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Abstract

At the cell surface, BARs and endothelin receptors can regulate nitric oxide (NO) production. -
adrenergic receptors (BARs) and type B endothelin receptors (ETB) are present in cardiac
nuclear membranes and regulate transcription. The present study investigated the role of the NO
pathway in the regulation of gene transcription by these nuclear G protein-coupled receptors.
Nitric oxide production and transcription initiation were measured in nuclei isolated from adult
rat heart. The cell-permeable fluorescent dye 4,5-diaminofluorescein diacetate (DAF2 DA) was
used to provide a direct assessment of nitric oxide release. Both isoproterenol and endothelin
increased NO production in isolated nuclei. Furthermore, a f3AR-selective agonist, BRL 37344,
increased NO synthesis whereas the 3;AR-selective agonist xamoterol did not. Isoproterenol
increased, whereas ET-1 reduced, de novo transcription. The NO synthase inhibitor L-NAME
prevented isoproterenol from increasing either NO production or de novo transcription. L-NAME
also blocked ET-1-induced NO-production but did not alter the suppression of transcription
initiation by ET-1. Inhibition of the cGMP-dependent protein kinase (PKG) using KT5823 also
blocked the ability of isoproterenol to increase transcription initiation. Furthermore,
immunoblotting revealed eNOS, but not nNOS, in isolated nuclei. Finally, caged, cell-permeable
isoproterenol and endothelin-1 analogs were used to selectively activate intracellular -
adrenergic and endothelin receptors in intact adult cardiomyocytes. Intracellular release of caged
ET-1 or isoproterenol analogs increased NO production in intact adult cardiomyocytes. Hence,
activation of the NO synthase/guanylyl cyclase/PKG pathway is necessary for nuclear B3ARs to
increase de novo transcription. Furthermore, we have demonstrated the potential utility of caged
receptor ligands in selectively modulating signaling via endogenous intracellular G protein-

coupled receptors.
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1. Introduction

The G protein-coupled receptor (GPCR)’ superfamily consists of a large group of seven
transmembrane domain-containing receptors that signal via heterotrimeric G proteins. GPCRs
modulate a wide range of downstream effectors and, as a result, regulate multiple cellular
functions in cardiomyocytes. B-adrenergic receptors (BARs) and endothelin receptors (ETRs) are
two such members of the GPCR superfamily, both of which are expressed in the myocardium.
Recently, potential roles for these receptors when localized to intracellular compartments such as
the nuclear membrane have been identified under both physiological and pathological conditions
(reviewed in [1, 2]). We have shown that ETB, 3;AR and ;AR are present on the nuclear
membrane in adult cardiomyocytes [3, 4]. In addition, several of their downstream effectors have
also been identified at the level of the nucleus or nuclear membrane [5, 6]. These receptors have
been shown to bind ligand, couple to effectors, and regulate gene expression in isolated nuclei,
with the BARs having a stimulatory effect on transcription initiation, whereas ETB activation is
inhibitory [7]. The precise signaling pathways involved in regulation of transcriptional initiation
by GPCRs in the nuclear membrane have not been clearly defined and require further study.

Nitric oxide (NO) is an important signaling molecule involved in many physiological
processes. NO is produced from the amino acid L-arginine via the action of NO synthases (NOS,
[8]. There are three NOS subtypes: endothelial (eNOS), neuronal (nNOS) and inducible (iNOS)
[8]. All three NOS subtypes are expressed in cardiomyocytes and play roles in cardiac
physiology and pathology [9, 10]. In fact, NO has been linked to a wide variety of effects in both
the heart and vasculature, from regulation of vascular tone and myocardial contractility to
calcium handling and apoptosis [8, 11]. Regulation of NOS activity is complex, involving
several mechanisms mediated by calcium, protein kinases, and NO levels [12, 13]. The exact
effect exerted by NO however, appears to depend on the NOS isoform being activated, as well as
its subcellular localization and mode of action [11, 14]. NO exerts its effects via modulation of

guanylyl cyclase activity leading to increases in cyclic guanosine 3’,5’-monophosphate (cGMP)



levels and the subsequent activation of protein kinase G (PKG), but has also been shown to
signal in a guanylyl cyclase-independent manner [15]. NO has also been implicated in the
regulation of gene expression through the transcriptional regulator nuclear factor kB (NF-xB)
[15, 16]. In addition, recent findings have also demonstrated that the PI3K/PKB pathway, which
is activated by nuclear ARs [7], is capable of activating both eNOS and iNOS, leading to the
stimulation of NO production [17, 18]. Moreover, iNOS upregulation in the nucleus appears to
be linked to Gay;, the protein kinase ERK1/2, and potentially eNOS as well [19-21]. Furthermore,
a link has also been established between NO production and both ETA and ETB [22] as well as
the BARs [10, 23] localized at the cell surface. Additionally recent evidence has also shown a
role for NO in the nucleus, where it appears to modulate calcium homeostasis and is also
potentially regulated by ET-1 [20, 24].

Given the involvement of NO in the regulation of cardiac function, and its established link
with both the ETRs and BARs, we wished to ascertain whether the NO pathway was involved in
the regulation of gene expression observed following stimulation of nuclear ETRs and fARs,
and to identify which components of NO signaling might be implicated. Toward this end, we
used a pharmacologic approach to study NO production in both isolated nuclei and intact
cardiomyocytes following treatment with various agonists and inhibitors. Further, we
demonstrate the potential utility of caged receptor ligands in selectively modulating nuclear

signaling via GPCRs.



2. Materials and Methods

2.1. Materials

Triton X-100 (TX-100), leupeptin, PMSF and DNase I were from Roche Applied Science
(Laval, Quebec). Isoproterenol, BRL 37344, CGP20712, ICI118551, SR59230A, 8-bromo-
cGMP, Rp-8-Br-PET-cGMPS (Rp-8-Br) and KT5823 were from Tocris (Ellisville, MO).
Endothelin-1 (ET-1) was from Peninsula Labs (Torrance, CA). Pertussis toxin (PTX), xamoterol,
forskolin, alprenolol, EEDQ and L-NAME, were from Sigma-Aldrich (Mississauga, Ontario).
Triciribine, diaminofluorescein-2 (DAF-2), and diaminofluorescein-2 diacetate (DAF-2 DA)
were from Calbiochem. RNaseOut, ANTP Mix, First Strand buffer, and M-MLVRT were from
Invitrogen. Primers, as well as SYBR Green and ROX were also from Invitrogen. RNA
extraction kits were from Qiagen. DRAQS5 was from Enzo Life Sciences (Farmingdale, NY).
nNOS- and eNOS-selective antibodies were from Cell Signaling Technology and BD
Transduction Laboratories, respectively. Horseradish peroxide (HRP)-conjugated secondary
antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA). Enhanced
chemiluminescence (ECL) reagent Renaissance Plus was from Perkin Elmer Life Sciences
(Woodbridge, Ontario). SDS-polyacrylamide gel electrophoresis (SDS-PAGE) reagents and
nitrocellulose (0.22 um) were from Bio-Rad Laboratories (Mississauga, Ontario). Bovine aortic
endothelial cells (BAEC) were a generous gift from Dr. Martin Sirois (Montréal Heart Institute).
Unless otherwise stated, all reagents were of analytical grade and were purchased from VWR
Canlab (Ville Mont-Royal, Quebec) or Fisher Scientific (Mississauga, Ontario). [o>*PJUTP

(specific activity 3000 Ci/mmol) and ['*’I]JCYP were from Perkin Elmer (Montreal, Quebec).
2.2. Synthesis of caged isoproterenol

