2070 J. Med. Chem. 1992, 35, 2070-2074

Enzymatic Synthesis and Comparative Biological Evaluation of a Phosphonate

Analogue of the Lipid A Precursor

Dieter Scholz,* Karl Bednarik, Gerald Ehn, Wolfgang Neruda, Evelyne Janzek, Hans Loibner, Karin Briner,! and

Andrea Vasellat

Sandoz Forschungsinstitut, Vienna, Austria, and Organisch-Chemisches Institut der Universitdt Zirich-Irchel, Zirich,

Switzerland. Received July 31, 1991

Phosphonate analogue 5 of the lipid A precursor 4 has been prepared from phosphonate 2 and nucleotide 3 with
the help of lipid A synthase, isolated from the overproducing Escherichia coli mutant MC 1061 (A2512) or JB1104
(A2514). The biological properties of phosphonate 5 and phosphate 4 are quite similar to each other as compared
in the limulus amoebocyte lysate assay, by the activation of the RAW264 murine macrophagelike cell line (determined
by stimulation of ornithine decarboxylase), and by the pyrogenicity in rabbits. Hydrolytic removal of the 1-phosphate
group of 4 is thus not a prerequisite for its biological activity.

Introduction

The lipid A component of lipopolysaccharides (LPS) is
the dominant amphipathic structural element on the outer
surface of the outer membrane of Gram-negative bacteria.!
It is responsible for many of the biological properties of
endotoxin.?7 Endotoxins, while being powerful immu-
nostimulants, also cause several pathophysiological effects.
Therefore, we have initiated a research program to dissect
the detrimental and the anticipated beneficial effects of
lipid A.8°

Lipid A is a disaccharide consisting of two 8-1,6-linked
D-glucosamine residues which are N- and O-acylated by
fatty acids and carry phosphate groups in positions 4’ and
110 TIts structure is highly conserved among different
enterobacterial strains. An enzyme, lipid A synthase, has
been identified!!? which catalyzes the glycosidation of
2,3-diacylglucosamine 1-phosphate (lipid X, 1) by uridine
diphosphate 2,3-diacylglucosamine 3 to generate the lipid
A precursor 4,19 a 3-(1-6) linked tetraacyldisaccharide
1-phosphate intermediate (Scheme I). We have used this
enzyme (produced by Escherichia coli) for the preparation
of new lipid A analogues taking advantage of its broad
substrate specificity, which allows the synthesis of ana-
logues, modified at the reducing, the nonreducing, or at
both moieties.??

Glycosyl 1-phosphates are rather labile. Hydrolytic
cleavage of the phosphate group of lipid A precursor 4
leads to the corresponding hemiacetal. This product is
poorly soluble under conditions of biological assays. The
phosphate group of 4 may thus be of indirect (solubility,
aggregation) or of direct importance for the biological
activity. To investigate the relevance of the 1-phosphate
group for the biological activity of 4, we intended to pre-
pare the isopolar, nonisosteric, hydrolytically stable gly-
cosyl-1-phosphonate 5.1 At the same time we wished to
see if the E. coli lipid A synthase accepts the mono-
saccharide phosphonate 2 as a substrate. Both 2 and the
other required substrate UDP-lipid X (3) have been syn-
thesized before.!#!415 Analogues of lipid A have been
obtained by multistep chemical synthesis,® which may be
considerably simplified by using appropriate enzymes.

To compare the biological properties of 4 and 5, we chose
to study the limulus amoebocyte lysate (LAL) assay'® for
the detection of endotoxic properties in vitro, the ability
to enhance ornithine decarboxylase (ODC) activity in the
murine macrophagelike cell line RAW26417!® a5 a param-
eter for macrophage stimulation, and the pyrogenicity test
in rabbits.

Chemistry
We used a crude lipid A synthase preparation from an

tOrganisch-Chemisches Institut der Universitat Zirich-Irchel.
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Table I. Endotoxic Activity of 4, 5, and LPS, Determined by
LAL Assay

EU/g
lipid A precursor 4 8 X 108
phosphonate analogue 5 3 x 104
LPS 1.2 X 100

E. coli strain (MC 1061/p5r8 A2515), overproducing lipid
A synthase 1000-fold, constructed by Raetz.}® This allows

(1) Raetz, C. R. H. Biosynthesis and Pharmacologic Properties of
Escherichia coli Lipid A. Bacterial Outer Membranes as
Model Systems; Inouye, M., Ed.; John Wiley & Sons: New
York, 1987; p 229.

