
THE STRUCTURAL ELUCIDATION 

OF THE CAPSULAR ANTIGEN OF 

KLEBSIELLA SEROTYPE K69 

THESIS 

Submitted in fulfi lment of the 

requirements for the degree of 

MASTER OF SCIENCE 

of Rhodes University 

by 

PETER LINTON HACKLAND 

January 1987 



ACKNOWLEDGEMENTS 

The author wishes to express his sincere gratitude to the following 

people: 

Professor H. Parol is, Rhodes University, for his dedicated supervision 

and interest during the period spent in preparation of this thesis; 

Dr. L. A. S. Parolis for valuable assistance in laboratory procedures; 

i~r. D. Morley for helpful technical assistance; 

Dr. J. Grundy and Mr S. M. R. Stanley for proof reading the manuscript; 

Mrs. C. M. Lunn for help with the typing of the manuscript; 

Drs. F. and I. 0rskov, Statens Serum Institut, Copenhagen, for a sample 

of Klebs iella K69; 

the C. S. 1. R., Pretoria, for financial support and for the use of 

their n.m.r. facilities; 

Rhodes University, for post-graduate bursaries during 1985 and 1986; 

the mass spectrometry unit of the University of Cape Town, for the use 

of their facility. 



TABLE OF CONTENTS 

Introduction 

1. The Klebsiella series of capsular (K) antigens. 

2. Isolation and pur ification of capsular polysaccharides. 

Procedures used in the structural elucidation of bacterial 

polysaccharides 

3. Chemical analyses 

3.1 Monosaccharide composition 

3.2 Methylation 

3.3 Specific degradations 

PAGE 

. .. 1 

. .. 4 

. .. 9 

12 

13 

3.3.1 Partial hydrolysis with acid 16 

3.3.2 e- El iminations 17 

3.3.3 Periodate oxidation 20 

3.4 Monosaccharide configuration 22 

4. Enzymic methods : 24 

4.1 Bacteriophage-borne enzymes 25 

4.2 Specific glycohydrolases 27 

5. Chromatographic techniques : 28 

5.1 Gas liquid chromatography 29 

5.2 Gel permeation chromatography 33 

5.3 Paper chromatography 35 

6. Instrumental analysis : 

6.1 Nuclear magnetic resonance spectroscopy 
1 6.1.1 H-N.m.r. spectroscopy ... 39 



13 6.1.2 C- N.m.r. spectroscopy 

6.1.3 20 N.m.r. spectroscopy 

6.2 Mass spectrometry (m.s.) 

6.2.1 Electron impact m.s. 

44 

46 

49 

50 

6.2.2 Fast atom bombardment m.s. 51 

The exocellular polysaccharide of KLEBSIELLA K69 

7. The structural elucidatioo of the capsular polysaccharide of 

KLEBSIELLA Serotype K69 

7.1. Introduction 

7.2. Results and discussion 

7.3. Conclusion 

7.4. Experimental 

... 56 

57 

68 

69 

8 . Bacteriophage - borne enzyme depolymerisation of the KLEBSIELLA K69 

capsular polysaccharide 75 

8.1. Introduction 

8.2. Results and discussion 

8.3. Conclusion 

8.4. Experimental 

REFERENCES 

ANNEXURE A 

Formulae for nutrient media 

ANNEXURE B 

Gel permeation chromatograms : 

1. KLEBSIELLA K69 native polysaccharide 

2. Products of partial hydrolysis 

77 

85 

86 

90 

. . . 101 

103 

104 



3. Products of bacteriophage depolymerisation . .. 105 

ANNEXURE C 

N.m.r. spectra 
1 1. H-N.m.r. spectra 

KLEBSIELLA K69 (a) Native polysaccharide 110 

(b) A1 111 

(c) A2 112 

(d) A2-alditol 113 

(e) A3 114 

(f) A3-alditol 115 

(g) P1 (ambient) 116 

(h) P1 117 

(i) P1-de-0-acetylated 118 

( j ) P1-alditol 119 

(k) P2 120 
13 2. . C-N.m.r. spectra 

KLEBSIELLA K69 (a) P1 122 

(b) P1-de-0-acetylated 124 

(c) P1-alditol 126 

(d) P2 128 

(e) A1 130 

(f) A2 132 

(g) A2-alditol 134 

3. Heteronuclear correlation spectrum (Hetcorr.) 

(a) A 1 . .. 137 



- 1 -

I NTRODUCTI ON 

THE BACTERIAL CAPSULE 

Figure 1 shows the differences in the cell walls of gram-

positive and gram-negative bacteria together with the location of 

their capsules. 

I . .. ~ Capsule 

I. \ \ " ~ Outer Membrane 
';;til-

Capsule 

T:I:I:::2--:5- Peptidoglycan I ::r: 
Peptidoglycan 

Cytoplasmic membrane 

GRAM POSITIVE GRAM NEGATIVE 

Fig. 1. 3 Location of carbohydrates in the cell wall of gram-negative 

and gram-positive bacteria. 

Bacterial capsules are exocellular polysaccharides located on the 

cell walls of both gram-positive and, more commonly, gram-negative 

bacteria. An important group of capsular gram-positive bacteria, are 

the Pneumococci 1 , which have been the subject of many serological 

studies . Encapsulated gram-negative bacteria, include members of the 

Enterobacteriaceae, notably KlebSiella, Proteus, Shigella, Escherichia 

and Enterobacter . 
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The capsule is not essential for growth or survival of the 

bacterial cell because noncapsulated mutants can be isolated. 

Although the role of the capsu le has not been accurately determined, 

it suffices to say that when the bacteria are pathogenic, it serves to 

enhance virulence and protect the cell from phagocytosis. This has 

been shown in the Pneumococci where the non-capsulated variant is 

unable to cause progressive illness in test animals unless injected in 

an overwhelming dose2. 

The capsules are attached to the bacterial cell surface through a 

close association with the cell wall and are only removed by vigorous 

shaking or alkali extraction. They are immunogenic, labelled the "K" 

or Kapsel antigen and are biosynthetically related to the O-antigen 

(lipopolysaccharides) and peptidoglycans3 (Fig.1), all having lipid-

linked sacchar ides as intermediates. 

The capsular polysaccharides are heteropolymers made up of 

various neutral hexoses, uronic acids, 6-deoxyhexoses, amino-sugars 

and, rarely, pentoses. E.coli K1 which possesses a capsule consisting 

of the homopolysaccharide of N-acetylneuraminic acid (sialic acid)4-5 

is an exception. Unusua l components of capsules include phospholipids 

(phosphatidic aCids)6, amino acids7-8 and 3-deoxY-D-manno-

octulosonic acid (KDO)9. The large number of different components 

give rise to many variations in polymer structure. Certain 

exocellular polysaccharides are of commercial importance 10 , some 

be ing used as vaccines 11 (meningococcal polysaccharide vaccines). 

The bacterial capsule is thought to playa part in the disease 

process, therefore structural studies on capsular polysaccharides of 

two members of the Enterobacteriaceae, Klebsie lla and Escherichia, are 
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being conducted in our laboratory in order to determine the absolute 

chemical structure of these bacterial antigens. Bacteria of t he genus 

Klebsiella, include the species K.ozaenae, K.rhinoschleromatis and 

K.pneumoniae, which are opportunistic pathogens causing respiratory 

and urinary tract infections in man. E.coli is saprophytic within the 

intestine and only under exceptional circumstances causes diarrhoea 

and urinary tract infections (cystitis). 

Structural studies have recently concentrated on strains of 

E.coli as the majority of Klebsiella capsular polysaccharides have 

been studied. The work presented in th is thesis, however, covers the 

capsular polysaccharide of a strain of Klebsiella serotype K69 and 

forms part of a continuing programme, involving the structural 

elucidation of capsular antigens. 
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1. THE KLEBSIELLA SERIES OF CAPSULAR (K) ANTIGENS 

The family Enterobacteriaceae, which includes the genus 

Klebsiella, is an important group of bacteria found in the intestinal 

tract. Species of Klebsiella are gram-negative rods, some having an 

exocel lul ar polysaccharide capsule; these capsules are complex 

polysaccharides made up of oligosaccharide repeating units which 

comprise the capsular (or K) antigens. 

The existence of more than eighty different Klebsiella K antigens 

h b d 12-1 3 h' I f h ' as een reporte . ; the c emlca structures 0 more t an s Ixty 

of these have been e lucidated. The majority of these structures have 

been reviewed 14 , with the following having subsequently been 

establ ished : 

K3 15 -2) - a-D-GalpA- (1 -3)-a-D-Manp-(1-2)-a-D-Manp-(1-3 )-a-D-Galp-{l-
4 
I 
1 

a-D-Manp 
4, /6 

C 
H C/ 'COOH 

3 

Kl0 16 -4)-a-D-GlcpA-(1-2)-a-D-Manp-(1-2)-a-D-Galp-(1-6)-a-D-GlcP-(1-4)-
3 a-D-Galp-(l-
I 
1 

a-D-Ga Ip 

K1417 a-L-Rhap 
1 
I 
3 

-4) -a-D-GlcpA-(1-3) -a-D-Galf-(1-3) -a-D-Glcp- (1-4) -a-D-Manp-( l-
2 
I 
1 

a-D-Glcp 
4, 6 

'C/ 
H C/ 'COOH 
3 
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K35 18 -3)-~-D-Galp-(1-3)-~-D-Manp-(1 - 3)-~-D-Manp-( 1 -3) -6- D-Glcp -( 1-
6 4 2 
'C/ I 

H C/ 'COOH 1 
3 6 -D-GlcpA 

K50 19 -3)-6-D-Galp-(1 - 3)-«-D-Glcp-(1-4)-cr-D-GlcpA-(1-3)-~-D-Ma np-(1-3)-
6 ~-D-Manp- (1-
I 
1 

a-D-Glcp 
6 
I 
1 

6-D-Galp 

K66 20 -3)-a-D-Manp-(1 -3)-a-D-Galp-(1-2)-a-D-GlcpA-(1-3)-a-D-Manp-(1-
3 
I 
1 

4-0- Lac -6-D-Glcp 

K67 21 -3)-a-L-Rhap-(1-3)-a-D-Manp-( 1-3) -a-D-Manp-(1-3)-6-D-GIcp-(1-
2 
I 
1 

6-D-Galp-(1--3)-6-D-GlcpA 
4 
I 
1 

a-L-Rhap 

K6822 -2 )-~-D-GalpA-(1-2)-a-D-Manp-(1 -3)-6-D-Galp-(1-
4 
I 
1 

a-D-Manp 
4 6 
'C/ 

H C/ 'COOH 
3 
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K69 (this thesis) c:t-D-GlcpA 
1 
I 
3 

-4)-6-D-Glcp-(1-4)-6-D-Manp-(1-4)-6-D-Manp(1-
6 6 
I OAc (30%) 
1 

6-D-Ga lp 
4 /6 
'c 

H C/ 'COOH 
3 

K79 23 -3)-6-D-Galp-(1-3)-6-D-GlcpA-(1-2)-c:t-L-Rhap-(1-3)-c:t-L-Rhap-(1-3)-
4 c:t-L-Rhap-(1-
I 
1 

c:t - D-Glcp 
6 
I 
1 

c:t-D-Glcp 

K80 24 -3)-6 -D-Galp-(1-2)-c:t-D-Manp-(1-2)-c:t-D-Manp-(1-
3 
I 
1 

c:t-D-Gl cpA 
4 
I 
1 

6-L-Rhap 
4 /3 
'c 

H e 'COOH 3 

K82 25 -3) - 6-D-Glcp-( 1-3) - c:t-D-Galp- (1-3) - 6-D-Galp- (1-
4 
I 
1 

6 -D-GlcpA 

Fig .2 Repeat units of recently published structures. 
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The existence of strains K1 through K84 have been reported. 

~rskov and Fife-Ashbury13 found that the capsular polysaccharide of 

Aerobacter aerogenes was labelled K73 and K75, K76, K77 and K78 were 

identical to previously established structures, therefore these 

strains were deleted and a new strain, K83, was reported. Preliminary 

investigations conducted by Nimmich 12 on KLEBSIELLA types 1 to 72 

showed their capsular antigens to be made up of sugars from the 

following: 

Neutral sugars - D-glucose 

D-galactose 

D-mannose 

Acidic sugars - D-glucuronic acid 

D-galacturonic acid 

6-Deoxyhexoses - L-fucose 

L-rhamnose 

The Klebsiella capsular polysaccharides are acidic, often 

containing glucuronic acid, but galacturonic acid does occur in a few 

cases, while 

uronic acid. 

other polymers have 

In the K32 26 5627 , 

a pyruvate acetal in addition 

and 7228 polysaccharides the 

to a 

pyruvic acid acetal is the sole acidic component. The O-acetyl groups 

present in K2 29 , K2430, K30 31 , K3332 , K4433 , K4934 , K5435 , 

K55 36 , K5837 , K5938 , K6439 and K69 (this thesis) are of 

serological importance . This was clearly demonstrated by Lindberg 

et al. 31 who showed that K30 and K33 are distinct serological types 

although they differ chemically only in the extent of O-acetylation. 

Some less common sugars and sugar components have been reported. 

The capsule of K3740 has a terminal 4-0-[(S)-carboxyethyIJ-D­

glucuronic acid group, K2241 is thought to have a terminal 4-deoxy-
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threo -hex-4-enosyluronic acid, K66 20 has a terminal 4-0-[(R}-1-

carboxyethyIJ-D-glucose unit, while K3842 , contains a 3-deoxy-L­

glyceropentulosonic acid. The majority of monosaccharides involved 

are in the pyranose form with only K1243 , K1417 and K4144 having 

furanose residues (viz D-Galactofuranose). 

It can thus be seen that there exists a wide diversity of 

chemical structure within the series of Klebsiella capsular antigens~ 

Serological cross reactions between these polysaccharides and antisera 

have been conducted45 -49 allowing correlations to be made between 

chemical structure and antigenic characte r . 
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2. ISOLATION AND PURIFICATION OF CAPSULAR POLYSACCHARIDES 

Before structural studies can be carried out on capsular 

polysaccharides the material must be isolated in a suitably pure form. 

Moreover, isolation procedures must not modify the polymer in any way. 

The general approach is to extract the polymer from the culture by 

so lubilisation, then purify it by means of chromatography or selective 

precipitation, the latter being the most successful and widely used 

method. 

The process of selective preCipitation involves conversion of the 

required polysaccharide to an insoluble complex with, for example, 

aqueous cetyltrimethylammonium bromide (CTAB). This forms insoluble 

complexes with acidic but not neutral polysaccharides (O-antigen)50, 

thus providing an efficient method for selectively isolating aCidic 

polysaccharides. This approach is routinely used in our laboratory 

and is essentially that described by Dutton and Okutani 51 . 

The bacteria are grown on a suitab le solid agar medium and after 

incubation the cells are harvested and the capsular material is 

extracted into a 1% w/v aqueous solution of phenol. The resulting 

suspension is centrifuged and the supernatant decanted from the cells 

and poured into 95% ethanol to preCipitate crude polysaccharide 

material . The preCipitate, after dissolution in water, is treated 

with CTAB to isolate the acidic polysaccharide. The 

polysaccharide/CTAB complex is collected and then decomplexed by 

dissolution in 3M sodium chloride; addition of ethanol precipitates 

the free polysaccharide. This material is further purified by 

dialysis. 

