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Abstract
Alpha-actinins are critical components of the actin cytoskeleton. Here we show that α-actinins serve
another important biological function by binding to and competitively inhibiting calcium-dependent
activation of endothelial NOS (eNOS). α-actinin-2 was found to associate with eNOS in a yeast two-
hybrid screen. In vascular endothelial cells, which only express α-actinin-1 and -4, α-actinin-4 inter-
acted and colocalized with eNOS. Addition of α-actinin-4 directly inhibited eNOS recombinant
protein, and overexpression of α-actinin-4 inhibited eNOS activity in eNOS-transfected COS-7 cells
and bovine aortic endothelial cells (BAECs). In contrast, knockdown of α-actinin-4 by siRNA
increased eNOS activity in BAECs. The α-actinin-4-binding site on eNOS was mapped to a central
region comprising the calmodulin-binding domain, and the eNOS-binding site on α-actinin-4 was
mapped to the fourth spectrin-like rod domain, R4. Treatment of endothelial cells with a calcium
ionophore, A23187, decreased α-actinin-4-eNOS interaction, leading to translocation of α-actinin-4
from plasma membrane to cytoplasm. Indeed, addition of calmodulin displaced α-actinin-4 binding
to eNOS and increased eNOS activity. These findings indicate that eNOS activity in vascular
endothelial cells is tonically and dynamically regulated by competitive interaction with α-actinin-4
and calmodulin.
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Endothelium-derived NO is an important mediator of vascular function (1). NO is generated
from the conversion of L-arginine to L-citrulline by endothelial NOS (eNOS or NOS3).
Because of its critical role in vascular homeostasis, eNOS is tightly regulated post-
translationally by several factors. Lipid modifications such as myristoylation or palmitoylation
are important to anchor eNOS at the cell membrane, in close proximity to its cofactors and
modulators (2). Upstream modulators include protein kinases, which activate eNOS through
phosphorylation at Ser-1177 and Ser-635 or inhibit eNOS through phosphorylation at Thr-495
and Ser-1163. In particular, Ser-1177 phosphorylation of eNOS by protein kinase B/Akt
enhances both basal and agonist-mediated eNOS activity (4,5). In contrast, S-nitrosylation of
eNOS renders eNOS inactive under basal conditions (6,7).
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For maximal activity, all NOS isoforms require binding to cofactors such as NADPH,
tetrahydrobiopterin, and calmodulin (3). The mechanistic basis underlying the calcium
dependency of eNOS activation results from its requirement for direct binding to calmodulin
and subsequent allosteric conformational changes in the NOS protein, permitting efficient
binding to other cofactors and catalysis of L-arginine (8). Indeed, localization of eNOS within
plasma membrane caveolae by caveolin appears to be necessary for the efficient release of NO
in response to external stimuli (9). However, caveolin, which competes with and displaces
calmodulin from eNOS, inhibits eNOS activity in the caveolae of endothelial cells and
cardiomyocytes (10,11). Other eNOS interacting proteins such as heat shock protein 90 and a
voltage-dependent anion/cation channel, porin, also regulate eNOS activation through protein
stabilization, sub-cellular localization, and cofactor availability (12,13). Thus, proteins that
interact with eNOS are important physiological regulators of eNOS activity.

To further elucidate the regulation of eNOS through protein-protein interaction, we performed
yeast two-hybrid assays to find novel proteins, which could associate with and regulate eNOS.
We found that α-actinin-4 binds eNOS and inhibits basal eNOS activity by competitively
displacing calmodulin from eNOS.

MATERIALS AND METHODS
Yeast two-hybrid screening

A human heart cDNA library cloned into the yeast vector pACT2 was obtained from Clontech
(Mountain View, CA, USA) and prepared according to the manufacturer’s instructions. The
yeast strain AH109 (Clontech) was made competent by the lithium acetate method.

