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Fig. 2. Preliminary Purificiation of AhR Ligands
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Fig. 3. HPLC Purification of AhR Ligands
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Fig. 5. Electron Impact Mass and FT-IR Spectra
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Fig. 6. Proton NMR Spectrum and Proton-carbon-13 Correlation
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Fig. 7. The Structure of ITE and Dose Responses of ITE and SNF
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PREPARATIONS AND USE OF AN AH
RECEPTOR LIGAND, 2-(1'H-INDOLE-3'-
CARBONYL)-THIAZOLE-4-CARBOXYLIC
ACID METHYL ESTER

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to provisional patent
application Ser. No. 60/268,809, filed Feb. 14, 2001, incor-
porated by reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

BACKGROUND OF THE INVENTION

The Aryl Hydrocarbon Receptor. The aryl hydrocarbon
receptor (AhR) is a ligand inducible transcription factor
mediating a broad spectrum of biological processes upon
binding to its ligand. Besides induction of enzymes in the
cytochrome P450 family, the receptor appears involved with
cell proliferation, tumor promotion, immune suppression,
vitamin A depletion, and developmental and reproductive
abnormalities (Fletcher, et al., 2001; Safe, 2001; Gu, et al.,,
2000; Poellinger, 2000; Schmidt and Bradfield, 1996;
Whitlock, et al., 1997). The liganded receptor also causes
cell cycle arrest, apoptosis, adipose differentiation, and
anti-estrogen effects (Bonnesen, et al., 2001; Elferink, et al.,
2001; Shimba, et al., 2001, 1998; Safe, 2001; McDougal et
al., 2001, 2000; Elizondo, et al., 2000; Puga, et al., 2000,
Alexander, et al., 1998). The presence of the receptor was
proposed and evidenced in 1970°s (Poland, et al., 1976). The
coding sequence for the receptor was cloned in 1990°s and
revealed that the AhR is a member of an emerging basic
Helix-Loop-Helix/Pas-Arnt-Sim (bHLH/PAS) transcription
factor super family (Burbach, et al., 1992).

The bHLH/PAS Super Family of Transcription Factors.
The bHLH/PAS super family includes Drosophila Per, Arnt
(Ah receptor nuclear translocator, the dimerization partner
of AhR and others), SIM1, SIM2, TRH, ARNT-2, the
hypoxia inducible factor-1 (HIF-1ct), SRC-1, TIF2, RAC3,
MOPs 2-5 (Gu, et al., 2000, Hogenesch, et al., 1997, Wilk,
et al., 1996), and endothelial PAS domain protein (EPAS-1)
(Tian, et al., 1997). These bHLH proteins contain the 300
amino acid PAS domain, composed of two 50 amino acid
degenerate direct repeats (Burbach, et al., 1992; Dolwick, et
al., 1993). The basic region is important for DNA binding,
and the HLH and PAS domains are involved in dimerization,
and for AhR, in ligand binding (Swanson and Bradfield,
1993). The transactivation domains of the AhR and ARNT
map to their carboxyl termini (Jain, et al., 1994). Members
of this super family are master developmental regulators and
it is intriguing to speculate similar roles for AhR and ARNT.
Besides with AhR, ARNT forms heterodimers also with
HIF-1a, PER, SIM, MOP2 (Hogenesch, et al., 1997), and
EPAS-1 (Tian, et al., 1997) and an ARNT-related protein is
postulated to heterodimerize with TRH (Wilk, et al., 1996).
This promiscuity of ARNT indicates AhR-independent roles
for ARNT and suggests the possibility of cross talk between
AhR and the other bHLH/PAS signaling pathways.

The Homeostatic Response to Hypoxia: Role of HIF-1a/
ARNT-Mediated Gene Expression. Vertebrates require
molecular oxygen for vital metabolic processes. Homeo-
static responses elicited by hypoxia include erythropoiesis,
angiogenesis, and glycolysis. These adaptive responses
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serve to increase oxygen delivery or activate alternative
metabolic pathways that do not require oxygen in hypoxic
tissues. In response to hypoxia, HIF-1a translocate into the
nucleus where they form heterodimers with ARNT (Gradin,
et al., 1996; Schmidt and Bradfield. 1996). The HIF-1o/
ARNT heterodimers bind to hypoxia response elements
increasing transcription of genes involved in maintaining
oxygenation of tissues. The hypoxia-inducible gene prod-
ucts include erythropoietin (EPO), vascular endothelial
growth factor (VEGF), and glycolytic enzymes (Maltepe
and Simon, 1998).

The Mode of Action of AhR/ARNT Signaling Pathway.
The cytoplasmic form of AhR is associated with 2 molecules
of heat shock protein (hsp90) and some other cellular factors
(Poellinge,. 2000, Whitlock, 1990). After ligand binding, the
hsp90 and the other factors dissociate and AhR is activated.
The activated AhR then translocates into the nucleus and
dimerizes with its partner ARNT (Probst, et al., 1993).
AhR/ARNT heterodimers recognize and bind the so-called
xenobiotic response elements (XREs) found in promoters of
AhR controlled genes to alter gene expression (Whitlock,
1990). Another potential mechanism involves competition
between AhR and either HIF-1a and/or EPAS-1 for dimer-
ization with ARNT. Since AhR, HIF-1a and EPAS-1 require
dimerization with ARNT to control the expressions of their
target genes, activation of AhR might reduce the availability
of free ARNT to such an extent that it becomes rate limiting
for other signaling pathways. Decreased availability of
ARNT could lead to decreased expression of vital hypoxia-
regulated genes and angiogenesis blockage, for example, by
inhibiting HIF-1a signaling (Gradin, et al., 1996; Schmidt
and Bradfield, 1996).

The Known AhR Ligands. Among the first discovered
human-made ligands for the AhR are the chemicals known
as polycyclic aromatic hydrocarbons such as
3-methylcholanthrene and benzo[a]pyrene. A much more
potent and higher affinity ligand, 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD), was discovered (Poland and Glover,
1973). Another structural group of compounds, halogenated
aromatic hydrocarbons, was recognized as the receptor
ligands. The compounds with different structural character-
istics from the groups mentioned were also found to have
binding affinity to AhR. This group is represented by biliru-
bin (Phelan, et al., 1998; Sinal and Bend, 1997), lipoxin A(4)
(Schaldach, et al., 1999), brevetoxin-6 (Washburn, et al.,
1997), diaminotoluene (Cheung, et al., 1996), and YH439, a
thiazolium compound (Lee, et al., 1996). Among most of the
human-made AhR ligands, TCDD is one of the most potent
agents for AhR and is the prototype compound used to study
the mechanism of AhR action and dioxin toxicity. The term
“dioxins” has been used to refer to any of the PCDDs
(polychlorinated dibenzo-p-dioxins), PCDFs
(polychlorinated dibenzofurans), or PCBs (polychlorinated
biphenyls) that cause the same biological responses, by the
same mechanism as TCDD.

The AhR Ligands with an Indole Moiety. The other
recognized AhR ligands with an indole moiety are of special
interest. This group consists of tryptamine, indole acetic acid
(Heathpagliuso, et al., 1998), indole-3-carbinol and its
derivatives (Stephensen, et al., 2000; Chen, et al., 1996;
Vasiliou, et al., 1995; Liu, et al., 1994; Jellinck et al. 1993),
and indolo[3,2-b Jcarbazole (ICZ) (Chen et al. 1995; Kle-
man et al. 1994). Closely related to ICZ, 6-formylindolo[3,
2-bJcarbazole derived from tryptophan by UV oxidation has
higher affinity than that of TCDD to the receptor (Rannug,
et al., 1995, 1987). Some of the indole derived AhR ligands
displayed their interesting properties: binding to the
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receptor, low toxicity, antiestrogenic and antitumorigenic.
Actually, clinical studies have been launched for indole-3-
carbinol as an anticarcinogenic and antitumorigenic remedy
for patients with high risk of tumorigenesis
(Preobrazhenskaya and Korolev, 2000).

Identity of the Endogenous AhR Ligand and Physiologi-
cal Functions of the Ah Receptor System Are not Resolved.
Okamoto, et al. (1993) observed that exposure of adult male
rats to hyperoxia (95% oxygen) caused induction of
CYP1AL1 in the lung and CYP1A1 and 1A2 in the liver. The
induction of CYP1A1/1A2 is usually associated with the
binding of AhR to its ligands. One hypothesis to explain
CYP1A1/1A2 induction by hyperoxia is that an endogenous
ligand(s) of the AhR is produced by hyperoxia, which
activates the transcription of CYP1A1/1A2 genes
(Okamoto, et al., 1993). Recently two human urinary prod-
ucts were isolated that bind to the AhR (Adachi, et al., 2001).
Whether those products are endogenous ligands or not is
undetermined because the identified compounds are indigo,
a commonly used fabric dye, and indirubin, an isomer of
indigo. Since they were isolated from urine, the question of
whether they are urinary excretion products remains unan-
swered. Similarly, the bilirubin-related compounds (Phelan,
et al, 1998; Sinal and Bend, 1997) and lipoxin A(4)
(Schaldach, et al., 1999) are certainly endogenous in nature
but whether they are the true ligands for the AhR has not yet
been resolved. The response and affinity for the AhR appear
to be, in fact, quite low for these compounds.

The generation of AhR-deficient mice illustrates possible
physiological functions of the receptor in liver, heart, ovary,
and the immune system, even though it is not conclusive at
this point (Benedict, et al., 2000; Poellinger, 2000; Mimura,
et al., 1997; Schmidt, et al., 1996, Fernandez-Salguero, et
al., 1995). The significance of those findings is that they
demonstrate a need for a functioning AhR signaling pathway
in animal physiology. It is probable that endogenous AhR
ligands in animal tissues are involved in carrying out this
AhR signaling function.

Importance of Identifying the Endogenous AhR Ligands.
Studies with human-made AhR ligands on this receptor
system greatly advanced our understanding in this system. It
is clear, however, that the AhR did not develop in an
evolutionary sense to react to manufactured chemical
agents. It is reasonable to suspect that there must be an
endogenous ligand for the AhR, which should be nontoxic at
tissue concentrations normally encountered in the body,
rapidly cleared by metabolism, and utilized to activate the
AhR only transiently in a regulatory capacity. Also, evidence
shows that the different outcomes of the ligand-receptor
mediated signaling processes are possible and dependent
upon the nature of the ligands. A decisive factor dictating the
consequences in the ligand-receptor mediated signal trans-
ducing systems is the final three dimensional conformation
of the liganded receptor assumes because that conformation
determines the ways the liganded receptor interacts with
numerous other factors to transduce signals. Given the
amino acid sequence of the receptor, the final three-
dimensional structure of the liganded receptor is solely
dependent on the structure of the ligand, which ultimately
dictates the biological outcomes of the signaling system. To
completely understand the physiological functions of the Ah
receptor system and the potential therapeutic benefits this
system may offer, the identification of the endogenous AhR
ligand is an absolute necessity.

