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Abstract The orphan receptor ChemR23 is a G-protein
coupled receptor (GPCR) with homology to neuropeptide and
chemoattractant receptors. Tazarotene, a synthetic retinoid ac-
tivating retinoic acid receptor (RAR), up-regulates tazarotene-
induced gene-2 (TIG2). The function and molecular target of
this protein are now described. By means of reverse pharmacol-
ogy screening using a peptide library generated from human
hemofiltrate, we have isolated and identified TIG2 as the natural
ligand of ChemR23 and report the specific molecular form of
the bioactive, circulating TIG2, representing the amino-acid
residues 21 to 154 of the 163 amino acid-containing prepropep-
tide. Based on the expression pattern of ChemR23 and TIG2,
the physiological role in bone development, immune and inflam-
matory responses and the maintenance of skin is now being
investigated.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Orphan G-protein coupled receptors (GPCRs) have been
successfully used for reverse pharmacology screening in order
to establish potential new drug targets. The orphan GPCR
ChemR23 exhibits homology to neuropeptide and chemoat-
tractant receptors and is expressed in monocyte-derived den-
dritic cells, macrophages, antigen presenting cells and, at a
lower expression level, in CD4" T lymphocytes [1]. In vitro,
ChemR23 is used as a co-receptor by the immunodeficiency
viruses HIV-1 and SIV, although it is not classified with the
chemokine receptor family [1]. The mouse ortholog of human
ChemR23, sharing 80.3% identity, has highest overall homol-
ogy with rat GPR1, rat angiotensin II receptor and human
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C5a anaphylatoxin receptor [2]. Mouse ChemR?23 is expressed
in adult parathyroid glands, developing osteogenic and carti-
laginous tissue and therefore implicated in bone metabolism
[2].

Retinoids are analogs of retinoic acid which activate two
families of nuclear receptors, retinoic acid receptor (RARo,
-B, and -y) and retinoid X receptor (RXRo., -B, and -y) [3.4].
RARs and RXRs are heterodimers which change the expres-
sion of retinoic acid-responsive genes [3-6]. The retinoid ta-
zarotene (AGN 190168/ethyl 6-[2-(4,4-dimethylthiochroman-
6-yl)-ethynyl] nicotinate), is a drug for the treatment of non-
malignant (psoriasis, acne), and malignant (squamous cell car-
cinoma, actinic keratoses, basal cell carcinoma and Kaposi
sarcoma) skin diseases, albeit its mechanism of action in der-
matological diseases is poorly understood [3,5,7]. Tazarotene
up-regulates the expression of TIG1 (tazarotene-induced gene-
1), TIG2, and TIG3 [8]. In skin raft cultures, TIG2 expression
is increased by RAR-specific retinoids but neither by RXR-
specific retinoids nor by 1,23-dihydroxyvitamin D3;. However,
TIG?2 expression is observed after steroid-induced osteoclastic
differentiation of stromal cells [9]. In contrast to TIG1 and
TIG3, TIG2 exhibits no anti-proliferation effects, but is im-
plicated in the physiology of skin [10].

Human hemofiltrate is a valuable source for the generation
of peptide libraries [11] suitable for receptor screening and for
the isolation of circulating forms of peptide hormones in par-
ticular, since processed circulating peptide hormones differ
considerably from their precursor molecules in sequence and
receptor affinity [12-15].

We report here on the isolation and characterization of
TIG2 as the natural ligand of the orphan receptor ChemR23
showing the circulating bioactive molecular form of this li-
gand.

2. Materials and methods

2.1. Cell lines and cell culture

Transfected Chinese hamster ovary (CHO)-Go(16) cells (Molecular
Devices, Sunnyvale, CA, USA) are grown in nutrient mixture F12
(HAM), 200 pg/ml hygromycin, 400 pg/ml G418. The cells are culti-
vated with 100 units/ml penicillin/streptomycin, 5% fetal calf serum at
37°C in 5% CO, atmosphere.

2.2. Cloning and recombinant expression of ChemR23 and TIG2

A 1186 bp DNA fragment containing the complete open reading
frame of ChemR23 was cloned by polymerase chain reaction (PCR)
from genomic DNA using a primer set: 5'-TGG TCC CTG TCT
TCT CTT GC-3' (sense) and 5'-TGT CCC TGG GTT GAG AGA
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GT-3' (antisense). The amplified fragment was subcloned into the
expression vector pCl and the sequence was verified by DNA sequenc-
ing as described previously [16]. This ChemR23 expression vector was
transfected into a CHO-Go(16) expressing cell line (Molecular Devi-
ces, Sunnyvale, CA, USA) and cell clones were selected and tested for
stable expression of ChemR23 as described [17].