An alternative method which may be used to separate acidic from 

neutral polysaccharides, is ion-exchange chromatography, for example 
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on DEAE-Sephadex or -Sepharose. Li ndberg et al. 52 have successfully 

applied this method in the isolation of capsular polysaccharides. 
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PROCEDURES USED IN THE STRUCTURAL ELUCIDATION OF POLYSACCHARIDES 
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PROCEDURES USED IN THE STRUCTURAL ELUCIDATION OF POLYSACCHARIDES 

3. CHEMICAL METHODS USED IN THE STRUCTURAL ELUCIDATION OF BACTERIAL 

POL YSACCHAR IDES 

3.1 Monosaccharide composition analysis 

The initia l step in structural studies of complex polysaccharides is 

the qualitative and quantitative determination of the monosaccharides 

making up the polymer. Usually, the polysaccharide is hydrolysed and 

the resulting sugars are identified by means of paper chromatography 

or gas liquid chromatography of the suitably derivatised sugars. 

Quantitation (total sugar ratios) is achieved by g.l.c. of the sugar 

derivatives from a hydrolysate and a methanolysate. 

Hydro lysis of polysaccharides in an acidic medium is accompanied 

b d d · f h f . 53-55 h y some egra atlon 0 t e ree sugar unIts , t us a compromise 

must be reached regarding the chOice of acid and the concentration 

used i n order to get optimum hydrolysis with minimal degradation. 

Acid labile substituents (O-acetyl and pyruvate aceta Is) are lost 

during acid hydrolYSiS, but fortunately, can be quantitated by lH_ 

nuclear magnetiC resonance (n.m.r.) spectroscopy. A variety of acids 

have been used for the hydrolYSiS step, these include aqueous 

hydrochloric, aqueous sulphuric and aqueous trifluoroacetic acid 

(TFA)56. A study has shown that TFA and sulphuric acid are the acids 

of choice57 as both these acids cause less degradation than others. 

TFA, however, has t he added advantage of being volatile and therefore 

can be easily removed from the reaction products. Aqueous TFA (2M) is 

routinely used to effect complete hydrolysis, while at lower 

concentrations it is used in partial hydrolysis studies57 . 
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It must be emphasized that, under given conditions, different 

glycosidic linkages are hydrolysed at different rates. Most bacterial 

polysaccharides that have been stud ied contain uronic acids, whose 

glycosidic linkages are more resistant to acid hydrolysis than those 

of neutral sugars58. In order to facilitate hydrolysis, it is 

necessary to reduce the uronic acid unit s to their parent suga r s prior 

to acid treatment. The methods for uronic acid reduction have been 

outlined by Aspinal1 59 . In this laboratory the polysaccharide is 

methanolysed in refluxing 3% methanolic hydrogen chloride forming 

oligo- and mono-saccharides as methyl glycosides. During this process 

carboxyl groups are all converted to the methyl esters which are 

reduced in dry methanol with sodium borohydride. The hydrolysis can 

now be completed using 2M TFA. A highly recommended method for 

reducing uronic acid residues i s that of Conrad and Taylor60 , 

involving the treatment of an aqueous solut ion of the acidic 

polysacchar ide with a water soluble carbodiimide, followed by 

reduction with sodium borohydride. 

3.2 Methylation analysis 

Methylation analysis forms a very important procedure in the 

structural elucidation of polysaccharides. This procedure was 

originally laborious and time consuming61 , however, modern 

procedures62 enable the complete analysis to be done within a normal 

working day. The general procedure in volves etherification 

(methylation) of all the free hydroxyl groups on the sugar residues of 

the poly- or oligo -saccharide. Subsequent acid hydrolysis of the" 

permethylated material will generate hydroxyl groups on carbons 
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formerly involved in the glycosidic linkages allowing the assignment 

of l inkage positions to the various sugars by identification of the 

methylation positions of these products. This is achieved by g.l.c . ­

mass spectrometry of the derived permethylated sugars. 

The unambiguous location of the monosaccharide linkage positions 

relies upon complete methylation of the polysaccharide . To ensure 

that this has occurred a methoxyl determination can be carried out. 

More frequently however, infra red spectroscopy is utilised to detect 

any remaining OH groups. 

Of the available methylation procedures, the method of choice is 

that of Hakomori 63 . This involves the dissolution of the poly- or 

oligo-saccharide in dimethylsulphoxide (DMSO), treatment with sodium 

methylsulphinylmethanide converting OH groups to alkoxides and 

reaction with methyl iodide to effect the methylation at the 

alkoxides. This method has largely replaced the earlier methods of 

Purdie and Irvine64 (methyl iodide and silver oxide) and Haworth61 

(dimethyl sulphate and aqueous sodium hydroxide); the latter was the 

standard method prior to the Hakomori procedure 53. The method of 

Kuhn and coworkers65 , who mod ified t he Purdie method , involves the use 

of N,N-dimethylformamide (DMF) or DMSO as solvent, silver oxide as 

base, and methyl iodide as alkylating agent. 

Remethylation of partially methylated polymers by the Hakomori 

method is to be avoided to prevent the loss of uronic acid 

substituents. Uronic acids are esterified during the Hakomori 

methylation. These uronic esters are susceptible to base catalysed 

~-eliminations with subsequent degradation. Fortunately the 

esterification only occurs after etherification of the more 

nucleophillic alkoxides when the base concentration is too low for 
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degradation to occur. In order to avoid 8-el imination the Kuhn 

method65 has been used to complete the methylation of partially 

methylated material, for example, after reduction of uronyl esters in 

methylated poly- or oligo-saccharides with lithium aluminium 

hydride66 . 

Incomp lete methylation is usually due to incomplete dissolution 

of the polysaccharide in DMSO. This can be overcome by 
o 

ultrasonication and heating to 60 or by the modified Hakomori 

procedure described by Narui et al. 67 . In this procedure a 1:1 

mixture of 1, 1,3,3-tetramethylurea and DMSO is used. The urea serves 

to relax inter- and intra-molecular hydrogen bonds affording better 

dissolution of the po lymer. Recently, the Hakomori technique has been 

further mod ified by the use of potassium dimSyl68 in place of sodium 

dimsyl69; potassium dimsyl has the advantages of ease of preparation 

and of producing fewer artefacts on g.l.c. analysis of the 

permethylated monosaccharide derivatives . 

Pyruvate acetals are stable under the alkaline conditions of the 

Ha komor i methylation, while O-acetyl substituents are removed. 

Methods have been developed to prevent this from occurring70-71 for 

example, De SeIder and Norrman72 have developed a very useful 

chemical method (using methyl vinyl ether) to locate O-acetyl 

substituents in polysaccharides. Modern n.m.r. spectroscopy is also 

useful in the location of these base labile substituents. 
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3.3. Specific degradations of polysaccharides 

3.3.1 . Graded acid hydrolysis 

Partial depolymerisation of polysaccharides by acid forms 

oligosaccharides which can be isolated by preparative paper or gel 

permeation chromatography. Partial hydrolysis, the subject of several 

review articles73 -74 , 55, provides valuable sequencing information once 

the resulting oligosaccharides have been characterised by n.m.r. 

spectroscopy and methylation analysis. 

Many polysaccharides have glycosidic linkages which do not differ 

significantly in their lability to acid hydrolysis. Fortunately, the 

bacterial polysaccharides have glycosidic linkages of differing acid 

lability, for example, furanose and deoxy- sugar linkages are weaker 

than those of uronic acid and 2-amino-2-deoxyhexose. Uronic acids are 

commonly encountered with bacterial exocellular polysaccharides, hence 

by carefully controlling the reaction, predominantly aldobio-, 

aldotrio- , aldotetrao- and higher uronic acids will be formed 75 . Even 

where all the glycosidic linkages are hydrolysed at the same rate, the 

polymer can be chemically modified prior to partial hydrolysis 76 to 

induce selective fragmentation. However, a disadvantage of partial 

hydrolysis is that complex mixtures of oligosaccharides are formed, 

resulting in low yields of the pure oligosaccharides. 

The depolymerisation is generally carried out in aqueous O.5M 

TFA, though non-aqueous conditions can be employed, including: 

acetolysis (acetic anhydride, acetic acid and sulphuric acid)77; 

hydrofluorinolysis (liquid hydrogen fluoride at low temperatures); 

methanolysis and mercaptolysis. The non-aqueous methods afford 

select i ve cleavage of different glycosidic bonds to those hydrolysed 
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by aqueous TFA, producing different oligosaccharides and, hence, 

additional structural information, e.g. acetolysis cleaves 1-6 

linkages more readily than aqueous TFA78. Selective cleavage has also 

been effected by Nilsson et al. 79 who stabilized glycosidic bonds to 

acid hydrolysis by O-trifluoroacetylation. 

Pyruvate is an acid labile substituent which can be selectively 

cleaved by acid, revealing its linkage positions which are identified 

by methylation analYSis 39 . 

3.3.2. B-Elimination 

Selective degradation of methylated polysaccharides containing 

uronic acids reveals the linkage position of the uronic acid and 

provides useful sequencing information. Lindberg et al. 80 

de~onstrated this by treating a methylated polysaccharide with a 

strong base (dimsyl). 

The 4-0-substituted uronic ac id has a good leaving group B to the 

electron withdrawing carboxyl. The methoxyl or a sugar group attached 

to the 4- position is B-eliminated as methanol or saccharide on 

treatment with base, forming an unsaturated uronyl ester. Subsequent 

mild acid hydrolysis cleaves the glycosidic bond, releasing the uronyl 

ester which then undergoes further degradation (see Scheme 1, Fig.3). 

Where the uronic acid is "in chain" oligomers are formed and where 

terminal or pendant a modified polymer results. On re-etherification 

and analysis of the products, the linkage position of the uronic acid 

and some sequencing data are ascertained. 

Lindberg and Lonngren81 later published a more detailed account 

of the above procedure. Where the 4-0-substituent is a sugar residue, 
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it too is degraded on prolonged treatment with base (Scheme 2, Fig . 3) 

providing further useful structural information. 

These B-elimination reactions have been reviewed82 by Kiss, and 

later updated by Lindberg et al. 73 concentrating on their application 

to structural carbohydrate chemistry . 

Aspinall and Rosel1 83 have since modified the procedure of 

Lindberg 80. They showed that the treatment of methylated 

polysaccharides with a strong base, under the conditions described by 

Lindberg, results in complete degradation of the uronic acid, making 

the acid hydrolysis step unnecessary. Accordingly, the 

Aspinall/Rosell modification is generally utilised. This takes the 

form of a single operation whereby the methylated acidic polymer is 

treated with a base and then directly alkylated with trideuteriomethyl 

iodide or with ethyl iodide to tag the site where the uronic ac id was 

linked. A further advantage of this method is that it prevents the 

secondary degradations (Scheme 2, Fig.3) which occur using the 

Lindberg method. The secondary reactions involve the reducing-sugar 

products of the initial base catalysed degradation; substituents at 0-

3 of these reducing sugars, methoxyl or glycosyl, are beta to an 

aldehyde carbonyl and are eliminated on prolonged exposure to base to 

yield an unsaturated product which undergoes further degradation upon 

treatment with acid. 

It is interesting to note that only limited degradation by 

B-elimination of 4-0-substituted uronic acids occurs dur ing Hakomori 

methylation, although degradations have been reported84 It is 

postulated that the base is rapidly decomposed on addition of the 

methyl iodide (section 3. 2). 
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3.3.3. Periodate oxidation 

Periodate oxidation of polysaccharides, first utilised in 192885 , 

remains an important analytical technique. Inevitably the procedure 

has been modified to optimize its usefulness in carbohydrate 

structural analysis. It is based on the ox idative cleavage of 1,2-

diol or 1,2,3-triol groups86 to form two aldehyde groups and, in the 

latter case, one molar portion of formic aC id; one and two molar 

proportions of periodate are consumed, respectively . . The method has 

been reviewed87 and the dialdehyde products have been the subject of 

further discussion88 . 

Structural information, including nature and proportion of the 

glycosidic bonds present in a polysaccharide, is obtained by 

quantification of periodate consumed, formic acid generated and the 

proportion of intact sugar units. Various methods of quantitat ion are 

used86 , principally spectrophotometric and titrimetric analysis. 

Modifications to the oxidation procedure, such as periodate oxidation 

followed by reduction and hydrolysis, (or by variations of this 

sequence) enable the control led degradation of polysaCCharides89 

(Fig.4). The resulting dialdehydes exist as cyclic acetals 90 which 

are stable to further oxidation and to acid hydrolysis. However, by 

reduction of these dialdehydes to the corresponding alcohols, acetal 

fo rmation is prevented, allowing further oxidation and selective acid 

hydrolysis of the products. This procedure is known as the Smith 

degradation86 and is often utilised because the acyclic acetals 

(polyalcohols) are more readily hydrolysed than the remaining sugars, 

allowing the controlled degradation of polysaccharides. 
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The advantages of periodate oxidation are: 

a) small quantities of material are required, 

b) oxidations are quantitative, providing significant structural 

information, 

c) degradations can be controlled and 

d) water is used as solvent as carbohydrates are water soluble 

while periodate/iodate salts are virtually insoluble and are therefore 

easily removed, allowing facile recovery of the carbohydrate products. 

Certain problems associated with periodate oxidation exist and 

these are primarily due to over- or under-oxidation. Overoxidation is 

minimised using the reaction conditions described by BObbit87 , who 

recommended reactions be carried out in the dark, at low temperature. 

with pH 3-3.5. Alternatively Painter and coworkers91 used oxygen free 

water with added propyl alcohol as a radical scavenger to prevent 

overoxidation. Reduction of the products, as in the Smith 

degradation, followed by further periodate oxidation89 , is used to 

overcome underoxidation. This allows intact sugar residues and the 

smaller fragments of oxidised sugars (erythritol, glycerol) to be 

isolated. Analysis of these products provides the researcher with 

sequencing and linkage information. In addition, the Smith 

degradation has been modified to overcome problems of underoxidation 

and to enable se lective acid hydrolysis92-93 . 

3.4. Monosacchsaccharide configuration analysis 

The monosaccharides found in naturally occurring polysaccharides can 

be either of the D or L configuration and thus, before the structure 

of a polysaccharide can be considered to have been fully eluc idated, 

it is necessary to determine the absolute configuration of each 
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component monosaccharide. Several methods have been applied to 

establish these configurations including polarimetry, circular 

dichroism94 , enzymic methods 95 and gas-liquid chromatography. 

Polarimetry and gas-liquid chromatography are used in this 

laboratory. The former method involves isolation of the 

monosaccharides after separation by paper chromatography of the 

polysaccharide hydrolysate. Each sugar is chiral and has a 

characteristic specific optical rotation, thus allowing assignment of 

absolute configuration. 