Approximately 5 × 109 yeast cells were transformed with 100 μg of the eNOS bait plasmid
pBDGAL4-eNOS [1–530 amino acids (aa)] and 100 μg of the library plasmid, followed by
plating on sd medium (Clontech) lacking adenine, tryptophan, leucine, and histidine. Surviving
clones were then inoculated on plates lacking adenine, tryptophan, leucine, and histidine but
containing X-α-Gal (Clontech), and screened for α-galactosidase activity. Clones that remained
positive were then grown in liquid medium, and plasmid DNAs from positive clones were
prepared as described. The recovered plasmids were used to transform ultracompetent XL-1
blue cells (Stratagene, La Jolla, CA, USA). The cDNA inserts were sequenced by the dideoxy
chain termination method. The interactions were verified by the X-α-galactosidase indicator
plate assay as described in the manufacturer’s protocol (Clontech).

Plasmid constructs
The eNOS-bait plasmids were obtained using reverse transcription-polymerase chain reaction
(PCR) by Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA, USA) on total RNA
derived from human saphenous endothelial cells. The PCR products were cloned into the TA
cloning vector pCRII-Blunt II-TOPO vector (Invitrogen) and then subcloned into pBDGAL4
Cam (Stratagene). The cDNA of human α-actinin-4 was amplified and cloned into the
glutathione S-transferase (GST) gene fusion vector pGEX-4T-1 (GE Healthcare, Piscataway,
NJ, USA). The mammalian expression vector for eNOS was made by full-length eNOS cDNA
and pCDNA3 (Invitrogen). The ACTN1 (α-actinin) cDNA on pAD was provided by Dr.
Wolfgang Siess (Institut für Prophylaxe und Epidemiologie der Kreislaufkrankheiten,
München, Germany). The ACTN2 constructs (Δ1–894, Δ273–394, Δ394–505, and Δ506–757)
on pBD and the α-actinin-4 mammalian expression plasmid ACTN4/pCDNA3 have been
described (14).
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Cell culture and transfections
Human saphenous vein endothelial cells (HSVECs) and bovine aortic endothelial cells
(BAECs) were harvested as described previously (15). The protocol to isolate and culture
HSVECs was approved by the Committee on Human Studies at Harvard Medical School. The
cells were cultured at 37°C in a growth medium containing Dulbecco modified Eagle medium
(DMEM) supplemented with 5 mM L-glutamine, 10% FBS (Hyclone, Logan, UT, USA), and
an antibiotic mixture of penicillin (100 U/ml), streptomycin (100 mg/ml), and fungizone (250
ng/ml). Relatively pure (>95%) endothelial cell cultures were confirmed by
immunofluorescence staining with anti-factor VIII antibody (Vector Laboratory, Inc.,
Burlingame, CA, USA), and only endothelial cells of less than 6 passages were used. COS-7
cells (American Type Culture Collection, Manassas, VA, USA) were cultured in DMEM
containing 10% FBS. Cells were transfected with the indicated plasmids using FuGENE6
transfection reagent according to the manufacture’s protocol (Roche Diagnostics, Indianapolis,
IN, USA).

Western blot analysis
Cells were washed 2× with ice-cold PBS (Invitrogen) and incubated with 500 ml of lysis buffer
(1% Triton X-100; 20 mM Tris, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 2.5 mM
sodium pyrophosphate; 1 mM β-glycerolphosphate; 1 mM phenylmethylsulfonyl fluoride; and
1 mM sodium or-thovanadate). Insoluble materials were removed by centrifugation at 12,000
g for 10 min at 4°C. Forty micrograms of proteins was separated by SDS-PAGE, blotted onto
nitrocellulose membranes (GE Water & Process Technologies, Trevose, PA, USA), and probed
with the indicated antibody at 1000× dilution in Tris-buffered saline (10 mM Tris, pH7.4, 100
mM NaCl) with 0.1% Tween 20 and 5% nonfat dry milk. Anti-α-actinin isoform specific
antibodies were previously described (16,17), and anti-α-tubulin antibody and anti-β-tubulin
antibody were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and
Lab Vision Corporation (Fremont, CA, USA), respectively. After washing, membranes were
incubated with either goat anti-mouse or donkey anti-rabbit horseradish peroxidase-conjugated
secondary antibody (GE Healthcare). Detection of protein bands was performed using
enhanced chemiluminescence substrate (GE Healthcare).

