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This review generalizes the result of structural investigations of the poly- 
saccharides of the O-specific side chains of the lipopolysaccharides (LPSs) of 
the most studied representations of the family Enterobacteriaceae. The O- 
specific polysaccharides are the serologically dominating part of the molecule 
that is responsible for the O-antigenic specificity of the LPSs. The structures 
of the specific polysacchrides from various Gram-positive bacteria are given. 
The serological specificity of the O-antigens is discussed and a connection is 
shown between the chemical structures of the polysaccharides and their serological 
affinity. 

Lipopolysaccharides (LPSs) - component parts of the plastic layer of the cell wall of 
Gram-negative bacteria, where they are present in the form of a high-molecular-weight 
complex with protein and with phospholipids - represent a unique group of natural biopolymers 
with various biological properties [1-5]. They are the O-antigens of the bacteria, are 
powerful endotoxins, and frequently acts as receptors for bacteriophages, and they have 
therefore long attracted the attention of scientists for their comparative investigation in 
structural, biosynthetic, and genetic aspects. 

A large number of investigations by specialists of various kinds has been devoted to 
the LPSs, but the results obtained have not always been unambiguous, which indicates the 
complexity and multilevel nature of the problem. Great advances have been achieved in the 
investigation of the structure of the LPSs [6-10]. They are forcing research workers to 
turn to the elucidation of the link between the structures of the endotoxins and their bio- 
logical properties. The main difficulties in the solutions of this problem are connected with 
three circumstances: hitherto the complete structures of the endotoxins has remained un- 
known; different samples of LPS have different chemical and biological properties; and 
intra- and interspecies differences in the reaction of a host to an endotoxin exist. 
Consequently, the interest of research workers in the structural study of the LPSs is in- 
creasing from year to year. 

In the present review we generalize the results of a study of the structures of the 
polysaccharides of the O-specific side chains of the LPSs of the most studied representatives 
of the family Enteriobacteriaceae. 

ISOLATION AND STRUCTURAL DETERMINATION 

The classical model for the LPSs is one originally suggested by Luderitz and Westphal 
[3] for the most studied smooth strains of the genus Salmonella. According to this model, 
the LPSs consist of three covalently bound fragments: the polysaccharide of the O-specific 
side chain, the oligosaccharide of the core, and lipid A, each of which has its own structure 
and fulfills a definite biological function [5]. 

The O-specific polysaccharide is the serologically dominating part of the molecule that 
is responsible for the O-antigenic specificity of an LFS. It is constructed of repeating 
oligosaccharide units having serological determinants. The O-specific polysaccharides from 
various smooth strains can be distinguished to a considerable extent with respect to their 
composition and structure in accordance with their serological specificity. 
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TABLE i. Structure of the O-Specific Polysaccharides of 
Salmonella 

Sero- 
group* 

Repeating unit** Litera, 
ture 

Abep OAc2/3.=.D-Glcp 
1 I 

3 3 
C~ -~4)-~-L-Rhap (1-~2)-a-D.Manp (l-~2)-a-D-Manp (l~3)-~-D-Galp (1-~ 

Abep OAc-D-Glcp 
1 1 

4 
C3 -~4)-~-L-Rhap (I-~2)-a-D-Manp (I-~2)-a-D-Manp (l-~3}-~-D-Oalp (1-~ 

Tyvp a-D-Gicp 
1 1 

3 4 
D= -,6)-~.D-Manp (l-~4)-a-L-Rhap (l-~3)-a-D-Galp (1-~ 

D-Gicp 
1 

4 

Et -~6)-~-D-Manp (l-,4)-=-L-Rhap (l~3)-a-D-Galp (i-~ 
D-Glcp 

1 

4 

E2 -~6)-~-D-Manp (l-~4)-=-L-Rhap (I-,3)-~-D-Galp (1~ 
a-D-Olcp 

1 

6 

E4 I -~6)-~-D-Manp (I-~4)-a-L-Rhap (1-+3)-a-D-Galp (1-~ 
Ac-2-a-Abep D-Glcp 

1 1 
, ¢ 
3 4 

B -~2)-a-D-~ianp (l-+4}-~-L-Rhap (l-~3)-~-D-Galp (1-* 

*C 2 - S .  n e w p o r t ;  C 3 - S .  k e n t u c k y ;  3 2 - S .  s t r a s b o u r g ;  
E ~ -  S. m u e n s t e r ;  E 2 - S .  n e w i n g t o n ;  E 4 -  S. s e f t e n b e r g ;  
B - S. t y p h i m u r i u m .  
**Abe - 3 , 6 -  d i d e o x y - D - x y l o h e x o s e  ( a b e q u o s e )  ; Tyv - 3 , 6 -  

dideoxy-D-arabinohexose (tyvelose); p- pyranose. 

15 

16 

17 

18 

19 

20 

21 

To obtain the O-specific polysaccharides, the LPSs are subjected to mild acid hydrolysis 
with dilute acetic acid followed by centrifugation to eliminate the lipid A and by gel filtra- 
tion of the carbohydrate component on Sephadex G-50 [ii]. 

Below we consider information on the structure of specific polysaccharides for the most 
studied LPSs. 