BRIEF SUMMARY OF THE INVENTION

We disclose herein the extraction, purification,
identification, and applications of a novel endogenous Ah
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receptor ligand, 2-(1'H-indole-3'-carbonyl)-thiazole-4-
carboxylic acid methyl ester.

In one embodiment, the present invention is a preparation
of the endogenous Ah receptor ligand, either isolated from
animal tissues or synthetically created. Preferably, the prepa-
ration is stable to boiling for 24 hours, soluble in 80%
methanol: 20% water, stable overnight in two normal acid,
and unstable in base. The preparation is preferably at least
60% pure, more preferably 90% pure, and most preferably
95% pure and characterized by its ultraviolet, infrared, mass,
and nuclear magnetic resonance spectra as disclosed in
Examples.

In a preferred embodiment of the present invention, the
structure of the ligand is the structure displayed below and
disclosed in FIG. 7A.

The present invention is also a method of reducing body
weight of an animal, modulating the immune system of an
animal, inhibiting the action of estrogens in an animal,
decreasing testosterone production in an animal, treating
pulmonary disorder or controlling angiogenesis or invasive
cancer all comprising the step of treating an animal with an
effective amount of the endogenous Ah receptor ligand
preparation or an analog thereof.

In a preferred embodiment, the analog structure is as
follows:

Where
RY, R?, R? R* R’, and R®=H, lower alkyl (1-5 carbons),
Br, F, Cl, O-acyl (1-5 C, or OR*® where R'°<H, lower
alkyl (1-5 C);
R® and R’ taken together are =0; or
when R°=H, then R” can be H, OH, Br, F, Cl, OR where
R''=alkyl (1-5 C); and

when R7=H, then R° can be H, OH, Br, F, Cl, OR! where
R**=alkyl (1-5 C);
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(0]

R’= 0—C—R"?,

where R'=H, alkyl (1-5 C), aryl, fluoromethyl,
difluoromethyl, or trifluoromethyl; or
R® can be

(0]

—C—O0—RY,

where R'=H, alkyl (1-5 C), aryl, fluoromethyl,
difluoromethyl, or trifluoromethyl;
R® can be

(0]

—_—C— R14

where R'"=H, alkyl (1-5 C), fluoromethyl,
difluoromethyl, or trifluoromethyl; or
R® can also be

OH

] O RIS

where R*°=H, alkyl (1-5 C), fluoromethyl,
difluoromethyl, or trifluoromethyl, and X, Y, Z can be
any of C, N, O, or S.

It is an object of the present invention to provide a
preparation of the endogenous Ah receptor ligand derived
from animal tissues.

It is another object of the present invention to provide a
synthetic preparation of the endogenous Ah receptor ligand.

It is an object of the present invention to provide a
preparation of analogs of the Ah receptor ligand.

It is an advantage of the present invention that the ligand
preparation has the biochemical and physical properties
described above.

Other advantages, features and objects will be apparent to
one of skill in the art after examination of the specification,
claims, and drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a set of graphs describing cell response to fNF
and tissue extracts. AhR ligand extraction and assays were
conducted as described in the Examples. Error bars represent
the standard deviations among observations from three assay
wells. Each plot is a representative of similar experiments
conducted numerous times. FIG. 1A. NF dose response
curve. Ordinate, luciferase activities expressed as relative
light units (RLU). Abscissa, BNF concentration in ng/200 ul
cell culture medium. FIG. 1B. Ligand activity in methanolic
extracts from 1 gram of lung tissue of synthetic diet fed rats.
Ordinate, pNF equivalents in ng. Abscissa: lung, the extracts
from lung; Blank, the extracts from blank extraction, same
as lung extraction but without lung tissue; DMSO, same
quantity of DMSO used to deliver AhR ligands. FIG. 1C.
Preliminary organ survey for Ah receptor ligand activities.
Ordinate, BEQ (BNF equivalents in ng) in 1 gram of tissue.
Abscissa, organs surveyed. FIG. 1D. Effect of base treat-

10

15

20

25

30

40

45

50

60

65

6

ment on ligand activities from methanolic tissue extracts.
Chloroform phases of the treatments are shown. The treat-
ment labeled as base was treated with base as outlined in the
Examples. The one indicated as N. Base (neutralized base)
was treated the same as those treated with base except the
base was neutralized first before adding the rest or the
reagents. Blank is the blank extracts obtained the same time
as tissue extract. Extract is the methanolic tissue extracts.
Ordinate, PNF equivalents in ng; Abscissa: treatments. FIG.
1E. Effect of heat treatment alone on ligand activity from
methanolic extracts. Ordinate, NF equivalents in ng from 1
gram of lung tissue of synthetic diet fed rats. Abscissa,
treatments. FIG. 1F. Effects of acid and heat treatments on
ligand activities from methanolic extracts. Ordinate, fNF
equivalents in ng from 1 gram of lung tissue of synthetic fed
rats. Abscissa: treatments.

FIG. 2 is a set of graphs disclosing preliminary purifica-
tion of AhR ligands.

FIG. 2A. Silica batch purification of acid and heat treated
extracts from 5,000 grams of tissue. The procedure is
outlined in the Examples. Aliquots from each fraction were
assayed and the total activities from each fraction were
calculated. Ordinate, PNF equivalents in ug from each
fraction. Abscissa, fractions of batch purification. FIG. 2B.
Silica gravity column chromatography of AhR ligands (120
ug BEQ). Solid line: ligand activities from different frac-
tions. Dashed line, convex gradient of methanol in chloro-
form. Ordinate, pPNF equivalents in ug. Abscissa, fraction
numbers (125 ml each from fraction #1 to #7, 25 ml each
from #8 to #88, 125 ml each from #89 to #106). Second
ordinate, percentage of methanol in chloroform.

FIG. 3 is a set of graphs describing HPLC purification of
AhR ligands. HPLC purification procedures were as
described in the Examples. FIG. 3A. Purification of 50 ug
BEQ of AhR ligand with a preparative silica HPLC column
and methanol:chloroform mobile system. Solid line, ligand
activities from different fractions. Dashed line, linear gra-
dient of methanol in chloroform. Ordinate, ligand activity in
BEQ (BNF equivalents in ug), Abscissa, fraction numbers
(10 ml each from fraction #1 to #55, 20 ml each from #56
to #75, flow rate=10 ml/min). Second ordinate, percentage
of methanol in chloroform. FIG. 3B. Purification of 40 ug
BEQ of AhR ligands with a preparative silica HPL.C column
and isopropanol:hexane mobile system. Solid line, ligand
activities from different fractions. Dashed line, linear gra-
dient of isopropanol in hexane. Ordinate, ligand activity in
BEQ (BNF equivalents in yg). Abscissa, fraction number (10
ml each from fraction #1 to #80, 20 ml each from #81 to
#105, flow rate=10 ml/min.). Second ordinate, percentage of
isopropanol in hexane. FIG. 3C. Purification of 20 ug BEQ
of AhR ligand with a preparative C18 HPLC column and
75% methanol in water. Ordinate, ligand activities from
different fractions in BEQ (ug). Abscissa, fraction numbers
(5 ml each from fraction #1 to #30, 20 ml each from #31 to
#55, flow rate: 5 ml/min. from 0 to 60 min, 10 ml/min. from
60 to 95 min). FIG. 3D. Purification of 10 ug BEQ of AhR
ligand with an analytical C18 HPLC column and 50%
acetonitrile in water. Ordinate, UV absorbance units at 356
nm. Abscissa, retention time in min. FIG. 3E. Purification of
10 ug BEQ of AhR ligand with a cyano HPL.C column and
10% isopropoanol in hexane. Ordinate, UV absorbance units
at 356 nm. Abscissa, retention time in min. FIG. 3F. Puri-
fication of 10 ug BEQ of AhR ligand with a cyano HPLC
column and 60% methanol in water. Ordinate, UV absor-
bance units at 356 nm. Abscissa, retention time in minutes.

FIG. 4 is a set of graphs describing HPLC chromatogram
and UV spectrum of the purified AhR ligand. FIG. 4A.
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HPLC chromatogram of purified AhR ligand. The HPLC
running condition was the same as described for UV spec-
troscopy in the Examples. X-axis, retention time in min.
Y-axis, wavelengths monitored in nm. Z-axis, UV absor-
bance. FIG. 4B. UV spectrum of the AhR ligand. The
procedure for data acquisition was outlined in the Examples.
The spectrum was taken at an HPLC retention time of about
10 minutes at which moment the UV absorbance reached the
maximum. X-axis, wavelengths in nm. Y-axis, UV absor-
bance.

FIG. 5 is a set of graphs describing electron impact mass
and FT-IR spectra. FIG. SA. High resolution electron impact
mass spectrum of the AhR ligand. The data were taken and
re-plotted as explained in the mass spectroscopy section of
the Examples. X-axis, the ratio of mass to charge, m/z.
Y-axis, relative abundance of ions. A sketched structure with
the spectrum to show formation of the major fragments.
Proposed fragmentation pathways are as mapped under the
spectrum. FIG. 5B. FT-IR spectrum of Ah receptor ligand.
The data were acquired as described in the Examples.
X-axis, the frequencies of infrared beam expressed as wave-
number (cm™). The region from 1000 to 3000 cm™ is
shown here. Y-axis, the absorbance. Signals with clear
attribution are as labeled.

FIG. 6 is a graph and a table descrbing proton NMR
spectrum and proton-carbon-13 correlation. FIG. 6A. 'H
NMR spectrum of AhR ligand in d-methanol. Spectra were
attained as described in NMR spectroscopy section of the
Examples. The peak labeled with “Solvent” is contributed
from NMR solvent. Signals contributed from numbers and
locations of the protons are as labeled. FIG. B. Table of
TH—'3C correlation of the AhR ligand from both HSQC and
HMBC spectra. The protons and carbon-13°s with detect-
able connections are listed in the same row. The carbon-13’s
listed under a column headed “HSQC” are the ones directly
connected (through one bond) to the corresponding
proton(s) (in the same row) while the ones under the
columns headed “HMBC” are connected to the correspond-
ing proton(s) through two to three bonds.

