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ABSTRACT 

The polysaccharide moiety of the 022-antigen (lipopolysaccharide, LPS) consists of 2-acetamido-2- 
deoxy-D-galactose, D-glucuronic acid, D-glucose, and D-galactose in the molar ratios 2: 1: 1: 1. Methyla- 
tion analysis as well as 1D and 2D NMR spectroscopy showed that the 022 polysaccharide has the 
primary structure 

* 6bD-Glcp-(1 + 4)-&o-GlcpA-(1 + 4)+mGalpNAc_(l + 3)-m-D-Galp-(1 + 3)-p-D-GalpNAc_(l ---) 
3 

6Ac 
INTRODUCTION 

Escherichia coli may express different surface carbohydrates, such as 
lipopolysaccharides (LPSs, O-antigens) with a neutral or an acidic O-specific 
polysaccharide1,2 as well as acidic capsular polysaccharides (CPSs, K-antigensj3. 
These surface antigens occur in various combinations which determine the serolog- 
ical type of individual E. coli strains. Immunoelectrophoresis of saline extracts 
from E. cofi4 revealed characteristic patterns, demonstrating the presence of 
neutral LPS with or without acidic CPS or the presence of acidic LPS with or 
without acidic CPS. This classification was corroborated by chemical analyses’32. 
The E. coli 022 antigen, which belongs to one of the 10 most frequent O-groups’, 
is an acidic LPS. Generally, LPS preparations contain molecules with different 
chain length, as can be demonstrated with SDS-PAGE6. Probably due to different 
tendencies of long- and short-chain LPSs to micelle formation, short-chain acidic 
LPSs are sedimented during ultracentrifugation of bacterial extracts and long-chain 
acidic LPSs remain in the supernatant solution. Using this separation, the long- 
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chain population of the 022 LPS from E. coli 022: K13 was isolated, and its 
structure was elucidated. The results are described in this communication. 

RESULTS AND DISCUSSION 

Isolation and characterisation of the O-specific polysaccharkk-The acidic LPS 
was obtained by extraction of the bacteria with aq 45% phenol at 65°C and 
subsequent ultracentrifugation of the aqueous phase7. The sediment contained an 
LPS fraction (LPS I)’ which consisted of short-chain LPS and R-LPS. The 
supernatant solution contained LPS (LPS II) which was isolated by fractional 
precipitation with cetyltrimethylammonium bromide (CTA13)7*g. This LPS II, with 
its longer O-specific polysaccharide chain, was used for the structural analysis. The 
O-specific polysaccharide was obtained by mild acid hydrolysis of LPS II and was 
purified by gel permeation chromatography on Sephadex G-501’. 

The 022 polysaccharide consisted of 2-acetamido-2-deoxy-D-galactose (D- 

GalNAc), D-glucuronic acid (D-GlcA), D-glucose (D-Glc), and D-galactose (D-Gal) 
in the molar ratios 2 : 1: 1: 1. Periodate oxidation destroyed glucose and glucuronic 
acid. Carboxyl reductionll of the polysaccharide converted GlcA into Glc, the 
absolute configuration of which was subsequently determined with D-glucose 
oxidase. 

The 13C NMR spectrum of the native 022 polysaccharide (Fig. 1) was typical of 
a regular polysaccharide with five anomeric carbon signals (8 96.6, 99.3, 102.9, 
103.9, and 104.4) corresponding to five sugar residues in the repeating unit. Two of 

