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ABSTRACT 

The work presented in this thesis forms part of a collaborative effort to 

determine the chemical structures of the surface antigens of bacteria which 

belong to the Enterobacteriaceae. These antigens are largely polysaccharides 

and occur as lipopolysaccharides and capsular polysaccharides which give rise 

to the somatic or 0 antigens and the capsular or K antigens, respectively . In 

recent years interest has mostly been focused on the extracellular 

polysaccharide antigens expressed by the genus Escherichia coli because of the 

effect they exert on normal immunological processes and their structural 

relatedness to the surface antigens of other more pathogenic bacteria . 

Therefore the molecular structures of the capsular polysaccharides (K­

antigens) produced by E. coli 09 :K35 (AI04a) and 09:K38 (A262a) have been 

determined by novel enzymic, chemical and spectroscopic procedures. 

These investigations show that the structures of these polysaccharides can be 

determined by a combination of chemical and spectroscopic procedures , or 

almost entirely by n.m.r . spectroscopy alone . The in vitro bacteriophage 

mediated depolymerisation of the native E. coli K35 polysaccharide 

demonstrates the value of this method for the isolation of oligosaccharides 

representing the repeating- unit and multiples thereof. 

Finally E. coli K37 and K38 capsular polysaccharides were used as model 

compounds for the evaluation of partial and selective reductive c leavage as 

methods of generating oligosaccharide. for further structural analysis. The 

pr oducts of these reactions were analysed largely by a combination of mas. 

spectrometric procedures. 
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1. INTRODUCTION 

The discovery of bacterial polysaccharide antigens dates back to 1917 when Dockey 

and Averyl reported that a 'specific soluble substance' was secreted by 

pneumococci during growth . These microbial polysaccharides were shown to be true 

immunogens 2 as they induce an immune response with the generation of specific 

antibodies. Fig. 1 . 1 shows the gross anatomical differences between Gram-

positive and Gram-negative bacteria and the location of the polysaccharide 

antigens . 
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In Gram-negative bacteria the outer membrane contains a lipopolysaccharide which 

is a strong antigen. The high molecular weight polysaccharide portion of the 

lipopolysaccharide constitutes the 0 antigen. while the extracellular 

polysaccharide constitutes the K antigen. These K (kapsel) antigens are produced 

by both Gram-negative and Gram-positive bacteria and are usually acidic 

pOlysaccharides . They are visualised by staining with Indian ink and appear as 

capsules enveloping the bacterial cell. These capsules are not essential for 
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survival of the bacterium, however, they present a large anionic surface to host 

immune systems hence encapsulated pathogens have been found to be more virulent. 

This increase in pathogenicity is related to the capsules ability to attenuate 

host immune mechanisms by impeding immunoglobulin G and complement proteins 

preventing contact with complement activating substances (e.g. peptidoglycan) 

and initiation of complement sequence3 • 

The use of these polysaccharides as antigens (immunogens) coupled with a 

knowledge of the ~r chemical structure contributes significantly to the 

classification and identification of bacteria, to a better understanding of the 

immune response, to the definition of the active site in antigen-antibody 

interactions, and to detection and prevention of human disease2• 

For these reasons a collaborative effort to determine the structures of the 

capsular (K) antigens of Escherichia coli was initiated. The work presented in 

this thesis forms part of this program. 
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2. THB ESCIllfRICHIA COLI CAPSlJLAlI. (It) ANTIGENS 

Bacteria of the genus Escherichia belong to the Enterobacteriaceae family, which 

are Gram-negative facultatively anaerobic rods. In all probability, more is 

known about the biological characteristics of Escherichia coli than any other 

bacterial species. This stems from extensive research into many aspects of these 

encapsulated bacteria, including the chemistry of the capsular (K) antigens, of 

which seventy four have been identified4. 

The majority of the capsular antigens are acidic polysaccharides with K88 and K99 

being the only protein antigens in this group. The structures of the repeating­

units of 54 E. coli K antigens have been reported, the majority of which form 

part of a recent review article5 • This has been updated in Table 2.1 in this 

thesis . These polysaccharides are made up of regular repeating-units of 1 to 6 

monosaccharides. The structures shown in Table 2 . 1 demonstrate the large degree 

of heterogeneity encountered in the chemistry of the capsular (K) polysaccharide 

antigens of E. coli. The many different monosaccharides encountered, including 

some less cOlll1lon sugars, are the major contributors to the compositional 

diversity of these polysaccharides. The most common neutral monosaccharides 

found are D-glucopyranose, D-galactopyranose, o-mannopyranose, L-rhamnopyranose, 

and D-ribofuranose. The less common neutral sugars include L-fucopyranose in 

K27 6 , K28 7 , K335 and K428 ; D-fructofuranose in K45, K119 and K5210; and D­

galactofuranose in K2{K62 11 and K53{K93 12 • o-Glucopyranosyluronic acid, 0-

galactopyranosyluronic acid, 3- deoxy-o-manno-octulosonic acid (Kdo) and 5-

acetamido-3,5-dideoxy-o-glycero-o-galacto-nonulopyranosonic acid (N-

acetylneuraminic acid, NeuNAc) are the major acidic components, with the unusual 

2-acetamido-2-deoxy-o-mannopyranosyluronic acid and 6-0-acetyl-4-deoxy-2-

hexulosonic acid occurring in the K7 13 and K3 14 polysaccharides respectively. 2-

Acetamido-2-deoxy-o-glucopyranose and 2-acetamido-2-deoxy-o-galactopyranose are 

the most common amino sugars, while 2-acetamido-2-deoxY-L-fucopyranose only occurs 
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in the KB7 15 capsular polysaccharide. 

Non-sugar residues include phosphate, pyruvate, O-propionate, amino acids and 0-

acetate. The phosphate is present as either the ribitol or glycerol ester, and 

constitutes the only acidic component of several K antigens. Pyruvate is found 

in KZ6 16 , K335, K37 17 and K5518 , and is the only acidic component of the K37 

polysaccharide. Propionyl groups exist in small amounts in K14 19 and K5Z 10 • The 

amino acids are L-serine in K4020 , L-serine and L-threonine in K495 and K54 21 , 

forming amide linkages with uronic acids. 

The presence of O-acetyl groups in many of the K antigens of E. coli has 

generated considerable interest. They are responsible for small changes in 

polysaccharide structure, and have profound effects on immunological properties. 

For example, E. coli K1B and KZZ22 are serologically distinct strains, despite 

having identical carbohydrate structures, differing only by the presence of one 

O-acetyl group in KlB. This has prompted a re-examination of the structures of 

O-acetylated K antigens of E. coli (e.g. KB7 23 ) in which the location of 0-

acetylation was inconclusive. 

The large number of E. coIl capsular polysaccharides, coupled to the diversity 

in chemical composition, necessitates a classification system. The K ·antigens 

were, therefore, divided into three groups. A. Band L. on the basis of 0-

antiserum agglutination and heat stability24. ¢rskov et 81. 4 proposed that this 

system be discontinued due to the ambiguities that arise. Jann and Jann25 

recently proposed that the acidic capsular (K) polysaccharide antigens of E. coIl 

be divided into two groups - Group I and Group II - on the basis of their 

physical, chemical and microbiological characteristics . Group I are high 

molecular weight polysaccharides, contain hexuronic acids as the acidic 

component, are coexpressed largely only with OB and 09 antigens at all growth 

temperatures. and are heat stable at pH 5-6. These antigens share many 
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properties with those of Klebsiella, suggesting an intergeneric relationship. 

Group n are low molecular weight polysaccharides , are coexpressed with many 0-

antigens, are not expressed at low growth temperatures (17-20·), are thermolabile 

at pHS-6, and contain unusual acidic components (Kdo, phosphate , NeuNAc, N-

acetylmannosaminuronic acid). These are similar to the capsular polysaccharides 

of Neisseria meningitidis and Haemophilus inEluenzae . 

Table 2.1. E. coli K antigens 

I It antigen I Repeating-unit I Ref. I 
Kl ")-.-Heup5h:-(2- 2' 

K2a.k2ab,K62 0 0 11. 
~ II 21. 

-0- -!)...4)_-O-Ga lp-(1.2)-Glycero , - ( 1 .. )Zn--- (O-P-O .. S)_-O-G41 f-( 1 .. 2)-Glycero 1-( 1 .. )n-- - 28 
I 2/3 I 2/3 
OH I OM I 

~ CAe 

K22 fK24~j nonacetylated 
K6 KZa ,acetylated 

K3 -2)-g-L-Rhap-( 1 .. 3)_-l-Rhllp-( 1 .. 3)_-l-Rnap-( I- " 3 3 
I I 
2 2 
S S 

S .. 6-O-acetyl-4-deoxy-2-hexuloson1c ac id 

.. --'-p-O-G '''''-( 1-3)-I\-O-G 'e,...,- ( I- S 
3 
I 
2 

p-O-Fruf 

K5 --')+O-Glcp<-(I--')_-O.o_- (I- 29 ' 

IC6 _3 )·p-O·R tb f-( 1-7Hl-Kdop-( 2· 30 , 31 
2 
I 
1 

P-O-Rtbf _2 )·p-O-R tb f- ( 1_2)·p -O-R I b f· (1-7)_-Kdop-( 2-

• b 

K7 (156) _3) -p·O-Ha,ptAcA. ( 1-4 ) +0.0 'ep- ( 1- 13 
6 
I 
~ 

1<8 -J )_-O-G'e""'-( I-J)-p-O.o 'epll- ( 1_3) -8-0-Ga' (JiIAe - ( 1_2) -.-O-Ga,p-( 1- 32 • I 
CAe 

K. _3)_P_0_Ga'p-( 1-3)-P-0-Oo',...,-( 1-4 )-.-O-OO' P-( 1_' )-. -Heup5h:-(2- 33 
I 
~ 

K11 8-D-Fruf • 2 
I 0 

3 " --4) -8-O-G lcp-( 1 .... )_-O-G lcp-O-P-0 
I 
00 

Kl2 (1<82) -3) -l-Rh.p- ( 1_2) _-l-Rh.p-( 1-5) -P-Kdop': (2- 34 
7/8 
I 
CAe 
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K13 (K20.K23) .3)+0·0'.'·( '.7)+'00".( ,. 35, 36 

K13, O-acetyl on 4 or Kdo 
K20, o-acetr' on 5 of R1b 
K23, nonaee ylated 

Kl4 ..6)+0-0. lpNAe-( ,.5 )+",0".( ,- ,. 
8 
I 
CAe (-60%1 
OProp1ony (-10%) 

Kl5 ... ) -a-D-G 1 epNAc- ( '.5) -P-'00". ('- 5 

Kl6 CAe (33%) 37 
I 
3 

") -8-0-0"'- ( '.3) -8-0-0" ,-( '.5) -a-KcIo".(,. 

K18.K22 0 22 

" ") -P-D-O" ,- ( "') -0-0" ,to 1-( 5-0-'-
3 I 
I 011 
CAe 

K22. I'IOnacetylated 

K24 CAe (56%) 38 
I 
4 

. 7) ~-KcIo".( "') -O-CH, 
I 
CHOH D 
I " CHZ-O-P-O-

I 
OH 

Kl. F' HO\) 3. 

8 
.3) -p-D-O"'- ( , ... ) -P-KcIo".(,-

K26 .. 3) "'<I-l-Rhllp- ( 1.3) -!!I-O-Cia 1p- ( 1 .. 3) -~D-G lcp6.- ( 1 .. 3 )-a-l-Rhap- ( 1 .. 3) -a-l-Rhllp- (1- ~. 4 , , 
3,4-pyr-a-l-Rhep 

K27 ... ) ~-D-G lc".( , ... )~-O-G lcpl- ( '.3) ~-l-Fuc". ( ,- 6.4' 
3 , , 

a-O-Galp 

K28 .3) ~-D-Glc". ('''' )-p-o-, lcpl- ( , ... ) -a-l-F)e".( ,. 7 
4 , 3 

I ~ (70\) 
p-D·o.lp 

,29 ., )-a-D-Han". ( '.3 )-p-O-' lc". ( '.3 )-p-D-G lcpl-( '.3) -a·D-o. ,,,.( ,. 42, 43 
4 
1 , 

4, 6-pyr-P-D-& lcp-( 1 .. 2) o.a-D-Kanp 

K30 ., )_-O-Han".( '.3 )-p-O-,", ,,,.( ,- 44. 45 
3 , , 

p-D-Glcp\-( 1 .. 3)-u-0-64 lp 

, 3' 2) -a-0-6 lcp-( 1 .. 3) -P-O-Ga lp-{ 1 .. 3} -a-O-G 1c,Q\- ( 1 .. 2) -a-l-Rhap- ( 1 .. 2) -a-l-Rhap- ( 1- 46 • , , 
a-l-Rhap 

'3' ... )~-l-Oh.".( '.3)-p·D-Glc".,- 47 
3 , , 

a-D-G1cpO.-( 1 .. 3)-1I-0-6a lp 

K33 .3)-a-D-61c".( , ... )-p-D-Glepl-( , ... ) -a-l-Fuc".( ,- 5 
, 3 

2.3-pyr 1 , 
conta1ns O-acetyl groups a-D-GlI.lp 
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1(3' .2)·,·0·G lepA- (\..4) ·p·O·G.,I'""( \.3) ·'·O·G.,I'""( \. 48 
3 
I 
1 

a-O-G lc~( 1 .. 4) -8-0-Ga lp 

K35 .... )-B-O-Hanp-( 1-4 )-II:II-O-G lcp-( 1-3)-8-D-Glcp-( I. sea 
3 4.2. 
I pg. 
\ 

Cl-D-GJCP\ 
I 
\ 

B-O-Galp 

'36 .3) ·,·O·G. , I'""( 1-3 )-.-0-" I",· (1.2)·.·0·""I'""( \. '9 • I 
\ 

a-D-Hsnp 

K37 .3) +O·G lel'""( \.3)·.·0·G.,I'""( 1- 17 • I 
4,6-pyr-a-D-Galp 

(R) 

'38 .. Z)-B-O-R 1b f-( 1-4 )-8-0-Ga lp-( 1 .. 3)-B-D-Ga ,pNAc-( 1-4 )-Cl-D-GlcpHAc-( 1 .. 4 )-a-0-6a '1'\-( 1 ... see 
:;3. g. 

"9 "") ~·O-G lel'""( 1..4) ·,·O·G le",'( 1.2) ·.-0-'" 'I'"" ( 1.3 H·O·' IeI'"" ( 1- 50 
3 
I 
1 

a-O-Galp 

"" ..4 )+O·Gle",·( 1..4 )·.·O·61epHAc·( 1"" )·.-O·61e"..e·( 1- 20 
6 
I 

l-Ser (aMide) 

'" .. 3) -oRO-Sa lp-( 1 .. 3)-Cl-D-Ga lP\-( 1 .. 3)-a-L-Fucp-( 1- 8, 51 

, .. ...4 )-~-D-Glcp\-( 1 .. 3)-a-l-Rhap-( 1-4 )-a-O-G lcpHAc-( 1--6 )-~-D-Ga lpHAc-( 1- 52. 53 

, .. 0 carbo 
II Res . 

CH~P·" 10 
I II prus 

.3) ·'-0-" I 1'""( \.3 )-8-0-' lepHAc·( 1.3) ~·L ·Rh.1'"" ( 1.2) • .. CH 0 
2 I 
I CHzO 
1 

B-O-Glcp 

"1 .3) ·'·O·G lepHAc· ( 1.2) ·'·0-" II'"" ( 1..4) -a·0·"' .... ( 1..4 ) ~·O· .. II'"" ( 1. 62 
I 

3,4-pyr 

"9 •• ) +O·G Ie",· ( 1 "") ·p·O·" I I'"" ( 1 "" ) +O·G I el'"" ( 1.3) +O·G lepHAc· ( 1- 5 
6 
I 

r-Thr F5%). l-Ser (25%) 
a.ide 

'51 0 54 

.. 3) -0I-0-G lcpHAc- ( 1.0-'-0-
'(6 b. 

0Ac 

'52 0Ac (80%) 10 
I 0 
4 n 

.3)·.-0-.. ,1'""(I .... P· .. 
2 I 
I OIl 
2 

~-O-Fruf 

OAc, Oprop (10%) 

'53 .3) ·p·O·G., f·( 1..4 H·O·61e",·( 1- 12 
2 
I 
0Ac 

'5' .3) +0-' Ie",· ( 1.3)~· L ·Rh.1'"" ( 1- 21 
6 
I 

[L-Thr (90.). L·Ser (lO')J (85\, aMide) 
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K55 Fe (40%) 18 

2 
-4 )-P-D-Glep\-( 1-4 )-p-D-Glep -( 1-3)-p-D-llan/>-( I-

I 
4.6-pyr 

K57 ... 2) -S-O-R 1 b f- ( 1-4 ) -8-0-G8 1~( 1 .. 3) -a-O-G lcpHAc- (1-4) -o-D-G41p\- ( 1 .. 55 

K74 -3)-P-D-R lb f-( 1-2)-P-D-Rlb f-( 1-6)-P-Kdof-(2- 56 
2 
I 
"" (65%) 

K85 Rha? 
I 

57 

-21' ) -G leA- ( 1_2'6 )-Man-( 1_3) -Man- (1-3 )-G lellA<:-( 1 ~n- ( 1-3 )-Man-( 1-3) -G lellA<:- ( I-
I 2'6 
1 I 
Rh. 1 

GleA 

.87 "" 15. 23 
I 
3 

-4) -p-D-G lep\- ( 1-3) -l-F uepllA<:- ( 1-3) -, lepllA<:- ( 1-6) -Go 1 />-( 1-
4 
I 
1 

~-Glcp 

.92 ..a) -a- Neup5Ac.-( 2.9) -a-Heup5Ac- ( 2- 58, 59 

.93 -3)-P-D-Ga 1 f-( 1-4 H-D-Glep\-( 1- 12 
5 6 
I I 

"" "" 
.95 -3)-P-D-R lbf-( 1-8)-Kdof-(2- 60 

randollly ,!I:acetylated 

KlOO 0 22, 61 
II 

-3) -P-D-R 1 b f- ( 1-2) -D-R 1 b Ito 1- (5-0-'-0-
I 
011 

KI02 -3)-B-D-Ga ,/>-( 1-4 )_-D-Ga ,/>-( 1-4)-B-D-Ga ,/>-( 1_ '2 3 
I 
1 

B-D-Glep\ • I 
1 

a-O-Glcp 
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STRUCTURAL ELUCIDATION OF THE If. COLI CAPStJLAII. (X) POLYSACCBAllIDB 

ANTIGENS 

INTRODUCTION 

The majority of publications reporting on the structural elucidation of E. coli 

K antigens has been reviewed and the methods employed are listed in Table 3.1. 

pg. 10 . From this document it is evident that the earlier work was largely 

reliant on chemical methods, while in more recent reports the emphasis is on 

spectroscopy. 

The ensuing review is aimed at highlighting the methodology of the older 

'classical approach' to the elucidation of saccharide structure, followed by 

discussion of some of the modern trends. The intention is not to rigidly 

separate the two approaches, but rather to demonstrate their interdependence in 

the unambiguous elucidation of polysaccharide structure. 

Chromatographic procedures are closely allied to chemical and spectroscopic 

methods. Detailed discussion is omitted however, as chromatographic methods have 

been well documented in the literature. Dutton63 ,64 has reviewed the application 

of gas-liquid chromatography (g.l.c . ) in carbohydrate analysis. High 

performance liquid chromatography (h . p . l.c . ) of carbohydrates has been reviewed 

by McGinnis and Fang65 , Hicks 66 , and recently by Ben-Bassat and Grushka67 • Gel­

permeation chromatography (g.p . c.) is particularly useful in purification and 

fractionation of poly- and oligo-saccharides and has been reviewed by Churms68 , 

Granath69 and Whistler et 81. 70. This review is therefore not exhaustive but 

rather a selective one, based on the methods employed in the analysis of the E. 

coli capsular polysaccharides, as summarised in Table 3 .1. 



- - - --- - ---

K-antigen Chemical and enzymic methods Chromatography Spectroscopy 

K1 (1964)28 periodate oxidation" analytical ultracentrifugation (homogeneity/molecular 
neuraminidase (a<-ketosidase) mass) 
Ehrlich colour reaction 72,10 - sialic acid paper chromatography (p.e.) 

, determinationlcolominic acid determination 
~mhydrin procedure74 

- amino acid determination 

K42 (1%5)' partial acid hydrolysis (H,SO.) p.e. and paper electrophoresis po1arimetry (absolute config.) 
K85 (1966)07 B-glucuronidase (uronic acid determinationlanomeric analytical centrifugation (homogeneity/molecular mass) 
K30 (1%7)" configuration) gas liquid chromatography (g.Le.) - neopentylglycol 
K27 (1968)' periodate oxidation succinate - 5' X 118" packed open tuhular column) -

carboxyl reduction (aq. ethylene oxide/NaBH.Y'· partially methylated methyl glycosides 
oxidation (lead tetraacetate) 711 

carbazolelH,SO. reagentn - uronic acid determination 
anthrone!H,SO. reagent71l - neutral hexose 
determination 
methylation" /methanolysis 

K87 (1971)'· periodate oxidation p_e. and paper electrophoresis po1arimetry (absolute config.) 
hydrazinolysis ,. g.Le. (ECNSS-M) - partially methylated alditol acetates 
carboxyl reduction (aq. ethylene oxide/NaBH,) '" (p.lIu.a's.) 
methylation (Hakomori) .... ' ion exchange chromatography 
partial acid hydrolysis (O.25N H,SO.) 
Elson-Morgan reaction (amino sugar ID)" 
B-glucosidase (anomeric configuration) 

K29 (1971)42 periodate oxidation" analytical ultracentrifugation (homogeneity/molecular 
carboxyl reduction" (aq. ethylene oxide/NaBH.)1lI mass) 
methylation analysis .... , paper electrophoresis 
partial acid hydrolysis (H,;SO ,) g.Le. (ECNSS-M)" - p.m..a.a's. 
Smith degradation column chromatography - ion exchange (DOWEX -2 
chemical determination of pyruvate" acetate) 
lactate dehydrogenase (pyruvate) p.c."' 
B-glucuronidase (anomeric configuration) 

I RNase (purification) 

10 



K29 (1975)43 periodate oxidation/Smith degradation83 p.e. 'R·n.m.r (220 MHz) 
methylation analysis""·' paper electrophoresis . pyruvate determination as g.l.c·m.s. (p.m.a.a's.) 

I partial acid hydrolysis (2MTFA) dinitrophenylhydrazone 
, carboxyl reduction" (aq. ethylene oxide/NaBR,)70 g.Lc. (ECNSS·M) . alditol acetates"', p.m.a.a's. 
I "'.glucosidase/B-glucosidase/"'·galactosidase ... ·' column chromatography (charcoal) . oligosaccharide 

B-glucuronidase92 separation 

I 
bacteriophage degradation03 g.p.e. (Sephadex LH2O/Gl0/G50) 
pancreatic RNase" 

il K42 (1978)" methylation""·' paper electrophoresis . oligosaccharide isolation polarimetry (absolute config.) 
I 

carboxyl reduction p.e. • isolation of monosaccharides gl.c.·m.s. (p.m.a.a's.) 
partial hydrolysis (0.5N H,SO.) g.Le. (ECNSS·M) . p.m.a.a's. 'R·n.m.r. (9OMHz) 

K92 (1977)" periodate oxidation g.Lc. 'R·n.m.r. (220 MHz) 
thiobarbituric acid procedure . sialic acid g.p.e. (Sephadex G25 (0.1M NH,RCO,), Sephadex 13C·n.m.r. (67.9 MHz . continuous wave 
determination G15O) mode) 
neuraminidase" 

Kl3 (1979)"" periodate oxidationlSmith degradation" g.p.e. (DEAE cellulOSe/orcinol reagent) polarimetry (dispersion spectra) 
methylation analysis°7.80 thin layer chromatography (t.l.c.) . cellulose g.Lc .• m.s . . p.m.a.a's. (10% SE30) 
partial hydrolysis (acetic acid) paper electrophoresis 
thiobarbituric acid colour reaction · sialic acid p.e. • Kdo determination" 
determination g.Le. (5% OY·lOl) 
carboxyl reductionoo . (aq. ethylene oxide/NaBR,)70 
alkaline phosphatase . phosphate hydrolysis 

K2!K62 periodate oxidationlSmith degradation g.Lc. (OY·101) . p.m.a.a's., alditol acetates"' g.Lc.·m.s. 
(1980)"'" methylation'" p.e. (bntano1!pyridine/water -6/4(3) 'R·n.m.r. (anomeric config.) 

dephosphorylation (aqueous 55% HF)" paper electrophoresis analytical ultracentrifugation (molecular 
'" and B galactosidases (anomeric config.) g.p.e. (Biagel P2) weight determination) 
alkaline phosphatase 1('" polarimetry 

K6 (1980)30 colorimetric methods (TBA assay· Kdo'o",,,, Orcinol g.Le. (ECNSS·M packed col11lllJl, OY-101 capillary) . 13C·n.m.r. (22.63 MHz ·Ff 'R ·decoupled) 
assay'02 . pentoses) TMS diethyl-dithioacetal derivatives'" 'R·n.m.r. (90 MHz . deuterated chloroform 
periodate oxidation07 /Smith degradation g.p.e. (Biagel P2. Sephadex Gl0) . desalting solutions) 
methylation analysis",,7 h.p.Lc. (Lichrosorb SI 60 . petroleum ether/acetate 
partial hydrolysis (1% acetic acid) '" 5:1) • partially methylated ribitol acetates 
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K30 (1980)'" . methylationso glc.- (ECNSS-M) 'H-n.m.r 
bacteriophage degradation (B-galactosidase) gl.e.-m.s. 

K5 (1981)29 partial acid hydrolysis 107 (2M HCl) p.e. 13C_n.m..r. 

Smith degradation" paper electrophoresis 'H-n.m.r. (220 MHz - continuous wave) 
deamination 100, 1(10 - nitrous acid gle. - alditol acetates 
methylationso g.p.c. (Biogel P2 - O.2M ammonium acetate) 
carbazole method - GlcA determination/Anthrone 
method - glucose determination I" 
RNase/DNase (purification) 
carboxyl reduction"O - 1-cyclohexyl-3-(2-
morpholinoethyl)-carbodiimide metho-p-toluene 
sulphonate 
B-glucuronidase 102 

K6 (1982)31 Smith degradation" ion exchange - Rexyn 201111 13C-n.m.r. (anomeric config.) 
methylationso gle.- (-)-2-octyI glycoside acetates"· (absolute conlig.) IH-n.m.r. 
partial hydrolysis (acetic acid) ion exchange g.p.c. (DEAE Sephadex A25/O.1M Iris u.v. 
periodate oxidationlSmith degradation" buffer pH 8.5 - 0 to O.6M NaO gradient) gle.-m.s. (p.m.a.a's."', methylated 
carboxyl reduction 110 gle. (ECNSS-M/OV-118OxO.15cm glass column; glass oligosaccharides ) 

capillary SP-1000 W.C.O.T) 
g.p.e. (Biogel P2 - water) 

KZl (1982)41 O-acetyl determination 113 p.e. (Whatman No.1) gl (p , )"" .C.-m.S. .m.a,a s. 
carbazole reagent 102 - hexuronic acid determination gle. - p.m.a.a's. (ECNSS-M) 'H-n.m.r. (90 MHz) 
partial hydrolysis (O.5M RoSO.) paper electrophoresis analytical ultracentrifugation (molecular 
carboxyl reduction (carbodiimide)"O weight) 
B-D-glucosidase/B-D-gaJactosidaselB-D-glucuronidasel~ 
D-glucosidase 114 

methylation80 

K2 (1982)28 Smith degradation/aJkali hydrolysis gl.e. - TMS ethers117 (packed column/OV-1) 
hydrazinolysis II. g.p.e. (DEAE Sephacel-water/triethylammonium 

, periodate oxidation/S-elimination/hydrazinolysislaJkaline carbonate buffer pH7.8; Sephadex G50) 
treatment 
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K7/K56 (1982)13 Glycose analysis : amino sugars-amino acid g.Le. (OY-225/packed column) g.Le.-m.s. (p.m.u's.) 
analyzer/neutral sugars-automated sugar analyzer"· 13C-n.m.r. and 'H-n.m.r. (300 MHz) 
carboxyl reduction (carbodiimide) 110 

periodate oxidation 
methylation 115 

N-deacetylation/O-deacety1ation/ninhydrin 
oxidation119,120 

o-glucose oxidase( absolute config.) 

