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Fig. 4. Quantitative oligosaccharide profiling using LC/MS and an isotope tagging method.

profiling using isotope-labeled 2-aminopyridine (AP) and
LC/MS (Fig. 4) (41). In this procedure, oligosaccharides
released from an analyte and standard glycoprotein are tagged
with d-AP and dg-AP, respectively, and an equal amount of
d,-PA and d,-PA oligosaccharides is analyzed by LC/MS.
Oligosaccharides existing in either the analyte or standard
glycoprotein appear as single ions, and oligosaccharides that
exist in both analyte and standard glycoprotein are detected
as paired ions with a difference of 4 u. The relative amount
of analyte oligosaccharides can be determined on the basis
of the analyte/ internal standard ion pair intensity ratio. This
method can improve the precision of the mass spectrometric
quantification and be used for glycan differential analysis
among multiple samples.

D. MS of Glycopeptides

When glycans are released from protein, all
information about their attachment to the protein is lost.
Protein identification, determination of glycosylation sites and
site-specific glycosylation analyses are generally achieved
by the mass spectrometric analysis of glycopeptides. ESI
and MALDI coupled with several analyzers are employed
for glycopeptide analysis. ESI allows the accurate mass
measurement of relatively large glycopeptide/protein because
of the generation of multiple charged ions, whereas ions of
large glycopeptide molecule ions are sometimes missed by
MALDI-MS due to PSD and their poor ionization efficiency
(42).

Fig. 5 illustrates three possible cleavages of the peptide
backbone. The most common C-terminal and N-terminal
fragment ions are b-ion and y-ion, respectively (37). In many
cases, CID induces glycosidic bond cleavages rather than
peptide backbones. Electron capture dissociation with FT-
ICRMS is reported as a means for preferential cleavage of the
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Fig. 5. Types of peptide fragmentation.

peptide backbone (44,45).

For the cleavages of both glycosidic and peptide
bonds CID-MS/MS is carried out with relatively high energy
(approx. 50V/1000 u) (46-51). Hence, it allows both peptide
sequencing and estimation of the carbohydrate structure
on the basis of b/y-ions and B/Y-ions. Fig. 6A presents
the CID-MS/MS spectrum of a glycopeptide derived from
human o-fetoprotein using the ESI-QqTOFMS instrument.
Carbohydrate-specific B-ions, such as HexNAc¢™ and NeuAc”
are observed at m/z 204, 292 as well as y-series ions. Based
on the y-series ions and peptide ion, this peptide is identified
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Fig. 6. CID-MS" spectra of glycopeptides. (A) CID-MS/MS with relatively high energy (precursor ion, m/z 1,061.8), Sample:
glycopeptide from human alpha-fetoprotein, MS: QSTAR (Applied Biosystems). (B) Low-energy CID-MS/MS (precursor ion, m/z 1.200). (C)
Low-energy CID-MS? (precursor ion, m/z 1,360), Sample: glycopeptide from mouse IgG1, MS: LTQ (Thermo Electron).
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as VNFTEIQK. The oligosaccharide structure can be deduced
as disialylated biantennary from the molecular mass of the
carbohydrate moiety together with B-ions in the MS/MS
spectrum.

B- and Y-series ions are produced by the low-energy
CID-MS/MS of glycopeptides (12, 52-55). Fig. 6B shows the
low energy (approx. 5-20V/1000 u) CID-MS/MS spectrum
of glycopeptide derived from mouse IgG1. Based on the
carbohydrate related-ions, the carbohydrate structure could
be determined as fucosylated biantennary. When using an
ITMS instrument, MS® is automatically carried out for intense
ions. In this experiment, [peptide +HexNAc +H]* , which
is generally detected as intense ion, was subjected to further
product ion scan, and b- and y-series ions appeared in the MS®
spectrum (Fig. 6C). Peptides can be identified by comparing
experimental fragment ions with predictable fragment ions
derived from proteins in a database. Moreover, the database
analysis with the possibility of glycosylation at Asn and Ser/
Thr with HexNAc, Hex, and dHex allows the identification of
glycopeptides and glycosylation sites (56). For instance, this
peptide was identified as EEQFN*STFR glycosylated with
HexNAc at N*. This method would enable the glycosylation
analysis of unknown glycoproteins and a mixture of
glycoproteins.

E. Site-Specific Glycosylation Analysis of Glycoproteins
Fig. 7 illustrates the strategy for the site-specific

glycosylation analysis of glycoproteins. First, a glycoprotein

is digested with an appropriate proteinase, which provides
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Fig. 7. Strategy for site-specific glycosylation analysis by LC off-line MS (A) and on-line LC/MS (B).

199

©2005 FCCA (Forum: Carbohydrates Coming of Age)



glycopeptides, including a single glycosylation site. Trypsin,
Lys-C, Glu-C and Asp-N are commonly used for glycosylation
analysis. Since glycopeptide ions are sometimes missed
by MS in the presence of excess peptides due to their lower
jonization efficiency, several methods have been proposed
for the fractionation of glycopeptides, such as HPL.C and
affinity chromatography (57,58), followed by off-line
MALDI-MS. LC on-line ESI/MS is an efficient method for
" the direct elucidation of glycopeptides in a complex mixture.
Although LC/MS provide a complicated chromatogram,
glycopeptides in a choromatographic position can be localized
by the appearance of marker ions, such as HexNAc" and
HexHexNAc", resulting from precursor ion scanning and in-
source CID (59-66). However, for peptide identification these
two means require additional CID-MS/MS scan for some
intense ions (data-dependent CID-MS/MS scan). Recently
we presented an alternative method, with which product ion
spectra of glycopeptides can be selected directly using marker
ions arising from glycopeptides by data-dependent CID-MS/
MS scan with relatively high energy (49).
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Fig. 8. Site-specific glycosylation analysis of apoB100 by LC/ESI-MS/MS. (A) TIC of full MS scan (m/z
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mm, Michrome BioResources), MS: QSTAR (Applied Biosystems).
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Here we demonstrate the site-specific glycosylation
analysis of human apolipoprotein B100 (apoB100). Tryptic
digest of apoB (4 pg) was injected into an LC/ESI-QqTOFMS
instrument equipped with a C18 column. Figs. 8A and B are
total ion chromatograms (TIC) obtained by full MS' scan
and data-dependent CID-MS/MS scan, respectively (49).
These chromatograms appear complicated due to a number
of peptide-related ions derived from a large glycoprotein
molecule of 500,000 Da. In order to localize glycopeptides
in the peptide map, carbohydrate marker ion, HexNAc" at
m/z 204, was extracted from the TIC of data-dependent CID-
MS/MS scan (Fig. 8C). The MS/MS spectra of glycopeptides
were then sorted from the peaks appearing in the mass
chromatogram (Fig. 8D). We successfully identified 17
N-glycosylation sites among 19 potential N-glycosylation sites
and deduced glycosylation at each glycosylation site from the
mass of carbohydrate moieties (Fig. 8E).

