9 73.0 70.0 17.6 

101.5 71.3 78.8 72.5 70.0 17.4 
101.8 57.5 82.5 69.5 76.9 61.7 23.1 175.5 

Scheme 5. 

is given in Scheme 7 and only the four best suggested structures are shown. All the 

structures are compatible, since J-constraints were applied. The first two structures 

are similar, in that the branched residue is substituted by p-D-glyCOSyl residues in 

both cases, the difference being that the terminal group is linked to either position 
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SFX 
No. Polysaccharide. 

1 -2ALRHA -2ALRHA -3ALRHA -3BDGLCN- 
3 

ADGLC 
2 -2ALRHA -3ALRHA -2ALRHA -3BDGLCN- 

3 

ADGLC 

3 -2ALRHA -3BDGLCN-2ALRHA -3ALRHA - 
3 

ADGLC 
4 -2ALRHA -3ALRHA -3BDGLCN-2ALRHA - 

3 
ADGLC 

No. C,H 13c 1H C-Branch H-Branch 

Deltasum Check# Check# Check# Check# 

1 4.1 0.32 0.32 1.00 1.00 

2 5.2 0.32 0.32 1.00 1.00 

3 6.9 0.32 0.32 1.00 1.00 
4 9.5 0.32 0.32 1.00 1.00 

512 = 113 and JCH = 41 used to eliminate structures 

Experimental C,H-correlation spectrum. 
102.4 4.81 102.0 5.10 101.9 4.86 

82.5 3.50 79.2 4.05 78.2 3.77 
74.9 3.93 74.1 3.82 73.2 3.46 

72.3 3.71 71.8 3.36 71.5 3.84 
70.3 3.72 69.9 3.74 69.9 4.00 

61.8 3.86 61.4 3.75 61.4 3.82 

17.6 1.23 17.6 1.30 17.3 1.25 

101.4 5.16 95.6 5.16 

76.9 3.43 75.1 4.39 

72.5 3.53 72.4 4.02 

70.9 3.91 70.6 3.48 
69.5 3.51 61.8 3.75 

56.2 3.85 23.4 2.09 

Spectrum number 1. 
101.8 4.80 101.8 5.13 
82.5 3.63 79.3 4.07 
75.9 3.90 74.0 3.79 

72.3 3.59 72.0 3.44 
70.0 3.79 69.9 3.78 
61.7 3.90 61.6 3.76 
17.4 1.27 17.6 1.30 

101.5 4.90 
78.8 3.73 

73.0 3.49 
73.0 3.91 
70.0 4.02 
61.6 3.84 
17.4 1.28 

101.8 5.20 96.5 5.13 
76.9 3.45 75.9 4.30 
72.5 3.55 71.3 4.01 

70.9 3.94 70.7 3.43 
69.5 3.50 61.7 3.74 
57.5 3.83 23.1 2.06 

Spectrum number 2. 
101.8 4.80 100.4 5.01 
82.5 3.63 79.7 3.94 
76.0 3.93 74.0 3.79 

72.3 3.59 71.8 3.44 
70.1 3.81 69.8 3.81 
61.7 3.90 61.6 3.76 
17.5 1.28 17.4 1.29 

102.8 4.96 
78.7 3.86 
73.2 3.47 

71.0 3.78 

70.8 4.14 
61.6 3.84 
17.4 1.28 

101.9 5.26 96.5 5.13 
76.9 3.45 75.9 4.30 
72.5 3.57 73.0 3.91 

70.0 3.97 10.7 3.43 

69.5 3.50 61.7 3.74 
57.5 3.83 23.1 2.06 

Scheme 6. 
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EC075 
No. Polysaccharide. 

1-4ADGAL 4ALRHA -3BDGLCN- 
3 

BDMAN 
2 -3ADGAL -4ALRHA -3BDGLCN- 

4 
BDMAN 

3 -4ADGAL- 
3 

BDMAN -4ALRHA -3BDGLCN 
4 -3ADGAL 4ALRHA - 

4 
BDMAN -3BDGLCN 

No. 