FIG. 7 is a structure and graph describing the structure of
ITE and dose responses of ITE and PNF. FIG. 7A. The
structure of an endogenous Ah receptor ligand, 2-(1'H-
indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl ester.
The chemical structure of the AhR ligand with its proton and
carbon-13 chemical shifts (same as their identification
numbers) are as labeled. FIG. 7B. Dose response curves of
ITE and PNF after a 4 hour incubation. X-axis, concentra-
tions of the agonists. Y-axis, reporter gene response to the
agonists expressed as relative light units (RLU). The error
bars represent the standard deviations among the observa-
tions from three culture wells.

DESCRIPTION OF THE INVENTION

In one embodiment, the present invention is a preparation
of the endogenous Ah receptor ligand, analogs of the ligand,
and therapeutic methods for using these preparations.

1. Biochemical Characterization of the AhR Ligand Prepa-
ration

The Examples below describe the preparation of the Ah
receptor ligand from rat and pig lung. Preferably, the AhR
ligand is of the formula displayed here and described at FIG.
TA.
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We envision that a successful preparation may be
obtained from other animal organs, including liver, brain,
bone, and muscle. The Examples below disclose that both
the rat and pig lung preparations were successful. In a
preferred preparation of the present invention, the prepara-
tion should be at least 60%, more preferably 90% and most
preferably at least 95% pure based on HPLC analysis.

The Examples below disclose a preferred method for
ligand extraction and purification. In brief, the animal organs
are dissected and frozen on dry ice. The tissues are thawed
and homogenized in PBS (buffered saline: 0.154 M NaCl, 10
mM phosphate buffer, pH 7.4) and extracted with methanol.
This mixture is flushed with nitrogen gas, stirred, and
centrifuged. The extract is heated at 100° C. with 2 N
H,SO,, which renders the activity chloroform soluble. The
activity is then purified through silica gel batch purification
followed by large-scale gravity flow silica columns using
methanol and chloroform gradients followed by high per-
formance liquid chromatography on a preparative silica
column and using a methanol/chloroform solvent elution.
The activity is purified further on the HPLC silica columns
using isopropanol/hexane gradients and then placed on a
reverse-phase C18 HPLC column eluted with methanol and
water. The material is further purified through a C18 column
using acetonitrile/water and then through a cyano column
using isopropanol/hexane. A final step includes HPLC using
a cyano column and methanol/water elution.

The ligand activity is determined most preferably by an
activity assay described below. In brief, the ligand extracts
are added to Ah receptor-containing ligand reporter cells.
These cells are then incubated for 4 hours and the cells are
lysed to release the formed luciferase. This enzyme typically
is measured according to the kit sold by Promega (Madison,
Wis., USA.). Luciferase activity is measured by light emis-
sion recorded by a luminometer. The luminometer readings
are taken after a substrate solution is injected into a well.

The preferred ligand preparation described below can be
characterized by its solubility. The ligand is extractable from
tissue by 80% methanol/20% water. After the boiling and
acid treatment, the ligand is extractable in chloroform.

The ligand preparation is unstable in base but stable in up
to two normal acid for at least 24 hours. The preparation is
stable to heating at 37° C. overnight (16 hours) and at 100°
C. for 24 hours.

The ligand preparation can be further characterized by its
physical properties disclosed in the Examples, such as its
ultraviolet, infrared, mass, and nuclear magnetic resonance
spectra.

One of skill in the art will be able to prepare AhR ligand
via the disclosed procedure or with modifications and opti-
mizations apparent to one of skill.

We envision that one of skill in the art will wish to prepare
analogs of the herein identified AhR ligand and screen these
analogs for beneficial therapeutic usages. By “analog,” we
mean that the compound will have a structural similarity to
the naturally occurring AhR ligand and will provide a
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beneficial therapeutic effect. The initial screen would be
through the reporter gene assay described here. Further
screenings would be devised according to the disease tar-
geted.

Especially preferred are analogs corresponding to the
formula:

R3

Where

R', R?, R?, R*, R, and R®*=H, lower alkyl (1-5 carbons),
Br, F, Cl, O-acyl (1-5 C), or

OR'® where R'°=H, lower alkyl (1-5 C);

R® and R” taken together are =0); or

when R°=H, then R” can be H, OH, Br, F, C1, OR™ where
R''=alkyl (1-5 C);

when R”=H, then R® can be H, OH, Br, F, C1, OR™ where
R**=alkyl (1-5 C);

(0]

R’= 0—C—R"?,

where R*?=H, alkyl (1-5 C), aryl, fluoro methyl, dif-
Iuoro methyl, or trifluoro methyl; or
R® can be

(0]

—C—O0—RY,

where R?=H, alkyl (1-5 C), aryl, fluoro methyl, dif-
Iuoro methyl, or trifluoro methyl; or
R® can be

(0]

— C—RH

where R'=H, alkyl (1-5 C), fluoro methyl, difluoro
methyl, or trifluoro methyl; or

R® can also be
OH

_C—RIS,

where R*3=alkyl (1-5 C), fluoro methyl, difluoro
methyl, or trifluoro methyl, and

X, Y, Z can be any of C, N, O, S.
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Especially useful analogs are the following:

OH

CH,
(CHz)n/

n=0-5

Additionally, one would wish to prepare therapeutic com-
pounds comprising the above-identified ligand and ligand
analogs. Preferably, one would provide pharmaceutically
acceptable carriers for these compositions.

The ligand and its analogs can be administered orally and
parenterally although the parenteral route is preferred for the
AbR ligand itself. Presumably they can be provided in
capsules, lozenges, tablets, or intravenously in suitable
media. Suppositories or nasal delivery may also be used.
2. Use of the AhR Ligand

Identification of an endogenous AhR ligand in animal
tissue and determination of its normal physiological
function(s) will provide important new information on the
mechanism of AhR-mediated biological responses. It is
probable that such an endogenous ligand will be found to
regulate cell growth and differentiation in a highly tissue-
specific manner and to exhibit certain other responses that
are caused by some of the known AhR ligands. Most
importantly, we believe that the synthesis and testing of
various structural analogs of the endogenous AhR ligand
will lead to a new class of drugs for a wide variety of
therapeutic applications.

Depending on the tissue and species, generalized
responses to dioxin exposure consist of hyperplasia,
hypoplasia, metaplasia, and dysplasia. These effects are
believed to be mediated by alterations in homeostatic pro-
cesses that are regulated by the interaction of growth factor
signaling pathways, steroid hormone signaling pathways,
and enzymes involved in the synthesis and degradation of
these factors and hormones. There are a variety of different
types of hormones involved in homeostasis at the cellular,
tissue, organ, and organism level. Steroid hormones partici-
pate in the regulation of growth and development, sexual
differentiation, reproduction, and cellular metabolism. Other
hormones such as insulin regulate carbohydrate and fat
metabolism. Decreases in estrogen receptor, glucocorticoid
receptor, and insulin receptor concentrations have been
reported following exposure to dioxin in laboratory animals.
We envision that the endogenous AhR ligand and its analogs
would alter the concentration of several hormones such as
estrogen, progesterone, testosterone, vitamin A, and thyroid
hormones and pituitary hormones such as luteinizing hor-
mone in certain tissues.
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There is a significant amount of evidence to indicate that
humans are responsive to AhR agonists. Functional AhR’s
have been found in many human tissues including
lymphocytes, liver, lung and placenta. Human CYP1A1 is
inducible by dioxins in human lung and placenta. Decreased
activity of the EGF receptor occurs in human placenta in
women who were accidentally exposed to dioxin-like com-
pounds and this same response has been reported in rodent
tissues. Decreases in serum testosterone and increases in
blood luteinizing hormone levels have been found in both
humans and rats exposed to dioxins. There are reports of
diabetes in workers exposed to dioxins as well as in Vietnam
veterans exposed to dioxin present in the defoliant Agent
Orange. Taken together, these findings indicate that dioxins,
the human-made AhR ligands, can alter hormonal status in
humans resulting in effects similar to those seen in labora-
tory animals Thus, humans are a responsive species to
dioxin-like AhR agonists and are expected also to respond to
the AhR ligand and its analogs disclosed here. Potential
therapeutic uses of the present invention are given below.

Reduction of Body Weight. Dioxins decrease body weight
resulting in a reduction in adipose tissue. While the exact
mechanism for this effect is not known, there is evidence to
suggest that it is due to a decrease in the “set point” for
regulated body weight probably at the level of the hypo-
thalamus. Dioxin is believed to decrease the “body weight
set point” causing a dose-related decrease in food intake
until the lower level of regulated body weight, determined
by the dose of dioxin administered, is achieved. We envision
the disclosed AhR ligand and its analogs have similar
biological activity and would be useful, therapeutically, for
body weight reduction in humans. In support of this
possibility, humans accidentally exposed to dioxins report
appetite suppression.

Immunosuppression or Immunostimulation. The immu-
notoxic effects of dioxins have been studied for several
years, yet it is difficult to describe a dioxin-like immuno-
toxicity syndrome. In mice, dioxins suppress humoral and
cell-mediated immunity. The resulting immunosuppression
in mice leads to increased susceptibility to a variety of
infectious agents. In rats, dioxin enhances the immune
response to sheep red blood cells in the plaque forming cell
assay while in the mouse, dioxin has the opposite effect and
suppresses the response. In humans it is not known whether
dioxin causes immunosuppression or immunostimulation,
however, based on the animal studies, it is clear that dioxins
and probably the AhR ligand disclosed here will modulate
immune function. If the endogenous AhR ligand or its
analogs cause immunosuppression, they will be useful in
preventing transplant rejection and treatment of autoimmune
diseases. On the other hand, if they cause
immunostimulation, they could be used to treat immunode-
ficiency disorders such as acquired immunodeficiency syn-
drome (AIDS) and chronic infectious diseases.