Salmonella. The LPSs of salmonellas the most studied, since the Kauffmann-White 
scheme, in which hundreds of bacterial species belonging to the genus Salmonella are classi- 
fied according to their serological and biochemical properties [12, 13] has served as the 
starting point and basis for all chemical and biochemical work on the LPSs of this genus 
of Gram-negative bacteria. 

The majority of information on the O-specific polysaccharides of the side chains has 
been obtained by the classical methods of carbohydrate chemistry and of i-mmunochemistry (for 
details, see the reviews [6-10]). However, it must be mentioned that structural investi- 
gations of LPSs have been considerably accelerated by the use of the method of chromato- 
mass spectrometry [14]. 

The results of structural investigations of the O-specific polysaccharides of salmonellas 
are given in Table i. 

As can be seen from the structures presented in Table i, the O-specific polysaccharides 
of groups D=, Ez, E2, and E4 are chemically related to one another. They have a common main 
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chain consisting of identical monosaccharide residues similarly bound to one another. How- 
ever, in contrast to the specific polysaccharides of group El, in the specific polysaccharide 
of group D 2 the mannose residue bears a tyvelose residue. 

Escherichia coll. About 150 different O-antigens are known for the colon bacillus E. coli [22]. 

The repeating unit of the O-specific polysaccharides may contain up to six different 
monosaccharide residues. There are only two O-specific homopolysaccharides that have so far 
been described in the E. coli genus, and these are the 08- and 09-specific mannans. 

For a long time it was considered that all the O-antigens of E. coli contained only 
neutral monosaccharides. LPSs have been isolated comparatively recently that contain 
acidic components such as glyceryl phosphate [23], hexuronic acids, neuraminic acid [24, 
25], or glucolactylic acid [26]. 

The structures of the specific polysaccharides of E. coli that have been established are 
shown in Table 2. 

As can be seen from Table 2, the structures of the O-specific polysaccharides of the 
various serovars of E. coli are fairly diverse in their monosaccharide compositions and 
structures. 

Shigella. Until recently, the best studied of all Shigella groups was the species Sh. 
flexneri. In a structural study of the O-specific polysaccharides of this species [39-41] 
it was established that they each contain a main carbohydrate chain consisting of N-acetyl- 
glucosamine and rhamnose residues to which e-glucose or O-acetyl-~-glucose residues are 
attached. Furthermore, according to the structure of their main chains, the O-antigens of 
Sh. flexneri can be divided into two groups. The first group, including the serovars la, 
2a, 5a, and variant Y, have a main chain consisting of the trisaccharide repeating units 
~-D-GIcNAcl + 2L-Rhal + 4L-Rha linked to one another by e-(l + 6)-glycosidic bonds. The 
second group includes serovars 4a, 3a, 5b and variant X. The O-specific polysaccharide 
chains of these O-antigens contain ~-D-GIcNAcl + 3L-Rhal + 4-L-Rha repeating Ufiits linked to 
one another by ~-(i + 4)-glycosidic bonds. Subsequent structural investigations [42, 43] 
using chromato-mass spectrometry enabled the structure of the repeating unit of the O- 
specific polysaccharides of Sh. flexneri to be refined. In contrast to the structures 
proposed initially [41], the repeating unit is the tetrasaccharide (i): 

3) ~ D -  OlcNAcp ( 1-~2)L- Rhap ( 1 ~ 2/3) -L-RN ap ( 1-.-~3/2)- L- Rha p( 1 -~  ( 1 ) 

The monosaccharide compositions of the LPSs of Sh. sonnei (phase I and phase II) have 
been determined [44-46]. It was found that the main component of the LPS of Sh. sonnei 
(phase I) is a 2-amino-2-deoxyhexuronic acid with the L-altro configuration [47], while the 
specific fraction of Sh. sonnei (phase II) contains glucose, galactose, glucosamine, 2- 
keto-3-deoxyoctonic acid (KDO), and phosphorylethanolamine residues. The structure of the 
O-specific chains of the LPS of Sh. sonnei (phase I) has been established [48]. They 
consist of disaccharide repeating units containing a 2-amino-2-deoxy-L-altruronic acid and 
2-acetamido-4-amino-2,4,6-trideoxy-D-galactose. The N-acetylated ~-pyranosic uronic acid 
residue is substituted in position 4, and the ~-pyranosic diaminosugar residue is 
substituted in position 3. 

The greatest interest for the study for the structures of the O-specific polysaccharides 
is presented by the group Sh. dysenteriae~ consisting of i0 serological variants with well- 
defined serological properties and the absence of group serological affinity. It might 
have been expected that the O-specific polysaccharide chains of the somatic antigens of this 
group would have different chemical structures [49-58]. In actual fact, it can be seen from 
Table 3 that the O-specific polysaccharides of the bacterium Sh. dysenteriae are complex 
heteropolypolysaccharides constructed of monosaccharides belonging to different classes. 
They are acidic hexosaminoglycans many of which contain labile 6-deoxyhexose residues. In 
determining the structures of such complex heteropolysaccharides, the investigators devoted 
great attention to the primary characterization polysaccharides by physicochemical methods 
(electrophoresis, ion-exchange chromatography, IR, and PMR spectroscopy), which enabled the 
most complete information to be obtained on the various functional groups and substituents. 
In addition, the new method of selective cleavage of hexosaminoglycans at the hexosaminide 
bonds, based on the N-decacetylation reaction with the subsequent cleavage of the modified 
polysaccharide with nitric acid or by acid hydrolysis was developed and introduced into 
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TABLE 2. Structures of the O-Specific Polysaccharides of 
E. coli 

