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Lewis lung carcinoma cells contain specific high-affinity binding
sites for the eicosanoid 12(S)-hydroxy-5,8,10,14-eicosatetraenoic
acid [12(S)-HETE]. These binding sites have a cytosolicynuclear
localization and contain the heat shock proteins hsp70 and hsp90
as components of a high molecular weight cytosolic binding
complex. The ligand binding subunit of this complex is a protein
with an apparent molecular mass of '50 kDa as judged by gel
permeation chromatography. In this report, we present data show-
ing that the 50-kDa 12(S)-HETE binding protein interacts as a
homodimer with steroid receptor coactivator-1 (SRC-1) in the
presence of 12(S)-HETE. Two putative interaction domains were
mapped. One of these (amino acids 701–781) was within the
nuclear receptor interaction domain in SRC-1 required for binding
of various steroid and thyroid hormone receptors. It contains the
most C-terminal of the three copies of LXXLL motif present in the
nuclear receptor interaction domain. The second interaction do-
main was present in the N-terminal part of SRC-1 (amino acids
1–221). This region has two LXXLL motifs, one does not bind and
the other binds only weakly to steroid and thyroid hormone
receptors. Glutathione S-transferase (GST) pulldown experiments
and far Western analyses demonstrated that the N-terminal region
of SRC-1 (amino acids 1–212) alone does not bind the 50-kDa
12(S)-HETE binding protein, whereas GSTyDSRC-11–1138 ligand-de-
pendently pulled down a protein of '50 kDa in size. Our results
suggest that the 50-kDa 12(S)-HETE binding protein is a receptor
that may signal through interaction with a nuclear receptor coac-
tivator protein.

The eicosanoid 12(S)-hydroxy-5,8,10,14-(Z,Z,E,Z)-eicosatet-
raenoic acid [12(S)-HETE] is formed from arachidonic acid

by the enzyme 12-lipoxygenase (1, 2). Platelets, polymorphonu-
clear leukocytes, macrophages, endothelial cells, and smooth
muscle cells can synthesize 12(S)-HETE (3, 4). Its biological
effects are diverse and include stimulation of platelet adhesion
and aggregation (5), chemotaxis of human polymorphonuclear
and eosinophilic leukocytes (6), and angiogenesis (7). It also has
been shown to promote the ability of certain cancer cells [e.g.,
Lewis lung carcinoma (LLC) and B16 melanoma], to metastasize,
apparently as a consequence of increased expression of a cell
adhesion glycoprotein (8).

12(S)-HETE binds specifically and with high affinity to LLC
cells (9). The binding sites are predominantly cytosolicynuclear
and the cytosolic sites occur in a protein complex of high
apparent molecular mass, '650 kDa (10). Two heat shock
proteins, hsp70 and hsp90, were detected as substoichiometric
components of this complex, and addition of ATP caused the
650-kDa complex to dissociate into a 50-kDa 12(S)-HETE
binding subunit (11, 12). The subcellular localization, the pres-
ence of heat shock proteins in a large cytosolic complex, the size
of the ligand binding subunit, and a subnanomolar dissociation
constant all resemble corresponding properties of members of
the steroid-thyroid hormone receptor family (13).

Nuclear receptors are ligand-dependent transcription factors
that bind as dimers to specific DNA sequences in promoter
regions of target genes (13, 14). The receptors either stimulate
(most commonly) or repress transcription of such genes. Stim-

ulated transcription requires binding of additional proteins to
the liganded receptor, so-called coactivator proteins, which in
turn interact with the basal transcriptional machinery. Steroid
receptor coactivator-1 (SRC-1) is recruited by several nuclear
receptors, e.g., the estrogen, glucocorticoid, progesterone, per-
oxisome proliferator-activated, thyroid hormone, and the 9-cis
retinoic acid receptor, RXR (15). A consensus motif (LXXLL,
where X is any amino acid) in SRC-1 and related proteins, which
is necessary and sufficient for interaction with nuclear receptors,
has been identified (16). The interaction between LXXLL-
containing domains (LXDs) in SRC-1 and peroxisome prolif-
erator-activated receptor-g has been studied in great detail by
crystallography (17).

