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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

L I P O P O L Y S A C C H A R I D E S ( L P S ) , W H I C H A R E B I O L O G I C A L L Y some of the 
most significant components of the outer membranes of Gram-negative bac­
terial cells, are currently the center of considerable research activity. Three 
aspects of LPS have become of particular interest in biomedical investiga­
tion: the immunochemistry of O-antigenic chains as a basis for the diagnosis 
of and vaccination against bacterial infections; the search for inhibitors of 
the biosynthesis of core structures
mtf/7/7o-2-octulosonic acid
study of lipid A or its derivatives as prospective pharmacological agents in 
the therapy of immune disorders and cancer. The emphasis of this volume, as 
indicated in the title of the opening chapter by Liideritz, is on recent progress 
in the chemical synthesis of partial structures representing the various 
domains of the LPS molecule. Also, the potential of these synthetic products 
and of modified, natural materials in preventive medicine and therapy is 
examined. 

Following the introductory chapter, the four chapters of the second sec­
tion deal with the structure, immunochemistry, and synthesis of O-antigens. 
Studies of LPS from Pseudomonas strains that lay a basis for the develop­
ment of synthetic vaccines, synthesis of the repeating units of the Shigella 
O-antigens, the total synthesis of O-antigenic chains by block polymeriza­
tion, and a review of experiments with artificial antigens prepared from 
fragments of Salmonella O-polysaccharides are included. 

The third section is concerned with 3-deoxy-D-wartrt0-2-octulosonic 
acid (KDO), a characteristic sugar found in cell surface structures of Gram-
negative bacteria. The synthesis of model oligosaccharides of KDO and the 
significance of KDO-containing capsular materials in the pathophysiology of 
infections are discussed, as is the design of potential antibacterial agents 
based on the essential role of KDO in the biosynthesis of LPS. 

Recent developments in the elucidation of the structure and biological 
activity of lipid A are outlined in the fourth section. Included is a discussion 
of chemically modified immunostimulatory lipid A derivatives lacking many 
or all of the toxic properties of the natural product. 

The synthesis of active compounds of the lipid A class has received 
considerable attention recently. This attention is reflected in the four chapters 
in the last section of this volume. Each chapter presents a distinctive 
approach to the assembly of the fundamental lipid A structure, comprising a 
glucosaminyl disaccharide substituted with N- and Ofatty acyl and O-phos-

ix 
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phono groups. A particular feature of l ipid A chemistry is the presence of 
D-3-hydroxytetradecanoyl residues, and these as well as normal fatty acyl 
units are incorporated into the synthetic products. Linear schemes, conver­
gent approaches, protection-deprotection sequences, and a special glycosida-
tion reaction are discussed in relation to the synthesis of lipid A analogs. 

We are grateful to Stephen Hanessian, whose initiative led to the orga­
nization of the symposium upon which this book is based; to all speakers, 
especially those who undertook considerable journeys to present their pa­
pers; and to Ν. K . Kochetkov and A . A . Lindberg, whose splendid contribu­
tions to this volume were prepared under considerable time pressure. Our 
thanks also go to Suzanne Roethel, Rob in Gi roux , Susan Robinson, and 
their colleagues, who have made collaborat ion with the A C S Books Depart­
ment a genuine pleasure. 

L A U R E N S A N D E R S O N 
University of Wisconsin 
Madison , Wis . 

F R A N K M. U N G E R 

Sandoz-Forschungsinstitut 
Vienna, Austr ia 

July 11, 1983 
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1 
Structural Principles of Lipopolysaccharides 
and Biological Properties of Synthetic Partial 
Structures 
O T T O L Ü D E R I T Z , KEN-ICHI T A N A M O T O , CHRIS G A L A N O S , and O T T O 
WESTPHAL—Max-Planck-Institut für Immunbiologie, D-78 Freiburg, 
Federal Republic of Germany 

U L R I C H Z Ä H R I N G E R and E R N S T T H . RIETSCHEL—Forschungsinstitut Borstel, 
D-2061 Borstel, Federal Republic of Germany 

SHOICHI K U S U M O T O and T E T S U O SHIBA—Osaka University, Faculty of Science, 
Osaka 560, Japan 

Lipopolysaccharides form a class of macromolecules unique to Gram­
-negative bacteria. They are of great compositional and structural 
diversity, and yet, they are built up according to a common architec­
tural principle. With few exceptions, lipopolysaccharides are biological­
ly highly active substances. Lipopolysaccharides have been called 
endotoxins because of their toxic properties. Due to the antigenic 
properties which they confer to the surface of the bacterial cell, they 
are also termed Ο antigens. 

In the last decades, structural details of lipopolysaccharides derived 
from selected bacterial serotypes have been elucidated, and it became 
possible to ascribe distinct biological properties to distinct domains of 
the macromolecule. As a consequence, a number of organic chemists 
have undertaken the chemical synthesis of biologically relevant partial 
structures of lipopolysaccharide. 

The present paper will describe the principles of lipopolysaccharide 
architecture, summarize analytical results concerning different regions 
of the molecule, and refer to synthetic approaches to partial structures. 

General Architecture of Lipopolysaccharides 

Figure 1 represents the general structure of Salmonella lipopolysac­
charides. They contain an external polysaccharide, the O-antigenic 
chain, and an innermost component, termed lipid A. O-chain and lipid A 
are linked to each other by an oligosaccharide referred to as the core. 
O-Specific Chains. As indicated in Figure 1, Ο chains are in general 
made up of repeating units of di-, tri-, or higher oligosaccharides. In 
rare cases the O-chain is a homopolysaccharide. The structure of the O­
-chain is unique to each bacterial serotype; great diversity is encoun­
tered in the structures of O-chains. 

0097-6156/83/0231-0003$06.00/0 
© 1983 American Chemical Society 
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4 BACTERIAL LIPOPOLYSACCHARIDES 

O-SPECIFIC CHAIN 
π r 

P-EtN 
I 

/g) /g) GlcNAc Gal Hep Ρ 
® " — ! ~ G l c -pGal-pGlc-rHep—Hep-j-KDO—KCX) 

Ra Rc. [Rd, 

F/gwre Λ General structure of a Salmonella lipopolysaccharide. Key: A-D, sugar 
residues; Glc, D-glucose; Gal, D-galactose; GlcN, D-glucosamine; GlcNAc, ^-acetyl-D-
glucosamine; Hep, L-g\ycero-D-manno-heptose; Κ DO, 2-keto-3-deoxy- D-manno-oc/o-
nate; AraN, 4-amino-L-arabinose; P, phosphate, EtN, ethanolamine; ~ hydroxy and 
nonhydroxyfatty acids; and Ra to Re indicated are incomplete Rform lipopoly saccha­
rides. The structure of the KDO oligosaccharide is presently being reinvestigated (H. 

Brade, unpublished results). 
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6 BACTERIAL LIPOPOLYSACCHARIDES 

Table II 

Bacterial Serotypes with Known O^Chain Structures * 

Salmonella (19 strains) Shigella flexneri 

Sh. dysenteriae 

Sh. boydii 

Sh.sonnei 

(9) 

(9) 

(2) 

(1) 

(10) 

(1) 

(1) 

Proteus 

E. coli 

Citrobacter 

V. cholerae 

Pseudomonas 

(13) 

(2) 

(1) 

(1) 

(8) 

Klebsiella 

Y. pseudotuberculosis 

Y. enterocolitica 

For structures of the O chains and for references see Kenne and 
Lindberg, 1983; Rietschel et al., 1983. 

O-Chains (and core structures) contain many unique or unusual sugar 
constituents and, in recent years, many members of different sugar 
classes have been identified in lipopolysaccharides (Table I). 

As the result of the application of new technologies in the analysis 
of lipopolysaccharides, the structures of an increasing number of O-
chains are elucidated mainly in the laboratories of B. Lindberg, 
Stockholm, and N.K. Kochetkov, Moscow (Table II); presumably, in the 
near future, most O-chain structures of biological and clinical interest 
will be known. Recently, a number of O-chain partial structures have 
been chemically synthesized (Table III). It must be kept in mind, 
however, that these oligosaccharides do not necessarily represent 
"biological" repeating units (D-C-B-A in Figure 1), but in some cases 
correspond to "chemical" repeating units (A-(D-)C-B in Figure 1; 
Liideritz et al., 1966). The latter ones would express antigenic specifici­
ties differing in part from those of the natural O-chain. 

This discrepancy is illustrated by the results of a recent study by 
A.A. Lindberg and his colleagues (Svenson and Lindberg, 1981). These 
authors have chemically synthesized the terminal disaccharide abe-
quose-mannose of the natural (biological) repeating unit abequose-
mannose-rhamnose-galactose of the Salmonella typhimurium O-chain 
(expressing O-factors 4 and 12). The disaccharide was then converted 
into an immunogen by linking it to the protein carrier, bovine serum 
albumin (BSA). This artificial antigen was compared to analogous, BSA-
coupled oligosaccharides which had been obtained through specific 
cleavage of the Salmonella typhimurium O-chain by a bacteriophage 
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1. LIIDERITZ ET AL. Structural Principles and Biological Properties 7 

Table III 

Synthetic O-Specific Structures 

Salmonella anatum Trisaccharide 

Salmonella senftenberg Tetrasaccharide 

Salmonella muenster Tetrasaccharide 

Pentasaccharide 

Tetrasaccharide 

Salmonella Strasbourg 

Shigella flexneri 

Salmonella newington Trisaccharide 
a) 

Kochetkov et al., 1975 

Kochetkov et al., 1977 

Kochetkov et al., 1980 

Kochetkov et al., 1980 

Bundle and 3osephson, 1980 

Betaneli et al., 1980 

Kochetkov et al., 1981 
Dimitrie t al.  1982 

Paulsen and Bunsch, 1981 

Paulsen and Lockhoff, 1981 

b) 

Di-,Tri-,01igomers 
of Trisaccharide 

Salmonella, groups A,B,

Shigella dysenteriae Pentasaccharide 

E. coli 075 Tetrasaccharide 

a) 
These oligosaccharides represent multiples of biological repeating 
units. 
Tetra, octa, and dodecasaccharides have been prepared from 
Salmonella typhimurium lipopolysaccharide by specific degradation 
of the O chain with phage enzyme. These oligosaccharides contain 
1,2, or 3 chemical repeating units (Svenson and Lindberg, 1981). 

enzyme acting as an endo-rhamnosidase. The oligosaccharides thus 
produced represent mono- and oligomers of the chemical repeating unit 
galactose-(abequose-)mannose-rhamnose. 

When rabbits were immunized with these antigens and the antisera 
analyzed with S. typhimurium lipopolysaccharide as the test antigen, 
high titers were observed with the di-, octa-, and dodecasaccharide 
antigens, while, as expected, the tetrasaccharide antigen had induced a 
serum of low titer. The authors showed also that the transfer of the 
antisera raised by immunization with the di- and octasaccharide anti­
gens (but not those raised against the tetrasaccharide antigen) confer­
red specific protection to mice challenged with a 100-fold LD50 of S. 
typhimurium bacteria (Svenson and Lindberg, 1981). 

Artificial antigens containing immunodeterminant structures of O-
antigens represent potent non-toxic immunogens that induce high-titer 
antisera which may be used for diagnostic purposes and which may have 
the capacity to protect specifically against bacterial infections. 

The Core. Core oligosaccharides are structurally less diverse than 
O-chains. The core oligosaccharide shown in Figure 1 is common to 
many or all Salmonella serotypes. Distinct core types have been 
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8 BACTERIAL LIPOPOLYSACCHARIDES 

identified in other enterobacterial genera, but in their structural make 
up they resemble each other, as well as the Salmonella core, in their 
main features (Jansson et al., 1981). 

As shown in Figure 1, the Salmonella core contains adjacent to the 
O-chain a branched oligosaccharide with N-acetyl-D-glucosamine, D-
glucose, and D-galactose units, and adjacent to lipid A a branched 
oligosaccharide with L-glycero-D-manno-heptose and 2-keto-3-deoxy-
D-manno-octonate (KDO) units. Most of the linkages have been deter­
mined but some uncertainty remains about the structure of the KDO 
region which is presently under renewed investigation (H. Brade, 
unpublished results), and the anomeric configuration of the KDO units. 
The core oligosaccharide is substituted by phosphoryl, pyrophosphoryl, 
and ethanolamine residues and expresses a negative net charge. 

In Figure 1, the structures of the Ra to Re lipopolysaccharides have 
been indicated. These incomplete lipopolysaccharides which are devoid 
of O chains and parts of the core are formed by R mutant strains which 
are defective in the synthesi
(reviewed by Liideritz  1982)  lipopolysaccharide
represent intermediates in lipopolysaccharide biosynthesis. They ex­
press distinct serological specificities since the respective terminal 
sugar units act as the main immunodeterminant. The different R 
lipopolysaccharides and the respective R mutants, therefore, can be 
differentiated by serological methods. 

In contrast to the O chains which are specific for individual 
serotypes, the R lipopolysaccharides, especially those made by mutants 
with deeper defects, represent structures which are common to many 
Gram-negative bacteria, certainly to all Enterobacteriaceae. There­
fore, R antibodies recognize common structures in enterobacterial 
lipopolysaccharides. 

Braude (Braude et al., 1977; Ziegler et al., 1981) and McCabe 
(McCabe, 1972; McCabe et al., 1977) and their collegues were the first 
to ask the question whether such R antisera would be effective in 
protecting animals against experimental infections with organisms 
differing in O specificity, in contrast to O antisera which would protect 
only against the homologous organism. In fact, these authors could show 
that rabbit or human antisera against Rc and Re mutant lipopolysaccha­
rides (from E.coli) are capable of cross-protecting mice infected with 
E. coli, Klebsiella, or Pseudomonas bacteria. 

Until now, R-specific determinants or carrier linked artificial 
antigens of the Rc to Re types have not been synthesized, although 
their availability might prove most useful. In contrast to killed bacteria 
which are presently used for the preparation of antisera, synthetic 
immunogens would be non-toxic. Further, one would be able to investi­
gate mono-specific sera and to identify those R determinants which are 
most effective in protection. 

A technique for the preparation of semi-synthetic R antigens has 
been worked out by Galanos and Lehmann (described in Liideritz et al., 
1973; Galanos et al., 1977; Galanos and Nerkar, unpublished results). 
The principle of the method (Figure 2) is based on the finding that 
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1. LIIDERITZ ET AL. Structural Principles and Biological Properties 9 

G l c N H ^ ^ ^ Hydrazine ^ G I C N H 2 Glutaraldehyde- | 

P S — G l c N H ^ ^ ^ 103*̂ , 18h P S — G I C N H 2 activ. A H Sepharose 4 B 

G l c N , 
I = C H - ( C H 2 ) 3 - C h = N — ( A H S e p h a r o s e A B ) 

P S — G l c N 

Figure 2. Specific immunoabsorbents for Salmonella O and R form antibodies. Key: 
PS, O-specificpolysaccharide, core, corefragment; and GlcNH2, glucosamine andfatty 
acids. Specific immunoabsorbents for lipid A antibodies have also been prepared (C. 

Galanos and D. Nerkar, unpublished results; Liideritz et al., 1982). 
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10 BACTERIAL LIPOPOLYSACCHARIDES 

extensive hydrazine treatment of an R form lipopolysaccharide will 
remove the long chain fatty acids from the lipid A part and yield a 
product which still contains the respective core fragment attached to 
the glucosamine disaccharide of the lipid A backbone. The free amino 
groups of the glucosamine residues are used to link the antigen via 
glutardialdehyde to a carrier (a protein for the preparation of immuno-
gens, AH Sepharose for the preparation of immunoadsorbants). These 
systems have proven very useful for the preparation and purification of 
R-specific antibodies. 

Lipid A. All R form lipopolysaccharides as well as free lipid A 
(obtained by mild acid cleavage of the KDO linkage) represent potent 
endotoxins, comparable in activity to complete lipopolysaccharides. 
This shows that lipid A represents the component of lipopolysaccharides 
which is responsible for its endotoxic properties. 

Structural analyses o
given in Figure 3. It
glucosamine disaccharide, the so-called lipid-A-backbone, which is 
partly substituted by ^-amino-L-arabinose and phosphorylethanolamine. 
In the lipopolysaccharide, the KDO of the core is linked to a hydroxyl 
group of the non-reducing glucosamine (whether it is that at carbon 3, 
as determined previously, is now uncertain; E.Th.Rietschel et al., 
unpublished data). The lipophilic character of lipid A is provided by 7 
long chain fatty acyl residues. Two (R)-3-hydroxytetradecanoyl residues 
which are O-substituted by dodecanoyl and hexadecanoyl residues are 
linked to the aminogroups of the two glucosamine units. Two further 
(R)-3-hydroxytetradecanoyl residues, being O-substituted to 50% by 
tetradecanoic acid, are ester-linked to two, so far unidentified hydroxyl 
groups of the two glucosamine units. It is obvious that lipid A exhibits a 
high degree of heterogeneity similarly to the other regions of lipopoly­
saccharides (for details see the following article of Rietschel et al.). 

Investigations on lipid A's of different origin have revealed struc­
tural similarities as well as dissimilarities among different lipid A's 
which in some cases influence certain biological activities (Rietschel et 
al., 1983; Liideritz et al., 1978). Indications concerning minimal struc­
tural prerequisites for some activities could thus be evaluated. Recent­
ly, a lipid A precursor molecule which accumulates in KDO-defective 
Salmonella mutants has been isolated and its structure identified 
(Lehmann, 1977). This incomplete lipid A lacks 4-aminoarabinose, 
phosphorylethanolamine, and the non-hydroxylated fatty acids do-, 
tetra-, and hexadecanoic acid. Nevertheless, this molecule expresses 
most of the biological activities of complete lipid A (Liideritz et al., 
1978). This structure, therefore, may serve as a guide for those groups 
who have undertaken the chemical syntheses of lipid A (Inage et al., 
1980; Kiso et al., 1981; Nashed and Anderson, 1981; van Boeckel et al., 
1982). 

A number of lipid A analogues that have been synthesized by Shiba 
and Kusumoto and their collegues in Osaka (for details see the following 
article by Shiba et al.) have been tested in Freiburg for biological 
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I. LUDERITZ ET AL. Structural Principles and Biological Properties 11 

Figure 3. Proposed structure for Salmonella lipid A. See Key for Figure 1, and OH-14, 
3-hydroxytetradecanoic acid; 12, 14, 16, dodeca-, tetradeca-, hexadecanoic acid. The 
distribution of tetradecanoic acid on the two 3-hydroxytetradecanoic acids, as well as the 
distribution and positions of the two ester-bound 3-hydroxytetradecanoic acids, is not 

known. 
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activities in comparison to natural lipid A (Tanamoto et al., to be 
published). These preparations represent derivatives of the pl,6-linked 
glucosamine disaccharide which carries acyl and phosphoryl residues as 
indicated in Figure 4. Most of the preparations were insoluble in water 
and could not be tested directly. However, they were rendered soluble 
by conversion into succinyl derivatives. It had been shown previously 
that the introduction of carboxyl groups into Re lipopolysaccharide by 
succinylation would not greatly affect the biological properties 
(Rietschel et al., 1971). 

The following test systems were employed. For the determination of 
serological cross reactions with free lipid A from Salmonella , the 
preparations were tested either attached to erythrocytes in the passive 
hemolysis test with anti-lipid A antiserum or as inhibitors in the passive 
hemolysis test with Salmonella lipid A-coated erythrocytes and anti-
lipid A antiserum, both in the presence of complement (Galanos et al., 
1971b). Lethal toxicity
C57BL/6 mice (Galanos e
and Kim, 1963). Mitogenic activity of the preparations toward mouse 
spleen cells was determined by thymidine incorporation (Anderssen et 
al., 1973), and complement inactivation was tested as previously 
(Galanos et al., 1971a). The preparations were also tested for hemolytic 
activity by incubation with sheep red blood cells at 37°C over several 
hours. 

The results of Figure k show that the synthetic preparations tested 
exhibit serological cross reactivity with Salmonella lipid A antiserum. 
The inhibitory capacity was found to be of the same order as that of 
natural free lipid A. Lipid A specificity could also be demonstrated in 
the direct passive hemolysis test using red blood cells coated with 
synthetic preparations and anti-Salmonella lipid A antiserum. It was 
also found that O-deacylation of the preparations like with natural lipid 
A did not diminish but rather increase reactivity. The results showed 
that phosphate substitution of the backbone is not a prerequisite for 
expression of antigenicity, and that the amide-bound 3-hydroxytetra­
decanoic acid can be replaced by tetradecanoid acid without loss of 
inhibitory reactivity in the lipid A system. The results with the 
synthetic preparations are in good agreement with previous results 
obtained with degradation products of natural lipid A, which had 
indicated that the immunodeterminant structure of lipid A includes the 
amide grouping of the amide-linked acyl residue, and part of the 
glucosamine residues. 

Figure k shows that some of the synthetic preparations exhibit 
lethal toxicity and/or pyrogenicity. Compared to lipid A, however, the 
effective doses of the synthetic preparations for lethality and pyro­
genicity were ca. 1000 and 100 times higher. Obviously, there is a 
separation of activities: Preparation 302 is pyrogenic, but not lethal, 
while preparations 314 and 315 are lethal, but not pyrogenic. Further­
more, preparation 316, which could be directly solubilized in water, 
was toxic to galactosamine-treated mice in a dose of 50 ug/mouse. With 
this dose, a low monophasic fever curve was seen in rabbits. In contrast, 
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the succinylated preparation 316 was of lower toxicity, but in a dose of 
50 ug gave rise to a typical biphasic fever increase of 1.9°C. 

As shown in Figure 4, some preparations exhibit mitogenic activity 
for mouse B lymphocytes, and anti-complementary activity. Adjuvanti-
city of preparation 305 has been demonstrated by Yasuda et al. (1982) 
using a liposomal system. 

In summary, it was found that some of the synthetic preparations 
definitively exhibit endotoxic activities. But in all cases, except for 
antigenicity, the activities, on a weight basis, were much lower than 
those observed with natural lipid A. 

Many questions can be posed, but presently no clear cut answers can 
be given regarding structure/activity relationships. Only for one bio­
logical activity, antigenic specificity, structural requirements could be 
identified. It should be noted, however, that so far none of the 
structures of the synthetic preparations is identical with that proposed 
for natural lipid A. 
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Our laboratory has been concerned with the structural 
characterization of th
with the outer membran
Pseudomonas aeruginosa (1-5). This organism is of very widespread 
occurence and normally presents no hazard to healthy human 
subjects whose immune-response capacity is high (6). However, i t 
is an opportunistic pathogen; certain virulent strains cause 
progressive and frequently lethal infections that respond poorly 
to conventional antibiotic therapy in subjects having impaired 
immune-response capacity. Such individuals include especially 
victims of severe burns and other injuries, newborn infants, 
cystic fibrosis patients, patients undergoing radiation therapy 
or cancer chemotherapy, and individuals under deliberate immuno­
suppression for the purpose of organ transplants (6,7). Attempts 
have been made, with some measure of success, to produce vaccines 
(8,9) from extracts of the organism, but the use of these suffers 
from a number of drawbacks, in particular because of the 
multiplicity of different strains identifiable by conventional 
serotyping procedures. It is dif f icult to assure obtaining 
cross-protection by antibody raised to the antigen of one strain 
against the antigen of a different strain. 

There have been numerous efforts to classify the various 
serotypes of Pseudomonas aeruginosa, and a significant advance was 
made by Fisher (10) on the basis of challenge studies in mice. 
He demonstrated that the antibodies raised against the antigens 
of seven selected serotypes of the organism afforded cross­
-protection, when used in combination as a heptavalent vaccine, 
against a wide range of strains of the organism. 

The vaccine formulation comprises a mixture of the outer­
-membrane lipopolysaccharides from bacteria of the seven different 
serotypes. The lipopolysaccharides may be obtained from cultures 
of each of the seven types by the standard procedure of Westphal 
(11), involving phenol—water extraction of the cel ls . However, 
for large-scale purposes, the older procedure of Boivin, (12) 
involving extraction of the cells with trichloroacetic acid, was 
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considered more satisfactory. The two procedures do not lead to 
i d e n t i c a l lipopolysaccharide preparations and the Boivin 
procedure gives material containing additional f a t t y acid 
constituents not present i n preparations isolated by the p h e n o l — 
water procedure. 

Following the well-established pattern of structural 
organization i n the lipopolysaccharides of Gram-negative bacteria, 
(13) i t may be expected that these materials should consist of 
high-molecular-weight molecules containing three discrete 
subunits, bound together by covalent linkages that are very 
l a b i l e to mild acid treatment. Thus, treatment of each of the 
lipopolysaccharides with hot, 1% acetic acid leads to l i b e r a t i o n 
of a chloroform-extractable precipitate recognizable as l i p i d A, 
and the production of l i p i d - f r e e , water-soluble materials 
containing products of low molecular weight, an oligosaccharide 
component of molecular
oligosaccharide, togethe
weight i n the range of 20,000, termed the O-polysaccharide. It 
i s probable that the unfavorable toxic response e l i c i t e d by these 
antigens i s associated with the l i p i d A component, and an aspect 
of our study involves approaches to antigenic formulations that 
could e l i c i t the production of protective antibodies without 
s i g n i f i c a n t associated t o x i c i t y . 

Work at the outset focused on physical and chemical 
characterization of the whole lipopolysaccharide antigens of each 
of the seven Fisher immunotypes. A l l give opalescent solutions 
i n water and have very high apparent molecular weights. 
Hydrolysis by 1% acetic acid for a period of time s u f f i c i e n t to 
l i b e r a t e the l i p i d A gave th i s material as 10—20% by weight of 
the entire lipopolysaccharide. Hydrolysis under more-vigorous 
conditions, followed by analysis for various constituents, as 
displayed i n Table I, showed a l l of the lipopolysaccharides to 

Table I. Composition of the Lipopolysaccharide Antigens of 
Pseudomonas aeruginosa (Relative Percentages) 

Immunotype Neutral Amino Lipid KDO Protein Phosphate 
Sugars Sugars A 

1 15 17 16 5 4 3 
2 18 22 16 4 5 2 
3 12 18 11 4 8 3 
4 14 27 19 4 3 2 
5 17 14 13 5 7 2 
6 18 11 13 4 3 3 
7 14 14 8 5 3 4 

contain neutral sugars, amino sugars, a component reacting as 
3-deoxy-D-manno-octulosonic acid, together with material reacting 
as protein, and inorganic phosphate. Although the individual 
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immunotypes show somewhat different quantitative compositions in 
this analysis, the observed values demonstrate no immediate and 
noteworthy differences that could be used as diagnostic chemical 
means of identifying the lipopolysaccharide of an individual 
•immuno type. 

Comparison of the whole lipopolysaccharide antigens of the 
seven immunotypes by phosphorus-31 n.m.r. spectroscopy (5) does 
provide a tool for d i f f e r e n t i a t i n g the seven types, as shown in 
Figure 1, where i t may be seen that each individual immunotype 
gives a characteristic P-n.m.r. p r o f i l e that could be used as a 
diagnostic reference for the lipopolysaccharide of that individual 
immunotype. The 31 p r i . m . r . spectra have also been used to glean 
information as to the chemical nature of the phosphate groups in 
the lipopolysaccharides (5,14—16). 

The most noteworthy d i f f e r e n t i a t i o n of the lipopolysaccharides 
of the seven antigens i
components present in th
Table I I . A l l of the antigens contain 2-amino-2-deoxy-D-glucose, 

Table I I . Amino Sugar Composition of the Lipopolysaccharide 
Antigens of Pseudomonas aeruginosa 

(Relative Percentages) 

Immunotype Quinovosamine Fucosamine Glucosamine Galactosamine 

1 26 49 25 
2 - 81 11 8 
3 4 39 28 29 
4 10 55 12 23 
5 60 - 25 15 
6 - 60 23 17 
7 - 38 38 24 

and t h i s sugar i s located uniformly in the l i p i d A component. In 
addition, a l l of them contain 2-amino-2-deoxy-D-galactose, which 
i s the most common constituent of the core oligosaccharide. 
Especially noteworthy i s the incidence of the aminodideoxy sugars 
2-amino-2,6-dideoxygalactose (fucosamine) and 2-amino-2,6-dideoxy-
glucose (quinovosamine). The a n a l y t i c a l p r o f i l e s of these 
aminodideoxy sugars alone provide a ready means of d i f f e r e n t i a t i n g 
between the immunotypes. Thus type 5 i s characterized by a high 
content of quinovosamine and the absence of fucosamine, whereas 
the reverse i s true for type 2. Furthermore, certain of the 
immunotypes also contain amino uronic acids. 

Analyses of the l i p i d A components show a general s i m i l a r i t y 
of composition between the l i p i d A material isolated from each of 
the seven immunotypes. A l l contain a 3-D-(l->6)-linked 2-amino-2-
deoxy-D-glucose disaccharide (17,18), substituted at both amino 
groups and at most of the hydroxyT~~groups by 3-hydroxy fatty acyl 
chains, and phosphate ester groups are present at 0-1 and 0-41. 
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Figure 1. Phosphorus-31 NMR profiles of the seven Fisher immunotypes and that of the 
type 1 lipopolysaccharide pretreated with alkaline phosphatase. (Reproduced with 

permission from Ref. 5. Copyright 1981, Biochem. Biophys. ActaJ 
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The amino pentose i d e n t i f i e d (14) in the l i p i d A constituents of 
several other species of Gram-negative bacteria was not 
encountered i n these Pseudomonas lipopolysaccharides. 

The structures of the core oligosaccharides have not been 
worked out i n d e t a i l , but the a n a l y t i c a l compositions (Table III) 

Table I I I . Analytical Data for the Core Oligosaccharide of 
Pseudomonas aeruginosa (Relative Percentages) 

Immunotype Yield from LPS Alanine Rhamnose Glucose 

1 10-16 1.7 6 42 
2 16-18 1.4 3 36 
3 16-17 4.6 5 59 
4 20-21 6.0 6 33 
5 15-1
6 25-2
7 30-33 1.7 4 50 

Immunotype Heptose Galactosamine Fucosamine Quinovosamine 

1 10 1 
2 11 3 13 -3 11 6 trace trace 
4 8 4 2 1 
5 9 2 - -6 6 1 7 -7 4 2 trace -

indicate each to contain glucose, rhamnose, 2-amino-2-deoxy-
galactose, heptose, and the amino acid L-alanine. It may be noted 
that aminodideoxy sugars are essentially absent from the core of 
a l l immunotypes except for type 2 and type 6. The presence of 
fucosamine i n the core oligosaccharide of type 2 i s of 
significance, as w i l l be evident l a t e r . 

The l i p i d material precipitated upon mild acid treatment of 
the Boivin-extracted lipopolysaccharide i s here termed a l i p o i d a l 
precipitate. The fatty-acid p r o f i l e (Table IV) of hydrolyzates of 
thi s material shows l i t t l e v a riation between the seven immunotype 
strains. If the o r i g i n a l lipopolysaccharides are f i r s t treated by 
phenol—water extraction, and the resultant materials then 
subjected to hydrolysis to release the l i p i d , the composition of 
the l a t t e r i s s i g n i f i c a n t l y d i f f e r e n t ; i t corresponds closely to 
the c l a s s i c composition expected for l i p i d A. It i s noteworthy 
that material extracted by the phenol—water (Westphal) method i s 
r i c h in the C 1 2 saturated acid and i n the hydroxy fatty acids 
having ten and twelve carbon atoms, whereas the C-̂ g and C^g 
saturated acids present in the l i p o i d a l precipitate, as prepared 
by the Boivin procedure, are absent or present at much lower 
levels i n the l i p i d prepared by the Westphal procedure (19 ). It 
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i s probable, although the point has not been established 
unequivocally, that the l i p o i d a l precipitate contains additional 
l i p i d material from the c e l l s , physically entrapped i n the 
lipopolysaccharide preparations. 

0-Chain Sequence Studies 

Structural studies have been conducted i n some d e t a i l on the 
antigens of three of the immunotypes and these results are 
reported here. 

Immunotype 2. I n i t i a l work on characterization of the amino sugar 
isolated from the whole antigen of Fisher immunotype 2 led to a 
product i d e n t i f i a b l e as fucosamine, but having an anomalous 
op t i c a l rotation; this was positive, but not s u f f i c i e n t l y high as 
to correlate with the D
behavior was subsequentl
fucosamine present in the core oligosaccharide i s the D enantiomer 
but that present i n the O-chain component i s an equal mixture of 
the D and L forms. The O-chain material was isolated from the 
intact lipopolysaccharide in 25% y i e l d as a strongly levorotatory 
polysaccharide having molecular weight 14,000, as measured by 
ultracentrifugation, and i t contained glucose and fucosamine i n 
1:2 proportion (Table V). As expected, the glucose was the D 

Table Y« Physical Properties of Pseudomonas aeruginosa 
Immunotype 2 O-Antigenic Polysaccharide 

Yield from LPS 25% 
Specific rotation -70° (H 20) 
Molecular weight 14,000 ±500 
Sugar Content 

Glucose 29% 
Fucosamine 71% 

enantiomer, but the fucosamine (N-acetylated in the poly­
saccharide) was o p t i c a l l y inactive and constituted an equimolar 
mixture of the D and L forms. Methylation linkage analysis gave 
r i s e to 3,4,6-tri-0-methylglucose and the 4-methyl ether of 
fucosamine as the p r i n c i p a l fragments, indicating that the glucose 
residues are linked at their 2-positions, and the fucosamine 
residues through their 3-positions (Figure 2). These data point 
to a trisaccharide repeating unit for the type 2 0-polysaccharide, 
but i t was necessary to perform a series of successive Smith 
degradations to establish the s p e c i f i c order of the units. One 
cycle of periodate oxidation followed by borohydride reduction and 
subsequent hydrolysis by very mild acid led to loss of the glucose 
residues, substantiating the methylation data that had established 
linkage through 0-2 of D-glucose (Figure 3). A disaccharide 
glycoside containing one residue of D-fucosamine, 1 of 
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OMe OH AcN(H) 
(Me) 

(5%) (33%) ( + Lform) 

(51 %) 

Figure 2. Methylation fragments from Pseudomonas aeruginosa type 2 O-chain. 

Figure 3. Smith degradation of the type 2 O-chain. 
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L-fucosamine, and a glycerol residue was isolated and i t s 
constitution supported by chemical-ionization mass spectrometry 
(Figure 4). A second i t e r a t i o n of the Smith degradation cycle led 
to a loss of the L-fucosamine and retention of the D-fucosamine 
constituent. From this information i t i s possible to formulate 
the repeating sequence as being ->2)-D-Glcp-(1+3)-L-FucpNAc-(l->3)-
D - F U C D N A C , The formation of a small proportion of 2,3,4,6-tetra-
O-^nethyl-D-glucose i n the methylation analysis suggests that 
glucose i s probably the non-reducing terminus of the chain. 

The structure thus established (l£) for the repeating unit was 
further consolidated, especially as regards the anomeric linkages, 
by high resolution proton and carbon-13 n.m.r. spectroscopy 
(Figures 5 and 6), where inspection of the anomeric-signal regions 
provided strong indication that the glucose residues are 3-1inked, 
the L-fucosamine residues a-linked, and the D-fucosamine residues 
3-linked. These attribution
of the anomeric proton
acetyl and C-methyl group signals i n the proton spectrum, and by 
similar peak m u l t i p l i c i t y i n the carbon-13 spectrum. 

The same linkage sequence has been recently described for the 
O-polysaccharide of the lipopolysaccharide of Lanyi strai n 0:7a,b 
of Pseudomonas aeruginosa; t h i s s t r a i n i s possibly i d e n t i c a l to 
Fisher type 2 (20). 

Immunotype j5. The type 5 lipopolysaccharide was si m i l a r l y 
degraded to separate the l i p i d A, the core oligosaccharide, and 
the O-chain components. The O-chain material was hydrolyzed to 
y i e l d a mixture of two sugars i d e n t i f i e d by g.l.c. as 
L-rhamnose and D-quinovosamine.(3,18). Th e r a t i o of these was 2:1 
(g.l.c.) in i n i t i a l batches of the lipopolysaccharide; later 
isolates from the organism cultured under somewhat different 
conditions showed a r a t i o of 1:1 for these sugars. Paper 
chromatography of hydrolyzates from O-chain of the later batches 
indicated a third sugar component, having chromatographic mobility 
suggestive of an amino uronic acid. Further indication for the 
amino uronic acid was provided by hydrolysis of the carboxyl-
reduced polysaccharide, which again gave rhamnose and 
quinovosamine, but now in association with 2-amino-2-deoxy-
galactose, suggesting that a third constituent in the repeating 
unit i s 2-amino-2-deoxygalacturonic acid. The amino groups in the 
type 5 O-chain are N-acetylated, and certain of the hydroxyl 
groups are also O-acetylated, as indicated by infrared 
spectroscopy. 

Methylation linkage-analysis of the type 5 O-chain indicated 
the rhamnose and the quinovosamine residues to be linked through 
their 3 positions (21), and the galactosaminuronic acid residues 
through their 4 positions. In the proton n.m.r. spectrum 
(Figure 7), the H-l signal of the rhamnose residue may be c l e a r l y 
recognized, but the two other signals i n the anomeric region are 
superposed; however, the spacings and chemical s h i f t s are 
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Figure 4. Chemical ionization fragmentation pattern of the Smith fragment of the type 2 
O-chain. 
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indicative of the a-D configuration of the quinovosamine residues 
and the a-L configuration of the rhamnose residues; very probably 
the amino uronic acid component has the a-L configuration. These 
data are further supported by the results of carbon-13 n.m.r. 
spectroscopy (Figure 8). 

The O-chain sequence of Lanyi stra i n 0:2a,b and 0:2b,c 
Pseudomonas aeruginosa corresponds to the sequence of the la t e r 
batches of Fisher type 5, indicating that these strains may be 
the same (22). 

Immunotype 1. The O-chain from Fisher type 1 lipopolysaccharide 
was subjected to methylation linkage-analysis and characteristic 
fragments isolated included the 4-methyl ether of D-quinovosamine, 
the 2,3,6-trimethyl ether of D-glucose, and the 3,4-dimethyl ether 
of L-rhamnose, suggesting that the repeating unit contains 
rhamnose residues linke
linked through their 4
through their 3 positions. A probable sequence for the repeating 
units of the type 1 O-chain i s formulated (Figure 9) on the basis 
of studies of i t s proton- and 13c-n.m.r. spectra (Figures 10 and 
11). It i s evident from the spectra that other signals are 
present i n the anomeric region, and i t i s possible that formyl 
or other acyl groups are present in this 0-polysaccharide. The 
l3C-n.m.r. spectrum displays three signals in the anomeric region, 
and the f i e l d positions of these signals are i n support of the 
proposed sequence, although f i n a l , d e f i n i t i v e proof of the 
sequence has not yet been achieved. 

Synthetic Oligosaccharides 

Synthetic chemical studies on oligosaccharide sequences 
related to the determinants have been made with a view to 
preparing a r t i f i c i a l antigens and Immunoadsorbents. The estab­
lished procedure (23) involves production of an oligosaccharide 
bearing a suitable glycosidic spacer-arm having a functional 
group at the end of the chain capable of being converted into a 
reactive electrophile, which serves to attach the molecule to 
amino groups on the surface of a protein or on a suitable, 
derivatized s o l i d support (Figure 12). The i n i t i a l synthetic 
targets were the methoxycarbonyloctyl glycosides (24) of D-
quinovosamine bearing one or two a-L-rhamnosyl residues linked 
through 0-3. These glycosides could be attached to such proteins 
as human serum albumin or tetanus toxoid to produce potential 
a r t i f i c i a l antigens. Immunoadsorbents could be produced by 
attachment to a s o l i d support such as poly(aerylamide) or surface-
functional ized glass beads. Immunoadsorbents of this type have 
considerable potential value for such applications as the 
iso l a t i o n of hyperimmune sera, for the p u r i f i c a t i o n of monoclonal 
antibodies, as tools in the study of antigen—antibody 
interactions, for f a c i l i t a t i n g the immunotyping of different 
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strains of the organism, and i n a p r a c t i c a l sense, for developing 
a method for the preparation of bulk quantities of pu r i f i e d 
antibody that could be used for the passive immunotherapy of 
infections caused by the s p e c i f i c s t r a i n of the organism. 

This synthesis was designed to explore s p e c i f i c synthetic 
methodology that could be useful, with adaptations, for the 
determinant sequences of the various antigens i n the series, and 
was targeted on the basis of a n a l y t i c a l results on e a r l i e r batches 
of the type 5 antigen that contained approximately 2 rhamnose 
residues per quinovosamine residue and no detected uronic acid. 
On this basis, a trisaccharide model was selected having two 
rhamnose residues linked to quinovosamine uniformly by l->3 
linkages, with a methoxycarbpnyloctyl group i n glycosidic 
attachment to the quinovosamine residue. 

For procedural reasons in exploration of the synthesis, the 
3-glycoside was the i n i t i a
configuration at that glycosidi
an obligatory feature. The syntheses were designed to be of 
pr a c t i c a l u t i l i t y , and considerable e f f o r t was made to ensure that 
preparatively useful steps were developed throughout. 

The readily accessible 2-acetamido-3,4,6-tri-C)-acetyl-2-deoxy-
a-D-glucopyranosyl chloride ("acetochlor©glucosamine") was 
condensed with methoxycarbonyloctanol in benzene i n the presence 
of mercuric cyanide to give the 3 glycoside i n good y i e l d 
(Figure 13). J)-Deacetylation of this product, followed by 
benzylidenation, gave the 4,6-benzylidene acetal. This product 
has H0-3 "isolated" for subsequent glycosylation, and the 
0-benzylidene group provides the basis for the ultimate conversion 
into quinovosamine by deoxygenation at C-6. 

Attachment of the two rhamnose residues was f i r s t attempted by 
prior construction of the appropriate (1+3)-linked rhamnose 
disaccharide. Methyl a-L~rhamnopyranoside was allowed to react 
with tri-O-acetyl-a-L-rhamnosyl bromide ("acetobromorhamnose") 
under the Koenigs—Knorr conditions. Higher r e a c t i v i t y was 
anticipated at 0-3; no sig n i f i c a n t r e a c t i v i t y at the (axial) HO-2 
group was expected, and the 4-position i s more hindered. 
D i f f i c u l t i e s were encountered, however, i n the conversion of thi s 
glycoside into the desired disaccharide glycosyl bromide, as the 
conversion involved an acetolysis step that was r e l a t i v e l y low 
yiel d i n g , and so the resultant glycosyl halide of the disaccharide 
was not available i n high y i e l d . Nevertheless (Figure 14), i t 
was allowed to react with the protected amino sugar glycoside to 
afford the trisaccharide glycoside having the overall framework of 
the desired target. The low y i e l d of the disaccharide glycosyl 
halide made this sequence less than ideal for the desired purpose 
and so recourse was made to stepwise introduction of the rhamnose 
residues. 

The protected amino sugar glycoside was treated with 
"acetobromorhamnose" under Koenigs—Knorr conditions and an 
excellent y i e l d of the corresponding 3-0i-a-L-rhamnosyl derivative 
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Figure 14. Attachment of disaccharide to monosaccharide glycoside. 
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was obtained (Figure 15). jO-Deacetylation of this product, 
followed by subsequent treatment with tri-O-acetyl-a-L-rhamnosyl 
bromide, afforded a major product constituting the trisaccharide 
derivative linked through 0-3 of the middle rhamnose residue, 
together with a minor proportion of the 4-linked isomer. These 
were readily differentiated on the basis that the l a t t e r reacted 
with periodate and could be converted into a monoisopropylidene 
acetal, whereas the major product did not react. The major 
product was, therefore, the desired 3-linked isomer, i d e n t i c a l 
with that formed by the f i r s t approach. Although the y i e l d i n 
t h i s step was only 25%, i t was the only r e l a t i v e l y low-yielding 
step in the whole sequence. 

Treatment of the trisaccharide derivative with 
N-bromosuccinimide opened up the benzylidene acetal ring i n the 
anticipated manner to give the product having a primary bromide 
and a secondary benzoat
of this product with hydroge
O^deacylation, led to the target glycoside in which the amino 
sugar had been converted into the quinovosamine structure and 
the a-L-rhamnosyl residues had been successively linked through 
(1+3) linkages to the methoxycarbonyloctyl glycoside of the 
amino sugar (Figure 16). 

This entire sequence demonstrated the p r a c t i c a l f e a s i b i l i t y 
of the trisaccharide synthesis and furnished the basis for a 
p a r a l l e l synthesis i n which the amino sugar glycoside was 
i n i t i a l l y subjected to anomerization i n the presence of an excess 
of the glycosidation alcohol and a Lewis acid; the anticipated 
operation of the anomeric effect assured a high l e v e l of 
conversion into the thermodynamically more-stable a anomer, which 
could be isolated c r y s t a l l i n e in good y i e l d (Figure 17). 
fr-Benzylidenation of t h i s product, followed by sequential reaction 
with "acetobromorhamnose", gave the 3-linked disaccharide, 
which was i n turn 0-deacylated and allowed to react with a further 
mole of tri-O-acetyl-a-L-rhamnosyl bromide to y i e l d the desired 
trisaccharide structure; again reaction at the 3-position was 
strongly favored (Figure 17). 

In the f i n a l stages, the benzylidene acetal was again opened 
by the action Jtf-bromosuccinimide, and subsequent reduction 
and deacylation steps were accomplished as before to y i e l d the 
target a glycoside. 

The foregoing synthesis provides a basis for the chemical 
production of immunoadsorbents and a r t i f i c i a l antigens based on 
this structure and variants thereof incorporating one, two, or 
more sugar residues in predetermined sequences. Variants of 
this general theme are expected to be of use in generating 
p a r t i a l or entire repeat-sequences of the O-antigens in other 
immunotypes. 

Further work currently i n progress w i l l provide ultimate 
tests as to the v a l i d i t y of this approach toward the proposed 
obj ectives. 
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3 
Synthesis of Shigella flexneri O-Antigenic 
Repeating Units 
Conformational Probes and Aids to Monoclonal Antibody 
Production 

DAVID R. B U N D L E , M A R G A R E T A. J. G I D N E Y , S T A F F A N J O S E P H S O N , 
and H A N S - P E T E R W E S S E L 

National Research Council of Canada, Division of Biological Sciences, 
Ottawa, Ontario K1A 0R6, Canada 

The primary structure
-antigens are now well defined (1,2) and these data may be used to 
rationalize the serological classification of enterobacteriaceae 
(2). Since this classification is based upon antibody binding to 
cel l wall polysaccharides, appreciation of the three dimensional 
structure of the antigen wil l enhance the understanding of subtle 
serological interrelationships and cross-reactions. The inter­
pretation of the shapes of O-antigens of known primary structure 
is just beginning and in this chapter we describe how synthetic 
oligosaccharides are prepared and how models of O-antigen confor­
mation are inferred from NMR experiments on such compounds. Also 
outlined is the manner in which the same oligosaccharides may be 
incorporated into the protocol of the hybrid-myeloma (hybridoma) 
technique for production of monoclonal antibody toward O­
-antigens. In this way oligosaccharides for which the three 
dimensional structure is well established may be used to select 
specific antibodies. These are of both practical use in 
serodiagnosis, and are ideally suited to the study of the 
molecular and stereochemical basis of antibody binding. 

Structure and Conformation 

The structures of the O-antigens of Shigella flexneri were 
elucidated by Kenne and his co-workers (3-5). A tetrasaccharide 
[-2)Rha(α1-2)Rha(α1-3)Rha(α1-3)GlcNAc(βl-] is the repeating 
unit of the simplest of the S. flexneri O-antigens, the variant 
Y. The serogroups 1-5 possess this basic repeating unit struc­
ture but in addition carry a~^"glucopyranosyl and 0-acetyl 
substituents. Since the variant Y structure possessed glyco-
sidic linkages involving only the ring hydroxyl groups and was 
devoid of either branching residues or charged groups, this 0-
antigen was considered a good model to investigate antigen-
antibody Interaction. This reasoning rested upon the assumption 

0097-6156/83/0231-0049$06.00/0 
Published 1983, American Chemical Society 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



50 BACTERIAL LIPOPOLYSACCHARIDES 

that the preferred solution conformation of an antigen was the 
most l i k e l y conformer to be bound by an antibody, and that the 
geometry of a simple, f a i r l y r i g i d polymer, composed of linear 
repeating units, would most easily provide this conformational 
information. At the time this project was started the work of 
Rees and his co-workers (6 S7) n a c* already established that 
homopolysaccharide and diheteroglycan shape could be sa t i s f a c ­
t o r i l y explained by consideration of the two glycosidic tor­
sional angles <(> and ip. These define the conformation of a 
glycosidic linkage involving a secondary hydroxyl group. If the 
linkage involves the primary hydroxyl of a hexopyranoside a 
third torsional angle u> defines the extra degree of freedom that 
1+6 linkages possess. As j>. fle x n e r i 0-chains are devoid of 1+6 
linkages the conformation of the Y 0-antigen could be modelled 
with some confidence, provided that due consideration was given 
to the exo-anomeric e f f e c t
that to a good approximatio
be anticipated by setting the 0-1 to aglyconic carbon bond 
antiperiplanar to the C-l to C-2 bond (8,9). Analysis of X-ray 
data (10) and theoretical calculations supported this approach 
(11,12). In this arrangement the non-bonded interactions seemed 
to be best accommodated when the C-l to 0-1 bond eclipsed the 
aglyconic carbon to hydrogen bond. Thus i t appeared that a 
reasonable model of the Y 0-antigen conformation could be 
predicted with some confidence, a view later substantiated by 
semi-empirical calculations and NMR measurements (13). 

Oligosaccharides corresponding to the antigenic determi­
nants of the Y polysaccharide were required to either map the 
antibody combining s i t e , or i f suitably derivatised, to e l i c i t 
antibodies. Such a r t i f i c i a l antigens (14) could then provide 
antibodies that would react with the 0-antigen and have a known 
binding s p e c i f i c i t y . We therefore synthesized a range of d i - , 
t r i - and tetrasaccharides corresponding to the Y 0-antigen. At 
the time these haptens were intended to provide polyclonal but 
monospecific antibodies, but as a result of subsequent develop­
ments the structures also proved to be invaluable aids to the 
hybrid-myeloma (hydridoma) technique (15). 

Synthesis of Oligosaccharides 

The details of the synthetic approach we have adopted for 
the preparation of a l l possible d i - and trisaccharide sequences 
of the Y polysaccharide repeating unit have been published (16-
19), together with the syntheses of two of the four possible 
tetrasaccharides (19^20). The synthesis of a third tetra­
saccharide sequence not previously reported i s described below. 

Sequential Chain Extension. The general synthetic approach 
adopted in our published work was to employ sequential chain 
extension reactions rather than block synthesis. Since two of 
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the four glycosidic linkages in the repeating unit were to the 
0-2 position of an crL-rhamnopyranose unit a general blocking 
procedure was required to provide this unit in suitably 
protected form. This was e f f e c t i v e l y done by adopting the 
general concepts of Garegg and his co-workers (21) and Lemieux 
and his co-workers (22), whereby the base s t a b i l i t y of 1,2-
orthoesters was exploited to provide benzylated 1,2-orthoesters. 
These derivatives possessing persistent blocking groups at 
positions 0-3, 0-4, and 0-6 and a latent acetate at 0-2 have 
considerable synthetic value. Accordingly 3,4-di-0-benzyl-l,2-
0-(l-methoxyethylidene)-3-L-rhamnopyranose could be quanti­
tatively converted to 2-(>-acetyl-3,4-di-CHbenzyl-a-L-
rhamnopyranosyl chloride (^) (18,23) and this derivative was 
particularly effective in s i l v e r trlfluoromethanesulphonate 
( t r i f l a t e ) promoted Koenigs-Kuorr reactions. Thus good yields 
of rhamnose oligosaccharide
linkages were obtained
selectively blocked 3,4-di-0-benzyl-a-L-rhamnopyrano§ide 
derivatives (4 and &), and with the 2,4-di-O-benzoyl-a-L-
rhamnopyranoside (2) (18-20). The general scheme of this 
chemistry is i l l u s t r a t e d in Figure 1, which describes the 
synthesis of the tetrasaccharide sequence: GlcNAc(3l-2)Rha 
( al-2)Rha( al-3)Rha(a)-0-R. Other features of the synthetic 
scheme worthy of note are the selective removal of acetate esters 
in the presence of benzoate esters (18-20) and the s t a b i l i t y of 
the phthalimido functionality to tr a n s e s t e r i f i c a t i o n conditions 
(16). Furthermore, the conversion of the phthalimido group to an 
acetainido group was achieved under selective hydrazinolysis 
conditions (16), which preserved the integrity of the OJ-
methoxycarbonyloctyl ester grouping, an essential element in the 
e f f i c i e n t coupling of the carbohydrate hapten to protein (14). 
The use of 3,4,6-tri-0-acetyl-2-deoxy-2-phthalimido-3-D-
glucopyranosyl bromide (£) (24) had been dictated by the low 
re a c t i v i t y at the 0-2 position of 3,4-di-O-benzyl-o-L-
rhamnopyranosides (e.£. £) • For example, o>-methoxycarbonyloctyl 
3,4-di-O-benzyl-a-L-rhamnopyranosides had f a i l e d to react with 
either 2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-a-D-glucopyranosy1 
chloride or the corresponding 1,2-oxazoline derivative (16); 
however, use of the bromosugar £ gave good yields of the desired 
oligosaccharides• 

Block Synthesis. In contrast to this published work we have 
recently investigated the use of block synthesis to obtain a 
related frame shifted tetrasaccharide sequence, Rha(al-3)Rha 
( al-3)GlcNAc(3l-2)Rha( a)-0-R, previously unavailable to us. This 
structure was considered essential since serological screening 
had shown the trisaccharide Kha( al-3)GlcNAc(3l-2)Rha( a)-0-R to 
possess higher a c t i v i t y than either of the previously synthesized 
tetrasaccharides, Rha( al-2)Rha( al-3)Rha( al-3)GlcNAc(3)-0-R or 
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R=(CH 2 ) 8 C0 2 CH 3 

Figure 1. Synthesis ofa chemical repeating unit of the Shigella flexneri variant 
Y O-antigen, employing a sequential chain extension strategy. 
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GlcNAc(3l-2)Rha( al-2)Rha(al-3)Rha(a)-0-R. The synthesis of the 
new tetrasaccharide is summarized in Figure 2. 

The synthesis of disaccharide was accomplished by the 
reaction of cu-methoxycarbonyloctyl 3,4-di-O-benzyl-a-L-
rhamnopyranoside (19) with 3,4,6-tri-0-acetyl-2-deoxy-2-
phthalimido-fl-D-glucopyranosyl bromide (24) (7) as previously 
described (16,17). The selec t i v e l y protected disaccharide 
glycoside £ constitutes one of the two building units of the 
target tetrasaccharide. In order to prepare the second disac­
charide for the block synthesis, methyl 2,4-di-O-benzoyl-or-L-
rhamnopyranoside (^j^), made according to the general method of 
Garegg and Hultberg (25), was reacted with either tri-O-acetyl-a-
L-rhamnopyranosyl bromide (^) or 2-0-acetyl-3,4-di-0-benzyl-a-L-
rhamnopyranosyl chloride (1^), in dichloromethane with respec­
t i v e l y mercury(II) cyanide or mercury(II) cyanide together with 
mercury(II) bromide. Disaccharide
93% and 75% yields, respectively
charide glycosyl halides was Investigated under a variety of 
conditions. I n i t i a l l y the reaction of 1£ with trimethylbromo-
silane (23) was studied but even under the most forcing condi­
tions examined, an eight molar excess of trimethylbromosilane i n 
toluene at 80° for 18 hr with or without c a t a l y t i c amounts of 
zinc bromide, the starting material ̂  was recovered unchanged. 
The most satisfactory conditions for conversion of 12 to U 
proved to be the reaction with dibromomethyl methyl ether (27) i n 
absolute dichloromethane. In the presence of ca t a l y t i c amounts 
of zinc bromide ]£ gave ^4 in 50% y i e l d , after 15 hr at -15° and 
5 hr at 0°, followed by column chromatography on s i l i c a g e l. 
Monosaccharide bromides were produced as side products and these, 
together with the major product, were trapped and isolated as the 
isopropyl glycosides ̂  and in order to confirm their struc­
ture. Conversion of the disaccharide glycoside 13 to i t s 
corresponding glycosyl halide was not possible using dibromo­
methyl methyl ether due to the l a b i l i t y of the benzyl ether 
groups. However, acetolysis of gave the 1-acetate 1£ from 
which the corresponding glycosyl halide could be readily 
obtained. Use of a derivative of this type would provide a 
tetrasaccharide intermediate from which a pentasaccharide could 
readily be prepared in a fashion analogous to the conversion of % 
via 6 to 8 (Figure 1). 

When bromide 14, in molar excess, was reacted with the 
selectively blocked disaccharide 9 in dichloromethane in the 
presence of mercury(II) cyanide as catalyst and 4A molecular 
sieve as the acid acceptor, a 90% yi e l d of the f u l l y blocked 
tetrasaccharide was obtained after column chromatography. 
Removal of blocking groups was accomplished by the hydrogenolysis 
of the benzyl ether and benzylidene acetal groups in acetic acid, 
followed by tr a n s e s t e r i f i c a t i o n . The deblocked tetrasaccharide 
jJJ had NMR parameters in agreement with i t s structure. This 
could be confirmed by comparison with chemical s h i f t data for the 
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Figure 2. Block synthesis of a tetrasaccharide repeating unit of the Y O-antigen. 
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previously synthesized oligosaccharides. These have been 
exhaustively studied by *H and 1 3C NMR and the results correlated 
with structure and solution conformation (13). Horton and 
Samreth have reported the preparation of a derivative similar to 
1^ but i t s conversion to a glycosyl halide proceeded via 
acetolysis and conventional treatment with hydrogen bromide-
acetic acid. Their disaccharide bromide gave only poor yields of 
a trisaccharide on reaction with a 2-acetainido-4,b-0-benzylidene-
2-deoxy-3-D-glucopyranoside (28). 

Conformation by NMR and Semi-empirical Calculations 

Investigation of the preferred solution conformations of the 
oligosaccharides synthesized by the above mentioned procedures 
was carried out by semi-empirical calculations and NMR methods 
(13)• The calculation
take into account an energ
e f f e c t . The calculations referred to as HSEA calculations have 
been developed and used by Lemieux et a l . (29^,30) par t i c u l a r l y 
for the blood group determinants. The method and i t s use in 
conjunction with *H and 1 3C NMR i s well reviewed and explained by 
Bock (31). In outline, experimental NMR measurements that 
provide conformational information, namely chemical s h i f t s , 
coupling constants, spin l a t t i c e relaxation rates (1/T.) and 
nuclear Overhauser enhancements (nOe), are used In combination 
with HSEA calculations to identify consistent oligosaccharide 
conformations. Heteronuclear three-bond, C-O-C-H coupling con­
stants ( 3Ji3£ i H ) can provide information about the glycosidic 
torsional angles (31,32). Proton chemical s h i f t differences 
caused by short ( 2.7A) proton-oxygen distances can also be 
related to conformational features (13)• The magnitudes of both 
spin l a t t i c e relaxation rates and nOe parameters are i n t r i n s i ­
c a l l y dependent upon proton-proton internuclear distances (33)* 
These distances, especially those between protons on adjacent 
pyranose residues, can be related to the glycosidic conformation. 
The anomeric proton and the aglyconic proton are always in close 
proximity (8,9,29-31), and i f a second proton-proton distance 
between pyranose residues is available these two distances can 
then define a unique pair of 4>,\|/ values for the glycosidic 
linkage involved. An example of the qualitative relationship of 
T 1 to conformation is shown in Figure 3. Since the contribution 
by adjacent protons (j) to the relaxation of a particular proton 
( i ) i s proportional to r " 6 , where r is the internuclear distance 
between proton i and proton j , only those protons in close 
proximity materially affect the relaxation rate (1/T.) of proton 
i (33). In the case of the trisaccharide Rha(al-2)Rha( al-3) 
Rha(a)-0-R (a-b-c) H-l of rhamnose unit b receives a relaxation 
contribution ( i n addition to that from H-2 of rhamnose b) from 
H-3 of the 'reducing 1 rhamnose c. However the geometry of the 
terminal al+2 linkage places H-5 of rhamnose a close to H-l of b 
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(Figure 4). Therefore, in comparison to the other anomeric 
protons H-la and H-lc, which receive only one substantial i n t e r ­
ring relaxation contribution, proton H-lb receives two such 
contributions; H-5a/H-lb and H-lb/H-3c. Thus H-lb relaxes much 
faster than either H-la or H-lc (13,18)* The dependence of nOe 
upon distance also involves an r"^~"term and these measurements 
provide a more convenient method for estimating conformational 
preference, especially when performed in the difference mode 
(34). This method was used extensively for the j>. flexneri 
oligosaccharides and the Y-polysaccharide and the results were i n 
excellent agreement with HSEA calculations of conformational 
preference (13). The shape of an octasaccharide derived from 
this model and consisting of two repeating units is presented in 
Figure 5. It can be noticed that the methyl groups C-6b, C-6a 
and C-6c bracket the polar acetamido group along one edge of the 
Y-polysaccharide surface
for antibody binding (13
tetrasaccharide 1£. 

Monoclonal Antibodies 

At the outset of this work we had intended to raise 
polyclonal antibodies to our synthetic haptens. However, 
developments in immunology provided a dramatic advance when 
Koehler and Milstein (15) showed that myeloma antibody of 
predefined s p e c i f i c i t y could be systematically generated v i a 
somatic c e l l fusion techniques (15,35). The technique i s 
summarized in Figure 6. A Balb/C mouse is immunized with the 
antigen of interest either as a pure antigen, or a component of a 
c e l l or a crude extract. After a suitable time interval to allow 
the development of a good immune response the spleen c e l l s (B-
lymphocytes) of the mouse are mixed with myeloma tumour c e l l s , 
adapted to tissue culture. The two c e l l populations are induced 
to fuse by polyethylene glycol (PEG) and subsequently only hybrid 
c e l l s are permitted to grow because the selective medium in which 
the fused c e l l s are plated selects against both parental c e l l 
types. The culture supernatants from each micro-well are 
analyzed after two weeks for antibody a c t i v i t y against pure 
antigen. Active hybrid wells are cloned and re-screened for 
antibody a c t i v i t y . Since these cloned c e l l lines possess the 
properties of tumour c e l l s they may be stored and propagated at 
w i l l . As ascites these tumour c e l l lines produce large quanti­
ti e s (up to 100 mg/mouse) of monoclonal antibody. Such homo­
geneous molecules are ideal for structural studies and i n v e s t i ­
gations of antibody-antigen binding. The production of such 
hybridoma lines to s p e c i f i c carbohydrate determinants is 
f a c i l i t a t e d by the a v a i l a b i l i t y of chemically defined antigens 
and we have demonstrated this for the human blood group B 
determinant (36)* However, for anti-LPS antibody we have also 
incorporated the synthetic antigens into a screening protocol 
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Antigen̂  
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Figure 6. Schematic of the hybrid-myeloma protocol. 
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which allows the i d e n t i f i c a t i o n of clones with precise binding 
s p e c i f i c i t y . Thus consideration of Figure 7 shows how glyco-
conjugates or a r t i f i c i a l antigens may be used at the screening 
stage to select antibody a c t i v i t y directed toward the oligo­
saccharide moiety of the conjugate. In the variation shown the 
mouse was immunized according to II ( c e l l s possessing the 
determinant, i«e. bacterial c e l l s bearing the LPS). By this 
method we have isolated two clones which precipitate the Y 
0-antigen and these are being subjected to detailed analysis. 

IMMUNIZATION OF BALB/C MOUSE 

ANTIGEN ( I ) GLYCOCONJUGATE 

( I I ) CELLS POSSESSING 
THE DESIRED 
DETERMINANT 

( i l l ) RED CELLS COATED 
WITH ANTIGEN 

10^ MYELOMA • FUSE 
CELLS 

PLATE IN SELECTIVE MEDIUM 

SCREEN FOR ANTIBODY, 
USE GLYCOCONJUGATE 
COATED MI CROPLATES 

CLONE ACTIVE 
HYBRIDS 

RESCREEN AND R . 
RECLONE, IDENTIFY ANTIBODY CLASS (IGM/IGG) 

PRODUCE ASCITIC STORE FROZEN 
FLUID. TEST BINDING CELL LINE. 
SPECIFICITY. 