Previous studies have shown that it is possible to create caged versions of isoproterenol
[25]. We wanted to engineer a more hydrophobic version that would be more readily absorbed

by cells before uncaging with UV light. The caged compounds were prepared by treatment of the



amine starting material, isoproterenol, with the corresponding 2-nitrobenzyl bromide in
dimethylsulfoxide and potassium carbonate as shown in Figure 1. After purification by silica gel
column chromatography, the desired amines were treated with HCI in dioxane to obtain the
hydrochloride salt. To (-)-isoproterenol hydrochloride, (150 mg) in DMSO (1.8 mL), was added
2-bromomethyl-4-methoxy-1-nitrobenzene (149 mg) and potassium carbonate (169 mg). The
mixture was stirred overnight, then diluted with dichloromethane, washed with water (2X), brine
and dried over Na,SOy, filtered, and the solvent evaporated. Purification by silica gel
chromatography yielded 81 mg (R)-4-[1-hydroxy-2-[isopropyl-(5-methoxy-2-nitrobenzyl)-
amino|-ethyl]-benzene-1,2-diol which was dissolved in diethyl ether and treated with 4 M HCl in
dioxane (0.16 mL) to form a precipitate which was stirred for 1 h, then filtered and air dried,
affording the desired (R)-4-[ 1-hydroxy-2-[isopropyl-(5-methoxy-2-nitrobenzyl)-amino]-ethyl]-

benzene-1,2-diol hydrochloride. This compound is referred to herein as ZCS-1-67.

2.3. Isolation of nuclei

Rat cardiac nuclei were isolated and the purity of the nuclear preperation was tested as
described previously [3, 26]. Briefly, rat hearts were pulverized under liquid nitrogen,
resuspended in cold PBS, and homogenized (Polytron, 8000 rpm; 2 % 10 s). All subsequent steps
were carried out on ice or at 5 °C. Homogenates were centrifuged for 15 min at 500 xg. The
supernatants were diluted 1:1 with buffer A (10 mM K-HEPES pH 7.9, 1.5 mM MgCl,, 10 mM
KCl, 1 mM DTT, 25 ug/mL leupeptin, 0.2 mM Na3;VO,), incubated 10 min on ice, and
centrifuged for 15 min at 2000 xg. The resulting supernatant was then discarded. The pellet was
resuspended in buffer B (0.3 M K-HEPES pH 7.9, 1.5 M KCl, 0.03 M MgCl,, 25 ug/mL
leupeptin, 0.2 mM Na3zVOQy,), incubated on ice for 20 min, and centrifuged for 15 min at 2000 xg.
The pellet, an enriched nuclear fraction, was resuspended in buffer C (20 mM Na-HEPES pH
7.9, 25% (v/v) glycerol, 0.42 M NacCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.2 mM EGTA, 0.5 mM
PMSF, 0.5 mM DTT, 25 ug/mL leupeptin, 0.2 mM NazVOy) or 1x transcription buffer (50 mM
Tris pH 7.9, 0.15 M KCl, 1 mM MnCl,, 6 mM MgCl,, 1 mM ATP, 2 mM DTT, 1 U/uL RNAse



inhibitor) and used fresh.
24. Measurement of NO production

Isolated nuclei were preincubated with the fluorescent dye DAF-2 (5 ug/mL) in a buffer
containing 140 mM NaCl, 14 mM glucose, 4.7 mM KCI, 2.5 mM CaCl,, 1.8 mM MgSQOy, 1.8
mM KH;,POy4, and 0.1 mM L-arginine (final pH 7.4) for 30 min at 37 °C. Nuclei were washed
twice in standard buffer to remove any unbound dye and then resuspended in our nuclear
isolation buffer C. The inhibitors used were L-NAME (1 mM, 30 min at 37 °C), PTX (5 ug/mL,
2 hat37°C), KT5823 (1 uM, 30 min at 37 °C), Rp-8-Br-PET-cGMPS (1 uM, 1 hat 37°C ) and
triciribine (1 uM, 30 min at 37 °C). Pre-treatment with subtype-selective BAR antagonists
CGP20712 (5 nM, 30 min at 37 °C), ICI 118,551 (10 nM, 30 min at 37 °C) and SR59230A (1
uM, 30 min at 37 °C) was also performed in certain experiments. Nuclei were then treated with
either isoproterenol (1 uM), ET-1 (10 nM), BRL 37344 (1 uM), xamoterol (1 uM), forskolin
(100 nM) or vehicle for 30 min at 37 °C. DAF fluorescence, indicating NO production, was
measured using a microplate reader at wavelengths of 485 nm (excitation) and 510 nm

(emission) and expressed as arbitrary fluorescence units (AU).
2.5. Transcription initiation

Measurements of transcription initiation were performed as previously described [4].
Briefly, 10 uL of freshly isolated nuclei (resuspended in 1% transcription buffer) were incubated
at 30 °C for 30 min in a final volume of 20 uL containing agonist/antagonist and 10 uCi
[o**PJUTP (3000 Ci/mmol) in the absence of CTP and GTP to prevent chain elongation.
Following termination of reactions by digestion with DNase I, nuclei were lysed with 10 mM
Tris-HCl pH 8.0, 10 mM EDTA and 1% SDS. Duplicate 5 uL aliquots were transferred onto
Whatman GF/C glass fibre filters, washed twice with 5% TCA containing 20 mM sodium
pyrophosphate, and air-dried. Incorporation of [**P] was determined by liquid scintillation

counting. DNA concentrations were determined by spectrophotometry. [**P] incorporation was



expressed as dpm/ng DNA. Where indicated, isolated nuclei were pre-treated at 37 °C with 1
mM L-NAME, 1 uM KT5823, 1 uM Rp-8-Br, 100 uM ¢cGMP or vehicle for 30 min.

2.6. Radioligand binding assays

Membranes prepared from naive HEK 293 cells and from a stable HEK 293 cell line
expressing the $,AR and preincubated with 100 uM EEDQ or vehicle for 2 h at 37 °C. Briefly,
cells were washed twice with cold PBS and then 10 mL of lysis buffer (5 mM Tris-HCI pH 7.4, 2
mM EDTA, with protease inhibitor cocktail) was added to each flask. Cells were disrupted using
a Polytron (2 x 10 s) on ice, and then centrifuged for 5 min at 1000 rpm and 4 °C. The lysate was
centrifuged at 16000 rpm for 20 min at 4 °C and the pellet resuspended in 1 mL of binding buffer
(75 mM Tris-HCI pH 7.4, 2 mM EDTA, 12.5 mM MgCl,). Membranes from whole rat heart
were prepared as previously described [27]. Briefly, hearts were pulverized under liquid nitrogen
then homogenized by polytron in 15 mL of ice cold lysis buffer (5 mM Tris-HCI, pH 7.4, 2 mM
EDTA, plus protease inhibitor cocktail). The resulting homogenate was centrifuged at 500 x g
for 15 min at 4 °C. The supernatant was centrifuged at 45000 xg for 15 min, and the pellet
resuspended in binding buffer. ['*IJCYP (50 uL, 400,000 cpm) was added to 10 uL of
membranes in a total volume of 0.5 mL, in triplicate, for each condition. Alprenolol (10 uM) was
used to measure non-specific binding. In some cases, membranes were treated with ISO (1 uM),
caged or uncaged ZCS-1-67 (1 and 5 uM) were used to compete with specific CYP binding.
Membranes were incubated at room temperature for 90 min and subsequently captured and

washed using a Brandel cell harvester. ['*’[JCYP binding was quantified using a y-counter.
2.7. EEDQ treatment