(2) Rietschel, E. Th., Ed. Handbook of Endotoxin, Chemistry of
Endotoxin; Elsevier: Amsterdam, 1984; Vol. 1.
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Figure 1. Comparison of the reaction rates for the formation
of 4 (solid squares) and 5 (open squares) by spectroscopical
monitoring of the consumption of UDP-lipid X (3).

the synthesis of analogue § at an acceptable rate, requiring
3-5 days for the preparation of about 100 mg of crude

(3) Galanos, C.; Luderitz, O.; Rietschel, E. T.; Westphal, O.; Brade,
T.; Freudenberg, M.; Schade, U.; Imoto, M.; Yoshimura, H.;
Kusumoto, S.; Shiba, T. Synthetic and natural Escherichia coli
free lipid A express identical endotoxic activaties. Eur. J.
Biochem. 1985, 148, 1.

(4) Homma, J. Y.; Matsuura, M.; Kanegasaki, S.; Kawakubo, Y.;
Kojima, Y.; Shibukawa, N.; Kumazawa, Y.; Yamamoto, A.;
Tonamoto, K.; Yasuda, T.; Imoto, M.; Yoshimura, H.; Kusu-
moto, S.; Shiba, T. Structural Requirements of Lipid A Re-
sponsible for the Functions: A Study with Chemically Syn-
thesized Lipid A and Its Analogues. J. Biochem. 1985, 98, 395.

(5) (a) Kotani, S.; Takada, H.; Tsujimoto, M.; Ogawa, T.; Harada,
K.; Mori, Y.; Kawasaki, A.; Tanaka, A.; Nagao, S.; Tanaka, S.;
Shiba, T.; Kusumoto, S.; Imoto, M.; Yoshimura, H.; Yama-
moto, M.; Shimamoto, T. Immunobiologically Active Lipid A
Analogs Synthesized According to a Revised Structural Model
of Natural Lipid A. Infect. Immunol. 1984, 45, 293. (b) Ko-
tani, S.; Takada, H.; Tsujimoto, M.; Ogawa, T.; Takahashi, L;
Ikeda, T.; Otsuka, K.; Shimauchi, H.; Mashimo, J.; Nagao, S.;
Tanaka, A.; Harada, K.; Nagaki, K.; Kitamura, H.; Shiba, T.;
Kusumoto, S.; Imoto, M.; Yoshimura, H. Synthetic Lipid A
with Endotoxic and Related Biological Activities Comparable
to Those of a Natural Lipid A from an Escherichia coli Re-
Mutant. Infect. Immunol. 1985, 49, 225. (c) Kusumoto, S.;
Yamamoto, M.; Shiba, T. Chemical Synthesis of Lipid X and
Lipid Y, Acyl Glucosamine 1 Phosphates isolated from Es-
cherichia coli Mutants. Tetrahedron Lett. 1984, 25, 3727. (d)
Kusama, T.; Soga, T.; Shioya, E.; Nakayama, K.; Nakajima, H.;
Osada, Y.; Ono, Y.; Kusomoto, S.; Shiba, T. Synthesis and
Antitumor Activity of Lipid A Analogues Having a Phospho-
nooxyethyl Group with a- or 8-Configuration at Position 1.
Chem. Pharm. Bull. 1990, 38, 3366. (e) Akamatsu, S.; Ikeda,
K.; Acjina, K. Lipid A and Related Compounds. XXIV. Ef-
ficient Synthesis of Several Lipid A’s via Common Di-
saccharide Intermediates. Chem. Pharm. Bull. 1991, 39, 288.

(6) Galanos, C.; Rietschel, E. T.; Laderitz, O.; Westphal, O.; Kim,
Y. B.; Watson, D. W. Electrodialysis of Lipopolysaccharides
and Their Conversion to Uniform Salt Forms. Eur. J. Bio-
chem. 1975, 54, 603.

(7) Galanos, C.; Luderitz, O.; Rietschel, E. T.; Westphal, O. Newer
Aspects of the Chemistry and Biology of Bacterial Lipopoly-
saccharides with Special References to Their Lipid A Compo-
nent. International Review of Biochemistry, Biochemistry of
Lipids II; Goodwin, T. W., Ed.; University Park Press: Bal-
timore 1977; Vol. 14, p 239.

(8) Stuetz, P. L.; Aschauer, H.; Hildebrandt, J.; Lam, C.; Loibner,
H.; Macher, 1.; Scholz, D.; Schuetze, E.; Vyplel H. Chemical
synthesis of endotoxin analogues and some structure activity
relationships. Cellular and Molecular Aspects of Endotoxin
Reactions; Nowotny, A., Spitzer, J. J., Ziegler, E. J., Eds.; El-
sevier: New York, 1990; pp 129.

