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ABSTRACT

Endothelial nitric-oxide synthase (eNOS) plays a crucial role in
the regulation of a variety of cardiovascular and pulmonary
functions in both normal and pathological conditions. Multiple
signaling inputs, including calcium, caveolin-1, phosphorylation
by several kinases, and binding to the 90-kDa heat shock
protein (Hsp90), regulate eNOS activity. Here, we report a novel
mechanism of G protein-dependent regulation of eNOS. We
demonstrate that in mammalian cells, the « subunit of hetero-
trimeric G12 protein (Ga,,) can form a complex with eNOS in an
activation- and Hsp90-independent manner. Our data show
that Ga,, does not affect eNOS-specific activity, but it strongly

enhances total eNOS activity by increasing cellular levels of
eNOS. Experiments using inhibition of protein or mRNA syn-
thesis show that Ga,, increases the expression of eNOS by
increasing half-life of both eNOS protein and eNOS mRNA.
Small interfering RNA-mediated depletion of endogenous Ga;,
decreases eNOS levels. A quantitative correlation can be de-
tected between the extent of down-regulation of Gea,, and
eNOS in endothelial cells after prolonged treatment with throm-
bin. G protein-dependent increase of eNOS expression repre-
sents a novel mechanism by which heterotrimeric G proteins
can regulate the activity of downstream signaling molecules.

G12, one of the heterotrimeric guanine nucleotide-binding
proteins (G proteins), regulates diverse and complex cellular
responses by transducing signals from the cell surface pre-
sumably via more than one signaling pathway. The «a subunit
of G12 (Gay,) regulates the Na*/H" exchanger activity
(Voyno-Yasenetskaya et al., 1994b), extracellular signal-reg-
ulated kinase (Voyno-Yasenetskaya et al., 1994b, 1996), and
c-Jun NH,-terminal kinase pathways (Prasad et al., 1995;
Voyno-Yasenetskaya et al., 1996) and promotes assembly of
actin stress fibers (Buhl et al., 1995). It also induces mito-
genesis and neoplastic transformation (Xu et al.,, 1993;
Voyno-Yasenetskaya et al., 1994a) and apoptosis (Althoefer
et al., 1997; Berestetskaya et al., 1998).

It is becoming clear that Ga;, interacts with multiple
signaling molecules, which in turn may provide the specific-
ity of Gay,-mediated signaling. The guanine nucleotide ex-
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change factor for RhoA, p115 RhoGEF, was shown to interact
with and act as a GTPase activating protein for Ga;, and
Gay5 (Kozasa et al., 1998). Another Ga,, (as well as Gay;)-
interacting protein is cadherin, which is involved in cell-cell
adhesion (Meigs et al., 2001). We have previously determined
that Ga;, (but not Ga,3) binds to «SNAP, a protein involved
in membrane trafficking (Andreeva et al., 2005) and Hsp90
(Vaiskunaite et al., 2001), a molecular chaperone that inter-
acts with multiple signal transduction molecules and is es-
sential to a variety of signaling pathways. It is noteworthy
that Hsp90 is required for Ga;,-induced serum response
element activation, cytoskeletal changes, mitogenic response
(Vaiskunaite et al., 2001), and probably Ga,,, delivery to lipid
rafts (Waheed and Jones, 2002).

Endothelial nitric-oxide synthase (eNOS), the isoform that
produces endothelium-derived NO, is another important sig-
naling molecule whose activity is regulated by Hsp90 (Gar-
cia-Cardena et al., 1998). It was demonstrated that Hsp90 is
rapidly recruited to the eNOS complex by agonists that stim-
ulate NO production. Moreover, binding of Hsp90 to eNOS
enhances activation of the latter, and inhibition of signaling
through Hsp90 inhibits agonist-stimulated production of NO
(Garcia-Cardena et al., 1998).

Upon a short exposure of endothelial cells to thrombin,

ABBREVIATIONS: SNAP, soluble N-ethylmaleimide-sensitive factor attachment protein; Hsp90, 90-kDa heat shock protein; eNOS, endothelial
nitric-oxide synthase; siRNA, small interfering RNA; HA, hemagglutinin; EE, EEEEYMPME peptide; SSC, standard saline citrate; HUVEC, human
umbilical vein endothelial cell; NOS, nitric-oxide synthase; RhoGEF, guanine nucleotide exchange factor for Rho; WB, Western blotting.
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eNOS activity is increased, without any changes in protein
levels. Thrombin causes rapid phosphorylation of eNOS with
the maximum effect seen after only 1 min (Thors et al., 2003).
However, prolonged incubation with thrombin reduces both
activation of eNOS and the protein content (Eto et al., 2001;
Ming et al., 2004). Down-regulation of eNOS expression in
endothelial cells exposed to thrombin for 24 h can be pre-
vented by an inhibitor of a small GTPase Rho or by an
inhibitor of ROCK (Laufs and Liao, 1998; Ming et al., 2002),
a kinase that is a downstream target of Rho. Activated Rho
seems to down-regulate eNOS expression by decreasing the
half-life of eNOS mRNA (Laufs and Liao, 1998).

Ga,o (along with a related Ga,; protein) plays a pivotal
role in signal transduction in endothelial cells, in particular
in thrombin signaling (Birukova et al., 2004). Involvement of
both Ga;, and eNOS in signaling events initiated by throm-
bin as well as the importance of interaction with Hsp90 for
proper functioning of both proteins (Garcia-Cardena et al.,
1998; Vaiskunaite et al., 2001) prompted us to investigate
whether there might be a functional link between Ga;, and
eNOS presumably mediated by Hsp90. Indeed, as reported in
this study, we were able to demonstrate that Ga;, can form
a complex with eNOS. This interaction, however, did not
require Hsp90 and was not dependent on the activation state
of Ga;5. Furthermore, we found that overexpression of Ga;o
led to increased levels of eNOS (and increased total eNOS
activity) by a dual mechanism: by increasing the half-life of
eNOS protein and of eNOS mRNA. The data from the exper-
iments using siRNA-mediated depletion of endogenous Ga,,
and assessment of a quantitative correlation between the
extent of thrombin-induced down-regulation of Gay, and
eNOS in endothelial cells are consistent with Ga,, acting to
maintain eNOS levels at physiological concentrations of both
proteins. These findings suggest that regulation of degrada-
tion rate of target proteins and mRNA may represent a novel
mechanism by which heterotrimeric G proteins can regulate
the activity of downstream signaling molecules.

