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Abstract

The CASPER program which is used for determination of the primary structure of oligo-
and polysaccharides has been extended. It can now handle a reduced number of experimental
signals from an NMR spectrum in the comparison to the simulated spectra of structures that it
generates, an improvement which is of practical importance since al signals in NMR spectra
cannot always be identified. Furthermore, the program has been enhanced to simulate NMR
spectra of multibranched oligo- and polysaccharides. The new developments were tested on
four saccharides of known structure but of different complexity and were shown to predict the
correct structures. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Carbohydrate structure analysis is a prerequisite
for further studies involving carbohydrate—protein in-
teractions which are important, e.g., in protein traf-
ficking, inflammation or bacterial infection processes.
The analysis may be divided into the analysis of the
primary structure and that of the three-dimensional
structure. The former deals with the identity of the
constituent monosaccharides, substituents if any, and
the sequence of the monosaccharide residues. The

* Corresponding author.

latter includes conformation, flexibility and dynamics
which are important properties to investigate in order
to understand the function of carbohydrates in rela-
tion to other molecules, most often proteins. Determi-
nation of the primary structure of a saccharide may
till be a time-consuming process and computerized
approaches are useful in order to speed up the analy-
Sis.

We have previously reported a computerized ap-
proach [1], viz., CASPER which is an acronym for
Computer Assisted SPectrum Evaluation of Regular
polysaccharides (vide infra). A similar development
which uses only **C NMR data has been reported by
Lipkind et al. [2]. Computerized structure/data-base
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programs using ‘H NMR data have been reported
both by van Kuik et a. [3] and Hounsell and Wright
[4]. The neural network approach to solve structural
problems has been put forward for carbohydrates by
Meyer et a. [5]. Thus, a number of computerized
approaches that complement each other have hitherto
been developed in different laboratories.

The CASPER program was developed for the anal-
ysis of the primary structures of oligosaccharides and
for polysaccharides with repeating units. The ap-
proach is based mainly on NMR spectroscopy and
has been used in a number of structural determina-
tions, eg., the structures of the O-antigenic poly-
saccharides from Escherichia coli O 1 [6], E. coli O
3[7], E. coli O 101 [8], and the capsular polysaccha-
ride S-156 from a Klebsiella pneumoniae strain [9].
The program requires as input (i) sugar components,
(ii) their linkage positions, and (iii)) an NMR spec-
trum, preferably carbon-13. Often this is enough to
suggest the correct structure. Further credibility to a
suggested structure can be obtained by a ‘H,C
correlated NMR spectrum. The approach is based on
the fact that induced chemical shift differences are
observed upon glycosylation of sugars. The NMR
spectra are as a first approximation considered to be
the result of their constituent disaccharide elements,
i.e., the chemica shifts of the monosaccharides and
the induced chemical shift displacements for the
disaccharides. More complex spectra are observed for
branched structures, but the anaysis can be per-
formed using additional correction sets for vicinally
disubstituted sugar residues. Based on information on
components and linkages, NMR spectra are simulated
for al possible structures of an oligosaccharide or
repeating unit in a polysaccharide. The experimental
spectrum is subsequently compared to each of the
simulated spectra and a ranking can be obtained
based on the fit of spectral data. The ranking is based
on a deltasum which is a summation of the absolute
values of chemical shift differences between experi-
ment and simulation and a measure of the quality of
the fit. When the fit is very good and, at the same
time, the structural suggestion ranked second place
has a deltasum = 50% higher for **C simulations, the
first structural suggestion can be taken as the correct
one. An excellent simulation is observed when the
deviation between simulation and experiment is = 0.1
ppm /signal based on *C NMR data [10]. In a num-
ber of cases, more than one structural suggestion
show a good fit. These structures can then be differ-
entiated by ajudicious choice of an NMR experiment
or a specific degradation.

The advantage of the CASPER approach is that a
probable structural suggestion can rapidly be ob-
tained from unassigned NMR spectra. Previoudly, the
program required all **C NMR signals (or a defined
number of *H resonances, e.g., H-1 to H-4 for all
sugar residues) to be given as input, something that
may be difficult to obtain in heavily overlapped
spectra. Furthermore, multibranched structures are
often occurring in carbohydrates. The previous ver-
sions of CASPER could not handle an incomplete set
of *C NMR data or multibranched structures and
prompted further development of the approach.

2. Results and discussion

Smulation with a reduced humber of experimental
signals.—The structure of the O-polysaccharide of
the lipopolysaccharide (LPS) from Shigella flexneri
type 4a has been determined using chemical methods
[11] and the 'H and *C NMR spectra assigned in
more recent studies [12,13]. The polysaccharide has
pentasaccharide repeating units with structure.