(9) Vyplel, M,; Scholz, D.; Macher, 1.; Schindelmaier, K.; Schiitze,
E. C-Glycosidic Analogues of Lipid A and Lipid X: Synthesis
and Biological Activities. J. Med. Chem. 1991, 34, 2759.
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Figure 2. Stimulation of ODC activity in RAW264 cells by 4
(solid bars) and 5 (open bars). Values are expressed as percentage
of ODC stimulation obtained with 5 ng/mL LPS. At this con-
centration of LPS, maximal stimulation of ODC is observed (data
not shown).

Table II. Sum of the Individual Temperature Increases of
Three Rabbits following Treatment with 4 and 5

dose, ug/kg increase, °C
4 1 2.1
50 5.95
5 1 2.1
50 6.6

product. Purification of 5 was difficult due to its poor
solubility and contamination with 4. This contamination
is caused by traces of a hydrolase in the crude lipid A
synthase preparation, generating lipid X (1) from 3. The
rapid reaction of 1 and 3 forms 4 (Scheme I). The method
of choice for the purification of 5 was reversed-phase
chromatography using a water/pyridine gradient. After
purification, the maximal residual contamination with 4
was less than 0.5% based on quantitative high performance
thin-layer chromatography. The expected 8-D-configura-

(10) Raetz, C. R. H. Biochemistry of Endotoxins. Annu. Rev.
Biochem. 1990, 59, 129.

(11) Ray, B. L.; Painter, G.; Raetz, C. R. H. The Biosynthesis of
Gram-negative Endotoxin; Formation of Lipid A Disaccharides
from Monosaccharide Precursors in Extracts of Escherichia
coli. J. Biol. Chem. 1984, 259, 4852.

(12) Radika, K.; Raetz, Ch. R. H. Purification and Properties of
Lipid A Disaccharide Synthase of Escherichia coli. J. Biol.
Chem. 1988, 263, 14859.

(13) Engel, R. Phosphonates as Analogues of Natural Phosphates.
Chem. Rev. 1977, 77, 349,

(14) Macher, 1. A. Convenient Synthesis of 2-Deoxy-2[(R)-3-
hydroxytetradecanamido]-3-O-[(R)-3-hydroxytetradecanoyl]-
a-D-glucopyranose-1-phosphate (Lipid X). Carbohyd. Res.
1987, 162, 79-84.

(15) Briner, K.; Vasella, A. Glycosylphosphonates of 2-Amino-2-
deoxyaldoses. Synthesis of a Phosphonate Analogue of Lipid
X. Helv. Chim. Acta 1987, 70, 1341.

(16) Rietschel, E. T.; Brade, H.; Brade, L.; Brandenburg, K;
Schade, U.; Seydel, U.; Zahringer, U.; Galanos, C.; Luderit, O.;
Westphal, O.; Labischinski, H.; Kusumoto, S.; Shiba, T. Lipid
A, the Endotoxic Center of Bacterial Lipopolysaccharides:
Relation of Chemical Structure to Biological Activity. In De-
tection of Bacterial Endotoxins With the Limulus Amebocyte
Lysate Test; Watson, S. W., Levin, J., Novitsky, T. J., Eds.;
Alan R. Liss, Inc.: New York, 1987, p 25.

(17) Pegg, A. E.; McCann, P. P. Polyamine metabolism and func-
tion. Am. J. Physiol. 1983, 243, C212.

(18) McCann, P. P. Regulation of ornithine decarboxylase in eu-
kariotes. Polyamines in Biomedical Research; Gaugas, J. M.,
Ed.; John Wiley: New York, 1980.

(19) Crowell, D. N.; Anderson, M. S.; Raetz, C. R. H. Molecular
Cloning of the Genes for Lipid A Disaccharide Synthase and
UDP-N-acetylglucosamine Acyltransferase in Escherichia coli.
J. Bacteriol. 1986, 168, 152.



2072 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 11

tion of the newly formed glycoside linkage of 5 is evidenced
by a value for J, , of 7.5 Hz.

To determine the relative reaction rate for the formation
of 5 as compared to 4, the consumption of 3 was monitored
spectroscopically. The water-soluble uridine phosphate
which possesses about the same UV absorption as 3 was
removed from periodically withdrawn aliquots of the re-
action mixture. For the kinetic experiments, we used a
hydrolase-free lipid A synthase preparation obtained from
E. coli strain JB1104 A2514, which is devoid of hydrolase
activity.? This strain does not overproduce lipid A syn-
thase and is therefore not a suitable enzyme source for the
synthesis of 5 on a preparative scale.

As shown in Figure 1, UDP-lipid X (3) reacts with its
natural substrate lipid X (1) approximately 100 times
faster than with the phosphonate analogue 2.