1 
2 
3 
4 

13c 13C Sum 13c C-Branch 
Deltasum /sig Check# Check # 
5.6 0.21 0.40 0.01 
6.0 0.23 0.40 0.01 
8.1 0.31 0.40 0.01 
8.9 0.34 0.40 0.01 

J12 = 112 and JCH = 22 used to eliminate structures 

13C Experimental spectrum. 
174.9 102.4 101.8 101.3 100.4 82.6 81.6 78.2 77.0 77.0 
76.8 74.1 71.8 71.4 71.1 70.1 69.9 69.1 69.0 68.1 
62.2 62.0 61.3 56.6 23.1 17.8 

Spectrum number 1. 
175.5 102.5 101.2 101.1 100.4 82.6 82.2 78.9 77.2 77.1 
76.7 13.9 71.7 71.4 71.2 69.9 69.8 68.9 68.7 67.8 
62.1 62.0 61.3 57.5 23.1 17.8 

Spectrum number 2. 
175.7 102.4 101.2 101.0 100.5 82.3 82.2 78.8 76.9 76.7 
76.6 74.1 71.7 71.4 71.1 69.9 69.8 68.9 68.7 67.8 
62.1 61.9 61.3 57.2 23.1 17.8 

Spectrum number 1. 
102.5 71.4 73.9 67.8 77.1 62.1 
100.4 68.7 78.9 77.2 71.2 61.3 
101.2 71.7 69.9 82.2 68.9 17.8 
101.1 57.5 82.6 69.8 76.7 62.0 23.1 175.5 

Spectrum number 2. 
101.0 71.4 74.1 67.8 76.9 62.1 
100.5 68.7 78.8 76.6 71.1 61.3 
101.2 71.7 69.9 82.2 68.9 17.8 
102.4 57.2 82.3 69.8 76.7 61.9 23.1 175.7 

Scheme 7. 
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3 or 4. Structures three and four differ in the side chains. The correct structure is 
number two with a A&sum that is only 0.4 p.p.m. higher than that of structure 
number one. Structure number three has a value that is 2.1 p.p.m. higher and 
consequently of correspondingly lower probability. Thus, at this stage, the two first 
spectra are consistent with spectral data. That no significant difference for the A6 
sum for the two structures was obtained may be due to lack of adequate correction 
values for the branch-point region. In both cases, the same correction set was used, 
namely, that from a D-galactosyl residue substituted with two /?-D-glucosyl groups. 
More adequate A&values for the disaccharide elements would significantly improve 
the analysis. 

Extension of the input to the C,H-correlation spectrum gives a ranked list 
with the same difference values for the first two suggested structures (Scheme 8). 
A comparison between experimental data and simulated spectrum number two 
shows that 13C-n.m.r. chemical shift differences up to 0.6 p.p.m. and proton chem- 
ical shift differences up to 0.13 p.p.m. are present. The differences are not confined 
to a few signals but spread over several. The identical difference values between 
the two first suggested structures show how difficult a prediction can be without 
proper values for glycosylation shifts and branch-point corrections. In this example, 
an n.0.e. experiment or a specific degradation should give the answer. It could for 
instance be N-deacetylation followed by acid hydrolysis, whereby the disaccharide 
p-D-GlcpN-( l-+x)-D-Gal is formed, where x = 3 or 4. Knowledge of that particular 
linkage would exclude one of the top-ranked structures and thus completely deter- 
mine the structure. In this study, it was inferred from a NOESY spectrum of the 
polysaccharide that structure two, identical to the published structure, was correct. 

