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Estrogen receptor (ER) « variants have been identified in an array
of nonendothelial cells. We previously demonstrated that estrogen
rapidly induces nitric oxide release via a phosphatidylinositol
3-kinase/Akt/endothelial nitric-oxide synthase (eNOS) pathway in
EA.hy926 cells (immortalized human endothelial cells), which ex-
press a 46-kDa ER. We now confirm that, due to alternative splicing,
the 46-kDa endothelial cell protein (ER46) is an amino-terminal
truncated product of full-length ERa (ER66). ER46 is expressed in
the plasma membrane, cytosol, and nucleus of resting, estrogen-
deprived cells. Flow cytometric and immunofluorescence micro-
scopic analyses demonstrated that the ER46 C but not N terminus
is Ab-accessible in the plasma membrane. Inhibition of palmitoyl-
ation with tunicamycin and [3H]palmitic acid labeling demon-
strated an estrogen-induced, palmitoylation-dependent plasma
membrane ER46 recruitment, with reorganization into caveolae. In
reconstituted, estrogen-stimulated COS-7 (ER-null) cells, mem-
brane ER46 more efficiently triggered membrane eNOS phosphor-
ylation than ER66. Conversely, ER66 more efficiently mediated
estrogen response element reporter-gene transactivation than
ER46. These results demonstrate that ER46 is localized and further
dynamically targeted to the plasma membrane in a palmitoylation-
dependent manner. ER46 more efficiently modulates membrane-
initiated estrogen actions, including eNOS activation, than full-
length ER66. These findings may have important implications in
vascular-specific targeting of estrogen receptor agonists.

strogen receptor (ER) is traditionally defined as a ligand-

dependent transcription factor located in the cytosol or
nucleus. The presence of a plasma membrane functional ER,
which correlates with rapid estrogen signaling, has been debated
for decades and remains unresolved (1, 2), due in part to the lack
of unequivocal molecular identity of this receptor. Expression of
truncated ER variants in mammalian tissues is not uncommon.
A 46-kDa isoform has been biochemically identified in human
tissues including MCF-7 cells (3), osteoblasts (4), and vascular
endothelial cells (ECs; ref. 5). This protein (ER46) is devoid of
the N terminus (A and B domains) but otherwise shares identity
with EReq, one of the three cloned ERs (ERe, ERB, and ERY).
It is capable of forming a heterodimer with a full-length ER«
(ER66) in vitro and in vivo (3, 4). In ER-negative tissues,
transfection of ER46 promotes nuclear transactivation of ER66-
responsive genes, and in ER66-positive tissues, ER46 dimerizes
with ER66 and serves as a competitive inhibitor of ER66 for
DNA binding (3, 4). Although the genomic actions of ER46 have
been suggested in the context of cell proliferation, the role of
ER46 in rapid, nongenomic signaling has not been defined. We
previously reported that in 17B-estradiol (E2)-deprivation con-
ditions, both primary human umbilical vein ECs (HU VECs) and
immortalized vascular ECs (EA.hy926) express a 46-kDa protein
that immunoreacts with selective ERa Abs and seems capable of
transducing E2-triggered rapid signaling. EA.hy926 cells pheno-
typically represent fully differentiated vascular ECs. However,
unlike HUVECs that express both ER46 and ER66 (5),
EA.hy926 cells exclusively express ER46 in our culture condi-
tions and are unable to support E2-dependent estrogen response
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element (ERE) transactivation (5). By contrast, this cell line is
highly responsive to membrane-impermeant E2 within minutes
as demonstrated by NO release and cGMP production through
an E2-stimulated, ligand-dependent phosphatidylinositol 3-
kinase/Akt/endothelial NO synthase (eNOS) pathway (5, 6).
We thus hypothesize that ER46 is preferentially membrane-
associated and responsible for E2-triggered rapid signaling in the
endothelium. In this report, we present the molecular and
cellular details to demonstrate that ER46 is an ER« isoform and
is capable of mediating eNOS activation specifically from its
membrane site in EC.

