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Facile structural elucidation of glycans using NMR data and the 
program CASPER: application to the O-antigen polysaccharide of 
E. coli O155 
Carolina Fontana,[a] Andrej Weintraub,[b] and Göran Widmalm*[a] 

 

Carbohydrates, the most abundant biomolecules found in 
nature, are present in all forms of life playing essential roles in 
a wide range of biological processes. The structural complexity 
of these molecules confers them an immense capacity to carry 
information in biological systems, acting as efficient mediators 
in the interaction of the cell with the environment. Hence, in 
order to understand the role of these carbohydrates, it is of key 
importance to have knowledge of their structures and, 
considering the features of these molecules, the number of 
possible compounds that can be generated with a given 
number of different building blocks (monosaccharides) is by far 
larger than for any other biopolymer.[1–3] The description of the 
primary structure not only comprises the identification of the 
component monosaccharides and their sequence in the 
polymer, but also the characterization of the ring form of each 
residue, their anomeric configuration and the linkage positions, 
as well as the presence of additional modifications.[4] In this 
regard, NMR spectroscopy is one of the most powerful tools for 
structural determination of glycans, since each of these 
structural features can be elucidated using this technique,[5–8] 
but the limited spectral dispersion of both 1H and 13C nuclei in 
carbohydrates can make the process of assignments of certain 
resonances tedious, and this is still the most time consuming 
part of the process. The program CASPER 
(http://www.casper.organ.su.se/casper/), on the other hand, is 
a promising tool to help to overcome this problem, as the 
whole analysis of the NMR data can be carried out in an 
automated or semi-automated manner. This software uses 
liquid state NMR data to elucidate the structure of glycans 
based on their 1H and 13C chemical shifts as well as 1H-1H or 
1H-13C correlations from 2D experiments;[9,10] a module for 
component and absolute configuration analysis has also been 
implemented, allowing the fully automated analysis of glycans 
using solely unassigned NMR data as input information.[11] 
Herein, we demonstrate that a previously unknown O-antigen 

polysaccharide (PS) structure can successfully and rapidly be 
determined using the program CASPER. 

 

Figure 1. Diffusion-filtered 1H and 13C NMR spectra (top and bottom, 
respectively) of the O-antigen PS of E. coli O155.[12] The constituent sugar 
residues were denoted A-E in order of decreasing 1H chemical shifts of their 
anomeric protons (resonances from anomeric atoms are annotated in the 
respective spectra) 

An outline of the methodology used in this study is shown 
in Fig. S1, and one should note that all the information 
submitted to CASPER is from unassigned NMR data.   The 
sugar components of the O-antigen PS of E. coli O155 and 
their absolute configuration were determined using a 
methodology previously developed in our laboratory.[11] The PS 
was hydrolyzed, followed by (+)-2-butanolysis of the sugar 
components. Unassigned 13C chemical shifts from a 13C 
spectrum and 13C-1H correlations from a multiplicity-edited 
1H,13C-HSQC spectrum of the mixture of (+)-2-butyl glycosides 
were used as input information in the ‘component analysis’ 
module of the web interface of the CASPER program (Table 
S1), and the results (calculation time ~1 s) revealed three 
possible monosaccharide components: D-Gal, D-GalNAc and 
D-GalA (Table S2). The relative intensities of the cross-peaks 
in the 1H,13C-HSQC spectrum (Figure S2), revealed that the D-
Gal monosaccharide is a major component and the resulting fit 
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observed for the remaining components (D-GalNAc and 
D-GalA) could be attributed to their lower concentration in the 
sample (i.e. some of the correlations for the minor components 
of these butyl glycosides were not observed or at the noise 
level). The 1H and 13C NMR spectra of the PS (Fig. 1) revealed 
five resonances corresponding to anomeric atoms, which 
indicate that the PS is composed of pentasaccharide repeating 
units. In the 13C NMR spectrum two signals corresponding to 
carbonyl atoms were observed at 175.64 and 175.75 ppm, and 
one resonance from the methyl group of an N-acetyl moiety at 
23.28 ppm. Thus, the ratio of D-Gal, D-GalNAc and D-GalA in 
the repeating units was predicted to be 3:1:1, respectively. 

 

Figure 2. CASPER output of the five top-ranked structures, in CFG format, 
for the O-antigen PS of E. coli O155. The relative deviations for structures 1-
5 are 1.00, 1.15, 1.18, 1.24 and 1.29, respectively. For standard 
carbohydrate listening of the ten top-ranked structures see Table S5, and for 
NMR assignments of the three top-ranked structures see Tables S6-8. 

Subsequently, the CASPER program was utilized in the 
structural elucidation of the repeating unit of the O-antigen PS. 
In the first step, the analysis was exclusively focused on 
CASPER capacity to predict 13C chemical shifts and the 
experimental data was obtained from a 1H-decoupled 13C NMR 
spectrum (Table S3). In addition, 3JH1,H2 were obtained from a 
1H NMR spectrum and submitted to CASPER as follow: three 
couplings constants larger than 7 Hz and one in the range 2-7 
Hz (the remaining unresolved coupling constant was not 
considered). The structural information was given as follow: 
one D-GalA, three D-Gal and one D-GalNAc, each with all the 
linkage positions marked as unknown. The WecA repeating 
unit restriction available in CASPER was also used, since it 
was known that the O-antigen PS of E. coli O155 is 