Repeating unit ~ 'Liter- Sero- 
var . ature 

08 ~3) -=-D-Manp (l--,-2)-a-D.Manp (1~2) -a-D-Manp (1--* 27 
09 -*3) -~-D-Manp (I-,-2) -a-D-Manp (I-.2) -,,-D-Manp (I--*-2) ---D-Manp (I -~ 28 

020 -+4) <z-D-Qalp (1-.-2) ~-Rlbf (i-.- 29 
[LD.Manp 

I 

4 

075 ~3) -=-D-GIcNAcp (l-,.<q)-=-D-Galp (I ~4)-=.L-Rhap (l-,- 30 
--L-Fucp 

l 

2 
086 a-D-Galp (I~3) ~-D-Oalp (I--314)-D-GaINAc p ( l--  31 

=-Colp ~-Colp 
l ' l 

6 4 

0111 [3-D-OlcNAcp (l-+2)-O-Glcp ( i  -+ 4)-D-Galp (I--,- 32 
~-D-Glcp 

I 
J, 
4 

032 ~4) ~-D-GIcUAp (I---3) -L-FucNAcp(l-..3).O.GlcNAcp(I,...6).D.Galp (1~ 33 
~-L-RhaLA Ac 

1 I 

3 2/3 
058 --*3) -~-D-GIcNAc (I---4) -~-D-Man (1-~-3)-,,.D-Man (1--*- 34 

P-Glyc 

0100 --*3) -Gal (1--4) -GlcNAc (1--~2) -Rha (I--~4) -Rha (1~ 23 
~-D-GIcLAp (1 -*6) -~.D-Olcp 

i 

4 

0124 -+3) -[LD-f]alNacp (I-,-3) -~,-D-Galp (I -*6) -~-D-(}alf (I-~ 26 
Rha GIcUA 

.I, , 
0141 ~2/4) -GlcUA (1-,-2/6) Man (1~3) -Man (i-*-3) -D-GIcNAc-*M~n (I-.- 35 

f 
~3} -GIcNAc (1 ~ Rha 

069 -~3)-~-D-C~lcNAcp(l~2)-,,-L-Rhap(l~2)-~-L-RhapO-~.2).~-D-Gal p (I-~ 36 
,,-Colp (I---2)-~-D-Galp 

1 

3 
055 --3) -~-D-GIcNAcp (I-~4) -D-OalNAcp (l--6)-=-D-GlcNAcp (I~ 37 

0114 -~3) -~-D-GIcNAcp (l --4) -~-3-N- (SerNAc) -3.6-dd-D-Glcp (I-.- 38 
- , -3 )  - ~ - D - R i b f  ( I - - ~ 4 ) - ~ - D - G a I p  ( l-*- 

*Col - colitose (3,6-dideoxy-L-xylohexose) ; Rib - ribose; 
D-GalNAc - N-acetyl-D-galactosamine; D-GIcNAc - N-acetyl-D- 
glucosamine; L-FucNAc- N-acetyl-L-fucosamine; P-Glyc- 
glyceryl phosphate; D-GIc-UA - glucuronic acid; D-GIcLA - 
glucolactylic acid (4-O- (R) - i ' -carboxyethyl-D-glucose) ; 
3 -N- ( SerNAc ) - 3,6 -dd-D-Glc - 3 [ (N-acetylseryl) amino ] - 3,6 - 
dideoxy-D-g-glucose; f - furanose. 

carbohydrate chemistry [59-91]. An analytical method of determining the relative amounts 
of glucosamine, galactosam~ne, and hexoses in the specific polysaccharides, based on the 
deamination reaction, was also proposed [62]. 

As a result of the investigations performed it was shown for the first time that the 
specific polysaccharide chains of all I0 serovars of Sh. dysenteriae had different chemical 
structures. Furthermore, in the course of the structural investigation of the specific 
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TABLE 3. 
Shigella dysenteriae 

Sero 
vat 

6 

7** 

9 

10 

Structures of the O-Specific Polysaccharides of 

Repeating unit ~ 

-*3) -=-L-Rhap (!-,~3) -,,-L-Rhap (1--2) -=-D-Oalp ( ! -~ )  -,,-D-GIcNAcp (!-*. 
--D-GIcNAcp 

i 

2 
-*3) ---D-GalNAcp (! --3) -=-D-GalNAcp (1--~4) -,,-D-Gicp (I-~) -~-D-Galp(l 

~-D-GIcLA (1.--,.6) -D-Glcp 
1 

4 

-~3) -~-D-Ga INAcp (I--,.3) -=-D-Ga Ip (1 -. 6) -~-D-Ga If (i 
Ac-a-L-Fucp 

1 

4 

,-3)-=-D-G IcNAcp{ | ~3}-,.-D-GIcNAcp(I --,.4)-.-D-G lcUAp( l --.3)-=-L-Fucp(i~ 
=-L-RhaLA Ac 

i 
, I 
3 * 

-~3) -[i.D.OlcNAcp (I-4.4) -=-D-Manp (l~)-=-D-Manp (1 -..- 
X 
1 

4 

-.*.3) -}-D-OaiNAcp (I-.*-3) -a-D-Galp (l-*e) -=-D-Olcp (1 -  
GIcNAc. GalNUA, Gly (1.2=1) 