Immunoprecipitation
For co-immunoprecipitation experiments, cells were washed 2× with PBS, resuspended in
radio-immunoprecipitation assay (RIPA) buffer (10 mM Tris, pH 8.0; 150 mM NaCl; 1.0%
Triton X-100; 0.1% deoxycholate; 5mM EDTA) with protease inhibitors (Sigma), and
incubated on ice for 60 min. Cells were centrifuged at 12,000 g for 10 min at 4°C, and lysates
were precleared with Protein G Sepharose (GE Healthcare), following incubation with anti-
eNOS antibody, anti-α-actinin-4 antibody, control mouse IgG, or control rabbit IgG at 4°C
overnight. Protein G Sepharose was added for 2 h. The immune complexes were washed 3×
with RIPA buffers.

GST pull-down assays
GST-α-actinin-4 proteins were expressed in Escherichia coli DH5α strain, affinity-purified,
and immobilized on glutathione-sepharose 4B beads (GE Healthcare). Purified immobilized
GST fusion proteins were incubated with recombinant bovine eNOS protein (Cayman
Chemical, Ann Arbor, MI, USA) in NTEN buffer (20 mM Tris, pH 8.0; 100 mM NaCl; 1 mM
EDTA; 0.1% Nonidet P-40; 10% glycerol; 2 mM phenylmethylsulfonyl fluoride; 1 mM
dithiothreitol) at 4°C overnight, followed by 3× washes. The bound fractions were separated
on SDS-PAGE gel and subjected to immunoblotting with anti-eNOS antibody.
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Immunofluorescence study
HSVECs were plated onto gelatin-coated cover slips. Cells were fixed with 2%
paraformaldehyde in PBS for 15 min and rinsed 3× with PBS, following permeation by 0.2%
Triton X-100 plus 1% normal goat serum in PBS. Cells were washed with PBS with 1% normal
goat serum 3×. Cells were incubated with 400× diluted mouse monoclonal anti-eNOS antibody
and/or 400× diluted anti-α-actinin-4 antibody, following the secondary staining with Alexa
Fluor 488 goat anti-mouse IgG (H+L) and/or Alexa Fluor 568 goat anti-rabbit IgG (H+L) from
Invitrogen. Cells were examined with Leica TCS SP5 system (Leica, Wetzlar, Germany).

eNOS activity assay
COS-7 cells were transfected with pCDNA3-eNOS with or without pCDNA3-ACTN4. eNOS
activity was determined by measuring the conversion of [3H] L-arginine to [3H] L-citrulline
using the NOS assay kit from EMD Bioscience, Inc. (San Diego, CA, USA) according to the
manufacturer’s manual. Lysates incubated with 1 mM of the eNOS inhibitor, nitro-L-arginine
methyl ester (L-NAME) served as blanks. The eluted GST-α-actinin-4 variants or GST alone
was incubated with 2 μg (15 pmol) of recombinant bovine eNOS protein (Cayman Chemical).

BAECs were transiently transfected with either pCDNA3, pCDNA3-ACTN1, pCDNA3-
ACTN4 in phenol red-free DMEM containing 10% charcoal-stripped FBS for 24 h, following
8 h starvation in phenol red-free DMEM only. Cells were then treated in Krebs-Ringer’s
solution (111.8 mM NaCl, 3.4 mM KCl, 2.5 mM CaCl2, 0.8 mM MgSO4, 1.2 mM KH2PO4,
25 mM NaHCO3, and 11.1 mM glucose), 1 mM arginine, and 10 μM diaminofluorescein
(DAF-2, EMD Biosciences, Inc., La Jolla, CA) with or without stimulants for 2 h (18). Overall
fluorescence measured by a Victor 3 spectrofluorimeter (PerkinElmer, Waltham, MA, USA)
and confirmed by counting the percentage of individually labeled fluorescent cells per high-
power field by confocal microscopy (Leica TCS SP5 System).