Materials and Methods

Materials. F10 (E/F domains), anti-GDI, and anti-c-myc Abs
were purchased from Santa Cruz Biotechnology. H222 (E
domain) Ab was obtained from Abbott. Anti-calnexin Ab was
purchased from StressGen Biotechnologies (Victoria, Canada);
anti-p-COP Ab was from Affinity Bioreagents (Neshanic Sta-
tion, NJ); anti-E2 antiserum was from OEM Concepts (Toms
River, NJ); 1D5 (A/B domains) Ab was from DAKO; antiphos-
pho-eNOS (Ser-1177) Ab was from Cell Signaling (Beverly,
MA); and anti-TBP, anti-eNOS, and anti-caveolin-1 (cav-1) Abs
were from Transduction Laboratories (Lexington, KY). The
hER19Pu (obtained from P. Chambon, Université Louis Pas-
teur, Strasbourg, France) insert ER cDNA encodes an ER that
excludes the first two amino acids translated from the alternative
translation start site, and what would be considered the complete
NH2 terminus of ER46. For simplification, the recombinant ER
expressed as a consequence of hER19Pu transfections will be
subsequently referred to as “ER46.” All other chemicals and
reagents were purchased from Sigma unless otherwise indicated.

Cellular and Biochemical Assays. Cell maintenance, transient trans-
fection with Lipofectamine Plus reagent (GIBCO/BRL), im-
munoblot, immunoprecipitation, fluorescence-activated cell
sorter analysis, and eNOS activity assays all were performed
identically to those described (5-7). Protein mass on immunoblot
was determined by Rainbow molecular weight markers (Amer-
sham Pharmacia).

Subcellular Fractionation. Plasma membranes were isolated by a
cationic colloidal silicon isolation technique (8), and caveolae
isolation was performed according to the detergent-free method
(9, 10).

Confocal Microscopy. Cells plated onto gelatin-coated coverslips
were fixed in 4% paraformaldehyde/PBS for 30 min, mildly
permeabilized with a low concentration (5 ug/ml) of digitonin
(11) for 5 min, blocked in 1% normal goat serum/0.1% Tween
20 in Tris-buffered saline for 1 h, and incubated with primary

Abbreviations: ER, estrogen receptor; E2, 173-estradiol; cav-1, caveolin-1; eNOS, endothe-
lial NO synthase; ERE, estrogen response element; EC, endothelial cell.
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Abs and secondary Abs (GAM-Alexa-488 or GAR-Alexa-568,
1:50 dilution; Molecular Probes) for 2 h, respectively. Cytosolic
proteins were partially removed by extensive washes (12), and
cells were microphotographed in 1-um sections by using a
Bio-Rad MRC confocal system with a Zeiss Axiovert micro-
scope, and processed in PHOTOSHOP (Adobe Systems, Mountain
View, CA).

RT-PCR. Total cellular RNAs were extracted by TRIzol reagent
(GIBCO/BRL), and RT-PCR was carried out as described (13).
The 5" primers for ERa are 5'-GGGCGCCGCCTACGAGTT
(460-477 bp), 5'-GCCCTACTACCTGGAGAA (676-693 bp),
5'-CCAGGGTGGCAGAGAAAG (766-783 bp); and the 3’
primer for ERa is 5'-CTCTCAGACTGAGGCAGGGAAACC
(2,060-2,075 bp).

Cell Surface Biotinylation and Cross-Linking. Cell monolayers were
biotinylated with 0.2 mg/ml EZ-link-sulfo-NHS-LC-biotin
(Pierce) prepared in 10 mM Hepes (pH 8.0), 150 mM NaCl, 0.2
mM MgCl,, and 0.2 mM CaCl, at 0°C for 30 min. The reaction
was terminated by washes with 10 mM TrissHCI (pH 7.5). For
cross-linking, cells were incubated with 2 mM BS? (noncleav-
able) in PBS on ice for 30 min, followed by extensive washes with
PBS.

Radiolabeling of ER46 with [3H]Palmitate and [3H]Myristate.
EA.hy926 cells were E2-deprived for 48 h in phenol red- and
fatty acid-free DMEM in the presence of 10% gelding horse
serum, and quiesced for 12 h in the identical DMEM containing
0.5% BSA. Cells were washed in PBS, labeled for 4 h with 100
pCi/470 ng of palmitate/35-mm dish [9.10(n)-*H]palmitate (1.0
mCi/ml), or 100 wCi/420 ng of myristate/35 mm-dish [9.10(n)-
SH]myristate (1.0 mCi/ml) in DMEM supplemented with 0.25%
BSA and 18 uM cycloheximide, and treated with vehicle alone
or 30 nM E2 for 10 min. After extensive washes in PBS, cells were
harvested by a nonenzymatic method as described (5) and
further subjected to subcellular fractionation, immunoprecipi-
tation with F10 Ab, autoradiography of 3H-labeled ER for 8
weeks at —80°C, and immunodetection of total ER with F10 Ab.