Figure 7. Flow chart of the hybrid-myeloma protocol incorporating the artificial 
antigens as immunizing antigens and screening aids. 
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Summary 

In conclusion, i t has been shown that chemical synthesis of 
oligosaccharides not only supplies chemically defined antigens 
but through NMR measurements and HSEA calculations these o l i g o ­
saccharides permit a model of 0-antigen conformation to be 
inferred. Furthermore, the same defined structures may be used 
in conjunction with somatic c e l l fusion techniques to f a c i l i t a t e 
and streamline the production of monoclonal antibodies with 
precisely defined binding c h a r a c t e r i s t i c s . The combination of 
these various facets holds great promise for deeper appreciation 
of the molecular process at work in antibody-antigen recognition, 
and hence the serological c l a s s i f i c a t i o n of bacteria according to 
their c e l l wall polysaccharides. 
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4 
Synthesis of O-Antigenic Polysaccharides 
Pathways for the Polymerization of Oligosaccharide Repeating Units 

N. K. KOCHETKOV 

Academy of Sciences of the U.S.S.R., N. D. Zelinsky Institute of Organic Chemistry, 
Moscow, U.S.S.R. 

In recent years , syntheses of a number of o l i g o ­
saccharide repeat in
ides from Salmonell
b a c t e r i a (5,6) have been performed. Moreover, the 
rap id progress of modern o l i gosacchar ide synthesis 
opens the way for the preparat ion of a large number of 
synthet ic o l i g o s a c c h a r i d e repeat ing un i t s and t h e i r 
c lose analogues. I t , there fore , becomes f e a s i b l e to 
try to solve the next problem - a synthesis of the O­
-ant igen ic po lysacchar ides themselves, with the aim of 
studying t h e i r biological proper t i e s and the possibili­
ties of t h e i r practical use in medicine. 

The a r c h i t e c t o n i c s of O-ant igenic po lysacchar ides 
unambiguously i n d i c a t e s that the most appropriate ap­
proach to t h e i r synthesis i s to assemble the b i o p o l y -
mer out of 'prefabricated' repeat ing u n i t s . The pract­
ical s o l u t i o n of th i s problem can be achieved by sever­
a l pathways (cf . 7); the fo l lowing three most obvious 
ones will be d i scussed . 

1. Extension of a polymeric chain through sequent­
ial a d d i t i o n of o l i g o s a c c h a r i d e repeat ing uni t s (s tep­
wise s y n t h e s i s ) . 

2. Po lymer iza t ion of o l i gosacchar ides by chemical 
methods. 

3. Enzymatic polymerization of oligosaccharides. 
The most serious, general problem in the realiz­

ation of any of these approaches is to ensure strict 
regio- and, especially, stereospecificity of the link­
age formation between the repeating units which are by 
themselves complex, polyfunctional compounds. At the 
same time, each of these approaches requires the solu­
tion of specific, synthetic problems and has its own 
advantages and limitations. Experience accumulated in 
our laboratory on the problem will be discussed in this 
paper. 
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Stepwise S y n t h e s i s 

Stepwise a d d i t i o n of r e p e a t i n g u n i t s i s the most 
o b v i o u s and, at the same tim e , the most l a b o r i o u s p a t h ­
way f o r the p r o d u c t i o n of the b i o p o l y m e r . A p r o p e r 
f u n c t i o n a l i z a t i o n of the o l i g o s a c c h a r i d e r e p e a t i n g u n i t 
i s r e q u i r e d f o r i m p l e m e n t a t i o n of t h i s a pproach. Two 
components are g e n e r a l l y r e q u i r e d f o r o l i g o s a c c h a r i d e 
s y n t h e s i s : A g l y c o s y l synthon which c o n t a i n s a s u b s t i -
t u e n t at C - l which may s e r v e as a good l e a v i n g group 
f o r n u c l e o p h i l i c s u b s t i t u t i o n , and an a g l y c o n e synthon 
w i t h a s i n g l e , f r e e or a c t i v a t e d , h y d r o x y l group, and 
h a v i n g a l l o t h e r f u n c t i o n a l groups t e m p o r a r i l y p r o t e c t ­
ed. 

The p r o p e r s e l e c t i o n of g l y c o s y l and a g l y c o n e syn-
thons i s e s s e n t i a l f o
p r o c e d u r e f o r the s t e p w i s
i d e s . T h e i r p r e p a r a t i o n from the same o l i g o s a c c h a r i d e 
p r e c u r s o r seems the most p r a c t i c a l . 

The s y n t h e s i s of hexa- and n o n a s a c c h a r i d e s (8) , 
the 'dimer' and the ' t r i m e r ' of the t r i s a c c h a r i d e I may 
be p r e s e n t e d as an example f o r the s t e p w i s e s y n t h e s i s 
of the Salmone1la newington p o l y s a c c h a r i d e which con­
t a i n s the r e p e a t i n g u n i t s I j o i n e d t h r o u g h the B - g a l -
a c t o s y l 1—^6-mannose l i n k a g e (9^). 

B-D-Man 1—»4-tf-L-Rha 1—-3-D-Gal (I) 

The s y n t h e s i s of the t r i s a c c h a r i d e I has been 
e l a b o r a t e d at t h i s l a b o r a t o r y i n s e v e r a l m o d i f i c a t i o n s 
( J , ljO, J 0 . I t i s , m o s t c o n v e n i e n t to b e g i n the s t e p ­
wise s y n t h e s i s of the p o l y s a c c h a r i d e from the p r o t e c t ­
ed d e r i v a t i v e I I (}2) . To p r e p a r e the g l y c o s y l s y n t h o n , 
I I was c o n v e r t e d i n t o the d e c a a c e t a t e I I I , which was 
t r e a t e d w i t h HBr i n a CHC1^-CH^CO H m i x t u r e at 0° to 
g i v e the g l y c o s y l bromide IV. The p r e p a r a t i o n of I I I 
i s c e r t a i n l y p o s s i b l e from the d e r i v a t i v e s of the t r i ­
s a c c h a r i d e I o b t a i n e d by d i f f e r e n t methods (J^, J J ) . The 
p u r i t y of IV i s of d e c i s i v e importance f o r the s u c c e s s 
of the subsequent c o n d e n s a t i o n , and, t h e r e f o r e , i t s 
p r e p a r a t i o n , as w e l l as t h a t of the o t h e r h a l o g e n o s e s 
d e r i v e d from complex o l i g o s a c c h a r i d e s , i s to be s t r i c t ­
l y c o n t r o l l e d . 

For p r e p a r a t i o n of the a g l y c o n e synthon, I I was 
d e a c e t y l a t e d w i t h Et N-MeOH, the o n l y p r i m a r y h y d r o x y l 
group i n V was p r o t e c t e d by m e t h o x y t r i t y l a t i o n , the 
r e s u l t i n g VI was b e n z y l a t e d , and, a f t e r de-methoxy-
t r i t y l a t i o n w i t h 1% CF CO.H i n C H 2 C 1 2 , the a g l y c o n e 
component V I I was o b t a i n e d , which may s e r v e as a 
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VIII. X = 0Ac 
IX. X=Br 
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s t a n d a r d d e r i v a t i v e f o r the e x t e n s i o n of the b l o c k -
polymer c h a i n . 

C o n d e n s a t i o n of the g l y c o s y l bromide IV and the 
a g l y c o n e V I I i n the p r e s e n c e of Hg(CN) 2 i n CH CN, w i t h 
the use of a high-vacuum t e c h n i q u e to c o m p l e t e l y ex­
c l u d e m o i s t u r e ( c f . J 3 ) , gave the h e x a s a c c h a r i d e d e r i v ­
a t i v e i n a y i e l d of about 80% a f t e r c h r o m a t o g r a p h i c 
p u r i f i c a t i o n which i s n e c e s s a r y to remove t r a c e s of 
the oC-anomer formed d u r i n g the c o n d e n s a t i o n . Removal of 
p r o t e c t i v e groups gave the f r e e h e x a s a c c h a r i d e , a ' d i -
mer f of I, which was c o n v e r t e d i n t o the a c e t a t e V I I I . 

F o r the next stage of the s t e p w i s e s y n t h e s i s , the 
p r e p a r a t i o n of the 1 t r i m e r ' of I, V I I I was c o n v e r t e d 
i n t o the g l y c o s y l bromide IX which was condensed w i t h 
the a g l y c o n e synthon V I I i n a s i m i l a r manner to g i v e 
the p r o t e c t e d n o n a s a c c h a r i d
moval of the p r o t e c t i n
r e p e a t i n g u n i t I, compound XI was o b t a i n e d . 

I t i s c l e a r t h a t the s t e p w i s e e x t e n s i o n of the 
polymer c h a i n can be c o n t i n u e d f u r t h e r f o l l o w i n g the 
s t a n d a r d p r o c e d u r e : c o n v e r s i o n of an o l i g o m e r p e r a c e t -
at e i n t o a g l y c o s y l bromide f o l l o w e d by c o n d e n s a t i o n 
w i t h the s t a n d a r d a g l y c o n e V I I . I t i s , however, n e c e s ­
s a r y to bear i n mind t h a t an e s p e c i a l l y s t r i n g e n t con­
t r o l i s r e q u i r e d f o r the p r e p a r a t i o n of h i g h e r g l y c o s ­
y l bromides and t h a t the y i e l d s of c o n d e n s a t i o n p r o ­
d u c t s would p r o b a b l y d e c r e a s e w i t h i n c r e a s i n g c h a i n 
l e n g t h of the o l i g o m e r . 

T h i s r o u t e to p o l y s a c c h a r i d e s , o r , to be more p r e ­
c i s e , h i g h e r o l i g o s a c c h a r i d e s , can p r o b a b l y be e x t e n d ­
ed s u f f i c i e n t l y f a r , a l t h o u g h i t i s c e r t a i n l y v e r y 
l a b o r i o u s ; the p u r i f i c a t i o n of the o l i g o p o l y m e r s ob­
t a i n e d from anomeric i m p u r i t i e s formed at c o n d e n s a t i o n 
a l s o n a t u r a l l y becomes more c o m p l i c a t e d w i t h the growth 
of the m o l e c u l a r w e i g h t . At the same time, o n l y t h i s 
pathway a l l o w s to o b t a i n o l i g o m e r s w i t h a s t r i c t l y de­
f i n e d degree of p o l y m e r i z a t i o n . 

Chemical P o l y m e r i z a t i o n of the R e p e a t i n g U n i t 

P o l y m e r i z a t i o n of the r e p e a t i n g u n i t i s the most 
s t r a i g h t f o r w a r d pathway to r e a c h the o b j e c t i v e - to 
p r e p a r e a b l o c k - p o l y m e r c o n s i s t i n g of r e g u l a r l y r e p e a t ­
i n g o l i g o s a c c h a r i d e u n i t s . To o b t a i n a p o l y s a c c h a r i d e 
of a s t r i c t l y r e g u l a r s t r u c t u r e , f u l l y c o r r e s p o n d i n g 
to the n a t u r a l one, p o l y m e r i z a t i o n must be performed 
w i t h a b s o l u t e r e g i o - and s t e r e o s p e c i f i c i t y . Even a 
s i n g l e s t r u c t u r a l or s t e r e o c h e m i c a l e r r o r i n the l i n k ­
age of two n e i g h b o u r i n g u n i t s may y i e l d a polymer w i t h 
a d i s t o r t e d t h r e e - d i m e n s i o n a l s t r u c t u r e and, t h e r e f o r e , 
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a l t e r a t i o n of p h y s i c o - c h e m i c a l and biological p r o p e r ­
t i e s may be e x p e c t e d . The removal of i m p u r i t i e s of a 
wrong l i n k a g e type does not seem p o s s i b l e by p r e s e n t 
p u r i f i c a t i o n methods. The s o l u t i o n of t h i s problem i s 
not t r i v i a l , and s t r i n g e n t r e q u i r e m e n t s of s t e r e o s p e c i -
f i c i t y of g l y c o s i d i c bond f o r m a t i o n are to be met by 
the g l y c o s y l a t i o n r e a c t i o n on which p o l y c o n d e n s a t i o n 
has to be based. The s o l u t i o n became p o s s i b l e a f t e r a 
s u f f i c i e n t l y g e n e r a l method had been d e v e l o p e d f o r syn­
t h e s i s of p o l y s a c c h a r i d e s of a r e g u l a r s t r u c t u r e , name­
l y , the p o l y c o n d e n s a t i o n of ( ) - t r i t y l e t h e r s of mono-
and o 1 i g o s a c c h a r i d i c I , 2 -cyanoethy1idene d e r i v a t i v e s , 
c a t a l y z e d by t r i t y l i u m p e r c h l o r a t e ( f o r r e v i e w s , see 
L4, J 5 ) . 

The method a l l o w s one f o r the f i r s t time to o b t a i n 
v a r i o u s t y p e s of homo
which the mono- or
l i n k e d by 1 , 2 - t r a n s - g l y c o s i d i c bonds. S t r i c t r e g i o -
s p e c i f i c i t y i s ensu r e d by p l a c i n g an 0 - t r i t y l group a t 
the a p p r o p r i a t e s i t e of the monomer, and by temporary 
p r o t e c t i o n of a l l o t h e r h y d r o x y l groups. The most e s ­
s e n t i a l f e a t u r e , however, i s t h a t , i n t h i s r e a c t i o n , 
a b s o l u t e s t e r e o s p e c i f i c i t y of g l y c o s i d i c bond f o r m a t i o n 
i s a c h i e v e d , which i s not p o s s i b l e by the p r e v i o u s l y -
used g l y c o s y l a t i o n methods, K o e n i g s - K n o r r r e a c t i o n and 
o r t h o e s t e r s y n t h e s i s . Such s t e r e o s p e c i f i c i t y of the 
r e a c t i o n i s r a t h e r u n u s u a l f o r s u b s t i t u t i o n at the 
g l y c o s i d i c c e n t r e of s u g a r s ; i t i s most p r o b a b l y a 
r e s u l t of the p u s h - p u l l mechanism of the r e a c t i o n ( 1 6 ). 
The s y n t h e s i s of a h e t e r o p o l y s a c c h a r i d e by t h i s ap­
proac h r e q u i r e s the p r e p a r a t i o n of a s u i t a b l e d e r i v a t ­
i v e of an o l i g o s a c c h a r i d e r e p e a t i n g u n i t which combin­
es f e a t u r e s of the g l y c o s y l and a g l y c o n e synthons, i - e . 
p o s s e s s e s 1,2-0-cyanoethy1idene and f j - t r i t y l groups at 
a p p r o p r i a t e s i t e s of the m o l e c u l e and which t h e r e f o r e 
may be used as a monomer f o r p o l y c o n d e n s a t i o n . 

The s y n t h e s i s of the S. newington O - a n t i g e n i c 
p o l y s a c c h a r i d e by the c h e m i c a l p o l y m e r i z a t i o n pathway 
w i l l be d i s c u s s e d as an example ( J6, J 7 ) . The f i r s t 
and the most d i f f i c u l t t a s k c o n s i s t s i n the p r e p a r a t ­
i o n of the monomer i t s e l f , i . e. , the p r o p e r l y f u n c t -
i o n a l i z e d , o l i g o s a c c h a r i d e r e p e a t i n g u n i t . The most 
u s u a l approach i s to i n t r o d u c e the r e q u i r e d f u n c t i o n s 
i n t o the a l r e a d y - e x i s t i n g o l i g o s a c c h a r i d e m o l e c u l e . 

For t h i s p urpose, the s y n t h e t i c t r i s a c c h a r i d e 
d e r i v a t i v e I I was c o n v e r t e d , through the d e c a a c e t a t e 
I I I , i n t o the a c e t o h a l o g e n o s e IV which, by trea t m e n t 
w i t h KCN i n CH 3CN was t r a n s f o r m e d i n t o the 1,2-cyano-
e t h y l i d e n e d e r i v a t i v e X I I (JJ8) . Compound X I I , by v e r y 
m i l d t r e a t m e n t w i t h d i l u t e CH-ONa, was c o n v e r t e d i n t o 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. KOCHETKOV Polymerization of Oligosaccharide Repeating Units 71 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



72 BACTERIAL LIPOPOLYSACCHARIDES 

X I I I h a v i n g f r e e h y d r o x y l groups. The next stage was 
c r i t i c a l , as i t was n e c e s s a r y to a c h i e v e a r e g i o s p e c i -
f i c t r i t y l a t i o n at C-6 of the mannose r e s i d u e i n X I I I 
which has two p r i m a r y h y d r o x y l groups. A m i x t u r e of 
both i s o m e r i c m o n o - O - t r i t y 1 e t h e r s and the d i - O - t r i t y l -
e t h e r was a c t u a l l y formed. F o r t u n a t e l y , a f t e r a c e t y l -
a t i o n , i t proved p o s s i b l e to i s o l a t e the r e q u i r e d 0-
t r i t y l e t h e r XIV, a l t h o u g h i n moderate y i e l d . 

Monomer XIV was i n t r o d u c e d i n t o the p o l y c o n d e n s -
a t i o n r e a c t i o n . The r e a c t i o n was performed i n C h ^ C ^ 
s o l u t i o n i n the p r e s e n c e of 10 mol. % of t r i t y l i u m 
p e r c h l o r a t e at room temperature, the removal of t r a c e s 
of m o i s t u r e b e i n g e s s e n t i a l . The l a t t e r was most con­
v e n i e n t l y a c h i e v e d by u s i n g a high-vacuum t e c h n i q u e 
a l t h o u g h , f o r l a r g e r r u n s , i t i s a l s o p o s s i b l e to use 
s t a n d a r d equipment.
an end a f t e r 50-60 h
by the a d d i t i o n of CF C0 2H and, a f t e r n e u t r a l i z a t i o n 
and s o l v e n t removal, the polymer o b t a i n e d , w i t h o u t 
p u r i f i c a t i o n , was s u b j e c t e d to d e - a c e t y l a t i o n . The 
f r e e p o l y s a c c h a r i d e XV was i s o l a t e d by p r e c i p i t a t i o n . 

N a t u r a l l y , XV was a m i x t u r e of polymer-homologues 
from which a f r a c t i o n w i t h mol. mass of c a . 5000 was 
i s o l a t e d by g e l f i l t r a t i o n i n 60% y i e l d . T h i s c o r r e ­
sponds to a degree of p o l y m e r i z a t i o n of 9-10 f o r the 
t r i s a c c h a r i d e u n i t , s i m i l a r to the average degree of 
p o l y m e r i z a t i o n of the n a t u r a l p o l y s a c c h a r i d e . The 
s t r u c t u r e of the polymer o b t a i n e d f u l l y c o r r e s p o n d s 
to t h a t of the n a t u r a l j>. newington p o l y s a c c h a r i d e . 
I t s h y d r o l y s i s gave o n l y mannose, rhamnose, and g a l a c t ­
ose i n the r a t i o of 1:1:1. M e t h y l a t i o n w i t h subsequ­
ent s t a n d a r d a n a l y s i s y i e l d e d a s e r i e s of p a r t i a l l y -
m e t h y l a t e d p o l y o l s ( 1 , 5 , 6 - t r i - 0 - a c e t y l - 2 , 3 , 4 - t r i - 0 -
m e t h y l m a n n i t o l , 1 , 4 , 5 - t r i - 0 - a c e t y 1 - 2 , 3 - d i - 0 - m e t h y l -
r h a m n i t o l , and 1 , 3 , 5 - t r i - 0 - a c e t y 1 - 2 , 4 , 6 - t r i - 0 - m e t h y 1 -
g a l a c t i t o l i n e q u i m o l a r q u a n t i t i e s ) , f u l l y c o n f i r m i n g 
the l i n k a g e t y p e s of monosaccharide r e s i d u e s and i n ­
d i c a t i n g the complete r e g i o s p e c i f i c i t y of the p o l y c o n -
d e n s a t i o n r e a c t i o n . E s p e c i a l l y - t h o r o u g h c h e c k i n g was 
performed to a s c e r t a i n the s t e r e o s p e c i f i c i t y of the 
p o l y c o n d e n s a t i o n . T h i s was done by s u b j e c t i n g XV to 
Smith d e g r a d a t i o n which l e d to the d e s t r u c t i o n of the 
mannose and rhamnose r e s i d u e s l e a v i n g i n t a c t the g a l ­
a c t o s e r e s i d u e l i n k e d to g l y c e r o l , formed as a r e s u l t 
of o x i d a t i o n of the mannose r e s i d u e . The g a l a c t o s y l 
l i n k a g e i n 1 - 0 - g a l a c t o p y r a n o s y l g l y c e r o 1 XVI c o r r e ­
sponds to the galactosy1-mannose l i n k a g e i n the syn­
t h e t i c p o l y s a c c h a r i d e XV. A thorough a n a l y s i s of XVI 
proved i t to be the pure B-anomer, i^-e. c o n f i r m i n g the 
fi-configuration of the galactose-mannose l i n k a g e i n XV. 
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T h i s f i n d i n g i s i n d i c a t i v e of the a b s o l u t e s t e r e o s p e c i -
f i c i t y of the p o l y c o n d e n s a t i o n r e a c t i o n . The i d e n t i t y 
of the s t r u c t u r e of XV w i t h t h a t of the n a t u r a l p o l y ­
s a c c h a r i d e i s o l a t e d by a well-known method ( J9) from 
S. newington f o l l o w s a l s o from the comparison of the 
13-C-NMR-spectra of both samples (see 16). 

I n t e r e s t i n g r e s u l t s were o b t a i n e d i n the immuno­
c h e m i c a l s t u d i e s of the s y n t h e t i c p o l y s a c c h a r i d e XV. 
The s y n t h e t i c sample was found to be a s t r o n g i n h i b i t ­
or of the p a s s i v e h a e m a g g l u t i n a t i o n r e a c t i o n i n the 
S a l m o n e l l a 0 - 3 - a n t i - 3 serum system. At the same time, 
the c l o s e s t analogue of XV, the s y n t h e t i c p o l y s a c c h a r ­
i d e X V I I I w i t h the o C - c o n f i g u r a t i o n of the mannosyl-
rhamnosyl 1 i n k a g e ( p r e p a r e d i n a s i m i l a r way from the 
d e r i v a t i v e of the t r i s a c c h a r i d e XVII, r e f . \6) showed 
h a r d l y any i n h i b i t o r
d a t a c l e a r l y i n d i c a t
of the s y n t h e t i c 0 - a n t i g e n . 

P o l y c o n d e n s a t i o n of the r e p e a t i n g u n i t s of O-spe­
c i f i c p o l y s a c c h a r i d e s as the f J - t r i t y l e t h e r s of 1,2-
c y a n o e t h y l i d e n e d e r i v a t i v e s i s thus a q u i t e p r o m i s i n g 
way f o r p r e p a r a t i o n of some n a t u r a l , b i o l o g i c a l l y -
a c t i v e , O - s p e c i f i c p o l y s a c c h a r i d e s and t h e i r a n a l o g u e s . 
At p r e s e n t , a m u l t i s t a g e s y n t h e s i s of ano t h e r of two 
s i m i l a r a n t i g e n s i s i n p r o g r e s s i n t h i s l a b o r a t o r y , 
and the n e c e s s a r y m o d i f i c a t i o n s are b e i n g worked out 
to extend the method to the p r e p a r a t i o n of p o l y s a c c h a r ­
i d e s which i n c l u d e aminosugars and u r o n i c a c i d s . 

E n z y m a t i c P o l y m e r i z a t i o n of R e p e a t i n g U n i t s (Chemico-
enzymatic Approach) 

P r e s e n t knowledge of the mechanism of b i o s y n t h e s i s 
of O - a n t i g e n i c p o l y s a c c h a r i d e s (20) s u g g e s t s a n o t h e r 
new approach to t h e i r p r e p a r a t i o n which may be c a l l e d 
a c hemico-enzymatic approach. In t h i s c a s e , an o l i g o ­
s a c c h a r i d e , which i s the biological r e p e a t i n g u n i t of 
the p o l y s a c c h a r i d e , has to be c o n v e r t e d c h e m i c a l l y i n ­
to the p o l y p r e n y l p y r o phosphate o l i g o s a c c h a r i d e , an 
i n t e r m e d i a t e i n the b i o s y n t h e s i s of the polymer. The 
pr o d u c t s h o u l d then be t r e a t e d w i t h an enzyme, 0 - a n t i ­
gen p o l y m e r a s e , which e f f e c t s p o l y c o n d e n s a t i o n of the 
o l i g o s a c c h a r i d e u n i t s w i t h a b s o l u t e r e g i o - and s t e r e o -
s p e c i f i c i t y of f o r m a t i o n of i n t e r - u n i t l i n k a g e s , due 
to the s p e c i f i c i t y of the enzymatic r e a c t i o n . 

From a p r e p a r a t i v e p o i n t of view, i t i s e s s e n t i a l 
t h a t the s p e c i f i c i t y of the polymerase w i t h r e s p e c t to 
the s t r u c t u r e of the p o l y p r e n o l r e s i d u e i n the b i o s y n -
t h e t i c i n t e r m e d i a t e s i s not s t r i c t . In the S a l m o n e l l a 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. K O C H E T K O V Polymerization of Oligosaccharide Repeating Units 75 

I 

a -D-Man-(M)-<* - L-Rha-fl-3)-£-D-SM... 

XVHI 
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system, a r e a d i l y a v a i l a b l e p l a n t p o l y p r e n o l , morapren-
o l from m u l b e r r y l e a v e s which was i s o l a t e d i n t h i s l a b ­
o r a t o r y (2\) may e f f e c t i v e l y s u b s t i t u t e f o r the p r a c t ­
i c a l l y u n a v a i l a b l e b a c t e r i a l p o l y p r e n o l (^2). I t i s 
i n t e r e s t i n g t h a t even the s y n t h e t i c , s h o r t h e x a p r e n o l 
d e r i v a t i v e was found to p a r t i c i p a t e i n the p o l y m e r i z a t ­
i o n r e a c t i o n (23) • 

As an example of use of the chemico-enzymatic ap­
p r o a c h , t h e s y n t h e s i s of the Ŝ . anatum p o l y s a c c h a r i d e 
(24) which c o n s i s t s of t r i s a c c h a r i d e I u n i t s j o i n e d by 
o C - g a l a c t o s y l - 1 — ^ 6 - m a n n o s e l i n k a g e s , w i l l be d i s c u s s e d . 

The f i r s t stage of the s y n t h e s i s i s the p r e p a r a t ­
i o n of the s u b s t r a t e f o r enzymatic p o l y m e r i z a t i o n , the 
p o l y p r e n y l p y r o p h o s p h a t e - g a l a c t o s y l - r h a m n o s y l - m a n n o s e 
XXI. S i n c e the most c o n v e n i e n t way to c o n t r o l the p o l y -
c o n d e n s a t i o n r e a c t i o
p r o c e d u r e f o r i n c o r p o r a t i o
i d e I was d e v e l o p e d (.25). L a b e l l e d t r i s a c c h a r i d e was 
then c o n v e r t e d i n t o the g l y c o s y l phosphate XIX t h r o u g h 
i n t e r a c t i o n o f i t s p e r a c e t a t e I I I w i t h anhydrous phos­
p h o r i c a c i d (26). C o n d i t i o n s were found under which the 
r e a c t i o n i s accompanied by minimal d e s t r u c t i o n and 
y i e l d s the Ot-phosphate of the t r i s a c c h a r i d e . 

The s y n t h e s i s of XXI was a c c o m p l i s h e d by d i r e c t 
c o n d e n s a t i o n of XIX w i t h m o r a p r e n y l phosphoimidazo1 i d -
a t e XX i n a THF-DMSO-mixture under m i l d c o n d i t i o n s (27). 
T h i s new method makes i t p o s s i b l e to p r e p a r e p o l y p r e n y l 
p y r o p h osphate o l i g o s a c c h a r i d e s d i r e c t l y from u n p r o t e c t ­
ed phosphates of o l i g o s a c c h a r i d e s , thus a v o i d i n g the 
need f o r d e - p r o t e c t i o n p r o c e d u r e s which may be accom­
p a n i e d by e x t e n s i v e d e s t r u c t i o n of p o l y p r e n y l p y r o p h o s ­
phate s u g a r s . 

The e nzymatic step of the s y n t h e s i s - p o l y m e r i z a t ­
i o n of t r i s a c c h a r i d e u n i t s of XXI - was performed by 
t r e a t m e n t of XXI w i t h a c e l l e n v e l o p e p r e p a r a t i o n con­
t a i n i n g the 0 - a n t i g e n polymerase from S. anatum (group 
E, ) . 

A f t e r s p l i t t i n g of the p o l y p r e n y l p yrophosphate 
r e s i d u e from the r e a c t i o n p r o d u c t s by m i l d a c i d h y d r o ­
l y s i s , and g e l f i l t r a t i o n on Sephadex G-15, a p o l y s a c ­
c h a r i d e was o b t a i n e d i n about 80% y i e l d . The i n v e s t i g ­
a t i o n of i t s s t r u c t u r e by the use of methods s i m i l a r to 
those d e s c r i b e d above has shown i t to be a s t r i c t l y 
r e g u l a r p o l y s a c c h a r i d e XXII c o n s i s t i n g of f i v e r e p e a t ­
i n g u n i t s of I l i n k e d by 0 C - g a l a c t o s i d e bonds. The con­
f i g u r a t i o n of the l i n k a g e formed i n the c o u r s e of en­
z y m a t i c p o l y m e r i z a t i o n was c o n f i r m e d by Smith d e g r a d ­
a t i o n of the p r o d u c t , r e s u l t i n g i n the f o r m a t i o n of 
o C - g a l a c t o s y l - g l y c e r o l . 

The s y n t h e s i s of the S. anatum O - a n t i g e n i c p o l y -

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
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j5-D-Man-ft-~4)-*-L-Rha- (4-3><*-:D-<fe£-D-P-0-P-OHor 
o- o-

XXI. Mor= "gC=CH-CHt-|^C. 

Me CH, CH, 

. p-J>-Man- (M) - et- L-Rha-fl-3) -«-D-iPaK4-*6) -

p-P-Man-a-4)-*-L-Rha-«-3)-fl-J)-!&f... 

XXII 
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s a c c h a r i d e i l l u s t r a t e s t h e p o t e n t i a l o f t h e c h e m i c o -
e n z y m a t i c m e t h o d . I t a l l o w s o n e t o p r e p a r e a l s o t h o s e 
p o l y s a c c h a r i d e s w i t h t h e r e p e a t i n g u n i t s l i n k e d 
t h r o u g h 1 , 2 - c i s - g l y c o s i d i c b o n d s . S a t i s f a c t o r y m e t h o d s 
f o r t h e i r s y n t h e s i s t h r o u g h c h e m i c a l p o l y c o n d e n s a t i o n 
a r e n o t y e t d e v e l o p e d . 

P r o b a b l y e v e n m o r e i m p o r t a n t f o r w i d e , p r e p a r a t ­
i v e u s e o f t h e m e t h o d i s t h e f a c t t h a t t h e s p e c i f i c i t y 
o f t h e S a l m o n e l l a 0 - a n t i g e n p o l y m e r a s e s t o w a r d s t h e 
s t r u c t u r e o f t h e t r i s a c c h a r i d e u n i t w a s f o u n d t o b e 
n o t s o s t r i c t a s m i g h t b e e x p e c t e d (2 j8 , 29) . A n u m b e r 
o f a n a l o g u e s o f X X I w e r e c o n v e r t e d i n t o m o d i f i e d p o l y ­
s a c c h a r i d e s b y t h e p o l y m e r a s e s f r o m S. a n a t u m ( g r o u p 
E j ) , S^. s e n f t e n b e r g ( g r o u p E , ) , a n d j 3 . t y p h i m u r i u m 
( g r o u p B ) a l t h o u g h y i e l d s o f t h e p o l y m e r s a r e g e n e r a l ­
l y l o w e r t h a n t h o s e o f t h e n a t u r a l p o l y s a c c h a r i d e s . 
F o r e x a m p l e , i t w a s
o f t h e m o d i f i e d p o l y s a c c h a r i d e s o f S^. a n a t u m i n w h i c h 
a D - g a l a c t o s e r e s i d u e i s r e p l a c e d b y D - f u c o s e , D - g l u c -
o s e , D - t a l o s e , o r 4 - d e o x y - D - x y l o - h e x o s e r e s i d u e s . 
3 - D e o x y - D - a r a b i n o - h e x o s e o r D - g l u c o s e r e s i d u e s m a y 
s u b s t i t u t e f o r a D - m a n n o s e r e s i d u e . 

A l t h o u g h t h e p r e p a r a t i v e a s p e c t o f t h e s y n t h e s i s 
o f m o d i f i e d p o l y s a c c h a r i d e s h a s s t i l l t o b e e l a b o r a t ­
e d , t h e r e c a n b e n o d o u b t t h a t a w i d e - s p r e a d u s e o f 
t h i s a p p r o a c h i s p o s s i b l e . I t s e e m s t h a t , s i m i l a r l y 
t o t h e c a s e o f t h e c h e m i c a l p o l y c o n d e n s a t i o n a p p r o a c h , 
t h e s y n t h e s i s o f t h e c o r r e s p o n d i n g e n z y m a t i c p o l y m e r ­
i z a t i o n s u b s t r a t e s ( t h e p o l y p r e n y l p y r o p h o s p h a t e o l i ­
g o s a c c h a r i d e s ) r e m a i n s a n e s s e n t i a l p a r t o f t h e m e t h o d . 
A s e x e m p l i f i e d b y t h e s y n t h e s i s o f t h e p o l y s a c c h a r i d e 
o f j>. a n a t u m , t h e c h e m i c a l s y n t h e s i s o f t h e s e c o m p l e x 
c o m p o u n d s h a s b e e n c o m p r e h e n s i v e l y e l a b o r a t e d a n d c a n 
b e r e g a r d e d a s s u f f i c i e n t l y g e n e r a l . I t s h o u l d b e a d ­
d e d t h a t p a r t i a l e n z y m a t i c s y n t h e s i s o f p o l y p r e n y l 
p y r o p h o s p h a t e o l i g o s a c c h a r i d e s i s a l s o p o s s i b l e u s i n g , 
i n s o m e s t a g e s , t h e c o r r e s p o n d i n g n u c l e o t i d e d i p h o s ­
p h a t e s u g a r s a n d g l y c o s y l t r a n s f e r a s e s . I t i s r e m a r k ­
a b l e t h a t , i n t h i s c a s e , a w a y i s a l s o o p e n t o p r e p a r e 
a n a l o g u e s o f n a t u r a l s u b s t r a t e s , s i n c e g l y c o s y l t r a n s ­
f e r a s e s , a s w e l l a s p o l y m e r a s e s , p r o v e d t o p o s s e s s a 
n o t - t o o - n a r r o w s p e c i f i c i t y t o w a r d s t h e s t r u c t u r e o f 
t h e i r s u b s t r a t e s ( 3 f J ) . I n f a c t , i t h a s b e e n p o s s i b l e t o 
o b t a i n s e v e r a l p o l y s a c c h a r i d e s (24^, 2JS, 29> 3V) b y 
u s i n g a c o m b i n a t i o n o f c h e m i c a l a n d e n z y m a t i c r e a c t ­
i o n s f o r t h e a s s e m b l y o f t h e o l i g o s a c c h a r i d e r e s i d u e 
o n t h e p o l y p r e n y l p y r o p h o s p h a t e r e s i d u e , a n d s u b s e q u ­
e n t e n z y m a t i c p o l y m e r i z a t i o n . 

C o n c l u d i n g t h i s b r i e f d i s c u s s i o n o f t h e p a t h w a y s 
f o r s y n t h e s i s o f O - a n t i g e n i c p o l y s a c c h a r i d e s b y t h e 
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p o l y m e r i z a t i o n o f r e p e a t i n g o l i g o s a c c h a r i d e u n i t s , i t 
sh o u l d be once a g a i n emphasized t h a t the t h r e e r o u t e s 
mentioned d i f f e r i n t h e i r p o s s i b i l i t i e s and o b j e c t ­
i v e s . The st e p w i s e s y n t h e s i s y i e l d s p o l y s a c c h a r i d e s 
( o r , to be more p r e c i s e , o l i g o s a c c h a r i d e s c o n t a i n i n g 
3-4 r e p e a t i n g u n i t s ) w i t h a s t r i c t l y d e f i n e d degree of 
p o l y m e r i z a t i o n which cannot be a c h i e v e d by the o t h e r 
two methods. 

The c h e m i c a l p o l y c o n d e n s a t i o n method has as ye t 
been e l a b o r a t e d o n l y f o r polymers w i t h 1 , 2 - t r a n s -
g l y c o s i d i c l i n k a g e s between the r e p e a t i n g u n i t s , but 
w i t h i n t h e s e l i m i t s i t seems to be a r a t h e r broad 
c h e m i c a l method. I t i s the f i r s t p u r e l y c h e m i c a l meth­
od f o r the s y n t h e s i s of complex p o l y s a c c h a r i d e s , as 
was demonstrated b e f o r e f o r p o l y p e p t i d e s and p o l y ­
n u c l e o t i d e s . 

F i n a l l y , the
l y the w i d e s t p o s s i b i l i t i e s , but f u r t h e r e x p e r i m e n t s 
a r e r e q u i r e d to determin e whether i t s e nzymatic s t a g e 
may be s c a l e d - u p . 

A l l t h r e e approaches can be ex p e c t e d to f i n d 
a p p l i c a t i o n i n the p r e p a r a t i o n of v a r i o u s O - a n t i g e n i c 
p o l y s a c c h a r i d e s and t h e i r a n a l o g u e s to s o l v e d i f f e r e n t 
problems of m o l e c u l a r immunology. 
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Immunology and Immunochemistry of Synthetic 
and Semisynthetic Salmonella O-Antigen-Specific 
Glycoconjugates 
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and STEFAN B. SVENSON 
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S-105 21 Stockholm, Sweden 

The lipopolysaccharide (LPS) molecule is an interesting 
component of the envelope
Enterobacteriaceae. The
stantial portion of the cell envelope. The recognition of an 
antigenic specificity in the polysaccharides, the O-antigens, has 
led to the common use of antibodies for identification of these 
bacteria through serotyping. The O-polysaccharide is covalently 
linked to lipid A where the well-known noxious endotoxic activity 
of all Enterobacteriaceae resides (1). The toxic activity of 
lipid A has often been considered to be the greatest biological 
significance of the LPS, and the importance of the O-polysaccha­
ride has been grossly overlooked. In this communication we will 
review our research, which has focused on the O-polysaccharide 
chains with three specific goals in mind: 

(i) The use of small synthetic saccharide haptens identical 
to regions of various O-polysaccharide chains for the 
production of specific diagnostic antisera, 

(ii) the use of bacteriophage-associated endoglycosidases 
for the production of larger saccharides from O-poly­
saccharide chains, and 

(iii) the production and use of Salmonella O-antigen-specific 
saccharide glycoconjugates (glycoproteins and glyco-
lipids) for studies of humoral and cell-mediated immune 
reactivity after salmonellosis, and for studies of 
their use as immunogens, e.g., vaccines. 

Salmonella Oligosaccharide-Protein Conjugates for the Production 
of O-Antigen-specific Antibodies 

The serogroup classification of Salmonella bacteria, accord­
ing to the Kauffmann-White scheme (2), is based on the antigenic 
specificities which reside in the polysaccharide chain (the 
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0-antigen) of the lipopolysaccharide (LPS) of the b a c t e r i a l c e l l 
envelope. The polysaccharide chain, which as far as we know i s 
composed of polymerized repeating units comprising from three to 
f i v e monosaccharides (3), contains several antigenic determinants: 
one s p e c i f i c for the serogroup and one or more i n common with 
other serogroups (2). Conventional procedures for the preparation 
of antisera against Salmonella O-antigens involve immunization of 
rabbits with whole heat- or formalin-killed bacteria. However, 
this procedure results i n the production of antibodies of several 
different s p e c i f i c i t i e s , including antibodies with s p e c i f i c i t y 
for surface e n t i t i e s other than the 0-antigen. To render these 
antisera O-antigen-specific, absorptions with other bacteria are 
done i n order to remove antibodies with undesired s p e c i f i c i t i e s . 
Absorptions are, however, often incomplete and the t i t e r of the 
desired antibodies may decrease as well. 

We assumed that i
determinants of Salmonell
obtained by p a r t i a l hydrolysi  O-polysaccharid ,
coupled to immunogenic ca r r i e r molecules, the resulting glycocon­
jugates would be suitable as antigens for e l i c i t i n g i n rabbits 
antibodies with more defined O-antigenic s p e c i f i c i t y . We have 
used the O-antigens of Salmonella serogroups A-E as a model 
system i n these studies since the structures of the O-chains are 
well established (4). 

Synthetic Disaccharide Haptens 

In serogroups A, B and D the tetrasaccharide repeating units 
are i d e n t i c a l except for the nature of the dideoxyhexose linked 
to the D-mannose residue (Figure 1). Even before the structure 
of the O-chain was elucidated i t had been convincingly shown that 
paratose for serogroup A, abequose for serogroup B, and tyvelose 
for serogroup D were immunodominant sugars i n the serogroup 
s p e c i f i c i t y (5). Dideoxyhexoses, covalently linked to ovalbumin 
or bovine serum albumin (BSA) as the c a r r i e r protein gave r i s e 
to antibodies i n rabbits. The antibodies could precipitate the 
synthetic antigen, but did not agglutinate the bacteria (5). 
This was i n agreement with the results of Goebel (6, 7) and 
McCarthy (8) who did not find any a n t i b a c t e r i a l antibodies i n 
rabbits immunized with a r t i f i c i a l antigens containing only the 
terminal sugar of an immunologically active oligosaccharide 
unit. Therefore the f i r s t synthetic work was directed to produce 
disaccharides with the dideoxyhexose i n the non-reducing end 
position. 

The synthesis of the disaccharides entailed the preparation 
of 3,6-dideoxyhexosyl (paratosyl, abequosyl and tyvelosyl) precur­
sors suitable for joining to an appropriately derivatized D-mannose 
residue (9, 10). In order to couple the synthesized disaccharides 
to c a r r i e r proteins i t was necessary to have an aglycone containing 
a suitable reactive group such as a j>-isothiocyanatophenyl group 
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Figure 1. Structures of the O-antigenic polysaccharide chainsfrom Salmonella bacteria 
of serogroups A, B, and D and synthetic disaccharide glycoconjugates, and results of 

immunofluorescence (IFL) studies. 
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(11) . Therefore the £-nitrophenyl ct-glycosides of the disaccha­
rides were prepared. For the coupling to protein the p-nitrophenyl 
compounds were c a t a l y t i c a l l y hydrogenated to y i e l d the correspond­
ing j>-aminophenyl compounds. These were then reacted with thio-
phosgene resulting i n the desired j>-isothiocyanatophenyl derivates. 
In aqueous solution at pH 8-9, the j>-isothiocyanatophenyl groups 
of these disaccharide derivatives e f f i c i e n t l y reacted with free 
amino groups (lysine) of the ca r r i e r protein (11) to give the 
a r t i f i c i a l antigens Parj>(al-*3)D-Manj>(al+)BSA (0-antigen 2), 
Abejj(al-^3)D-Man£(al->)BSA (04) and Tyv^(al^3)D-Manjj(al-^)BSA (09) 
(12) . 

When rabbits were immunized with the glycoconjugates suspended 
in Freund's complete adjuvant antibodies with s p e c i f i c i t y for the 
haptenic disaccharides were produced, as estimated i n passive 
hemagglutination and complement-mediated b a c t e r i c i d a l tests, and 
enzyme-linked immunosorben

The s p e c i f i c i t y of
groups i s i l l u s t r a t e d for antibodies e l i c i t e d against the Parjj 
(al+3)D-Manj>(aT+)BSA conjugate and the S. paratyphi A (serogroup 
A, 0-antigen 2) system (Figure 2) (16). In preci p i t a t i o n i n h i b i ­
t i on experiments a variety of oligosaccharides with 0-antigen 2, 
4 and 9 determinants, obtained through phage-mediated hydrolysis 
of O-polysaccharide chains (see l a t e r sections), as well as 
various synthetic d i - and monosaccharide derivatives were used. 
An active i n h i b i t o r was Parj3(al+3)D-Man£(al-*)OMe, requiring only 
5 nmol for 50% i n h i b i t i o n . An even better i n h i b i t o r was the 
j>-trifluoroacetamidophenyl a-glycoside of this disaccharide, 
giving 50% i n h i b i t i o n at 1.6 nmol. This compound i n addition to 
the carbohydrate portion of the hapten also shares the structure 
of the linkage arm used for attachment of the disaccharide to the 
BSA c a r r i e r molecule of the PM-BSA immunogen (Figure 1). Its 
superior inhibitory a c t i v i t y as compared to the Parrj(al+3) 
D-Manj>(aT*)0Me derivative indicated that at least the phenyl 
grouping was recognized by the combining s i t e of PM-BSA antibodies. 

The importance of the complete linkage arm and part of the 
l y s y l residue of the ca r r i e r protein i n the PM-BSA antibody 
combining s i t e was demonstrated i n an ELISA i n h i b i t i o n assay 
(Figure 2). The anti PM-BSA serum was depleted of most of i t s 
anti-BSA antibodies (>96%) by repeated absorptions with a glu t a r d i -
aldehyde cross-linked BSA immunosorbent. The resulting PM hapten-
s p e c i f i c antibodies were then incubated with three different 
i n h i b i t o r s before being incubated with PM-BSA antigen-coated 
tubes. The Parjj(al+3)D-Manrj(ctl-OOMe glycoside was about 100 f o l d 
(50% i n h i b i t i o n at 54,000 nM) less active as an inhi b i t o r than the 
j>-trifluoroacetamidophenyl derivative (50% i n h i b i t i o n at 540 nM), 
which i n turn was only one sixth as active as the jj-isothiocyanato-
phenyl derivative coupled to e-aminocaproic acid (50% i n h i b i t i o n 
at 86 nM). 

These studies convincingly demonstrated that the anti-glyco-
conjugate antibodies were complementary to the haptenic disaccha-
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Figure 2. Immunochemical studies of the specificity of rabbit antibodies elicited against 
Parp(al^3)D-Manp-BSA glycoconjugates (02). Top: structures of the Salmonella 
O-antigen-specific saccharides used. Center: Inhibition of precipitation in mixtures of 
anti-PM-BSA serum andS. paratyphi A PS. Key Center: V, Octasaccharide S. paraty­
phi A. var. Durazzo; 4\, Dodecasaccharide S. paratyphi A. var. Durazzo (II); M, Parp 

D-Manp 4 OMe; a, Parp D-Manp O-0-NHCSNH(CH2)5COOH (VIII); 
A. Parp -^D-Manp -± O-0-NHCOCF (VII); •, Parp OMe; A, Dodecasaccharide 
S. enteritidis SH 1262 (VI); w, Dodesaccharide S. typhimurium SH4809 (IV); •, Abep 

D-Manp OMe; 7>vp D-Manp ~ OMe; and *, Abep OMe. Bottom: 
ELISA inhibition of anti-PM antibodies/PM-BSA binding by different disaccharide 
inhibitors. Key:*, PM-j^ OMe;o, VII; and %, VIII. (Reproduced with permission from 

Ref 16. Copyright 1980, Int. Arch. A l l . Appl. Immunol.; 
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ride, i t s linkage arm, and part of the c a r r i e r molecule. That 
the part of the combining s i t e recognizing the PM disaccharide 
discriminated against the AM and TM disaccharides as well as 
oligosaccharides containing these disaccharides was evident from 
the p r e c i p i t a t i o n i n h i b i t i o n studies (16). None of these saccha­
rides i n concentrations up to 1000 f o l d higher than the PM disac­
charide derivatives showed any inhibitory a c t i v i t y (Figure 2). 
Thus i t could safely be assumed that the PM-ITC-BSA antiserum was 
s p e c i f i c for the PM disaccharide structure as found i n Salmonella 
serogroup A bacteria. 

The assumption was tested i n c l i n i c a l b a c t e r i o l o g i c a l studies 
where Salmonella bacteria belonging to serogroups A, B and D were 
i d e n t i f i e d using the PM-, AM- and TM-ITC-BSA rabbit antisera 
(Figure 1) (13, 14). In an indirect immunofluorescence assay i t 
could be shown that the antisera were s p e c i f i c for a l l the various 
Salmonella species withi
isolates were found. Th
found when the antibodies of the IgG type were bound through 
their Fc portions to protein A molecules on Staphylococcus aureus 
s t r a i n Cowan 1 bacteria. Thus, such antibody-coated staphylococci 
were used as agglutinating reagents, and a l l three reagents were 
found to be excellently suited for typing purposes (17). 

Salmonella Serogroups C2-C3. The serogroup-specific 0-antigen i n 
these two serogroups i s 08 (2), and as i n 0-antigen 4 abequose i s 
the immunodominant sugar (5). Discrimination between the two 
antigenic determinants results from the fact that i n the 08 
determinant the dideoxyhexose i s a,1+3 linked to L-rhamnose, 
whereas the corresponding linkage i n the 04 determinant i s a,1+3 
to D-mannose (Figure 3). 

The disaccharide was synthesized as i t s j>-nitrophenyl deriva­
tive and subsequently, as described above, covalently linked to 
BSA to y i e l d the glycoconjugate AR-BSA (18). Immunized rabbits 
responded with antibody production with s p e c i f i c i t y for the 
saccharide hapten, as demonstrated i n ELISA studies (19). When 
tested i n immunofluorescence, the AR-BSA antiserum proved to be 
of the same excellent s p e c i f i c i t y for the i d e n t i f i c a t i o n of 
Salmonella serogroup C2-C3 bacteria as had been shown previously 
for the other dideoxyhexose-containing disaccharide haptens 
(Figure 1) (19). 

Synthetic Trisaccharide Hapten 

Basic information about the immunodeterminant structures for 
O-antigens 2, 4, 8 and 9 has largely directed synthetic and 
immunological studies on these antigens. In the O-antigenic 
polysaccharide chain of bacteria belonging to serogroups E1-E4, 
0-antigen 3 i s serogroup s p e c i f i c (2). The basic structure of 
the repeating unit of this O-polysaccharide i s a trisaccharide 
(Figure 4), and the accessory O-antigenic determinants found are 
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Figure 3. Structures of the O-antigenic polysaccharide chain in Salmonella bacteria of 
serogroups C2 and C3 and a synthetic disaccharide glycoconjugate (O-antigen 

8-specific). Results of immunofluorescence studies (IFL) of these structures. 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



90 BACTERIAL LIPOPOLYSACCHARIDES 

a consequence of ^ - a c e t y l and D-glucosyl residues linked to this 
trisaccharide repeating unit. Within the basic structure i t was 
considered, on the basis of complement f i x a t i o n i n h i b i t i o n studies 
using oligosaccharides obtained after p a r t i a l acid hydrolysis of 
the O-polysaccharide chain, that the D-Manjj (31+)L-Rhaj3 disaccha­
ride represented the determinant of 0-antigen 3 (20). But immuni­
zation with a synthetic D-Manj> (31+4)L-Rhajj (al+)BSA glycoconjugate 
caused only antisera with low hapten-specific t i t e r s to be raised. 
These sera were also found unsuitable for diagnostic purposes. 

In order to increase the size of the haptenic determinant 
the complete basic trisaccharide D-Manj3 (31+4)L-Rhap^alV3)D-Gal 
was synthesized, and as before the terminal D-galactopyranose 
residue was a-linked to a j>-nitrophenyl aglycone (21). After 
conversion of this glycoside to the reactive 2~isothiocyanatophenyl 
derivative i t was covalently linked to BSA (3-MRG-ITC-BSA). 
Immunization of rabbits
resulted i n the formatio
from Salmonella serogroup E bacteria (Figure 4). T i t e r s seen 
against the heterologous Salmonella serogroups B and D LPS were 
s i g n i f i c a n t l y lower (100-fold or more). 

In indirect immunofluorescence studies we found that the 
MRG-ITC-BSA serum correctly i d e n t i f i e d a l l 30 tested strains 
belonging to Salmonella serogroup E, whereas no single s t r a i n of 
90 other non-serogroup E Salmonella isolates were positive. The 
excellent s p e c i f i c i t y observed for the D-Manp^(Bl->4)L-Rha£(al->-3)D-
Galj) trisaccharide hapten i s of particular interest since i n 
Salmonella belonging to serogroups A, B and DI the corresponding 
trisaccharide, having an a instead of a 3,1+4 linkage between 
D-Man and L-Rha, i s found. However, none of the 50 tested sero­
group B and D isolates reacted with the antibodies (Figure 4). 
Also i n the ELISA assay the same type of s p e c i f i c i t y was observed. 
This emphasized the importance i n terms of immunochemical speci­
f i c i t i e s of the anomeric linkages between the glycosyl residues. 

Phage Endoglycosidase-hydrolysed Oligosaccharide Hapten 

The structure of the O-antigenic polysaccharide chain i n 
Salmonella serogroup CI (0 antigens 6, 7) has not been established 
i n d e t a i l (22). Hence, i t has not been possible to i d e n t i f y the 
structural elements representing the determinant of serogroup 
0-antigen 07. 

In order to obtain structural elements of the O-chain contain­
ing the 0-antigen 7 determinant we employed a bacteriophage-
associated endoglycosidase. By use of the endo-a-mannosidase 
from the Salmonella serogroup C l - s p e c i f i c bacteriophage 14 the 
O-polysaccharide from the IS. thompson st r a i n IS 40 was hydrolysed 
into a series of oligosaccharides separable by gel chromatography 
(23)^2 0 n e of^the oligosaccharides, shown by methylation analysis 
and C- and H-n.m.r. to be a decasaccharide with the tentative 
structure given i n Figure 5, was selected for study. ELISA 
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i n h i b i t i o n studies showed that the decasaccharide contained the 
07 determinant (24). The reducing terminal D-mannose residue of 
the decasaccharide was reacted with 2-(4-aminophenyl)-ethylamine 
and the resulting l a b i l e N-alkyl derivative was reduced i n statu 
nascendi i n buffered aqueous sodium cyanoborohydride to y i e l d the 
corresponding secondary amine (25). The process i s i l l u s t r a t e d 
i n Figure 6. The arylamine was subsequently converted by thio-
phosgene treatment to the corresponding isothiocyanatophenyl 
derivative, which then was coupled to give the S. thompson oli g o -
saccharide-BSA glycoconjugate (Os-BSA) (Figure 5). 

Rabbits immunized with the Os-BSA conjugate responded with 
hapten-specific antibodies recognizing the 0-antigen 7 determinant 
i n Salmonella CI bacteria as judged by ELISA using various LPS as 
antigens (Figure 5). As before, the rabbit Os-BSA antiserum was 
tested i n immunofluorescence against a large number of enteric 
b a c t e r i a l strains (Figur
scored as positive, wherea
positive, confirming the 07 s p e c i f i c i t y of the Os-BSA antiserum. 
Out of 364 other tested enterobacteria 3 IS. c o l i strains were 
positive, as were 8 of 9 Candida yeast is o l a t e s . These findings 
are not surprising because reciprocal cross-reactions between 
Salmonella CI and some E. c o l i strains are well known (26) and i n 
yeasts a mannan consisting of an a,1+6 linked poly-D-mannose 
backbone with branches of a,1+2 and a,1+3 linked D-mannose residues 
i s a p r i n c i p a l c e l l - w a l l constituent (27). 

Within the CI oligosaccharide hapten i t i s l i k e l y that 
several different regions e l i c i t complementary antibodies. 
Hopefully, further structural studies and the synthesis of a few 
oligosaccharides may help us i d e n t i f y an 07 antigenic determinant 
with even higher s p e c i f i c i t y for Salmonella serogroup CI. 

In conclusion we have shown that (i) the synthesis of the 
haptenic disaccharides i d e n t i c a l to the 0-antigen determinants 
02, 04, 08 and 09, ( i i ) the synthesis of the trisaccharide deter­
minant for 0-antigen 3, and ( i i i ) the i s o l a t i o n of a decasaccharide 
with the 0-antigen 7 determinant, and the subsequent covalent 
linkage of these saccharides to immunogenic c a r r i e r proteins has 
enabled the production of glycoconjugates well suited for e l i c i t i n g 
antibodies of desired s p e c i f i c i t y . The 6 antisera are s u f f i c i e n t 
for the r e l i a b l e serogroup-specific i d e n t i f i c a t i o n of more than 
95% of Salmonella isolates i n most countries (28). 

Salmonella O-Antigenic Polysaccharides and Bacteriophage Adsorption 

The f i r s t step i n bacteriophage in f e c t i o n i s the adsorption 
of the phage to a receptor on the bacterium. Almost every struc­
ture on the surface of a b a c t e r i a l c e l l , or extending from i t , 
can act as (or include) phage receptors (29). The O-antigenic 
polysaccharide chains of the LPS are no exgeption i n this respect. 
Since i t has been estimated that 10 to 10 LPS molecules are 
found on each b a c t e r i a l c e l l (30), i t i s evident that part of the 
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Figure 6. Preparation of saccharide-isothiocyanatophenyl glycoconjugates. 
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bac t e r i a l surface (15-25%) i s covered by LPS, and i t i s the 
polysaccharide chains that are exposed on the surface. 

One of the characteristics of the O-antigen-specific phages 
i s that during infection they hydrolyse glycosidic bonds within 
the O-polysaccharide, thereby destroying the receptor (31). This 
endoglycosidase a c t i v i t y i s a property of the t a i l - l i k e phage 
attachment protein i n a l l cases studied (32). Thus, the adsorption 
involves formation of an enzyme-substrate complex, the enzyme 
being an integral part of the phage t a i l and the substrate being 
the 0-antigenic polysaccharide chain. 

We have taken advantage of the hydrolytic a c t i v i t y of these 
phage proteins for the preparation of series of saccharides of 
various size. Such large saccharides cannot otherwise be produced 
by synthetic methods or commonly used p a r t i a l acid hydrolysis 
procedures. 

Phage P22 lyses bacteri
Rough mutants, lacking th
mutants, with one repeating unit only, are resistant (33, 34). 
This implies that one repeating unit i s i n s u f f i c i e n t as a receptor. 
The O-polysaccharide chains of serogroups A, B and D d i f f e r only 
i n the nature of the dideoxyhexose linked .to C-3 of D-mannose 
(Figure 1). Structural studies of the end products after i n t e r ­
action between the phage and the O-polysaccharide revealed D-
galactose residues at the non-reducing ends and L-rhamnose residues 
at the reducing ends (30, 33, 35). This established that the P22 
phage enzyme hydrolyses the L-Rha£(al*3)D-Gal linkage within the 
repeating unit of the O-polysaccharide chain. 

Exploratory studies using 18 different phages active on 
Salmonella serogroups A, B and D revealed that i n effect a l l 
phages had hydrolytic a c t i v i t y and that a l l of them shared speci­
f i c i t y for the L-Rhaj3(al*3)D-Gal£ linkage (33, 36-38). There 
are, however, minor differences i n terms of enzyme s p e c i f i c i t y . 
The substrate, i . e . the O-antigenic polysaccharide chain, can 
carry several substituents on the basic tetrasaccharide repeating 
unit i n form of D-glucose residues or 0^-acetyl groups (Figure 7). 

(i) The presence of a D-glucose residue a,l->4 linked to the 
D-galactosyl group of the repeating unit (Figure 7, I I ) , as i n 
the antigenic determinant 012 2, i s compatible with hydrolysis by 
phages P22 and P27 (37). The data even suggested that these 
phages p r e f e r e n t i a l l y hydrolysed the L-Rhaj>(al-*3)D-Gal linkage 
where the D-galactose residue was glucosylated (37). However, 
the a, 1*4 linked D-glucose residue made the substrate resistant 
to the phage 9NA and KB1 endo-a-rhamnosidases. 

( i i ) The presence of a D-glucose residue a,l->-6 linked to the 
D-galactose of the repeating unit (Figure 7, I I I ) , a consequence 
of lysogenic conversion with phage P22, made i t impossible for 
the phage P22 and P27 enzymes to hydrolyse the 0-chain (37). 
However, the a,1+6 linked D-glucose, the antigenic determinant 
01, permitted hydrolysis of the 0-chain by the phage 9NA and KB1 
enzymes (37). For these enzymes the data suggested that hydroly-
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Figure 7. Structures of the O-antigenic polysaccharide chain of Salmonella bacteria 
of serogroup B (I), and various modifications of it (II- V). 
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s i s of the L-Rhaj>(al-*3)D-Gal linkage occurred equally well i r r e ­
spective of whether the D-galactose residue was glucosylated at 
position 6. 

( i i i ) Lysogenic conversion of j>. typhimurium with either of 
phages A3 or A4 makes the bacteria resistant to adsorption of 
these two phages, and also reduces the adsorption rate of phage 
P22 (38). Structural studies revealed that the lysogenic conver­
sion causes an O-acetylation of the L-rhamnose residue at C2/3 
(Figure 7 - IV). This O-acetylation i s apparently s u f f i c i e n t to 
prevent hydrolysis of the L-Rhaj[>(al-*3)D-Galj> linkage by the A3 
and A4 phage endoglycosidases. Whether i t also prevents phage 
P22, 9NA, KB1, and P27 enzyme a c t i v i t y , or i f i t only reduces the 
substrate a f f i n i t y , remains to be elucidated. 

(iv) A change of the linkage between successive repeating 
units from a, 1*2 to a,l->6, as occurs upon lysogenization with 
phage P27 (Figure 7 - V)
substrate interaction sinc
KB1 enzymes could hydrolyse the L-Rhaj>(al->-3)D-Gal£ linkage (37). 
This change i n linkage i s accompanied by appearance of O-antigen 
27 s p e c i f i c i t y . 

(v) The dideoxyhexose i n each of the serogroups A, B and D 
i s different, as was discussed above. It i s paratose i n A, 
abequose i n B, and tyvelose i n D (Figure 1). Since LPS and PS 
from bacteria of a l l three serogroups were hydrolysed i t i s 
apparent that the nature of the dideoxyhexosyl substituent did 
not influence the substrate s p e c i f i c i t y of the phage enzymes. 
Phage P22 apparently requires the presence of the dideoxyhexosyl 
group, since an abequose-deficient LPS was not cleaved by the 
phage enzyme (33). On the other hand, two other phages, 28B and 
36, with endoglycosidase a c t i v i t y against the L-Rha£(al+3)D-Gal£ 
linkage were able to cleave the abequose-deficient LPS (36). 

(vi) Periodate oxidation of the L-rhamnose residues followed 
by sodium borohydride reduction made the Ŝ. typhimurium PS sub­
strate inert to the phage 28B and 36 enzymes (36). 

It i s evident from what has been stated above that i n spite 
of the fact that a l l 18 phages active on smooth Salmonella bacteria 
of serogroups A, B and D hydrolyse the L-Rhaj>(al->-3)D-Gal£ linkage 
i n the O-polysaccharide chains, small but d e f i n i t i v e differences 
i n their substrate s p e c i f i c i t y exist. The bacteriophage t a i l has 
been considered an organ which i s c l e a r l y i n the process of 
evolution, since i t exhibits a more or less complete gradation i n 
morphology and functional complexity (39). Our results support 
this hypothesis. It would be interesting to investigate whether 
the observed differences i n enzyme s p e c i f i c i t y are the result of 
minor (e.g. single amino acid) or major (e.g. oligopeptide) 
differences i n the primary structure of the t a i l protein. 

Production of Different Sized Saccharides 

The phage enzyme-bacterial PS substrate interaction resulted 
i n the release of oligosaccharides. When crude preparations, 
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e.g. saccharides released from the phage-PS mixture through a 
d i a l y s i s bag, were subjected to chromatography on a Bio-Gel P-2 
column a series of oligosaccharides was isolated (Figure 8) (36). 
The product from the cleavage of S. typhimurium PS by phage 28B 
showed peaks corresponding to a dodeca- (E) and an octasaccharide 
(F), respectively. The product from phage 36 showed essentially 
the same elution pattern, but i n addition to the dodeca-(E 1) and 
octasaccharides ( F 1 ) , a tetrasaccharide (G ?) was also isolated. 
The sizes and structures of the oligosaccharides were confirmed 
by methylation analysis and n.m.r. (36). 