In this report, we present data showing that the 50-kDa
12(S)-HETE binding protein interacts with SRC-1 in a strictly
ligand-dependent manner. Our data suggest that the 50-kDa
12(S)-HETE binding subunit is a receptor that signals through
interaction with a nuclear receptor coactivator protein.

Materials and Methods
[5,6,8,9,11,12,14,15(n)-3H]12(S)-HETE (specific activity 219 Ciy
mmol; 1 Ci 5 37 GBq) was from New England Nuclear, and
unlabeled 12(S)-HETE was obtained from Cayman Chemicals
(Ann Arbor, MI). Cell medium, antibiotics, FCS, restriction
enzymes, and T4 ligase were from Life Technologies (Paisley,
Scotland). A reagent kit (TnT kit) for in vitro transcriptiony
translation was purchased from Promega.

Construction of SRC-1 Deletion Mutants and Glutathione S-Transferase
(GST) Fusion Proteins. pcDNA3 constructs. pcDNA3 constructs were
made from full-length SRC-1 cDNA subcloned into the NotI and
ApaI sites in pcCNA3 (pcDNA3ySRC-1). SRC-1yBamHI was
constructed by fusing the BamHI fragment of SRC-1 with
pcDNA3 digested in the same way. SRC-1yEcoRV was con-
structed by fusing the EcoRV fragment of SRC-1 with pcDNA3
digested in the same way. SRC-1yHindIII was constructed by
fusing the HindIII fragment (nucleotides 638 to 3,414) of SRC-1
with the HindIII cut vector. This construct does not include the
HindIII fragment (nucleotides 2127 to 637) upstream of the
SRC-1 encoding region. These constructs were used as templates
for in vitro transcriptionytranslation reactions. pcDNA3ySRC-1
was linearized by digestion with AatII to produce pcDNA3y
DSRC-1 (amino acids 1 to 1,393) or by digestion with NheI to
form pcDNA3yDSRC-1 (amino acids 1 to 947) and used as
template for in vitro transcriptionytranslation experiments.

Abbreviations: 12(S)-HETE, 12(S)-hydroxyeicosatetraenoic acid; LLC, Lewis lung carcinoma;
LXD, domain having one LXXLL motif (X meaning any amino acid); SRC-1, steroid receptor
coactivator-1; GST, glutathione S-transferase.
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pGEX constructs. Two fragments of SRC-1 cDNA were sub-
cloned in-frame with the GST gene in the pGEX-JDK vector.
pcDNA3ySRC-1, digested by XbaI and HindIII and a fragment
(nucleotides 244 to 637), was ligated to pGEX-JDK vector cut
by XbaI and HindIII to give pGEX-JDKyDSRC-11–212. The other
fragment (nucleotides 638 to 3,414) was ligated to HindIII-cut
pGEX-JDKyDSRC-11–212 to give pGEX-JDKyDSRC-11–1,138.
These constructs were transformed into Y1090 cells for produc-
tion of GST fusion proteins. Luria broth-ampicillin was inocu-
lated with an overnight culture of transformed Y1090 bacteria
and grown for 4 h at 37°C. Protein production was induced by
adding 1 mM isopropyl-b-D-thiogalactoside and the cells were
allowed to grow 3 h more. Bacteria were collected by centrifu-
gation, resuspended in TEDG buffer (50 mM TriszHCl, pH
7.4y1.5 mM EDTAy10% glyceroly0.4 M NaCl), lysed by soni-
cation, and centrifuged at 25,000 rpm at 4°C in a Beckman
Coulter SW41 rotor.

Cell Culture. LLC cells were obtained from the American Type
Culture Collection (Rockville, MD). The cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 100
unitsyml penicillin, 100 mgyml streptomycin, 4 mM L-glutamine,
and 10% (volyvol) heat-inactivated (30 min at 56°C) FCS at 37°C
in a humidified atmosphere containing 8% (volyvol) CO2.
Cultures were passaged by scraping with a rubber policeman
after treatment with 0.54 mM EDTA in buffered isotonic saline.
Cells were not used beyond 20 consecutive passages.