~-D-GIcNAcp (1-~4) -~-D-G~cp 

4 
-*8) -lt-D-GalNAcp (I~)-~-D-GIcUAp (1-+3) -O-D-GalNAcp (1-, 

CH~CCOOH Ac 
A 4, 

4,6 2/3 
-i,.3) -~-D-Galp (1 -*4) -I~-D-Ma np (1 ~4) -,,-D-Oalp ( I -*3) -~-D-GIcNAcp (1+ 
-+3)-=-D-ManNAcp (l-,3)-=-L-Rhap(1-,-4) -,.-D-GIcNAcp (1 o2)-~-D-Manp(1-, 

Liter- 
ature 

49 

50 

51 

52 

53 

54 

55 

56 

57 
58 

*L-RhaLA -- rhamnolactylic acid (3-O-[(R)-l'-carboxyethyl]- 
L-rhamnose). 

**Explanation in the text. 

polysaccharides of this group, new monosaccharides were discovered: 3-O-[(R)-l'-carboxy- 
ethyl]-L-rhamnose and 4-O-[(R)-l'-carboxyethyl]-D~glucose, each bearing a lactic acid 
residue attached to the monosaccharide by an ether bond. Their structures were shown and 
confirmed by independent synthesis [63, 64]. It is interesting to note that the specific poly- 
saccharide of Sh. dysenteriae serovar 7 completely lacks neutral monosaccharide residues. 
Glucosamine, galactosaminuronic acid, and glycine have been detected in its composition. 
However, in 1982 the structure of the specific polysaccharide of Sh. dysenteriae serovar 
7 (strain NCTC 519166) was established [65] and differed with respect to its monosaccharide 
composition from that described previously [53]. 

D-Glcp D-Glcp 
1 1 
' 

2 2 
6)-D-Galp(l  -..~3)-D-Glcp(1- 3)-D-GIcNAcp(1 ~ 3 ) - D - d l c p ( 1 -  4) -D-GIcNAcp(I~3)-D-Glcp(  1 

The structure of the specific polysaccharide of serovar i0 was confirmed completely 
with the aid of 13C NMR spectroscopy [66]. At the present time, z3C NMR spectroscopy has 
become one of the most important methods of investigating polysaccharides and other bio- 
polymers [67]. 

The structures of the specific polysaccharides of the Sh. boydii group have been es- 
tablished for a number of serovars [68-70]: 
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TABLE 4. Structure of the O-Specific Polysaccharides of 
Klebsiella 

Serol 

4 
5 

I0 

Repeating unit 
i 

Liter- 
ature 

--~-3)-a-D-Galp (1-* : 
~2)-a-D-Manp.Manp (1--~ (l-+3) -~-D-Manp (i-~3)-~t-D-Manp. ...... (1-~-9_)- a - D - Man p (1 ~2)-:ttD 

-,,-4) -a-D-Oalp (l-~-2),-~;D-Ribf (1-~ 
3)-a-D-Manp(l~2)-=-D-Manp (l-,-3)-a-D-Manp (i-~-2)-a-D-Manp (1 ~2)-a-D- 
-Manp (1 -,- 

~2)-a-L-Rhap (l~2)-~-D.R!bf (1 ~3)-a-L-Rhap (! ~3) a-L-Rhap (! 
OAc OAc OAc 

! 2/4 : 2 i 2/6 
-~3)-~-D-Qalp (I~3)  -a-D-Gall (1--~3) -~-D-Galp (l-~- 

OAc 
:6  

a-D-Qalp 
1 

3 
---~3)-a-D-Oaif (I --+3)-a-D-Galp (b--.~3)-a-D-Galf (1 --,-2) -a-D-Oalp (1 

:6  
6Ac 

~3) -a-L-Rhap (1 --,3) -~-D-Ribf (1 ---> 3)-a-L-Rhap ( 1 -.-3) -~-D-Ribf (1-->4) -a-L- 
Rhap (1--> 

72 
73 

74 

75 

76 

77 

78 

79 

a -D-Olcp  
1 
I 

4) -~-D-OIcUAp(1  - ,3) -~-L-Rhap( l  - - 4 ) - ~ - D - G l c N A c p ( I  -* 

- ~ 3 ) - ~ - L - R h a p 0 - *  serevar  4 

a - D - O I c U A  
I 

3)-~3-D- OalNAcp (1 -~3) -~-D-Qalp( l  -+ 6)- ~ -D-Man?  ( 1 -~ 

- - 2 ) - a - D - M a n p ( l  -~ serovar 6 
3)-[3-D- QIcN Acp(l -~ 2)-~-D- QalUA6NHCH(CH2OHI  2( 1 -* 

t 
Ac 

-~3)-a-D-GalNAcp(1-~4)-~3-D-QIcUAF(I-~  serovar  8 

On comparing them with one another, it is not difficult to see considerable differences 
in structure. 

Klebsiella. The Klebsiella genus includes 12 serological groups [71], which have been 
determined by Nimmich. The various O-specific polysaccharides (Table 4) are fairly simple 
in composition and structure. It is interesting to note that they contain a number of mono- 
saccharide residues in the furanose form. 

502 



Thus, for example, the specific polysaccharides of serovars i, 2, 8, and 9 are galactans 
(with partial O-acetylation in the last two serovars), while 3 and 5 are mannans. 