F. Application in Proteomics and Glycomics

MS enables us to elucidate a small number of
glycoproteins isolated by electrophoresis (67, 68) and micro
HPLC (69). This method could be applied in comprehensive
or carbohydrate structure-specific glycoprotein analysis
by a combination with proteomic approaches such as
2-dimensional (2D) gel electrophoresis (GE) and 2D-LC
followed by MS. Some applications have been already
demonstrated, for instance, glycoprotein expression analysis
using 2D-GE coupled with carbohydrate-specific dyeing
or immunoblotting (70), and LC/MS combined with lectin
affinity chromatography (71,72). These glycomic/proteomic
technologies are expected to be a powerful tool for the
functional study of glycoproteins, finding disease-related
glycoproteins and identifying proteins attached to some glyco-
epitopes.
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Abstract

Nuclear receptors represent a very good family of protein targets for the prevention and treatment of diverse
diseases. In this study, we screened natural compounds and their derivatives, and discovered ligands for the retinoic
acid receptors (RARs) and the farnesoid X receptor (FXR). In the reporter assay systems of nuclear receptors
presented here, two fluorescent proteins, enhanced yellow fluorescent protein (EYFP) and enhanced cyan fluorescent
protein (ECFP), were used for detection of a ligand-based induction and as an internal control, respectively. By
optimizing the conditions (e.g., of hormone response clements and promoter genes for reporter plasmids), we
established a battery of assay systems for ligands of RARs, retinoid X receptor (RXR) and FXR. The screening using
the reporter assay system can be carried out without the addition of co-factors or substrates. As a result of screening of
more than 140 compounds, several compounds were detected which activate RARs and/or FXR. Caffeic acid
phenylethyl ester (CAPE), known as a component of propolis from honeybee hives, and other derivatives of caffeic
acid up-regulated the expression of reporter gene for RARs. Grifolin and ginkgolic acids, which are non-steroidal
skeleton compounds purified from mushroom or ginkgo leaves, up-regulated the expression of the reporter gene for
FXR.
© 2005 Elsevier GmbH. All rights reserved.

Keywords: FXR; RAR; Reporter assay; Fluorescence; GFP; Caffeic acid; Ginkgolic acid; Grifolin

Introduction cesses. The nuclear hormone receptor superfamily
includes receptors for thyroid and steroid hormones,

Nuclear hormone receptors are ligand-activated retinoids and vitamin D, as well as receptors for
transcription factors that are involved in a variety of unknown ligands. These receptors share a highly
physiological, developmental, and toxicological pro- conserved DNA-binding domain and a discrete ligand-

binding domain, and bind to hormone response

mpon ding author. Tel.: +81337009064; eIemenFs (HREs) on the DNA during the forrr}ation of
fax: + 81337009084, homodimers, heterodimers, or monomers. This ligand
E-mail address: kawanish@nihs.go.jp (T. Kawanishi). binding to nuclear receptors leads to conformational
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change of these receptors and the recruitment of
coactivator complexes, resulting in transcriptional acti-
vation (Khorasanizadeh and Rastinejad, 2001). Their
ligand-dependent activity makes nuclear receptors good
pharmacological targets.

Nuclear receptors form a superfamily of phylogeneti-
cally related proteins encoded by 48 genes in the human
genome. Three isotypes of retinoic acid receptors
(RARs: RARo, RARfS and RARy) are receptors
for retinoids such as all-frans-retinoic acid (ATRA)
(Petkovich et al., 1987; Brand et al., 1988; Krust et al.,,
1989). RARu« is associated with differentiation therapy
for human acute promyelocytic leukemia (Hansen et al.,
2000). RARS plays a central role in limiting the growth
of different cell types (reviewed in Hansen et al., 2000),
and is thus a possible target for the treatment of breast
and other cancers. RARy is also primarily expressed in
the skin and is involved in skin photoaging and
carcinogenesis, and in skin diseases such as psoriasis
and acne (Fisher et al., 1996).

The farnesoid X receptor (FXR) is a receptor for bile
acids such as chenodeoxycholic acid (CDCA), deoxy-
cholic acid, cholic acid, and their conjugates. Bile acids
are synthesized in the liver and secreted into the
intestine, where their physical properties facilitate the
absorption of fats and vitamins through micelle forma-
tion. Cholesterol disposal from the liver is also
dependent on the bile acid composition of the secreted
bile. Bile acids bind to FXR to activate and regulate the
transcription of FXR target genes. FXR controls the
expression of critical genes in bile acid and cholesterol
homeostasis (Makishima et al., 1999; Parks et al., 1999;
Wang et al., 1999). FXR-null mice show elevated serum
cholesterol and triglyceride levels (Sinal et al., 2000), and
an FXR agonist has been shown to reduce serum
triglyceride levels (Maloney et al., 2000). FXR is thus an
attractive pharmacological target for the treatment of
hyperlipidemia. Moreover, an FXR agonist has been
reported to confer hepatoprotection in a rat model of
cholestasis (Liu et al., 2003).

The retinoid X receptor (RXR) is a common
heterodimeric partner for many receptors, including
thyroid hormone receptor (TR), RAR, vitamin Dj;
receptor (VDR), peroxisome proliferator-activated re-
ceptor (PPAR), liver X receptor (LXR), and FXR, in
addition to functioning as a receptor for 9-cis-retinoic
acid (9CRA) during formation of a homodimer.