Materials and Methods

Materials. Geldanamycin, actinomycin D, and cycloheximide
were from Sigma-Aldrich (St. Louis, MO). Polyclonal Ga;, and Gay
antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Monoclonal HA antibody was purchased from
BAbCO (Richmond, CA). Monoclonal Hsp90 and eNOS antibodies
were purchased from BD Transduction Laboratories (Lexington,
KY). a-Tubulin monoclonal antibody was from Sigma-Aldrich. Pro-
tein A and protein A/G agarose were from Life Technologies, Inc.
(Carlsbad, CA), and Santa Cruz Biotechnology, Inc., respectively.
Constructs for HA-tagged Ga,, and Gays (in pcDNA3) and for
p115FheGEF (in pEXV-Myc) were kindly provided by Silvio Gutkind
and Tohru Kozasa, respectively. Untagged Gay, constructs were
described previously (Voyno-Yasenetskaya et al., 1994). Plasmids for
EE-tagged Ga;y, Gay;, Gag, and Ga, (in pcDNAS.1) were from Guth-
rie Research Institute (Sayre, PA). Plasmids for GB; and Gy, were as
described previously (Niu et al., 2003). The ¢cDNA for eNOS was
described previously (Garcia-Cardena et al., 1998).

Cell Culture and Transfection. Transient transfection of
COS-7 cells was performed using Lipofect AMINE 2000 reagent (In-
vitrogen, Carlsbad, CA) according to manufacturer’s instruction. Hu-
man umbilical vein endothelial cells (HUVECSs) obtained from Clo-
netics Corporation (Walkersville, MD) were grown in EBM-2
medium supplemented with 10% fetal bovine serum. Cells were

cultured on tissue culture dishes coated with 0.1% gelatin. Cells were
used between passages 4 and 8.

Immunoprecipitation and Western Blotting. eNOS and HA-
tagged Ga,, were transiently expressed in COS-7 cells. Cells were
lysed in 50 mM HEPES, pH 7.5, 1 mM dithiothreitol, 50 mM NaCl,
5 mM MgCl,, and 1% Lubrol. In some experiments (see figure leg-
ends), NaF and AICl; (final concentrations 5 mM and 50 uM, respec-
tively) were added to the lysis buffer to yield AlF,. Lysates were
normalized for total protein concentration, and proteins were immu-
noprecipitated with anti-HA antibody and protein A agarose or anti-
eNOS antibody and protein A/G agarose for 16 h at 4°C. Immuno-
precipitates were washed, precipitated proteins were separated by
SDS-polyacrylamide gel electrophoresis in homogenous (8-10%) or
gradient (4—25%) gels, transferred onto a nitrocellulose or polyvinyli-
dene difluoride membrane, and probed with appropriate antibodies.
Western blots were developed using ECL Plus reagents (Amersham
Biosciences Inc., Little Chalfont, Buckinghamshire, UK).

Subcellular Fractionation of HUVECs. HUVECs were washed
with ice-cold phosphate-buffered saline and then immediately trans-
ferred to ice-cold homogenization buffer [50 mM Tris-HCL, pH 7.5, 2.5
mM MgCl,, 1 mM EDTA, 1:200 dilution of proteinase inhibitor
cocktail (Sigma-Aldrich), 0.2 mM phenylmethylsulfonyl fluoride, and
1 mM benzamidine]. Cells were lysed by brief sonication and frac-
tionated into 1000g (10-min centrifugation), 10,000¢ (10 min), and
100,000g (1 h) pellets and 100,000g supernatant. Electrophoretic
separation and immunoblotting were performed as described above
using gradient (4—25%) SDS-polyacrylamide gels.

NOS Activity Assay. NO synthase activity was measured by
monitoring the conversion of [*H]arginine to [*H]citrulline as de-
scribed previously (Garcia-Cardena et al., 1996). In brief, COS-7
lysates (~75 ug) were incubated in an assay buffer (total volume 100
wul) containing 1 mM NADPH, 5 uM tetrahydrobiopterin, 100 uM
calmodulin, 2.5 mM CaCl,, 10 uM L-arginine, and L-[*H]arginine (0.2
uCi; 66 Ci/mmol) for 15 min at 37°C. The reaction was quenched by
the addition of 1 ml of ice-cold stop buffer containing 20 mM HEPES,
2mM EDTA, and 2 mM EGTA, pH 5.5, and the reaction mixture was
passed over a 1-ml column containing Dowex AG50 WX-8 resin (Na*
form, pre-equilibrated in stop buffer). The column was washed with
1 ml of stop buffer, and flow-through was collected directly into
scintillation vials. Generated L-[*H]citrulline was quantified by scin-
tillation spectrometry.

siRNA Assay. Inhibition of Ga,, expression was performed using
Ga,, siGENOME SMARTpool reagent and individual siRNA du-
plexes (Dharmacon Research, Inc., Lafayette, CO). Assay was per-
formed as described previously (Andreeva et al., 2005).

Northern Blotting. Total RNA was isolated from COS-7 cells
transiently transfected with the indicated cDNA plasmids using an
RNeasy kit from QIAGEN (Valencia, CA). Equal amounts of total
RNA (10-20 pg) were separated by 1% formaldehyde-agarose gel
electrophoresis, transferred overnight onto Duralon-UV nylon mem-
branes (Stratagene, La Jolla, CA) by capillary action, and the trans-
ferred RNA UV cross-linked to the membrane before prehybridiza-
tion. Radiolabeling of BglII-Xhol 1.8-kilobase fragment of eNOS was
performed using random 9mer primer, [*?P]CTP, and Klenow frag-
ment (Prime-It II random primer kit; Stratagene). The membranes
were hybridized with the probes overnight at 50°C in a solution
containing 50% formamide, 6X SSC, 5X Denhardt’s solution, 1%
SDS, and 100 pg/ml salmon sperm DNA. All Northern blots were
subjected to stringent washing conditions (2X SSC, 0.1% SDS at
room temperature, followed by 0.1X SSC and 0.1% SDS at 50°C)
before autoradiography with intensifying screen at —80°C for 1 to
24 h.