The specific side chains of serovars 5 and i0 have terminal 3-0-methylmannose and 3-0- 
methylrhamnose residues, respectively. The presence of 3-O-methylmannose and 3-O-methyl- 
rhamnose residues, respectively. The presence of 3-O-methylmannose in the specific poly- 
saccharides of three serovars of Klebsiella [73] and E. coli 08 [25] explains the cross- 
reaction between the LPSs of the species in spite of the difference in structure. 

Seratia. The O-specific polysaccharides have been isolated from the LPSs of two strains 
of the genus Serratia (Bizio and 08) and have been studied. The O-specific polysaccharide 
of the Bizio (2) strain of Serratia consists of a disaccharide repeating unit containing D- 
glucose and L-rhamnose [80] 

~6).~-D-Glcp( 1 ~2)-~-L-R hap(l ~ (2) 

The specific polysaccharide of strain 08 [81] has a more complex structure (3). It 
consists of tetrasaccharide repeating units including D-glucose, D-galactose, and two D- 
glucosamine residues. 

~-D-GIcNAcp 
1 
I 

3 
6)- ~-D-OIcp( 1 ~ 4)-~-D-Oal p(1 ~3)-~-D- OlcNAcp ( 1 -,- ( 3 ) 

Proteus. The P mirabilis group constains 31 serovars which are divided on the basis 
of the monosaccharide composition into ii chemotypes [82]. All the P. mirabilis serovars 
so far investigated have different characteristic features. They contain D-galacturonic acid 
residues, and D-glucuronic acid residues are also present in 8 serovars. The second feature 
of P. mirabilis distinguishing it from other representatives of the enterobacteria is the 
presence of D-glycero-D-mannopentose in 8 out of ii chemotypes [83]. 

However, the most unusual property of P. mirabilis is the presence in 20 serovars of 
considerable amounts of L-lysine [81] which has been shown to be a component of the O- 
specific polysaccharides. 

In a study of the O-specific polysaccharide of P. mirabilis strain 1959, Gromska and 
Mayer [84] establishsd.~ the structure of a disaccharide: D-GalUA(I + 4)-GalNAc; the lysine 
residue is attached by its =~amino group to the carboxy group of the galacturonic acid 
residue of the disaccharide fragment obtained. 

Comparatively recently, 1,4-anhydroorbital, formed on the acid hydrolysis of the 
LPSs, has been identified in the composition of two chemotypes of P. mirabilis (V and IX) 
[85]. A structural investigation of the O-specific polysaccharide chains of P. mirabilis 
(strain D-52) has shown that its polysaccharide chain consits of a repeating unit with the 
following structure [86]: 

O-Galpll ~3/4)-D-OIcNAcp(I ~3)-D-GIcp(I-+3/6~-D-GIcNAcp(1-+ 

It was found that ribitol phosphate was attached in the C-3 position of the galactose residue, 
while the glucose was substituted by ethanolamine phosphate at C-6. 

A determination of the monosaccharide compositions of the LPSs of 20 serovars of the 
P. vulgaris group permitted them to be divided into 7 chemotypes. Common components for all 
of them are L- and D-glycero-D-mannopentoses, glucose, glucosamine, galacturonic acid, and 
KDO residues. In a number of cases glucuronic acid was also detected [87]. 

Yersinia pseudotuberculosis. The pseudotuberculosis microbe is the only representative 
among numerous species of microorganisms in which all the rare 3,6-dideoxyhexoses known 
in nature have been detected [88]. 

The structures of the O-specific polysaccharides of some serovars have recently been 
refined, and that of the polysaccharide of serovar VI has been established for the first time. 
It can be seen from Table 5 that a N-acetylhexosamine residue is present at the reducing end 
of the specific polysaccharide side chains of all the serovars investigated. 
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TABLE 5. 
Yersinia pseudotuberculosis 

Sero- 
vat Repeating unit ~ 

IA 

IB 

IIA 

lIB 

III 

IVA 

IV 

VA 

VB 

Structures of the O-Specific Polysaccharides of 

s-Parp (I ~ 3) -~-6d-Hepp 
I 

4 

--* 3) -=-D-Galp (I--~3)-~-D-GIcNAcp (I -+ 
I~-Parf 

1 

3 
-+2) -a-D-Manp ( 1 --4) -a.D.Manp (! ~3)-a.L-Fucp(I-~3).~-D.GicNAcp (l--- 
a-Abep (1 -*3) -a-6d-Hepp 

l 
,t 
4 

J 

-~-3)---D-Galp (I--~ 
Abep 

l 

3 
-*2) -a-D-Manp 0-+3) -a-L-Fucp (l--~ 

~-Parp 
l 

4 

---2) --D-Manp (l-~3) -~-L-Fucp 0-+3) -a-D-OalNAcp (l--~ 
Tyvp 

l 

6 

~3)-~-D-Manp(l-,-5)-~l-D-Manp (l-~-3)-~-D-NIanp (I~3) -a-D-OalNAcp ( l o  
-Tyvp (l o3)-=-6d-Hepp 