A 537 bp DNA fragment containing the complete open reading
frame of human TIG2 was cloned by reverse transcription-PCR
from human liver RNA using primer set: 5-GCC AGG GTG
ACA CGG AAG-3' (sense) and 5'-GAG GCA CCA CGC AGC
TC-3' (antisense) and subcloned into vector pGEM-T. The cDNA
encoding the mature form of TIG2 (corresponding to AA 21-154)
was amplified from this template and subcloned in frame into a ge-
netically modified YEpFLAG-1 yeast expression vector carrying the
o, factor secretion signal. The transformation was performed by elec-
troporation of the linearized TIG2 expression cassette into BJ3505.
ADH2+ transformants were selected and analyzed for stable integra-
tion of TIG2 cDNA into the yeast genome by PCR analysis of ge-
nomic DNA from obtained yeast clones. Cultivation and induction of
recombinant gene expression was performed according to the protocol
by the manufacturer. Daily aliquots of induced ADH2+ transform-
ants were subjected for SDS-PAGE to analyze the protein bands by
Coomassie staining. This material was assayed for ChemR23 receptor
activation.

2.3. Preparation of human hemofiltrate peptide libraries

8000 1 human hemofiltrate were ultrafiltered over a 50 kDa mem-
brane with a filtration buffer containing 0.1 M citrate (pH 3.0) and
then prepared as described previously [12]. For bioassay testing,
lyophilized aliquots were dissolved in HBSS buffered with 20 mM
HEPES (pH 7.4) and transferred into 96-well plates.

2.4. Intracellular Ca** measurement

Cells were seeded in 96-well black well plates (Costar Corp., Cam-
bridge, USA) at 20000 cells/well and cultured overnight. After 40 min
incubation at 37°C in loading medium (HEPES-buffered HBSS, pH
7.4, containing 2.5 mM probenecid and 2 uM Fluo-4 AM; Molecular
Probes, Leiden, The Netherlands); agonist evoked intracellular Ca>*
measurements [Ca>*]; were performed on a Fluorometric Imaging
Plate Reader (FLIPR) (see [17]) and calculated as peak fluorescence
intensity units (FIU) minus basal FIU. These data were either pre-
sented as maximal values or transient elevation.

2.5. Isolation of the ChemR23 ligand from human hemofiltrate

700 mg of lyophilized fractions, corresponding to 7100 1 hemofil-
trate equivalent, were pooled and purified in six steps.

Step 1 (Fig. 1C): Pooled fractions were dissolved in 1000 ml of 10
mM HCI (solution A), filtrated, loaded onto C18 reverse-phase high
performance liquid chromatography (HPLC) column (Bakerbond,
J.T. Baker, Philippsburg, USA, 47 X300 mm, 15-30 um). A gradient
from 15 to 55% of solvent B (80% acetonitrile/10 mM HCI) at a flow
rate of 40 ml/min was applied. Aliquots of ~0.5% of each fraction
(50 ml) were tested for bioactivity.

Step 2 (Fig. 1D): Fractions with bioactivity were pooled and loaded
onto a C4 reverse phase HPLC column (Biotek, Oestringen, Ger-
many, 20X250 mm, 5 um). A gradient of 15-70% solvent B (100%
MeOH/10 mM HCI) was applied for 65 min and 6 ml fractions were
collected. Aliquots of ~ 1% per fraction were tested for activity.

Step 3: The active fractions were pooled, diluted with solvent A
(0.1% trifluoroacetic acid (TFA)) and loaded onto a C18 reverse phase
HPLC column (Vydac, Hesperia, USA, 20 X250 mm, 5 um) followed
by a 34-56% gradient application (solvent B: 0.1% TFA/80% aceto-
nitrile) for 55 min at a flow rate of 7 ml/min. Aliquots of ~2.5% of
respective fractions (3.5 ml) were tested for bioactivity.

Step 4 (Fig. 1E): The active fractions were pooled and loaded onto
a CS5 reverse phase HPLC (Phenomenex, Torrance, USA, 10X250
mm, 5 um). A 40-55% gradient (solvent B: 0.1% TFA/80% acetoni-
trile) was applied for 45 min at a flow rate of 2 ml/min and aliquots of
~ 1% per fraction (1 ml) were used for the [Ca®*]; assay.

Step 5 (Fig. 1F): The active fractions were pooled, diluted 4-fold
with solvent A (85% acetonitrile/10 mM NH4Ac, pH 3.0) and loaded
onto a normal phase HPLC (Poly-hydroxyethyl HILIC, Western An-
alytical Products, Murietta, USA, 4.6 X250 mm, 5 um). A 20-50%
gradient (solvent B: 10% aceto-nitrile/10 mM NH4Ac, pH 3.0) was
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applied for 60 min at a flow rate of 1 ml/min and aliquots of ~ 3%
per fraction (1 ml) were used for bioactivity testing.