The method of Leontein et al. 96 , whereby the absolute 

configuration of each sugar is assigned by gas-liquid chromatography 

of its derived glycosides after reaction with a chiral alcohol, is the 

method of choice. The chiral alcohol used in this laboratory is (-)-

2-Qctanol, the resulting octyl glycosides producing four or five 

characteristic peaks for each sugar upon g.l.c. analysis (two 

pyranosides, two furanosides and the straight chain form). The D and 

L isomers of each sugar give a characteristic chromatogram, enabling 

the accurate assignment of its absolute configuration. The method is 

reliable, rapid and only small amounts of material are required. 
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4. ENZYM IC METHODS 

Enzymic methods are playing an ever increasing role in the structura l 

elucidation of polysaccharides. Enzymes in no way entire ly 

replace the chemical methods. involving chemical degradations and 

methylation analysis but. used together they neatly complement one 

another. The use of enzymes has severa l advantages 

(a) Generally they act fairly rapidly and do not require 

numerous or complex experimental manipulations. 

(b) They act specifically on certain glycosidic linkages enabling 

a polysaccharide in a mixture to be studied . This is especial ly 

convenient when difficulties are encountered i n the i solat ion of pure 

material. 

(c) Reaction conditions are mild. leaving labile substituent s 

intact. 

(d) Often. only catalytic amounts of enzyme are required . 

(e) The enzymes are water so luble and therefore. convenient for 

the study of polysaccharides in aqueous so luti on. 

(f) The substrate (polysaccharide) does not require 

chemical modif ication prior to enzymic hydrolysis and the products are 

easily iso l ated in pure form. 

(g) Pure enzymes are read ily avai lable from commerc ia l sources 

and are re l atively inexpensive. 
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4.1. Bacteriophage enzymes 

The firs t account of a bacteriophage (norma lly abbrev iated to "phage ") 

was published by F.W. Twort in 191597 , since this date our knowledge 

of these bacteria-infecting viral particles has increased 

considerably. A characteristic of phages which has been exploited by 

carbohydrate chemists, is their endoglycosidase activity98. Phage­

mediated enzyme depolymerisation of E.coli and Klebsiella capsular 

polysaccharides, producing oligosaccharides corresponding to the 

repeat unit (P1) and multiples thereof (P2 etc.), is now routinely 

applied in the structural elucidation of these polysaccharides. 

A bacterial host "lawn" innoculated with its homologous phage, 

develops clear zones (plaques) where a phage particle had i nfected a 

host cell and rePlicated99 . These plaques can be surrounded by 

"haloes" caused by diffusion of enzymes away from the plaque, 

resulting in lysis of bacteria in the surrounding region. Stirm 

et al. 98 ,99 proved that these enzymes were located in the viral 

spikes . Bacteriophages carry various enzymes 100 , including 

glycanases 101 and lyases 102 , which generally are very specific, 

catalysing the hydrolysis of a single type of glycosidic linkage and 

thus making the bacteriophage fairly host specific. For example, 

Klebsiella bacteriophage No.11 101 was found to cross react with only 

one out of 81 bacterial exopolysaccharides tested. Higher frequencies 

of cross reactions have been reported 103 , but in these instances 

certain structural similarities existed between the polysaccharide 

substrates . Recently, the bacteriophage degradation of the Klebsiella 

K26 polysaccharide was described 104 in which two similar types of 

glycosidic bonds in the polymer were hydrolysed. 

Normally, bacteriophages hydrolyse one type of glycosidic bond in 
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a polysaccharide forming oligosaccharides corresponding to one or more 

repeat units. The repeat unit is isolated in its native form and in 

some cases is the only method of obtaining a repeat unit carrying acid 

labile substituents l05 . The repeat unit is suitable for stud ies of 

conformation in solution l06 and of the binding properties of 

immunOglObulins l07 , besides being invaluable in the structural 

elucidation of bacterial exopolysaccharides. 

Bacteriophages which infect E.coli and Klebsiella are isolated 

from sewage and 

was adopted lOl . 

in earlier studies a rigorous purification procedure 

Dutton et al. lOB who used impure phage solutions, 

simplifying the method, have provided the researcher with a convenient 

means of isolating the oligosaccharides (Pl, P2 etc.) in gram 

quantities. A solution containing 10 13 phage particles is generally 

regarded as sufficient to degrade 19 of polymer . 

The repeat units are studied by lH_ and 13C_ nuclear magnetic 

resonance spectroscopy. The oligosaccharides have a reducing sugar 

and, in addition, many have a pyruvate acetal and/or O-acetyl 

substituents. These groups influence the n.m.r. spectra producing 

information aiding in the sequencing of the repeat unit l09 . Analysis 

by n.m.r. spectroscopy and methylation is often sufficient for a 

complete structural analysis of t he repeat unit, particularly when 

dealing with a tri- or tetra-saccharide. A more detailed account of 

the methodology and the chemical and instrumental analyses involved in 

phage work will be given in section 8. 
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4.2 . Specific glycohydrolases 

Various enzymes are commercially avai lable in pure form and can be 

utilised in structural analysis of polysaccharides. Enzymic 

activities are based on certain substrate characteristics, including 

the types of sugars and their sequence, anomeric configuration, 

solubility, the degree of polymerisation (d.p.) and the extent of 

branching. These characteristics dictate the susceptibili ty of the 

polysaccharide to enzyme hydrolysis and the nature of the hydrolytic 

products. 

Enzymes which have been used are predominant ly exo enzymes, 

hydrolysing the glycosidic linkage of the terminal non-reducing sugars 

of oligosaccharides isolated from various degradations of the original 

polysaccharide 110 , e.g. ~- and B-glucosidase, ~- and B-galactosidase. 

(These enzymes will selectively hydrolyse either an ~ or Blinked, 

terminal, non-reducing , glucose or galactose residue respectively). 

The specificity of such enzymes al lows the identification of the 

terminal non-reducing sugar and the nature of its glycosidic linkage. 

The linkage positi on of the terminal non-reduc ing sugar can be 

determined by methylation analysis of the enzyme modified 

oligosacchar ide. 

The mild reaction conditions, and convenience, of enzymic 

degradation make it a useful method in the study of polysaccharide 

structures. 
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5. CHROMATOGRAPHIC TECHNIQUES 

Various chromatographic separation procedures are utilised in the 

structural studies of polysaccharides. In particular, paper 

chromatography (p.c.), gel permeation chromatography (g.p.c) and gas­

liquid chromatography (g.l.c.), which were used in this study, are 

considered in this review. Other forms of chromatography used in the 

study of carbohydrates include : 

a) Ion-exchange chromatography 

This technique has found wide appl ication in carbohydrate chemistry"'. 

For example, DEAE Sephadex, an ion-exchange gel, is used in the 

purification of acidic polysaccharides. Ion-exchange resins, for 

example Amberlite IR-120 (H+), are used for purification and exchange 

of ions in carbohydrate preparat ions. 

b) Paper electrophoreSiS 

Paper electrophoresis overcomes the difficulties encountered in the 

separation of large, charged polysaccharides using p.c. It is a lso 

applicable to other compounds , for example, methylated sugars"2. 

c) Thin layer chromatography (t.l.c.) 

Silica gel t.l.c. is an alternative method for the qua li tative 

identification of carbohydrates 113 . 

d) High pressure liquid chromatography (h.p.l.c.) 

H.p.l.c. effects the separation of unmod ified suga rs, eliminating tile 

derivatisation step, and is therefore becoming increas ingly important 

as an analytical techn ique in carbohydrate chemistry. The method has 

also been used in the methylation analysis of CarbOhydrates 114 . 



- 29 -

5.1. Gas-liquid chromatography 

Structural studies of polysaccharides and oligosaccharides require the 

identification and quantification of their component monosaccharides 

and g.l.c. is used extensively to achieve these objectives. Dutton 

has comprehensively reviewed the application of g.l.c. in the 

carbohydrate fleld115-116 

Monosaccharide components of carbohydrates g~nerally have low 

volatilities and must be derivatised prior to g.l.c. analysis. 

Sweeley and coworkers 11 ? effectively separated carbohydrates as their 

trimethylsilyl ethers (t.m.s.), a technique which led to expansion 

of the use of g.l.c. in carbohydrate analysis. Cyclic derivatives, 

however, produce complex chromatograms due to the presence of 

pyranose and furanose ring forms and their ~ and ~ anomers1.18; in some 

cases the straight chain form is also observed. This problem can be 

overcome by reduction of the aldose to the alditol or formation of the 

acyclic nitrile, where each sugar gives a single peak. In practice, 

the identification and quantification of the constituent sugars from a 

hydrolysate is achieved by separation of the monosaccharides as their 

peracetylated aldononitriles (PAANs)119-120. In methylation analysis, 

on the other hand, the partially methylated alditol acetates (PMAAs) 

are the derivatives of choice121-123. Whilst PAANs may be identified 

by comparing their retention times with those of authentic standards, 

PMAAs require a combined g.l.c.-mass spectrometry (g.l.c.-m.s.) 
126 

approach124-125. Dmitriev et al. reported g.l.c.-m.s. studies on 

partially methylated aldononitrile acetates, claiming these 

derivatives to be more convenient than PMAAs. Various alternative 

derivatives to PAANs have also been described 115 and, recently, the 

successful separation of monosaccharides as their alditol acetates 12? 
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and alditol t .m.s. ethers 123 has been achieved using capillary 

columns. 

Capillary columns, an exciting innovation, are presently used 

to separate carbohydrate compounds. Fu sed silica capil lary columns 

are highly inert, flexible and easy to handle. These factors, coupled 

with the large range of stationary phases available (Fig.5), has led 

to capillary columns large ly replacing packed columns. The columns 

are either wall-coated open tubular columns (W.C.O.T.), support-coated 

open tubular columns (S.C.O.T.) or phase-bonded columns. The latter 

are the most popular because the stationary phase maintains film and 

thermal stability by being bonded to the column wall, prolonging its 

lifespan and allowing non-volatile contaminants to be rinsed off the 

column. Capillary columns effect good separations of compounds 

pr~viously not well separated by packed columns, providing outstanding 

reproducibility and separation at substantially higher temperatures 

wi t h minimal column bleed. In this laboratory phase-bonded silica 

capillary columns DB-1, DB-17 and DB-225 are used, corresponding to 

OV-1, OV-17 and OV-225, respectively. Where i somers of PMAAs coelute 

on OV-17, OV-225 is used 125 , and vice versa, as the order in which the 

compounds emerge is different in each case. 

A sensitive flame ionisation detector (FlO) is coupled to a 

recording integrator which quantitates the detector responses. 

Different . compounds produce a different response in the FID and the 

calculation of molar flame responses should be based upon the 

effective carbon response 128 for absolute quantitation. This 

laboratory uses the assumption that response factors of PMAAs are 

equal on an equal weight basis. Such an approximation is acceptable 
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because, in our case, we are dealing with repeating units within the 

polysaccharide where ratios of sugars to eacll other are more Important 

than absolute quantitation. 

SOME RECOMMENDED G.L.C. STATIONARY PHASES 

~s t;::a::.:t:.:ic::0.::.n;::a r:..!y~p.::.h;::a s:::e~_-"C",o~mp,,--,o::.:s:.:ic::t.!..i o"'n'--_________ 0:.rP'7e r a ti n g temp s . 
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The importance of g.l.c. in carbohydrate chemistry can be 

illustrated by reference to a few of its other applications. For 

example, g.l.c. is used to determine the degree of polymerisation of 

oligo- and poly-saccharides by the method of Morrison 129 (Fig.6). The 

absolute configuration of the component sugars can be determined by 
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g.l . c. of their acetylated oct yl glycoSldes 96 Gerwig et al. 130 

describe a similar method in which t hey utilise the trimethylsilylated 

(-}-2-butyl glycosides. Dutton and Gibney92 have used g.l.c. to 

monitor the hydrolytic step in the Smith degradation . 

5.2. Gel permeation chromatography (g.p.c.) 

Gel permeation chromatography, also known as ge l filtration or 

molecular-sieve chromatography, is a simple and reliable separatory 

technique providing high yields of material . G. p.c. has been 

described as t he decreasing permeability of the 3-D network of a 

swollen gel to molecules of decreasing molecular size 131 . In g.p.c., 

gels constitute the stationary phase and have pores of varying size 

depending on the gel type . The liquid mobile phase carries the solute 

molecules through the gel . Larger molecules do not enter the pores , 

moving t hrough the gel fastest, while progress i vely smaller molecules 

enter the gel through the pores, spending progressively longer times 

·on the gel column. Molecules are therefore eluted in order of 

decreasing molecular size . 

The types of gel used each have a specific porosity, allowing the 

separation of substances within a certain range of molecular sizes, 

that is , each gel type will have a characteristic fractionation 

range. It follows that t he mean molecular sizes fractionated 

decreases with decreasing pore size . The table below lists some of 

the gels commonly used in this laboratory. 



Type of gel 

Sepharose 4BR 

Sepharose 4B CL R 

Sephacryl S400R 

Sephacryl S500R 

Bio-Gel P_4 R 
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Fractionation range (mol. wt.) 
(Dextrans) 

3xl05 - 5xl06 

3xl05 - 5xl06 

lxl04 - 2xl06 

4xl04 - 20xl06 

<4000 

Sepharose is prepared from agarose, a neutral, linear polymer 

made up of alternate O-galactose and 3,6-anhydro-L-galactose residues. 

Sepharose CL is cross-linked agarose, a gel of similar porosity to 

Sepharose but structurally more rigid, whilst Sephacryl is a rigid 

gel consisting of cross-linked allyl dextran. Bio-Gel P is a series 

of polyacrylamide gels formed by co-polymerisation of acry l amide and 

N,N'-methylene- biS-aCrylamide 132 . The pore size can be varied to give 

gels with different fractionation ranges. These gels are generally 

used with aqueous eluents although Sephacryl can also be used with 

organic solvents. Sephadex LH-20 , on the other hand, is often used as 

a hydrophobic gel in the purification of methylation products, using 

chloroform as eluent. 

The mobile phase (eluent) is chosen to suit the type of compound 

to be separated. Charged su bstances require a buffered mobile phase 

to retard adsorption of solute molecules onto active sites in the gel. 

However, the pH and ionic strength of the buffer must be such as not 

to affect the solute in any way. Aqueous sodium chloride is a common 

eluent, however, if the product is to be lyophilised, volatile 

buffers such as pyridinium acetate solution are more suitable. 

A gel chromatogram is a plot of volume eluted versus 
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carbohydrate concentration (Fig.?). The elution volume (Ve) i s the 

vol ume at wh i ch the maximum concentrat i on of each component e I utes, as 

determined from the e luti on diagram. Detection of carbohydrates is 

ac hieved using various colour reactions, the phenol-sulphuric ac id 

method 133 being a popular choice. 

Some applications of g.p.c. are: 

a) Purification of polysaccharides by preparative g.p.c. 

b) Separation of oligomers from partial acid hydrolysis and of 

bacteriophage depolymerisation of polysaccharides. Churms and 

Stephen 134 have used g.p.c. to monitor the course of acid hydro lysis of 

the capsular polysaccharides from ~~Ine strains of Klebsiella. 

c) Molecular weight determination, based on the linear correlation 

between Ve and Log.molecular weight of a ser ies of compounds whose 

molecular weights fall within the fractionation range of the ge l. 