Kinetic Analysis. The cDNAs for eNOS and Ga;,Q229L were
transiently expressed in COS-7 cells. At 36 h after transfection, the
cells were treated with 100 pg/ml cycloheximide or 10 ug/ml actino-
mycin D for periods of time indicated in the figure legends. There-
after, cells were collected and protein or mRNA content was analyzed
by Western or Northern blotting, respectively.
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Densitometry and Statistical Analysis. Densitometry of pro-
tein bands was performed on scanned images of immunoblots using
NIH Image 1.63 (http://rsb.info.nih.gov/nih-image/Default.html). Be-
cause the film response may not be linear with enhanced chemilu-
minescence signal and with the amount of antigen, quantitation was
performed from more than one exposure for each experiment to
ensure consistency of the results. All densitometric data shown are
normalized to internal control (Hsp90 or tubulin, as indicated in
figure legends). Quantification of mRNA levels was performed in a
similar way using Northern blot autoradiographs. All values are
expressed as mean + S.E. Statistical analysis was performed using
Student’s ¢ test where appropriate. A level of P < 0.05 was consid-
ered significant.

Results

Ga,;, and eNOS Form a Protein Complex in Living
Cells Independently of the Activation State of Ga;,. To
test a possibility that Ga;, and eNOS might coexist in the
same macromolecular complexes, we overexpressed HA-
tagged Ga,, and untagged eNOS in COS-7 cells and used
coimmunoprecipitation with anti-HA antibody, followed by
HA-Ga;, and eNOS detection by immunoblotting. Indeed,
eNOS could be detected in the material immunoprecipitated
with HA antibody, both in the absence and in the presence of
AlF,, an activator of Ga subunits that promotes a conforma-
tion similar to that of the transition state for GTP hydrolysis
(Berman et al., 1996) (Fig. 1A). eNOS was not detectable in
HA immunoprecipitates from the cells expressing eNOS but
not HA-Ga,, (Fig. 1A). These results suggested that Ga,,
forms a complex with eNOS both in the active and inactive
states.

Because HA tag modifies the N terminus of Ga,,, it was
essential to ensure that HA-tagged Ga,, is competent for a
transition into its active conformation under our experimen-
tal conditions. Ga;, interaction with its effector protein
pl15RhoGEF is known to occur only when Ga,, is in the
activated state (Vaiskunaite et al., 2001). Therefore, we per-
formed similar coimmunoprecipitation assays with HA-Ga,
and p115RhoGEF in the absence or in the presence of AlF, .
HA-Ga;,, interacted with p115RhoGEF only in the presence
of AlF, (Fig. 1B), which was consistent with previously pub-
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eNOS + + + + p115RhoGEF + +

HA-Gal2 - ~- + + HA-Gal2 + +
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Fig. 1. Ga;, and eNOS form a protein complex in vivo independently of
the activation state of Ga,,. A, activation-independent binding of Ge;, to
eNOS. COS-7 cells (60-mm dish) were transiently transfected with 1 pg
of plasmids encoding HA-tagged Ga,, and untagged eNOS, or empty
vector (pcDNAS3) as indicated. Forty-eight hours after transfection, cells
were lysed and immunoprecipitated (IP) with anti-HA antibody in the
absence or presence of AlF,. Immunoprecipitates and total cell lysates
were analyzed by Western blotting (WB) with anti-HA and anti-eNOS
antibodies, respectively. B, activation-dependent binding of Gea;, to
pl115RhoGEF. COS-7 cells were transfected and analyzed as described in
A, except that a construct encoding Myc-tagged p115RhoGEF and anti-
Myc antibody were used instead of eNOS construct and anti-eNOS anti-
body. Similar results were obtained in three independent experiments.
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lished data (Vaiskunaite et al., 2001) and confirmed that the
observed independence of the interaction of Ga;, with eNOS
on the absence or presence of AIF, was not an artifact be-
cause of the introduction of HA tag. Similar results were
obtained with EE-tagged wild-type Ga;, and constitutively
active EE-Ga;,Q229L (data not shown), which have the pri-
mary structure of their N termini intact.

Interaction of Ga;, and eNOS Does Not Depend on
Hsp90. Because we had initially hypothesized (see Introduc-
tion) that Ga,;,-eNOS interaction might be mediated by
Hsp90, we examined whether the disruption of Hsp90 inter-
action with eNOS and Ga;, would affect Ga;5,-eNOS inter-
action.

In the cells transfected with HA-Ga,,, antibody against
HA specifically immunoprecipitated endogenous Hsp90,
whereas in vector-transfected cells, anti-HA antibody did not
precipitate Hsp90 (Fig. 2A). These data are consistent with
our previously reported results (Vaiskunaite et al., 2001).
When cells were additionally transfected with eNOS, immu-
noprecipitation of HA-Ga;, demonstrated that both Hsp90
and eNOS were present in the complex with Ga,, (Fig. 2A).

To test whether Ga;,/Hsp90/eNOS complex formation is
indeed mediated by Hsp90, we performed the immunopre-
cipitation assays in the presence of geldanamycin, an inhib-
itor that disrupts Hsp90 interactions with target proteins
(Pratt, 1998). Cells transfected with HA-tagged Ga;, and
eNOS were pretreated with geldanamycin for 1 h, lysed and
immunoprecipitated with HA antibody. Our data showed
that pretreatment of the cells with geldanamycin disrupted
the interaction of Hsp90 with Ga,, (Fig. 2A) as well as with
eNOS (Fig. 2B). However, interaction of eNOS with Ga;, was
not affected (Fig. 2A). Together, these data suggest that
association of Ga;, with eNOS is not mediated by Hsp90.