E2-Affinity Precipitation. Cells were chemically disrupted in hy-
potonic solution [10 mM Tris:HCI (pH 7.5), 1 mM EDTA, 1 mM
DTT, 1 mM MgCl,, 1% Nonidet P-40, and protease inhibitor
mixture; Roche Applied Science), precleared with 6-CMO-w-
hexylamide-agarose for 4 h and with anti-actin Abs plus protein
A/G agarose beads for 4 h and subsequently incubated overnight
with 20 mM E2-6-CMO-w-hexylamide-agarose made by conju-
gating 10 ml of w-aminohexyl-agarose with 414 uM N-
hydroxysuccinimide, dicyclohexylcarbodiimide, and E2-6-CMO
in tetrahydrofuran. The beads were then washed with high-salt
buffer (2 M NaCl/2.7 mM KCI/1.5 mM KH,PO,/1 mM
Na,HPO,, pH 7.2) for 30 min at 4°C and with PBS three times.

Results

Conditional ERa Transcripts in EA.hy926 Cells. The human ER« gene
has at least three translation initiation sequences and is also
demonstrated to undergo alternative splicing and differential
promoter activation in a tissue-specific manner (3, 14). The
ERa-positive MCF-7 cells are reported to produce both a
full-length (ER66) and short-form (ER46) ERa. This ER46
results from the ER« transcript alternatively spliced from exon
1E to exon 2 and is translated from the internal start codon
(+752 bp, +758 bp). We therefore examined ER« transcripts in
EA hy926 with a focus on exons 1-3. Determined by RT-PCR,
EAhy.926 cells after E2 deprivation (48 h) and serum starvation
(12 h) expressed a short-form ERa transcript apparently lacking
exons 1 and 2 (1-475 bp, Fig. 14). The short-form transcript
confines the translation initiation to the internal ATG codons
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Fig. 1. Expression of ER46 as an ERa variant. Cells were E2-deprived for 48 h
and serum-starved for 12 h, referred to as "pretreated,” and then incubated
with vehicle (—E2) or 30 nM E2 (+E2) for 24 h. (A) RT-PCR of ERa transcripts in
EA.hy926 cells. A-Care PCR products, corresponding to the use of the denoted
upstream primers. (B) Fluorescence-activated cell sorter analysis of ER46 ex-
pression in EA.hy926 cells with the anti-C-terminal F10 (C), 1D5 (N), and
irrelevant OKT3 (IgG) Abs. (Cand D) ER immunoblotin EA.hy926 (C) and noted
cells (D) using F10 Ab.

with an anticipated 46-kDa product, if any. As shown in Fig. 1
B and C, the 46-kDa protein was immunoreactive with anti-C
terminus-specific ERa Ab, but not anti-A/B domain Abs. These
results suggest that ER46 is generated by alternative splicing of
the ER« gene. Notably, the addition of 30 nM E2 to the culture
for 24 h stimulated the expression of a long-form ERae mRNA
with a restored N-terminal sequence (Fig. 14). DNA sequencing
verified ER« identity (data not shown). This change is consistent
with the appearance of ER66 in immunoblots (Fig. 1C), sug-
gesting that EA.hy926 cells possess a complete ER« gene and are
inducible to express full-length ERc. In addition, ER46 was also
found in primary vascular EC including human umbilical vein
EC (Fig. 1D), human microvascular EC (data not shown), human
coronary artery EC (data not shown), and ER-enriched human
endometrial carcinoma Ishikawa cells by immunoblot (Fig. 1D).
These data indicate that ER46 is strongly expressed in both ECs
and non-ECs.