Step 6: In order to remove salt, the active fractions were pooled,
diluted 3-fold with solvent A (0.1% TFA) and loaded onto a C5
reverse phase HPLC (Phenomenex, 4.6 X250 mm, 5 pm). A 40-55%
gradient (solvent B: 0.1% TFA/80% acetonitrile) was applied for 45
min at a flow rate of 1 ml/min and 500 ul fractions were collected.
Approximately 4% of the respective fractions were used for the [Ca>*];
assay.

2.6. Peptide analysis

Purity of bioactive fractions of the sixth isolation step was con-
firmed by capillary zone electrophoresis (P/ACE 2000, Beckman,
Miinchen, Germany) at 220 nm. Molecular weight determination
was carried out on a Sciex API III quadrupole mass spectrometer
(Perkin-Elmer, Uberlingen, Germany). Sequencing was performed
on a 473 A gas-phase sequencer (Applied Biosystems, Weiterstadt,
Germany). For mass fingerprint analysis, lyophilized activating frac-
tions (peptide content of 0.5-1 mg) were reconstituted in 100 ul of 100
mM Tris/HCI buffer (pH 8.5), and 1 pl of a 1 mg/ml trypsin stock
solution (in 1 mM HCI) was added for enzymatic cleavage. The N-ter-
minus (first 33 amino acids) was determined by Edman degradation;
whole sequence was confirmed by trypsin digestion after carboxyami-
domethylation, matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) analysis and subsequent
alignment of resulting mass peaks with database entries (NCBI; Na-
tional Center for Biotechnology Information). In addition, trypsinated
samples were loaded onto a C18 reverse phase HPLC column (Re-
prosil, Dr. Maisch GmbH, Ammerbach-Entringer, Germany, 1 X250
mm, 3 um), a 5-60% gradient (solvent B: 0.06% TFA/80% acetoni-
trile) was applied and single fractions were analyzed by Edman deg-
radation. Alternatively, trypsinated fractions were loaded onto a nano
liquid chromatography column (C18, reverse phase 75 um diameter),
a standard gradient was applied (solvent A: 5% acetonitrile, 0.2%
formic acid, 0.005% TFA; solvent B: 90% acetonitrile, 0.2% formic
acid, 0.005% TFA) and electrospray ionization (ESI) results were
subsequently acquired. Liquid chromatography-mass spectrometry
data (LC-MS/MS) were automatically aligned with database entries
(SwissProt, NRBD).

3. Results and discussion

The aim of this study was to identify the natural ligand of
the ChemR23 receptor. For this purpose, overexpressing cells
were screened with a hemofiltrate peptide library. Fractions
which specifically activated Gou16) ChemR23 cells but not
CHO wild-type cells, Go(16) control cells or Go(16) cells
transfected with another receptor were detected in pool 7
(fractions 22-25; Fig. 1A). A clear dose-response relation
for the activity is detected (Fig. 1B).

The ChemR23-stimulating activity was purified in six chro-
matography steps, including five reverse-phase and one nor-
mal phase separation (Fig. 1C-F). By means of Edman deg-
radation, MALDI-MS and ESI-MS analysis (Fig. 2), a
processed form of TIG2 was identified, previously known
only from the corresponding cDNA. In comparison to the
human precursor protein, which consists of 163 amino acids,
the circulating TIG2 is truncated at the N- and the C-termi-
nus (Fig. 2B). Circulating TIG2 comprises 134 amino acids
(AA 21-154, compared with precursor) and has six cysteine
residues most likely linked by three disulfide bonds. The mo-
lecular weight is 15566 Da. The isoelectric point is 8.59 and
the charge at pH 7.0 is 3.17 according to ProtParam analysis
(http://us.expasy.org/tools/prot-param.html). To confirm that
TIG2 is the ligand for ChemR23 receptor we tested the re-
combinant TIG2 expressed in yeast cells transfected with a
DNA-construct leading to the secretion of TIG2 (AA 21-
154). This expression of the processed TIG2 resulted in ma-
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Fig. 1. Isolation of TIG2 from human hemofiltrate. A: Activity profile of hemofiltrate pH pool 7 in CHO-Go(16) cells overexpressing the
ChemR23 receptor presented as maximal FIU of [Ca®*]; changes. Fractions 22-25 specifically activate ChemR23-cells (clone 1-5 and 1-6), but
not CHO-Go(16) control cells. Non-specific activity can be observed in fractions 15 and 16. B: Concentration-dependent activity in hemofiltrate
fraction 24 in the range of 0.25-10 1 hemofiltrate equivalents. Transient elevation of [Ca>*]; are presented as fluorescence change. One typical
experiment out of 4 replicates is shown. C-F: Chromatographic purification of TIG2. Elution profile and activating fractions as maximal FIU
of [Ca®*]; changes are included in the respective chromatograms; (C) step 1; C18 reverse-phase HPLC (Bakerbond, 47 X300 mm), (D) step 2;
C4 reverse-phase HPLC (Biotek, 20 X250 mm), (E) step 4; C5 reverse-phase HPLC (Phenomenex, 10 X250 mm) and (F) step 5; normal phase
HPLC (Poly-Hydroxyethyl HILIC, 4.6 X250 mm).