Preparation of Cytosol. Cells were washed and sedimented by
centrifugation at 200 3 g for 5 min. The pellet was suspended in
a hypotonic solution (1 mM NaHCO3y2 mM CaCl2y5 mM
MgCl2). After swelling for 2 min, the cells were homogenized
with the loose-fitting pestle of a Dounce homogenizer. These
substances were added to their indicated final concentrations:
0.25 M sucrose, 50 mM TriszHCl (pH 7.5), 25 mM KCl, and 5 mM
MgCl2. The homogenate was centrifuged at 100,000 3 g for 1 h
in a Beckman Coulter TLA 100.2 rotor.

Gel Permeation Chromatography. Cytosol from LLC cells was
chromatographed on Superdex 200 (Amersham Pharmacia),
eluted at 1 mlymin with 15 mM TriszHCl, pH 8.0, by using an
FPLC instrument (Amersham Pharmacia). Fractions of 0.2 or 1
ml were collected, and the radioactivity was measured in a liquid
scintillation counter (LKB Rackbeta 1214; Turku, Finland). The
void volume was determined with blue dextran, and the column
was calibrated with aldolase (Mr 5 158,000), catalase (Mr 5
232,000), ferritin (Mr 5 440,000), and thyroglobulin (Mr 5
669,000) (all obtained from Amersham Pharmacia).

Isoelectric Focusing. LLC cells were incubated with 0.1 nM 12(S)-
[3H]HETE, and cytosol was prepared as described above. A
preparative scale isoelectric focusing cell (Rotofor System; Bio-
Rad) was used. A pH gradient of 1.5% ampholyte (Biolyte 5y8)
and 10% glycerol was preformed for 1 h, and the sample was then
loaded at a pH of '6.5 and run for 2 h at a constant power of
11 W. The chamber was evacuated by using a vacuum pump, and
the gradient was automatically divided into 20 samples. The pH
in each sample was recorded, and the radioactivity was measured
in a liquid scintillation counter.

Isolation of 50-kDa 12(S)-HETE Binding Subunit. LLC cytosol was
treated with ATP (10 mM addition at 0, 5, and 10 min) to obtain
the 50-kDa 12(S)-HETE binding protein. The sample was chro-
matographed on Superdex 200, and the fraction containing the
50-kDa 12(S)-HETE binding protein was collected.

Assay of Interaction Between the 50-kDa 12(S)-HETE Binding Protein
and SRC-1 and SRC-1 Deletion Mutants. The 50-kDa 12(S)-HETE
binding protein was incubated with 1 nM unlabeled 12(S)-HETE

(added as an ethanol solution) or with the same amount of
vehicle ethanol [0.8% (volyvol)] for 1 h at 4°C. [35S]methionine-
labeled, in vitro-translated SRC-1 (6.5 nCi) was added to both
samples and incubated for another hour at 4°C. As a control,
[3H]-labeled 12(S)-HETE (2 nM) was incubated with the 50-kDa
12(S)-HETE binding protein for 1 h at 4°C before addition of
unlabeled SRC-1. The samples were then analyzed on Superdex
200, and bound radioactivity was measured in a liquid scintilla-
tion counter. The deletion mutants were analyzed following the
same protocol, but the incubation time was reduced to 30 min.