Calcium-tolerant cardiac ventricular cardiomyocytes were isolated from adult male
Sprague-Dawley rats by Langendorff perfusion as previously described [28]. Freshly isolated
cardiomyocytes were treated with either 100 uM EEDQ or vehicle (2 h, 37 °C) to irreversibly

alkylate p-adrenergic receptors present at the cell surface, followed by treatment with either 1



uM isoproterenol or vehicle (30 min, 30 °C).
2.8. Quantitative real-time PCR

RNA was isolated from either purified nuclei or isolated myocytes using the Qiagen RNA
extraction kit. To prepare cDNA, 1 ug of RNA was mixed with 100 ng of random primers and 1
uL of 10 mM dNTPs in a final volume of 10 uL, heated to 65 °C for 5 min, and then
immediately quick chilled on ice. Next, 4 uLL of 5x first strand buffer, 2 uL. of 0.1 M DTT and 1
uL of RNAse Out were added and the reactions were then incubated for 2 min at 37 °C.
Following addition of 1 uL. of M-MLVRT (200 units), reactions were mixed, centrifuged and
then incubated for 10 min at 25 °C, then at 37 °C for 50 min, and finally at 70 °C for 15 min.
gPCR reactions, containing 12.5 uL of SyBR Green PCR master mix, 0.03 uL ROX dye (an
internal fluorescence standard), 2.5 uL of primers, and 10 uL of cDNA were for 1 cycle of 10
min at 95 °C, then 40 cycles of (30 s at 95 °C, followed by 1 min at 60 °C and 1 min at 72 °C)
using a Stratagene Mx3000P system. Samples were assayed in duplicate and normalized to f3-
actin expression. Primers used for real-time qPCR are shown in Table 1. The selectivity of the

primers for a single product was validated by dissociation curve analysis.
2.9. Measurement of NO production in intact cells

Left ventricular cardiomyocytes were isolated from adult male rats as described previously
[28] and plated on laminin-coated glass-bottomed culture dishes for 1 h at 37 °C (95% O, 5%
COy) and 30 min at 4 °C. Cardiomyocytes were then incubated with DAF-2 DA (10 uM) in 20
mM HEPES pH 7.4, 134 mM NaCl, 6 mM KCl, 10 mM glucose, 2 mM CaCl,, | mM MgCl, and
1% BSA (buffer D) for 30 min at room temperature and in the absence or presence of a
photolabile caged isoproterenol (ZCS-1-67, 30 uM) or a photolabile caged ET-1 analog ([Trp-
ODMNB?']-ET-1, 1.5 uM) [29] and either the NO synthase inhibitor L-NAME (1 mM) or
vehicle, as indicated. Cardiomyocytes were then washed three times with buffer D and a cell-

permeable fluorescent DNA dye, DRAQS (1 uM), was added and L-NAME was re-added where
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indicated. Fluorescence imaging was performed using a Zeiss LSM 7 Duo microscope
(combining LSM 710 and Zeiss Live systems) with a 63x/1.4 oil Plan-Apochromat objective.
DAF-2 DA was excited with a 488 nm/100 mW diode (2-3% laser intensity) and fluorescence
emitted between 495 nm and 550 nm was collected. Cells were scanned approximately every 10
s. Pixel size was set at 0.264 um and the pinhole at 2 Airy units. To visualize the nucleus,
DRAQS5 was excited with a 635 nm/50 mW diode and fluorescence emitted at >655 nm was
collected. DAF-2 DA and DRAQS5 were excited and fluorescence collected simultaneously using
2 different Zeiss Live detectors. Images were acquired over a total period of 9 min (60 frames).
After acquiring 13 frames (114 s) to establish a baseline, cET-1 or ZCS-1-67 was photolysed by
administering a 4 s pulse of UV light using a 405 nm/30 mW diode (100% laser intensity).
DRAQ5 emissions were used to focus the UV laser into a 60 wm’ rectangular region overlapping
the nucleus. The microscope stage (Zeiss Observer Z1) was equipped with a BC 405/561
dichroic mirror that allowed simultaneous photolysis of ZCS-1-67 or caged ET-1 (LSM 710 405
nm laser) and image acquisition (Zeiss Live). Cardiomyocytes were maintained at 35-36 °C,

using a stage incubator and objective heater, for the duration of image acquisition.
2.10. EPAC Assays for cAMP detection

HEK 293 cells were plated onto 6-well plates at least 24 h prior to transfection. The cells
were transfected with 3 pg of EPAC construct [30] and 1 ng of FLAG-tagged $,AR using 5 uLL
of Lipofectamine 2000. 72 h post transfection, the cells were washed twice with PBS and
resuspended in 500 pl of PBS. Cell suspensions (80 uL) were distributed in 96-well Opti-plates
and left to incubate for 2 h at room temperature. Fluorescence was then measured using a
Synergy?2 (Biotek) microplate reader. Immediately after reading the fluorescence, the cells were
incubated with coelenterazine h (final well concentration 50 uM) and total luminescence and
BRET ratios were collected for 5 min. The average of these BRET ratios represents basal BRET
of the cells. ZCS-1-67 was exposed to 15 minutes of UV light (black-ray long wave, model

B100AP lamp, Thermo-Fisher) 3.0 cm above the plate to uncage compounds prior to being
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added to the assay plates. The cells were then stimulated by the addition of 10 uL of 100 uM
isoproterenol prepared in 100 uM of ascorbic acid (final isoproterenol concentration 10 uM) or
with 10 pl of 100 uM ascorbic acid (vehicle) and BRET ratios were read for 30 min. Upon
completion of the assay, the final five BRET readings were averaged and taken to represent the
final average BRET. The net BRET for agonist or vehicle treatment was calculated by
subtracting basal BRET from the final average BRET. The ABRET for each transfection was

then calculated by subtracting the net BRET of agonist from respective net BRET of vehicle.

2.11. Immunoblotting

SDS-PAGE and immunoblotting were performed as previously described [31]; however,

nitrocellulose membranes were employed in the present studies.

2.12. Statistical analysis

Data are presented as the mean + the standard error of the mean (S.E.M.). The significance
of differences between groups was determined using one-way ANOVA followed by Tukey’s
multiple comparison tests (Prism 4.0cx, GraphPad Software). Differences were considered

significant when p < 0.05.
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3. Results

3.1. Measurement of NO production

The link between plasma membrane GPCR signaling and nitric oxide (NO) production has
been well characterized for both the ETB [24, 32] and the fARs, including the ;AR [8, 10].
Hence, given the presence of these receptors on the nuclear membrane, the recapitulation of cell
surface signaling pathways in the nucleus (reviewed in [1, 2]) and the demonstrated effects of
certain nuclear prostaglandin E2, bradykinin, lysophosphatidic acid type-1 receptors on iNOS
and eNOS expression in non-cardiac cells [18-20, 33, 34], we sought to determine if either fARs
or ETB also regulated NO production in cardiac nuclei. We first ascertained whether treatment
of isolated rat heart nuclei with either isoproterenol or ET-1 resulted in a change in NO levels.
Isolated rat heart nuclei were preincubated with the fluorescent dye DAF-2 and then treated with
isoproterenol (ISO, 1 uM), ET-1 (10 nM) or vehicle, for 5, 10, 15, and 30 min. An increase in
NO production could be detected as early as 5 min after treatment with either agonist, with a
maximal response detectable at 30 min (Supplemental Figure 1). Hence, treatment was for 30
min in all subsequent experiments. Given that we observed a time-dependent increase in NO
production following agonist treatment, we next wanted to determine if we could block this
increase with the non-selective NOS inhibitor N-nitro-L-arginine methyl ester (L-NAME).
Toward this end, isolated nuclei were again preincubated with the fluorescent dye DAF-2 and
then incubated for 30 min with or without L-NAME (1 mM) before being treated with either ISO
(1 uM, 30 min) or ET-1 (10 nM, 30 min, Figure 2A). Again, NO release increased following
agonist treatment; however, pre-treatment of nuclei with L-NAME blocked this increase in both
ISO and ET-1 treated nuclei. Immunoblot experiments using antibodies against the two
constitutive NOS isoforms revealed that it is likely that eNOS is responsible for this effect, as
eNOS immunoreactivity was detected in enriched nuclear preparations whereas nNOS was not
(Supplemental Figure 2). Pre-treatment of isolated nuclei with two inhibitors of PKG, KT5823 or