K12/K82 Cysteine reagent(rhamnose determination)'21 g.p.e. (Sephadex GSO/Biogel P2) 'H-n.m.r. (300 MHz - Ff) 
(1983)34 thiobarbituric acid assay(2-keto-3-deoxy-o-manno- g.Le. (ECNSS-M/alditol acetates/oetyl glycoside 13C-n.m.r. (gated decoupling - anomeric 

octonic acid determination) "'2 acetates) config.) 
partial hydrolysis(1 % acetic acid) paper electrophoresis g.Lc.-m.s. (p.m.a.a's.) 
Ruff degradation(2-keto-3-deoxy-o-manno-octonic 
acid) 
O-acetyl determination 123 

methylation80
·"" 

periodate oxidation 
chromium trioxide oxidation( anomeric config.) "" 

K13/K20/ thiobarbituric acid assay - Kdo determination 122 g.p.e. (DEAE cellulose) 13C-n.rn.r. (75 MHz)I'H-n.m.r. (300 MHz) -
K23 (1983)36 methylation immunoelectrophoresis location of O-acetyl groupslanomeric 

g~e. - alditol acetates38/methyl glycosides (3% ECNSS- config.' 2OI:I\ 

M) g.Lc._m.s.121 
- (S.E.30/glass capillary) 

K14 (1983)'· amino acid analyzer - amino sugar determination g.p.c. (Sephadex GSO/Biogel P2!water) po1arimetry 
thiobarbituric acid assay - Kdo determination 122 p.e. - hydroxamates123 (O-acetyl and O-propionyl 'H-n.m.r. (300 MHz - anomeric config.) 
O-deacylation groups) c.i.-m.s. (methylated disaccharide) 
periodate oxidation g.Lc. - Porapak Q5'28 13C-n.m.r. (anomeric configJlinkage 
partial hydrolysis (5Ori1M H,SO.) paper electrophoresis (preparative oligosaccharide position/position of O-acetylation) 
methylation 104 isolation) 
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1<54 (1984)21 uronic acid determination - carbazole reagent'02 g.p.e. (Sephadex G50/Biogel P21Sephadex Uf2O) polarimetry 
rhamnose determination - cysteine reagent'21 g.le. (Carbowax/ECNSS-M/2.5% SE-30 - acetyl c.i.-m.s. (NH,)/ei.-m.s. (methylated 
periodate oxidation glycoside acetates/alditol acetates) oligosaccharides) 
methylation anaJysisoo _ carboxyl reduction -LiAID. preparative paper electrophoresis g.l.c.-m.s. (p.m.a.a's.) 
partial hydrolysis (O.5M H,SO.) 'H-n.m.r. (300 MHz) - tbreoninelGlcA 
ll-glucuronidase (anomeric config.) amide128 

amino acid determination - Durrum D-500 analyser "C-n.m.r. (gated decoupling - anomeric 
config.) "0 

1<52 (1985)'0 alkaline phosphatase" g.p.e. (Sephadex G50/Biogel P2-H"O) 'H-n.m.r. (300 MHz) 
phosphate determination'31 g.Le. (alditol acetates) "C-n.m.r. (selective decoupling) 
acetyl and propionyl characterisation p.e. (preparative) . gl.e.-m.s. (p.m.a.a's.) 
(hydroxamates)'''' , .. c.i.-m.s. (NH,) - permethylated disaccharides 
periodate oxidation 
methylation analysis"" 
fructose determination - 5-hydroxymethylfurfurallll-
fructosidase (invertase) 
partial hydrolysis (O.5M NaOH) 

K28 (1985)7 D-gaJactose oxidase (absolute config.) p.c. (Whatman N03MM preparative/analytical) polarimetry (circular dichroism - absolute 
methylation"" g.le. - p.m.a.a's. (stainless steel packed columnsl3% config.) 
carboxyl reduction (native polymer)'32 SP- 1340/3% OV-225) g.Le.-m.s. (DB-225 capillary) 
partial hydrolysis (O.OIM TFA) ion-exchange chromatography - Bio-Rad AGI- alditol acetates 
periodate oxidation X2(formate) resin 'H-n.m.r. (twin signals - 0-
location of a-acetyl groups - methyl vinyl ether7 g.p.e. - molecular mass determination acylationlanomeric config. 
ethylation80 "C-n.m.r. (positions of a-acylation) 

K95 (1985)00 Kdo determination - Thiobarbituric acid assay"" g.p.e. (Sephadex G50/Biogel P2 - water) 'H-n.rn.r. (300 MHz) 
acetate determination'" g.p.e. (ECNSS-M - alditol acetates) "C-n.m.r. (anomeric configJring form) 
periodate oxidation paper electrophoresis (Whatman No.1 - g.e.-m.s. (alditol acetates) 
partial hydrolysis (1% acetic acid) anaJyticaJ/Schleichter and Schiill 2043b - preparative) e.i.-m.s. (NH,,) - methylated oligosaccharides 
methylationoo., .. 

K92 (1985)" sialic acid determination - Svennerholm method" g.p.e. (Sephadex CrAB - molecular-weight) "C-n.m.r. (90 MHz - conformational 
metbanolysis analysis)'''''"' 
lactonisation of polysaccharide - corbodiimide 2D-n.m.r. - HETCOR 
periodate oxidation 

------ - - -
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K51 (1985)" glucosamine determintion - Durrum AA analyzer preparative paper elctrophoresis (pyridinium acetate) "C-n.m.r. (gated decoupling - anomeric 
phosphate determination - Ames method'31 t.lc. (butanol:pyridine:water - 6:4:3) config.) 
periodate oxidation "P-n.m.r. (P linkage position) 
partial hydrolysis (O.1N TFA) 

K40 (1986)'" methylation analysis"" g.le. - alditol acetates (CB SE-54 25m x O.25mm), g.l.e.-m.s. (alditol acetates) 
periodate oxidation'34 and Smith degradation (+ )-2-butyl ester (absolute config. of serine - ECNSS- c.i.-m.s. (NH.) - methylated oligoalditols 
glucuronic acid determination (carbazole reagent) M) "C-n.m.r. (linkage analysis), APT 
glucosamine and serine determination (Durrum AA g.p.e. (Biagel P2) (assignments) '30.'37 

analyzer/Morgan-Elson reagent''') 'H-n.m.r. (anomeric config.) 

K43 (1986)"· periodate oxidation g.le. - alditol acetates 'H-n.m.r. (anomeric config.) 
partial hydrolysis (O.1M TFA) 
methylation analysis 
Smith hydrolysis 

K32 (1987)" methanolysis g.le. - (fused silica capillary - DB-17/fully acetylated po1arimetry 
carboxyl reduction (carbodiimide)'32 aldito1s!( -)2-octyl glycoside acetates - absolute g.l.e.-m.s. (DB-17 capillary) 
Smith degradation config. , "') 'H-n.m.r. - position of O-acetylation 
methylation (dry NaOH powder as base)""'"'' silica gel - G60 column chromatography 2D-n.m.r. - COSY (determination of 
bacteriophage isolation/cross reaction - KJebsie/1ll K55 t~e. sequence''") 
synthesis - partially methylated methyl rhamnosides ,., "C-n.m.r. (gated decoupling - ancmeric 

config.) 
n.O.e. difference lO-n.m.r. experiment 
(sequence) 

K37 (1987)17 phosphate analysis (Molybdenum Blue method)'43 g.l.e. - peracetylated aldononitri1es (pAAN's)''', alditol po1arimetry (optical rotations) 
methanolysis (3% HCVmethanol) acetates, (-)-2-octy1 glycoside acetates'" (DB-225 fused i.r. spectroscopy 
methylation analysis (Hakomori""/Kuhn'44) silica capillary column) 'H-n.m.r. (500 MHz - anomeric config.) 
periodate oxidation and Smith degradation" p.e. (Whatman No.1 - descending - preparative and "C-n.m.r. (config. of carboxyethylidene 
partial hydrolysis (O.5M TFA) analytical) acetal''') 

g.p.e. (Sepharose 4B/M NaCI - phenol-sulfuric g.l.e.-m.s. (alditol acetates) 
. detection'''") 

--------- ------

15 



K34 (1987)" methanolysis (3% HCVmethanol) ". p.c. (Whatman No.1 - analyticaVWhatman 3MM - 'H-n.m.r. 
chromium trioxide oxidation (anomeric config.) 12' preparative) 13C_n.m.r. 
methylation analysis'" (LiAlH. reduction) gJ.c. - alditol acetates (fused silica capillary columns Lr. spectroscopy (methylation) 
B-elimination , .. - DB-17/DB-225 - analytical; stainless-steel column - g.l.c.-m.s. (p.m.a.a's.) 
carbodiimide reduction'" (carboxyl reduction) 3% SP-2340 -preparative) circuIar-dichroism spectra'" (absolute 
Smith degradation" g.p.c. (Biagel P2/Sephadex LH20) config.) 
selective Smith degradation"· 
bacteriophage degradation"'· 
<x-o-glucosidase (anomeric and absolute con6g.) 

K9 (1987)33 methanolysis (carboxyl ~eduction) gJ.c. - TMS methyl glycosides/( -)-2-octyl glycoside g.Lc.-m.s. (partially methylated methyl 
o-gaiactose oxidase'" (absolute config.) acetates - absolute config.'12 (fused silica capillary glycoside acetates/p.m.a.a's.) 
methylation analysis""" (acetolysis)'" columns - OV-l,OV-17 and OV-225/packed column - 'H-n.m.r. (anomeric config., <x-linked 
periodate oxidation and Smith degradation" ECNSS-M) Neu5Ac) 
bacteriophage degradation g.p.c. (Biagel P4ISepharose 4B) '3C-n.mI. (linkage position of 

p.c. (Whatman No.1 - analytical - periodate- Neu5Ac""!HexNAc'" 500 MHz) 
benzidene'" and alkaline silver nitrate'" detection) 2D-n.m.r. - COSY/HETCOR (linkage 

analysis) 

K3 (1988)" cysteine reagent - L-rhamnose dete~on'21 gJ.c. - alditol acetates (ECNSS-M), acetyl content''", g.l.c.-m.s. (p.m.a.a's.) 
i 

partial hydrolysis (1% acetic acid) (+ )-2-octyl glycoside acetates(absolute config.) "C-n.m.r. (linkage analysis, anomeric 
methylation analysis'"·''' g.p.c. (Sephadex G50/Biagel P2) config. - gated-decoupling)'3O , 

periodate oxidation paper electrophoresis (preparative) 'H-n.m.r. (300 MHz) 
, 

2D-n.m.r. - COSy'" (6-0-acetyl-4-deoxy-2-
hexulosonic acid) 

K53 andK93 carboxyl reduction (carbodiimide/NaBH.) gJ.c. - alditol acetates, (-)-2-octyl glycoside acetates "C-n.m.r. (ring form and anomeric 
(1988)12 o-glucose and o-galactose oxidase (absolute con6g.) stereochemistry - 'H-coupled spectrum) 

'H-n.m.r. (500 MHz - positions of 0-
acetylation) 
2D-n.m.r. - COSY'oo/HETCOR 
ill-INEPT n.m.r. experiment'·' (linkage 
analysis/positions of a-acetylation) 

- . ----- - - ------- --
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Kl8,K22 and partial hydrolysis (0.1M Ho, 0.5M NaOH) g.l.c. - p.m.a.a's., alditol acetates (CB CP SIL 5), g.l.c.-m.s. (p.m.a.a's.) 
KlOO (1988)22 periodate oxidation acetate content (ECNSS-M) , .. i.r. (acetyl ester and phosphate bands) 

methylation analysis80·' .. g.p.c. (Biogel P2) "C-n.m.r. (gated decouplin)g'30,'37" .. 
dephosphorylation - aJkaline phosphatase 31P-n.m.r. (determination of phosphodiester 
orcinol test - nbose determination bridges) 
Ames test '3' - phosphate determination APT (attached proton test - carbon 
hydroxamate method'" - acetyl content determination substitution '36, '37) 

KlOO (1988)6' base hydrolysis/aJkaline phosphatase - phosphoric g.l.c. - TMS ethers (SP-2100 coated glass capillary) 'H-n.m.r. (300 MH7JSED spin-echo 
diester linkage'" preparative gl.e. - oct:yl glycerate esters (15% SE-30) difference spectra - phosphate linkage 
periodate oxidation/aqueous Br2 oxidation analysis) 
(carboxylates )/acid hydrolysis'" "C-n.m.r. (25 MHz) 
neutral reducing sugar anaJysis - automated sugar 2D-n.m.r. - COSY CH assignments) 
analyzer"· - HMQC, .. ·,ee ("C assignments) 

- HMBC'''' , .. (linkage analysis) 

K36 (1988)" bacteriophage depolymerisation (endogaJactosidase) '07 g.p.e. (Sepharose 4B Cl)M NaC!- M, detennination) g.l.c.-m.s. (p.m.a.a's.) 
methylation - Hakomoriao and Kuhn'''' g.l.c. - (-)-2-octyl glycoside acetates (absolute 'H-n.m.r. (500 MHz - anomeric config.) 
methanolysis - carboxyl reduction config.)'12, p.m.a.a's., PAAN's'" (DB-225 bonded- 13C_n.m.r. - JC1 •H1 values , 

phase fused-silica capillary column) 2D-n.m.r. - COSY 
p.c. (Whatrnan No.1 - descending/aJkaline silver nitrate -HETCOR 
detection ,eo) 

K44 (1988)52 deamination , .. g.l.c. - peracetylated alditol acetates, p.m.a.a's. (DB-1? c.d. spectra (alditol acetates - absolute 
carboxyl reduction - methanolysis'0"!carbodiimide '32 bonded-phase fused-silica capillary) config.) 
chromium trioxide oxidation 11.' (anomeric config.) preparative gl.e. (3% SP-2340/Supelcoport 100-120 'H-n.m.r. (anomeric config.) 
methylation anaJysis - HakomoriSO.'70 mesh) "C-n.m.r. (proton-coupled SFORD 
N-deacetylation171 p.e. (Whatrnan No.1 - analytical) experiment - anomeric config.) 173 

B-elimination , .. g.p.e. (Biogel P2, Sephadex UI2O) g.l.c.-m.s. (p.m.a.a's.) 
periodate oxidation 112/Smith degradation" 
acetolysis'" 
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K44 (1988)'" bacteriophage depolymerisation (N-acetyl-6-D- preparative p.c. (2:1:1 - butanol:acetic acid:water - de.i.-m.s. (direct chemical ionisation) -
galactosaminidase) oligosaccharide separation) sequence analysis (permethylated 
methylation analysis - Hakomori"" g.p.c. (Sephadex LH2O) oligosaccharide) 174.'" 

'H-n.m.r. 
13C-n.m.r. 
f.a.b.-m.s. (positive ion mode) 

K74 (1988)"" periodate oxidation g.p.c. (Biogel P2, Sephadex LH20 & G50) g.l.e.-m.s. (p.m.a.a's.) 
thiobarbituric acid assay (Kdo determination)'22 gJ.c. - alditol acetates (ECNSS-M)-glycose immunoelectronmicroscopy"" 
methylation analysis""",'04,,·· - modified Hakomori analysis/acetate determination'28 'H-n.m.r. (anomeric config./quantitation) 
partial hydro1ysis (1% acetic acid) preparative paper electrophoresis (Schleichter & '3C-n.m.r. 
methanolysis (carboxyl reduction) Schull 2043a/water) e.d. spectroscopy (config. analysis) m 

K19 (1988)"" periodate oxidation gJ.c.- p.m.a.a's. (ECNSS-M) 13C-n.m.r jattached proton test(APT) "8, 137 
methylation - Hakomori"",'04 g.p.c. (Biogel P2) (location of O-acetyl groups) 
partial hydro1ysis (1% acetic acid) preparative paper electrophoresis (Schleichter & 'H-n.m.r.(anomeric config. 300 MHz) 
thiobarbituric acid assay (Kdo determination)'22 Schull 2043a paper) gJ.c.-m.s. (p.m.a.a's.) 
orcinol reagent (ribose determination) c.i.-m.s. (NH.) 

K26 (1988)40 methylation - modified Hakomori"'" p.e. - analytical (Whatman No.1) g.l.c.-c.i.-m.s. (NH.) 
partial acid hydro1ysis (O.025M RoSO. followed by g.p.c. (Biogel P21acidified water/phenol-sulphuric acid 
O.05M TFA) detection"', Sephadex G10-desalting) 

gJ.c. - methylated oligosaccharides (DB-17 fused silica 
capillary) 

K39 (1989)"" methanolysis (carboxyl reduction) gJ.c. - PAAN's, p.m.a.a's. (DB-225 bonded-phase g.Lc.-m.s. (p.m.a.a's. - e.i. 70e V) 
methylation analysis - Hakomori80 /Kuhn 14. capillary column) 'H-n.m.r. (anomeric config.) 
B-e]jrnination 17& g.p.c. (Biogel P4/pyridinium acetate) 13C-n.m.r. 
bacteriophage depolymerisation (glucosidase) 
partial hydro1ysis (O.5M TFA) 
lithium/ethylenediamine degradation'" 
(-)-2-octyl glycosylation (absolute config.)112 -

• 
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,I K55 (1989)'· bacteriophage depolymerisation "'" (lyase) g.Le. - P AANs, p.m.a.a's. (DB-225 capillary) g.l.c.-m.s. (p.m.aa's.) 
(-)-2-octyl glycosylation (absolute config.) g.p.e. (Sephaayl S500, Biogel P4 - O.1M pyridinium 'H-n.m.r. 
methylation analysis '24.79 - modified Hakomori & acetate) 13C_n.m.r. 
Kuhn'" 2D-n.m.r. - HETCOR 
thiobarbituric acid test (4-deoxy-a-lrthreo-hex-4-
enopyranosyluronic acid determination) 
Prehm methylation (location of O-acetyl groups)'" 

K8 (1989)32 methylation analysis'" g.p.e. (Sephaayl S400 - molecular weight lD-n.m.r. - 'H-n.m.r. (400 MHz - anomeric 
Smith degradation (sequence analysis) determination! Biogel P-2) config., NAc and OAc determination) 
methanolysis (carboxyl reduction g.Le. - (-)-2-octyl glycoside acetates(absolute _ '3C-n.m.r. 

config.)'12, alditol acetates (DB-17 bonded-phase 2D-n.m.r. - COSy'82(location of OAc group) 
fused-silica capillary) - RELAY COSy'83(linkage 

positions) 
- NOESy'M(sequence analysis) 
- HETCOR'86 

g.Lc.-m.s. (p.m.a.a's. -linkage positions) 

K11 (1990)9 glucose/fructose enzyme test (absolute config.) g.p.e. (Sephadex G-SO, Biogel P-1 g~c.-m.s. (p.m.aa's. - linkage positions) 
partial hydrolysis (O.5M NaOH) g.Le. - alditol acetates (ECNSS-M 15mx2mm) lD-n.m.r. - 'H-n.m.r. 
alkaline phosphatase (dephosphorylation) - 13C-n.m.rJAPT experiment 
periodate oxidation (anomeric signal assignment)''', gated 
methylation analysis - Hakomorioo-modified'24 decoupling (anomeric config.-JC'.H' values)'·', 
phosphate quantification - Ames method'31 linkage analysis 
fructOSe/protein/nucleic acid determination(see ref.c165 
and refs. therein) 

K31 (1990)" methylation analysis80 (LiAlH, reduction) p.e. (Whatman No.1 - analytical) circular dichroism spectra (absolute 
B-elimination , .. preparative g.Le.(DB-17 fused-silica capillary) config.) ,., 

i lithium-ethylenediamine degradation'" g.p.e. (Biogel P-2, Sephadex LH-20 g.Le.-m.s. (p.m.a.a's. - DB-17 bonded-phase 
! HF selective solvolysis'" g.Lc. - alditol acetates capillary column) 

bacteriophage depolymerisation c.i-m.s. (NH. - methylated oligosaccharides) 
carboxyl reduction (carbodiimide)'32 lD-n.m.r. - 'H-n.m.r. (400 MHz) 

! 
chromium trioxide oxidation"" (anomeric config.) _ '3C-n.m.r.(anomeric config.)173 

, partial hydrolysis (O.1M TFA) 2D-n.m.r. - COSy'" 
- one- and two-step RELAY 

COSY'83 
- NOESy'90,1O' (sequencing) 
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K16 (1990)37 periodate oxidation g.l.c. - p.m.a.a's. (ECNSS-M) g.Lc.-m.s. (p.m.a.a's.) 
thiobarbituric acid assay'" (Kdo determination) partial hydrolysis (3mM acetic acid lD-n.m.r. - "C-n.m.r. (linkage analysis & 
methylation analysis - modified Hakomoriso.,,,.,,, g.p.c. (Biogel P-2, Sephadex G-50fwater) position of OAc), APT"'·''', inversed gated 
orcinol reagent - ribose determination '21 high voltage paper electrophoresis (Schleichter & decoupJing experiment ,ao 

Schull 2043a paper) - 'H-n.m.r. (anomerie config.) 

K57 (1990)" methylation analysis'" g.p.c. (Sepharose 4B CL) lD-n.m.r. - 'H-n.m.r. (anomerie config., 
methanolysis (carboxyl reduction) g.Lc. - O-methyloxime acetates'" (DB-WAX bonded- quantitation) 

phase capillary), p.m.a.a's. (DB-17 fused-silica - "C-n.m.r. 
capillary) 2D-n.m.r. - COSy'" 
g.l.c.-m.s. - p.m.a.a's. - RELAY COSy,ea 

- NOESY'''' (sequence) 
- HETCOR'''' (linkage analysis) 

K26 (1990)" methylation analysis80·7. p.c. - analytical and preparative lD-n.m.r. - 'H-n.m.r. (400 MHz) 
B-elimination , .. g.p.c. (Biogel P-2/acid water, Sepharose 4B, Sephadex _ 13C_n.m..r. 
selective hydrolysis (0.1M TPA) G 10 - desalting gel) d.e.i.-m.s. (NH. - methylated 
periodate oxidation & Smith degradation" g.l.e. - alditol acetates, p.m.a.a's. (DB-17 capillary), oligosaccharides) 
partial hydrolysis (1M TPA) and 0.025M H.S0. methylated oligosaccharides (DB-1 capillary), (-)-2- g.Lc.-m.s. 
followed by 0.5M TPA octyl glycoside acetates-absolute config.(DB-l7) f.a.b.-m.s. 
Iithium-ethylenediamine degradation 'ee 
carboxyl reduction (carbodiimide) 

K24 (1990)38 periodate oxidation g.p.c. (Trisacryl GF05M, Sephadex G50 - purification) lD-n.m.r. - "C-n.m.rJATP''''·''7{lIlverse-gated 
thiobarbiturie acid assay - Kdo determinati~n , .. g.Lc. - OAc determination (porapak QS) decoupled (OAc linkage) 
partial hydrolysis (0.5M NaOH)falkalioe phosphatase paper elctrophoresis (Schleicher & Schull 2043a) - 31P-n.m.r. ("C_3'P coupling -
ammonium molybdate assay - phosphate position of P linkage) 
determination '31 - 'H-n.m.r. (anomeric config.) 
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K87 (1990)23 methylation analysis - modified Hakomori80
·, .. ;,· g.J.c. - p.m.a.a's. (DB-17 bonded-phase fused-silica lD-n.m.r. - 'H-n.m.rJ13C-n.m.r. 

(-)-2-octyl glycosylation (absolute config.)'12 capillary) (quantitation/anomeric config.) 
methanolysis - carboxyl reduction g.p.e. (Sepharose 4B CL - M. determination, Sephacryl 
partial hydrolysis - anhydrous HF S200HR) 2D-n.m.r. (sequence & position of OAc 

group) 
_ COSy'82 
- RELAY COSy'" 
- NOESY'" (sequence) 
- HETCOR,86 (linkage analysis) 
-HOHAHA,03 

K38 (1991)'94 methylation analysis - modified Hakomoriao• '.'." g.le. - alditol acetates, p.m.a.a's., (-)-2-octyl glycoside g.l.e.-m.s. (e.i. 70e V - p.m.a.a's.) 
(-)-2-octyl glycosylation (absolute config.)112 acetates (DB-17/DB-225/DB-WAX bonded-phase lD-n.m.r. - 'H-n.m.rJ"C-n.m.r. 
methanolysis - carboxyl reduction fused-silica capillary columns) (quantitation/anomeric config.) 

g.p.e. (Sephacryl S4OOHR/Sephacryl SSOO - 0.1M 
sodium acetate buffer pH 5.0) 2D-n.m.r. 
p.e. - Whatman No.1 (alkaline AgNO. detection) - COSy'82 

- RELAY COSy'" 
- NOESy,&4 (sequence) 
- HETCOR'" (linkage analysis) 

K35 (1991) this methylation analysis - modified Hakomori""''''' ' g.le. - p.m.a.a's., P AANs, (-)-2-octyl glycoside acetates g.l.e.-m.s. (e.i. 70e V - p.m.a.a's.) 
thesis (-)-2-octyl glycosylation (absolute config.)'12 (DB-225 bonded-phase fused-silica capillary columns) lD-n.m.r. - 'H-n.m.rJ13C-n.m.r. 

methanolysis - carboxyl reduction g.p.e. (Sephacryl S4OOHR/Sephacryl SSOO/Biogel P4 - (quantitation/anomeric config.) 
J3 elimination 0.1M sodium acetate buffer pH 5.0) 
bacteriophage degradation 2D-n.m.r. 

_ COSy,82 
-HOHAHA'03 
- NOESY'" (sequence) 
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3.Z. ISOLATION AND PURIFICATION OF CAPSULAR POLYSACCBAaIDBS 

A suitable isolation/purification procedure must ensure a good yield of 

chemically pure and physically homogenous polysaccharide. The number of 

different procedures available are too numerous to be covered here and have been 

reviewed l99 • This discussion will be restricted to the methods employed in the 

isolation and purification of E. coli K antigens . 

Jann, Jann, 0rskov and 0rskov are responsible for the majority of the earlier 

structural work on E. coli capsular polysaccharides (K4Z, K85, K30, KZ7, K87, KZ9 

- see Table 3.1 and references therein). These bacteria were cultivated on ox­

meat infusion and the cells were harvested with 0 . 9% saline containing Z% phenol 

(to kill the cells) followed by precipitation with ethanol. After 

centrifugation, the cells were washed with acetone and extracted with 45% phenol 

at 65° for 5 to 10 minutes. Material from the aqueous phase was ultracentrifuged 

(105 000 x g.) and the acidic polysaccharide isolated from the supernatant by 

fractional cetyltrimethylammonium bromide (CTAB) precipitation200 • Nucleic acid 

contaminants were removed by RNAse treatment followed by anion-exchange column 

chromatography - DEAE cellulose. 

In the 1970's a slightly different procedure was adopted58 • The cells were grown 

in liquid culture medium (minimal medium with 0.1M dialyzed yeast extract). The 

bacteria and acidic polysaccharides were precipitated with CTAB before being 

extracted with aqueous calcium chloride. Purified polysaccharide was obtained 

by a sequence of steps involving alcohol precipitation and extraction with cold 

buffered phenol2ol • Jennings et a1. 31 modified this procedure by disrupting the 

cells with glass beads in a colloid mill prior to phenol extraction . 

In 1985, Dutton et a1.7 worked on E. coli K28. This was the first E. coli 

capsular polysaccharide to be investigated by that laboratory. Isolation and 
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purification of the acidic polysaccharide was achieved as previously described 

for Klebsiella species202 • They experimented with a variety of growth media and 

found Mueller-Hinton agar to produce the best results . The slime was harvested 

from large trays after incubation for a suitable length of time and the capsular 

polysaccharide was extracted with a 1% phenol solution. Purified acidic 

polysaccharide was obtained by a series of steps involving ultracentrifugation, 

and ethanol and CTAB precipitation. This general method is applied in our 

laboratory followed by removal of nucleic acids by enzyme digestion and anion 

exchange g.p.c. (DEAE Sepharose 6B-CL). 
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3.3. TBB "CLASSICAL APPROACH" TO TBB ELUCIDATION OF SACCIIARIDB STRUCTUllB 

3.3.1. Composition and homogeneity 

The determination of the chemical composition and molecular size of 

polysaccharides is the initial step in their overall characterization. This 

requires identification and quantitation of all sugar and non-carbohydrate 

constituents the methods for which have been reviewed by Aspinall 203 . The task 

is simplified somewhat with the bacterial polysaccharides as they are composed 

of regular repeating oligosaccharide units, usually of heterogenous 

monosaccharide composition . 

Monosaccharides are identified from hydrolyzates by paper chromatography and by 

g . l.c . The latter procedure also effects quantitation of neutral sugars. 

Incomplete hydrolysis is encountered with glycosiduronic acids hence carboxyl 

reduction prior to derivatization is required. This is accomplished in numerous 

ways including the ethylene oxide/NaBH. method of Aspinall15 et 81. , aqueous 

carbodiimide /NaBH. method described by Taylor llO , and methanolysis /anhydrous NaBH. 

reduction2o •. The derivatives most often used for g.l.c. analysis are the alditol 

acetates94 and peracetylated aldononitriles (PAANS}145. The range of derivatives 

available to the researcher has been reviewed by Dutton63 ,64. It is noted that 

ketoses (e.g. NeuNAc/Kdo) can be lost by decomposition under the normal 

conditions of hydrolysis. These can be stabilized by methanolysis, giving the 

methyl glycoside methyl esters which can be quantitated by g.l.c. as acetylated 

or trimethylsilylated derivatives203 . 

Identification of sugars is also achieved with specific enzymes and chemical 

reactions; quantitation is possible spectrophotometrically when a colour is 

produced . These procedures, when utilized in the E. coli series, have been noted 

and referenced in Table 3 . 1 . 
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The non-carbohydrate substituents are identified chemically. enzymatically and 

chromatographically. For a review see Aminoff et 81 . 205 . Pyruvate is determined 

chemically by the method of Sloneker85 • enzymatically with lactate dehydrogenase42 

and by paper electrophoresis as the dinitrophenyl-hydrazone43 • O-Acetyl and 0-

propionyl groups are detected by p. c. as the hydroxama te derivatives l23 and 

quantitated by g.l.c. on Porapak Qs according to Fromme and Beilharzl28 . 

Phosphate is determine~ according to Ames l31 or by the molybdenum blue method of 

Kulin et 81 . 143 Amino acids have been identified from a polysaccharide 

hydrolyzate using a Durrum D-500 amino acid analyzer and confirmed by c . i . -m.s. 21 

IH_ and 13C_n.m.r . spectroscopy are extremely important spectroscopic procedures 

in polysaccharide analysis . They permit the non-destructive analysis of 

polysaccharide composition and purity. largely super:ceding their chemical and 

enzymatic counterparts . Since these one-dimensional n.m.r. techniques have been 

routinely applied over the last decade and have been the subject of numerous 

review articles130 ,206-213, a detailed synopsis will not be given. The reader is 

referred to the 'modern trends' in n .m.r. spectroscopy, section 3.4.4. 

In terms of chemical composition, IH-n.m.r . spectra of polysaccharides are divided 

into three regions: 

8 4 . 4 - 5 . 5 

8 3.0 - 4 . 5 

81.5-2.5 

sugars (Fig . 3 . 1). 

anomeric protons 

ring protons 

methyl protons of non-carbohydrate substituents and 6-deoxy 

The number and relative intensities of the anomeric signals provides the degree 

of polymerisation of the repeating-unit of the polysaccharide. To avoid 

ambiguous spectral interpretation, one must be aware of the fact that some non­

anomeric protons resonate in this area, e . g. H4 and Hs of ",-uronic acid residues 214 

and H2-mannose/rhamnose215 • Not much information is provided by the 
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ring proton part of the spectrum due to signal crowding and overlap. The 

identification and quantitation of non-carbohydrate substituents i. facilitated 

by their methyl proton resonances: Pyruvic acid acetals and amino acids - _ 1.5 

p.p.m., which must be distinguished from the methyl resonance of 6-deoxy sugars 

when present; N- acetyl substituent. of acetamido groups - 1.8 to 2 . 1 p.p.m. ; 0-

acetyl groups - 2 . 0 to 2.2 . p . p.m. The ratio of these signal intensities to that 

of an anomeric proton enables one to ascertain the degree of substitution . llC_ 

n.m . r . spectra are divided into 5 regions. Carbonyl carbons of uronic acid., 

amino acids. pyruvic acid acetal and acyl groups resonate at 170 - 180 p . p .m. 