Biology

LPS and lipid A exhibit a wide variety of biological
activities, such as pyrogenicity, lethality in mice, the local
Shwartzman reaction, induction of nonspecific resistance
to infection, polyclonal activation of B-lymphocytes, ac-
tivation of monocytes and macrophages, and limulus
amoebocyte lysate (LAL) clotting.5* The three biological
assays we chose to study the effect of substitution of the
1-phosphate group of the lipid A precursor by a 1-
phosphonate group represent three different levels of bi-
ological complexity, namely a cell-free enzymatic test
(LAL), a cellular in vitro assay (RAW264 stimulation), and
an in vivo test in animals (pyrogenicity in rabbits).

The biological activity of LPS is higher by several orders
of magnitude than that of the lipid A precursor and its
analogues. Hence, trace contaminations of endotoxin in
all assay systems would significantly falsify all biological
data. Consequently, the disaccharides 4 and 5 were pu-
rified chromatographically until their specific LAL activity
remained at a constant level. We assume that this level
reflects the intrinsic endotoxic activity of 4 and 5. A series
of different lipid A precursor analogues has been generated
using the same strategy for synthesis and purification as
the one described for 4 and 5.8 Some of these analogues
are almost completely devoid of endotoxinlike activity.
This strongly indicates that endotoxin contaminations, if
at all present in the crude preparations, are efficiently
removed by the described purification strategy. The en-
dotoxic content of all buffer solutions was below 10 pg/mL.

The LAL test is the only assay for the detection of en-
dotoxic activity in vitro.!® There are various LAL meth-
odologies.”! For practical reasons, a chromogenic assay in
microtiter plates was used.?? As shown in Table I, lipid
A precursor 4 is somewhat more active in this assay than
phosphonate analogue 5. Under the same conditions LPS
is about 10° times more active than 4 and 5.

Ornithine decarbozxylase (ODC; EC 4.1.1.17) is the first
enzyme in the biosynthesis of polyamines, which plays
essential roles in cell proliferation and differentiation.!®
ODC activity increases in macrophages within 2 h after

(20) Brozek, K. A.; Bulawa, C. E.; Raetz, C. H. R. Biosynthesis of
Lipid A Precursors in Escherichia coli. A Membrane-Bound
Enzyme That Transfers a Palmitoyl Residue from a Glycero-
phospholipid to Lipid X. J. Biol. Chem. 1987, 262, 5170.

(21) Seidl, G.; Malacek, L. Robotic System for the Turbidimetric
LAL-Endotoxin Assay. Advances in Laboratory Automation
Robotics; Strimatis, J. R., Hawk, G. L., Eds.; Zymark Corp.:
Hopkinton, MA, 1990, Vol. 6.

(22) Friberger, P. A quantitative endotoxin assay utilizing LAL and
a chromogenic substrate. Progress Clinical Biological Re-
search Watson, S. W., Levin, J., Novitsky, T. J., Eds.; A. R.
Liss Inc.: New York, 1982, Vol. 93, p 195.
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LPS addition, the effect being enhanced by priming the
macrophage with v-IFN. Thus, this parameter can be used
as a general marker for the activation of macrophages and
particularly of RAW264, a macrophage-like tumor cell line
of murine origin. We used this parameter to determine
the s(i‘,imulation of the RAW264 cell line by LPS and by
4 and 5.

As shown in Figure 2, 4 and 5 are active to a similar
extent in a concentration-dependent manner. At a con-
centration of 500 ng/mL both 4 and 5 stimulate RAW 264
cells almost to the same extent as 5 ng/mL LPS, used as
internal standard. .

The rabbit pyrogen test is the standard assay to measure
pyrogenicity. It is based on the postinjection rise of the
rabbit’s body temperature.? As shown in Table II, 4 and
5 are equally effective in this assay.

Discussion

Powerful methods for nonenzymatic glycosidations have
been developed. They require sophisticated protecting-
group strategies and result in multistep procedures. The
use of transglycosylating enzymes for the generation of di-
and oligosaccharides from unprotected monosaccharide
precursors is therefore an attractive alternative.? In this
respect, it is encouraging to note the broad substrate
specificity of lipid A synthase, which is here documented
by its accepting a phosphonate analogue of a natural
phosphate.

Both compounds are equally active in an in vitro assay
(ODC induction in RAW264 murine macrophage cell line)
and in an in vivo test (pyrogenicity in rabbits). In the LAL
assay, the specific endotoxic activity of 5 is about 30-fold
lower than that of 4. Considering the well-known problems
of reproducibility and the tolerance margin of the LAL
test, this difference is relatively small, and its biological
significance remains to be evaluated in detail. The similar
biological activities of 4 and 5 show that hydrolytic removal
of the 1-phosphate group of 4 is not required for its bio-
logical activity. This may indicate a specific interaction
of this group with a hypothetical receptor—in which case
the phosphono group is a good mimic of the phosphate
group—or, alternatively, that the 1-phosphate group is only
indirectly relevant for the biological activity. Unfortu-
nately, comparable biological data are not available for
hemiacetal 7, corresponding to 4 and 5, on account of its
very poor solubility. In this context, one should note the
biological activity and the solubility of 4’-phosphate 8 and
of lipid A analogues, carrying for example a 1-
phosphoryloxyethyl group.