Subcellular Localization of ER46. ER66 localizes to the cytosol,
nucleus, and plasma membrane (minor fraction) in both MCF-7
cells and ER66 transfectants (15). To determine the ER46
compartmentalization in EA.hy926 cells, subcellular fraction-
ation was performed to isolate nuclei, plasma membranes, and
the cytosolic components (Fig. 24). ER46 was identified by
immunodetection from the cytosol, plasma membrane, and
nucleus. To exclude cross-contamination of the plasma mem-
brane fraction by cytosol, Golgi apparatus, and endoplasmic
reticulum, the fraction purity was assessed by immunoblot with
the marker proteins TATA box-binding protein (nucleus), GDP
dissociation inhibitor (cytosol), eNOS (membrane), p-COP
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Fig. 2. Subcellular localization of ER46. (A) Immunoblot of ER46 among
different organelles with F10 Ab. Organelles were isolated from 10° pre-
treated cells. Proteins were precipitated by ethanol from each fraction before
use. N, nucleus; S, cytosol; PM, plasma membrane. Densitometric values were
determined from three independent experiments and expressed as means =
SD, with P values of compared means as noted. (B) Examination of fraction
purity by immunoblotting various protein markersfromthe N, S, PM, and total
lysate (T). TBP, TATA-box binding protein; GDI, GDP dissociation inhibitor.

(Golgi), and calnexin (endoplasmic reticulum). The results
confirmed that the presence of ER46 in the plasma membrane
was not due to interfractional contamination (Fig. 2B).

Caveolae are flask-shaped vesicular invaginations (50-100
nm) of the plasma membrane that consist of cav-1, signaling
molecules, and enzymes including eNOS (16). We proposed that
membrane ER46 was localized to caveolae because isolated
caveolae from native vascular ECs and ER66 overexpressors
contain ER66 and respond to E2 in vitro with eNOS activation
(17). Thus, caveolae were biochemically isolated, followed by
immunodetection of cav-1 and ER46 (Fig. 34). The majority of
ER46 sedimented to the high-density fractions that mostly
contained cytosol as well as some mitochondria and Golgi. As
expected, cav-1 was highly concentrated in lighter fractions
(2-7). ER46 was detectable in fraction 4 as well although the
signal was weak. The results suggest that only a minor fraction
of ER46 resides in caveolae in resting cells. However, E2 induced
the appearance of ER46 in the cav-1-enriched intermediate
fractions 3 and 4. To evaluate further the possibility that ER46
resides in caveolae in situ, confocal microscopy was performed
on digitonin-permeabilized, fixed cells. Fig. 3B demonstrates
that at least a subset of cav-1 and ER46 colocalized in E2-treated
cells. Merged images of cav-1 and ER46 in E2-treated cells
confirmed substantial colocalization in the plasma membrane
with a “patch-like” plasma membrane pattern (data not shown),
consistent with the fractionation results.

Topology of Membrane ER46. Integral membrane proteins (18) and
some periplasmic proteins (19) can be chemically modified at
primary amine groups of lysine residues by extracellular biotin,
a conventional hapten that is widely used for cell surface
labeling. To determine the presence of biotin-accessible mem-
brane ER46 in situ, cell-impermeant sulfo-succinimidyl biotin
ester was added to cultures at 0°C, at which temperature the
energy-dependent exocytosis, endocytosis, internalization, and
intracellular trafficking were markedly retarded. Biotin—-ER was
immunoprecipitated with anti-C-terminal ERa Ab, gel-
electrophoresed, and blotted with avidin-horseradish peroxi-
dase. Immunoprecipitated, biotinylated proteins (or complexes)
had apparent molecular masses of 46 and 90 kDa (Fig. 44, EAhy
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Fig.3. Localization of membrane ER46 in caveolae. (A) Immunoblot of ER46
and cav-1 from isolated caveolae. Pretreated EA.hy926 cells were incubated
with vehicle alone (—E2) or 30 nM E2 (+E2) for 10 min before fractionation.
Fractions 2-9 were subjected to immunoblotting with anti-Cav-1and F10 Abs.
(B) Confocal microscopy of cell-surface cav-1and ER46 with anti-Cav-1and F10
Abs. Arrow, overlapped signals. (Bar = 10 um.)