Fig. 1. 75MHz “C NMR spectrum (6 18-118; 6 170-182) if the native 022 polysaccharide with parts 
of the 13C NMR spectrum (8 19-57; 8 95-107) of the O-deacetylated 022 polysaccharide as insets. 
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the sugar residues were N-acetylamino sugars with signals characteristic of two 
nitrogen-substituted carbon atoms (6 52.1 and 52.4), two methyl groups (6 23.4 and 
23.7), and two carbonyl groups (6 175.6 and 176.0). Four hydroxymethyl groups 
(C-6; S 61.9, 62.1, 62.3, and 69.1) were present, one of which (6 69.1) was 
substituted, as shown in an APT (attached proton test) experirnent’2313. This, 
together with the signal of a carbonyl group at 6 174.3, is in agreement with the 
presence of a uranic acid in the pentasaccharide repeating unit. Correspondingly, 
one of the carbonyl signals was shifted to higher field at low pH (8 174.3 at pH 7.0; 
6 172.7 and pH 2.0). A signal at 6 21.4 indicated the presence of an O-ace@ group 
in the 022 repeated unit. The 13C NMR spectrum of the 0-deacetylated polysac- 
charide showed characteristic changes, as compared to that of the native polysac- 
charide (Fig. 1, insets). One of the signals due to nitrogen-substituted carbon 
atoms was shifted from 6 52.1 to 54.4 and, in the anomeric region, the signal at S 
103.9 had also shifted and now overlapped with that at S 104.4. Concomitantly, the 
signal at S 21.4 (due to the methyl group of an 0-acetyl substituent) had 
disappeared. These changes indicated that C-3 of one of the GalNAc residues was 
0-acetylated in the native polysaccharide. 

Methylution analysis.-The native as well as the carboxyl-reduced polysaccha- 
rides were methylated14 with KH-MeI in Me,SO. The respective purified (Sep-Pak 
C,,) products were hydrolysed15, reduced with sodium borodeuteride, and O- 
acetylated, and the resulting partially methylated alditol acetates were charac- 
terised by GLC-MS. The results (Table I) indicated that the native 022 polysac- 
charide is a linear polysaccharide, containing one 3-substituted Gal, one 4-sub- 
stituted GlcA, one 6-substituted Glc, and two GalNAc residues, one 3- and one 
4-substituted. This interpretation was based on the pyranose ring form of the 
sugars, as borne out by NMR spectroscopy. 

NMR analysis.-The lH NMR spectrum of the native 022 polysaccharide 
showed five signals in the region of anomeric protons, two of them characteristic of 
cu-anomeric protons of the gZuco/gaZucto configuration (S 5.39, J,,, 4.0 Hz, and 6 
5.06, J1,* 4.0 Hz) and three of p-anomeric protons of the gZzuo/guLucto configura- 

TABLE I 

Products of methylation analysis of the 022 polysaccharide before (I) and after carboxyl reduction (II) 
as identified by GLC-MS 

Partially methylated alditol acetates Present in Interpretation 
I II 

1,3,5-Tri-0-acetyl-2,4,6-tri-0-methylgalactitol 
1,4,5-Tri-0-ace@-2,3,6-tri-0-methylglucitol 
1,5,6-Tri-0-acetyl-2,3,4-tri-0-methylglucitol 
1,4,5-Tri-0-acetyl-2-deoxy-3,6-di-0-methyl-2- 

(N-methylacetamido)galactitol 
1,3,5-Tri-0-acetyl-2-deoxy-4,6-di-0-methyl-2- 

(N-methylacetamido)galactitol 

+ + 1,3-Gal 
- + 1,4-GlcA 
+ + 1,6-Glc 
+ + 1,CGalNAc 

+ + 1,3-GalNAc 
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TABLE III 

NOE data Q for the 022 polysaccharide 

NOE observed on Pre-irradiated proton 

Residue Proton A,H-1 B,R-1 C, H-l D, H-l/C, H-3 E,H-1 

+ 6)_cY-D-GIcp-(1 + (A) H-2 + 
H-3 + b 
H-6b + 

+ 4)-P-D-GlcpA-(1 + (B) H-2 + 

H-3 + 
H-4 + 
H-5 +b ;” 