The anomeric carbons of pyranose sugars resonate at 98 - 106 p.p.m. , while those 

of furanose sugars resonate at 106 - 109 p.p .m. llC_ Spectra therefore indicate 

the ring forms present in the polymer . The ring carbons resonate at 60 - 75 
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Fig. 3.1. lD- 1H-n.m.r. spectrum E. coli K38 polysaccharide 
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p.p.m. with unsubstituted primary alcohol groups producing 13C signals 

distinctively upfield at _ 60 p.p.m. C-2 of 2-deoxy-2-acetamido sugars resonate 

at 50 - 55 p.p .m. The methyl carbons of acyl groups, pyruvic acid acetals, amino 

acids and 6-deoxy sugars resonate at 17 - 25 p.p.m. 13C_ Spectra are particularly 

useful because of the greater spectral dispersion and because a signal for each 

C in the repeating-unit is invariably observed . This information is 

complementary to that of the corresponding lH_ spectrum and provides additional 

information as outlined by the regions defined above . It must be stressed that 

identification of monosaccharide constituents from simple lD-n .m.r. spectra by 

comparison of 8 values with literature values, must be supported by chemical 

evidence. This necessitates specific chemical and enzymatic degradations of the 

polysaccharide which are the subject of sequence analysis in section 3.2.4. 

Chemical homogeneity of polysaccharides is determined by n.m. r. spectroscopy 

whereas the degree of physical homogeneity is indicated by molecular weight 

determinations. Polysaccharides are most often polydisperse with respect to 

molecular weight therefore experimentally determined molecular weights are 

recorded as weight-average values (Mw). The methods most often used for the E. 

coli capsular polysaccharides are analytical ul tracentrifugation216 and gel 

permeation chromatography68. The latter procedure is followed in this laboratory 

using 8ephacryl 8400 HR or 8500 8F calibrated with dextrans (see section 4.1. for 

experimental details). 

3.3.2. Linkage analysis 

Having determined the chemical composition of the polysaccharide it must now be 

established how these components are assembled . This requires determination of 

the anomeric configuration and the glycosylation sites on each sugar residue . 

Methylation analysis remains the most widely used procedure for linkage analysis 
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of carbohydrates despite the emergence of 2D-n .m.r. experiments which provide the 

same information, non-destructively, and often in a shorter period of time (see 

section 3 . 4.4) . Methylation involves etherification of all free hydroxyl groups 

(methyl ethers) in the polysaccharide . Subsequent hydrolysis releases the 

hydroxyl groups previously involved in glycosidic linkages. Characterization of 

the partially methylated monosaccharides establishes which hydroxyl groups were 

involved in glycosidic linkages as the methyl ethers are stable under the 

conditions of acid catalyzed hydrolysis. 

e.g. E. coli K37 (depyruvylated) : 

-3)-B-D-Glcp-(1-3)-a-D-Galp-(1-
4 
t 
1 

a-D-Galp 

(1) Methylation 

(2) Hydrolysis 

The methylation methods of Purdie 14o , Haworth217 and Kuhn144 are laborious and time 

consuming and have been replaced by the Hakomori procedureso . In this procedure 

the polysaccharide, dissolved in dimethyl sulfoxide (DMSO). is treated with 

sodium methylsulfinylmethanide (sodium dimsyl) to generate the alkoxides which 

are alkylated on the addition of methyl iodide . If methylation is not 

accomplished in a single step, the milder Kuhn144 procedure is then used whereby 
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the partially methylated polymer is dissolved in the dipolar aprotic N,N­

dimethylformamide (DMF) and methyl iodide is used as alkylating agent in the 

presence of silver oxide as base. The Hakomori procedure cannot be repeated as 

uronic esters are susceptible to base catalyzed B-eliminations under the highly 

basic conditions [see section 3 . 3.3.(iii)] . This is not a major problem in the 

initial reaction as etherification is favoured over esterification, the latter 

therefore occurring at much reduced base concentration. Incomplete 

solubilization of polysaccharide is a major contributor to under methylation. 

Thus, solubility has been increased using 1:1 DMSO : l,1,3,3-tetramethylurea as 

solvent l53 , the latter serving to relax inter- and intra-molecular hydrogen 

bonding. Phillips and Fraser l24 have modified the Hakomori procedure by replacing 

sodium dimsyl with potassium dimsyl. The advantages include ease of preparation 

and a cleaner reaction product . For the linkage analysis of E. coli capsular 

polysaccharides the above procedure has been the most widely reported (Table 

3.1) . 

Characterization of partially methylated sugars involves g.l.c. and g.l.c.-m.s. 

analysis of suitably volatile derivatives. The partially methylated alditol 

acetates (p.m .a.a's.) are the derivatives of choice218 ,86. They are identified by 

comparing g.l.c . retention times with those of authentic standards on various 

stationary phases 219 ,220 . These results are confirmed by g.l.c.-m.s. analysis. 

Interpretation of the e.i . -mass spectra is facilitated by well documented 

fragmentation pathways and by comparison with reference spectra221 • The mass 

spectra are characteristic for specific substitution patterns but are insensitive 

to stereochemical differences, hence the complete characterization requires a 

combination of g.l.c. and g.l . c.-m.s. 

On hydrolysis of methylated polysaccharides the stability of uronosyl ester and 

2-acetamido-2-deoxy sugar linkages still holds. Dutton et 81. 40 have taken 

advantage of this and produced methylated oligosaccharides which they 
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characterized by g.l.c.-c.i.-m.s. [see section 3.4.3.(i)]. Complete hydrolysis 

of polymers containing amino sugars is effected by the method of Neeser and 

Schweizer192 (4M TFA, 125 0
, 1h). Carboxyl reduction of methylated polysaccha.cides 

is achieved using lithium aluminium hydride/deuteride222 or by methanolysis 

followed by anhydrous sodium borohydride/deuteride reduction. Comparison of the 

p. m. a. a's. produced before and after carboxyl reduction provides uronic acid 

identification and linkage information . Pyruvate acetals are stable under the 

basic conditions of the Hakomori methylation hence their sites of attachment can 

be determined. O-acyl substituents, however, are base labile . In order to 

determine their linkage positions, milder methylation procedures have been 

developed which leave the O-acetyl groups intact223 ,181 . The method described by 

Prehm181 is conducted under acidic conditions using trimethylphosphate as solvent, 

methyl triflate as alkylating agent and 2,6- di-(tert- butyl)pyridine as proton 

scavenger. This procedure has been successfully applied to the location of 0-

acetyl groups in the E. coli K55 18 polysaccharide . 

3.3.3. Sequence analysis 

Composition and methylation analysis provides knowledge of the building blocks 

of the polysaccharides and their sites of attachment . The next step is to 

establish the order in which these components are assembled , the polysaccharide 

sequence. Various specific or selective degradation procedures have been 

developed, from which oligosaccharides and modified polysaccharides are 

generated. Characterization of these products provides the necessary sequence 

information . Invariably more than one degradation procedure is required to 

accurately sequence a polysaccharide. 

The degradation procedures have been comprehensively reviewed by Bouveng and 

Lindberg224, Lindberg et a1 . 225 and Aspinall 199 . Discussion will be restricted to 

the procedures commonly used in the structural elucidation of the E. coli K 
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antigens . These include acid catalyzed partial hydrolysis, periodate 

oxidation/Smith degradation , base catalyzed 6-elimination, deamination , and 

bacteriophage-borne enzyme-catalyzed depolymerization . Each procedure generally 

involves three steps viz. degradation, fractionation, and characterization. 

Discussion is limited to an account of the degradations of the polysaccharides 

as procedures followed in the characterization of the products are essentially 

those discussed in sections 3.2 . 1 . and 3 . 2.2. 

3 . 3.3. (i) Partial hydrolysis 

Fortuitously, the E. coli capsular polysaccharides are invariably heteropolymers 

whose glycosidic linkages differ significantly in their lability to acid 

catalyzed hydrolysis . Therefore, by judicious choice of acid, acid concentration 

and reaction conditions, fragmentation of the polysaccharide can be effected with 

a high degree of selectivity. The oligosaccharides and/or modified 

polysaccharides generated are isolated by various preparative chromatographic 

techniques and are characterized. providing useful sequence information. 

Weak glycosidic l i nkages include those of furanose and deoxy sugars. If the 

deoxy function is adjacent to the glycosidic linkage. the latter is particularly 

weak : 

e .g. Partial hydrolysis of E. coll K1939 : 

~3)-B-RibE-(1~4) -B-Kdop- (2-

1% CH3COOH 

g . p . c . (Biogel P2) 

B-RibE-(1~4)-6-Kdop 
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The extremely mild conditions effect hydrolysis of the Kdo (3-deoxY-D-manno-2-

octulosonic acid) bond because it has a 3-deoxy function adjacent to the 

glycosidic linkage. 

The most commonly encountered acid-resistant glycosidic linkages in the E. coli 

K antigens are those of uronic acid and 2-amino-2-deoxy-hexose residues. Good 

yields of the aldobiouronic acid and higher oligosaccharides are obtained by 

partial hydrolysis of uronic acid-containing polysaccharides (e.g. E. coli K2616 

capsular polysaccharide pg . 33). 

The acids most commonly used are aqueous H2S04 , TFA and acetic acid (Table 3.1). 

A major disadvantage of partial hydrolysis is that considerable degradation 

occurs. As a result, larger amounts of starting material are required to produce 

sufficient oligomeric products for chemical and spectroscopic analysis. With 

E.coli it is often difficult to isolate large amounts of pure capsular 

polysaccharide. 

Despite the stability of amino sugar glycosidic linkages to hydrolysis, 

degradation involving deamination is favoured [see 3 . 3 . 3 . (v)]. Non-aqueous acid 

catalyzed depolymerizations with different degrees of selectivity have been 

utilized, and are often complementary to partial hydrolysis225 • For example, 

acetolysis226 , carried out in a mixture of acetic anhydride, acetic acid and 

sulphuric acid, readily cleaves 1-6 linkages which are relatively stable to 

hydrolysis. In the characterization of E. coli K4452 , where methylated polymers 

were acetolyzed154 , larger amounts of the amino sugars than the neutral sugar were 

released. The opposite situation is encountered with acid catalyzed hydrolysis . 

3.3.3.(ii) Periodate oxidation/Smith degradation 

The discovery, by Malaprade 227 in 1928, that 1,2 diols in carbohydrates undergo 

oxidative scission by periodate ion in a selective and quantitative manner, led 
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E. coli K26 capsular polysaccharide: 

-3)-a-L-Rha-(1-3)-B-D-Gal-(1-3)-B-D- GlcA-(1-3)-a-L-Rha-(1-3)-a- L-Rha-
4 

1M TFA 

1 
3.4.Pyr-a-L-Rha 

l 
Partial hydrolysis 

(preparative p.c . ) (2) O.5M TFA 

/ (g . p.c. Biogel P2) 

B-D-GlcA-(1-3)-L-Rha 

1 

B-D-GlcA-(1-3)-a-L-Rha-(1-3)-L-Rha 

2 

3 

2 + B-D-Ga1-(1-3)-B-D-GlcA-(1-3)-L-Rha 

4 

2 + a-L-Rha-(1-3)-a-L-Rha-(1-3)-D-Gal 

5 

1 + a-L-Rha-(1-3)-L-Rha 

6-1 

a-L-Rha-(1-3)-D-Gal 

6-2 

to the development of an important degradative procedure. Periodate oxidation 

has subsequently been utilized in the chemical characterization of 37 of the 56 

E. coli capsular polysaccharides reviewed in Table 3.1 and several reviews on the 

subject have appeared in the literature203.225.228-230 . 
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The procedure is based on the consumption of 1 mole of periodate per molar 

proportion of l,2-diol, resulting in cleavage of the carbon chain and formation 

of two aldehydic groups. With l,2,3-triols, a double cleavage occurs forming two 

aldehydic groups and one molecular portion of formic acid2J1 • With 

polysaccharides, 3-linked or branched sugars are therefore resistant to periodate 

oxidation. The periodate oxidation of such polysaccharides produces modified 

polymers consisting of surviving sugars and dialdehydic remnants of oxidized 

sugars. Goldstein et al. 96 found that reduction of the aldehydic functions to the 

primary alcohols generated acylic acetals which are more readily hydrolyzed than 

the glycosides. Hence, the sequence of reactions involving periodate oxidation, 

borohydride reduction and mild acid hydrolysis - the Smith degradation96 - will 

generate oligosaccharide units glycosidically linked to the remnants of oxidized 

sugars - glycerol and erythritol or threitol; glycerol, if the sugar was a 2- or 

6-linked hexopyranose or 5-linked pentofuranose, and erythritol or threitol if 

it was a 4-linked hexopyranose. Fractionation and characterization of these 

products then provides linkage and sequence information: 

e.g. Stepwise Smith degradation of E. coIl KS32 

(l45mg) 

43)_a_D_GlcpNAc_(143)_B_D_GlcpA_(143)_B_D_GalpNAc_(142)_B-D-Galp-(l-

~ 
(1) Periodate oxidation (aqueous sodium metaperiodate) 

(2) Reduction (aqueous sodium borohydride) 

(3) Hydrolysis (2% aqueous acetic acid) 

(4) g.p.c. (Biogel P2) 

~ 
(40mg) 

a-D-GlcpNAc-(l43)-B-D-GlcpA-(143)-B-D-GalpNAc-(l42)-glycerol 

I 
Repeated steps (1) to (4) 

~ 
B-D-GlcpA-(l43)-B-D-GalpNAc-(l42)-glycerol 
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These fragments were characterized by methylation analysis and n.m.r. 

spectroscopy and provided the sequence of the polysaccharide. 

Fischer et 81. 28 modified this procedure by performing sequential sodium periodate 

(NaI04) oxidation, B-elimination, hydrazinolysis and alkaline treatment on the E. 

coli K2 polysaccharide. They were thus able to release the glycerophosphate 

portion of the polysaccharide and isolate it for stereochemical analysis. They 

also isolated the glycerophosphate after sequential Smith degradation/alkali 

hydrolysis, however, recovery was low. Prompted by the findings of Painter et 

81. 149 , who demonstrated significant differences in the rate of periodate 

oxidation of various sugars, Dutton and Kuma-Mintah48 performed a selective Smith 

degradation on the E. coli K34 polysaccharide . The native polysaccharide was 

oxidized with dilute periodate for a limited time. After reduction and Smith 

hydrolysis they were able to isolate a polymeric product in which only the side 

chain had been removed. Another variation of the Smith degradation was carried 

out by Egan et 81. 163 . Here the polysaccharide E. coli KlOO, ~3)-B-D-Rib£-(1~2)-D­

Ribitol-5-(P04~' was subjected to periodate oxidation, followed by oxidation of 

the aldehydic groups to carboxylate. by means of aqueous Br2' Subsequent acid 

catalyzed hydrolysis liberated L-glyceric acid, which enabled them to deduce the 

linkage position of the ribofuranose to the ribitolphosphate164 . 

These examples illustrate the versatility and importance of periodate oxidation 

in the determination of polysaccharide sequence. 

3.3.3 . (iii) B-elimination 

When polysaccharides containing uronic acid residues are methylated, uronosyl 

methyl esters are formed. The carbonyl groups are therefore suitably activated 

to initiate base catalyzed B-elimination reactions203 . Lindberg et 81. 148 , 232 

developed a reaction sequence that leads to the degradation of methylated 
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polysaccharides. This widely used degradation procedure has been reviewed by 

Kiss231 and updated by Lindberg et al. 225. 

The reaction involves treating the methylated polymer with strong base under 

anhydrous conditions. The substituent at C-4 in the uronic acid residue (R'OH), 

either a methoxyl group or a sugar residue, is eliminated and an unsaturated 

uronic acid residue is formed. Lindberg and LtlnngrenD2 , recognising that the 

unsaturated uronic acid residue would be acid labile, subjected the product to 

mild acid hydrolysis to release the 'aglyconic' hydroxyl group (R'OH) to which 

the uronic acid was linked. Aspinall and Rosell1 78 later proved that mild acid 

treatment is unnecessary as prolonged exposure to strong base produces the same 

result. Hence the latter method has generally been adopted. 

+ base_ 

OCR3 
0CII

3 

+ R'OB R'OB 

+ 
degradation products 

The position of the released hydroxyl group on the terminal non-reducing residue 

(R'OB) is identified by further alkylation with trideuteriomethyl iodide or ethyl 

iodide followed by normal compositional .analysis. If the uronic acid occupies 

a · terminal position or is part of a side chain, then R'OB represents a modified 

polymer, and if it is 'in-chain', an oligomeric product (R'OB) is formed (e.g. 

B-elimination of the permethylated (PM) E. coll K39 50 polysaccharide pg. 37). 

The oligosaccharide was hydrolysed and each sugar was converted to the p.m . a.a. 

and identified by g.l.c.-m. s. By comparing the methylation data of the native 

polysaccharide and the base-treated polysaccharide the linkage pOSition of the 

uronic acid was revealed. The permethylated oligosaccharides above could have 

been sequenced by c.i._m.s . 175 or f.a.b ._m.s. 234 (see later) . A mixture of 
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PM-E. coli K39 capsular polysaccharide: 

PM-6)-a-D-Glcp-(1-4)-B-D-GlcpA-(1-2)-a-D-Manp-(1-3)-B-D-Glcp-(l-
3 

OCD3 

1 
a-D-Galp 

(1) Dissolved in 19:1 DMSO: 
2,2-dimethoxypropane (H20 
scavenger) 

(2)p-toluenesulphonic acid 
(catalyst for H20 scavenger) 

(3)Sodium dimsyl 

2 
a-D-Manp-(1-3)-B-D-Glcp-(1-6)-aIB-D-Glc~CD3 

3 

a-D-Galp + smaller oligosaccharides 

oligo saccharides is produced in the above example because of further degradation 

of the terminal reducing 6-linked glucose residue. Being an aldose, a second B-

elimination reaction takes place with elimination of the methoxyl group in the 

three position. The methylation results of the base treated PM-K39 

polysaccharide show survival of only N20% of the reducing glucose residue. If 

the reducing sugar was substituted at 0-3 with a sugar residue, another reducing 

sugar would be formed, which would undergo further degradation, and so on. A 

second problem is that only 70 - 95% of the uronic acids react148 , therefore 

yields of oligomeric material after fractionation are low. Selective reductive 

cleavage of methylated polysaccharides could be a more suitable method of 

producing methylated oligosaccharides for sequence analysis235 (see section 

3.4.2). 
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3 . 3.3.(iv} Deamination 

2-Acetamido-2-deoxY-D-glucose and -galactose are the most widely occurring amino 

sugar constituents of polysaccharides. Deamination of these polysaccharides, in 

which the amino group is equatorially arranged in the most stable chair form, 

yields 2,5-anhydrohexose residues with the simultaneous cleavage of the 2-amino-

2-deoxyglycosidic bond. The value of this reaction lies in the mild reaction 

conditions (pH 4, room temperature) and the oligo saccharides that are formed can 

be isolated and characterized, providing valuable structural information. The 

polysaccharides require N-deacetylation, by hydrazinolysis236 or by treatment with 

sodium hydroxide in DMSO l71 , prior to deamination. Rearrangement of the 

hexosamine to the 2,5-anhydro sugar is effected by attack of the ring oxygen on 

the equatorially disposed diazonium ion, which is formed on exposure of the amino 

sugar to nitrous acid. 

-N2 + ROB 

OR 

(diazonium ion) 

The diazonium ion formed from a 2-amino-2-deoxY-D-glucoside and 2-amino-2-deoxY-D-

galactoside , yield on deamina tion, 2, 5-anhydro-D-mannose and 2, 5-anhydro- D-talose, 

respectively . Deamination reactions have been comprehensively reviewed by 

Williams 231 • Lindberg et a1 . 225 have described the cleavage of polysaccharides by 

nitrous acid deamination. 

The carboxyl-reduced E. coli K529 polysaccharide was degraded by nitrous acid 
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deamination according to the method of Erbing et al. 109 after N-deacetylation with 

hydrazine/hydrazine sulphate lOB • The reaction products were chromatographed on 

Biogel P2 and the disaccharide obtained was reduced, methylated and analyzed by 

g . l.c. and e.i.-m. s. The mass spectrum was interpreted from the "A" and "J" type 

fragments according to Kochetkov and Chizhov23B • 

e.g. E coli K5: 

~4-B-D-Glcpa-(1~4)-a-D-GlcpNAc-(l~ 

(1) Reduction 

(2) N-deacetylation 

(3) Deamination 

B-D-Glcp-(1~4)-2,5-anhydromannose 

Reduction/methylation 

OCII) 

e.i.-m.s. 

The E . coli K44 S2 capsular polysaccharide was N-deactylated according to the 

method of Kenne and Lindberg171 and then subjected to nitrous acid deamination. 

The aldobiouronic acid - B-D-GlcA-(l~3)-L-Rha - was isolated from the reaction 

products and characterized by glycose and methylation analysis, providing vital 

sequence information . 

In the structural analysis of the E. coli K44 polysaccharide, Dutton et al. 52 

exhausted most of the chemical degradative procedures available to them, 
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including - deamination, B-elimination and Smith degradation. It serves as a 

good example of the 'classical approach' to the structural elucidation of an 

acidic bacterial polysaccharide. 

3. 3.3. (v) Bacteriophage depolymerization 

Bacteria are subject to infection by viruses known as bacteriophages. These 

viral particles have been defined as 'autonomous microbes analogous to plant and 

animal viruses but obligately parasitic on bacteria,239 . The bacterial capsule 

has been recognised as the receptor for bacteriophage attachment240 and this is 

supported by the fact that acapsular mutants have been found to remain unaffected 

by their respective bacteriophages93 . 

Bradley239 has classified the bacteriophages according to nucleic acid type and 

morphology. The bacteriophages infecting E. coli belong predominantly to Bradley 

group C. They possess tail spikes which are responsible for their specific 

interaction with the K polysaccharide antigens . Hence they are numbered 

according to the K-serotype with which they interact e.g. E. coli bacteriophage 

K35 a E. coli ~35. Some of the bacteriophages carry a glycanase activi ty241, most 

often an endo-glycosidase, probably located in the tail spikes, which catalyzes 

the hydrolysis of Q!l!l. glycosidic linkage in the repeating-unit of a capsular 

polysaccharide. 

The in vitro degradation of capsular polysaccharides has therefore developed into 

an extremely valuable, non-destructive, degradative procedure. It is a 

convenient means of isolating oligo saccharides corresponding to one or more 

repeating units (Pl, P2 etc.) . The procedure has been well documented167 ,180 and 

Rieger-Hug and Stirm150 have reviewed the depolymerases associated with Klebsiella 

bacteriophages. The majority of the E. coli K antigens that have been subjected 

to bacteriophage degradation are members of the Group 127 (A type) antigens which 
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are similar to those of Klebsiella . The depolymerases associated with these E. 

coli bacteriophages are listed in Table 3.2. 

Table 3.2. Bacteriophage depolymerisation of E. coli K antigens. 

Serotype Oligosaccharide released Bond/s hydrolyzed Ref. 

It! a-NauNAe-(2-8)-NeuNAc , 242, 
-8)~-NeuNAc-(2-8)~-NeuNAc-(2. 243 

(N-acetylneura~n1da8.) 

K5 B-GlcA-(1-4)-GlcNAc , 244 
-4)-8-GluA-Cl-4)-a-GlcNAc-(l_ 

(N-acetylglucoaaminidaae) 

!t9 a-Gal-(1-4)-m-NeuSAe , 33 
-3) -B-GalNAc-(!-4)~-Gal-(!_ 

(N-acetylgalacto8~da8e) 

, 
-4)-m-Neu5Ac-(Z-3)-B-Gal-(1-

(N-acetylnauraminidaae) 

1U0 B-Ribf-(!-7)-B-Kdop-(2-3)-B-Ribf-(1-7)-Kdop , 245 
(!tl3/1U3) -3) -B-Ribf-( 1-7)-B-Kdop-( 1-

(ketodeoxyoetuloaonidaaa) 

1U7 "-Glc-(1-4)~GleA-(1-3)-Puc , 246 
(Kleba •• 54) 3 .J)-m-luc-( 1-4)-a-Glc-(-

I 
1 (fueoeidaea) 

,,-Gal 

1U8 A. G-Pue-(!-3)~-Glc-(1-4)-GlcA D A 247 
3 4 I I 
I I -3)~lc-(1-4)-B-GlcA-(1-4)-a-Pue-(1-
OAc 1 4 3 

B-Gal I I 
1 CAe 

D: a-Glc-(1-4)-S-GleA-(1-4)·Puc B-Gal 
4 3 
I I (fueoeidaea) (glucuronidase) 
1 OAc 

B-Gal 

1U9 4,6-yyr-Glc-(1-2)-Kan-(1-4)-GleA-(l-3)-Gal- (mostly) , 43 
(1.2 -Han-(1-3)-Gle I , 3 

-2)~-Han-(1-3)-B-Glc-(1-3)-B-GlcA-(1-

(glucosidase) 

100 (nebs. ~Man-(1~3)-Gal , 45 
4>20) 3 ~3)-B-Gal-(1~2)~-Han-(1~ 

I 
1 (galactosida.e) 

u-Gal 
3 
I 
1 

Jl-GlcA 

104 a-GlcA-(1~4)-B-Gal-(143)-Gal j 48 
3 -3)-B-Gal-(1-2)-B-GlcA-(1_ 
I 
1 

"-Glc-(1~4)-A-Gal 
(galactoIUaae) 
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)(35 (this B-Han-(l~4)-"-Gle-(1-3)-Glc I this 
the8is) 3 -3)-B-Glc-(1-4)-B-Han-(1- thesis 

I 
CI-GlcA 

4 
(glucoaidasB) 

I 
1 

B-Gal 

K36 CI-GaLA-(1-2)~-Kan-(1-3)-Gal I 49 
4 -3)-a-Gal- (1-3}~GaLA-(1-
I 
1 (galactosid.a.) 

(I-Man 

K39 CI-Glc-(1-4)-B-GlcA-(1-2)~Kan-(1-3)-Glc I SO 
3 -3)-B-Glc-(1.6)-m-Glc-(1-
I 
1 

w-Gal 
(glucosida.a) 

K44 B-GlcA-(1-3)-Q-Rha-(1-4)-a-GlcHAc-(1-6)- I S3 
GalHAe -6)-B-GolHAc-(1-4)-B-GlcA- (1-

(H-acetylgalactoaaainida •• ) 

KSS G- Bex-4-aneA-(1-4)-B-Glc-(1-3)-4,6-pyr-Han I 18 
(nebs • • S) - 3)-4.6-pyr-B-Han-(1-4)-B- GlcA-(1-

Celi.minas8) 

K92 CI-NauNAc- (2-9)-NeuNAe I 248 
-9)-m-NeuNAc-(1-8)-m-NauNac- (Z-

(N-acetylnauramLnida.8) 

These enzymes are generally highly specific. However . the inter- and intra-

generic structural similarities that exist in the capsular polysaccharides means 

that an enzyme associated with a phage that infects one strain can be effective 

in the hydrolysis of the polysaccharide from another strain249 • Hence, Klebsiella 

4>20 and 4>5 have been used to generate the repeating-unit of E. coli K304S and K5518 

respectively . In the cleavage of the K55 polysaccharide the enzyme catalyzed an 

elimination type reaction with the formation of a terminal non-reducing 

unsaturated uronic acid. This eliminase activity has also been reported amongst 

the Klebsiella bacteriophages2SO • E. coli K32 was found to adsorb Klebsiella 4>5541 

providing confirmation that E. coli K32 is identical in structure to Klebsiella 

K55. Dutton et al. 46 have briefly treated E. coli K31 with bacteriophage to 

produce a lower molecular weight polymer, which is more amenable than the parent 

polymer to 2D-n .m. r . spectroscopy . Stephen et al. 241 reported endo-.J3-D-

glucuronidase activity associated with E. coli 4>28. This is most unusual 1SO and 

represents the first phage degradation, in E. coli and Klebsiella, from which 

oligosaccharides are produced having terminal reducing uronic acid residues. 
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Bacteriophage depolymerization is a simple procedure and high yields of 

oligosaccharides are obtained. Often this is the only means of isolating 

oligosaccharides with labile substituents, such as O-acetyl groups, intact. This 

is significant as O-acetyl groups have been recognized as important immunological 

determinants . Characterization of these oligomers by n .m. r . spectroscopy and 

standard chemical analysis would provide the position/s of attachment of labile 

substituents as well as structural information, including sequence (see section 

4.3) • 

3.3.4 . Configurational analysis 

3.3.4. (i) Anomeric configuration 

Anomeric configuration can 

spectroscopically. Methods 

discussed. 

be determined enzymatically, chemically and 

used in the E. coli structural work will be 

Exo-enzymes 

Specific enzyme activities can be used as a criterion for assigning anomeric 

configuration. Stirm et 81. 51 treated oligo saccharides , isolated from the partial 

acid hydrolysis of E. coli K29, with a- and B-glucosidase, a-galactosidase and 

B-glucuronidase under the appropriate conditions89- 92 • Besides confirming the 

monosaccharide composition, anomeric configuration is indicated by their a- or 

B-glycosidase activities . Being exo-glycosidases, they only remove terminal non­

reducing sugar units, therefore degradation of the polymer to expose the sugar 

residues to the exo-enzyme, is required. The importance of enzymes for 

configurational analysis has diminished in recent times, having been superseded 

by the convenience of n.m.r. spectroscopy (Table 3.1). The application of exo­

enzymes in the analysis of glycan structure has been reviewed251 • 
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Chromium trioxide oxidation 

Chromium trioxide in acetic acid has been shown to selectively degrade 

peracetylated pyranose sugars in the B-anomeric configuration252 . The methodology 

has been reviewed by Hoffman and Lindberg l25 and specific applications of chromic 

acid oxidation in carbohydrate structural analysis have been discussed by 

Green253 . Caution must be exercised in the interpretation of the resul t s of 

chromic acid oxidation . Schmidt and Jann34 experienced a rapid decrease of a­

linked rhamnose residues in E. coli K12 and ascribed this to the possibility of 

rhamnose occurring as the 4C1 conformer in which the a-anomeric bond would be 

equatorial, thus subject to oxidation . The method has been successfully applied 

to : E . coli K3448 , where the only sugar to survive was a glucose which was 

therefore assigned the a-linkage; E. coli K4452 , from which the a-anomeric 

configuration was assigned to a rhamnose residue; and E. coli K3l46 , a very recent 

account of chromium trioxide oxidation. 

N.m.r. spectroscopy 

N .m. r . spectroscopy is now the method of choice for t he determination of anomeric 

configuration2s4 • Three parameters provide the necessary evidence for accurately 

assigning a- or B-configuration to the glycosidic bonds in a polysaccharide ; 

chemical shift (0), spin-spin coupling (3J1,2 ) and spin- lattice relaxation times 

(T1 ) • 

Chemical shift 

Pyranosyl sugars with a-glycosidic bonds have equatorial anomeric protons which 

resonate in the region 0 5.0-5.5, whereas axial anomeric protons of the B-anomers 

resonate upfield in the region 0 4.5-5 . 0. Similarly , C-l of an a - linked 

pyranosyl residue resonates at ~lOO p . p .m. while C-l of the B-anomer resonates 

3-4 p . p .m. downfield. The a-anomeric region is upfie l d of the B-anomeric region 

in the 13C-spectrum, opposite to the situation in the corresponding IH-spectrum. 