To determine ligands for these nuclear receptors, we
developed a reporter assay system using GFP deriva-
tives. To study the promoter and enhancer control of
gene expression, firefly luciferase is widely used as a
reporter protein because it has high sensitivity and a
broad linear range. In the commonly used reporter
assay, f-galactosidase, a well-characterized bacterial
enzyme, or renilla luciferase is usually used in conjunc-
tion with firefly luciferase to normalize the transfection

efficiency of the reporter gene (Sherf et al., 1996; Martin
et al.,, 1996). In such cases, the activity of the two
reporter proteins must be measured in different ways
(e.g., absorptiometry and luminescence photometry) or
by using two substrates. In the reporter assay presented
here, we used two species derived from green fluorescent
protein (GFP), one (enhanced yellow fluorescent pro-
tein, (EYFP)) to measure the promotion and enhance-
ment of gene expression, and the other (enhanced cyan
fluorescent protein, (ECFP)) to normalize the transfec-
tion, and were thus able to measure the fluorescent
protein signals simultaneously without any co-factor or
substrates. As a result of screening of more than 140
compounds, it was found that several compounds
activate RARs and/or FXR.

Materials and methods
Chemicals

Chenodeoxycholic acid was purchased from Sigma-
Aldrich (St. Louis, MI, USA), and ATRA and 9CRA
were from Wako (Osaka, Japan). Ginkgolic acid 17:1,
15:0, and 13:0 were purchased from Nagara Science
(Gifu, Japan).

Purification and synthesis of test compounds

Ginkgolic acid 15:1 was purified from Ginkgo biloba
L. var. diptera according to Morimoto et al. (1968). 2-
Methyl ginkgolic acid methyl ester was prepared by
methylation of the ginkgolic acid with methyl iodide and
K,CO; (Paul and Yeddanapalli, 1956; Begum et al.,
2002). Grifolin was purified from Albatrellus confluens
and Albatrellus ovinus (Ishii et al., 1988; Nukata et al.,
2002). We isolated bazzanenyl caffeate from the liver-
wort Bazzania fauriana (Toyota and Asakawa, 1988).
We synthesized caffeic acid phenethyl ester (CAPE),
farnesyl caffeate and geranyl caffeate for acquirement in
quantity. The synthesis of CAPE by coupling reactions
of caffeic acid and f-phenylethy! bromide was reported
by Hashimoto et al. (1988), and the details of the
synthesis of farnesyl and geranyl caffeates are described
below. The purity of the compounds for the bioactiva-
tion test was shown to be over 95% by 'H and '*C
NMR spectra.

Synthesis of farnesyl caffeate

Twenty-five percent NaOH (2.5ml) was added to a
solution of caffeic acid (3,4-dihydroxycinnamic acid)
(2.10g) in HMPA (hexamethylphosphoric triamide)
(150 ml), and the mixture was stirred for 1h under N,
at room temperature. A solution of farnesyl bromide
(498g) in HMPA (20ml) was added dropwise for
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10min to the reaction mixture. The reaction mixture
was stirred for 24 h at room temperature, and poured in
ice cold H,O (300ml). The organic layer, which was
extracted with Et,0 (200ml x 2), was washed with brine
(300 ml), dried (MgSO,) and evaporated under reduced
pressure to an oil (6.75 g). The oil was chromatographed
on silica gel (200 g) with a gradient solvent system of
CHCI3-EtOAc, increasing the amount of 2% portions
EtOAc stepwise to give 32 fractions. Farnesyl caffeate
(1.435g; Y. 43.2%) was obtained from 10% EtOAc-n-
hexane eluate (Fr. 12-18) as a pure white powder.
Caffeic acid (1.025g; Y. 48.8%), the starting material,
was recovered from 20% EtOAc-n-hexane eluate (Fr.
25-31).

Farnesyl caffeate: EI-MS: m/z 384 (M™,5%), 315,
204, 180, 163 (100%), 135, 93, 69; HR-MS: m/z
384.2307, CyqH3,04 requires 384.2300; anal. caled. for
Co4H3,04: C, 74.97; H, 8.39. Found: C, 74.85; H, 8.30;
FT-IR (KBr)em™': 3480 (OH), 3301 (OH), 1678
(C=0), 1600, 1278, 1183; UV (EtOH) Ay.. nm (loge):
333 (4.15), 303 (4.00), 248 (3.90), 220 (4.03); '"H NMR
(acetone-dg): 61.56 (3H, s, CHs), 1.62 (3H, s, CH3), 1.65
(3H, s, CH3), 1.76 (3H, s, CH3), 4.68 (1H, 4, J = 7.0Hz,
H-1), 512 2H, m, H-6' and H-10"), 541 (1H, ¢,
J ="71.0Hz, H-2), 6.26 (1H, d, J = 15.9Hz, H-p), 6.87
(1H, d, J = 8.2Hz, H-5), 7.03 (1H, dd, J = 1.8, 8.2 Hz,
H-6), 7.15 (IH, 4, J=18Hz, H-2), 7.53 (IH, d,
J =159Hz, H-a), 8.26 (1H, br.s, -OH), 8.49 (1H,
br.s,~OH); '*C NMR ((acetone-d): 616.1 (g, CH;), 16.4
(g, CHa), 17.7 (g, CH3), 25.8 (g, CHas), 26.8 (¢, CH,),
27.4 (t, CHy), 40.1 (1, CHy), 40.4 (1, CH,), 61.3 (¢, CH,),
115.1 (d, CH), 115.7 (d, CH), 116.3 (d, CH), 120.1 (d,
CH), 122.4 (d, CH), 124.6 (d, CH), 125.1 (d, CH), 127.6
(s, C), 131.6 (s, C), 135.9 (s, C), 142.1 (s, C), 145.6 (d,
CH), 146.3 (s, C), 148.7 (s, C), 167.3 (s, —COO)).

Synthesis of geranyl caffeate

Twenty-five percent NaOH (2.1 ml) was added to a
solution of caffeic acid (2.00 g) in HMPA (150 ml), and
the mixture was stirred for 1h under N, at room
temperature. A solution of geranyl bromide (3.10g) in
HMPA (20ml) was added dropwise for 10min to the
reaction mixture. The reaction mixture was treated
further as described above to afford geranyl caffeate
(1.48g; Y. 61.4%) as a white powder, and caffeic acid
(0.56g; Y. 28.0%).