—). Only the 46-kDa protein was detectable by reblotting with
anti-ER Abs, suggesting the presence of membrane ER46.
Utilization of cell-impermeant cross-linkers (EAhy +) con-
firmed that ER46 biotinylation occurred at the cell surface,
because this promoted disappearance of the 46-kDa band and
revealed 90-, 160-, and 200-kDa proteins (complexes). It is likely
that both 90- and 160-kDa proteins, which were immunoreactive
with anti-ER Abs in the cross-linked samples, are nonmono-
meric ERs. They may result from biotin-induced aggregation of
ER with lipid moieties, the formation of SDS-resistant homo- or
heterooligomers (20), or ER46-irrelevant proteins. The 200-kDa
protein could be ER-irrelevant, or an ER-related higher molec-
ular mass complex present in amount too small to be identified
by chemoilluminescence. Membrane ER-positive MCF-7 cells
that served as a positive control validated the specificity of
membrane ER detection. Intracellular protein biotinylation was
excluded by the lack of actin-biotin detection (data not shown).

Fig. 4B demonstrates fluorescence-activated cell sorter pro-
files of COS-7 cells transfected with the pCMV-tag3C-ER46
(N-terminal myc epitope tag) construct, stained with either an
anti-c-myc epitope or anti-C-terminal ER Ab. Because the cells
were not permeabilized before staining, only that portion of the
recombinant molecule which is Ab-accessible, i.e., extracellular,
yielded a fluorescent signal. Only the C terminus of ER46 was
Ab-reactive. Thus, the A/B domain-deleted ER46 appears to
have a C-terminal ectodomain and an N terminus that is not
Ab-accessible.

To simply document that ER46 was a receptor for E2,
EA hy926 lysates were incubated with an E2-affinity matrix, and
E2-bound molecules were released from the matrix after high-
salt (1.5 M KCI) washes. Fig. 4C is an immunoblot demonstrating
a46-kDa anti-ER (F10)-reactive protein in total cell lysates (lane
1) and, more importantly, from E2-affinity matrix-bound mate-
rial (lane 2). The resistance to high-salt elution is consistent with
an E2-ER46 in vitro interaction of high affinity.

To document membrane ER46 binding sites for E2, immu-
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Fig. 4. The topology of membrane ER46. (A) Biotinylation of ER46 in
EA.hy926 and MCF-7 cells. Surface proteins of the pretreated cells were
biotinylated by EZ-link-sulfo-NHS-LC-biotin. Proteins were immunoprecipi-
tated from the total cell lysate with F10 Ab, revealed by ligand-blot with
avidin-horseradish peroxidase (HRP), and reblotted with F10 Ab. —, without
cross-linker BS3; +, with cross-linker BS3. (B) Fluorescence-activated cell sorter
analysis of surface expression of c-myc-tagged ER46 in nonpermeabilized
COS-7 cells. COS-7 cells were transfected with pCMV or ER46/pCMV (N-
terminal myc epitope-tag) for 48 h. c-mycand F10 Abs were used to distinguish
the N and Ctermini of the receptor, respectively. The N-terminal c-myc epitope
tag was Ab-reactive when cells were permeabilized (data not shown). (C)
Binding of ER46 to E2-affinity matrix. Pretreated EA.hy926 cell lysates were
subjected to E2-affinity precipitation and the selected fractions, i.e., total cell
lysate (1) and the matrix after several washes (2), were immunoblotted for ER
proteins with F10 Ab. (D and E) Binding of E2 to surface ER46. The pretreated
cells were treated with vehicle alone or 30 nM E2 for 10 min then biotinylated.
Proteins were immunoprecipitated with E2 antiserum (D) or F10 Ab (E),
revealed by ligand-blot with avidin-HRP, and reblotted with F10 Ab.

noprecipitation of E2-bound proteins from E2-treated, biotin-
ylated cells, using an E2 antiserum, revealed 46-, 90-, and
160-kDa proteins that were also detected with anti-ER Abs (Fig.
4D). A similar pattern was observed when ER Abs were used for
immunoprecipitation (Fig. 4F), although an additional, un-
known 35-kDa protein was inconsistently detected as well. These
studies demonstrate the ability of ER46 to bind E2 in situ, and
the ligand-induced recruitment of ER46 or ER46-associated
proteins, consistent with the results displayed in Fig. 3.