Overexpression of Ga,, Increases eNOS Levels and
Total eNOS Activity. While performing the immunopre-
cipitation experiments described above, we noticed that ex-
pression levels of eNOS tended to be somewhat higher in
cells that were cotransfected with Ga,, compared with eNOS
alone, suggesting that coexpression with Ga;, might up-

A B

HA-Ga12 - + + +
eNOS - - + + eNOS -
Geldanamycin - + - Geldanamycin =
WB: eNOS —_— WB: eNOS ——
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Hsp90 - - w |IP:HA Hsp90 el
HA-Gal2 E
z eNOS —— ol
eNOS - lysates
Hspg) e - e
Hspo0 (NN | Tot=!
lysates
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Fig. 2. Interaction of Ga;, and eNOS does not depend on Hsp90. A,
geldanamyecin disrupts Ga;, interaction with Hsp90 but not with eNOS.
COS-7 cells (60-mm dish) were transiently transfected with 1 ug of
plasmids encoding HA-tagged Ga,, and eNOS, or empty vector (pcDNA3)
as indicated. Forty-eight hours after transfection, cells were treated with
geldanamycin (1 pg/ml) for 1 h, lysed, and immunoprecipitated with
anti-HA antibody. Immunoprecipitates (IP) and total cell lysates were
analyzed by WB with anti-HA, anti-eNOS, and anti-Hsp90 antibodies as
indicated. B, geldanamycin disrupts interaction between Hsp90 and
eNOS. COS-7 cells (60-mm dish) were transfected with 1 ug of pcDNA3 or
a plasmid encoding eNOS as indicated. Cells were treated and analyzed
as described in A. Immunoprecipitation was performed with anti-eNOS
antibody. Similar results were obtained in three independent experi-
ments.
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regulate eNOS. Separate experiments with varying ratios of
eNOS and Ga;, determined that the effect of Gay, on eNOS
levels increased at lower eNOS-to-Ga,, ratios (Fig. 3, com-
pare 50 and 450 ng of transfected Ga;,). The effects of wild-
type Ga;, and of mutationally activated Ga;,Q229L were
similar (Fig. 3), showing that Ga;, increases eNOS levels
independently of its activation state. This is in line with the
observed similar ability of Ga; 4 to form a complex with eNOS
in the absence and in the presence of AlF, (Fig. 1).

To assess how Ga;, would affect the activity of eNOS, we
transfected COS-7 cells with Ga;,, or vector in the presence of
increasing amounts of eNOS. eNOS activity, quantified by
analyzing the conversion [*H]arginine to [*H]citrulline in the
cell lysates, was considerably higher in the cells transfected
with Ga,, and eNOS than in the cells transfected with the
same amounts of eNOS construct without Ga,, (Fig. 4, com-
pare right and left). Ga;, alone did not have a detectable
effect on endogenous NOS activity (Fig. 4). Analysis of the
same cell lysates by immunoblotting confirmed that eNOS
levels in the cells cotransfected with Ga;, were considerably
higher than in the cells transfected with eNOS alone (Fig. 4),
suggesting that the increase in total eNOS activity in the
presence of overexpressed Ga;, may be because of the in-
creased levels of eNOS protein, rather than to its increased
specific activity. Indeed, normalization of total eNOS activity
to the amounts of eNOS in the cell extracts and comparison
of eNOS activity in COS-7 cells expressing similar levels of
eNOS in the absence and in the presence of coexpressed Ga;o
did not show a significant correlation between the presence of
Ga;5 and specific activity of eNOS (data not shown). Thus,
the experiments described above indicated that coexpression
with Ga,, increases levels of eNOS protein and therefore
total eNOS activity, but it does not affect specific activity of
eNOS.

Gal2 transfected, ng
wt Q229L
50 450 50 450 O
WE: Gal2 | e S e

ENOS e e e -
e

] Gal2
[Jenos

14 —

s m

Levels of Gal2 or eNOS,
arbitrary units
o o -

L e

50 450 50 450 0O

wt Q229L

Gal2 transfected, ng
Fig. 3. Overexpression of Ga;, increases eNOS levels independently of
Ga,, activation state. COS-7 cells (24-well plate) were transfected with
eNOS (50 ng/well) with or without wild-type or Q229L mutant of Ga,,, (50
or 450 ng/well as indicated), supplemented where appropriate with empty
vector to yield 450 ng of pcDNA3/well. Forty-eight hours after transfec-
tion, levels of eNOS and Ga,, were determined by Western blotting (top)
using anti-eNOS and anti-Ga;, antibodies, respectively, and quantitated
by densitometry (bottom). White bars, Ga,,; gray bars, eNOS. Data
shown are representative points from one of four similar experiments
using 0, 50, 150, and 450 ng of Ga,, constructs, which resulted in a
correlation coefficient for the dependence of eNOS on Ga,, levels of
0.92 = 0.04 (n = 4).

In addition, it should be noted that increasing the levels of
eNOS in COS-7 cells was accompanied by a progressive de-
cline in its specific activity (Fig. 4, inset). These observations
are in line with those reported for cultured bovine aortic
endothelial cells where hypoxia increased eNOS expression
with concomitant decrease in eNOS-specific activity, result-
ing in an unchanged total NO production (Arnet et al., 1996).

The above-mentioned observations raised a question of
whether these properties are unique to Gay,, or whether other
heterotrimeric G proteins are also able to affect eNOS expres-
sion levels. Although detailed comparison of different G pro-
teins in this respect is beyond the scope of this work, our
preliminary data suggest that Ga, 5 is as potent in both affect-
ing eNOS levels and the ability to interact with eNOS as G,
whereas no effect of Ga, and Gaz as well as GSy could be
detected (data not shown). Overexpression of Ga, seemed to
increase eNOS levels; this increase, however, was reversed by a
further elevation of Ge, levels, suggesting possible counterac-
tion of more than one mechanism (data not shown).

Ga,, Stabilizes Both eNOS Protein and eNOS mRNA.
We next addressed a possible mechanism how Ga,, affects
the levels of eNOS. Because eNOS expression in COS-7 cells
was driven not by endogenous eNOS promoter, but by a
constitutively active eNOS-unrelated cytomegalovirus pro-
moter, regulation at transcriptional level was unlikely. To
rule out a possibility of transcriptional regulation, we ana-
lyzed the sequence of eNOS ¢cDNA used in this study and
determined that only a short stretch of its 5’-untranslated
region, which lacked the eNOS promoter region, was present
in the plasmid. In addition, we have previously shown on a
number of occasions that Ga;, does not induce the cytomeg-
alovirus promoter (Voyno-Yasenetskaya et al., 1996; Berest-
etskaya et al., 1998; Niu et al., 2001; Vaiskunaite et al.,
2001). These considerations allowed us to exclude that Ga;,
might transcriptionally regulate expression of eNOS. There-
fore, we examined whether Ga,;, might affect stability of
eNOS protein and/or mRNA.