Geranyl caffeate: EI-MS: m/z 316 (M™, 10%), 247,
180, 163 (100%), 136, 69; HR-MS: m/z 316.1682,
C19H2404 requires 316.1674; anal. caled. for CoH404:
C, 72.12; H, 7.65. Found: C, 72.01; H, 7.68; FT-IR
(KBr)cm™": 3483 (OH), 3295 (OH), 1678 (C=0), 1599,
1278, 1183; UV (EtOH) An.x nm (loge): 334 (4.16), 302
(4.05), 249 (3.93), 222 (4.01); '"H NMR (acetone-dg):
61.60 (3H, s, CH3), 1.66 (3H, s, CH3), 1.75 (3H, 5, CH3),
4.68 (IH, d, J = 7.0Hz, H-1"), 5.12 (I1H, ¢, J = 7.0Hz,
H-6), 540 (IH, 1, J=7.0Hz, H-2), 627 (IH, 4,

J = 159Hz, H-p), 6.87 (1H, d, J = 8.2Hz, H-5), 7.03
(IH, dd, J = 2.0, 8.2Hz, H-6), 7.16 (1H, d, J = 2.0 Hz,
H-2), 7.55 (1H, 4, J = 15.9Hz, H-), 8.28 (1H, br.s,
—-OH), 8.50 (1H, br.s, ~-OH); '*C NMR ((acetone-dg):
516.4 (g, CHs), 17.7(q, CHs), 25.8 (g, CHs), 27.0 (1,
CH,), 40.1 (¢, CHy), 61.3 (t, CH,), 115.1 (d, CH), 115.6
(d, CH), 116.3 (d, CH), 120.0 (d, CH), 122.4 (d, CH),
124.6 (d, CH), 127.6 (s, C), 132.0 (s, C), 142.1 (s, C),
145.6 (d, CH), 146.3 (s, C), 148.7 (s, C), 167.3 (s,
-COO0)).

Plasmid construction

Plasmids were constructed for the expression of
RXRa, FXR and RARs. The ORF regions of human
RXRa, human FXR, mouse RAR«l, mouse RARS2,
and mouse RARyl (accession numbers X52773,
U68233, X57528, S56660, X15848) were amplified by
PCR and inserted into pcDNA3.1 (Invitrogen, Carls-
bad, CA, USA), respectively. For reporter plasmids, the
luciferase region of the pGL3-Control Vector (Promega,
Madison, WI, USA) was replaced with the EYFP
fragment of pEYFP-NI or the ECFP fragment of
pECFP-NI1 (Clontech, Palo Alto, CA, USA) using Ncol
and Xbal sites. Subsequently, the simian virus 40 (SV40)
early promoter was cut out with Bg/Il and HindIll, and
replaced with the thymidine kinase (TK) promoter of
the pRL-TK vector (Promega) or one of several other
promoters (the 3’ region of the TK promoter, the
cytomegalovirus (CMV) promoter, or the minimal
CMYV promoter and the 3’ region of the CMV promoter
(201 and 265bp)) amplified using the following PCR
primers:

5'-ggagatctggeceegeccagegtettgte-3’ and 5'-
ggaagcttgeggeacgetgttgacgetgttaagegggtegetgeaggg-3’
(3’ region of the TK promoter);
5'-ccagatcttagttattaatagtaatcaattacggggtc-3' and 5'-
ccaagcttgatctgacggticactaaaccage-3' (CMYV promoter);
5'-ccagatcttaggegtgtacggtgggagg-3’ and 5'-
ccaagettaggetggateggteceggtg-3' (minimal CMV
promoter);

5'-ccagatcttgggagtttgtittggcacc-3’ and reverse primer of
CMYV promoter (CMV 201); and
5'-ccagatcttcaatgggegtggatagegg-3' and reverse primer
of CMV promoter (CMV265).

Double-stranded oligonucleotides containing HREs
(RXRE, RARE and FXRE; shown in Fig. 1B) were
ligated into the upstream region of these promoters
using Mlul and Bglll sites. The sequences of the
constructed plasmids were confirmed by sequencing
using an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA).
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Fig. 1. Reporter plasmids for the assay of nuclear receptors. (A) Model of the constructed reporter plasmids. (B) The sequences for
HREs of RAR, RXR and FXR (RARE, RXRE, and FXRE). (C) Effect of different promoters on the reporter assay. Seven species
of promoter were employed in the reporter plasmid containing the HRE and EYFP genes. The activations of RAR« (a) and FXR
(b) are shown. The transfected cells were treated with ligands (black bar), I uM of ATRA for the RAR reporter assay or 100 uM of
CDCA for FXR, or DMSO as a vehicle (white bar). The vertical axis indicates the ratio of fluorescence of EYFP (signal) to ECFP
(internal control). The fold response relative to vehicle-treated cells is shown above the bars. Data are shown as the means+SD

derived from six experiments.

Cotransfection and reporter assay

A monkey kidney cell line, COS-7, was kept in
DMEM with 10% FBS. Transfections were performed
using an Effectene transfection reagent (Qiagen, Valen-
cia, CA) according to the manufacturer’s instructions.
The ratio of the reporter plasmid, receptor expression
plasmids (for example, the RAR«a and RXRa expression
plasmids for assay of RARe ligands) and the internal
control plasmid was 4:1:1:1. The culture medium was
replaced with DMEM without phenol red (Gibco BRL,
Gaithersburg, MD) supplemented with 10% charcoal-
treated FBS (Hyclone, Logan, UT) when the transfec-
tions were performed. At 15h after transfections, the
cells were treated with trypsin/penicillin reagent and
divided among wells of a black, 96-well plate with 100 pl
of the culture medium. At 6 h after division among wells,
the cells were treated with chemicals. After a 40-h
incubation, the medium was eliminated by decantation,
the cells were washed twice with PBS, and the wells were
filled with 200 pl PBS. Fluorescence was detected using a

microplate reader (ARVO; Perkin Elmer, Fremont, CA,
USA). The fluorescence of EYFP was detected with an
excitation filter of 485nm and an emission filter of
545 nm, and that of ECFP was detected with filters of
420 and 486 nm (Perkin Elmer), respectively. The auto-
fluorescence in COS-7 cells was subtracted from each of
the detected fluorescences, and the EYFP/ECFP ratio
was calculated using the resulting values.