Rp-8-Br, did not alter the ability of ET-1 or ISO to increase NO release (Supplemental Figure 3).
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However, treatment with either inhibitor alone resulted in an increase in NO production,
indicating that PKG may inhibit NOS activity. Negative-feedback regulation of NOS activity by
PKG has been observed previously in intact vascular endothelial cells [35, 36]. These results
clearly demonstrate that both ETB and BARs can increase NOS activity in isolated cardiac
nuclei, likely through activation of eNOS.

Given that two BAR subtypes, ;AR and the f3AR, were shown to be present at the level of
the nuclear membrane [4], we next sought to determine which of these two fAR subtypes was
responsible for the increase in NO production following ISO treatment. Thus, isolated nuclei
preincubated with DAF-2 were treated with a ;AR specific agonist, xamoterol, a $3AR specific
agonist, BRL37344, or forskolin, which can directly activate adenylyl cyclase (AC), bypassing
the receptor (Figure 2B). Interestingly, the f3AR-specific agonist had an effect similar to ISO,
whereas xamoterol and forskolin had no appreciable effect on DAF-2 fluorescence. This was
further confirmed with specific antagonists against all three BAR subtypes (Figure 2C). As
expected, the B3AR antagonist SR59230A was able to inhibit the increase in NO production
produced by ISO while the ;AR antagonist CGP20712 had no significant effect. Interestingly,
the specific f,AR antagonist ICI 118,551 also inhibited the ISO stimulated increase indicating
that there may be differences in receptor selectivity between the nucleus and plasma membrane.
We previously showed that ligand selectivity was altered when multiple AR subtypes were co-
expressed in the same cells [37]. Further study would be required to more carefully examine
pharmacological differences between receptors on the nucleus versus the plasma membrane.
Taken together, our data indicates that ISO regulates NOS activity via $3AR whereas the 3; AR-
mediated AC/cAMP pathway is not directly involved in isolated cardiac nuclei.

We next wished to determine which heterotrimeric G protein mediated the effects of ;AR
stimulation upon NOS activity in the nuclear membrane. Given that the AC/cAMP pathway did
not seem to play a role, and that both the nuclear 335AR [4] and ETB [38] can activate Gai, we
used pertussis toxin (PTX) to block Gai activation. Of note is the fact that we have already

shown that PTX inhibits ISO-stimulated increases in transcription initiation by $;AR,
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demonstrating the interaction between the receptor and Gai [4]. Following preincubation with
DAF-2, we pre-treated isolated nuclei with PTX (5 ug/mL, 2 h) and then treated with either ISO
or ET-1. Interestingly, PTX treatment alone was able to increase the basal level of NO
production in isolated nuclei, and to such an extent that further treatment with either agonist had
no further appreciable effect (Figure 3A). This suggests that, in the absence of receptor
stimulation, basal Gai tone integrating inputs from several nuclear Gi-coupled GPCRs may play
a role in modulating NOS activation and maintaining the basal levels of NO release. PTX
prevents Gai from functionally coupling with these different receptors might explain why no
further increase is seen in the agonist treated samples, as both stimulatory and inhibitory inputs
would both be lost. Identifying other putative Gai-coupled receptors at the level of the nucleus
leading to additional regulation of NO production would be an interesting avenue for future
investigation. Alternatively, interactions with other G proteins, potentially Goq in the case of
ETB, might also be involved in regulating NOS activity.

Given the established link between PKB and ETRs [39] and nuclear BARs [7], as well as
the well-characterized regulation of NOS activation by PKB [17, 21], we next examined the
effect of PKB inhibition on NO production in isolated cardiac nuclei. Toward this end, isolated
nuclei were loaded with DAF-2, then pre-treated with the PKB inhibitor triciribine (1 uM, 30
min), and finally treated with either ISO or ET-1. While treatment with either agonist lead to an
increase in NO production, concomitant treatment with triciribine actually potentiated this effect,
for both agonists, although to a lesser extent for ET-1 (Figure 3B). Treatment with triciribine
alone, however, had no effect on basal NO production. Hence, PKB inhibition can lead to an
increase in NO production, but only when the receptors are activated: basal activity was
unaffected. The exact mechanism responsible for the potentiation remains to be elucidated.
However, this might be explained in part by the mode of action of triciribine, which inhibits PKB
activation, but whose exact molecular target is unknown. This would also leave the upstream
effectors of PKB active; hence if they are activating other kinases as well they may be

compensating for the lack of PKB activity. In addition while PKB is known to activate NO
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production in the cytoplasm, it is entirely possible that a different signaling mechanism exists at
the level of the nucleus. We have previously shown that the ARs activate the PI3K/PKB
signaling pathway in isolated nuclei and that treatment with triciribine profoundly alters the

modulation of transcription initiation, switching ISO from an agonist to an inverse agonist [7].
3.2. Transcription initiation

We next determined if NOS activation played a role in the previously described effects of
ISO and ET-1 on transcription initiation in isolated cardiac nuclei [4, 7]. Thus, isolated nuclei
were treated with either ISO (1 uM) or ET-1 (10 nM) in the presence or absence of L-NAME (1
mM). Transcription was assessed by measuring [o>PJUTP incorporation. As previously
reported, ISO increased de novo transcription (Figure 4A). L-NAME inhibited both the basal and
ISO-induced increase in de novo transcription. ET-1, in the absence or presence of L-NAME,
reduced [**P] UTP incorporation to a level comparable to that induced by L-NAME alone.
Hence, although ISO and ET-1 both increased NO release in isolated nuclei, they induced
opposite effects on the initiation of global transcription, indicating there exists additional
complexity in the organization of the two pathways.

NO exerts its effects by activation of soluble guanylyl cyclase and, possibly, by S-
nitrosylation of cysteine residues in target proteins (see [11]). Hence cGMP-mediated activation
of PKG may represent a means whereby activation of either $3AR or ETB is transduced into
changes in promoter activity. To further investigate this possibility, we examined the effect of
PKG inhibition on transcription. Isolated nuclei were treated with either ISO (1 uM), ET-1 (10
nM) or cGMP (100 uM) in the presence or absence of 1 uM KT5823 or 1 uM Rp-8-Br, PKG
inhibitors, and transcription initiation was assessed as [a’“PJUTP incorporation (Figure 4B). As
with L-NAME, KT5823 exhibited an inhibitory effect on de novo transcription in the absence of
agonist, and was also able to block the stimulatory effect of ISO. KT5823 alone reduced the
basal level of [*?PJUTP incorporation to levels comparable to those induced by ET-1. While