Typically, a series of dextrans are chromatographed and a calibration 

curve is constructed for a column (F ig.8). Since polysaccharides have 

a distribution of molecular weights, Ve for the poly saccharide will 

be the average molecular weight read off a calibration curve. Thi s 

is an indirect method of molecular weight determination , weights being 

determined relative to those of authent ic standards. 

5.3. Paper chromatography (p.c.) 

This technique is simple and requires minute samples of underivati sed 

monosaccharides and oligosaccharides for qualitative determinations. 

Optimum separation is obtained in a reasonable time period by 

judicious choice of solvent . Although p.c. has largely been 
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superceded by g.l.c. and g.p.c. in our studies of polysaccharides, it 

still finds useful applications. 

P.c . is used for identifying the components of a polysaccharide 

hydrolysate, to monitor the graded acid hydrolysis of polysaccharides 

and to check for oligosaccharides after bacteriophage 

depolymerisation. Homogeneity of the oligosaccharide fractions 

isolated from gel permeation chromatography can be determined by p.c. 

and, where necessary, preparative separat ions of cochromatographed 

frac tions carried out . Although preparative separations of the 

products of partial hydrolys i s or of periodate oxidation are still 

carried out by p.C., g.p.c. is the method of choice. 

Churms 112 has reviewed the various solvents and detection methods 

used in p.c. Solvents used during the course of the present work 

include 

1) 8 : 2 : 1 ethyl acetate - pyrid ine - water, a basic solvent, 

2) 18 : 3: : 4 ethyl acetate - acetic acid - formic acid -

water, an acidic solvent giving good separation of monosaccharides, 

and, 

3) 5 : 1 : 5 : 3 ethyl acetate - acetic acid - pyridine - water, 

a solvent providing good separation of uronic acids, neutral sugars 

and amino sugars. 

The detection of carbohydrates on paper chromatograms was 

achieved using one of two methods, either the alkaline silver 

nitrate/sodium thiosulphate method 135 where reducing sugars show up as 

brown to black spots, or the periodate/benzidine reagent 136 which 

leaves white spots on a blue background and is used to detect 

oligosaccharides and non-reducing sugars. 
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6. INSTRUMENTAL ANALYSIS 

Technol ogical progress in the f ields of nuclear magnetiC resonance 

spectroscopy and mass spectrometry (including g.l.c.-m.s.) has made 

these techniques invaluable to the carbohydrate chemist and are 

routinely used in the structural elucidation of polysaccharides. 

6.1. Nuclear magnetic resonance (n .m.r.) spectroscopy 

High resolution n.m.r. spectroscopy has several useful features, it is 

a non-destructive, quantitative technique and a large amount of data 

is obtained in a relatively short period of time (no elaborate 

chemical manipulations are required in the preparation of samples for 

routine n.m.r. studies). 

1 6.1.1. Proton n.m.r. spectroscopy ( H-n.m.r.) 

The routine use of 1H-n.m. r . spectroscopy in the structure elucidation 

of polysaccharides has been made possible through the introduction of 

super-conducting magnets 137 , which have greatly enhanced the resolution 

of 1H-n.m. r . spectra, for example, 500 MHz pulsed n.m.r. spectrometers 

are now available. Carbohydrates were first investigated by n.m . r. 

spectroscopy by Lemieux et al. in 1958138 . The many advances made 

since then have been covered in several review articles139-142. The use 

of 1H-n.m. r . spectroscopy in studies of Klebsiella capsular 

polysaccharides was first reported by Dutton et al. 143 . 

Specific types of structural information are obtained 

a) the degree of polymerisation of oligosaccharides, 

b) the identity of the monosaccharides and other non-carbohydrate 

substituents making up the carbohydrate compound and 
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c) the stereochemical characteristics of the constituents. 

A large proportion of this information is obtained from the chemical 

shifts of the protons linked to the anomeric carbons (the anomeric 

protons). The chemical shift (6) is the frequency separation 

between the reference signal and a proton signal of the compound 

being analysed. 

6 =frequency separation (in Hz) between the resonance and Me4Sixl06 
spectrometer radlofrequency (Hz) 

Tetramethylsilane (TMS) is used as a reference for protons (6=0), 

however, since TMS is not water soluble, 4,4-dimethyl-4-silapentane-l­

sulphonate (OSS) is used as an internal reference when dealing with 

aqueous carbohydrate solutions. Acetone is incorporated as an 

internal reference, producing a signal which is 2.23 p.p.m. downfield 

from the tetramethylsilane signal. 

OeshieJdi~g of the anomeric proton by the ring oxygen atom cauSes 

the anomeric signals to be well separated from those of the other 

protons in a carbohydrate compound, occuring well downfield from the 

rest, in the so called "anomeric region". This part of the spectrum 

occurs between 64.5 and 65.5, with the 6- anomeric signals occuring 

from 54.5 to 55.0 and the a- anomeric signals, from 55.0 to 55.5. The 

total sugar ratio in the repeat unit of a polysaccharide can be 

ascertained from the number of anomeric signals and their relative 

intensities. The anomeric region is useful for distinguishing 

furanose sugars from pyranose sugars; signals of sugars in the 

furanose form appear downfield from those of the pyranose forms 1? 

(e.g. 6-Galf resonates at 55.3). However, some ring protons also 

resonate in the anomeric region, including both H_5 144 and H_4 145 of an 
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~-galacturonic acid, therefore caution must be excercised in the 

interpretation of these spectra. 

Proton spin-spin coupling (J-value), especially between vicinal 

protons, provide useful structural information. In the present work, 

we are particularly interested in the coupling (J1 2) between H-1 and , 
H-2. This coupling constant depends on the dihedral angle separating 

the vicinal protons. The value is large (~8Hz) when the protons are 

antiparallel (transdiaxial) and relatively small (~3Hz) when gauche 

disposed. This information, when taken together with chemical shifts, 

enables the assignment of the anomeric configuration, as generally , 

anomeric protons of ~-linked sugars resonate from 5.0 to 5.5 p.p.m. 

(with small J1 2 values) whilst those of ~-linked sugars resonate from , 

4.5 to 5.0 p. p.m. (with large J1 2 values) (Fig.9). , 

The accumulation of 1H-n.m. r . data in the literature enables the 

identification of component sugars through the characteristic chemical 

shifts and coupling constants (J1 2) of their anomeric protons. When , 

one is dealing with oligosaccharides the reducing terminus can be 

identified through its partial ~ and ~ signals (resulting from 

mutarotation). Furthermore, the degree of polymerisation can be 

determined from the ratio of the integral of the reducing signal to 

the integrals of the other anomeric signals. 

1H- N. m. r . spectroscopy allows the identification of non­

carbohydrate constituents in polysaccharides. For example O-acetyl 

groups and pyruvate acetals are common substituents in the Klebsiella 

capsular polysaccharides, and the methyl protons of these groups have 

characteristic chemical shifts. Furthermore, the chemical shift 

values of pyruvate vary with the stereochemistry of the acetal carbon 
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and permit the assignment of the R or S configuration to this group146. 

In practice, n.m.r. studies are performed on solutions of poly­

and oligo-saccharides, however, interference from exchangeable protons 

and line broadening, results in loss of resolution. In order to 

minimise the problem of exchangeable protons, good quality D20 

(99.95%) is used to exchange hydroxyl protons for deuterons; several 

exchanges are necessary and D20 is used as the spectroscopic solvent. 

Nevertheless, residual water produces a large signal, known as 

HOD, which resonates at 4.S p.p.m. when the spectrum is acquired at 

ambient temperature. Since this signal is in the anomeric region, it 

can mask the anomeric signals of the sample, but can be shifted 

upfield by running the spectrum at elevated temperature (SO-90·). 

This treatment can, however, result in the loss of labile substituents 

(e.g. O-acety l ) and thus structural information, especially if the 

sample is to be recovered for further analysiS. An alternative 

solution to the problem employs saturation decoupling 147 to eliminate 

the HOD signal; water protons have longer relaxation times than sugar 

protons so that by choosing a suitable pulse sequence, the HOD signal 

can be removed. 

Signal broadening, due to the short relaxation times of sugar 

protons, can be overcome by running the samples at higher 

temperatures, whilst the use of strong magnet iC fields (400-500 MHz) 

and pulsed Fourier transform n.m.r. spectrometers has overcome line 

broadening associated with the earlier spectrometers. 

For the chemical shifts of polysaccharide and oligosaccharide 

protons from work presented in this thesis, the reader is referred to 

sections 7 and S. It must be stressed that despite the wealth of 

structural information provided by n.m.r. studies on polysaccharides, 
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this technique must still be used in conjunction with other physical 

and chemical procedures. 

6.1.2. Carbon-13 n.m.r. spectroscopy 

13 C_n.m. r . data complements those from 1H- n.m. r . spectra and are often 

superior due to their resonance signals being distributed over a wider 

range (200 p.p.m.), giving better resolution. However, the low natural 

abundance of 13C makes the pulsed Fourier transform technique 

essential for the acquisition of 13C spectra. Many aspects of 13C_ 

n.m.r. are utilised in the study of complex carbohydrates, for 

example, 1H_13C and 13C_13 C coupled spectra 148 . The use of 13C_n.m. r . 

spectroscopy in structural studies of the Klebsiella K69 

polysaccharide is discussed in section 7. Gorin has given a wider 

account of the applications of this technique 147 to carbohydrates in 

genera I. 

Spectra run in the 1H_13C decoupled mode provide sharp singlets 

for each carbon atom in the compound and utilisation of chemical shift 

values enables the assignment of these signals and the determination 

of the anomeric configurations. Just as the anomeric protons resonate 

downfield of the rest of the ring protons, so do the anomeric carbon 

atoms in sugars resonate downfield from the other ring carbons. The 

number of anomeric signals can provide information on the size of the 

repeat unit (usually, this information is more readily available than 

from proton spectra because of the better separation of the signals). 

However, carbon resonances are not easily quantitated because of the 

differences in nuclear Overhauser effect enhancements. 

Assigning sugar residues to anomeric signals can be achieved 
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13C_N.M. R. SPECTRUM OF K69 OLIGOSACCHARIDE A2 SHOWING THE 

ANOMERIC SIGNALS 
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utilising the available data (refs. 15,17,44,147,149,150,151). Pyruvate 

acetals and O-acetyl groups can be identified by the 13C signals 

corresponding to their methyl and carboxyl groups (Table 2, pg. 58). 

Moreover, the chemical shifts of methyl carbons of pyruvate acetals 

have values which depend on the Rand S conf iguration of the acetal 

carbon and are thus used to assign configuration 152 . 

The chemical shifts of anomeric carbons are dependent on anomeric 

configuration in the same way as those of anomeric protons, with an ~-

linked anomer resonating upfield of a B-anomer of the same sugar. 

Furanose sugars have distinct anomeric Signa ls 153 , for example, in the 

study of the capsular polysaccharide isolated from Klebsiella serotype 

K4144 it was reported that the C-l signal ' of the galactofuranose 

residue occured considerably downfield from the rest of the anomeric 

signals. When one is dealing with oligosaccharides, the ~ and B 

anomers of the reducing sugar resonate ~5 p.p.m. (~95 p.p.m.) upfield 

from the other anomeric carbons. 

6.1.3. Two-dimensional (20) n.m.r. spectroscopy 

Complex molecules such as polysaccharides and oligosaccharides give 

rise to complex, crowded n.m.r. spectra, with the result that the 

accurate measurement of n.m.r. parameters and the assignment of 

resonances to specific nuclei becomes very difficult. Fortunately, 

new techniques , based on the double Fourier transformation of n.m.r. 

signals, have been developed, helping the researcher to get around 

this problem. These techniques are referred to as two-dimensional (or 

20) n.m.r. spectroscopy. 

There are two classes of 20 experiments viz. J-resolved and spin 

correlated experiments. In J-resolved 20 spectra one frequency axis 
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contains chemical shift information and the other, coupling 

information, while in spin correlated 20 spectra both axes contain 

chemical shift data. Each 20 experiment has a closely related 10 

experiment, the latter being converted into a 20 experiment by varying 

the evolution period. The connection between the two axes in 20 

spectra is established through spin coupling. Benn et al. 154 have 

given a detailed account of these modern pulse methods. 

J-resolved 20 n.m.r. spectroscopy 

This technique finds its most important application in resolution of 

overlapping multiplets, thus providing the chemical shift and coupling 

constant parameters of complex molecules. This technique was utilised 

by Hall and Morris 155 to measure 1H_13C coupling constants in 

oligosaccharides. Both 1H_ and 13C_20 J-resolved spectroscopic 

techniques have been applied to carbohydrates156-159. The 1H_1H and 1H_ 

13C coupling-constants of the anomeric atoms are used to determine the 

anomeric configurations of the sugar residues in poly- and oligo­

saccharides. 

Correlated 20 n.m.r. spectroscopy 

These experiments provide 20 correlations between homonuclear (e.g. 1H_ 

1H) and between heteronuclear (e.g. 1H_13C) spin systems. The 20 

correlations between homonuclear spin systems are known as COSY (J­

correlated spectroscopy) and SECSY (spin echo correlated 

spectroscopy). 

a) J-correlated (COSY) experiments provide proton coupling 

information, where the 10 spectrum lies along the diagonal and off 

diagonal peaks show coupling correlations (Fig.11). 
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Contour plot 

20-COSY N.M. R. SPECTRUM (1H) 

n 

20 13C-correlated experiments show which carbons are connected to 

each other . 

b) 20 heteronuclear correlated spectroscopy has been used to 

facilitate the unambiguous assignment of anomeric signals in 

oligOSaCCharides 155 . In this technique the proton spectrum lies along 

one axis and the corresponding 13C_ spectrum lies along the other 

axis, the overall spectrum cons i sting of one signal for each carbon-

proton pair in the molecule. (Annexure C, fig.3a) . By knowing the 

carbon assignments, proton assignments can be made on the basis of 

their correlations, and vice versa. Heteronuclear correlation data 

was utilised in the assignment of anomeric 13C signals in the work 

presented in this thesis. 

Generally, 20 spectroscopy has the advantages of improved signal 

to no ise ratios, easier determination of coupling constants and the 

accurate assignment of anomeric signals. However, 10 methods should 

be used in conjunction with 20 techniques, since this makes the 

interpretation of 20 spectra far simpler and 10 spectra require 

less sophisticated pulse transmitters and shorter acquisition times. 
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Modern n.m.r. spectrometers are equipped (in terms of instrumentation 

and software) to handle 2D experiments, and therefore 2D-n.m.r. 

spectroscopy undoubtedly will become a popular technique in the 

structural analysis of polysaccharides. 

6.2. Mass spectrometry of carbohydrates 

Mass spectrometry has become an important technique in carbohydrate 

analysis. Modern instrumentation and inlet techniques have increased 

the power and versatility of this procedure and .its varied uses have 

been reviewed by Chizhov and Kotchetkov 160 . The method has several 

advantages: accurate data is rapidly obtained using only small 

amounts of material (1 ~g or less), real data can be distinguished 

from artefacts, certain chemical manipulations, such as deuterium 

labelling, can be used for the unambiguous interpretation of results. 