GST Pulldown Assay and Far Western Blotting (18, 19). GSH-agarose
(25 ml) was added to a 1-ml aliquot of bacterial lysate in an
Eppendorf tube and incubated for 30 min at 4°C to immobilize
the GSTySRC-1 fusion protein on the agarose beads. Nonin-
teracting proteins were removed by washing. ATP-treated LLC
cytosol was incubated with these beads for 1 h at 4°C in the
presence or absence of 1 nM 12(S)-HETE. Alternatively, the
50-kDa 12(S)-HETE binding protein, purified by gel permeation
chromatography, was incubated with these beads for 1 h at 4°C
in the presence or absence of 1 mM 12(S)-HETE. The beads were
then washed with NETN buffer (0.5% Nonidet P-40y20 mM
Tris, pH 8y100 mM NaCly1 mM EDTA) and boiled in SDSy
PAGE sample buffer. Interacting proteins were separated on
SDSyPAGE gels, electrotransferred to nitrocellulose mem-
branes, and renatured by guanidinium-hydrochloride treatment.
Interacting proteins were detected by incubating the nitrocellu-
lose membrane with 32P-labeled GSTyDSRC-11–1138 fusion pro-
tein in the presence of 5 nM (cytosol) or 1 mM (50-kDa subunit)
12(S)-HETE followed by autoradiography.

Results
Purification of the 12(S)-HETE Binding Complex by Isoelectric Focusing.
Cytosol, prelabeled with 12(S)-[3H]HETE, was loaded onto a
linear pH gradient ranging from pH 5 to 8 (Fig. 1). Free
12(S)-[3H]HETE emerged between pH 4 and 5.2, whereas
specifically bound 12(S)-HETE appeared at pH 6.1 6 0.1 (mean
value 6 SE; n 5 4).

Ligand-Induced Interaction Between the 50-kDa 12(S)-HETE Binding
Subunit and SRC-1. Cytosol from LLC cells was treated with ATP
as described in Materials and Methods to dissociate the 650-kDa
12(S)-HETE binding complex into subunits. After isolating the

Fig. 1. Purification by isoelectric focusing of cytosolic 12(S)-HETE binding
complex. LLC cells were incubated with 0.1 nM 12(S)-[3H]HETE. Cytosol was
prepared and subjected to isoelectric focusing in a Rotofor system. Fractions
were withdrawn and the radioactivity (E) and pH (h) were measured. In the
presence of a thousandfold excess of unlabeled 12(S)-HETE, the peak in
fraction 9 was undetectable.
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50-kDa 12(S)-HETE binding subunit by gel permeation chro-
matography, it was incubated with 1 nM 12(S)-[ 3H]HETE in the
presence or absence of 1 mM unlabeled 12(S)-HETE. Fig. 2
shows the binding of 12(S)-HETE to the 50-kDa component
(fractions 15–17). The radioactivity in fractions 19–21 represents
free 12(S)-[ 3H]HETE.

[35S]Methionine-labeled SRC-1 was prepared by in vitro tran-
scription and translation. Gel permeation chromatography on
Superdex 200 (Fig. 3, filled squares) showed that [35S]SRC-1
(molecular mass, 157 kDa) in the reticulocyte lysate mixture
eluted corresponding to a complex of 230 kDa (peak I). An
incomplete (120 kDa) [35S]SRC-1 fragment (peak II) also was
observed. When liganded 50-kDa 12(S)-HETE binding protein
was added, the 230-kDa peak shifted to 330 kDa (peak I9 in Fig.
3). No shift was observed when the 50-kDa 12(S)-HETE binding
protein had been preincubated with ethanol instead of 12(S)-
HETE. SRC-1 also was incubated with or without 12(S)-HETE
in the absence of the 50-kDa binding protein. Both of these
experiments showed only peaks I and II, and peak I9 was not
detectable. To verify that the peak I9 contained both SRC-1 and
the 50-kDa binding protein, 12(S)-[3H]HETE was preincubated
with the 50-kDa protein and then with reticulocyte lysate
containing unlabeled SRC-1 (Fig. 4B). The combined data are
consistent with the binding of two molecules of liganded 50-kDa
12(S)-HETE binding protein per SRC-1 molecule.