Results
Reporter assay system

In the present reporter assay, EYFP and ECFP were
selected as a reporter protein and an internal control for
normalization of transfection, respectively. These two
fluorescent proteins were chosen, because the peaks
of their excitation and emission wavelengths are
sufficiently different (a difference of 80 and 50nm,
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respectively) so that they can be detected simultaneously
without cross-detection. The considerable cross-detec-
tion between EYFP and ECFP could be prevented using
a set of optical filters (see Materials and methods). The
EYFP/ECFP ratio was calculated after the autofluores-
cence of COS-7 cells was subtracted from the fluores-
cence intensities of EYFP and ECFP, because the
autofluorescence was not negligible.

The reporter plasmids were constructed as shown in
Fig. 1A. As HREs for FXR (FXR-RXR heterodimer),
RAR (RAR-RXR heterodimer) and RXR (RXR
homodimer), the fragments shown in Fig. 1B were used.
In order to amplify signals, we employed three copies of
DRS (direct repeat with 5bp of spacing) and four copies
of DR1 as RAR and RXR response elements (RARE
and RXRE). For the FXR response element (FXRE),
four copies of the response element (inverted repeat)
existing in the upstream region of the phospholipid
transfer protein (PLTP) gene were employed. The
tandem repeats in HREs elevated the response to a
sufficient degree to detect the chemicals that activated
the receptor. Then, an appropriate promoter for
enhancing the fluorescent signal while retaining the
response to the chemicals was selected from among
seven promoters (Fig. 1C). Since the SV40 or CMV
promoter caused a high fluorescence intensity with or
without ligands, the responses to the ligands were not
strong. The response of the RAR reporter plasmid with
the SV40 promoter was about ten-fold. However, the
apparent rate of the response was enhanced by
interference of the expression of ECFP by the expression
of EYFP, because the same promoter was employed for
the reporter plasmid and the internal control plasmid.
Therefore, the rate did not reflect a real response, and
had a large SD. The TK promoter, the 3’ region of the
TK promoter and the minimal CMV promoter caused
strong responses, but the expression in the control
plasmid was too low for quantitative measurement. The
expression of reporter proteins with the 3’ region of
the CMV promoter was higher than that with TK or the
minimal CMV promoter, maintaining the induction rate
by the ligands. Based on a comparison between the 3’
regions of the CMYV promoters, we selected the
CMV201 (201 bp of the CMV promoter) promoter for
use in the experiments below, since the response of
CMV201 was stronger than that of CMV265.

In addition to the promoter for reporter plasmids, the
promoter for the internal control plasmid and the
expression plasmids of nuclear receptors were examined
in order to establish an appropriate assay system of the
nuclear receptor ligands. When the SV40 promoter was
employed for the expression of ECFP in the internal
control plasmid, the SV40 promoter for nuclear receptor
expression interfered with the expression of ECFP (data
not shown). Therefore, the CMV promoter was
employed for nuclear receptor expression plasmids.

Finally, we established the following plasmid set as the
reporter assay system: a reporter plasmid containing
the EYFP gene, whose expression was regulated by the
HRE and CMV201 promoter; an internal control
plasmid containing the ECFP gene expressed by the
SV40 promoter; and the expression plasmid of the
nuclear receptor containing each nuclear receptor gene
expressed by the CMV promoter.

Fig. 2A shows the response to typical agonists for
FXR, RARs and RXRu« in the screening system. For
screening of RAR ligands, three subtypes of RARs
(RARal, RARS2, RARyl) were expressed in the cells
independently. Although endogenous RARs co-exists in
the cell, the preference for the subtype of compounds
could be detected. Fig. 2B and C show the dose-
dependence of the assay system of FXR and RAR
ligands, respectively. RARSs were activated by 100 pM of
ATRA. ED;, values were estimated to be about
1-10nM for RAR«a and 0.1-1 nM for RARS and RARy
(only the result of RAR« is shown in Fig. 2B). On the
other hand, activation of FXR was seen in 3-10 uM
CDCA and greater activation was observed at 100 uM
CDCA (Fig. 2C). These dose-dependent response
patterns were comparable to those reported previously
(Brand et al., 1988; Parks et al., 1999), indicating that
these assays could be used for quantitative measurement
of the activation by ligands. The established method of
the reporter assay was described in Materials and
methods.

Screening of a novel ligand for nuclear receptors

Using the established screening system, we found
some natural compounds and their derivatives which
acted as agonists for RARs and FXR. In the screening,
there was a possibility that unexpected factors may have
changed the signal responses (in the present assay
system, the transcriptional efficiency may be changed
irrespective of the nuclear receptor, the tested chemicals
may have their own fluorescence, and so forth). There-
fore, another reporter plasmid without HRE was also
constructed to eliminate these unexpected factors. As
this plasmid was used in place of the reporter plasmid,
the compounds that regulated the expression of EYFP
without HRE were eliminated. Some results of the
response for each nuclear receptor are shown in Fig. 3
(RAR, upper panel; FXR, middle panel; control, lower
panel). The results for RARS are presented as repre-
sentative of those for RARs. Ten millimolar of each
compound referring to the stock solution in DMSO was
added to the culture medium of the transfected COS-7
cells at a final concentration of 30puM (Fig. 3, Nos.
1-26). Compound Nos. 27, 28, and 29 were 3uM
ATRA, 30 uM CDCA, and vehicle, respectively. ATRA
also slightly activated the FXR-RXR heterodimer, due
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to the activation of RXR. Although, for example, Nos.
16, 18, 19, and 25 enhanced the relative EYFP/ECFP
ratio, these compounds also enhanced the control that
was used with the reporter plasmid without HRE. Thus
it was concluded that these compounds were not ligands
for the nuclear receptors.

As a result of screening more than 140 compounds (a
part of the results is shown in Fig. 3), five compounds
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were found as ligands for the nuclear receptors. CAPE
(compound No. 20 in Fig. 3), geranyl caffeate (No. 21),
and farnesyl caffeate (not shown in Fig. 3) were found to
be RAR agonists. Ginkgolic acid 15:1 (No. 12), geranyl
caffeate (No. 21), and grifolin (No. 26) were found to be
FXR agonists.