Three types of inlet system can be used for the introduction of 

the sample into the m.s., these are as follows : the hot inlet system 

(for moderately volatile compounds), the direct probe (for thermally 

unstable compounds), and the g.l.c.-m.s. interface (which effects the 

separation of a mixture and the sequential introduction of its 

components into the m.s.). G.I.c.-m.s. has found greater application 

in the structural analysis of polysaccharides. 

In order to be sufficiently volatile for use in g.l.c.-m.s., 

carbohydrate compounds need to be derivatised. The various 

derivatives utilised in m.s. (i.e. monosaccharide glycosides, 

monosaccharide alditols and other monosaccharide and oligosacharide 

derivatives) have been reviewed 161 . In the study of bacterial 

polysaccharides, g.l.c.-m.s. is used in conjunction with methylation 

analYSiS162-163 for the accurate determination of the substitution 
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patterns of the permethylated monosaccharide components. In this 

connection partia l ly methylated aldito l acetates (PMAA's) appear to be 

the derivatives of choice. 

6.2.1. Electron-impact mass spectrometry (e.i.-m.s.) 

Electron-impact ionisation, commonly used in m. s., involves the 

bombardment of neutral molecules with high energy electrons to 

cause fragmentations which result in the formation of singly charged 

ions. These ions are measured in terms of the i r mass to charge ratios 

(m/z). The relative abundance of each ion is plotted against the m/z 

ratio to give a characteristic spectrum and identification of the 

compound is then accomplished by comparing its fragmentation pattern 

with those of reference spectra 124 . Stereoisomeric PMAA's (e.g. 

glucose, galactose and mannose) give similar spectra that are not 

distinguishable. The fragmentation ions are normally singly 

charged, thus the m/z ratios provide their molecular weights. 

In m.s. two types of fragments are observed - primary fragments 

and secondary fragments. Primary fragments arise through fission 

between two carbon atoms of the parent molecule and secondary 

fragments are formed from primary fragments. With respect to primary 

fragmentation of PMAA's it is of Significance (analytica l ly) that 

fission between two methoxylated carbons is more common than that 

between one methoxylated carbon and one acetoxylated carbon, Which in 

turn is more frequent than fission between two acetoxylated carbons. 

Secondary fragmentations occur by the loss of one or more of the 

following groups: acetic acid (60 m.u.l, ketene (42 m.u.), methanol 

(32 m.u.), and formaldehyde (30 m.u.). The peaks in the m.s. of 1,5-
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di-O-acetyl-2,3,4,6-tetra-O-methylglucitol (Fig . 12) are accounted for 

using the above informat ion . 

Upon reduction of methylated sugars to the alditols, some, for 

example 3-0-methyl- and 4-0-methyl-hexoses, produce identical mass 

spectra. This problem may be overcome by carrying out the reduction 

with sodium borodeuteride, so as to produce deuterium labelled 

products. With carbohydrates the molecular ion peak cannot be 

observed using e.i.-m.s. and other techniques such as chemical 

ionisation (c.i.)164, field ionisation 165 and field desorption 166 , 

maintain the molecular ion peak. These are therefore used in 

conjunction with e.i.-m.s . 

6.2.2. Fast atom bombardment m.s. (f.a . b.-m.s.) 

A major drawback of both e.i . -m.s . and c . i.-m.s . (to a lesser extent) 

is the extensive fragmentation that occurs. Consequently, the mass 

spectra of high molecular weight compounds suffer from a loss in 

signal intensity at high m/z values. A method aimed at improving this 

situation, combines e.i.-m . s. with field desorption (f .d.) studies, 

and has found application in the molecular weight determination of 

carbohydrates. Nevertheless, f.d.-m.s. has been replaced for many 

purposes by f.a . b.-m .s., a relatively new technique. 

F.a.b.-m.s. can be performed on unmodified, as well as 

derivatised oligosaccharides and small polysaccharides . The sample is 

first dissolved in a suitable solvent (e.g. water, for unmodified 

material and methanol or chloroform for methylatedlacetylated samples) 

and then added (5~g in O.5~L) to a drop of glycerol previously placed 

on the stainless-steel (or copper) target. The target is bombarded 
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with Ar+ or Xe+ ions having 2-8 keV of energy. Both positive and 

negative ions are produced, allowing the recording of both types of 

spectra and the mass spectra obtained by this method have a high 

pseudomolecular ion sensitivity, with (M+H)+ in the positive ion 

spectra and (M-H)- in the negative. In addition, the spect ra shows a 

wealth of fragmentation information, allowing the sequencing of 

oligosaccharides and sma ll polysaccharides. Barber et al. 167 

demonstrated the superiority of this technique to f.d. studies, this 

being largely due to the stability of the ions produced by f.a.b.-m.s. 

De ll and coworkers 168 studied unmodified, permethylated and 

acetylated oligosaccharides and glycosphingolipids by f.a.b.-m.s. in 

order to assess its application in the carbohydrate field. They 

showed that it is, indeed, applicable to both native and derivatised 

oligosaccharides, using smal l samples (1-5 ~g). However, because 

limited fragmentation was obtained with unmodified material, the 

examination of methylated derivatives was recommended in order to 

obtain more fragment ions and, hence, enab le the sequencing of 

oligosaccharides. Dr. Dell and her research group are at present 

conducting f.a.b.-m.s. studies on material isolated from the 

Klebsiella K69 capsu lar polysaccharide. Preliminary investigations 

appear to be promi sing, and we envisage their results complementing 

the results presented in this thesis. Dell and Bal lou 169 successfully 

analysed a Mycobacterial O-methyl-D-glucose polysaccharide and 

lipopolysaccharide by negative ion f.a.b.-m.s . These workers also 

investigated a polysaccharide-li pid interaction using positive ion 
170 f . a.b.-m.s. . The f.a.b.-m . s. technique has even been used to 

differentiate between underivatised anomeric methyl glycOSides 171 . 

The app li cations of f.a.b.-m.s. cited above, form only a small 
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part of the range of this versati le procedure . In conclusion the 

f.a . b. method of ionisation has the following advantages: 

i ) A solid is ionised, sometimes at room temperature, in such a 

manner as to avoid the thermal effects associated with sample 

volatilisation. 

ii) Preparation of the sample is straightforward, particu l arly 

when unmodi f ied material is required. 

iii) The method operates in the posit i ve or negative ion mode 

and gives good pseudomolecular ion sensitivity together with 

structurally significant fragmentations . 

iv) Mass spectra can be obtained for molecules of relatively high 

molecular weight. 



- 55 -

THE EXOCELLULAR POLYSACCHARIDE OF KL EBSIELLA SEROTYPE K69 
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THE EXOCELLULAR POLYSACCHARIDE OF KLEBSIELLA SEROTYPE K59 

7. THE STRUCTURAL ELUCIDATION OF THE CAPSULAR POLYSACCHARIDE OF 

KLEBSIELLA SEROTYPE K59 

ABSTRACT 

The structure of the capsular polysaccharide (K antigen) of Klebsiella 

K59 has the pentasaccharide repeating unit shown. Methylation 

analysis,8-elimination and partial hydrolysis were the principle 

chemical techniques uti li sed. N.m . r. spectroscopy (1H_ and 13C_) 

proved invaluable in the determination of the anomeric configurations 

and the sequence of the sugars making up the polysaccharide. 

5, /CH3 8-D-Galp C (R) 
1 4/ 'COOH 
I 
5 

-4) -8 -D-Glcp- ( 1-4) -8 -D-Manp- ( 1-4) -8 -D-Manp- ( 1-
3 
I (O-Acetyl ",30%) 
1 

",-D-GlcpA 

7.1. Introduction 

The concept of a repeating-unit in bacterial capsular polysaccharides 
14 

has been well established The Klebsiella K59 capsular 

polysaccharide has a repeating unit with the qualitative composition 

D-galactose, D-glucose, D-glucuronic acid and D-mannose. It is 

therefore one of 18 strains of Klebsiella spp. with capsular 

polysaccharides having the above monosaccharide composition. Three of 
31 32 

these polysaccharides, K30· ,K33 and now K59, fall into a 

subgroup having both 1-carboxyethylidene acetal and O-acetyl 
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substituents. It is also interesting to note that these three 

polysaccharides are all made up of a "3+1+1" type repeating-unit 

The elucidation of the chemical structure of Klebsiella K69 

exopolysaccharide will now be described. 

7.2. Results and discussion 

7.2.1. Composition and n.m.r. spectra 

The polysaccharide was isolated and purified by the method of Okutani 
51 . 

et al. (sectIon 7.4.2). The pure, acidic polysaccharide had [aJ D 
+54.9 0 and was shown to be homogenous (Mw. 1. 5 x 107) by ge I 

permeation chromatography (Annexure S, Fig.1) using a column of 

Sephacryl S500, calibrated with dextrans. Hydrolysis of the native 

and carboxyl reduced polysaccharide and g.l.c. analysis of the derived 

peracetylated aldononitriles, gave the results shown in Table 1. 

SUGAR ANALYSIS OF NATIVE AND CARBOXYL REDUCED POLYMER 

SUGARS(as PAAN' s) MOLAR RATIOS 
NATIVE CARBOXYL REDUCED 

MAN 1.7 2.0 
GLC 1.0 2.0 
GAL 1.4 1 .4 

TABLE 1. 

1H_ and 13C_n.m. r . spectra of the native polysaccharide were not 

well resolved due to the poor solubility of the polymer. A fairly 

well resolved 1H-n.m. r . spectrum was obtained after autohydrolysis 



TABLE 2 

N.M.R. DATA FOR KLEBSIELLA K69 POLYSACCHARIDE AND DERIVED OLIGOSACCHARIDES 

Compounda 1 H-N.m.r. data 13 C-N.m.r. data 

6
b 

J1 2 Integra I AssignrnentC P.p.m. d Assignmente 

(p.p.m. ) (Hz) (No. of H) 

H3C, /COOH 
C 

4/ '6 
(pyr)Gal 5.19 no GlcA-a- A 

1 
I e 4.77 no 2 -4-Man - e- B+C 
6 

-4)-Glc-e-( 1-4)-Man-e-(1 -4) -Man-e-(1- H3C ,COOH 
3 'c 
I a (acetate 30%) 4/ '6 
1 4.62 7 Gal-e- D 

GlcA 
4.50 7 -4 -Glc-e- E 

K69 Native Polysaccharide c.n 4.47 10 H-5 of a-GlcA H co 

2.16 s CH3 of O-aceta te F 

1.48 s 3 CH3 of pyruvate G 

acetal 

Ga l 5.18 no GlcA-a- A 103 .84 GIc-e-1-
1 
I e 5.18 no 0.6 -4-~1an-a-OH B 103.13 Gal-e- 1-
6 

Glc-e-(1-4)-Man-e-(1-4)-Man-OH 4.90 no 0.4 -4-Man-e-OH B 102.41 GlcA-a-1-
3 
I a 6 6 
1 4.77 no -4-Man-e- C 100.98 -4-Man-e-1-

GIcA 3 3 

A1 4.58 8 Ga l-e- D 94.62 -4-Man-a-OH 

4.47 8 Glc - e- E 94.49 -4-Man-e-OH 

4.3 1 11 H-5 of GIcA-a- F 176.65 COOH of GIcA 



Glc-a-(1-4)-Man-a-(1-4)-Man-OH 5.19 3.5 GlcA-a- A 176.62 COOH of GlcA 
3 
I a 5.19 no 0.6 -4-Man-a-OH 8 103.13 Glc-a - 1-
1 

GlcA 4.90 no 0.4 -4-Man-a -OH 8 102.37 GlcA-a- 1-

A2 4.77 3 -4-Ma n-a - C 3 
3 100.75 -4-Man-a-1-

4.52 8 Glc-a- E 94 .64 -4-Man-a-OH 

94 . 48 -4-Man-a-OH 

Glc-a-(1-4)-Man-a-(1-4)-Mannitol 5.23 3 GlcA-a- A 173.75 COOH of GlcA 
3 
I 4.83 no -4-Man-a- C 103.16 Glc-a- 1-
1 3 

GlcA 102.22 GlcA-a-1-
4.51 8 Glc-a- E 

A2 reduced 100.48 -4-Man-a-1-
4.42 10 H-5 of GlcA-a- H 3 

GlcA-a-(1 -3)Man-a-(1-4)-Man-OH 5.29 3 GlcA-a- A (.Tl 

~ 

A3 5.22 no 0.6 -4-Man-a-OH 8 

4.94 no 0.4 -4 -I~an-a-OH 8 

4.76 3 -3 -Ma n-a- C 

GlcA-a-(1-3)-Man-a-(1-4)-Mannitol 5.29 3 GlcA-a- A 

A3 reduced 4.81 no -3-Man-a- C 

4.30 10 H-5 of· GlcA-a- H 

aFor sources of A1, A2 and A3 see text. 

bChemical sh ift relative to acetone, 6 2.23 downfie ld from sodium 4,4-dimethyl-4-silapentane-1-sulphonate (DSS). 

c-3-Man-a- refers to a 3- l inked mannosyl residue in the a-anomeric configuration. 

dChemical shift in p. p.m. downfield from Me4Si relative to internal acetone; 31.07 p.p.m. downfield from DSS . 

eAs for c, but for 13C_nuclei. 

s : singlet. 
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1H- N.m. r . spectrum (500MHz) of K69 polysaccharide and derived 
oligosaccharides. 
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d) AZ-alditol 
e) AZ 
f) Autohydrolysed native polysaccharide 
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(100 0 ,30 minutes) of the acid form of the polysaccharide. The 

spectrum of this partially depolymerised polysaccharide [Annexure C, 

Fig.l(f)], shows five anomeric signals, integrating for six protons. 

The signal at 64.77, integrating for two protons, occurs as a singlet 

in the B-anomeric region, allowing assignment of the B-configuration 

to two mannose residues. The spectrum contains signals for the methyl 

groups of both pyruvate 61.48) and acetate ( 62.16) (Table 2), their 

signals integrating for three and one proton respectively. Each 

repeat unit, therefore, carries a pyruvate acetal, and approximately 

one out every three repeat units in the autohydrolysed polysaccharide 

carry an acetate group (Table 2). 
13 In the C-n.m.r. spectrum, the anomeric carbon signals were not 

well resolved and definitive assignment of the signals could not be 

made, however, the methyl resonance of the pyruvate acetal, which 

occurs at 26.0 p.p.m. is well defined and indicates that the acetal 

carbon has the R-configuration. 

