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ABSTRACT: Nitric oxide (NO) regulates cardiovascular hemostasis by
binding to soluble guanylyl cyclase (sGC), leading to cGMP production,
reduced cytosolic calcium concentration ([Ca2þ]i), and vasorelaxation.
Thrombospondin-1 (TSP-1), a secreted matricellular protein, was recently
discovered to inhibit NO signaling and sGC activity. Inhibition of sGC
requires binding to cell-surface receptor CD47. Here, we show that a TSP-1
C-terminal fragment (E3CaG1) readily inhibits sGC in Jurkat T cells and
that inhibition requires an increase in [Ca2þ]i. Using flow cytometry, we
show that E3CaG1 binds directly to CD47 on the surface of Jurkat T cells.
Using digital imaging microscopy on live cells, we further show that
E3CaG1 binding results in a substantial increase in [Ca2þ]i, up to 300 nM.
Addition of angiotensin II, a potent vasoconstrictor known to increase [Ca2þ]i, also strongly inhibits sGC activity. sGC isolated
from calcium-treated cells or from cell-free lysates supplemented with Ca2þ remains inhibited, while addition of kinase inhibitor
staurosporine prevents inhibition, indicating inhibition is likely due to phosphorylation. Inhibition is through an increase in Km
for GTP, which rises to 834 μM for the NO-stimulated protein, a 13-fold increase over the uninhibited protein. Compounds
YC-1 and BAY 41-2272, allosteric stimulators of sGC that are of interest for treating hypertension, overcome E3CaG1-mediated
inhibition of NO-ligated sGC. Taken together, these data suggest that sGC not only lowers [Ca2þ]i in response to NO, inducing
vasodilation, but also is inhibited by high [Ca2þ]i, providing a fine balance between signals for vasodilation and vasoconstriction.

Nitric oxide (NO) regulates numerous vital functions in
animal physiology including blood pressure, memory

formation, platelet aggregation, angiogenesis, and tissue
development.1 Dysregulation of NO signaling contributes to
cardiovascular disease, difficulties in wound healing, diabetes,
asthma, and aging. NO is produced through the conversion of
L-arginine to L-citrulline by nitric oxide synthase (NOS)2,3 and
may function in the same cell where it is produced and/or in
nearby cells (autocrine/paracrine signaling). Three isoforms of
NOS are found in mammals, endothelial NOS (eNOS),
neuronal NOS (nNOS), and inducible NOS (iNOS). Both
eNOS and nNOS are regulated by Ca2þ through its binding to
calmodulin. The primary NO receptor is soluble guanylyl/
guanylate cyclase (sGC), a heterodimeric protein of ∼150 kDa
that binds NO through a ferrous heme. NO binding stimulates
cyclase activity, the production of cGMP from substrate GTP,
and the subsequent amplification of NO-dependent signaling
cascades.4−7 In smooth muscle cells, this leads to a reduction in
cytosolic calcium concentration ([Ca2þ]i) and smooth muscle
relaxation, a mechanism closely tied to the regulation of blood
pressure. While regulation of NOS is relatively well studied,8 the
mechanisms underlying sGC regulation are poorly understood.4

Recently, thrombospondin-1 (TSP-1), a trimeric extracellular
matrix protein of 450 kDa, was discovered to be an inhibitor of
NO signaling.9 The NO-stimulated increase in endothelial cell
proliferation, migration, and adhesion, which are of importance
for angiogenesis, wound healing, and tumor progression, are

potently blocked by TSP-1. TSP-1 also blocks smooth muscle
relaxation, leading to vasoconstriction. The mechanisms behind
TSP-1 attenuation of NO signaling are not yet known but
involve inhibition at multiple steps, including those involving
vascular endothelial growth factor receptor-2 (VEGFR2),
eNOS, sGC, and protein kinase G (PKG).10,11 Among these,
inhibition of sGC is particularly prominent and the focus of the
present investigation.
TSP-1 is a multidomain protein consisting of a globular

N-terminal domain, procollagen homology domain, three
thrombospondin structural or properdin-like (type 1) repeats,
three EGF-like (type 2) repeats, seven Ca2þ-binding (type 3)
repeats, and a globular C-terminal cell-binding domain
(Figure 1).12−14 The trimeric form of the protein is stabilized
through disulfide bonds located just after the N-terminal domain.
TSP-1 interacts with multiple cell surface receptors through each
of its domains and elicits a multitude of physiological responses.
Through its C-terminal domain, TSP-1 binds to CD47 (also
called integrin-associated protein; IAP), which is required for
sGC inhibition.9

CD47 is an ∼50 kDa integral-membrane protein expressed in
most cell types. It is suspected to traverse the membrane five
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times and has an IgV-like extracellular domain and a small
alternatively spliced intracellular domain.15 The two well-
characterized ligands of CD47 are signal inhibitory receptor
protein α (SIRPα) and TSP-1. The CD47/SIRPα interaction
functions to regulate innate immunity and experiments using
knockout mice reveal that CD47 could act as a “self” marker
since lack of CD47 leads to cells being phagocytosed by
macrophages.16 CD47 can be coimmunoprecipitated with
G-protein Gi