—3)-B-p-GlepNAc-(1—2)-0- L-Rhap-(1—2)-0- L.-Rhap-(1—3)-0- L-Rhap-(1 —
6
1
1
a-D-Glep

The correct structure could be simulated by
CASPER using the complete **C NMR spectrum or
the two-dimensional *H, *C NMR spectrum as pre-
viously shown [14]. Some signals were then arbitrar-
ily omitted from the experimental spectrum and a
best fit between experimental and simulated data was
performed. The fitting procedure for an experimental
set with a reduced number of signals uses a recursive
algorithm to find the best fit between the experimen-
tal spectrum and the spectra for each of the simulated
structures. Omission of signals from the experimental
3C NMR spectrum leads to a lower deltasum and to
smaller differences between deltasums of simulated
structures. A comparison of the deltasums from dif-
ferent structures is shown in Fig. 1 using: all signals,
2, 4 or 6 arbitrarily omitted signals. In these cases,
the correct structure was aways ranked as number
one. When more resonances were omitted, the correct
structure did not always turn out as number one, but
was still among the top ranked. The approach can
thus be considered reliable when a few chemical
shifts cannot be identified in the experimental spec-
trum, a case which is often observed in practice, and
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Fig. 1. Comparison of simulated structures vs. deltasum
using al 32 (@), 30(m), 28 (#) or 26 (A ) resonances in
the C NMR spectrum of the O-antigenic polysaccharide
from S flexneri type 4a.

the procedure has recently been applied in the struc-
tural determination of the capsular polysaccharide
from Klebsiella type 52 [15].

Smulation of a polysaccharide with a doubly -
branched residue.—The structure of the polysaccha
ride of the LPS from an Aeromonas cavie strain was
recently elucidated [16]. The polysaccharide is com-
posed of pentasaccharide repeating units with struc-
ture

o-L-Rhap
1
1

3
—3)-B-p-GalpNAc-(1—6)-B-p-ManpNAc-(1—4)-B-D-GlepA-(1—
4

1
1
B-p-Galp

in which one of the sugar residues, the 2-acetamido-
2-deoxy-D-mannose residue, is doubly branched, and
thusis 3-, 4- and 6-substituted. Asinput to CASPER,
al *C NMR signals were used, besides information
on sugars and their linkages. The output from the
simulation is shown in Scheme 1.

The previously deduced structure is shown to be
top ranked with a deviation of 0.34 ppm/signal and a
systematic deviation of —0.07 ppm/signal. The dif-
ferences to the following structures are fairly small,
but this is one of the inherent limitations of the
CASPER approach. A large systematic deviation (not
present in this simulation) would indicate a discrep-
ancy in experimental conditions or in referencing of
the chemical shifts. Common for the first four struc-

tural suggestionsisthat thetermina «-L-Rhap residue
substitutes the 3-position of the B-b-ManpNAc
branch-point residue.

Smulation of a polysaccharide with two-branched
residues.—The capsular polysaccharide from Kleb-
siella K8,52,59 [17,18] was shown to have two
branching sugar residues out of the five in the repeat-
ing unit, the structure of which is given by

—3)-B-p-Glep-(1—3)-B-p-Galp-(1—3)-0-p-Galp-(1—
4 2

T T
1 1
B-D-GlcpA a-D-Galp

From the *C NMR spectrum al but two signals
could be identified and these were given as input to
the CASPER program. The result of the simulation is
given in Scheme 2.

In an earlier study, we had simulated the *C NMR
spectrum of the backbone [19]. The structure previ-
ously determined is now shown to be the first one
after al structures have been ranked according to
their respective deltasum. For the correct structure, a
deviation of 0.34 ppm/signa and a systematic devia-
tion of 0.16 ppm/signa were observed. It can be
noted that in the first four structural suggestions the
a-Gal residue is linked to the B-Glc residue and the
permutation changes have occurred at the linkage
positions of the branched residues.