inhibition of PKG resulted in an increase in NO production, it is perhaps not unexpected to see a
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decrease in transcription as PKG is likely involved in a feedback inhibition loop (discussed
above), and thus the increased NO production is likely an attempt to compensate for the
inhibition of PKG activity. Unlike KT5823, Rp-8-Br had no significant effect on the basal level
of transcription likely due to the fact that it acts as a competitive inhibitor of cGMP and hence
has no effect on the pool of already activated PKG. Rp-8-Br did however still inhibit the ISO
stimulated increase. Furthermore, in the presence of ET-1 neither of these agents had any
additional significant inhibitory effect upon transcription initiation. The inability of ET-1 to
increase de novo transcription may reflect the fact that ISO increases the abundance of 18S
ribosomal RNA (rRNA) [7] whereas ET-1 does not (Figure 4C) and rRNA accounts for
approximately 90% of the total RNA pool. Microarray analysis has revealed that ET-1 and ISO
regulate transcription of distinct, but overlapping, populations of genes in isolated cardiac nuclei
(GV, TEH and BGA, in preparation). Treatment with cGMP had no significant effect on the
basal level of transcription, though a slight inhibition was observed. Taken together, these results
raise the possibility that PKG is involved in mediating the effects of nuclear BAR activation
upon transcription, though further study is required to determine its exact role. ETB activation,
although increasing NO production, may act to suppress the stimulatory effects of the NOS-GC-
PKG pathway upon 18S RNA expression through the activation of additional signaling
pathways. Alternatively, 33ARs may activate one or more additional signaling pathways required

for the initiation of 18S RNA transcription.

3.3. Nuclear GPCRs in intact cardiomyocytes

We next extended our findings into the context of the intact cardiomyocyte as isolated
cardiac nuclei are derived from a heterogenous cell population and, in addition, would lack
regulatory elements normally recruited from the cytosol. We have previously shown that the
treatment of isolated nuclei with ISO increases the levels of 18S rRNA [7]. Hence, we first
ascertained that we could reproduce the changes in 18S rRNA following ISO treatment in the

intact cardiomyocyte. To ensure that the changes in 18S rRNA were in fact due to the specific
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action of ISO upon nuclear BARs, we first treated cardiomyocytes with EEDQ, an impermeable
alkylating agent that irreversibly binds and inactivates surface dopamine and adrenergic
receptors [40]. In our hands, EEDQ totally ablated binding of the hydrophobic non-selective
BAR ligand ['*’I]CYP to HEK 293 cells transfected with the AR (Supplemental Figure 4) but a
small fraction of binding was preserved in cardiomyocytes suggesting an internal pool of BAR is
protected (Figure 5A). Following alkylation, cardiomyocytes were incubated with ISO (Figure
5B). As seen previously in isolated nuclei, ISO produced an increase in 18S rRNA and this
increase was not completely blocked by EEDQ. This supports the notion that nuclear BARs are
indeed functional in the intact cardiomyocyte independent of the activation status of surface
receptors. This notion was further confirmed by measuring levels of Pim-1 mRNA (Figure 5C).
Pim-1 is a protein kinase that has been linked to the pro-survival effects of PKB, and has been
shown to play a role in apoptosis and transcriptional activation [41, 42]. Pim-1 mRNA was also
increased following ISO treatment, and again EEDQ treatment did not completely block this
increase. Thus, although ISO is highly hydrophilic, it is able to enter cardiomyocytes. This has
already been shown for norepinephrine [43], and it is believed that an active transporter,
norepinephrine-uptake-2, is responsible for the uptake of catecholamines into the cardiomyocyte
[44]. However, we cannot exclude the possibility that some surface receptors were spared in the
treatment with EEDQ and thus we sought another, more direct way to show that internal
receptors could be activated in the intact cell context.

To selectively target the nuclear receptors, we used caged agonists for both ETRs (caged
ET-1; cET-1, [29]) and PARSs (caged isoproterenol; ZCS-1-67). The “cages” are protecting
groups that allow these compounds to freely cross the plasma membrane but can be removed by
exposure to UV light, resulting in release of the parent compound with no residual structural
modification (e.g., ET-1 or ISO). To first test the caged PAR ligand, we performed direct
uncaging experiments in solution by exposing the compounds to UV light before incubating
them with HEK 293 cells transfected with the $,AR. As can be seen in Figures 6A and 6B, at

concentrations as high as 10 uM, the caged ISO analog, ZCS-1-67, was not able to significantly
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activate BAR signaling until uncaged by exposure to UV light, as measured by stimulation of
cAMP production in an EPAC-based BRET assay. Caged ET-1 has been characterized
previously [29]. Similarily, radioligand binding assays in membranes prepared from whole rat
heart revealed that at concentrations of 1 and 5 uM, caged ZCS-01-67 produced a non-significant
reduction in ['*’IJCYP binding (Figure 6C). Upon photolysis of 1 uM ZCS-01-67, no further
reduction was observed, whereas photolysis of 5 uM ZCS-01-67 reduced ['*’IJCYP binding to a
similar extent to that observed with 1 uM ISO. These data indicate that, like alprenolol (a non-
selective AR antagonist) and ISO (a non-selective AR agonist) uncaged ZCS-01-67 competes
with ['*I]CYP for binding to AR. Caged ZCS-01-67 may also compete with ['*’IJCYP, but
very weakly in comparison with ISO, alprenolol, or uncaged ZCS-01-67. Taken together, these
data indicate that, at best, ZCS-01-67 may act as a very weak partial agonist (which may still
compete for binding to surface receptors) for fARs, having both reduced affinity and efficacy.
We next investigated whether we could still detect increases in NO production following
ISO treatment in the intact cardiomyocyte. Measurements of intracellular NO release were
performed using live-cell confocal fluorescence microscopy. Cardiomyocytes were loaded with
either cET-1 or ZCS-1-67. Higher concentrations of the caged ligands were used to compensate
for the reduced UV intensity used to uncage them (to preserve cell viability). Once loaded with
agonist, cardiomyocytes were washed to remove excess ligand, and subsequently exposed to a 4
s pulse of UV light (405 nm/30 mW diode, 100% laser intensity) in order to photolyse the caged
ligands. Cardiomyocytes were also loaded with a cell-permeable analog of DAF-2, DAF-2 DA,
which is hydrolysed to DAF-2 by intracellular esterases, and the fluorescent DNA dye, DRAQS.
Changes in intracellular NO were assessed by monitoring DAF-2 fluorescence using a Zeiss
LSM 710 DUO confocal microscope: DRAQS fluorescence was measured to delineate the
nucleus and quantify changes in nuclear DAF-2 fluorescence (Figure 7A). DAF-2 and DRAQS5
fluorescence was acquired simultaneously. Both cET-1 and ZCS-1-67 evoked increases in NO
upon photolysis and this increase was blocked by pre-treatment with L-NAME (Figure 7B).
Including ETA (BQ610, 1 uM) and ETB (BQ788, 1 uM) antagonists in the extracellular medium
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did not prevent the effects of cET-1, indicating that photolysed ET-1 was not being secreted by
the cells and acting upon ETRs at the cell surface (CM and BGA, manuscript in preparation),
These results reinforce our findings using EEDQ and support the conclusion that nuclear ETB
and 33AR regulate NO production locally in the nucleus, independently of cell surface receptors.
The whole cell images reveal that 5 min after photolysis, the increase in DAF-2 fluorescence
induced by cET-1 and ZCS-1-67 differed in terms of compartmentalization. cET-1 increased
DAF-2 fluorescence within the nucleus to a level similar to that in the surrounding cytosol
(Figure 7C, panel 2). This increase was not observed in the vehicle control (also exposed to UV)
or in the presence of cET-1 plus L-NAME (Figure 7C, panels 1 and 3, respectively). In contrast,
although ZCS-1-67 produced a significant increase in nuclear NO levels (Figure 7A,B), its
effects were far more pronounced in extra-nuclear compartments (Figure 7C, panel 4). In
addition, ZCS-1-67 induced a greater overall increase in whole-cell DAF-2 fluorescence than
observed with cET-1 (data not shown). The increase in DAF-2 fluorescence induced by ZCS-1-

67 was also inhibited by L-NAME (Figure 7C, bottom panel).
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4. Discussion

We have demonstrated that the ETB and BAR in the nuclear membrane regulate NO
production in isolated cardiac nuclei and more importantly, in intact cardiomyocytes. Using a
NO-sensitive fluorescent dye, DAF-2, we observed an increase in NO production following
treatment with both ISO and ET-1. In addition, pre-treatment with the NOS inhibitor L-NAME
blocked the increase in DAF 2 fluorescence, clearly indicating that these two agonists enhance
NOS activity in the nucleus. These results implicate NO in the regulatory effects mediated by
these two nuclear GPCRs, including calcium handling for the ETRs and regulation of gene
expression for the BARs [7, 45].