The structures of the caffeic acid derivatives tested in
the screening are shown in Fig. 4A. CAPE, known as an
active compound of propolis from honeybee hives, was
synthesized from caffeic acid and fS-phenylethyl bromide
and other caffeic acids were purified and synthesized as
described in Materials and methods. Three of these
compounds (i.e., all of those tested except for bazzane-
nyl caffeate) activated RARs (Fig. 4B). The cells treated
with over 30pM of these compounds were removed
from wells by washing of the reporter assay, because
these compounds were toxic to the cell. Therefore, the
results shown are for a reporter assay conducted using
lower concentrations. Although the activation of RARs
could be hardly detected by a low concentration of
caffeic acid-derivatives, the activation by the com-
pounds 10-30 uM was comparable to maximum activa-
tion by ATRA. As shown in Fig. 4B, CAPE activated
RARS to a greater degree than RARa or RARy.

As FXR agonists, geranyl caffeate, ginkgolic acid 15:1
and grifolin were found. Geranyl caffeate, the RAR
agonist, highly activated FXR (Fig. 3, No. 21), but the
activation of the RXR homodimer was. not detected
(data not shown). It could not be determined whether or
not farnesyl caffeate, a compound similar to geranyl
caffeate, activated FXR, because 30uM of these
compounds showed toxicity for cells. The structures of
ginkgolic acids and grifolin are shown in Fig. 5A. It has
been reported that ginkgolic acid 15:1 was present in
ginkgolic leaves (Ahlemeyer et al., 2001), and grifolin in
mushrooms (Hirata and Nakanishi, 1949; Sugiyama et
al.. 1992). The activations of FXR by ginkgolic acid 15:1
and geranyl caffeate were comparable to that by CDCA,

4
N

Fig. 2. Response in the reporter expression. (A) The responses
in the reporter assay system by typical agonists for RAR,
RXR, and FXR. COS-7 cells were transfected with an
appropriate set of the plasmids (e.g. for assay of RAR«
ligand, the reporter plasmid containing RARE, the expression
plasmids of RARa and RXRa and the internal control
plasmid; for assay of RXReo ligand, the reporter plasmid
containing RXRE, the RXRa expression plasmid, and the
internal control plasmid). The transfected cells were treated
with 1 pM of ATRA, 1 uM of 9CRA, or 100 pM of CDCA as
ligands (black bar), or DMSO as a vehicle (white bar). The
response rate is shown above the bars. Data are shown as the
means + SD derived from three experiments. (B), (C) Dose—r-
esponse analyses of ATRA and CDCA on the reporter assay
of RAR and FXR. Data are shown as the means + SD derived
from four experiments,
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Fig. 3. Screening of ligands for RAR and FXR. COS-7 cells
were transfected with the reporter plasmid, the receptor
expression plasmid, and the internal control plasmid as shown
in Fig. 2. The cells were treated with 30 uM of each compound.
The results of the screening for RAR are shown in the upper
panel, those for FXR in the middle panel, and those for the
control (no HRE) in the lower panel. The results for RARS are
presented as representative of those for RARs (No. 1,
hydrangeic acid; No. 2, ethyl 4'-ethylhydrangenate; No. 3,
hydrangenol; No. 4, 8,3'-dimethoxyphylodulcin; No. 5, macro-
phyllaside A; No. 6, yashabashiletodiol A; No. 7, lycogarbin
C; No. 8, lycogarbin A; No. 9, polygodial; No. 10, sacculatal;
No. 11, ptychantin A; No. 12, ginkgolic acid 15:1; No. 13, 2-
methyl ginkgolic acid methyl ester; No. 14, bilobal dimethyl
ether; No. 15, 3-tridecanyl-m-cresol; No. 16, [11]-cytochalasa-
6(12),13-diene-1,21-dione-7,18-dihydroxy-16,18-dimethyl-19-
methoxy-10-phenyl-(75*,13E,165%,185*,19R*); No. 17, hispi-
din; No. 18, costunolide, No. 19, beta-cyclocostanolide; No.
20, caffeic acid phenethyl ester; No. 21, geranyl caffeate; No.
22, atroctylon).

the most potent endogenous bile acid. Ginkgolic acids
17:1, 15:0 and 13:0 (described in Fig. 5A) were also
investigated as the other ginkgolic acids of ginkgo leaves
(Fig. 5B). Ginkgolic acid 17:1 activated FXR more
strongly than did 15:1, and ginkgolic acids with an alkyl
chain (13:0, 15:0) activated FXR at concentrations of
more than 20 uM. It seemed that the double bond and
length of the carbon chain had an influence on FXR
activation. Moreover, the structures except for the
carbon chain were also important for FXR activation,
because the methylated compound of ginkgolic acid 15:1
(2-methyl ginkgolic acid methyl ester, Fig. 5A) had no
potency for FXR activation (Fig. 3, No. 13).
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Fig. 4. Ligands for RARs. (A) The structures of caffeic acid
derivatives tested in the screening. (B) Response in the RAR
reporter assay. The responses in the COS-7 cells expressing
RARa, RARS or RARy are indicated by black, gray, and
white bars, respectively. Data are expressed as the fold
response relative to vehicle (0.1% DMSO)-treated cells and
are shown as the means+ SD derived from four experiments.

Discussion

To discover ligands for the nuclear receptors,
we developed a battery of reporter assay systems
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Fig. 5. Ligands for FXR. (A) The structure of candidates for FXR agonists and their related compounds (2-methyl ginkgolic acid
methyl ester). (B) The activation of FXR by ginkgolic acids. COS-7 cells were transfected with the reporter plasmid containing
FXRE, the expression plasmids of FXR and RXRo and the internal control plasmid. The transfected cells were treated with each
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incorporating the advantages of fluorescent proteins.
The disadvantage of GFP (low sensitivity) could be
overcome by modifications. The present screening
system using fluorescent proteins has clear merits of a
high efficiency, convenience and low cost, because the
two fluorescent signals can be measured simultaneously
without addition of any co-factors. Moreover, the
fluorescent signal was stable for more than 2h after
the wash. Considering these merits, this reporter assay

efficient measurement.

system with fluorescent proteins might be advantageous
for automatic high-throughput screening. If the expres-
sion of the fluorescent protein can be increased, the
measurement of fluorescence can be carried out in
culture medium, and the signal can be measured by
time-course without any treatment. Moreover, the use of
three fluorescent proteins (for example, DsRed with
EYFP and ECFP) would enable us to carry out more



T. Suzuki et al. / Phytomedicine 13 (2006) 401-411 409

Using this assay system, several compounds that
induce expression of the reporter gene for RARs and/or
FXR were identified. These compounds were described
as ligands in this report, although there is a possibility
that these compounds are metabolized and their
metabolites bind to the receptors as ligands.

