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Abstract—Fluorescence- and biotin-labeled lipid A analogues were synthesized for the investigation of bacterial lipopolysaccharide
(LPS)/lipid A recognition in the innate immune system. For the introduction of the labeling moiety, a hydrophilic glutaryl-glucose
linker was used for maintaining the bioactivity and also for preventing self-aggregation, which causes quenching of the fluorescence.
We also observed the biological activity of the labeled compounds.

© 2005 Elsevier Ltd. All rights reserved.

Lipid A is the active principal of bacterial lipopolysac-
charide (LPS),'® which is a constituent of the outer
membrane of Gram-negative bacteria. LPS has potent
immunostimulating activity and is also known as endo-
toxin for its toxicity that sometimes causes lethal sepsis.*
Innate immunity is a phylogenetically ancient defense
mechanism against invasion by pathogens. This defense
system recognizes pathogens by the pattern recognition
receptors (PRRs), which recognize common microbial
components such as LPS. These molecules are called
pathogen associated molecular patterns (PAMPs). Acti-
vation of immunocomponent cells by PAMPs via PRRs
causes immunostimulation. Concerning the LPS and
lipid A, the receptor complex consisting of Toll-like
receptor 4 (TLR4)>% and MD-2 was found to be respon-
sible for the recognition.” Recent studies have revealed
that TLR4/MD-2 directly recognizes LPS and lipid A.
Binding assay using synthetic radio-labeled lipid A® sug-
gested that TLR4/MD-2 recognizes a single molecule of
LPS and lipid A.>!° On the other hand, Seydel and
co-workers demonstrated that the aggregate formation

Keywords: Lipid A; Fluorescence-label; Biotin-label; Immunostimula-

tion; Innate immunity.

* Corresponding author. Fax: +81 6 6850 5419; e-mail: koichi@
chem.sci.osaka-u.ac.jp

TPresent address: Suntory Institute for Bioorganic Research, Shimam-
oto-cho, Mishima-gun, Osaka 618-8503, Japan, and Department of
Environmental and Biotechnological Frontier Engineering, Fukui
University of Technology, Fukui, Fukui 910-8505, Japan.

0040-4039/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2005.11.041

of lipid A and LPS is essential for expression of
activity.!! These results reflect the complex recognition
mechanism of LPS, in which various PRRs such as
LBP (LPS binding proteins), CDI14, TLR4/MD-2,
CD55 and so on are implicated.!? However, the recogni-
tion mechanism of lipid A and LPS is still unclear.

In order to understand the immunostimulating mecha-
nism in the innate immune system, fluorescence-labeled
or biotin-labeled lipid A derivatives have been desired
as probe molecules. Since natural LPS is heterogeneous
and often contaminated with other PAMPs, synthetic
homogeneous preparations are essential for investiga-
tion of the recognition system. However, the acid-labile
and amphiphilic characteristics of lipid A made it diffi-
cult to synthesize labeled compounds possessing both
the bioactivity and the desired function. In fact, we pre-
viously synthesized fluorescence-labeled lipid A with
BODIPY (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-
s-indacene) group linked through a glycine linker.!?
BODIPY-labeled lipid A, however, showed only weak
fluorescence owing to self-quenching. Since lipid A
forms aggregates under aqueous conditions, the hydro-
phobic characteristic of the BODIPY group and shorter
glycine linker caused tight aggregation of the fluores-
cence group and quenched the fluorescence.

We thus introduced a glucose with a glutaryl group as a
longer hydrophilic linker and also used more hydro-
philic fluorescent groups for the lipid A labeling
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(Scheme 1) to prevent the fluorescence quenching and
also to maintain the bioactivity. Besides the hydrophilic-
ity, the glucose linker has a hemiacetal structure which
can be used for the labeling reaction at the end of the
synthesis. We here used the hydrazone formation reac-
tion between the aldehyde group and the hydrazide
group of the labeling reagent. The linkage was stable en-
ough under physiological conditions. In this study, we
synthesized the labeled lipid A of both E. coli type (com-
pound 506) and antagonistic LPS biosynthetic precursor

Scheme 1. The 6’-position is the place where the long
glycan chain is connected in LPS. Modification at the
6’-position was expected to be less influential on the bio-
logical activity. We connected the linker to the 6’-posi-
tion of the lipid A via ester linkage with the carboxyl
group of the glutaryl group. This approach would also
be applicable for other amphiphilic glycoconjugates.