Posttranslational Modification of Membrane ER46. FINDMOD and
SCANPROSITE algorithms predict that ER46 is potentially palmi-
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Fig. 5. Palmitoylation of membrane ER46. (A) Effects of 2-hydroxymyristic

acid (HMA) and tunicamycin on membrane localization of ER46. In the pres-
ence of 18 uM cycloheximide, the pretreated cells were incubated with or
without (control) HMA (0.5 mM) or tunicamycin (30 uM) for 2 h. Vehicle
(control) or 30 nM E2 was added for 10 min. The plasma membrane (PM) and
cytosolic fractions were immunoblotted with F10 Ab. (B) Determination of
palmitate or myristate incorporation into ER46. Pretreated cells were labeled
in serum-free DMEM supplemented with 0.25% BSA, 100 uCi of [3H]palmitate,
or 100 uCi of [3H]myristate for 4 h in the presence of 18 uM cycloheximide,
followed by vehicle alone (—E2) or 30 nM E2 (+E2) treatment, subcellular
fractionation, immunoprecipitation with F10 Ab, autoradiography of labeled
ER for 8 weeks at —80°C, and immunodetection of total ER with F10 Ab.

toylated and myristoylated. To determine whether palmitoyl-
ation and/or myristoylation are required for ER46 membrane
anchorage, appearance of membrane ER46 was monitored in the
presence of fatty-acylation chemical inhibitors. By competing for
the binding of palmitoyl-CoA to the protein fatty acyltransferase,
tunicamycin is one of two known cell-permeant inhibitors for
palmitoylation. In addition, tunicamycin is also able to block
N-linked glycosylation by inactivating UDP-GlcNAc:dolichyl-
phosphate GlcNAc-1-phosphate transferase. To distinguish the
effects of tunicamycin on glycosylation and pamitoylation, we
pretreated the cells with the protein synthesis inhibitor cyclo-
heximide, which, because a majority of N-linked glycosylation is
endoplasmic reticulum-localized and cotranslational, also dis-
rupts both N-linked glycosylation and cotranslational palmitoyl-
ation without affecting posttranslational protein palmitoylation
(21). Fig. 54 demonstrates that E2 treatment or EA.hy926 cells
stimulated ER46 recruitment from the cytosol to the plasma
membrane. This translocation was unaffected by the myristate
antagonist (2-hydroxymyristic acids) but abrogated by tunica-
mycin beyond any effect seen with cycloheximide. In fact,
tunicamycin also diminished basal (control) plasma membrane
localization of ER46. Furthermore, metabolic labeling of
EA.hy926 cells with H-labeled fatty acids demonstrated palmi-
tate but not myristate incorporation into plasma membrane
ERA46, and that this palmitoylation is augmented in response to
E2 (Fig. 5B). These findings strongly suggest that ER46 palmi-
toylation is a required posttranslational modification for its
membrane localization.

Comparative Roles of ER46 and ER66 in Nongenomic vs. Genomic
Functions. Our data (previous section) and those accumulating in
the literature suggest that membrane ERs are more likely to
transduce rapid activation signals, whereas full-length, tradi-
tional ERs may transactivate ERE-driven genes more efficiently.
To test this hypothesis, COS-7 cells were transfected with eNOS
and ER46 or ER66, stimulated with cell-impermeant E2BSA,
and levels of activated (Ser-1177-phosphorylated), plasma mem-
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Fig.6. Effectof ER46 on eNOS phosphorylation. COS-7 cells were transfected
with eNOS and B-galactosidase in combination with ER66/pSG5, ER46/pSG5,
or both for 24 h. The transfectants were treated with vehicle alone or 80 ng/ml
E2BSA (equivalent to 30 nM E2) for 10 min. Immunoblots were performed with
F10 Ab in the isolated plasma membrane (A), followed by densitometric
determination (B). p-eNOS densitometric values are normalized to those of
total membrane eNOS and of total membrane ERs.

brane eNOS were determined. Fig. 64 demonstrates a greater
level of E2BSA-stimulated eNOS phosphorylation in mem-
branes isolated from ER46- than ER66-transfected cells. This
greater efficiency could be the result of intrinsically more
favorable coupling with signaling partners or preferential mem-
brane localization (total levels of cellular ER46 and ER66 in
COS-7 transfectants were equivalent; data not shown). Of note
is that when coexpressing ER46 and ER66, membrane eNOS
phosphorylation in response to E2BSA was quantitatively less
(Fig. 6B), suggesting a repressive and/or competitive effect of
ERG66 on ER46 function. Similar results were obtained in eNOS
activity assays of plasma membranes isolated from transfectants
stimulated with vehicle, E2, or E2BSA (Fig. 74). Fig. 74
demonstrates that the largely ER antagonist-inhibitable aug-
mentation in eNOS activity was greater in ER46- than ER66-
transfected cells, and that ER46/66 cotransfectants were less
capable of responding to estrogen than singly ER46-expressing
cells. E2BSA consistently stimulated an equal or greater level of
eNOS activation than E2, supporting membrane receptor-
mediated signaling events.