The assumption that 4, 5, 8, and closely related ana-
logues interact with the same receptors is plausible. Hence,
the 1- and 4’-phosphate groups are either relevant only
because they confer a sufficient degree of solubility (which
may, in turn, influence upon the degree of aggregation),
but not on account of a specific interaction with the re-
ceptor, or, alternatively, because the 4’-phosphate group
may replace the 1-phosphate group or vice-versa in such
an interaction. In any case, both the phosphorylation of
other hydroxyl groups and the introduction of other polar
groups, ensuring a sufficient degree of solubility, may

(23) Taffet, S. M.; Haddlox, M. K. Bacterial Lipopolysaccharide
Induction of Ornithine Decarboxylase in the Macrophage like
Cell Line RAW261: Requirement of an Inducible Soluble
Factor. J. Cell Physiol. 1985, 122, 215.

(24) Pearson, F. C,, III Pyrogens. Marcel Dekker, Inc.: New York,
1985.

(25) Binkley, R. W. Reviews on Oligosaccharide Synthesis. J.
Carbohydr. Chem. 1988, 7, VIL
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contribute to clarify the role of the phosphate groups.®

Experimental Section

IH-NMR spectra were recorded with a Bruker WM-400 in-
strument (J values are in hertz); 3'P-NMR spectra were recorded
with 'H broad band decoupling with a Bruker WM-300 instru-
ment. A second H-NMR spectrum of 5 was recorded with a
Bruker WM-500 instrument at 330 K, shifting the HDO peak to
higher fields and allowing to identify the C-1’ proton. Elemental
analyses were determined by Dr. J. Zak (Mikroanalytisches La-
boratorium, Institut fiir Physikalische Chemie, Universitit Wien).
Analytical thin-layer chromatography was performed on high-
performance silica gel 60 F,;, glass plates (HPTLC, Merck).
Solvents were AR grade and used without purification. Pyro-
gen-free water was used throughout. All reagents were obtained
from commercial suppliers and were used without further puri-
fication. All evaporations were carried out in vacuo with a rotary
evaporator.

Preparation of Lipid A Synthase. A 55-L Giovanola 70C
fermenter (medium: LB-broth, 1% tryptone, 0.5% yeast extract,
1% NaCl, 1% fructose, 50 mM phosphate buffer (pH 7), 50 mg/L
ampicillin, 0.1 ml/L Glanapon 2000) was inoculated at 40 °C with
2% of a culture of E. coli MC1061 (A2515) or JB1104 (A2514)
grown overnight in the LB-broth mentioned above. The fer-
mentation was performed with the followmg parameters: starting
ODj;g = 0.095; stirring, 1000 rmp; air rate, 40 L/min, pO, = 40%
saturation; temperature, 30 °C. The pH was not regulated and
decreased to 6.6. After 3 h of fermentation (ODs;4 = 0.70), 10
g/L fructose and 5 g/L arabinose were added simultaneously.

Subsequently, 270 mL/h of a solution of 187.5 g/L arabinose
and 137.5 g/L fructose was added continuously for 12 h (final
ODg7 = 6.40). The cells were harvested by centrifugation (8500g,
10 min), washed, and resuspended in a 10 mM Tris-HCI buffer
(pH 7.0) containing 0.2 mM EDTA and 0.2 mM DTE. The cells
were disrupted by ultrasonication (~100 W/5 min). After cen-
trifugation (30000g, 4 °C, 20 min) and ultracentrifugation
(100000g, 4 °C, 90 min) a fractionated (NH,),SO, precipitation
followed. The pellets of 0-20% and 20-40% (NH,),SO, saturation
were discarded, and the pellet of the 70% (NH,),SO, saturation
was resuspended in buffer as used before. This enzyme prepa-
ration was ready to use and was stored at ~20 °C.