With phage 28B we observed that i n front of the dodecasaccha-
ride (peak A) there were saccharides of s t i l l larger size. By 
pooling several of the forefractions and subsequently subjecting 
them to repeated chromatography on Bio-Gel P6 large sized saccha­
rides were isolated (Figure 8). Thus, saccharides with 32 sugar 
residues (C11 - a hexamer) and 20 residues (D11  pentamer) were 
obtained (40). The structure
by methylation analysi
sized saccharides are much smaller than those of the octa- and 
dodecasaccharides - usually <1% for each saccharide. 

It i s evident, however, that the use of phage endoglycosidases 
can f a c i l i t a t e the production of series of saccharides otherwise 
unobtainable through either chemical degradation or synthetic 
procedures. Below we w i l l i l l u s t r a t e with some examples the use 
of these saccharides as antigens as well as haptens i n immunogens. 

Salmonella O-Antigen Glycoconjugates 

It i s generally accepted that two types of immune response 
are involved i n the host defence against salmonellosis - c e l l u l a r 
and humoral (41). In attempts to control salmonellosis by active 
immunization of humans, or of animals i n experimental model 
systems, l i v i n g vaccines have been superior to k i l l e d vaccines; 
consequently, c e l l u l a r immunity has been considered to be of 
greater importance for the host resistance (42, 43). 

The s p e c i f i c i t y of the host defence e l i c i t e d by k i l l e d 
vaccines has been attributed to the O-antigenic s p e c i f i c i t y of 
the vaccine s t r a i n (44, 45). Experience with l i v e o r a l vaccines 
i n mice (46, 47) and man (48) has convincingly demonstrated that 
also here the presence of the O-antigenic polysaccharide chain i s 
an important requisite for a protective host response. 

Neither the mechanisms of the host defence for eradication 
of challenging Salmonella bacteria, nor the r e l a t i v e importance 
of the host defence against the various individual surface compon­
ents of the b a c t e r i a l c e l l envelope are well understood. Since, 
as was stated above, the O-antigenic polysaccharide chains appar­
ently play an important role i n e l i c i t i n g an eff e c t i v e host 
defence of either humoral or c e l l u l a r nature, we have used the 
various saccharides described e a r l i e r for studies of this problem. 
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Figure 8. Gel chromatography on Bio- Gel P2 of oligosaccharide preparations obtained 
after phage 28 B (A) and phage 36 (B) hydrolysis of partially delipidated S. typhimurium 
LPS, and on Bio-Gel P6 of pooled fractions 50-60 (C). (A and B reproduced with 

permission from Ref 36. Copyright 1979, J. Virol J 
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In this section we w i l l report on the use of these saccharides as 
antigens for studies of the immune response, and as immunogens 
when conjugated to immunogenic ca r r i e r proteins for the e l i c i t a t i o n 
of immune responses. 

Antibody Determination i n Human Sera 

The detection of the appearance of, or increase i n , antibody 
t i t e r against a microorganism i s often used to confirm a suspected 
c l i n i c a l and/or c u l t u r a l diagnosis of an infectious disease. In 
this respect Salmonella infections are no exception. Since a n t i ­
bodies formed against the 0-antigen are used for establishing a 
Salmonella serogroup-specific diagnosis, extracted LPS found an 
early u^a for diagnostic purposes when sensitive enzyme immuno­
assays were developed a decade ago (49). The acceptance of these 
techniques emphasized th
for antibody detection i
to the s e n s i t i v i t y of the assay. 

Sera collected from patients with v e r i f i e d salmonellosis and 
from healthy blood donors were t i t r a t e d against LPS from Salmonella 
serogroups A, B and D (Figure 9) (51). The difference i n end-point 
t i t e r between sera from patients with organisms homologous to the 
test LPS antigen and sera from blood donors was always s t a t i s t i ­
c a l l y s i g n i f i c a n t . Between patient groups, e.g. B and D, the 
difference was less pronounced and at times not s i g n i f i c a n t . 
This i s not as surprising as one may be tempted to believe since 
with the exception of the nature of the dideoxyhexose residue the 
O-antigenic polysaccharide chains are i d e n t i c a l (Figure 1). 

The cross-reactivity caused by the common -*2)D-Man£(al-*4) 
L-Rhaj3(al+3)D-Galj[>(ctl-* trisaccharide unit was considerably 
reduced by periodate oxidation followed by reduction with sodium 
borohydride, which opens the pyranose ring of the L-rhamnosyl 
unit between C-2 and C-3 (51). Such LPS preparations with modified 
L-rhamnose residues, derived from Salmonella serogroups B and D, 
were subsequently used for the t i t r a t i o n of sera collected during 
an epidemic caused by Salmonella typhimurium (serogroup B). The 
median r e l a t i v e ELISA t i t e r against the modified BO antigen was 
3200, as opposed to 100 against the modified DO antigen (51). 
Extensive use of these antigens over the l a s t few years has 
revealed, however, that at times the heterologous antigens estimate 
antibody t i t e r s which are considered as positive. We surmised 
that this i s a consequence of the existence of common determinants 
i n the LPS antigens with modified rhamnosyl residues, e.g. i n the 
->3)D-Galj>(al-*2)D-Man£(al-> region. Tit r a t i o n s using the synthetic 
D-Galj>(al*2)D-Mani>(l)-BSA conjugate as antigen confirmed the 
hypothesis (52). 

In order to further increase the s p e c i f i c i t y of these assays 
we have used two synthetic oligosaccharide conjugates as antigens: 
Abe£(al->3)D-Man£(al+4)L-Rha£(al-*3)D-Gal^(al->)BSA (AMRG-ITC-BSA) 
and Abe£(al->3)D-Man£(l->)0-(CH2)6-BSA [AM-(CH^-BSA] (53). A 
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(a) lO.Or 

serum dilution 

(b) 10.0 

S.typhimurium L T 2 

10 10" 10w 10 
serum dilution 

-2 

Figure 9. Titration of human sera in ELISA against LPS from (a) S. paratyphi A (02, 
12), (b) S. typhimurium (04, 5, 12), and (c) S. typhi (09, 12). Key (a,b,c): B, 12patients 
with Salmonella serogroup B infection; D, 41 patients with Salmonella serogroup D 
infection; and Bd, 36 healthy blood donors. The horizontal bars indicate the 95% 
confidence limits. (Reproduced with permission from Ref 50. Copyright 1975, Int. Arch. 

A l l . Appl. Immunol.) 
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comparison of the usefulness of these two glycoconjugates and the 
modified Salmonella BO LPS antigen was done on sera collected 
from 10 patients with a v e r i f i e d Salmonella BO (04,12) ba c t e r i a l 
infection and 10 patients with a v e r i f i e d Salmonella DO (09,12) 
infection. A t y p i c a l result i s shown i n Figure 10. From one 
patient 5 serum samples were collected over a 12 months period 
and assayed. Approximately the same antibody t i t e r s were found 
against a l l three antigens, i.e. i n this patient we concluded 
that most of the antibodies formed were directed against the 
Abej3(al-*3)D-Manj> disaccharide, which i s the determinant of 0-anti-
gen 4 (Figure 1). The median IgG t i t e r s i n convalescent sera 
(collected 2-6 weeks after onset of Salmonella serogroup B infec­
tion) from a l l 10 patients showed the same tendency: t i t e r s were 
1380, 1510 and 950 against the Salmonella BO-modified LPS, AMRG-
ITC-BSA and AM-(CH^^-BSA antigens, respectively. The correspond­
ing median t i t e r s i n ser
were 380, 135, and 60, respectively
the excellent s p e c i f i c i t y of the AMRG- and AM-glycoconjugates. 

Cell-mediated Immune Reactions and S p e c i f i c i t y for Salmonella 
O-Polysaccharides 

In Vivo Testing. In demonstrations of cell-mediated immune 
responses such as delayed hypersensitivity reactions i n skin, 
most investigators have used crude extracts of whole Salmonella 
bacteria (54, 55). This had made i t d i f f i c u l t to evaluate which 
component(s) had e l i c i t e d the cell-mediated immunity. In a study 
of the s p e c i f i c i t y of delayed hypersensitivity reactions i n 
Salmonella infected c a t t l e to intracutaneous i n j e c t i o n of test 
antigen solutions, i t was found that the animals reacted mainly 
against extracts from O-antigenically homologous bacteria (56). 
This strongly suggested that the O-polysaccharides were important 
i n this context. 

In a subsequent study calves were experimentally infected 
o r a l l y with a sublethal dose of the calf virulent s t r a i n Ŝ. 
typhimurium SVA44 and skin tested 3 weeks l a t e r (Table I) (57). 
The LPS from S. typhimurium SH4809 (04,5,12) i n a dose of 50 yg 
e l i c i t e d within 48 h i n infected calves an increase i n double 
skin f o l d thickness, with a mean of 4.5 mm. The corresponding 
figure i n the uninfected calves was 1.3 mm, a highly s t a t i s t i c a l l y 
s i g n i f i c a n t difference. Injection of an O-antigenically unrelated 
LPS (S. thompson), or of poly- or oligosaccharides from the S. 
typhimurium O-polysaccharide, f a i l e d to e l i c i t a skin reaction i n 
both groups of calves. Furthermore the [GM(A)R]2-ITC-BSA glyco-
conjugate f a i l e d to give a positive reaction (data not shown). 
However, the covalent linkage of the same octasaccharide structure 
v i a the isothiocyanate route to dodecylamine instead of BSA 
yielded a g l y c o l i p i d which upon in j e c t i o n i n infected calves gave 
r i s e to a highly s i g n i f i c a n t l y increased skin swelling as compared 
to the swelling seen when the same semisynthetic g l y c o l i p i d was 
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3000 -

MONTHS AFTER ONSET OF DISEASE 

Figure 10. IgG antibody titers against three Salmonella O-antigen 4-containing antigens 
as estimated by ELISA in serum samples from a patient with S. typhimurium infection. 

Key: A, Salmonella BO LPS IO~ OX;; AMRG-BSA; and o, AM-(CH \-BSA. 
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injected i n uninfected control calves (Table I ) . That the swelling 
was caused by a s p e c i f i c r e a c t i v i t y of the immune system of the 
calves with the saccharide portion and not by reaction with the 
dodecylamine moiety of the g l y c o l i p i d was evident from the negative 
results seen with control lactobiosyl g l y c o l i p i d . We surmise 
that the skin swellings seen with the O-antigenic g l y c o l i p i d but 
not with the O-antigenic glycoprotein indicate that i n these 
types of immune reactions the O-antigenic determinants must be 
presented i n such a way as to maintain a high l o c a l density of 
antigen epitopes (58), and that the g l y c o l i p i d can " s t i c k " to 
membranes of the host c e l l s . 

In Vitro Testing. From the same calves used i n the studies of 
skin r e a c t i v i t y peripheral blood lymphocytes (PBL) were collected, 
and the uptake of H-thymidine, stimulated with among others 
O-antigenically homologou
followed as a measure o
the S. typhimurium inf e c t i o n (Figure 11) (59). PBL collected 
^rom the infected calves showed a s i g n i f i c a n t l y higher uptake of 
H-thymidine than PBL from the uninfected control calves when 

incubated with S. typhimurium LPS and PS, as well as with a porin 
preparation and with a crude extract containing LPS and porins, 
as well as other c e l l components. The l e v e l of stimulation 
caused by the O-antigenically unrelated thompson LPS (06,7) 
was s i g n i f i c a n t l y lower than that causad by the j>. typhimurium 
LPS (57). 

These data show that bovine PBL from Salmonella infected 
calves can respond to p u r i f i e d homologous O-antigenic PS. The 
responder c e l l type was found i n a B-cell-depleted and T - c e l l -
enriched lymphocyte population. These results may seem remarkable 
since they appear to contradict a mass of evidence that poly­
saccharides are T-lymphocyte-independent antigens. However, most 
of the studies supporting this T - c e l l independency have been 
based on experiments u t i l i z i n g homo- and heteropolysaccharides 
which lack the sticky hydrophobic characteristics of the l i p i d A 
moiety of the LPS. Our hypothesis i s that because of this s t i c k i ­
ness the LPS released during a Salmonella infection can adhere 
to, or insert into, host c e l l membranes generating 0-antigen 
tagged c e l l membranes which are recognized by immunocompetent 
c e l l s able to e l i c i t cell-mediated immune responses. 

Salmonella O-Antigen-specific Glycoconjugates as Vaccines 

The endotoxic a c t i v i t y associated with Gram-negative b a c t e r i a l 
infections resides i n the l i p o p h i l i c l i p i d A part of the LPS 
molecule (1). This toxic a c t i v i t y manifests i t s e l f i n a number 
of ways, e.g., pyrogenicity, transient leucopenia followed by 
leucocytosis, hypotension, bone marrow necrosis, abortion, the 
Shwartzman reaction, etc. As a consequence the commonly used 
k i l l e d whole c e l l enterobacterial vaccines have to be given i n 
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0 15 30 0 15 30 0 15 30 0 15 30 
Daya aflaf kifacllon 

Figure 11. 3 H-Thymidine uptake in PBL from S. typhimurium- infected and uninfected 
calves stimulated with various antigens. Each bar shows the mean of log values of Sis, 
with standard deviations indicated. Statistical analyses were made using Student's t test. 

(Reproduced with permission from Ref 59. Copyright 1982, Infect. ImmunJ 
Uvels ofstatistical significances: A-a. O.05< P<O.l;A'-a', O.01 <P< O.025; A" a". P<O.0005; B b, O.25< 
P; B'-h'. O.KP<O.25; B" h", O.25< P; C c. O.25< P; C c', O.0025< P<O.005; C c", O.05< P<O.1; D-d, 
D'-d', andD"-d\ O.25 < P; E- -e, E' e'. and E" e", O.25 < P; F—f.O.1 < P<O.25; F'-f. O.001 <P<O.0025; 
r-r.O.05< P<O.1;G-g.O.1<P<O.25:G'-g'.O.05< P<O.1;G" g".O.25< P;H h. H'-h',andH"h".O.25 

< P; 1 i, O.25 < P; /'-/'. O.01 < P < O.025; /"-/". O.05 <P<O.l. 
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quite low doses to minimize the r i s k of endotoxic side effects. 
Since a vaccine desirably should contain the O-antigenic poly­
saccharide chain (46-48) i t should therefore also at the same 
time be devoid of the toxic l i p i d A moiety. Removal of l i p i d A 
by chemical means leaves a non-toxic polysaccharide but this i s , 
however, non-immunogenic (5). The preparation of segments of the 
O-antigenic polysaccharide chain, either by the synthesis of 
small d i - to tetrasaccharides (10, 11, 18, 21) or through phage 
enzyme-mediated p a r t i a l hydrolysis of the O-polysaccharide to 
y i e l d mono- up to octamers of a tetrasaccharide repeating unit 
(36, 40), and the subsequent covalent linkage of these saccharides 
to immunogenic ca r r i e r molecules has given us non-toxic immunogenic 
O-antigen-specific glycoconjugates (60). 

The antibody t i t e r s seen i n rabbits immunized with S. 
typhimurium O-antigen-specific saccharide-BSA conjugates are 
shown i n Table II. The
i n rabbits and mice wit
(16, 25, 60-63) can be summarized as follows: 

(i) Each saccharide-protein conjugate e l i c i t s a saccharide-
s p e c i f i c antibody response. 

( i i ) Saccharide-specific antibody t i t e r s are often high and 
comparable to those e l i c i t e d by heat-killed bacteria 
when the immunization schemes are i d e n t i c a l . 

( i i i ) The smallest hapten, e.g. the 3-0-a-abequopyranosyl-a-
D-mannopyranoside disaccharide (AM-ITC-BSA) e l i c i t s the 
most s p e c i f i c antibody response (04) but only i n rabbits 
(Table I I ) . Mice f a i l e d to respond to saccharides 
smaller than a tetrasaccharide. 

(iv) Larger saccharide haptens e l i c i t antibody responses 
with 04 and 012 s p e c i f i c i t y (Table I I ) . In this respect 
the antibody responses seen after immunization with 
either the synthetic tetrasaccharide conjugate 
(AMRG-ITC-BSA), i d e n t i c a l to the biological repeating 
unit (Figure 1), or with the tetrasaccharide conjugate 
[GM(A)R-ITC-BSA] where the saccharide was obtained 
through phage endoglycosidase (Figure 7) are interesting. 
Evidently antibodies with 04 s p e c i f i c i t y dominate, but 
012 antibodies start to appear. The next larger hapten -
the octasaccharide i n the [GM(A)R]2-ITC-BSA conjugate -
e l i c i t s 04 and 012 antibodies with combining sit e s very 
similar, or i d e n t i c a l , to those of antibodies e l i c i t e d 
by the O-polysaccharide chains of heat-killed bacteria. 

Indeed, from immunization with a pentadecasaccharide 
conjugate (AMR[GM(A)R]3"ITC-BSA) the antibody t i t e r s 
estimated with the homologous LPS and with a hapten 
conjugate (of a c a r r i e r other than BSA) were i d e n t i c a l 
(data not shown). 
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Ŝ.

 
ty

ph
im

ur
iu

m 
SH
48
09
 (

1 
x 
10

 
ba

ct
er

ia
/d

os
e)

. 
Th

e 
gl

yc
oc

on
ju

ga
te

s 
we

re
 
su

sp
en

de
d 
1:
1 
i
n 

Fr
eu

nd
's

 c
om

pl
et

e 
ad

ju
va

nt
. 

**
Fi

gu
re

s 
gi

ve
n 

ar
e 
me
an

 v
al

ue
s.
 

Th
e 

co
at

in
g 

an
ti

ge
n 

do
se
 w
as
 i

n 
al

l 
in

st
an

ce
s 

1 
ug

/m
l.

 

82
50
 

10
 

20
 

58
5 

25
 

<1
 

90
0 

65
 

3 
33
20
 

73
5 

30
 

14
30
 

67
5 

20
 

48
0 

15
 

<1
 

22
,3
00
 

8,
20
0 

<1
 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



110 BACTERIAL LIPOPOLYSACCHARIDES 

(v) The anti-saccharide antibody response appears to be 
optimal when the molar ra t i o of saccharide to BSA i s 
around 20. Theoretically there are 57 s i t e s i n the BSA 
molecule to which the hapten can be linked. 

(vi) Antibodies with s p e c i f i c i t y for the linkage arm between 
the hapten and c a r r i e r are formed as demonstrated for 
the disaccharide haptens. The larger the saccharide 
the less pronounced i s this tendency. 

The characteristics of the antibody response discussed above 
did not relate to their biological a c t i v i t y . Therefore a series 
of experiments was done i n order to investigate these aspects. 

(i) The b a c t e r i c i d a l a c t i v i t y , e.g. the a b i l i t y of e l i c i t e d 
rabbit antibodie
bacteria when
for the anti-AM-ITC-BSA (04) and TM-ITC-BSA (09) antisera 
(12, 15). These antisera were as effective i n this 
respect as were antisera e l i c i t e d by whole heat-killed 
bacteria. Furthermore they were, as expected, absolutely 
s p e c i f i c , e.g. a b a c t e r i c i d a l effect was seen only on 
bacteria with an 0-antigen i d e n t i c a l to the antibody-
e l i c i t i n g haptenic structure. 

( i i ) In clearance studies, where the a b i l i t y of the a n t i ­
bodies to aid i n the clearance of bacteria from the 
blood was followed, we found that passively administered 
rabbit antibodies e l i c i t e d against the AM-ITC-BSA and 
[GM(A)R]2 -ITC-BSA conjugates were as e f f i c i e n t as 
anti-O-antibodies e l i c i t e d by whole heat-killed bacteria 
(64). When mice were actively immunized with the 
glycoconjugates the larger saccharide haptens e l i c i t e d 
an antibody response which was also e f f i c i e n t i n pro­
moting clearance. There was a s t r i c t correlation 
between the antibody t i t e r and the clearance rate (64). 

( i i i ) In i n v i t r o phagocytosis experiments where the a b i l i t y 
of individual sera collected from mice before and after 
immunization with the saccharide-ITC-BSA conjugates 
were tested for their a b i l i t y to promote the uptake of 
bacteria by activated mouse peritoneal exudate c e l l s i n 
the presence of complement we found that also here the 
immune sera e l i c i t e d by the [GM(A)R] -ITC-BSA conjugates 
(n = 2 or 3) were e f f i c i e n t (P <O.00? vs. preimmune 
sera) for O-antigenically homologous but not heterolo­
gous bacteria (64). 
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(iv) In passive immunization experiments rabbit antisera 
e l i c i t e d by the glycoconjugates were found to protect 
mice against challenge infection with 100 x L D ^ doses 
(5 x 10 bacteria given intraperitoneally) of an 0-
antigenically homologous j>. typhimurium stra i n , but not 
against challenge with an O-antigenically heterologous 
J3. e n t e r i t i d i s s t r a i n (the bacteria were Isogenic with 
exception of the 0-antigen) (65)• From experiments 
where s e r i a l dilutions of the rabbit antisera were 
given prior to challenge with 25 x ld^Q doses we could 
conclude after p l o t t i n g the a n t i S. typhimurium LPS 
(04,12) antibody t i t e r against the percentage of surviv­
ing mice that a l l antisera were equally e f f i c i e n t 
irrespective of whether they had been e l i c i t e d by a 
glycoconjugate or heat-killed bacteria (Figure 12). 

(v) Injection of b a c t e r i a
animals results, among other things, i n a fever response 
(66). It has long been recognized that repeated i n j e c ­
tions of the endotoxin can lead to tolerance to the 
pyrogenic a c t i v i t y . V i r t u a l l y a l l studies have been 
done with preparations containing the toxic l i p i d A 
component, either i n i t s native state or after various 
more or less e f f i c i e n t chemical detoxification proce­
dures. Since l i p i d A i s required for the immunogenicity 
of the endotoxin the degradation procedures have l e f t 
investigators either with only a p a r t i a l l y detoxified 
product, or a completely detoxified product which 
accordingly has been rendered nonimmunogenic. It has 
therefore previously been impossible to establish i f 
endotoxin tolerance can be acquired i n the absence of 
the l i p i d A component. 

The problem was addressed using a glycoconjugate 
consisting of the S. typhimurium SH4809 dodecasaccharide 
covalently linked to human serum albumin ([GM(A)R]^-ITC-
BSA) (67). The conjugate, shown to be free of contamin­
ating protein and endotoxic a c t i v i t y , e l i c i t e d i n 
rabbits immunized either intravenously or in t r a p o p l i t e -
a l l y a definite tolerance (Figure 13). The intravenously 
immunized group 1 showed, when injected with the parent 
S. typhimurium SH4809 LPS, a mean fever index s t a t i s t i c ­
a l l y different from the control group (P <O.025). When 
the immunogen had been administered i n t r a p o p l i t e a l l y i n 
Freund's complete adjuvant (group 2) the evoked tolerance 
was even more s t r i k i n g (P <O.01). That the e l i c i t e d 
tolerance was s p e c i f i c for the 0-antigen was demonstrated 
by the lack of tolerance seen when immunized rabbits 
(group 3) were injected with a J3. thompson LPS (having 
i d e n t i c a l l i p i d A and core saccharide regions, but a 
different O-polysaccharide chain). These findings 
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10 
AMOUNT OF 
ANTIBODIES 

ICT 10" 10 
PASSIVELY TRANSFERRED RABBIT 

( EL ISA end-point ) 

Figure 12. Protective efficiency in mice of passively transferred rabbit antisera against 
intraperitoneal challenge with S. typhimurium bacteria (1.1 * 106 bacteria = 25 x LD50 

dose). Percentage of survivors plotted against ELISA titers with S. typhimurium LPS as 
antigen. Kev: U , anti whole heat-killed bacterial serum (04, 12 specific); A, 
anti[GM(A JR]-ITC-BSA serum (04,12); *, anti[GM(A)R]2-ITC-BSA serum (04,12); 
and o, anti AM-ITC-BSA serum (04). (Reproduced with permission from Ref. 65. 

Copyright 1981, Infect. ImmunJ 
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Figure 13. Pyrogenic responses in rabbits immunized to Salmonella LPS. Key: 
control; and o, dodeca 4809-ITC-HSA immunized. 
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TABLE I I I . Protective Value of Saccharide-Protein Conjugates as 
Vaccines i n NMRI Mice. 

Immunogen* S. typhimurium SH2201 LD *** 

Saline 
Saline + FCA** 
AM-ITC-BSA + FCA (04) 
[GM(A)R]2-ITC-BSA + FCA (04,12) 
jS. essen heat-killed 

bacteria + FCA (04,12) 

*NMRI mice were vaccinated with 5 ug doses on days 0, 19 and 
27 and with 10 ug doses on days 42 and 71. Mice were challenged 
on day 81. 

**FCA = Freund's complete adjuvant. 

***LD values were calculated according to Reed and Muench 
from the 30-day survival figures of NMRI mice after i n t r a ­
peritoneal challenge with graded doses of S». typhimurium SH2201. 

clea r l y indicate that immunity directed solely against 
the 0-antigen s p e c i f i c portion of the endotoxin molecule 
i s capable of protecting against the pyrogenic a c t i v i t y 
of the toxophore ( i . e . l i p i d A) component. This d i r e c t l y 
confirms the previously postulated importance of O-anti­
genic polysaccharides i n the late phase tolerance to 
bact e r i a l endotoxins (68). 

(vi) The protective active immunity which could be e l i c i t e d 
by the glycoconjugates was investigated by immunizing 
outbred NMRI mice with the immunogens suspended i n 
Freund's complete adjuvant and then challenging the 
mice with virulent J>. typhimurium bacteria (Table III) 
(69) . We found that the [GM(A)R]2~ITC-BSA conjugate 
indeed e l i c i t e d a protective immune response, although 
not as e f f i c i e n t as that e l i c i t e d by heat-killed bac­
t e r i a . The AM-ITC-BSA conjugate f a i l e d to e l i c i t a 
protective immune response, which was i n accordance 
with the observation that the disaccharide haptens 
repeatedly f a i l to e l i c i t hapten-specific immune re­
sponses i n mice. The Inferior protective a b i l i t y of 
the glycoconjugates as compared to the heat-killed 
bacteria may have several explanations. F i r s t l y , 
immunity directed at porins and other outer membrane 
components unrelated to the 0-antigen i s of importance 
(70) . Secondly, the saccharide haptens obtained through 

6 x 10* 
80 x 10? 
64 x 107 

570 x 10? 
1400 x 10 
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phage endoglycosidase a c t i v i t y have an a-D-galactosyl 
group at their non-reducing ends, whereas the native 
0-chain terminates with the Abej}(al-*3)D-Man]3 group 
(Figure 1). An immune response with s p e c i f i c i t y for 
such a terminal a-D-galactosyl group would probably 
have l i t t l e , i f any, protective e f f e c t . 

Conclusions 

Our investigations have shown that saccharides representing 
either portions of the repeating unit, the repeating unit, or 
several repeating units, of the Salmonella O-antigenic poly­
saccharide chain can be produced by synthesis or enzymatic hydro­
l y s i s of the O-polysaccharide, and that such saccharides can be 
covalently linked to c a r r i e r molecules. These saccharides and 
glycoconjugates are usefu
saccharide i n host-parasit
demonstrated the immunological importance of the O-polysaccharide 
chain. The following basic findings were made: 

(i) O-Antigen s p e c i f i c i t y , demonstrable as humoral immunity 
with exclusive s p e c i f i c i t y for the O-polysaccharide 
chain, conferred protection against salmonellosis i n an 
experimental animal model, 

( i i ) O-Antigen s p e c i f i c i t y , demonstrable as cell-mediated 
immunity with exclusive s p e c i f i c i t y for the O-polysaccha­
ride chain, was shown i n both i n vivo and i n v i t r o 
experiments, and 

( i i i ) O-Antigen s p e c i f i c i t y was demonstrable as late phase 
endotoxin tolerance. 

We f e e l confident i n stating that through the use of defined 
O-antigenic saccharides i t i s now possible to study on a molecular 
l e v e l selected aspects of host-parasite interactions. These 
studies w i l l conceivably increase our understanding of certain 
infectious diseases and d e f i n i t e l y hold the prospect for the 
development of more refined diagnostic procedures and hopefully 
also vaccines. 
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3-Deoxy-D-manno-2-octulosonic acid (KDO) is
characteristic, ketosidically-linked
the lipopolysaccharide (LPS)  practically
strains of Gram-negative bacteria examined so far 
(1, 2). Additionally, in an increasing number of cas­
es, KDO has been found as a constituent of capsular 
polysaccharides from Εscherichia coli (3) or Neisser­
ia strains (4). The significance of these bacterial, 
cell-surface macromolecules in the pathophysiology 
and diagnosis of Gram-negative bacterial infections 
has stimulated investigations into the biosynthesis 
and immunochemistry of structures containing KDO. In 
this context, model oligosaccharides involving KDO 
residues and representing partial structures of LPS or 
capsular polysaccharides have become of interest as 
artificial haptens, model substances for spectroscopy, 
or biochemical probes. In the present chapter, the 
state of efforts to synthesize KDO-containing oligo­
saccharides is briefly reviewed. 

KDO-containing oligosaccharides as partial structures 
of the 'inner core' of LPS. 

Following the identification of KDO as a constit­
uent of LPS, studies by Osborn and her group (5) have 
revealed that, in LPS, KDO (or 'the KDO region') is 
located at the reducing end of the polysaccharide 
chain, linking the core segment to lipid A. Later, the 
application of differential color reactions based on 
thiobarbituric acid (TBA tests) (6, 7) has led to the 
view that KDO is present, in LPS from Salmonella or 
E. coli, in the form of a branched trisaccharide (Fig. 
1). In this model, a branchpoint KDO residue (KDO I), 
ketosidically-linked to the second glucosaminyl residue 
of lipid A, is substituted in position 4 or 5 by a 
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k e t o s i d i c a l l y - l i n k e d KDO r e s i d u e (KDO I I ) which f r e q u ­
e n t l y c a r r i e s a 7 - 0 - p h o s p h o r y l e t h a n o l a m i n e group; a 
t h i r d KDO r e s i d u e (KDO I I I ) , b e a r i n g on i t s 0-5 the 
remainder of the ' c o r e 1 o l i g o s a c c h a r i d e t o g e t h e r w i t h 
the O - a n t i g e n i c c h a i n , would then be k e t o s i d i c a l l y 
l i n k e d to 0-7 or 0-8 of KDO I ( F i g . 1). 

Due to the l i m i t a t i o n s of the TBA a s s a y s ( 8 ) , i t 
has not been p o s s i b l e , on t h i s b a s i s , to d e f i n e more 
c l e a r l y the c o n s t i t u t i o n of the KDO t r i s a c c h a r i d e . On 
the o t h e r hand, d e t a i l e d s p e c t r o s c o p i c a n a l y s e s of the 
KDO r e g i o n of LPS have not been r e p o r t e d . In f a c t , the 
anomeric c o n f i g u r a t i o n s of the KDO r e s i d u e s i n LPS are 
s t i l l unknown, whereas such c o n f i g u r a t i o n s have been 
a s s i g n e d to the KDO r e s i d u e s p r e s e n t i n a number of 
c a p s u l a r p o l y s a c c h a r i d e s (9^, J 3 , 3 0 ( c f . the c h a p t e r 
by Jann i n t h i s volume)

Only r e c e n t l y
e l u c i d a t i o n of s t r u c t u r e of the KDO r e g i o n of LPS by 
p h y s i c a l methods. Thus, n.m.r. measurements seem to 
i n d i c a t e t h a t i n LPS from s e v e r a l s t r a i n s , two r a t h e r 
than t h r e e KDO r e s i d u e s are p r e s e n t ( J J )). Brade, et a l . 
(11) have d e t e c t e d what i s presumably a d i s a c c h a r i d e 
K D 0 p 2 — » 4 or 5 KDO, f o l l o w i n g h y d r o l y s i s ( a c e t a t e b u f ­
f e r , pH 4.5) of LPS from s e v e r a l s t r a i n s of S a l m o n e l l a . 
The f i n d i n g t h a t the p o l y s a c c h a r i d e c h a i n i s not r e ­
l e a s e d from l i p i d A under these c o n d i t i o n s has l e d 
Brade, et a l . to s p e c u l a t e t h a t o n l y one KDO r e s i d u e 
i s l o c a t e d w i t h i n the main p o l y s a c c h a r i d e c h a i n , and 
t h a t the r e m a i n i n g two are p a r t of a d i s a c c h a r i d e , 
s i d e b r a n c h ( F i g . 2 a ) . A c c o r d i n g to t h i s i n t e r p r e t a t ­
i o n , the K D O - t r i s a c c h a r i d e of the h e p t o s e - l e s s , R 595 
mutant of S. m i n n e s o t a would be a l i n e a r , r a t h e r than 
a branched, t r i s a c c h a r i d e . Both the o r i g i n a l l y - p r o p o s ­
ed, branched t r i s a c c h a r i d e ( F i g s . 1 and 2b), and the 
l i n e a r s t r u c t u r e s u g g e s t e d r e c e n t l y , would have i n 
common a d i s a c c h a r i d e of the c o n s t i t u t i o n KD0p2—»-4KD0, 
as found by Prehm, et a l . f o r the LPS of the 'deep-
rough', E. c o l i mutant BB 12 (7.). The KD0j>2—*4KD0 
l i n k a g e has a l s o been proposed ( J2) f o r a p r o d u c t con­
t a i n i n g two KDO r e s i d u e s , i s o l a t e d f o l l o w i n g the enz­
y m e - c a t a l y z e d t r a n s f e r i r i v i t r o of r a d i o a c t i v e KDO 
from CMP-KDO onto a l i p i d - A p r e c u r s o r m o l e c u l e . 

Recent work i n the a u t h o r s ' l a b o r a t o r y has been 
d i r e c t e d at the d e f i n i t i v e e l u c i d a t i o n of s t r u c t u r e of 
the K D O - t r i s a c c h a r i d e by n . m . r . - s p e c t r o s c o p i c methods. 
For t h i s purpose, the LPS from the h e p t o s e - l e s s , S». 
m i n n e s o t a R 595 mutant i s b e i n g s t u d i e d , which has been 
r e p o r t e d (6J to c o n t a i n , a s i d e from l i p i d A, o n l y t h r e e 
KDO r e s i d u e s . The p r e p a r a t i o n of a homogeneous pseudo-
t e t r a s a c c h a r i d e , c o n t a i n i n g b e s i d e s the t h r e e KDO r e -
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Figure 1. Linkages of the KDO region of LPS from Salmonella strains as proposed in 
Refs. 5 and 6. 

1 5 2 3 . 1 5 2 7or8 2 3 
Hepcc K D O - G l c N H e p a - — ^ K D O — - ~ K D O — - G l c N 

4 | 4or5 
2> 2 

K D O K D O 
Aor5 l 

2 I 
K D O 

Figure 2. Hypothetical linkages of KDO in Salmonella LPS: (left) according to Brade et 
al. (11); (right) according to Refs. 5 and 6; cf. Figure 1. 
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s i d u e s o n l y 2,5-anhydromannito1, i s c u r r e n t l y b e i n g 
performed as f o l l o w s . E x h a u s t i v e h y d r a z i n o l y s i s of the 
mutant LPS ( p r e v i o u s l y p u r i f i e d by c o n v e n t i o n a l met­
hods) (6>) would f r e e the c a r b o h y d r a t e 'backbone' of 
JD-f a t t y - a c y l , JJj-f a t t y - a c y 1, and O^-phosphono groups 
( c f . the c h a p t e r by R i e t s c h e l i n t h i s volume). T r e a t ­
ment w i t h n i t r o u s a c i d of the r e s u l t i n g , d i a m i n o - d i d e -
o x y - p e n t a s a c c h a r i d e would then a f f o r d the d e s i r e d 
p s e u d o t e t r a s a c c h a r i d e , s u i t a b l e f o r s p e c t r o s c o p i c 
s t u d i e s . A s i m i l a r d e g r a d a t i o n has p r e v i o u s l y been 
performed by M i r e i l l e R i e t s c h e l at the Max-Planck-
I n s t i t u t i n F r e i b u r g ( u n p u b l i s h e d r e s u l t s ) . P r e l i m i n ­
a r y r e s Y l t s from the a u t h o r s ' l a b o r a t o r y ( o b s e r v a t i o n 
of the H - n . m . r . - s i g n a l s a t t r i b u t a b l e to the deoxy-
p r o t o n s of KDO r e s i d u e s , & 1.80 - 2.40 p.p.m., and TBA 
a s s a y s ) i n d i c a t e t h a t
the LPS from S. m i n n e s o t
d i t i o n s of h y d r a z i n o l y s i s and n i t r o u s - a c i d - d e a m i n a t i o n . 
I t i s hoped t h a t n . m . r . - s p e c t r a l a n a l y s i s of the samp­
l e s thus o b t a i n e d , i n comparison to the model com­
pounds whose s y n t h e s e s are d e s c r i b e d below, w i l l l e a d 
to a d e f i n i t i v e e l u c i d a t i o n of s t r u c t u r e of the 'KDO 
r e g i o n ' i n the near f u t u r e . 

S e l e c t i o n of t a r g e t s t r u c t u r e s f o r s y n t h e s e s of model 
o l i g o s a c c h a r i d e s c o r r e s p o n d i n g to the KDO r e g i o n of 
LPS. As a f i r s t a p p roach, the s y n t h e s i s of a 2—*-4-
l i n k e d , d i s a c c h a r i d e of KDO r e s i d u e s was attempted. In 
the absence of c o n c l u s i v e d a t a e s t a b l i s h i n g the ano-
m e r i c c o n f i g u r a t i o n ( s ) of the KDO r e s i d u e s i n LPS,the 
d i s a c c h a r i d e h a v i n g the KDO r e s i d u e s i n the fi-ano-
m e r i c c o n f i g u r a t i o n , was chosen c o n s i d e r i n g the e s t a b l ­
i s h e d (9^, J3) B-anomeric c o n f i g u r a t i o n of the KDO r e ­
s i d u e s i n the c a p s u l a r p o l y s a c c h a r i d e s from N. mening­
i t i d i s 29e (JJ3) and E. c o l i 06 K13 HI (9) ( c f . the 
c h a p t e r by Jann i n t h i s volume). 

An a g l y c o n i c d e r i v a t i v e of KDO, h a v i n g 0-7 and 0-
8 t e m p o r a r i l y b l o c k e d , was r e q u i r e d f o r the s y n t h e s i s 
of the model d i s a c c h a r i d e K o e n i g s - K n o r r r e a c t i o n of 
3 w i t h a s u i t a b l e h a l i d e d e r i v a t i v e of KDO would be 
ex p e c t e d to o c c u r e x c l u s i v e l y at the ( e q u a t o r i a l ) 0-4 
w h i l e 0H-5, b e i n g a x i a l l y - d i s p o s e d and e x p e r i e n c i n g 
a d d i t i o n a l s t e r i c s h i e l d i n g by H-7, would be p r a c t i c ­
a l l y u n r e a c t i v e . X-ray c r y s t a l s t r u c t u r e a n a l y s i s of 
KDO d e r i v a t i v e s (J4, 2J>) has shown t h a t H-7 i s o r i e n t ­
ed p a r a l l e l to the a x i a l s u b s t i t u e n t s of the r i n g c a r ­
bon atoms. 

S y n t h e s i s of the d i s a c c h a r i d e The r e a c t i o n of the 
known (13) methyl k e t o s i d e - m e t h y l e s t e r d e r i v a t i v e 1^ 
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w i t h 4 - n i t r o p h e n y 1 c h l o r o f ormate ( J6) i n p y r i d i n e at 
low t e m p e r a t u r e a f f o r d e d p r e p o n d e r a n t l y the c r y s t a l ­
l i n e b i s - c a r b o n y l d e r i v a t i v e 4^, but a l s o some of the 
syrupy 7,8-0-monocarbony1 d e r i v a t i v e ^3. Compounds 3 
and 4, were e a s i l y s e p a r a t e d by chromatography on s i l i ­
ca g e l . The unwanted compound 4, may be r e - c y c l e d i n t o 
the s t a r t i n g m a t e r i a l 2 by Zemplen s a p o n i f i c a t i o n . The 
m o d i f i e d K o e n i g s - K n o r r r e a c t i o n ( J7, J 8 ) ( s i l v e r c a r ­
bonate, D r i e r i t e , d i c h l o r o m e t h a n e , room te m p e r a t u r e , 
over n i g h t ) of 3 w i t h methyl ( 3 - d e o x y - 4 , 5 , 7 , 8 - t e t r a -
0 - a c e t y l - - D - m a n n o - 2 - o c t u l o p y r a n o s y 1 ) o n a t e c h l o r i d e 
5, ( J3) a f f o r d e d a v e r y low y i e l d of s e v e r a l m a t e r i a l s 
which were too l i t t l e f o r f u r t h e r p r o c e s s i n g and c h a r ­
a c t e r i z a t i o n . When, i n the K o e n i g s - K n o r r g l y c o s i d a t i o n 
of ^3, f o l l o w i n g a s u g g e s t i o n by P a u l s e n ( J9) , the 
k e t o p y r a n o s y 1 c h l o r i d
j6 ( a v a i l a b l e i n e x c e l l e n
methyl 3-deoxy-2 , 4,5,7,8-penta-0-acety1- o c-D-manno-2-
o c t u l o p y r a n o s o n a t e (19-21) w i t h t i t a n i u m t e t r a b r o m i d e ) 
a f a i r y i e l d of a c a . 1 0 : 1 m i x t u r e of the B and « - a n o -
mers £ and 8, of methyl [ m e t h y l 7,8-0-carbony 1-3-deoxy-
4-0-methy1 (3-deo x y - 4 , 5 , 7 , 8 - t e t r a - Q - a c e t y l - D - m a n n o - 2 -
o c t u l o p y r a n o s y l ) o n o - f i - D - m a n n o - 2 - o c t u l o p y r a n o s i d j onate 
was o b t a i n e d . S e p a r a t i o n of the anomers by h . p . l . c . 
(22) f o l l o w e d by Zemplen s a p o n i f i c a t i o n of the B , B -
d e r i v a t i v e jP, a f f o r d e d a methyl d i c a r b o x y l a t e d i s a c ­
c h a r i d e which was p e r - 0 - a c e t y l a t e d ( a c e t i c a n h y d r i d e -
p y r i d i n e - 4 - d i m e t h y l a m i n o p y r i d i n e ) to g i v e the h e p t a -
- 0 - a c e t y l d e r i v a t i v e , C o n v e r s i o n of 9, i n t o the 
t a r g e t compound \̂  was p erformed by s e q u e n t i a l Zemplen 
s a p o n i f i c a t i o n and t r e a t m e n t w i t h O.2 N aqueous sodium 
h y d r o x i d e , as p r e v i o u s l y d e s c r i b e d f o r the c o r r e s p o n d ­
i n g m o nosaccharide d e r i v a t i v e s ( J3, 2 1 ) . 

C o n s t i t u t i o n a l and c o n f i g u r a t i o n a l c h a r a c t e r i z a t i o n 
by H-n.m.r.^spectroscopy of the d i s a c c h a r i d e d e r i v a t ­
i v e The H-n.m. r . - s p e c t r u m of 9, (250 MHz, C D C K ) 
can be i n t e r p r e t e d to i n d i c a t e both the c o n s t i t u t i o n 
of the d i s a c c h a r i d e and the anomeric c o n f i g u r a t i o n of 
the n e w l y - i n t r o d u c e d KDO r e s i d u e (KDO I I , 2 — ^ 4 - l i n k -
a g e ) , as f o l l o w s . R e g a r d i n g c o n s t i t u t i o n , the p r e s e n c e 
of seven l i n e s a t t r i b u t a b l e to Q - a c e t v l groups, of one 
s i g n a l a t t r i b u t a b l e to a k e t o s i d i c methoxy group ( s , 
3 H, h 3.37 p.p.m.), and of two s i g n a l s (2s, 6 H, 3.80 
and 3.86 p.p.m.) a t t r i b u t a b l e to e s t e r methoxy groups, 
i s i n k e e p i n g w i t h the o v e r - a l l s t r u c t u r e of ^9. There 
are n i n e s i g n a l s due to hydrogen atoms a d j a c e n t to 
a c e t o x y groups, of which, by f i r s t - o r d e r a n a l y s i s , two 
each are a s s i g n e d to the geminal hydrogen atoms of C-8 
and C-8 f (4 H), to H-7 and H-7 f (2 H), and to H-5 and 
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H-5 1 (2 H). The r e m a i n i n g s i g n a l i s a t t r i b u t e d to H-4 1 

(1 H). T h e r e f o r e , of the c a r b o h y d r a t e h y d r o x y l f u n c t ­
i o n s , o n l y 0-4 i s not p a r t of an e s t e r g r o u p i n g and 
would be engaged i n the i n t e r g l y c o s i d i c l i n k a g e , as 
c o n f i r m e d by the c h e m i c a l s h i f t of H-4 (3.95 p.p.m.). 
The assignment of t h i s s i g n a l to H-4 has been v e r i f i e d 
by INDOR w i t h H-5 (22 ) . The H-n . m. r .-spectrum of 
i n a d d i t i o n , s u p p l i e s e v i d e n c e f o r the B-anomeric con­
f i g u r a t i o n of KDO I I . E m p i r i c a l c o r r e l a t i o n s among the 
s h i f t v a l u e s of H-4 i n the n . m . r . - s p e c t r a of k e t o s i d -
i c , 0 - a c e t y l a t e d KDO d e r i v a t i v e s show t h a t , f o r the 
0 $ - k e t o s i d e s , the s h i f t v a l u e s (8) of the H - 4 - s i g n a l s 
are s i g n i f i c a n t l y l a r g e r (by ca. O.4 p.p.m.) than f o r 
the B - k e t o s i d e s . T h i s d i f f e y e n c e i s c l e a r l y a pparent 
from the comparison of the H-n.m.r.-spectra of the 
two anomeric, O - a c e t y l a t e
(13, 21) ( S H-4 i n th
k e t o s i d e 1J,: 4.91 p.p.m.). The s h i f t d i f f e r e n c e can be 
e x p l a i n e d by d e - s h i e l d i n g of the H-4, i n o 6 - k e t o s i d i c 
d e r i v a t i v e s , t h r o u g h 1 , 3 - s y n - i n t e r a c t i o n w i t h the ano­
m e r i c oxygen atoms. In the spectrum of d i s a c c h a r i d e 
the s i g n a l c o r r e s p o n d i n g to H-4 f o c c u r s at <?4.90 p.p . m. 
and KDO I I i n 9, would t h e r e f o r e be of the B-anomeric 
c o n f i g u r a t i o n . Both the c o n s t i t u t i o n a l and c o n f i g u r a t -
i o n a l a ssignments made on d i s a c c h a r i d e Jg, are i ndepend­
e n t l y c o n f i r m e d by the x - r a y c r y s t a l s t r u c t u r e a n a l y s ­
i s of the d i s a c c h a r i d e d e r i v a t i v e 2̂ 2 ( J5) , the s y n t h e ­
s i s of which i s d i s c u s s e d l a t e r i n t h i s c h a p t e r , and 
which has been c o n v e r t e d i n t o 9, by s t e r e o c h e m i c a l l y -
unambiguous r e a c t i o n s . 

S y n t h e s i s of the branched, model t r i s a c c h a r i d e , 12,. 
The n a t u r e of the p r o t e c t i n g groups employed i n the 
p r e p a r a t i o n of d i s a c c h a r i d e \̂  d i s c u s s e d above does not 
p e r m i t the e x t e n s i o n of the s y n t h e s i s to the branched 
type of KDO t r i s a c c h a r i d e shown i n F i g . 1. To o b t a i n 
a n o t h e r model compound f o r the s t r u c t u r e e l u c i d a t i o n 
of the n a t u r a l KDO t r i s a c c h a r i d e by s p e c t r o s c o p i c and 
immunochemical methods, a r o u t e was d e v i s e d which would 
p e r m i t the s y n t h e s i s of the model t r i s a c c h a r i d e 12. 
T h i s compound c o n t a i n s KDO I I i n a B 2 — * 4 - l i n k a g e , and 
KDO I I I i n a B 2 — - 7 - l i n k a g e . For a f i r s t attempt, p r e ­
f e r e n c e was g i v e n to the 2 — ^ 7 - l i n k e d over the 2 — r e ­
l i n k e d model because p r e c e d e n t e x i s t s , i n KDO-contain­
i n g , c a p s u l a r p o l y s a c c h a r i d e s , f o r 0-7 as a l i n k a g e 
p o i n t i n the s i d e - c h a i n of KDO r e s i d u e s ( c f . the chap­
t e r by Jann i n t h i s volume). 

P r e p a r a t i o n of a KDO d e r i v a t i v e ]J}, r e p r e s e n t i n g KDO I 
(the b r a n c h p o i n t ) of the branched t r i s a c c h a r i d e 12,. A 
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monosaccharide a g l y c o n s u i t a b l e as the KDO I r e s i d u e 
i n Ĵ 2 would have to c o n t a i n the f r e e 4 , 5 - d i o l system 
f o r g l y c o s i d a t i o n at the e q u a t o r i a l OH-4, but would 
have to be p r o t e c t e d t e m p o r a r i l y at 0-7 and p e r s i s t e n t ­
l y at 0-8. I d e a l l y , the temporary or p e r s i s t e n t f u n c t ­
i o n s of the two s i d e - c h a i n p r o t e c t i n g groups s h o u l d be 
i n t e r c h a n g e a b l e w i t h a view toward the e v e n t u a l syn­
t h e s i s of a model t r i s a c c h a r i d e c o n t a i n i n g KDO I I I i n 
a 2 — » 8 - l i n k a g e . Compound 18, methyl (methyl 8 -0-benz-
y l - 7 - 0 - t e r t . - b u t y 1 d i m e t h y 1 s i l y l - 3 - d e o x y - B - D - m a n n o - 2 -
oc t u l o p y r a n o s i d ) onate was d e s i g n e d (.22) as f u l f i l l i n g 
t h e s e demands and was s y n t h e s i z e d as f o l l o w s . The 
known (J3) methyl e s t e r - m e t h y l k e t o s i d e 2, was c o n v e r t ­
ed i n t o the 8 - 0 - t r i t y l e t h e r \£ ( c a . 100%) u s i n g t r i t -
y l p y r i d i n i u m t e t r a f l u o r o b o r a t e i n a c e t o n i t r i l e (23). 
4 , 5 - 0 - C a r b o n y l a t i o n
c h l o r i d e (J6) i n p y r i d i n e
t r i t y l e t h e r - c a r b o n a t e 1̂4 which was d e - t r i t y l a t e d by 
h y d r o g e n o l y s i s (24) to a f f o r d the 7 , 8 - d i o l - 4 , 5-carbon-
ate L5 i n p r a c t i c a l l y q u a n t i t a t i v e y i e l d . Compound 1J5, 
by way of i t s 7 , 8 - 0 - d i b u t y 1 s t a n n y 1 i d e n e d e r i v a t i v e (25> 
26) was r e g i o s e l e c t i v e l y 8 - 0 - b e n z y l a t e d ( d i b u t y l t i n 
o x i d e , benzene, r e f l u x ; then b e n z y l bromide, d i m e t h y l 
formamide, 95 ), i n f a i r y i e l d (16). F i n a l l y , the 
a g l y con was o b t a i n e d i n h i g h y i e l d by s e q u e n t i a l 
7 - 0 - t e r t . - b u t y l d i m e t h y l s i l y l a t i o n (27) (compound 
and Zemplen s a p o n i f i c a t i o n . 

A l t e r n a t e s y n t h e s i s of the 2 — » 4 - l i n k e d d i s a c c h a r i d e 
J , . Upon g l y c o s i d a t i o n of 18 w i t h the methyl e s t e r -
k e t o p y r a n o s y 1 bromide 6^ under the m o d i f i e d K o e n i g s -
Knorr c o n d i t i o n s g i v e n f o r the s y n t h e s i s of 1^ above, 
a 7:1 m i x t u r e of the B and 06-, 2 — » » 4 - l i n k e d d i s a c ­
c h a r i d e d e r i v a t i v e s 19 and 20 was o b t a i n e d i n 27% 
y i e l d . The major p a r t of the h a l i d e J6 i s c o n v e r t e d i n ­
to the g l y c a l d e r i v a t i v e 2J, under the r e a c t i o n con­
d i t i o n s . P r o d u c t s a r i s i n g from g l y c o s i d a t i o n at 0-5 
were not d e t e c t e d . The anomers l̂ g, and 20 were s e p a r ­
a t e d by p r e p a r a t i v e h . p . l . c . (22) . The c o n f i g u r a t i o n s 
of the i n t e r g l y c o s i d i c 2 — * 4 - l i n k a g e s i n 1̂  and 20, 
were a s s i g n e d on the b a s i s of the c h e m i c a l s h i f t v a l u ­
es f o r H -4 f i n the r e s p e c t i v e d i s a c c h a r i d e d e r i v a t i v ­
es (see the analogous argument f o r the c o n f i g u r a t i o n a l 
assignment of compound 9, above). 

C a t a l y t i c h y d r o g e n a t i o n of 1̂ 9, over p a l l a d i u m 
c a t a l y s t gave a p r a c t i c a l l y q u a n t i t a t i v e y i e l d of the 
c r y s t a l l i n e d i s a c c h a r i d e d e r i v a t i v e 22, the c o n s t i t u t ­
i o n , and c o n f i g u r a t i o n s at a l l c h i r a l c e n t e r s , of 
which have been v e r i f i e d by x - r a y c r y s t a l s t r u c t u r e 
a n a l y s i s (J5) . D e - J 3 - s i l y l a t i o n of the 5 , 8 - d i o l 22, 
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u s i n g 2% aqueous hydrogen f l u o r i d e i n a c e t o n i t r i l e 
(28) a f f o r d e d i n e x c e l l e n t y i e l d the 5 , 7 , 8 - t r i o l 2^ 
which, on p er-O-acety1 at i o n ( a c e t i c a n h y d r i d e - p y r i d i n e 
4 - d i m e t h y l a m i n o p y r i d i n e ) gave the d i s a c c h a r i d e dimeth­
y l e s t e r - h e p t a a c e t a t e j ) , i d e n t i c a l w i t h the m a t e r i a l 
o b t a i n e d p r e v i o u s l y by way of g l y c o s i d a t i o n of the 
7,8-0-carbony 1 a g l y c o n , 3,, as d i s c u s s e d above. The 
c o n v e r s i o n of J9, i n t o J , h a v i n g been performed (21) as 
d i s c u s s e d p r e v i o u s l y i n t h i s c h a p t e r , the g l y c o s i d a t ­
i o n of c o n s t i t u t e s an a l t e r n a t e r o u t e to the d i ­
s a c c h a r i d e 1 . 

Attachment of the KDO I I I r e s i d u e . S e t t i n g the stage 
f o r t r i s a c c h a r i d e s y n t h e s i s , the B 2 — ^ 4 - l i n k e d d e r i v ­
a t i v e 1̂9 was d e - O - s i l y l a t e d by t r e a t m e n t w i t h 2% aqu­
eous hydrogen f l u o r i d
the 5 , 7 - d i o l 24, i n p r a c t i c a l l
s t r u c t u r e of the p r o d u c t was a s c e r t a i n e d by H-n.m.r.-
s p e c t r o s c o p y . The 5 , 7 - d i o l 24, was s u b j e c t e d to g l y c o s ­
i d a t i o n w i t h the KDO h a l i d e 6, (under the m o d i f i e d 
K o e n i g s - K n o r r c o n d i t i o n s mentioned above f o r the s yn­
t h e s i s of Hp , to g i v e a 35% y i e l d of a 6:4, B:c6-
m i x t u r e (anomeric at C -2") of the 2 " — * * 7 - B 2 l — " ^ - l i n k ­
ed,branched t r i s a c c h a r i d e s 2jj and 2 £ . As w i t h the d i ­
s a c c h a r i d e d e r i v a t i v e s 1̂9 and 20, p r e p a r a t i v e h . p . l . c . 
was r e q u i r e d to s e p a r a t e the anomers (22). As c r y s t a l ­
l i n e d e r i v a t i v e s of the t r i s a c c h a r i d e s 25 or 26 are 
s t i l l l a c k i n g , the c o n s t i t u t i o n a l and c o n f i g u r a t i o n a l 
a s s ignments were made on the b a s i s of the 250 MHz- H-
n . m . r . - s p e c t r a of t h e s e compounds and of c e r t a i n of 
t h e i r d e r i v a t i v e s , by the r e a s o n i n g d i s c u s s e d p r e v i ­
o u s l y i n t h i s c h a p t e r . R e g a r d i n g c o n s t i t u t i o n , the 
f o l l o w i n g i n f o r m a t i o n was d e r i v e d from the n.m.r.-
spectrum of the d e c a - 0 - a c e t y 1 - t r i m e t h y 1 e s t e r 27, 
o b t a i n e d by s e q u e n t i a l , c a t a l y t i c h y d r o g e n a t i o n ( p a l ­
l a d i u m o x i d e i n methanol) and p e r - j ^ - a c e t y l a t i o n 
( a c e t i c a n h y d r i d e - p y r i d i n e - 4 - d i m e t h y l a m i n o p y r i d i n e ) 
from 25. i . The spectrum of 27 c o n t a i n s t h r e e s i g n a l s 
c h a r a c t e r i s t i c a l l y a t t r i b u t a b l e to H-5 of KDO r e s i d u e s 
a c e t y l a t e d at 0-5 (H-5, 6 5.46; H-5 1 and H-5 M, 5.28 
p.p.m.). T h i s e x c l u d e s 0-5 as a s i t e of g l y c o s i d a t i o n . 
i i . The o n l y s i g n a l s a t t r i b u t a b l e to hydrogen atoms 
a d j a c e n t to a g l y c o n i c , secondary oxygen f u n c t i o n s , are 
t hose due to H-4 and H-7. The anomeric c o n f i g u r a t i o n s 
of the n e w l y - a t t a c h e d , KDO I l l - r e s i d u e s have been de­
duced from the c h e m i c a l s h i f t s of the H-4"-protons i n 
the s p e c t r a of 25, 2 £ , and 27. By the p r e v i o u s l y - d i s ­
c u s s e d argument, KDO I I I in^2fj, and 2J would be of the 
B-anomeric c o n f i g u r a t i o n (H-4 f l of 2 j T $ 4 . 9 2 ; of 27: 
4.93 p.p.m.) and, c o n v e r s e l y , KDO I I I i n 26, would be 
of the' OC -anomeric c o n f i g u r a t i o n (H-4 M: 6 5.37 p.p.m.). 
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The p r o t e c t i n g groups of have been removed by 
s t e p w i s e t r e a t m e n t w i t h sodium methoxide i n methanol, 
then w i t h O.2 N sodium h y d r o x i d e as p r e v i o u s l y d e s c r i b ­
ed f o r the a n a l o g o u s , monosaccharide d e r i v a t i v e s (13, 
2 1), to g i v e t r i s o d i u m methyl Q3~deoxy-4,7-di-0-(3~de-
oxy-fi-D-manno-2-octulopyranosyl)onate-fi-D-manno-2-oct-
u l o p y rano s i d ] onat e 1,2, i n an o v e r - a l l y i e l d of O.8% 
from ly Removal of the p r o t e c t i n g groups from the C-2 l f-
oC-anomeric t r i s a c c h a r i d e d e r i v a t i v e 26 has been a t ­
tempted, but not s u c c e s s f u l l y a c c o m p l i s h e d . De-^-benz-
y l a t i o n under the c o n d i t i o n s used w i t h 25 proceeded 
w i t h extreme s l u g g i s h n e s s and, on Zemplen s a p o n i f i c a t ­
i o n , p r o d u c t s c o n t a i n i n g o n l y two carboxymethy1 groups 
were o b t a i n e d . T h i s f i n d i n g may i n d i c a t e a p r o p e n s i t y 
f o r l a c t o n i z a t i o n i n 26. 

S y n t h e s i s of d i s a c c h a r i d e
between l i p i d A and KDO. 

Based on a p r e v i o u s r e p o r t which had i m p l i c a t e d 
p o s i t i o n 3 f of l i p i d A i n the l i n k a g e to KDO ( 2 9 ) , 
P a u l s e n and Hayauchi ( j 9 ) have p r e p a r e d the anomeric 
p a i r of d i s a c c h a r i d e d e r i v a t i v e s 29 and 30, which 
they have c o n v e r t e d i n t o the d i s a c c h a r i d e s BKD0£2—*»3 
Glc£NAc and «KD0£2—*>3Glc£NAc. I n i t i a l e x p e r i m e n t s 
had shown t h a t the f o r m a t i o n of e i t h e r 29 or 30 from 
28, and the KDO bromide 6, under the ' c l a s s i c a l ' Koenigs 
Knorr c o n d i t i o n s does not p r o c e e d to a p r e p a r a t i v e l y 
u s e f u l e x t e n t . However, g l y c o s i d a t i o n of the a g l y c o n 
28 w i t h h a l i d e 6 under ' H e l f e r i c h ' c o n d i t i o n s (mercur-
i c c y a n i d e , m e r c u r i c bromide 3:1, n i t r o m e t h a n e , 20 ), 
a f f o r d s the 00 -keto s i d i c compound 30, i n a c c e p t a b l e 
y i e l d , accompanied by a minor amount of the B - k e t o s i d e 
29. The B-anomeric c o n f i g u r a t i o n was a s s i g n e d on the 
ftasis of the n u c l e a r Overhauser e f f e c t (N0E) between 
the a x i a l H-3 of the KDO moiety and H-3 of the g l u c o s ­
amine moiety i n compound 29. C o n v e r s e l y , w i t h the cC-
anomer 30, an N0E has been o b s e r v e d between H-3 of the 
glucosamine moiety and H-6 of the KDO moiety (19). 

Recent e v i d e n c e ( c f . the c h a p t e r by R i e t s c h e l i n 
t h i s volume) i n d i c a t e s t h a t , i n LPS from P r o t e u s m i r a -
b i l i s , KDO may be l i n k e d to 0-6' of the l i p i d A-back-
bone (the g l u c o s a m i n y l d i s a c c h a r i d e ) . C o n c e i v a b l y , i f 
the i n v o l v e m e n t of a p r i m a r y oxygen f u n c t i o n i n t h i s 
k e t o s i d i c l i n k a g e were s u b s t a n t i a t e d , t h i s would con­
s i d e r a b l y f a c i l i t a t e attempts at the s y n t h e s i s of 
o l i g o s a c c h a r i d e s c o n t a i n i n g the l i p i d A-KD0 l i n k a g e . 
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S y n t h e s i s of K D O - c o n t a i n i n g o l i g o s a c c h a r i d e s as ' r e ­
p e a t i n g u n i t s ' of c a p s u l a r p o l y s a c c h a r i d e s . 

F o l l o w i n g the e l u c i d a t i o n of the s t r u c t u r e s of a 
number of K D O - c o n t a i n i n g , c a p s u l a r p o l y s a c c h a r i d e s 
(see the c h a p t e r by Jann i n t h i s volume), i t became 
d e s i r a b l e to s y n t h e s i z e o l i g o s a c c h a r i d e s c o r r e s p o n d ­
i n g to ' r e p e a t i n g u n i t s ' of t h e s e p o l y s a c c h a r i d e s . 
Compounds of t h i s type are of i n t e r e s t f o r the con­
s t r u c t i o n of s y n t h e t i c haptens, and as s t e p s toward 
the e v e n t u a l , t o t a l s y n t h e s i s of c a p s u l a r p o l y s a c c h a r ­
i d e s , e. g. by way of the b l o c k p o l y m e r i z a t i o n ap­
pr o a c h d e s c r i b e d i n the c h a p t e r by Kochetkov i n t h i s 
volume. A r t i f i c i a l haptens have p o t e n t i a l a p p l i c a t i o n s 
both i n fundamental i n v e s t i g a t i o n s of immunochemistry 
(e. g., d e t e r m i n a t i o n
i n the p r o d u c t i o n o
b o d i e s ) f o r d i a g n o s t i c and t h e r a p e u t i c purposes (see 
the c h a p t e r by Bundle i n t h i s volume). 

