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Typ i cal bac te rial glycoconjugates are known to stim u late im mu no log i cal sys tems of higher an i mals and
thereby play im por tant roles in the pri mary de fense of an i mals against bac te rial in fec tion.Lipopolysaccharide
(LPS) of gram-negative bac te ria is a rep re sen ta tive of such glycoconjugates.LPS was first dis cov ered as a po -
tent bac te rial toxin and named endotoxin but was soon found to ex hibit immunostimulating ac tiv ity.By the
use of our syn thetic pure prep a ra tions, the lipophilic par tial struc ture of LPS, des ig nated lipid A, proved to be
the ac tive en tity re spon si ble for both endotoxic and immunostimulating ac tiv i ties of LPS.This pa per deals
with our re cent chem i cal syn the sis and func tional study of lipid A and re lated com pounds.Syn the sis is de -
scribed of its var i ous struc tural an a logues, ra dio-labeled com pound and Re-type LPS that con tains two ad di -
tional sugar moi eties linked to lipid A.

Bac te rial cells are cov ered with a rigid cell en ve lope
which is mainly com posed of com plex gly cocon jugates hav -
ing unique struc tures never found in higher an i mals. When
in fec tion of bac te ria oc curs, de fen sive cells of an i mals such
as macrophages and lym pho cytes start their ac tion and pro -
duce pro tein me di a tors (cytokines) such as interleukins,
interferons, and tu mor ne cro sis fac tors to en hance the en tire
de fense sys tem. In ter est ingly, not whole liv ing cells of bac te -
ria are re quired for such ac ti va tion of de fense mech a nism but
cer tain typ i cal cell sur face glycoconjugates rep re sent the role 
of the liv ing bac te ria. It was fur ther dem on strated that def i -
nite chem i cal en ti ties cor re spond ing to par tic u lar par tial
struc tures of the glycoconjugates pos sess the ac tiv ity.

The first ex am ple iden ti fied as an “ac tive prin ci ple” of
cell sur face glycoconjugates was N-acetyl muramyl-L- alanyl-
 D-isoglutamine (so-called muramyl di pep tide, MDP) de -
scribed by two in de pend ent re search groups in clud ing our -
selves.1 The muramyl pep tide is a com mon build ing-block of
cell wall peptidoglycan. This par tic u lar mo lec u lar spe cies
with mo lec u lar weight of only around 500 ex hib its the def i -
nite immunostimulating ac tiv ity sim i lar to that of the cell
wall it self. This re sult en cour aged us to con tinue our study on 
other bi o log i cally im por tant bac te rial glycoconjugates in or -
der to iden tify the ac tive struc tures re spon si ble for their
immunostimulation and to dis close the mech a nism of their
ac tion. For syn thetic or ganic chem ists, these mol e cules pres -

ent highly chal leng ing tar gets with com plex chem i cal struc -
tures and amphiphilic na tures dif fi cult to han dle. In this pre -
sen ta tion we will fo cus on our syn thetic work on lipopoly -
saccharide, a typ i cal bioactive glycoconjugate of gram- nega -
tive bac te ria.

Syn the sis of lipid A, the lipid com po nent of
lipopolysaccharide, and its an a logues

Lipopolysaccharide (LPS) is the chem i cal en tity of
bac te rial endotoxin which was first de scribed as early as
1892 as a heat-stable po tent toxin bound to the cells of
Gram- negative or gan ism. As the name endotoxin im plies,
LPS ex hib its var i ous det ri men tal ac tiv i ties such as le thal tox -
ic ity, pyrogenicity, and tis sue-damaging ac tiv ity, which
some times cause se ri ous clin i cal prob lems even to day. Si -
mul ta neously, how ever, LPS also shows a wide range of ben -
e fi cial ac tiv i ties re lated to stim u la tion of im mu no log i cal re -
sponses. LPS is com posed of a hy dro philic polysaccharide
chain co va lently bound to a glycolipid des ig nated lipid A.
The lat ter was then found to be re spon si ble for both ben e fi -
cial and toxic func tions of LPS.2 The chem i cal struc ture of
lipid A from Esch e richia coli Re mu tant was de duced as 1 by
us.3 The pro posed struc ture of lipid A (1) was soon con firmed 
by our to tal syn the sis.4 The syn thetic lipid A showed iden ti -
cal bi o log i cal ac tiv i ties to those of the nat u ral coun ter part
iso lated from bac te rial cells.5
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Var i ous struc tural an a logues of lipid A (1) were iso -
lated from cells of other Gram-negative bac te ria. Some of
them were also syn the sized and tested for their ac tiv i ties.6 A
novel ef fi cient syn thetic route to lipid A an a logues was re -
cently es tab lished as ex em pli fied in the scheme be low.