Three new ligands for RARs were identified: CAPE,
geranyl caffeate, and farnesyl caffeate. The whole
structure of these compounds may be needed for
RAR-activation, because caffeic acid, a constituent
compound of the compounds, did not activate RARs
(data not shown). CAPE has been reported to have
antioxidant, antiviral, anti-inflammatory and immuno-
modulatory activities (Grunberger et al., 1988), and has
also been shown to inhibit the growth of different types
of oncogene-transformed cells and to induce apoptosis
(Grunberger et al., 1988; Burke et al., 1995; Su et al.,
1994; Watabe et al., 2004). Since RARs have been
reported to mediate many biological processes, it is
possible that some of the diverse activities are due to
their binding to RARs. Since gerany! and farnesyl
caffeate have also been reported to exert antioxidant
effects and to inhibit the growth of cancer cells (Inoue et
al., 2004), the three compounds may suppress the
growth of cancer by at least two pathways: induction
of RAR and antioxidant effects. Considering its
preferential activation of RARS (Fig. 4B), CAPE may
inhibit cancer (e.g., lung cancer) growth more selectively
without substantial toxicity, such as the triglyceride
elevation associated with RAR«, and the skin, bone and
teratogenic toxicity associated with RARy Thus, espe-
cially CAPE could be assumed to be a seed for the
development of an anti-cancer drug.

We also found that two natural compounds, ginkgolic
acids and grifolin, activated FXR. Grifolin was first
isolated as an antibiotic constituent of a mushroom,
Grifola confluens (Hirata and Nakanishi, 1949). In 1992,
it was reported that grifolin decreased liver cholesterol
content, plasma total cholesterol levels, and plasma
(very low-density lipoprotein (VLDL) + low-density
lipoprotein (LDL)) cholesterol levels, and increased
plasma high-density lipoprotein (HDL) cholesterol and
plasma triglyceride levels (Sugiyama et al., 1992). It has
been suggested that the effect of grifolin might be
elicited, at least in part, by the augmented excretion of
cholesterol into the faces (Sugiyama et al., 1994). On the
other hand, FXR controls the expression of critical
genes in bile acid and cholesterol homeostasis. In fact,
FXR-null mice show elevated serum cholesterol and
triglyceride levels (Sinal et al., 2000), and an FXR
agonist has been shown to reduce serum triglyceride
levels (Maloney et al., 2000). Moreover, FXR induces
the expression of the gene of PLTP, which plays a role in
HDL metabolism (Urizar et al., 2000). It seems that the
cholesterol-lowering and HDL-cholesterol-increasing
effects of grifolin are related to FXR activation,

although grifolin’s enhancement of triglyceride produc-
tion was not consistent with its down-regulation of FXR
agonists.

The FXR agonists found in this study are all non-
steroidal compounds, whereas the well-known ligand of
FXR, bile acid, is a steroidal one. The common
characteristic of the structure of the ligands is their
long carbon chains (i.e., geranyl, farnesyl and pentade-
cenyl), and farnesol has been shown to be a FXR ligand
(Forman et al., 1995). However, aspects of the structures
other than the carbon chains also appear to be
important for FXR activation, because geraniol, a
constituent compound of geranyl caffeate, has been
reported not to activate FXR (Forman et al., 1995), and
the methylated compound of ginkgolic acid 15:1 had no
potency for FXR activation in the present study.

Several compounds, such as TTNPB, GW4064,
Farnesoid, Forskolin, Fexaramine, AGN29 and
AGN31, have been reported as non-steroidal agonists
(Maloney et al., 2000; Howard et al., 2000; Downes
et al., 2003; Dussault et al., 2003). The non-steroidal
ligands may be important tools for studying the
pharmacology of the receptor, because they may not
have the property of bile acids and are not metabolized
to form harmful lithocholic acid (Fischer et al., 1996;
Javitt, 1966). In the present study, ginkgolic acids and
geranyl caffeate strongly activated FXR, and both had
structures quite different from bile acids, so that they
could be good tools in this sense. Moreover, the
importance of identifying gene-selective modulators that
regulate a subset of FXR-specific genes as therapeutic
agents has been recognized (Cui et al., 2003; Dussault et
al., 2003). The gene-selective modulators of estrogen
receptor, selective estrogen receptor modulators
(SERMs), have been well studied (reviewed in McDon-
nell et al., 2002), and some compounds with a structure
divergent from that of estrogen have been identified and
applied to therapies of breast cancer and osteoporosis.
The non-steroidal compounds could also be good tools
for studying the selective response of FXR target genes.

In this report, we developed a new method for
screening novel nuclear receptor agonists, and used it
to identify new candidate ligands for FXR and RARs.
We expect that these new ligands will be good
pharmacological tools. Since the compound whose
structure is much different from bile acids is expected
to possess a specific effect as a ligand, we continue to
screen various ligands from natural compounds with a
wide variety of structures.
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Abstract

We have previously described the site-specific glycosylation analysis of rat brain Thy-1 by LC/multistage tandem mass spectrometry (MS")
using proteinase-digested Thy-1. In the present study, detailed structures of oligosaccharides released from Thy-1 were elucidated by mass
spectrometric oligosaccharide profiling using LC/MS with a graphitized carbon column (GCC-LC/MS). First, using model oligosaccharides, we
improved the oligosaccharide profiling by ion trap mass spectrometry (IT-MS) coupled with Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). Sequential scanning of a full MS! scan with FT-ICR-MS followed by data-dependent MS" with IT-MS in positive
ion mode, and a subsequent full MS! scan with FT-ICR-MS followed by data-dependent MS" with IT-MS in negative ion mode enabled the
monosaccharide composition analysis as well as profiling and sequencing of both neutral and acidic oligosaccharides in a single analysis. The
improved oligosaccharide profiling was applied to elucidation of N-linked oligosaccharides from Thy-1 isolated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. It was demonstrated that Thy-1 possesses a significant variety of N-linked oligosaccharides, including Lewis
a/x, Lewis b/y, and disialylated structure as a partial structure. Our method could be applicable to analysis of a small abundance of glycoproteins,
and could become a powerful tool for glycoproteomics.
© 2005 Elsevier B.V. All rights reserved.
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development, aging, and certain diseases [2—4]. Elucidation of
structural detail in oligosaccharides is necessary to clarify the
biological properties of glycoproteins.