A f t e r the d i s c o v e r y by T a y l o r (3l) of an E s c h e r ­
i c h i a c o l i s t r a i n (LP 1092) t h a t produces a c a p s u l a r 
a n t i g e n c o n t a i n i n g two r i b o f u r a n o s y 1 and one KDO r e ­
s i d u e per r e p e a t i n g u n i t (3£, 3J) , i n t e r e s t i n our 
l a b o r a t o r y has c e n t e r e d on those c a p s u l a r a n t i g e n s 
c o n t a i n i n g KDO and r i b o s e ( c f . F i g . 9 and 10, c h a p t e r 
by Jann i n t h i s volume). In p a r t i c u l a r , i n i t i a l syn­
t h e t i c e f f o r t s are con c e r n e d w i t h the d i s a c c h a r i d e s 
BRibfl—*7BKDOpOMe 3J, and BKD0p2—-3Ribf0Me 32, which 
can be c o n s i d e r e d model compounds c o r r e s p o n d i n g to 
r e p e a t i n g u n i t s of the K 23 a n t i g e n (32) or de-J),-
a c e t y l a t e d K 13 a n t i g e n (33) . For a s y n t h e s i s of 3J,, 
the i n t e r m e d i a t e 1̂6 £ methyl (methyl 8-0-benzy 1-4,5-
0-car bony 1 -3-d eoxy-fi-D-manno- 2 -oc t u l o p y r a n o s i d ) on ate]] 
has been g l y c o s i d a t e d w i t h 2 , 3 , 5 - t r i - 0 - b e n z o y 1 - D - r i b o -
f u r a n o s y l bromide 33 (34) i n the p r e s e n c e of s i l v e r 
t r i f l a t e (35) to a f f o r d the Bl ^ 7 - l i n k e d d i s a c c h a r i d e 
d e r i v a t i v e J4, i n e x c e l l e n t y i e l d . F o l l o w i n g s e q u e n t i a l 
c a t a l y t i c h y d r o g e n a t i o n over p a l l a d i u m c a t a l y s t , 
Zemplen s a p o n i f i c a t i o n , and s a p o n i f i c a t i o n by the a c t ­
i o n of O.2 N sodium h y d r o x i d e , the d i s a c c h a r i d e sodium 
methyl 3-deoxy-7-C»- (B-D-r i b o f uranosy 1) -B-D-manno-2-

o c t u l o p y r a n o s i d onate 3J, has been o b t a i n e d (3j^) . By 
c o n t r a s t , g l y c o s i d a t i o n w i t h the KDO h a l i d e J5 at 0-3 
of e i t h e r of the r i b o f u r a n o s e d e r i v a t i v e s 36 or 38, 
under m o d i f i e d Koenigs-Knor r c o n d i t i o n s ( J 7 , 18, 22) , 
has not been a c h i e v e d thus f a r . 

As an approach to the s y n t h e s i s of t r i s a c c h a r i d e 
46, which c o r r e s p o n d s to a r e p e a t i n g u n i t of the K 
a n t i g e n from IS. co 1 i LP 1092, the i n t e r m e d i a t e has 
a l s o been g l y c o s i d a t e d w i t h the d i s a c c h a r i d e h a l i d e 
under the c o n d i t i o n s g i v e n by H a n e s s i a n ( 3 5 ) . 
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The d i s a c c h a r i d e - h a l i d e 44 has been p r e p a r e d as 
f o l l o w s . Zemplen s a p o n i f i c a t i o n , under c a r e f u l l y - c o n ­
t r o l l e d c o n d i t i o n s , of the known (37) b e n z y l 2 , 3 , 5 -
t r i-<0-benzoy 1 - f i - D - r i b o f u r a n o s i d e 35 a f f o r d e d the c r y s ­
t a l l i n e b e n z y l 5-()-benzoy 1 - B - D - r i b o f u r a n o s i d e 3̂ 6 i n 
good y i e l d . Mono-^O-benzy l a t i o n of 36, by way of i t s 
2 , 3 - 0 - s t a n n y l i d e n e d e r i v a t i v e (25, 26), gave a 55:45 
m i x t u r e of the 3-0- and 2-()-benzyl e t h e r s 3J and 38. 
These compounds were c h a r a c t e r i z e d as t h e i r c r y s t a l ­
l i n e 2-0- and 3 - 0 - p - n i t r o b e n z o a t e s 39 and 40. The 
c r y s t a l l i n e 3-0^-benzyl e t h e r 37 was then s u b j e c t e d to 
g l y c o s i d a t i o n w i t h 2 , 3 , 5 - t r i-()-benzoy 1-D-r i b o f urano s-
y l bromide 33, under c a t a l y s i s by s i l v e r t r i f l a t e (35) 
to a f f o r d the d i s a c c h a r i d e d e r i v a t i v e 41 i n e x c e l l e n t 
y i e l d . H y d r o g e n a t i o n of 41 over p a l l a d i u m c a t a l y s t 
gave the p a r t i a l l y - p r o t e c t e d
42 which was fl-acetylated
to g i v e 5 - 0 - b e n z o y l - 1 , 3 - d i - 0 - a c e t y 1 - 2 - 0 - ( 2 , 3 , 5 - t r i - 0 -
b e n z o y 1 - B - D - r i b o f u r a n o s y l ) - B - D - r i b o f u r a n o s e 43 (65%-
from 4J) . Compound 4^ was c o n v e r t e d i n t o t h e ^ r o m i d e 
44 by the a c t i o n of t i t a n i u m t e t r a b r o m i d e i n d i c h l o r o -
methane. 

G l y c o s i d a t i o n of the a g l y c o n 1̂6 w i t h 44, as c a t a ­
l y z e d by s i l v e r t r i f l a t e (^5), gave an a c c e p t a b l e 
y i e l d of the t r i s a c c h a r i d e d e r i v a t i v e 45, the s t r u c t ­
ure of wljiich was v e r i f i e d by the i n t e r p r e t a t i o n of 
250 MHz- H-n.m.r.-spectra. F o l l o w i n g removal of the 
h y d r o x y l - and c a r b o x y 1 - p r o t e c t i n g groups, 45, a f f o r d e d 
the modej t r i s a c c h a r i d e 4̂ 6, s u i t a b l e f o r comparison 
of i t s C-n.m.r.-spectrum to t h a t of the i n t a c t , 
c a p s u l a r p o l y s a c c h a r i d e from E. c o l i LP 1092 (36) . 
S e l e c t i v e , m i l d - a c i d c a t a l y z e d h y d r o l y s i s of 46, i s 
e x p e c t e d to g i v e the r e d u c i n g t r i s a c c h a r i d e 47, p r e ­
sumably i d e n t i c a l to the m a t e r i a l o b t a i n e d a f t e r ana­
lo g o u s h y d r o l y s i s of the LP 1092 p o l y s a c c h a r i d e by us 
(30) and by J e n n i n g s , et a l . (3J) • S i m i l a r s t u d i e s 
w i t h the c o r r e s p o n d i n g , d i s a c c h a r i d e r e p e a t i n g u n i t 
of the K 23 a n t i g e n are c u r r e n t l y i n p r o g r e s s i n the 
a u t h o r s ' l a b o r a t o r y . 
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Synthesis and Use of 3-Deoxy-D-manno-2-
octulosonate (KDO) in Escherichia coli 
Potential Sites of Inhibition 

PAUL H . RAY, J O H N E. K E L S E Y , ERIC C. B I G H A M , C H A R L E S D. BENEDICT, 
and T E R E S A A. M I L L E R 

Burroughs Wellcome Company, Wellcome Research Laboratories, 
Research Triangle Park, N C 27709 

The pathway of KDO biosynthesis and uti l ization can 
be described as an essential minor branched pathway 
in carbohydrate metabolism in Gram-negative bacte­
r ia; the pathway is initiated with the key inter­
mediate in the hexose-monophosphate shunt, D-ribu-
lose-5-phosphate. Analogues of D-arabinose-5-phos-
phate and KDO have been synthesized and tested as 
possible inhibitors or alternate substrates for 
D-arabinose-5-phosphate isomerase, KDO-8-phosphate 
synthase and CMP-KDO synthetase. The substrate 
analogues synthesized were weak inhibitors of the 
enzymes involved in KDO biosynthesis. Two inter­
mediates in the biosynthesis of KDO (D-arabinose­
-5-phosphate and KDO-8-phosphate) have been shown to 
be weak inhibitors of D-gluconate-6-phosphate 
dehydrogenase. The specific activities of the 
enzymes of the KDO pathway (initiating with D-glu-
cose-6-phosphate dehydrogenase and ending with 
CMP-KDO synthetase) were measured in crude extracts 
as a function of the specific growth rate and 
indicate that the level of the individual enzymes 
are relatively constant. A l l the specific act ivi ­
ties were at least 15 fold greater than the speci­
fic activity of CMP-KDO synthetase, suggesting that 
this may be the rate limiting step in the KDO 
pathway. Since the specific activities of the 
individual enzymes involved in the pathway are 
relatively constant, the overall regulation of 
carbon flow through the KDO pathway only requires 
sequential weak end-product inhibition of the 
enzymes involved to meet the cellular demand for 
KDO utilized in LPS synthesis. 
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Our i n t e r e s t i n KDO (3-deoxy-D-manno-2-octulosonate began with 
the finding that this unique eight-carbon sugar i s a si t e s p e c i f i c 
molecule found almost exclusively i n the lipopolysaccharide (LPS) 
portion of the outer membrane of Gram-negative bacteria. George 
Hitchings, our Research Director at the time, inspired us by his 
example of thoroughly studying s p e c i f i c biosynthetic pathways of 
importance to the c e l l , to study the synthesis and metabolism of 
KDO with the goal of understanding the regulation of this pathway 
and finding a new antibacterial agent with this novel and s p e c i f i c 
s i t e of action. 

Gram-negative bacteria possess both an inner cytoplasmic 
membrane and an outer membrane (1). The inner membrane i s the 
si t e of the electron transport system, the s i t e of active trans­
port, the location of the enzymes involved with fatty acid bio­
synthesis and phospholipid biosynthesis; i t also functions to 
retain the i n t r a c e l l u l a r constituents within i t s boundaries  The 
outer membrane, as describe
asymmetric, unique membran
the f r a g i l e , evolutionarily conserved underlying peptidoglycan 
layer found i n Gram-negative bacteria. It i s an asymmetric mem­
brane, i n that the bulk of the phospholipids are located on the 
inner surface of this bilayer (8), while the LPS molecules extend 
outward from the surface. Proteins of the outer membrane have 
been well studied (9,10) and are distributed within and on both 
surfaces. The outer membrane of Gram-negative bacteria i s unique 
in that i t contains, i n addition to proteins and phospholipids, 
the lipopolysaccharide molecules that are the subject of this 
symposium. 

The structure of the lipopolysaccharide region from 
Salmonella typhimurium provides a good model system and i s shown 
in Figure 1. The LPS i s composed of four major components; 
(1) L i p i d A (a phosphorylated diglucosamine molecule containing 
seven fatty acids) i s the fundamental building block of the LPS 
structure. Attached to L i p i d A i s the backbone region composed of 
two or three molecules of KDO and two heptose residues. Connected 
to the backbone region i s a pentasaccharide outer core region 
which contains glucose, galactose and fi-acetylglucosamine. 
Attached to the outer core portion of the molecule i s the 
0-antigen, whose composition and structure varies from one species 
to another and thereby determines the major somatic antigen speci­
f i c i t i e s . 

The biosynthesis of the LPS i s i n i t i a t e d at the L i p i d A 
portion of the molecule and proceeds toward the non-reducing 
terminus. Mutants defective i n either the biosynthesis or the 
activation and transfer of most of the individual sugars are known 
(2) . These mutants produce incomplete saccharide chains and 
translocate the resulting incomplete structures to the outer 
surface. The use of these mutants (described i n Figure 1) has 
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Figure 1. Schematic representation of the LPS o/Salmonella typhimurium. This draw­
ing was derived from the work of many laboratories (referenced in 2, 3, 45, 46J. 

Abbreviations: Abe, abequose; Man, mannose: Rha. rhamnose; Gal, galactose; Glc. glucose; GlcNAc, 
^-acetyl-glucosamine; Hep, /^lycero-/)-manno/Ky?/o«v KDO, 3-deoxy-D-manno-octulosonic acid; Etn, 
ethanolamine; FA, fatty acids-, (0, phosphate. Mutants that produce incomplete polysaccharide are designated 
Ra to Re and are indicated by the solid lines; S LPS refers to wild type LPS. Position and number of fatty acids 

linked to lipid A ha\e been updated by Westphal et al. (46). 
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allowed the major portion of LPS biosynthetic pathway to be under­
stood. 

Elucidation of the pathway for the biosynthesis of L i p i d A 
and the backbone region i s s t i l l incomplete (11) . The f i r s t known 
step i n the synthesis of L i p i d A was obtained by Rick and Osborn 
(12,13) who used a temperature sensitive mutant of Salmonella 
typhimurium that was defective i n the synthesis of KDO-8-phosphate. 
The defect i n this mutant l i e s i n the apparent Km for D-arabinose-
5-phosphate of i t s KDO-8-phosphate synthase. In the absence of 
exogenous D-arabinose-5-phosphate at 42°C., this mutant ceases the 
synthesis of LPS immediately and more importantly protein synthe­
s i s , RNA synthesis and c e l l u l a r growth are inhibited after one 
generation. When KDO synthesis i s blocked by an increase i n the 
growth temperature, this mutant accumulates a L i p i d A precursor 
devoid of KDO and containing only four of the normal seven fatty 
acid esters (13,14). Munso
isolated precursor i n
the attachment of KDO i s necessary for the maturation of the L i p i d 
A precursor. Rick and Osborn's data (120 suggest that the struc­
t u r a l i n t e g r i t y of the KDO-Lipid A region of the LPS is essential 
for growth. The cessation of macromolecular synthesis may well 
constitute a regulatory response to the i n h i b i t i o n of LPS synthe­
sis . 

From the chemotherapeutic point of view, the LPS biosynthetic 
pathway i s an attractive target, since mutants producing incom­
plete LPS are more susceptible to ant i b i o t i c s and less pathogenic. 
The LPS structure has four unique components: (1) L i p i d A i t s e l f , 
(2) p-hydroxymyristic acid (3)L-glycero- D-manno-heptose and (4) 
KDO. The biosynthesis and metabolism of KDO became our primary 
target for the following reasons: (1) KDO i s a unique eight 
carbon sugar found only i n Gram-negative bacteria, (2) with the 
exception of the K-antigens, i t i s a s i t e s p e c i f i c molecule; 
(3) KDO i s the direct l i n k between L i p i d A and the growing poly­
saccharide chain; (4) KDO i s required for L i p i d A maturation and 
c e l l u l a r growth; and (5) several enzymes i n the pathway had been 
i d e n t i f i e d (16-19). 

Our approach to this problem was to isolate and purify the 
enzymes involved i n the synthesis and metabolism of KDO, to inves­
tigate the substrate s p e c i f i c i t y of these enzymes, to synthesize 
s p e c i f i c substrate analogues with the hope of defining a s p e c i f i c 
i n h i b i t o r of the pathway and l a s t l y , to study the entire pathway 
in d e t a i l to learn the mode of regulation. 

Enzymes of KDO Synthesis and Metabolism and Their Inhibition. The 
KDO pathway can be thought of as a minor branched pathway i n 
carbohydrate metabolism i n i t i a t i n g with the key intermediate i n 
the hexose-monophosphate shunt, D-ribulose-5-phosphate. As shown 
in Figure 2 the biosynthesis and u t i l i z a t i o n are known to involve 
at least five sequential reactions: 
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Figure 2. Expanded pathway for the synthesis and use of KDO. The pathway initiates 
with D-glucose-6-phosphate, shows the branch point whereby D-ribulose-5-phosphate 
can be used to synthesize either D-arabinose-5-phosphate or D-ribose-5-phosphate and 
terminates with the transfer of KDO to the lipid A precursor. The numbers in parenthesis 
below the various enzymes correspond to their specific activities (fimoles per minute per 

mg protein). 
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(1) D-ribulose-5-phosphate <«—D-arabinose-5-phosphate 
(2) D-arabinose-5-phosphate + PEP * KDO-8-phosphate + P. 
(3) KDO-8-phosphate » KDO + P. 1 

(4) KDO + CTP — » CMP-KDO +PP. 1 

(5) CMP-KDO + Lip i d A Precursor-*KDO-KDO-Lipid A Precursor + CMP 

The reactions, 1-5 respectively, are catalyzed by D-arabinose-5-
phosphate isoraerase, KDO-8-phosphate synthase, KDO-8-phosphate 
phosphatase, CMP-KDO synthetase and KDO transferase (s). Using E. 
c o l i B, we have isolated and p u r i f i e d the second, th i r d and fourth 
enzymes to homogeneity and studied their properties. The f i f t h 
enzyme has been p a r t i a l l y p u r i f i e d by Osborn's laboratory (15) and 
we have not improved on i t s p u r i f i c a t i o n or further studied i t s 
properties. 

D-Arabinose-5-phosphate isomerase, the f i r s t key enzyme i n 
the synthesis of KDO, catalyze
5-phosphate and D-arabinose-5-phosphate
studied by Volk (18) and later by Lim and Cohen (19). Due to the 
i n s t a b i l i t y of the enzyme, we have only p u r i f i e d this enzyme 100-
fold. The reversible reaction i s readily monitored by measuring 
the formation of the keto-sugar from the aldo-sugar by the method 
of Dische and Borenfreund (20). The K values for D-ribulose-5-
phogphate and D-arabinose-5-phosphate are O.9 to 1.5 and 1 to 3 x 
10 M, respectively. 

Our approach to the i n h i b i t i o n of this key enzyme was to 
prepare structural analogues of the substrate, D-arabinose-5-phos-
phate, i n order to probe the binding requirements of the enzyme. 
Based on previous work by others (2^,22,23) a mechanism for the 
isomerase reaction that involves the cis enediol intermediate 
shown i n Figure 3, was used as a model. This i s a least motion 
model u t i l i z i n g a 1,2-hydrogen s h i f t mechanism. A basic group on 
the enzyme i s postulated to remove the pro-S proton on C-l of D-
ribulose-5-phosphate and reprotonate the substrate at C-2 on the 
same face of the enediol. If the product cyclizes before depart­
ing from the enzyme surface then p-D-arabinose-5-phosphate should 
be the kinetic product or the kinetic substrate for the reverse 
reaction. The i n h i b i t i o n data with phosphorylated analogues 
(Table I) and non-phosphorylated analogues (Table II) of c y c l i c 
and non-cyclic sugars suggest the following: 

(1) Phosphorylated analogues are better inhibitors than non-
phosphorylated analogues. 

(2) Among the phosphorylated analogues, the aldonic acids are 
better enzyme inhibitors than the corresponding alcohols, and the 
alcohols are better inhibitors than the corresponding aldehydes. 
This may r e f l e c t the acid and alcohol molecules a b i l i t y to mimic 
the postulated enediol intermediate geometry. 

(3) The best inhib i t o r i s D-erythronic acid-4-phosphate 
(Compound 25, Table I ) , which has one less carbon than the normal 
substrate. This i s very similar to the inhibitor-substrate 
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Figure 3. Plausible mechanism for the conversion of D-ribulose-5-phosphate isomerase 
to D-arabinose-5-phosphate by D-arabinose-5-phosphate isomerase. It is a least-motion 

model consistent with the mechanisms of similar enzymes (21-23). 
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T A B L E I. Inhibit ion of D A r a b i n o s e - 5 - p h o s p h a t e Isomerase by S u b s t r a t e A n a l o g u e s 

O R , 

\/ 0 

I 

R - - C H 
2 I 

H C - R -
I 3 

H C - O H 
I 

II 

H 2 C - R 5 

C O O H 
I 

H C - O H 
I 

H C - O H 
I 

H 2 C O P 0 3 

S t r u c t u r e 25 
Parent S t r u c t u r e s 

C o m p o u n d * 
R 2 R3 R 5 

V a l u e 

1 (A-5-P) H O H O H - O P 0 3 O.2 (Km) 
2 (R-5-P) H « O H a i O H -OPO3 12.0 
3 H O H H -OPO3 10.0 
4 H H O H -OPO3 N.A. 
5 H O H OMe OPO3 N.A. 
6 H O H F -OPO3 9.2 
7 H F O H -OPO3 N.A. 
8 Me O H F -OPO3 13.7 
9 H O H O C H 2 P h •OPO3 N.A. 
10 H O H O H -PO3 N.A. 
11 H O H O H - C H 2 P 0 3 — 
C o m p o u n d n S t r u c t u r e II 

R 2 Ra i R 5 
V a l u e 

12 O H 0 O H O H -OPO3 O.08 
13 O H 0 a O H a O H -OPO3 2.6 
14 O H 0 F O H -OPO3 O.7 
15 O H 0 O H F . -OPO3 9.3 
16 O H b 0 H O H -OPO3 N.A. 
17 O H H,H O H O H - C H 2 P 0 3 12.8 
18 H N O H O H O H -OPO3 14.6 
19 O H H,H O H O H -OPO3 O.1 
20 O H H,H a O H a O H -OPO3 3.0 
21 O H H,H H O H -OPO3 N.A. 
22 O H H,H F O H OPO3 O.8 
23 O H H,H O H F -OPO3 15.0 
24 O H H,H O H O C H 2 P h -OPO3 35.0 
25 — — - 0 , O H O H -OPO3 O.03 

a A n a i m p l i e s a ribo s t r u c t u r e 
b D e n o t e s a l a c t o n e 
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T A B L E II. Inhibition of DArabinose-5 -phosphate Isomerase by 
N o n P h o s p h o r y l a t e d A n a l o g u e s 

I II III 

Parent S t r u c t u r e s 

C o m p o u n d n 

1 (A-5-P) H OH -OPO3 O.2 (Km) 
2 H OH OH N.A. 
3 Me OH OH N.A. 
4 H c*OHa OH N.A. 
5 Me F OH N.A. 
6 H OH O N 0 2 N.A. 
7 H OH OS0 2NH 2 32.0 
8 1H OH OCONHSO3 32.0 

C o m p o u n d # S t r u c t u r e II I50 (mM) 
R2 R3 R5 

V a l u e 

9 NH2 aOH OH OH N.A. 
10 OH aOH OH OH N.A. 
11 NHNH2 aOH OH OH 22.0 
12 NHOH aOH OH OH 5.3 
13 OH OH OH OH N.A. 
14 NHOH H H COOH N.A. 
15 OH = 0 H COOH 3.3 

C o m p o u n d # S t r u c t u r e III 150 (mM) 

R5 
V a l u e 

16 (4-NH2)PhS03 15.2 
17 MeS03 14.0 
18 M e C (0)CH 2 C0 2 45.0 
19 CI N.A. 
20 NH 2 S0 3 N.A. 
21 - 0 S 0 3 - 60.0 
22 OH N.A. 

a A n a i m p l i e s a ribo s t r u c t u r e 
N.A. d e n o t e s no activ ity 
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relationship for D-glucose-6-phosphate and triose-3-phosphate 
isomerases (22). 

(4) Aldonic acid phosphates substituted at the two position 
retained inhibitory a c t i v i t y but substitution at the three posi­
tion destroyed inhibitory a c t i v i t y . 

(5) The a l d i t o l phosphate analogue of D-arabinose-5-phos-
phate was a 3-fold less potent in h i b i t o r than D-erythronic acid-
4- phosphate. Again substitution at the 2 position by fluorine or 
hydroxyl functions allowed retention of inhibitory a c t i v i t y but 
substitution at C-3 by fluorine or 0-benzyl inactivated the 
compound. 

(6) Inhibitors with K.<<K values were inactive i n a n t i ­
microbial testing probably because of the i n a b i l i t y of the phos­
phorylated compounds to penetrate the bacterial c e l l . 

The second enzyme i n the sequence studied was KDO-8-phos­
phate synthase. This enzym
This enzyme catalyzes th
and PEP to y i e l d KDO-8-phosphate and inorganic phosphate. One 
can assay this i r r e v e r s i b l e reaction either by measuring the 
formation of KDO-8-phosphate or the release of P. (25). The 
l a t t e r i s the method of choice, since a number of analogues were 
found to inte r f e r with the thiobarbitugic acid assay. The enzyme 
has an apparent K for PEP of 10 M and an apparent K m for 
D-arabinose-5-phospnate of 2 x 10* M. M 

A number of sugars and sugar phosphates were tested both as 
inhibitors of the reaction and as possible alternate substrates 
for the enzyme. The naturally occurring sugars and sugar phos­
phates tested included: D-arabinose, L-arabinose, D-erythrose, 
D-galactose, D-glucose, D-arabinitol, D-erythritol, D-erythronic 
acid, D-erythrose-4-phosphate, D-glucose-6-phosphate, D-ribulose-
5- phosphate, D-ribose-5-phosphate, glycerol-3-phosphate, 2-phos-
phoglyceric acid, 3-phosphoglyceric acid, 2-deoxyglucose, maltose-
1-phosphate, sedoheptulose-7-phosphate, 6-phosphogluconate, 2-de-
oxyribose-5-phosphate, 2-deoxygluconate-6-phosphate, D-xylulose-
5-phosphate, sorbitol-6-phosphate, N-acetylneuraminic acid, N-
acetylneuraminic acid-9-phosphate and D-fructose-1,6-diphosphate. 
KDO-8-phosphate synthase exhibited an absolute s p e c i f i c i t y for PEP 
and D-arabinose-5-phosphate i n the synthetic reaction. Only D - r i -
bose-5-phosphate, of the phosphorylated sugars tested, inhibited 
the formation of KDO-8-phosphate; i t was ŝ hown to be a competitive 
inh i b i t o r with an apparent K. of 5 x 10* M (24). The synthetic 
reaction i s also weakly inhibited by both KDO-8-phosphate and KDO 
(I^Q values of 10 and 30 x 10 M, respectively) but not by inor­
ganic phosphate. 

The data i n Table III indicate that the enzyme KDO-8-phos-
phate synthase i s more d i f f i c u l t to i n h i b i t with phosphorylated 
substrate analogues than i s D-arabinose-5-phosphate isomerase. 
Non-phosphorylated substrate analogues (Tables II) were also 
tested as inhibitors or substrates of KDO-8-phosphate synthase but 
as with D-arabinose-5-phosphate isomerase, these analogues were 
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TABLE III. Inhibition of KDO-8-phosphate Synthase by Substrate Analogues 

v 
5 ^ ^ H C - R , H C " O H O R , » V - K 3 i 

H C - O H H C - O H 

3 H 2 C - R 5
 H 2 C O p 0 3 

I II Structure 25 

Parent Structures 

Compound # Structure I I so (mM) 

1 (A-5-P) H O H O H - O P O 3 O.02 (Km) 
2 (R-5-P) H a O H a O H -OPO3 5.0 
3 H O H H -OPO3 N.A . 
4 H H O H -OPO3 N.A. 
5 H O H OMe -OPO3 4.8 
6 H O H F -OPO3 9.0 
7 H F O H -OPO3 9.9 
8 Me O H F -OPO3 N.A. 
9 H O H O C H 2 P h -OPO3 N.A. 
10 H O H O H -PO3 17.1 
11 H O H O H - C H 2 P 0 3 Substrate 

Compound # Structure II I50 (mM) 

Ri R2 R3 R5 
Value 

12 O H 0 O H O H - O P 0 3 N.A. 
13 O H 0 a O H a O H - O P 0 3 N . A . 
14 O H 0 F O H - O P 0 3 O.4 
15 O H 0 O H F - O P 0 3 14.0 
16 O H " 0 H O H - O P 0 3 N . A . 
17 O H H,H O H O H - C H 2 P 0 3 — 
18 H H,H c * 0 H a O H -OPO3 — 
19 O H H,H O H O H -OPO3 16.5 
2 0 O H H,H « O H a O H -OPO3 N . A . 
21 O H H,H H O H •OPO3 N . A . 

22 O H H,H F O H -OPO3 N . A . 

2 3 O H H,H O H F -OPO3 22.0 

24 O H H,H O H O C H 2 P h -OPO3 N . A . 

2 5 — — = 0 , O H O H O P O 3 50.0 

a A n a i m p l i e s a r ibo structure. 
b D e n o t e s a l a c t o n e . 
N.A. d e n o t e s no activity. 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



152 BACTERIAL LIPOPOLYSACCHARIDES 

very weak (1^^ values » 10 mM) inhibitors or inactive. While 
several compounds had weak inhibitory properties, only 2-deoxy-2-
fluoro-D-arabinonate-5-phosphate (Compound 14, Table III) had an 
I 0 < 1 mM. A consistent structure a c t i v i t y relationship within 
this set of compounds was not found, but some conclusions could be 
drawn. In general, methylfuranosides and a l d i t o l phosphates were 
the weakest phosphorylated analogues tested. The aldonic acid 
phosphates (Table III) were inactive except for the 2- and 3-
fluoro analogues (Compounds 13 and 14). The aldose phosphates 
(Compounds 2,5,6 and 7; Table III) were r e l a t i v e l y better inhib­
i t o r s (I^Q values of 5-10 mM) of KDO-8-phosphate synthase than of 
D-arabinose-5-phosphate isomerase. These data suggest that the 
3-, 4- and -5 carbon substitution and configuration of the sub­
strate D-arabinose-5-phosphate are important for even weak inhib­
i t o r binding. (Substitution of the phosphate at the 5 position of 
D-arabinose-5-phosphate
Table II] greatly diminishe
substituents at C-2 and C-3 did not destroy weak inhibitory activ
i t y although a bulky l i p o p h i l i c substituent at C-3 destroyed the 
a c t i v i t y noted with the 3-0 methyl derivative (compare compounds 5 
and 9, Table I I I ) . 

The t h i r d enzyme i n the pathway, KDO-8-phosphate phosphatase, 
has been p u r i f i e d to homogeneity (26). Because of i t s abosolute 
s p e c i f i c i t y , i t should be a focal point for chemotherapeutic 
s t u d i e s T h e apparent K for KDO-8-phosplji^te was +£etermined to be 
5.8 x 10 M i n the presence of 1.0 mM Co or Mg . This specif­
i c KDO-8-phosphate phosphatase was separated from enzymes, present 
in crude extracts, having phosphatase a c t i v i t y on other phosphory­
lated compounds by column chromatography on DEAE-Sephadex (26). 
Three d i s t i n c t peaks of a c t i v i t y were detected. Fractions from 
each peak were pooled and the rates for the hydrolysis of five 
compounds were measured. Peak A possessed phosphatase a c t i v i t y 
for D-glucose-6-phosphate, D-arabinose-5-phosphate, D-ribose-5-
phosphate and D-nitrophenylphosphate; Peak B dephosphorylated D-
arabinose-5-phosphate, D-ribose-5-phosphate and D-glucose-6-phos-
phate. Peak C., which was well separated from the other two peaks, 
could only u t i l i z e KDO-8-phosphate as a substrate. KDO-8-phos-
phate was not hydrolyzed by the phosphatases present i n peaks A 
and B. 

The s p e c i f i c i t y of KDO-8-phosphate phosphatase i s shown i n 
Table IV. None of the phosphorylated sugars tested could be 
dephosphorylated by this enzyme, nor were they inhibitors of the 
reaction. A l l of the sugars tested (including KDO-8-phosphate) 
could be dephosphorylated by alkaline phosphatase. It i s impor­
tant to note, however, that the c e l l s used for the i s o l a t i o n of 
KDO-8-phosphate phosphatase were grown i n the presence of high 
inorganic phosphate which repressed the synthesis of alkaline 
phosphatase. It should also be noted that alkaline phosphatase i s 
a well characterized periplasmic enzyme whereas KDO-8-phosphate 
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TABLE I V . Specificity of KDO-8-phosphate Phosphatase on 
Phosphorylated Compounds. 

Specific Activity 

KDO-8-Phosphate Alkaline 
Compound Phosphatase Phosphatase 

K D O - 8 - p h o s p h a t e 1.34 O.60 
p - N i t r o p h e n y l p h o s p h a t
P h o s p h o e n o l p y r u v a t e <O.01 O.62 
D - A r a b i n o s e - 5 - p h o s p h a t e <O.01 O.56 
G l u c o s e - 6 - p h o s p h a t e <O.01 O.60 
2 - D e o x y g l u c o s e - 6 - p h o s p h a t e <O.01 O.64 
F r u c t o s e - 6 - p h o s p h a t e <O.01 O.52 
F r u c t o s e - 1 , 6 - d i p h o s p h a t e <O.01 O.62 
G a l a c t o s e - 1 - p h o s p h a t e <O.01 O.57 
G a l a c t o s e - 6 - p h o s p h a t e <O.01 O.53 
2 - D e o x y r i b o s e - 5 - p h o s p h a t e <O.01 O.58 
R i b u l o s e - 5 - p h o s p h a t e <O.01 O.60 
R i b u l o s e - 1 , 5 - d i p h o s p h a t e <O.01 O.48 
M a n n o s e - 1 - p h o s p h a t e <O.01 O.50 
M a n n o s e - 6 - p h o s p h a t e <O.01 O.58 
M a l t o s e - 1 - p h o s p h a t e <O.01 O.40 
E r y t h r o s e - 4 - p h o s p h a t e <O.01 O.46 
P h o s p h o g l y c o l i c a c i d <O.01 O.67 
a - G l y c e r o p h o s p h a t e <O.01 O.70 
R e d u c e d K D O - 8 - p h o s p h a t e <O.01 O.39 

R e a c t i o n m i x t u r e s c o n t a i n e d in a v o l u m e of O.5 m l : 5 0 /*moles 
H E P E S p H 7.0, O.5 /*moles C o C I 2 > 4 5 /*g K D O - 8 - p h o s p h a t e 
p h o s p h a t a s e o r 5 /*g a l k a l i n e p h o s p h a t a s e , a n d O.5 m g of t h e 
a p p r o p r i a t e c o m p o u n d , i n c u b a t e d at 3 5 ° C . D a t a f o r b o t h e n z y m e s 
a r e e x p r e s s e d a s s p e c i f i c a c t i v i t i e s 0*moles p e r m i n p e r m g p r o t e i n ) 
u n d e r t h e a b o v e c o n d i t i o n s of i n c u b a t i o n . 
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synthesized by KDO-8-phosphate synthetase i s a cytoplasmic con­
stituent. 

It was shown previously (24) that KDO-8-phosphate was a weak 
end-product i n h i b i t o r of the synthase reaction. Both of the end 
products of this reaction, KDO and inorganic phosphate are weak 
mixed-function inhibitors of KDO-8-phosphate phosphatase. The 
reduced form of KDO-8-phosphate (the C-2 carbonyl was reduced to 
the corresponding diasterioisomeric alcohol with NaBH^, Table V, 3 
red.), an open chain analogue, was neither an in h i b i t o r of KDO-8-
phosphate synthase nor was i t a substrate or inhi b i t o r of the 
phosphatase reaction. These findings indicate that the mechanism 
of KDO-8-phosphate synthase does not involve the formation of a 
linear intermediate and that the KDO-8-phosphate phosphatase 
requires the phosphorylated substrate i n the ring form rather than 
the linear form. 

CMP-KDO synthetase
ophosphate-3-deoxy-D-manno-octulosonat
next enzyme i n the pathway, catalyzes the formation of the nucleo­
tide sugar, CMP-KDO from CTP and KDO. This enzyme was f i r s t stud­
ied by Ghalambor and Heath (T7). We have p u r i f i e d this enzyme to 
homogeneity (27). T£^ apparent K values for CTP â nd KDO i n the 
p r e s e n c e of 10 mM Mg were determined to be 2 x 10 M and 2.9 x 
10 M, respectively. The e n z y m a t i c reaction was dependent upon 
the addition of CTP, KDO and Mg but did not require a reducing 
agent. The formation of CMP-KDO was not inhibited by the addition 
of CDP, CMP, KDO-8-phosphate or N-acetylneuraminic acid to the 
complete reaction mixture. In agreement with Ghalambor and Health 
(17), neither KDO-8-phosphate nor N-acetylneuraminic acid could 
substitute for KDO i n the reaction mixture. Pyrophosphate, one of 
the end products, i s a weak inhibi t o r of the reaction with an ap­
parent I 5 Q value of 5.0 mM. The addition of CMP, CD£ or any of the 
other mono- or di-nucleotides did not i n h i b i t the reaction. 

Although other natural sugars were tested as possible a l t e r ­
nate substrates the s p e c i f i c i t y for KDO was absolute. However, 
the nucleotide CTP could be replaced by deoxy-CTP as a nucleotide 
acceptor when the reaction was carried out at both pH 8.0 and pH 
9.5. Also, UTP was an effective nucleotide acceptor when the re­
action was carried out at pH 9.5 but much less so when tested at 
pH 8.O. No other nucleotide tested acted as a substrate or inhib­
ited the formation of the NaBH,-resistant thiobarbituric acid 
positive reaction. The apparent K values.determined at.pH 9.5 
for CTP,4deoxy-CTP and UTP were 2"?0 x 10 M, 3.4 x 10" M, and 
8.8 x 10* M, respectively. The, apparent V values far CTP, 
deoxy-CTP and UTP were 3.8 x 10 ,6.7 x 10~,mand 3.3 x 10* moles 
per minute per mg of protein. Repeated attempts to isolate the 
unstable product of the reaction, CMP-KDO, u t i l i z i n g a variety of 
experimental approaches were unsuccessful. The reverse reaction 
(17) could not be demonstrated by us, probably for the same rea­
sons . 
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T A B L E V . A n a l o g u e s of K D O Tested as Inhibitors and Substrates of 
C M P - K D O Synthetase 

C o m p o u n d C o m p o u n d 

y \ C O O H 

N.A. 

H 

N.A. 
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Dr. F. M. Unger*s group at Sandoz Forschungsinstitut indepen­
dently recognized the potential antibacterial significance of KDO 
in h i b i t i o n and have thoroughly explored the chemistry of KDO. His 
work has been summarized i n a recent review (28). Dr. Unger's 
laboratory has synthesized a number of KDO analogues and i n a 
collaborative e f f o r t with us, some of these compounds were tested 
as alternate substrates or inhibitors i n the CMP-KDO synthetase 
reaction. As shown i n Table V, the 4-methanesulfonyl-gluco-KDO 
(Compound 6) and the KDO-8-azide (Compound 4) were alternate sub­
strates for the reaction with Km values very similar to that of 
KDO. Our concurrent experiments demonstrated that the reduced 
form of KDO (Table V), as expected, was neither a substrate nor an 
inhib i t o r of the CMP-KDO synthetase. 

The f i n a l enzyme i n the pathway, CMP-KDO transferase, the 
enzyme that catalyzes the transfer of KDO from CMP-KDO to the 
Lip i d A acceptor has bee
tory. We have not furthe
properties i n d e t a i l . The i n v i t r o reaction described by Munson 
et a l . (15) u t i l i z e d a detergent so l u b i l i z e d enzyme preparation to 
catalyze the transfer of two KDO residues to the Li p i d A precursor. 

Physiological Studies Concerned With the Regulation of KDO Bio­
synthesis and U t i l i z a t i o n . The KDO pathway can be thought of as a 
minor pathway i n carbohydrate metabolism i n i t i a t i n g with the key 
intermediate i n the hexose-monophosphate shunt, D-ribulose-5-phos-
phate. We have expanded our study of the enzymes leading to the 
synthesis of KDO to include D-glucose-6-phosphate dehydrogenase 
and D-gluconate-6-phosphate dehydrogenase, the enzymes responsible 
for the formation of D-ribulose-5-phosphate as shown i n Figure 2. 
Studies concerned with the regulation of the hexose-monophosphate 
shunt (29-33) have thus far ignored the potential role that prod­
ucts of KDO metabolism might play as possible metabolic effectors 
of this pathway. We set out to learn more about the regulation of 
the KDO pathway and what were the key rate l i m i t i n g steps i n the 
formation of and the u t i l i z a t i o n of KDO. This section deals with 
the effects of some of the metabolites of the KDO pathway on the 
enzymes of the hexose monophosphate shunt, on the enzymes of the 
KDO pathway and the effect of the growth medium and growth rate on 
the concentration of the enzymes of the KDO pathway. 

In vivo measurements of lipopolysaccharide synthesis i n E. 
c o l i B have indicated that two nanomoles of KDO must be synthe­
sized per minute per mg of protein i n order to meet the c e l l u l a r 
requirement for LPS synthesis under the normal conditions of 
growth on glucose-minimal medium (27). We have measured the spe­
c i f i c a c t i v i t i e s of the enzymes involved i n KDO synthesis i n crude 
extracts of E. c o l i B including those enzymes responsible for the 
synthesis of D-ribulose-5-phosphate, the precursor of D-arabinose-
5-phosphate. D-Ribulose-5-phosphate i s a key intermediate i n car­
bohydrate metabolism as shown i n Figure 2, since i t i s the direct 
precursor of both D-ribose-5-phosphate and D-arabinose-5-phosphate 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



7. RAY ET AL. Synthesis and Use of KDO in E . coli 157 

TABLE VI. Kinetic Parameters for the Enzymes of the KDO Pathway 

Specific Activity ^max 
Enzyme Crude (mM) /xmoles min- 1 ml- 1 

D - G l u c o s e - 6 - P d e h y d r o g e n a s e .14 .19 4.9 

D - G l u c o n a t e - 6 - P d e h y d r o g e n a s e .10 .017 1.8 

D - R i b u l o s e - 5 - P I s o m e r a s e 
a) D - R l b u l o s e - 5 - P .09 
b) D - A r a b l n o s e - 5 - P .1-.3 

K D O - 8 - P s y n t h a s e .08 
a) D - A r a b i n o s e - 5 - P .02 .012 
b) P E P .006 .010 

K D O - 8 - P P h o s p h a t a s e .04 .06 .51 

K D O - C M P S y n t h e t a s e .002 
a) K D O .29 .62 
b) C T P .20 .38 
c) d e o x y C T P .34 .67 
d) U T P .88 .33 

D - G l u c o s e - 6 - p h o s p h a t e d e h y d r o g e n a s e , D - g l u c o n a t e - 6 - p h o s p h a t e d e h y d r o g e n a s e , 
K D O - 8 - p h o s p h a t e s y n t h a s e , K D O - 8 - p h o s p h a t e p h o s p h a t a s e a n d C M P - K D O 
s y n t h e t a s e h a v e b e e n p u r i f i e d t o h o m o g e n e i t y a n d c h a r a c t e r i z e d . M u n s o n , 
R a s m u s s e n a n d O s b o r n (15) h a v e p a r t i a l l y p u r i f i e d o n e K D O t r a n s f e r a s e . 
D - A r a b i n o s e - 5 - p h o s p h a t e i s o m e r a s e i s very u n s t a b l e a n d h a s o n l y b e e n p u r i f i e d 
a b o u t 1 0 0 f o l d . D - R i b o s e - 5 - p h o s p h a t e i s o m e r a s e a c t i v i t y i s a p p r o x i m a t e l y 2 0 x t h a t 
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Measurements of the crude s p e c i f i c a c t i v i t y (umoles of product 
synthesized per minute per mg of protein i n the supernatant after 
a 50,000 x g centrifugation) of the two isomerases in E. c o l i 
indicated that the conversion of D-ribulose-5-phosphate to D - r i -
bose-5-phosphate was approximately 20- to 30-fold greater than the 
conversion of D-ribulose-5-phosphate to D-arabinose-5-phosphate. 
This rate of reaction strongly pulls the reaction substrate to D-
ribose-5-phosphate, since the isomerase reaction at equilibrium 
strongly favors the formation of the aldo-sugar over the key 
intermediate D-ribulose-5-phosphate. 

The pathway for the synthesis and transfer of KDO to the 
Lip i d A precursor now includes 8 (or 9) enzymatic steps i n i t i a t i n g 
with the substrate D-glucose-6-phosphate. The sequential enzymes 
of the pathway are l i s t e d i n Table VI with their s p e c i f i c a c t i v i ­
t i e s determined from crude extracts, t h e i r K values determined 
in crude extracts an
enzymes that have bee
completely soluble; we have seen no evidence i n our work u t i l i z i n g 
various methods of i s o l a t i o n or in the work of others to indicate 
that any of these enzymes are even loosely membrane bound. The 
eighth enzyme, as shown by Munson et a l . (15) is t i g h t l y bound to 
the inner membrane. The i n t r a c e l l u l a r concentrations of 
D-arabinose-5-phosphate, KDO-8-phosphate and of KDO were deter­
mined to be within 20 percent of their K values. The rate 
l i m i t i n g step i n this pathway appears to Be the formation of 
CMP-KDO since the a c t i v i t y of this enzyme in crude extracts i s 
id e n t i c a l to the measured rate of LPS synthesis i n c e l l s grown 
under the same conditions. 

The overall metabolic control of this pathway appears compli­
cated. In the previous section, we have shown that most of the 
enzymes are weakly inhibited by their end products. As shown i n 
Table VII D-glucose-6-phosphate dehydrogenase i s only weakly 
inhibited by three of the fourteen common intermediates tested. 
There was no i n h i b i t i o n by D-arabinose-5-phosphate, KDO or KDO-8-
phosphate, the novel intermediates of the pathway. The weak 
inhibitors were PEP, CMP and ATP which are common intermediates 
involved i n many synthetic reactions. D-Gluconate-6-phosphate 
dehydrogenase was inhibited by several intermediates of the KDO 
pathway as shown i n Table VIII. The inhibitors from the KDO 
pathway included D-arabinose-5-phosphate but not D-ribose-5-phos-
phate and KDO-8-phosphate but not KDO or the reduced form of 
KDO-8-phosphate. D-Ribulose-5-phosphate inhibited the reaction 
as did D-fructose-1,6-diphosphate i n agreement with previous re­
sults from Fraenkel's laboratory (30-31) although ATP was found 
not to i n h i b i t the p u r i f i e d enzyme when present i n the reaction 
mixture at 10 mM. In agreement with the observation by Brown and 
Wittenberger (29), we found that preincubation of the enzyme with 
D-fructose-1,6-diphosphate before i n i t i a t i n g the reaction with the 
substrate effected an i n i t i a l non-linear response (2 min) which 
then reached a steady state. Ve l o c i t i e s .for K. determinations 
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TABLE VII. Inhibition of D-Glucose-6-P Dehydrogenase 

Potential Inhibitors 150(a) 

D - R i b o s e > 1 0 m M 
D - R i b o s e - 5 - P > 1 0 
D - A r a b l n o s e > 1 0 
D - A r a b i n o s e - 5 - P > 10 
P E P 8.9 
D - R i b u l o s e - 5 - P > 1 0 
K D O > 1 0 
K D O - 8 - P > 1 0 
C M P 6.9 
C T P > 1 0 
A T P 7.6 
P R P P > 1 0 
D - F r u c t o s e - 1 , 6 - P 7.8 
C M P - K D O — 

(a) G l u c o s e - 6 - P c o n c e n t r a t i o n in l 5 0 d e t e r m i n a t i o n s 
w a s 4 x K m . 
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TABLE VIII. Inhibition of D-Gluconate-6-Phosphate 
Dehydrogenase by Intermediates of the 
KDO Pathway 

Potential Inhibitors Iso(a) Kii Kis 

D - R l b o s e > 1 0 m M 
D - R i b o s e - 5 - P > 1 0 
D - A r a b l n o s e > 1 0 
D - A r a b i n o s e - 5 - P .80 1.7 m M .18 m M 
P E P 8.0 
D - R i b u l o s e - 5 - P .60 .88 .20 
K D O > 1 0 
K D O - 8 - P 1.9 2.4 .23 
C M P > 1 0 
C T P > 1 0 
A T P > 1 0 
P R P P 4.4 
D - F r u c t o s e - 1 , 6 - P .04 .23 .009 
C M P - K D O — — — 
(a) G l u c o n a t e - 6 - p h o s p h a t e c o n c e n t r a t i o n in 

d e t e r m i n a t i o n s w a s 8 x K m . 
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were measured at this steady state rate while the control rates 
were s t i l l l inear. Double reciprocal plots of the data indicated 
that a l l the inhibitors tested exhibited mixed type i n h i b i t i o n as 
defined by Segel (35). Computer analysis of the data gave appar­
ent K. . (K. derived from the 1/v intercept) and K. values (K. 
derived 1 from the slope of the reciprocol plot) for tne effective 
inhibitors shown in Table VIII. The best i n h i b i t o r of D-gluco-
nate-6-phosphate dehydrogenase tested to date was the physiologi­
cal regulator, D-fructose-1,6-diphosphate with an I-^ value of 
O.04 mM, when the substrate was present at 8 times the K value, 
as compared to values of O.6 mM, O.8 mM and 1.9 mM for "D- ribu-
lose-5-phosphate, D-arabinose-5-phosphate and KDO-8-phosphate, 
respectively. This greater i n h i b i t i o n value was reflected in both 
a lower K. . value and a much lower K. value for D-fructose-1,6-11 is diphosphate than exhibited by the other three compounds. 

Since i t has bee
than one metabolite ca
t i v e l y regulate the overall rate of the pathway, we tested the 
inhibitors of D-gluconate-6-phosphate dehydrogenase in combination 
to see i f the i n h i b i t i o n was independent, antagonistic or syner­
g i s t i c as defined by Harvey (34). In these measurements, the rate 
of the reaction i n the absence of any i n h i b i t o r i s represented by 
Vq; i n the presence of i n h i b i t o r 1 (1^) or i n h i b i t o r 2 (I~) the 
rate i s expressed by v^ or v^, respectively. Synergism would oc­
cur i f the two inhibitors together produced an i n h i b i t i o n greater 
than expected from the inhibitors when acting alone. As shown in 
Table IX, none of the combinations of inhibitors were synergistic 
with one another which would have indicated that the inhibitors 
were acting at a different s i t e to more e f f e c t i v e l y regulate the 
pathway at the level of D-gluconate-6-phosphate dehydrogenase. As 
i l l u s t r a t e d , most of the inhibitors were antagonistic to one 
another thus indicating that they were competing for the same 
binding s i t e . 

A second method u t i l i z e d to investigate the regulation of 
this pathway was to measure the i n t r a c e l l u l a r concentration of the 
various enzymes as a function of the s p e c i f i c growth rate. When 
an individual protein i s found to be present at a constant spe­
c i f i c a c t i v i t y over a wide range of growth rates and physiolog­
i c a l conditions, the rate of synthesis of this protein per genome 
must be proportional to the growth rate. The synthesis of such 
constitutive proteins i s considered to be under metabolic control 
(36,37) as compared to those proteins whose synthesis i s either 
repressed or derepressed (38-40). Metabolic control may be a 
characteristic of c r u c i a l enzymes that lack s p e c i f i c active con­
t r o l mechanisms. Different modes of regulation can be accounted 
for (38,39) i f the enzyme concentration can be shown to vary with 
the s p e c i f i c growth rate. I f , however, as shown in Table X that 
the concentration of the individual enzymes remains r e l a t i v e l y 
constant over a wide range of growth conditions then this suggests 
that metabolic control or the rate of the normal flow of carbon 
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T A B L E I X . E f f e c t of C o m b i n a t i o n s of I n h i b i t o r s o n 
D - G l u c o n a t e

«1 >2 a(h) ath/lz) T y p e I n h i b i t i o n 

A r a b i n o s e - 5 - P K D O - 8 - P O.516 O.736 a n t a g o n i s t i c 

R i b u l o s e - 5 - P F r u c t o s e - 1 , 6 - P O.460 O.932 a n t a g o n i s t i c 

K D O - 8 - P F r u c t o s e - 1 , 6 - P O.566 O.531 i n d e p e n d e n t 

K D O - 8 - P R i b u l o s e - 5 - P O.629 O.929 a n t a g o n i s t i c 

A r a b i n o s e - 5 - P R i b u l o s e - 5 - P O.595 O.807 a n t a g o n i s t i c 

A r a b i n o s e - 5 - P F r u c t o s e - 1 , 6 - P O.632 1.07 a n t a g o n i s t i c 

a) F r a c t i o n a l a c t i v i t i e s (a) in t h e p r e s e n c e of t h e s e i n h i b i t o r s (I) are 
d e f i n e d a s : a(\^) = V ^ V Q ; a(l 2 ) = v2/v0, a(\^l\2) = a(J 1 f l2)/a(l2) = 
V 1 , 2 / V 2 - T n e tyPe ° f i n h i b i t i o n is i n d e p e n d e n t if a(\^l\2) = a ^ ; 
s y n e r g i s t i c if a(l 1 /l 2 ) < a(\<\) a n d a n t a g o n i s t i c if a(\^l\2) > a(l-,). 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



7. RAY ET AL. Synthesis and Use of KDO in E . coli 163 

TABLE X . Effect of Medium and Growth Rate on the Concentration of the 
Enzymes in the KDO Pathway 

Enzyme Specific Activity G*moles/min/mg protein) 

G l u c o s e - 6 - ( P ) D e h y d r o g e n a s e O.2000 O.1950 O.2250 O.2824 
G l u c o n a t e - 6 - ( P ) D e h y d r o g e n a s e O.1340 O.1600 O.1845 O.2289 
KDO-8-(P) S y n t h a s e O.0811 O.0846 O.0825 O.0822 
KDO-8-(P) P h o s p h a t a s e O.0782 O.0268 O.0781 O.0600 
C M P - K D O S y n t h e t a s e O.006 O.0037 O.006 O.007 

Medium Growth Rate (k) 
I. G l y c e r o l M i n i m a l O.60 
II. G l u c o s e M i n i m a l O.90 
III .M e d i u m A 1.40 ( P r o t e a s e P e p t o n e + B e e f Extract) 
I V . M e d i u m A + G l u c o s e 1.50 

E. c o l i B c e l l s w e r e g r o w n at 3 7 ° C . T h e c e l l s w e r e h a r v e s t e d (OD = O.76) 
d i s r u p t e d by a F r e n c h P r e s s u r e c e l l a n d t h e s u p e r n a t a n t w a s a s s a y e d a f t e r 
c e n t r i f u g a t i o n at 216,000 xg for 2 h o u r s . In a l l m e d i a t e s t e d , t h e s p e c i f i c a c t i v i t i e s 
d i d not vary s i g n i f i c a n t l y a s a f u n c t i o n of g r o w t h p h a s e ( A 6 0 o = O.2, O.76, 1.2). 
E n z y m e s p e c i f i c a c t i v i t i e s d e t e r m i n e d f r o m c e l l s g r o w n in a G l u c o s e - l i m i t e d 
c h e m o s t a t , k = O.028-O.4, w e r e in a g r e e m e n t w i t h t h o s e of b a t c h c u l t u r e s 
p r e s e n t e d a b o v e e x c e p t that t h e s p e c i f i c a c t i v i t i e s for g l u c o s e - 6 - p h o s p h a t e 
d e h y d r o g e n a s e a n d g l u c o n a t e - 6 - p h o s p h a t e d e h y d r o g e n a s e w e r e r e d u c e d 2 0 % at 
t h e s l o w e r g r o w t h r a t e s . 
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determined the in vivo rate of this pathway, with the enzymes act­
ing on their substrates at a rate determined by the concentration 
of that substrate. As can be noted i n Table X, the sp e c i f i c 
a c t i v i t i e s of D-glucose-6-phosphate dehydrogenase and D-gluconate-
6-phosphate dehydrogenase increased 40 percent and 70 percent res­
pectively over a 2.5-fold increase i n the sp e c i f i c growth rate, 
while the level of KDO-8-phosphate synthase remained constant 
under a l l conditions tested, even i n a very slow growing chemostat 
culture. Tn batch cultures using glucose-minimal medium both the 
spe c i f i c a c t i v i t i e s for KDO-8-phosphate phosphatase and CMP-KDO 
synthetase levels were lower but i n the glucose limited chemostat 
and i n the other batch cultures this l e v e l was r e l a t i v e l y constant 
at about O.07 and O.006 umoles per minute per mg of protein. D-
Arabinose-5-phosphate isomerase, which i s not l i s t e d i n the table 
also remained constant at a spe c i f i c a c t i v i t y of O.095 umoles per 
minute per mg of protein
that the overall rate l i m i t i n
tion of KDO i s at the  synthetase,  cyto
plasmic enzyme i n the pathway. The extreme l a b i l i t y of CMP-KDO 
may indicate that the transferase acts on this substrate i n a 
zero-order fashion or that, once made, this product i s bound to 
the enzyme u n t i l the time for the transfer of the KDO residue. 

Discussion 

The elucidation of the lipopolysaccharide structure and the 
studies concerned with determining the pathway for LPS biosynthe­
sis were made possible by the use of the various mutants defective 
in the various stages of LPS synthesis (Figure 1). The innermost 
region of the LPS structure, the Li p i d A-(KDO)2 region, i s however 
necessary for bacterial growth and v i a b i l i t y since mutants defec­
tive i n i t s biosynthesis have only been isolated as temperature 
sensitive mutants. The importance of KDO synthesis to Li p i d A 
maturation and LPS synthesis, as well as c e l l u l a r growth and v i a ­
b i l i t y has been demonstrated by Rick and Osborn (1^, 12 see also 
10 and 120. From a chemotherapeutic point of view, the i n h i b i t i o n 
of any enzyme catalyzing a step i n the biosynthesis or transfer of 
KDO would necessarily result i n the i n h i b i t i o n of LPS synthesis 
and thus bacterial growth. Considering that the same biosynthetic 
conversions do not take place i n mammalian metabolism, inhibitors 
of these enzymes would probably act with a high degree of selec­
t i v i t y and possess a novel s i t e of action. 

The i s o l a t i o n and p u r i f i c a t i o n of the enzymes involved i n 
KDO biosynthesis was necessary for the study of potential i n h i b i ­
tors of the individual reactions. A number of phosphorylated 
substrate analogues were synthesized and tested as inhibitors of 
D-arabinose-5-phosphate isomerase since this enzyme i s the f i r s t 
direct reaction involved i n KDO biosynthesis. (We have found no 
evidence that D-arabinose-5-phosphate i s required i n any other 
biosynthetic reaction i n E. c o l i and Salmonella typhimurium; i t 
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can be transported and u t i l i z e d because of the reversible nature 
of the isomerase reaction.) As shown i n Table I, analogues of 
the parent structure with the aldose oxidation state are at best 
very weak isomerase i n h i b i t o r s . Substitution at any of the 
functional hydroxyl groups greatly diminished the binding of the 
in h i b i t o r to the enzyme when compared to the K value of the sub­
strate, D-arabinose-5-phosphate. Analogues i n the alcohol series 
(whereby the aldehyde group at C-l was reduced to the alcohol) 
indicated that D-arabinitol-5-phosphate (Compound 19, Table I) was 
an effective i n h i b i t o r of the isomerase reaction (^/I^Q value = 
2), substitution at C-2 by fluorine diminished the a c t i v i t y by 8-
fold whereas substitution at C-3 by fluorine reduced the i n h i b i t o r 
a c t i v i t y by 150-fold. The best inhibitors of the isomerase reac­
tion were the carboxylic acid analogues (the aldehyde group at C-l 
was oxidized to a COOH function); 4-phosphoerythronate (Compound 
25, Table I, K / I r ^ valu
pound 12, Table I; TC / I
binose-5-phosphate isomerase found. The i n h i b i t o r data suggests 
that the enediol model proposed i n Figure 3 for the isomerase re­
action may be correct and that the greater i n h i b i t i o n exhibited by 
the acid and alcohol analogues re f l e c t s their a b i l i t y to mimic the 
enediol geometry. It should be mentioned that Woodruff and 
Wolfenden (41) found that 4-phosphoerythronic acid was a strong 
competitive i n h i b i t o r of spinach D-ribose-5-phosphate isomerase, 
the enzyme that catalyzes the interconversion of D-ribulose-5-
phosphate to D-ribose-5-phosphate. The K. values for 4-phospho­
erythronic acid determined with the spinach D-ribose-5-phosphate 
isomerase and the E. c o l i D-arabinose-5-phosphate isomerase were 
between 4-6 uM. This l a t t e r finding suggests that D-arabinose-5-
phosphate isomerase may not be a good target enzyme for inhibitors 
that are substrate analogues. 

The requirement of the remaining enzymes, KDO-8-phosphate 
synthase, KDO-8-phosphate phosphatase and CMP-KDO synthetase, for 
their natural substrates, D-arabinose-5-phosphate + PEP, KDO-8-
phosphate and KDO + CTP, respectively, was s p e c i f i c and the inhib­
i t i o n studies with substrate analogues were disappointing. Of 
the compounds tested as potential substrates of KDO-8-phosphate 
synthase, only the i s o s t e r i c phosphonate analogue (Compound 11, 
Table III) of D-arabinose-5-phosphate was an alternate substrate 
(see Ref. 28). There were a number of weak competitive inhibitors 
of the synthase reaction (Compounds 2, 5, 6, 7, 15>and 19,Table 
III) the best i n h i b i t o r of the synthase reaction was 2-deoxy-2-
fluoro-D-arabinonate-5-phosphate (compound 14, Table I I I ) . 

The requirement of the phosphatase that dephosphorylates 
KDO-8-phosphate i s very s p e c i f i c (Table IV). None of the phos­
phorylated sugars tested was either an i n h i b i t o r or an alternate 
substrate for this phosphatase. The s p e c i f i c i t y of this enzyme, 
the fact that none of the other i n t r a c e l l u l a r phosphatases cata­
lyze the hydrolysis of KDO-8-phosphate and the fact that KDO-8-
phosphate needs to be dephosphorylated for subsequent metabolism 
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suggest that this enzyme i s a prime target for i n h i b i t i o n studies 
related to chemotherapy. 

The stringent substrate s p e c i f i c i t y exhibited by the isomer­
ase, the synthase and the phosphatase was not exhibited by CMP-KDO 
synthetase. Dr. Unger's group, at Sandoz Forschungsinstitut, has 
synthesized a number of KDO analogues (reviewed i n Reference 28), 
as potential inhibitors of CMP-KDO synthetase or subsequent reac­
tions involving the elongation of the polysaccharide chain. None 
of the seven KDO analogues tested was an effective i n h i b i t o r of 
CMP-KDO synthetase, including the reduced form of KDO (Compound 1 
reduced, Table V). Two of the compounds tested, the KDO-8-azide 
and the 4-methanesulfonyl-gluco-KDO (Compounds 4 and 6, Table V) 
were effective substrates but neither of the compounds inhibited 
the s p e c i f i c growth rate of E. c o l i i n minimal medium. 

Studies concerned with the individual enzymes i n the pathway 
have allowed us to optimiz
purify the individua
enzymes to synthesize radiolabelled substrates with high s p e c i f i c 
a c t i v i t y . Potential inhibitors of this s p e c i f i c pathway can now 
be screened with relative ease for the following reasons: (1) a l l 
of the enzymes can be monitored independently; (2) i n i t i a t i n g with 
KDO-8-phosphate synthase the .pathway can be measured t o t a l l y by 
i n i t i a t i ^ the reaction with C-PEP and assaying the radioactiv­
i t y i n C-KDO-Lipid A Precursor, even using crude membranes that 
contain both the Li p i d A Precursor and CMP-KDO transferase; (3) 
i n i t i a l compound screening should show low MIC values against 
Gram-negative bacteria and high MIC values against Gram-positive 
organisms and (4) i f LPS synthesis i s inhibited by i n h i b i t i n g any 
of the enzymes i n KDO biosynthesis, the growth of E. c o l i or 
Salmonella typhimurium test s t r a i n should be very susceptible to 
in h i b i t i o n on plates containing 2 ug/ml of Crystal V i o l e t . Mut­
ants of the Rc phenotype are not inhibited by this concentration 
of Crystal V i o l e t , however, Rd mutants are severely inhibited. 