This is governed by differences in bond lengths and bond angles about the 
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anomeric centre of a- and B-linked pyranosyl residues208 (i.e. differences in the 

inductive effect of the acetal oxygens on a- and B-linked sugars). Furanosyl 

residues obey the same rule, however , their anomeric carbons and protons resonate 

downfield of the configurationally related pyranoses209 • Ketofuranosyl residues 

(e.g. Fruf of E. coli K5210 ) do not have an anomeric proton, but the chemical 

shift of the anomeric carbon in the 13C-spectrumwill allow for the assignment of 

anomeric configuration . When the H-1 and C-1 chemical shifts of the two anomers 

differ by small amounts (e.g. mannopyranosyl residues), unambiguous anomeric 

assignments can not be made. Chemical shift data must therefore be used in 

conjunction with spin-spin coupling information. 

Spin-spin coupling 

Lemieux et 81. 255 discovered that vicinal, spin-spin coupling in pyranosyl 

residues is a function of the dihedral angle (8) . Therefore, the coupling 

constant (3J1,2) between H-1 and H-2 is large when they are antiparallel (H10 Hz) 

and small when gauche disposed [axial-equatorial (H3 Hz) and equatorial­

equatorial (HI Hz»). Karplus256 rationalized this change in coupling constants 

with 8 by the relationship: J-Jocos28+K where Jo and K are constants (K a -0.28 

and Jo - 8.5. when 0 0 ~ 8 ~ 90 0 and Jo· 9 . 5 when 90 0 ~ 8 ~ 180 0
). Karplus was 

quick to caution against relying solely on 8 in calculating J as it also depends 

on other criteria (e.g. bond lengths etc.). 

The magnitudes of J1,2 can be used to confirm the anomeric configuration of 

glycoconjugates . Generally, a-linked pyranosyl residues have H-l and H-2 gauche 

disposed with J 1,2 1-4 Hz, whereas in B-linked sugars they are antiparallel with 

J1,2 8-10 Hz . Sugars with mannopyranosyl stereochemistry have H-2 equatorial, 

therefore 3J 1,2 is small whether a- or B-linked. Coupling between C-1 and H-l 

(lJCl',B1) is then a reliable criterion of configuration. Double-resonance (spin­

decoupling) techniques are utilized to determine 1JC,B. The gated decoupling 

experiment described by Bock and Pedersen173 has been applied in the structural 
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analysis of E. coli K1234 , K54 21 , K52 10 , K5154 , K3247 , K3 14 and K2438 . Pyranosyl 

residues that are B-linked have IJCI,BI N160 Hz while the ",-anomers have IJCI,BI N170 

Hz 2IO . The major advantage of working in the gated-decoupling mode is that most 

of the n.D.e. is retained . Dutton et al. 52 working on E. coli K44 obtained a 

proton-coupled 13C-spectrum of the native polysaccharide by the single frequency 

off-resonance decoupling (SFDRD) technique. In this way they were able to 

determine the anomeric configuration of all the sugar residues in the 

tetrasaccharide repeating-unit . 

Spin-lattice relaxation times (TIJ 

Spin-lattice relaxation involves a transfer of magnetization between the nuclei 

of interest (the spins) and the surrounding environment (the lattice). The rate 

at which this occurs will provide a measure of TI • The TI values of anomeric 

protons of pyranose sugars have a configurational dependence257 • The relaxation 

of an axially orientated (B-linked) anomeric proton is influenced by 

contributions from axial protons at 3 and 5, therefore TI values are lower than 

those of equatorially orientated anomeric protons (",-linked). Proton spin-

lattice relaxation rates in the structural analysis of carbohydrates have been 

reviewed by Dais and Perlin258 • N .m. r. is the preferred approach to 

configurational analysis because the technique is non-destructive and provides 

accurate results in a relatively short period of time. 

3.3 . 4.(ii) Absolute configuration 

Assignment of the absolute configuration of the constituent sugars is required 

to complete the structural elucidation of a polysaccharide. This is one of the 

few parameters that cannot be readily determined by n.m.r. spectroscopy. 

Therefore, 0- or L- sugars are identified from the optical rotation of the 

isolated monosaccharides and by enzymatic methods 251 (e.g . o-galactose oxidase _ 

E. coli K933 ). The disadvantages of these procedures are that relatively large 
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amounts of material are required and suitable enzymes may not be available. 

Hence. assigning absolute configuration from circular dichroism (c.d.) 151 of 

alditol acetates or by separation of enantiomers by g.l.c. 2s9 , are more popular 

methods as they are rapid and reliable and require small amounts of material. 

Resolution of enantiomers by g.l.c. has been achieved by conversion of the 

racemate to a mixture of glycosides of a chiral alcohol l12 , or by separation on 

a chiral stationary phase. The former type of separation is reported more often 

in the literature as capillary columns coated with chiral stationary phases are 

expensive. 

Circulsr dichroism 

Bebault et sl.lSI have shown that sugar configuration (D or L) may be determined 

unambiguously, using milligram quantities of monosaccharide derivatives, from the 

c.d. band at 213 om of the corresponding alditol acetates. C.d. bands may be 

either sign (+ or -l, analogous to the specific rotation of a sugar. Therefore, 

this sign DlUst be determined experimentally and compared with data in the 

literature. 

The method is not applicable to meso-alditols, such as galactitol, but does apply 

to their chiral partially methylated alditol acetates. Dutton and Stephen 

originally applied this technique in the structural study of Klebsiells K7 112 • 

It has subsequently been reported in the characterization of E. coli K2S 7 , K3146 , 

K44 s2 , K74S6 and 10146 • 

G.l. c. 

The procedure described by Leontein et .. 1. 112 , is based on the formation of 

glycosides of a chiral alcohol [( +) -2-octanoll, and the diastereomers are 

separated by g . l.c . on non-chiral stationary phases . Each enantiomer will give 

four characteristic peaks, i.e. , the two pyranosides and the two furanosides. 

The relative retention times are constant and are compared with those of 
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authentic standards, and the D or L configurations are thus assigned. Provided 

that the peaks do not completely overlap, mixtures of monosaccharides can be 

analyzed directly, as for the constituents of E. coli K35 and K38 capsular 

polysaccharides (this thesis). 

Gerwig et a1. 260 described a similar procedure in which the multiple peak patterns 

of trimethylsilylated (-) -2-butyl glycosides are used for the assignment of 

absolute configuration. They illustrated the method on a mixture of the 

constituent monosaccharides of Klebsiella K57, and on 2-acetamido-2-deoxy sugars 

and uronic acids. In the structural analysis of E. coli K4020 the absolute 

configuration of an amino acid constituent, serine, was determined by g.l.c. 

analysis of the (+) -2-butyl ester. To overcome the multiplicity of peaks, 

Little261 converted pairs of sugar enantiomers into acyclic diastereomeric 

dithioacetals by reacting them with (+)-l-phenylethanethiol. The diastereomers 

are separated by g.l.c. as volatile acetylated or trimethylsilylated derivatives. 

Each enantiomer produces only one peak in the chromatogram. Schweer describes 

g.l. c. separation of carbohydrate enantiomers as (- )-menthyloxime262 or (-)­

bornyloxime263 pertrifluoroacetates, where each enantiomer produces two peaks. 

The g.l.c. separation of chiral enantiomers using a chiral stationary phase was 

first described by K~nig et 81. 264 • They attached L-valine-s-a-phenyl-ethylamide 

to the functionalized cyanoethyl side-chains of polysiloxane and coated glass 

capillaries with this modified polymer. Trifluoroacetylated sugars or their 

methylglycosides were separated, each enantiomer producing four peaks - two 

anomers for each of two CyClic sugars. The major advantage here being the 

resolution of simple derivatives of carbohydrate enantiomers, however, these 

columns are excessively costly. The glycosylation reactions described above are 

relatively laborious and the results suffer from errors arising from incomplete 

purity of the chiral reagents. 
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3.4. • MODERN TRENDS' IN THE ELUCIDATION OP SACCHARID! STB.UCTURB 

As demonstrated by the investigation of the E. coli K38 capsular antigen 

described in this thesis, the structural characterization of saccharides can be 

accomplished almost entirely from spectroscopic studies. 

spectroscopy, notably 2-D experiments, is of vital 

In particular n.m . r . 

importance . Where 

degradations of polysaccharides are carried out to generate material more 

amenable to n.m.r. spectroscopy, some modern trends are evident, notably, the 

application of hydrofluorinolysis, lithium in ethylenediamine degradation and 

selective reductive cleavage. 

3. 4.1. Routine chemical analysis 

"Classical methods" of determining polysaccharide composition, homogeneity and 

absolute configuration are routinely applied in conjunction with spectroscopic 

studies . These procedures have been discussed in section 3 . 

3. 4 . 2 . Specific degradationa 

3 . 4 . 2.(i) Anhydrous hydrofluorinolysis 

Anhydrous hydr ogen fluoride (HF) was initially used as an alternative to aqueous 

acid and methanolic HCl for the complete cleavage of polysaccharides to their 

constituent monosaccharides. The advantages of HF solvolysis include negligible 

sugar decomposition , retention of the integrity of N-acyl substituents, and, 

under certain conditions, the retention of O-acyl substituents. Furthermore , not 

all sugars are equally susceptible to cleavage, hence experiments can be designed 

(primarily at sub- zero temperatures) to yield oligosaccharide.. In a review, 

Knirel et a1. 265 have discussed the mechanism of the reaction and its application 

in the structural ana l ysis of polysaccharides. 
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Preparation of oligosaccharides 

The lability of glycosidic linkages of different sugars to HF varies which allows 

for the complete cleavage of one or more linkages in a polysaccharide, with 

little or no cleavage of others. As the reaction temperature is lowered, so more 

glycosidic linkages become resistant. Therefore, with bacterial polysaccharides 

of repeating structure high yields of oligosaccharides can be obtained. 

Generally, the glycosyl linkages of amino sugars, uronic acids and their 

derivatives are more resistant to HF than neutral sugars265. This is significant 

in the structural analysis of bacterial polysaccharides as amino sugars, uronic 

acids and their derivatives are common constituents thereof. However, HF 

solvolysis of the acidic capsular polysaccharide of E. coli K3146 yielded two 

neutral disaccharides in significant amounts: 

e.g. E. coli K31 repeating unit 

-2)-~-D-Glcp-(1-3)-B-D-Galp-(1-3)-a-D-GlcpA-(1-2)-~-L-Rhap-(1-2)-a-L-Rhap-(1-

4 , 
1 

~-L-Rhap 

Anhydrous HF 

-40·C/15 minutes 

+ 

The glycosidic linkages of N-acetyl-D-glucosamine and D-galactosamine are stable 

in HF at a· and below189 • Partial HF solvolysis of E. coli 078 266 O-antigen gave 

the trisaccharide shown: 
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e.g. E. coli 078 repeating unit 

~3) -B-D-GlcpNAc-(1~4)-B-D-GlcpNAc-(1~4) -B-D-Manp-(1~4)-B-D-Manp-(l~ 

1 _,d<=." 
B-D-GlcpNAc-(1~4)-B-D-GlcpNAc-(1~4)-D-MaUNOH 

6-Deoxyhexoses are more labile than their corresponding hexoses. The selective 

cleavage of the r:'.amnose linkage in the extracellular polysaccharide of P. 

aeruginosa immunotype 4 produced a pentasaccharide representative of this 

repeating unit267 : 

e.g . P .aeruginosa immunotype 4 repeating unit 

~3)-B-D-Glcp-(1~3)-B-D-Manp-(1~3)-B-D-Manp-(1~3)-a-L-Rhap-(1~ 

2 

1 
a-D-Manp 

HF Solvolysis 

-40°C 

B-D-Glcp-(1~3)-B-D-Manp-(1~3) -B-D-Manp-(1~3)-L-Rhs-OH 

2 
I 
1 

a-D-Manp 

Mort268 demonstrated significant differences in the susceptibility of a and B 

linkages of hexoses at -23° . Mort and Kuo269 , working on the extracellular 

polysaccharides of Rhizobium spp . , were therefore able to isolate the repeating-

units as only an a- linked-D- glucosyl residue was cleaved at _40°. Behaviour of 

the pyruvic acid acetals was not consistent, some were removed while others 

remained intact269 • A useful table. listing the expected labilities of the 
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glycosidic bonds of various sugars at various HF temperatures, has been compiled 

by Knirel et al. 265. 

HF solvolysis has also been used to decrease the molecular weight of large 

polysaccharides. Aqueous solutions of the modified polymers have much reduced 

viscosities thus permitting the acquisition of n.m.r. spectra of greater 

resolution270 ,271,23. This technique has obvious advantages over hydrolysis with 

aqueous acid, and has the potential to find wide application . 

3. 4.1.(ii) Lithium/ethylenediamine degradation 

Selective degradation of uronic acid residues of polysaccharides by lithium 

dissolved in ethylenediamine was reported by Mort and Bauer188. Lau et al. 179 have 

subsequently developed a general method for the selective cleavage of 

underivatized glycosyluronic acid-containing polysaccharides by lithium 

treatment. Lithium dissolved in an amine is a powerful reducing agent, accounting 

for the generation of 0Iigosaccharide-alditols179 • The authors determined the 

effects of lithium treatment on other glycosyl residues and non-glycosyl 

substituent., and identified the products of the cleavage reaction. 

The method involves dissolving dry polysaccharide in dry ethylenediamine and 

adding sufficient lithium wire to maintain the dark blue colour of the reaction 

for the desired reaction time. The reaction is quenched with anhydrous methanol 

or water. The excess ethylenediamine and methanol are removed under vacuum over 

H2S04 and NaOH . Excess ethylenediamine and water is evaporated under diminished 

pressure as the azeotrope with toluene. Acetic acid is added to neutralize the 

lithium methoxide or lithium hydroxide formed. 

g . p . c. or ion-exchange, and fractionated. 

The material is desalted by 

If the uronic acid residue is: (1) In-chain, an oligosaccharide-alditol is 



53 

formed (e.g. E. coli K26 16 , K3146 and K3950 ); (2) in a side chain, a modified 

polysaccharide and an alditol or oligosaccharide-alditol are formed; and (3) 

terminal non-reducing, only a modified polymer is formed (e.g. E. coli K10262 and 

Klebsiella K45272 ). 

e.g. E. coli K3950 repeating unit 

~2)-a-D-Manp-(l~3)-a-D-Glcp-(l~6)-a-D-Glcp-(1~4)-a-D-GlcpA-(1~ 

3 
I 
1 

a-D-Galp Lithium in ethylenediamine 

30 minutes/room temperature 

g.p.c. (Biogel P4) 

a-D-Galp-(1~3)-a-D-Manp-(1~3)-a-D-Glcp-(1~6)-D-Glc-ol 

Lau et al. 179 , using model compounds, established that methyl glycosides, methyl 

ethers and pyruvyl ketals are also cleaved under these reaction conditions, while 

the glycosyl bonds of neutral sugars ·are largely stable . The solubility of a 

polysaccharide in ethylenediamine is of prime importance. When polymers are 

partially soluble, both starting material and cleavage product are recovered from 

the reaction. 

When the uronic acid is substituted at 0-4 and/or 0-2 it is completely degraded 

and no portion thereof remains attached to the product. Lithium treatment of 

such polysaccharides releases the glycosyl residues attached at 0-2 and 0-4 and 

0-1 of the uronic acid. Lau et al. 179 showed that glycosyl residues linked at 0-3 

are not released, therefore, polysaccharides containing in-chain uronic acid 

residues substituted at 0-3 yield oligosaccharides terminated by modified uronic 

acid residues (i . e. 2-deoxy derivatives): 
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e. g . E. coli K2616 repeating unit 

-3)-a-L-Rhap-(l-3)-B-D-Galp-(l-3)-B-D-GlcpA-(l-3)-a-L-Rhap-(l-3)-a-L-Rhap-(1-
4 
I 
1 

3,4-pyr-a-L-Rhap 

Lithium/ethylenediamine 

g.p.c. (Biogel P2) 

CHzOH 
I 

HCOH 
I 

a-L-Rhap-(l-3)-a-L-Rhap-(l-3~a-L-Rhap-(l-3)-B-D-Galp-O-CH 

I 
HCOH 

I 
CHz 
I 
COOH 

In the lithium degradation of the E. coli K3l46 capsular polysaccharide however, 

the glycosidic linkage of the hexosyl residue linked at 0-3 of the uronic acid 

was cleaved: 

e.g. E. coli K3l46 repeating unit 

-2)-a-D-Glcp-(l-3)-B-D-Galp-(l-3)-a-D-GlcpA-(l-2)-a-L-Rhap-(1-2)-a-L-Rhap-(l-
4 

1 
a-L-Rhap 

Lithium/ethylenediamine 

a-L-Rhap-(l-2)-a-L-Rhap- (l-2)-a-D-Glcp-(l-3)-D-Galactito1 

Because the oxygen at C-5 of the uronic acid is lost during the lithium reaction, 

Lau et 81. 179 proposed that the oxygen on C-5 may have moved to C-l via alpha 

elimination, concomitant with the loss of the oxygen at C-l to its aglycone. 
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Furthermore. this may be the mechanism of the lithium degradation of all uronic 

acid containing polysaccharides. 

3.4.2.(iii) Partial and Selective reductive cleavage 

Reductive cleavage of methylated glycans was developed as an alternative to 

traditional methylation analysis because the latter procedure suffers from two 

significant disadvantages273 : 

(1) Ambiguities arise in assigning linkage positions and ring form to 

aldopyranosyl and aldofuranosyl residues linked at 0-4 and 0-5. respectively. and 

ketohexopyranosyl and ketohexofuranosyl residues linked at 0-5 and 0-6. 

respectively. 

(2) The method is laborious . 

Reductive cleavage of the glycosidic c-o bond is effected by a hydride transfer 

from triethylsilane to the anomeric carbon in the presence of a Lewis-acid 

catalyst. 

OR Catalyst 

Rolf and Gray273 initially used trifluoroacetic acid as catalyst under conditions 

known to reduce hemiacetals27~. however the reaction was not successful . Boron 
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trifluorideetherate(BF3.Et20) . trimethylsilyltrifluoromethanesulphonate(TMSOTF) 

and trimethylsilylmethanesulphonate (Me3SiOS02Me) are effective activators of the 

anomeric carbon centre promoting the hydride transfer from (CH3CH2)3SiH. 

Recently. Jun and Gray275 described a new catalyst for the reductive cleavage of 

methylated glycans viz. 5 equivalents of Me3SiOS02Me plus 1 equivalent of BF3.Et20 

per equivalent of acetal. and reported stronger catalysis with fewer side 

reactions. The experimental procedures and applications of reductive cleavage 

have been reviewed by Gray276. Pyranosides are converted to l,5-anhydroalditol 

derivatives and furanosides to l.4-anhydroalditol derivatives, allowing for the 

simultaneous determination of ring form and linkage position by g.l.c. and 

g.l.c.-m.s. Van Langenhove and Reinhold277 have published g.l.c. and g . l.c.-m. s. 

reference data. Bowie and Gray278 have published lH_n.m.r., c.i.- and e . i.-m.s. 

data for a series of l,5-anhydroalditol-D-mannitol residues. Besides the above­

mentioned advantages over standard methylation analysis the method also shows 

selectivity275. Hence. by judicious choice of catalyst and reaction conditions, 

both total reductive cleavage and selective reductive cleavage (SRC) can be 

achieved. Certain selectivities have been demonstrated: 

(1) Gray et 81. 279 , using BF3 . Et20 as catalyst, found that -2, -3 and -6 linked 

residues were incompletely cleaved, while branch point residues linked at both 

0-2 and 0-6 or 0-3 and 0- 6 were not cleaved at all . Anhydroalditol terminated 

oligosaccharides (oligosaccharide-anhydroalditols), thus generated would be 

useful in sequence analysis . 

(2) Reductive cleavage of a permethylated pullulan2so (a glucan) catalyzed by 

BF3.Et20 cleaved a-(l-4) linkages but not a - (1-6) linkages. A methylated 

disaccharide-anhydroalditol derivative containing the intact a-(l-6) linkage was 

identified as the major product. 

(3) a-linked 2-acetamido-2-deoxY-D-hexopyranosyl residues are completely 

resistant to reductive cleavage. irrespective of which catalyst is utilized28l , 

whilst the B-anomers are readily cleaved. The presence of an a-linked amino 

sugar should therefore guarantee the formation of a disaccharide-anhydroalditol. 
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(4) Jun and Gray275, conducting a reductive cleavage study on inulin which 

contains a large proportion of furanosyl residues, found that 

catalyzes the reductive cleavage of o-fructofuranosyl residues while the 0-

glucopyranosyl residues remained unaffected. 

(5) Stanley235, prompted by the findings of Jun and Gray275 above, effected the 

SRC of the ribofuranose containing permethylated capsular polysaccharide of E. 

coll K57 (see also section 5.2.) 

e.g. E. coli K57 repeating unit 

-4)-B-o-Galp-(l-3)-a-o-GlcpNAc-(1-4)-a-o-GalpA-(1-2)-B-o-RibE-(l­

per-O-methylated (pm) 

TMSOTF 

g-o-Galp-(1-3)-a-o-GlcpNAc-(l-4)-a-o-GalpA-(1-2)-anhydroribitol 

(pm) 

+ 

&-D-GlcpNAc-(1-4)-a-o-GalpA-(l-2)-anhydroribitol 

(pm) 

These oligosaccharide-anhydroalditols were isolated in sufficient yields for 

complete characterization of the repeating unit by n.m.r . spectroscopy and 

La. b. -m. s. 

(6) Esters of carboxylic acid groups were found to be stable to reductive 

cleavage conditions282 , suggesting that the characterization of carbohydrates 

containing uronic acids, pyruvic acid acetals and lactic acid ethers could be 

achieved by this procedure. As uronic acids are stable to hydrolysis it was 

anticipated that they would resist reductive cleavage. If this were so, most 

acidic capsular polysaccharides would be amenable to SRC. However, they are 

susceptible to reductive cleavage and furthermore undergo a pyran to furan 
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rearrangement282 . 

(7) The fate of pyruvylated sugars was explored by Zeller and Gray283. When 

BF3.Et20 or TMSOTF are used as catalyst very little reductive cleavage of the 

glycoside of methyl 4,6-0-[(R)- and (S)-1-methoxycarbonylethylidene)-2,3_di_O_ 

methyl-~-D-glucopyranoside occurred . Isomerization of the initial R,S mixture of 

diastereoisomers to the more stable S diastereoisomer was noted. These findings 

could be an indication for SRC of polysaccharides containing pyruvylated 

monosaccharides (see section 5 . 1) . 

When all the linkages in a polysaccharide are equal or near equal in their 

susceptibility to reductive cleavage, oligomers may still be produced by 

terminating the reaction before all glycosidic bonds have been cleaved. This has 

been referred to as partial reductive cleavage (PRC)235. Invariably a more 

complex mixture of oligosaccharide-anhydroalditols would be produced which would 

be more difficult to fractionate . Reinhold et al. 284 reported the PRC of B­

cyclodextrin from which they isolated monosaccharide- through to heptasaccharide­

anhydroalditols by h . p.l.c. (Fig. 3.2) . The oligosaccharide-anhydroalditols were 

characterized by direct chemical ionization (ammonia) - mass spectrometry. 

The major advantage of SRC and PRC is that oligosaccharides are isolated as 

derivatives suitable for m. s. and n.m. r. analysis without further chemical 

manipulation. When small amounts of material are available, c . 1. -m . s . and 

f . a.b. -m. s. provide molecular mass, linkage and sequence information on 1-5~g of 

product. With larger amounts of material, the polysaccharide can be 

trideuteriomethylated prior to depolymerization and milligram quantities of 

oligo-anhydroalditols are isolated for n .m. r. spectroscopy. The spectra are 

recorded in organic solvents , typically deuterated chloroform. Spectra are 

usually better resolved than for samples acquired in deuterium oxide (D20) and are 

not complicated by the presence of an HOD signal. The oligosaccharides are 

terminated by anhydroaldi tols , hence chromatograms and n.m. r . spectra do not 
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suffer from the "anomeric complications" experienced with molecules terminated 

by a reducing sugar residue. Therefore, n .m. r. spectra are readily interpreted 

providing a convenient, non-destructive technique for structural elucidation. 

Fig. 3.2. 
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Mixture of products from PRC of permethylated B-cyclodextrin284 
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3 . 4.3. Mass spectrometry 

Electron impact-mass spectrometry (e.i.-m.s.) is a valuable analytical tool which 

is well established in carbohydrate chemistry. Therefore, the application of 

e.i.-m.s. to carbohydrates in general and to various derivatives (e.g. partially 

methylated alditol acetates) has been well documented203 ,218,221,28S. Recently, m.s. 

has established itself as a reliable procedure for the sequencing of 

oligosaccharides and short-chain polysaccharides. E. 1. -m. s. of permethylated 

oligosaccharides can provide sequence information from the A-type fragmentation 

pathways203,238, however, the results are generally unreliable because of the low 

relative abundance of structurally informative high-mass fragments and molecular 

ions (11'). Chemical ionization- and fast atom bombardment mass spectrometry 

(c.i.-m.s . and f.a.b.-m . s . ) have largely overcome these limitations as 

considerably less energy is transferred to the sample molecule being ionized than 

with e.1. Hence, c . i.- and f.a . b . -m . s. may be regarded as 'soft' ionization 

techniques, providing usable spectra of compounds of increased polarity and 

higher molecular weight, and are complementary to e.i.-m.s. This approach has 

increased the versatility of m.s. in the delineation of saccharide structure. 

3.4.3. (i) Chemical ionizaticm-mau Bpectrtl!!!!!try (c.i.-m.B.) 

C.L-m.s. requires the introduction of a sample into an ion-plasma which is 

generated by e.i. of a reagent gas maintained at near-atmospheric pressure. The 

reagent gaBses used include ammonia, methane and iBobutane. The sample is then 

ionized by one of three possible processes286 ,287: 

(1) Charge exchange 

(2) Proton transfer 

(3) The formation of collision-stabilized adduct ions 

The base peak is often represented by the molecular adduct ion thus providing the 

molecular weight!s of the sample. Ammonia, being the softest ionizing reagent 
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gas, is most suitable for the determination of molecular weights. C. i. -m. s. has 

therefore been used in conjunction with e . i . -m.s . for the analysis of products 

of partial degradation of E. coli capsular polysaccharides. 

The disaccharide, B-D-GalNAc-(1~5) -Kdo, isolated from mild acid hydrolysis of E. 

coli K14 19 was reduced, methylated and characterized by a combination of e. 1. - and 

c . i . -m.s. The former providing sequence and linkage information, the latter 

providing the molecular mass from the quasimolecular ion (M+l) generated by a 

proton transfer. Disaccharides isolated from the partial hydrolysis of E. coli 

K54 21 were characterized as above and showed that the amino acid, threonine, was 

attached to the uronic acid residue via an amide linkage. Similarly, a 

disaccharide isolated from E. coli K5210 was found to be a B-D-Fruf-(2~2)-Gal. 

C.i.-m.s. was also conducted on oligosaccharides derived from Smith degradation 

and partial hydrolysis of E. coli K4020 and K9560 . Beynon and Dutton40 ,16 were able 

to characterize a series of oligosaccharides, generated by partial hydrolysis of 

E. coli K26, using g.1. c . -c . 1. -m. s . They were thus able to deduce the sugar 

sequence of the polymeric backbone of E. coli K26 capsular polysaccharide, which 

is complicated by containing three rhamnose residues all having 1~3 glycosidic 

linkages . Jann et 81. 39 determined the structure of the disaccharide B-Ribf­

(1~4)-Kdo, representative of the repeating - unit of E. coli K19 capsular 

polysaccharide, by combined g . l . c . -c . i . - and -e.i . -m.s. 

C. i . requires vaporization of the sample by heating, which leads to the 

unavoidable pyrolytic decomposition of underivatized material. The derivatives 

used to increase the volatility of carbohydrates include per-a-acetyl, per-O­

methyl and per-O-trimethylsilyl analogues. Horton et 81 . 288 have reviewed c . i.­

m. s. of the various sugar derivatives . The introduction of direct chemical 

ionization mass spectrometry (direct c.i._m.s . )175, has decreased the problem of 

pyrolytic decomposition and provides molecular weight and sequence information. 

Therefore, the t echnique can be successfully applied to larger and more polar 
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compounds than conventional c.i.-m.s. 