17 and is implicated in triggering Gi-dependent
apoptosis in both breast cancer cells18 and T lymphocytes.19

This has led to the suggestion that CD47 might be a
noncanonical G-protein coupled receptor (GPCR) and that
CD47/integrin complexes mimic GPCRs.15,20 When TSP-1
binds to CD47 at the cell surface, there is a decrease in cGMP

production due to the reduced ability of NO to stimulate sGC.
Full length TSP-1, a peptide derived from the C-terminus of
TSP-1 (4N1), and a C-terminal fragment of TSP-1 (E3CaG1)
have all been shown to inhibit NO signaling through a
reduction in sGC activity.9,10 Previous studies indicate that
TSP-1 inhibition of NO signaling is directly through sGC and
not, for example, through inhibition of phosphodiesterases.21,22

Additionally, 4N1 or 4N1K (modified 4N1) and TSP-1 binding
to CD47 have each been shown to increase [Ca2þ]i levels in
mast cells23 and fibroblasts.24

sGC is a heterodimeric enzyme with one alpha subunit of
∼77 kDa and one heme-containing beta subunit of ∼70 kDa.
Each subunit consists of an N-terminal H-NOX domain, central
PAS and coiled-coil domains, and a C-terminal catalytic

Figure 1. E3CaG1 binding to Jurkat T cells and inhibition of sGC. (A) Schematic diagrams of full-length TSP-1 and the recombinant C-terminal
fragment used in this study (E3CaG1). N-terminal, C-terminal, procollagen, and type 1−3 domains are indicated. Two bars near the N-terminus
indicate the cysteines involved in disulfide linkage. (B) Flow cytometry histogram of Jurkat T cells labeled with FITC-conjugated antihuman CD47
antibody in the presence or absence of E3CaG1, or with isotype or vehicle control, as indicated. 1 × 106 cells were used per condition. Young cells
(<2 weeks in culture) grown at low densities (0.5 × 106 cells/mL) were used; where indicated, cells were incubated with E3CaG1 prior to the
addition of the anti-CD47 antibody. (C) Young Jurkat T cells were examined for cGMP production (1 × 106 cells per assay condition). Where
indicated, cells were incubated with E3CaG1 at room temperature (15 min), followed by the addition of 10 μM DEA/NO. Error bars represent the
standard deviation from mean of independent experiments (n = 5), and * denotes p < 0.001. (D) and (E) are as in (B) and (C), except that older
cells (>6 weeks in culture), grown to greater densities (3 × 106 cells/mL), were used. Only in the younger cells was E3CaG1 able to compete with
binding by the CD47 antibody and inhibit NO-stimulated sGC activity.
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domain.25 Subcellular localization,26,27 dimerization status,28

phosphorylation,29−34 protein−protein interaction,35−38

S-nitrosation39,40 and [Ca2þ]i levels
41−43 have all been implicated

in sGC regulation. Calcium, nitric oxide, and cGMP are
intimately associated in controlling numerous cellular functions,
especially vascular tone. High [Ca2þ]i levels lead to attenuation
of NO-induced cGMP accumulation in transformed HEK 293
cells,41 in primary astrocytes,44 and in primary pituitary gland
cells,45 and micromolar calcium concentrations can directly
inhibit isolated sGC.41,42,46

On the basis of the foregoing, we hypothesized that TSP-1
inhibition of sGC was mediated through Ca2þ signaling. Here,
we show that E3CaG1 binding to Jurkat T cells leads to an
increase in [Ca2þ]i and that this pulse is required for inhibition
of sGC. We also show that a potent vasoconstrictor,
angiotensin II (Ang II), which induces an increase in [Ca2þ]i
through GPCR AT1,

47,48 also inhibits sGC through a Ca2þ-
dependent mechanism.

■ MATERIALS AND METHODS

Materials. FITC-conjugated monoclonal antihuman CD47
antibody (B6H12) and an isotype control antibody were
obtained from BD Biosciences (San Jose, CA). Anti-integrin
antibodies to αV (P2W7 and 272-17E6) were obtained from
Abcam. Ionomycin, thapsigargin, PHA, and BAPTA-AM were
obtained from Invitrogen (Carlsbad, CA). Fura-2AM was
obtained from CalBiochem/EMD Biosciences (San Diego,
CA). 2-(N,N-Diethylamino)diazenolate-2-oxide (DEA/NO)
was a kind gift from Dr. Katrina Miranda (University of
Arizona). Phosphate-buffered saline (PBS) was prepared as
10 mM KH2PO4; 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM
KCl, pH 7.4. Tris-buffered saline (TBS) was prepared as
10 mM Tris·HCl, 150 mM NaCl, pH 7.4. Krebs buffer was
prepared as 25 mM HEPES, 120 mM NaCl, 4.75 mM KCl,
1.44 mM MgSO4, 11 mM glucose, pH 7.4. All other reagents
were obtained from Sigma unless otherwise noted.
Cell Culture. Sf9 cells were maintained in Grace’s Insect