The data concerned with the overall regulation of the KDO 
pathway (Tables VI-X) indicate that there i s no strong regulation 
either i n the ca t a l y t i c sense or i n the rate of synthesis of the 
enzymes involved. The data i n Table X suggest that the enzymes 
in KDO biosynthesis are synthesized constitutively at a constant 
fraction of the t o t a l protein. This means that the enzymes 
required for KDO synthesis are present i n s u f f i c i e n t quantities 
to meet the LPS synthetic demand. If the enzymes of the KDO path­
way normally act at about the rate of their K then positive 
regulation or increased enzyme a c t i v i t y can only be achieved by 
increasing the concentration of D-arabinose-5-phosphate which 
w i l l , i n turn, increase the concentration of the other substrates. 
Since the isomerase reactions (both D-arabinose-5-phosphate and 
D-ribose-5-phosphate) are i n equilibrium then this suggests that 
increasing the rate of carbon flow through D-gluconate-6-phos-
phate, as noted i n Table X, would increase the rate of KDO bio­
synthesis. Since the data i n Table VI indicate that the overall 
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rate l i m i t i n g step in the KDO pathway (Fig. 2) i s at the le v e l of 
CMP-KDO synthetase (this rate i s very similar to the rate of over­
a l l LPS synthesis) then the r e s t r i c t i o n on carbon flow through 
the pathway requires very l i t t l e regulation. Both KDO-8-phosphate 
phosphatase and KDO-8-phosphate synthase are weakly inhibited by 
their end products KDO and KDO-8-phosphate respectively. If the 
concentration of KDO increased, this would i n h i b i t the phosphatase 
reaction and cause an increase i n KDO-8-phosphate concentration. 
If the concentration of KDO-8-phosphate increased enough to inhib­
i t the synthase reaction then the concentration of D-arabinose-5-
phosphate would increase. Since this isomerase reaction i s an 
equilibrium reaction, excess D-arabinose-5-phosphate would be con­
verted to D-ribulose-5-phosphate and then to D-ribose-5-phosphate. 
We have shown that D-ribose-5-phosphate i s a competitive i n h i b i t o r 
of KDO-8-phosphate synthase (Table III) and that D-ribulose-5-
phosphate and D-arabinose-5-phosphat
nate-6-phosphate dehydrogenas
respectively) whereas D-ribose-5-phosphate i s not an inh i b i t o r of 
the dehydrogenase. If the concentration of D-ribose-5-phosphate 
increased due to the slowing of RNA synthesis then this would have 
two effects: 1) the increase i n D-ribose-5-phosphate would i n h i b i t 
the formation of KDO-8-phosphate and cause an increase i n the con­
centration of D-arabinose-5-phosphate and 2) since D-ribose-5-
phosphate isomerase also catalyzes an equilibrium reaction, then 
the concentration of D-ribulose-5-phosphate would increase. Both 
of these compounds would then i n h i b i t D-gluconate-6-phosphate 
dehydrogenase and slow the carbon flow through D-ribulose-5-phos-
phate. Thus, the overall regulation of carbon flow through the 
KDO pathway can be controlled by a weak system of end product i n ­
h i b i t i o n since the sp e c i f i c a c t i v i t i e s of the individual enzymes 
involved i n the pathway remain r e l a t i v e l y constant. Moreover, the 
spe c i f i c a c t i v i t y of CMP-KDO synthetase i n crude extracts of E. 
c o l i B grown on glucose minimal medium i s i n the range required 
for LPS synthesis i n vivo (2 nmoles per min per mg protein), and 
would suggest that the formation of CMP-KDO may be the rate 
l i m i t i n g step i n LPS synthesis. 

The i s o l a t i o n of mutants i n S. typhimurium by Rick and Osborn 
(11., 12) and mutants i n E. c o l i by Nishijima and Raetz (44) that 
accumulate the L i p i d A precursor indicate that KDO synthesis and 
Lip i d A synthesis are not coordinately controlled. The i n i t i a l 
steps i n the synthesis of the Lip i d A precursor are t o t a l l y un­
known. The temperature sensitive mutants of E. c o l i isolated by 
Nishijima and Raetz (44) that are defective i n phosphaditylglyc-
erol phosphate synthesis at 42°C and accumulate the L i p i d A pre­
cursors indicate that there i s some relationship between the syn­
thesis of phosphatidylglycerol and LPS. The reasons for the acu-
cumulation of the Lip i d A precursors i n this E. c o l i mutant are 
not obvious. We have shown that CDP-diglyceride, one of the 
substrates for phosphatidylglycerol phosphate synthesis, i s an 
inh i b i t o r of D-arabinose-5-phosphate isomerase with an I n value 
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of O.10 mM. We do not know i f the concentration of CDP-diglyceride 
increases i n this temperature sensitive mutant of E. c o l i at 42°C 
or the i n t r a c e l l u l a r location of CDP-diglyceride; we assume i t i s 
membrane bound and we have shown that D-arabinose-5-phosphate 
isomerase i s a cytoplasmic protein. 
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Capsular Polysaccharides of Uropathogenic 
Escherichia coli 

K. JANN 

Max-Planck-Institut für Immunbiologie, D-7800 Freiburg, Federal Republic of Germany 

In this lecture I will characterize capsular polysaccharides of coli 
bacteria which cause extraintestina
put these studies into perspective  pathogeni
Escherichia coli, and the role of capsules will first be discussed briefly. 

As indicated in Figure 1, pathogenic coli bacteria may either be 
invasive or enteropathogenic. Both types of pathogens initially adhere 
to epithelial cells. Enteropathogenic coli bacteria dock in on their 
receptors on the outer face of the epithelial plasma membrane and 
remain outside of the epithelium. Their pathogenic effect is exerted by 
virtue of exotoxins, also called enterotoxins, which perturb metabolic 
processes of the host cell without apparent tissue or cell damage. 
Invasive coli bacteria penetrate the plasma membrane of epithelial 
cells - often deep into tissue of organs or into the blood stream. The 
specific pathogenic effects of invasive coli bacteria are not well 
understood. A number of bacterial products, such as endotoxin, mediate 
these effects which often lead to tissue damage, e.g. renal scarring in 
pyelonephritis (1-3). It is striking that invasive E.coli have a high 
negative surface charge and enterotoxigenic coli do not. The most 
prominent negatively charged surface components of Escherichia coli 
are the acidic capsular polysaccharides (4-5), the subject of this 
lecture. 

Once penetrated into the tissue or circulation of the host, invasive 
coli bacteria are exposed to the unspecific host defense which consists 
mainly of the bactericidal action of serum complement and of phago­
cytes. This is a decisive stage in an infection, especially since anti­
bodies which greatly assist in the defense are produced only later. 
Pathogenic bacteria have developed counteracting strategies, as shown 
in Figure 2. These are put into effect predominantly through capsules. 
Overcoming of the unspecific host defense may be brought about by the 
shielding effect of the extracellular layer of the capsule. In this effect, 
which appears basically to be a physical one, charge seems to play a 
role. The host defense does not become effective until specific anti-
capsular antibodies are formed which then neutralize the protective 
effect of the capsule in a process called opsonization (4). The capsular 
K12 antigen is an example of a shielding capsule. Another means of 
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Figure 1. Mechanisms of pathogenicity of Escherichia coli. 
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Figure 2. Counteracting strategies of invasive bacteria against unspecific host defense. 
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bacterial self-defense, which is based on structural relations, can best 
be described as camouflage. Possibly, due to structural similarities with 
host material, the bacterial cell cannot be recognized as foreign and 
antibodies against it can not or only inefficiently be formed by the host. 
In such cases the unspecific preimmune phase of the host defense is 
prolonged. This camouflage effect, in addition to shielding, is typically 
exerted by the E.coli K l and K5 polysaccharides. It should be pointed 
out that although these protective mechanisms are demonstrated in 
bacteriaemia, they are less obvious in unrinary tract infections. 

E.coli capsules can surround the bacterial cell as thick copious 
layers which are rather easy to demonstrate. As shown in Figure 3, an 
electronmicroscopic picture of an E.coli thin section, the capsules 
extend far into the surrounding of the cell. Another capsular form, 
exhibited by many coli bacteria, is shown in Figure 4. Such capsules 
have a quite thin and patchy appearance. Both forms of capsules are 
genetically fixed and ther
capsules. Although such
cial, there is chemical and physical evidence supporting this distinction. 
Furthermore, for the isolation of the different capsular antigens the 
respective coli bacteria have to be cultivated under different conditions 
(5). Therefore, the distinction of capsular antigens from thick and thin 
capsule will be used in the following. 

As indicated in Figure 5, both capsules are composed of acidic 
polysaccharides. The polysaccharides forming thick capsules have much 
higher molecular weights (up to several hundred thousands) than those 
forming thin and patchy capsules. The latter usually have molecular 
weights far below 50 000 daltons and may be as small as 5000 daltons. 
There are also characteristic differences in the chemical composition 
of the two types of capsular polysaccharides. The acidic constituents of 
the polysaccharides forming thick capsules are hexuronic acids (in most 
cases glucuronic acid). In some of these polysaccharides pyruvate 
substitution was also found. In the acidic polysaccharides of thin 
capsules, hexuronic acids are rarely found. Instead, we encounter N-
acetylneuraminic acid and frequently 2-keto-3-deoxymannosoctonic 
acid (KDO). It is striking that capsular polysaccharides from thick 
capsules never contain aminico sugars, a characteristic which they 
share with the capsular polysaccharides of Klebsiella (4,5). The latter 
bacteria also form copious capsules. The polysaccharides forming thin 
capsules are typical of invasive coli bacteria which cause urinary tract 
infections, bacteraemia, or neonatal meningitis. Interestingly, bacteria­
emia and neonatal meningitis can also be caused by Neisseria, contain­
ing N-acetylneuraminic acid or KDO (4). 

With respect to polysaccharides, N-acetylneuraminic acid and KDO 
are unusual components. Rather, N-acetylneuraminic acid is a constitu­
ent of glycoproteins and certain glycolipids - and KDO is characteristi­
cally found in enterobacterial lipopolysaccharides, where it forms the 
linkage region between the lipid and carbohydrate moieties. 

The biochemical relationship between these two carbohydrates is 
shown in Figure 6. In their biosynthesis, phosphonenolpyruvate may 
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Figure 3. Electron micrograph image of an E. coli thin section showing a thick capsule. 

Figure 4. Electron micrograph image of an E. coli thin section showing a thin capsule. 
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K(A) ANTIGENS ARE ACIDIC POLYSACCHARIDES 

MOLECULAR WEIGHTS ABOVE 100 000 

ACID COMPONENTS : 

HEXURONIC ACIDS 

CAPSULES ARE COMPARABLE TO : 

K L E B S I E L L A CAPSULES 

THIN PATCHY CAPSULES 

K ANTIGENS ARE ACIDIC POLYSACCHARIDES 

MOLECULAR WEIGHTS BELOW 50 000 

ACID COMPONENTS : 

HEXURONIC ACIDS 

KDO 

NANA 

CAPSULES ARE COMPARABLE TO : 

NEISSERIA CAPSULES 

Figure 5. Description of two capsule types found on E. coli. 
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condense in very similar reactions either with N-acetylmannosamine to 
yield N-acetylneuraminic acid, or with arabinose to yield KDO. 

Both N-acetylneuraminic and and KDO can be detected and 
determined in similar reactions which make use of the carboxyl-keto-
deoxy region of the molecule. Both compounds also exhibit charac­
teristic signals in proton- and carbon-13 NMR. In proton NMR the 
protons on C3 exhibit characteristic signal patterns (6,7). This is shown 
with KDO in Figure 7. The apparent triplet around 1.8 ppm arises from 
the axial proton and the quartet is due to the equatorial proton. In the 
a- and 0-configurations of KDO the carboxylgroup (CI) has different 
positions relative to the sugar ring, and as a result the influence of this 
group on the equatorial proton is also different. In a-KDO the equatori­
al proton on C3 is found at higher field (around 2 ppm) than in fl-KDO 
(around 2M ppm). Figure 7 also shows the 0 - 3.5 ppm region of proton 
magnetic resonance spectra exhibited by the K12, K13 and K14 polysac­
charides of uropathogeni
protons are apparent an
polysaccharides contain 0-KDO. The K12 polysaccharide exhibits cha­
racteristic signals of methyl groups, indicative of the presence of 6-
deoxy sugars. The K l ^ polysaccharide shows a signal which can be 
assigned to the methyl residue of an acetamido group and which 
indicates the presence of an Nyacetylaminosugar in the K14 polysac­
charide. Figure 8 shows the C-NMR spectra of the same three 
capsular polysaccharides. The most prominent signals of the KDO 
residue are the C3 signal around 36 ppm, the C2 signal around 105 ppm 
and the CI signal around 175 ppm. Other characteristic non-KDO 
signals are those of methyl and carbonyl residues of N-acetylamino 
groups in the K l ^ spectrum and those of methyl carbon atoms in the 
K12 spectrum. The region of glycosidic carbon signals shows two signal 
each in the K13 and K14 spectra and three signals in the K12 spectrum, 
which permits the conclusion that the repeating unit of the K12 
polysaccharide is a trisaccharide and those of the K13 and K14 
polysaccharides are disaccharides (8; Jann, B. et al., in preparation; 
Schmidt, M.A. and Jann, K., in preparation). 

In addition to NMR spectroscopy analysis of native and de-O-
acetylated capsular polysaccharides we have used more conventional 
methods such as methylation combined with gas chromatography and 
mass spectrometry, as well as chemical reactions. These studies lead to 
the structures of some KDO containing capsular polysaccharides which 
are shown in Figure 9 (8,9; Schmidt, M.A. and Jann, K., in preparation; 
Vann W.F., personal communication). The structural formulae of the 
K12, K13 and K14 polysaccharides are in agreement with the NMR 
spectra shown in the previous two figures. Thus,.1he different chemical 
shifts of the two rhamnose-carbonyl C atoms in C-NMR are obviously 
due to the different substitutions of these sugar units in the K12 
polysaccharide. It can be seen that the KDO containing capsular 
antigens are a group of very similar polysaccharides and that only small 
differences in the nature and linkage of the sugar constituents are 
found. It is also apparent that these capsular polysaccharides have a 
very high charge density with mostly two sugar units per charge. As 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



BACTERIAL LIPOPOLYSACCHARIDES 

T H S 

I 
H 3e H 3o 

At 
<x-Me-KDO 

3 

L. 1 K,i 

3 2 1 0 

. k K13 

3 L 1 0 

K U 

3 

H3e 

I 
2 

H3O 

. i l l . 

1 0 

(3-Me-KDO 

0

0 PPm 

0 ppm 

0 ppm 

3 2 1 0 ppm 

Figure 7. Characteristic proton signals of KDO and KDO-containing K antigens. 
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K12 Polysaccharide 

CI CT 

I III I 

K13 Polysaccharide 

~ 1 Y'T'" 

K14 Polysaccharide 

KD0-C3 -L3-CH3 

Figure 8. Carbon-13 NMR spectra of three capsular polysaccharides. 
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K REPEATING UNIT R E F E R E N C E 

6 -^•Rib - ^ K D O -jU MESSMER, UNGER 1981 

12,82 ^ • R h a ^ R h a ^ K D O 4 * 
a a ; 7 p 

Oac 

SCHMIDT, JANN 1981 

13 Rib KDO 4 * 

Oac 

VANN, JANN 1979 

U •^GalNac^KDO 4 * a p 
6ac 

JANN, HOFMANN 1981 

15 -^GlcNac ^ K D O y> EGAN, VANN 1981 

20 ^ R i b ^ K D O J * 

6ac 

VANN et al. 1982 

23 ^ - R i b ^ K D O VANN, JANN 1979 

Figure 9. Structures of some KDO-containing K-polysaccharides from uropathogenic 
E. coli. 
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shown in Figure 10, the K6, K13, K20 and K23 polysaccharides are 
particularly closely related. They all have the same backbone structure 
of alternating 3-linked p-ribose and 7-linked B-KDO. The K13, K20 and 
K23 polysaccharides differ only in acetylation and the position of the 
O-acetyl group, respectively. The K6 polysaccharide is not acetylated 
and appears as a B-ribosyl derivative of the K23 polysaccharide (7, 9 but 
see also 10).. 

All the KDO containing capsular polysaccharides shown in Figure 
10 cross react in conventional antisera, mainly due to the fact that O-
acetylation is never complete. In comparing native and modified 
polysaccharides we found that the immunodominant group in all these 
polysaccharides is KDO, acetylated or not. Closer serological study can 
be performed with monoclonal antibodies (Soderstrom, T, personal 
communication). It was found that a monoclonal K13 antibody reacts 
neither with the K20 nor with the K23 polysaccharides. Evidence was 
found that this antibod
minant of the K13 polysaccharide

Working with monoclonal K12 antibodies we have found a cross 
reaction of the capsular K12 polysaccharide with R-lipopoly sacchar ides 
of rough E.coli K-12. This was supported by chemical analysis: We have 
not only detected rhamnose in the K-12 R-lipopolysaccharides but also 
isolated the disaccharide rhamnosyl-KDO from one of them. A possible 
structural basis for this cross reactivity is shown in Figure 11. We 
assume that the monoclonal antibody recognizes the rhamnosyl-KDO 
determinant in both polymers, the K12-specific capsular polysaccharide 
and the cell wall lipopolysaccharide of the rough strain E.coli K-12. The 
comparison of a terminal with a 2-linked sugar seems to be permissible 
in view that both are similarly exposed. In corraboration of these 
findings, the recently isolated coliphage K12 which has as host E.coli 
bacteria encapsulated with the capsular K12 polysaccharide, can also be 
propagated on the serologically cross reacting E.coli K-12 rough strains. 
This provides an example of serological and bacteriophage cross recog­
nition of a capsular and a cell wall antigen. 

Not all capsular polysaccharides of uropathogenic and invasive coli 
bacteria contain KDO. Some of the non-KDO capsular polysaccharides 
are shown in Figure 12 (11-16). These are the K l , K2, K5 and K51 
polysaccharides. The Kl polysaccharide is a poly-a-2.8-N-acetyl-
neuraminic acid and has been known as colominic acid since many years 
(11). Its structure which is identical with that of the capsular antigen of 
Neisseria meningitidis B has first been reported by McGuire and Binkley 
(11) and was later confirmed by two research groups (12, 13). The K2 
antigen is reminiscent of certain teichoic acids of Staphylococci, 
polymers which have not been found in Gram-negative bacteria before 
(12) . It consists of galactose, glycerol and phosphate in linear sequence 
and contains galactofuranose and galactopyranose in the same chain. 
The glycerol phosphate moiety of the K2 antigen has the sn-3 confi­
guration (17). This indicates that in the biosynthesis of the K12 
polymer, glycerolphosphate is transferred from CDPglycerol like in the 
biosynthesis if the teichoic acids, and not from diphosphatidyl glycerol 
like in the biosynthesis of the lipoteichoic acids. The K5 polysaccharide 
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Figure 10. Structures of KDO-containing polysaccharides. 
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has a very simple structure with a repeating unit of P-glucuronyl-1.4-N-
acetylglucosamine. The K51 polysaccharide is a per-O-acetylated poly 
N-acetylglucosamine-1 -phosphate (Jann, B. and Jann, K., unpublished). 
The linkage between the monomers is not known. 

Like with the KDO containing K-polysaccharides, one can observe 
also in this group of polysaccharides antigen modification by O-
acetylation: the Kl antigen and the K2 antigen occur in non acetylated 
and in acetylated forms (14, 18). Bacteria with the non acetylated 
polymers (Klac~ and K2a) seem to be more pathogenic. 

The KDO containing and the non-KDO polysaccharides of invasive 
E.coli have several features in common. One of them is their low 
molecular weight in combination with a high charge density (5, 19). 
Considering these properties, it appears difficult to envisage their 
retention by the bacterial cell with capsule formation. On closer 
examination, we found that the low molecular capsular polysaccharide 
antigens contain a hydrophobi
K12 antigen as an example
to the reducing end of the polysaccharides through a phosphodiester 
bridge (20). The same results were reported on some Sialic acid 
polysaccharide antigens (21), although the phosphatidic acid was not 
isolated in this study. By radioreduction the reducing sugar was found to 
be KDO (20). We assume that these polysaccharides are kept in 
association with by the bacterial cells through hydrophobic interactions 
of the lipid moiety with the cell wall which results in capsule 
formation. Since the linkage between polysaccharide and phosphatidic 
acid is very labile, these capsules are released from the bacteria 
relatively easily. 

As mentioned earlier, encapsulated coli bacteria override the 
unspecific host defense with the help of their capsular polysaccharides. 
Some capsular polysaccharides may even escape immune recognition, as 
is the case with the K l antigen (3, 22, see also 23) and the K5 antigen 
(I. and F. 0-skov, personal communication). The immune response 
against these polysaccharides is at best extremely low, and this is 
probably one of the reasons why coli bacteria with these antigens are 
particularly virulent. An explanation of this fact can be attempted by 
structural comparisons, as shown in Figure 14 with the Kl antigen. The 
recognition of this capsular polysaccharide by the immune system may 
be hampered by its structural relation to tri- and also certain disialo-
gangliosides. These gangliosides also contain a-N-acetylneuraminyl-2.8-
N-acetylneuraminic acid. The immune response to the Kl polysacchari­
de probably depends on the copy number and/or expression of these 
gangliosides on host cell surfaces. 

A similar situation exists with the K5 antigen. Figure 15 shows that 
this capsular polysaccharide is practically identical with a precursor of 
heparin. It was in fact shown recently that the K5 polysaccharide is a 
substrate for the de-N-acetylase which initiates the processing of this 
precursor to heparin. Structural relatedness may not be the only cause 
for the very low immunogenicity of a coli capsular antigen, but it 
appears quite suggestive. 
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K R E P E A T I N G U N I T I M M U N O G E N I C I T Y 

9 2 • ^ N e u N A c - ^ - N e u N A c - l - y e s ( - 9 ) 

I A c + • ^ N e u N A c - ^ N e u N A c -
|7/

O A c O A c 

l A c - ^ N e u N A c ^ N e u N A c ^ - n o 

T R I S I A L O G A N G L I O S I D E S : 

N e u N A c 
~|2,3 

G a L ^ G a L N A c ^ G a L ^ G L c - j r C E R A M I D E 

NeuNAc ̂ NeuNAc 

Figure 14. Possible reason for the low immunogenicity of the Kl polysaccharide. 

K5 P O L Y S A C C H A R I D E : 
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Figure 15. Possible reason for the low immunogenicity of the K5 polysaccharide. 
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The lack of immunogenicity is not only detrimental for an infected 
host, but is also an impasse in serological diagnosis of the K antigen in 
question. One can circumvent this calamity with the aid of specific 
bacteriophages. Kl-Specific bacteriophages are known (24, 25), and we 
have recently isolated a K5 specific bacteriophage (26), which is now 
widely used for the detection of the K5 polysaccharide on pathogenic 
E.coli. As shown in Figure 16, coliphage K5 hydrolyzes its receptor 
polysaccharide with the formation of mainly a decasaccharide. This has 
N-acetylglucosamine at the reducing end, which shows that coliphage 
K5 acts as an endo-ot-N-acetylglucosaminidase (D.S. Gupta et al. 
(1982), FEMS Microbiol. Lett., in press). 

Since anticapsular antibodies neutralize the pathogenic properties 
of capsules, it is desirable to have a vaccine on the basis of the capsular 
polysaccharides, which induces such antibodies. It is, however, known 
that the isolated and purified polysaccharides of invasive coli bacteria 
are practically not immunogeni
vaccine, the capsular polysaccharide
into good immunogens. This can be done by coupling them to immuno­
genic carrier proteins. We are persuing this work in our laboratory and 
some of the reactions we are using are shown in Figure 17. The 
polysaccharides are coupled to proteins which have been substituted 
with a spacer ending in a primary amino group. The coupling is achieved 
by reductive amination of the reducing end of the polysaccharide with 
the amino group of spacer. Alternatively, carboxyl groups are reacted 
with the spacer amino group; or the polysaccharide is first reacted with 
cyanogen bromide and subsequently condensed with the spacer amino 
group. In these reactions it is of great help to know the structure of the 
respective polysaccharide. Using such reactions we have prepared 
protein conjugates of the K12, K13 and K14 polysaccharides, and those 
of the Kl and K5 polysaccharides are just being made (unpublished 
work). The polysaccharide-protein conjugates were immunogenic and in 
first experiments the K12 and K13 conjugates protected rats and mice 
against E.coli pyelonephritis ((B. Kaijser, B. Jann, and K. Jann, in 
preparation). This shows that the shielding effect of the E.coli capsules 
could be overcome. 

These examples may serve to illustrate that the combination of 
chemical and immunological approaches can be of great help in the 
attempts to fight bacterial infections. As summarized in Figure 18, 
chemical characterization and modification of purified capsular poly­
saccharides will not only advance our knowledge of their structures, but 
also unable us to produce specific antibodies with untoxic polysac­
charide immunogens. These in turn, we can use for the immunochemical 
characterization of the polysaccharide antigens. The most rewarding 
result, however, is the protection of man against infection with 
bacteria from which the polysaccharides were isolated. As shown on the 
bottom of Figure 18, specific antibodies induced with derivatives of the 
capsular polysaccharides will overcome the self defense of the bacteria 
by opsonization and thus shorten the unspecific preimmune phase of a 
bacterial infection in which we are most vulnerable. 
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Figure 16. Structure of the K5 polysaccharide and action of a K5-specific coliphage. 
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Figure 17. Coupling of capsular polysaccharides to protein. 
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Figure 18. Specific antibodies induced with derivatives of the capsular polysaccharide 
overcome bacterial self-defense by opsonization. 
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Analysis of the Primary Structure of Lipid A 
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Gram-negative bacteria such as Salmonella, Escherichia coli, 
Pseudomonas and Vibrio
of macromolecules which
drophilic and a hydrophobic region. These amphiphiles include 
capsular antigens (K-antigens) (1,2), the enterobacterial common 
antigen (ECA, present in Enterobacteriaceae) (3,4), the lipopro­
tein (LP, first detected in E. coli) (5,6) and lipopolysacchari­
des (LPS, also designated O-antigens or endotoxins) (7,8). In iso­
lated form, these amphipathic molecules express a number of com­
mon biological properties: they all bind to mammalian red blood 
cells, they are (in general) immunogenic, and they all are likely 
to be involved in bacterial virulence. Thus, the similar amphiphi-
lic make-up of these bacterial products finds its expression in 
similar biological activities. However, in a number of other bio­
logical effects, these amphipathic molecules differ markedly. 
Thus, lipopolysaccharides are potent pyrogens in man and rabbits. 
Furthermore, they are mitogens for B-lymphocytes (mouse) and they 
induce lethal toxicity in various experimental animals (7). The 
lipoprotein (E. coli) is also a B-cell mitogen; it is, however, 
devoid of pyrogenicity and lethal toxicity (6). K-antigens and 
the enterobacterial common antigen lack all of these latter acti­
vities. 

Investigations performed in various laboratories during the 
last decades have shown that most of the biological effects men­
tioned (which are shared or expressed individually by these amphi­
philes) are mediated by, or dependent on, their lipid regions (9). 
In view of the similar and differing biological activities of the 
lipid portions, chemical studies were performed in order to cha­
racterize structural components which determine those common and 
distinct activities. Such studies showed that the lipophilic por­
tion of K-antigens and ECA consist of a glycerol phosphate back­
bone carrying fatty acids which are also found in free phospholi­
pids of Gram-negative bacteria (mainly 16:0, 16:1, 18:0, 18:1) 
(1,2,4). The lipid component of lipoprotein was found to be made 
up of a diglyceride, bound by a thioether linkage to the mercapto 
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group of a cysteine residue, the a-amino group of which i s acyla-
ted. The fatty acids present comprise 16:0, 16:1, 17:cyclo and 
18:1 (5). 

Of the l i p i d portions of bacterial macromolecular amphiphi-
les, that of lipopolysaccharides i s the structurally most complex. 
For i t s designation the term l i p i d A has been coined. More speci­
f i c a l l y , i t was suggested that the l i p i d , as i t i s present i n i n ­
tact lipopolysaccharide, should be called l i p i d A, while the l i ­
pid in a separated form should be termed free l i p i d A (10,11). 
This nomenclature w i l l be used throughout this paper. In the f o l ­
lowing, ways and methods w i l l be described which have been used to 
elucidate the chemical structure of l i p i d A. The present discus­
sion w i l l deal in more d e t a i l with the elucidation of the struc­
ture of Salmonella l i p i d A. Relative to this structure, chemical 
features of other l i p i d A fs w i l l then be discussed. 

LIPID A STRUCTURE 

Treatment of Salmonella lipopolysaccharides with O.1 N ace­
t i c acid (2.5 h, 100°C) yields a precipitate which represents 
free l i p i d A. In acid hydrolysates (4 N HC1, 12 h, 100°C) of free 
l i p i d A, three main constituents are detected, i^.e^ 2-amino-2-
deoxy-D-glucose (D-glucosamine, ~17%, w/w), inorganic phosphate 
(~12%) and long-chain, nonhydroxylated fatty acids (12:0, 14:0, 
16:0) as well as larger amounts of (R)-3-hydroxytetradecanoic 
acid (total fatty acids -60%). (For other l i p i d A constituents, 
see below). In f i r s t , systematic studies, p a r t i a l structures of 
free Salmonella l i p i d A were obtained and i d e n t i f i e d as D-glucosa-
minyl-4-phosphate and N-3-hydroxytetradecanoyl-D-glucosamine (12, 
13). In addition, i t was found that mild a l k a l i treatment of free 
l i p i d A released part of the fatty acids. These findings taken 
together indicated that the l i p i d was made up of phosphorylated 
D-glucosamine residues carrying ester- and amide-bound fatty 
acids. Molecular weight determinations of free l i p i d A gave v a l ­
ues of approximately 2000 (13). This suggested that more than one 
substituted D-glucosamine residue i s present in a l i p i d A unit. 
Subsequent studies proposed that glucosamine residues in l i p i d A 
are interlinked by 1,4-phosphodiester bonds (14); however, in 
other investigations, evidence for g l y c o s i d i c a l l y interlinked glu­
cosamine residues was obtained (15). 

A number of investigators have since then been concerned 
with the structural make-up of Salmonella l i p i d A and have shown 
that l i p i d A i t s e l f i s an amphiphile consisting of a hydrophilic 
and a hydrophobic region. Here, approaches of our laboratory to 
the elucidation of these regions w i l l be described. 

Hydrophilic Region 

The L i p i d A Backbone An important step for the i s o l a t i o n and 
structural analysis of the hydrophilic region of l i p i d A was the 
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development of procedures for the selective degradation of l i p o ­
polysaccharides (16,40). The individual steps involved in one of 
these pathways are schematically shown in F i g . 1. Salmonella lipo-
polysaccharide (isolated from a Re mutant of Salmonella minneso-
ta) i s f i r s t treated with a l k a l i (O.2 N NaOH, 1 h, 100°C). By 
this procedure, ester-bound fatty acids are removed, while under 
these conditions amide-linked acyl groups are not liberated. The 
preparation obtained (alkali-treated lipopolysaccharide, LPS-OH, 
y i e l d 97% based on glucosamine) contains, besides 3-deoxy-D-manno-
octulosonic acid (KDO) and N-acyl groups, organic phosphate and 
D-glucosamine in a molar ra t i o similar to that found in native 
lipopolysaccharide (2.2:2.0). Treatment of preparation LPS-OH 
with acid (O.1 N HC1, 10-30 min, 100°C) yields a precipitate ( l i ­
pid A-OH; y i e l d r e l a t i v e to LPS-OH = 88%, based on glucosamine) 
which i s free of KDO but which s t i l l contains about 1 mole of or­
ganic phosphate re l a t i v e to 2 moles of D-glucosamine  Of the l a t
ter, 1 mole i s detectabl
without hydrolysis and
ve direct Morgan-Elson test, and since, in the acidic hydroly-
sate, about half of the phosphate bound to LPS-OH i s detected as 
inorganic phosphate, i t is concluded that this was o r i g i n a l l y 
linked to position 1 of a glucosamine residue. Reduction of l i p i d 
A-OH with NaBHi* (10 mg/O.1 ml, pH 10, 12 h, 50°C) yielded a ma­
t e r i a l ( l i p i d A-0H r e cj, y i e l d 67%, based on glucosamine and r e l a t i ­
ve to l i p i d A-OH) which was negative in the direct Morgan-Elson 
reaction and which contained 1 mole each of organic phosphate, 
glucosamine and glucosaminitol (the l a t t e r detected by the use of 
an amino acid analyser). Thus, 50% of the glucosamine present in 
l i p i d A-OH had been reduced, indicating the presence of a (phos-
phorylated) glucosamine-disaccharide in l i p i d A. L i p i d A-0H r e (j 
was then freed from amide-bound fatty acids and organic phosphate 
by treatment with hydrazine (anhydrous N H^, 40 h, 100°C). The 
material obtained was applied to high-voltage paper electrophore­
sis and, by means of ninhydrin, a spot was i d e n t i f i e d which co-
migrated with N-deacetylated c h i t o b i i t o l ( M Q 1 c N = 1.15). The elu-
ted material contained glucosaminitol and glucosamine in a molar 
rat i o of O.8 to 1, and was free of phosphate. From these data i t 
was concluded that l i p i d A contained a D-glucosamine-disaccharide. 
Treatment of the N-acetylated disaccharide preparation (yield 40%, 
based on glucosamine and re l a t i v e to l i p i d A-0H r e (j) with B-N-ace-
tyl-glucosaminidase quantitatively released D-glucosamine within 
less than 30 minutes. This showed that the D-glucosamine residue 
of the reduced pseudodisaccharide was present in the pyranose 
form and that i t was B-linked. 

In order to further study the anomeric configuration of glu­
cosamine and the linkage s i t e of glucosamine to glucosaminitol, 
the N-acetylated and reduced disaccharide was permethylated accor­
ding to Hakomori (17) and subjected to gas-liquid chromatography. 
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Reducing 
Fraction Schematic Formula (P) GlcN GlcN GlcNol 

mol/mol GlcN 

L P S (PHGicN)—< GlcN X ? ) 1.1 1.0 0 
(2.2) (2 0) 

1.1 1.0 O.01 
(2.2) (2.0) 

LPS-OH C^G)cN>-CGIcTr><P) 

OH OH 

Lipid A-OH (P><G'cN X GlcN) O.5 10 O.48 

4 H-
OH OH 

(10) (2.0) (1.0) 

Lipid A-0Hre<j CPXQIcN >-< GlcNol O.92 1.0 0 O.8 

i N 2 H 4 

OH OH 

Lipid A (^ICNV-CGICNOI 0 10 0 O.8 
Backbone ^ 
(reduced) ' 

Figure 1. Schematic representation of the preparation of the lipid A backbone of 
Salmonella minnesota Re lipopolysaccharide. (Reproduced with permission from Ref 

16. Copyright 1976, Eur. J. Biochem.J. 
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The peak obtained eluted l i k e a synthetic, B( 1—*6)-linked, redu­
ced and derivatized D-glucosamine disaccharide and could be 
c l e a r l y distinguished from the a(1—>6) as well as from the B(1—>3) 
and B(1—>4)-linked isomers (18). Mass spectrometric analysis of 
the material demonstrated the pattern characteristic for a redu­
ced, permethylated (1—*6)-linked N,N'rdiacetylglucosamine disaccha­
ride including the characteristic fragment at m/z = 218 (18). The 
other major fragments present have been assigned to the A-series 
fragmentation (m/z = 154, 228 and 260, glucosamine), D-series 
fragmentation (m/z = 142, 276, 346 and 378, glucosaminitol) and 
C-2/C-3 cleavage in the a l d i t o l moiety of the disaccharide (m/z = 
88 and 130). Fragments characteristic for (1—>3) or (1—»4)-linked 
N-diacetylglucosamine disaccharides such as m/z = 133, 390, 419 
and 422 were absent (18). 

These data unequivocally prove that the D-glucosamine d i ­
saccharide isolated fro
linkage. In e a r l i e r studies
approach, had also come to the conclusion that, in Salmonella l i ­
pid A, a B(1—*6)-linked D-glucosamine disaccharide was present 
(19) . Thus, our results confirm these e a r l i e r findings. 

As discussed above, one of the two phosphoryl groups pre­
sent in l i p i d A i s linked to the glycosidic hydroxyl group of the 
reducing glucosamine residue in the disaccharide. The location of 
the second phosphoryl residue was i d e n t i f i e d in the following way 
(20) . Salmonella minnesota Re lipopolysaccharide was treated with 
hydrazine (10 h, 100°C), mild acid, and NaBH^• By this procedure, 
and after p u r i f i c a t i o n , a reduced glucosaminyl disaccharide was 
obtained which contained one phosphate residue. When this material 
had been exhaustively oxidized with periodate, glucosamine (-phos­
phate) was no longer detectable. I f , however, the sample was f i r s t 
N-acylated and then oxidized, glucosamine (-phosphate) was detec­
table in an amount ide n t i c a l to that present in the sample prior 
to oxidation. These findings indicate that the ester-bound phos­
phate group i s linked at position 4 1 of the nonreducing glucosami­
ne residue of the disaccharide. 

In a similar way i t was demonstrated that in Salmonella min­
nesota Re LPS, KDO i s bound to the nonreducing glucosamine r e s i ­
due in the l i p i d A backbone, presumably to position 3 f (20). Re­
cent experiments of our laboratory involving methylation analysis 
indicate that, in Proteus m i r a b i l i s , the polysaccharide component 
is linked to position 6 1 of the l i p i d A backbone (21). 

In summary, these data show that Salmonella l i p i d A contains 
a 2-amino-6-0-(2-amino-2-deoxy-B-D-glucopyranosyl)-2-deoxy-D-glu-
cose unit which carries phosphoryl residues in position 1 and 4 f, 
the glycosyl phosphate being a-linked (37). This structure is 
called the l i p i d A backbone. 

A very similar or ident i c a l backbone has l a t e r been i d e n t i ­
f i e d in a number of other enterobacterial l i p i d A fs including 
that of Escherichia c o l i , Proteus m i r a b i l i s , Shigella sonnei, 
Shigella f l e x n e r i , Yersinia enterocolitica and Serratia marces-
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cens. In addition, a phosphorylated B(1—>6)-linked D-glucosamine 
disaccharide has been i d e n t i f i e d in l i p i d A of Pseudomonas aeru­
ginosa, Pseudomonas alcaligenes, Xanthomonas sinensis, Chromobac-
terium violaceum, Rhodopseudomonas gelatinosa, Rhodospirilium 
tenue, Vibrio cholerae, Rhizobium t r i f o l i i , Aeromonas salmonici-
dae, Fusobacterium nucleatum, Selenomonas ruminantium and Myxo-
coccus fulvus (for l i t e r a t u r e compare (8)). 

Substituents^ Linked to Phosphate Groups of the L i p i d A Backbone 

Substituents of the ester-linked phosphate group Lipopolysaccha­
ride of a Re-mutant of Proteus m i r a b i l i s (R45) i s similar to the 
lipopolysaccharide of the Salmonella minnesota Re-mutant (R595) 
in that i t contains a phosphate to glucosamine r a t i o of approxi­
mately 2.4:2.0 ((21), F i g . 2). When the degradation procedure 
described for Salmonella
lipopolysaccharide, an unexpecte
On treatment of Proteus lipopolysaccharide with a l k a l i (O.2 N 
NaOH, 1 h, 100°C) a material was obtained (LPS-OH, y i e l d 61%) 
which contained only 1.2 moles of phosphoryl groups per 2 moles 
of glucosamine. This was in contrast to Salmonella LPS-OH where 
about 2 moles of phosphate per glucosamine disaccharide were 
i d e n t i f i e d . The phosphoryl group s t i l l present in LPS-OH of Pro­
teus could be quantitatively liberated by treatment with acid 
(O.2 N HC1, 30 min, 100°C), indicating that i t had been g l y c o s i -
d i c a l l y bound to the backbone disaccharide. This finding suggested 
that the phosphate residue removed by a l k a l i had been bound as an 
ester, and i t was assumed to be substituted by an unknown group, 
f a c i l i t a t i n g (by c y c l i s a t i o n ?) its alkali-catalyzed l i b e r a t i o n . 

In order to identify the unknown residue, the dialysate, af­
ter alkaline hydrolysis of P. m i r a b i l i s lipopolysaccharide (O.2 N 
NaOH, 1 h, 100°C), was subjected to paper electrophoresis, the mo-
lybdate-positive region (neutral) treated with phosphatase and 
again analysed by paper electrophoresis. Both ninhydrin and AgN03-
staining revealed a spot which co-migrated with authentic 4-amino-
4-deoxy-L-arabinose. Analyses of the material with the amino acid 
analyser showed a peak with an absorption ratio (440 nm : 590 nm) 
of about 5.9 and co-eluting with authentic 4-amino-4-deoxy-L-ara-
binose (38). These results indicated that the material released 
from lipopolysaccharide by a l k a l i was identical with 4-amino-4-
deoxy-L-arabinosyl-1-phosphate. The nature of this aminopentose 
was further studied and i t s amount determined by combined g a s - l i ­
quid chromatography/mass spectrometry. Proteus lipopolysaccharide 
was N-acetylated, hydrolysed (O.02 N HC1, 10 min, 100°C), and the 
released material reduced and peracetylated. On gas-liquid chro­
matography, a single peak (O.38 ug/mg LPS = 1.0 mol per 2 moles 
glucosamine) was obtained, the mass spectrum of which showed inter 
a l i a fragments at m/z = 288 (M), 217, 145 and 144, expected for 
peracetylated 4-amino-4-deoxy-arabinitol. 

4-Amino-4-deoxy-L-arabinose had been previously found 
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Fraction Schematic Formula GlcN 
Reducing 
GlcN GlcNol 

LPS 

LPS-OH 

Lipid A-OH 

Lipid A 
Backbone 

(reduced) 

mol/mol GlcN 

(GlcN )-<~Gl 

NH2 NH2 

GlcNol 

O.57 
(11) 

O.86 

Figure 2. Schematic representation of the preparation of the lipid A backbone of 
Proteus mirabilis Re lipopolysaccharide (21). 
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attached to the ester-linked phosphate group in Chromobacterium 
violaceum l i p i d A (22) and in subsequent studies i t was also iden­
t i f i e d as a non-obligatory constituent of various Salmonella spe­
cies (11,23). After deamination of Salmonella and Proteus lipopo­
lysaccharide, 4-amino-4-deoxy-L-arabinose i s no longer detectable. 
I t , thus, i s present in the pyranose form. In Salmonella, 4-amino-
4-deoxy-L-arabinose appears to be B-linked (37). In the other 
lipopolysaccharides mentioned, the anomeric configuration of the 
aminopentose has not been established. 

It i s emphasized that examples are known where the ester-
bound phosphate group i s not substituted (8,35,36). 

Substituents of the g l y c o s i d i c a l l y - l i n k e d phosphate group In 3 1 P -
nuclear magnetic resonance studies on Salmonella minhesota Re l i ­
popolysaccharide which had been subjected to mild hydrazine treat­
ment (30 min, 60°C), a signa
seen which was shown t
After treatment of the material with mild acid (O.05 N HC1, 20 min, 
100°C) this signal disappeared and, in the hydrolysate (besides 
inorganic phosphate) phosphorylethanolamine could be detected. 
Quantitative determinations showed that the amount of phosphoryl­
ethanolamine (and inorganic phosphate) released, and the amount 
of pyrophosphodiester groups as determined by 3 P nmr, were com­
parable and i t was concluded that the Salmonella l i p i d A disaccha­
ride, at i t s reducing end, has a pyrophosphorylethanolamine sub-
stituent. The substitution of the glycosidic phosphate group of 
the Salmonella l i p i d A backbone by pyrophosphorylethanolamine, 
however, i s not quantitative. By chemical and spectroscopic ana­
lyses, the degree of substitution was determined to be dependent 
on the lipopolysaccharide preparation (bacterial batch) and to be 
in the order of 20-60%. 

Other studies showed that the glycosidic phosphate group of 
l i p i d A fs i s also substituted in Chromobacterium violaceum (by 
D-glucosamine, (22)), in Rhodospirillum tenue ?by furanosidic D-
arabinose, (30)) and, p a r t i a l l y , in Escherichia c o l i (by phos­
phate, (36)). In a number of bacterial groups, however, the gly­
cosidic phosphate appears to be unsubstituted (for l i t e r a t u r e see 
( 8 ) ) . 

Hydrophilic Region - Summary 

The findings described may be summarized in the following 
way: 

The structural p r i n c i p l e i d e n t i f i e d in many l i p i d A's as the 
hydrophilic backbone, a phosphorylated B(1—*6)-linked D-glucosa-
minyl disaccharide, i s present in closely related and taxonomi-
c a l l y remote groups of bacteria. Therefore i t represents an ubi­
quitous and common component of l i p i d A fs from various Gram-nega­
tive bacteria. A D-glucosaminyl disaccharide being B(1—*6)-linked 
has, to our knowledge, not been found in other natural substances. 
Hence, this structure i s unique and characteristic for L i p i d A. 
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The l i p i d A backbone, depending on i t s bacterial source, may 
be substituted at i t s phosphate groups by, in general, nitrogen-
containing residues which are not acylated. So far only one group, 
namely 4-amino-4-deoxy-L-arabinose has been i d e n t i f i e d as a sub-
stituent of the phosphate residue ester-bound to the nonreducing 
glucosamine group of the backbone. Different types of groups, 
however, may be linked to the glycosidic phosphoryl residue atta­
ched to the reducing glucosamine in l i p i d A of d i s t i n c t bacteria. 

In contrast to the backbone structure which represents a 
constant portion of l i p i d A the phosphate groups with their var­
ious substituents comprise a variable region of l i p i d A. This na­
t u r a l , obviously r e s t r i c t e d interbacterial diversity of phosphate 
substituents demonstrates that l i p i d A's of different o r i g i n are 
d i s t i n c t in their fine structure. In some cases (l i k e Salmonella 
and Escherichia) the substitution of the backbone phosphate group 
i s not quantitative. Thi
ven lipopolysaccharide
l i p i d A component. 

Hydrophobic Region 

Nonhydroxylated and hydroxylated fatty acids (C10-C18) comprise 
the hydrophobic region of l i p i d A fs. Among these, cyclopropane 
and, in general, unsaturated fatty acids are lacking. In the f o l ­
lowing, procedures are described which were applied for the deter­
mination of the nature, quantity and binding s i t e of fatty acids 
present in Salmonella l i p i d A (39). 

Total fatty acids were liberated by subjecting Salmonella 
minnesota Re lipopolysaccharide (or free l i p i d A) to acidic (4 N 
HC1, 5 h, 100°C) followed by alkaline (1 N NaOH, 1 h, 100°C) hy­
d r o l y s i s . After extraction (chloroform), the free fatty acids 
were converted into their methyl esters (diazomethane) and ana­
lysed by combined gas-liquid chromatography/mass spectrometry. 
Alternatively, the fatty acids of l i p i d A are transesterified by 
treatment of lipopolysaccharide with methanolic HC1 (2 N HC1 in 
water-free CH30H, 18 h, 85°C). By these procedures the following 
fatty acids were i d e n t i f i e d (in approximate amounts r e l a t i v e to 
2 moles glucosamine): dodecanoic (12:0, 1.1 mole), tetradecanoic 
(14:0, O.8 mole), hexadecanoic (16:0, O.9 mole), 2-hydroxytetrade­
canoic (2-0H-14:0, O.1 mole), and 3-hydroxytetradecanoic acid 
(3-OH-14:0, 4 moles). In t o t a l , therefore, approximately 7 moles 
of fatty acids are present per mole of l i p i d A backbone. The ste­
reochemistry of the hydroxylated fatty acids was determined by 
gas-liquid chromatography of their diastereomeric methoxyacyl-L-
phenylethylamide derivatives ( 2 4 ). It was found that 2-hydroxyte-
tradecanoic acid possesses the~Ts), and the predominating 3-hy­
droxytetradecanoic acid the (R) configuration. 
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Ester-bound fatty acids The l i p i d A backbone provides hydroxy1 
and amino groups as possible linkage sites for fatty acids. In 
order to determine the nature of ester-bound fatty acids (linked 
to hydroxyl groups) Salmonella lipopolysaccharide was treated 
with a l k a l i (O.2 N NaOH, 1 h, 100°C), a procedure expected to se­
l e c t i v e l y cause O-deacylation. In the alkaline hydrolysate, appro­
ximately 1 mole of each 12:0, 14:0 and 16:0 and 2 moles of 3-0H-
14:0 were found (the l a t t e r figure includes a r t i f i c i a l l y formed 
A 2—14:1). This shows that a l l nonhydroxylated fatty acids, as 
well as half of the amount of 3-OH-14:0, present in Salmonella 
l i p i d A are ester-bound. When O-deacylation was performed with 
sodium methylate (O.25 N Na0CH3 in CH30H, 56°C., 1 h) the g a s - l i ­
quid chromatogram showed peaks corresponding to 12:0 and 16:0 (as 
methyl esters) in the expected amounts. It was, however, surpris­
ing to find that the methyl ester of 14:0 was lacking from the 
chromatogram, that onl
methanolysate, and tha
acid had been formed. 

These unexpected results were then tentatively explained 
as being the result of an alkali-catalyzed B-elimination reaction 
involving an ester-bound 3-hydroxytetradecanoic acid residue 
which i s acylated at i t s 3-hydroxyl group by tetradecanoic acid 
(Fig. 3). Such a structure, on treatment with methylate, should 
be converted into A 2-tetradecenoic acid ester and subsequently, 
by a nucleophilic addition of methylate, to racemic 3-methoxyte­
tradecanoic acid methyl ester. Thus, 1 mole of (R)-3-0(tetradeca-
noyl)-tetradecanoic acid ester i s transformed to 1 mole of (R,S)-
3-methoxytetradecanoic acid ester. The B-eliminated (not trans-
es t e r i f i e d ) product (14:0) should be present as the free fatty 
acid and, therefore, not be migrating l i k e a methyl ester on gas-
l i q u i d chromatography. This free fatty acid should, however, 
elute as the methyl ester i f the methanolysate i s additionally 
carboxymethylated (Fig. 3). A corresponding experiment showed 
that indeed tetradecanoic acid methyl ester was present on chro-
matograms after carboxymethylation of the methanolysate. These 
findings support the reaction sequence delineated above (25). 

Therefore, of the 2 moles of ester-bound 3-OH-14:0 one i s 
3-0-acylated by tetradecanoic acid; the other should carry a 
free 3-hydroxyl group. This l a t t e r assumption was proven to be 
correct by the following experiment. L i p i d A was treated with 
t-butyldimethylsilylchloride, ester-bound fatty acids were trans-
e s t e r i f i e d by Na0CH3 and analysed by gas-liquid chromatography. 
Besides the other expected fatty acid methyl esters (12:0, 16:0, 
3-OCH3-14:0) approximately 1 mole (per 2 moles glucosamine) of 
the t-butyldimethylsilylether of 3-hydroxytetradecanoic acid me-
thylester could be i d e n t i f i e d (26). 

Amide-linked fatty acids The fact that O-deacylation of lipopoly­
saccharide with Na0CH3 (56°C) released (in addition to 12:0, 14:0 
and 16:0) only 2 moles of the 4 moles of 3-OH-14:0 present in 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



9. RIETSCHEL ET AL. Primary Structure of Lipid A 205 

lipopolysaccharide, suggested that the remaining portion of 3-0H-
14:0 (2 moles) was amide-linked. This assumption was supported by 
the finding that, by strong alkaline hydrolysis (4 N KOH, 5 h, 
100°C) of O-deacylated lipopolysaccharide (LPS-OH), 3-OH-14:0 was 
the only fatty acid liberated (1.4 mol/2 moles glucosamine). On 
treatment of LPS-OH with acid (4 N HC1, 4 h, 100°C) and subse­
quent a l k a l i (1 N NaOH, 1 h, 100°C), or by acidic methanolysis 
(2 N HC1 in CH30H, 18 h, 85°C) also 3-OH-14:0 was released (1.6 
mol/2 moles glucosamine). In addition, however, larger amounts of 
trans-A 2-tetradecenoic acid (O.3 mol/2 moles glucosamine) were 
present i n the l a t t e r hydrolysate. Since in acid hydrolysates of 
untreated lipopolysaccharide this unsaturated acid was present in 
s i g n i f i c a n t l y smaller amounts (O.1 mol/2 moles glucosamine) i t 
was concluded that A2-14:1 represented an a r t i f a c t generated by 
an alkali-induced B-elimination reaction of substituted 3-OH-14:0 
residues. Subsequently
of LPS-OH (but not of untreate
acid (12:0, O.5 mol/2 moles glucosamine) was liberated. In addi­
tion, treatment of LPS-OH (but not of lipopolysaccharide) with 
deuterium gas(D2) yielded a material from which deuterated 14:0 
could be liberated (27). These findings confirmed that, in lipopo­
lysaccharide, amide-bound 3-OH-14:0 i s , at the 3-hydroxyl group, 
substituted by a so far unknown residue. 

In order to characterize the unknown substituent, free l i p i d 
A was subjected to procedures supposed to sel e c t i v e l y release N-
acyl residues. It was expected that these procedures would l i b e ­
rate 3-OH-14:0 s t i l l carrying the substituent in question. Among 
the procedures available for selective cleavage of amide-bound 
acyl residues, the method described by Kraska et a l . (28) was 
applied f i r s t . This method involves methylation of acylamido 
group-containing compounds with methyl iodide in the presence of 
s i l v e r salts (Fig. 4). S i l v e r salts are supposed to complex the 
free electron pair of the amide nitrogen, thus preventing N-me-
thylation but rather enforcing methylation of the carbonyl oxygen 
yielding a methyl acylimidate. With mild acid at room temperature 
(10% H3P0t|, 15 min) the acylimidate i s cleaved whereby the o r i ­
g i n a l l y amide-linked acyl residue is liberated in the form of i t s 
methyl ester. 

When this method, in a s l i g h t l y modified form, was applied 
t o Salmonella free l i p i d A, mainly two compounds were liberated 
which were detected by gas-liquid chromatography and characteri­
zed by mass spectrometry. The spectrum of the f i r s t compound was 
i d e n t i c a l with that of authentic 3-hydroxytetradecanoic acid, 3-
O-acylated by dodecanoic acid (3-0-dodecanoyl-tetradecanoic acid 
methyl ester, 3-0(12:0)-14:0) (27). The mass spectrum of the se­
cond peak showed, inter a l i a , characteristic fragments at 496 
(M ), 465 (M-31), 239, 240 and 241, thus corresponding to 3-0-
hexadecanoyl-tetradecanoic acid methyl ester (3-0(16:0)-14:0). 
Therefore, the two components present in Salmonella l i p i d A in 
amide linkage and released by the above described procedure 
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( L i p i d A) 

2=0 H 3 C 0 ^ ° "*°^c*° H 3 C 0 ^ c ^ 0 
I I I I 
C H 2 0 0 C H 3 C H 2 0 ~0CH 3 CH OCH3 C H 2 

I II I II ^ J » II I 
H C - O - C H C - O - C ^ CH HC-OCH3 
(CH2),7 R (CH

C H 3 C H 3 R C H 3 C H 3 

H 3 C O . ^ 0 
C H 2 N 2 t Y 

R 

Figure 3. fi-Elimination reaction involving a 3-acyloxyacyl group present in lipid A in 
ester linkage. 

\ / 0 C H 3 
C 
1 
CH 2 0 
I I 

HC- O-C-R 
(CH 2 ) /7 

R I 
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I 
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Figure 4. Steps involved in the selective liberation ofamide-bound acyl groupsfrom free 
lipid A. (Reproduced with permission from Ref. 21. Copyright 1982, Federation of 

European Biochemical Societies.) 
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represent 3-OH-14:0 carrying at their 3-hydroxyl groups 12:0 and 
16:0, respectively. 

Quantitative analyses revealed that approximately 1 mole 
3-0(12:0)-14:0 i s present per mole of l i p i d A backbone (27). The 
y i e l d of 3-O(16:0)-14:0 was lower (O.3 mol/2 moles glucosamine) 
than expected with regard to the amount of 16:0 present in free 
Salmonella l i p i d A (O.8 mol/2 moles glucosamine). This low y i e l d 
may find i t s explanation in the fact that acylimidate formation 
i s greatly influenced by the anomeric configuration of the sub­
stituted hexosamine. Thus, treatment of benzyl-2-acetamido-3,4,6-
tri-0-acetyl-2-deoxy-B-D-glucopyranoside with CH3I/Ag largely 
yields the O-methylated product (yield 83%), while no detectable 
amount of methylacetimidate i s formed with the a-anomer (28). In 
Salmonella l i p i d A, the nonreducing D-glucosaminyl residue i s 
present in the B-pyranose form. Hence, the formation of the me­
thyl acylimidate i s expecte
ducing glucosamine residu
at i t s glycosidic hydroxyl group a phosphoryl group i s l i k e l y to 
possess the a-configuration (37). Thus, methyl acylimidate f o r ­
mation should take place to only a minor extent. The fact that 
3-O(12:0)-14:0 i s detected in the expected amounts (-1 mole equi­
valent) could therefore mean that this group i s linked to the 
nonreducing glucosamine residue. Furthermore, the small y i e l d of 
3-0-(16:0)—14:0 could indicate that this residue i s bound to the 
reducing glucosamine residue of the backbone. This l a t t e r hypo­
thesis i s in accordance with the finding that, from free l i p i d A 
(Salmonella), treated with B F ; o ( C 2 H 5 ) + (29), 3-0(12:0)-14:0 aid 3-0 
(16:0)-14:0 are liberated in similar amounts (although in low y i e l d , 
~10%). Interestingly, this reaction proceeds equally well with 
both a and B anomeric substrates. 

A similar d i s t r i b u t i o n of fatty acids has also been detected 
in l i p i d A of other bacteria (Fig. 5). Thus, in Fusobacterium 
nucleaturn, 2 moles of (R)-3-0H-14:0 are ester-bound, one of which 
is 3-0-acylated by 14:O. In amide linkage, (R)-3-0(14:0)-16:0 i s 
present. In Vibrio cholerae, a dimer of (R)-3-OH-12:0 i s bound 
as an ester while (R)-3-0-(14:0)-14:0 and (R)-3-0-(16:0)-14:0 are 
amide-linked. The l i p i d A component of Chromobacterium violaceum 
possesses 2 moles of (R)-3-OH-10:0 in ester linkage. The amide-
bound acyl groups are represented by (R)-3-OH-12:0 residues which 
are 3-0-acylated by 12:0 and (S)-2-0H-12:O. In P. m i r a b i l i s , 3-Ott-
14:0 i s , l i k e in Salmonella, ester-and amide-bound. In this case, 
however, exclusively 14:0 substitutes the 3-hydroxyl groups of 
both 0- and N-linked 3-OH-14:O. 

Hydrophobic Region - Summary 

From the conclusion that 12:0 and 16:0 are quantitatively 
bound to hydroxyl groups of amide-linked 3-OH-14:0, i t follows 
that, of the fatty acids present in Salmonella l i p i d A, only (R)-
3-hydroxytetradecanoyl residues (4 mol/2 moles glucosamine) are 
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B a c t e r i a O-Acy

Salmonella 
minnesota 

(R)-3-0H 14:0 
(R)-3-0(14:0)-14:0 

( R ) 3 0 ( 1 2 : 0 ) - 1 4 : 0 
(R)-3-0(16:0)-14:0 

Fusobacterium 
nucleatum 

(R) 3-OH 14:0 
(R)-3-0(14:0)-14:0 

(R)-3-0(14:0)-16:0 

V i b r i o 
cholerae 

( R ) 3 0 ( ( R ) - 3 - 0 H - 1 2 : 0 ) - 1 2 : 0 (R)-3-0(14:0)-14:0 
(R)-3-0(16:0)-14:0 

Chromobacterium 
violaceum 

(R) 3-OH 10:0 (R)-3-0(12:0)-12:0 
(R)-3-0((S)-2-OH-12:0)-12:0 

Figure 5. Ester- and amide-bound acyl groups present in lipid As of different bacterial 
species. 
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bound d i r e c t l y to the backbone disaccharide, 2 moles to hydroxyl 
and 2 moles to amino groups. In contrast to previous assumptions, 
the nonhydroxylated fatty acids (and 2-0H-14:0) are not linked to 
the l i p i d A backbone, but are attached in a s p e c i f i c d i s t r i b u t i o n 
as esters to hydroxyl groups provided by ester- and amide-bound 
3-OH-14:0 residues. 

Therefore, a l l b i o l o g i c a l l y active l i p i d A preparations stu­
died so far contain as the dominating l i p o p h i l i c constituent 
ester- and amide-bound (R)-3-hydroxy fatty acids which carry, at 
their 3-hydroxyl group, other fatty acids. (R)-3-acyloxyacyl 
groups are found in evolutionary d i s t i n c t groups of Gram-negative 
bacteria. This structural p r i n c i p l e , therefore, represents common 
and ubiquitous feature of l i p i d A's of various o r i g i n . Since (R)-
3-acyloxyacyl groups are, i n general, missing in other l i p i d s of 
Gram-negative bacteria, they are characteristic and unique for 
l i p i d A. 

Salmonella L i p i d A 

The findings discussed in this paper provide a basis for the 
construction of a structural model of Salmonella l i p i d A. Figure 
6 shows our present view of this structure. Salmonella l i p i d A 
consists of a B(1—>6)-linked D-glucosamine disaccharide which 
carries phosphoryl groups in position 4 1 of the nonreducing, and 
in position 1 of the reducing glucosamine residue. The pyranosi-
dic a-D-glucosaminyl structure (reducing glucosamine) shown in 
Fig . 6 has recently been proven (37). The phosphate group in po­
s i t i o n 4 f i s p a r t i a l l y (approximately 20-60%) substituted by non-
acylated 4-amino-4-deoxy-L*^arabinose, which has been shown to be 
B-linked (37). The phosphate residue occupying the glycosidic 
hydroxyl group in position 1 i s p a r t i a l l y (approximately 30-60%) 
substituted by phosphorylethanolamine residues. 

The amino group of the nonreducing glucosamine residue of 
the disaccharide i s acylated by a (R)-3-0-dodecanoyl-tetradecanoyl 
group. The amino group of the reducing glucosamine residue carries 
(R)-3-hydroxytetradecanoic acid which i s substituted, at the 3-
hydroxyl group, by hexadecanoic acid. It i s l i k e l y that this l a t ­
ter substitution i s quantitative. One backbone hydroxyl group 
represents the attachement s i t e of the polysaccharide portion in 
intact lipopolysaccharide. It i s presently assumed that in Sal­
monella this i s the hydroxyl group in position 3 1 of the nonre­
ducing glucosamine residue. Hence, this hydroxyl groups is unsub-
stituted in free l i p i d A. The hydroxyl groups in positions 3 and 
4 as well as 6 1 could carry the ester-bound fatty acid residues. 
These comprise 1 mole of each (R)-3-hydroxytetradecanoic and (Iy-3-
0-(tetradecanoyl)-tetradecanoic acid. In this l a t t e r structure, 
approximately 10% of tetradecanoic acid are present as the a-oxi-
dation product, ^.e^ (S)-2-hydroxytetradecanoic acid. However, 
the sum of 3-0(14:0)-14:0 and 3-0(2-0H-14:0)-14:0 equals approxi­
mately 1 mole equivalent. 
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It i s obvious that, for the binding of the two moles of 0-
acyl groups present, three hydroxyl groups are available on the 
l i p i d A backbone. There could be a random di s t r i b u t i o n of the two 
(R)-3-hydroxytetradecanoyl residues over the three available hy­
droxyl groups, and also of tetradecanoic and 2-hydroxytetradeca-
noic acid over the two 3-hydroxyl groups of these residues. Such 
a statistical binding pattern would create a great number of Sal­
monella l i p i d A structures, and consequently, an enormous hetero­
geneity. Alternatively, the 2 moles of 0-acyl residues are linked 
to two defined hydroxyl groups. From such a di s t r i b u t i o n , i t would 
follow that one hydroxyl group of the backbone i s not acylated. 
In Rhodospirilium tenue, the hydroxyl group in position 4 of the 
l i p i d A backbone carries a glucosaminyl residue (30) and, thus, 
cannot be acylated. I t , therefore, i s tempting to speculate that 
also in Salmonella i t i s the hydroxyl group in position 4 which 
does not carry a fatty aci
is bound to the hydroxy
that in position 6 1 as shown in F i g . 6. It i s emphasized, however, 
that experimental data supporting this d i s t r i b u t i o n are presently 
not available. Figure 6 does not show the trace amounts of (R)-3-
0(decanoyl)-tetradecanoic and (R)-3-0(dodecanoyl)-dodecanoic acid 
recently i d e n t i f i e d in Salmonella minnesota l i p i d A (27). 

General Structure of L i p i d A's 

The general principles governing the architecture of Salmo­
n e l l a l i p i d A also apply to the l i p i d A component of other Gram-
negative bacteria. Figure 7 represents a proposal for a general 
structure of the b i o l o g i c a l l y active l i p i d A's studied so fa r . 
Characteristic for, and present i n , most l i p i d A's i s a diphospho-
rylated, B(1—>6)-linked, D-glucosaminyl disaccharide which carries 
in amide linkage (R)-3-acyloxyacyl residues. Also common to most 
l i p i d A's are ester-bound (R)-3-hydroxy fatty acids which may be 
3-0-acylated. Individual l i p i d A's, however, d i f f e r from each 
other (see Fig.7) by 1. The presence and nature of residues atta­
ched to the backbone phosphate groups (positions A and B), 2. 
Other substituents of the glucosaminyl-disaccharide, such as D-
glucosamine (in Rhodospirilium tenue, position C), 3. The type 
(normal, branched) and chain length of fatty acids, and 4. The 
facultative 3-0-acylation of ester-linked 3-hydroxy fatty acids 
(position D). Variation of these parameters creates a larger num­
ber of related, but not i d e n t i c a l , chemical structures, i^je. l i ­
pid A structures. (For a more detailed discussion of these struc­
tures compare (8,31). 