Using stable isotopes in the reagent gas or incorporated in the sample, Reinhold 

and Carr289 were able to study the direct c.i. fragmentation patterns of 

permethylated-oligosaccharides. Enhanced glycosidic cleavage is observed with 

ammonia d.c.i. providing significant sequence information175 • Direct c.i.-m.s . 

involves placing the sample directly into the ionization chamber on an extended 

probe which is heated to volatilize the sample. This is referred to as heat 

desorption of the sample from the direct c. 1. emitter. G.l.c.-c.1.-m.s . is 

effective for the characterization of di- and tri-saccharides. Tetra- and higher 

Oligo-saccharides have excessively long g.l . c. retention times and are therefore 

subjected to direct c.i.-m.s. A major limitation of direct c.i.-m.s. is that 

large molecules require excessive probe temperatures to volatilize, hence spectra 

are dominated by pyrolytic fragments. As molecular weight increases so too does 

fragmentation. Therefore, there exists a molecular weight beyond which direct 

c.i.-m.s. becomes less informative. This is exemplified by a comparison of the 

c.i . mass spectra of the trisaccharide anhydroalditol and penta saccharide 

anhydroalditol in section 5.2.2. Sequence information provided by c.i.-m. s. is 

associated with cleavage on either side of the glycosidic oxygen followed by 

hydrogen transfer. Methylation of oligo saccharides stabilizes the sugar rings 

and enhances glycosidic rupture. The terminal, T, and reducing, R, ends of the 

oligomer (Fig. 3.3) produce two separate ion series, accounted for as hydrogen 

or methyl transfer products. i . e. T fragments arise from cleavage on the 

reducing side of the glycosidic bond followed by transfer of a hydrogen (or 

methyl group), and association with an ammonium ion. R fragments are described 

in a similar fashion. Fragments occur as protonated or ammonium adduct ions 

depending on the oligosaccharide basicity, hence, N-containing compounds result 

in protonated fragments whilst neutral saccharides are characterized by ammonium 

adduct ions. Dutton et a1 . 53 ,46 determined the sequence of the tetrasaccharide 

repeating unit (PI) of E. coli K44 53 (Fig. 3.4), isolated from bacteriophage 
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degradation, and the backbone sequence of E. coli K3146 capsular polysaccharide 

by direct c.i.-m.s. 
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ion-mass spectrometry (s.s.L-m.s. )291 where the ion beam has been replaced by an 

atom beam, hence it has become known as fast atom bombardment mass spectrometry 

(f. a. b. -m. s. ) • F . a . b . -m. s . has subsequently largely replaced s. s . 1. -m . s . and 

field desorption mass spectrometry (f. d. -m . s. 292,293) for the analysis of non-

volatile and thermally labile compounds. It has developed into an extremely 

valuable analytical tool for the structural analysis of carbohydrate compounds 

and is the subject of a comprehensive review234 • 

1o analyzer 

Atom gun t --z. ---,::;.-::;.== source optics 

~':'_ :::::''':~:::'.: - sample ions 

~ '.~ ;:' ~ ... .. .. ~.~; ~i ~:.:" :':':': /molrix 

/'
'' '" . ... .. 1" .. / ' rt -... ~ Alom beam " , . ... . ' 

end of probe 

Fig. 3 . 6 . Schematic representation of a f . a . b. source234 

A schematic representation of a f . a.b . source is provided by Fig . 3. 6. The 

sample to be analyzed is dissolved in a viscous liquid matrix, typically glycerol 

for polar compounds and I-thioglycerol for hydrophobic compounds . The matrix is 

loaded on to a metal target, which constitutes the tip of a probe insert, and 

introduced into the source of the spectrometer. The target is bombarded with an 

accelerated beam of atoms (e.g. Ar) or ions 290 ,291. On collision with the matrix, 

kinetic energy is transferred to the surface molecules, some of which are 

released into the ion-source with a significant number being simultaneously 

ionized. Subsequently ionization is achieved by a sputtering process analogous 

to that in s.s . i.-m. s. Gas phase ions are therefore produced without heating the 

target and long lasting spectra are obtained which are not wrought with the 
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problems of pyrolysis . Both positive and neg a tive ions are generated, hence 

spectra may be recorded in the positive or the negative ion mode. Solubility of 

the sample in the matrix is of prime importance and numerous liquids have been 

used234 • The inclusion of certain additives has been found to enhance the 

sensitivity of f.a.b.-m.s. of carbohydrates: 

(1) Dilute aqueous HCI - increases (M+H)+ abundance. 

(2) Sodium acetate - where (M+Na)+ pseudomolecular ions are generated. 

(3) Ammonium thiocyanate - (M+NH4 )+ pseudomolecular ions. 

Fig_ 3.7. 
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Spectra are characterized by abundant pseudomolecular ions, a high level of 

chemical noise, cluster ions (largely matrix-derived) and fragment ions. 

Pseudomolecular ions appear as clusters (Fig. 3.7) largely due to the presence 

of the '3C isotope, and oxidation and reduction that occur in the matrix during 

f . a_h . Magnetic sector mass spectrometers typically have a mass range of 4000, 

operating at accelerating voltages of 4-8 kV. Above a mass range of 4000 

sensitivity drops off dramatically because the accelerating voltage is dropped 

below , kV to allow detection_ Some modern spectrometers have the ability to 

detect compounds having molecular weights in excess of 4000. 

F_a.b.-m. s. of carbohydrates provides two types of information . Firstly, the 

molecular weight of the oligosaccharide or glycoconjugate, from which the 

composition may be ascertained (Le . types and numbers of sugars, type of 
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aglycon, types and number of non-carbohydrate substituents), and secondly, 

sequence information. The molecular weight is determined from interpretation of 

the pseudomolecular ion region. This is often complex, especially if the sample 

is contaminated with K+ or Na+, where (M+K)+, (M+Na)+ and (M+H)+ are generated. 

Here, addition of acid to the matrix is particularly useful as (M+H)+ abundance 

is increased . Fragmentation pathways have been identified234 , however, reliable 

sequence information requires derivatization of the material. Derivatization 

also permits f.a.b.-m.s. analysis of impure compounds, improves sensitivity, 

enables molecules in excess of M" 4000 dal tons to be analyzed by f. a. b.­

' mapping,234, and aids in the location of O-acetyl substituents. The latter, is 

particularly useful in the structural analysis of bacterial polysaccharides as 

they often contain immunodominant O-acetyl groups. The per_O_acety1294 and per-O­

methyl derivatives, besides being well established in carbohydrate analysis, are 

the derivatives of choice. The possibility of underderivatization occurring must 

be borne in mind to avoid ambiguous spectral interpretation . Del1234 has outlined 

a protocol for acquiring spectra on nanogram quantities of derivatised sample. 

Furthermore, monitoring partial methanolysis of permethylated sample by f.a.b.­

m. s., provides valuable sequence information, including branching patterns295 . 

The versatile nature of the technique in carbohydrate structure analysis is 

highlighted by the variety of carbohydrate compounds amenable to f.a.b.-m.s: 

(1) Glycolipids - glycosphingolipids, for example gangliosides, readily produce 

pseudomolecular ions and sequence specific fragments when a suitable matrix is 

chosen296 . Egge 297 et 81 . were able to detect a (M+Na)+ signal at m/z 6184 for a 

permethylated 25 - sugar glycosphingolipid after sodium acetate dosing of the 

matrix . Glycosphingolipids present in granulocytes, leukaemia cells. cancer 

cells t erythrocytes, insects and human lungs 234 and references therein) have been 

characterized by f.a . b . - m. s . Recently, the f.a . b.-m . s . -assisted structural 

elucidation of the glycolipids isolated from the protozoan parasite Leishmania 
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major298 and from the liver of the Rainbow trout299 , was reported by Dell et al . 

(2) Glycoproteins lactosaminoglycans of human granulocytes lOO , and 

glycoproteins in the brains of Springer spaniels suffering from a progressive 

nervous disorder, have been identified by f.a.b .-m.s. F.a.b . mapping procedures, 

recently reviewed by Dell et al. l01 , are extremely valuable in this area as the 

technique permits the characterization of these compounds with molecular weights 

as large as 20 000. Thomas - Oates and Dell l02 have reviewed the structure analysis 

of the sugar portion of glycoproteins by a combination of f. a . b. -m. s . , and 

enzymatic and chemical reactions. Hypotheses regarding the biosynthesis of 

glycoproteins have been monitored by f. a. b. -m. s. lOl and Dell et al. l04 have 

developed a protocol for rapidly screening glycoproteins by f.a . b.-m.s., 

employing simple purification steps, and the applications of this procedure in 

the biotechnology industry are reviewed by Dell and Rogers l05 • 

(3) Bacterial polysaccharides - f.a.b.-m.s . has been used to determine the 

composition (including O-acyl substituents) and the sequence of microbial 

saccharides. Significant progress in f . a . b . -m. s . was initiated from the 

investigation of the mycobacterial methyl glucose polysaccharide (MGP)l06 . The 

enhanced quality of the spectra, compared to those of compounds without O-methyl 

groups, prompted the study of per-O-methyl derivatives . F.a.b.-m. s . of the 

Klebsiella K54l07 repeating unit proved that it is not formylated, but did 

demonstrate the presence of acetyl groups . Bacteriophage degradation products 

of the acidic polysaccharides secreted by Rhizobium spp. were characterized by 

f.a.b.-m.s., indicating the type of enzyme activity associated with the phagel08 • 

Oligosaccharides derived from Meningococcal lipopolysaccharides l09 , a group B 

Streptococcusl lO , the Salmonella thompson serogroup Cl( 6,7 )ll1 O-antigen and E. 

coli K26 16 polysaccharide were partially characterized by f . a.b . -m.s. This short 

list exemplifies the variety of bacterial saccharides amenable to f . a.b.-m.s. 

Furthermore, it was used to locate the site of O-acylation on the Klebsiella K69 
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capsular polysaccharide3l2 and to determine the sequence of the methylated 

oligosaccharides from SRC of E. coli K57 235 and K38 capsular polysaccharides (this 

thesis) . 

(4) Plant cell-wall polysaccharides e.g. Soybean cell-walls3l3 , gellan gum3l4 • 

(5) Cyclic polysaccharides234 and various other carbohydrate compounds. 

The advantages of f.a.b.-m.s. in the structural analysis of carbohydrates are 

numerous and include the rapid screening of cell surface glycoconjugates, the 

analysis of glycopeptides as large as 20 000 dalton by f.a.b.-'mapping', 

monitoring of the progress of chemical and enzymatic degradation, rapid screening 

of genetically engineered glycoproteins, the detection of minor components due 

to the sensitivity of f.a.b.-m . s., and reliable routine composition and sequence 

analysis of saccharides . 

3.4.4. Modern nuclear magnetic re80DaJ1Ce Cn.m.r.) apectroscopy in 

carbohydrate structure determination 

Lemieux et aI.us reported the application of n.m.r. spectroscopy in carbohydrate 

structural analysis as early as 1957. However, it is only during the last decade 

that it has emerged as the major analytical tool in carbohydrate chemistry. This 

was made possible by the commercial availability of instruments having powerful 

superconducting magnets (400-600 MHz) capable of operating in the pulsed Fourier 

transform (Ft) mode, and dedicated computers driving sophisticated soft-ware 

permitting the acquisition of data from multiple pulse sequences. This trend is 

depicted in Table 3.1, where we find limited application of the technique in 

earlier structural analysis . A period then followed where 10, single pulse, lH_ 

and l3C_n.m.r. experiments were routinely used in conjunction with chemical and 

other instrumental analytical procedures ('classical approach'). In several of 
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the latest publications we find that the structures of these polysaccharides can 

be determined almost exclusively by n.m.r. techniques ('modern trends'). 

N.m.r. spectroscopy is now so widely used that Rabenstein and Gu0315 reported a 

literature search for the period 1985-1987 consisting of over 500 books and 

review articles on the subject. It is the proliferation of multiple pulse 

experiments that has contributed largely to this situation. It is beyond the 

scope of this thesis to present an exhaustive review of all the multiple pulse 

experiments applied to carbohydrate structure elucidation. Some of these 

techniques will be discussed, with emphasis being placed on ZD experiments which 

provide unambiguous resonance assignments, thus enabling structural elucidation 

of compounds without the need for chemical methods (see Bax et sl. 161 ). Several 

general review articles137 ,161,315-319, a review of the application of ZD n.m. r. 

spectroscopy to the structural elucidation of oligosaccharides by Dabrowski32o , 

and books by Derome321 , and Schraml and Bellama322 have been extremely useful. 

The various structural features of saccharides that need to be determined, and 

some of the n.m.r. methods used to provide this information, are summarised in 

Table 3.3. (adapted from Dabrowski320) 

S~ructural feature. Required n.m.r. data N ••• r. experiment. providing this 
data 

I. Number and identity of Anomeric 18_ and 13e chemical .hifu Int8f,rated 1D 18 apectrume decoupled 
.ugar residuee ID 1 C spectrum. 

All 18 and 13C chemical shifte 2D la correlation spectre.copy _ 
COSY, RCT COSY, 'I'OCSY (BOHASA) 
2D IB_13C correlation epectroaeopy _ 
HETCOR 

2. Anomeric configura'tion Vicinal 18 coupling constant. (3JH,H> fha.a sensitive COSY, ID 18 

10_13C coupling con.tanta 
'pectrum, ID BOBABA apectra 
Di.tortionl... enhancement by 
polarization tran.fer (DEPT - ID 
multiple pulae experimental 

3. Sequence and linkage lnterr •• idue D.O ••• 2D - NOEST, ROESY 
• ite. 

~. Spatial arrang ... nt 11.0.e. i ero88·relaxation rate. NOEST. ROESY 
(conformation) 
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3.4.4. (i) Multiple pulse n.m.r. spectroscopy 

One-dimensional (ID) and two-dimensional (2D) multiple pulse n.m.r. experiments in 

general can be divided into three time intervals : 

PREPARATION EVOLUTION DETECTION 

• + I t2 . tl 

During the preparation time a period of thermal equilibrium is established among the 

nuclear spins in the sample, and hence the spin systems are prepared for evolution. 

The evolution time (tI) is the most important feature as it is during this time that 

the spin system evolves after being disturbed by a radio- frequency (rf) pulse. 

Further rf pulses may be applied after various tl intervals giving rise to the 

multiple pulse techniques. The variety of pulse sequences which can be applied 

provide the n.m.r . spectroscopist with considerable latitude in controlling the 

information provided by the experiment. During the detection period (t2) the motion 

of the spin system is followed, and it is this motion that induces a signal which 

is detected. The time dependence of the signal obtained, s(t), is known as the FID 

(free induction decay). 

In the lD experiments the signal is recorded as a function of the detection period , 

5(t2), and it is this single time response that is Fourier transformed (Ft) to 

produce a frequency dependence of the signal, 5(f2), and hence the n.m . r . spectrum. 
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In 20-n.m.r. experiments it is the Ft of the signal dependence on two independent 

time variables, t1 and t2, 5(t1,t2), that produces a two-dimensional frequency 

spectrum, 5(f1,f2). After a single pulse, a 10 dependence of the signal on time is 

obtained, therefore the use of two pulses was proposed by Jeener, to obtain a 20 

dependence of the signal on time. 
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Fig . 3 . 8 . Pulsed 10 n.m . r. measurement and the Jeener experiment322 
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Ernst et a1. 323 have shown that Jeener' s original idea has a much broader application 

in n.m . r. spectroscopy, resulting in many 20 and now even 30 experiments. The major 

advantage of these techniques is the vast improvement in spectral resolution which 

assists greatly in overcoming the hidden resonance problem encountered in 10 n.m . r . 

spectroscopy. Hence, the researcher is now able to unravel the complicated network 

of spin systems within large biomolecules such as polysaccharides. 

Identification and quantitation of constituent sugar residues 

The number of sUEa r residues can be ascertained by integrating the signals of 

anomeric protons, which are usually well resolved, in the 10 lH-spectrum. This 

information is complemented by the number of anomeric l3C signals in the 10 l3C_ 

spectrum (see section 3.3.1). A through-bond connectivity analysis maps out the 

number of individual spin systems that correspond to the number of sugar residues 

in a carbohydrate molecule . This is achieved by performing scalar coupling­

correlated (J-correlated) spectroscopy. This takes the form of 20 homonuclear (lH_ 

lH) J-correlated spectroscopy - COSylB2,323,324, RCTCOSylB3(relayed coherence transfer 

correlated spectroscopy), and TOCSy32S(total correlation spectroscopy) or 

HOHAHA193 (homonuclear Hartmann-Hahn spectroscopy) - from which all lH resonances may 

be assigned . 20 Heteronuclear lH_13C correlation spectroscopy (HETCOR)lBS permits 

the assignment of all l3C resonances, from previously determined lH chemical shifts, 

of each directly bonded carbon-proton pair. Oabrowski32o demonstrated the ability 

to establish remote connectivities from pure-absorption, phase-sensitive COSY (PS-

COSY) . This lies in the capability of COSY cross-peaks to display the entire 

coupling information concerning the protons in a saccharide. Proton-proton spin­

spin coupling constants (3JB,B) can also be obtained from a 10 version of the 

HOHAHA326 experiment. These experiments have therefore largely replaced 20 J­

resolved spectroscopy for the acquisition of coupling parameters 320 (and references 

therein) The sugars can then be identified by comparing the chemical shift and 

coupling data with literature values 211 ,327,328 for methyl glycosides. 
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The COSY experiment is based on the Jeener323 sequence of two 90· pulses separated 

by the evolution period (tl) and followed by the detection period . 

90· 90· 

...... ~ __ -.JnL-----:-t-:-I_-.JnL_---l~~:::<t~2:::<:::<:::<:::<=F:z:I .. 0 ..... 

The first 90· pulse rotates the equilibrium z magnetization of the protons into the 

x. y plane (transverse magnetization). During the evolution period the various 

magnetization components precess with different frequencies which correspond to the 

lines in the lH_n.m.r . spectrum. The second 90· pulse (mixing pulse) results in 

exchange of magnetization between nuclei . If this transfer of magnetization takes 

place between components belonging to the same protons. then after Ft FI will equal 

F2. resulting in ·diagonal-peaks· . However. transfer between scalar spin-spin 

coupled protons results in ·cross-peaks·. which correlate lines belonging to 

different protons. From these 'cross-peaks ' one can trace the connectivities of 

complete spin systems (Fig. 3 . 9) . 

When dealing with complex carbohydrates. it is seldom that the spin systems of all 

sugar residues are traced from a COSY-90 experiment alone. as there is considerable 

overlap of cross-peaks in the vicinity of the ring proton chemical shifts. 

Fortunately. other 20 and selective I D methods are available to resolve this 

problem. 

RCTCOSY 

The COSY provides one-step coherence transfer. providing evidence of direct coupling 
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between nuclei only. Bax and Freeman182 reported that the introduction of a delay 

prior to data acquisition enhances the relative intensity of cross-peaks arising 

from long-range coupling. This is referred to as relayed coherence transfer COSY 

(RCTCOSY) • 
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2D·COSY spectrum of B. coli K38 polysaccharide showing the 
connectivities of H·l through to H·5 and H·5' of a S-D-RibE residue 

Bax and Orobnyl83 later reported on the optimization of 20 homonuclear RCTCOSY (or 

Relay COSY). The basic pulse scheme of the homonuclear RELAY experiment is as 

follows: 
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90· 90· IBO· 90· 

~ n<---------Jn rLJl ~ . 
.... ----' tl ~ (mixing time) t2 

Magnetization is transferred between noncoupled nuclei using one or more nuclei as 

mediators. Therefore in a RCT experiment, H-l of a sugar residue will have a cross-

peak with H-2 and H-3. In a doubly relayed (RCT2) experiment we generated H1/2, 

H1/3 and H1/4 cross-peaks. Similarly, a RCT3 spectrum will display correlation 

signals· for five nuclei, and in a RCT4 spectrum, H-1 of a typical hexopyranose sugar 

residue can be expected to display correlations along the entire connecting path to 

H-6 and H-6'. In practice however this is difficult to accomplish as RCT2COSY 

(double relay) is usually the practical limit of this experimentl18 , hence we need 

to look to other n.m.r. experiments, e.g. TOCSY. 

TOCSY 

Total correlation spectroscopy provides multistep correlations similar to RCTCOSY. 

However, continuous strong proton irradiation is used which induces strong spin-spin 

coupling, so that, if the irradiation is maintained for the correct length of time, 

all coherences from a given spin system will mixl18 (i.e. for each sugar residue). 

Homonuclear Hartmann-Hahn spectroscopy (HOHAHA)19l,l29 is a variation of TOCSY which 

uses a 'spin-lock' or Hartmann-Hahn condition for mixingl30. The net magnetization 

transfer obtained permits the recording of phase-sensitive spectra, often giving 

better resolution and sensitivity than found in COSY experiments. 2D-HOHAHA 

spectroscopy has been successfully applied by this laboratory in the structural 

analysis of the E. coli KB7 capsular polysaccharide2l . 
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HETCOR 

Heteronuclear chemical shift correlation (HETCOR)l85 is a valuable technique in that 

it combines the good resolution of decoupled l3C_n .m. r. with the ease of 

interpretation of proton chemical shifts. The experiment involves transferring spin 

polarization to l3C through one-bond lH_l3C couplings. Hence a 2D HETCOR spectrum 

contains one peak for each distinct CH group in a molecule, with lH and llC chemical 

shift frequencies in Fl and F2 respectively. HETCOR experiments are routinely 

utilized in conjunction with the homonuclear correlated experiments, introduced 

above, in the elucidation of polysaccharide structure 140 ,l3,12,49,18 , 32,SS , 23,194. 

A major limitation of the HETCOR experiment is that the magnetization, which arises 

as lH polarization, is detected as the insensitive 13C signal. The experiment 

therefore requires relatively large amounts of material and makes excessive demands 

on expensive spectrometer time. This problem has been solved by the development of 

proton-detected heteronuclear correlation experiments such as HMQC (heteronuclear 

multiple quantum coherence spectroscopy33l). Lerner and Baxl65 applied this 

experiment to a trisaccharide. It has subsequently been applied to capsular 

polysaccharides of Haemophilus influenzael66 and E. coli6l , demonstrating the power 

of this technique. 

Determination of anomeric configuration 

Anomeric configuration can be ascertained from the chemical shifts and coupling 

constants (lJBl ,B2) of the well resolved anomeric signals in high resolution lD-lH_ 

n.m. r. spectra, as discussed in more detail in section 3.3.4. When anomeric signals 

are not well resolved, 3JBl ,B2 values can be obtained from PSCOSY, as described by 

Dabrowski32o for oligosaccharides, or from the lD version of the 2D-HOHAHA 

experiment, as described by Bax and Davis326 . In the ID HOHAHA experiment subspectra 
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of each spin system (1. e. each sugar residue) are generated by inverting the 

resonances of an isolated spin multiplet with a selective 180· rf pulse and allowing 

this magnetization to propagate through the IH coupling network. This experiment 

was applied to a hexasaccharide isolated from the bacteriophage degradation of the 

Klebsiella K15 polysaccharide (Fig. 3.10). 

Linkage and sequence analysis 

Sequence and linkage sites of saccharides can be established from nuclear Overhauser 

enhancement (n.O.e.) signals generated by through-space dipolar interactions between 
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Fig. 3.10. 1D·HOHAHA spectra of Klebsiella K1S Pl-alditol showing the spectrum 
of P1 -alditol (1) and subspectra of individual spin systems (2-8) 
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the anomeric and the transglycosidic protons)20. 2D Nuclear Overhauser enhancement 

spectroscopy (2D-NOESY), besides providing sequence and linkage information, 

confirms IH ·assignments and anomeric configuration. Dua et al. 332 found some 

uncertainty in the use of n.O.e. to determine linkage positions as H-4 of a 3-

glycosylated Gal residue showed greater n.O.e. than H-3 itself. Dabrowski320 

contends that this is of no consequence because if the galactose residue is 4-

. linked, only the 1,4 interglycosidic n.O.e . would be observed as H-3 is axial. 

Furthermore, in all recorded cases, a 3-linked galactose residue has resulted in 

either a 1/3- or 1/3- and 1/4-interglycosidic n.O. es and never just the 1/4-n.0.e. 

Confirmation of linkage positions is also provided by the downfield glycosylation 

shifts of 4-10 p.p.m. of the respective 13C signals327 . 

A 2D heteronuclear multiple-bond correlation (HMBC) experiment has also been applied 

to obtain sequence and linkage informationl66 • This experiment is based on chemical 

shift correlations which depend on two- or three-bond couplings, e.g. , the coupling 

between a proton and a carbon nucleus across an O-linked glycosidic linkage. This 

is a IH-detected experiment, which therefore is very sensitive, and does not make 

excessive demands on spectrometer time. It has largely replaced the lD-selective 

INEPT experiment (insensitive nuclei enhanced by polarization transfer) introduced 

by Kerris and Freeman333 , which also relies on long-range scalar coupling 

interactions. 

NOESY 

All the experiments discussed above are based on coherent magnetization transfer 

between spin-spin coupled nuclei (through-bond coupling). 2D NOESY, on the other 

hand, is a form of 2D exchange spectroscopy involving magnetization transfer via 

dipole-dipole interactions (through-space coupling). The n . O.e. is measured as a 

fractional change in intensity, by cross-relaxation, of one n.m.r. line when another 

resonance is perturbed by irradiation322 . The n.O.e. is inversely proportional to 
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the sixth power of the internuclear distance, providing information on the spatial 

proximity of observed and perturbed nuclei. When measuring 20 n.O.es relaxation 

delays of three to five times T1 are necessary. The technique is therefore better 

suited to macromolecules (e.g. polysaccharides) having small Tf values than to small 

molecules (e.g. oligosaccharides) with large T1 values. 

90·", 90·. 

------.... n'----~n~n'-----~~~FID. 
PREPARATION EVOLUTION (t1) MIXING(A) OETECTION(t2) 

The first 90·", pulse produces transverse magnetization which precesses during the 

evolution time (t1), as with COSY. The 90·", mixing pulse is then followed by the 

delay A to permit magnetization transfer arising from dipolar interactions. The 

third 90·", pulse transforms the resulting magnetization into transverse 

magnetization, which is measured during the detection phase. It is this exchange 

of magnetization due to dipolar interaction between nuclei ~ich shows up as cross 

peaks in the 2D NOESY spectrum. The information provided by the 20 NOESY experiment 

complements that of COSY. 

3.4.4.(ii). 31P_H.m.r. spectroscopy 

Several of the E. coli. capsular polysaccharides have been shown to contain 

phosphate (Table 3.1). Jann et al.'4 were able to determine the presence of a 

phosphodiester bridge in the native K51 antigen from a 31P_n.m.r. spectrum. Using 

external phosphoric acid as the reference, the only other signal was at -1.21 

p . p.m., indicative of a monophosphodiester, as phosphomonoesters show a signal 

between 3-4 p.p .m. They were also able to determine the linkage position of the 

phosphate to N-acetylglucosamine from the 2- and 3-bond 31P_13C coupling constants. 

Recently, these techniques were applied to the E. coli. K24 antigen38 , which is a 
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polymer consisting of a-Kdop and glycerol phosphate . 

Byrd et al . 166 utilized a 1H-detected, 1H_31p HMQC 2D experiment , to determine the 

phosphoric diester linkage sites in the Haemophilus influenzae Type a capsular 

polysaccharide . In this experiment protons were correlated with phosphorous via 

long-range 1H_31 p scalar coupling. 31P_N.m. r. spectroscopy adds another dimension 

to the power of n.m.r . spectroscopy in structural analysis . 

3. 4 . 4.(iii) . Computer-assisted structural analysis of polysaccharides on the 

basis of n.m.r. data 

A computer programme, CASPER (Computer Assisted Spectrum Evaluation of Regular 

polysaccharides), has been developed by P-E. Jansson et &1 . 334 for the determination 

of the structure of polysaccharides composed ' of regular repeating-units. The 

program is based on the 13C_n .m.r . chemical shift data and information from glycose 

and methylation analysis. The database contains 13C_n.m. r. chemical shifts obtained 

from disaccharides and simulates spectra for all possible monosaccharide sequences . 

The best fit with the observed spectrum of the polysaccharide in question, is 

chosen. The potential of CASPER to predict polysacchari de structures has been 

demonstrated334 , however, the structures proposed cannot be taken as conclusive and 

the database cannot support branched structures. A similar computer program has 

been described by Knirel et al. 335. 



81 

polymer consisting of a - Kdop and glycerol phosphate. 

Byrd et a1. 166 utilized a lH-detected, lH_31p IIMQC 2D experiment, to determine the 

phosphoric diester linkage sites in the Haemophilus inEluenzae Type a capsular 

polysaccharide . In this experiment protons were correlated with phosphorous via 

long-range lH_ 31p scalar coupling. 31p_N.m.r . spectroscopy adds another dimension 

to the power of n .m.r. spectroscopy in structural analysis. 

3 . 4.4 . (iii). Computer-assisted structural analysis of polysaccharides on the 

basis of n .m. r. data 

A computer progralllll1e, CASPER (Computer Assisted Spectrum Evaluation of Regular 

polysaccharides), has been developed by P-E . Jansson et al . 334 for the determination 

of the structure of polysaccharides composed ' of regular repeating-units. The 

program is based on the 13C_n.m.r. chemical shift data and information from glycose 

and methylation analysis . The database contains 13C_n.m. r. chemical shifts obtained 

from disaccharides and simulates spectra for all possible monosaccharide sequences . 

The best fit with the observed spectrum of the polysaccharide i n question, is 

chosen . The potential of CASPER to predict polysaccharide structures has been 

demonstrated334 , however, the structures proposed cannot be taken as conclusive and 

the database cannot support branched structures. A similar computer program has 

been described by Knirel et al. 335. 
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4. STRUCTURAL ANALYSIS OF SOME E. COLI CAPSULAll (IC) ANTIGENS 

4.1. GENERAL EXPERIMENTAL PROCEDURES 

The ,following general procedures were followed in the experimental work presented 

in sections 4.2. 4.3, 5.1 and 5 . 2. 

detail under the relevant sections. 

Additional methods will be discussed in 

Isolation and purification of acidic capsular polysaccharides 

Authentic cultures of the E. coli serotypes studied were obtained from Dr. I . 

0rskov of the WHO's designated Escherichia centre in Copenhagen. The bacteria 

were subcultured on Mueller-Hinton agar (Biolab) by incubation at 37° overnight. 

Individual colonies were picked, transferred to 5 ml sterile Mueller-Hinton broth 

(Merck) and incubated in a waterbath-shaker at 37° for 6 to 8h . These broth 

cultures were used for the large-scale growth of the bacteria on Mueller-Hinton 

agar (1.0 L) in 6-12 stainless steel trays (40 x 60 cm). The bacteria were 

spread over the surface of the culture medium by means of a sterile glass rod and 

incubated at 37° for 36-72h . The cells and slime were harvested from the surface 

of the agar in each tray, pooled, then suspended in an equal volume of 2% aqueous 

phenol. This suspension was stirred overnight at 4° to extract the capsular 

material. The cells were removed by ultracentrifugation (35k r . p.m., 3h) and the 

supernatant was slowly added to 5 volumes of ethanol to precipitate the 

polysaccharides . These polysaccharides were recovered by centrifugation (2000 

r.p.m., 20 min), were washed with ethanol, and then redissolved in a minimum 

volume of water. A 5% aqueous cetyltrimethylammonium bromide (CTAB) solution was 

slowly added to the stirred polysaccharide solution until no further 

precipitation of the acidic capsular polysaccharide-CTAB complex occurred. The 

precipitate was isolated by centrifugation (2000 r.p.m . , 20 min), was washed with 

water, and was then dissolved in the minimum volume of aqueous 3M NaCI to break 

the complex. The acidic polysaccharide was precipitated from this solution by 
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slowly adding it to 5 volumes of ethanol. The precipitate was isolated by 

centrifugation (2000 r . p.m., 20 min), was washed (ethanol), and then dissolved 

in a minimum volume of water . The polysaccharide solution was dialyzed 

exhaustively against running tap-water (1200-1400 Mw cutt-off, 3d). The 

retentate was ultracentrifuged (40k r.p.m., 1h) and the supernatant was 

lyophilized to yield acidic capsular polysaccharide material. 

All culture media were sterilized by autoclaving at 121° for 20 min and the 

bacteria were checked for the presence of capsule at each step by phase contrast 

microscopy of the cells mounted in Indian ink. 