--) ~)-P-D-G~~JJ NAc-0 --) (C) H-2 + + 

: 
H-3 + 

OAc H-4 + + 

H-5 + 

+ 3)a-D-Galp-(1 + (D) H-2 + 

H-3 + +b 

+ 3)-&o-GaIpNAc-(l --) (E) H-2 + 
H-3 + + 

H-4 + 
H-5 + 

n The test was performed using standard Bruker software NOEMULT. b Small signal due to spin 
diffusion. 

tion (S 4.75, J,,z 9.0 Hz; S 4.53, J,,, 8.5 Hz, and 6 4.43, J,,, 8.0 Hz). Further 
signals were indicative of the methyl groups from acetamido substituents (S 
1.93-2.08). Assignments of the proton signals (Table II> were obtained with 2D 
homonuclear COSY in combination with one-, two-, and three-step H-relayed 
coherence transfer (COSYSTRCT) 2D spectra 16,i7 The results showed that the . 
022 repeating unit consists of cy-Glcp (A), P-GlcpA (B), two PGalpNAc (C and 
El, and a-Gal (D). The visual multiplicities, which are characteristic of the protons 
from individual sugar units, as well as the coupling constants were obtained with 
1D homonuclear double resonance in the difference mode”. The data obtained 
which corroborate the assignments are included in Table II. 

The sequence of the sugar residues was determined using a series of 1D NOE 
experiments with pre-irradiation of the anomeric protons (Table III), a technique 
which uses NOE interactions between proximal protons through space. For in- 
stance, pre-irradiation of H-l of residue E (GalpNAc) resulted in an NOE of H-2, 
H-3, and H-5 of this residue, indicative of a p-linkage; an additional NOE at H-6b 
of residue A (Glcp) was characteristic of a 6-linkage to residue A. Thus, the 
sequence P-GalpNAc-(1 + 6)-Glcp is part of the repeating unit. This analysis was 
applied to all NOE responses. The A --) B, B + C, and C + D linkages could be 
defined in this way as cy-Glcp-(1 + 4)-GlcpA, &GlcpA-(1 --, 4)-GalpNAc, and 
@-GalpNAc-(1 + 3%Galp, respectively. 
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Fig. 2. 2D 3Ml-MHZ heteronuclear 13C-lH COSY spectrum of the 022~specific polysaccharide with the 
signals assigned analogously to the sugar residues in Table II. 

Irradiation of H-l of residue D (cw-Galp) also irradiated H-3 of 30acetylated 
residue C (P-GalpNAc), due to the close chemical shifts of these protons (6 5.06 
and 5.03). The response was therefore twofold: an intraresidue response of H-2 
and H-4 from residue C (induced from irradiated H-3) and an interresidue 
response of H-3 and H-4 from residue E (induced from irradiation of H-l of 
residue D). The latter response was more pronounced for H-4 than for H-3. This 
phenomenon is generally observed for sugars in the guhcto configuration and 
substituted at C-3 with an a-sugar X. It can be explained by a close apposition of 
H-l, and H-4,,, in such a constellation . I9 The 3-linkage of residue E was apparent 
from the chemical shift of E-C-3 in the i3C NMR spectrum. This was corroborated 
by the results of the methylation analysis (Table I). 

Complete signal assignments of the i3C NMR spectrum (Fig. 1, Table II) was 
achieved with a 2D heteronuclear COSY spectrum (Fig. 2). The assignments of the 
‘H and 13C NMR spectra were fully supported by the results of the methylation 
analysis. 

The absolute configurations of all sugars were determined as D by calculating 
the experimental glycosylation effects” (Table II) with o-glucose and o-glucuronic 
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acid as a basis, as derived from their reactivity with D-glucose oxidase before and 
after carboxyl reduction, respectively. 

The linkage of the O-acetyl group to C-3 of residue C (4 + P-GalNAc) was 
indicated by a large a-shift of H-3 of residue C in the ‘H NMR spectrum (Table 
II) and by a shift of C-2 of residue C from S 52.4 to 54.7 in the 13C NMR spectrum 
after O-deacetylation (Fig. 1). 