l 

4 

--* 3) --D-Galp (l 
Abep 

l 

3 
-+2)-a-L-Fucp (I--3) -~-D-Manp (I~4) -~-L-Fucp 0-+3) -,,-D-fialNAcp (l-~- 

~-6d-A ltl 
l 

3 
~2) -a-L-Fucp (I ~3)-a-D-Manp[ l ~ 4)-c¢.L-Fucp (I ~3)-a-D- GaINAcp(l 

~-C01p 0-+2) -~-Yerp 
I 
l 
T 
3 

Liter- 
ature 

89 

90, 91 

92 

93 

94 

95 

96 

97 

98 

Vl -.3)-~-D.GIcNAcp(1-+6)-a-D-GalNAcp(Io3)-~.D-GalNAcp(I-. 99 

~Yer - y e r s i n i o s e  ( 3 , 6 - d i d e o x y - 4 - C - ( h y d r o x y e t h y l ) - D - x y ± o h e x o s e  
[i00]; Par - paratose; 6d-Hep - 6-deoxyheptose; 6d-Aft - 6- 
deoxyaltrose. 

Pseudomonas. The constant interest in the LPSs of P. aeruginosa is due to the patho- 
genicity of the microgranismbecause of its extremely high resistance to many antibiotics and 
its great ensitivity to EDTA [i01]. However, up to the present time there has been no clear 
serological division of P. aeruginosa, and existing classification systems are fairly 
contradictory [102-105]. 

Of course, the identification of the serological variants of P. aeruginosa is acutely 
necessary. It is not excluded that the chemical structures of the corresponding LPSs may 
serve as molecular bases for reducing all the classification variants to a single common 
scheme. 

The monosaccharide analysis of the O-specific polysaccharides of P. aeruginosa has 
shown that they basically consist of amino sugars [106-109], among which D-glucosamine, D- 
galactosamine, D- and L-fucosamines, quinovosamine, 2-amino-2-deoxy-L-galacturonic acid, and 
2,4-diamino-2,4,6-trideoxy D-glucose have been identified. Unidentified amino sugars have 
also been detected [if0, iii]. 
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TABLE 6. Structures of the O-Specific Polysaccharides of 
Pseudomonas aeruginosa 

Serovar 

0 : !  
(Lanyi) 
0:$a, b 
(Lanyi) 
0:3a, d 
(Lanyi) 

0=6 
(Lanyi) 

Oz7 
(Lanyi) 

~ite- 
Repeating unit* ~ature 

1 
~4) -~-D-GalNAcp (1 ~4) -a-D-QuiNAcp (I-+3) -a-L-Rhap (1-~- [ 116 

-+4) -~-D-ManlrnUp (1-~-4) -~-D-Man (NAc)~U (1-+3) -~-D-FucNAcp (1--~- I ,17 
i 

-[~-D-Manlm Up ( 1 --*4) -,~-D-Man (NAc),Up (I-~-3) -=-D-FucNAcp (! --* I 117 

I ~4)-a-D-GaINAcp(l-+4)-~-D-GIc(NAc)~Ap(l~3)-=-D-FucNAcp(l-,- [ 114  
~3) -=-D-QuiNAcp (t-~- " [ 

--+3) -a-L-FucNAcp (1-,-3) -~-D-FucNAcp (1-,-2) -~-D-Glcp ( 1-~- [ 118 
I 

*D-Manlmu = 2,3-(l-acetyl-2-methyl-2-imidazolino-5,4)-2,3- 
dideoxy-D-mannuronic acid; D-Man(NAc)2U = 2,3-diacetamido- 
2,3-dideoxy-D-mannuronic acid; D-QuinAc - N-acetyl-D- 
quinovosamine. 

The gel filtration of "degraded" polysaccharides has shown that the O-specific poly- 
saccharides of certain strains of P. aeruginosa are distinguished by a high degree of hetero- 
geneity [112, 113]. 

The results of a study of the O-specific polysaccharides of P. aeruginosa are given in 
Table 6. 

The complexity of the monosaccharide composition of the polysaccharides of P. aeruginosa 
creates considerable difficulties in their investigation. Attempts by workers to use ordi- 
nary acid hydrolysis in the determination of monosaccharide compositions lead to the identif- 
ication mainly of well-known monosaccharides such as rhamnose, glucosamine, fucosamine, 
and quinosamine. Of the usual amino sugars it was possible to isolate and identify only 
2,4-diamino-2,4,6-trideoxy-D-glucose [109]. Of course, the presence of monosaccharides with 
glucosidic bonds resistant to hydrolysis (amino uronic and diamino uronic acids) greatly 
distorts the results of the quantitative analyses of even ordinary monosaccharides [114]. 
To determine complete monosaccharide compositions, use was made of the method of selective 
cleavage of the polysaccharide molecules and, in particular, of solvolysis with hydrogen 
fluoride [115]. 

This method permitted, for example, the identification of 2,3-diamino-2,3-dideoxy-D- 
mannuronic acid derivatives - two new monosaccharides forming components of the specific poly- 
saccharides of serovars 0:3a,b and 0:3a,d (Table 6) - without their isolation in the free 
state [117]. The identification of these monosaccharides was confirmed by independent 
synthesis. 

Structural investigations of the O-specific polysaccharide of Ps. multophilia, strain 
NCTC 10257, showed [119] that its repeating unit consisted of the branched tetrasaccharide: 

3-O-Me-~-Z-Xylp --+3)-~-L-Rhap(1 ~ 4 ) - ~ - / - R h a p ( l - + 2 i - ~ - L - R h a p ( l - +  

It must be mentioned that the species Ps. multophilia is the most remote from the other 
pseudomads and is far closer to the genus Xanthomonas. The microorganism Ps. multophilia 
does not show the sensitivity to EDTA that is characteristic for Ps aeruginosa and for other 
Pseudomonas species. 