Glycose analysis 

Unless otherwise stated, all solutions were evaporated under diminished pressure 

on a waterbath at temperatures not exceeding 40°. A sample of polysaccharide (_1 

mg) was hydrolyzed in 4M trifluoroacetic acid (_1 mL) at 125° for Ih, under 

nitrogen, in a sealed reactivial . The acid was co-evaporated with water and 

the released monosaccharides were identified by g.l.c. analysis of the derived 

peracetylated aldononitriles (PAAN's) or alditol acetates. PAAN's were prepared 

by the method145 of McGinnis and alditol acetates by reduction of the hydrolyzate 

with sodium borohydride (lh) in water, followed by acetylation in 1:1 acetic 

anhydride/pyridine (lh, 100°). To identify uronic acid residues, a sample of the 

polysaccharide (_3 mg) was methanolyzed with anhydrous 3% methanolic HCl at 80° 

overnight. After neutralization of the acid (Ag2C03 ), the methanolyzate, in 

anhydrous methanol, was carboxyl reduced overnight with sodium borohydride 

(excess), then hydrolyzed (4M TFA, Ih, 125°) and the sugar residues analyzed as 

above . Oligosaccharides were analyzed by the Morrison method336 in which the 

reducing sugar is identified by formation of the oligosaccharide alditol (NaBH4, 

water) prior to hydrolysis, derivatization (PAAN's)145 and g.l . c . analysis. 
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Methylation analysis 

Samples of polysaccharide or oligosaccharide alditols (produced by reduction with 

NaBD4) were methylated by the Hakomori8o procedure as modified by Phillips and 

Fraserl24. A dried sample in the free acid form was dissolved in anhydrous DMSO 

(10 mg saccharide/mL) with stirring under dry nitrogen . Dissolution of high 

molecular weight polysaccharides was aided by ultrasonic agitation and heat 

(60°) . Potassium methylsulfinyl (dimsyl) anion was added (half of DMSO volume) 

and the gel that formed was dispersed with stirring and intermittent 

ultrasonication (lh, room temperature). The reaction mixture was cooled on ice 

and an excess of methyl iodide (half of DMSO volume) was slowly added with 

stirring. The reaction mixture was allowed to come up to room temperature and 

was stirred for a further 1h prior to being quenched with water . Methylated 

material was recovered by dialysis (12000- 14000 Mw cut-off) followed by freeze­

drying (polysaccharides) or by extraction with dichloromethane 

(oligosaccharides). Purification was achieved by passing the material through 

a column of Sephadex LH20 using chloroform as eluent. Partially methylated 

material was subjected to a Kuhn methylationl44 to ensure complete etherification. 

The material was dissolved in dimethylformamide (DMF, 0.5 mL) and was stirred in 

the presence of methyl iodide (1.0 mL) and silver oxide for 48h, with two further 

additions of methyl iodide and silver oxide at 12h intervals. The permethylated 

product was isolated after removal of the silver salts (centrifugation) and DMF 

(high vacuum, 70°), and was then purified as above . The permethylated product 

was analyzed as follows: A dry sample was methanolyzed in refluxing 3% 

methanolic HCl (80°, l6h) and after neutralization (Ag2C03 ) the methanolyzate was 

split into two portions. One portion was hydrolyzed (4M TFA, 1h, 125°), reduced 

(NaBH4, water) and acetylated with 1:1 acetic anhydride/pyridine (lh, 100°). The 

other portion was reduced (NaBH4, anhydrous methanol , 24h), hydrolyzed , reduced 

and acetylated as above. The partially methylated alditol acetate (p.m .a.a . ) 

derivatives were analyzed by g.l . c . and g.l.c . -m.s. as described below. 
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Determination of absolute configuration 

The absolute configuration of the sugar residues was determined by the method of 

Leontein et al . 112 • A sample of the polysaccharide (N8 mg) was first carboxyl 

reduced (as above), then hydrolyzed (4M TFA, Ih, 125°) and the aqueous solution 

of the hydrolyzate was transferred to a 2 mL glass ampoule. The monosaccharides 

were recovered by freeze-drying and were then suspended in (-)-2-octanol (0.5 mL) 

with the aid of ultrasonic agitation. A small teflon coated stirrer bar and a 

drop of TFA were added, the ampoule was flushed with dry nitrogen and sealed. 

The reaction was then stirred for l6h at 130°. After removal of the excess (-)-

2-octanol under vacuum at 55°, the residue was acetylated (pyridine-acetic 

anhydride) and the resulting peracetylated (-)-2-octyl glycosides were analyzed 

by g . l.c. 

N-acetylation 

Amino sugars were N-acetylated prior to formation of the (-)-2-octyl glycosides. 

The hydrolyzate was dissolved in 0.5 mL water and 2 mL each of saturated NaHCO, 

and 5% acetic anhydride were added. The reaction was held in ice (N5 min). A 

further 2 mL each of saturated NaHC03 and acetic anhydride were added and the 

reaction was left to stand overnight (16h, room temperature). The reaction was 

quenched with cation exchange resin (Amberlite IR 120 H+) and the monosaccharides 

were recovered after concentration to dryness. 

Gas-liquid chromatography (g.l . c.) 

Analytical g.l.c . was performed using a Hewlett-Packard 5890A gas chromatograph, 

fitted with flame-ionization detectors and a 3392A recording integrator, with 

helium as carrier gas. A J & W Scientific fused silica DB-17 bonded-phase 

capillary column (30 m x 0 . 25 mm) having a film thickness of 0 . 25 ~was used for 

separating p .m.a.a's. (program I) , alditol acetates (programll) and peracetylated 

(-)-2-octyl glycosides of amino sugars (III). A J & W Scientific DB 225 bonded­

phase capillary column (30 m x 0. 25 mm) having a film thickness of 0.25 ~ was 
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used for separating PAAN's (230° isothermal) and peracetylated (-)-2- octyl 

glycosides of neutral sugars (220° isothermal). A J & W Scientific fused-silica 

DB-WAX bonded-phase capillary column (30 m x 0.25 mm) having a film thickness of 

0.15 ~ was used to separate the alditol acetates of N-acetyl mannosamine, N­

acetyl glucosamine and N-acetyl galactosamine (240° isothermal). The temperature 

programs used were I, 180° to 240° at 3°.min-1; n, 180° for 1 min, then 3°.min-1 

to 250°; and III, 180° for 2 min, then 3°.min-1 to 240°. The identities of all 

derivatives were confirmed by g.l.c.-m.s. on a Hewlett-Packard 5988A g.l.c.-mass 

spectrometer using the appropriate column with an ionization energy of 70 eV and 

an ion-source temperature of 200° . 

Nuclear magnetic resonance spectroscopy 

N .m. r. spectra were recorded on either a Bruker WM-500 or a Bruker AMX-400 

spectrometer, using standard Bruker software. Samples were deuterium exchanged 

several times by freeze-drying from DzO, and were examined as solutions in 99 . 99% 

DzO (0.45 mL) containing a trace of acetone as internal standard (8 2.23 for 1H 

and 31.07 p.p .m. for l3C). 

Gel-permeation chromatography 

G. p . c. was performed using a Pharmacia FRAC-lOO fraction collector, a P-l 

peristaltic pump with a constant pressure Mariotte flask as the eluent reservoir, 

with a Waters differential refractometer (Model R401) and a Rikadenki flat bed 

recorder (Model R-01) . Analytical g . p . c . profiles for polysaccharides were 

obtained using dextran calibrated columns (1 . 6 x 65 cm) of Sephacryl S400 HR or 

Sephacryl S500 using 0.1 M sodium acetate buffer (pH 5 . 0) as eluent (20 mLth). 

Semi-preparative g .p.c. was performed on columns (2.6 x 65 cm) of Sephacryl S400 

HR (30 mLth) for polysaccharides and (2 . 5 x 90 cm) Biogel P4 (20 mLth) for 

oligosaccharides (d.p. 3-12) using the same mobile phase. Partially methylated 

oligosaccharide anhydroalditols were separated on a eolumn of Sephadex LH20 (1.0 

x 45 em), with methanol as eluent , at a flow rate of 9 mLth. 
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Ultracentrifugation 

Ultracentrifugation was performed using a Beckman L8-80M ultracentrifuge with a 

type 70 Ti rotor (35-40k r.p.m.) for large volumes, a type 70 . 1 Ti rotor (40k 

r.p.m . ) for small volumes and a type SW28 (25k r.p .m.) for large volumes not 

requiring> 28 000 r.p.m. 
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TBE STB.UCTURAL ELUCIDATION OF THB CAPSULAII. POLYSACCIIAlI.IDB OF 8. COLI 

09110S (A104a) 

Introduction 

The capsular antigens of E. coli have been divided into two groups, Group I and 

Group IT, depending on their thermal lability24, or their physical, chemical and 

microbiological characteristics2S (section 2). The group I antigens are high 

molecular weight acidic polysaccharides , are heat stable at pHS-6, and may 

contain amino sugars4 (section 4.3). The capsular polysaccharide of E. coli 

09:K35 (A104a) has been found to belong to a subgroup of I whose capsules do not 

contain amino sugars and which closely resemble those of Klebsiella. Of the 54 

E. coli capsular antigens reported to date337 only ten serotypes (K26, K29, K30, 

K31, K32, K34, K36, K37, K39 and K5S) belong to this subgroup . The structure of 

the E. coli K35 repeating-unit, which we now report, is almost identical to that 

of Klebsiella K13338 , the only difference being the absence of the 1-

carboxyethylidene acetal in the K35 repeating-unit. 

4.2.2. Re8ulta and Discussion 

Composition and n .m.r. spectra 

E. coli K35 bacteria were grown on an agar ~edium and the acidic polysaccharide 

was isolated and purified by the method of Altman and Dutton7 (section 4.1). The 

purified polysaccharide showed a broad distribution of molecular weights (> 2x107 

- 1x106) in gel-permeation chromatography on Sephacryl S500, with an average Mr 

at 107. 

G.I . c. analysis of the acetylated aldononitriles derived from the products of an 

acid hydrolysate of the polysaccharide , with and without prior reduction of the 

acidic function, indicated that it is composed of glucose, mannose, galactose and 
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glucuronic acid in the molar ratio 2:1:1:1. All the sugars were shown to have 

the D configuration by g .1. c. of their acetylated (-) -2-octyl glycosidesll2 • 

Preliminary n .m. r . investigations were unsuccessful. This was attributed to the 

presence of a large amount of impurities in the isolated material, evident as a 

white precipitate when the material, in the free acid form, was dissolved in 020. 

In the lH-n .m.r. spectrum there was no evidence of the presence of acid or base 

labile non-carbohydrate substituents (O-acetyl, l-carboxyethylidene acetal) . The 

material was therefore treated with acid (1% acetic acid, 60· , 1h), then with 

base (0.25M NaOH , 60·, 1h) and finally subjected to autolysis (water, 100·, 15 

min). lH-n.m . r . spectra of the material thus treated, either in the sodium or 

acid form , were not well resolved. 

A considerable amount of the capsular material did not form a complex with CTAB 

during the isolation procedure. This material was isolated as a mixture with the 

neutral polysaccharide portion of the 09 antigen . In order to remove any protein 

contaminants the polysaccharides (09:K35) were treated with a protease enzyme in 

a phosphate buffer (see experimental). In an attempt to separate the neutral and 

acidic polysaccharides the following experiments were performed: G.p.c . on 

8ephacryl 8400 HR; treatment with CTAB; acid treatment (as above) followed by 

treatment with CTAB: ion-exchange g.p . c . (DEAE 8epharose 6B-CL) [Fig. 4 . 1). 

G.p . c . (Sephacryl 8400 HR) and the additional attempts at CTAB complexation were 

not successful. The ion-exchange g . p.c. was relatively successful and n .m. r. 

spectra of this material were of a reasonable quality . 

Previous work on the E. coli K35 serotype in this laboratory demonstrated 

inconsistent capsule expression. Anderson18 demonstrated that expression of the 

E. coIl K55 capsular polysaccharide was dependent on incubation time. Despite 

applying the short (36h) incubation times suggested, two subsequent isolates of 

the E. coIl K35 serotype yi elded a galactan and a 50 : 50 mixture of capsular 

polysacchari de and galactan. The fourth large scale growth of the bacteria was 
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initiated from a culture of E. coli K35 on a nutrient agar slope covered with 

sterile mineral oil which had been kept at 4° for one year. A good yield (1100 

mg) of acidic polysaccharide was isolated and the n.m.r. spectra of this material 

were well resolved. 
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Fig. 4.1. DEAE Sepharose 6B-CL gel permeation profile of E. coli 09/K35 mixture 

The IH-n.m.r. spectrum (Table 4.1) of an acid treated (see experimental) sample 

of the polysaccharide showed, inter alia, the presence of five anomeric protons 

corresponding to two a-linkages (8 5.30 and 5.23) and three B-linkages (8 4.79, 

4.55 and 4.49). The unresolved doublet at 8 4.79 was assigned to H-1 of a B-D-

mannopyranosyl residue. The 13C_n.m.r. data showed four anomeric signals at 

103.23, 102.09, 100.62 and 99.90 p.p.m. However, from the intensity of the 

signal at 103.23 p.p.m. it was taken to be representative of two overlapping 

anomeric carbon resonances, hence the 13C_n.m.r. data were in agreement with the 

IH-n.m.r . results. 
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Table 4.1. 1H-N.M. R. data for E. coli K35 polysaccharide and derived products 

Compound sa 3J Integral AssignmentC 

(p.p.m.) (Hz) (No. of 1H) 

K35 Polysaccharided 5.30 3.7 1 4-a-Glc 

5.23 3.8 1 4-a-GlcA 

4.79 n.o. b 1 3.4-B-Man 

4 . 55 7.9 1 3-B-Glc 

4.49 7.6 1 B-Gal 

4.51 9.2 1 H-5 of a-GlcA 

PI 5 . 38 3.9 0.4 4-a-Glc-(1~3)-a-Glc 

5.35 3.9 0.6 4-a-Glc-(1~3)-B-Glc 

5.29 3.9 1 4-a-GlcA 

5.24 3.8 0.4 3-a-Glc 

4.79 n.o. 0.4 3-B-Man 

4.78 n.a. 0.6 3-B-Han 

4.67 8.0 0.6 3-B-Glc 

4.48 7.8 1 B-Gal 

4.47 9.7 1 H-5 of 4-a.-GlcA 

P1-alditol 5.30 3.8 1 4-a-GlcA 

5.14 3.9 1 4-a-Glc 
(Contaminated with 

unreduced Pl) 
4.79 n.o. 1 3-B-Man 

4.50 9.3 1 H-5 of 4-a.-GlcA 

4 . 48 7.7 1 B-Gal 
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P2 5 . 37 3.8 0.4 

5.35 3.8 0.6 

5.30 3.8 1 

5.28 3.9 1 

5.24 3.8 0 . 4 

5.20 3.9 1 

4.79 n.o. 0.4 

4.78 n.o. 0.6 

4.78 n . o. 1 

4.67 8.0 0.6 

4.54 8.0 1 

4.47 7.5 1 

4 . 46 7.5 1 

4.41 10 . 0 1 

4.40 10.0 1 

& Chemical shift relative to internal acetone at 6 2.23. 

b Not observed 

4-a-Glc 

4-a-Glc 

4-a-Glc 

4-a-GlcA 

3-a-Glc 

4-a-GlcA 

3,4-B-Man 

3,4-B-Man 

3-B-Man 

3-B-Glc 

3-B-G1c 

B-Gal 

B-Gal 

H-S of 4-a-GlcA 

H-5 of 4-a-GlcA 

• 4-a-Glc connotes the anomeric proton of a 4-linked a-D-glucopyranosyl residue, 

etc. The absence of a numerical prefix indicates a terminal non-reducing group. 

d Recorded at 70' 

Methylation analysis 

The native polysaccharide was methylated and the alditol acetates prepared from 

an acid hydrolysate of the methylated polysaccharide , with and without reduction 

of the methoxycarbonyl function. G.l.c. and g . l . c.-m.s . analysis of the derived 

p.m.a.a . derivatives gave the results shown in Table 4 . 2, columns I and II. 
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The results show that galactose occurs as a terminal group, glucuronic acid is 

linked through 0-4, mannose is linked through 0-3 and 0-4 (branch point), one 

glucose is linked through 0-4, and the other through 0-3. These data confirm 

that the polysaccharide has a penta saccharide repeating-unit. 

Table 4.2. Methylation analysis of E. coll K35 polysaccharide and derived 

products 

Methylated sugara Molar ratiobtC 

(as alditol acetate) 
I II III IV V VI VII 

1,2,4,5,6 - Glc 0.47 0.62 

2,3,4,6 - Gal 0.40 0.34 0.33 1.44 0.14 0.14 0.13 

2,4,6 - Glc 1.00 0.78 1.00 0.96 0.87 0.63 

2,4,6 - Man 0.73 0.94 

2,3,6 - Man 0.38 0.57 0.68 

2,3,6 - Glc 1.00 1.00 1.00 2.15 1.00 1.00 1.00 

2,6 - Man 0.79 0.84 0.91 0.55 0.38 0.21 

2,3 - Glc 0.31 0.44 L52 

• l,2,4,5,6-Glc 3-0-acetyl-l,2,4,5,6-penta-0-methylglucitol, etc. ; all 

substitution patterns were confirmed by g.l.c.-m.s. 

b Determined on a DB-225 capillary column at 210°, molar ratios corrected using 

molar response-factors according to the equal weight-response theory339. 

c I, methylated K35 polysaccharide; II, methylated, carboxyl-reduced K35 

polysaccharide; III, methylated, carboxyl-reduced Pl-alditol; IV, methylated, 

carboxyl-reduced P2-alditol; V, base-degraded (lh) methylated polysaccharide, re­

methylated; VI, base-degraded (4h) methylated polysaccharide, re-methylated; VII, 

base-degraded (6h) methylated polysaccharide, re-methylated. Carboxyl-reduction, 

where indicated, was performed after methylation. 
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Uronic-acid degradation178 

The methylated polysaccharide was subjected to a series of partial B-elimination 

reactions (see experimental section 4.2.4) using potassium dimsyl as base 124 • It 

was thought that the rate of the reaction with potassium dimsyl would be faster 

than that with sodium dimsyl due to the greater basicity of the former, therefore 

the reaction was allowed to proceed for 1, 4 and 6h, respectively, and the 

alditol acetates derived from acid hydrolysates of the re-methylated products 

were analyzed by g.l.c.-m.s. (Table 4.2, columns V, VI and VII). The concomitant 

decrease in the yield of 2,6-di-O-methylmannose and 2,3,4,6-tetra-O-methyl 

galactose and the production of 2,3,6-tri-O-methylmannose demonstrate that the 

glucuronic acid is linked to 0-3 of the mannose and that the terminal galactose 

residue is linked to the uronic acid. The following partial structure can 

therefore be written for the repeating-unit, 

~4)-Manp-(l~3/4)-Glcp-(l~4/3)-Glcp-(l~ 

3 

1 
GlcpA 

4 

1 
Galp 

Bacteriophage-mediated degradation of K35 polysaccharide 

A bacteriophage which infects E. coli K35 (~35) was isolated from sewage, was 

purified by successive single plaque pickings and propagated on the host bacteria 

in Luria-Bertani broth. The bacteriophage suspension was added to a solution of 

impure K35 polysaccharide from batches 1 and 3 (450 mg) and the degradation was 

performed as described (section 4.2.4) . G. p.c. (Fig. 4 . 3) of a dialysate of the 

digest yielded two pure oligosaccharides, P1 and P2 . The degree of 

polymerisation (d . p . ) was determined for each oligosaccharide by the Morrison 
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method336 and indicated that P1 and P2 were penta- and deca-saccharides, 

respectively. Furthermore, P1 and P2 had a glucose reducing terminus and were 

composed of glucose, galactose, mannose, and glucuronic acid in the same ratios 

as in the native polysaccharide. N.m.r. spectroscopy (Table 4.1) and methylation 

analysis (Table 4.2) confirmed the above results. 
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Fig. 4 . 3 . Biogel P4 gel permeation profile of the products of the bacteriophage 

degradation of the E. coli K35 capsular polysaccharide 

Methylation analyaia.- P1 and P2 were reduced to their respective alditols with 

sodium borodeuteride and then methylated. The p.m.a.a's. prepared from 

hydrolysates of the permethylated, carboxyl-reduced P1- and P2-alditols were 

analyzed by g.l.c. and g.l . c.-m.s. The results for P1-alditol (Table 4 . 2, column 

III) show a terminal galactose, glucuronic acid linked through 0-4, glucose 

linked through 0-4, mannose linked through 0-3, and a glucitol linked through 0-

3. Comparing these results with those for P2-alditol (Table 4.2, column IV), the 

polysaccharide (Table 4 . 2, column II), and the base degraded polysaccharide 

demonstrates that the bacteriophage borne enzyme cleaved -3)-Glcp-(1-4)-Manp-(1-
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linkages in the native K35 polysaccharide and permits the following sequence to 

be written for the repeating-unit of K35 polysaccharide: 

-4)-Manp-(1-4)-Glcp-(1-3)-Glcp-(1-
3 
I 
1 

GlcpA 
4 

1 
Galp 

PI and P2 are, therefore, representative of a single and double repeating-unit 

of the K35 polysaccharide, respectively. 

Comparison of the 18-n.m.r. data (Table 4.1 and Fig. 4.4) shows that the 13-

anomeric signal at 8 4.55 in the spectrum of the polysaccharide has been replaced 

by partial signals at 8 5.24 and 8 4.67 in the spectrum of Pl. This demonstrates 

that the 3-linked glucose residue cleaved by the phage enzyme has the 13 

configuration. The absence of a B-anomeric signal at 8 4.55 in the spectrum of 

Pl-alditol supports the above assignment. 

Two further sets of partial signals are observed in the 18 spectrum of Pl. These 

are due to the ~ and 13 anomers of P1 present in solution, caused by mutarotation 

of the reducing glucose residue. The set of partial signals at 8 5.38 and 8 5.35 

(resolved doublets) were assigned to 8-1 of the 4-linked ~-D glucopyranosyl 

residue which is linked to 0-3 of the reducing glucose residue. The partial 

signals at 8 4.79 and 8 4.78 (unresolved doublets) were therefore assigned to 

the 3,4-linked-B-D-mannopyranose residue because this residue is linked to the ~-

D-glucopyranose residue through which it experiences the twinning effect of the 

mutarotating centre. The 8-5 signal of ~-glycopyranosyluronic acid residues 

frequently resonates in, or close to, the anomeric region in 18-n.m. r. -spectra340 • 
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This resonance displays the largest coupling constant (J4,~10Hz) in this region 

and, thus, it is possible to assign the signal at 8 4 . 47 (J4,5 9 . 7 Hz) to H-5 of 

an a-glucopyranosyluronic acid residue . The remaining a-anomeric signal at 8 

5.29 in the spectrum of P1 was therefore assigned to the 4-linked 

glucopyranosyluronic acid residue . By difference then, the signal at 8 4.48 was 

assigned to the terminal B-D-galactopyranosyl residue. 

2D-n.m.r. studies of the E. coli K35 polysaccharide 

With the exception of H-6 and H- 6' of the B-galactopyranose residue all of the 

IH resonances of the five sugar residues in the repeating-unit were established 

from COSY182 (Fig. 4.5), HOHAHAI9l (Fig. 4.6) and NOESyl84 (Fig. 4 . 7) experiments 

(Table 4.3). These data confirmed the assignments in Table 4.1 above and 

provided further evidence of the sequence of the sugar residues in the repeating­

unit. The H-1 resonances of the sugar residues were arbitrarily labelled A to 

E in order of decreasing chemical shift. 

Residue A.- Connectivities from H-1 to H-4 were established from the COSY 

spectrum. These connectivities were confirmed from the H-1 track in the HOHAHA 

spectrum and an additional connectivity fromH-1 to a proton resonating at 8 4.07 

was noted. This signal led to the identification of an H-4,5 cross peak in the 

COSY spectrum, from which connectivities from H-5 to H-6 and H-6' were 

established. 

Residue A.- The chemical shifts for H-1 to H-5 were easily established from the 

COSY spectrum, with the downfield H-5 resonance of this a-GlcpA residue providing 

a second window into the spin system. 

Residue Q.- The connectivities from H-1 to H-4 were established from the COSY 

spectrum. The H-5 resonance was established from the H-2 track in the HOHAHA 

spectrum and this assignment was confirmed by the intra-residue n.O.e . between 

H-1 and H-5 in the NOESY experiment. Returning to the COSY spectrum, a weak H-

4/H-5 cross-peak was noted, from which cross-peaks for H-5/H- 6, H-5/H-6'and H-
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Table 4.3. lH_N.m.r. data for E. coli K35 polysaccharide 

Chemical shifts in p.p .m." 

Symbol Residue 
H-1 H-2 H-3 H-4 H-5 H-6 H-6' 

A 4-a:-Glcp 5.30 3.64 3.92 3.70 4.07 3.76 3.84 

B 4-a:-GlcpA 5.23 3.65 3.98 3.91 4.53 

C 3,4-B-Manp 4.79 4.24 3.88 4.12 3.61 3.88 4.03 

D 3-B-Glcp 4.55 3.39 3.67 3.58 3.58 3.77 3.99 

E B-Galp 4.49 3.58 3.67 3.97 3.74 

"Determined at 400 MHz, measured from internal acetone at 8 2.23. Spectra were 

recorded at 343K. The sample used for these 2D experiments was the acid treated 

polysaccharide used in the lD experiment (Table 4.1). 

6/H-6' were identified. Hence, the entire spin system of residue Q was mapped 

out in the COSY spectrum (Fig. 4.5). 

Residue R.- The chemical shifts of H-1 to H-4 were established from the COSY 

spectrum and H-5 from the expected intra-residue n.O.e. between H-l and H-5 in 

the NOESY spectrum. It was established that H-4 and H-5 had the Same chemical 

shifts . Therefore, on returning to the COSY spectrum, the chemical shifts of H-6 

and H-6' were established. These assignments were confirmed by following the 

connectivities of the H-2 track in the HOHASA spectrum (Fig. 4.6). 

Residue ,1.- Connectivities from H-1 to H-4 were established from the COSY 

spectrum. The chemical shift of H-5 was established from the intra-residue 

n.O.e . between H-1 and H-5 in the NOESY spectrum. 

The inter- and intra-residue n.O.e. contacts observed in the 2D-NOESY spectra of 

E. coli K35 polysaccharide are listed in Table 4.3. Intense inter-residue n .O.es 

between the anomeric protons and the protons across the glycosidic linkage were 
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observed for residues A. ~ and ~. while that for residue ~ shows some overlapping 

wi th the expected H-1/H-2 intra-residue n. D. e. A less intense inter-residue 

n.b.e . was observed for residue~. A further inter-residue n.D . e. was observed 

between H-1 of residue A and H- 2 of residue~. A molecular model of residue A 

linked to residue ~ in the three position suggests that an n.D.e. effect between 

H-1 of A to H-2 and H-3 of ~ is possible . However. a molecular model of residue 
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~ linked to residue £ in the two position suggests that the only expected inter-

residue n. O. e. would be between H-1 of ~ and H-2 of £. This confirmed that 

residue ~ is linked to residue £ in the three position . 
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These inter-residue n.O.es confirm the following sequence for the repeating unit 

of the polysaccharide: 

-4)-£-(1-4)-~-(1-3)-Q-(1-

3 
I 
1 

.!l. 
4 

1 

li 

These findings support the results of the methylation analysis (Table 4 . 2). The 

~-linked pyranoside residues ~ and .!l. showed characteristic intra-residue n . O. es 

between H-1 and H-2 while the B-linked pyranoside residues showed expected n.O.es 

from H-1 to H-3 and H-S . Residue £ also showed intra-residue n.O . es between H-1 

and H-2, and H-2 and H-3, which is further confirmation that £ is the B-D-

mannopyranose residue . 

Table 4.3a. n . O.e . contacts for the K35 polysaccharide 

. PI:oton N.O.e. contact to 

a, H-1 3.67 (d, H-3), 3 . 64 (a, R-2) 

h, R-1 4.24 (c, H-2) , 3.88 (c, H-3) , 3.65 (h, H-2) 

c, R-1 4.24 (c, H-2) , 3 . 88 (c, H-3), 3.70 (a, H- 4) , 3 . 61 (c, H-5) 

d, H-1 4.12 (c, H- 4) , 3.67 (d, H-3) , 3 . 58 (d, H-5) 

e, R-1 3.91 (h, R- 4) , 3.74 (e, H- 5) 
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4.2.3. Conclusion 

The results of methylation analysis and n.m.r.-spectroscopy of the polysaccharide 

and oligosaccharides isolated · from a bacteriophage enzyme-mediated 

depolymerisation. permit the structure of the repeating-unit of E. coli K3S 

capsular polysaccharide to be written as 

-4)-B-D-Manp-(1-4) -a-D-Glcp-(1-3)-B-D-Glcp-(1-
3 I 
I 
1 

a-D-GlcpA 
4 

1 
B-D-Galp .! 

(bacteriophage) 

The primary structure differs from that of the Klebsiella K13338 polysaccharide 

by not having a pyruvate acetal as shown below: 

-4)-B-D-Manp-(1-4)-a-D-Glcp-(l-3)-B-D-Glcp-(1-
3 
I 
1 

CI-D-GlcpA 
4 
I 
1 

3.4-pyr-B-D-Gal 

. 

In the bacteriophage degradation of Klebsiella K13 polysaccharide the B-

glucosidase activity associated with the phage particles also catalysed the 

hydrolysis of the -3)-B-D-Glcp-(1-4)-B-D-Manp-(1- linkage . 
I 3 

(bacteriophage) I 

The value of the bacteriophage degradation technique has been illustrated in the 



106 

study of several capsular polysaccharides [Table 3.2 section 3.3.3 (V)]. The 

ability of these enzymes to tolerate minor structural variations has been 

demonstrated by Anderson's who showed that Klebsiella ~5 catalyzed the hydrolysis 

of the E. coli K55 capsular polysaccharide. Furthermore, the above study 

demonstrates the ability of a bacteriophage (E. coli ~35) to depolymerise impure 

substrate (E. coli K35/galactan) permitting the isolation of pure 

oligosaccharides (P1 and P2) suitable for further structural analysis. 

4.2.4. Experimental 

General methods 

See section 4.1. G.p.c. of the isolates from batches 1-4 (_1 . 0 mg) was performed 

on a column of 8ephacryl 8500 as described in section 4.1. 

Isolation and purification of K35 polysaccharide 

An authentic culture of E. coli 09:K35 (A104a) was obtained from Dr. I . ~rskov 

(Copenhagen). Four batches of the bacteria were grown on Mueller-Hinton agar as 

described (section 4.1) and incubated for 72h, 40h, 48h, and 18h respectively . 

The acidic polysaccharide was isolated by CTAB precipitation to give yields of 

650mg (K35 - contaminated), 100 mg (galactan), 150 mg (50:50 K35/galactan), and 

1100 mg (K35 - pure) for batches 1-4 respectively. A further 240 mg of 40:60 

09/K35 was isolated from batch 1 (for origin see section 4.2.2). 