CONCLUDING REMARKS 

Subsequent to the f i r s t structural proposals, our views on 
the chemical structure of l i p i d A have changed considerably. Today, 
a quarter of a century l a t e r , certain principles of the l i p i d A 
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Figure 7. Proposed general structure of lipid As of different bacterial origin (34). Circled 
letters indicate points of structural variation of different lipid As. The figure does not 
take into account the recent finding (21) that, in Proteus mirabilis Re lipopolysaccharide, 
the polysaccharide portion is linked to position 6' of the lipid A backbone and not to 

position 3' as indicated. 
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structure (backbone, fatty acid composition) are well recognized 
and established. Other structural d e t a i l s , however, remain to be 
studied and elucidated Oe.j;. the location of ester-bound acyl and 
3-acyloxyacyl groups). Furthermore, present proposals for struc­
tural models of l i p i d A are fragmentary in that they account only 
i n s u f f i c i e n t l y for the heterogeneity of l i p i d A. As discussed, 
lipopolysaccharides and free l i p i d A are amphiphiles which form 
aggregates and micelles, a property which has so far largely pre­
vented the successful, direct application, to bound l i p i d A, of 
modern a n a l y t i c a l , physicochemical techniques (such as nuclear 
magnetic resonance). Such techniques have, however, been applied 
to substructures of lipopolysaccharides and l i p i d A which were 
prepared by controlled degradation. The strategy of investigating 
isolated substructures of l i p i d A harbours, however, the innate 
disadvantage that during preparation and p u r i f i c a t i o n of one frag­
ment, another may escap
components of Salmonell
and l i p i d A) amounts to almost 100% (8). Thus, i t i s unlikely 
that a major l i p i d A component has been overlooked, but this pos­
s i b i l i t y cannot be ruled out at present. In summary, proposals 
for l i p i d A structures remain provisional. Such proposals should 
be regarded as structural models which indicate the general archi­
tecture of l i p i d A and which summarize i t s known elements. They 
certainly cover the major part of l i p i d A but they may be incom­
plete. 

Despite these uncertainties several laboratories have now 
started to chemically synthesize l i p i d A substructures and analo­
gues (32). These preparations are presently being compared with 
(native) free l i p i d A by physicochemical methods of analysis, and 
are being tested in a variety of biological systems (33). It i s 
obvious that these synthetic samples w i l l be of great significance 
in the v e r i f i c a t i o n of the structural proposals made for l i p i d A. 

The synthetic l i p i d A preparations w i l l furthermore help 
to answer the question as to the nature of groups which are essen­
t i a l for the mediation of the biological a c t i v i t i e s of l i p i d A. 
Among these are a c t i v i t i e s which are shared by a l l known amphi­
philes from Gram-negative bacteria (e.£., binding to mammalian 
c e l l s ) , a c t i v i t i e s which are common to some molecules (such as B-
lymphocyte mitogenicity which i s expressed by l i p i d A and the l i ­
pid component of the lipoprotein), and f i n a l l y , a c t i v i t i e s which 
are s p e c i f i c to l i p i d A (pyrogenicity, l e t h a l i t y ) . It i s known 
that, for a f f i n i t y to c e l l membranes, fatty acids in amphiphiles 
are e s sential. For this a c t i v i t y to be expressed, no structural 
r e s t r i c t i o n with regard to the type of long chain fatty acid and 
the nature of the polyol backbone to which fatty acids are atta­
ched is known. Evidently, more stringent structural requirements 
have to be met to endow a bacterial amphiphile with immunological 
or endotoxic a c t i v i t i e s . Thus, the mitogenically active minimal 
structure of the lipoprotein has been shown to be N-hexadecanoyl-
L-cysteine (methyl ester) (6). It is hoped that also the now avai-
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lable l i p i d A analogues, the chemical synthesis of which i s des­
cribed and discussed in this symposion w i l l , in the near future, 
help to define structures and conformations which determine the 
endotoxic a c t i v i t i e s characteristic for lipopolysaccharides and 
l i p i d A. 

ADDENDUM (May 1983) 

Since the completion of the present manuscript (December 
1982) further chemical and physicochemical studies have shed new 
l i g h t on the structure of l i p i d A. The results of these recent 
investigations are b r i e f l y summarized below. 

As described in this paper KDO i s , in Proteus m i r a b i l i s , 
linked to position 6 1 of the l i p i d A backbone (21) . This was also 
found to be true for Salmonella minnesota (41) and Escherichia 
c o l i (42,43). Therefore
charide portion) in enterobacteria
primary hydroxyl group position 6 1 of the l i p i d A glucosamine-
disaccharide and not, as was previously assumed, the hydroxyl 
group in position 3 f. In addition in free E. c o l i l i p i d A, the 
attachment points of the two ester-bound (R)-3-hydroxytetradeca-
noyl residues were, by 2D-NMR analysis, i d e n t i f i e d as positions 3 
and 3 f of the l i p i d A backbone (44). This finding i s in accord 
with the demonstration that the ester-bound (R)-3-hydroxytetrade-
canoyl group present in a monomeric l i p i d A precursor molecule 
(E. c o l i ) i s linked to the hydroxyl group in position 3 (45). 
Further, in free l i p i d A of E. c o l i the hydroxyl group on C-4 was 
shown to be free (44) . This result i s supported by our recent 
finding (46) that in free l i p i d A of E. c o l i and minnesota the 
hydroxyl group in position 4 can be methylated by diazomethane 
(in the presence of S i 0 2 ) . F i n a l l y , by subjecting free l i p i d A 
fractions of S0 typhimurium to positive fast atom bombardment 
mass spectrometry i t was demonstrated that (R)-3-0-(14:0)-14:0 i s 
bound to the nonreducing and (R)-3-OH-14:0 to the reducing glucos­
amine unit of the backbone, respectively (47). 

In l i g h t of this new evidence the Salmonella l i p i d A struc­
ture (Fig. 6) requires certain modifications. A proposal for the 
chemical structure of Salmonella l i p i d A which takes in account 
the above discussed new findings and which is in accord with the 
present knowledge i s presented in F i g Q 8 Q 
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U s e o f E n d o t o x i n in C a n c e r Immunotherapy 

a n d Character izat ion of Its N o n t o x i c but Act ive 

Lipid A C o m p o n e n t s 
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When crude endotoxi
Salmonella typhimurium
mycobacteria in oi l droplets and injected directly into estab­
lished tumors (line 10 hepatocellular carcinoma) in syngeneic 
guinea pigs, rapid regression of the tumors occurs and over 90% of 
the animals are cured. The three required components for activity 
in this tumor model are: (a) the endotoxin; (b) the mycobacterial 
adjuvant, trehalose dimycolate; and (c) a compound satisfying the 
minimal structural requirement (muramyl dipeptide) for adjuvant 
activity by bacterial cel l wall materials. The mycobacterial cel l 
wall skeleton is able to replace the latter two components. 

Since endotoxin is very toxic to humans, a method was sought 
to render it nontoxic and yet retain its tumor regression acti­
vity. We detoxified endotoxic extracts and diphosphoryl l ipid A 
obtained from S. typhimurium G30/C21 by controlled acid hydrolysis 
to yield a product that retained the ability to synergistically 
enhance the antitumor properties of mycobacterial adjuvants. The 
chemical structure of the nontoxic product was established by 
f irst purifying it by preparative thin layer chromatography, anal­
yzing the purified l ipid A by reverse-phase high performance 
liquid chromatography, and finally by determining its exact mole­
cular mass by fast atom bombardment mass spectrometry. The non­
toxic but active product was shown to be a 4'-monophosphoryl l ipid 
A containing ester-linked lauroyl-, 3-hydroxymyristoyl-, and 
3-myristoxymyristoyl grouips. This l ipid may represent a potential 
candidate for use in the immunotherapy of human cancer. 

Early History of Tumor Immunology 

The suggestion that the control of cancer may be effected by 
immunologic methods was made about 100 years ago. At that time, 
William Coley observed that tumors either partially or totally 

1Current address: Hirosaki University School of Medicine, Department of Bacteriology, 
Hirosaki 036, Japan 
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regressed in patients following an acute bacterial infection (1). 
Today we know that an aroused immune system, which plays a protec­
tive role against infectious disease, also plays a major role in 
the host's defense against cancer. The effective ingredient of 
Coley fs bacterial vaccine appeared to be endotoxin, which caused 
hemorrhagic necrosis of the tumor. Although the antitumor a c t i ­
v i t y of endotoxin has been extensively studied for at least 50 
years, endotoxin had come to be regarded as of questionable value 
for the treatment of tumors. It rarely led to tumor elimination 
with the concomitant production of systemic tumor immunity but 
rather to p a r t i a l regression followed by resumption of growth. 

It was not u n t i l the late 1960's that encouraging experimental 
and c l i n i c a l results were obtained from the treatment of tumors 
with bacterial preparations other than endotoxins, primarily with 
an attenuated antituberculosis vaccine consisting of l i v i n g bac­
t e r i a of Mycobacterium bovi
tumor c e l l s . However,
complications• 

Because of the need for more potent, nonviable immunothera-
peutic agents that can be administered without harmful side 
effects, a major objective of our research effort was to identify, 
isolate, and evaluate chemically defined microbial components that 
are effective antitumor agents. 

Development of Well-Defined Cell-Free Components 

Preparations of BCG c e l l wall in o i l droplets were as effec­
tive as viable BCG i n inducing regression of established skin 
tumors (li n e 10) of inbred guinea pigs and in eliminating lymph 
node metastases upon intralesional injection (2). By frac­
tionating the BCG c e l l wall we have obtained components that 
retain antitumor a c t i v i t y , and have the potential advantages of 
increased potency and reduced al l e r g e n i c i t y ( 3 , 0 • To isolate and 
define the c e l l wall components required for tumor regression, we 
f i r s t digested the c e l l walls with proteolytic enzymes to remove 
proteins and then exhaustively extracted them with organic 
solvents to liberate free l i p i d s . The resulting c e l l wall skele­
ton (CWS), an insoluble, polymeric mycolic acid-arabinogalactan-
mucopeptide, had reduced antitumor a c t i v i t y compared with c e l l 
walls. But f u l l a c t i v i t y was restored when CWS was combined with 
trehalose dimycolate ( P 3 ) , obtained from the free l i p i d s of the 
c e l l wall (5). 

Efficacy of Endotoxin in Tumor Immunology 

We found that P3 combined with c e l l walls of endotoxin con­
taining gram-negative bacteria, such as Escherichia c o l i and 
Salmonella, induced complete regression of line 10 tumors (6). 
This led to a reinvestigation of the value of endotoxins, which 
were known to be equally powerful microbial adjuvants (poten-
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tiators of immune responses) as the above described mycobacterial 
c e l l wall fractions, namely CWS and P3. 

In agreement with the early findings, when the endotoxin was 
injected alone into line 10 tumors, we observed a necrotic reac­
tion leading to pa r t i a l regression and the tumor shortly resumed 
i t s growth. However, when certain preparations of endotoxin, in 
combination with P3 in o i l droplets, were injected into 
established tumors, a high rate of cures concomitant with the 
development of specific tumor immunity was attained. The animals 
rejected a subsequent challenge with a lethal dose of line 10 
tumor c e l l s (6). The data are summarized in Table I. A l l of the 
tumors disappeared when 150 yg of endotoxin obtained from the 
rough mutant of Salmonella typhimurium was combined with 50 yg of 

Table I. Synergistic Effect Between C e l l Wall Skeleton (CWS) and 
Endotoxins (ET

Material associated with o i l 
droplets injected into tumors a 

Dose 
(yg) 

Cured/Total Percent 
cured 

ET 150 0/8 0 
P3 150 0/217 0 
ET + P3 150 + 50 8/8 100 
Puri f i e d ET + P3 150 + 50 0/8 0 
CWS 300 14/16 88 
CWS 50 1/16 6 
CWS + purified ET 50 + 50 8/8 100 
Puri f i e d ET + P3 + ACP b 150 + 50 + 150 54/67 81 
ACP + P3 C 150 + 50 0/9 0 
a R i b i et a l . (7) b R i b i et a l . (8) 
cTakayama ejt a l . (9) 

P3. When the endotoxin preparation was freed of peptides, 
phospholipids, and divalent cations, i t lacked the tumor 
regressive potency. We noted muramic acid, alanine, and glutamic 
acid among the principal nitrogenous components present in the 
endotoxic extract, and observed that the proportion of each of 
these components was lowered s i g n i f i c a n t l y during the preparation 
of purified endotoxin (10). These are the components that make up 
the minimal structural entity, N-acetylmuramyl-L-alanyl-D-
isoglutamine (muramyl dipeptide), of the mucopeptide moiety of the 
bacterial CWS that is responsible for adjuvant a c t i v i t y (11). We 
considered the p o s s i b i l i t y that the product of autolysis of the 
Salmonella CWS may have been co-extracted with the endotoxic 
g l y c o l i p i d s . Since the CWS of mycobacteria but not that of 
Salmonella contains mycolic acid esters (to replace P3 i n addition 
to the peptidoglycan moiety, i t was not surprising to find that 
the tumor regressive potency of the peptide-free endotoxin could 
be restored by the addition of mycobacterial CWS (10). As l i t t l e 
as 50 yg of CWS and 50 yg of purified endotoxin sufficed to give 
100% regression. A ten-fold lower quantity of purified endotoxin 
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s t i l l led to a cure rate of 78%. The tumor regressive potency of 
pur i f i e d endotoxin also could be restored by the addition, to the 
pur i f i e d endotoxin plus P3, of a preparation of acetone-chloroform 
precipitate (ACP), a nontoxic peptide-containing side fraction 
obtained during the is o l a t i o n of endotoxin (10). The tumors 
treated with this endotoxin mixture regressed rapidly ( i n about 
one week), whereas tumors treated with a 300 yg dose of CWS plus 
P3 regressed slowly ( i n about 2-3 weeks). 

The Problem of Toxicity of Endotoxin 

Human, horse, dog, and rabbit are known to be highly suscep­
t i b l e to the toxic effects of endotoxin whereas small animals such 
as guinea pig and mouse are r e l a t i v e l y resistant (Table I I ) . As 
an example, a single injection of 150 yg of endotoxin can be 
lethal to a horse. Becaus
to endotoxin, i t s potential
been realized. In the past, endotoxin preparations were usually 
described by their degree of toxicity and pyrogenicity. We and 
other investigators had previously explored the p o s s i b i l i t y of 
using chemical modification techniques to selectively reduce the 
t o x i c i t y and pyrogenicity of endotoxins while retaining adjuvan-
t i c i t y (15-19). The aim was to provide chemically defined, non­
toxic adjuvants which were capable of enhancing nonspecific resis­
tance to bacterial infections and of synergistically enhancing the 
tumor regressive potency of mycobacterial CWS (10). Because the 
experiments were done with heterogenous mixtures of endotoxin 
whose structures are unknown, the observed biological a c t i v i t y 
could not be related d i r e c t l y to any specific component(s). 

An Approach to Purifying Endotoxin and Its Derivatives 

It was our working hypothesis that complete s o l u b i l i z a t i o n and 

Table I I . Lethal Dose of Endotoxin and Detox 

Detox 

Test subject 
Endotoxin 

(U8) 
Detox 3 

(ug) 
is less toxic 
by factor of 

Mouseb 100-500 >10,000 >20->100 
Guinea p i g c >300 ND — 
Horse d 150 >20,000 >130 
Dog e 100 >4,000 >40 
Human^ 1-100 ND — 
Rabbit b 1-10 >15,000 >1,500->15,000 
Chick embryoS <O.0008 >10 >10,000 
a C a n t r e l l and R i b i , unpublished results ^Milner et a l . (12) 
c R i b i jit a U (10) dBottoms j 2 t jrt. (13) eHinshaw et a l . Tl4) 
f S u s c e p t i b i l i t y is estimated to be similar to that of dog and 
rabbit. &Takayama et^ ail. (9) 
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disaggregation are required before one is able to fractionate 
amphipathic compounds such as mixtures of endotoxic glycolipids. 
The purified endotoxin prepared by microparticulate gel chroma­
tography appeared to meet these requirements, and work is in 
progress to fractionate this complex mixture (8). Purified endo­
toxin was suspended in O.02 M sodium acetate, pH 4.5, and heated 
at 100 °C for 30 min according to Rosner et a l . (20) to cause the 
li b e r a t i o n of the 2-keto-3-deoxyoctonate (KDO) moiety. The appli­
cation of two cycles of this treatment to purified endotoxin 
removed 99% of the KDO without the loss of toxicity (Table I I I ) . 
Since the starting material was prepared from the heptose-less Re 
mutant of JS. typhimurium, the purified endotoxin fraction is 
regarded as a KDO-lipid A complex and the KDO-free residue 
resulting from the above treatment is then defined as toxic l i p i d 
A. The presence of KDO was not essential for t o x i c i t y . 

Table I I I . Lethalit

Lethality for 
Recovery KDO chick embryos 

Material % u mol/mg CELD 5 0, yg c 

P u r i f i e d endotoxin — 1.13 O.012 
Toxic l i p i d A a 41 O.014b O.031 
a P u r i f i e d l i p i d A was treated with two cycles of sodium acetate 
pH 4.5, 100 °C., 30 min. 
b 99% of KDO was removed. c Ribi et a l . ( 8 ) 

Preparation of Nontoxic L i p i d A 
When purified endotoxin was treated with O.1 N HCl for 30 min 

at 100 °C., the resulting nondialyzable residue was also free of 
KDO but was nontoxic (CELD5Q, >10 yg) and nonpyrogenic (FI40J 20 
yg) (Table IV). We have designated this product nontoxic l i p i d A 
(Detox) and demonstrated i t s low toxicity in four animal species 
(Table I I ) . The nontoxic l i p i d A in combination with P3 and ACP 
(or CWS) retained a degree of tumor regressive potency (80% cures) 
similar to that observed with the toxic l i p i d A (88% cures) and 
the purified endoxtoxin (81% cures). 

Results of chemical analysis showed that the glucosamine and 
tot a l fatty acid contents of the KDO depleted, toxic l i p i d A and 
the nontoxic l i p i d A were essentially the same but that the non­
toxic l i p i d A was s i g n i f i c a n t l y lower in the phosphorus content 
(Table V). The molar ratio of glucosamine:phosphorus:fatty acids 
was 2:2:4 for the toxic l i p i d A and 2:1:4 for the nontoxic l i p i d 
A. The relative molar dist r i b u t i o n of normal fatty acids ( l a u r i c , 
myristic, and palmitic acids) and the 3-hydroxymyristic acid did 
not indicate a correlation between the content of these components 
and t o x i c i t y . The nontoxic l i p i d A possessed as high a tumor 
regression a c t i v i t y when combined with CWS as did the purified 
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endotoxin from which i t was prepared (Table V l ) 0 , Cantrell and 
Ri b i , unpublished r e s u l t s ) . Whereas a 150 yg dose of endotoxin 
was lethal to a horse (Table I I ) , the administration of 20,000 yg 
of the nontoxic l i p i d A caused no detectable lethargic reactions 
or rise in the body temperature. 

Table IV. Antitumor Effect of Toxic and Nontoxic Glycolipids 

Pyrogenicity Line 10 i tumor regression 
Material for rabbits +P3 +ACP +P3 
tested CELD 5 0,ug (FI40, yg) cured % cured «, 

tota l t o t a l 
P u r i f i e d ET a O.026 O.049 1/26 4 54/67 81 
Toxic l i p i d A a O.031 ND ND 7/8 88 
Nontoxic l i p i d A >10 20 ND 27/32 84 

(Detox) 3 

ACP b >10 
a R i b i et a l . (8) bTakayama et a l . (9) 

Table V. Chemical Composition of Endotoxin (ET), Purified ET, 
and L i p i d A 

Material Total fatty 
tested Glucosamine Phosphorus KDO acid 

nmol/mg (mole/2 moles glucosamine) 
ET 3 638 (2) 941 (2.95) 911 (2.86) 1715 (5.37) 
Pur i f i e d ET b 932 (2) 1055 (2.26) 1134 (2.43) 1821 (3.91) 
Toxic l i p i d A b 1182 (2) 1122 (1.90) 14.1 (O.02) 2658 (4.49) 
Nontoxic l i p i d A 1157 (2) 713 (1.23) 9.8 (O.02) 2510 (4.30) 

(Detox) b 

3Amano £t a l . (21) b R i b i et a l . (8) 

Table VI. Synergy Between Endotoxin (ET), Nontoxic L i p i d A (Detox), 
and Mycobacterial C e l l Wall Skeleton (CWS) in Regressing 

Line 10 Tumors3 

Material associated with 
o i l droplets injected Dose Cured/Total Percent 

into tumors (yg) cured 
CWS 50 10/48 20 
ET 150 0/8 0 
CWS + ET 50 + 50 8/8 100 

50 + 5 6/8 75 
Detox 50 0/18 0 
CWS + Detox 50 + 50 50/52 96 

25 + 25 9/10 90 
50 + 8 4/8 50 

lCantre11 and R i b i , unpublished data 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



10. TAKAYAMA ET AL. Use of Endotoxin in Cancer Immunotherapy 225 

We have shown that the treatment of disaggregated, purified 
endotoxin with HCl reproducibly led to complete detoxification 
(CELD50, >10 yg), whereas similar treatment of conventional endo­
toxin extracts (with CELD50 of O.004 yg) led to only p a r t i a l 
detoxification (CELD50, O.25 yg). The failure to detoxify this 
l a t t e r extract might be due to the aggregation of the endotoxin 
and i t s protective effect on aci d - l a b i l e groups, resulting in 
incomplete hydrolysis. This may explain the e a r l i e r reported 
results where a mere 10-fold decrease in toxicity was observed 
following acid treatment of endotoxic phenol-water extracts (22). 

P u r i f i c a t i o n of L i p i d A 

We showed the existence of a toxic and a nontoxic l i p i d A 
fraction in the acid hydrolyzed endotoxin preparation (23). These 
two fractions were separate
the purified component
tural features of l i p i d A to both toxicity and tumor regression 
a c t i v i t y (23). 

Figure 1 shows the scheme for the preparation of purified 
l i p i d A from endotoxin. j>. typhimurium G30/C21 was extracted by 
the method of Galanos et a l . (24) and submitted to one of two d i f ­
ferent conditions of hydrolysis: (a) O.1 N HCl [in methanol-water 
(1:1, v/v)], 100 °C., 45 min, to y i e l d the crude monophosphoryl 
l i p i d A (nontoxic), and (b) O.02 M sodium acetate, pH 4.5, 100 °C 
for 30 min (two cycles) to y i e l d the crude diphosphoryl l i p i d A 
( t o x i c ) . The O.1 N HCl hydrolysis product was fractionated on a 
Sephadex LH-20 column (23). Each of these fractions was then 
separated by preparative thin layer chromatography (TLC) on s i l i c a 
gel H (500 ym), with the solvent system chloroform-methanol-water-
concentrated ammonium hydroxide (50:25:4:2, v/v) as previously 
described (23) to yi e l d TLC fractions 1-7 and 1-9 respectively. 

Chemical Analysis of Pur i f i e d L i p i d A 

The results of the chemical analysis of these fractions are 
given in Table VII. For the monophosphoryl l i p i d A (TLC-1, -3, 
and -5), the glucosamine:phosphate ratio was 1.98 to 2.15, whereas 

Table VII. Chemical Analyses of Mono- and Diphosphoryl L i p i d A 

L i p i d A 
Content (ymol/mg) Monophosphoryl a Diphosphoryl 0 

TLC-1 TLC-3 TLC-5 
Phosphate O.54 O.52 O.58 O.81 
Glucosamine 1.07 1.12 1.24 O.76 
KDO O.0 O.0 O.0 O.01 
Glucosamine/Phosphate 1.98 2.15 2.14 O.95 

(molar ratio) 
a Qureshi jit a l . (23) b This sample contained 20-25% s i l i c a gel. 
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S. TYPHIMURIUM G30/C21 

SOLVENT EXTRACTION 

GALANOS-TYPE 
ENDOTOXIN 

1. O.1 N HCL HYDROLYSIS 

2. SEPHADEX LH-20 COLUMN 

CRUDE MONOPHOSPHORYL 

LIPID A 

TLC 

TLC BAND #1-7 

PH 4 . 5 HYDROLYSIS 

CRUDE DIPHOSPHORYL 

LIPID A 

TLC 

TLC BAND #1-9 

Figure 1. Scheme for preparing and purifying mono- and diphosphoryl lipid A from 
endotoxin obtained from S. typhimurium G30/G21. 
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in the unfractionated but TLC-purified diphosphoryl l i p i d A, the 
ratio was O.95. A l l fractions were v i r t u a l l y devoid of KDO. 

High Performance Liquid Chromatography (HPLC) of Monophosphoryl 
L i p i d A 

The analysis of the purified monophosphoryl l i p i d A by 
reverse-phase HPLC revealed the degree of purity of the fractions 
TLC-1, -3, -5, and -7 (23). TLC-1 and -3 each gave one major peak 
(85%), and these peaks had identical elution times. TLC-5 showed 
one major (72%) and one minor (18%) peak. TLC-7 resolved into one 
major (48%) and two minor (21 and 16%) peaks. One of the minor 
peaks in TLC-7 (16%) was the overlapping contaminant of the minor 
components in TLC-5. Representative results of the HPLC analysis 
of 14 C -labeled TLC-3 and -5 are shown in Figure 2. 

Fast Atom Bombardment (FAB

Pu r i f i e d monophosphoryl l i p i d A (TLC-1 through -9) were anal­
yzed by FAB mass spectrometry in the negative mode, gave the 
results summarized in Table VIII. TLC-1 gave a major molecular 
ion (M-H)" at m/z 1730. Its ester-linked fatty acid composition 
would be one mole each of 3-hydroxymyristic, l a u r i c , and 
3-myristoxymyristic acids per mole of l i p i d A. TLC-1 also con­
tained a methyl group (possibly as a methyl gycoside or a methyl 
phosphate) that was probably added to the l i p i d during acid hydro­
l y s i s of the sugar 1-phosphate in the presence of methanol. TLC-3 
gave a molecular ion at m/z 1716. Its ester-linked fatty acid 
composition was identical to that of TLC-1. The major component 
of TLC-5 gave a molecular ion at m/z 1506. Its ester-linked fatty 
acid composition would be two moles of 3-hydroxymyristic and one 
mole of lauric acids per mole of l i p i d A. Other minor ions were 
observed in TLC-1 through -7. F i n a l l y , TLC-9 gave a molecular ion 
at m/z 1098. A molecule of this l i p i d would contain a single 
ester-linked 3-hydroxymyristic acid residue. The ester-linked 
fatty acid dist r i b u t i o n , molecular formulas of the free acids, and 
their Mr were determined as shown in Table IX. 

Table VIII. FAB Mass Spectral Analysis of Puri f i e d Monophosphoryl 
L i p i d A a 

TLC Fraction 
m/z (M-H)" 

TLC Fraction Molecular ion Other ions 
TLC-1 1730 1716, 1520, 1294 
TLC-3 1716 1520, 1506, 1294, 1280 
TLC-5 1506 1534, 1520, 1280 
TLC-7 1280 1324, 1308, 1294 
TLC-9 1098 None 
Reprinted from Ref. 23. 
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Table IX. Ester-linked Fatty Acid Content, Molecular Formulas and 
Molecular Weights of Fractions of P u r i f i e d Monophosphoryl L i p i d A a 

Monophosphoryl l i p i d A 
fraction Ester-linked fatty a c i d p Molecular 

(major component) 0H-C 1 4 C 1 2 MM formula 0 Mrc 
TLC 1 1 1 1 C95H179U22N2P 1731.2 
TLC-3 1 1 1 C 94H 1 77022N2P 1717.2 
TLC-5 2 1 0 C80H15lO22N2P 1507.0 
TLC-7 1 1 0 C66Hl25°19 N2 P 1280.8 
TLC-9 1 0 0 C54H103OI8N2P 1098.7 
a Qureshi et a U (23) 
D OH-C14, 3-hydroxymyristic acid; MM, 3-myristoxymyristic acid 
c Calculated as the fre  acid 

Relating the Mono- and Diphosphory  L i p i

The TLC purified diphosphoryl l i p i d A was hydrolyzed in O.1 N 
HCl at 100 °C for 30 min to y i e l d the corresponding monophosphoryl 
l i p i d A derivatives as previously described (23). These products 
were then compared with previously characterized monophosphoryl 
l i p i d A fractions by TLC using s i l i c a gel H (250 ym) and the pre­
viously mentioned solvent system. The TLC fractions -3, -5, -7 of 
the acid hydrolyzed diphosphoryl l i p i d A series corresponded with 
a si m i l a r l y numbered series of monophosphoryl l i p i d A fractions 
(TLC-3, -5, and -7). There appeared to be some breakdown of the 
monophosphoryl l i p i d A products to the lower homologues presumably 
by the acid catalyzed hydrolysis of some fatty ester linkages. 
TLC-1 and -9 were not analyzed due to small sample sizes. 

The TLC purified diphosphoryl l i p i d A fractions (TLC -3, -5, 
and -7) were analyzed by FAB mass spectrometry in the negative 
mode as previously described (23) and the results are shown in 
Table X. TLC-3 gave a molecular ion (M-H)~ at m/z 1796; TLC-5, 
m/z 1586; TLC-7, m/z 1360. As expected, these values were 80 amu 
or (PO3H2-H) larger than those for the corresponding 
monophosphoryl l i p i d A's of the series as shown in Table VIII. 
These results established the structural relationship between the 
mono- and diphosphoryl l i p i d A's. 

Toxicity and Tumor Regression A c t i v i t y of P u r i f i e d L i p i d A 

The results of the biological tests carried out on the 
pu r i f i e d monophosphoryl l i p i d A fractions are shown in Table XI. 
The chick embryo l e t h a l i t y test showed that both TLC-1 and -3 were 
nontoxic, whereas TLC-5 exhibited some to x i c i t y . These results 
indicate that there might be two levels of toxicity based on 
structure. The presence or absence of the sugar 1-phosphate group 
(and possibly some other unknown group) would control the upper 
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Table X. FAB Mass Spectral Analysis and Molecular Weight 
Determination of the Series of P u r i f i e d 

Diphosphoryl L i p i d A Fractions 

Molecular ion Mr* 
TLC fraction m/z (M-H)" 
TLC-3 1796 1797.2 
TLC-5 1586 1587.0 
TLC-7 1360 1360.8 
a Calculated as the free acid 

Table XI. Toxicity and Tumor Regression A c t i v i t y of Pu r i f i e d 
L i p i d A Obtained from S. typhimurium G30/C21 

Lin  10 tumo  regressio

Material tested Cured/tota
Diphosphoryl 

l i p i d A a O.033 33/36 92 
Monophosphoryl 

l i p i d A b 

TLC-1 >10 7/8 88 
TLC-3 >10 6/8 75 
TLC-5 O.199 8/8 100 

a Calculated sum and average of the diphosphoryl l i p i d A fractions 
V-VII from the DEAE-cellulose column as reported by Takayama jrt 
a l . (9; 

D Data from Qureshi j 2 t a l . (23) 

level of toxicity (macrotoxicity) and the degree or kind of 0-
acylation could control the lower levels of toxicity 
(microtoxicity). A l l three of the purified monophosphoryl l i p i d A 
fractions were active in the tumor regression assay. It is to be 
noted that the diphosphoryl l i p i d A mixture is both toxic and has 
tumor regression a c t i v i t y . We have thus associated the lack of 
t o x i c i t y and tumor regression a c t i v i t y to precise chemical struc­
tures of l i p i d A. 

Structure of Nontoxic Monophosphoryl L i p i d A 

The suggested structure for the nontoxic monophosphoryl l i p i d 
A is given in Figure 3. The phosphate group would occupy the 4'-
position of the 2-deoxy-2-amino-g-D-glucopyranosyl-(l->6)-2-deoxy-
2-amino-D-glucopyranose disaccharide. A lauroyl, 3-myristoxy-
myristoyl group or a hydrogen (R 2) would occupy the 3- and 4-
positions and a 3-hydroxymyristoyl residue (R^) would occupy the 
6'-position of the disaccharide. If there is a free hydroxyl 
group at position 3 or 4, the lauroyl group would be associated 
with one of the two nitrogen-linked hydroxy fatty acids (R^)• 
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Figure 3. Structure of nontoxic monophosphoryl lipid A. R, = 3-hydroxymyristoyl; 
R2 - lauroyl, 3-myristoxymyristoyl, or H. 
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This is the proposed structure of the highly O-acylated and non­
toxic TLC fraction 3. 

Significance of Nontoxic L i p i d A 

This nontoxic l i p i d may represent a potential candidate for 
use in the immunotherapy of human cancer. In addition, i t w i l l be 
interesting to determine to what extent this nontoxic l i p i d A can 
replace the toxic components in e l i c i t i n g the numerous other 
biological a c t i v i t i e s of l i p i d A. 
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11 
Chemical Synthesis of Lipid A for the Elucidation 
of Structure-Activity Relationships 

S. KUSUMOTO, M. INAGE, H. CHAKI, M. IMOTO, T. SHIMAMOTO, and T. SHIBA 

Osaka University, Faculty of Science, Department of Chemistry, Toyonaka, Osaka 560, Japan 

A synthetic rout
tion of an O,N-polyacy  glucosamin  β(1-6)disaccha­
ride 1,4'-diphosphate which corresponds to the pro­
posed structure of Salmonella-type l ip id A. Many 
structural analogs were prepared in order to eluci­
date the true structural requirements for the bio­
logical activities of l ip id A. 

"Lipid A", which is the l ipophilic component of bacterial 
lipopolysaccharide, was shown to possess many of the biological 
activities of lipopolysaccharide, ei.&., lethal toxicity, pyrogeni­
city, adjuvant activity, antitumor activity, and others. The 
chemical structure of l ip id A from Salmonella species was proposed 
by the group of Westphal to be an (),N-polyacyl derivative of 3(1-
6)-glucosamine disaccharide 1,4'-diphosphate as shown in Figure 1 
(1). Thereafter, this was confirmed by an independent study of 
Khorana et a l . on l ip id A of E. col i (2). Accordingly, the basic 
structure of l ip id A was shown to be a monomer of the acyl d i ­
saccharide diphosphate but not its polymeric form as previously 
assumed. However, l ip id A preparations from natural ce l l walls 
always contain many components, probably due to heterogeneity in 
type and number of acyl groups, lack of phosphate moieties or 
presence of polar head groups. In other words, natural l ip id A 
had never been obtained as a chemically pure substance. It had 
not been fully confirmed yet whether the multiple biological 
activities described for l ip id A could have been attributed to 
a single chemical entity of a definite structure. In this situa­
tion, synthetic approach seemed to be very useful to solve the 
remaining problems, since the proposed structure of l ip id A seemed 
to be no more an inaccessible target for synthetic chemists. We 
thus decided to start a synthetic study on l ip id A for the 
following purposes: 

0 0 9 7 - 6 1 5 6 / 8 3 / 0 2 3 1 - 0 2 3 7 $ 0 6 . 0 0 / 0 
© 1983 American C h e m i c a l S o c i e t y 
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1) Confirmation of the proposed structure of l i p i d A. 
2) Precise investigation on the relationship between chemical 

structures and biological a c t i v i t i e s , and elucidation of mini­
mum structural requirements for the a c t i v i t i e s . 

3) Preparation of a standardized sample of l i p i d A for experimen­
t a l and c l i n i c a l uses. 

Such an approach would only be possible by the use of pure, 
synthetic materials of various d e f i n i t e structures. Owing to the 
complex features of the target molecule, this synthetic study i s 
also a worthy challenge from the standpoint of chemists. As the 
target of our synthesis, we chose Salmonella-type l i p i d A, which 
had been studied most extensively, and planned to construct the 
structure i n the following order: 1) Preparation of a suitably 
protected 3(1-6)glucosamine disaccharide 2) Stepwise acylation of 
the desired positions of the disaccharide. 3) Phosphorylation of 
the 1- and/or 4'-hydroxy
many structural analog
using one disaccharide as a common synthetic intermediate. 

Synthesis of an Q,N-tetradecanoyl disaccharide 

F i r s t of a l l , the 2,2'-bis-N-3,4,6'-tris-0-tetradecanoyl 
3(l-6)-glucosamine disaccharide (̂ ) was prepared, which corre­
sponds to a bisdephospho derivative of Salmonella-type l i p i d A i n 
which a l l acyl groups are replaced by simple tetradecanoyl r e s i ­
dues (3). The monosaccharide components, ^ and ̂ , were prepared 
by conventional methods as shown i n Figure 2. They were coupled 
i n the presence of Hg(CN)2 to give a disaccharide ^, whose 3(1-6) 
structure was confirmed unequivocally (3). This disaccharide was 
used as the common synthetic precursor of a l l derivatives prepared 
i n this study k Because the 3'-oxygen was assumed to be linked to 
the polysaccharide part i n natural b a c t e r i a l lipopolysaccharide 
and should be a free hydroxyl group i n the f i n a l product, i t was 
protected with persistent benzyl group. The glycosidic position 
was protected with an a l l y l group, which could be removed at any 
late r stage of synthesis independently of the other protecting 
groups and as would be necessary for the preparation of glycosyl 
phosphates. The benzoyl group i n % was employed i n order to 
increase the s o l u b i l i t y of the molecule. 

The synthesis of ̂  was performed as outlined i n Figure 3. 
After selective removal of both N-acetyl groups with Meerwein's 
reagent, the free amino functions formed were acylated with 
tetradecanoyl chloride. A l l ester-type protecting groups were 
then removed with a l k a l i , the 4'- and 6'-hydroxyl groups protected 
by isopropylidene ketal formation, and the remaining two hydroxyl 
groups on C-3 and -4 were acylated again with tetradecanoyl chlo­
ride - pyridine. The glycosidic a l l y l group was next isomerized 
into the 1-propenyl group which was cleaved off with mercury s a l t . 
Hydrolysis of the 4',6'-O-isopropylidene group and selective 6'-
O-monoacylation at low temperature afforded a disaccharide ^ 
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Figure 1. The proposed structure of Salmonella-type lipid A. 

Figure 2. Preparation of the monosaccharide components 2 and 3. 
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R C O '· CH3(CH2)1 2CO 

Figure 3. Preparation of the O, N-tetradecanovI disaccharide 1. 
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which had a l l tetradecanoyl residues i n the designed positions. 
This was then hydrogenolyzed to give the desired compound ^. 

Now, a synthetic route could thus be constructed to prepare 
acyl disaccharides corresponding to ^, with any variation of acyl 
groups on desired positions. Even 3- and 4-hydroxyl groups could 
be differentiated i f necessary i n this synthesis, since the l a t t e r 
hydroxyl group has considerably lower r e a c t i v i t y . 

Synthesis of phosphates of the 0,N-tetradecanoyl disaccharide 

The next step of our synthetic study was the preparation of 
1- and/or 4'-phosphates of the acyl disaccharide ^, because i t 
seemed to be important to have both the 1- and 4'-monophosphates 
and the 1,4'-diphosphate i n order to know the role of both phos­
phate moieties for a c t i v i t i e s . Though we f i r s t attempted the 
direct and simultaneous
groups i n j^, this could
The two phosphate moieties were therefore introduced separately, 
using different procedures (4). 

Preparation of 1-phosphate was performed by use of the known 
oxazoline procedure (5). We f i r s t examined the reaction carefully 
using a simple model oxazoline ^ and found that both the a- and 3~ 
glycosyl phosphates were i n i t i a l l y formed i n this reaction but 
that eventually only the a-anomer remained. On reaction of ^ with 
dibenzyl phosphate, the presence of two new phosphates was ob­
served on TLC. They were i d e n t i f i e d to be the a- and &-glycosyl 
phosphates (^a^ and )j) after deprotection (Figure 4). However, 
when the reaction mixture was l e f t standing at room temperature, 
the amount of the fS-phosphate )^)^ decreased slowly, and the a-
anomer 10a was the sole product after 24h. This observation could 
be explained by assuming that the dibenzyl ^-phosphate tyfo was 
formed k i n e t i c a l l y and anomerized into the thermodynamically more 
stable a-anomer IQa. The early authors probably overlooked the 
presence of the p-anomer i n their reaction mixtures since they 
worked up after 48h. 

Although the anomeric configuration of the glycosyl phosphate 
in natural l i p i d A had not been elucidated at that time, i t was 
assumed to be ot and we employed a s u f f i c i e n t long reaction time 
for this phosphorylation to secure formation of a-phosphates i n 
the following synthesis. Meanwhile the natural glycosyl configu­
ration was established to be a (6) and our choice i s fortunately 
correct. 

Compound ^ obtained i n the above synthesis (Figure 3) was 
employed as the starting material for the preparation of the 1-
phosphate. Hydrolysis of the isopropylidene group followed by 6-
O-acylation and isomerization into the 1-propenyl glycoside 
afforded ^ (Figure 4). On reaction with HgCl2-HgO i n dry CH3CN-
CHCI3, this was converted into the s u f f i c i e n t l y pure oxazoline J^, 
which was treated d i r e c t l y with dibenzyl phosphate. Since the 
dibenzyl ester of the glycosyl phosphate was not stable and decom-
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Figure 4. Preparation of glycosyl phosphates by the oxazoline procedure. 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



11. KUSUMOTO ET AL. Lipid A Structure-Activity Relationship 243 

posed on standing, the reaction was interrupted after 24h by 
hydrogenolysis and the product was then p u r i f i e d . S i l i c a gel 
column chromatography yielded ^ which corresponds to the 1-a-
phosphate of the above acyl disaccharide ^. 

The 4'-monophosphate was also prepared from the same compound 
^ as above (Figure 5). Although the 4'-hydroxyl group i n }2 has 
rather low r e a c t i v i t y , i t s phosphorylation could be performed* with 
phenyl phosphate and dicyclohexylcarbodiimide (DCC) i n pyridine. 
The reaction product was converted into the benzyl phenyl ester 
(^) to f a c i l i t a t e p u r i f i c a t i o n . In contrast to the above d i ­
benzyl ester of the glycosyl phosphate, the benzyl phenyl ester of 
the 4'-phosphate was stable and could be p u r i f i e d by s i l i c a gel 
column chromatography after removal of the propenyl group without 
decomposition. Hydrogenolytic deprotection of ^ ( f i r s t with Pd-
black then with Pt02) afforded the 4'-monophosphate 17. 

By combining the abov
tion of the 1-a, 4'-diphosphat
phosphate residues, the more stable one on the 4'-position was 
introduced f i r s t . Thus, ^ was converted, v i a the corresponding 
oxazoline, into the f u l l y protected diphosphate J^, which on 
hydrogenolysis afforded 

Synthesis of acyl disaccharides containing (R)-3-hydroxytetra­
decanoyl moieties 

With the l i m i t a t i o n that a l l acyl groups were simple t e t r a ­
decanoyl, the structure of polyacyl glucosamine disaccharide phos­
phates corresponding to the basic structure of Salmonella-type 
l i p i d A could be constructed as described above. However, the 
synthetic tetradecanoyl-type l i p i d A analogs showed very poor 
s o l u b i l i t y i n water i n comparison with natural l i p i d A prepara­
tions. Although some of the synthetic phosphates showed several 
biological a c t i v i t i e s , , i n the antigenicity test, as already 
described by Dr. Luderitz at this symposium, the majority of the 
typ i c a l a c t i v i t i e s of natural l i p i d A could not be observed. Such 
differences i n physical and biological properties between synthet­
i c and natural materials might be due to the absence of 3-hydroxy 
fatty acids i n the former. These hydroxy acids are t y p i c a l compo­
nents of l i p i d A and are probably important for i t s a c t i v i t i e s . 

We then focused on the synthesis of l i p i d A analogs which 
contain 3-hydroxy fatty acids. For this purpose, s u f f i c i e n t 
amount of (R)-3-hydroxytetradecanoic acid ( ^ ) , which i s the 
commonest hydroxy acid i n Salmonella l i p i d A, was f i r s t prepared 
by means of an asymmetric reduction of the corresponding keto 
ester, I.e., methyl 3-oxotetradecanoate (^) (7). Catalytic 
hydrogenation of 21 i n the presence of Raney Ni modified with (R, 
R)-tartaric acid ^ a B r (8) afforded the crude (R)-ester i n 85% 
enantiomeric excess. After saponification, the resultant acid was 
pu r i f i e d through i t s dicyclohexylammonium s a l t to give the o p t i ­
c a l l y and chemically pure (R)-acid ^ i n a y i e l d of 61% from 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



244 BACTERIAL LIPOPOLYSACCHARIDES 

Figure 5. Preparation of 4'-monophosphate and 1-a,4'-diphosphate (19) of the 
0,N-tetradecanoyl disaccharide. 
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The noteworthy advantages of this method are that the pure acid 
can be prepared, on a hundred gram scale, and that even the un­
natural enantiomer, (S)-acid, can be obtained simply by use of 
(S,S)-tartaric acid for the modification of the Raney-Ni catalyst 
(Z>-

Before this acid could be used i n l i p i d A synthesis, i t s 3-
hydroxyl group had to be protected most preferably by benzylation. 
This was performed as shown i n Figure 6. Of the two benzylating 
procedures, that with trichloroacetimidate described recently by 
Iversen and Bundle (9) was preferable because of the shorter 
reaction time needed. Since this hydroxyl group i s on the &-
carbon atom of the carboxyl function, strong a l k a l i such as NaOH 
could not be used as i t caused {^elimination of benzyl alcohol 
from the product . 

With the protected hydroxy acid (22) i n hand, i t became 
possible to synthesize acy
Table I) which contain (R)-3-hydroxytetradecanoy
amino functions (and even on hydroxyl functions i n the case of ^ ) 
by means of a strategy similar to that described for the te t r a ­
decanoyl derivatives above. The only difference was that coupling 
of the benzyloxy acid (^) with amino and hydroxyl groups was 
effected not v i a acid chloride but with DCC and DCC - 4-dimethyl-
aminopyridine, respectively. The outline of the synthesis of ^ 
i s exemplified i n Figure 7. Compound ^ was prepared by removal 
of a l l O-protecting groups after N-acylation. 

A detailed study of the structure of natural l i p i d A then 
revealed the presence of 3-acyloxyacyl groups on the amino func­
tions of the disaccharide (10). (More recently, acyloxyacyl 
groups on oxygen functions of the disaccharide were also proposed. 
Cf. the presentation of Dr. Rietschel i n this symposium). Since 
the presence of branched a l k y l or acyl chains often influences the 
physical properies of l i p i d molecules, we next synthesized the N-
(R)-3-tetradecanoyloxytetradecanoyl derivative (%£) i n order to 
test the importance of such double acyl structures for the a c t i v i ­
ty. In this synthesis, the above strategy had to be modified 
s l i g h t l y . Ester-type protecting groups could not be removed i n 
the presence of the N-double acyl groups which already contain an 
ester structure i n themselves. This problem could be overcome by 
using the trichloroethoxycarbonyl protecting group which i s re­
sistant against Meerwein's reagent and cleavable without disturb­
ing other ester functions i n the molecule. The synthesis was per­
formed as shown i n Figure 8, the N-acetyl groups of the starting 
material being kept u n t i l a l l necessary 0-acyl groups had been 
introduced, and the 4'-hydroxyl group protected by t r i c h l o r o -
ethoxycarbonylation. After that, both N-acetyl groups were 
cleaved with Meerwein's reagent as above, and the tetradecanoyl­
oxy tetradecanoyl groups were introduced. Removal of the protect­
ing groups afforded the desired N-double acyl-type disaccharide 
(%JJ. This synthetic route would be also very useful i n case when 
one has to prepare various structural analogs which d i f f e r from 
each other only i n the amino-bound acyl groups. 
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0 Raney Ni modified with OH 

C H j t C H ^ C - C H 2 C 0 2 C H 3
 ( ' - ' K Q r t o r i c N a B r , C H 3 ( C H 2 ) 1 o C H C H 2 C 0 2 C H 3 

21 H2 1 * 1 0 0 "C c r u d e (/?)-Ester ( 8 5 •/. e. e.) 

D OH- 9 H 

* C H 3 ( C H 2 ) l 0 C H C H 2 C O 2 H 2) Recrystallization of ... . 
Dicyclohexylammonium Salt Pur* lArJ-ACId 

6H. from 21 m p 7 3 . c 20 
Coc)~ -16.2# (d.O. CHCl 3) 

C.HsCOCHjBr 9 H 9 9 BzlBr-AgjO in C«H6 60-/. 
* C H ^ C H ^ C H C H . - C - O - C H ^ C e H g * , 

9 8^* CdjCOBzl CF S0 H 65*/

O B z l 0 0 Z n " AcOH 9 B z l 

C H 3 ( C H 2 ) 1 o C H C H 2 - C - 0 - C H 2 C C 6 H 5 u q n t » C H 3 ( C H 2 ) 1 ( ) C H C H 2 C 0 2 H 
q u a n ' 22 syrup 

Figure 6. Preparation of (R)-3-hydroxytetradecanoic acid (20) and its 3-O-benzyl deriv­
ative (22). 

Figure 7. Preparation of the 0-tetradecanoyl-N-[(R)-3-hydroxytetradecanoyl] disac­
charide 24. 
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Table I. Structures and physical properties of 
synthetic l i p i d A analogs 

R 3 0 

HO 

-OR 

NH 

R R ' O ^ ^ A 
"V 0R< 

Compound R1 

1 Cm Cm H H 186-188 +11.4° (28°C) 
24 Cm-OH H H 192-1953) + O.41°(28°C) 
25 H Cm-OH H H 182-183 
26 Cm-OH Cm-OH H H 203-2043) - 4.7° (20°C) 
27 Cm-OH Cm-O-(Cm) H H 176-179 + 6.7° (20°C) 

1 7 1 } Cm Cm P H 187-191 +10.6° (14°C) 
2 8 2 ) Cm-OH Cm-OH P H 187-1893> - 7.2° (20°C) 
2 9 D Cm-OH Cm-O-(Cm) P H 183-1903) + 7.5° (20°C) 

1 4 l ) Ci i» Cm H P 145-150 +12.9° (18°C) 
4 0 2 ) Cm Cm-OH H P 177-181 +13.5° (20°C) 

1 9 a Cm Cm P P 208-2113) +14.7° (13°C) 
412* Cm Cm-OH P P 218-2223) +12.5° (15°C) 

*.5> 
5) 

Cm • tetradecanoyl 
Cm-OH : (R)-3-hydroxy tetradecanoyl 
Cm-O-(Cm) : (R)-3-tetradecanoyloxytetradecanoyl 

P : P0(0H) 2 

l) Triethylamine s a l t . 2) Na s a l t . 3) With decomposition. 
At 365 nm. 5) c O.3-1.0 i n CHCl3-MeOH (5:1). *> c O.5 i n 

CHCl3-MeOH-H20 (15:5:1). 7) c O.4-1.0 i n CHCl3-MeOH (3:1). 
8) c O.5 i n CHCl3-MeOH-H20 (50:10:1) 9) c O.5 i n CHCl3-MeOH-
H 20 (30:10:1). 

American Cfiemfcaf 
Society Library 
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Figure 8. Preparation of the O-hydroxyacyl-N-acyloxyacyl disaccharide 27. 
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Synthesis of phosphates of N-(3-hydroxyacyl)-type disaccharides 

The remaining problem i n our synthetic study i s the prepara­
tion of phosphates of N-hydroxyacyl- and N-double acyl-type d i ­
saccharides. 

41-Monophosphates. Concerning the preparation of 4'-phosphates, 
no d i f f i c u l t i e s were encountered. Application of the DCC - phenyl 
phosphate method to the corresponding derivatives with free 4 1-
hydroxyl groups afforded the 4'-phosphates of N-hydroxyacyl- and 
N-double acyl-type derivatives (2£ and 2^) (Figure 9 and Table 1). 

New preparative method for a-glycosyl phosphates. A new procedure 
had to be explored for preparation of glycosyl phosphates of N-(3-
hydroxyacyl)glucosamine
from such glucosamine (^
in a normal way but underwent elimination to y i e l d unsaturated 
compound (31) (Figure 10), giving no desired glycosyl phosphate at 
a l l . Another known preparative method for glycosyl phosphate v i a 
1-bromide (11) did not give satisfactory results either, though 
examined under various reaction conditions. 

In this situation, we examined the activation of glycosyl 
oxygen for glycosyl phosphate synthesis (12). Quite recently, a 
successful example of 1-0-activation was described by Granata and 
Pe r l i n i n the case of glucose (13). They prepared the 1 - a and 3 -
phosphates of 2,3,4,6-tetra-O-benzylglucopyranose by reaction of 
i t s 1-0-thallium s a l t with diphenyl phosphorochloridate. This 
method was applied to a model N-(3-hydroxyacyl)glucosamine deriva­
tive (Figure 11). When N-[(R)-3-acetoxytetradecanoyl]-3,4,6-tri-
O-acetylglucosamine (^2) was converted into i t s 1-0-thallium s a l t , 
and then treated with dibenzyl phosphorochloridate, the product 
isolated after deprotection (hydrogenolysis followed by removal of 
0-acetyl groups with NaOMe) was exclusively the 3-glycosyl phos­
phate of N-[(R)-3-hydroxytetradecanoyl]glucosamine (^)(^H-NMR 5 
5.05ppm, 1H, t, Ji,2=Ji,p=8Hz, H-l). No trace of the desired 
a-anomer was detected. 

Since the glycosidic carbon of the starting compound had 
exclusively the a-configuration as determined by the 13C-NMR 
spectrum, almost complete anomerization must have occurred during 
thallium s a l t formation and/or the phosphorylation step i n the 
above experiment. It could be expected therefore that the desired 
a-phosphate could be obtained i f metalation of the a-glycosyl 
oxygen and i t s prompt phosphorylation at low temperature could be 
effected avoiding anomerization. In fact, the a-glycosyl phos­
phate of N-[(R)-3-hydroxytetradecanoyl]glucosamine (34) was ob­
tained i n a t o t a l y i e l d of 83% from ^ by use of butyllithium for 
metalation. An outline of the procedure i s as follows. One 
equivalent of butyllithium i n hexane was added to a s t i r r e d solu-
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r-0-COR' 0-, 
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Figure 9. Preparation of the ^-monophosphate 28. 
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Figure 10. Reaction of the oxazoline 30 with dibenzyl phosphate. 
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Figure 11. A new phosphorylation method with butyllithium and a phosphoro­
chloridate. 
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tion of ̂2 i n dry THF at -70°C. After 2min, dibenzyl phosphoro­
chloridate was added and the mixture was s t i r r e d at -60°C for 
lOmin. Immediate hydrogenolysis followed by removal of a l l 0-
acetyl groups with NaOMe afforded the disodium s a l t of 34, whose 
a-configuration was ascertained with *H-NMR (6 5.49ppm, l b , dd, 
Ji ,2=3Hz, Ji,p=7Hz, H-l). This method could also be applied to 
glucosamine derivatives having simple N-acyl groups. For example, 
3,4,6-tri-O^-acetyl-N-tetradecanoylglucosamine (^) was si m i l a r l y 
converted i n a high y i e l d into the corresponding a-phosphate (^6) 
which was id e n t i c a l with an authentic sample obtained by the known 
oxazoline procedure. The desired a-glycosyl phosphates were 
formed se l e c t i v e l y , irrespective of the type of N-acyl groups. 

Furthermore, this phosphorylation reaction could be applied 
not only to the glycosyl position but also to other hydroxyl 
groups. When compound 38 (Figure 11) was treated with butyl­
lithium and diphenyl phosphorochloridat
phosphate 39 was obtaine
firmed by 360MHz ^-NMR. A quartet signal of H-4 (6 4.70ppm, 
J3,4=Ju,5=Ju,p=9Hz) indicated the presence of the phosphate moiety 
on C-4. 

This phosphorylation method i s thus a very convenient and 
ver s a t i l e one, especially adequate for our synthetic study of 
l i p i d A as u t i l i z e d below. It could be confirmed from the above 
experiments that no cleavage and transposition of acyl groups 
occurred by the use of butyllithium under the reaction conditions 
employed. 

Synthesis of 1-q-monophosphate and 1-a,4'-diphosphate. Compound 
which was obtained above and had two free hydroxyl groups on 

C-l an C-4', was used as the starting material for the preparation 
of the 1-a-monophosphate and 1-a,4'-diphosphate(Figure 12). 

After ^ had been treated with one equivalent of butyllithium 
and then with dibenzyl phosphorochloridate as above, the mixture 
was hydrogenolyzed immediately. Of the two free hydroxyl groups 
in %3y the more aci d i c one on C-l was phosphorylated s e l e c t i v e l y . 
The desired 1-a-monophosphate ̂  was isolated after p u r i f i c a t i o n 
with a s i l i c a gel column (CHCl3-Me0H-H20 40:10:1) as i t s sodium 
sa l t (65% from . 

By contrast, when the disaccharide was treated with two 
equivalents each of butyllithium and dibenzyl phosphorochloridate 
under otherwise similar conditions, the corresponding l-a,4'-
diphosphate was isolated as the sodium s a l t (23% from £3) after 
p u r i f i c a t i o n with a s i l i c a gel column (CHCl3-MeOH-H20 30:10:1). 
In this manner, we now succeeded to phosphorylate both free hydro­
xyl groups on C-l and C-4' d i r e c t l y and simultaneously even i n the 
presence of 3-hydroxyacyl moieties on the 2-amino groups of the 
disaccharide. This was, as already described, not possible by 
combination of the known procedures. 
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Figure 12. Preparation of the acyl disaccharide phosphates 40 and 41. 
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F i n a l remarks 

As the result of the present study, a synthetic method i s now 
available for the preparation of any desired derivative of 
Salmonella-type l i p i d A with or without phosphate groups. The 
compounds so far prepared i n this study are summarized i n Table 1. 
Any acyl groups including o p t i c a l l y active 3-hydroxyacyl as well 
as 3-acyloxyacyl groups can also be introduced into the desired 
positions. 

Results of biological tests of the synthetic compounds are 
now being accumulated i n many collaborative groups. Some of them 
were already discussed by Dr. Luderitz at this symposium. Many of 
the important a c t i v i t i e s of natural l i p i d A were already observed 
i n some synthetic specimens, and the knowledge so far obtained i n ­
dicates that minimum structures required for individual a c t i v i t i e s 
could be different, e^£.  requirin  1-phosphat  whil  th
other 4'-phosphate. I
bound double acyl, jL.e.  N-3-acyloxyacyl  phosphat  group
quite evidently demonstrated. No doubt, the preparation of many 
more synthetic derivatives w i l l be required to reach our f i n a l 
goal, which can, however, certainly be approached step by step. 
The knowledge of the structure of natural l i p i d A has also much 
improved i n the meantime, as already described by Dr. Rietschel at 
this symposium. This w i l l certainly f a c i l i t a t e our approach. 
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The Convergent Approach to the Synthesis 
of Lipid A and Its Analogs 

LAURENS ANDERSON and MINA A. NASHED1 

University of Wisconsin, College of Agricultural and Life Sciences, Department 
of Biochemistry, Madison, WI 53706 

The chemistry and biological activities of lipid A are 
reviewed in earlier chapters
the components of the
and E. coli are derivatives of a disaccharide comprised of two 
D-glucosamine units linked β,1-->6. The disaccharide is substitut­
ed at positions 1 and 4' by phosphate functions and on the 
amino nitrogens by β-hydroxymyris toy l groups. A variable 
number (up to 5) of ester-linked fatty acyl residues is also 
present. In the simplest components the phosphates are present 
as monoester groups. 

Once these structural features were established, the 
synthesis of compounds of the lipid A group appeared feasible, 
and was undertaken in a number of laboratories. Successful 
efforts, based on distinctive strategies, are described by 
Kusumoto et al., Kiso and Hasegawa, and Szabó et al. elsewhere in 
this volume, and in the present chapter. In common with the 
Osaka and Gifu groups, we were guided by the hypothesis that 
positions 3,4, and 6' of the lipid A disaccharide are O-acylated, 
as in structure 1, with any additional acyl groups being carried 
by the sugar-linked β-hydroxymyristate units. (The assignment of 
the "double" fatty acyl residue to position 6' in formula 1 is 
arbitrary.) Also in common with other investigators, we consider­
ed it prudent to work with simple, saturated fatty acyl groups 
while developing our synthesis. The choice of palmitoyl as an 
appropriate fatty acyl moiety then led us to regard 2 as our 
eventual target compound. 

New data, mentioned elsewhere in this volume, make it prob­
able that the pattern of O-acylation in lipid A differs from that 
shown in formula 1. However, it appears that the syntheses so 
far described, including our own, can with slight modification be 
made to yield products having their O-acyl groups in the same 

1Current address: Alexandria University, Faculty of Science, Department of Chemistry, 
Alexandria, Egypt. 
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Figure 1. Structures of the simplest component of lipid A (a recent representation) and 
its pentapalmitoyl analog. Key: Ac, acetyl; All, allyl; Bn, benzyl; Bz, benzoyl; CI Ac, 
chloracetyl; Me, methyl; Pal, palmitoyl; Ph, phenyl; Pre, 1-propenyl; Py, pyridine; Tee, 
(Sfifi-trichloroethyl; Tf, triflyl (trifluoromethylsulfonyl); THF, tetrahydrofuran (oxo-

lane); Tr, trityl; and Ts, p-tosyl. 
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Figure 2. Synthesis of a disaccharide (Gaip-*3Gal) by a standard approach. Key to 
formulas: same as for Figure I. 
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positions as i n the natural materials, once these are firmly 
characterized. 

To put our approach to the l i p i d A structure i n perspective, 
i t seems helpful to b r i e f l y consider the synthesis of an ordin­
ary, unsubstituted oligosaccharide by the standard method used 
for such compounds. An example from our recent work (unpublished) 
i s shown i n Figure 2, where the end product i s 3-0-8-D-galacto-
pyranosyl-D-galactose (Gal3+3Gal, J). To obtain this disacchar­
ide we f i r s t prepared "building block" derivatives of the reduc­
ing and non-reducing units (1). The reducing-end building block 
(£) i s substituted with protecting groups at a l l positions except 
3, which i s to be the s i t e of the intersugar linkage, and the 
non-reducing building block Q ) i s f u l l y substituted. The 1-
substituent (chloro) i n ^ i s an activating group, and the 2-
substituent (benzoyl) i s the participating neighboring group that 
directs the formation o

and {\ were ready they
isaccharide ^. Then, the protecting groups were removed i n a 

series of reactions, one or more for each different kind of 
protecting group present. The f i n a l deprotection reaction gave 
the free disaccharide ^. 

The difference between ^ and a l i p i d A component or analog 
i s that i n the l i p i d A case the f i n a l product (for example £) i s 
highly substituted. It most closely resembles the intermediate 
£ i n the foregoing disaccharide synthesis, i..e. the coupling 
product with only a portion of i t s complement of protecting 
groups removed. Because the preparation of s e l e c t i v e l y substitu­
ted building block derivatives such as ^ and £ consumes much of 
the e f f o r t that goes into an oligosaccharide synthesis, we argued 
that i n work toward l i p i d A the appropriate protecting groups 
were those that would remain as substituents i n the f i n a l product. 
By minimizing the use of temporary protecting groups, which would 
have to be removed and replaced, we would economize on synthetic 
steps. 

Figure 3 shows the building block derivatives of D-glucos­
amine that would be needed for the synthesis of l i p i d A compounds 
by two variants of this approach. In the f i r s t variant, one 
would couple intermediates such as £ and £ to form a f a t t y a c y l ­
ated disaccharide carrying temporary substituents at positions 
1, 3 1, and 41 . Removal of a l l temporary substituents would give a 
dephospho analog of l i p i d A. Or, one could i n stepwise fashion 
deprotect and phosphorylate position 4 f, activate and phosphory-
late position 1, and remove any remaining protecting groups. An 
oxazoline, ^, i s proposed as the precursor of the non-reducing 
unit of the disaccharide, i n view of our past reliance on these 
compounds as donors of glucosamine residues i n coupling reactions 
(2). The oxazoline would contain the N-palmitoyl group i n latent 
form. It would also have an O-palmitoyl group at position 6 and 
protecting groups at positions 3 and 4. The group at position 4 
would have to be s e l e c t i v e l y removable. The reducing-end or 
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For Dephospho Analogs (Phosphorylation after coupling ) 
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Figure 3. Building blocks suitable (in principle) for the synthesis of compounds of the 
lipid A group. Key to formulas: same as for Figure I. 
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acceptor unit would be unsubstituted at position 6, where the 
glycosidic linkage between the two sugars i s to be formed. It 
would carry palmitoyl groups on the nitrogen and on 0-3 and 0 - 4 . 
And f i n a l l y , i t would carry an activating substituent at the 
anomeric position or, more accurately, a substitutent that would 
allow an oxazoline ring to be generated at that position, as a 
prelude to phosphorylation. 

