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ABSTRACT 

The capsular polysaccharide (CPS) and the O-side-chain of the lipopolysaccharide (LPS) of Aceto- 

batter methanol&s MB 58/4 (IMET 10945) have been shown to contain the same disaccharide repeating 

unit, namely, -r2)-@Galf-( 1+3)-j?-D-Galp-(l +. Degradation of the CPS and the LPS with the bacte- 
riophage Acml gave fragments built up of l-5 repeating units; the octasaccharide preponderated. The 

phage-associated depolymerase proved to be a ,!-D-galactofuranoside hydrolase. 

INTRODUCTION 

Acetobacter methanolicus is a new species of acidophilic Gram-negative bacteria’ 
that can utilise methanol as a carbon source’. The cell-surface carbohydrates of this 
micro-organism are being investigated in order to determine phylogenetic relationships 

between genera, identify strains, and elucidate the structure of the cell envelope and the 
mechanism of its interaction with bacteriophages. Capsular polysaccharide (CPS) and a 

lipopolysaccharide (LPS), isolated3 from A. methanolicus, strain MB 58/4 (IMET 
10945), can be cleaved by an enzyme associated with the phage Acml. We now report 

the structures of the CPS, the O-side-chain of the LPS, and the oligosaccharides that 
resulted from their degradation. 

* Presented at EUROCARB V, the 5th European Carbohydrate Symposium, Prague, Czechoslovakia, 
August 21-25, 1989. 
’ Author for correspondence. 
* Present address: Forschungsinstitut Borstel, Institut fiir Experimentelle Biologie und Medizin, Parkallee 
22, D-2061 Borstel, Germany. 
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RESULTS AND DISCUSSION 

The LPS and CPS were obtained using the phenol-water extraction method4. The 

LPS was purified by digestion with DNase and RNase, and the composition of the CPS 

was verified by sugar analyses, after hydrolysis, by g.1.c. of the products as the derived 

alditol acetates. Ion-exchange chromatography of the crude CPS on DEAE-Sephacel 

gave one hexose-containing peak (CPS) that was eluted without retardation by 1OmM 
Tris/HCl buffer (pH 8.2). Gradient elution with NaCl then gave heterogeneous broad 
peaks that contained mainly ribose and phosphate, and which were discarded. 

The CPS had [cY]: - 53” (c 0.5, water) and, on acid hydrolysis, it gave galactose 

only, which was dextrorotatory and, therefore, D. 

The ‘H-n.m.r. spectrum of the CPS (Fig. 1) contained signals for anomeric 

protons at 5.46 (bs) and 4.61 p.p.m. (d, J,,, 7.91 Hz) and, hence, is a regular polymer 
built up of disaccharide repeating units. The other ‘H resonances were assigned by 
sequential, selective spin-decoupling experiments (Table I). The ‘J values indicated that 

one of the galactose residues was P-pyranosidicj and the other was P-furanosidic’. 
The ‘“C-n.m.r. spectrum of the CPS (Fig. 2) contained signals for anomeric 

carbons at 108.8 (Jc_,,H_, 178.2 Hz) and 103.3 p.p.m. (JC_l,H_I 161.1 Hz) indicative7m9 of 

j?-D-Galfand /?-D-Galp units, respectively. 
The ‘3C-n.m.r. spectrum of the CPS was interpreted by using selective heteronu- 

clear “C{ ‘H} double resonance (Table II). The low-field positions of the signals for C-2 

of the Galf residue at 90.1 p.p.m. and C-3 of the Galp residue at 81.1 p.p.m. are 

accounted for by the a-effect of glycosylation”, and, hence, the Calfis 2-substituted and 

the Galp is 3-substituted. Thus, the CPS has the following repeating unit. 

-+ 2)-b-D-Galf-( I--+ 3)-/?-D-Galp-( I--+ 

I-r----- I I I I I I I I I 

5.5 4.1 4.6 L.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 p p m 

Fig. 1. ‘H-N.m.r. spectrum (300 MHz) of the capsular polysaccharide (CPS) of A. mrthanolicus MB 5814 

(IMET 10945). 
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TABLE I 

‘H-N.m.r. data for the A. methunolicus (IMET 10945) capsular polysaccharide 

Unit Proton Chemical shift 

(p.p.m.) 