Small interfering RNA (siRNA) of ACTN4
Two pairs of siRNA oligonucleotides for bovine ACTN4 (sense strand, 5′-GGA GAA GCA
GCU AGA GAC CAU CGA C-3′ (siACTN4-A) and 5′-CUU CGA AGU GGC UGA GAA
AUA CCT C-3′ (siACTN4-B)) and a pair of control siRNA oligonucleotides (5′-CAG AGA
GGA GGA AAG GAG ACG CAG G-3′) were synthesized by Integrated DNA Technologies
(Coralville, IA, USA). BAECs grown to ~50% confluence in 6-well plates were transfected
with Gene Silencer (Gene Therapy System, San Diego, CA, USA) transfecting agent with
target-specific siRNA (20 nM) and control siRNA (20 nM) in serum-free DMEM according
to the manufacturer’s recommendation. Approximately 3 h post-transfection, 1 ml of fresh
complete DMEM medium containing 10% FBS was added, and the cells were cultured for an
additional 72 h for protein analyses of ACTN4 and assay for eNOS activity.

Statistical analysis
Differences between groups were determined by the 1-way ANOVA test. Values of P < 0.05
were considered statistically significant.

RESULTS
Association of eNOS with α-actinins in yeast

We screened 2.5 × 106 yeast colonies transformed with a human heart cDNA library fused to
the Gal4 transcriptional activation domain with a bait construct encoding the N-terminal region
(1–530 aa) of eNOS fused to the Gal4 DNA binding domain. The N-terminal region of eNOS
was selected to avoid identifying known proteins, which could interact with the FMN/FAD/
NADH C-terminal domain that is homologous with various cytochrome P450 monooxygenase

Hiroi et al. Page 4

FASEB J. Author manuscript; available in PMC 2008 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



enzymes (3). The bait protein was expressed in the yeast and did not have transcriptional
activity. One hundred forty-four clones grew, and 65 galactosidase-positive clones were
obtained. Twenty-two clones representing 14 independent prey constructs encoded the actin-
binding protein, α-actinin-2, encoded by the ACTN2 gene (Fig. 1A). All positive clones
contained the entire C-terminus but lacked varying portions of the N-terminal domains. The
shortest ACTN2 clone (585–894 aa) encoded a small portion of spectrin-like repeat 3 (R3), all
of R4, and the EF hand domain, suggesting that the eNOS-binding motif was contained within
this region.

To confirm and refine the location of the eNOS-binding region of α-actinin-2, we used a
reporter assay to examine the interaction of four ACTN2 deletion constructs with eNOS. Two
ACTN2 constructs (273–894 and 506–757 aa) exhibited strong interaction with eNOS, whereas
the other two constructs (394–505 and 758–894 aa) did not (Fig. 1B). These findings suggest
that the R4 domain contains the putative eNOS-binding region of α-actinin-2. Interestingly,
the R4 domain is also important for α-actinin-2 binding to other cytoskeletal proteins such as
calsarcin-2/myozenin (14).

To determine the α-actinin-binding region of eNOS, we made 4 N-terminal deletional
constructs of eNOS and examined their interaction with α-actinin-2 (585–894 aa). Compared
with the N-terminal construct of eNOS (1–530 aa), more deletion of amino acids 469–530 (1–
468 aa construct) resulted in no interaction with α-actinin-2, indicating that this 62-amino-acid
region, which contains the calmodulin-binding site, is essential for binding to α-actinin (Fig.
1C). Because calmodulin binds and activates eNOS in response to an increase in intracellular
calcium concentrations, these findings raise the possibility that α-actinin may compete with
calmodulin for binding to eNOS. Such competitive binding between α-actinin-2 and
calmodulin has been shown for the N-methyl-D-aspartate (NMDA) -type glutamate receptor
in neural synapses (19).

The human α-actinin gene family encodes 4 isoforms: 2 nonmuscle (cytoskeletal) forms, α-
actinin-1 and α-actinin-4 (20–22), and 2 striated muscle (sarcomeric) forms, α-actinin-2 and
α-actinin-3 (22,23). Although eNOS is present in cardiomyocytes where it likely interacts with
α-actinin-2, eNOS is predominantly expressed in vascular endothelial cells, which express α-
actinin-1 and -4, but not -2. Indeed, similar to α-actinin-2, we found that α-actinin-4, but not
α-actinin-1, was able to interact with eNOS in the yeast two-hybrid assays (Fig. 1D).