Nuclear lysophosphatidic acid receptors (LPAR) have been shown to upregulate iNOS
expression in porcine cerebral microvascular endothelial cells through the activation of the
PI3K/PKB pathway, and in a PTX-sensitive manner [34]. Moreover, in isolated hepatocyte
nuclei, this upregulation is dependent on nuclear eNOS activation [20]. Furthermore the nuclear
prostaglandin E, receptor (EPs) has been shown to lead to an increase in both iNOS and eNOS
expression in microvessel endothelial cells, through the activation of the ERK1/2 pathway, also
in a PTX-sensitive manner [19, 33]. In addition, the nuclear bradykinin B2 receptors (B2Rs) also
appear to regulate iNOS expression in isolated hepatocyte nuclei, again through the PI3K/PKB
pathway [18]. This is the first study examining the effects of nuclear GPCRs on the NO pathway
in adult cardiomyocytes and exact NOS subtype(s) being activated remains to be determined.
However, since iNOS expression is not detected in isolated adult cardiac myocytes and iNOS
mRNA is only detected after 6 h of stimulation with cytokines [46], it is unlikely that iNOS is
responsible for the NO release induced by ISO or ET-1 in isolated cardiac nuclei (30 min) or
cardiomyocytes (5 min). In contrast, both eNOS and nNOS are constitutively expressed in heart
and appear to have overlapping subcellular distribution and function [47]. In general, eNOS is
more abundant at the sarcolemma whereas nNOS is more predominant at the sarcoplasmic

reticulum. However, in response to external stimuli nNOS may relocate to the cell periphery
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whereas eNOS shifts to intracellular sites, including the nucleus (see [11]). In contrast, in
HUVECs, eNOS localizes to the perinuclear region, cytosol, and cell periphery but then
translocates to the cell periphery during hypoxia [48]. Although we demonstrated the presence of
eNOS immunoreactivity in isolated cardiac nuclei, further study is required to determine the
identity and localization of the NOS subtypes activate by ET-1 and isoproterenol in cardiac
nuclear membranes.

Given the presence of both ;AR and B3AR in cardiac nuclear membranes [4], as well as
the propensity of these receptors to interact with multiple G proteins [38, 49], we also
investigated which receptor and G protein subtypes were specifically involved in regulating NOS
activity. We established that B3AR was likely responsible for the observed increase in NO
production, as the ;AR selective agonist, BRL 37344, reproduced the stimulatory effect seen
with ISO, whereas the ;AR selective agonist, xamoterol, had no effect. In addition, treatment
with forskolin, which directly activates adenylyl cyclase (AC), was also without effect. Taken
together, and given the already established link between the nuclear ;AR and AC/cAMP
activation [4], it would appear that the [B;AR-AC/cAMP pathway does not regulate NO
production at the level of the nucleus, while the $3AR does. This is not entirely surprising as it
has already been demonstrated that the f3AR can activate all three NOS subtypes in the heart,
and appears to be an important mediator of NO signaling [10]. We also demonstrated that Gaui
played a role in this regulation, as its inhibition with PTX resulted in an increase in NO
production. Further treatment with either agonist did not potentiate this effect. The mechanism
by which Gai inhibits NO production under basal conditions remains unclear, although the
relationship between Gaiand NOS regulation is well established [50, 51], including in regards to
nuclear GPCRs [33, 34]. While the nuclear B3AR has already been shown to signal through Goy;
[4], no such link has yet been established for the nuclear ETB. While the $3AR is only expressed
at low levels in cardiomyocytes under basal conditions, its expression does increase during the
development of hypertrophy and heart failure [52]. As such, the pathways activated by nuclear

B3AR might play a role in the development of cardiac pathology. Moreover, given the lack of the
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B2AR subtype at the level of the nucleus, the $3AR may represent a greater proportion of the
nuclear BARs as compared to total heart AR density.

We have also demonstrated that the PI3K/PKB signaling pathway is involved in the
regulation of NO production by the fARs, as treatment with the PKB inhibitor triciribine
potentiated the effect of ISO. Triciribine however had no effect on basal NO production. The
PI3K/PKB pathway is a known regulator of NO production [17, 21, 50, 53], and has been
previously linked to nuclear AR activation [7], and to the upregulation of iNOS expression [18,
34]. The fact that PKB inhibition potentiated the effect of ISO indicates that multiple pathways
might be activated following ISO treatment, with both stimulatory and inhibitory pathways being
activated. The ability of NO to attenuate signaling of serine/threonine protein kinases may also
play a factor in this complex cascade [22]. The possibility of differential effects depending on the
NOS subtype being targeted also merits consideration.

We have now demonstrated that NO is involved in the previously characterized regulation
of global transcription by nuclear BARs. When examining de novo gene transcription in isolated
nuclei, we noted that treatment with the NOS inhibitor L-NAME decreased the basal level of de
novo gene transcription, while also blocking the observed increase following ISO treatment. No
appreciable effect was seen in the ET-1 treated samples, indicating that NO signaling is
differentially compartmentalized for the two receptor subtypes (as shown in Figure 7C). This
likely indicates that NO is indeed involved to some degree in AR-mediated regulation of gene
transcription. This isn’t all that surprising given the pre-established role of NO in the regulation
of gene transcription through modulation of nuclear NF-kB[16], and that the nuclear ;AR also
appears to regulate the NF-kB pathway [7]. Moreover, we have also shown that PKG is involved
in this pathway as well. Similarly to the treatment with L-NAME, treatment with KT5823 or Rp-
8-R, potent and selective PKG inhibitors, reduced the basal level of de novo gene transcription,
and was also able to block the observed increase following ISO treatment. That PKG is a well-
established downstream mediator of NO, and has also been shown to regulate PKB and calcium

signaling [9], only reinforces these findings.
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We also wanted to show that the regulation of NO production observed in isolated nuclei
could be observed in the intact cardiomyocyte. Toward this end, we have first shown that nuclear
BARs in isolated cardiomyocytes can in fact respond to extracellular ISO, as cells pre-treated
with EEDQ, a potent irreversible alkylating agent [40], to inactivate cell surface receptors, still
showed an increase in 18S rRNA by qPCR following ISO treatment, as previously observed in
isolated nuclei [7]. An increase in levels of Pim-1 mRNA, a protein kinase downstream of PKB
[41], was also observed, indicating that mRNA is also regulated by nuclear BARs in intact
myocytes. These results do not discount the possibility that nuclear BARs are directly trafficked
to the nucleus following their biosynthesis, and not after internalization, as internalized receptors
would still have EEDQ bound and thus would remain unable to respond to agonist treatment.
The recent identification of nuclear localization sequences in the a; ARs [54], reveals the need
for further study of the BAR in this regard.