We have shown that endogenous levels of ER46 are insuffi-
cient to generate E2-stimulated transactivation of an ERE-
driven gene (5). However, Fig. 7B demonstrates that overex-
pression of ER46 does confer E2 responsiveness with regard to
ERE-driven luciferase gene activation. More importantly, E2-
stimulated luciferase activity in ER66 transfectants was signifi-
cantly higher than in ER46 transfectants, despite the fact that
total ER46 levels were higher than ER66 levels in the ER46 and
ERG66 transfectants, respectively, due to endogenous ER46 (data
not shown). These data support that ER66 more efficiently
effects estrogen-driven genomic functions, whereas ER46 is
more capable of rapid signal transduction.

Discussion

Accumulating evidence indicates that ER46 is expressed in
ovariectomized wild-type and ERa-neo knockout mice (22).
ERw is demonstrated to encode ER46 by alternative splicing in
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Fig. 7. Effects of ER46 on eNOS activity and ERE reporter gene transactiva-
tion. Cells were pretreated and then incubated with vehicle alone, 30 nM E2,
or 80 nM E2BSA for 24 h. Some received 10 uM ICI 182, 780 (ICl) for 30 min
before the incubation with the previously listed agents. eNOS activity was
assessed by measuring the conversion of L-[3H]arginine to L-[3H]citrulline (A) in
the absence of exogenous calmodulin and calcium. Data are normalized to
B-galactosidase (B-gal) activities and given as means + SD (n = 4) of eNOS
activity fold increase over mock-transfected vehicle control. (B) EA.hy926 cells
were transfected with B-gal and ERE-Luc with and without ER66/pSG5 or
ER46/pSG5 for 24 h, followed by the treatment with vehicle alone or 30 nM E2
for 24 h. Luciferase activity was then measured in cell lysates and normalized
to B-gal. Values are expressed as means = SD (n = 4). *, E2 vs. vehicle (ANOVA,
within group), P < 0.05; **, E2BSA vs. vehicle (ANOVA, within group), P < 0.05.

non-ECs and by internal ribosome entry in vitro (3, 23). We now
confirm that vascular ECs also express ER46, which is inherently
associated with the plasma membrane (Figs. 1 and 2). This
finding is in agreement with the k-nearest neighbors (PSORT 1I)
program that predicts 26.1%, 30.4%, 17.4%, and 26.1% of ER46
is localized to the nucleus, cytoplasm, mitochondria, and mem-
brane fractions, respectively. By contrast, 73.9%, 8.7%, 0.1%,
and 17.3% of ER66 carries the comparative predictions. Thus,
the differential compartmentalization of ER46 and ER66 in the
cell suggests that the functional site and primary role of each
receptor may be different.

Membrane ER46 is constitutively palmitoylated, possessing an
“N-in” and “C-out” topology (Figs. 4 and 5). ER46 and ER66
have no polybasic stretches of amino acids, apical membrane
attachment domains, glycosylphosphatidylinositol-anchor sites,
or PDZ domains. Thus, chemical modification, the interplay with
other membrane lipids and proteins, or an atypical hydrophobic
segment become candidate mechanisms for ER coupling to the
membrane. In this study, we found that posttranslational palmi-
toylation is required for ER46 membrane localization and for
E2-induced recruitment of ER46, most likely to caveolae. ER46
has 12 cysteines that could be acylated by palmitate. The
chemical susceptibility of thioester bond formation between
palmitate and cysteine residue(s) is known to permit a rapid and
reversible acylation of proteins (24) that facilitate molecular
shuttling (25) and membrane receptor clustering (26). There-