The scheme il lus trates prep a ra tion of an ar ti fi cial an a -
logue 4 of a biosynthetic pre cur sor of lipid A 2 which con -
tains only four moles of 3-hydroxytetradecanoic acid. Com -
pound 4 con tains (S)-3-hydroxytetradecanoic acid in stead of
the cor re spond ing (R)-3-hydroxy ac ids pres ent in the nat u ral
coun ter part 2 and lipid A (1).7 The (1-6)glycosidic link age
of 3 was formed by the imidate method with the par tic i pa tion
of the neigh bor ing N-Troc group. The use of this glycosyla -
tion method in place of the pre vi ously em ployed glycosyl
bro mide4 en abled the pro tec tion of the dis tal phos phate group 

as an o-xylidene es ter. This cy clic benzyl type pro tect ing
group was re moved later smoothly by hydrogenolysis to -
gether with all the other benzyl groups in one step. Af ter in -
tro duc tion of the glycosyl phos phate group, the pro tected fi -
nal prod uct 5 was care fully pu ri fied, which was es sen tially
im por tant to ob tain a high yield of the fi nal prod uct by hy -
drogenolysis. The free lipid A was pu ri fied by cen trif u gal
par ti tion chro ma tog ra phy with a sol vent sys tem 1-butanol-
 THF-H2O (9 : 7 : 20).7 The pu ri fi ca tion pro ce dure is ap pli ca -
ble with some mi nor mod i fi ca tions to the syn the sis of var i ous 
struc tural an a logues of lipid A.8

Cytokine-inducing ac tiv ity as a typ i cal bi o log i cal func -
tion of LPS was tested for the syn thetic com pounds. Figs. 1
and 2 show the interleukin-6 (IL-6)-in duc ing ac tiv ity as
tested with hu man pe riph eral whole blood cells by the ELISA 
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method. The data re vealed the fol low ing in ter est ing phe nom -
ena. The num ber of acyl groups in the mol e cule is im por tant
for the na ture of the ac tiv ity, whereas the con fig u ra tions of
the 3-hydroxy acyl res i dues have no es sen tial ef fect. Syn -
thetic E. coli-type lipid A (1) with 3-hydroxy- and 3- acyl oxy -
acyl res i dues of nat u ral (R)-con fig u ra tions ex hib its com pa ra -
ble ac tiv ity with that of a stan dard nat u ral LPS (from E. coli
0111:B4 cells). An un nat u ral E. coli-type an a log 3 with (S) -
3-hydroxy ac ids ex hib ited al most the same endotoxic ac tiv ity 
as the nat u ral type 1. A biosynthetic pre cur sor of lipid A des -
ig nated pre cur sor Ia (2) was found to act as an an tag o nist to 1
and LPS, sup press ing the cytokine-inducing ac tiv ity of the
latters.9 The pre cur sor-type 4 with (S)-ac ids ex hib ited sim i lar 
but even stron ger an tag o nis tic ac tiv ity than the nat u ral-type

pre cur sor Ia (2).7,8

Syn the sis of ra dio-labeled lipid A an a logues
Chem i cal syn the sis has an other ob vi ous ad van tage that

one can pre pare suit ably la beled de riv a tives of lipid A which
are ex pected to be im por tant tools for the in ves ti ga tion of
bind ing pro teins and the mode of bi o log i cal ac tion. We next
at tempted to in cor po rate ra dio ac tiv ity to the mol e cule of
phosphonooxyethyl an a logues 6 of lipid A.10 In this ar ti fi cial
com pound one of the phos phate groups of lipid A is bound
not di rectly to the glycosidic hydroxy group but through an