We used a kinetic analysis of eNOS and Ga;, expression in
the presence of cycloheximide to suppress protein synthesis
(Fig. 5). Total cell lysates were analyzed by Western blotting
(Fig. 5A). Relative eNOS expression was calculated as the
ratio between signal intensities of eNOS and Ga;, bands and
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Fig. 4. Overexpression of Ga,, increases eNOS levels and total activity.
COS-7 cells (10-cm dish) were transfected with increasing amounts of
eNOS as indicated with or without Ga;,Q229L (5 ug). Forty-eight hours
after transfection, cell lysates were assayed for NOS activity as described
under Materials and Methods (top) and analyzed for eNOS and Ga;,
content by WB using respective antibodies (bottom). Data are means =+
S.E. (n = 3). Top, inset, specific activity of eNOS plotted as a function of
eNOS levels, which were determined from densitometry of scanned im-
ages of the blots.
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normalized to that in the cells before cycloheximide addition
(Fig. 5B). Cycloheximide decreased the levels of both eNOS
and endogenous Ga;, in a time-dependent manner (Fig. 5),
although the decrease in the levels of Ga;, was much slower
and almost within the experimental error (Fig. 5C). After 9 h
of cycloheximide treatment, relative eNOS levels decreased
by 40 to 70% (eNOS half-life 6.0 = 1.3 h; n = 3). In contrast,
in the presence of Ga,,, no statistically significant decline in
relative eNOS levels was observed (Fig. 5B). Similar results
were obtained when constitutively active Ga,,Q229L was
used (data not shown). The expression of Hsp90 was not
changed after 9 h of protein synthesis inhibition (Fig. 5A).
These data indicate that Ga;, is able to stabilize eNOS
protein.

To determine whether stabilization of eNOS mRNA might
also contribute to Ga;,-dependent increase in eNOS protein
levels, we used a kinetic analysis in the presence of a tran-
scription inhibitor actinomycin D. COS-7 cells expressing
eNOS alone or eNOS and Ga;5,Q229L were pretreated with
actinomycin for 5, 10, and 25 h, or not treated. Thereafter,
Northern blot analysis of total RNA was performed and the
eNOS band intensity relative to the 28S ribosomal RNA was
calculated. Without transcription suppression, the amounts
of eNOS mRNA were increased 3- to 5-fold in the presence of
Ga;5,Q229L compared with the cells expressing eNOS alone
(Fig. 6, time 0). Upon actinomycin D addition, the levels of
eNOS mRNA progressively declined both in the absence and
in the presence of coexpressed Ga;,Q229L. eNOS mRNA
half-life was found to be 9.1 = 0.6 h (Fig. 6, bottom). In the
presence of Ga;,Q229L, eNOS mRNA half-life increased to
17.3 = 1.1 h (Fig. 6, bottom), suggesting that Ga;,Q229L
increased the eNOS mRNA stability. Similar results were
obtained when wild-type Ga;, was used (data not shown).

The value for eNOS mRNA half-life found in our work is

Cyclohe ximide
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Fig. 5. Ga;, enhances the stability of eNOS protein. COS-7 cells (24-well
plate) were transfected with eNOS (50 ng/well) and wild-type Ga,, or
empty vector (100 ng/well). Cycloheximide (100 ug/ml) was added 36 h
after transfection as indicated. Cells were collected before cycloheximide
addition (0) and 4.5 and 9 h after cycloheximide addition, and content of
eNOS and Ga,, (as well as Hsp90 as a loading control) was analyzed by
WB using respective antibodies (A). Representative lanes of three repli-
cates for each condition are shown. B and C, quantification of the data
shown in A. In each time point, eNOS content was normalized to that of
Gay,. The eNOS/Ga;,, ratio in samples without cycloheximide was de-
fined as 1. C, effect of cycloheximide on Ga,, content in the same samples.
Data are means + S.E. (n = 3).
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similar to that reported by Searles et al. (1999) for confluent
endothelial cells (9 h). It should be noted, however, that
reported data on eNOS mRNA half-life vary from 3.6 to 33 h
in different studies, probably because of different endothelial
cell types used and different cell culture status (Eto et al.,
2001; Takemoto et al., 2002; Ramet et al., 2003).

Thus, our data indicate that Ga;, increases cellular levels
of eNOS by at least two distinct mechanisms: by stabilizing
eNOS mRNA and eNOS protein.

Depletion of Endogenous Ge,, Leads to a Decrease
in eNOS Levels. The experiments described above used
overexpressed Ga,, and eNOS. To further validate the phys-
iological relevance of the above-mentioned findings, we as-
sessed whether a decrease in endogenous Ga,, would affect
eNOS levels. We used siRNA-mediated Ga,, depletion,
which decreased endogenous Ga;, content by 40 to 60% both
in COS-7 cells and in HUVECs (Fig. 7). Ga;, depletion was
associated with a considerable decrease in eNOS levels, both
when it was expressed in COS-7 cells, and, most importantly,
endogenous eNOS in HUVECs (Fig. 7). These data indicate
that the stabilizing effect of Ga;5 on eNOS levels does take
place at physiological concentrations of both proteins.

Thrombin Decreases Expression of Ga,;, and eNOS
in Endothelial Cells. Prolonged treatment of HUVECs
with thrombin was shown to decrease eNOS expression (Eto
et al., 2001; Ming et al., 2002; Ming et al., 2004). This phe-
nomenon was reproducible in our experiments. Moreover, we
found that prolonged treatment with thrombin also de-
creased the levels of Gay, (Fig. 8). When HUVECs were lysed
by mild sonication in the absence of detergent and then
separated by centrifugation into three particulate fractions
and a soluble fraction (see Fig. 8 legend and Materials and
Methods for details), eNOS could be detected exclusively and
Ga,, mainly in the particulate fractions (data not shown). To
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Gal2Q220L - + - + - ¢ = +
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f ol ¢ - Gat20220L
o e
& o0 e
5 2000
0
% 1o e, #NOS
———o
0
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Fig. 6. Ga;, enhances the stability of eNOS mRNA. COS-7 cells (24-well
plate) were transfected with eNOS (50 ng/well) and Ga,,Q229L or empty
vector (100 ng/well) and treated with actinomycin D (10 ug/ml) for indi-
cated periods (top). Total RNA was isolated 48 h after transfection. The
levels of eNOS mRNA were determined by Northern blotting using a
radiolabeled fragment of eNOS (see Materials and Methods). Data were
quantitated by densitometry and normalized to 28S rRNA content in
respective samples. Experiment shown is representative of three similar
experiments, which resulted in the following values for eNOS mRNA
half-life: 9.1 = 0.6 h in control and 17.3 + 1.1 h with Gay,.
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examine whether there is a quantitative correlation between
the extent of down-regulation of eNOS and Goa,, we pro-
duced a reciprocal plot of the levels of the two proteins in
different fractions after 24-h thrombin treatment, normal-
ized to their levels in respective fractions in the cells not
treated with thrombin. Plotting the data from subconfluent
and confluent HUVEC cultures showed a clear quantitative
correlation (correlation coefficient 0.93) between the extent of
down-regulation of Ga;, and that of eNOS (Fig. 8). Although
these data cannot rule out a common down-regulation mech-
anism acting independently on Ga;, and on eNOS, these
observations are also compatible with Ga;, acting upstream
of eNOS to regulate its cellular levels.