The results obtained allow the formulation of the 022 polysaccharide as 

A B C D E 

+ 6)-wD-Glcg-(l + 4)-P-D-GlcpA-(1 + 4)-P-D-GalpNAc-(l + 3)-eD-Galp-(1 + 3)-/3-D-GalpNAc-(1 + 

: 
OAc 

EXPERIMENTAL 

I3ucteriu and cultivation.-E. coli 022 : K13 (Freiburg collection number 21749) 
was obtained from Drs. I. and F. Orskov (Statens Seruminstitut, Copenhagen, 
Denmark). The bacteria were grown to the late logarithmic phase (5-7 h) in 14-L 
batch cultures at 37°C with aeration (1 L/min) in a medium containing (per L) 
tryptone (7.5 g), yeast (10 g), D-glucose (10 g), NaCl(3 g), Na,HPO, . 12H,O (8 g), 
MgSO, - 7H,O (0.2 g), and polyethylene glycol (0.3 g). Glucose and magnesium 
sulfate were sterilised separately. At the end of the cultivation, the bacteria were 
killed with phenol (1% final concentration) and harvested by centrifugation. 

Isolation of the poZysacchati&.-The LPSs were isolated from the bacteria with 
aq 45% phenol at 65°C (10 min) and the material obtained from the aqueous phase 
was purified by repeated ultracentrifugation’. The 022 LPS II was obtained from 
the supernatant solution by fractional precipitation with CTAB, and the precipi- 
tated complex was converted into the sodium salt as described’,*. The 022 
polysaccharide was obtained from LPS II by hydrolysis in aq 1% acetic acid (lOO°C, 
90 min) and purified by chromatography on Sephadex G-50. 

0-DeucetyZufion.-A solution of the 022 polysaccharide (60 mg) in NaOH (3 
mL) was kept at 56-60°C for 1 h, neutralised with HCl, dialysed for 24 h, and 
lyophilised, to give O-deacetylated 022 polysaccharide (51 mg). 

Curboql reduction.-The 022 polysaccharide (60 mg) was treated with l-(3-di- 
methylaminopropyl)-3-ethylcarbodiimide at pH 4.7 and the resulting esters were 
reduced with NaBH, (ref. 11). After dialysis and lyophilisation, carboxyl-reduced 
polysaccharide (45 mg) was obtained. This treatment converted - 90% of the 
glucuronic acid into glucose. 

Methylation analysti of thepolysaccharide.-The polysaccharide was methylated14 
with Me,SO-KH-MeI. The methylated product was purified’l with a Sep-Pak 
C,, cartridge, hydrolysed with aq 90% formic acid and subsequently with 0.25 M 
H,SO,, and neutralised with Ba(OH), (ref. 15). After reduction with NaBD,, the 
sampIe was subjected to GLC-MS. 
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Andytical methods.-The sugar residues were determined as their alditol ac- 
etates by GLC using an ECNSS-M column at 170°C (neutral sugars). Identification 
of the amino sugars was carried out by the ninhydrin reaction and by GLC using a 
Poly-A-103 column at 230°C. The Elson-Morgan reactionz2 was used for the 
quantitation of amino sugars. Glucuronic acid was determined with the carbazole 
reagent. The absolute configuration of glucose was determined with o-glucose 
oxidase, as was that of o-glucuronic acid after reduction with NaBH,. GLC-MS 
was carried out on a Hewlett-Packard HP5988A instrument with an ionising 
energy of 70 eV, in combination with an HP5890 gas chromatograph, using a DBl 
capillary column (0.25 mm X 30 m) with He as carrier gas and a temperature 
program of 100 + 180°C at SO”C/min, 180 + 200°C at 2”C/min, and 200 + 240°C 
at lO”C/min. ‘H and 13C NMR spectra were recorded with a Bruker AM-300 
spectrometer at 80°C in D,O, using acetone (6 iH 2.225; 6 i3C 31.45) as the 
internal standard. Standard Bruker software was used for homonuclear H, H 
COSY (COSYHG), for one-, two-, and three-step H-relayed homonuclear 2D, H, 
H COSY (COSYRCT, COSYRCT2, and COSYRCT31, as well as for heteronu- 
clear 2D, C, H COSY (XHCORRD). 1D NOE experiments were performed in the 
truncated driven (TOE) mode= with the Bruker NOEMULT program. The 
relaxation delay Dl was 1 s, the irradiation time of every component of multiplets 
(D2) was 0.1 s, and the total preirradiation time for whole multiplets was 1.0-1.2 s. 