7.2.2 . Methylation analysis 

Methylation of the K69 polysaccharide and analysis of the products by 

g.l.c.-m.s. of the derived alditol acetates, gave the results shown in 

Table 3, Column I, while reduction of the methylated polymer gave the 

results in Column II. The results in Column I show 0.79 moles of 

2-0-methylmannose, while after reduction of the uronic acid (Column 

II), 0.98 moles are obtained. This suggests that the uronic acid is 

linked to the mannose. The appearance of 2,3,4-tri-0-methylglucose 

(Column II) means the uronic acid is terminal and the mannose to 

which it is linked constitutes a double branch pOint. The 2,3,4-tri-

O-methylglucose appears as only 0.55 moles due to incomplete reduction 
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TABL E 2 

METHYLAtION ANALYSIS OF KLEBSI ELLA K69 POLYSACCHARIDE AND DERIVED POLY- AND 

OLIGOSACCHARIDES 

METHYLATED SUGARSa 

(as alditol acetates) (OV- 225) 

1,2,3,5,6-Man 

2,3,4,6-Glc 

2,3,4,6- Gal 

2,4,6-Man 

2,3,6-Man 

2,3,6-Glc 

2,3,4-Glc 

2,6-Man 

2,3-Man 

2,3-Gal 

2-Man 

0.54 

1.00 

1. 11 

1.60 

1.62 

1.81 

1.81 

2. 28 

2. 73 

3.24 

3.90 

I 

0.92 

0.98 

1.00 

0.79 

II 

0.98 

0.97 

0. 55 

1.00 

0.98 

MOLAR RA TI OSc 

I I I 

1.00 

0.64 

0. 95 

0.83 

IV 

0.70 

0.84 

0.70 

0.49 

1.00 

V 

0.36 

0.55 

0.37 

1.00 

a2,3 ,6-Man = 1,4,5-tri-0-acetyl-2 , 3,6-tri-0-methyl-D-mannitol, etc . 

VI 

0. 41 

1.00 

0. 51 

bRetention time relati ve to that of 1,5-di-0-acetyl-2,3,4,6-tetra-0-methyl­

D-glucitol, on column DB-225 (J + W fused silica capillary column, 0.25 ~m film 

thickness, 30m x 0.25mm) isothermal at 205°C. 

cMolar ratios: I , methylated native polysaccharide; 

II, methylated, reduced, native polysaccharide; 

III, methylated product of uronic acid degradation; 

IV, reduced, methylated, reduced, pentasaccharide from partial 

hydrolysis; V, reduced, methylated, reduced, tetrasaccharide from partial 

hydrolysis ; VI, reduced, methylated, reduced, trisaccharide from partial 

hydrolYSiS . 
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of the uronic acid. The results suggest that the galactose is 

pyruvylated in positions 4 and 6, forming the second terminal group. 

The 2-0-methylmannose, carrying the two terminal sugars, plus the 

2,3,6-tri-O-methyl -glucose and -mannose (both 4-linked), make up the 

three "in-chain" sugar units. The data therefore shows that the 

polysaccharide has a pentasaccharide repeating-unit. 

The results in Table 1 therefore also support a pentasaccharide 

repeating-unit made up of 2 mannose, 1 glucose, 1 glucuronic acid and 

1 galactose. These monosaccharides were shown to be all of the 0-

configuration by g.l.c. analysis of their 2(-)-octyl glycoside 

acetates95 . 

7.2.3. e-elimination (base catalysed degradation) 

The methylated polysaccharide was treated with dimsyl anion and 

directly alkylated with methyl iodide by the method of Aspinall 
83 et al. . A polymeric product was obtained, confirming that the 

glucuronic acid is terminal. Analysis of the product gave the results 

in Table 3, Column III. The appearance of 2,3-di-O-methylmannose 

indicates that the glucuronic acid is linked to position 3 of the 

doubly branched mannose residue. 

7.2.4. Partial hydrolysis 

The native polysaccharide was subjected to partial depolymerisation 

with acid and three acidic oligosaccharides were isolated by gel 

permeation chromatography (Sio-Gel P-2). These correspond to the 

aldotrio- (A3), aldotetrao- (A2) and aldopentao-uronic acids (A1), 

respectively. 
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o 
a-Gal 

1 
I 

E 6 C B 
a-Glc-(1-4)-a-Man-(1-4)-Man-OH 

3 
I 
1 

0<- Gl cA 
A 

a-Glc-(1-4)-a-Man-(1-4)-Man-OH 
3 
I 
1 

o<-Gl cA 

a-GlcA- (1-3) -a-Man-(1-4) -Man-OH 

o 129 
A3 had [0<]0 +27 and a d.p. of 3 Hydrolysis of A3-alditol and 

g.l.c. analysis of the derived peracetylated aldononitriles gave 

mannose and mannitol in the ratio 1:1. Carboxyl reduction followed 

by gl.c analysis gave mannose, glucose and mannitol in the ratio 

1:1:1. These results show that A3 is an aldotriouronic acid 

consisting of two mannose residues and a glucuronic acid, with a 

mannose as the reducing terminus. 

In the 1H-n.m. r . spectrum of A3 (Fig.13) the fractional 

resonances at 05.22 (O.6H) and 04.94 (O.4H) represent the 0<- and a-

pyranose configurations of the terminal reducing mannose re s idue. The 

resonance at 04.76, with a J value of 3Hz, is assigned to the second 

mannose residue, which is therefore a-linked. This signal is twinned, 

suggesting that this mannose residue is linked to the termina l 

reducing mannose which has both the 0<- and a- configurations. In the 
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spectrum of A3-alditol (Annexure C, Fig.1f) this twinning is no longer 

observed, the signal at 64.81 having sharpened considerably, 

conf irming that the manno se residues are ad jacent. The remaining a_ 

anomeric signal at 65.29 is therefore assigned to the glucuronic ac id . 

In the spectrum of A3-alditol an additional signal at 64.30 (J 10Hz) 

is assigned to H-5 of the a-glucuronic acid. 

Methylation of A3-aldito l follovled by carboxyl reduction, 

hydrolysis and g.l.c. analysis of the permethylated monosaccharides as 

their derived alditol acetates gave the results in Table 3, Column VI. 

The appearance of 1,2,3,5,6-penta- 0-methylmannose confirms that 

mannose is the reducing sugar. 2,3,4-Tri-0-methylglucose shows that 

the glucuronic acid is terminal and 2,4,6-tri-0-methylmannose confirms 

that the glucuronic acid is linked at position 3 of this central 

mannose residue. 

A2 had [a]O +32' and a d.p. of 4. A2-alditol was hydrolysed and 

analysed by g.l. c. analysis and gave mannose , glucose and mannitol in 

the ratio 1:1:1. Carboxyl reduction followed by g.l.c. analysis of the 

hydrolysate showed mannose, glucose and mannitol in the ratio 1:2:1. 

These results show that A2 is an aldotetraouronic acid with mannose as 

the reducing terminus. 

Comparing the 1H-n.m. r . data of A2 (Table 2) and A3, an 

additional e-anomeri c signal at 64.52 is observed in the spectrum of 

A2 and is assigned to the glucose residue not present in A3. The 

remaining signals correspond with those of A3, except that the 

fractional a-anomeric signal of the reducing mannose (0.6H) overl aps 

with that of the a-glucuronic acid at 65.19. Similar twinning due to 

mutarotation is observed, which again is not present in the spectrum 
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of A2-alditol (Annexure C, Fig.1d). In this spectrum a signal at 

64.42 (J 10Hz)is assigned to H-5 of the a-glucuronic acid. 

The 13C_n.m. r . data for A2 shows fractional resonances at 94.54 

and 94.48 p.p.m. attributed to the terminal reducing mannose. Three 

more anomeric signals are observed which correspond to the s ignals in 

the 13C-spectrum of A2-alditol. 

Methylation of A2-alditol and g.l.c. analysis of the carboxyl 

reduced oligosaccharide gave the results in Table 3, Column V. The 

results are similar to those for A3-a ldi tol (Column VI) with the only 

differences being the appearance of 2,3,4,5-tetra-O-methylglucose and 

2,5-di-O-methylmannose, which means that the glucose residue is 

terminal and linked at position 4 of the central mannose residue. 
o 

A1 had [a]D +35 with a d.p. of 5. A1 was reduced to the 

alditol, hydrolysed and analysed by g.l.c to give mannose, glucose, 

galactose and mannitol in the ratio 1:1:1 :1. A1-alditol was then 

carboxyl reduced and analysed to give mannose, glucose, galactose and 

mannitol in the ratio 1 :2:1:1. These results show A1 to be an 

aldopentaouronic acid, again with a mannose as the reducing terminus. 

Comparing the 1H-n.m. r . data of A1 (Table 2 and Fi gJ3) with that of 

A2, an additional anomeric signal at 64.58 is attributed to the B­

linked galactose residue. A proton resonating at 64.31 (J 10Hz) is 

assigned to H-5 of the a-glucuronic acid. The remaining signals are 

in agreement with those of A2 and these assignments were used to 

assign the 1H-n.m. r . signal s of the autohydrolysed native 

polysaccharide (Table 2). 

The 13C_n.m. r . spectrum of A1 has two anomeric signals at 94.52 

and 94.49 p.p.m. which are assigned to the partial a- and 8-

configurations of the terminal reducing mannose residue. Four more 
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anomeric signals downfield of these confirm the pentasaccharide nature 

of the oligosaccharide. This oligosaccharide therefore represents the 

repeat unit of the polysaccharide without the pyruvate acetal and 

acetyl substituents. 

A1 alditol was methylated, carboxyl reduced and the hydrolysate 

analysed by g.l.c. to give the results in Table 3, Column IV. The 

appearance of 2,3,4,6-tetra-0-methylgalactose confirms that the 

pyruvate acetal was linked at 0-4 and 0-6 of the galactose residue in 

the native polysaccharide and that the galactose occupies a terminal 

position. Comparing the data for A1 and A2 (Table 3, Columns IV and V 

respectively), it can be seen that the 2,6-di-0-methylmannose has been 

replaced by 2-0-methylmannose. This shows that the galactose is 

linked at position 6 of the central mannose, occupying a branch pOint. 

The 2,3,4-tri-0-methylglucose again confirms that the glucuronic acid 

is terminal, occupying the second branch point on the doubly branched 

mannose in the polysaccharide. 

The methylation data (Table 3) shows the 1,2,3,5,6-penta-0-

methylmannose ratio to be considerably depressed and this is 

attributed to its greater volatility resulting in losses during the 

work-up procedure. The 2,3,4-tri-0-methylglucose ratio is also 

depressed due to incomplete reduction of the glucuronic acid residue. 

To facilitate assignment of the 13 C_ anomeric signals of 

A1 and A2, A1 was subjected to 2D-heteronuclear correlation n. m.r. 

spectroscopy (Hetcorr). Each carbon-proton pair in the 

oligosaccharide is represented by one signal in the spectrum. The 

proton spectrum lies along one axis and the 13C spectrum along the 

other. Since the anomeric proton signals of A1 have known 
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sSignments, the corresponding 13C resonances are identified. 

(Annexure C, Fig.3a) . The BC data of A1 and A2 (Table 2) is shown to 

complement the corresponding 1H data . 

7.3. Conclusion 

From the evidence presented, the capsular po lysaccharide isolated from 

Klebsiella K69 is made up of a repeat unit having the structure shown 

in the abstract and is of the "3+1+1" t ype. Th is structure is very 

similar to those of both K30 31 and K33 32 shown below . 

/3, /COOH 
6-D-Gall\ C 

1 4/ 'CH 
I 3 OAc 
6 6 

-4)-6-D- Glcp-(l-4)-6-D-Manp-(l-4)-6-D-Manp-(l-
3 
I 
1 

CL-D- GlcpA 

Fig.2 Repeating unit of the capsular polysaccharide of Klebsiella 

serotypes K30 and K33. 

K33 has one acetate group per repeating-unit, while K30 has 

approximately one acetate group per every three repeating-units . The 

only major difference in chemical structure of K30/K33 and K69 is that 

the pyruvate is linked through 0-3 and 0-4 in both K30 and K33, while 

it is l inked through 0-4 and 0-6 in K69. 
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7.4. Experimental 

Unless otherwise stated, all solutions were evaporated under 
o 

diminished pressure at temperatures not exceeding 40 . 

7.4.1. General methods 

Optical rotations -

The samples, in aqueous solution, were subjected to 

ultracentrifugation at 35k for 1h, then filtered (8.0 ~m Mi llipore 

LCWP filter). Their optical rotations were then measured in a 1cm 
o 

cell at ambient temperature (approx. 23 ) with a Perkin-Elmer model 

141 polarimeter (sod iu m lamp). 

Chromatography -

For analytical paper chromatography, by the descending method, 

Whatman No.1 paper and the following solvents were used (v/v); 

A. 8 ; 2 ; 1 ethyl acetate - pyridine - water, 

B. 18 ; 3 ; 1 ; 4 ethyl acetate - acetic acid - formic acid - water, 

C. 5 ; 1 ; 5 ; 3 ethyl acetate - acetic 

with silver 

acid - pyridine -
135 

nitrate (I) or 

water. 

Chromatograms were developed 
136 

periodate/benzidine (II) Gel permeation chromatography was 

performed on columns of 5epharose 4B CL and 5ephacryl 5500 using molar 

sodium chloride as the eluent. A Hewlett-Packard 5890A gas-liquid 

chromatograph fitted with a flame ionisation detector was used for 

analytical g.l.c. separations, with a J & W scientific fused silica, 

bonded phase (DB-225) capillary column (0.25mm x 30m) with 0.25 ~m 

film thickness. Integration of f.i.d. signal output was achieved using 

a Hewlett-Packard 3392A recording integrator. A V.G. Micromass 16F 
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spectrometer was used for g.l.c.-m.s. studies; the spectra were 
o 

recorded at 40 eV with an ion source temperature of 170 . 

1H_ and 13C_n.m. r . spectroscopy (Annexure C) -

N.m.r. spectra were recorded on a Bruker W.M. SOO MHz FT 
o 0 

spectrometer at ambient temperature (30 ), and in some cases at 9S 

for 1H_ spectra. Sample preparation involved hydrogen exchange by 

dissolution (20 mg) in °20 (99.7%) and lyophilisation 3 or 4 times, 

with a final exchange in °20 99.96%. Acetone was used as the internal 
1 13 standard (62.23 for H-n.m.r. and 31.07 p.p.m. for C-n.m.r., 

measured against aqueous 4,4-dimethyl-4-silapentane-1-sulphonate). 

All 13C_n.m. r spectra were acquired in the proton decoupled mode. 

7.4.2. Isolation and purification of the polysaccharide 

A sample of Klebsiella K69 was obtained from Or. I. 0rskov, 

Copenhagen, and plated out repeatedly on Mueller-Hinton agar (Annexure 

A), with incubation at 30°. Single capsular colunies (Indian ink 

test) were transferred to each of six tubes containing SmL of sterile 

nutrient broth (Annexure A) and shaken at 37° overnight. The contents 

of these tubes were transferred to each of six flasks containing SOmL 

nutrient broth and shaken at 37° until turbid (6-8h). Six stainless 

steel trays (60 x 40cm) were sterilised and 1.S litres of autoclaved 

Mueller-Hinton agar poured aseptically into each tray, forming a 1cm 

layer of culture medium. The bacterial suspensions were then evenly 

° spread over the agar in each tray and incubated for 4 days at 30 . 