terial showing full bioactivity compared to the isolated trun- [9]. In situ hybridization experiments show a high expression
cated TIG2 of hemofiltrate (Fig. 3). of TIG2 in the non-lesional epidermis of psoriatic patients

The discovery of this receptor-ligand pair allows some con- and a lower expression in psoriatic lesional skin. In contrast,
clusions concerning the function of ChemR23 activation by TIG?2 is strongly induced in psoriatic lesions after treatment
TIG2. TIG2 is not only expressed in skin, but also in pan- with tazarotene [9]. Taken together, the high expression of

creas, liver, spleen, prostate, ovary, small intestine, and colon TIG2 message in uninvolved relative to lesional skin shows
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its role in maintaining the normal physiology of skin. The
TIG2 protein constitutes two motifs for casein kinase II phos-
phorylation (AA 50-53, 54-57), for myristylation (AA 16-21,
29-34), and a potential site for protein kinase C phosphory-
lation (AA 76-78) according to PROSITE database analysis.
However, our mass data indicate that such processing is not
required for bioactivity. ChemR23 is expressed in antigen-pre-
senting cells, macrophages and dendritic cells [1]. Due to its
expression pattern and due to the observation that ChemR23
is used as a co-receptor by several SIV strains and a primary
HIV-1 strain [1], this receptor is suggested to have functional
meaning in inflammation and immunodeficiency virus infec-
tion. The mouse counterpart of the receptor is expressed in
developing osseous and cartilaginous tissue and in adult para-
thyroid glands and may therefore be involved in bone metab-
olism [2].
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Fig. 2. Identification of TIG2 by peptide mass fingerprint (PMF)
and Edman degradation. A: PMF after tryptic cleavage. The tryptic
incubation mixture was desalted and measured by MALDI-TOF-
MS using an internal standard (IS) for improved mass accuracy. La-
beled signals are assigned to peptidic cleavage products after car-
boxyamidomethylation as shown in panel B. B: Amino acid se-
quence of human TIG2. The active circulating metabolite acting as
ligand of ChemR23 is displayed in bold letters. It constitutes 134
amino acids and is truncated both at the N- and C-terminus (AA
21-154) compared with the precursor. The labeled lines (a—h) repre-
sent the peptidic fragments as shown in the PMF of TIG2 after
tryptic cleavage (A). The dotted line depicts the N-terminus identi-
fied by Edman degradation.
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Fig. 3. Specificity of the recombinant TIG2 shown by ChemR23 ac-
tivation in the FLIPR assay. A: Activity profile of fractionated
supernatants from a TIG2 overexpressing yeast clone, presented as
maximal FIU of [Ca?*]; changes. Fractions 32 to 34 specifically ac-
tivate ChemR23, but not CHO-Go(16) control cells. B: Concentra-
tion-dependent activation of ChemR23 in the range of 9-81 ml of
yeast culture supernatant. Transient elevations of [Ca’*]; are pre-
sented as fluorescence change. One typical experiment out of four
replicates is shown.

Human hemofiltrate is a rich source for circulating peptides
[11] which are processed from precursor molecules [12-15].
After initial isolation of human CC chemokine (HCC)-1 com-
prising 74 amino acids [18], an HCC-1 (9-74) variant, lacking
the first eight amino acids, was later found in hemofiltrate.
The N-terminal truncated variant was shown to be a potent
agonist of the chemokine receptors CCR1, CCR3 and CCRS
[14]. Thus, HCC-1 represents a precursor that can be rapidly
transferred into the active chemokine by proteolytic process-
ing.

In conclusion, we have identified TIG2 as a natural ligand
of the orphan G protein-coupled receptor, ChemR23. The
human circulating molecular form consists of 134 amino acids
and is truncated at the N- and C-terminus compared with the
precursor. Signal transduction due to activation of ChemR23
by TIG2 indicates a role in bone metabolism, in the mainte-
nance of the normal physiology of the skin and/or in inflam-
matory processes.
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After submission of our manuscript, the isolation of TIG2
as ligand for the ChemR23 receptor was also described by
another group [19]. However, the molecular form purified
from ovarial carcinoma fluid differs in the C-terminal cleav-
age.
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