Additional purification steps 

A sample of material from batch 1 (150 mg) was dissolved in 25 mL of distilled 

water , 25 mL of 2% acetic acid was added and the solution was heated at 60° in 

a waterbath for 1h. The resulting precipitate was removed by ultracentrifugation 

at 35k r.p .m. for 2 . 5h and the material was recovered by freeze-drying (80 mg). 

A sample of this material (45 mg) was treated with 0.25M NaOH (10 mL) at 60° for 

1h. The solution was dialysed against distilled water for three days (12 000 _ 
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14 000 Mw cut-off) and the base treated material was recovered by freeze-drying 

(30 mg). The K35 capsular polysaccharide was isolated from the 09/K35 mixture 

by the following procedure: The material was dissolved in 50 mL 0.06M phosphate 

buffer pH 7.5 (0 . 06M Na2HP04 41.85 mL + 0.06M KH2P04 8.15 mL) and incubated with 

_2 mg of dispase (Boehringer) at 37° for 30 min to Qigest any protein 

contaminants . The protease enzyme was deactivated by heating the solution at 60° 

for 30 min. The material was dialysed (12 000 - 14 000 Mw cut-off, 24h) , 

centrifuged (20k r.p.m., 1h), recovered by freeze-drying, and then subjected to 

prepara tive g . p. c . on a column of Sephacryl S400 HR (see section 4.1) . The 

polymer was recovered from a major peak near the void volume of the column, 

dialysed and freeze - dried. An aqueous solution of the material was treated with 

5% CTAB, however no complexation was evident. The material was recovered by 

precipitation (5 volumes ethanol) and was treated with acetic acid as above, then 

with 5% CTAB, and again there was no complexation. Finally, the material was 

subjected to anion-exchange g.p.c. on a column of DEAE-Sepharose 6B-CL (2.5 x 20 

em). The sample (50 mg) was applied and the column was washed with 240 mL O.OlM 

Tris/HCl buffer (pH 8.5) and the material was eluted with an ionic gradient of 

0-0.5M NaCl in O.OlM Tris/HCl buffer (20 mL/h). Fractions were analyzed by the 

phenol-sulphuric acid method (Fig. 4 .1). Partially purified K35 polysaccharide 

(90:10 K35/09) was recovered by dialysis followed by freeze-drying (30 mg) . 

Sugar analysis of the various isolates was carried out on the PAAN derivatives 

as descri bed in section 4 . 2. 

Uronic acid degradation 

Three samples of methylated polysaccharide (3 mg) were dried in vacuo and 

dissolved in 19:1 dimethylsulphoxide/2,2-dimethoxypropane (1 mL), containing a 

trace of p-tolouene-sulphoni c acid, by stirri ng under nitrogen . Potassium 

dimsyll24 (0 . 5 mL) was added and the mixtures were stirred for 1h, 4h and 6h, 

respectively , with brief ultrasonic agitation . The solutions were cooled on an 

ice bath , trideuteriomethyl iodide (0 . 25 mL) was added, and stirred for 1h under 
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nitrogen. Excess trideuteriomethyl iodide was blown off with nitrogen and the 

products were extracted into chloroform (3 x 2 mL). The chloroform extract was 

washed three times with water (6 mL), dried over anhydrous Na2804, and the uronic 

acid degraded methylated material was recovered by evaporation under diminished 

pressure. The products were analyzed by g . l.c. analysis of the p.m.a . a. 

derivatives as described in section 4.2. 

Bacteriophage degradation 

The bacteriophage (~35) was isolated from sewage water using the following 

enrichment procedure - double strength nutrient broth (25 mL) + E. coli K35 

nutrient broth suspension (5 mL) + sewage water (Grahamstown) (25 mL) were 

incubated in a waterbath-shaker (18h, 37°). A sample (10 mL) was sterilised with 

chloroform (1 mL) and centrifuged (2000 r . p .m. ) to remove cellular material . The 

phage suspension was serially diluted (10-2 - 10-8 ) in sterile 8M medium (Appendix 

4. 1), and an aliquot (0 . 1 mL) from each dilution was added to E. coli K35 Luria­

Bertani broth (LBB - Appendix 4.1) (0.2 mL) suspension and was allowed to stand 

for 5 min to allow phage adsorption. Thereafter, 4.0 mL of sloppy Luria-Bertani 

agar (LBA: LBB + 0.7% agar) at 37°was added, the solution was vortexed gently, 

then poured over LBA plates (LBB + 1.5% agar) and incubated at 30· overnight . 

A single plaque was isolated and stored in 1 mL 8M medium. This phage suspension 

was serially diluted (10-2 - 10-8 ) and the above procedure was repeated three 

times. The phage count was increased, by successive test tube and small flask 

lyses, until 400 mL of phage suspension (1 x lOll p. f. u . /mL), in LBB, was 

obtained . This was dialysed against running deionized water (3500 Mw cut-off, 

48h), then assayed (1 x lOll p . f.u./mL) by the sloppy overlay technique described 

above. The material to be degraded (650 mg - batch 1 and 3) was dissolved in 75 

mL of water, then dialysed (12 000 - 14 000 Mw cut-off, 48h), ultracentrifuged 

(25k r.p.m . , 1h) and recovered by freeze-drying (450 mg). This material was 

dissolved in _5 mL water and added to 250 mL of dialysed ~35 suspension (2.5 x 

1013 p.f.u . ). Depolymerisation was carried out for 72h in a waterbath-shaker at 
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37° in the presence of chloroform (20 mL) to keep the solution sterile. The 

solution was then centrifuged (3000 r.p.m., 30 min) and the supernatant freeze­

dried. The recovered material was dissolved in water (10 mL) and dialysed 

against distilled water (4 x 120 mL, 3500 Mw cut-off, 24h) . The dialysates were 

pooled and freeze-dried (547 mg), then dissolved in 3 mL water and passed through 

a column of Amberlite I.R.-120 (H+) cation exchange resin at 4°. The eluent was 

ultracentrifuged (25k r.p .m., lh) and the supernatant freeze-dried (304 mg). The 

material was applied to a Biogel P4 column (2.6 x 90 cm) in two equal fractions 

and eluted with sodium acetate buffer (section 4.2). The two oligosaccharide 

fractions (Fig. 4.3) were desalted by passage through a column of Amberlite I.R . -

120 (H+) cation exchange resin at 4° to desalt, and lyophilised to yield Pl (55 

mg) and P2 (35 mg). 

2D-N.m. r. spectroscopy 

All 2D experiments were recorded at 70° on a Bruker AMX-400 spectrometer, 

equipped with an X32 computer and an array processor, using standard Bruker 

software. 

A lH-homonuclear shift-correlated experiment (COSyIB2) was performed using a 

spectral width of 2202 Hz. Data matrices of 512 x 2048 data points were 

collected for 64 transients for each tl delay. The matrix was zero-filled in the 

t l dimension and transformed by use of a non-shifted sine-bell window function in 

both dimensions and symmetrised. Digital resolution in the resulting 1024 x 2048 

matrices was 1.07 Hz per point. A relaxation delay of 0 . 7 s was used. A phase 

sensitive homonuclear dipolar-correlated (NOESyI84) experiment was performed using 

a spectral width of 1400 Hz . A data matrix of 256 x 1024 data points was 

collected for 112 transients for each tl delay . The matrix was zero-filled in the 

tl dimension and transformed by use of a non-shifted sine-square function in both 

dimensions and symmetrised . Digital resolution in the resulting 1024 x 2048 

matrix was 0.68 Hz per point . The mixing delay in the NOESY spectrum was 0.3 s. 
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A homonuclear Hartman-Hahn (HOHAHA'93) experiment was performed with a spectral 

width of 1400 Hz . The 180 0 pulse width was 51 ~s and the mixing period consisted 

of 50 MLEV-17 cycles. A data matrix of 256 x 2048 was acquired for 128 

transients for each t, delay. The matrix was zero-filled in the t, dimension and 

multiplied in both dimensions with a phase-shifted sine-square function prior to 

Ft to obtain a 512 x 2048 data matrix. 
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Appendix 4.l. 

Recipes of media used in bacteriophage work 

5.8 g NaCl + 2 g MgS04.7H20 + 50 mL 1M Tris/HCI pH 7.5 + 5 mL 2% 

gelatin + distilled water to 1000 mL. 

Bacto tryptone 10 g + yeast extract 5 g + NaCI 10 g + maltose 2 g + 

distilled water to 1000 mL. 
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ESCHERICHIA COLI 09.K38 CAPSULAR ANTIGEN • ANOTBEII. RIBOFURANOSB­

CONTAINING GLYCAN 

Introduction 

The structures of 54 Escherichia coli capsular antigens have been reported; of 

these K6, K13, K16, K1B-20, K22, K23, K57, K74, K95, and K100 (Fig. 2.1) contain 

ribofuranose in their repeating units. Serotype K57 is the only antigen among 

these which belongs to the Group 1 antigens 2S , the rest belong to the Group 11 

antigens 2s • The former tend to be heat stable and are most often co-expressed 

with OB and 09 antigens; the latter have lower molecular weights and are 

thermolabile. 

4 . 3.2. B..Bults and Discussion 

Isolation, composition, and linkage analysis of the capsular antigen 

E. coli 09:K3B bacteria were grown on Mueller-Hinton agar, and the acidic capsular 

polysaccharide was isolated and purified by precipitation with 

cetyltrimethylammonium bromide. Further purification of the polysaccharide was 

effected by RNAse and DNAse treatment followed by separation by gel-permeation 

chromatography on Sephacryl S400-HR. The purified polysaccharide showed a broad 

distribution of molecular weights in gel-permeation chromatography on Sephacryl S500 

with an average Mr at 107 (Fig. 4.B). 
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Fig. 4.8 . Sephacryl S400HR and S500 gel permeation profiles of the E. coli K38 

capsular polysaccharide 

G. l.c. examination of the derived alditol acetates showed the polysaccharide to be 

composed of Rib, Gal, GalA, GalNAc, and GlcNAc. The constituent sugars were shown 

to have the D configuration by g . 1. c. of the derived acetylated (-) -2- octyl 

glycosides1l2. The IH_n .m. r . spectrum of the purified polysaccharide was complex due 

to the presence of numerous partial resonances resulting from variable 0-

acetylation . The polymer was therefore treated with base and all subsequent n.m . r . 

experiments were performed on the O-deacetylated polysaccharide . The IH-n.m.r . 

spectrum (Fig. 4.1) contained H-1 signals at 8 5 . 40 (3J < 1 Hz), 5 . 31 (3J 3.5 Hz), 

4.97 (3J 3.0 Hz), 4.63 cJJ 8 . 0 Hz) , and 4.48 cJJ 7 . 8 Hz), and a signal for the methyl 

protons of two NAc at 2 . 05 (6H) . The 13C_n.m. r . data complemented the IH_n.m.r. 

results and confirmed the penta saccharide repeating-unit for the polysaccharide, 

with signals for C-1 at 107.84, 105.74, 102 . 24, 98 . 92, and 98.39 p . p .m. , and a 

signal at 23 . 00 p.p.m. for the methyl carbons of NAc groups. In addition, signals 

for carbonyl carbons occurred at 175 . 64, 175.22, and 172 . 66 p . p .m. The C-l signal 

at 107.84 p.p . m. indicates the presence of a furanoside (Fig . 4.9) . 
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Methylation analysis of the polysaccharide gave 3,5-di-O-methylribose, 2 , 3,6-tri- 0-

methylgalactose, 2-deoxy-3,6-di-O-methyl-2-methylacetamidoglucose, 2-deoxy-4,6-di-O-

methyl-2 - methylacetamidogalactose , and 2,3-di-O-methylgalactose (after carboxyl 

reduction). These results accord with a linear penta saccharide repeating-unit for 

the polysaccharide. 
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2V-N.m. r. studies of the E. coli K38 polysaccharide 

The sequence of the residues in the repeating-unit was established by 2D-n .m.r. 

experiments, which also confirmed the glycosylation sites in the polysaccharide. 

Most of the IH resonances of the five sugar residues in the repeating-unit were 

established from COSyl82 and one- and two-step relay COSY experiments l83 . The 

residues in the repeating-unit were labelled a - e in order of decreasing chemical 

shift of their anomeric protons (Fig. 4.10). All the IH resonances of residues a, 

b, and, c and H-l to H-4 of residues d and e were assigned by following the cross­

peaks in the contour maps of the COSY (Fig. 4.10) and relay COSY experiments 

(Fig. 4.11 shows the one-step relay COSY contour map). The IH resonances for H-5 

of residues d and e were assigned from the intramolecular n.O.es observed between 

H-1 and H-3 and H-1 and H-5 of d and e in the NOESyl84 experiment (see later). Cross 

peaks between H-5 and H-6 and H-6' for residues d and e could not be distinguished 

because of the proximity of these resonances. 

The lH resonances for each residue were then compared with data obtained from a lH_ 

l3C shift-correlated experiment l85 (HETCOR) (Fig. 4 . 12 and Table 4.4). In this way, 

all the l3C resonances of a - c and C-1 to c-s of residues d and e could be 

assigned. The two remaining sets of 13C/ 1H resonances from the HETCOR experiment at 

61.67 p.p.m./S 3.81 and 62.02 p.p.m./S 3.77 were assigned to C-6/H-6 and H-6' of 

residues d and e respectively (see later for a discussion of these assignments). 

Comparison of the lH and 13C_n.m.r. data for residues a - e with literature values 

for methyl glycosides211,327,328 permitted the residues in the repeating-unit to be 

identified, as indicated in Table 4.4, and their linkage positions to be 

established. In agreement with the results of methylation analysis, C-2 of a, C-4 

of b, C-4 of c, C-3 of d, and C-4 of e experienced significant deshielding. 
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Table 4.4 . N.m . r. data for de-O-acetylated E. coli K38 polysaccharide 

Reeidue 

• b c d • 
·2)-B-Rib ... 4)-a-GalA ... 4) -a-GlcNAc ...3) - .B-GalNAc ... - 4)-B-Gal 

8-1 5.40 (5.39)b 5. 31 (5 . 24) 4.97 4.63 4.48 (4.46) 

C-1 107.84 (107 . 95) 98.39 (98.72) 98.92 102.24 105.74 (104.25) 

B-2 4.29 (4.28) 3.94 (3 . 93) 3 . 92 4 . 07 3 . 54 (3 . 52) 

C-2 80.73 (80.74) 68.32 (68 . 90) 53.98 52.23 71.46 (71.56) 

8-3 4. 27 (4 . 24) 4.12 (4 . 10) 3.92 3.92 3.79 (3.79) 

C-3 70 . 76 (70.96) 69 . 02 (69.68) 70.07 80 . 56 73.56 (73 . 69) 

8- 4 4. 09 (4.07) 4.44 (4.38) 3 . 75 4.20 4 . 05 (4.05) 

C-4 83 . 35 (83.89) 78 . 98 (80.93) 79.68 68 . 67 77 .23 (77 .22) 

8-5 3.69 (3.67) 4.80 (4.51) 4.22 3 . 73 3 . 77 (3.78) 

9-5' 3.88 (3 . 83) 

C-5 63 . 25 (63.46) 70.94 (72 . 28) 71.11 75 . 14 75 . 66 (75.19) 

8-6 3.71 3.81 3.77 (3.78) 

8-6· 3.81 3.81 3.77 (3 . 78) 

C-6 60.27 61.67 62 . 02 (62.01) 

• Chemical shifts with acetone as internal reference, 8 2.23 and 31.07 p . p.m. for 

1H and l3C , respectively. 

b Values in parentheses are those previously reported for E. coli K57 capsular 
polysaccharide. 
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Fig. 4.1l. lB_13C shift correlation map of the spectral region f2 1l5-36 p.p.m., 

and fl 5.6-3.3 p.p.m. The 13C projection is displayed along the fl 

axis. The fl axis represents the proton resonances. The correlated 

resonances are labelled a-e. 

The sequence of the residues a - e in the repeating-unit was established by a 

NOESy18~ experiment. The inter- and intra-residue n.O.e. contacts are listed in 

Table 4.5. The a-linked pyranoside residues band c showed characteristic 

intramolecular n.O.es between H-1 and B-l while the ~-linked pyranoside residues 

showed the expected n.O.es from H-1 to H-3 and H-5. Residue b also showed intra-

residue n.O . es between H-3 and H-4, H-4 and H-5. and H-3 and H-5. These contacts 

are further confirmation that residue b has the galacto configuration. Intense 

inter-residue n.O.es between the anomeric protons and the protons across the 
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Fig. 4.13. NOESY contour plot of the region 8 3.3-5.6 for the E. coli K38 

capsular polysaccharide . 

glycosidic linkages were observed for residues a. b. and c while less intense 

n.O . es were observed for d and e (Fig. 4.13). These inter-residue n.O . es establish 

the sequence 

-4)c(1-4)b(1- 2)a(1-4)e(1-3)d(1-

for the repeating-unit of the polysaccharide. An intense inter-residue n . O. e. was 
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also noted between the anomeric protons of residues a and b . A similar n . O. e. was 

reported55 to occur between these residues in the capsular polysaccharide of E. 

coli K57 and has also been observed341-343 for other O:-D- hexopyranose res i dues 

glycosylated at position 2. A further, but less intense, n.O.e . was noted between 

the anomeric proton of a and a proton resonating at S 3,77, which could either be 

H-5 or H-6 and H-6' of residue e. Inspection of a molecular model of the 

repeating - unit of the polysaccharide suggests that the n . O.e. effect from the 

anomeric proton of a is to H-6 and I or H-6' rather than to H-5 of e . This 

unexpected n.O.e. permitted the assignment of the set of 13C/'H resonances at 62.02 

p.p . m./S 3.77 to C-6 and H-6 and H-6 ' of residue e and thus the set at 61.67 

p.p . m. /S 3.81 was assigned to C-6 and H-6 and H-6' of residue d. 

Table 4.5. N. O. e. contacts for the K38 polysaccharide 

Proton N.O.e . contact to 

at 8-1 5.31 (b , H-1) , 4 . 29 (a, H-2) , 4 . 05 (e, H-4) , 
3.77 (e, H-6,H6 ' ) 

b , H-1 4 . 29 (a, H-2), 3 . 94 (b, H- 2) 

b , H-5 4.44 (b, H-4) , 4 . 12 (b, H-3) 

b, H-4 4.12 (b , H-3) 

c, H-1 4 . 44 (b, H-4) , 3 . 92 (c, H-2) 

d, H- 1 3.92 (d, H-3), 3.73 (d , H-5), 3 . 75 (c, H-4) 

e , H-1 3 . 79 (e, H-3), 3.77 (e, H-5), 3.92 (d, H-3) 
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4.3.3. Conclusion 

The combined chemical and n.m.r. data permit the structure of the pentasaccharide 

repeating-unit of E. coli K38 to be written as 

b a • d 

~4)-a-D-ClepNAc-(1~4)~-D-GalpA-(1~2)-B-D-Ribf-(1-4)-B-O-Galp-(1-3)-B-D-GalpNAc-(1-

The above repeating-unit closely resembles that determined55 for the capsular 

polysaccharide of E. coli K57 which is shown below. 

-3)-a-D-GlopNAc-(1.4)-a-D-G.l~-(1-2)-B-D-Ribf-(1.4)-B-D-G.lp-(I. 

Comparison of the n.m.r. data for the two repeating-units reveals that the IH and 

13C chemical shifts for the ~-GalA. B-Rib. and B-Gal residues are almost identical 

(the values in parentheses in Table 4.4 are those previously reported for the K57 

repeating unit). The principal deviations noted are for H-4/C-4 and H-5/C-5 of the 

a-GalA. These deviations are readily accounted for by the different pH conditions 

under which the two sets of n.m.r. data were acquired; the sodium salt of K57 

capsular polysaccharide was used while the acid form of K38 polysaccharide was 

employed. 
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4.3.4. hperimental 

Gimeral Methods 

See section 4.2. G.p.c . of K36 polysaccharide was performed on dextran calibrated 

columns (1.6 x 65 cm) of Sephacryl S500 and Sephacryl S400 HR using 0.1M sodium 

acetate buffer (pH 5.0) as eluent (Fig. 4.6). Semi-preparative g.p.c. was 

performed on a column (2.6 x 65 cm) of Sephacryl S400 HR using the same eluent. 

Alditol acetates were prepared by reduction of aqueous solutions of hydrolysates 

with sodium borohydride followed by acetylation with 1:1 acetic anhydride:pyridine 

at 100° for 1 h. Samples were methanolysed by treatment with refluxing methanolic 

3% hydrogen chloride for 16 h. Native and methylated polysaccharides were 

carboxyl-reduced with NaBH4 in dry methanol after methanolysis. Methylations were 

carried out on the acid form of the polysaccharide, using potassium dimsyll24 and 

methyl iodide in dimethylsulphoxide. 

Preparation of the K38 polysaccharide 

An authentic culture of E. coli 09:K36 was obtained from Dr. I. 0rskov 

(Copenhagen), and the bacteria were grown on Mueller-Hinton agar. The capsular 

polysaccharide was separated from the cells by Ultracentrifugation and isolated by 

precipitation with cetyltrimethylammonium bromide. One batch of 12 trays produced 

1130 mg of material. This isolate was further purified by dissolving it in 100 mL 

0.06M Na2HP04/KH2P04 buffer (pH 7.06) and incubating the solution with 0.1 mg each 

of RNASE and DNASE for 20 min at 37°. Enzymes were deactivated by heating the 

solution to 60° and holding it there for 10 min. The polysaccharide was recovered 

by lyophilisation after ultracentrifugation (25k r.p.m., 30 min) and dialysis (12 

000 - 14 000 Mw cut-off). Samples for n.m.r. studies were subjected to preparative 

g.p.c. on Sephacryl S400 HR as described in section 4.2. O-Deacetylation of the 

polysaccharide was effected by heating the polysaccharide for 2 h at 40° in O.lM 

sodium hydroxide. The O-deacetylated polysaccharide was purified by dialysis and 
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recovered by freeze-drying . 

N.m.r. spectroscopy 

All two- dimensional experiments were carried out at 33°. A COSY182 experiment was 

performed using a spectral width of 2024 Hz. A data matrix of 256 x 1024 data 

points was collected for 32 scans per t1 value . The initial matrix was zero-filled 

to 512 data points in the t1 dimension and was transformed in both domains with a 

non-shifted sine-bell window function and symmetrised . Digital resolution in the 

f1 domain was 3 . 95 Hz per point. One-step and two-step relay COSY183 and NOESy184 

experiments were carried out using a spectral width of 2500 Hz; initial data 

matrices of 512 x 2048 data points were zero-filled to 1024 x 2048 data points to 

provide digital resolution of 2.44 Hz per point in the f1 domain. Fourier 

transformation was as for the COSY experiment . Relaxation delays of 1.1 - 1 . 2 s 

were used . For the relay COSY experiments. fixed delays of 0.036 s were used. The 

mixing delay in the NOESY experiment was 0 . 3 s. 

A 13C_1H shift-correlated (HETCOR)185 experiment was recorded using a spectral width 

in f2 of 13.513 Hz (108.1 p.p.m.) and 1440 (2.88 p.p .m) in fl' The initial matrix 

of 256 x 2048 was zero filled to 512 x 2048 data points and processed with Gaussian 

functions. Digital resolution in f2 was 13.2 Hz per point and in f1 5.6 Hz per 

point . A recycle delay of 1.5 s was employed and 1600 scans per f. i. d were 

collected. 
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PAlLTUL AND SBLBCTIVB llBDUCTIVB CLEAVAGB STtJDIBS (Ref8J.C) OP THE 8. 

COLI 137 AND X38 CAPSULAR POLYSACCHARIDBS 

The structural analysis of polysaccharides is simplified when an overlapping ' 

series of oligo saccharides is generated by partial depolymerisation thereof. 

Ideally, the fragmentation reaction should proceed with sufficient selectivity 

to produce oligosaccharide. in high yield. Reductive cleavage has been discussed 

in section 2 .4.2.(iii), and although this reaction was developed as an 

slternative to standard methylation analysis, it has been shown that by judicious 

choice of reaction conditions partial depolymerization of permethylated 

polysaccharides can be achieved. Characterization of the resulting 

oligosaccharides by chemical and/or spectroscopic analyses can provide the 

complete ring-form, linkage and sequence information. 

Jun and Gray275, conducting a reductive cleavage study on inulin which contains 

a large proportion of furanosyl residues, found that Me3SiOSOZMe catalyzes the 

reductive cleavage of D-fructofuranosyl residues while the D-glucopyranosyl 

residues remained unaffected. Stanleyn5, prompted by the findings of Jun and 

Gray275 above, effected the selective reductive cleavage (SRC) of the ribofuranose 

containing permethylated E. coli K57 capsular polysaccharide. The anhydroribitol 

terminated tri- and tetra-saccharides thus produced were characterised by n.m.r. 

spectroscopy and La. b. -m. s. Polysaccharides with glycosidic linkages of similar 

susceptibility to reductive cleavage can be subjected to partial reductive 

cleavage (PRC). This was demonstrated by Reinhold et a1. 284 who produced an 

overlapping series of oligomers by PRC of permethylated B-cyclodextrinwhichwere 

analysed by direct c.i.-m.s. 

The advantages of SRC and PRC are that carboxy-methyl and O-methyl groups are 

left intact, the ring size and most of the stereochemistry of the cleaved unit 

is retained, and the lack of an anomeric hydroxyl means that there are no 
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anomeric complications to affect n.m.r. spectra and g.l.c. separations. 

Therefore, to determine the prospects of applying the technique in the structural 

analysis of the bacterial polysaccharides in general. E. coli K37 and K38 

capsular polysaccharides, having repeating-units of significantly different 

composition, were chosen as model polymers. 

5.1. PAIlTIAL UDtTCTIVB CLEAVAGB (PIlC) OF '1'BB PBIIMB'l'HYLATBD 8. COLI Jt37 

POLYSACCBAII.IDB 

5.1.1. Introduction 

The capsular polysaccharide of E. coli 09:K37 (A84a) was previously found to be 

composed of the following trisaccharide repeating-units 17 : 

~3)-B-D-Glcp-(1~3)-B-D-Galp-(1~ 

4 

1 
4.6-pyr-B-D-Galp 

The findings of Zeller and Gray283 suggest that the glycosidic linkage of a 

pyruvylated sugar is relatively resistant to reductive cleavage in the presence 

of BFl • Et20 or TMSOTf. Therefore, under the appropriate reaction conditions, 

pyruvylated Galp residues in the permethylated K37 polysaccharide may result in 

the SRC thereof. 

Permethylated (pm) K37 polysaccharide was subjected to reductive cleavage under 

various reaction conditions (see experimental section 5.1.4). The products were 

isolated by g.p.c. (Sephadex LH20) and were characterized by g.l.c.-m.s. 

operating in both e.i. and c. 1. modes. The results, however. demonstrate 

negligible selectivity with a large variety of fragments being produced under 

partial reductive cleavage conditions. 
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5.1.2. Results and discussion 

Native E. coli K37 polysaccharide isolated and purified by Anderson et al . 17 as 

described in section 4.1. was methylated by the Hakomori procedure as modified 

by Phillips and Fraserl24. 

Reductive cleavage experiments 

Dry samples of permethylated K37 polysaccharide dissolved in 

dichloromethane were treated with triethylsilane (Et3SiH) and catalyst (TMSOTf or 

BF3. Et20) for varying lengths of time (see experimental section 5.1. 4) . The 

reactions were quenched with acetic anhydride, which acetylated the free hydroxyl 

groups generated during the reductive cleavage reaction . 

(i) A sample of permethylated K37 polysaccharide was subjected to complete 

reductive cleavage (Method 1) using BF3 • Et20 as catalyst. The products were 

isolated by g.p.c. on Sephadex LH20 and analyzed by g.l.c.-m.s., spectra recorded 

both in the e.i. and c.i . mode. As expected, there were three major products 

(Table 5.1, column I) which were identified as 3- 0-acetyl-l,5-anhydro-2,4,6-tri­

O-methyl-D-glucitol(1),3,4-di-O-acetyl-l,5-anhydro-2,6-di-O-methyl-D-galectitol 

(2), · and l,5-anhydro- 4,6-0-[(S)-1-methoxycarbonylethylideneJ - 2,3-di-O-methyl-D­

gelactitol (3) , from their respective e.i.- and c . i.-mass spectra (Fig. 5.1). 

The e. 1. -m. s. data were consistent with those reported in the literature278 ,284 . 

Although compounds 2 and 3 have the same molecular weights of 256 (MtlB, m/z 

294), they ere distinguished by the characteristic base peak at m/z 217 (Fig. 

5. 2) in the e.i . -m.s. of compound 3. 
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Fig. 5.1. C. i.- and e.i.-mass spectra of compounds 1. 2 and 3 generated by 

complete reductive cleavage of the permethylated E. coil K37 capsular 

polysaccharide. 
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These results are in agreement with the published data17 and confirm the linkage 

positions and ring forms assigned to the constituent monosaccharides. 

"-fr--o 
OCR, . 

Hi - m/z 276 m/z 217 

Fig . 5 . 2. Characteristic fragmentation of compound 3 producing the intense ion 

at m/z 217 (Fig.5.1). 

(ii) TMSOTf as catalyst.- Four reactions were carried out at room temperature 

for 5, 10, 15 and 20 min, respectively. The products of each reaction were 

separated by g.p.c. (Sephadex LH20, methanol) and the gel chromatograms from each 

reaction were found to be identical despite the different reaction times 

employed. Two fractions [(ii)A and (ii)B, Fig. 5.3) were isolated and analyzed 

by g.l.c.-.m.s. as above. Fraction (ii)B was identified as a mixture of 

monosaccharide anhydroalditols (1,2 and 3) and their l-O-acetyl analogues in the 

molar ratios shown in Table 5.1, column (II). Similarly, fraction (ii)A was 

shown to be a mixture of disaccharide anhydroalditols and their l-O-acetyl 

analogues. G.l.c.-c.i.m. s. showed that these compounds originated from the two 

in-chain sugars ~3)-B-D-Glcp-(1~3)-~-D-(1~4)-Galp-(1~) having molecular weights 
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of 480 and 538 (M+18 - m/z 498 and 556) respectively. Fig 5.4 shows the e.i.-

and c.i.-m.s. of the major compound in the total ion chromatogram of fraction 

(ii)A. and identifies it as 3-0- (3-0-acetyl-2. 3. 6-tri-O-methyl-B-D-glucopyranosyl-

)4-0-acetyl-1.5-anhydro-2.6-di-O-methyl-D-galactitol (7) from the A-type 

fragmentation. These results suggest that in this system the terminal 

pyruvylated galactose residue is the most susceptible to reductive cleavage with 

the glucose residue being the most stable. 