Multiplicity Coupling 
constant 

(Hz) 

j?-t&alp H-l 4.69 
H-2 3.71 
H-3 3.76 
H-4 4.13 
H-5,6a,6b (3 H) 3.81 

d 
dd 
dd 
d 
m 

J I.2 1.6 
J 

2.3 
-9 

J 3.4 4.2 
J 4.5 <l 

p-D-Galf H-l 
H-2 
H-3 
H-4 
H-5 
H-6a 
H-6b 

5.49 b 
4.44 dd 
4.29 dd 
4.11 dd 
3.91 ddd 
3.76 dd 
3.70 dd 

J 
1.2 

<l 
J 

2.3 
3.0 

J 3,* 6.5 
J 4.5 4.2 
J 5.6a 4.6 
J &,6b -12 
J 5.6b 7.0 

Acid hydrolysis of the LPS gave3 galactose, rhamnose, glucose, and mannose in 
the ratios 3.9:2.8: 1.4: 1, together with heptose, 2-amino-2-deoxyglucose, 3-deoxy-D- 

manno-2-octulosonic acid (Kdo), and phosphate. Attempts to split off the lipid part of 
the LPS by hydrolysis with aqueous 2% acetic acid (2 h, 100°) were unsuccessful and the 
use of dilute hydrochloric acid depolymerised the polysaccharide chain. Therefore, the 

LPS was treated with alkali to cleave the O-acyl groups and give a water-soluble 
O-deacylated polysaccharide (PS) that was isolated by gel-permeation chromatography 
on Sephadex G-50. Acid hydrolysis of the PS revealed galactose, rhamnose, glucose, 

and mannose in the ratios 6.1:3.8:2: 1, i.e., the same sugars present in the LPS, but with 

the relative proportion of galactose increased to some extent. 

1~~~~““~1~~~“‘~~~1~~~“~‘~‘1”“~~~(~1~~~’~’~~~”~’1 
100.0 90.0 80.0 70.0 60.0 

p.p.m. 

Fig. 2. “C-N.m.r. spectrum (62.89 MHz) of the capsular polysaccharide (CPS) of A. methanolicus MB 58/4 
(IMET 10945). 
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TABLE II 

Chemical shifts (p.p.m.) in the %-n.m.r. spectra 

Compound C-l c-2 c-3 c-4 C-5 C-6 

Unit A 

4 103.5 71.9 13.9 69.9 76.4 62.1 
3 103.5 12.0 73.9 69.8 76.5 62.1 
t 103.5 71.9 73.8 69.7 76.4 62.1 
1” 105.6 12.4 73.9 69.9 76.2 62.1 

104.9 12.6 73.9 69.9 76.5 62.1 

Methyl B-D-galactopyrano- 
side 104.9 71.8 73.9 69.8 76.2 62. I 

Unit B 

CPS 108.8 90.1 77.0 84.0 71.8 64.0 
4 108.8 90.1 71.0 84.0 71.8 64.0 
3 109.1 90.1 77.2 83.9 71.8 64.0 
2 109.0 90.0 77.1 83.8 71.7 64.0 

Unit C 

CPS 103.3 71.1 81.1 69.6 76.2 62.1 
4 103.3 71.1 81.1 69.6 16.2 62.1 
3 103.3 71.2 81.1 69.7 76.3 62.1 

Unit D 

4” 105.5 71.5 81.2 69.7 76.0 62.1 
104.5 71.5 81.2 69.7 76.3 62.1 

3 105.6 71.6 81.2 69.8 76.1 62.1 
104.5 71.6 81.2 69.8 76.5 62.1 

2 105.5 71.5 81.1 69.7 76.0 62.1 
104.5 71.5 81.1 69.7 76.4 62.1 

a-4 93.3 79.3 69.5 70.6 71.8 62.2 

8-4 96.3 81.1 74.0 70.1 76.2 62.1 
a-3 93.4 79.4 69.6 70.6 71.8 62.4 

8-3 96.4 81.1 74.1 69.9 76.3 62.1 
a-2 93.3 79.4 69.5 70.6 71.7 62.3 

8-2 96.3 81.2 74.1 69.9 76.4 62.1 
N-1 93.3 79.2 69.5 70.6 71.5 62. I 
B-l 96.4 81.5 73.9 70.0 76.3 62.1 