Discussion

It is becoming clear that intracellular signaling events can
be regulated by heterotrimeric G proteins not only via second
messengers such as cyclic AMP but also via direct interac-
tions involving Ga or Gy subunits and other signaling pro-
teins. Several important signaling molecules have been
shown to interact with Ga;,, including several RhoGEFs
(Kozasa et al., 1998; Fukuhara et al., 1999, 2000) that act
between the actin cytoskeleton and the plasma membrane
and regulate organization of cortical actin (Vaiskunaite et al.,
2000); cadherin, a protein that mediates cell-cell interac-
tions, and upon Ga;, binding, releases a transcriptional ac-
tivator B-catenin (Meigs et al., 2001); «SNAP, a protein in-
volved in membrane trafficking that in complex with Ga;s,
increases cadherin presence at endothelial junctions (Andre-
eva et al., 2005); and zonula occludens proteins 1 and 2 that
probably regulate properties of the tight junctions (Meyer et

al., 2002). It was also shown that Ga,, interacts with a
molecular chaperone Hsp90 and that this interaction is re-
quired for Ga,, function (Vaiskunaite et al., 2001), possibly
via Hsp90-dependent targeting of Ga,, to lipid rafts (Jones
and Gutkind, 1998).

Because, on one hand, Hsp90 is also an important func-
tional partner of eNOS (Garcia-Cardena et al., 1998; Mar-
tinez-Ruiz et al., 2005) and eNOS levels are regulated by
prolonged thrombin treatment (Eto et al., 2001); and on the
other hand, Ga;, is an essential component in thrombin
signaling, we initially hypothesized that there might be a
functional link between Ga,5 and eNOS, mediated by Hsp90.
Although such a role of Hsp90 could not be confirmed in the
course of our study, this initial hypothesis led us to a finding
that Ga;, and eNOS do interact in living cells when overex-
pressed using the COS-7 cell model. Although a traditional
general paradigm for Ga proteins has been that they trans-
mit signals to their targets while in the GTP-bound (i.e.,
activated) state, the Ga;,-eNOS interaction was found to
occur independently of the activation state of Ga;,. Similar
observations have been reported for Ga;, interaction with
Hsp90 (Niu et al., 2001), PP2A (Zhu et al., 2004), and «SNAP
(Andreeva et al., 2005).

The functional consequences of the Ga;,-eNOS interaction
are also “noncanonical” in terms of a typical G protein-medi-
ated regulation of its effector: Ga,, does not seem to affect
specific activity of eNOS, but increases the cellular levels of
eNOS. An intriguing finding of this work is that this increase
in eNOS expression occurs via two probably distinct mecha-
nisms, resulting in an increase in half-life of both eNOS
mRNA and eNOS protein. To the best of our knowledge, this

siRNA
o
£ = ;11 C__] G2
WB' 8 (3 % 3 | eNOS
eNOS' ' . 5 E bt Fig. 7. Depletion of endogenous Ga,, by siRNA leads to
o e ~ S eNOS down-regulation. HUVECs and COS-7 cells (24-well
= o 06 plate) were transfected with Ga,, siRNA duplexes or con-
Gal2 - COs-7 L) o trol siRNA as indicated and eNOS (COS-7 only; 20 ng/well).
s E 0.4- Forty-eight hours after transfection, levels of eNOS and
tubulin s ——— P Ga,, were determined by WB (left) and quantitated by
- 2 o densitometry (right). Data shown are means, and error
3 o 0.2+ bars are S.E. (n = 3 for HUVECs; n = 4 for COS-7). White
eNOS - - columns, Ga,,; gray columns, eNOS.
Gal2 Control cos-7 HUVEC
| YVEC SiRNA Gal2 SIRNA
tubulin s s )
Thrombin = + WB: Fig. 8. Correlation between thrombin-induced down-regu-
1 — 100 ® lation of Ga,, and eNOS in HUVECs. Confluent or subcon-
- - eNOS fluent HUVEC cultures were treated with thrombin (50
o S 80 4 nM) for 24 h. Cells were lysed by sonication and fraction-
2 days after — Gal2 g ® ated by centrifugation as described under Materials and
confluence Methods. Levels of endogenous Ga;, and eNOS as well as
© 60 1 [ ] tubulin were assessed by WB using respective antibodies.
- tubulin S ‘ Left, representative blots of P1 fractions from confluent or
32_40 i e subconfluent HUVECs as indicated. Right, correlation be-
_ eNOS § tween the extent of down-regulation of Ga,, and eNOS in
20 4 particulate fractions of the two HUVEC cultures (no eNOS
@ could be detected in S100 fractions of either subconfluent
Subconfluent - Gal2 or confluent HUVECSs). Values were obtained by densitom-
0 etry of scanned images and normalized to tubulin. Corre-
40 60 80 100 120 140 lation coefficient calculated for this data set is 0.93. The
- tubulin Ga12, % of control experiment was repeated twice with similar results.
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is the first demonstration of the ability of a heterotrimeric G
protein to regulate the activity of downstream signaling mol-
ecules by affecting their degradation rate.

Our findings raise a question of whether other heterotri-
meric G proteins might possess similar properties toward
eNOS as Ga;,. Although a systematic exploration of this
issue remains to be carried out, our preliminary work sug-
gests that these properties might be a characteristic feature
of the Ga /15 subfamily, although we could also detect some
effects of Gas on eNOS expression.