biosynthetized by the Wzx/Wzy-dependent pathway.[13,14] The 
calculation (~4 min) returned a list of ten possible structures 
with a small score differences (see Table S4). All these 
structures (which are positional isomers where some common 
features can be recognized; e.g. the GalA residue is always 
terminal, none of the residues is 2-substituted, and no more 
than one Gal residue is 4-substituted) are difficult to 
discriminate from each other exclusively from the point of view 
of 13C chemical shifts, as all the component monosaccharides 
have the same galacto-configuration. In order to increase the 
score differences between the candidate structures, additional 
information had to be submitted to CASPER, and thus data 
from 1H,1H-TOCSY, 1H,13C-HSQC, 1H,13C-HMBC and 
1H,13C-H2BC were added, as well as information of 1JC1,H1 (two 
> 169 Hz and three < 169 Hz) obtained from a non-decoupled 
1H,13C-HSQC spectrum. The substitution patterns observed in 
the ten top-ranked structures listed in Table S4 were also used 
as restrictions, and submitted as follow: (i) a non-substituted 
GalA, (ii) a 3- and 4-substituted Gal, (iii) two 3- and 
6-substituted Gal, and (iv) a 3-,4- and 6-substituted GalNAc; 
and the option to consider all the possible combinations within 
the specified linkage positions was selected for the GalNAc 
and Gal residues. These restrictions aimed to considerably 
reduce the calculation time, since a lower number of structures 
will have to be considered and evaluated by the software. On 
the other hand, it is of interest to prove that the correct 
structure was listed as one of the ten top-ranked structures 
during the first calculation, showing the significance of an 
approach that uses chemical shifts predictions in combination 
with the interpretation of unassigned NMR data. The 
calculation took ~3 s and the structure at the top of the new list 
(fourth in the previous calculation) showed a significant score 
difference with respect to the second and third top- ranked 
structures (Fig. 2 and Table S5). The structure at the top of the 
list could readily be confirmed as the correct structure using an 
additional 1H,1H-NOESY spectrum (Fig. S4) and the 1H 
chemical shifts assignments given by CASPER (Table S6-8). 
1H and 13C chemical shifts assignments of the PS, as well as 
inter-residue correlations from 1H,1H-NOESY and 1H,13C-
HMBC experiments are compiled in Table S9. Once the 
structure was determined, the ‘calculate chemical shifts’ 
module of the CASPER program was used to predict the 1H 
chemical shifts of the terminal non-reducing end moiety of the 
PS; facilitating the identification of the respective cross-peaks 
of lower intensity in the NMR spectra (Table S10) and 
confirming that the structure of the biological repeating unit of 
the PS is as shown in Fig. 3. Integration of the anomeric 
protons of residue C and C' (terminal sugar residue) in the 1H 
NMR spectrum revealed that the PS preparation consisted of 
~20 repeating units on average. 

In conclusion, these results demonstrate that the CASPER 
program can successfully be used, in combination with NMR 
data, to rapidly determine the structure of the biological 
repeating unit of a new PS structure. Even though this polymer 
is composed of regular monosaccharide residues, its 
complexity lays in the fact that all five components have the 
same galacto-configuration and, consequently, very similar 1H 
and 13C NMR chemical shifts are expected. The two-step 
protocol proposed herein eludes the use of information from 1H 
chemical shifts in the first calculation (which are expected to be 
very similar in most of the possible positional isomers). The 
manual interpretation of such NMR data can become very 



          
tedious and time consuming, in particular for researchers with 
little experience in the interpretation of NMR of carbohydrates. 
Using the CASPER program, the structural elucidation process 
could then be reduced from several hours (or even days) of 
manual interpretation to ~4 min of automated analysis. 

 

Figure 3. Structure of the biological repeating unit of the O-antigen PS of E. 
coli O155 in CFG notation (top) and standard nomenclature (bottom). 

Experimental Section 

Preparation of the LPS. E. coli O155 (CCUG 36524) was 
obtained from the Culture Collection, University of Gothenburg. 
The bacterium was grown and the LPS extracted as previously 
described.[15] 

Preparation of the PS. The lipid-free PS (5.7 mg) was 
obtained from the LPS material (26.5 mg) as described 
previously.[16]  

Preparation of (+)-2-butyl glycosides from the PS. The 
O-antigen PS of E. coli O155 (3.1 mg) was hydrolyzed with 2M 
TFA (1 ml, 120 °C, 24 h) and the (+)-2-butyl glycosides were 
prepared as described before.[11] 

NMR spectroscopy. The spectra of the (+)-2-butyl glycosides 
of the PS hydrolyzate were recorded in D2O (0.55 mL in a 5 
mm NMR tube) at 70 °C using a Bruker Avance III 700 MHz 
spectrometer equipped with a 5 mm Z-gradient TCI 
(1H/13C/15N) CryoProbe. The spectra of the O-antigen PS (2.6 
mg) were recorded in D2O (0.55 mL in a 5 mm NMR tube) at 
60 °C using a Bruker Avance 500 MHz spectrometer equipped 
with a 5 mm Z-gradient TCI (1H/13C/15N) CryoProbe. Chemical 
shifts are reported in ppm relative to internal sodium 3-
trimethylsilyl-(2,2,3,3-2H4)propanoate (TSP, δH 0.00) or 1,4-
dioxane in D2O (δC 67.40). 
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COMMUNICATION 

The program CASPER was successfully employed to rapidly elucidate a new 
O-antigen polysaccharide structure (obtained from a strain of E. coli serogroup 
O155), using solely unassigned NMR data as input information. Thus, what is 
considered the most tedious and time-consuming part of the structural elucidation 
process has been reduced from several hours (or even days) of manual 
interpretation to ~4 min of automated analysis. 
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