D-Galactopyranose’ 

; 

Unif E 

93.6 69.8 70.5 70.6 71.7 62.5 
97.7 73.3 74.2 70. I 76.3 62.3 

’ The chemical shifts of the signals for the a form of unit E are listed first. 
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The 13C-n.m.r. spectrum of the PS was identical with the spectrum of CPS (Fig. 2), 

and, hence, the O-side-chain of the LPS and the CPS have the same structure. The 

absence from the spectra of the PS and CPS of even minor signals for terminal 

non-reducing sugar residues reflects a d.p. of > 20 repeating units. Also, there were no 

signals in the spectrum of the PS for monosaccharides other than those of galactose, and 
their absence may be accounted for by the micelle-like structure of the PS in which the 

aggregation of molecules due to hydrophobic interaction of N-linked fatty acids makes 
only the O-side-chain amenable to n.m.r. analysis. 

The presence of GalJresidues in the O-side-chain is probably responsible for the 

depolymerisation during mild hydrolysis of the LPS with hydrochloric acid. Support for 
this view was obtained when the alkali-degraded LPS was hydrolysed with aqueous 2% 

acetic acid (20 h, 105’). Gel-permeation chromatography on Fractogel TSK HW-SO(S) 

of the products revealed several gala&o-oligosaccharides which were not investigated 
further, The opalescent solution eluted in the void volume of the column contained 

fragment(s) built up of rhamnose, glucose, mannose, and galactose in the ratios 

-10:2.5:1:0.6. Therefore, it seems likely that rhamnose and glucose are the main sugar 

constituents of the core region of the LPS and are not amenable to n.m.r. analysis 
without removing the N-linked fatty acids. 

The oligosaccharides l-5 derived from the CPS and LPS by treatment with 
bacteriophage Acml were isolated and purified by gel-permeation chromatography on 

BioGel P-2 and preparative P.c.~ The chromatographic data indicated that they consti- 
tuted an homologous series of di- to deca-saccharides with the octasaccharide prepon- 

derating3. On acid hydrolysis, l-5 each gave galactose only, and 13C-n.m.r. spectroscopy 

confirmed each d.p. and the structure. 
Thus, 1 was a disaccharide composed of two Galp residues (A and E, see formula). 

The reducing unit E gave two series of signals consistent with an a&ratio of -2: 1. The 

signals of the non-reducing unit A were assigned by comparison with the data for methyl 
/?-D-galactopyranoside’ (Table II). C- 1,2,5 of unit A gave two series of signals due to 6! 

and /I forms of unit E. The 13C-n.m.r. data for 1 proved unit E to be 2-substituted. In the 

spectra “V’2 of D-galactopyranose’ and of oligosaccharides that contained Galp residues 
substituted at position 2, the difference between chemical shifts of signals for C-la and 

C-lp was >4 p.p.m., whereas it was 3.1 p.p.m. for unit E (cJ 3.5 p.p.m. for ~-O-L- 

rhamnopyranosyl-D-galactose”). Such a decrease in the difference is caused by unequal 