Enzymatic Preparation of Disaccharides. A 5 mM solution
of 2-deoxy-3-0-[(R)-3-hydroxytetradecanoyl]-2-[ [ (R)-3-hydroxy-
tetradecanoyl]amino]-a-D-glucopyranosyl 1-phosphate (1) (20
mL, 71 mg) or of 2-deoxy-3-0-[(R)-3-hydroxytetradecanoyl)-2-
[[(R)-3-hydroxytetradecanoyljamino]-a-D-glucopyranosyl-1-
phosphonate (2)'° (69.5 mg) in 10 mM Tris.HCI buffer (pH 7.0),
0.2 mM EDTA, and 0.2 mM DTE was mixed with 20 mL of a 6
mM solution of uridine diphosphate 2-deoxy-3-O-[(R)-3-
hydroxytetradecanoyl}-2-[[(R)-3-hydroxydecanoyljamino]-a-D-
glucopyranose (3)!? (126 mg) in the same buffer, and 40 mL of
the Lipid-A synthase preparation. Triton X-100 was added to
a concentration of 0.1%. The mixture was incubated at 30 °C
until complete consumption of the UDP derivative (thin-layer
control: silica gel, CHCl;/MeOH/CH,COOH/H;0 = 65/25/5/5;
detection spraying with a mixture of 2 g of vanillin, 20 mL of
C,HzO0H, 70 mL of H,0, and 10 mL of H,SO,). The mixture was
poured into a flask containing 10 g of prewashed RP18 silica gel
(Merck) and 100 mL of 50% aqueous pyridine containing 1%
CH,;COOQH. The silica gel was washed three times before use with
40% aqueous pyridine to remove excess organosilicon compounds.
The flask was shaken for 20 min. After sedimentation of the silica
gel the liquid was carefully decanted and, after thin-layer control,
discarded. A suspension of the silica gel in 100 mL of 40% aqueous
pyridine containing 1% CH3;COOH was slowly poured on top of
a column containing 30 g of prewashed RP18 silica gel (Merck).
The compound was eluted using a gradient of pyridine/H,0/
CH,COOH = 70/29/1 to pyridine/H,0/CH,COOH = 98/1/1.
This procedure was repeated until the specific LAL activity of
the desired product remained constant (usually after two runs).

Fractions containing the product were pooled, the solvent was
evaporated in vacuum, 50 mL of pyrogen-free H,O was added,
and the solution was lyophilized. The residue was washed twice
with ether to remove organosilicon contaminations and dried to
yield acid 4 or 5.

6-0-[2-Deoxy-3-O-[(R)-3-hydroxytetradecanoyl]-2-
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[[(R)-3-hydroxytetradecanoyl]amine]-8-pD-gluceo-
pyranosyl]-2-deoxy-3-O-[(R)-3-hydroxytetradecanoyl]-2-
[[(R)-3-hydroxytetradecanoyl]lamino]-a-D-glucopyranosyl
phosphate, 4: identical [chromatography and 'H-NMR spec-
troscopy] with an authentic sample obtained by Raetz.!! Yield:
63%, 83.5 mg R; = 0.53 (chloroform/methanol/acetic acid /H,0
= 25/15/2/4) 1H NMR (400 MHz, CDCl,/CD;OD = 1/1): &
(vs TMS) 5.49 (br s, H-C(1)), 5.13 (dd, ‘t’, H-C (3)), 4.95 (dd, ‘t’,
H-C(3")), 4.65 (d, H-C(1")), 4.6-4.45 (br s, HDO), 4.17 (br d,
H-C(2)), 4.06-3.98 (m, H-C(5), H,-C(6)), 4.0-3.95 (m, 2
CH,CHOH), 3.90-3.85 (m, 2 CH,CHOH), 3.86 (m, H,-C(6")), 3.78
(m, Hg-C(6)), 3.72 (m, Hg-C(6")), 3.6-3.5 (m, H-C(4), H-C(4")),
3.36 (H-C(5%), 2.45 (dd) and 2.35 (dd, 2 COCH,), 2.30 (dd) and
2.20 (dd, 2 COCH,), 1.50-1.35 (m, 8 H, CHCH,CH,), 1.35-1.20
(brs, 72 H, CH,), 0.85 (t, 4 CH;). P NMR (300 MHz, pyridine;
1H broad band decoupling): & (vs phosphoric acid) 3.5 (s).
CeaH)29N302P (1325.7) caled: C, 61.61; H, 9.81; N, 2.11. Found:
C, 60.97; H, 9.43; N, 2.48.