Finally, we showed that both the BARs and ETRs can in fact regulate NO production in the
intact cardiomyocyte, as treatment with a caged ISO analog (ZCS-1-67) as well as with caged
ET-1 (cET-1) resulted in increased NO production as visualized by an increase in DAF-2
fluorescence by live cell confocal microscopy. These caged compounds can freely enter
cardiomyocytes allowing us to specifically target intracellular receptors and demonstrate
conclusively that internal receptors are functional in the intact cardiomyocyte. These results are
further supported by the fact that pre-treatment with L-NAME was able to block this observed
increase. These results confirm our previous findings in regard to NO regulation and lend further

credence to the notion that nuclear GPCRs do in fact play a role in vivo.
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5. Conclusions

We have shown that the nuclear $3AR and ETB regulate NO production in the
cardiomyocyte, and that Gaui is implicated in this regulation. Increased NO production was
required for the ISO-mediated increase in de novo transcription. Furthermore, both PKB and
PKG are involved in this pathway. Moreover, we have demonstrated that nuclear receptors can
regulate both rRNA and mRNA targets even in the context of the intact cell. Taken together,
these results demonstrate for the first time that nuclear GPCRs directly upregulate NO
production, and imply that the NO-GC-PKG pathway is involved in the regulation of gene
transcription by nuclear GPCRs, as well as that this pathway is active in cardiomyocytes.
Furthermore, the spectrum of effects of BAR ligands may be strongly influenced both by their
receptor subtype selectivity and their ability to cross the plasma membrane and modulate

signaling in BARs located on the nuclear membranes.
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Figure legends

Figure 1: Synthesis of a caged isoproterenol analog. N-(2-nitrobenzyl)-L-isoproterenol (ZCS-

1-67) was synthesized as described in Methods.

Figure 2: Effect of various agonists on NO production. Enriched nuclear fractions were
preincubated with the fluorescent dye DAF-2 (5 ug/mL), then stimulated with either A) 1 uM
isoproterenol or 100 nM ET-1, in the absence or presence of the NOS inhibitor L-NAME (1
mM). B) NO production in response to 1 uM isoproterenol, 100 nM forskolin, 1 uM xamoterol,
or 1 uM BRL 37344. C) NO production in response to 1 uM isoproterenol in the presence or
absence of 5 nM CGP20712, 10 nM ICI 118,551 or 1 uM SR59230A. NO production was
determined as a measure of DAF-2 fluorescence at wavelengths of 485 nm (excitation) and 510
nm (emission). Data represents mean = S.E. of at least three separate experiments performed in
duplicate and are normalized to control. Significant differences (*, p<0.05) were determined by

one-way ANOVA for three or more experiments.

Figure 3: Effect of pertussis toxin and triciribine on NO production. Enriched nuclear
fractions were preincubated with the fluorescent dye DAF-2 (5 ug/mL) and then incubated with
either A) the Gau inhibitor pertussis toxin (PTX, 5 ug/mL), or B) the PKB inhibitor triciribine (1
uM) and then stimulated with 1 uM isoproterenol or 100 nM ET-1. NO production was
determined as a measure of DAF-2 fluorescence at wavelengths of 485 nm (excitation) and 510
nm (emission). Data represents mean = S.E. of at least three separate experiments performed in
duplicate and are normalized to control. Significant differences (*, p<0.05) were determined by

one-way ANOVA for three or more experiments.
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Figure 4: Effect of NOS pathway inhibition on isoproterenol and ET-1 induced
transcription initiation. A) Enriched nuclear fractions were stimulated with either 1 uM
isoproterenol or 100 nM ET-1. [o*PJUTP incorporation was measured in nuclei pre-treated with
either vehicle alone (DMSO) or an inhibitor of NOS, L-NAME (1 mM). B) Enriched nuclear
fractions were stimulated with either 1 uM isoproterenol, 100 nM ET-1 or 100 uM cGMP.
[a**P]-UTP incorporation was measured in nuclei pre-treated with either vehicle alone or
inhibitors of PKG, KT5823 (1 uM) or Rp-8-Br (1 uM). C) Enriched nuclear fractions were
stimulated with either 100 nM ET-1 or vehicle. RNA was extracted, cDNA prepared, and 18S
rRNA quantified by qPCR. Cr values for 18S rRNA were normalized to those for $-actin
mRNA. Data represents mean + S.E. of at least three separate experiments performed in
triplicate and are normalized to control. Significant differences (*, p<0.05) were determined by

one-way ANOVA for three or more experiments.

Figure 5: B ARs regulate rRNA and mRNA transcription in intact cardiomyocytes. A)
Membranes prepared from freshly isolated myocytes that were preincubated with 100 uM EEDQ
or vehicle for 2 h at 37 °C and then lysed. ['*’I]-CYP (50 uL, 400,000 cpm) was added to 10 uL
of membranes in a total volume of 0.5 mL, in triplicate, for each condition. Alprenolol (10 uM)
was used to measure non-specific binding. Membranes were incubated at room temperature for
90 min and subsequently captured and washed using a Brandel cell harvester. ['*’I]-CYP binding
was quantified using a y-counter. B) Enriched nuclear fractions were preincubated with 100 uM
EEDQ or vehicle, then stimulated with either 1 uM isoproterenol. RNA was extracted, cDNA
prepared and 18S rRNA quantified by qPCR. Cr values for 18S rRNA were normalized to those
for B-actin mRNA. C) Enriched nuclear fractions were preincubated with 100 uM EEDQ or
vehicle, then stimulated with either 1 uM isoproterenol. RNA was extracted, cDNA prepared and
Pim-1 mRNA quantified by qPCR. Cr values for Pim-1 mRNA were normalized to those for f3-
actin mRNA. Data represents mean + S.E. of at least three separate experiments. Significant

differences (*, p<0.05) were determined by one-way ANOVA for three or more experiments.
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Figure 6: Activation of § AR signaling by a caged isoproterenol analog, ZCS-1-67, in HEK
293 cells. A) To assess cAMP/PKA pathway activation of endogenous B-adrenergic receptors, an
EPAC assay was used. HEK 293 cells were transfected with 1.5 ug of EPAC, a cAMP-sensitive
BRET-based biosensor. 48 h later, real-time BRET ratios were measured with 10 uM
1soproterenol, vehicle or caged/uncaged ZCS-1-67. The caged compounds were exposed to 15
min of UV light (black-ray long wave, model BIOOAP lamp) 3.0 cm above the plate to uncage
compounds prior to the assay. To calculate net BRET, variations in BRET ratio (ABRET) were
calculated for each treatment and subtracted from ABRET associated to vehicle treated cells.
Average of net BRET values representative of three independent experiments. B) Dose-
responses for isoproterenol, caged and un-caged isoproterenol analog, ZCS-1-67, were assessed
by EPAC assay. The assay was performed as described above and average net BRET responses
of three independent experiments were calculated for various concentrations of the compounds.
C) BAR ligand binding in membranes prepared from adult rat hearts. ['*’IJCYP (50 uL, 400,000
cpm) was added to 10 uL. of membranes in a total volume of 0.5 mL, 5 replicates were used for
each condition. Alprenolol (10 uM), ISO (1 uM), caged or uncaged ZCS-1-67 (1 and 5 uM)
were used to compete with specific CYP binding. Membranes were incubated at room
temperature for 90 min and subsequently filtered and washed using a Brandel Cell h\Harvester.
['*I]CYP binding was quantified using a y-counter. Data represents mean + S.E. of at least three
separate experiments. Significant differences (*, p<0.05) were determined by one-way ANOVA

for three or more experiments.