Smulation of a larger oligosaccharide having sev-
eral branching points.—Oligosaccharides from
glycoproteins are commonly multibranched and for
such structures the number of permutations rapidly
increase with increasing branching and size of the
oligosaccharide. One such structure,

o-p-Manp

o\ — —

o-p-Manp-(1-3)-o-p-Manp
1

2
6

B-p-Manp-(1—4)-B-p-GlepNAc-(1—4)-B-p-GlcpNAc-(1-NAsn
3

N
1

0-p-Manp-(1-2)-0-p-Manp

is a high mannose glycopeptide from hen ovalbumin
[20]. As input to CASPER, al signas in the *C
NMR spectrum originating from the carbohydrate
part were used, together with information on sugars
and their linkages. The output from the simulation is
shown in Scheme 3.
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Structure 1
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a-L-Rhap
1

1
3

—3)-B-D-GalpNAc-(1-6)-B-D-ManpNAc-(1—-4)--D-GlcpA-(1—
4

Structure 2

T

B-D-Galp

o-L-Rhap

—6)-B-D-ManpNAc-(1—
4

B-D-Galp-(1—-4)-B-D-GlcpA-(1—3)-B-D-GalpNAc

Structure 3

o-L-Rhap
{
3
—3)-B-D-GalpNAc-(1—4)-B-D-ManpNAc-(1-4)--D-GlcpA-(1—
6
1
B-D-Galp
Structure 4
o-L-Rhap
1
{
3
—4)-B-D-GlcpA-(1—4)-B-D-ManpNAc-(1—
6
T
1
B-D-Galp-(1—3)-B-D-GalpNAc
Structure 13C-Deltasum
1 11.6
2 12.7
3 12.9
4 13.1

13C and 'H chemical shifts of simulated structure 1

3 4 5 6 Me CcO Residue
96.97 70.95 70.96 73.32 69.21 17.38 o-L-Rhap-(1—

5.15 3.98 3.97 3.48 4.42 1.27

100.13 51.56 72.19 71.25 75.86 68.21 22.98 176.39 —>3,4,6)—B—D—ManpNAC—(l—>
4.94 4.79 4.08 4.13 3.81 4.13,4.29 2.06

102.97 52.72 81.89 68.51 75.66 61.83 23.12 175.78 —3)-B-D-GalpNAc-(1—
4.57 4.17 3.93 4.20 3.75 3.85,3.87 2.06

104.09 73.89 74.88 81.19 75.53 175.67 —4)-B-D-GlepA-(1—
4.70 3.49 3.65 3.77 3.86

102.58 72.14 73.52 69.25 75.73 62.20 B-D-Galp-(1—
4.44 3.49 3.65 3.94 3.59 3.76,3.76

Scheme 1. Result from simulation based on the *C NMR spectrum from the O-antigen polysaccharide from an Aeromonas

cavie strain.
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The correct structure with a deviation of 0.27
ppm/signal was observed to be top ranked. In this
simulation, J vaues were not used in order to limit
some possibilities and already for the second struc-
ture a significant change has occurred in the core

Klebsiella K8,52,59

Structure 1
—3)-B-D-Glep-(1-3)-B-D-Galp-(1—3)-0-D-Galp-(1—
4 2
T T
1 1
B-D-GlepA o-D-Galp

Structure 2

—3)-B-D-Glep-(1—4)-B-D-Galp-(1-3)-0-D-Galp-(1—
3 2
T T
1 1
B-D-GlcpA o-D-Galp

Structure 3
—3)-B-D-Glep-(1-3)-B-D-Galp-(1—2)-a-D-Galp-(1—
4 3
) T
1 1
B-D-GlcpA o-D-Galp

Structure 4
—3)-B-D-Glcp-(1—4)-B-D-Galp-(1-2)-0-D-Galp-(1—
3 3
T T
1 1
B-D-GlcpA o-D-Galp

Structure 13C-Deltasum

1 9.5
2 9.7
3 10.2
4 10.3

Experimental 13C spectrum

region of the glycopeptide and the structure is no
longer in accord with N-linked glycans.
Conclusions.—The CASPER program has been
developed to find the best fit to the simulated spectra
from an experimental NMR spectrum with a reduced

176.50, 104.97, 104.64, 102.67, 96.78, 95.45, 83.51, 82.83, 77.94,
76.51, 75.94, 75.35, 74.62, 74.24, 73.27, 72.70, 71.43, 71.10,
70.84, 70.37, 70.08, 69.16, 62.11, 61.73, 61.54, 60.70

13C and 'H chemical shifts of simulated structure 1

1 2 3 4 5

6

Residue

104.92 71.47 82.94 76.56 75.31
4.59 3.87 3.83 4.35 3.71
103.22 74.32 76.64 72.82 76.82 1
4.85 3.39 3.51 3.54 3.66
97.56 73.72 78.62 69.93 71.52
5.48 4.11 4.09 4.24 4.21
97.76 69.14 70.11 70.11 71.78
5.06 3.80 3.87 3.98 4.11
104.83 73.32 83.75 71.03 76.53

4.69 3.45 3.61 3.61 3.48

Scheme 2. Result from simulation based on the *C NMR spectrum from the capsular polysaccharide from Klebsiella

K8,52,59.