S. flexneri type Y (the use of ‘H-n.m.r. data). - The possibility of using only 
‘H-n.m.r. data is shown for the S. JEexneri type Y polysaccharide (3). The input is 
thus limited to information on components, linkages, and a chosen number of 
proton signals. The same set of signals must be taken for all monosaccharide 
residues, e.g., H-l to H-4, as was done for this polysaccharide. Such data could, for 
example, be obtained from a partially assigned H,H-COSY spectrum. The result of 
the computer simulation is shown in Scheme 9. Only 3Jn,H was used as a constraint 
and it is thus possible that structures containing P-L-Rhap residues will be 
suggested. The list which shows that the four structures with the best fit also contain 
two structures with /3-L-Rhap residues, but still the correct structure has the best fit. 
The connectivity pathway for the simulation with the best fit is depicted in Fig. 4 
and is an example of the graphical output that can be obtained in CASPER. The 
capability for differentiating the correct structure from the next is better than when 
only r3C-n.m.r. data are used. Thus, the A&sum is -60% higher for the second 
best structure than for the first structure. Examination of the experimental and the 
first simulated spectrum indicates that no differences larger than 0.06 p.p.m. are 
present. In the case when assigned signals are available, comparison with the non- 
sorted spectrum could easily assist the exclusion of erroneous alternatives. A better 
way to compare proton chemical shifts, than by decreasing order, should be by 
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EC075_CH 
No. Polysaccharide. 

14ADGAL 4ALRHA -3BDGLCN- 
3 

BDMAN 
2 -3ADGAL 4ALRHA -3BDGLCN- 

4 
BDMAN 

3 4ADGAL- 
3 

BDMAN 4ALRHA -3BDGLCN 
4 -3ADGAL 4ALRHA - 

4 
BDMAN -3BDGLCN 

No. 

1 
2 
3 
4 

CH 13C 1H C-Branch H-Branch 
Deltasum Check* Check* Check# Check* 
3.6 0.40 0.40 0.01 0.01 
3.6 0.40 0.40 0.01 0.01 
4.6 0.40 0.40 0.01 0.01 
5.0 0.40 0.40 0.01 0.01 

J12 = 112 and JCH = 22 used to eliminate structures 

Experimental C,H-correlation spectrum. 
102.4 4.82 101.8 4.90 101.3 4.97 
81.6 3.53 78.2 4.04 77.0 4.39 
74.1 3.65 71.8 3.83 71.4 4.06 
69.9 3.86 69.1 3.96 69.0 4.11 
62.2 4.01 62.0 3.76 62.0 4.03 
56.6 3.83 23.1 2.07 17.8 1.34 

100.4 5.08 82.6 3.68 
77.0 3.35 76.8 3.45 
71.1 4.29 70.1 3.53 
68.1 3.58 62.2 3.76 
61.3 3.76 61.3 3.76 

Spectrum number 1. 
102.5 4.92 101.1 4.88 
82.2 3.52 78.9 4.02 
73.9 3.68 71.7 3.96 
69.9 3.80 68.7 4.10 
62.1 3.90 62.0 3.76 
57.5 3.82 23.1 2.06 

101.2 4.93 
77.2 4.43 
71.4 4.08 
68.9 4.14 
62.0 3.91 
17.8 1.36 

loo.4 5-10 82.6 3.60 
77.1 3.39 76.7 3.40 
71.2 4.24 69.8 3.50 
67.8 3.60 62.1 3.77 
61.3 3.77 61.3 3.72 

Spectrum number 2. 
102.4 4.70 101.2 4.93 
82.2 3.52 78.8 3.93 
74.1 3.65 71.7 3.96 
69.9 3.80 68.7 3.98 
61.9 3.90 61.9 3.75 
57.2 3.80 23.1 2.04 

101.0 5.09 
76.6 4.41 
71.4 4.04 
68.9 4.14 
62.1 3.92 
17.8 2.36 

loo.5 5.09 82.3 3.66 
76.9 3.32 76.7 3.48 
71.1 4.20 69.8 3.49 
67.8 3.60 62.1 3.77 
61.3 3.76 61.3 3.71 

Scheme 8. 

comparing experimental spin systems with those simulated for each structure, but 
this procedure has not yet been implemented. 