6-0-[2-Deoxy-3-O-[(R)-3-hydroxytetradecanoyl]-2-
[[(R)-3-hydroxytetradecanoyl]lamine]-8-D-glyco-
pyranosyl]-2-deoxy-3-O-[(R)-3-hydroxytetradecanoyl]-2-
[[(R)-3-hydroxytetradecanoyl]amine]-a-D-glucopyranosyl-
phosphonate, 5. Yield: 15%, 19.6 mg. R; = 0.55 (chloro-
form/methanol/acetic acid/ H20 =25/15/ 2/4) 1H NMR (400
MHz, CDCl3/CD,0D = 1/1): é (vs TMS) 5.63 (dd, J,3 = 10.2,
J3.4 = 9.1, H'C(3)), 5.05 (dd, J2.3 = 10.4, J3.4 = 9-1, H'C(3’)),
4.98-4.92 (m), 4.85-4.75 (m), 4.43 (m), 4.26 (ddd, J,, = 6.9, J,
=10.2, J,p = 25.7, H-C(2)), 4.01 (dd, J;, = 6.9, J,p = 11.3, H- C(l)),
3.98-3.85 (m, 4 CHZCHOC) 3.82-3.70 (m), 3. 68—3 62 (m), 3.6-3.5
(m, H-C(4)), 3.40 (ddd, J = 9.9, 4.8, 2.2), 3.22 (dd, ‘t’, J3, = 9.1,
Jus = 9.8, H-C(4)), 248 (dd, J o, = 15.2, J . = 4.4) and 2.40 (dd,
Jgem = 15.2, Jc = 8.4, 2 COCH,), 2.30 (dd Jeom = 14.3,J 5 = 3.5)
and 2.22 (dd, Jge, = 14.3, J;c = 9.0, 2 COCHz), 1.44 (m, 8 H,
CHCH,CH,), 1. 26 (brs, 72 H, CH,), 0.87 (t, J ~ 6.8, 4 CH,). 'H
NMR (500 MHz, CDC13/CD30D =1/1, 330 K): ¢ (vs TMS) 4.78,
d, H-C(1"), Jl 5 = 7.5 Hz; the conformatlon of the newly formed
C1’-0 bond is 8). *'P NMR (300 MHz, pyridine; 'H broad band
decoupling): & (vs phosphoric acid) 13.9 (s). CgH,oN,0,P
(1309.8) Caled: C, 62.38; H, 9.93; N, 2.14. Found: C, 61.80; H,
9.57; N, 2.60.

Due to solubility problems and the amorphous structures of
4 and 5, no better C, H, N analysis could be obtained. However,
the spectroscopic data are fully consistent with the proposed
structures.

To prepare the lysine salt, a suspension of 4 or 5 in pyrogen-free
H,0 was treated with an aqueous solution of 2 mol equiv of lysine.
This mixture was sonicated and lyophilized. This lysine salt was
used for all biological assays.

Determination of Reaction Kinetics. Test buffer (200 uL,
100 mM Tris-HCI (pH 7), 4000 mM NaCl, 2 mM EDTA, 2 mM
DTE, and 0.5% Triton X-100) was mixed with 200 uL of a 5 mM
solution of 1 or 2 and 3 in the same buffer as described for the
enzymatic preparation. A 400-uL portion of enzyme solution was
added and the mixture was incubated at 30 °C. At time zero,
and after 12, 24, 36, 48, and 60 min, 100 uL of the test solution
was mixed with 900 uL of an absorption mixture (70 mL of 500
mM KH,PO,, 20 mL of CH;0H, 4 g of RP18 silica gel), shaken
for 5 min and centrifuged. The supernatants were discarded. A
900-pL portion of a washing solution (85 mL of 500 mM KH,PO,,
5 mL of CH;OH) was added to the pellets, the mixture was shaken
for 5 min and centrifuged, and the supernatants were discarded
again. To elute unreacted 3 from the RP18 silica gel, 900 uL of
a desorption solution (88 mL of CH;0H, 2 mL of CH;COOH) was
added; the mixture was shaken for 5 min and centrifuged. The
optical density of the supernatant was measured at 260 nm.

LAL Assay. A test kit (Kabi-Vitrum, Stockholm, Sweden)
was used according to the manufacturer’s instructions. The test
samples or standards were dissolved and diluted to the desired
concentrations in endotoxin-free water. A 50-uL. sample of each
concentration was added to wells of a microtiterplate (Costar)
and the plate was kept at 37 °C. Limulus amoebocyte lysate was
dissolved in endotoxin-free water, prewarmed to 387 °C, and
maintained at this temperature for ca. 10 min. The solution (50
uL) was then pipetted into the standard and test sample solutions.
After carefully mixing, the microtiterplate was incubated for 13
min at 37 °C. (Exact timing is necessary for this step, each well



2074 J. Med. Chem. 1992, 35, 2074-2084

has to be incubated for exactly the same time. The sequence of
pipetting has to be the same for this and all the following steps.)
The chromogenic substrate was dissolved in prewarmed substrate
buffer (37 °C) and kept at 37 °C. A 100-uL portion of this solution
was added to the wells, the solutions were carefully mixed, and
the microtiterplate was incubated for 3 min at 37 °C. The reaction
was stopped by addition of 100 uL of 25% aqueous CH;COOH.
The optical density at 405 nm was measured using an ELISA
reader. Results represent the mean of three values.