Mapping of SRC-1 Regions That Interact with the 50-kDa 12(S)-HETE
Binding Protein. One N-terminal and four C-terminal deletion
mutants of SRC-1 (Fig. 4A) were prepared as described in
Materials and Methods. Cytosol from LLC cells was treated with
ATP, and the 50-kDa 12(S)-HETE binding protein, isolated by
gel permeation chromatography, was incubated with 1 nM
12(S)-HETE (or ethanol in control samples) for 30 min at 4°C.
Full-length SRC-1 or SRC-1 deletion mutants were added, and
incubations were allowed to proceed for 30 min longer. The
samples were analyzed by Superdex 200 chromatography (Fig.
4C). Three C-terminal deletion mutants [SRC-1yAatII (amino

acids 1–1,393), SRC-1yNheI (amino acids 1–947), and SRC-1y
BamHI (amino acids 1–781)] all interacted with the 50-kDa
12(S)-HETE binding protein. Another C-terminal deletion mu-
tant, SRC-1yEcoRV (amino acids 1–700), and the N-terminal
deletion mutant, SRC-1yHindIII (amino acids 221–1,441), did
not interact with the 50-kDa 12(S)-HETE binding protein.

To determine whether the N-terminal part of SRC-1, elimi-
nated in the mutant just described, was capable of interacting
with the 50-kDa 12(S)-HETE binding protein, GST pulldown
assay and far Western blot detection were performed (Fig. 5).
The GST fusion protein constructs used encoded either SRC-1
amino acids 1–1,138 or 1–212. When immobilized SRC-11–1,138

was incubated with ATP-treated LLC cytosol, a large back-
ground of SRC-1-interacting proteins with molecular masses
50–60 kDa (probably liganded cytosolic steroid receptors) was
detected in the absence of 12(S)-HETE (lane 3). Therefore, the
amount of SRC-1 interacting proteins was only marginally
increased by addition of 12(S)-HETE (lane 4). The experiment
therefore was repeated with FPLC-purified 50-kDa 12(S)-
HETE binding protein instead of cytosol. The background was
now considerably lower (lane 7), and there was a marked
increase in a 50-kDa protein when 12(S)-HETE was added (lane
8). No interacting proteins were detected when immobilized

Fig. 2. Preparation of liganded 50-kDa 12(S)-HETE binding protein. Cytosol
from 108 LLC cells was treated with 10 mM ATP. The fraction containing the
50-kDa 12(S)-HETE binding component was incubated with 1 nM 12(S)-
[3H]HETE in the presence or absence of 1 mM unlabeled 12(S)-HETE for 1 h at
4°C. The samples were then rechromatographed on Superdex 200. The results
are shown as specific binding (total minus nonspecific binding in correspond-
ing chromatography fractions).

Fig. 3. Ligand-dependent interaction between 50-kDa 12(S)-HETE binding
protein and SRC-1. Cytosol from LLC cells was treated with 10 mM ATP and
chromatographed on Superdex 200. The fraction containing the 50-kDa 12(S)-
HETE binding protein was collected and incubated with (E) or without (■) 1
nM 12(S)-HETE for 1 h at 4°C. This incubation was followed by an incubation
with 6.5 nCi [35S]methionine-labeled SRC-1 for 1 h at 4°C. The samples were
rechromatographed on Superdex 200, and fractions were collected for radio-
activity measurements.
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SRC-11–212 was used under the same conditions, either in the
presence or absence of 12(S)-HETE, indicating that this part of
SRC-1 is not capable of interacting with the 50-kDa 12(S)-HETE
binding protein by itself.

Discussion
We previously have demonstrated specific high-affinity (disso-
ciation constant Kd , 1 nM) binding sites for 12(S)-HETE in
cytosol and nuclei of LLC cells. The heat shock proteins hsp70
and hsp90 occur as substoichiometric components of a 650-kDa
cytosolic complex that contains an unknown number of 50-kDa
12(S)-HETE binding subunits (9–12).

Steroid hormone receptors are ligand-dependent transcrip-
tion factors that bind to response elements in promoter regions
of target genes (13, 14). Transcriptional activation is mediated by
two domains called activation functions, AF-1 and AF-2 (19),
present in the N-terminal and C-terminal parts of the receptor,
respectively. AF-2 partly overlaps the hormone (ligand)-binding
domain. AF-1 and AF-2 also occur in the thyroid hormone and
in the retinoid receptors. The nuclear coactivator protein SRC-1
(15) increases ligand-dependent transcriptional activation by
several nuclear receptors in cotransfection assays (20). It has
been shown that a conformational change induced by an agonist
is necessary for the receptor to interact with SRC-1 (17).