/?-effects of glycosylation on C-lcr and C-l/?. The chemical shifts of the signals for 
C-4,5,6 of unit E and D-galactopyranose’ were similar (Table II), whereas those for C-2 

and C-3 were shifted by the a- and p-effects of 2-glycosylation”. Thus, 1 had the 

structure shown. 
For 2, the 13C signals for the reducing unit E and the non-reducing unit A were 

identified easily. Unit A gave only one series of signals, whereas unit E, as in 1, gave two 
series of signals consistent with an a$-ratio of -2: 1, In addition, there were signals for a 

substituted/$Galfresidue (unit B) and a substituted non-reducing b-Galp residue (unit 
D). The chemical shifts of all signals in unit B and those of C-2/6 in unit D were similar to 
those of the corresponding signals for the CPS (units B and C, respectively). However, 
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C-l of unit D in 2 gave two lines, thus indicating its attachment to reducing unit E. The 

chemical shifts of both lines (105.5, and 104.5 p.p.m.) differed from that (103.3 p.p.m.) 
of the signal for C-l of unit C of the CPS, which is accounted for by the different 

(pyranosidic or furanosidic) forms of the aglycon for this unit in 2 and CPS. Thus, 2 was 
a tetrasaccharide composed of one Galf and three Gal/, residues, with the former 

located between two non-reducing Galp residues. 
The 13C signals of 3 were all present in the spectrum of 2, but the intensities for the 

Ga?f(unit B) were doubled and there were signals for an additional Galp residue (unit 
C), the chemical shifts of which were similar to those of unit C in the CPS. Thus, 3 is a 

hexasaccharide homologue of 2. The ‘3C-n.m.r. spectra of 3 and 4 were similar, with the 

exception of the increased relative intensities of signals for units B and C in 4. As judged 

by the ratio ( -1:2) of intensities of signals for C- 1 of units A and C, 4 is an octasaccha- 

ride homologue of 3. 

/I-u-Galp-( l-+2)-o-Galp 
A E 

1 
/I-D-G;lp-( l-*2)-/I-o-Galf( I+ 3)-@Galp-( 1+2)-D-Galp 

B D E 
2 

/?-D-G;lp-( 1+2)-,&~-G~f-(1-+3)-~-o-Galp-( lk2)-/?-o-Galf( 1 -+3)-/hD-Galp-( l-+2)-D-Galp 
C B D E 

3n=l 
4n=2 
5n=3 

The conclusions based on the “C-n.m.r. data are in a good agreement with the 

results of gel-permeation chromatographic analysis3 of l-4. The “C-n.m.r. spectrum of 
OS 5 was not recorded because of insufficient amount of material; however, taking into 
account the chromatographic data, 5 appears to be the decasaccharide homologue of 4. 

The above results show that the identical structures of the CPS (K-antigen) and 

the O-side-chain of the LPS (O-antigen) account for the ability of the bacteriophage 

Acml to split each polymer, and, hence, it must be classified as both a K- and 0-phage. 
This cleavage gave similar mixtures of oligosaccharides made up of disaccharide 

repeating units and with a B-Galp residue at the non-reducing terminus. Therefore, the 

enzyme associated with the phage Acml cleaves specifically ,8-D-galactofuranosidic 
linkages, and the formation of the octasaccharide 4 reflects the extended catalytic site of 
the enzyme acting in an en&-mechanism. 

The above study shows that ‘C-n.m.r. spectroscopy can provide an indirect 

method of characterisation of bacteriophage-associated enzymes and for understand- 
ing phage-host interactions. 
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Cleavage of degraded LPS with acetic acid. - A solution of the alkali-degraded 

LPS (60 mg) in aqueous 2% acetic acid (15 mL) was heated for 20 h at 105”, then 

centrifuged (15 min, 3OOOg), and freeze-dried. The product was eluted from a column of 
Fractogel TSK HW-SO(S). A polymer fraction and three main oligosaccharide fractions 
were obtained and analysed after acid hydrolyses. 

Acid hydrolysis. - Samples (l-2 mg) of CPS, LPS, PS, and l-5 were hydrolysed 

with 2~ HCl(0.5 mL, 3 h, 1057, the solvent was evaporated, and water was evaporated 
twice from each residue, which was then analysed by p.c. and the sugar analyser. 

In a preparative experiment, CPS (10 mg) was hydrolysed and treated as de- 

scribed above, and the residue was dried in vacua to give D-galactose (10 mg), [cI], f48” 
(c 0.5, water); lit.” [a],, f80” (water). 
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