Antiestrogen Action. Depending upon the context in
which treatment occurs dioxin appears to inhibit the actions
of estrogens in several laboratory animal species and in
MCF cells in culture. In laboratory animals exposed to
dioxin, fertility, litter size, and uterine weights are reduced.
Furthermore, ovarian function is altered as indicated by
anovulation and suppression of the estrous cycle. In rats and
mice the antiestrogenic actions of dioxins occur at doses that
do not alter body weight. The potential antiestrogenic activ-
ity of the endogenous AhR ligand and its analogs would be
useful in the treatment of breast cancer and osteoporosis in
humans.

Antiandrogen Action. In adult male rats, dioxin decreases
testosterone production by inhibiting the rate-limiting step in
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testicular steroidogenesis. This results in a decrease in
plasma concentrations of testosterone and dihydrotestoster-
one along with reductions in accessory sex organ weights. In
male workers exposed to dioxins occupationally, it has been
observed that there is a reduction in serum testosterone
concentrations in association with increased plasma concen-
trations of follicle stimulating hormone and luteinizing
hormone. The antiandrogen action of the disclosed AhR
ligand and its analogs would be useful in the management of
hyperplasia or cancer of the prostate, male pattern baldness,
virilizing syndromes in women, precocious puberty in boys,
and inhibition of sex drive in men who are sex offenders.

Treatment of Pulmonary Disorders. We envision that an
AbhR ligand preparation will be useful in treatment of
pulmonary disorders such as (a) chronic obstructive pulmo-
nary disease, (b) asthma, (¢) emphysema, (d) bronchitis, (e)
RQ mismatch, and (f) acute pulmonary dysfunction.

Control of Angiogenesis in Invasive Cancer. We envision
that an AhR ligand preparation will be useful in the control
of angiogenesis in invasive cancer. U.S. Pat. No. 6,323,228
describes compounds similar to the present invention,
3-substituted indole carbohydrazides, as useful for inhibiting
angiogenesis. We envision that compounds of the present
invention would be useful in treatment of both primary and
metastasic solid tumors in carcinomas.

EXAMPLES

1. Ligand Extraction and Purification

Materials and Methods

Materials

All the solvents used were Burdick & Jackson grade
(AlliedSignal Burdick & Jackson, Muskegon, Mich., USA)
as long as available. The solvents were tested AhR ligand
free before their use. Dimethyl Sulfoxide (DMSO, cat no.
D-2650) used as vehicle for ligand dosing and
-Naphthoflavone (BNF, cat no. N-3633) used as AhR ligand
for standard dose response curves were purchased from
Sigma (St. Louis, Mo., USA). AhR ligand reporting cell line
(H1L1.1C2, Garrison, et al., 1996) was kindly provided by
Dr. Denison of University of California-Davis, Davis, Calif.,
USA Geneticin (G418, cat no. 11811-031), the antibiotics
used in maintaining the ligand reporting construct in
H1L1.1C2 cell line was purchased from GIBCO Life
Technologies, Rockville, Md., USA.
Cell Culture

The cell line H1L.1.1C2 was maintained in a culture
medium (DMEM+10% FBS) with G418 at a concentration
of 400 pg/ml and incubated under an atmosphere of 37° C.,
6% CO,, and 100% humidity. A 96 well sterile cell culture
plate with about 30,000 cells per well in 200 ul of the culture
medium without G418 was prepared and incubated for at
least 12 hours before being dosed for ligand activity assay.
Ligand Activity Assay

The solvents from the ligand activities were evaporated
and the activities were reconstituted in DMSO and 1 ul of
this solution was used to dose the ligand reporting cells in a
well with 200 ul of culture medium. One row of the
reporting cells in each assay plate was dosed with 1 gl of the
DMSO solutions of a set of PNF standards to generate a
standard dose response curve. The dosed cells were incu-
bated for 6 hours under the same environment as they were
maintained. The cells were washed twice with a 1xPBS (pH
6.9) after the incubation and the culture wells were scanned
under an inverted microscope to detect any obvious cell
number change due to dosing. The cells were lysed by
adding 50 ul of a 1xcell lysis reagent (Promega, Madison,
Wis., USA) and 10 ul of the lysate from each well were
transferred into a corresponding well of a Microlite 2 plate
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(Dynex Technologies Inc., Chantilly, Va., USA) for lumi-
nometer reading. A MLX Microtiter Plate Luminometer
(Dynex Technologies Inc.) was programmed to inject 50 ul
of a luciferase substrate solution (Promega) into a well, read
the light intensities in Relative Light Units (RLU’s) gener-
ated by the luciferase reaction for 5 seconds after a one
second delay following the injection, and take the average of
the 5 second readings as a final RLU.
Data Processing and Reporting

Dose response curves of RLU’s vs. doses of pNF stan-
dards (ng in each assay well) from each plate were plotted
and the RLU’s generated by the samples were converted into
BNF equivalent (BEQ) as ligand activity by consulting the
PNF dose response curve generated from the same plate.
Data were reported as ligand activity (in BEQ) vs. treat-
ments or fractions from a purification procedure.
Tissue Collection and Homogenization

Tissues from a synthetic diet (diet 11, Suda et. al. 1970)
fed Sprague Dawley rats were surgically removed from the
euthanized animals, placed in clean polypropylene tubes,
frozen on dry ice, and stored at —-80° C. until use. Porcine
lung tissues removed from adult pigs (from market, 6
months old on average) freshly slaughtered at a slaughter-
house of Meat Science and Muscle Biology Laboratories at
University of Wisconsin-Madison were collected, wrapped
with new aluminum foil, frozen immediately on dry ice, and
stored at —80° C. until use. Tissues were cut when they were
still cold and the cut tissues were transferred into a cleaned
ice-cold glass bottle. The cut tissues to be homogenized
were weighed to estimate the tissue volume (assuming 1 g
tissue takes 1 ml in volume) and transferred into a cleaned
glass cylinder for homogenization. One tissue volume of an
ice-cold 1xPBS (freshly diluted from a 10xPBS: NaCl, 80
g/L; KCl, 2 g/L; KH,PO,, 5.8 g/L; Na,HPO,. 7H,0, 15.5
g/L; pH 6.2) was added to the homogenization cylinder.
Tissues were homogenized with a PowerGene 700 homog-
enizer (Fisher Scientific, Pittsburgh, Pa., USA) and the
volume of homogenate was measured. The parallel blank
control was treated the same as for sample except there was
no tissue, which was replaced by the same weight of 1xPBS.
The smaller scale homogenization was conducted in a
similar fashion except everything was scaled down.
Methanol Extraction

The homogenate was transferred into a cleaned 4 L
solvent bottle. Four homogenate volumes of methanol were
gradually added to the homogenate while stirring. The
extraction mixture was flushed with argon and the extraction
bottles were sealed with Teflon lined caps. The extraction
mixture was stirred overnight in room temperature and
transferred into a cleaned 1 L graded polypropylene centri-
fuge bottle. The extraction mixture was centrifuged at
1,000xg for 3 minutes in room temperature to separate the
supernatant from the residues. Two residue volumes of a
mixture of methanol:0.5xPBS (80:20, v/v) were added to the
residues in centrifuge bottles. The centrifuge bottles were
shaken to re-extract the tissue residues for 1 hour in room
temperature. The mixture was centrifuged at 1,000xg for 3
minutes at room temperature and the pellets were discarded.
The supernatants of the first and second extractions were
pooled and the solvents were evaporated with a 12 L
vacuumed flask in a water bath of 40° C. The extracts were
quantitatively transferred with methanol to a cleaned 150 ml
glass centrifuge bottle. The extracts were centrifuged at
4,000xg for 3 minutes in room temperature. The superna-
tants were transferred into another cleaned glass centrifuge
bottle. About 20 ml of methanol for every 500 g of tissue
equivalent were added to the pellet to re-extract the residues.
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The mixture was centrifuged again and the pellet was
discarded. The supernatants were pooled and re-centrifuged
at 4,000xg for 3 minutes in room temperature to pellet and
discard the particles insoluble in methanol. The volume of
extracts was reduced by evaporation to make a final solution
of 10 g fresh tissue equivalent per milliliter of methanol. The
extracts in methanol (10 g tissue/ml) were flushed with
argon and stored in room temperature until further manipu-
lations. The smaller scale extraction was conducted in a
similar fashion with everything scaled down.
Base Treatment

An aliquot of methanolic extracts of about 4 ng BEQ was
transferred into a cleaned glass vial and the solvents were
evaporated. A solution (200 ul) of 0.1 N KOH in water was
added into the vial. The vials were incubated at 37° C.
overnight. After the incubation, the tubes were cooled down
and neutralized slowly with HCIL. The treatment mixtures
were extracted with 200 ul of chloroform. Chloroform and
aqueous phases were separated and the solvents were evapo-
rated. DMSO (10 ul) was added to each tube for activity
assay. PNF and blank extracts were treated the same way as
for the sample. Initial results indicated that there was no
activity in the aqueous phase from any treatment and there-
fore only chloroform phase was assayed for ligand activity
in later experiments.
Heat Treatment

The methanolic extracts either in methanol or DMSO in
a cleaned glass vials were heated in a 100° C. water bath for
30 minutes and the vials were cooled to room temperature.
The extracts in the solvents were directly assayed as they
were to determine the activities.
Acid and Heat Treatment

One volume of the extracts in methanol (10 g tissue/ml)
was mixed with 1 volume of a 4 N H,SO, in water. The
treatment mixture was incubated at 37° C. overnight and
then refluxed for 24 hours with stirring. The treatment
mixture was cooled to room temperature and neutralized
gradually to pH 6.5 to 6.9 with 10 N KOH. The treatment
mixture was extracted three times with equal volumes of a
water-saturated chloroform. The chloroform phases were
pooled and the volume was reduced by evaporation to make
a final solution of 30 g tissue equivalent per milliliter of
chloroform. The treated extracts were flushed with argon
and stored at 4° C.
Silica Gel Batch Purification