Recent work provided evidence that activation of Rho and
its effector ROCK results in inhibition of eNOS expression,
probably via destabilization of eNOS mRNA (Eto et al.,
2001). Although the precise mechanisms how Ga;, stabilizes
both eNOS mRNA and protein remain to be elucidated, it is
tempting to speculate that Ga;, could act as an mRNA-
binding protein that stabilizes eNOS mRNA. Regulation of
eNOS mRNA by RNA-binding proteins has been previously
documented. Monomeric actin has been found to be a pre-
dominant component of a ribonucleoprotein that binds to the
3’-untranslated region of eNOS mRNA (Searles et al., 2004).

Because Ga;, is a Rho activator (Kozasa et al., 1998; Fuku-
hara et al., 1999, 2000), it would be predicted to exert oppo-
site effects on eNOS expression: to destabilize eNOS via
activation of Rho and ROCK (Eto et al., 2001) and to stabilize
it by increasing half-lives of eNOS mRNA and protein as
described in this work. Therefore, it is essential to establish
whether all these effects take place in vivo. In this respect,
important observations reported here are that siRNA-medi-
ated down-regulation of endogenous Ga;, in HUVECs leads
to decreased levels of eNOS and that there is a robust quan-
titative correlation between the extent of down-regulation of
Ga,, and eNOS in untransfected HUVECs after prolonged
thrombin treatment. These results suggest that Ga;, does
have a stabilizing effect on eNOS at physiological concentra-
tions of both proteins, at least in cultured HUVECs.

Although probable destabilizing effect of Ga;, on eNOS via
Rho-ROCK and the stabilizing effects of Ga,, reported here
seem to be counteractive at first glance, they may actually
complement each other, taking into account their physiolog-
ical context and timing. Indeed, in unstimulated cells, steady
levels of eNOS would be maintained by a balance of various
mechanisms, including stabilizing effects of Ga;, reported in
this study. Rho-ROCK activation by thrombin would lead to
eNOS down-regulation as reported in Eto et al. (2001). At the
same time, thrombin would induce down-regulation of Ga;,
by as yet undefined mechanism, which would reduce the
stabilizing effect of Ga;, on eNOS and further down-regulate
it. On the other hand, Ga;, down-regulation could be down-
stream of Rho-ROCK activation and thus mediate the Rho-
ROCK effect.

In conclusion, we have characterized a novel signaling
module of Ga;5, and eNOS and described a novel functional
link between these proteins. G protein-dependent stabiliza-
tion of a target protein reported here represents a novel
mechanism by which heterotrimeric G proteins can regulate
the activity of downstream signaling molecules.

References

Althoefer H, Eversole-Cire P, and Simon MI (1997) Constitutively active Gaq and
Gal3 trigger apoptosis through different pathways. J Biol Chem 272:24380—
24386.

Andreeva AV, Kutuzov MA, Vaiskunaite R, Profirovic J, Meigs TE, Predescu S,

Regulation of eNOS by Ge;,, 981

Malik AB, and Voyno-Yasenetskaya T (2005) Gal2 interaction with alpha SNAP
induces VE-cadherin localization at endothelial junctions and regulates barrier
function. J Biol Chem 280:30376-30383.

Arnet UA, McMillan A, Dinerman JL, Ballermann B, and Lowenstein CJ (1996)
Regulation of endothelial nitric-oxide synthase during hypoxia. J Biol Chem 271:
15069-15073.

Berestetskaya YV, Faure MP, Ichijo H, and Voyno-Yasenetskaya TA (1998) Regu-
lation of apoptosis by alpha-subunits of G12 and G13 proteins via apoptosis
signal-regulating kinase-1. J Biol Chem 273:27816-27823.

Berman DM, Kozasa T, and Gilman AG (1996) The GTPase-activating protein RGS4
stabilizes the transition state for nucleotide hydrolysis. J Biol Chem 271:27209—
27212,

Birukova AA, Birukov KG, Smurova K, Adyshev D, Kaibuchi K, Alieva I, Garcia JG,
and Verin AD (2004) Novel role of microtubules in thrombin-induced endothelial
barrier dysfunction. FASEB J 18:1879-1890.

Buhl AM, Johnson NL, Dhanasekaran N, and Johnson GL (1995) Ga12 and Gal3
stimulate Rho-dependent stress fiber formation and focal adhesion assembly.
oJJ Biol Chem 270:24631-24634.

Eto M, Barandier C, Rathgeb L, Kozai T, Joch H, Yang Z, and Luscher TF (2001)
Thrombin suppresses endothelial nitric oxide synthase and upregulates endothe-
lin-converting enzyme-1 expression by distinct pathways: role of Rho/ROCK and
mitogen-activated protein kinase. Circ Res 89:583-590.

Fukuhara S, Chikumi H, and Gutkind JS (2000) Leukemia-associated Rho guanine
nucleotide exchange factor (LARG) links heterotrimeric G proteins of the G(12)
family to Rho. FEBS Lett 485:183-188.

Fukuhara S, Murga C, Zohar M, Igishi T, and Gutkind JS (1999) A novel PDZ
domain containing guanine nucleotide exchange factor links heterotrimeric G
proteins to Rho.  Biol Chem 274:5868-5879.

Garcia-Cardena G, Fan R, Shah V, Sorrentino R, Cirino G, Papapetropoulos A, and
Sessa WC (1998) Dynamic activation of endothelial nitric oxide synthase by
Hsp90. Nature (Lond) 392:821-824.

Garcia-Cardena G, Fan R, Stern DF, Liu J, and Sessa WC (1996) Endothelial nitric
oxide synthase is regulated by tyrosine phosphorylation and interacts with caveo-
lin-1. J Biol Chem 271:27237-27240.

Jones TL and Gutkind JS (1998) Galphal2 requires acylation for its transforming
activity. Biochemistry 37:3196-3202.

Kozasa T, Jiang X, Hart MJ, Sternweis PM, Singer WD, Gilman AG, Bollag G, and
Sternweis PC (1998) p115 RhoGEF, a GTPase activating protein for Galphal2 and
Galphal3. Science (Wash DC) 280:2109-2111.