SEROLOGICAL SPECIFICITY OF THE O-ANTIGENS 

The investigation of the structures of the O-antigens permitted an important principle 
of the immunodominance of the terminal monosaccharide in the O-specific polysaccharides to be 
formulated [i]. 

These results were obtained by comparing various monosaccharides and oligosaccharides as 
inhibitors of the precipitation of the complement-binding reaction with the use of factor- 
antifactor systems. It was found that, in the main, one of the monosaccharide residues of a 
specific polysaccharide chain is the best inhibitor. This monosaccharide residue was also 
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determined as the immunodeterminant monosaccharide [120]. THe role of immunodominants is 
very frequently played by residues of 3,6-dideoxyhexose as components of O-specific poly- 
saccharides. But, although this monosaccharide plays a very important role in the specificity 
of the antigenic determinant (the O factor), in'itself it does not express complete speci- 
ficity since one and the same ir~nunodeterminant monosaceharide may be present in different 
determinants (O-factors). 

The immunodeterminant monosaccharide residue is present as a component of the repeating 
unit of the polysaccharide chain and in many cases (but not always) forms the side chain of 
the polysaccharide. In such a position, the residue of the immunodeterminant monosaccharide 
proves to be more accessible for contact with immunocompetent cells. 

The functional importance of the terminal mono- or disaccharide residue has been clearly 
shown by experiments in which a mono- or disaccharide is used as a hapten linked with a pro- 
tein carrier. Experiments on the immunization of amino conjugate of immunodeterminant 
3,6-dideoxyhexoses with protein led to the production of sera reacting with the corres- 
ponding LPS [i, 7, 120]. 

In a comparison of the chemical structures of LPSs differing in their serological 
specificity an important role of the second monosaccharide in the polysaccharide chain 
directly linked to its immunodominant unit was revealed. For example, in the O-antigen of 
Citrobacter 4 the presence of the terminal disaccharide Abe(l ~ 3)-D-Rha is characteristic 
while the O-antigen of Salmonella C 2, differing from it with respect to serological speci- 
ficity, possesses a terminal disaccharide with somewhat different composition: Abe-~-(l + 3)- 
L-Rha. The absence of cross-reactions between the O-antigens of the salmonella groups B 
and C 2 is also explained by the different positions of the abequose residues in this group 
(Table i) [3]. 

In addition, the specificity of an O-antigen may also be determined by the nature of the 
bond between the first and second monosaccharides in the polymeric chain. A good illustra- 
tion of this is the inhibition of the serological reaction of the O-antigen of Salmonella 4 
with the specific antiserum that is observed when various derivatives of the immunodominant 
monosaccharide - abequose - are added to the system [7]. The most active inhibitor proved 
to be p-nitrophenyl e-abequoside, the activity of which was greater than that of free 
abequose, since the latter did not have the configuration acquired by the molecule within 
the disaccharide. It was shown that abequose possesses serological activity only in the 
~-pyranose form. Consequently, it is precisely in this form that it is the immunodeterminant 
monosaceharide of the O-antigen. 

The nature of the link of the second monosaccharide with the third may also exert a 
substantial influence on the specificity of a O-antigen. This can be well seen for the case 
of determinants having glucose as the immunodeterminant monosaccharide. These are, for 
example, the O-antigens of Salmonella i, 6, 7, 122, 14, 19, and 34. Thus, the O-antigen 
of Salmonella 122 and the O-antigen of Salmonella 34 (Table 7) have a weak serological cross- 
reaction [13]. 

All the examples given above indicate what a fine tool for the recognition of the 
oligosaccharide antigenic determinant the active center of the antibody is. Examples of the 
recognition of glucose in the form of the immunodeterminant monosaccharide are of particular 
interest, since the glucose molecule and various compounds containing glucose residues 
circulate constantly in the human and animal organism. They do not inhibit the synthesis 
of "antiglucose" cell immunoglobulin since the receptors of the immunocompetent cells 
recognize not the glucose molecule itself but its concrete conformation determined by its 
position in the oligosaccharide molecule. 

It follows from this that the question of the size of the antigenic determinant is 
very difficult to answer unambiguously. In some eases it may be considered that the second 
monosaccharide unit in the chain is a component part of the antigenic determinant, and in 
others that it determines only the conformation and position of the immunodominant mono- 
saccharide, having an influence on the specificity of the O-antigen in this way. 