ODC Assay. ODC activity was measured by following a
published procedure,?® with some modifications. RAW-264 cells
(ATCC, Rockville, MD) were suspended in DMEM-H21 (with
15 mM HEPES and 1 mM sodium pyruvate, no serum) to a final
cell number of 5.5 X 10° cells/mL. For each sample, 10 mL of
the cell suspension was transferred to 50 mL of cell culture flasks
and incubated overnight at 37 °C/5% CO,. Then 2000 units/mL
murine y-IFN (Sigma) and the test substances, diluted with
pyrogen-free water to the desired concentration, were added. The
flasks were incubated for 4 h at 37 °C with 5% CQO,. The su-
pernatants were discarded. The cells attached to the surface of
the flasks were washed off and suspended in 1 mL of the following
buffer: 50 mM Tris-HCl, 0.01 mM EDTA, 2 mM DTE, 5 mM
NaF, 0.1% Brij 35, 1 mM phenylmethanesulfonyl fluoride, and

Synthesis and Antiallergic Activity of

60 uM pyridoxal phosphate. The cell suspensions were sonicated
for 15 s each and centrifuged for 15 min in an Eppendorf cen-
trifuge. The supernatants, containing the ODC, were frozen in
liquid N,. The frozen samples were thawed, and 190 nL of each
sample was mixed with 5 uL of aqueous 0.2 mCi/mL [*H]-L-
ornithine hydrochloride (NEN, Boston, MA) and 7 uL. of 1 mM
L-ornithine hydrochloride. The solution was incubated at 37 °C
for 60 min. A 150-uL portion of each sample was pipetted onto
a 2.5 X 2.5 cm Whatman P-81 phosphocellulose filter paper. The
filters were washed three times in 500 mL of 0.1 N NH; to remove
unreacted [*H]L-ornithine and dried under an IR lamp. The
[*H]putrescine content was determined by the addition of 10 mL
of scintillation fluid (Lumagel, Baker) and subsequent reading
in a B-counter. The stimulation values are expressed as percentage
of ODC stimulation obtained with 5 ng/mL LPS. At this con-
centration of LPS maximal stimulation of ODC is observed.

Pyrogenicity Test in Rabbits. This test was carried out as
described in the European Pharmacopeia II-1971.
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11-(Aminoalkylidene)-6,11-dihydrodibenz[ b,e Joxepin Derivatives
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A new series of 11-substituted 6,11-dihydrodibenz[b,e}oxepin-2-carboxylic acid derivatives was synthesized and
demonstrated to be orally active antiallergic agents. These compounds are structurally related to 1 (KW-4994),
which we had reported previously to be a new antiallergic agent. Most compounds synthesized exhibited potent
inhibitory effects on 48-h homologous passive cutaneous anaphylaxis (PCA) in rats and on IgG,-mediated bron-
choconstriction in guinea pigs. Additionally, compounds possessing a terminal carboxyl group at the 2-position
of the dibenz[b,e]oxepin ring system exhibited inhibitory effects on specific [*H]pyrilamine binding to guinea pig
cerebellum histamine H, receptors, whereas these demonstrated negligible effects on specific [*FHJQNB binding to
rat striatum muscarinic acetylcholine M, receptors. Structure—-activity relationship studies revealed that the following
key elements were required for enhanced antiallergic activities: (1) a 3-(dimethylamino)propylidene group as the
side chain at the 11-position, (2) a terminal carboxyl moiety at the 2-position, and (3) a dibenzoxepin ring system.
Among the compounds synthesized, (Z)-11-[3-(dimethylamino)propylidene]-6,11-dihydrodibenz[b,e]oxepin-2-acetic
acid hydrochloride (16) was selected for further evaluation. It had an EDjg, value of 0.049 mg/kg po in the PCA
test in rats and an IDg, value of 0.030 mg/kg po in inhibiting anaphylactic bronchoconstriction in guinea pigs.
Furthermore, it had a K; value of 16 £ 0.35 nM for the histamine H, receptor, while it exhibited negligible CNS

side effects up to a dose of 600 mg/kg po. Compound 16 is now under clinical evaluation as KW-4679.

Introduction

Effective and orally active antiallergic agents with fewer
side effects have been an attractive target for drug research
in recent years.? Our research has been focused on the
synthesis of a new series of benzoxepin derivatives and
evaluation of their pharmacological properties.® In the
course of our studies, we found that compound 1 (KW-
4994, see Chart I) showed highly potent antiallergic activity
with negligible central nervous system (CNS) side effects.

Known antiallergic agents might be classified into two
groups according to their chemical structures.®* The basic
agents such as 2 (ketotifen) elicit their antiallergic effects
by mainly antagonizing histamine H, receptors. Acidic

*Pharmaceutical Research Laboratories.
$Tokyo Research Laboratories.

agents such as disodium cromoglycate (DSCG) predomi-
nantly work by inhibiting release of chemical mediators.
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