Figure 7: Measurement of NO production in live cardiomyocytes by confocal microscopy.
A) Ventricular cardiomyocytes were isolated from adult male rats, allowed to rest for 1 h, then
loaded with DAF-2 DA (5 ug/mL) and DRAQS. Cardiomyocytes were then treated with either
ZCS-1-67 (30 uM), cET-1 (1.5 uM), a caged analog of ET-1 or vehicle, as described in Methods.
Ligand photolysis and fluorescence imaging were accomplished using a Zeiss LSM 7 Duo

microscope. Nucleoplasmic DAF-2 fluorescence was recorded before (Fy), during, and after
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photolysis (F). DRAQS fluorescence was used to delineate the nucleus. Representative traces are
shown. B) Nucleoplasmic DAF-2 fluorescence before (Fy) and after (t=500 s: F) photolysis.
Signals are presented as background-subtracted normalized fluorescence (%F/Fy), where F is the
fluorescence intensity and Fj is the basal level of DAF-2 fluorescence recorded 1 s prior to
photolysis. Data represents mean = S.E. of at least three separate experiments. Significant
differences (*, p<0.05) were determined by one-way ANOVA. C) Images showing whole cell
DAF-2 and DRAQS fluorescence acquired immediately before photolysis (time = 0 s) and 5 min

after photolysis of cET-1 or ZCS1-67. Arrows indicate the position of the nuclei in each cell.

Supplemental Figure Legends

Supplemental Figure 1: Regulation of NO production.

Enriched nuclear fractions were preincubated with the fluorescent dye DAF-2 (5 ug/ml), then
stimulated with either 1 uM isoproterenol or 100 nM ET-1 for either 5, 10, 15 or 30 min. NO
production was determined as a measure of DAF-2 fluorescence at wavelengths of 485 nm
(excitation) and 510 nm (emission). Data represents mean + S.E. of at least three separate
experiments performed in duplicate and are normalized to control. Significant differences (*,

p<0.05) were determined by one-way ANOVA for three or more experiments.

Supplemental Figure 2: Identification of NOS isoforms in isolated nuclei.

A) Bovine aortic endothelial cell lysates (EC; lane 1; 5 ug) and enriched nuclear fractions from
three separate preparations (nuclei; lanes 2-4; 100 ug) were separated by SDS-PAGE, transferred
to nitrocellulose, and probed with an eNOS-specific antibody. B) Rat brain cytosol (RB; lane 1;
100 ug) and enriched nuclear fractions from three separate preparations (nuclei; lanes 2-4; 100

ug) were separated by SDS-PAGE, transferred to nitrocellulose, and probed with an nNOS-
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specific antibody. Membranes were stripped and reprobed using a nucleoporin62-specific

antibody (Nup62). The immunoblots shown are representative of 3 independent experiments.

Supplemental Figure 3: Effect of KT5823 on NO production.

Enriched nuclear fractions were preincubated with the fluorescent dye DAF-2 (5 ug/ml) and then
stimulated with either 1 uM isoproterenol or 100 nM ET-1, as well as the PKG inhibitors
KT5823 (1 uM) or Rp-8-Br (1 uM). NO production was determined as a measure of DAF-2
fluorescence at wavelengths of 485 nm (excitation) and 510 nm (emission). Data represents
mean + S.E. of two separate experiments performed in duplicate and are normalized to control.
Significant differences (*, p<0.05) were determined by one-way ANOVA for three or more

experiments.

Supplemental Figure 4: Effect of EEDQ on $ AR binding in HEK 293 cells.

Membranes prepared from native HEK 293 cells and from a stable HEK 293 cell line expressing
the B2AR were preincubated with 100 uM EEDQ or vehicle for 2 h at 37 °C and then lysed.
['*I]CYP (50 ul, 400000 cpm) was added to 10 ul of membranes in a total volume of 0.5 ml, in
triplicate, for each condition. Alprenolol (10 uM) was used to measure non-specific binding.
Membranes were incubated at room temperature for 90 min and subsequently captured and

washed using a Brandel cell harvester. ['*’I]-CYP binding was quantified using a y-counter.
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Table 1: Primers used for real-time qPCR

Target Primers
18S Sense 5’- ACG GAC CAG AGC GAA AGC AT -3
18S Antisense 5’- TGT CAA TCC TGT CCG TGT CC -3’
NFkB Sense 5’- CTG CGA TAC CTT AAT GACAGC G -3
NFkB Antisense 5’- AAT TTT GGC TTC CTT TCT TGG CT -3’

-Actin Sense
B-Actin Antisense

5’-TTC AAT TCC ATC ATG AAG TGT G -3°
5’- CTG ATC CAC ATC TGC TGG AAG GTG -3’
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Figure 3
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Figure 7
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Supplemental Figure Legends

Supplemental Figure 1: Regulation of NO production.

Enriched nuclear fractions were preincubated with the fluorescent dye DAF-2 (5 ug/ml), then
stimulated with either 1 uM isoproterenol or 100 nM ET-1 for either 5, 10, 15 or 30 min. NO
production was determined as a measure of DAF-2 fluorescence at wavelengths of 485 nm
(excitation) and 510 nm (emission). Data represents mean + S.E. of at least three separate
experiments performed in duplicate and are normalized to control. Significant differences (*,

p<0.05) were determined by one-way ANOVA for three or more experiments.

Supplemental Figure 2: Identification of NOS isoforms in isolated nuclei.

A) Bovine aortic endothelial cell lysates (EC; lane 1; 5 ug) and enriched nuclear fractions from
three separate preparations (nuclei; lanes 2-4; 100 ug) were separated by SDS-PAGE, transferred
to nitrocellulose, and probed with an eNOS-specific antibody. B) Rat brain cytosol (RB; lane 1;
100 ug) and enriched nuclear fractions from three separate preparations (nuclei; lanes 2-4; 100
ug) were separated by SDS-PAGE, transferred to nitrocellulose, and probed with an nNOS-
specific antibody. Membranes were stripped and reprobed using a nucleoporin62-specific

antibody (Nup62). The immunoblots shown are representative of 3 independent experiments.

Supplemental Figure 3: Effect of KT5823 on NO production.

Enriched nuclear fractions were preincubated with the fluorescent dye DAF-2 (5 ug/ml) and then
stimulated with either 1 uM isoproterenol or 100 nM ET-1, as well as the PKG inhibitors
KT5823 (1 uM) or Rp-8-Br (1 uM). NO production was determined as a measure of DAF-2
fluorescence at wavelengths of 485 nm (excitation) and 510 nm (emission). Data represents
mean + S.E. of two separate experiments performed in duplicate and are normalized to control.
Significant differences (*, p<0.05) were determined by one-way ANOVA for three or more

experiments.



Supplemental Figure 4: Effect of EEDQ on $ AR binding in HEK 293 cells.

Membranes prepared from native HEK 293 cells and from a stable HEK 293 cell line expressing
the B,AR were preincubated with 100 uM EEDQ or vehicle for 2 h at 37 °C and then lysed.
['*I]CYP (50 ul, 400000 cpm) was added to 10 ul of membranes in a total volume of 0.5 ml, in
triplicate, for each condition. Alprenolol (10 uM) was used to measure non-specific binding.
Membranes were incubated at room temperature for 90 min and subsequently captured and

washed using a Brandel cell harvester. ['*’I]-CYP binding was quantified using a y-counter.
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