Evidence in favor of a small size of the speeiffc determinant of a O-antigen is the 
possibility of the formation of antibodies of two different specificities for one and the 
same monosaccharide [7] where the immunodominant monosaccharide is present in the main 
polysaceharide chain and is not a lateral branch. This is the case in the polysaccharide 
of Salmonella group E, where mannose is the immunodominant monosaccharide in the linear 
determinant (Table 8). 
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TABLE 7. Structure of Various O-Factors Containing Glucose 
as the Imunodeterminant Monosaccharide [3] 

Salmonella] 
group ]Factor 

D 

E~ 

E~B 

Ea 

C, 

12= 

7 

14 

Ol igosaccharide 

a-D-Olc 
I 

4 

=-D-Gal (l-~2)-D-Man (I-~4)-L-Rha 
=-Glc 

1 
$ 
2 

a-D-Gal  (I-.->2)-D-(Nan 1~4) -t-Rha 
a-Olc 

1 
4, 
6 

=-D-Gal (l..~6)-D-Man (l--.-4)-L-Rha 
GIc 

1 
4, 
6 

D-GaI~ 
=-Glc 

1 

4 

~-D-Gal (1 ~6)-D-Man (l-.+4)-L-Rha 
a-GIc 

l 
$ 
3 

D-Man .~ D-Nan-÷ D.Man ~D-Man  
~z-Glc 

1 

D-Man a-Gl¢ 
1 

D-Man--~-D-Man (I ~3)-D-GIcNA¢ 

TABLE 8. Structures of Various O-factors of Salmonella Having 
the In~nunodeterminant Monosaccharide in the Main Chain [3] 

~rouD 

E,, E 4 

E.~, E 3 
E~ 

El 

Immunodominant 
Salmonell__=._~ Factor monosaccharide 

3 

3 

15 

l0 

=-D-,%~an 

a-D-.~an 

~-D-Gal 

=-6-O-Ac-D-Gal 

a-2-O-Ac-D-Gal 

a-2-O-Ac-Abe 

Ol igosaccharide 

--6) -~-D-Man (1 --~4) -L-Rha (1--+3) -=-D-Gal (1--,- 

-,.6)-~-D-Man (I-->4)-L-Rha (1-+3)-~-D-Gal (I-.- 

~6)  ~-D-Gal ( I~6 )  -D-Man (I-->4) -t-Rha ( I ~  

Ac-D-a-Gal ( I~6 )  -D-Man (I-~-4) -L-Rha (I--~ 
Ac 

D-Gal -+ D-Man-+L-R ha-~- 
Ac-Abe 

1 

3 
D-Gal ( I~2)  -D-Man (I-+4) -L-Rha--~ 

The reaction of this antigen with the specific antiserum is inhibited equally by the 
oligosaccharides a-galactosylmannosylrhamnose, 8-galactosylmannosylrhamnose, and mannosyl- 
rhamnose. The antiserum probably contains two types of antibodies, one of which recognizes 
the first of the trisaccharides mentioned and the other the second of them. The origin of 
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two types of antibodies is interpreted as if the specific receptors of the i~nunocompetent 
cells can "consider" the molecule from two different sides, recognizing different configura- 
tions of it. 

As mentioned above, the absence of group serological affinity for the 10 serovars of Sh. 
dysenteriae is explained by a basic difference in the chemical structures of the 0-specific 
polysaccharides. The chemical results obtained permitted an explanation for the first time 
at the molecular level of a number of immunochemical properties of the bacterium Sh. 
dysenteriae: i) the absence of serological affinity within the group (absence of a group 
factor); 2) the retention of typical agglutinogenic properties of the bacteria of serovars 
1 and 2 after heating (thermostability) and the thermolability of the antigens of serovars 
to 3-9 [51-57]; 3) the presence of serological affinity with some serovars of the genus 
Pneumococcus [121]; and 4) the complete serological identity with some "shigella-like" 
serovars of the genus E. coli [34, 26]. 

In actual fact, the absence of serological affinity within the Sh. dysenteriae group 
follows logically from the chemical structure of the specific polysaccharides, which have 
no con~non structural elements whatever. As can be seen from Table 4, the specific poly- 
saccharides of Sh. dysenteriae form two groups: neutral and acidic. Serovars i, 2, and 
i0 belong to the first group and serovars 3-9 to the second. The absence of acidic func- 
tions in the specific polysaccharides of the first group probably makes the antigen resistant 
to autohydrolytic cleavage, which explains the thermostability of the antigens of this group. 
The cells of the thermolabile serovars have acidic functions and labile bonds within their 
specific polysaccharides. 

The existence of cross-reactions between Sh. dysenteriae of serovar 1 and Pneumococcus 
serovars 2 and 6 [121] is explained by the structural affinity between these antigens. Thus, 
the cross-reaction with Pneumococcus serovar 2 is observed because the specific polysaccharides 
have a common structural section - one 3-O-substituted e-L-rhamnopyranoside residue. The 
cross-reaction with Pneumonoccus (serovar 6) is stronger, since the structure of the specific 
polysaccharides of the two antigens contain similar blocks consisting now of three mono- 
saccharide residues. 

The question of the serological identity of some serovars of Sh. dysenteriae and E. coli 
is extremely important, since it shows the existence of intergenus links and the evolutionary 
closeness of the bacteria. As the results of a structural study of the specific poly- 
saccharides of the above-mentioned species of bacteria [26, 34, 51, 53], direct proof has 
been obtained that the complete serological identity of Sh. dysenteriae 3 and E. coli 0124 
and of Sh. dysenteriae 5 and E. coli 058 is due to the complete chemical identity of their 
specific polysaccharides. 

Thus, the undiminishing interest in the study of the LPSs and of the O-specific poly- 
saccharides present in them is due to the fact that the molecular and cellular bases of their 
biological activity have been studied to only a small extent and, moreover, the biological 
properties of the endotoxins continue to be of interest for practical medicine in connection 
with the development of effective measures for combating diseases of Man and animals caused by 
gram-negative bacteria. 
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