The cells were removed from the trays (1S0mL) and an equal volume of 

2% phenol added to kill the cells. The suspension was stirred 

overnight at 4° then ul tracentrifuged (3S000 r.p.m. on a Beckman L8-
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80M ultracentrifuge, rotor type 70ti, approx. 80 OOOg) for 3h. The 

total supernatant volume was added to 5 volumes of ethanol, 

precipitat i ng the crude polysaccharides. The precipitate was removed 

by centrifugation and washed twice with ethanol, dried, and dissolved 

in a minimum of water (400mL). 60mL of a 5% cetyltrimethylammonium 

bromide (CTAS) solution was added to the polysaccharide solution, 

slowly, with stirring. The precipitate (acidic polysaccharide-CTAS 

complex) was removed by centrifugation and dissolved in 200mL aqueous 

3M sodium chloride to break the complex. The acidic polysaccharide 

was precipitated into ethanol (5 vols.), removed by centrifugation and 

dissolved in a minimum of water (250mL). This solution was dialysed 

(12-14000 Mw cut-off) against running tap water for three days, then 

ultracentrifuged for lh at 35k. The supernatant was finally freeze 

dried , yielding 1.13g of pure capsular polysaccharide. A heat extract 

was performed on the pelleted cells by suspending them in 250mL 1% 

pheno l and stirring at 60° for 30 minutes. The same work up procedure 

was f ollowed, yielding 373mg of pure polysaccharide. The heat 

extracted polymer was kept separate from the rest. 

7.4.3. Monosaccharide composition analysis 

The purified polysaccharide (5mg) was hydrolysed by refluxing 

overnight (16h) in aqueous 2M trifluoroacetic acid (TFA) at 100°. The 

acid was removed by evaporation under deminished pressure and the free 

monosaccharides were analysed by g.l.c., on a column of 

(isothermal), as their peracetylated aidononitriles
120 

OV-225 at 225° 

polysaccharide (10mg) was methanolysed with 3% methanolic hydrogen 

chloride, reduced overnight with sodium borohydride in anhydrous 
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methanol, then hydrolysed with 2M TFA, and the uronic acid was 

identified by g.l.c. analysis of the derived peracetylated 

aldononitriles (Table 1). 

7.4.4. Methylation analysis 

A sample of the K69 polysaccharide 

methylated by a modified Hakomori 

in the free acid form (40mg) was 
67 

procedure using a 1:1 (v/v) 

mixture of dimethylsulphoxide and 1,1,3,3-tetramethylurea, as solvent. 

The product was recovered after dialysis and Iyophilisation, and was 

shown to be completely methylated by the absence of hydroxyl 

absorbtion in the i.r. spectrum. A portion of the methylated polymer 

(15mg) was methanolysed in 3% methanolic hydrogen chloride (16h, 800
) 

and neutralised by stirring with silver carbonate. The methylated, 

methanolysed polymer was split into two portions. One portion was 

hydrolysed in 2M TFA (16h, 1000
), the hydrolysate was reduced with 

sodium borohydride (lh) in water and the ald itols were acetylated with 

1:1 (v/v) acetic anhydride/pyridine (lh, 1000
). The other portion was 

reduced with sodium borohydride in dry methanol (room temp., 16h), 

hydrolysed with 2M TFA (16h, 100 0
), and was then treated the same as 

the first portion, and both were analysed as their alditol acetates by 

g.l.c. and g.l.c.-m.s., giving the results shown in Table 3, Columns I 

and I l. 

7.4.5. Uronic acid degradation 

A samp le of methylated polysaccharide (20mg) was dried in vacuo and 

dissolved in 19 : 1 dimethylsulphoxide - 2,2-dimethoxypropane (5mL), 

containing a trace of p-toluene-sulphonic acid (lmg), by stirring, 
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under nitrogen. The solution was subjected to ultrasonic agitation 

for 30 minutes, then potassium dimsyl (2M, 3mL) was added and the 

mixture agitated ultrasonically for a further 30 minutes, then allowed 

to stand overnight. The solution was cooled on an ice bath, methyl 

iodide (lmL) added, and stirred for lh under nitrogen . The 

methylated, modified polysaccharide was isolated by dialysis (12-14000 

Mw cut off) against running tap water for 24h, followed by 

lyophilisation . The product was hydrolysed with 2M TFA and the free 

sugars were analysed as described for the methylation analysis, giving 

the resu lts in Table 3, Column III. 

7.4.6. Partial hydrolysis 

A preliminary partial hydrolysis was conducted on 20mg of 

polysaccharide in 0.5M TFA, under reflux (100°). Samples were 

withdrawn every 30 minutes up to 8h and paper chromatography, using 

solvent C and reagent I, showed the presence of five oligosaccharides. 

The process was repeated using three 250mg samples of polysaccharide, 

hydrolyzing them for 1.0h, 2. 5h and 5.0h respectively. The acid was 

removed by successive evaporations with water and the extent of 

hydrolysis monitored by p.c. (solvent C, reagent I). Insufficient 

hydrolysis was obtained under these conditions, therefore each portion 

was dissolved in 50mL 0.5M TFA and subjected to further hydrolysis 

° (100 , 0.5h). 

The acid was removed and each portion was separately applied to a 

column (65 x 2.6cm) of Bio-Gel P-2, using water as the mobile phase. 

Separation was poor (Annexure B, Fig.2), therefore fractions which 

included penta-, tetra- and tri-saccharides were pooled, 
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rechromatographed and two pure oligosaccharides, A2 (42mg) and A3 

(63mg), were isolated. The fractions from this separation 

corresponding to penta- and larger oligo-saccharides were 

rechromatographed and a pure oligosaccharide, A1 (20mg), was isolated. 

The purity of these products was monitored by p.c. using solvent C and 

reagent I. The material corresponding to oligosaccharides larger than 

a pentasaccharide (130mg) was dissolved 

subjected to further partial hydrolysis 

A2 (17mg) were isolated. 

in 0.5M TFA (25mL) and 

° (100 , 2.0h). A1 (20mg) and 

A1, A2 and A3 had Rgal 0.27, 0.39 and 0.56 respectively (17h), 

using solvent C and reagent I. The d.p. of the oligosaccharides were 
129 

determined using Morrison's method , on A1{3mg), A2{4mg) and A3{3mg) 

as their alditols (NaBH4). A2{14mg) and A3{20mg) were reduced to the 

alditols (NaBD4, 1h) and n.m.r. spectra were recorded at ambient 

° temperature and 95 for A1, A2, A2 reduced, A3 and A3 reduced. 

A1{9mg), A2{5mg) and A3{6mg) were reduced to the alditols (NaBD4, 

1h) and methylated (Hakomori), the products were purified on Sephadex 

LH-20 (8 x 0.5cm, column), methanolysed in methanolic hydrogen 

chloride (16h, 80°) and divided into two portions. One portion was 

hydrolysed (2M TFA, 16h) and derivatised, while the other portion was 

reduced in anhydrous methanol (NaBH4, 16h), then hydrolysed and 

derivatised. The resulting alditol acetates were analysed by g.i.c. 

and g.l.c. -m. s. and gave the results in columns IV, V and VI in 

Table 3. 
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8. THE BACTERIOPHAGE-BORNE ENZYME DEPOLYMERISATION OF THE KLEBSIELLA 

K69 CAPSULAR POLYSACCHARIDE 

ABSTRACT 

The capsular polysaccharide isolated from Klebsiella K69 contains acid 

labile O-acetyl substituents which cannot be iso lated, int act, with 

oligosaccharides derived by chemical methods. A bacteriophage , which 

infects Klebs iella K69 bacteria, was isolated from sewage, purified 

and used to depolymerise the K69 capsul ar ant igen by means of its 

associated glycanase activity. Two acetylated ol igosaccharides were 

isolated which correspond to the repeat unit (P1) and double repeat 

unit (P2), respectively. P1 and P2 were fully characterised by n.m.r . 

spectroscopy and methylation analYSiS, and were found to have the 

structures shown in Fig.14. 

8.1. Introduct i on 

Bacter iophages are often used to depo lymerise capsular 

polysaccharides, allowing the isolation of high yields of 

oligosaccharide representing the repeating-unit. The technique is 

especially useful when the polysaccharide contains acid labi le 

substituents 105 , such as acetate and pyruvic acid acetals, making it 

very difficult to isolate the intact repeating-unit by chemical means. 

The Klebsiel la K69 polysaccharide has been shown to cons ist of 

pentasaccharide repeating-units containing both acetate and pyruvate 

substituents (section 7.). Bacteriophage 69 (969) was propagated on, 

and used to depolymerise the capsular polysacchar ide of, Klebsiella 

K69 . It was found t o have an endomannosidase activity, catalysing the 

hydrolysis of -D-Manp-(1~4)-D-GlCp- bonds, and the intact repeating 
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unit was i solated. The structural information discussed in section 7 

was used together with the following analyses to establish the 

structure of Pl, and to determine the sugar unit to which the acetate 

is linked and its linkage position. 

8.2. Results and discussion 

8.2.1. Oligosaccharide composition and n.m.r . spectra 

969 was isolated from Grahamstown sewage water, purified by successive 

single plaque pickings and propagated on the host bacteria in nutrient 

broth. The bacteriophage suspension was added to a solution of 

purified K69 polysaccharide and incubated with gentle stirring in the 

presence of a small amount of chloroform. The resulting material was 

dialysed and the dialysate was applied to a gel column, and two 

oligosaccharides, Pl and P2, were isolated. Pl and P2 were subjected 

to n.m.r. spectroscopy and methylation analysis. The degree of 

polymerisation (d.p.) and identi ty of the reducing-end sugar was 

determined for each oligosaccharide using Morrison's method 129_ 

samples of Pl and P2 were reduced to the alditols, methanolysed, 

reduced, hydrolysed and the peracetylated aldononitriles formed. On 

g.l.c. analysis it was established that both Pl and P2 had mannose as 

the reducing-end and a d.p. of 5 and 10 respectively. Pl and P2 

represent a single and double repeat unit of the polysaccharide. 

lH-n. m. r . spectroscopy -

lH- N. m. r . spectra were acqu ired for solutions of Pl, Pl-alditol 

and P2 in D20, at elevated temperature. Comparing these spectra 

(Table 4) with that of the native polysaccharide (Table 2), the 
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TABLE 4 

N.M.R. DATA FOR PRODUCTS OF BACTERIOPHAGE DEGRADATION 

Compounda 1 H-N .m.r. data 13 C-N.m.r. data 

b 
J1,2 Integra I AssignmentC Symbol d Assignmente 

6 P.p.m. 

(p .p.m.) (Hz) (No. of H) 

P1 5. 23 3.5 GlcA-a- A 175.0B~ COOH of pyruvate, 
174.72 acetate and GlcA 

5.19 1.5 0.40 -4-~lan-a-OH B1 174.24 

5.175 1.5 0.20 OAc 103 .25 Glc-a-
-4-Man-a-OH B2 

103.06 Ga l-a-
4. 915 1.5 0.13 DAc 

-4- Man-a-DH 82 102.30 GlcA-a-

101.16~ 6 (OAc 30%) 
4.905 1.5 0.27 -4-Man-a-OH 81 101.01 -4-Man-a-1-4-Man-OH 

100.94 3 
4.79 no 0.67 6 

-4-Man-a-1-4-Man-OH C2 95 . 73 ( (OAc 30%) 
3 94.57 \ -4-Man-OH 

OAc 94.44 . 
4.74 no 0.33 -4-Man-a-1-4-Man-OH C1 

25.79 CH3 of pyruvate 
4.60 8 H3C, ';OOH 

}, (pyr) 21.03 CH3 of acetate 
6 4 

Ga I-a- D 63.95 C-6 of -4-Man-OH 
6 

4.51 7.5 Glc-a- E OAc 

2.15 s CH3 of acetate F 61.89 C-6 of Glc-a-

1.56 s 3 CH3 of pyruvate G 61.33 C- 6 of -4-Man-OH 

P1 5.23 no GlcA-a- A 103.32 Glc -a-
de-O-acetylated 

5.19 no 0.6 -4-Man -a-OH 8 103 . 11 Ga l-a-

4. 92 no 0. 4 -4-Man-a-OH 8 102 . 34 GI cA-a-

4.79 no 6 100 . 99 Man-a-
-4-Man-a- C 

3 94.62 -4-Man-a-OH 

4.59 8 Gal-a- D 94.49 -4-Man-a-OH 
(pyr) 

E 25.78 CH3 of pyruvate 
4.52 8 Glc-a-

174.57 COOH of pyruvate 
4.39 10 H5 of GlcA-a- H 

173.82 COOH of GlcA 
1.59 s 3 CH3 of pyruvate G 

61.93 C-6 of Glc-a-

61 . 38 C-6 of -4-Man-OH 
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P1 reduced 5.23 4 GlcA-a - A 174.44 COOH of pyruvate 

4.85 no 6 173 .75 COOH of pyruvate 
-4-Man-a - C 

3 103.54 Glc-a-

4.57 8 Gal-a- D 103.23 Ga l-a-
(pyr) (pyr) 

4.50 7 Glc-a - E 102.28 Gl cA-a-

4. 43 10 H5 of GlcA-a- H 6 
100.78 -4-Man-a-

1.59 s 3 CH3 of pyruvate G 3 

25.79 CH3 of pyruvate 

P2 5.24 4 G1CA-a- A & A' 
5. 22 4 

5.19 2 0.4 -4-Man-a-OH B1 ' 

5.17 2 0. 2 -4-Man-a- OH B2 ' 
OAc 

4.91 no 0.13 -4-Man-a-OH B2 ' 
OAc 

4.90 no 0.27 -4-Man-a-OH B1 ' 

'00\ 4.79 6 
4.78 no 3 -4-Man-a- x2 B,C & C' 
4.77 3 
4.75 
4.74 & -4-Man-a- x 1 

4.63 8 Gal-a- D & 0' 
4.60 8 (pyr) 

4.51 8 2 Glc-a- I. -4-Glc -a- E & E' 

2.16 s 4.5 CH3 of acetate F 

1.56 s 2 CH3 of pyruvate G 

aFar sources of P1 and P2 see text. 

bChemical shift re lative to acetone, 02.23 downfield from sodium 4,4-dimethyl-4-silapentane-1-sulpnonate 

c-4-Glc-a- refers to a 4-linked glucosyl residue in the a-anomeric configuration. 

dChemical shift in p.p.m. downfield from Me4Si relative to internal acetone; 31.07 downfieldd from DSS. 

eAs for c, but for 13C_nuc lei. 

s = singlet. 
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signals for glucuronic acid, glucose, galactose, acetate and pyruvate 

could be assigned. The methyl group of the pyruvate acetal integrates 

for 3 protons while that of the O-acetyl substituent integrates for 1 

proton. This indicates partial acetylation of the native 

polysaccharide with approximately one out every three repeat units 

carrying an acetyl substituent. The 1H-n.m. r . spectrum of P1 

(Fig.15), although integrating for 5 anomeric protons, presented 

interpretation problems arising from extensive twinning of certain 

signals. Fractional resonances, representing the (Y.- [05.19 (O.40H) 

and 05.175 (O.20H)] and 8- [04.915 (O.13H) and 04.905 (0.27H)] 

anomeric configurations of the terminal reducing mannose residue, are 

both split. The 8-anomeric signal of the central mannose residue is 

split 64.79 (0.67H) and 04,74 (0.33H) and, furthermore, both these 

signals are twinned. In effect this spectrum represents two 

ol igosaccharides, one carrying an acetyl substituent and the other 

without. To ascertain the effect of the acetyl substituent on the 
172 chemical shifts observed, a sample of P1 was de-O-acetylated and a 

1H-n.m. r . spectrum acquired. The spectrum (Table 4 and Fig.15) shows 

fractional resonances at 05.19 (O.6H) and 64.92 (0.4H) representing 

the (Y.- and 8-anomeric conf igurations of the terminal reducing mannose 

residue. The signal at 64.79 (1H) represents the central 8-linked 

mannose. These signals are no longer split, therefore the signals at 

65.175 (O.20H), 64.915 (O.13H) and 04.75 (0.33H) in the spectrum of P1 

represent the mannose residues of the acetylated oligosaccharide. 