The silica gel (40 um, Cat. no. 7024-02, J. T. Baker,
Phillipsburg, N.J., USA) was cleaned sequentially with (2
silica gel volumes each time) methanol once, chloroform
twice, hexane twice, chloroform once, and methanol twice.
The cleaned silica gel was baked at 120° C. overnight before
use. One and half liters of a 50% solution of chloroform in
hexane were added to 500 g of silica gel. Extracts from
5,000 g of tissues in 160 ml chloroform were mixed with 160
ml hexane to bring the extracts into 50% chloroform in
hexane and added to the silica gel in 50% chloroform in
hexane while stirring. The silica gel was stirred for 30
minutes in room temperature and allowed to settle down.
The solvents were removed and kept as “loading” fraction.
Two liters of 50% chloroform in hexane were added to the
silica gel. The silica gel was stirred for 5 minutes in room
temperature before its settling down and the solvents were
removed and kept as the “1st wash” fraction. The silica gel
was washed with 2 L of chloroform as did for the first wash.
The solvent was removed and kept as “2ed wash” fraction.
Two liters of a 4% solution of methanol in chloroform were
added to the silica gel to elute the activity. The silica gel was
stirred for 5 minutes in room temperature and let to settle
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down. The solvents were removed and kept as the “1st
elution” fraction. The elution step was repeated two time and
the solvents were kept as “2ed elution” and “3rd elution”
fractions, respectively. The silica gel was stripped with 2 L
of methanol and the solvent was kept as the “1st stripping”
fraction. A solution of 50% methanol in water was used to
strip the silica gel second time and the fraction was labeled
as the “2ed stripping” fraction. After the assay of aliquots
from each fraction, the active fractions eluted with 4%
methanol in chloroform were pooled and the solvents were
evaporated. Chloroform was added to the pooled fractions to
make a final solution of 10 ng fNF equivalent (BEQ) per
microliter of chloroform. The batch purified extracts were
flushed with argon and kept at 4° C.
Silica Gel Gravity Column Purification

Aglass gravity column with ID of 8.1 cm was packed with
180 g of cleaned and freshly baked silica gel (same as that
used for batch purification) in chloroform and let stand still
for at least one hour. The column was equilibrated with 1 to
2 bed volumes of chloroform. About 400 ug BEQ of silica
gel batch purified activity in chloroform were loaded onto
the gravity column. Three bed volumes (~900 ml) of chlo-
roform were run through the column. A convex gradient of
0 to 4% methanol in chloroform over 8 bed volumes (2,400
ml) was applied to elute the activity. Six bed volumes (1,800
ml) of methanol were used to strip the column. The active
fractions eluted around 2% methanol in chloroform were
combined after the ligand activity assay. The solvents were
evaporated and chloroform was added to the pooled frac-
tions to make a final solution of 30 ng BEQ per microliter.
The purified extracts were flushed with argon and stored at
4° C.
Preparative Silica Column HPLC with Methanol: Chloro-
form

A preparative silica HPLC column (Zorbax Pro 10 silica,
ID=21.5 mm) was equilibrated with chloroform at a flow
rate of 10 ml/min. The silica gel gravity column purified
activity (50 ug BEQ) brought into chloroform was injected
into the column. Three column volumes (150 ml) of chlo-
roform were pumped through the column. A linear gradient
of 0 to 4% methanol in chloroform over 8 column volumes
(400 ml) was then applied to elute the activity. The mobile
phase was gradually changed into 100% methanol and 8
column volumes (400 ml) of methanol were used to strip the
column. The active fractions eluted around 2% methanol in
chloroform were pooled after the activity assay. The purified
activity was flushed with argon and stored at -20° C.
Preparative Silica Column HPLC with Isopropanol:Hexane

The activity purified by the preparative silica HPLC
column (methanol:chloroform system) was brought into 2%
isopropanol in hexane at a concentration of 10 ng BEQ/ul.
The mixture was centrifuged at 12,000xg for 5 minutes at
room temperature. Four milliliters of the supernatant were
injected into a silica HPLC column (Zorbax silica column,
ID=21.5 mm) equilibrated with 2% isopropanol in hexane at
a flow rate of 10 ml/min. Three column volumes (150 ml) of
2% isopropanol in hexane were pumped through the col-
umn. A linear gradient of 2 to 15% isopropanol in hexane
was applied over 13 column volumes (650 ml) to elute the
activities. The mobile phase was changed into 100% metha-
nol over two column volumes (100 ml) and 8 column
volumes (400 ml) of methanol were used to strip the column.
The active fractions eluted around 5% isopropanol in hexane
were pooled as “5% peak ligand”. The ones eluted around
10% isopropanol in hexane were pooled as “10% peak
ligand”. The activities were flushed with argon and stored at
-20° C.
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Preparative C18 Column HPLC with 75% Methanol in
Water

The “10% peak ligand” purified by the preparative silica
HPLC column (isopropanol:hexane system) was brought
into 75% methanol in water at a concentration of 4 ug
BEQ/ml and centrifuged at 16,000xg for 3 minutes at room
temperature in a cleaned polypropylene centrifuge tube. The
supernatant was centrifuged one more time under the same
condition. Five milliliters of the supernatant were injected
into a preparative C18 HPLC column (Zorbax, ID=21.5
mm) equilibrated with 75% methanol in water at a flow rate
of 5 ml/min. The HPLC was run isocratically with 75%
methanol in water for 30 minutes (150 ml) and the mobile
phase was changed into 100% methanol in 20 minutes (100
ml). The column was stripped with 100% methanol for 80
minutes (400 ml). The active fractions (5 ml each) with
retention time of around 26 minutes were pooled. The
activity was flushed with argon and stored at —20° C. in the
mobile phase.
Analytical C18 Column HPLC with 50% Acetonitrile in
Water

The activity of about 10 ug BEQ purified by the prepara-
tive C 18 HPLC column (75% methanol in water) was
dissolved in 250 ul of 50% acetonitrile in water and centri-
fuged at 16,000xg for 3 minutes at room temperature in a
cleaned polypropylene centrifuge tube. The supernatant was
injected into an analytical C 18 column (Zorbax, ID=4.6
mm) equilibrated with 50% acetonitrile in water at a flow
rate of 1 ml/min. From this purification step on, a Waters 996
photodiode array (PDA) detector (Waters Corp., Milford,
Ma., US.A) was used to take UV absorption data to
establish a correlation between the biological activity of the
ligand and its UV spectrum. Everything came from the
column was allowed to flow through a flow cell (path length:
10 mm, ID: 0.009 in) of the PDA detector. UV Wavelengths
monitored were initially set from 200 to 800 nm. After the
spectrum of the compound became clear, a spectrum from
200 to 450 nm was monitored for the 10% peak ligand. The
UV absorbance of the mobile phase was automatically set to
zero. UV spectra were acquired with a Millennium 3.2
software (Waters Corp.) at a rate of one spectrum per
second. The HPLC was conducted isocratically with 50%
acetonitrile in water for 20 minutes and the mobile phase
was changed into 100% acetonitrile in 10 minutes. The
column was stripped with 100% acetonitrile for 20 minutes
(20 ml). The fractions (0.5 ml each) constituting a charac-
teristic UV spectrum of four peak absorbance at 208, 271,
277, and 355 nm at a retention time of about 7 minutes were
pooled after confirming the biological activity. The pooled
fractions were flushed with argon and kept at —20° C. in the
mobile phase.
Analytical Cyano Column HPLC with 10% Isopropanol in
Hexane

The activity of about 10 ug BEQ purified by the analytical
C18 HPLC column (50% acetonitrile in water) was dis-
solved in 250 ul of 10% isopropanol in hexane and injected
into an analytical cyano HPLC column (ID=4.6 mm, Adsor-
bosphere CN-AQ 5U, Alltech Associates, Inc. Deerfield, I11.,
USA) equilibrated with 10% isopropanol in hexane at a flow
rate of 1 ml/min. The column was run isocratically with 10%
isopropanol in hexane for 20 minutes and the mobile phase
was changed gradually into 100% methanol. The column
was stripped with 100% methanol for 20 minutes (20 ml).
The fractions (0.5 ml each) with the characteristic UV
spectrum of four peak absorbance at 208, 271, 277, and 355
nm and a retention time of about 12 minutes were pooled
after checking the biological activity. The ligands were
flushed with argon and kept at —20° C. in the mobile phase.
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Analytical Cyano Column HPLC with 60% Methanol in
Water

The activity of about 10 ug BEQ purified by the analytical
cyano HPLC column (10% isopropanol in hexane) was
brought into 250 ul of 60% methanol in water. The solution
was injected into the same cyano column equilibrated with
60% methanol in water at a flow rate of 0.5 ml/min. The
column was run isocratically with 60% methanol in water
for 20 minutes and the mobile phase was changed into 100%
methanol in 10 minutes. The column was stripped with
100% methanol for 40 minutes (20 ml). The purified ligands
were carefully collected following the UV absorbance. The
UV spectrum of the purified ligands should be composed of
four absorbing peaks at 208, 271, 277, and 355 nm,
respectively, and the retention time should be around 10
minutes with this purification system. The ligands were
flushed with argon and store in the mobile phase at —20° C.
Results
AhR Ligand Assay System and Extraction Procedure

We adapted a sensitive AhR ligand assay system
(Garrison, et al., 1996) to a 96 well plate format to intensify,
speed up, and semi-automate the assay. In the adapted assay
system, 0.05 ng of PNF could be detected with confidence,
which generated about two to three fold of induction over
vehicle control. A distinguishable signal was generated with
0.01 ng of PNF and the maximum induction of this system
is about 80 to 100-fold over vehicle (FIG. 1A). With the
sensitive assay, we started the development of a reliable AhR
ligand extraction procedure. We believed that an excellent
source tissue for the ligand extraction might be lung tissue
because human AhR gene was found to be transcribed
abundantly in lung compared with other organs except
placenta (Dolwick, et al., 1993). To decrease the possibility
of environmental contamination, lung tissues from Sprague
Dawley rats fed a synthetic diet (diet 11, Suda, et al., 1970)
were used for test extractions. After rounds of tests, the
extraction procedures were established as outlined in the
method section. About 50 ng BEQ of ligand activity were
detected in 1 gram of lung tissue extracted and there were no
signals from either blank extraction or vehicle (FIG. 1B).
Source Tissue Determination for Ligand Extraction

With the established extraction procedure, we did a pre-
liminary organ survey to identify an AhR-ligand-rich organ.
The lung tissue of rats was found to have highest ligand
activity among others examined (FIG. 1C). Based on the
survey results, original reasoning, and data showing TCDD
partitioning preferentially into rat and mouse liver other than
lung (Santostefano, et al., 1996), we determined that source
tissue for ligand extraction should be lung. To increase the
yield, larger organs were needed. We, therefore, tested the
ligand activities from lung tissues of pig and cow. Both
sources showed similar ligand activity as the one from
synthetic diet fed rats (data not shown). We chose pig as our
source animal simply because it is the animal regularly
slaughtered on University of Wisconsin-Madison campus.
Base Treatment