To carry out the convergent synthesis i n i t s purest form, 
one would use building blocks Qjg and ̂ ) having protected phos­
phate groups already i n place. After coupling the only further 
operations required would be removal of the protecting groups 
from position 3 ? and from the phosphate functions. 

Direct Derivatization of N-Anisylideneglucosamine 

In our f i r s t attempt
preparation of buildin
as direct a fashion as possible (Figure 4 ) . Thus we started with 
Bergmann's (3) well-known anisylidene Schiff base of D-glucosamine 
Q ^ ) , and found that we could successfully t r i t y l a t e i t i n the 6 -
position, then palmitoylate the remaining positions (40. The 
palmitate function at the anomeric position i n the product (1A) 
turned out to be i n the B-configuration, which i s essential for 
eventual activation by conversion into an oxazoline. The problem 
of se l e c t i v e l y removing the anisylidene group i n the presence of 
the t r i t y l group looked a l i t t l e d i f f i c u l t , but we found this 
could be accomplished cleanly with ani l i n e hydrochloride as the 
reagent. The deblocking of the nitrogen permitted us to add the 
N-palmitoyl group, and on d e t r i t y l a t i o n we had a compound Q^) 
meeting the specifications l i s t e d above for a reducing-end b u i l d ­
ing block. 

To make the non-reducing unit we again started with the 
Bergmann Schiff base, as shown i n Figure 5 , and found we were 
able to sel e c t i v e l y palmitoylate i t i n the 1 and 6 positions ( 4 ) . 
The 1-palmitate group i n the product QjjB) again had the P con­
figuration. After removal of the anisylidene group, the nitrogen 
was palmitoylated to give the 3 , 4-diol Then, to make a 
"model" glycosyl donor we acetylated the 3 and 4 positions, and 
obtained This compound could not of course serve i n the 
actual synthesis, because the acetyl groups are not sel e c t i v e l y 
removable. However, i t was readily converted into an oxazoline 
(££), and the normal behavior of the oxazoline was demonstrated 
by reacting i t with a l l y l alcohol to give the a l l y l glycoside 
(not shown). 

Our e f f o r t s to carry this scheme further ran into two d i f ­
f i c u l t i e s . F i r s t , attempts to couple a simple oxazoline to the 
reducing-end building block ^ f a i l e d , apparently because of the 
migration of the 4-palmitoyl group to the 6 position under the 
influence of the acid coupling catalyst (5). Second, our attempts 
to make a suitable non-reducing building block from the 3 , 4-diol 
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Figure 4. Preparation of a possible reducing-end building block. Key to formulas: same 
as for Figure 1. 
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Figure 5. Preparation of a model nonreducing-end building block. Key to formulas: 

same as for Figure 1. 
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£0 by s e l e c t i v e l y introducing a benzylsulfonyl protecting group 
at position 3 were also unsuccessful (5). These results led us 
to turn for a time to the approach used by the Tokyo and Gifu 
groups, but we eventually came back to our idea of having most or 
a l l of the f i n a l substituents i n place at the monosaccharide 
stage. However, we conceded the necessity of making some use of 
temporary protecting groups i n constructing the two building 
blocks. 

Synthesis of a Fatty Acylated, Selectively Deprotected Disaccha­
ride 

The i n i t i a l phase of our eventually successful synthesis (6) 
i s shown i n Figure 6. Our starting material was another of 
Bergmann's compounds (3), the tetra-O-acetate hydrochloride £3, 
alluded to elsewhere i
palmitoylated, and the produc
the procedure of Kiso and Anderson (7), to either the a l l y l or 
the benzyl ^-glycoside (^) (8). The reason for having both 
glycosides w i l l be discussed l a t e r on. De-O-acetylation of these 
glycosides was followed by protection of positions 4 and 6 as the 
benzylidene acetals. The 4 , 6-benzylidene derivatives (££) 
were key intermediates. 

To make the reducing-end unit (Figure 7) the a l l y l or the 
benzyl 4,6-O-benzylidene glycoside was simply palmitoylated at 
position 3 (^ - > , and the benzylidene group was removed i n 
the normal fashion by treatment with mild acid. No e f f o r t was 
made to protect the 4 position i n the products (££) because we 
assumed that on coupling, glycosylation would occur p r e f e r e n t i a l l y 
at position 6. 

In the preparation of the non-reducing unit the 4,6-O-
benzylidene a l l y l glycoside w a s benzylated at position 
3, and the benzylidene group was removed, giving the 4 , 6-diol 
31. The further conversion of this d i o l into the target oxazoline 
>̂ required four further operations, namely isomerization of the 
aglyconic a l l y l group to 1-propenyl, the c y c l i z a t i o n of the 
propenyl glycoside, the protection of position 4, and the f a t t y 
acylation of position 6. Within l i m i t s , the sequence i n which 
these further operations were done was not c r i t i c a l . In the 
synthesis of the dephospho analog we proceeded as shown i n Figure 
7. Compound ^J. was f i r s t s e l e c t i v e l y palmitoylated at position 
6, with one equivalent of palmitoyl chloride i n pyridine at low 
temperature. We found that isomerization of the a l l y l group to 
1-propenyl, using tris(triphenylphosphine)rhodium(I) chloride 
(Wilkinson's catalyst) (9), was best accomplished before going 
further. For the protection of the 4 position, we chose the 
chloroacetyl group, and this was next emplaced by treating the 
propenyl glycoside ^3 with chloroacetyl chloride. F i n a l l y , 
the f u l l y substituted propenyl glycoside ^ was cyclized to the 
oxazoline 35 by the mercuric chloride-mercuric oxide procedure 
developed In our laboratory (10). 
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Figure 6. Initial phase of synthesis of a fatty acylated, selectively deprotected disaccha­
ride. Key to formulas: same as for Figure 1. 
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Figure 7. Conversion of intermediates 27 into reducing-end (29) and nonreducing-end 
(35) building blocks. Key to formulas: same as for Figure 1. 
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With the building blocks just described, the construction of 
the f u l l y substituted disaccharide was straightforwardly accom­
plished as shown i n Figure 8. The protected oxazoline 35 
readily coupled, under cat a l y s i s by p-toluenesulfonic acid (2), 
to the a l l y l and benzyl glycoside acceptors . The idea was 
that i f one wanted to make a complete l i p i d A analog, with phos­
phate groups at both ends of the molecule, one would use the 
a l l y l glycoside, since this would permit the disaccharide to be 
converted at a l a t e r stage to an oxazoline, the desired intermed­
iate for phosphorylation at the 1-position (11). If one intended 
to have phosphate only at the 4 1 position, l.e> to make the 1-
dephospho analog, which i s of considerable interest for biolog­
i c a l testing, then one would use the benzyl glycoside. F i n a l 
deprotection of the product would thus be simplified, as the 
aglyconic O-benzyl and the 3'-0-benzyl groups could be removed at 
the same time. 

The products of thes
glycosides having their 4-hydroxyls free. This i s the posi­
tion to be occupied by the l a s t of the fatty acyl groups, and 
accordingly i t was next palmitoylated, to give the f u l l y substi­
tuted disaccharide glycosides 37. Deprotection of the 4 1 posi­
tion, as a prelude to phosphorylation, was readily accomplished 
by treating 37 with thiourea according to the l i t e r a t u r e procedure 
(12). 

Evidence that the produces of O-dechloroacetylation had the 
structure 38 was provided by H-n.m.r. spectroscopy. In the mid-
f i e l d portion of the 270 MHz n.m.r. spectrum (Figure 9) one can 
see two peaks for amide protons, which could be i d e n t i f i e d by 
their exchangeability with deuterated solvents. Most importantly, 
there are two t r i p l e t signals, having 9 Hz spacings, at 5.0 and 
5.2 ppm, respectively. These must represent ring-proton signals 
downshifted by acylation, and they therefore v e r i f y the presence 
of palmitoyl groups on 0-3 and 0-4. The region just above <5 5.0 
i s largely occupied by peaks due to benzyl methylene groups, but 
two anomeric signals can also be distinguished i n this region. 
As already demonstrated by the work of Kusumoto et^ a l . (this 

been converted into a pentapalmitoyl analog of complete l i p i d A, 
and the corresponding analog of 1-dephospho l i p i d A, respectively. 
Rather than undertake the phosphorylation of these compounds, 
however, we chose to explore a modification of our synthesis that 
would permit at least one of the phosphate groups to be incorpo­
rated at the monosaccharide stage. 

Introduction of the 4'-Phosphate at the Monosaccharide stage 

If we return to the structures of the "ideal building blocks" 
shown i n Figure 3, we see that these include a precursor of the 
non-reducing unit having a protected phosphate group at the 4 

volume), could have 
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Figure 8. Construction of the selectively deprotected disaccharide from the building 
blocks 3 5 and 29. Key to formulas: same as for Figure 1. 
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position Qjg), and a precursor of the reducing unit with i t s 1-
phosphate i n place, i n protected form Q^). Structure ^ 
contains an anomeric phosphotriester function, and because of the 
l a b i l i t y of these functions i t s employment as a l i p i d A synthon 
may not be feasible. On the other hand a phosphorylated i n t e r ­
mediate such as Ĵg i s attractive because using i t would eliminate 
two steps from the synthesis outlined i n Figures 7 and 8. These 
are the emplacement of the temporary protecting group (chloro­
acetyl) at position 4 of ^4, and i t s l a t e r removal -> ffi). 

In our f i r s t attempt (Figure 10) to make an oxazoline having 
structure ^ ) , we phosphorylated the a l l y l glycoside which has 
a l l substituents i n place except that at position 4. As indicated 
i n e a r l i e r chapters, the hydroxyl i n this position can be phos­
phorylated i n various ways. However, i t i s necessary to choose 
a method suitable for hydroxyls of low r e a c t i v i t y . In our hands, 
several common phosphorylatin
Diphenyl phosphorochloridate
side into a product containing no phosphorus—perhaps a product 
of c y c l i z a t i o n between the carbonyl oxygen of the N-acyl group 
and OH-4. Eventually we turned to the phosphorochloridite 
method devised by Letsinger and his colleagues (13) for o l i g o ­
nucleotide synthesis, and proceeded as shown i n the figure. 
Compound ^ was treated with 6,8,8-trichloroethyl phosphorodi-
c h l o r i d i t e i n the presence of 2,6-dimethylpyridine at low temper­
ature to give the phosphite diester chloride ^ j . Next, the ad­
d i t i o n of trichloroethanol to the reaction mixture converted 
^ into the b i s ( t r i c h l o r o e t h y l ) phosphite t r i e s t e r 4jg. F i n a l l y , 
the addition of iodine, and a l i t t l e water to provide the oxygen, 
effected the oxidation of to the desired phosphorylated 
intermediate An important virtue of the phosphorochloridite 
procedure i s that a l l of these operations can be done i n a 
single flask, without i s o l a t i o n of intermediates, i n a period of 
less than two hours. However, the product fy. was not suitable for 
the next projected step i n the sequence, namely the isomerization 
of the a l l y l group to 1-propenyl. The treatment of fy. with 
Wilkinson's catalyst caused extensive decomposition. This result 
led us to change our t a c t i c s so that the phosphorylation would be 
the f i n a l step i n the production of the building block, and the 
bis(trichloroethyl)phospho group would not be exposed to any 
heavy metal reagents. 

The a l l y l to propenyl isomerization i n this series had been 
troublesome for us, and we had some indication that i t proceeded 
better on compounds having at least one hydroxy group. We 
therefore performed i t as the f i r s t step i n the transformation 
of the 4,6-unsubstituted a l l y l glycoside 3^ (Figure 10). This 
indeed gave more r e l i a b l e conversions, ana the resulting propenyl 
glycoside ^ was next s e l e c t i v e l y palmitoylated at position 6. 
Following this the product was converted to the oxazoline 
either by the mercuric chloride-mercuric oxide method, or mor 
eas i l y by treatment with iodine i n oxolane for a few minutes at 
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Figure 10. Preparation of the protected, phosphorylated oxaline derivative 45 
Key to formulas: same as for Figure 1. 
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room temperature or below. The fact that iodine would accomplish 
this conversion was discovered accidentally i n the course of an 
attempt to oxidize the phosphite t r i e s t e r of a propenyl glycoside. 
In that case the oxidation resulted i n the loss of the propenyl 
group, since water was present. However, when the reaction i s 
run i n the absence of water, clean c y c l i z a t i o n to the oxazoline 
takes place (14). The method i s much more convenient than the 
procedure using mercuric s a l t s , because the work-up of the 
reaction mixture i s so simple. 

As we had hoped, the phosphorochloridite procedure, which 
goes at low temperature under very mild conditions, was indeed 
usable with the oxazoline 4 4 . The treatment of 44 with t r i c h l o r o -
ethyl phosphorodichloridite, trichloroethanol, and iodine-
oxolane-water i n succession gave the protected, phosphorylated 
product i n excellent y i e l d , and this product could be p u r i f i ­
ed by rapid passage throug
spectra of the precurso
oxazoline ^ are shown i n Figure 1 2 . P a r t i c u l a r l y evident are 
signals for the anomeric protons with their c h a r a c t e r i s t i c a l l y 
low chemical s h i f t of ^ 6 . 0 ppm, and t y p i c a l spacing of about 6 
Hz, intermediate between the spacings normally found for a-glyco-
sides and 6-glycosides, respectively. The formation of the 
phosphorylated product i s confirmed by the appearance of numerous 
new lines i n the region 4 . 5 to 4 . 8 ppm, due to the methylene 
protons of the two t r i c h l o r o e t h y l groups. The large number of 
lines results from the magnetic non-equivalence of these protons, 
and their s p l i t t i n g by the phosphorus atom. 

As a reducing-end building block for coupling with the 
phosphorylated oxazoline the previously used 3-0-palmItoyl 
benzyl glycoside £$^Bn appeared suitable i f the end product was 
to be a 41-monophosphate (1-dephospho analog) i n the l i p i d A 
series. However, i f the eventual product was to be the 1 , 4 f -
bisphosphate (complete analog), the a l l y l glycoside £ 9 ^ 1 ^ . 
would not be suitable. According to our experience, just des­
cribed, the conversion of the a l l y l group to 1-propenyl would 
not be possible In the coupling product, which would now possess a 
4 f-bis(trichloroethylphospho) group. Consequently, we performed 
the isomerization on the a l l y l glycoside before coupling (Figure 
11). This entailed the r i s k of losing the anomeric protecting 
group under the ac i d i c conditions of the coupling reaction, but 
i n the event i t proved satisfactory. 

The acid catalyzed coupling of oxazoline derivatives of 
glucosamine to sugar acceptors t y p i c a l l y involves some loss of 
the oxazoline by decomposition (2.). In view of the possibly 
sensitive nature of the new, phosphorylated oxazoline <̂>, we 
sought to minimize this decomposition by using a very mild 
catalyst, namely 2 ,6-dimethylpyridinium p-toluenesulfonate, 
recently advocated by Gigg and Conant (15). With this catalyst 
the coupling reactions proceeded rather slowly but i n good y i e l d 
with both the benzyl Q<Mta) and propenyl (£#^££e) glycosides as 
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Figure II. Synthesis of fully protected disaccharide 4'-phosphates. Key to formulas: 
same as for Figure 1. 
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Figure 12. Proton-NMR spectra of the oxazoline intermediates 44 and 45. Key to 
formulas: same as for Figure 1. 
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acceptors, to give the disaccharide products (4£) substituted i n 
a l l positions except 4. As i n the unphosphorylated series 
(Figure 8), this position could next be acylated with palmitoyl 
chloride, and the acylation was carried out with the coupling 
product (^j^rftj) from the benzyl glycoside. V e r i f i c a t i o n of the 
structure of the f u l l y substituted product ^ i s provided by the 
H-n.m.r. spectrum shown i n Figure 13. As i n the spectrum (Figure 

9) of the corresponding disaccharide without the phosphate group, 
one can discern two signals for amide hydrogens, and signals for 
the protons (H-3 and H-4) at the acylated ring positions. Two 
doublets for anomeric protons can again be found among the peaks 
for the benzyl methylene hydrogens. The region just to higher 
f i e l d i s much more complex than i n the spectrum of the 4 ?-unsub-
stituted disaccharide because of the many lines of the t r i c h l o r o -
ethyl groups of the phosphotriester function. 

For conversion int
of 1-dephospho l i p i d A
ation of 0-1 and 0-3', and the cleavage of the t r i c h l o r o e t h y l 
groups from the 4'-phosphate moiety. Work on the deprotection 
of this compound i s i n progress. 

Compound ££-Pre closely resembles the intermediates used by 
Kusumoto et a l . ([this volume) and by van Boeckel elt a l . (16) for 
the preparation of disaccharide oxazolines, which were then 
elaborated into f u l l y phosphorylated analogs (1,4*-diphosphates). 
In a formal sense, therefore, the synthesis of ^ T P T J ? e f f e c t i v e l y 
constitutes a synthesis, by our revised route, of the 1,4'-
bisphosphate having palmitoyl groups at positions 2, 3, 2 1, and 
6 f. An additional palmitoyl group could be attached at position 
4 i f desired. 
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Synthetic Studies on the Lipid A Component 
of Bacterial Lipopolysaccharide 

MAKOTO KISO and AKIRA HASEGAWA 

Gifu University, Department of Agricultural Chemistry, Gifu 501-11, Japan 

Endotoxic lipopolysaccharid
molecular component of
bacteria, and most of i ts biological activities have been shown to 
be dependent upon structures in the l ip id A component (1,2). The 
fundamental structure of the Salmonella-type l ip id A (Figure 1) 
has been established to be a monomer of a β(1-->6)-linked disaccha­
ride of 2-deoxy-2-(R-3-hydroxytetradecanoylamino)-D-glucopyranose 
esterified with fatty acyl and phosphoryl groups (1,3,4). The 
esterified as well as the amide-linked 3-hydroxy fatty acids have 
been suggested to be common and prominent constituents that 
constitute a characteristic marker of l ip id A. However, because 
of the difficulties of isolation and purification of l ip id A, the 
moiety of the structure that is required for manifestation of its 
biological activities has been obscure. In this situation, the 
chemical synthesis of l ip id A and related compounds is important 
in elucidating the relationship between chemical structure and 
activity, as well as in providing a new source of biologically 
active substances. 

Figure 1. The proposed structure of Salmonella-type lipid A. Key: R, fatty acyl or H; X, 
H or 4-amino-L-arabinose; and Y, H, PO2-3, or phosphorylethanolamine. 

0097-6156/83/0231-0277$06.75/0 
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Synthesis of Monosaccharide Analogs of Lipid A 

It has been reported that some simple, synthetic glycolipids, 
such as N-fatty acylated 2-amino-2-deoxy-D-glucose derivatives, 
exhibit potent immunostimulatory activities (5). We f irst 
examined a facile preparation of N-fatty acylated 2-amino-2-deoxy-
D-glucopyranosides, which would be key intermediates for the 
synthesis of l ip id A and its analogs (Figure 2). For this pur­
pose, the one-step glycosylation catalyzed by ferric chloride 
(6,7) was employed. 

1,3,4,6-Tetra-0-acetyl-2-amino-2-deoxy-|3-D-glucopyranose Q.) 
(8) was treated with do-, tetra-, hexa-, and octadecanoyl (laur­
oyl, myristoyl, palmytoyl, and stearoyl) chlorides i n 2:1 
chloroform-pyridine solution, to give the c r y s t a l l i n e 1,3,4,6-
tetra-0-acetyl-2-acylamino-2-deoxy-$-D-glucopyranoses (£) (9). In 
addition to the n-fatt

F e C l 3 , tfoH 

-OAc 
N H C H 2 C l 2 , r . t . 

C H 2 0 A c 

A c O 
A c O .OR 

NH 
C=0 

( C H 2 ) n 

C H 3 

( n =10,12.U .16.18) R l = Bn=PhCH 2 (n=10,12,14 / 16) 

R1= All = C H 2 = C H - C H 2 ( n =12.14) 

F e C I 3 , B n O H 

C H 2 C I 2 , r . t . 
A c O 

A c O 

C H 2 0 A c 
~0 

, 0 B n 

N H 
i 

C=0 

k R 2 = A 

§ R 2 = B 

6 R 2 = C 

0 
A = C H 3 ( C H 2 ) 1 0 C C H 2 

OH 
B = CH 3 (CH 2 ) 1 oCHCH2 

OAc 

C = C H 3 ( C H 2 ) 1 0 C H C H 2 

1 R 2 = A 

8 R2 = B 

9 R 2 = C 

Figure 2. Preparation of N-fatty acylated 2-amino-2-deoxy-D-glucopyranosides as 
intermediates for the synthesis of lipid A and its analogs. 
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3-oxo-(£) and 3-hydroxy-Q) tetradecanoyl derivatives. The 3-oxo-
tetradecanoyl derivative A, [ct] D +11.3° (chloroform), was synthe­
sized by treatment of ^ with N-(3-oxotetradecanoyloxy)succinimide, 
which i s readily prepared by s t i r r i n g 3-oxotetradecaoic acid (10, 
11) with dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide 
(HOSu) i n dry tetrahydrofuran (oxolane, THF) or 1,4-dioxane. 
Similarly, the 3-hydroxytetradecanoyl derivative ^, [alp +6.7° 
(chloroform), was obtained by treatment of 1 with 3-hydroxytetra­
decanoic acid (12,13) activated by DCC and HOSu (14). Compound £ 
was prepared also by treatment of £ with sodium borohydride i n 
methanol solution, and then acetylated to give [a]]) +3° 
(chloroform). 

The f e r r i c chloride-catalyzed glycosylation was conducted by 
treating compounds 2, and £ (1 mol equiv.) with benzyl or 
a l l y l alcohol (5 mol equiv.) i n the presence of anhydrous f e r r i c 
chloride (1.5 mol equiv.
corresponding (^-glycoside
Compound ^ was completely converted into ^, [CL]J) -23.6° (chloro­
form), within 3 hr, whereas the conversion j ^ - * ^ ' ^ — ^ 9 a n ( i 

required longer times (at most overnight). The formation of 
the oxazoline intermediates Q ^ , 16) i n the course of the 
reaction was observed for a l l of the p-acetates except ^. 

As shown i n Figure 3, the treatment of compound 8(RS) with 
(2-methoxyethoxy)methyl chloride (MEMC1) (15) i n dichloromethane 
containing N,N-diisopropylethylamine gave 10(RS), and selective 
t r i t y l a t i o n of the primary hydroxyl group afforded 11(R), amorph., 
[ot] D -52° (chloroform), and U ( S ) , m.p. 107°, [ a ] D ̂ 35.2° (chloro­
form), i n the r a t i o of about 1:1. These diastereoisomers were 
separated by chromatography on a column of s i l i c a gel (16). The 
o p t i c a l l y pure samples of ^ ( R ) and ^ ( S ) thus obtained were, by 
mild hydrolysis with 70% acetic acid and then acetylation, 
separately converted into ^ ( R ) , m.p. 103-104°, [a]j) -23.8° 
(chloroform) and J0(S), m.p. 81-81.5°, [cx]j) -14.6° (chloroform). 
Removal of the MEM group was achieved by s t i r r i n g W(R) or ^ ( S ) 
(1 mol equiv.) with anhydrous f e r r i c chloride (1 mol equiv.) i n 
dichloromethane (3 mL was used for 80-90 mg of the MEM derivative) 
for 1 hr at room temperature to give £(R) (80%) or £(S) (70%). 
Generally, the cleavage of MEM ethers has been achieved by treat­
ment with zinc bromide or titanium tetrachloride (15). However, 
we found that the use of these Lewis acids for 10 caused rapid 
anomerization of the glycoside. In the course of this study, i t 
was also found that 2-butenyl (crotyl) ethers can be cleaved by 
the same procedure as just described (the reaction was almost 
complete within 2 hr using a equimolar amount of anhydrous f e r r i c 
chloride i n dichloromethane at room temperature). For characteri­
zation, j^(R) and j^(S) were reacetylated and the structure were 
analyzed by means of lH-n.m.r. at 90 MHz (16). 

O-Deacetylation of £(R) and £(S), and hydrogenolytic removal 
of the benzyl groups i n the presence of 10% palladium-carbon cata­
l y s t gave the desired o p t i c a l l y pure 2-deoxy-2-(R- and S-3-hydro-
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F/gwr? 3. Treatment of compound 8(RS) w/7/j (2-methoxyethoxy)methyl chloride and 
subsequent regeneration of compounds 8(R) and 8(S). 
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xytetradecanoylamino)-D-glucose: (R), [ a ] r j + 2 3 . 7 ° ( 2 : 1 oxolane-
water, e q u i l . ) , + 2 5 . 8 ° ( 3 : 1 niethanol-chlorof orm, e q u i l . ) ; and (S), 
[CX]D + 3 5 . 0 ° ( 2 : 1 oxolane-water, e q u i l . ) , as amorphous materials. 
Demary ( 1 7 ) synthesized 2-deoxy-2-(R-3-hydroxytetradecanoylamino)-
D-glucose, [a]rj + 2 6 . 9 ° ( 2 : 1 oxolane-water, e q u i l . ) , by the direct 
condensation of activated (R)-3-hydroxytetradecanoic acid, which 
had been resolved by means of dehydroabietylamine, with 2-amino-
2-deoxy-D-glucose. We also prepared the same compound by the 
treatment of ̂ (R) with sodium methoxide i n methanol solution. 

Synthesis of 2-Acylamino -2-deoxy-D-glucopyranosyl Phosphates 

From Oxazolines. The conversion of the 1 - 3-acetates 2 into the 
corresponding oxazolines 1 2 (Figure 4 ) was accomplished by the 
method of Matta and Bahl ( 1 8 ) . The resulting oxazolins were a l l 
c r y s t a l l i z e d from ether-petroleu
Phosphorylation was carrie
equiv.) with dibenzyl phosphate ( 2 mol equiv.) i n 1 , 2-dichloro-
ethane or 1 , 2-dichloroethane-toluene at room temperature accord­
ing to the procedure reported by Khorlin et a l . ( 2 0 ) , to give the 
desired 3 , 4 , 6 - t r i - 0 - a c e t y l - 2 - d e o x y - 2 - ( t e t r a - , hexa- and octa-
decanoyl, and eicosanoylamino)-a-D-glucopyranosyl dibenzyl phos­
phates ( 1 3 ) i n 3 8 - 4 2 % y i e l d s . The structures of these phosphates 
were carefully confirmed by s i l i c a gel t . l . c . using the spray 
reagent described by Dittmer and Lester ( 2 1 ) , elemental analysis, 
FD-MS, and both ^̂ H- and 13C-n.m.r. data. In the ̂ -n.m.r. spectra 
i n chloroform-d the anomeric protons, without exception, appeared 
as doublets of doublets due to couplings with 3 1 P ( 3 J l , p 6 . 0 Hz) 
and H - 2 (JJL 2 3 - l H z ) at 6 5 . 6 5 ppm as required for ot-glucopyrano-
s y l phosphates. Furthermore, i n the l 3C-n.m.r. spectra, two- and 
three-bond couplings ( 2 2 , 2 3 ) between 1 3 C and 3^P, namely 2J[c-l,P 
( 5 . 8 8 - 7 . 3 5 Hz) at 6 9 6 - 9 7 ppm and 3J . c - 2,P 7 . 3 5 - 8 . 8 2 Hz) at 6 5 1 -

5 2 ppm, were c l e a r l y observed. Considering that the three-bond 
coupling i s generally larger than the two-bond coupling, the 
result well support the assigned structure. Compounds ̂  were 
then hydrogenolyzed i n the presence of 1 0 % palladium-carbon cata­
l y s t to give the corresponding free phosphates, which were sub­
sequently treated with a cation-exchange resin (Na +) u n t i l the pH 
of the solution became neutral. The resulting ^ were lyophilized 
to afford coloress, amorphous solids ( 1 9 ) . 

However, the oxazolines 15 ( 9 ) , ^ ( 1 4 ) and ̂  which were 
also prepared by treating 5 , 6 or the corresponding l e v u l i n o y l 
derivative with anhydrous f e r r i c chloride i n dichloromethane, did 
not y i e l d phosphate derivatives by Khorlin 1s method, just describ­
ed. The common, major product was 2 - ( E - l - t r i d e c e n y l ) - ( 3 , 4 , 6 - t r i -
0-acetyl-l,2-dideoxy-a-D-glucopyrano)-[2,l-d ] - 2-oxazoline (IB) 
"p-H-n.m.r. at 9 0 MHz i n chloroform-d: 6 3 . 5 8 (m, 1 H, £4^5 9 ; ^5,6 
4 . 3 Hz, H - 5 ) , 4 . 1 - 4 . 3 (m, 3 H, H - 2 , 6 ) , 4 . 9 3 (m, 1 H, J3 4 2 . 3 , 

J2 4 1 . 2 Hz, H - 4 ) , 5 . 2 8 (bd, 1 H, ̂ 3 ^0 Hz, H - 3 ) , 5 . $ 5 (bd, 
1 fi> J l \ 2 F 1 6 Hz, H - 1 T ) , 5 . 9 8 (d, I ' H , ^ 2 7 . 2 Hz, H-l), and 
6 . 6 7 (dt', 1 H, J ^ i 3 1 6 . 8 Hz, H - 2 1 ) ] . 
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Figure 4. Reactions of 2-(fatty alkyljoxazolines with dibenzyl phosphate. 
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From Halides. Since the synthesis of the 1-phosphates of the 3-
hydroxytetradecanoyl derivatives by the oxazoline method was 
unsuccessful as just described, we examined a new procedure using 
1-halides as the starting materials (24) (Figure 5). 

3,4,6-Tri-0-acetyl-2-deoxy-2- (j^-methoxybenzylideneamino)-a-
D-glucopyranosyl bromide (^) (25) (1 mol equiv.) was treated with 
dibenzyl tributylstannyl phosphate (1.1 mol equiv.) i n dichloro-
ethane containing tetraethylammonium bromide (O.5 mol equiv.) for 
3 hr at 40° to give two major glycosyl phosphates, $J and The 
dibenzyl tributylstannyl phosphate was prepared by the treatment 
of dibenzyl phosphate with t r i b u t y l t i n methoxide (26) according to 
the procedure of Yamaguchi et a l . (27), and used without p u r i f i c a ­
tion. A similar procedure was employed for the synthesis of 
glycosyl esters by Ogawa et^ a l . (28). 

(Bu 3Sn) 20 + 0=C(0Me)

H0P(0)(0Bn) 2 + Bu3SnOMe > Bu^nOP (0) (OBn) 2 + Me OH 

Although t . l . c . revealed the favored formation of m.p. 
128-130°; [ a ] D +4.7° (chloroform); i . r . (KBr): 1640, 1610 (C=N), 
and 1300-1250 cm"1 (P=0); !H-n.m.r. i n chloroform-d: 6 5.6 (t, 
1 H, J ! j 2

 a n d i l , P 8 H z » H-l) and 6.8-7.7 (m, 14 H, Ph), i t s 
isolated y i e l d , after chromatography on a column of s i l i c a gel 
(Wako gel C-300) with 100:1 chloroform-methanol, was 33%. This 
was less than the y i e l d of 20, m.p. 87-89°; [a]^ +80.9° (chloro­
form; i . r . (KBr): 3680-3240 and 1600 cm"1 (NH 2); -̂H-n.m.r. i n 
chloroform-d: 6 5.66 (dd, 1 H, Jj^2 3.5, J T L , P 6 Hz, H-l) and 7.3 
(s, 10 H, Ph). In fact, we found that when the reaction mixture 
was s t i r r e d , before chromatography, with s i l i c a gel i n 100:1 
chloroform-methanol for 20 hr at room temperature, most of the 
compound ^ was converted into 

Treatment of 20 i n 1:1 dichloromethane-2,6-lutidine contain­
ing a trace of N,N-diisopropylethylamine with freshly prepared 
(R)-3-acetoxytetradecanoyl chloride [prepared by a s l i g h t modific­
ation of the method employed for the synthesis of acetylmandelyl 
chloride (29)] during 3 hr at 0° gave, after chromatography, a 
syrup of (40%), [ a ] D +48.4° (chloroform); i . r . (film): 3240, 
1670, amd 1540 c u r l (amide); lH-n.m.r. i n chloroform-d^: 6 O.75-
2.3 (25 H, CH3 and CH2 ), 1.98-2.02 (12 H, CH3CO), 5.65 (dd, 1 H, 
i l , 2 3.2, J i > P 6 Hz, H-l), and 7.3 and 7.32 (2 s, 10 H, Ph). 
Similar treatment of %Q with tetra- and hexadecanoyl chlorides, 
respectively, gave ^ (n = 12 and 14). Their physical properties 
and spectral data were i d e n t i c a l with those of the same compounds 
prepared by the oxazoline method (Figure 4). F i n a l l y , compound ^ 
was converted, by de-O-acetylation and hydrogenolysis, into 23, 
[ a ] D +35.3° (water). 

The new phosphorylation method was further applied to halides 
having N-benzyloxycarbonyl (Z) (^ and , N-acetyl (££) and N-
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3-acetoxytetradecanoyl (27) substituents, as shown i n Figure 6. 
The phosphorylation reaction was conducted for 8 hr at 40-45° and 
the products were chromatographed on columns of s i l i c a gel. From 
compounds 24 and 25 the ot-phosphate (2£ - o O was obtained i n 40-42% 
y i e l d as needles, m.p. 101-103°; [ a ] D +75.1° (chloroform); 1E-
n.m.r. i n chloroform-d^ 5 5.7 (dd, 1 H, J] p 6, Jj 2 3.2 H z » H-l). 
Most of the 3-phosphate C £ £ - 3 ) , however, decomposed during the 
chromatography. On the other hand, compound ^ yielded the 
corresponding a-phosphate ( j ^ - o t ) , needles, m.p. 109°; [ot]]) +63.9° 
(chloroform); lH-n.m.r. i n chloroform-d: 5 5.62 (dd, 1 H, p 6, 
Jj.,2 3.1 Hz, H-l), i n only 10% y i e l d . For compound £7, no pnos-
phate derivative was isolated, and instead, the oxazoline ^ (see 
Figure 4) was obtained as a major product. This result suggested 
that the neighboring N-acyl group i n ^ inhibited the formation of 
the stable ot-phosphate, and even i f the 3-phosphate was produced 
i n the i n i t i a l stage of
a good leaving group to

Since tertraethylammonium halides are known to catalyze the 
anomerization of a- and 3-glycosyl halides (30), we next examined 
the effect of the chloride on the phosphorylation of ^ (Figure 7). 
Interestingly, the y i e l d of $J-0i as well as the t o t a l y i e l d 
increased with an increasing r a t i o of the catalyst to the glycosyl 
chloride Although the r e a c t i v i t y of diphenyl tributylstannyl 
phosphate was s l i g h t l y lower than that of the dibenzyl derivative, 
the diphenyl compound gave a 65% y i e l d of the a-phosphate ^0, 
amorph., [a]j) +54.3° (chloroform); ^H-n.m.r. i n chloroform-d(: 6 
5.97 (dd, 1 H, J ! j P 6, J j ^ 3 Hz, H-l). 

The presence i n b a c t e r i a l lipopolysaccharides of phosphoryl­
ated ethanolamine residues (1) prompted us to experiment with the 
incorporation of this group. When compound ^ was treated with an 
activated phosphorylethanolamine derivative, prepared by the 
procedure shown i n Figure 8, the a-phosphate [a]j) +66.7° ( c h l ­
oroform), was obtained i n 46% y i e l d . The reaction i s similar to 
that with dibenzyl tributylstannyl phosphate. Thus, the new 
phosphorylation method may have wide application i n the synthesis 
of C-l phosphorylated l i p i d A analogs. 

Synthesis of Disaccharide Analogs of L i p i d A 

For the reconstitution of a 3-linked disaccharide of 2-acyl-
amino-2-deoxy-D-glucopyranose, the coupling procedure employing 
oxazoline derivatives (31) appeared most suitable. The oxazolines 
1£ (n = 12), m.p. 49-50°, [ a ] D +9.4° (chloroform), and U9 syrup, 
[ C O D +21.6° (chloroform), were accordingly used as the glycosyl-
donors i n the disaccharide synthesis (Figure 9). As acceptors, we 
employed benzyl 3,4-di-0-acetyl-2-deoxy-2-tetradecanoylamino-3-D-
glucopyranoside (^) for the coupling with and the 3-acetoxy-
tetradecanoylamino derivative ^ f or the coupling with ^ (32) . 

The glycosylation reaction was conducted by adding a solution 
of ^ or ^ (3 mol equiv.) i n 1,2-dichloroethane to a mixture of 
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acceptor ^ or 34 (1 mol equiv.) and £-toluenesulfonic acid (O.33 
mol equiv.) i n dichloroethane. The f i n a l concentration of the 
acid was adjusted to about 20 mM by adding dichloroethane, and the 
mixture was s t i r r e d overnight, at 60-70° when ^ was the acceptor, 
or at 50° with ^ as the acceptor. When the oxazoline had almost 
completely disappeared, the mixture was extracted with chloroform 
as described previously (32-34). The resulting residues were 
chromatographed on columns of s i l i c a gel with 100:1 chloroform-
methanol to provide 65-70% yields of the desired 3-D(1*6)-linked 
disaccharides fa, [ a ] D -23.0° (chloroform), and [ a ] D -20.6° 
(chloroform). F i n a l l y , the disaccharides fa and fa were treated 
with methanolic sodium methoxide and the products hydrogenolyzed 
in the presence of 10% palladium-carbon catalyst, to give fa, m.p. 
164-166°, and fa, m.p. 191-192°, respectively. 

Although the oxazoline method i s a general procedure for the 
synthesis of 3-glycosides
starti n g materials are unchangeabl
more f l e x i b l e method by which a variety of fatty acyl residues can 
be introduced after the formation of disaccharides (Figures 10 and 
11). 

Compound ^ was treated with phthalic anhydride i n pyridine at 
90° for O.5 hr, then acetic anhydride was added, and the mixture 
was s t i r r e d for another hour at 90° and worked up. The product 39 
(34) was isolated as needles i n 80% y i e l d , and was then converted 
into 3,4,6-tri-0-acetyl-2-deoxy-2-phthalimido-3-D-glucopyranosyl 
bromide (-^[0 ("glycosyl donor") according to the method reported 
by Lemieux eit a l . (36) . On the other hand, the treatment of fa 
(1 mol equiv.) with benzyl alcohol (2 mol equiv.) i n the presence 
of anhydrous f e r r i c chloride (1.5 mol equiv.) i n dichloroethane 
(6) gave (36) i n excellent y i e l d . O-Deacetylation of and 
4,6-O-isopropylidenation (37) i n dry 1,4-dioxane i n the presence 
of a c a t a l y t i c amount of p-toluenesulfonic acid, gave 42, m.p. 214 
-216°; [a]j3 -78.7° (chloroform). The remaining hydroxyl group at 
C-3 of 42 was then benzylated with sodium hydride and benzyl 
bromide i n dry 1,4-dioxane to y i e l d benzyl 3-0-benzyl-2-deoxy-4,6-
0-isopropylidene-2-phthalimido-3-D-glucopyranoside, m.p. 121-122°; 
[OI]D -6.9° (chloroform). This was converted, by mild hydrolysis 
with 80% acetic acid, into the "glycosyl acceptor" 4^ (37). 

The glycosylation reaction was conducted by adding a solution 
of 40 (1.2 mol equiv.) i n dichloroethane to a mixture of acceptor 

U mol equiv.), s i l v e r trifluoromethanesulfonate (1.27 mol 
equiv.) and tetramethylurea (2.7 mol equiv.) at -30° (39). The 
mixture was then s t i r r e d overnight at 0° and worked up. The 
product was chromatographed on a column of s i l i c a gel to give 4£ 
(70% y i e l d ) , [ot] D +2.2° (chloroform); -̂H-n.m.r. i n chloroform - d f : 
two doublet peaks (̂J 8.4 Hz) for the anomeric protons at 6 4.95 
and 5.50 ppm. O-Deacetylation of ^ and 4',6 f-0-isopropylidenat-
ion of the product i n 1,4-dioxane gave amophous ^ (85% y i e l d ) , 
[COD -35.0° (chloroform), which was treated with hydrazine hydrate 
in ethanol under reflux to afford [OI]D -33.6° (methanol), 
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quantitatively. This compound was useful for the preparation of 
the dephospho disaccharide skeleton of l i p i d A containing a varie­
ty of amide-linked fatty acyl residues. In fact, the treatment of 
fa with N-(R-3-hydroxytetradecanoyloxy)succinimide gave fa9 which 
was converted, by O-deisopropylidenation and then hydrogenation, 
i n t o fa(R). 

Synthetic Strategy for L i p i d A 

In the course of our preceding synthetic studies on the 
fundamental carbohydrate skeletons of l i p i d A and their phosphate 
derivatives, i t has been recognized that the 3(1*6)-linked d i ­
saccharide 59 (Figure 14) might be a key intermediate for the 
synthesis of l i p i d A, since a variety of functional groups can be 
introduced on the nitrogen and oxygen atoms after formation of the 
6(1*6) linkage. For th
a l l y l 3-0-benzoyl-2-deoxy-2-phthalimido
and 4,6-di-0-acetyl-3-0-benzyl-2-deoxy-2-phthaiimido-3-D-gluco-
pyranosyl chloride (56) were chosen as the glycosyl acceptor and 
donor, respectively (Figures 12 and 13). 

As shown i n Figure 12, the treatment of fa (1 mol equiv.) 
with a l l y l alcohol (2 mol equiv.) i n the presence of anhydrous 
f e r r i c chloride (1.5 mol equiv.) i n dichloromethane (Kiso and 
Anderson, 6) gave fa9 which was converted into fa9 m.p. 109°; [CL]J) 

-29.6° (chloroform) (87% y i e l d from fa) as described for the 
synthesis of fa. Compound ^ i s a useful, common intermediate for 
the preparation of the glycosyl acceptor 51 and the donor fa. 
Benzoylation of fa9 to give 5Q9 m.p. 141.5% [ a ] D +79.1° (chloro­
form), and mild hydrolysis or the isopropylidene group afforded 
amorphous fa i n almost quantitative y i e l d , [COD +101.2° (chloro­
form). Benzylation of fa (Figure 13), on the other hand, gave fa9 

m.p. 104.5°, [OC]D +55° (chloroform), whch was converted i n high 
y i e l d , by O-deisopropylidenation and acetylation, into fa9 m.p. 
94°, [a]o +56.8° (chloroform). The a l l y l group was then cleaved 
by selenium dioxide (2 mol equiv.) i n 1,4-dioxane containing 
acetic acid (2.5 mol equiv.) (40) to give 54 i n 80% y i e l d , m.p. 
151-151.5°; [ot] D +83.5° (chloroform); iH-n.m.r. i n chloroform-d: 
6 5.35 (d, 1 H, J 8 Hz, H-l). Next, fa was acetylated to afford 
fa9 m.p. 147°; [aJo +75.6° (chloroform); lH-n.m.r. i n chlorof orm-ci 
: 5 6.29 (d, 1 H, J 8 Hz, H-l). The glycosyl donor fa9 [CC]D +80.2° 
(chloroform) was eas i l y prepared by treating fa with anhydrous 
hydrochloric acid i n dichloromethane. 

The coupling of fa (2 mol equiv.) to fa (1 mol equiv.) was 
achieved (Figure 14) by using s i l v e r carbonate and s i l v e r perchlo-
rate as the catalysts i n dichloroethane to give fa9 [a]j) +70° 
(chloroform), i n 75% y i e l d (this reaction was complete within 2 
hr). The use of CF3S03Ag-TMU as the catalysts reduced the i s o l a t ­
ed y i e l d of fa. O^Deacetylation of 57 and 4',6 f-0-isopropylidena-
tion with 2,2-dimethoxypropane i n 1,4-dioxane afforded fa9 [OL]J) 

+4.1° (chloroform), i n 83% y i e l d . The cleavage of phthalimido 
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groups was carried out by treatment with hydrazine hydrate i n 
ethanol, to give 59, which was promptly benzyloxycarbonylated to 
fa, [ot]D -23.7° (chloroform) [ l i t . -24.3° (41)]. 

Our synthetic plan, including the coupling of 3-deoxy-D-
mannooctulosonate (KDO) to the oxygen atom at either C-31 or C-6', 
i s shown i n Figure 15. In our strategy for the t o t a l synthesis of 
the l i p i d A, the selective protection of the amino, hydroxy, and 
phosphate functions by benzyloxycarbonyl (Z), benzyl (Bn), and 
phenyl (Ph) groups, which can be se l e c t i v e l y cleaved by hydro-
genolysis using palladium-carbon or platinum oxide as the cataly­
st, i s a most important feature. Since the conversion of fa into 
fa (R = tetradecanoyl) was already achieved by Inage et a l . (41), 
a remaining problem i s the introduction of the phosphate group at 
C-4f. When a l l y l 2-benzyloxycarbonylamino-2-deoxy-3,6-di-()-tetra­
decanoyl- 3-D-glucopyranoside (1 mol equiv.) was treated overnight 
with diphenyl phosphorochloridat
methane containing 4-dimethylaminopyridin
small amount of dry pyridine (the amount i s not c r i t i c a l for the 
reaction) at room temperature, the corresponding 4-phosphate 
derivative was readily obtained i n almost 100% y i e l d . The same 
procedure was then employed for the conversion of 62 (R = Ac, 
Rf = Bz), [ a ] D -8.2° (chloroform), into [a]D +22° (chloroform). 
The y i e l d was quantitative and the single product fa was easil y 
isolated just by conventional extractive processing. Therefore, 
i f we can protect the hydroxyl group at C-61 with another protect­
ing group, such as t r i t y l ether, i t w i l l be possible to examine 
the coupling with KDO derivatives on both C-3' and 6? positions. 
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14 
Synthetic Studies on Structural Elements 
of the Hydrophobic Region Present 
in Bacterial Endotoxins 

D A N I E L C H A R O N , C H R I S T I A N D I O L E Z , M I C H E L L E M O N D A N G E , 
S. R O B E R T SARFATI, L A D I S L A S SZABÓ, PATRICIA S Z A B Ó , and 
F R A N Ç O I S T R I G A L O 

Université de Paris-Sud, Centre d'Etudes Pharmaceutiques, Equipe de Recherche No. 55 
du Centre National de la Recherche Scientifique, 92290 Châtenay-Malabry, France 

The disaccharide O-(2-deoxy-2-[(3R)-3-
hydroxytetradecanamido]-β-D-glucopyranosyl 
4-phosphate)-(1-->6)-2-deoxy-2-[(3R)-3-
hydroxytetradecanamido]-D-glucose was syn­
thesized by two independent routes. In the 
first 2-[(3R)-3-acetoxytetradecanamido]-
3,6-di-O-acetyl-2-deoxy-4-diphenylphospho -
α-D-glucopyranosyl bromide was condensed 
with 2-[(3R)-3-acetoxytetradecanamido]-1,3-
di-O-acetyl-2-deoxy-β-D-glucopyranose, 
followed by the removal of the protecting 
groups. In the second the amino groups of a 
2-amino-6-O-(2'-amino-2'-deoxy-β-D-gluco-
pyranosyl)-2-deoxy-β-D-glucopyranoside were 
converted to amido groups by treatment with 
(3R)-3-acetoxytetradecanoic anhydride; the 
resulting diamide was then condensed with 
benzaldehyde and acetylated to give the 
fully protected 4 ' ,6 ' -ace ta l . Removal of 
the benzylidene group, selective protection 
of position 6', followed by introduction of 
the diphenylphosphoryl group in position 4', 
gave the benzyl glycoside of the phosphoryl-
ated disaccharide from which, after removal 
of the protecting groups the free disacchar­
ide was obtained. α and β 1-phosphates of 2-
deoxy-2-[(3R)-3-hydroxytetradecanamido] -D­
-glucopyranose and p 1 -2-deoxy-2-[(3R)-3-
hydroxytetradecanamido]-α-D-glucopyranosyl­
-p2-(2-aminoethyl)-pyrophosphate were also 
prepared. 

The a i m o f t h e w o r k o u t l i n e d b e l o w i s t o p r o v i d e 
r e f e r e n c e c o m p o u n d s o f w e l l - d e f i n e d s t r u c t u r e s t o be 
u s e d i n c o n n e c t i o n w i t h t h e a n a l y s i s o f t h e 

0097-6156/83/0231-0301$06.00/0 
© 1983 American Chemical Society 
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B o r d e t e l l a p e r t u s s i s e n d o t o x i n , a n d w i t h t h e u l t i m a t e 
h o p e o f c o r r e l a t i n g s t r u c t u r e a n d biological, i n p a r t ­
i c u l a r i m m u n o l o g i c a l , p r o p e r t i e s o f l i p o p o l y s a c c h a r i d e s 
t h a t c ompose t h i s e n d o t o x i n . 

The B o r d e t e l l a p e r t u s s i s e n d o t o x i n i s made up o f t w o , 
s e p a r a b l e , p r o t e i n - f r e e l i p o p o l y s a c c h a r i d e s , p r e s e n t i n 
t h e r a t i o o f 3 : 2 / w h i c h a c c o u n t f o r more t h a n 9 0 % o f t h e 
e n d o t o x i n ' s m ass (1), a n d a m i n o r , t h i r d c o m p o n e n t , t h a t 
c a n be d e t e c t e d b y b o t h e l e c t r o p h o r e s i s i n p o l y a c r y l a m i d e 
g e l i n t h e p r e s e n c e o f s o d i u m d o d e c y l s u l f a t e ( 2 ) a n d 
I m m u n o e l e c t r o p h o r e s i s . A l t h o u g h t h e y d i f f e r i n t h e i r 
c o m p o s i t i o n a n d c h e m i c a l r e a c t i o n s , t h e two m a j o r , s e p ­
a r a t e d l i p o p o l y s a c c h a r i d e s h a v e , a s f a r a s i n v e s t i g a t e d , 
i d e n t i c a l biological a c t i v i t i e s . The d i s a c c h a r i d e /5-D-
G 1 C £ N ( 1 — ~ 6 ) D - G l c N , shown t o be p r e s e n t i n a g r e a t n u m b e r 
o f e n d o t o x i n s , h a
' L i p i d A f f r a g m e n t s
i d e s o f t h e B . p e r t u s s i s e n d o t o x i n • As c h e m i c a l 
d e g r a d a t i o n e s t a b l i s h e d t h a t a t l e a s t t h e f i r s t o f t h e 
g l u c o s a m i n e u n i t s c a r r i e d a 3 - h y d r o x y t e t r a d e c a n o i c a c i d 
r e s i d u e i n a m i d e l i n k a g e , a n d t h a t t h e p e r i o d a t e r e s i s t ­
a n t , p h o s p h o r y l a t e d g l u c o s a m i n e u n i t was a l s o p r e s e n t 
i n t h e h y d r o p h o b i c f r a g m e n t , t h e w o r k i n g h y p o t h e s i s was 
a d o p t e d , t h a t t h e p h o s p h o r y l a t e d d i s a c c h a r i d e 1, i d e n t ­
i f i e d i n t h e L i p i d A f r a g m e n t o f t h e e n d o t o x i n i s o l a t e d 
f r o m a. d e e p r o u g h m u t a n t o f E. c o l i by R o s n e r ejb a l . ( j ) ) , 
was a l s o p r e s e n t i n t h e p e r t u s s i s e n d o t o x i n . A c c o r d i n g l y 
i t s s y n t h e s i s was a t t e m p t e d . 

The n e c e s s i t y o f e s t a b l i s h i n g t h e p r e s e n c e o f a 
s t r u c t u r a l e l e m e n t p r e s e n t i n many e n d o t o x i n s may be 
q u e s t i o n e d , b u t i t s h o u l d be r e m e m b e r e d t h a t B . p e r t u s s i s 
i s a r a t h e r s i n g u l a r m i c r o o r g a n i s m i n e v e r y r e s p e c t ( 6 ) * 
w h o s e c l a s s i f i c a t i o n i t s e l f i s u n c e r t a i n , a n d i t h a s b e e n 
o b s e r v e d by M a c L e n n a n , who f i r s t i s o l a t e d t h i s e n d o t o x i n 
( 7 ) j t h a t t h e l e t h a l t o x i c i t y o f t h i s m a t e r i a l was c o n s i d ­
e r a b l y l o w e r t h a n t h a t o f e n t e r o b a c t e r i a l e n d o t o x i n s , a n 
o b s e r v a t i o n c o n f i r m e d by b o t h K a s a i {S) a n d N a k a s e ( £ ) • 
I t w a s , t h e r e f o r e , c o n s i d e r e d i m p e r a t i v e n o t t o e x t r a ­
p o l a t e r e s u l t s o b t a i n e d w i t h e n d o t o x i n s o f o t h e r b a c t ­
e r i a , b u t t o e s t a b l i s h e a c h s t r u c t u r a l f e a t u r e o f t h e 
p e r t u s s i s e n d o t o x i n i n d e p e n d e n t l y . 

The s y n t h e s i s o f a d i s a c c h a r i d e c a r r y i n g a n u m b e r o f 
d i f f e r e n t s u b s t i t u e n t s may be a p p r o a c h e d i n two w a y s -
One i s t o p r e p a r e t h e d i s a c c h a r i d e f i r s t , a n d t h e n t o 
i n t r o d u c e t h e s u b s t i t u e n t s , t h e o t h e r i s t o s y n t h e s i z e 
m o n o s a c c h a r i d e s c a r r y i n g t h e r e q u i r e d s u b s t i t u e n t s a n d 
t h e n j o i n t h e m . The d i s a c c h a r i d e 2, i s o l a t e d by R o s n e r 
e t a l . (j)) f o l l o w i n g m i l d a c i d h y d r o l y s i s o f d i s a c c h a r ­
i d e 1̂ , h a s b e e n s y n t h e s i z e d by b o t h m e t h o d s . 
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5 R «r H, R' b N«CHPh 
6 R b Ac, R ' = N=CHPh 
7 R . Ac, R' - NH3C1 
8 R - Ac, R' - NH-C0-CH2-HC0Ac-(CH2)f()CH3 
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I n t h e f i r s t s y n t h e s i s 2 - a m i n o - 2 - d e o x y - D - g l u c o s e 
h y d r o c h l o r i d e 3 was t r a n s f o r m e d i n t o t h e b e n z y l i d e n e -
a m i n o d e r i v a t i v e 4 (10), w h i c h , u p o n f u r t h e r t r e a t m e n t 
w i t h b e n z a l d e h y d e * a n d z i n c c h l o r i d e g a v e t h e c o r r e s p o n d ­
i n g 4 , 6 - b e n z y l i d e n e a c e t a l 5. T r e a t m e n t o f t h i s w i t h 
a c e t i c a n h y d r i d e i n p y r i d i n e a t 0-20°C f o r 16 h g a v e t h e 

P - d i a c e t a t e 6 i n a c c o r d a n c e w i t h t h e w e l l k n o w n ( 1 1 ) 
d i r e c t i n g e f f e c t o f t h e N - b e n z y l i d e n e g r o u p . The l a t t e r 
was t h e n r e m o v e d by a d d i t i o n o f one m o l a r e q u i v a l e n t o f 
h y d r o c h l o r i c a c i d t o t h e d i a c e t a t e 6 d i s s o l v e d i n a c e t ­
one t o y i e l d t h e h y d r o c h l o r i d e 7. TKe c o m p l e t e s e q u e n c e 
c a n be d o n e by s t a r t i n g w i t h one o r two g m o l e s o f t h e 
s u g a r 3, t h e c r u d e p r o d u c t s b e i n g u s e d t h r o u g h o u t . The 
o v e r a l l y i e l d f o r f i v e s t e p s was 50 t o 6 0 ? . 

The 3 - h y d r o x y t e t r a d e c a n o i c a c i d r e q u i r e d i n t h e n e x t 
s t e p was o b t a i n e d a
a l a n d e t h y l b r o m o a c e t a t
{\2) f a n d s a p o n i f i c a t i o n o f t h e e s t e r f o r m e d w i t h 
p o t a s s i u m h y d r o x i d e . The e n a n t i o m e r s w e r e t h e n s e p a r a t e d 
a s t h e i r d e h y d r o a b i e t y l a m i n e s a l t s a c c o r d i n g t o Demary 
e t a l . ( 1 3 ) - A l l r e a c t i o n s d e s c r i b e d b e l o w w e r e c a r r i e d 
o u t u s i n g f i r s t t h e r a c e m i c m i x t u r e o f t h e a c i d , a n d , 
when r e a c t i o n c o n d i t i o n s w e r e e s t a b l i s h e d , w i t h p u r e 
( 3 R ) - 3 - h y d r o x y t e t r a d e c a n o i c a c i d . 

C o n d e n s a t i o n o f 3 - h y d r o x y t e t r a d e c a n o i c a c i d w i t h t h e 
h y d r o c h l o r i d e 7 was a t t e m p t e d by a n u m b e r o f m e t h o d s ; 
t h e b e s t r e s u l t s w e r e o b t a i n e d when t h e r e a c t i o n was 
c a r r i e d o u t i n p y r i d i n e w i t h e q u i m o l a r q u a n t i t i e s o f t h e 
r e a g e n t s , d i c y c l o h e x y l c a r b o d i i m i d e , a n d t r i e t h y l a m i n e , 
f o r 16 h o u r s . The i s o l a t e d , c r u d e p r o d u c t was t h e n a c e t -
y l a t e d w i t h a c e t i c a n h y d r i d e - s o d i u m a c e t a t e a t 100°C f o r 
1 h o u r , a n d t h e f u l l y a c e t y l a t e d a m i d e § was i s o l a t e d by 
c h r o m a t o g r a p h y . The y i e l d f o r t h e two s t e p s was 7 0 ? . 
R e m o v a l o f t h e b e n z y l i d e n e g r o u p by a c i d f r o m 8 f a i l e d , 
t h e / 5 - a c e t a t e g r o u p b e i n g l o s t s i m u l t a n e o u s l y ; i t c o u l d , 
h o w e v e r , be a c c o m p l i s h e d by d i s s o l v i n g t h e a c e t a l i n h o t 
e t h a n o l a n d s u b m i t t i n g i t t o h y d r o g e n o l y s i s a t 50°C i n 
t h e p r e s e n c e o f p a l l a d i u m - o n - c h a r c o a l . The d i o l 9 was 
i s o l a t e d i n 6 0 ? y i e l d a f t e r c h r o m a t o g r a p h y o f t h e c r u d e 
r e a c t i o n m i x t u r e o n s i l i c a g e l . S e l e c t i v e a c e t y l a t i o n o f 
t h e p r i m a r y h y d r o x y l g r o u p o f t h e d i o l 9 o c c u r r e d when 
a s o l u t i o n o f one m o l a r e q u i v a l e n t o f a c e t y l c h l o r i d e i n 
d i c h l o r o m e t h a n e was a d d e d t o t h e d i o l i n d i c h l o r o m e t h a n e 
c o n t a i n i n g one m o l a r e q u i v a l e n t o f p y r i d i n e ; a d d i t i o n 
was c a r r i e d o u t d r o p w i s e a t -50°C a n d t h e r e a c t i o n m i x t ­
u r e was a l l o w e d t o r e a c h room t e m p e r a t u r e o v e r n i g h t . The 
t e t r a a c e t a t e 10 was i s o l a t e d i n 6 0 ? y i e l d a f t e r - c o l u m n 
c h r o m a t o g r a p h y on s i l i c a g e l . 

P h o s p h o r y l a t i o n o f t h e f r e e h y d r o x y l g r o u p on C-4- o f 
t h e t e t r a a c e t a t e 10 was n o t s t r a i g h t f o r w a r d : i t c o u l d , 
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h o w e v e r , be a c c o m p l i s h e d i n b e n z e n e s o l u t i o n w i t h two 
m o l a r e q u i v a l e n t s o f d i p h e n y l p h o s p h o r y l c h l o r i d e , i f 
1.2 m o l a r e q u i v a l e n t s o f p y r i d i n e a n d 4 - d i m e t h y l a m i n o -
p y r i d i n e w e r e p r e s e n t . I n t h e s e c o n d i t i o n s p h o s p h o r y l ­
a t i o n was f a s t ( 1 6 h a t 20°C) a n d n o , o r n e g l i g i b l e 
c o l o r d e v e l o p m e n t was o b s e r v e d . The d i p h e n y l p h o s p h a t e 
V ] was i s o l a t e d i n 8 0 ? y i e l d . I n a g e e t a l . ( I j J h a v e 
n o t i c e d p r e v i o u s l y t h a t p h o s p h o r y l a t i o n o f t h e 4 p o s i t ­
i o n o f an a n a l o g o u s d i s a c c h a r i d e d e r i v a t i v e was n o t 
e a s i l y a c c o m p l i s h e d . 

F r o m t h i s p o i n t o n two s y n t h e t i c r o u t e s c o u l d be f o l ­
l o w e d : compound 1 J c o u l d be t r e a t e d e i t h e r t o y i e l d t h e 
o x a z o l i n e 1^2, o r t h e a - h a l o g e n o s u g a r 1^, b o t h b e i n g 
e x p e c t e d t o l e a d t o t h e / 3 1 , 6 - l i n k e d d i s a c c h a r i d e u p o n 
c o n d e n s a t i o n w i t h t h e d i o l 9 » b e c a u s e o f t h e v e r y l o w 
r e a c t i v i t y o f t h e s e c o n d a r y ~ a l c o h o

The p h o s p h o r y l a t e
f o r m e d i n t o t h e o x a z o l i n e 1J2 u p o n t r e a t m e n t w i t h f e r r i c 
c h l o r i d e a n d was s t a b l e e n o u g h t o be p u r i f i e d by c o l u m n 
c h r o m a t o g r a p h y on s i l i c a g e l . H o w e v e r , u p o n a t t e m p t s t o 
c o n d e n s e i t w i t h t h e d i o l 9 i n t h e p r e s e n c e o f £-toluene-
s u l f o n i c a c i d , more t h a n one p r o d u c t was f o r m e d . E x a m i n ­
a t i o n o f t h e 1 H n.m.r. s p e c t r a o f t h e m a j o r p r o d u c t s 
i s o l a t e d by t . l . c . l e d t o t h e c o n c l u s i o n t h a t a t l e a s t 
i n some o f t h e s e p r o d u c t s f a t t y a c i d s w i t h o l e f i n i c 
d o u b l e b o n d s w e r e p r e s e n t . The r e a c t i o n was t h e n f u r t h e r 
e x a m i n e d u s i n g , i n s t e a d o f compound V I f 2 - ( 3 - a c e t o x y -
t e t r a d e canam i d o) - 1 , 3» 4-» 6 - t e t r a - 0 - a c e t y l - 2 - d e o x y - / J - D -
g l u c o p y r a n o s e 14- The o x a z o l i n e 1j5 f f o r m e d u p o n i t s 
t r e a t m e n t w i t h ^ e r r i c c h l o r i d e , when a l l o w e d t o r e a c t 
w i t h a l l y l a l c o h o l ( o r m e t h a n o l ) i n t h e p r e s e n c e o f 
c a t a l y t i c a m o u n t s o f £-toluenesulfonic a c i d , g a v e e s s e n t ­
i a l l y two p r o d u c t s w h i c h w e r e s e p a r a t e d by c o l u m n c h r o m ­
a t o g r a p h y a n d i d e n t i f i e d . One was t h e e x p e c t e d / J - g l y c -
o s i d e X 6 a , ) 2 , i n w h i c h t h e f a t t y a c i d s t i l l c a r r i e d t h e 
a c e t o x y g r o u p a t t a c h e d t o t h e f a t t y a c i d ; i n t h e o t h e r , 
h o w e v e r , w h i c h was a l s o a /3-gly c o s i d e , t h e a c e t o x y 
g r o u p o r i g i n a l l y p r e s e n t on t h e f a t t y a c i d was l o s t a n d 
t h e 3 - a c e t o x y t e t r a d e c a n o i c a c i d r e s i d u e was t r a n s f o r m e d 
i n t o a t r a n s - t e t r a d e ce no i c a c i d r e s i d u e V 7 g . , ^ . To f i n d 
o u t w h e t h e r t h e e l i m i n a t i o n r e a c t i o n o c c u r r e d b e f o r e o r 
d u r i n g t h e c o n d e n s a t i o n , t h e o x a z o l i n e 1 ^ was t r e a t e d 
w i t h ; p - t o l u e n e s u l f o n i c a c i d i n t h e a b s e n c e o f a n y a l c o h ­
o l : e l i m i n a t i o n o c c u r r e d r a p i d l y , a n d t h e o x a z o l i n e 
c a r r y i n g t h e o l e f i n i c f a t t y a c i d V8 was f o r m e d s i m u l t ­
a n e o u s l y ; when t h i s was i s o l a t e d a n d a l l o w e d t o r e a c t 
w i t h a l l y l a l c o h o l o r m e t h a n o l , t h e c o r r e s p o n d i n g j 3 -
g l y c o s i d e V£a»b was o b t a i n e d i n h i g h y i e l d . I t w a s , 
t h e r e f o r e , c o n c l u d e d t h a t d u r i n g t h e c o n d e n s a t i o n o f 
o x a z o l i n e s 12 a n d 1 5 , two r e a c t i o n s o c c u r r e d s i m u l t a n -

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



306 BACTERIAL LIPOPOLYSACCHARIDES 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



14. CHARON ET AL. The Hydrophobic Region in Bacterial Endotoxins 307 

e o u s l y : an a c i d c a t a l y s e d e l i m i n a t i o n o f t h e a c e t a t e 
g r o u p a t t a c h e d t o t h e f a t t y a c i d r e s i d u e f o l l o w e d by 
c o n d e n s a t i o n o f t h e o x a z o l i n e w i t h t h e a l c o h o l t o y i e l d 
^ - g l y c o s i d e s w i t h o l e f i n i c f a t t y a c i d s , a n d d i r e c t 

c o n d e n s a t i o n o f t h e o x a z o l i n e s w i t h t h e a l c o h o l s t o / J -
g l y c o s i d e s c a r r y i n g t h e a c e t o x y - f a t t y a c i d s . I n a g i v e n 
s e t o f c o n d i t i o n s t h e r a t e s o f t h e s e two r e a c t i o n s w i l l 
d e t e r m i n e t h e p r o p o r t i o n o f t h e o l e f i n i c a n d a c e t o x y l a t e d 
p r o d u c t s f o r m e d . 