61.29
3.62,3.75
76.58

61.69
3.71,3.71

61.71
3.70,3.70

61.77
3.69,3.91

—3.4)-B-D-Galp-(1—>
B-D-GlepA-(1—
—2,3)-0-D-Galp-(1—
o-D-Galp-(1—

—3)-B-D-Glep-(1—

76.64,
70.94,
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number of signals. Furthermore, the program can proteins. In the cases shown, the correct structures
simulate polysaccharides and oligosaccharides that have consistently been selected to be the highest
are multibranched, e.g., those occurring in glyco- ranked structure. However, the discrimination be-

Glycopeptide
Structure |

o-D-Manp
1
d
6
0-D-Manp-(1-3)-0-D-Manp-(1—6)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—-NAsn
3

T
1
o-D-Manp-(1-2)-a-D-Manp

Structure 2

o-D-Manp
1
\
6
0-D-Manp-(1—-3)-0-D-Manp-(1—6)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—-NAsn
3

1
1
0-D-Manp-(1—-2)-0a-D-Manp-(1—4)-0a-D-GlepNAc

Structure 3

0-D-Manp-(1—2)-0-D-Manp

1

d

6
0-D-Manp-(1—3)-0-D-Manp

1

d

6
0-D-Manp-(1—3)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—NAsn

Structure 4

0-D-Manp-(1—6)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—-NAsn
3

7
1
0-D-Manp-(1-3)-0-D-Manp-(1—2)-0-D-Manp
6
T
1
o-D-Manp
Structure 13C-Deltasum
1 14.3
2 15.4
3 15.4
4 15.9

13C chemical shifts of simulated structure 1

1 2 3 4 5 6 Me CO Residue
102.99 70.87 71.33 67.87 74.13 61.95 o-D-Manp-(1-2)
102.97 70.97 71.37 67.80 74.14 61.81 o-D-Manp-(1-3)
101.30 71.65 71.58 67.90 73.74 61.80 o-D-Manp-(1-6)
102.56 80.28 71.14 68.09 74.11 61.95 —2)-0-D-Manp-(1—
101.28 71.18 79.38 67.09 72.40 67.51 —3,6)-0-D-Manp-(1—
100.94 71.08 82.94 66.53 75.66 67.23 —3,6)-B-D-Manp-(1—

102.03 56.54 73.12 79.56 75.58 61.06 23.10 175.49 —4)-3-D-GlepNAc-(1—
78.88 54.86 73.76 79.68 77.25 60.91 23.07 173.60 —4)-B-D-GlepNAc-(1—-NAsn

Scheme 3. Result from simulation based on the *C NMR spectrum from a glycopeptide of hen ovalbumin.
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tween these multibranched saccharides has not been
large and, from the data shown, it would not have
been possible to deduce unambiguously the structure,
which would need to be corroborated by some addi-
tional data. The present developments make the pro-
gram usable for most structural problems in carbo-
hydrate chemistry that can be addressed by NMR
spectroscopy.

3. Methods

The *C NMR spectrum of the capsular poly-
saccharide from Klebsiella K8,52,59 was recorded at
70 °C on a JEOL 270 MHz NMR spectrometer and
referenced relative to internal acetone (8§ 31.00).
Only readily identifiable resonances were used as
input to CASPER. The chemica shifts of the gly-
copeptide were adjusted and referenced to dioxane (8
67.40). The chemica shifts of B-p-GlcpNAc-(1 —
NAsn [21] were adjusted and referenced to acetone.

The CASPER program, version 3.0, was written in
C and run on Silicon Graphics workstations. In the
comparison with incomplete experimental data, all
possible combinations of removal of simulated peaks
were generated whereafter a peak-to-peak fit to ex-
perimental data was performed. The systematic devia-
tion (ppm/signal) is the average chemical shift dif-
ference between signals in a simulated spectrum and
those in the experimental spectrum and may thus be
positive or negative. A large systematic deviation
indicates differences in referencing. The database has
been modified to include cross references between
glycosylation shifts for different residues. Thisimple-
mentation drastically reduces the size of the database
and leads to a facile addition of new monomers.
Possible anomeric configurations were not eliminated
by use of coupling constants for anomeric protons
except for B-b-GlcpNAc-(1 — NAsn which was im-
plemented as a single residue.
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