-glycosidically linked eth yl ene gly col moi ety. The phos -
phonooxyethyl an a logue is sta ble enough so that its prep a ra -
tion was much eas ier than the cor re spond ing nat u ral lipid A.
In fact, 6 was ob tained through short-step trans for ma tions
and pu ri fied readily by sim ple ion-exchange chro ma tog ra -
phy.10 In spite of such mod i fi ca tion, the phosphonooxyethyl
an a logue 6 showed in dis tin guish able endotoxic ac tiv ity from 
that of 1.

The phosphonooxyethyl an a logue, there fore, seemed to 
be an ideal tar get of the syn the sis of ra dio la beled de riv a tive.
We at tempted to in tro duce ra dio ac tiv ity at the eth yl ene gly col 
unit of these mol e cules. An en tirely new route was ex ploited
for a tri tium-labeled 6 as il lus trated in the scheme be low by
em ploy ing a sim i lar strat egy to that for the syn the sis of 4
above.

A disaccharide in ter me di ate 7 was pre pared which con -
tains all the acyl groups and 4 -phos phate as well as the
glycosidically bound eth yl ene gly col. A tri tium was in cor po -
rated to the dis tal hydroxylmethylene group by NaB3H4-re -
duc tion of the cor re spond ing al de hyde de riv a tive. Phos pho -
ryla tion fol lowed by HPLC pu ri fi ca tion and hydrogenolytic
deprotection af forded highly pure tri tium-labeled 6 with high 
spe cific ra dio ac tiv ity.11,12 The la beled com pound was used to
de tect lipid A-binding pro teins on the cell sur face of macro -
phages.12
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igure 1. IL-6 induction by synthetic E. coli- type lipid A 1, its tetraacyl analogue 3, and LPS
(E.coli 0111:B4).

Fig. 1. IL-6 in duc tion by syn thetic E. coli-type lipid A
1, its (S)-acyl an a logue 3, and LPS (E. coli
0111:B4).
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Figure2. Inhibitory activity of synthetic lipid A analogues 2 and 4 against IL-6 induction by LPS.Fig. 2. In hib i tory ac tiv ity of syn thetic lipid A an a -
logues 2 and 4 against IL-6 in duc tion by LPS.
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Syn the sis of Re-type lipopolysaccharide (Re LPS)
As de scribed, lipid A has proved to be the endotoxic

prin ci ple of bac te rial LPS. How ever, lipid A it self is an ar ti fi -
cial mol e cule never ex ists in na ture in the free form: it is ob -
tained only af ter mild acid hy dro ly sis of LPS. The most sim -
ple nat u ral LPS ever found on liv ing bac te rial cells is one
called Re-type LPS pro duced by E. coli Re mu tant. Re LPS
(8) con tains only two ad di tional acidic sugar moi eties called
3-deoxy-D-manno-2-octulosonic acid (Kdo) linked to the
6 -po si tion of lipid A. We also started a syn thetic ap proach to
Re LPS which is a highly chal leng ing tar get con tain ing both
base-labile es ter functionalities and the acid-labile glycosyl
phos phate and ketosidic link ages. Af ter solv ing sev eral ba sic
prob lems, such as stereoselective for ma tion of -Kdo link -
ages, the syn the sis was started with an acylated glucosamine
disaccharide de void of the phos phate as shown in the scheme.

The syn the sis was com pleted by step wise in tro duc tion
of two Kdo moi eties and both phos phate fol lowed by cat a -
lytic hydrogenolysis. Pu ri fi ca tion was also ef fected by par ti -
tion chromatogry to af ford the highly pure first syn thetic LPS 
8.13 The in trin sic bi o log i cal ac tiv i ties such as cytokine in duc -
tion of Re LPS and its par tial struc ture lack ing one Kdo were
de ter mined for the first time, the ef fects of con tam i nat ing
bac te rial com po nents be ing thereby com pletely ex cluded.