Laufs U and Liao JK (1998) Post-transcriptional regulation of endothelial nitric
oxide synthase mRNA stability by Rho GTPase. J Biol Chem 273:24266-24271.
Martinez-Ruiz A, Villanueva L, Gonzalez de Orduna C, Lopez-Ferrer D, Higueras
MA, Tarin C, Rodriguez-Crespo I, Vazquez J, and Lamas S (2005) S-Nitrosylation
of Hsp90 promotes the inhibition of its ATPase and endothelial nitric oxide syn-

thase regulatory activities. Proc Natl Acad Sci USA 102:8525-8530.

Meigs TE, Fields TA, McKee DD, and Casey PJ (2001) Interaction of Galpha 12 and
Galpha 13 with the cytoplasmic domain of cadherin provides a mechanism for
beta-catenin release. Proc Natl Acad Sci USA 98:519-524.

Meyer TN, Schwesinger C, and Denker BM (2002) Zonula occludens-1 is a scaffolding
protein for signaling molecules. Gy, directly binds to the Src homology 3 domain
and regulates paracellular permeability in epithelial cells. J Biol Chem 277:
24855-24858.

Ming XF, Barandier C, Viswambharan H, Kwak BR, Mach F, Mazzolai L., Hayoz D,
Ruffieux J, Rusconi S, Montani JP, et al. (2004) Thrombin stimulates human
endothelial arginase enzymatic activity via RhoA/ROCK pathway: implications for
atherosclerotic endothelial dysfunction. Circulation 110:3708-3714.

Ming XF, Viswambharan H, Barandier C, Ruffieux J, Kaibuchi K, Rusconi S, and
Yang Z (2002) Rho GTPase/Rho kinase negatively regulates endothelial nitric
oxide synthase phosphorylation through the inhibition of protein kinase B/Akt in
human endothelial cells. Mol Cell Biol 22:8467—84717.

Niu J, Vaiskunaite R, Suzuki N, Kozasa T, Carr DW, Dulin N, and Voyno-
Yasenetskaya TA (2001) Interaction of heterotrimeric G13 protein with an A-ki-
nase-anchoring protein 110 (AKAP110) mediates cAMP-independent PKA activa-
tion. Curr Biol 11:1686-1690.

Niu J, Profirovic J, Pan H, Vaiskunaite R, and Voyno-Yasenetskaya T (2003) G
Protein By subunits stimulate p114RhoGEF, a guanine nucleotide exchange factor
for RhoA and Racl: regulation of cell shape and reactive oxygen species produc-
tion. Circ Res 93:848—856.

Prasad MV, Dermott JM, Heasley LE, Johnson GL, and Dhanasekaran N (1995)
Activation of Jun kinase/stress-activated protein kinase by GTPase-deficient mu-
tants of Gal2 and Gal3. J Biol Chem 270:18655-18659.

Pratt WB (1998) The hsp90-based chaperone system: involvement in signal trans-
duction from a variety of hormone and growth factor receptors. Proc Soc Exp Biol
Med 217:420—-434.

Réamet ME, Riamet M, Lu Q, Nickerson M, Savolainen MdJ, Malzone A, and Karas RH
(2003) High-density lipoprotein increases the abundance of eNOS protein in hu-
man vascular endothelial cells by increasing its half-life. J Am Coll Cardiol
41:2288-2297.

Searles CD, Ide L, Davis ME, Cai H, and Weber M (2004) Actin cytoskeleton
organization and posttranscriptional regulation of endothelial nitric oxide syn-
thase during cell growth. Circ Res 95:488—495.

Searles CD, Miwa Y, Harrison DG, and Ramasamy S (1999) Posttranscriptional
regulation of endothelial nitric oxide synthase during cell growth. Circ Res 85:
588-595.

Takemoto M, Sun J, Hiroki J, Shimokawa H, and Liao JK (2002) Rho-kinase
mediates hypoxia-induced downregulation of endothelial nitric oxide synthase.
Circulation 106:57—62.

Thors B, Halldorsson H, Clarke GD, and Thorgeirsson G (2003) Inhibition of Akt
phosphorylation by thrombin, histamine and lysophosphatidylcholine in endothe-
lial cells. Differential role of protein kinase C. Atherosclerosis 168:245-253.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

982

Andreeva et al.

Vaiskunaite R, Adarichev V, Furthmayr H, Kozasa T, Gudkov A, and Voyno-
Yasenetskaya TA (2000) Conformational activation of radixin by G13 protein «
subunit. J Biol Chem 275:26206-26212.

Vaiskunaite R, Kozasa T, and Voyno-Yasenetskaya TA (2001) Interaction between
the Ga subunit of heterotrimeric G(12) protein and Hsp90 is required for Ga(12)
signaling. JJ Biol Chem 276:46088—-46093.

Voyno-Yasenetskaya T, Conklin BR, Gilbert RL, Hooley R, Bourne HR, and Barber
DL (1994a) Gal3 stimulates Na-H exchange. J Biol Chem 269:4721-4724.

Voyno-Yasenetskaya TA, Faure MP, Ahn NG, and Bourne HR (1996) Ga12 and Ga13
regulate extracellular signal-regulated kinase and c-Jun kinase pathways by
different mechanisms in COS-7 cells. J Biol Chem 271:21081-21087.

Voyno-Yasenetskaya TA, Pace AM, and Bourne HR (1994b) Mutant alpha subunits
of G12 and G13 proteins induce neoplastic transformation of Rat-1 fibroblasts.
Oncogene 9:2559-2565.

Waheed AA and Jones TL (2002) Hsp90 interactions and acylation target the G
protein Gal2 but not Ga13 to lipid rafts. J Biol Chem 277:32409-32412.

Xu N, Bradley L, Ambdukar I, and Gutkind JS (1993) A mutant alpha subunit of G12
potentiates the eicosanoid pathway and is highly oncogenic in NIH 3T3 cells. Proc
Natl Acad Sci USA 90:6741-6745.

Zhu D, Kosik KS, Meigs TE, Yanamadala V, and Denker BM (2004) Ga12 directly
interacts with PP2A: evidence FOR Gal2-stimulated PP2A phosphatase activity
and dephosphorylation of microtubule-associated protein, tau. J Biol Chem 279:
54983-54986.

Address correspondence to: Dr. Tatyana Voyno-Yasenetskaya, Depart-
ment of Pharmacology (MC 868), University of Illinois, College of Medicine,
909 S. Wolcott Ave., Rm 4137, Chicago, IL 60612. E-mail: tvy@uic.edu

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