PNAS | April 15,2003 | vol. 100 | no.8 | 4811

MEDICAL SCIENCES



fore, it is possible that by timely palmitoylation (27), ER46 is
dynamically recruited from the cytoplasmic pool to plasmale-
mmal caveolae in which it could encounter other palmitoylated
molecules including eNOS, the G protein a-subunit, Src kinases,
Ha-Ras, and cav-1. The interaction between palmitate tails of
ER46 and other caveolae modules may emerge as a sorting signal
for the directional recruitment and rearrangement of the recep-
tor, analogous to the engagement and retention of eNOS, Gile,
P59hck, and Src kinase in caveolae. Thus, palmitoylation seems
to be a common regulatory mechanism shared by a growing list
of caveolae proteins (i.e., receptors, enzymes, signaling mole-
cules) that could be locally controlled to form an eNOS-centered
signaling complex. Whether ER46 is modified by nonenzymatic
palmitoylation, autopalmitoylation, or an unidentified mem-
brane palmitoyltransferase (27) remains to be determined.
The importance of endothelial ER46 is underscored by our
finding that membrane ER46 is superior to ER66 for eNOS
activation (Fig. 6 A and B). The difference results, at least in part,
from the enhanced ability (4-fold greater than ER66) of membrane
ER46 to phosphorylate eNOS on Ser-1177 (Fig. 64). The possible
difference in the orientation of the ligand-binding pocket [with
differential sensitivities to the antagonist ICI 182,780 (Fig. 6B)] may
explain this hierarchy in eNOS activation. In the aqueous phase,
ligand binding requires an “open” conformation of ER (28),
whereas as little as one amino acid (Y537) mutation can render an
unfolded ER that even possesses some ligand-independent activity
(29, 30) and is potentiated by cav-1 (31). The short-form ER46 thus
may favor an open conformation that facilitates the kinetics of
ligand-receptor interaction manifested by rapid ligand binding and
release. It could potentially accelerate the “fire” of signal trans-
duction that enables a considerable pool of eNOS to be recruited
and activated by the given amount of ligands and receptors. This
possibility could also explain some constitutive activity of ER46 as
observed in this case (Fig. 6B). Furthermore, focal engagement of
signaling regulators to ER may be different for ER46 and ER66.
Indeed, the structure-sensitive binding of coactivators and core-
pressors to ER has been proven as one mechanism underlying the
tissue-specific actions of selective ER modulators (32). Although
E2 stimulates a phosphatidylinositol 3-kinase/Akt/eNOS pathway
in either ER46 (6)- or ER66 (33)-expressed EC, whether ER66 and
ER46 have selectively engaged distinct proximal elements in this
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pathway is unknown. Any such differences could bias the efficiency
of eNOS activation, as a result of the net balance of all positive and
negative regulators of the loop.

We have also observed that ER66 and ER46 are differentially
efficient with regard to gene transactivation (Fig. 6C). This differ-
ence may be due to the absence of AF-1 of ER46, which, on ER66,
generally augments the activity of ligand-bound ER as a transcrip-
tional enhancer, or to less efficient nuclear targeting. By forming a
heterodimer with ER66, ER46 is reported to act as a competitive
inhibitor of ER66 for DNA binding in the genomic regulation of
breast cancer cell proliferation (3, 4). In our study, coexpression of
ER66 and ER46 in the plasma membrane confers less eNOS
activity than that of ER46 alone, suggesting that membrane ER66
and ER46, if coexisting, are not independent. As with the ligand-
activated transcription factor, the requirement of dimeric rather
than monomeric ERs in the active membrane complex is possible.
It is conceivable that an ER46:ER66 dimer may recruit and
incorporate required intermediary signaling components, quanti-
tatively and qualitatively different from that of an ER46 dimer.
Alternatively, if both receptors separately transmit hormone sig-
nals, ER46 and ER66 may have to share a limiting number of key
signaling modules. Furthermore, if the stability and fluidity of
ER66 and ER46 per se in the membrane are different, this could
control the sensitivity and the transducing efficiency of the receptor
as well. Collectively, these receptor biological differences could
determine the ultimate effectiveness of eNOS activation.

Our present investigations demonstrate that ER46 modulates
eNOS activity from the cell surface. All human ECs that we have
studied to date, from multiple vascular beds (macro- and micro-
vascular; data not shown), coexpress ER46 and ER66. Our data
support that the balance of these two receptors dictates the
efficiency of estrogen-stimulated eNOS activation and NO release.
Defining approaches to manipulate this balance may provide new
avenues for cardiovascular protection.
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