Expression of α-actinin isoforms in vascular endothelial cells
Using α-actinin isoform-specific antibodies (16,17), we confirmed that endothelial cells
express α-actinin-1 and α-actinin-4 (Fig. 2A, D) but do not express the striated muscle α-actinin
isoforms, α-actinin-2 or α-actinin-3 (Fig. 2B, C). Interestingly, α-actinin-4, which is generally
more abundant in highly motile cells than α-actinin-1 (24), is robustly expressed in endothelial
cells, suggesting that endothelial cells may possess a high-motility phenotype. Indeed, α-
actinin-4 co-immunoprecipitated with eNOS in vascular endothelial cells (Fig. 3A–C). This is
consistent with the interaction of α-actinin-4 with eNOS observed in the yeast reporter assay
(Fig. 1D).

Competitive interaction between α-actinin-4 and calmodulin for eNOS
On increases in intracellular calcium concentration, the calcium-calmodulin complex binds to
eNOS via the calmodulin-binding domain of eNOS (1). Because the calmodulin-binding region
on eNOS overlaps with the α-actinin-binding site, we investigated whether calmodulin can
compete with α-actinin-4 for binding to eNOS. When endothelial cells were stimulated with
bradykinin (1 μM) or the calcium ionophore A23187 (10 μM), co-immunoprecipitation studies
showed decreased α-actinin-4-eNOS association (Fig. 3B, C). To further confirm α-actinin-4-
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eNOS interaction and to refine the binding region on α-actinin-4, we performed GST pull-
down assay using GST fusion proteins containing full-length and 3 deletion mutants of α-
actinin-4. The fusion proteins were expressed, purified, and incubated with recombinant eNOS
protein. The full-length protein (1–911 aa) and R4 domain (619–769 aa) of α-actinin-4 bound
to eNOS protein; however, the actin-binding domain, Rl, R2, and R3 (1–618 aa), and EF
domain (770–911 aa) did not (Fig. 3D). These findings suggest that eNOS can directly bind to
α-actinin-4 in vitro and confirm that the R4 domain of α-actinin-4 contains the eNOS-binding
site. Finally, the interaction between eNOS and α-actinin-4 was inhibited in a concentration-
dependent manner by addition of recombinant calmodulin (Fig. 3E). Similar findings were
observed with the interaction between eNOS and R4 domain of α-actinin-4 (619–769 aa).

Dynamic subcellular localization of eNOS and α-actinin-4 in endothelial cells
Cellular localization of cytoskeletal α-actinins and α-actinin-1 and -4 is quite distinct from the
sarcomeric isoforms, α-actinin-2 and -3. For example, α-actinin-1 typically localizes to focal
adhesion plaques and adherens junction, whereas α-actinin-4 is preferentially localized to
moving structures, such as dorsal ruffles, lamellipodia, and filopodia and participates in circular
ruffling, macropinocytosis, and phagocytosis (20,25). To determine the subcellular localization
α-actinin-4 and whether it colocalizes with eNOS, we performed double immunofluorescence
staining of vascular endothelial cells using anti-eNOS and anti-α-actinin-4 antibodies.
Although most of the α-actinin-4 resides in the cytoplasm under basal cell condition, substantial
amounts of α-actinin-4 also reside at the cell membrane, where it colocalizes with eNOS (Fig.
4A). In contrast, α-actinin-1 localizes predominantly to the cytoplasm with little, if any, present
at the cell membrane (Fig. 4B). Treatment with the calcium ionophore A23187, which is a
known activator of eNOS through increases in calcium-calmodulin binding, decreased the
amount of α-actinin-4 staining at the cell membrane within 1 min (Fig. 4C). After 3 min, most
of the α-actinin-4 was detected in the cytoplasm. These findings indicate that α-actinin-4
dynamically regulates the rapid calcium-dependent basal activation of eNOS and suggest that
eNOS subcellular localization, in part, may be dependent on interaction with α-actinin-4 and
the actin cytoskeleton.