Conclusions and future aspects. - The extension of CASPER to the use of 
more n.m.r. parameters than 13C-n.m.r. chemical shift data gives a larger possibility 
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SH_FL_Y-H 
No. Polysaccharide. 

2 -2ALRHA -2ALRHA -3ALRHA -3BDGLCN- 
4 -2ALRHA -2ALRHA -3BLRHA -3BDGLCN- 
6 -2ALRHA -3ALRHA -2ALRHA -3BDGLCN- 

8 -2ALRHA -2ALRHA -3BDGLCN-3BLRHA - 

No. 

2 
4 
6 
8 

1H 1H Sum 

Deltasum isig 
0.37 0.02 
0.61 0.04 
0.65 0.04 
0.90 0.06 

JCH 

31 
22 
31 
22 

1H 

Check# 
0.22 
0.31 
0.22 
0.31 

J12 = 103 used to eliminate structures 

1H Experimental spectrum. 
5.16 5.15 4.88 4.75 4.14 4.06 3.93 3.87 3.87 3.84 

3.79 3.66 3.55 3.55 3.49 3.34 

Spectrum number 2. 
5.21 5.13 4.90 4.12 4.13 4.07 3.94 3.93 3.92 3.88 

3.78 3.68 3.54 3.54 3.49 3.32 

Spectrum number 4. 
5.21 5.13 4.88 4.16 4.13 4.11 4.07 3.94 3.88 3.84 

3.75 3.69 3.66 3.50 3.49 3.32 

Spectrum number 2. 
5.21 4.13 3.88 3.32 3.76 1.26 
5.13 4.07 3.94 3.49 3.79 1.30 
4.90 3.93 3.78 3.54 4.02 1.29 
4.72 3.92 3.68 3.54 3.46 3.74 3.91 2.06 

Scheme 9 

for selecting the correct structure. For compounds for which only ‘H-n.m.r. data 
can be obtained, it is now possible to run a computer analysis. The inclusion of 
branched structures makes it possible to investigate a large number of carbohydrate 
structures. For some polysaccharides, the database will not be accurate enough, or 
the A&sum differences will be too small, to differentiate between some structures. 
Additional chemistry or n.m.r. experiments then have to be undertaken. These can 
normally be selective, as most of the disaccharide elements in the structure are 
established through the computer analysis. 

Further investigations on model substances will enhance the quality of the 
database. There is also a large amount of information obtained from known poly- 
saccharide structures which are examined by CASPER. The integration of such 
information automatically into the database is a challenging next step in the 
development. This will probably be performed best with an artificial intelligence. 
Manual input of such data is already underway. 



COMPUTER-ASSISTED STRUCTURAL ANALYSIS OF POLYSACCHARIDES 191 

EXPERIMENTAL 

‘H-N.m.r. (400 MHz) and 13C-n.m.r. spectra of polysaccharides for solutions 
in D,O were obtained at 70” with a JEOL GX-400 instrument. Chemical shifts of 
the 13C resonances were obtained from a 13C-n.m.r. spectrum referenced relative to 
either internal 1,Cdioxane (S 67.40) methanol (S 49.78), or acetone (S 31.00). 

Chemical shifts of overlapping ‘H resonances were obtained from the centre 
of the cross-peaks in the proton-proton correlated spectra (H,H-COSY) and 
referenced relative to internal sodium 3-trimethylsilylpropanoate-d,, (TSP). 
CASPER is written in VAX-11 Pascal. GPGS-F, developed by the Norwegian 
Association for Computer Graphics at the Computing Centre, University of 
Trondheim, was used for the graphics, and the pictures were obtained by an HP- 
7550 plotter. The program was run on a VAX 1117.50 computer. 
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