Once the ligand activities from animal tissues were
extracted, we wanted to know preliminarily the nature of the
activities. Since most of the non-physiological AhR ligands
existing in the environment are very stable and resistant to
strong base or acid treatments, we reasoned that a simple
procedure at this moment to distinguish the endogenous
activity from those of environmental contaminants would be
the treatment of the extracted ligand activities with base or
acid. As displayed in FIG. 1D, about 60 to 80% of the
activities were abolished upon base treatment (0.1 N KOH,
37° C., overnight) while PNF or blank extracts did not
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respond to the treatment. The same condition of treatment
but shorter incubation period (2 hours) also destroyed the
activity (data not shown). The data suggested that the
activity we extracted from animal tissues is not stable to base
indicating that we were not isolating an environmental
contaminant.
Heat Treatment

We tested whether heat treatment (100° C. water bath, 30
minutes) would reduce or destroy the extracted ligand
activity. Heat treatment, unexpectedly, increased the activity
of methanolic extracts 3 to 4-fold while vehicle, blank
extracts, and fNF did not respond (FIG. 1E). Actually, the
ligand activity of the methanolic extracts started to increase
after a brief incubation of 5 minutes (data not shown). We
believed that the heat treatment might help release the
ligands from their possible carriers and the yield of ligand
could be increased by this treatment.
Sulfuric Acid and Heat Treatment

Similarly, we tested the sulfuric acid treatment of the
methanolic extracts and found the treatment also enhanced
the ligand activity (data not shown). Combination of both
sulfuric acid and heat treatment further increased the activity
(FIG. 1F).
Silica Gel Batch and Gravity Column Purification

We used silica gel in both batch and gravity column
formats to purify the acid and heat treated ligand. The ligand
bound to silica gel could be washed with 50% chloroform in
hexane and 100% chloroform without loss of activity. Most
of the activity was eluted with 4% methanol in chloroform
at the first round and two rounds of elution were sufficient
to recover a large fraction of the activity (FIG. 2A). The
activities extracted from 5,000 g of tissue could be effi-
ciently purified with 500 g of freshly baked silica gel. The
eluted activity dissolved in chloroform was then loaded onto
a glass gravity column packed with the same silica gel and
equilibrated with chloroform. A single peak of ligand activ-
ity co-migrated with a pink to brown band of materials and
was eluted with 2% methanol in chloroform (FIG. 2B). The
activity of about 400 ug BEQ could be purified with 180 g
packed silica gel. The recovery of this system is around
25%.
HPLC Purification with Preparative Silica Columns

We injected the gravity column purified activity into a
preparative silica HPLC column with methanol:chloroform
mobile system. A single peak activity was eluted with 2%
methanol in chloroform (FIG. 3A). The recovery from this
system was about 90%. About 50 ug of BEQ could be
purified with one injection into this system. The activities
purified by this system were further purified by injecting the
ligands into another preparative silica HPLC column with
isopropanol:hexane solvent system. Two significant peaks of
activity were eluted, respectively, with 5 and 10% of iso-
propanol in hexane in addition to some smaller peaks (FIG.
3B). We termed the active peak eluted with 5% isopropanol
in hexane as the 5% peak ligand and, similarly, the one with
10% isopropanol in hexane as the 10% peak ligand. We
pursued the 10% peak ligand. The purification capacity of
this system is 40 ug of BEQ each injection and the recovery
is around 20% for the total of two active peaks.
HPLC Purification with C18 Columns

We injected the 10% peak ligand into a preparative C18
HPLC column with a mobile phase of 75% methanol in
water. A single peak of activity with a retention time of about
23 minutes (around fraction #23, 5 ml each fraction) was
eluted (FIG. 3C). The recovery of the activities is about
80%. The activity purified by this system was injected into
an analytical C18 HPLC column with a mobile phase of 50%
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acetonitrile in water. A UV absorption peak at 356 nm was
eluted at a retention time of around 7 minutes (FIG. 3D),
which coincided with ligand activity. The PDA data revealed
a spectrum composed of 4 absorption peaks at 208, 271, 277,
and 356 nm. As indicated in the chromatogram (FIG. 3D),
the major 356 nm UV peak most of the time is accompanied
with some UV absorbing contaminants. It was necessary to
inject the activity into another HPLC system to remove
those impurities. The recovery of this system is around 75%
and the purification capacity is at least 15 ug BEQ for each
injection.
HPLC Purification with an Analytical Cyano Column

We further purified the 10% peak ligands by injecting
them into an analytical cyano HPLC column with a mobile
system of 10% isopropanol in hexane. A UV absorption peak
at 356 nm was eluted at a retention time of 12 minutes (FIG.
3E) that coincided with biological activity. The spectrum at
that retention time was exactly the same as that appeared in
previous step of purification (analytical C 18 HPLC column
with 50% acctonitrile in water), indicating that the UV
spectrum was the signature of the 10% peak ligand. The
recovery of this system is about 80% and purification
capacity at least 10 ug BEQ. It is necessary sometime to
include another step of HPLC purification as indicated in
FIG. 3E to eliminate completely the other UV absorbing
contaminants. We used the same cyano column with a
mobile phase of 60% methanol in water. A UV absorption
peak at 356 nm was eluted at a retention time of 10 minutes
(FIG. 3F). The recovery of this system is around 80% and
the purification capacity at least 10 ug BEQ. The spectrum
at the retention time is again the same as previous two steps
of HPLC purification. The biological activity of the ligand,
as expected, followed the UV spectrum confirming again it
is the spectrum of the 10% peak ligand. The three dimen-
sional chromatogram (FIG. 4A) shows that the ligand is
away from any UV absorbing material at every wavelength
(from 200 to 800 nm, not shown after 450 nm) monitored.
The 10% peak ligand for the Ah receptor, therefore, is
purified to homogeneity.
Overall Recovery and Yield of the 10% Peak Ligand

The overall recovery of the entire purification system is
around 0.2% starting from batch purification to the last
HPLC system. About 0.3 ug (absolute quantity) of the 10%
peak ligand could be purified from an adult pig with about
500 grams of fresh lung tissue. We sequentially processed
lung tissues from about 70 adult pigs and obtained approxi-
mately 20 ug of purified 10% peak ligand.
2. Structural Identification of the Ligand

Materials and Methods

UV Spectroscopy

A sample of about 3 ug BNF equivalents (BEQ) in 200 ul
of methanol:water (60:40) was injected into a cyano HPLC
column (adsorbosphere CN-AQ 5U, ID=4.6 mm, Alltech
Associates, Inc. Deerfield, I1l., USA) equilibrated with 60%
methanol in water at a flow rate of 0.5 ml/min. Compounds
eluted from the column were allowed to flow through the
flow cell (path length: 10 mm, ID:0.009 in) of a Waters 996
photodiode array detector (Waters Corp., Milford, Mass.,
USA). The UV absorbance of the mobile phase was auto-
matically set to zero. UV spectra were recorded with a
Millennium 3.2 software (Waters Corp.) at a rate of one
spectrum per second as shown in FIG. 4A.
Electron Impact Mass Spectroscopy

Anew glass probe was inserted into a MS50TC Ultrahigh
Resolution Mass Spectrometer (Kratos Inc., Manchester,
UK) with electron energy of 70 ¢V and ion source tempera-
ture of 150° C. The background spectrum for the probe was
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taken first. A blank spectrum for the injected solvent was
determined on fractions that would have contained the
ligand. A Kratos DS-55 data acquisition system was used to
record all the spectroscopic data. The high-resolution spec-
troscopic data were re-plotted or tabulated after the subtrac-
tion of blank peaks.
FT-IR Spectroscopy

Asample of about 1 ug BEQ in methanol was spotted onto
a Teflon STI IR Card (Thermo Spectra-Tech, Shelton, Conn.,
USA). The sample was applied to the card in such a way so
that the area through which the smallest diameter infrared
beam will pass was kept minimum to maximize the sample
path length with limited supply of material. The solvent was
evaporated and the card was placed in the sample chamber
of an Infinity 60 AR FT-IR Spectrometer (Thermo-Mattson,
Madison, Wis., USA). The spectrum was acquired with a
WinFIRST 3.00 software (resolution: 2, scan number: 200,
Iris opening: 1:, window: KBr). A blank spectrum was
generated by solvent injection into the last purification step.
One-dimensional NMR Spectroscopy

A sample of about 2 ug in specified solvent placed in
either a 2.5 mm NMR sample tube (Wilmad-Labglass,
Buena, N.J., USA) or a 5 mm Shigemi tubes (Shigemi, Inc.
Allison Park, Pa., USA) that have the magnetic susceptibil-
ity adjusted to that of the solvent was used to acquire the
standard *H NMR, single frequency decoupling, and single
frequency NOE difference spectra. NMR spectra were
obtained on Bruker DM X-750 and DMX-500 spectrometers
(Bruker BioSpin Corp., Billerica, Mass., USA) located at the
National Magnetic Resonance Facility at Madison. The
spectrum of a blank (same fractions collected from a solvent
injection of the last HPLC purification) was also recorded.
Two-dimensional NMR Spectroscopy

A sample of about 12 ug in deuterated methanol was
placed in the 5 mm Shigemi tube (Shigemi, Inc.). The
two-dimensional 'H{*C} heteronuclear single quantum
correlation (HSQC) (Schleucher, et al., 1994) and hetero-
nuclear multiple bond correlation (HMBC) (Willker, et al.,
1993) experiments were performed on the DMX-500
equipped with 5 mm triple-resonance, single-axis gradient
Cryoprobe™ (Bruker BioSpin Corp.), which gives twice the
signal-to-noise ratio of the DMX-750 spectrometer. Slight
modifications were made to the gs-HMBC experiment. The
direct peaks were not suppressed and a refocusing 180°
pulse was applied to both *H and *C resonances at the
midpoint of the antiphase buildup period to refocus static
field inhomogeneities.
Theoretical Calculations

Proposed structures were constructed using the Gauss-
View program (Gaussian Inc.). These models were subjected
to full, unconstrained geometry optimization at the B3LYP/
6-31 g* level of theory using the Jaguar quantum chemical
program (Schrodinger Inc.). The absence of imaginary fre-
quencies assured that the models were in a local ground
state. Calculated frequencies were scaled using the SQM
method on the optimized structures (Baker, et al., 1998).
Isotropic chemical shifts were calculated from optimized
models using the Gaussian suite of quantum chemical pro-
grams (Frisch, et al., 1998). The GIAO method at the
B3LYP/6-311++G (2d,2p) level of theory as implemented in
Gaussian 98 was used for the calculations. Calculated
chemical shifts were calibrated versus experimental chemi-
cal shifts of some model compounds and the theoretical
values were scaled empirically (Baldridge and Siegel. 1999;
Rablen, et al., 1999; Forsyth and Sebag, 1997) using the
following linear equations: Experimental shift (*H, ppm)=
Calculated shift *0.95+0.26; Experimental shift (**C, ppm)=
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Calculated shift #0.95+0.59. The R* values for the linear
regressions were 0.999 for both *H and *>C fits. Expected
deviations of the calibrated theoretical chemical shifts from
experimental values are ~0.15 ppm (Rablen, et al., 1999) for
H and ~3 ppm for *>C (Baldridge and Siegel, 1999). The
theoretical proton and carbon shifts of tetramethysilane
(TMS) were set to zero.