Direct inhibition of eNOS activity by α-actinin-4
To determine whether α-actinin-4 regulates eNOS activity, we transfected COS-7 cells with
expression plasmids containing eNOS, with or without cotransfection with α-actinin-4.
Transfection of eNOS alone caused an increase in eNOS activity, measured by the conversion
from L-arginine to L-citrulline. Coexpression of α-actinin-4 decreased eNOS activity by ~30%
(Fig. 5A). Similarly, cotreatment with calcium chelators, EDTA, EGTA, and l,2-bis-(o-
aminophenoxy)-ethane-N,N,N′,N′-tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM) or
the NOS inhibitor N-(ù)-nitro-L-arginine methylester (L-NAME) inhibited A23187-induced
eNOS activity in BAECs (Fig. 5B). Indeed, overexpression of α-actinin-4 and, to a lesser extent,
α-actinin-1 also inhibited A23187-induced eNOS activity in transfected BAECs (Fig. 5C).
Transfection efficiency was estimated at 32% using GFP expression plasmid. Overall,
transfection of α-actinin-4 resulted in a 28% decrease in eNOS activity of the entire culture
dish (transfected and untransfected cells). However, taking into account the transfection
efficiency in BAECs that were actually transfected with α-actinin-4, the suppression of eNOS
activity by α-actinin-4 was calculated to be ~87%.

To confirm that the R4 domain of α-actinin-4, which is the putative site of interaction with
eNOS, can inhibit eNOS activity, we measured eNOS activity in vitro by incubating
recombinant eNOS protein with GST fusion α-actinin-4 protein. The GST alone had no effect
on the eNOS activity, whereas full-length α-actinin-4 (1–911 aa) dramatically reduced eNOS
activity by ~60% (Fig. 5D). In particular, the α-actinin-4 deletion mutant, 619–769 aa, which
comprises the R4 domain, also inhibited eNOS activity. In contrast, the α-actinin-4 deletion
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mutants, 1–618 aa and 770–911 aa, which do not contain the eNOS-binding site, were unable
to inhibit eNOS activity.

To determine whether the loss of α-actinin-4 could affect basal eNOS activity in endothelial
cells, we knocked down α-actinin-4 expression using siRNA that is specific for bovine ACTN4.
Compared with control siRNA, transfection of bovine ACTN4 siRNA into BAEC resulted in
a 90% decrease in α-actinin-4 expression and a 42% increase in eNOS activity (Fig. 6A, B).
These findings indicate that α-actinin-4 is critical for basal eNOS activity.

DISCUSSION
As a highly lipophilic and diffusible molecule, the subcellular localization of eNOS is critical
for its function, both intercellularly and intracellularly (26). Indeed, eNOS that is restricted to
the plasma membrane appears to be more sensitive to calcium- and Akt-dependent agonists
than is Golgi-localized eNOS (27). The subcellular localization and activation of eNOS is
regulated post-translationally by myristoylation at N-terminal glycine residue 2 (2);
palmitoylation at N- terminal cysteine residues 15 and 26 (28); phosphorylation at serine
residues 116, 617, 635, 1177, and threonine residue 495 (29); S-nitrosylation at cystein residues
94 and 99 (6,7); and various protein-protein interactions (3,30,31).

We have shown that under basal conditions, eNOS is bound to α-actinin-4 in vascular
endothelial cells. Stimulation with either bradykinin or A23187 leads to rapid dissociation of
α-actinin-4-eNOS interaction, loss of α-actinin localization in the cell membrane, and increased
eNOS activity. Indeed, addition of exogenous calmodulin can competitively disinhibit the
effects of α-actinin-4 on eNOS. Overexpression of α-actinin-4 or addition of calcium chelators
such as EDTA, EGTA, or BAPTA leads to inhibition of A23187-induced eNOS activity. In
contrast, the knockdown of α-actinin-4 increases basal eNOS activity in endothelial cells.
These findings suggest that the association of α-actinin-4 with eNOS dynamically regulates
basal eNOS activity. Activation of eNOS by agents, which increases intracellular calcium,
leads to the displacement of α-actinin-4 from eNOS by calmodulin.

At the cell membrane, caveolin-1 is also known to regulate eNOS activity negatively by
competing with calmodulin (32). However, eNOS-caveolin protein-protein interaction appears
unnecessary for membrane targeting of eNOS (33), and the caveolin-binding site is distinct
and far from the α-actinin-4-binding site (Fig. 1C). Furthermore, targeted disruption of the
caveolin-1 gene is not lethal (34), although caveolin-1 appears to be required for calcium-
independent eNOS activation by vascular endothelial growth factor (35). Thus, in caveolin-1-
deficient endothelial cells, other factors such as, perhaps, α-actinin-4 may be involved in
regulating calcium-dependent eNOS activation by calmodulin. Our findings suggest that
caveolin-1 and α-actinin-4 may work cooperatively to tonically inhibit basal eNOS activity.