Re cently, the ba sic frame work of a new de fense sys tem
called “in nate im mu nity” has been dis closed mainly by mo -
lec u lar bi o log i cal ap proaches. This is a very ba sic mech a -
nism which an i mals are given by born to pro tect them selves
against a wide range of in vad ing mi cro or gan isms. A fam ily
of toll-like re cep tors (TLRs) were char ac ter ized and shown
to play thereby im por tant roles to rec og nize var i ous bac te rial
glycoconjugates. By the use of our ho mo ge neous syn thetic
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lipid A prep a ra tions, par tic i pa tion of TLR4 was un equiv o -
cally proved in the pro cess of cell ac ti va tion by lipid A.14

Syn thetic or ganic chem is try is a pow er ful tool par tic u -

larly in func tional study of bi o log i cal ac tive com plex
glycoconjugates as ex em pli fied here. The ma jor merit of
chem i cal syn the sis in this field is its abil ity to pro duce ho mo -

Syn the sis and Func tion of Bac te rial Glycoconjugates J. Chin. Chem. Soc., Vol. 49, No. 4, 2002     457

O
O

OCOR3

NHCOR3
BnO OAllyl

TESO
O

OCOR1

NHCOR2
HO BF3 ether comlex

CH2Cl2

BnO
BnO

OTBSO
OTBS

CO 2Bn

F

2 eq.

O
O

OCOR3

NHCOR3
BnO OAllyl

O
O

OCOR1

NHCOR2
HO

BnO
BnO

OTBSO
OTBS

CO 2Bn
O

PNEt2
O1)

1H-tetrazole
MS4A, CH2Cl2

2) mCPBA

47% HF : CH2Cl2
: MeCN

1 : 5 : 5

O
O

OCOR3

NHCOR3
BnO OAllyl

O
O

OCOR1

NHCOR2
O

BnO
BnO

OTBSO
OTBS

CO 2Bn

O
P

O
O

TESCl
imidazole

CH2Cl2
MS4A

O
O

OCOR3

NHCOR3
BnO OAllyl

O
O

OCOR1

NHCOR2
O

BnO
BnO

OHO
OTES

CO 2Bn

O
P

O
O

BnO
BnO

OO
O

CO 2Bn

F

4 eq.

O
O

OCOR3

NHCOR3
BnO OAllyl

O
O

OCOR1

NHCOR2
O

BnO
BnO

OHO
O

CO 2Bn

O
P

O
O

BnO
BnO

OHO
OH

CO 2Bn

TFA
(1.5•̀ 2.0%)
H2O (0.5%)

CH2Cl2

P O P
OBnBnO

BnO
O O

OBn

Pd(black)
H2 20 atm

THF

Ir-complex

then I2, H2O

89%
96%

96%
95%

75%

81%
82%

22%
(2 steps)

Op-CF3PhCH2O

O
O

O

O
O

O

R1 CO=

R3 CO=

R2 CO=

O
O

O
HN

HO
O

O
HN

O

O

O
O

OH
OH

P(OH)2

O
O

O
(HO)2P

O

O
O

O
O

OO

O

CO2H

OHHO
HO

O
HO CO2H

OHHO
HO

Ir-complex = [Ir(H2)(cod)(MePh2 P)2]PF6

O
O

OCOR3

NHCOR3
BnO

O
O

OCOR1

NHCOR2
O

BnO
BnO

OHO
O

CO 2Bn

O
P

O
O

BnO
BnO

OHO
OH

CO 2Bn

O P(OBn)2

O

8

BF3 ether comlex
CH2Cl2

LiN(TMS)2 , THF



ge neous and def i nite com pounds in clud ing spe cif i cally la -
beled ones. Highly pure such prep a ra tions which are of ten
never avail able from nat u ral sources are of cru cial im por -
tance for de ter mi na tion of the ac tive en ti ties and also for the
study of ac tion mech a nisms. Syn thetic chem ists can thereby
take great plea sure in solv ing var i ous prob lems and of course
in hav ing the fi nal suc cess. In that way the fron tier of chem is -
try may be ever ex pand ing.
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