ACKNOWLEDGMENT 

We thank Mr. Dietmar Borowiak for his help with the mass spectrometry. 

REFERENCES 

1 I. 0rskov, F. 0rskov, B. Jann, and K. Jann, Bacterial. Rev, 41 (1977) 667-710. 
2 K. Jann and B. Jann, in E.T. Rietschel (Ed.), Handbook of Endofoxin, Vol. 1, Chemistry of 

Endotoxin, Elsevier, Amsterdam, 1984. 
3 B. Jann and K. Jann, Curr. Top. Microbial. Immunol., 150 (1990) 19-42. 
4 F. 0rskov, I. Brskov, B. Jann, and K. Jann, Acta Pathol. Microbial. Scand., Sect. B, 80 (1971) 

142-152. 
5 F. Orskov and I. 0rskov, Acta Pathol. Microbial. &and., Sect. B, 83 (1975) 595-600. 
6 CM. Tsai and C.E. Frasch, Anal. Biochem, 119 (1982) 115-119. 
7 0. Westphal and K. Jann, Merhods Carbohydr. Chem., 5 (1965) 83-91. 

8 G. Kogan, AS. Shashkov, B. Jann, and K. Jann, Carbohydr. Rex, 238 (1993) 261-270. 
9 W.F. Vann and K. Jann, Infect. Immun., 25 (1979) 85-92. 

10 B. Jann, K Reske, and K. Jann, Eur. J. Biochem., 60 (1975) 239-246. 
11 R. Taylor, J. Shively, and H. Conrad, Methods Carbohydr. Chem., 7 (1979) 149-151. 
12 S.L. Patt and J.N. Shoolery, J. Magn. Reson., 46 (1982) 535-539. 
13 K. Bock and C. Pedersen, Adv. Carbohydr. Chem. Biochem., 41(1993) 27-66. 
14 K.R. Phillips and B.A. Fraser, Carbohydr. Rex, 90 (1981) 149-152. 
15 K. Stellner, H. Saito, and S. Hakomori, Arch. Biochem. Biophys., 155 (1973) 464472. 
16 J. Jeener, B.H. Meier, P. Bachmann, and E.E. Ernst, .I. Chem. Phys., 71 (1979) 4546-4553. 
17 J. Dabrowski, Methods Stereochem. Anal., 9 (1987) 349-386. 



212 M. Bartelt et al./Carbohydr. Res. 254 (1994) 203-212 

18 N.A. Kocharova, Y.A. Knirel, A.S. Shashkov, N.K. Kochetkov, and G.B. Pier, J. Biol. Chem., 263 
(1988) 11291-11295. 

19 G.M. Lipkind, AS. Shashkov, S.S. Mamyan, and N.K. Kochetkov, Carbohydr. Res., 181(1989) l-12. 
20 G.M. Lipkind, A.S. Shashkov, Y.A. Knirel, E.V. Vinogradov, and N.K. Kochetkov, Carbohydr. Res., 

175 (1988) 59-75. 
21 A.J. Mort, S. Parker, and M.-S. Kuo, Carbohydr. Rex, 131 (1983) 139-148. 
22 J.L. Strominger, J.T. Park, and J. Thompson, J. Biof. Chem., 234 (1959) 3263-3271. 
23 G. Wagner and K. Wiithrich, J. Magn. Reson., 33 (1979) 675-680. 