We find that basal eNOS activity in vascular endothelial cells is tonically regulated by
competitive interaction between α-actinin-4 and calmodulin for eNOS. α-actinin was isolated
as an actin-binding protein that bridges other cytoskeletal proteins such as vinculin and zyxin
and cell adhesion proteins such as integrin β1, β2, intercellular adhesion molecule 1 (ICAM1),
ICAM2, and L-selectin to the actin network (24). Recently, α-actinin has been shown to bind
to signal transduction proteins such as the NMDA receptor and serves as scaffold protein for
phosphatidylinositol 3-kinase, MEK kinase 1, and extracellular regulated kinase (24). In
particular, a splice variant of α-actinin-4 localizes predominantly in the nucleus (36), where it
associates with histone deacetylase 7, resulting in increased myocyte enhancer factor-2A
activity. Therefore, actinins are not only cytoskeletal proteins but also serve as important
regulators of cellular functions.
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α-Actinins form antiparallel dimers with actin-binding domain (composed of 2 calponin-
homology domains) at each end, which are used to cross-link actin filaments. α-actinins contain
4 spectrin-like repeats and a calmodulin-like domain consisting of 2 EF-hand motifs. In our
study, the eNOS-binding site is mapped to the R4 domain of α-actinin, and this spectrin-like
repeat is curved axially and twisted to form high-affinity binding sites for other molecules such
as titin, α-catenin, ICAM2, NMDA receptor, and calsarcin-2/myozenin (14,37,38). Although
α-actinin-1 may also bind to eNOS, albeit to a lesser degree compared with α-actinin-4, its
subcellular localization (i.e., cytoplasm) does not make it conducive for inhibiting basal eNOS
activity at the cell membrane. Interestingly, alternative splicing of the EF hand renders the
cytoskeletal α-actinin isoforms, α-actinin-1 and α-actinin-4, more sensitive to calcium binding
compared to the relatively insensitive sarcomeric isoforms (23,39). Perhaps this process allows
α-actinin-4 in endothelial cells, as opposed to α-actinin-2 in cardiomyocytes, to fine-tune eNOS
activity on increases in intracellular calcium and competition with calmodulin. Further studies
are required to determine whether this dynamic interaction of α-actinin-4 with eNOS is the
primary mechanism by which eNOS is localized to the plasma membrane and whether the
competition between α-actinin-4 and calmodulin for eNOS is the principle determinant of
eNOS sensitivity to changes in intracellular calcium.
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Figure 1.
Characterization of binding between α-actinin and eNOS. A) The structure of α-actinin-2 and
14 independent clones isolated from a human heart cDNA library using yeast two-hybrid
screen. α-Actinin-2 has an actin-binding domain (ABD), 4 spectrin-like repeats (R1-R4), and
an EF hand domain (EF). Minimal clone that was obtained contained a small part of R3, R4,
and an EF domain. B) Mapping of eNOS-binding domains on α-actinin-2 by X-α-galactosidase
plate assay. The shortest isolated clone of ACTN2 (585–894aa) and a deletion mutant (506–
757 aa) containing R4 were sufficient to enable binding to the N-terminal domain of eNOS
(1–530 aa). C) Mapping of α-actinin-binding domains on eNOS by X-α-galactosidase plate
assay. Lack of 469–530 aa of eNOS, which includes the calmodulin-binding domain (■), and
the caveolin-binding domain (□), resulted in loss of binding ability to α-actinin-2. D) Binding
of α-actinin isoforms to eNOS in yeast two-hybrid system. Binding of vector served as control,
α-actinin-2 and -4, but not α-actinin-1, interacted with eNOS.
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Figure 2.
Expression of α-actinin isoforms in vascular endothelial cells. Western blot of ACTN isoforms
in human saphenous vein endothelial cell (EC), mouse heart (Heart), and skeletal muscle
(Sk.m) using isoform-specific antibodies to α-actinin-1 (A), α-actinin-2 (B), α-actinin-3 (C),