I t i s w e l l known t h a t t h e r a t e o f an e l i m i n a t i o n 
r e a c t i o n d e p e n d s , among o t h e r t h i n g s , on t h e n a t u r e o f 
t h e l e a v i n g g r o u p . The a c e t o x y g r o u p b e i n g a b e t t e r 
l e a v i n g g r o u p t h a n t h e h y d r o x y l g r o u p , i t was t h e r e f o r e 
c o n s i d e r e d t h a t r e p l a c e m e n t o f t h e a c e t o x y g r o u p by a 
n o n - p r o t e c t e d h y d r o x y g r o u p c o u l d s u f f i c i e n t l y r e d u c e 
t h e r a t e o f t h e e l i m i n a t i o
c o n d e n s a t i o n t h e m a j o r
t h e o n l y r e a c t i o n . T h i s w a s , i n d e e d , f o u n d t o be t h e 
c a s e : t h e o x a z o l i n e V} - p r e p a r e d by c o n d e n s a t i o n o f 
1, 39 4-» 6 - t e t r a - j D - a c e t y l - 2 - a m i n o - 2 - d e o x y - / S - D - g l u c o p y r a n o s e 
a n d 3 - h y d r o x y t e t r a d e c a n o i c a c i d w i t h d i c y c l o h e x y l c a r b o -
d i i m i d e a n d t r e a t m e n t o f t h e p r o d u c t w i t h f e r r i c c h l o r ­
i d e - when a l l o w e d t o r e a c t w i t h a l l y l a l c o h o l i n t h e 
p r e s e n c e o f J D - t o l u e n e s u l f o n i c a c i d g a v e t h e / J - g l y c o s i d e 
c a r r y i n g t h e 3 - h y d r o x y t e t r a d e c a n o i c a c i d r e s i d u e 20 i n 
e x c e l l e n t y i e l d . T h i s r e s u l t c o n f i r m e d t h e p r e v i o u s 
d e m o n s t r a t i o n by K i s o e t a l . (1J>) t h a t 1, 3» Kt 6 - t e t r a - ( ) -
a c e t y l - 2 - d e o x y - 2 - ( 3 - h y d r o x y t e t r a d e c a n a m i d o ) - 0 - D - g l u c o -
p y r a n o s e g a v e , u p o n t r e a t m e n t w i t h b e n z y l a l c o h o l a n d 
f e r r i c c h l o r i d e , t h e c o r r e s p o n d i n g / J - g l y c o s i d e i n q u a n t ­
i t a t i v e y i e l d . I t i s n o t e w o r t h y t h a t t h e o x a z o l i n e V£ 
d i d n o t u n d e r g o s e l f - c o n d e n s a t i o n d e s p i t e t h e p r e s e n c e 
o f a f r e e , s e c o n d a r y a l c o h o l w i t h i n t h e m o l e c u l e . A s , 
h o w e v e r , s e l e c t i v e p h o s p h o r y l a t i o n o f t h e ^ - - h y d r o x y 
g r o u p o f c ompound 21 c o u l d n o t be a c h i e v e d , we t u r n e d 
t o t h e a l t e r n a t i v e a p p r o a c h , n a m e l y t h e t r a n s f o r m a t i o n 
o f t h e p h o s p h o r y l a t e d / J - a c e t a t e 11 i n t o an a - h a l o g e n o 
d e r i v a t i v e . ~ ~ 

T r e a t m e n t o f t h e / 3 - a c e t a t e w i t h a n e x c e s s o f h y d r o g e n 
b r o m i d e i n a c e t i c a c i d d i l u t e d w i t h c h l o r o f o r m , f o r 2 h 
a t room t e m p e r a t u r e , g a v e , i n a p p a r e n t l y q u a n t i t a t i v e 
y i e l d , t h e b r o m i d e 22 w h i c h a p p e a r e d h o m o g e n e o u s u p o n 
t . l . c . a n d a c c o r d i n g t o i t s n.m.r. s p e c t r u n r . B e c a u s e o f 
i t s i n s t a b i l i t y i t was i m m e d i a t e l y c o n d e n s e d w i t h t h e 
d i o l 2 i n a m i x t u r e o f n i t r o m e t h a n e - t o l u e n e a n d i n 
t h e p r e s e n c e o f m e r c u r y d i c y a n i d e a n d m o l e c u l a r s i e v e 
4 8; i t g a v e t h e p h o s p h o r y l a t e d d i s a c c h a r i d e 2^. When 
t h e s y n t h o n s 22 a n d 2 c a r r i e d D , L - 3 - a c e t o x y t e t r a d e c a n -
a m i d o g r o u p s t h e i s o l a t e d y i e l d was 20%, b u t i t was 
r e d u c e d t o o n l y 7% when d e r i v a t i v e s o f t h e D - a c i d s w e r e 
made t o r e a c t . I t i s t h o u g h t t h a t t h e l e s s e r s o l u b i l i t y 
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£ 4 R « CI 
2 5 R e B r 

R = R 1

 B II 
2 7 R = A c , R ! = C ( P h ) 3 
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o f t h e s y n t h o n s c o n t a i n i n g t h e D - a c i d i n t o l u e n e - n i t r o -
m e t h a n e i s t h e m a i n r e a s o n f o r t h e l o w e r y i e l d o b t a i n e d 
w i t h t h e s e d e r i v a t i v e s . 

D e p r o t e c t i o n o f t h e d i s a c c h a r i d e 2£ was a c c o m p l i s h e d 
by c l e a v i n g o f f t h e p h e n y l g r o u p s by h y d r o g e n o l y s i s 
o v e r p l a t i n u m a n d t h e a c e t y l g r o u p s by t r e a t m e n t o f t h e 
m e t h a n o l i c s o l u t i o n w i t h a m m o n i a . A f t e r r e m o v a l o f 
e x c e s s a m m o n i a , t h e monoammonium s a l t o f t h e u n p r o t e c t ­
e d d i s a c c h a r i d e 2 was i s o l a t e d by p r e c i p i t a t i o n w i t h 
a c e t o n e . The y i e l d was 5 5 ? ; £*] +21° (c» O.255* 1 :1 
p y r i d i n e - m e t h a n o l ) . Upon t . l . c ? t h e m a t e r i a l a p p e a r e d 
t o be h o m o g e n e o u s . The s t r u c t u r e o f t h i s p h o s p h o r y l a t e d 
d i s a c c h a r i d e i s t h e same a s t h a t a s s i g n e d t o "Compound 
I I " by R o s n e r e j , a l . (j5) : i n t h e c h r o m a t o g r a p h i c c o n d i t ­
i o n s u s e d by t h e s e A u t h o r s , t h e s y n t h e t i c c o mpound h a d 
an R f v a l u e s i m i l a r t
i s o l a t e d f r o m a n E . c o l

I n t h e s e c o n d s y n t h e s i s , i n w h i c h t h e / 5 1 , 6 - l i n k e d 
d i s a c c h a r i d e was p r e p a r e d f i r s t a n d t h e s u b s t i t u e n t s 
i n t r o d u c e d a f t e r w a r d s , 2 - a m i n o - 2 - d e o x y - g l u c o s e h y d r o ­
c h l o r i d e was t r a n s f o r m e d i n t o t h e w e l l known ( 1 6 ; 
3, A» 6 - t r i - 0 - a c e t y l - 2 - d e o x y - 2 - p h t h a l i m i d o - / J - D - g l u c o p y r a n -
o s y l c h l o r i d e (21), f r o m w h i c h t h e c o r r e s p o n d i n g b e n z y l 
g l y c o s i d e was o b t a i n e d . D e a c e t y l a t i o n by Z e m p l e n ' s 
m e t h o d a t 0°C g a v e t h e t r i o l 26 w h i c h , when t r e a t e d 
s u c c e s s i v e l y w i t h t r i p h e n y l m e t h y l c h l o r i d e a n d t h e n w i t h 
a c e t i c a n h y d r i d e , b o t h i n p y r i d i n e s o l u t i o n , l e d t o t h e 
t r i p h e n y l m e t h y l e t h e r 2 7 . C o n d e n s a t i o n o f t h i s w i t h 
3, k 9 6 - t r i - 0 - a c e t y l - 2 - d e o x y - 2 - p h t h a l i m i d o - j 3 - D - g l u c o p y r a n -
o s y l b r o m i d e 2 5 ( V 7 ) i n t h e p r e s e n c e o f s i l v e r p e r c h l o r -
a t e a c c o r d i n g ^ t o t h e m e t h o d o f B r e d e r e c k e t a l . ( 1 8 ) 
g a v e t h e f u l l y p r o t e c t e d d i s a c c h a r i d e 28 i n " o " 5 - 7 0 X ~ y i e l d . 
I t i s i m p o r t a n t n o t t o r e m o v e t h e t r i p ' K e n y l m e t h y l g r o u p 
b e f o r e c o n d e n s a t i o n , b e c a u s e d u r i n g p u r i f i c a t i o n o f t h e 
d e - t r i t y l a t e d b e n z y l g l y c o s i d e o n s i l i c a g e l a c e t y l -
g r o u p m i g r a t i o n i n v a r i a b l y o c c u r s a n d a m i x t u r e o f d i ­
s a c c h a r i d e s i s f o r m e d i n t h e s u b s e q u e n t c o n d e n s a t i o n 
r e a c t i o n . The p r o t e c t e d d i s a c c h a r i d e 2Q g a v e , a f t e r 
r e m o v a l o f t h e a c e t a t e g r o u p s by Z e m p l e n ' s m e t h o d a n d 
t h e p h t h a l i m i d o g r o u p s by h y d r a z i n o l y s i s ( 1 2 ) * t h e 
b e n z y l g l y c o s i d e o f t h e o t h e r w i s e u n s u b s t i t u t e d d i s a c h -
c h a r i d e 2%, t h e y i e l d f o r t h e two s t e p s b e i n g 8 5 - 9 0 ? . 
I n t h e 4-00 MHz 1H n.m.r. s p e c t r u m t h e c o u p l i n g c o n s t a n t s 
J-| 92 a"k <5 4-2 4 a n c * J-j i o i a ^ 5 4-30 w e r e b o t h 8 Hz a s 
e x p e c t e d f o r /5-gly c o s i a e s . 

I n t h e n e x t s t e p t h e 3 - a c e t o x y t e t r a d e c a n o i c a c i d 
r e s i d u e s w e r e i n t r o d u c e d by u s e o f t h e c o r r e s p o n d i n g 
a n h y d r i d e w h i c h was p r e p a r e d f r o m t h e b e n z y l e s t e r o f 
t h e 3 - h y d r o x y a c i d : t h i s was a c e t y l a t e d w i t h a c e t i c 
a n h y d r i d e - s o d i u m a c e t a t e a t 100°C f o r 2 h , t h e a c e t a t e 
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28 R - A c , R* = p h t h a l i m i d o 
2g R = II, R' « N H 2 

30 R = H, R* = K I I - C 0 - C H 2 - H C 0 A c - ( C H 2 ) 1 - C H 3 

3i R « H, R' b R" = CHPh 
3 £ R - A c , R' = R M « CUPh 
3 £ R x A c , R f = R" = H 
34 R = A c , R'= H, R" = C H „ 0 B n 

35 R . A c 9 R v - P 0 ( 0 P h ) 2 , R" - CHgOBn 

36 R • H, R' • 0 P 0 3 H 2 3 J R • B n , R 1 = p h t h a l i m i d o 

37 R B 0 P 0 o H o , R* = H 2£ 1 1 - H > R ' = P h t h a l i m i d o 
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was i s o l a t e d and the b e n z y l group was removed by h y d r o -
g e n o l y s i s ; t r e a t m e n t of the a c e t o x y t e t r a d e c a n o i c a c i d 
t h u s formed w i t h d i c y c l o h e x y l c a r b o d i i m i d e t h e n gave the 
r e q u i r e d a n h y d r i d e . The o v e r a l l y i e l d was about 80?. 

T r e a t m e n t , i n m e t h a n o l , of the d i a m i n e d i s a c c h a r i d e 
22 w i t h t h i s a n h y d r i d e gave an 80? y i e l d o f the d i a m i d o -
d i s a c c h a r i d e 30. A l t h o u g h i t c o u l d be c r y s t a l l i z e d , 
t h i s compound^was n o t e a s i l y h a n d l e d , p r e s u m a b l y because 
of i t s a m p h i p a t h i c n a t u r e . The c o r r e s p o n d i n g h e p t a -
a c e t a t e , w h i c h c r y s t a l l i s e d e a s i l y , was used t o c h a r a c t ­
e r i z e the compound c o m p l e t e l y : i n d e e d , i t s 400 MHz 1H 
n.m.r. spec t r u m was of f i r s t o r d e r and a l l peaks c o u l d 
be a s s i g n e d u n a m b i g u o u s l y . The 4 f and 6 ! h y d r o x y groups 
of t h e d i a m i d o d i s a c c h a r i d e 30 were t h e n p r o t e c t e d : upon 
t r e a t m e n t w i t h or,a - d i m e t h o x y t o l u e n e i n N , N - d i m e t h y l -
formamide a t 60°C i
b e n z y l i d e n e d e r i v a t i v
i n 95? y i e l d , when a c e t y l a t e d w i t h a c e t i c a n h y d r i d e i n 
p y r i d i n e gave, a f t e r p u r i f i c a t i o n by column chromato­
graphy on s i l i c a g e l , a 70? y i e l d o f the p e n t a a c e t y l 
d e r i v a t i v e J3j2, from w h i c h the b e n z y l i d e n e group was r e -
mevode by t r e a t m e n t w i t h 80? a c e t i c a c i d a t 100°C f o r 
90 m i n u t e s ; a 90? y i e l d of the crude d i o l 3^ was r e c o v ­
e r e d by l y o p h i l i s a t i o n . T h i s w i t h o u t f u r t h e r p u r i f i c a t ­
i o n , was d i s s o l v e d i n d i c h l o r o m e t h a n e and t r e a t e d w i t h 
( b e n z y l o x y ) m e t h y l bromide (.20) and N,N,N 1,N f - t e t r a -
m e t h y l u r e a : the 6 1 - ( b e n z y l o x y ) m e t h y l e t h e r 34 was o b t a i n ­
ed. P h o s p h o r y l a t i o n o f t h e f r e e h y d r o x y l group of the 
o t h e r w i s e p r o t e c t e d d i s a c c h a r i d e 3^ was a c c o m p l i s h e d i n 
p y r i d i n e s o l u t i o n i n the p r e s e n c e of 4 - d i m e t h y l a m i n o -
p y r i d i n e : the r e a c t i o n was complete w i t h i n 2 h o u r s a t 
room t e m p e r a t u r e . The d i p h e n y l p h o s p h a t e 3J t h u s o b t a i n e d 
was p u r i f i e d by column chromatography and r e c o v e r e d by 
l y o p h i l i s a t i o n from benzene. The o v e r a l l y i e l d from the 
p e n t a a c e t y l d e r i v a t i v e 32 and by use of the crude p r o d ­
u c t s , was 47?. 

The b e n z y l and p h e n y l groups were removed by h y d r o -
g e n o l y s i s o v e r p a l l a d i u m and p l a t i n u m c a t a l y s t s , r e s p e c t ­
i v e l y , and the a c e t y l groups by t r e a t m e n t w i t h ammonia 
i n m e t h a n o l . I n t h i s case t o o , the monoammonium s a l t o f 
the p h o s p h o r y l a t e d d i s a c c h a r i d e 2 was i s o l a t e d ; p h y s i c a l 
and c h e m i c a l p a r a m e t e r s of the compounds o b t a i n e d by 
b o t h methods were i d e n t i c a l . 

W h i l e t h e s e compounds may be u s e f u l as r e f e r e n c e 
compounds f o r s t r u c t u r a l a n a l y s i s o f e n d o t o x i n s and 
h e l p f u l f o r o r i e n t i n g i n v e s t i g a t i o n s a i m i n g a t the 
e s t a b l i s h m e n t o f the c h e m i c a l s t r u c t u r e / b i o l o g i c a l 
a c t i v i t y r e l a t i o n s h i p o f t h e s e s u b s t a n c e s , t h e y a r e 
s t i l l f a r from r e p r e s e n t i n g any ' L i p i d A ! f r a g m e n t and 
even l e s s the h y d r o p h o b i c r e g i o n of an e n d o t o x i n . From 
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s t u d i e s o f a n u m b e r o f l a b o r a t o r i e s i t w o u l d a p p e a r 
t h a t b e s i d e s t h e 4 ! - p h o s p h a t e g r o u p , a t l e a s t one o t h e r 
p h o s p h o r y l r a d i c a l i s u s u a l l y a t t a c h e d t o p o s i t i o n 1 o f 
t h e d i s a c c h a r i d e /J-D-GlcpN (1 -—6) D - G l c N , k n o w n t o be 
p r e s e n t i n h y d r o p h o b i c r e g i o n s o f e n d o t o x i n s . A c c o r d i n g ­
l y , a t t e m p t s w e r e made i n t h e f i r s t p l a c e t o e l a b o r a t e 
a p p r o p r i a t e s y n t h e s e s f o r 2 - d e o x y - 2 - L ( 3 R ) - 3 - h y d r o x y -
t e t r a d e c a n a m i d o ] -a-, a n d - / J - D - g l u c o p y r a n o s y l p h o s p h a t e s 
36 a n d J 7 , h o p e f u l l y a p p l i c a b l e t o t h e s y n t h e s i s o f 
p h o s p h o r y l a t e d d i s a c c h a r i d e s . 

B o t h a n o m e r s o f 2 - a c e t a m i d o - 2 - d e o x y - D - g l u c o p y r a n o s y l 
p h o s p h a t e h a v e b e e n p r e p a r e d p r e v i o u s l y ; h o w e v e r , t h e 
m e t h o d s u s e d a r e n o t e a s i l y a d a p t e d t o o b t a i n g l u c o s a m i n e 
d e r i v a t i v e s c a r r y i n g 3 - h y d r o x y t e t r a d e c a n o i c a c i d a t t a c h ­
e d t o t h e a m i n o g r o u p . 

The s t a r t i n g m a t e r i a  £2
t r i - 0 - a c e t y l - 2 - d e o x y - 2 - p h t h a l i m i d o - / J - D - g l u c o p y r a n o s y
c h l o r i d e 2^: i t was t r e a t e d , a c c o r d i n g t o B a l u j a eb a l . 
( 2 J ) , w i t h s i l v e r d i b e n z y l p h o s p h a t e t o y i e l d t h e / J -
d i b e n z y l p h o s p h a t e J 8 . A f t e r r e m o v a l o f b o t h b e n z y l 
g r o u p s by h y d r o g e n o l y s i s , t h e a c e t y l a n d p h t h a l i m i d o 
g r o u p s c o u l d be c l e a v e d o f f by t r e a t m e n t o f t h e g l y c o s y l 
p h o s p h a t e £2 w i t h t h e c a l c u l a t e d a m o u n t o f h y d r a z i n e a t 
80°C f o r 2 h . The p h o s p h o r y l a t e d g l u c o s a m i n e s a l t f o r m e d 
was i n s o l u b l e i n m e t h a n o l a n d was r e c o v e r e d ; i t was 
t r a n s f o r m e d i n t o t h e t r i e t h y l a m m o n i u m s a l t . Upon a d d i t i o n 
o f 3 - a c e t o x y t e t r a d e c a n o i c a n h y d r i d e t o a n a l c o h o l i c 
s o l u t i o n o f t h i s s a l t i n t h e p r e s e n c e o f a s l i g h t e x c e s s 
o f t r i e t h y l a m i n e , 2-deoxy-2-[(3£) - 3 - a c e t o x y t e t r a d e c a n -
a m i d o ] - j 3 - D - g l u c o p y r a n o s y l 1 - p h o s p h a t e £0 was f o r m e d . 
The c r u d e p r o d u c t was d e a c e t y l a t e d w i t h m e t h a n o l i c 
a m m onia a n d t h e u n p r o t e c t e d / 5-phosphate i s o l a t e d a s t h e 
monoammonium s a l t by c o l u m n c h r o m a t o g r a p h y on s i l i c a g e l . 

F o r t h e s y n t h e s i s o f t h e a - p h o s p h a t e , 3»K»6-tri-0-
a c e t y l - 2 - a m i n o - 2 - d e o x y - c t - D - g l u c o p y r a n o s y l b r o m i d e h y d r o -
b r o m i d e (.22) was c o n d e n s e d , a c c o r d i n g t o M a l e y et a l . 
( 2 3 ) , w i t h t h e t r i e t h y l a m m o n i u m s a l t o f d i p h e n y l p h o s p h -
o r i c a c i d , a n d f r o m t h e r e s u l t i n g p h o s p h o t r i e s t e r -^1, 
i s o l a t e d a s i t s h y d r o c h l o r i d e , t h e p h e n y l g r o u p s w e r e 
r e m o v e d by h y d r o g e n o l y s i s . To t h e r e s u l t i n g m e t h a n o l i c 
s o l u t i o n o f 39 it 6 - t r i - 0 - a c e t y l - 2 - a m i n o - 2 - d e o x y - a - D - g l u c o -
p y r a n o s y l p h o s p h a t e 6 m i l l i e q u i v a l e n t s o f t r i e t h y l a m i n e 
w e r e a d d e d f o l l o w e d by 3 mmoles o f ( 3 R ) - 3 - a c e t o x y t e t r a ­
d e c a n o i c a n h y d r i d e : 3, k, 6 - t r i - 0 - a c e t y l - 2 - \ ( 3R) - 3-
a c e t o x y t e t r a d e c a n a m i d o ] - 2 - d e o x y - a - D - g l u c o p y r a n o s y l 
p h o s p h a t e ^2 was f o r m e d . I t was d e a c e t y l a t e d i n . s i t u by 
s a t u r a t i n g t h e s o l u t i o n w i t h a m m o n i a . The monoammonium 
s a l t o f 2 - Q 3 R ) - 3 - h y d r o x y t e t r a d e c a n a m i d o ] - 2 - d e o x y - a - D -
g l u c o p y r a n o s y l p h o s p h a t e ^ w a s i s o l a t e d by c o l u m n 
c h r o m a t o g r a p h y on s i l i c a g e l . The y i e l d , f r o m t h e 
p h o s p h o t r i e s t e r 4-1 was 6 0 ? . 
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I t h a s b e e n o b s e r v e d t h a t S a l m o n e l l a t y p h i m u r i u m 
e n d o t o x i n r e l e a s e d e t h a n o l a m i n e p h o s p h a t e u p o n t r e a t ­
m ent w i t h d i l u t e a c e t i c a c i d (2J±). L a t e r e t h a n o l a m i n e 
p y r o p h o s p h a t e a n d e t h a n o l a m i n e t r i p h o s p h a t e w e r e d e t e c t ­
e d (2j>) when P s e u d o m o n a s a e r u g i n o s a e n d o t o x i n was s i m ­
i l a r l y t r e a t e d . R e l e a s e o f e t h a n o l a m i n e p y r o p h o s p h a t e 
a l s o o c c u r r e d f r o m t h e B o r d e t e l l a p e r t u s s i s e n d o t o x i n 
i n s i m i l a r c o n d i t i o n s ( 2 6 ) . P 1 , P ^ - p y r o p h o s p h o r i c a c i d 
d i e s t e r s c o n t a i n i n g e t h a n o l a m i n e h a v e b e e n d e t e c t e d i n 
b o t h t h e c o r e r e g i o n ( 2 7 ) a n d t h e h y d r o p h o b i c r e g i o n 
( 2 8 ) o f e n d o t o x i n s . As i n t h e f o r m e r c a s e t h e o t h e r 
g r o u p e s t e r i f i e d a p p e a r s t o be a s e c o n d a r y a l c o h o l o f a 
h e p t o s e u n i t , a n d a s i t i s known t h a t h y d r o l y s i s o f t h e 
p y r o p h o s p h a t e b o n d i s f a s t e r t h a n t h a t o f t h e p h o s p h a t e 
e s t e r b o n d , i t i s n o t l i k e l y t h a t t h e p y r o p h o s p h o r y l 
e t h a n o l a m i n e f o u n d i
o r i g i n a t e f r o m s u c h s t r u c t u r e s
b e e n r e p o r t e d t h a t i  h y d r o p h o b i  r e g i o
e l l a s p . (.2£) a n d V i b r i o c h o l e r a e ( 3 0 ) e t h a n o l a m i n e 
p y r o p h o s p h a t e was a t t a c h e d t o t h e g l y c o s i d i c p o s i t i o n 
o f a g l u c o s a m i n e u n i t . I n o r d e r t o i n v e s t i g a t e w h e t h e r 
p y r o p h o s p h o r y l e t h a n o l a m i n e c a n be s e t f r e e f r o m t h i s 
t y p e o f s t r u c t u r e , a g l u c o s a m i n e d e r i v a t i v e c a r r y i n g 
( 3 R ) - 3 - h y d r o x y t e t r a d e c a n o i c a c i d i n a m i d e l i n k a g e , a n d 
p y r o p h o s p h o r y l e t h a n o l a m i n e i n t h e a - g l y c o s i d i c p o s i t i o n , 
was s y n t h e s i z e d . 

The s t a r t i n g m a t e r i a l was t h e t r i - n - b u t y l a m m o n i u m 
s a l t o f 2 - d e o x y - [ ( 3 R ) - 3 - h y d r o x y t e t r a d e c a n a m i d o ] - a - D -
g l u c o p y r a n o s y l p h o s p h a t e ^ j 3 a , w h i c h was c o n d e n s e d w i t h 
2 - N - b e n z y l o x y c a r b o n y 1 a m i n o - e t h y l - p h o s p h o m o r p h o l i d a t e 
44 i n p y r i d i n e s o l u t i o n . The p y r o p h o s p h a t e f o r m e d was 
i s o l a t e d a n d t h e b e n z y l o x y c a r b o n y l g r o u p was r e m o v e d by 
h d y r o g e n o l y s i s . 

I t h a s b e e n shown by R o s n e r e t a l . (j>) t h a t t h e g l y c ­
o s i d i c b o n d o f t h e 3 - d e o x y - D - m a n n o - 2 - o c t u l o s o n i c a c i d 
(KDO) u n i t s p r e s e n t i n t h e e n d o t o x i n o f t h e d e e p r o u g h 
m u t a n t o f E s c h e r i c h i a c o l i t h e y i n v e s t i g a t e d , was 
q u a n t i t a t i v e l y c l e a v e d i n a 20 mM s o d i u m a c e t a t e - a c e t i c 
a c i d b u f f e r a t 100°C i n 1 h o u r . T h e s e b e i n g t h e m i l d e s t 
c o n d i t i o n s u s e d so f a r i n t h e a n a l y s i s o f e n d o t o x i n s , 
t h e b e h a v i o u r o f t h e p y r o p h o s p h a t e L£ i n t h e s e c o n d i t i o n s 
was i n v e s t i g a t e d . I t was f o u n d t h a t no c l e a v a g e o f e i t h e r 
t h e g l y c o s i d i c o r t h e p y r o p h o s p h a t e b o n d o c c u r r e d . How­
e v e r , u p o n t r e a t m e n t o f t h e same compound w i t h O.1M 
h y d r o c h l o r i c a c i d f o r o n l y 5 m i n u t e s c o m p l e t e h y d r o l y s i s 
o f t h e . g l y c o s i d i c b o n d t o o k p l a c e , w h i l e a s u b s t a n t i a l 
p r o p o r t i o n o f t h e p y r o p h o s p h a t e l i n k a g e was p r e s e r v e d . 
I t f o l l o w s , t h a t p y r o p h o s p h o r y l e t h a n o l a m i n e r e l e a s e d 
f r o m c e r t a i n e n d o t o x i n s d u r i n g a c i d h y d r o l y s i s may, 
i n d e e d , o r i g i n a t e f r o m s t r u c t u r e s s u c h a s 4 5 f b u t d o e s 
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n o t p r o v e i t . C o r r e l a t i o n o f t h e k i n e t i c s o f e t h a n o l -
a m i n e p y r o p h o s p h a t e r e l e a s e w i t h t h o s e o f t h e a p p e a r ­
a n c e o f a r e d u c i n g g l u c o s a m i n e u n i t a n d t h e i r m o l a r 
r a t i o d u r i n g t h e p r o c e s s , w o u l d c o n s i d e r a b l y s t r e n g h t e n 
t h e h y p o t h e s i s . 
Literature Cited 

1. LeDur,A.;Chaby,R.:Szabó,L.J.Bacteriol.1980,143,78-88. 
2. Tsai,Ch.-M.;Frasch.C.E.Anal.Biochem.1982,119,115-119. 
3. Hase,S.;Rietschel,E.Th.Eur.J.Biochem.1976,63,101-107. 
4. Caroff,M.;Szabó,L.Carbohydr.Res.1983,114,95-102. 
5. Rosner,M.R.;Tang,J.-Y.;Barzilay,I.;Khorana.H.G.J. 

Biol.Chem.1979,254,5906-5917. 
6. Parker,Ch.Adv.Appl.Mirobiol.1976,20,2741. 
7. MacLennan,A.P.Biochem.J.1960,74,398-409
8. Kasai,N.Ann.N.Y.Acad.Sci.1966,133,486-507. 
9. Nakase,Y.;Tateisi,M.;Sekiya,K.;Kasuga,T.Japan.J. 

Microbiol.1970,14,1-8. 
10. Cutler,W.O.;Haworth.W.N.:Peat.S.J.J.Chem.Soc.1937, 

1979-1983. 
 Bergmann,M.;Zervas,L.Ber.1931,64B,975-980. 

12. Shriner,R.L.Organic Reactions,1942,1,1-37. 
13. Demary,M.;Puzo,G.;Asselineau J.Nouv.J.Chim.1978,2, 

373-378. 
14. Inage,M.;Chaki,H.;Kusumoto,S.;Shiba.T.Tetrahedron 

Letters,1981,2281-84. 
15. Kiso,M.;Nishiguchi,H.;Hasegawa,A.,Okumura,H.;Azuma, 

I.Agric.Biol.Chem.1981,45,1523-25. 
16. A kiya ,S.;Osawa,T.Chem.Pharm.Bull.1960,8,583-587. 
17. Baker,B.R.;Joseph,J.P.;Schaub,R.E.;Williams,J.H. 

J.Org.Chem.1954,19,1786-1792. 
18. Bredereck,H.;Wagner,A.;Faber,G.;Ott,H.;Rauther,J. 

Chem.Ber.1959,92,1135-1139. 
19. Fujinaga,M.;Matsushima,Y.Bull.Chem.Soc.Jpn.1964,37, 

468-470. 
20. Hindsgaul,O.Ph.D.Thesis,University of Alberta, 

Edmonton,Canada,1980. 
21. Baluja,G.;Chase,B.H.;Kenner,G.W.;Todd,A.J.Chem.Soc. 

1960,4678-81. 
22. Irvine.J.C.;McNicoll,D.;Hynd,A.J.J.Chem.Soc.1911,99 

250-261. 
23. Maley,F.;Maley,G.F.;Lardy,H.A.J.Amer.Chem.Soc.1956. 

78,5303-5307. 
24. Grollman,A.P.;Osborn.M.J.Biochemistry,1964,3,1571-

1574. 
25. Drewry,D.T.;Gray,G.W.;Wilkinson,S.G.Biochem.J.1972, 

130,289-295. 
26. Chaby,R.Thesis,Université de Paris-Sud,Orsay,France. 
27. Lehmann,V.;Lüderitz,O.;Westphal,O.Eur.J.Biochem. 

1971,21,339-347. 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



316 BACTERIAL LIPOPOLYSACCHARIDES 

28. Lüderitz, O.;Galanos,Ch.;Lehmann,V.;Mayer,H.;Rietschel, 
E.Th.;Weckesser,J.Naturwissenschaften,1978,65,578-585. 

29. Mühlradt,P.F.;Wray.V.;Lehmann,V.Eur.J.Biochem.1977, 
81,193-203. 

30. Broady,K.W.;Rietschel,E.Th.;Lüderitz,O.Eur.J.Biochem. 
1981,115,463-468. 

RECEIVED May 31, 1983 

In Bacterial Lipopolysaccharides; Anderson, L., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



INDEX 

Acetoxy group, elimination 307 
N-Acetyl-D-glucosamine, Salmonella 

core 8 
N-Acetylneuraminic acid 
components of capsular 

polysaccharides 173 
and KDO, biochemical 

relationship 176f 
Acidic constituents, capsular 

polysaccharides 17
Acidic sugars, LPS constituent
Activation, glycosyl oxygen fo

glycosyl phosphate synthesis 249 
Acute bact e r i a l i n f e c t i o n , defense 

against cancer 220 
Acyl disaccharides 

containing (Ip-3-hydroxytetra-
decanoyl moieties, 
synthesis 243-248f 

phosphate preparation 252,253f 
2- Acylamino-2-deoxy-D-gluco-

pyranosyl phosphates, 
synthesis- 281-85,286f,287f 

3- Acyloxyacyl groups 
(3-elimination reaction .... 204,206f 
l i p i d A disaccharide amino 

function 2*45 
Adsorption, f i r s t step i n 

bacteriophage infection 93 
Aglycone synthon, synthesis of o l i g o ­

saccharide repeating units ... 66 
Aglyconic derivative of KDO 124 
A l d i t o l phosphates, enzyme 

inhibi t o r y a c t i v i t y 152 
Aldonic acid phosphates, enzyme 

inhibitory a c t i v i t y 150,152 
A l l y l glycoside 

isomerization before 
coupling 270,271 

l i p i d A analog synthesis 265 
Amide-bound acyl groups 

present i n various l i p i d As ... 208f 
selective l i b e r a t i o n from 

free l i p i d A 205,206f 
Amide-linked fatty acids, hydrophobic 

region of l i p i d A backbone ... 204 
Amino sugars 

antigens of Pseudomonas 
aeruginosa 22t,23t,27-34 

constituents i n LPS 5t 
Amino-4-deoxy-L-arabinose, Proteus 

m i r a b i l i s LPS 200 

Aminodideoxy sugars, d i f f e r e n t i a t i o n 
of Pseudomonas aeruginosa 
immu no types 23 

Aminopentose, P. m i r a b i l i s LPS ... 200 
Amphiphiles, Gram-negative 

bacteria 195 
Analogs 

inh i b i t o r s and substrates of 
CMP-KDO synthetase 155f 

l i p i d A 
convergent synthesis 255-73 
disaccharid

structures and physical 
properties 247t 

N-Anisylideneglucosamine, direct 
derivatization 260-62 

Anomeric configuration, glycosyl 
phosphate i n natural l i p i d A 241 

Anomeric linkages between glycosyl 
residues, immunochemical 
s p e c i f i c i t i e s 90 

Antibacterial significance, 
KDO i n h i b i t i o n 156 

Antibodies 
anticapsular, pathogenic 

properties of capsules 187 
determination i n human sera, 

discussion 100-103,104f 
opsonization 189f 
response to various S. typhimurium 

saccharide-BSA conjugates 109t 
response with respect to a n t i -

hapten antibody response ... 108 
Antigens 
amino sugar composition of 

Pseudomonas aeruginosa 23t 
a r t i f i c i a l 6-7,34,39f,40-46 
capsular 

Escherichia c o l i 173 
containing KDO .. 177,181, 182f,189f 
low molecular polysaccharide, 

hydrophobic moiety .. I84,185f 
Pseudomonas aeruginosa 21 
synthetic oligosaccharide 

conjugates 100 
D-Arabinose-5-phosphate isomerase, 

KDO synthesis enzyme 146-50 
B 

Backbone 
l i p i d A phosphate groups 200 

317 
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Backbone—Continued 
low molecular polysaccharide, 

hydrophobic moiety .... 184,185f 
Pseudomonas aeruginosa 21 
synthetic oligosaccharide 

conjugates 100 
Bacterial endotoxins, hydrophobic 

region 301-315 
Bacterial lipopolysaccharides, 

synthetic l i p i d A 277-98 
Bacterial serotypes, 0-chains 6 
Bactericidal a c t i v i t y , Salmonella 

O-antigen-specific 
glycoconjugates 110 

Bacteriophages 
Kl- s p e c i f i c 187 
adsorption and Salmonella 

O-antigenic polysaccharides 93 
Benzyl glycoside, l i p i d A analog 

synthesis 26
Benzylidene derivative, 

disaccharide synthesis ... 262,311 
Bergmann-Schiff base, preparation 

of l i p i d A building blocks ... 260 
Biological a c t i v i t i e s 

LPS 3,237,302 
Salmonella O-antigen-specific 

glycoconjugates 110 
Biopolymer, stepwise synthesis ... 66 
Biosynthesis 

N-acetylneuraminic acid and KDO 173 
Escherichia c o l i K12 polymer ... 181 
KDO 144 
LPS 142 

Block synthesis, 
oligosaccharides 51,53-55 

Boivin, serotypes of P. aeruginosa 21 
Bordetella pertussis endotoxin 

ethanolamine pyrophosphate 314 
skeletal reference compounds ... 302 

Branchpoint, preparation of 
a KDO derivative 127 

Building block derivatives, 
D-glucosamine 258,259f 

C 

CMP-KDO synthetase, enzyme in KDO 
biosynthesis 154-56,I63t 

CMP-KDO transferase, enzyme in KDO 
biosynthesis 156 

Camouflage effect, bacterial 
self-defense 173 

Cancer immunotherapy, use of 
endotoxin 219-32 

Capsular antigens, containing 
KDO and ribose 135 

Capsular forms, electron 
micrographs 174f 

Capsular polysaccharides 
synthesis of KDO-containing 

oligosaccharides 135 
uropathogenic E. c o l i 171-89 

Carbohydrate skeletons of l i p i d A, 
synthetic studies 292 

Carbon-13 NMR spectra 
N-acetylneuraminic ... 177,178f,179f 
phosphate derivatives, 

l i p i d A synthesis 281 
structure characterization of 

0-chain sequence of 
P. aeruginosa ... 29,32f,35f,38f 

Catalysis 
hydrogenation 

disaccharides containing 
KDO residues 129 

methyl 3-oxotetradecanoate ... 243 
trisaccharides containing 

tetraethylammonium halides .... 285 
Cell wall skeleton (CWS), 

tumor regression 221t,224t 
Cell-mediated immune reactions, 

discussion 103,105t,106 
Cellular immune response 98 
Chemical-ionization mass spectro­

metry, structure characterization 
P. aeruginosa O-chain 29,30f 

Chemicoenzymatic approach, 
biosynthesis of O-antigenic 
polysaccharides 74,76-79 

Chemotherapy, LPS biosynthesis ... 144 
Chromobacterium violaceum 

d i s t r i b u t i o n of fatty acids .... 207 
l i p i d A phosphate groups 202 

Coley, William, and tumor 
immunology 219 

Coli capsular antigen, 
immunogenicity 184 

Conformations, synthesized 
oligosaccharides 55-57 

Conjugates, polysaccharide and 
protein 187 

Convergent approach, synthesis of 
l i p i d A analogs 255-73 

Core oligosaccharides 
Pseudomonas aeruginosa 25t 
Salmonella serotypes 7 

3-Deoxy-D-manno-2-octulosonic 
acid—See KDO 

Dephospho analogs 262,264f 
Dephospho disaccharide skeleton, 

l i p i d A 292 
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Detox—See also Nontoxic l i p i d A 
Detox, l e t h a l dose 2221 
Diamido disaccharide, disaccharide 

synthesis 311 
Diastereoisomers, l i p i d A 279 
Dideoxyhexose 84 
Diglyceride, l i p i d component of 

lipoprotein 195 
Diphenylphosphate, disaccharide 

synthesis 311 
1-a,4-Diphosphate disaccharide, 

synthesis 252 
Diphosphoryl l i p i d A 

chemical analyses 225 
FAB mass spectral analysis of 

fractions 230t 
related to monophosphoryl 

l i p i d A 229 
t o x i c i t y and tumor regression 

a c t i v i t y 230
Disaccharides 

analogs of l i p i d A 285,288-92 
CPK plot 58f 
derivation of oligosaccharides 

with KDO residues 126-27 
f u l l y substituted 

construction 265,266f 
proton-NMR spectrum 273,274f 

haptens synthesis 84-88 
N-(3-hydroxyacyl)-type, synthesis of 

phosphate derivatives ... 249-53 
of KDO residues, 

synthesis 124-26,129-31 
synthesis 

linkage between l i p i d A 
and KDO 133 
substituents .... 256f,302-315 

sel e c t i v e l y deprotected fatty 
acylated 262-67 

0,N-tetradecanoyl 238-43 
Disaccharide-halide, oligosac­

charides with KDO residues ... 137 
Divalent cations, endotoxin tumor 

regression potency 221 
Dodecanoic acid, fatty acids 

in Salmonella l i p i d A 203 
E 

EL1SA end-point t i t e r , various .. 109t 
EL1SA i n h i b i t i o n assay 

Salmonella serogroup 101f 
various, oligosaccharides with 

O-antigens ... 86,87f,89f,91,92f 
/3-Elimination reaction, ester-bound 

3-hydroxytetradecanoic acid 
residue 204,206f 

Endotoxins 
antitumor a c t i v i t y 220 
i n cancer immunotherapy 219-32 

Endotoxins—Continued 
chemical composition 224t 
Gram-negative bacterial 

infections 106 
hydrophobic region 301-315 
l e t h a l dose 222t 
structural analysis 311 
tumor regression 221t,224t 

Enterobacterial l i p i d A, backbone 
structure 199 

Enterobacterial lipopolysaccha­
rides, linkage point of KDO .. 216 

Enteropathogen, pathogenic c o l i 
bacteria 171 

Enzymatic steps, KDO transfer to 
l i p i d A precursor 158 

Enzyme-linked immunosorbent assay — 
See ELISA 

Enzymes 

i n h i b i t i o n , KDO biosynthesis ... 141 
KDO synthesis and metabolism 144-56 
kine t i c parameters i n KDO 

synthesis 157t 
D-Erythronic acid-4-phosphate, KDO 

enzyme in h i b i t o r 146-50 
Escherichia c o l i 

capsular antigen 135 
synthesis and use of KDO .... 141-68 
two capsular forms 175f 
uropathogenic, capsular 

polysaccharides 171-89 
Ester-linked acyl groups, i n 

various l i p i d As 208f 
Ester-linked f a t t y acids 

hydrophobic region of 
l i p i d A backbone 204 

monophosphoryl l i p i d A 229t 
Ethanolamine phosphates, hydrophobic 

region, various endotoxins ... 314 

FAB mass spectrometry 
diphosphoryl l i p i d A 229,230t 
monophosphoryl l i p i d A 227t 

Fatty acids 
endotoxin and l i p i d A 224t 
hydrophobic region, l i p i d A .... 203 
puri f i e d endotoxin 223,224t 

Fatty acyl residues, introduction 
after disaccharide 
formation 288,290f,291f 

Fatty acylated, s e l e c t i v e l y 
deprotected disaccharides, 
synthesis 262-65,266f,267f 

Fisher immunotypes 
characterization 22 
phosphorus-31 NMR p r o f i l e s 24f 
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Fisher immune-types—Continued 
Pseudomonas aeruginosa 27-34 

Free l i p i d A 
d e f i n i t i o n 196 
selective cleavage of amide-bound 

acyl residues 205,206f 
D-Fructose-1,6-diphosphate, 

D-gluconate-6-phosphate 
dehydrogenase i n h i b i t o r 161 

Fucosamine, amino sugar composition 
o f P- aeruginosa 23t,27-29 

Fusobacterium nucleatum, 
fatty acid d i s t r i b u t i o n 207 

G 

D-Galactose, Salmonella core 8 
TJalactosamine, amino sugar com­

position of P. aeruginos
Galactosaminuronic acid, antige

P. aeruginosa immunotyp
Gangliosides, structural relation 

to capsular polysaccharide ... 184 
Gel chromatography, various o l i g o ­

saccharide preparations 99f 
D-Gluconate-6-phosphate dehydro­

genase, enzymes in KDO 
synthesis 156,16nt,162t 

Glucosamine 
anomeric configuration ...... 197-99 
building block derivatives 258,259f 
derivatives, disaccharide 

synthesis 312,314 
endotoxin and l i p i d A 224t 
P. aeruginosa amino sugar 23t 
reducing unit, ethanolamine 

pyrophosphate release 315 
D-Glucosamine-disaccharide 197 
Glucosaminitol to glucosamine, 

linkage s i t e 197-99 
D-Glucose 

antigen of P. aeruginosa 
immunotype 1 34 

residue effect on phage 
hydrolytic a c t i v i t y 95 

Salmonella core 8 
D-Glucose-6-phosphate dehydrogenase 

effect of medium and growth rate 
on concentration I63t 

enzymes i n KDO synthesis 156 
i n h i b i t i o n 159t 

L-Glycero-D-manno-heptose, 
Salmonella core 8 

Glycerol phosphate moiety, 
K2 antigen 181 

Glycoconjugates 
saccharide-isothiocyanatophenyl, 

preparation 94f 
Salmonella 0-antigen 98-103 

Glycoconjugates—Continued 
Salmonella O-antigen-specific, 

as vaccines 106,108-115 
suited for e l i c i t i n g antibodies of 

desired s p e c i f i c i t y 93 
synthetic disaccharides 87f 
synthetic trisaccharides 91f 

Glycolipids, toxic and nontoxic, 
antitumor effects 224t 

/3-Glycosides, protected 
disaccharide 309 

Glycosidic phosphate group, degree 
of substitution 202 

Glycosyl esters, synthesis 283 
o-Glycosyl oxygen, a-glycosyl 

phosphate synthesis 249 
Glycosyl phosphates 

new method 249,250f,251 

oligosaccharide repeating 
units 66 

Glycosylation 
disaccharide synthesis 285,288 
f e r r i c chloride-catalyzed 279 

Gram-negative bacteria 
discussion 142 
hydrophilic and hydrophobic 

region 195 
l i p i d A structures 211 
Pseudomonas aeruginosa 21 
synthetic studies of l i p i d A 

component 277-98 
tumor immunology 220 

H 
HPLC analysis, monophosphoryl 

l i p i d A 227,228f 
HSEA calculations, conformation of 

oligosaccharides 55-57 
Halides, synthesis of 2-acylamino-

2-deoxy-D-glucopyranosyl 
phosphates 283-85,286f 

a-Halogeno sugar, synthesis 305 
Haptens 

disaccharide s p e c i f i c i t y 86 
phage endoglycosidase-hydrolyzed 

oligosaccharide 90,92f,93 
synthetic disaccharide 84-88 
synthetic trisaccharide .. 88,90,91f 

Hemagglutination reaction i n h i b i t o r , 
synthetic oligosaccharide .... 74 

Hemorrhagic necrosis, antitumor 
a c t i v i t y 220 

Hepta-O-acetyl derivative, c o n s t i ­
tutional and configurational 
characterization 126-27 
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Hexadecanoic acid, fatty acids i n 
Salmonella l i p i d A 203 

Humoral immune response 98 
Hybrid-myeloma protocol 60f,6lf 
Hydrochloric acid, effect on 

endotoxin t o x i c i t y 223-25 
Hydrophilic region, l i p i d A, 

summary 197,202,203 
Hydrophobic region 

bacterial endotoxins 301-315 
capsular polysaccharide 

antigens 184,185f 
l i p i d A structure 203-209 

Hydroxy acid, protected, acyl 
disaccharide synthesis 245 

3-Hydroxy fat t y acids, synthesis of 
l i p i d A analogs containing ... 243 

N-(3-Hydroxyacyl)-type disaccharide 
phosphates, synthesis ..

Hydroxyl group, eliminatio
Hydroxytetradecanoic acid, fatty 

acids in Salmonella l i p i d A .. 203 
I 

Immunoabsorbents 
Salmonella 0 and R form 

antibodies 9f 
synthesis 34,39f,40-46 

Immunochemistry 
rabbit antibody s p e c i f i c i t y .... 87f 
Salmonella O-antigen-specific 

glycoconjugates 83-115 
Immunodominant group, KDO-containing 

polysaccharides 181,l82f 
Immunodominant sugars, serogroup 

s p e c i f i c i t y 84 
Immunofluorescence (IFL) 
MRG-ITC-BSA serum 90,91f 
Os-BSA conjugate 93 
synthetic disaccharide hapten .. 85f 

Immunogens 
carrier protein coupling to 

capsular polysaccharides ... 187 
nontoxic, a r t i f i c i a l antigens .. 7 
various S. typhimurium saccharide-

BSA conjugates 109t 
Immunogenicity 
E. c o l i capsular antigen .. 184,l86f 
Salmonella O-antigen-specific 

glycoconjugates 83-115 
tumor, efficacy of endotoxin 220 

Immunotherapy, cancer, use of 
endotoxin 219-32 

Immunotype i d e n t i f i c a t i o n , Fisher 
P. aeruginosa immunotype .. 23,24f 

In v i t r o phagocytosis, Salmonella 
O-antigen-specific 
glycoconjugates 110 

In v i t r o testing, Salmonella 
bacteria 106,107f 

In vivo testing, Salmonella 
bacteria 103 

Inhibition 
enzymes of KDO synthesis and 

metabolism 144-56 
synthetic l i p i d A compared with 

natural l i p i d A 12 
Invasive bacteria 

pathogenic c o l i 171 
strategies against unspecific 

host defense 172f 
Iodine, oxazoline conversion i n 

l i p i d A synthesis 268,270 

K polysaccharides, 
immunogenicit  186f 

as a consituent of LPS 121 
biochemical relationship to 

N-acetylneuraminic acid ... 176f 
biosynthesis and use in 

Escherichia c o l i 141-68 
capsular components 173 
derivative coupling 298 
endotoxin and l i p i d A 224t 
in Escherichia c o l i 314 
l i p i d A synthesis 298 
location in l i p i d A 

backbone 199,216 
percent composition i n 

Pseudomonas aeruginosa 22t 
proton NMR signals 178f 
residues i n synthesis of 

oligosaccharides 121-37 
in Salmonella core 8 
synthesis, importance to l i p i d A 

maturation and LPS 164 
KDO-8-phosphate phosphatase 

effect of medium and growth rate 
on concentration I63t 

enzyme in KDO synthesis 152-54 
s p e c i f i c i t y on phosphorylated 

compounds 153t 
KDO-8-phosphate synthase 

effect of medium and growth rate 
on concentration I63t 

enzyme in KDO synthesis 150 
KDO-containing K antigens, charac­

t e r i s t i c proton NMR signal .. 178f 
KDO-defective Salmonella mutants, 

precursor molecule 10-13 
KDO-depleted endotoxic l i p i d A, 

l e t h a l i t y 223 
KDO-lipid A complex, purified 

endotoxin 223 
2-Keto-3-deoxy-D-manno-octonate— 

See KDO 
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Ketosidic linkage, oligosaccharides 
containing the l i p i d A-KDO 
linkage 133 

Kinetic parameters, KDO enzyme .. 157t 

L 
Lactonization, oligosaccharides 

with KDO residue 133 
Linkage sequence 

antigen of Pseudomonas aeruginosa 
immunotype 1 34,38f 

Lanyi s t r a i n 29,34 
Pseudomonas aeruginosa 27-29 

Lipid A 
bact e r i a l LPS synthesis 277-98 
characterization of nontoxic 

components 219-32 
composition 224t 
convergent synthesis 255-7
d e f i n i t i o n 19
importance of KDO biosynthesis 

to maturation 164 
LPS region of S. typhimurium ... 142 
nontoxic, preparation 223-25 
Pseudomonas aeruginosa 22t,23 
p u r i f i e d , chemical analysis .... 225 
Salmonella core 8 
structure analysis ....10-13,195-218 
synthetic l i p i d A compared with 

natural l i p i d A 12 
Lipid A analogs 

biological a c t i v i t i e s 13f 
3-hydroxy fatty acids 243,248 
structures and physical 

properties 247t 
synthesis 10,12 

Lipoidal precipitates, Pseudomonas 
aeruginosa 261 

Lip o p h i l i c component 237 
Lipophilic l i p i d A, t o x i c i t y 106 
Lipopolysaccharides 

constituents 5t 
importance of KDO biosynthesis 

to synthesis 164 
Lipoprotein, l i p i d component 195 
Lysogenic conversion, effect on 

enzyme s p e c i f i c i t y 95,97 
M 

Membrane, Gram-negative 
bacteria 142 

Metabolites, effect on enzymes 
in KDO synthesis 156-64 

Methylfuranosides, enzyme 
inhibi t o r y a c t i v i t y 152 

Microbial components, effective 
antitumor agents 220 

Microparticulate gel chromatog­
raphy, purified endotoxin .... 223 

Monoclonal 
antibodies 57,60f,61,181,182f 

1-a-Monophosphate disaccharide, 
synthesis 252 

4'-Monophosphates 249,250f 
Monophosphoryl l i p i d A 

chemical analysis 225,227,228f 
ester-linked fatty acid 229t 
fast atom bombardment (FAB) mass 

spectral analysis 227 
nontoxic, structure 230,231f 
t o x i c i t y and tumor regression 

a c t i v i t y 230t 
Monosaccharide analogs of l i p i d A, 

synthesis 278-81 
Monosaccharide glycoside, disac­

charide synthesis  41f,42f,44f 

potency 222 

Myeloma antibody generation .. 57,60f 

N 

NMR—See also Carbon-13 NMR, 
Proton NMR 

NMR spectra, synthetic oligosac­
charide conformation 55-57 

Neutral sugars 
constituents in LPS 5t 
percent i n P. aeruginosa 22t 

Nonhydroxylated fatty acids, i n 
Salmonella l i p i d A 204 

Nonphosphorylated analogs, 
i n h i b i t i o n , D-arabinose-5-
phosphate isomerase 149t 

Nonreducing units, disaccharide 
synthesis 258 

Nonsugar constituents, in LPS .... 5t 
Nontoxic l i p i d A 

phosphoryl l i p i d A 225 
preparation 223-25 
significance 232 
synergistic effect i n tumor 

regression 224t 
0 

O-antigens 
Salmonella glycoconjugates, 

discussion 98-103 
Shigella f l e x n e r i , structure 

and conformation 49 
0-antigen polymerase, polymerization 

of oligosaccharide repeating 
units 74 

O-antigen-specific phages 95 
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O-antigen-specificity 
Salmonella glycoconjugates as 

vaccines 106,108-115 
Salmonella oligosaccharide-protein 

conjugates 83-102f 
various Salmonella typhimurium 

saccharide-B Salmonella 
conjugates 109t 

O-antigenic polysaccharides 
chain structures 87f,91f,96f 
as phage receptors 93 
Pseudomonas aeruginosa 27-34 
synthesis 65-79 

0-chain p a r t i a l structures, 
chemically synthesized 6 

O-deacylation, synthetic vs. 
natural l i p i d A 12 

O-fliethylated sugars, constituents 
in LPS 5t 

O-polysaccharides, cell-mediate
immunity 10

0-specific chains, LPS 3-7 
Octasaccharide, CPK plot 59f 
Oligosaccharides 

containing KDO residues 121 
repeating unit 

polymerization 65-79 
synthesis 34,39f,40-46,50-55 
synthetic, potential uses 39f 

Opsonization 187 
Oxazolines 

2-acylamino-2-deoxy-D-gluco-
pyranosyl phosphates .... 281-83 

disaccharide synthesis 252 
/3-glycosides 285,288,289? 
intermediates 279 
phosphorochloridite procedure .. 270 
precursor of disaccharide non-

reducing unit 258 
synthetic routes 305 

P a r t i a l structures, KDO-containing 
oligosaccharides 121 

Pathogenic mechanisms, E. c o l i ... 171 
Pentaacetyl derivative, 

disaccharide synthesis 311 
Pentapalmitoyl analog, l i p i d A 

structures 255f 
Peptides, endotoxin tumor 

regression potency 221 
Peptidoglycan layer, Gram-negative 

bacteria 142 
Periodate oxidation, effect on 

cross-reactivity 100 
Phage 

endoglycosidase-hydrolyzed o l i g o ­
saccharide hapten .... 90,92f,93 

enzyme-bacterial LPS substrate 
interaction, discussion .... 97 

Phage—Continued 
proteins, hydrolytic a c t i v i t y .. 95 
receptors, f i r s t step in bacterio­

phage infection 93 
Phagocytes, bactericidal 

action 171,172f 
Phenol-water extraction, LPS 25 
Phosphates 

l i p i d A backbone groups 200 
percent in P. aeruginosa 22t 
synthesis of N-(3-hydroxyacyl)-

type disaccharides 249-253f 
synthesis of 0,N-tetradecanoyl 

disaccharides 241-43 
Phosphate derivatives 

1-halides, s t a r t i n g materials .. 283 
l i p i d A synthesis 281 

Phospholipids, endotoxin tumor 
regressive potency 221 

synthesis 268 
Phosphorus 

endotoxin and l i p i d A 224t 
purified endotoxin 223,224t 

Phosphorus-31 NMR spectroscopy, 
Fisher immunotypes of 
Pseudomonas aeruginosa .... 23,24f 

Phosphoryl groups, location i n 
l i p i d A backbone 199 

Phosphorylated a-acetate, trans­
formation into an a-halogeno 
derivative 307 

Phosphorylated analog i n h i b i t i o n 
D-arabinose-5-phosphate 

isomerase 148t 
KDO-8-phosphate synthase 151t 

Phosphorylated compound, 
s p e c i f i c i t y of KDO-8-
phosphate phosphatase 153t 

Phosphorylated disaccharides 
from phosphorylated ^-acetate .. 307 
structure 309 
synthesis 312 

Phosphorylated ethanolamine 
residue, bacterial LPS 285 

Phosphorylated intermediate, 
l i p i d A synthesis 268-73 

Phosphorylation 
butyllithium and a phosphoro­

chloridate method 251f 
disaccharide synthesis 304,311 
halide method 283 
oxazolines, l i p i d A synthesis .. 281 

Physiology, regulation of KDO 
biosynthesis and use 156 

Polycondensation, repeating units 
of 0-specific polysaccharides ..74 

Polymerization 
chemical, oligosaccharide 

repeating units ... 68,70-74,75s 
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Polymerization—Continued 
enzymatic, oligosaccharide 

repeating units 74,76-79 
Polyprenol residue, polymerization 

of oligosaccharide repeating 
units 74 

Polyprenyl pyrophosphate o l i g o ­
saccharides, p a r t i a l enzymatic 
synthesis 78 

Polysaccharides 
capsular 

carbon-13 NMR spectra 179f 
coupling to immunogenic carrier 

proteins 187,188f 
non-KDO capsular 181,183f 

location i n l i p i d A backbone 199 
Precipitation i n h i b i t i o n , variety 

of oligosaccharides 86,87f 
Protective e f f i c i e n c y , Salmonell

typhimurium bacteria 112
Proteins 

coupling to capsular 
polysaccharides 187 

percent in P. aeruginosa 22t 
Protein-free lipopolysaccharides, 

B. pertussis endotoxin 302 
Proteus m i r a b i l i s 
Re LPS, l i p i d A backbone .. 200,201f 
phosphoryl groups 200 

Proton NMR spectra 
disaccharide production 267f 
f u l l y substituted 

disaccharide 273,274f 
KDO 177,178f,179f 
oxazoline intermediates ... 270,272f 
phosphate derivatives i n l i p i d A 

synthesis 281 
structure, P. aeruginosa 0-chain 

sequence .... 29,31f,32f,33f,37f 
synthesis of oligosaccharides 

with KDO residues 126,131 
Pseudomonas aeruginosa 

ethanolamine phosphate 314 
LPS antigens 21,22 
0-chain sequence studies 27-34 

Pyranose, D-glucosamine residue 197-99 
Pyrogenic responses, Salmonella 

LPS 113f 
Pyrophosphates 
enzyme inhibitory a c t i v i t y 154 
linkage, sodium acetate-acetic 

acid buffer 314 
Pyrophosphorylethanolamine sub­

stit u e n t , Salmonella l i p i d A 
backbone 202 

Qu inovosamine 
amino sugar composition of 

Pseudomonas aeruginosa 23t 

Quinovosamine—Continued 
antigens of Pseudomonas 

aeruginosa immunotypes ... 29-34 
structure 45f 

R 

R antigens, semisynthetic 8,9f 
Reducing units, disaccharide 

synthesis 258 
Repeating units 

KDO-containing capsular 
polysaccharides 135 

P. aeruginosa type 1 0-chain ... 36f 
Rhamnose, antigens of Pseudomonas 

aeruginosa immunotypes 29-34 
L-Rhamnose residues 100 
Ring form, KDO-8-phosphate 

Saccharide-isothiocyanatophenyl 
glycoconjugates preparation .. 94f 

Saccharide-protein conjugates, 
as vaccines 114t 

Salmonella 
BO LPS antigen, antibody 

t i t e r s 103,104f 
infections, antibody t i t e r 100 
l i p i d A structure 10-13,196,209-11 
LPS 

free l i p i d A 196 
general structure 3,4f 
linkages of the KDO region .. 123f 

O-antigen-specific glycoconju­
gates, immunology and 
discussion 103,105t,106 

O-polysaccharide s p e c i f i c i t y , 
immunochemistry 83-115 

serogroups 87f-90,96f 
Salmonella anatum, chemicoenzymatic 

polymerization 76-79 
Salmonella minnesota, l i p i d A 

backbone 197,198f 
Salmonella newington 

0-antigen chemical polymerization 
pathway 70-74,75s 

polysaccharide stepwise 
synthesis 66-68,69s 

Salmonella paratyphi, ELISA 
t i t r a t i o n of human sera 101f 

Salmonella thompson, oligosaccha-
ride-BSA glycoconjugate ... 92f,93 

Salmonella-type l i p i d A, proposed 
structure ?37,239f,278f 

Salmonella typhimurium 
ELISA t i t r a t i o n of human sera,.101f 
and ethanolamine phosphate 314 
infection in calves, s p e c i f i c i t y 

for O-antigenic polysaccharide 
chain 105t 
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