70 
(ii)B 

60 

50 

" " c 40 C> 

'" " " .. 30 - r .,: 
20 

10 / \ 0 /' , 
0 10 20 30 40 50 

Elution volume (mL) 

Fig. 5 . 3 . Sephadex LH20 gel permeation profile of the products of reaction 

(ii) . 



131 

233 
217 

0 

24t., 
263 

\ 
\ 

f.~~O 101 

5000 

~000 
71 
I 

• u 
< • 3000 ~ 
< , 
~ co 

2999 
157 
I la7 

I 
291 363 

/ "'" 
100 200 

Hiou/Char e 
c." • 

I<:P5RC~1.1 '1.2 A 

." .bu .. d . . " .bunt!. . " .bund . ." .bund . 

0;). 00 '" 91. 0'5 ., 124.80 1271 182.95 10' 
~'!". DO '" ".U '" 126.00 '" 186.90 .., 
'i6.IIO 1'!" ",''5 ." 127.00 ''''J) 187.~O ,., 
~6 . QQ '09 '4.90 ", 121.00 197 1ge,'0 H. 
'!'7.n '''0 .'.90 m 129 . 00 1204 202.90 m 
->9.0!' '" 9'.00 '" 130,00 ,., 214.90 " 68. (J(I l~O 98 . 00 ". UO . 9O .., 217.00 ." 
68.90 149'5 98 . 0 0 1061 1'2.8'5 77 216 . 00 m 
78. 00 170 100. DO ." 1)8." '" 218 . 90 97 
7 1 . 00 ",,, 101.00 6'5" leO.90 ". 2)0.90 07. 

n . (lo ", 1112.00 '" 142.90 '" nl.80 19. 
n. '5 '" t02." ." 1"4.90 m 232.90 '" n." 2'520 t09.0'5 m ,4,.8'1 '" 204'.(10 m 
' 4 .90; 26'H 110.00 " 1'5 2.n ... 248.90 ." 
7'9 . 0'5 '" 110 . 90 1'.>9, 10;'1;.90 '" 2'2 . n '" 
80.90 '" 111. 90 207 1'5'5.90 7" 262.80 ", 
et.1l0 '" 112 .9 0 8" 1'56.90 1266 27.i1.80 '" 8) . 00 '66 1)) . 90 , .. 1'58.00 m 276.BO m 
tl4. Oil 71' 11 '5, ao 710 1'59.00 '" 29(1. 90 m 
9'LOO '" 116.00 '54'51 161.00 m '0] . 00 '" 
8 7. 00 1142 116 . 90 '" 1".00 '" )1 • • " " e,.~'j ... UB.n n 174.00 .. :no. ,'5 102 
eEl. 0'; ton 124.00; " 180.8'5 .. )62 .70 108 

Sc ltl ~<3 (23 . 829 "' n) of OATA'LHCIRC~.D 

1500 /1 
.99 

• u 100a 20 < • / ~ "0 c ~00 , 310 "-II! I 
0 

100 2Q0 J0Q .00 
t1ul/ChH • 

Fig . 5.4. C.i.- and e . i . -ma s s spectra of the major component of (ii)A 

(compound 7) (Fig. 5.3) 



132 

Table 5.1. 

Molar ratios 
Sugar re siduea Tb 

Ie II III IV 

1 1.00 1.00 0.43 0.04 0.15 

2 1.09 0.70 0.75 0.03 0.07 

3 1.20 0.91 1.00 0.27 1.00 

4 1. 28 - 0.35 0.12 -

5 1.38 - 0.34 0.07 -

6 1.51 - 0.39 1.00 -

• Sugar residues labelled 1-6 with-

1: 3-0-acetyl-1.5-anhydro-2.4.6-tri-O-methyl-o-glucitol 

2: 3. 4-di-O-acetyl-1.5-anhydro-2.6-di-O-methyl-o-galactito1 

" 1.5-anhydro-4.6-0-[(S)-1-methoxycarbonylethylidenej-2.3-di-O-methyl-o-

galactitol 

4: 1.3-di-O-acetyl-2.4.6-tri-O-methyl-o-glucose 

3 , 1.3.4-trio-O-acetyl-2.6-di-O-methyl-o-galactose 

6, 1-0-acetyl-4.6-0-[(S)-1-methoxycarbonylethylidenej-2.3-di-O-methyl-o-

galactose 

b Retention times relative to that of residue 1 

e Molar ratios of monosaccharide products: 

I. reaction (i) - complete reductive cleavage of permethylated E. coli K37 

polysaccharide (Method 1); 

II. reaction (ii) - PRC of permethylated E. coli K35 polysaccharide using 

TMSOTf as catalyst (Method 1); 

III. reaction (iii) - PRC of permethylated E. coli K35 polysaccharide using 

BF).Et20 as catalyst (Method 1); 
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IV, reaction (iv) - PRe of permethylated E. coli K35 polysaccharide using 

BF3 .EtzO as catalyst (Method 2). 

(iii) BF3 .Et20 as catalyst.- A reaction was carried out at _13 0 (ice/acetone) for 

5 min (method 1) and the products were worked up as described above. Two 

fractions were isolated by g.p.c. [(iii)A and (iii)!. Fig 5.5] and were analyzed 

by g.l.c. and g . l.c.- .m.s. Fraction (iii)B was shown to be a mixture of 

compounds 1-6 (Table 5.1, column III). Fraction (iii)Awas found to be a mixture 

of disaccharides as for (iilA. Both fractions, however, are dominated by the 1-

O-acetyl analogues of the anticipated anhydroalditols . The major components of 

(iiil! are compounds 3 and 6 (Table 5 .1), while the major component of (iiilA is 

the 1-0-acetyl analog (Fig. 5.6) of compound 7 (Fig. 5.4). Using BF3 . EtzO as 

catalyst a significantly larger proportion of the terminal pyruvylated galactose 

residue was cleaved than the in-chain sugar residues. indi'cating a greater degree 

of selectivity than with TMSOTf. 

100 

80 
(iii)A 

., 
" 60 = (HilB 0 

"" f\ " ., ... 
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20 \ / 
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Fig. 5.5. Sephadex LH20 gel permeation profile of the products of reaction 

(iii) . 
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The large amounts of l-O-acetyl derivatives that were generated in reactions (11) 

and (111) above suggest that the reaction was not quenched on addition of acetic 

anhydride. Further proof of this ~as the fact that the g.p.c. profiles in (11) 

above were identical despite the different reaction times employed. It would 

appear that both TMSOTf and BF3.Et20 catalysed acetolysis of the polymer occurred 

when the reaction mixtures were heated in the presence of acetic anhydride. This 

prompted a modification of method 1 described above. 

Fig. 5.6. 

000 M+18 - m/z 556 

6.0E" 

S.0E" 
~ ... 0[<1 

~3.0[" 
~ 

;2.0[04 

282 - +H+NH4 
Stl" 637 (27.327 JIl in ) o{ [lATR:LWCIRCG. D 

TIC 01 DATR:LHCIRC6 . D 

&10000l-__ ~~~---~~--~~~~~/ 
0J ____________ ~------~------~ , 

2' 2. 29 30 
TI tnt {II'II n. ) 

, ,~ ' .... ""'" 0 Ufo' ;\.. .. ""'C.u 
K'7-SPC '2.0A S. P~ , ..... O. 85TorrHH4"S . Te"'P.l"'''''O.V .,. ebu"d. >', .bund. .,. ebund. .,. 

82.9' ." 121.9'; '" 16 • • ''5 ,. ,,,.,, 
8' ." 1n9 In.9' '80 171. 00 .. '.".10 
84.00 ." 1'24.'5 m tn.ao ." 2.'. O~ 
86.00 " . 126. 05 m 17).10 '" 'l50 . n 
8::>.00 ,,, 126.90 '" 17 •. JQ 218 25'.25 

87.90 '" 128. 00 m 1"'.10 lIS 262.10 
90.90 '" 12'.00 "2 176. to 107 26' .• ' 
91. 1 0 '" 1)0 . 00 ,,, 17?0'): " 26 •• (15 

''''.0'5 61 lH.OO ,. 179 . JS .. 266 . 1' 
9).9'5 '" 1)2.00 " 181 . 0'5 " 27";.lG 

'4. ''5 '" 1". )0 .. 18'5.)0 " 278.1'5 
96.0'5 '" In.n '7' 116.0(1 77 'leo . }'} 
o~. 8'5 '" 1)'5 . 9'J '" 187.00 m 282 .1'J 
98. ~'5 "7 U8.'" " 188.00 " 292.n 

1 00 .00 '" 140.0'5 ,,, 18' .10 ". "8.10 

1 Oil . 90 ." 14'. 00 '" 190 . 00 '" ~oe. (10; 

] Ill. 00 ,.. 144 .10 '" 192 . 0'5 .. ,to . O'!' 
104. '50 " 146.00 '61 204.00 ,,.. J 11. 25 
100;. ''5 .. 148.00 122 206.1'5 '" ""n 109.00;; " 10;1.0'5 .. 21'5 . 10 .2 ." ,n 

. bund . 

" II) 
II) 

62 
70 

" " 117 

'" 12. 

" '7' "8 7. ,. 
'" "2 

" 27 

'" 

C.i.-mass spectrum of the major component (l-D-acetyl derivative of 

compound 7) of fraction (i1i)A (Fig. 5.5). 
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Method 2: The reagents were mixed prior to being added to the dried methylated 

sample of permethylated K37 polysaccharide. Triethylsilane (20 ~L) and BF3 .Et20 

(20 ~L) were brought into solution with CH2C1 2 (360 ~L) in a dried, silanized 

reactivial. One hundred microlitres of this reaction mixture was added to 

samples of permethylated K37 (_5 mg). Reactions were carried out at various 

temperatures for various lengths of time. The reactions were quenched with 

methanol (500 ~L) and the products deionized with Amberlite MB-1 mixed ion-

exchange resin. The products were separated by g . p. c. as before and were 

recovered by evaporation of the methanol under-diminished pressure. The products 

were acetylated in 1:1 acetic anhydridelpyridine (lOO·, lh) prior to g.l.c.-m.s. 

(iv) Reactions were carried out at -13· for 1, 2 and 5 min; O· for 5 min; and 

22° for 5 and 20 min. Only polymeric material was recovered from all the above 

reactions, indicating that no significant cleavage had taken place. These 

results confirm that, under the conditions employed in reactions (ii) and (iii) 

above, the acetic anhydride did not quench the reactions and the polymer 

underwent further degradation. 

Method ,. 

(200 ~L). 

A sample of permethylated K37 polysaccharide was dissolved in CH2C12 

Triethylsilane (20 ~L) and BF3.Et20 (20 ~L) were sequentially added to 

the solution . The reactions were allowed to proceed at room temperature and were 

quenched with methanol and worked up as described in method 2 above . 

(v) Reactions were carried out for 20 min and 1h at room temperature. The gel 

permeation profiles of the products of these reactions (Fig . 5.7) show peaks 

corresponding to monosaccharide- and disaccharide-anhydroalditols, higher 

oligomers and polymer . This broad distribution of products was isolated and 

labelled {v)A and {v)B (Fig. 5.7). 
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Fig . 5 . 7 . Sephadex LH20 gel permeation profile of the products of reaction (v) 

Fraction (v)Awas acetylated and analyzed by g . l.c . and g . l . c.-m. s. It was found 

to be a mixture of derivatives 1 - 3 (Table 5.1, column IV) and disaccharide 

anhydroalditols. The major disaccharide anhydroalditol was identified as 

compound 7 from the A, Rand T175 type fragments in the c.i.-m.s. (Fig. 5.4). 

Fraction (v)B, which corresponded to higher oligomeric and polymeric material, 

was hydrolysed, reduced, acetylated, and the derived p.m.a .a's. were analyzed by ' 

g . l.c . (Table 5.2, column II). The large amount of compound 3 in fraction (v)B 

(Table 5.1, column IV), and the small amount of 2,3-Gal produced on hydrolysis 

of fraction (v)A (Table 5.2, column II) is further confirms tion that the 

pyruvylated galactose is readily cleaved. 
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Table 5.2." 

Molar ratio" 
Sugar derivativeb 

I II 

2,4,6-Glc 0.93 0.81 

2,6-Gal 1.00 1.00 

2,3-Gal 0.78 0.40 

"G . l.c.-ana1ysis, on column DB-225 (J & W fused-silica bonded-phase capillary, 

0.25 ~ film thickness, 30 m x 0.25 mm) isothermal at 220°. 

b 2,4,6-Glc = l,3,5-tri-O-acetyl-2,3,6-tri - O-methyl-o-glucitol, etc. 

" Molar ratios: I, methylated native polysaccharide 

5.1.3 . 

II, methylated, polymeric and oligomeric products of PRC 

[reaction (v) 1 

Conclusion 

The study has shown that oligosaccharide-anhydroalditols were readily generated 

by PRC of the permethylated E. coli K37 polysaccharide in the presence of both 

BF3 .Et20 and TMSOTf as catalyst. Therefore, employing more efficient 

chromatographic procedures than g.p.c. (e . g. preparative h . p.l.c.) one could 

isolate milligram quantities of these oligosaccharides, which could subsequently 

be characterised by n .m. r . spectroscopy as well as m. s. Furthermore, the 

glycosidic linkage of the terminal residue was shown to be more susceptible to 

reductive cleavage than those of the in-chain residues . This was more pronounced 

in the presence of BF3 .Et20 than with TMSOTf, suggesting that BF3 .Et20 catalysed 

reductive cleavage was more selective than TMSOTf catalysed reductive cleavage. 

The procedure is simplified considerably when the reductive cleavage is selective 

in nature resulting in one or two oligosaccharide products only (see section 5 . 2) . 
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5.1.4. Experimental 

General methods.- The E. coil K37 capsular polysaccharide used for the reductive 

cleavage study was previously isolated and characterised in this laboratory'7. 

Samples of the polysaccharide (~5 mg) were dissolved in water (~20 mL), and 

ultracentrifuged (25k r.p .m., lh) . The clear supernatant was passed through a 

column of Amberlite IR 120 (H+) cation exchange resin and the polysaccharide, in 

the free acid form, was recovered by freeze-drying . This polymer was dried in 

vacuo (~600) overnight, then dissolved in 1:1 l,l,3 , 3-tetramethylurea: 

dimethylsulphoxide 153 (5 mL) and methylated as described in section 4 . 2 . A sample 

of permethylated K37 polysaccharide (~2 mg) was hydrolyzed (4M TFA, 125°, lh), 

the hydrolyzate was converted to the p.m.a . a . derivatives, as described in 

section 4 . 2 . , and these were analyzed by g.1.c. and g . 1.c.-m. s . giving the 

results in Table 5 . 2 , column I . A J & W Scientific fused-silica DB-225 bonded­

phase capillary column (30 m x 0. 25 mm) having a film thickness of 0.25 ~ was 

used for separating p.m.a .a's . isothermally at 220° . 

Reductive cleavage reaction . - The reducing agent triethylsilane (Et3SiH), and 

catalysts trimethylsilyltrifluoromethanesulphonate (TMSOTf) and boron trifluoride 

etherate (BF3.EtzO), were purchased from MerckR , FlukeR and AldrichR, respectively . 

All reagents were stored over calcium hydride . All reactions were carried out 

in 2 mL reactivials which were previously silylated with AquasUR solution . 

Samples of permethylated polymer (~5 mg) were transferred to these reactivials, 

containing teflon coated stirrer bars , and dried for ~16h at 60° in vacuo. The 

reactivi als were then stoppered with serum caps and the air was expelled with dry 

Nz· 

Method 11 Dichloromethane (200~L), stored over CaHz, triethylsilane (10 ~L) and 

TMSOTf or BF3 . EtzO (10 ~L) were sequentially added via dry syringes to samples of 

dry permethylated polymer (5 mg). The reactions were stirred for timed intervals 
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(section 4.1 . 2), acetic anhydride (50 ~L) was then added and the reactions were 

heated at 40 0 for 10 min. The reactions were quenched by the addition of 

saturated aqueous NaHCO, (0.5 mL) and were stirred for 1h at room temperature. 

The product was extracted from the biphasic reaction mixture with of CH2C1 2 (3 

mL), which was washed with water (2 x 3 mL), dried over anhydrous Na2S04 and 

concentrated to dryness. The product was then subjected to g.p.c . as described 

below. 

Method 2. A dry, silanized 5 mL reactivial, containing a teflon coated stirrer 

bar, was stoppered with a serum cap and the air expelled with N2• CH2Cl2 (360 

~L), triethylsilane (20 ~L) and BF,.Et20 (20 ~L), were sequentially added to the 

reactivial and brought into solution at _13 0 (ice/acetone) with stirring. 

Samples were treated with 100 ~L of this stock solution for varying lengths of 

time, at various temperatures (see section 5.1 . 2). The reactions were quenched 

by adding methanol (0 . 5 mL), and the mixture was deionized by adding Amberlite 

MB-1 resin (N1.0 mL). The resin was removed by filtration and was washed with 

methanol (N3 mL) . The filtrate was collected in a 25 mL round-bottom flask and 

the reaction products were concentrated to dryness, then subjected to g . p.c . 

Method 3. Samples were dissolved in CH2Cl2 (200 ~L), then triethylsilane and 

BF3 .Et20 (20 ~L) were sequentially added. The reactions were allowed to proceed 

for 20 min and 1h at room temperature, followed by the work-up procedure 

described in method 2 above. The fractions isolated by g . p.c. were acetylated 

in 1:1 pyridine/acetic anhydride, as described in section 4 . 2, prior to g.l.c . 

analysis. 

Gel permeation chromatography.- Reaction products were dissolved in methanol (0 . 5 

mL), applied to a column of Sephadex LH 20 (1 cm x 45 cm) and eluted with 

methanol at a flow rate of 9 mL/h. The methanol reservoir was periodically 

sparged with helium to remove dissolved air. Fractions (1 mL) were collected. 
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The column effluent was monitored by a Waters model R401 differential 

refractometer coupled to a flat-bed recorder . 

G.l.c. and g.l.c.-m.s.- A Hewlett-Packard fused-silica HP-1 bonded-phase 

capillary column (12 m x 0 . 5 mm) having a film thickness of 0.65 ~, was used to 

separate the products of reductive cleavage . The oven was maintained at 75° for 

2 min, then programmed to heat at 2°.min-1 to 250°. G.l.c.-m. s. was carried out 

on a Hewlett-Packard 5988A g . l.c.-mass spectrometer using the same column and 

temperature programme. E.i.-m.s. was carried out with an ionization energy of 

70 eV and an ion source temperature of 200°. C. i . -m. s. was carried out at 50 eV 

in the positive ion mode, using ammonia as the reagent gas at a source pressure 

of 0 . 7 torr , and a source temperature of 175°. 
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5.2. S!LICTIVE UDUCTIVE CLEAVAGE (SaC) OF THE PEllMETllYLATED Jr. COLI 1t38 

POLYSACCHARIDE 

5.2.1. Introduction 

The primary structure of the K-antigen isolated from E. coli 09.K38 (A262a) was 

established by glycose analysis, methylation analysis and n.m.r. spectroscopy 

(see section 4.3). The polysaccharide was found to have the following linear 

penta saccharide rep~ating-unit. 

_4)B-D-Galp-11_3)_B_D-GalpNAc_11_4)-m_D-GlepNAc_11_4)-m_D_CaLA_11_2)_B-D-Rlbf-I!-

This structure is closely related to the linear tetrasaccharide repeating-unit 

of the E. coli KS7 capsular polysaccharide55 • 

Working in this laboratory, Stanley was able to effect the SRC of the 

permethylated KS7 polysaccharide to produce the following methylated 

anhydroribitol te~nated tetra- and tri-saccharides. 

(B-D-Galp-I!-3)-a-D-GlepNAc-11-4)-a-D-GAlpA-I!-Z)-aohydrorlbltoll Ipar-o-..tb1latod) 
4 
I 
OK 

+ 

(~D-ClcpMAe-(1~4)~-D-C.lpA-(1~2)-.nhydroribicolJ (p.r-~ .. th7lat.d) 
3 
I 
OK 

These oligosaccharide anhydroalditols were produced in high yield, primarily due 

to the presence of the ribofuranosyl residue, which is highly susceptible to 

reductive cleavage275 • Furthermore, o:-amino sugar linkages are completely 

resistant to reductive cleavage281 Therefore, the O:-D-GlcpNAc residue in the KS7 

polysaccharide would have contributed substantially to the selectivity of the 
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above reaction. 

Similar selectivity was encountered in the reductive cleavage of the K38 

polysaccharide which also has the B-D-Ribf and a:-D-GlcpNAc residues in its 

repeating-unit. The polysaccharide ~erved as a good model of SRC from which high 

yields of oligosaccharide anhydroalditols were obtained. This is in contrast to 

PRC of the K37 polysaccharide (section 5.1), where little selectivity was 

encountered, resulting in a large mixture of products. We now report on SRC of 

the permethylated K38 polysaccharide and characterization of the resulting 

oligosaccharide anhydroalditols by mass spectrometry. 

5.2.2. Results and discussion 

E. coli K3B polysaccharide, which had previously been isolated and purified 

(section 4.3), was methylated by the modified Bakomori method124 discussed in 

section 4.1. Samples of permethylated K3B (~5 mg) were dissolved in CHzClz 

(250 ~L), then Et3SiH (10 ~L) and catalyst (10 ~L) were sequentially added. The 

reactions were allowed to proceed for timed intervals, at room temperature, and 

were then quenched with methanol (0.5 mL) . The reaction mixtures were deionized 

with ~ Amberlite MB-1 resin and the reaction products were recovered by 

concentrating them to dryness. 

(i) THSOTf as catalyst.- Five reactions were carried out for 10, 15, 20, 30 and 

60 min respectively. The products were subjected to g.p.c. (Sephadex LH20, 

methanol) and gave the profiles shown in Fig. 5.B. Three low molecular weight 

fractions, labelled A, Band C (Fig. 5.B), were isolated by g.p.c. and Band C 

were acetylated with 1:1 pyridine/acetic anhydride (100°, lh). Fraction C was 

analyzed by g.1. c. -m. s. and was found to be a mixture of two monosaccharide 

derivatives (Cl and C2). The compound with the shorter g.l.c. retention time 

(Cl) produced the e.i.- and c . i.-mass spectra shown in Fig . 5 . 9. 
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Fig, 5 . 9. E.i- and c.i.-mass spectra of compound C1 of Fraction C Fig. 5.B 

Compound C1 was identified as 4-0-acetyl-1,5-anhydro-2 , 3,6-tri-O-methyl-D_ 
.~ 

galactitol from the e.i.-mass spectrum by comparison with reference spectraZ". 

The c.i.-mass spectrum is consistent with the above assignment showing a peak for 

the ammonium adduct ion (M+1B) at m/z 266 and a pseudomolecular ion (M+1) at m/z 

249. 
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Bennek et al. 281 have shown that methyl 2- (acetylmethylamino) -2-deoxy-3, 4, 6-tri-0-

methyl-B-D-glucopyranoside is converted to (1,2-dideoxy-3,4,6-tri-0-methyl-a-D-

glucopyrano)-2,3-dimethyl-[2,1-d]-2-oxazolinium trifluoromethanesulphonate when 

treated with Et,SiH in the presence of TMSOTf as catalyst. Subsequent quenching 

of the reaction with saturated aqueous NaHCO, resulted in hydrolysis of this 

oxazolinium salt to form 2-(acetylmethylamino)-2-deoxy-3,4,6-tri-0-methyl-D_ 

glucopyranose. Therefore, compound C2 was similarly derived from the B-D-GalNAc 

residue in the permethylated K38 polysaccharide as follows: 

c 
01

3 

.... 
at, 

001, .... 1------

CFlSOj .M_ 
at, 

1 Hethaool 

Fig. 5.10. C2: methyl 3-0-acetyl-2-(acetylmethylamino)-2-deoxy-4,6-di-O-methyl-

D-galactopyranoside 

This assignment is consistent with the results of c.i.-m.s. (Fig. 5.11) producing 

a pseudomolecular ion (M+l) at m/z 320. The intense ion at m/z 288 is attributed 

to the stable oxazolinium ion that forms via the facile displacement of the 1-0-

methyl group281: 
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Fig. 5.11. C.i.-mass spectrum of compound C2 

Fraction B was analyzed by c. i. -m. s. and produced the spectrum shown in Fig . 

5 .12. The intense M+l and M+18 ions at m/z 668 and 685, respectively, indicate 

that the major component of fraction B is the trisaccharide anhydroalditol : 

a-D-GlcpNAc-(1-4)-a-D-Glcpa-(1-2)-anhydroribitol (per-O-methylated) 
4 
t 
OAc 

M+1, m/z 668 

This is further substantiated by the fragment ions at m/z 180, 288, and 506 as 

indicated in Fig. 5 . 12 . 
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Fig. 5.12. C.i.-mass spectrum of compound B (fraction B Fig. 5.8) 
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Fraction A, which was not acetylated, was analyzed by c.i.-m.s. (Fig. 5.13) and 

f . a.b.-m.s. (Fig. 5.14) and the major component was found to be the 

anhydroribitol terminated penta saccharide anhydroalditol (compound 

representative of the repeating-unit of the K38 polysaccharide, 

8_D_C.lp-(1_3)_B_D_GalpNAe_(1_~)~_D_GlepNAc_(1_4)~_D_G.lpA_(1-2)-anhydroribitol 

" (per-o-meuylatect) 
r 
OB 

M+l, .. I, 1075 

+H+H - 871 +H+H - 626 +H - 380 

kf 01
2
001

3 COOCR, 

2.0E4 

v 
u 1. 5E4 
( 

'" "U 
( 

~10000 
a: 

50 

001
3 

246 

200 
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c ... OCR
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Fig. 5 . 13. C.i.-mass spectrum of compound A (fraction A Fig. 5.8) 

A) 

• 
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F.a.b.-m.s . (Fig . 5.14) shows strong (M+Na) at m/z 1097, the (M+1) at m/z 1075, 

(M-l) at m/z 1073, and A-type fragment ions at m/z 450 [HO-Hex-HexNAcJ+ and m/z 

695 [HO-Hex-HexNAc-HexNAc J+, confirm that fraction A consists largely of the 

anhydroribitol terminated pentasaccharide . 

HO-Hex-HexNAc - HexNAc-HexA-anhydroribitol per-O-methylated 

663 

1073 

Fig.5.14. F. B.b.-m.s. of compound A 
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(ii) BFJ.EtzO as catalyst.- Two reactions were carried out at room temperature 

for 30 and 60 min respectively. The products from these reactions are depicted 

in the gel permeation profiles in Fig •. 5.15. The reaction products were found 

to be identical to those produced in (i) above. A comparison of the g.p.c. 

profiles in Fig. 5.9 and Fig. 5.15, shows that the BF3.Et20 catalysed reactions 

proceed at a slower rate than the TMSOTf catalysed reactions. Hence we find a 

greater proportion of fraction A (pentasaccharide) after Ih in the presence of 

BF3 . Et20, than after Ih in the presence of TMSOTf (Fig. 5.15). 
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Fig. 5.15. Sephadex LH20 gel permeation profiles of the products of the BF3 . Et20 

ca tlaysed SRC of the permethyla ted E. coli K38 capsular 

polysaccharide 
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5.2 . 3. Conclusion 

Selective reductive cleavage of permethylated E. coli K38 polysaccharide was 

readily effected in the presence of both TMSOTf and BF3 .Et20 as catalyst. The. 

pentasaccharide anhydroalditol (A). trisaccharide anhydroalditol (B) and two 

monosaccharide derivatives (C) generated were readily isolated by g. p. c. and 

subjected to m. s. C.i . -m.s. of the penta saccharide derivative produced spectra 

with high mass fragments of low intensity. This was attributed to pyrolytic 

decomposition at the high temperatures required to volatilize the sample . 

F.a.b.-m. s .• however. produced spectra with pseudomolecular ions and structurally 

diagnostic A-type fragments of high-intensity. The glycosidic linkages of the 

B-Galp and B-GlcpNAc residues are similarly susceptible to cleavage under 

reductive cleavage conditions. irrespective of catalyst. because no significant 

amounts of HO-Hex-HexNAc-O-Me or HO-HexNAc-HexNAc-HexA-anhydroribitol were 

detected . The B-Ribf was therefore the most labile residue followed by the 13-

Galp and B-GalpNAc residues. which were equally susceptible to cleavage. under 

the reaction conditions employed in the above study. 

The results of c.L and f.a.b.-m . s. confirm that the E. coli K38 capsular 

polysaccharide is made up of linear pentasaccharide repeating-units with the 

general structure -Hex-HexNAc-HexNAc-HexA-Pent-. Furthermore. these results 

indicate that SRC is preferred to PRC because of the complexity of the reaction 

products obtained by PRC (see section 5.1). However. these studies demonstrate 

that reductive cleavage can be applied to polysaccharides in general and that 

selectivity. although advantageous. is not essential for the experiment to 

succeed . The technique is particularly valuable when small amounts of material 

are available. as sequence can be determined by a f.a.b . -m.s. methanolysis 

experiment 295 . 
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5 . 2 . 4. Experimental 

General experimental methods.- The capsular polysaccharide used for this 

reductive cleavage study was previously isolated and purified as described in 

section 4 . 3 . The polymer was methylated by a modified Hakomori procedure80 using 

potassium dimsyllZ4 and methyl iodide to produce permethylated polysaccharide as 

described in section 4.1. 

Reductive cleavage.- Reactions were carried out on 5 mg samples of permethylated 

K38 polysaccharide in silanized reactivials. as described in section 5.1. 4 

(Hathod 3). The reagent mixture was standardised throughout the experiments and 

was made up of 250 IJoL CHzClz. 10 IJoL catalyst (BF).EtzO or TMSOTf) and 10 IJoL Et3SiH. 

G.p. c . - see section 5.1.4 

G.l.c.- Instrumentation used for g.l.c . and g.l.c.-m.s . is described in section 

4 . 1. In each case a Hewlett Packard fused-silica HP-l bonded-phase capillary 

column (12 m x 0.2 mm) with a film thickness of 0.33 IJoIDW8S used to separate the 

monosaccharide derivatives (fraction C). The penta- and trisaccharide 

derivatives were introduced into the mass spectrometer via the d.i.p . inlet or 

via the g. c. using a 3 m length of uncoated fused-silica capillary (oven 

temperature 250°). Ammonia was used as the reagent gas when operating in the 

c.i. SlOde. The instrument was set at 70 eV. with a source temperature of 200° 

and total source pressure of 0.6 torr for acquisition of the c.i.-mass spectra 

discussed above (section 5.2.2). 
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