and α-actinin-4 (D). For internal control, blots were reprobed with antibodies to α- and β-
tubulin. Three separate experiments yielded similar results.
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Figure 3.
Interaction of α-actinin-4 with eNOS. A) Immunoprecipitation (IP) of eNOS from human
endothelial cell lysates with anti-eNOS antibody followed by immunoblotting with α-actinin-4
antibody. Experiments were performed 3 times with similar results. B) Lysates from untreated
endothelial cells (Cont) or endothelial cells stimulated with bradykinin (BK, 1 μM) or the
calcium ionophore A23187 (10 μM) were immunoprecipiated (IP) with eNOS antibody
followed by immunoblotting with α-actinin-4 antibody. Experiments were performed 3 times
with similar results. C) Lysates from untreated endothelial cells (Cont) or endothelial cells
stimulated with bradykinin (BK, 1 μM) or the calcium ionophore A23187 (10 μM) were
immunoprecipiated (IP) with α-actinin-4 antibody followed by immunoblotting with eNOS
antibody. Densitometry analysis in bar graph. *P < 0.05 and **P < 0.01 compared with control.
Experiments were performed 3 times with similar results. D) GST-ACTN4 pull-down assay
using various deletional constructs of ACTN4 and recombinant bovine eNOS protein.
Experiments were performed 3 times with similar results. E) Dose-dependent effects of
calmodulin on eNOS interaction with GST-ACTN4 constructs. Note that calmodulin inhibited
the interaction of eNOS with either GST-ACTN4 (1–911 aa) or GST-ACTN4 (619–769 aa).
Experiments were performed 3 times with similar results.
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Figure 4.
Dynamic subcellular localization of α-actinin-4 and eNOS in endothelial cells. A)
Immunofluorescence localization of eNOS and α-actinin-4 on HSVECs. The cells were double
stained for eNOS (green) and α-actinin-4 (red), and analyzed with a confocal microscope.
Merged image shows a colocalization of eNOS and α-actinin-4. Right panel: magnification of
colocalized area. B) Immunofluorescence localization of eNOS and α-actinin-1. The cells were
double stained for eNOS (green) and α-actinin-1 (red). Merged image does not show
colocalization of eNOS and α-actinin-1. C) Dynamic movement of α-actinin-4 induced by
Ca2+ ionophore. Small amount of α-actinin-4 was localized at cell membrane before
stimulation. Stimulation with A23187 (10 μM) decreased membrane localization of α-actinin-4
within 1 min. Scale bars = 25 μm.
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Figure 5.
Direct inhibition of eNOS activity by α-actinin-4. A) Reduction in transfected eNOS activity
in COS-7 cells cotransfected with ACTN4 cDNA. eNOS activity was measured by arginine-
to-citrulline conversion assay. *P < 0.05 compared with transfection with eNOS cDNA alone.
B) eNOS activity (fold induction) in BAECs stimulated with (■) and without (□) A23187 (10
μM) in the presence of calcium chelators, EDTA (10 mM), EGTA (10 mM), and BAPTA-AM
(10 μM) or NOS inhibitor L-NAME (1 mM). Cells were pretreated with chelators or inhibitors
for 30 min before A23187 stimulation. eNOS activity measured using DAF-2. **P < 0.01
compared with vehicle. C) Inhibition of A23187 (1 μM □,10 μM ■) -induced eNOS activity
by ACTN1 and ACTN4 cDNA in transfected BAECs. eNOS activity measured using DAF-2.
*P < 0.05, **P < 0.01 compared with pcDNA3, respectively. D) The effect of GST-ACTN4
(1–911 aa) or GST-ACTN4 (619–769 aa) on recombinant bovine eNOS protein activity in
vitro. eNOS activity measured by arginine-to-citrulline conversion assay. *P < 0.05 compared
with GST.

Hiroi et al. Page 15

FASEB J. Author manuscript; available in PMC 2008 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Knockdown ofACTN4 in endothelial cells. A) Effect of transfection of BAECs with control or
ACTN4 siRNA on α-actinin-4 expression. **P < 0.01, n = 6. B) Effect of transfection of BAECs
with control or ACTN4 siRNA on basal eNOS activity (% basal activity). eNOS activity
measured using DAF-2. *P < 0.05, n = 6.
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