Coupling constants were calculated by the single-finite-
perturbation method (Onak, et al., 1999). The magnitude of
the perturbation was 0.02 au, which is within the linear
region of response, and the calculation was performed at the
B3LYP/6-311+g* level of theory. In this method, only they
Fermi contact contribution to the scalar coupling is avail-
able.

Reduction with NaBH,,

Specified quantity of the compound was pipetted into a
glass via for reaction and the solvents were evaporated. A
saturated solution (100 ul) of NaBH,, in ethanol (200 proof,
Aaper Alcohol and Chemical Co. Shelbyville, Ky., US.A.)
was added to each reaction tube. The mixture was incubated
overnight at room temperature and stopped by adding 200 pl
of water. The reactions were extracted with 200 gl of
chloroform twice and the chloroform phases were pooled.
The solvents from both aqueous and chloroform phases were
evaporated and both phases were assayed for biological
activities. The chloroform phase was analyzed with electron
impact mass spectroscopy as was a blank treated identically
but containing no isolate.

Base Hydrolysis and Methylation

To 2 ul of methanol with 3 ng BEQ of the sample, 38 ul
of methanol of 10 ul of a 0.5 mm KOH in water were added
and mixed. The reaction was incubated at 37° C. for 2 hours
and stopped by adding 10 ul of 0.5 mmolar HCI in water to
bring pH to around 5.0. To the reaction mix, 30 ul of water,
10 ul of methanol, and 50 ul of chloroform were added and
mixed. The chloroform phase was separated and kept after
centrifugation of the mixture. The chloroform extraction
was repeated and the two chloroform phases were pooled.
The chloroform phase was split into two parts, one for
biological assay and the other for methylation. The same
manipulations were performed for 3 ng of PNF in 2 ul of
methanol and 2 ul of methanol as controls.

For the methylation, the solvents were evaporated from
the hydrolysis products and 50 ul of chloroform were added.
The solution was cooled on ice and 5 ul of an ethereal
solution of diazomethane (1 mg/1 ml, freshly prepared) was
added. The reaction mixture was incubated on ice for 10
minutes with frequent shaking. The reaction was warmed to
room temperature and centrifuged. The solvents were
evaporated and the products were assayed side by side with
the hydrolysis products without methylation.

Identities of Protons and Carbons in Structure Analysis

For the convenience of identification of atoms in the
compound, protons and carbons are named after their chemi-
cal shifts. For example, a proton with a chemical shift of
9.25 ppm will be named as 9.25 proton and, similarly, a
carbon of 141.05 ppm as 141 carbon.

Results
UV Spectroscopy

The UV spectrum of the sample shows a multiple peak
absorption character. The first absorption peak appears at
208 nm and the next two are at 271 and 277 nm, which are
smaller but distinctive. The last absorption peak appears at
356 nm (FIG. 4B). The spectrum is indicative of extensive
conjugations. It is interesting that part of the spectrum
(absorptions at 271 and 277 nm) resembles that of indole
(Pretsch, et al., 2000).
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Mass Spectroscopy

The high-resolution electron impact mass spectrum
reveals that molecular ion of the sample is 286.0399 mass
units and the molecular formula is C, ,H;,N,O;S (FIG. 5A,
Table 1). The presence of sulfur is evidenced by the appear-
ance of isotope cluster that shows the characteristic abun-
dance of M+2 ion heavily contributed by **S. The base peak
is an ion with mass units of 144.0453 and constituted of
CoHNO. In addition to the molecular ion and the base peak,
there are 116 ion that was derived from 144 ion by losing
CO, 89 ion that was the product of losing CHN from the 116
ion, and 77 ion by losing C,HN from the 116 ion. There are
some ions with relatively low abundance such as 271 ion
derived from the molecular ion by losing CH;, 258 ion
formed by losing CO from the molecular ion, and the 227
ion generated by losing CH; and CO, from the molecular
ion, indicative of methyl ester functionality. The other low
abundance ions such as 200, 169,160,149,147,142, 131, and
123 ions can be reasonably explained by the fragmentation
processes involving one or two rearrangement events. Table
1 lists exact mass units of all the peaks with their molecular
compositions, relative abundances, and deviations measur-
ing the degrees of agreement between the experimental and
theoretical mass.

TABLE 1

High-resolution El Mass Fragments of the AhR Ligand

Mass Abundance (%) Composition Deviation
288.0414 422 C,,H,;N,0,**s 14.93
287.0441 14.21 BC,C5H; o NLO5S 2.79
386.0399 69.19 C.,H,;oN,O;8 4.89
285.0361 4.64 C,HN,O,S 9.23
271.0172 3.49 C,;HN,0,S 225
259.0437 0.62 BC,C,H; N,O,S 24.32
258.0411 474 C,5H,N,0,8 20.54
228.0302 0.49 C,,HN,08 24.73
227.0274 2.01 C,,H.N,08 2.69
226.0264 1.14 C,,HN,08 27.52
200.0417 5.61 C HgN,S 3.80
169.0394 1.96 C,oHN,O 5.03
160.0250 1.75 CoH NS 17.62
149.0263 2.50 CeH,NS 24.89
148.0275 1.40 CeH NS 3594
147.0688 1.2 CH,NO 224
145.0495 12.50 B¢, PCHNO 9.80
144.0453 100.00 CH,NO 222
143.0383 2.89 CHNO 8.04
142.0546 0.93 CHN, 10.00
131.0493 1.00 C.H,0 313
123.0452 0.80 C,H,0 4.80
117.0550 513 B3¢, 2C,HN 11.28
116.0503 28.98 CeHN 1.90
115.0435 2.02 CeHsN 10.87

89.0393 12.00 C,Hs 1.68
88.0401 1.80 CH, 99.74
77.0401 1.50 CH, 12.33

FT-IR Spectroscopy

The FT-IR spectrum shows a strong absorption peak at
1737 cm™ the characteristics of a carbonyl, most probably
an ester carbonyl (FIG. 5B). The presence of an ester is
further supported by the existence of ester C—O peak
around 1205 cm™. Peaks at 1435 and 2926 cm™ suggest the
existence of a methyl and methoxy group. The peaks further
support the existence of a methyl ester in agreement with the
observation from high-resolution mass spectrum. A peak at
1593 cm™ is indicative of another carbonyl under a special
structural environment in addition to the possible contribu-
tion from carbon-carbon double bonds, carbon-nitrogen
double bonds, aromatic skeletons, and C=C in aromatic
rings.
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Proton NMR Spectroscopy

To reveal the 1d NMR signal contributed only from the
purified compound with very low quantity, the spectra were
taken from both sample and blank (same fractions as the
sample from solvent injection of the last HPLC purification)
in d-methanol and then both sample and blank in
d-chloroform to avoid the possibility of overlapping
between solvent and sample peaks. Chloroform made the
spectrum complicated but served the purpose of revealing
what was masked in the methanol spectrum. The 1d proton
NMR spectrum of the sample reveals that there are 9 protons
detected (FIG. 6A), the other one may be invisible due to
exchange with the solvent used. The exchangeable proton
(11.33 ppm) was visible when d-acetone was used as solvent
(data not shown), confirming the molecular formula pre-
dicted from the high resolution mass spectroscopic data. The
protons with chemical shifts of 7.27 (1 H), 7.28 (1 H), 7.50
(1 H), and 8.38 (1 H) are closely located on an aromatic ring
with 7.27 and 7.28 protons in the middle supported further
by the decoupling and NOE experiments (data not shown).
There are three single peaks with chemical shifts of 9.25 (1
H), 8.67 (1 H), and 3.99 (3 H’s) ppm. They are relatively
isolated from each other and from the rest of the protons
revealed by the decoupling and NOE experiments in
d-methanol. When the NOE experiment was performed in
d-acetone, however, both 7.50 and 9.25 protons responded
when the 11.33 proton was irradiated, suggesting that those
three protons are close spatially. The chemical shifts of 3.99
ppm and the 3.99 protons indicate that those protons are
involved in a methoxy functionality supporting further the
existence of methyl ester observed in both high resolution
mass and FT-IR spectra. Judging from all the proton chemi-
cal shift values, all of them are most probably involved in
aromatic systems except the 3.99 protons (FIG. 6A).
HSQC Spectroscopy

HSQC spectrum taken in d-methanol displays the chemi-
cal shifts of seven carbon-13’s each with one or three
protons attached (FIG. 6B). The 9.25 proton is attached to a
carbon-13 with chemical shift of 141 ppm (141 carbon).
Similarly, the 8.67, 8.36, 7.50, 7.28, 7,27, and 3.99 proton
are attached, respectively, to the 135, 124, 114, 126, 125, and
55 carbons (FIG. 6B). Again, those carbon chemical shifts
indicate that except for the 55 carbon they are involved in
aromatic systems with some of them close to heteroatoms.