Fig. 4. Mapping of SRC-1 interaction domains for 50-kDa 12(S)-HETE
binding protein. (A) Preparation and properties of SRC-1 deletion mu-
tants (for details see Material and Methods). (B) Cytosol from LLC cells
was treated with 10 mM ATP and chromatographed on Superdex 200.
The fraction containing the 50-kDa 12(S)-HETE binding protein was
incubated with 2 nM 12(S)-[3H]HETE for 1 h before the addition of
unlabeled SRC-1. This incubation was allowed to proceed additionally
for1 h at 4°C. The sample was rechromatographed on Superdex 200, and
fractions were collected for radioactivity measurements. (C) Interaction
assays. Cytosol from LLC cells was treated with 10 mM ATP and chro-
matographed on Superdex 200 to isolate the 50-kDa 12(S)-HETE binding
protein. This protein was incubated with or without 1 nM 12(S)-HETE for
30 min at 4°C before addition of [35S]methionine-labeled deletion
mutants of SRC-1 (30 min at 4°C). Samples were analyzed by gel perme-
ation chromatography on Superdex 200, and radioactivity was mea-
sured in the fractions collected. The chromatograms show radioactivity
in 12(S)-HETE-incubated fractions minus radioactivity in fractions from
control experiments without ligand.
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Furthermore, the inability of an antagonist-bound receptor to
bind efficiently to SRC-1 has been suggested as a mechanism for
hormonal antagonism (15).

Our finding that a dimer of the 50-kDa 12(S)-HETE binding
protein interacts with SRC-1 in the presence of ligand is similar
to observations made for several nuclear receptors (16, 17).

Human SRC-1 (21) has six copies of the LXXLL motif at
amino acids 46–50 (LXD1), 112–116 (LXD2), 633–637 (LXD3),
690–694 (LXD4), 749–753 (LXD5), and 913–917 (LXD6).
LXDs 3–5 form the nuclear receptor interaction domain. LXD1
binds weakly to liganded estrogen receptor, whereas LXDs 2 and
6 do not bind liganded estrogen receptor (16). Our C-terminal
deletion mutants showed that removal of LXD6 had no effect on

the interaction of SRC-1 with the 12(S)-HETE binding protein,
whereas further removal of LXD5 prevented it. Similarly, our
N-terminal deletion mutant lacking LXDs 1 and 2 had lost its
ability to interact. Phrased differently, truncated SRC-1 mole-
cules with five or six LXDs interacted, whereas two molecules
with only four LXDs did not interact with the 12(S)-HETE
binding protein (Fig. 4A).

Based on the results presented in this paper, we propose that
the 50-kDa 12(S)-HETE binding protein is a receptor that may
influence gene transcription through its interaction with SRC-1.
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Fig. 5. GST pulldown and far Western detection of the 50-kDa 12(S)-HETE binding protein. (Left) ATP-treated cytosol was incubated with GSTyDSRC-11–212 (lanes
1 and 2) or GSTyDSRC-11–1,138 (lanes 3 and 4) immobilized on GSH-agarose in the presence or absence of 1 nM 12(S)-HETE. (Right) The 50-kDa 12(S)-HETE binding
protein (FPLC fraction 16) was incubated with GSTyDSRC-11–212 (lanes 5 and 6) or GSTyDSRC-11–1,138 (lanes 7 and 8) immobilized on GSH-agarose in the presence
or absence of 1 mM 12(S)-HETE. Interacting proteins were electrotransferred to nitrocellulose membranes and detected by incubating with 32P-labeled
GSTyDSRC-11–1,138 in the presence of 5 nM 12(S)-HETE for ATP-treated cytosol and 1 mM 12(S)-HETE for 50-kDa 12(S)-HETE binding protein.
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