As depicted in Scheme 2, in order to introduce the linker
at the 6’-position of the E. coli lipid A and the lipid [Va,
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10a (for lipid A) and 10b (for lipid I'Va) as the precursor
having the lipid A backbone. For the preparation of the
disaccharide, we used an imidate 3a and 3b as the glyco-
syl donor, and the glycosyl acceptor 4, both were synthe-
sized from D-glucosamine.!® As for the synthesis of
E. coli lipid A type intermediate 10a, we first carried
out the glycosylation of 3a and 4 with a catalytic
amount of TMSOTT to give the B(1—6) disaccharide
5a in 74% yield.!” The Troc protection for the 2-amino
group of S5a was cleaved with Zn—Cu couple, and (R)-
3-(dodecanoyl)tetradecanoic acid was subsequently
introduced to the amino groups in 93% yield for two
steps. The benzyliden group, which protects 4’- and 6'-
hydroxyl groups, was then removed with trifluoroacetic
acid to give the compound 6a in 88% yield. After the
protection of the 6’-position of 6a with TBDMS, a
phosphate group was introduced to the 4’-position of
7 using phosphepane 8, and succeeding oxidation with
mCPBA'® gave phosphorylated compound 9a in 83%
yield for two steps. The deprotection of the TBDMS
group at the 6’-position with hydrofluoric acid gave
the key intermediate 10a in quantitative yield. The inter-
mediate for lipid IVa, 10b, was also synthesized in a sim-
ilar manner (Scheme 2).

The introduction of the glutaryl-glucose-linker to 10a
and 10b, and the preparation for the suitable deprotec-
ted structure for the final labeling reaction are shown
in Scheme 3. To the free 6’-position of compound 10a,
the glutaryl-glucose linker 11, which was prepared from
O-benzyl-protected glucose and glutaric anhydride, was
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introduced using DCC and DMAP to give 12a in 91%
yield. The 1-O-allyl group was then cleaved via isomer-
ization with [Ir(H)(cod)(MePh,P),]PF¢ to a vinyl group,
which was subsequently removed with iodine in water,
to give compound 13a in 90% yield. The deprotected
1-position was phosphorylated with 14 and LiN(TMS),

—78 °C. All the benzyl protecting groups were then
cleaved by catalytic hydrogenolysis with Pd-black to
give the precursor for the final labeling 1a. The lipid
IVa having a glutaryl-glucose-linker, 1b, was also pre-
pared (Scheme 3).

With the compounds 1a and 1b in hand, we synthesized
fluorescence or biotin labeled compounds with labeling
reagents having a hydrazide group. For the fluorescence
labeling, we used Alexa Fluor® 568 hydrazide (Invitoro-
gen Co.) and DCCH (7-diethylaminocoumarin-3-car-
boxylic acid, hydrazide) in a solution of chloroform,
methanol and 1.0 M aqueous sodium acetate—acetic acid
(pH 2.5)." We first synthesized the DCCH-labeled lipid
A 2a-1. However, the bioactivity was much weaker than
that of the native lipid A. We then introduced a hydro-
philic fluorescence group Alexa fluor® 568 to synthesize
compound 2a-2. We also prepared biotin-labeled lipid
A 2a-3.2° The labeled lipid IVa was also prepared in a
similar way via the precursor 1b to give DCCH-labeled
lipid TVa 2b-1 and Alexa fluor® 568-labeled lipid IVa
2b-2.

The bioactivities of the labeled compounds 1a, 2a-1 and
2a-2 (Fig. 1A), and also 1b, 2b-1 and 2b-2 (Fig. 1B) were
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Figure 1. (A) The Limulus activities of compounds 1a, 2a-1 and 2a-2, and (B) 1b, 2b-1 and 2b-2, comparing with LPS from E. co/i 0111:B4, assayed

with Endospecy Test® (Seikagaku Co., Tokyo).

examined with the Limulus test, which is the method for
detection of LPS and lipid A with limulus amebocyte
lysate (lal).?! The activities were compared with lipo-
polysaccharide (LPS) from E. coli 0111:B4. Compound
1a had almost the same activity with the LPS, and
Alexa fluor® 568-labeled compound 2a-1 showed a little
lower but satisfactory activity, while the DCCH-labeled
lipid A 2a-2 had only much lower activity. The hydro-
phobicity of DCCH might cause the self-aggregation to
distort the active conformation and lead to the lower
bioactivity. The lipid IVa derivatives, 1b, 2b-1 and 2b-
2, also showed a similar tendency of the activity
(Fig. 1B).

We next measured the fluorescence of Alexa fluor® 568-
labeled compounds 2a-2 and 2b-2 in comparison with
the fluorescence-labeling reagent. In the measurement,
slight reduction of intensity of fluorescence at 2a-2 and
2b-2 was observed, presumably because of self-aggrega-
tion. However, the detection limit was almost the same
with the fluorescence-labeling reagent, about 1.8 pmol/
mL in aqueous solution (ex. 577 nm, em. 595 nm), which
was much lower than the lower limit of the bioactive
concentration. These results showed that Alexa fluor®
568-labeled compounds 2a-2 and 2b-2 are applicable
for the investigation of the recognition and signal trans-
duction mechanism.

In conclusion, we have obtained a practical fluores-
cence-labeled E. coli lipid A and antagonistic lipid
IVa, and also the biotin-labeled analogues, by introduc-
ing a new hydrophilic glutaryl-glucose linker, which has
a reactive aldehyde group. We are now investigating the
recognition mechanism of lipid A in the innate immune
system, by using these labeled compounds.
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