The 7.27 and 7.28 protons attached, respectively, to 125
and 126 carbons are separated on a spectrum when the
resolution in both dimensions and acquisition time are
increased. Their individual coupling patterns with neighbor-
ing protons are also revealed. Together with the 1d NMR
spectrum, it is expected that both of them are more compli-
cated than simple doublet doublet revealing that those two
protons are located between the two other protons (7.50 and
8.36 protons).
HMBC Spectroscopy

The HMBC spectrum generated in d-methanol provides
further detailed connectivity information (FIG. 6B). The
9.25 proton that is directly connected to 141 carbon is
further linked, most probably through two to three bonds, to
three other carbons with chemical shifts of 139,129, and 115
ppm. The 8.36 proton is directly connected to the 124 carbon
and, at the same time, linked to the 126 carbon, which is
directly connected to the 7.28 proton, and the 139 carbon
which is also connected to the 9.25 proton through two to
three bonds. Similarly, the 7.50 proton is directly connected
to the 114 carbon and further connected to the 125 carbon,
which in turn is directed connected to the 7.27 proton, and
the 129 carbon which is also connected to the 9.25 proton
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more than one bond away. This relationship established that
the 9.25 proton is four to five bonds away from both 7.5 and
8.36 protons. The 8.67 proton, on the other hand, is located
on a relatively isolated system. It is connected to the carbons
with chemical shifts of 150 and 173 ppm through two to
three bonds in addition to the directly connected 135 carbon.
None of the other protons shows any detectable connection
to those three carbons. The 3.99 protons are shown to be
connected to another carbon with chemical shift of 165 ppm
(suggestive of ester carbonyl carbon) beside the directed
connection to the 55 carbon (methyl carbon), in agreement
with the methyl ester functionality. FIG. 6B shows detailed
information on correlations between protons and carbon-
13’s. We have carbon chemical shift information on 13 out
of total 14 carbons in the compound.

Some of the *H*C coupling constants were directly
measured from the HMBC spectrum. The coupling constant
between the 9.25 proton and its directly connected carbon-
13 (141 carbon) is 191 Hz and that of 8.67 proton and 135
carbon is 193 Hz. The two coupling constants reveal that
both carbons are located close to a heteroatom in a 5
membered heteroaromatic ring. The one bond coupling
constant between 7.27 (or 7.28) proton and 125 (or 126)
carbon is 158 Hz confirming that those elements are
involved in a 6 membered aromatic ring. The 3.99 protons
have a coupling constant to their directly connected carbon
(55 carbon) of 150 Hz confirming the methoxy functionality
again.

Reduction

The reduction with NaBH4 completely destroyed the
biological activity and changed dramatically the UV spec-
trum of the compound (data not shown). High-resolution
mass spectrum was obtained after the reaction without
purification. Even though the spectrum was complicated and
might represent a mixture of reduction products, it is clear
that the methoxy group was lost after the reduction because
the molecular ion became 260 mass units and the molecular
formula C,;H,,N,0,S. Again, this is indicative of existence
of a methyl ester functionality.

Base Hydrolysis and Methylation

To confirm the existence of an ester, we first hydrolyzed
the compound with KOH and checked the biological activity
of the product. The biological activity of the hydrolysis
product was completely lost (data not shown). When we
methylated the hydrolysis product with diazomethane, about
60% of the ligand activity was recovered (data not shown)
confirming the deduction of an ester functionality. When the
same manipulations were carried out on fNF, no change in
biological activity was detected. Further, blanks confirmed
that none of the manipulations created biological activity.
The Structure

The high-resolution mass spectrum showing a molecular
ion of 286.0399 (C,,H;,N,0;S) illustrates a highly con-
densed structure with only 10 protons. Further, a high degree
of conjugation is revealed by the UV absorption spectrum
(FIG. 4B). Four of these protons (7.27, 7,28, 7.50, and 8.36
protons) must be attached to a six membered aromatic ring.
This ring is in turn fused with a five membered aromatic ring
on which the 9.25 proton is attached. The 5 membered ring
must be a heterocycle with either a nitrogen or an oxygen
since the 144 base peak mass spectrum is composed of
C,HgNO. However, oxygen cannot be a component of the
five membered ring because the chemical shifts of two
carbons directly connected to the oxygen would require a
higher value than the HSQC and HMBC data would allow
(FIG. 6B). A nitrogen, therefore, must be the component in
the five membered ring resulting in an indole structure. To
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satisfy the composition of CoCH,NO for the 144 base mass
peak, one of the positions on the five membered ring must
be substituted with either a C=0 or C—O moiety. Consid-
ering the fact that both 9.25 and 8.36 protons are highly
deshielded, there must be groups located between the 9.5
and 8.36 protons. Thus, the 9.25 proton must be located
between the nitrogen and the substituted carbon, further
confirming the indole structure.

The above mentioned C—O or C=0 moiety could be a
C—O in a six membered ring, which will not deshield its
neighboring protons, or an attached ketone with deshielding
power. That a ketone on a carbon attached to the indole
nucleus exists is supported by the infrared band at 1593
cm™ (FIG. 5B), characteristic ketones on a carbon in the
vicinity of an indole as revealed by model compounds such
as 3-benzoylindole (SDBS Data base, Bergman and
Venemalm, 1990), (cyclohex-1-en-1-yl)-3-
indolylmethanone, and 3-(E-2-methylbut-2-enoyl) indole
(Bergman and Venemalm, 1990). This ketone is attached to
another five membered heteroaromatic ring (either thiazole
or isothiazole).

Considering both proton and carbon chemical shifts of
thiazole and isothiazole and the fact that the two other
positions will be substituted by two groups with deshielding
power, only the 5-position can be considered for the 8.67
proton attachment in the case of thiazole structure. With the
2- and 4-positions attached to ketone and the methyl ester,
respectively, or vice versa, there will be two possible struc-
tures based on thiazole. Similar to the thiazole situation,
there are two possible structures based on isothiazole
because only the 4-position can be considered for the 8.67
proton attachment.

The *"H—">C coupling constant for the 8.67 proton to its
directly attached carbon derived from the HMBC spectrum
is about 193 Hz. We investigated the coupling constants
between the position 5 proton and carbon in thiazole and the
position 4 proton and carbon in isothiazole. Faure, et al.,
(1978) and Tseng (1987) reported that the coupling constant
between the position 5 proton and carbon in thiazole is about
191 Hz and the range is from 188 to 200 with different
substitutions at the other positions while the one between the
position 4 proton and carbon in isothiazole is about 173 Hz
only and the range is from 168 to 171 with different
substitutions at the other positions. Furthermore, we calcu-
lated the theoretical coupling constants for both thiazole and
isothiazole based structures. The theoretical coupling con-
stant between the 8.67 proton and its connected carbon in
thiazole structure is 185.4 Hz while that in isothiazole based
structure is 175.7 Hz.

Judging from both theoretical coupling constants and the
experimental values in literature, the isothiazole structures
were eliminated. Of the thiazole structures, one is derived
from cysteine in which the position 2 of thiazole is substi-
tuted with a ketone and position 4 a methyl ester (FIG. 7A).
The other is non-cysteine related with reversed order of
substitution as shown in FIG. 7A.

The chemical shift theoretical calculation results show
that the cysteine related structure best fits the experimental
values. Evidence from experimental data in literature sup-
ports this deduction. When an aldehyde (equivalent to a
ketone in this case) connected to the 2 position of the
thiazole, the chemical shift of carbon 2 is 166 ppm and
carbon 4 is 146 ppm (Dondoni and Perrone, 1995). When a
methyl ester is attached to the 4 position of the thiazole, the
chemical shift of carbon 4 is 146 ppm and the carbon 2 (with
a methyl group attached) is 167 ppm (Mensching and
Kalesse, 1997). We can confidently deduct that when an
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aldehyde (or a ketone) is attached to carbon 2 and a methyl
ester to carbon 4 of a thiazole at the same time, similar to the
arrangement of the cysteine related structure, the chemical
shift of carbon 2 and 4 will be 166 and 146, respectively,
which agrees with both calculated and measured chemical
shifts for this structure (FIG. 7A). On the other hand, when
an aldehyde (or a ketone) is connected to the 4 position of
a thiazole, the chemical shift of carbon 4 is 155 (Nicolaou,
et al., 1997) or 156 (Millan, et al., 2000). If a methyl ester
substitutes the 2 position of a thiazole, the chemical shift of
carbon 2 is 158 ppm (Kelly and Lang, 1995). Thus, if an
aldehyde (or a ketone) is attached to the 4 position and a
methyl ester to the 2 position at the same time, similar to the
arrangement of the non-cysteine related structure, the
chemical shifts of carbon 4 and 2 will be, respectively, 155
and 158 ppm, which agrees well with what is calculated for
this structure (158 and 163 ppm). Thus, the experimental
data and the calculated chemical shifts leave no doubt that
the correct structure is the cysteine related as shown in FIG.
7A, which represents an endogenous Ah receptor ligand.

Additional support for the ligand structure of FIG. 7A is
provided by the electron impact mass spectrum of
3-benzoylindole (SDBS Database, Bergman and Venemalm,
1990). The molecular ion for the compound is 221 mass
units. As soon as an ion composed of indole connected to a
ketone formed after losing the benzene, the base peak of 144
appears because of its high stability. Further fragmentation
pattern of this known compound is exactly the same as that
of our purified ligand: loss of CO from the 144 peak gives
the 116 peak and loss of CHN (or C,HN) from the 116 peak
yields the 89 (or 77) peak (SDBS Database).

Thus, the novel Ah receptor ligand is deduced as 2-(1'-
H-indole-3'-carbonyl)-thiazole-4-carboxylic acid methyl
ester, which we shorthandedly refer to as ITE. To be sure of
the structure, chemical synthesis was initiated and the syn-
thetic compound produced provided the same biological
activity and the same physical data as that obtained with the
isolate. The reporter gene activity as a function of doses of
ITE as compared to that of PNF is shown in FIG. 7B,
indicating about five times as potent as that of PNF after 4
hours of incubation, which is the optimum time point from
a time course experiment (data not shown). The action of
ITE through the Ah receptor was demonstrated by the ability
of an AhR antagonist, 3'-methoxy-4'-nitroflavone (Henry, et
al., 1999), to block the reporter gene response to the com-
pound in a dose dependent fashion (data not shown).
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We claim:
1. An isolated preparation of endogenous Ah receptor
ligand wherein the ligand has the following formula:

2. A therapeutic preparation of the endogenous Ah recep-
tor ligand of claim 1.

3. The preparation of claim 2 wherein the preparation is
at least 90% pure.

4. The preparation of claim 3 wherein the preparation is
at least 95% pure.

5. The preparation of claim 2 wherein the ligand is
isolated from animal tissues.

6. The preparation of claim 1 wherein the isolated prepa-
ration is at least 90% pure.

7. The preparation of claim 1 where the preparation is at
least 95% pure.
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