Furthermore , the large upfield shift of 0.05 p.p.m. of the resonance 

representing the central mannose in the acetylated oligosaccharide, 

indicates that the acetyl substituent is linked to the terminal 
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reducing ma nnose , causing its partial ~- and 8-anomeric resonances to 

be sp lit, this effect being transmitted to the adjacent mannose 

res id ue. The signal at 64.79 ( lH ) in the spectrum of Pl-de-O-

acetylated is twinned. This twinning is no longer observed in the 

spect rum of Pl-alditol, with the signal (64 .85) sharpening 

considerably, therefore i s attributed to mutarotation of the reducing 

mannose residue. The spectrum of Pl-al di tol does show some under 

reduction of the reducing mannose. The signa l at 64.43 (J 10Hz) is 

ass igned to H-5 of the ~-glucuronic acid residue. The lH_ spectrum of 

P2 was somewhat more complex, the anomeric signals integrating for 10 

protons, with some signals extensively twinned. It can be seen that 

some pyruvate is removed from Pl and P2 during the work-up procedure. 

Fortunately this did not further complicate the n.m.r. spectra, as 

on ly negligible amounts were removed . 

13 C-n.m.r. spectra -

The 13 C_n.m. r . spectra for Pl, de-O-acetyl ated Pl and Pl-alditol 

were acquired. The lH_ and 13C_ data are complementary with similar 

twinning of the mannose signals. The spectrum of Pl has three C-6 

signa ls at 63.95, 61.89 and 61.33 p.p.m. In the spectrum of de-O­

acetylated Pl , the signa l at 63.95 p.p.m. has disappeared, leaving two C-

6 signals at 61.93 and 61.38 p.p.m. These two signals represent 

unsubstituted C-6 atoms of glucose and the terminal reducing mannose, 

respectively. Bradbury et al. 153 report a 6-0-substituted 8-mannose 

residue having a C-6 resonating at 63.7 p.p.m. The signal at 63.95 

p.p.m. in the spectrum of Pl is therefore attributed to C-6 of the 6-

O-acetylated terminal reducing mannose residue. The C-6 substituent 

results in a downfield shift of its signal, which on de-O-acetylation 
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moves upfield to coincide with the unsubstituted mannose C-6 signal 

accounting for its disappearance. The signal for the methyl carbon of 

the pyruvate acetal at approximately 25.8 p.p.m., and the 

corresponding proton signal at 01.59, confi rm that the acetal carbon 

h th R f · t· 173 Th . 13C . I . d as e con Igura Ion. e anomerlc - signa s were asslgne 

from the data accumulated from the products of partial hydrolysis 

(Table 2) and the heteronuclear correlation spectrum (Annexure C, 

Fig .3a) . 

8.2.2. Methylat ion analysis 

The alditols of P1 and P2 were methylated by the Hakomori procedure63 , 

using potassium dimsyl69 as anion. The results obtained by g.l .c. and 

g.l.c.-m.s. analysis of the derived alditol acetates are generally 

s imilar to those obtained from the carboxyl-reduced polymer (Table 3). 

The 1,2,3,5,6-penta-0-methylmannitol in P1 and P2 confirms that the 

reducing-end sugar is the unsubstituted mannose. Trace amounts of 

2,3,4,6-tetra-0-methylgalactitol (Table 5) indicate that some pyruvate 

is removed during the work-up procedure which involves several 

passages of the phage-degraded material through a column of Amberlite 

IR-120 (H+) cation exchange resin. The molar ratios of 2,3,4-tri-0-

methylglucitol indicate approximately 40-50% carboxyl reduction. 
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TABLE 5 

METHYLATION ANALYSES OF KLEBSIELLA K69 POLYSACCHARIDE AND 

OLIGOSACCHARIDES P1 AND P2 

METHYLATED SUGARSa MOLAR RATIOsc 

(as alditol acetates) (0.V.-225) I II III 

1,2,3,5,6-Man 0.54 0.57 0.46 

2,3,4,6-Glc 1.00 0.82 0.65 

2,3,4,6-Gal 1. 11 0.18 

2,3,6-Man 1.62 0.98 0.64 

2,3,6-Glc 1.81 0.97 0.56 

2,3,4-Glc 1.81 0.55 0.36 0.84 

2,3-Gal 3.24 1.00 0.75 0.86 

2-Man 3.90 0.98 1.00 1.00 

a 1,4,5-tri-0-acetYI-2,3,6-tri-0-methYI-D-glucitol, 2,3,6-Glc = etc. 

bRetention time re l ative to that of 1,5-di-0-acetyl-2,3,4,6-tetra-0-

methyl-D-glucitol, on column DB-225 (J + W fused silica capillary 

column, 0.25 ~m film thickness, 30m x 0.25mm) isothermal at 205'C, 

except where otherwise stated. 

cMolar ratios: I, methylated, carboxyl-reduced, native 

polysaccharide; II, reduced, methylated, carboxyl-reduced P1; 

III, reduced, methylated, carboxyl-reduced P2. 
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8.3. Conclusion 

The above results conf i rm that the Klebsiella K69 capsular 

polysaccharide has a pentasacchar ide repeating unit (P1) with the 

following structure: 

6, /COOH 
B -D-Galp C (R) 

1 4/ 'CH 
I 3 
6 

B -D-Glcp- ( 1-4) -B -D-Manp- ( 1-4) -D-Manp-OH 
3 6 
I OAc 
1 (30%) 

a-D-GlcpA 

The endomannosidase assoc iated wi th 969 catalysed the hydrolysis of 

the -4) - D-Manp-(1~4)-D-Glcp-(1- glycosidic linkage in the 

polysaccharide; this is the bond furthest from the double branched 

mannose . 1 The H-n.m.r. data shows that the polysaccharide contains 

one acetate un it for approximately every three repeat units. It is 

interesting to note that the acetate is linked to the same sugar as in 

Klebsiella K30 and K33 . It would be an interesting exercise to 

determine whether 969 would degrade K30 and K33 polysaccharides, as 

these polymers have an almost identical structure to that of K69. A 

study conducted by Rieger-Hug and Stirm99 , using 55 different 

Klebsiella bacteriophages, showed that only 7 produced 

oligosaccharides with mannose as the reducing-end sugar. Furthermore, 

two of these phages, 95 102 and 914151 , have been shown to disp lay lyase 

activity. 
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8.4. Experimental 

The procedures and instrumentation used were generally the same as 

those described in section 7.4. This discussion will therefore be 

limited to the additional procedures used in the bacteriophage 

degradation. 

8.4 . 1. Isolation and purification of 969 

The bacteriophage was isolated from sewage water using an enrichment 

procedure - 25mL double strength nutrient broth + 5mL Klebsiella K69 

nutrient broth suspension + 25mL sewage water (Grahamstown), were 

incubated in a waterbath shaker (17h, 37°). A 10mL sample was 

sterilised with chloroform (lmL) and centrifuged (2000 r.p.m.) to 

remove cellular material. The phage solution was serially diluted 

(10- 2 - 10-8) in normal saline, and a drop (O.OlmL) from each dilution 

placed on a freshly seeded bacterial (K69) host "lawn" U~ueller-Hinton 

agar plate + K69 broth suspension). A single plaque was isolated and 

propagated in a 5mL nutrient broth/ host suspension. This procedure 

was repeated three times and the final purified 969 suspension had a 

titre of 2 x 109 plaque forming units (p.f.u.)/mL. The phage count 

was increased by successive test tube and small flask lyses, until 

600mL of phage suspension (1 x 1010 p.f.u ; /mL), in nutrient broth, was 

obtained. This phage suspension was dialysed against running tap 

water (3500 Mw cut off), then concentrated to 150mL by evaporation 

under diminished pressure in a rotary evaporator, at a bath 

temperature not exceeding 35°. This suspension contained 

approximately 4 x 1012 p.f.u's. , which is adequate to depolymerise 

500mg of polysaccharide. 
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8.4 .2. Isolation and >,uri fication of the oligosaccharides 

500Mg of polysaccharide was dissolved in 100mL of water and added to 

the 150mL phage suspension. Oepolymerisation was carried out for 72h 

at 30° in the presence of chloroform (5mL) to keep the solution 

sterile. The solution was freeze-dried, then dissolved in 50mL of 

water and dialysed (6-8000 Mw cut off) against ei ght 100mL portions of 

distilled water. Oialysates 3 to 8 were pooled and freeze-dried (A, 

260mg), then dissolved in 10mL of water and passed down a column of 

Amberlite l.R . -120 (H+) cation exchange resin (4°). This procedure 

was repeated (3x) and the solution freeze-dried to yield 187mg of 

material . Oialysates 1,2 and the retentate were combined (B, 306mg) 

and treated the same as fraction A to yield 200mg of material. A 

sma ll portion from each fraction (5mg) was separately applied to a 

column of Bio-Gel P-4 (1.6 x 50cm) and eluted with 5:2:500 pyridine­

acetic acid-water (pyridinium acetate buffer, 8mL/h), giving the 

chromatograms in Annexure B, Fig.3a & b. Fraction A (180mg) was 

applied to a Bio-Gel P-4 column (2.6 x 50cm) using pyridinium acetate 

buffer as eluent (20mL/h) . P2 and the polymeric material were not well 

separated (Annexure B, Fig.3c), t herefore fraction B (195mg) was 

applied to a column 2,6 x 70cm affording better separation (Annexure 

B, Fig .3d) . The oligosaccharides were passed through a column of 

Amberlite IR-120 (H+) (4°), to remove trace amounts of pyridine, and 

lyophilised to yield P1 (55mg) and P2 (103mg). 

8.4.3. Analysis of P1 and P2 

P1 had[a~ +11° (~0.90, water) and P2 had [a]o _8° (~ 1.49, water). A 

sample of P1 (7mg) and P2 (8mg) were dissolved in water (2mL) and 
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reduced with sodium borohydride (approx. 10 moles per mole reducing 

sugar) for lh. Pl and P2 alditols were methanolysed (16h, Bif) in 3% 

methanolic hydrogen chloride and then divided into two portions. One 

portion was hydrolysed with 2M TFA (16h, 100·), converted to the 

peracetylated aldononitriles 120 and analysed by g.l.c. The second 

portion was reduced with sodium borohydride in anhydrous methanol, 

hydrolysed with 2M TFA (16h, 100·) and converted to the peracetylated 

aldononitriles. 

Pl and Pl-alditol (reduced with sodium borodeuteride in 020) and 

P2 were subjected to 500MHz FT lH_ and 13C_n.m. r . spectroscopy. 

Samples were prepared by deuterium exchange (3x with 99.7% 020' once 

with 99.96% 020) and spectra were recorded at 95° in 99.996% 020 

(Table 4). 

Samples of Pl and P2 (6mg) were reduced to the alditols (sodium 

borodeuteride in 020) and methylated by the Hakomori procedure63 . The 

methylated alditols were methanolysed, carboxyl reduced with sodium 

borohydride, and hydrolysed with 2M TFA (16h, 10if). The hydrolysates 

were reduced (sodium borohydride in water) and acetylated in a 1:1 

mixture of pyridine-acetic anhydride (lh, 10if), giving the results 

shown in Table 5. 

B.4.4. De-O-acetylation 

A sample of Pl (15mg) was de-O-acetylated under alkaline conditions 

using the method of Harada and Amemura 172 . A 10mM aqueous KOH solution 

was prepared and boiled under reflux (10 minutes) to expel dissolved 

air. The solution was stoppered with a serum cap and allowed to cool 

with nitrogen bubbling through the solution. The oligosaccharide was 

dissolved in 13mL of the KOH solution, under nitrogen, and allowed to 
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stand for 5h with nitrogen bubbling t hrough the solution (room temp . ) 

The solution was neutralised with 1M acetic acid (ice-bath) and passed 

through a column of Amberlite IR-120 (H+) resin at 4°, freeze-dried 

(yield 10mg) and deuterium exchanged for n.m.r. spectroscopy (Table 

4) . 
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ANNEXURE A 

MEDIA 

1. Mueller-Hinton agar gil 

Meat infusion 5.0 

Casein hydrolysate 17.5 

Starch 1.5 

Agar 14 .0 

2. Nutrient broth 

Bacto peptone 5.0 

Bacto beef extract 3.0 

Sodium chloride 2.0 
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The media was sterilised by autoclaving at 121 0 for 20 minutes. 
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ANNEXURE B: GEL PERMEATION CHROMATOGRAMS 
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K69/e69 DEPOLYMERISATION 
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ANNEXURE C 

N.M . R. SPECTRA (* = impurities) 
1 1. H-N. m. r . spectra 
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13 2. C-N. m. r. spectra 
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OLIGO Pl 

No. PPM 

1 175.01 
2 174.65 
3 174.18 
4 147.99 
5 128.19 
6 103.25 
7 103.06 
8 102.30 
9 101.16 
10 101.01 
11 100.94 
12 100.37 
13 94.73 
14 94.57 
15 94.44 
16 81.88 
17 81.76 
18 78.71 
19 78.50 
20 78.31 
21 78.07 
22 77.42 
23 76.18 
24 75.45 
25 74.71 
26 74. 11 
27 74.04 
28 72.92 
29 72 .87 
30 72.55 
31 72.41 
32 72.21 
33 72 . 12 
34 72 . 03 
35 71.63 
36 71.56 
37 71.39 
38 71 .26 
39 70.97 
40 70.91 
41 70 . 79 
42 69.81 
43 69.27 
44 68.00 
45 66.60 
46 65 . 76 
47 63.95 
48 61. 89 
49 61.33 
50 25.79 
51 21.03 
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'-'. --'-' 
9 ! 1303 5?O2 .776 79.2140 6.372 

10 11323 5378.670 77.'3954 4.37° 
11 11349 5847.244 77,4790 9 .600 
12 11426 5752.649 76.2256 !2.S07 
13 11438 5738.887 76,0432 11.625 
14 11469 570 1 .07 2 75.5422 4.293 
15 11515 5644.538 74. -'937 9 .354 
16 11544 5608.692 74.318! 11.633 
17 11553 5598.384 74.1815 10.42'3 
18 11591 5551.800 73.5642 14.480 
19 11625 5510.228 73 . 0134 8.72~ 

20 11645 5485.522 72.6860 20.605 
21 11709 5407.367 71 . 6504 ° . 931 
22 11717 5397.662 71.5218 20.455 
23 11752 5354.966 70.°561 8.819 
24 11758 5347.475 70.8568 11.340 
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26 11838 5250.302 69.56°2 11.06 0 
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30 12383 4585.407 60 . 7590 2.962 
31 13408 3333.594 44.1719 5.900 
32 14030 2574 . 426 34. 1 1'25 2.585 
33 14218 2344.778 31.0695 11 .263 
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