1. Introduction

Glycosylation is one of the most abundant post-translational

modifications of proteins [1]. It is already known that gly-
cosylation influences the biological functions as well as the
physicochemical properties of proteins, i.e., folding, solubil-
ity, aggregation, and stability. A number of reports have noted
a positive relationship between a change in glycosylation and
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MS is now a powerful tool for structural analysis of glyco-
proteins. There are two major mass spectrometric approaches to
the structural analysis of glycoproteins, i.e., MS of glycopep-
tides [5-7] and of oligosaccharides [8—13]. For oligosaccharide
sequencing, tandem mass spectrometry as well as exoglycosi-
dase digestions in conjuction with MS is recognized as an
effective means of oligosaccharide sequencing [14—-16]. Mass
spectrometric peptide/glycopeptide mapping by LC coupled
with tandem mass spectrometry (LC/MS/MS) is effective for
the determination of glycosylation sites and the analysis of site-
specific heterogeneity [17-22]. However, structural detail in
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oligosaccharides is not always available by product ion spec-
tra of glycopeptides, as many of the precursor ions consist of
uniform peptides carrying different oligosaccharides with iden-
tical m/z values. LC/MS/MS of glycopeptides has limitations for
the structural analysis of carbohydrates due to the difficulty of
isolating of glycopeptide isomers. Mass spectrometric oligosac-
charide profiling through the separation of isomers by LC can
supply the structural detail of each oligosaccharide although it
cannot provide information regarding glycosylation sites and
site-specific glycosylation [23-29]. MS of both glycopeptides
and oligosaccharides is needed for glycosylation analysis of a
glycoprotein [30].

Thy-1 is a cell adhesion molecule that belongs to the
immunoglobulin superfamily and is attached to the cell mem-
brane via a glycosylphosphatidylinositol (GPI)-anchor. We
recently, studied the glycosylation of Thy-1 in rat brain by mass
spectrometric peptide/glycopeptide mapping, and demonstrated
that Thy-1 possesses various N-glycans at Asn23, 74, and 98
[31]. The monosaccharide composition of N-glycan at each gly-
cosylation site was estimated by masses of molecular ions; how-
ever, structural detail regarding some of the oligosaccharides
could not be elucidated by MS" since many glycopeptides with
identical m/z values contained several oligosaccharide isomers
and yielded product ions from a mixture of these glycopeptide
isomers. Mass spectrometric oligosaccharide profiling is neces-
sary for detailed structural analysis of oligosaccharides.

We have previously demonstrated a simple means of
oligosaccharide profiling using liquid chromatography/electro-
spray ionization mass spectrometry with a graphitized carbon
column (GCC-LC/MS) {3234}, in which oligosaccharides can
be separated on the basis of their branching, sequence, and
linkage, and can be characterized based on their monosac-
charide compositions estimated from their calculated molec-
ular masses. Here, we study the glycosylation of Thy-1 by
oligosaccharide profiling with GCC-LC/MS. First, we improved
our oligosaccharide profiling by ion trap mass spectrometry
(IT-MS) coupled with Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR-MS). This instrument is
capable of both monosaccharide composition analysis by acqui-
sition of accurate masses and data-dependent multistage tandem
MS (MS") for sequencing with fast switching between positive
and negative ion modes. Using a mixture of typical oligosac-
charides, including high-mannose-type, and asialo-, trisialy-
lated, and tetrasialylated complex-types, we confirmed that the
improved method can be used for monosaccharide composi-
tion analysis and detailed structural analysis of both neutral
and acidic oligosaccharides. The method was then applied to
N-linked oligosaccharide analysis of rat brain Thy-1.

2. Experimental
2.1. Materials

Man7/D1, Man7/D3, and asialo-triantennary (Tri) were
obtained from Oxford Glycosystems (Abingdon, UK). Trisia-
lylated triantennary (TriNA3) and tetrasialylated tetraanten-
nary (TetraNA4) were purchased from Dionex (Sunnyvale, CA,

USA). Rat brain was purchased from Nippon SLC (Hama-
matsu, Japan). Phosphatidylinositol-specific phospholipase C
(PIPLC) from Bacillus cereus was purchased from Molecular
Probes (Eugene, OR, USA). Peptide-N-glycosidase F (PNGase
F) was purchased from Roche Diagnostics (Mannheim, Ger-
many). SimplyBlue SafeStain was obtained from Invitrogen
(Carlsbad, CA, USA).

2.2. Release of N-linked oligosaccharides from rat brain
Thy-1 by in-gel PNGase F digestion

PIPLC-treated GPI-anchored proteins were prepared from
rat brain as reported previously [31]. Briefly, the homogenate
of rat brain was defatted and solubilized with 2% Triton X-114
at 4 °C overnight [35,36]. After centrifugation, the supernatant
was subjected to Triton X-114 phase-partitioning at 37 °C. Sol-
ubilized membrane proteins in the detergent phase were pre-
cipitated with cold acetone, and the precipitates were digested
with PIPLC. After resubjecting the digest mixture to Triton
X-114 phase-partitioning, PIPLC-treated soluble GPI-anchored
proteins in aqueous phase were precipitated by adding cold ace-
tone. These proteins were carboxyamidomethylated [30], and
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS—-PAGE) (12.5%) followed by staining with
SimplyBlue SafeStain.

In-gel PNGase F digestion of Thy-1 and extraction of N-
linked oligosaccharides were performed as previously described
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Fig. 1. Structures of major oligosaccharides and their abbreviations. Man: man-
nose, Gal: galactose, GN; N-acetylglucosamine, GNol; N-acetylglucosaminitol,
NA; N-acetylneuramic acid.