Media (Invitrogen) supplemented with 10% fetal bovine serum
(Atlanta Biologicals), gentamicin (10 mg/mL), and fungizone
(0.25 μg/mL). Jurkat T cells (TIB-152) were purchased from
ATCC. Jurkat T cells lacking CD47 (JinB849) or integrin β1
(Jurkat A150) were the kind gift of Dr. David Roberts (NIH).
All Jurkat cell lines were maintained in RPMI 1640
(Invitrogen) supplemented with 5% fetal bovine serum
(FBS), penicillin (5 mg/mL), and streptomycin (1 mg/mL).
Jurkat T cells were maintained below 2 × 106 cells/mL, unless
otherwise noted, and were weaned from 5% FBS to serum-free
conditions starting 48 h prior to all experiments. 3T3 L1
fibroblasts were the kind gift of Dr. Tsu-Shuen Tsao
(University of Arizona) and were maintained in DMEM
(Invitrogen) supplemented with 10% FBS, penicillin (5 mg/
mL), and streptomycin (1 mg/mL). MCF-7 cells were obtained
from ATCC (HTB-22) and maintained in DMEM supple-
mented with 10% FBS, penicillin (5 mg/mL), and streptomycin
(1 mg/mL) and used for experiments within 10 passages after
thawing.
Flow Cytometry. 1 × 106 Jurkat T cells resuspended in

stain/wash buffer (PBS supplemented with 0.1% BSA, 0.01%
NaN3) were used per assay condition. Cells were incubated
with stain/wash buffer or stain/wash buffer supplemented with
E3CaG1 (22 nM) for 1 h at 4 °C and were fixed with 4%
paraformaldehyde prior to incubation with FITC-conjugated

monoclonal antihuman CD47 antibody or isotype control.
Cells were washed with stain/wash buffer to remove unbound
antibody followed by addition of 4% paraformaldehyde. One-
color flow cytometric analysis was performed at 488 nm using a
FACScan flow cytometer (BD Biosciences). The emission
fluorescence of FITC-conjugated CD47 antibody was detected
using a 530/30 bandpass filter and recorded at a rate of 200−400
events/s for 10 000 events gated on FSC (forward scatter) vs SSC
(side scatter). Data were analyzed using CellQuest PRO software
(BD Biosciences). Appropriate electronic compensation was
adjusted by acquiring cell populations stained with each dye/
fluorophore individually, as well as an unstained control.
To examine increased [Ca2þ]i by flow cytometry, we loaded

cells with 5 μM Fluo-3AM in Krebs buffer for 30 min at room
temperature with gentle mixing every 10 min. The green
fluorescence emission of calcium binding dye Fluo-3 was then
analyzed following 488 nm laser excitation on a BD LSRII flow
cytometer (Becton Dickinson, Inc.). Buffer or E3CaG1 (2.2−
220 nM) was added to cell suspension (2 × 106 cells/500 μL),
and data were collected after 10 min. Where indicated, cells
were incubated with anti-CD47 antibody (B6H12) for 20 min
prior to the addition of E3CaG1. Data were analyzed using
FlowJo (v.7.6.4).
Expression and Purification of E3CaG1. Baculoviral

vector pAcGP67.coco (COCO), encoding E3CaG1, was kindly
provided by Dr. Deane Mosher (University of Wisconsin).
Expression and purification were carried out as described.51

Briefly, Sf9 cells were grown at 27 °C and were maintained in
Grace’s Insect Media supplemented with 10% fetal bovine
serum and gentamicin and fungizone. When the cells reached a
density of 1 × 106 cells/mL, they were transferred to SF900II
media (Invitrogen) and were infected with high titer virus at a
multiplicity of infection of 5. Media was collected 65 h postinfection.
After the His-tagged E3CaG1 was purified by immobilized metal
ion affinity chromatography, it was stored at −80 °C in TBS
supplemented with 2 mM CaCl2. Protein concentrations were
determined by the BCA assay (Thermo Scientific, Rockford, IL)
using bovine serum albumin as the standard.
Cloning and Transient Transfection of Human Soluble

Guanylyl Cyclase. Primers 5′-ctcagtctcgagatctattcctgatgc-3′
and 5′-cagtcaggatccgatgttctgcacgaagc-3′ were used to amplify
human sGC α1 cDNA (ATCC clone MGC-33150) for cloning
into pCMV-3Tag-9 (Clontech, Mountain View, CA) between
BamHI and HindIII sites, yielding a C-terminal myc-tagged
protein (vector WM397). Human sGC β1 was cloned into
pCMV-3Tag-3A (Clontech) between SacI and XhoI sites,
yielding a C-terminal FLAG-tagged protein (vector WM434).
Primers 5′-gcactcgaggtcatcatcctgctttg-3′ and 5′-cactgtgagctcatg-
tacggatttgtg-3′ were used to amplify the cDNA from plasmid
pSTBlue1-Huβ1 bearing the human sGC β1 cDNAa gift
from Dr. Alan Nighorn (University of Arizona). The Stratagene
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent,
La Jolla, CA) was used to correct all errors in both plasmids
to match CCDS34085.1 (GUCY1A3) and CCDS47154.1
(GUCY1B3).52 Transfection reagent TurboFect (Fermentas,
Glen Burnie, MD) was used at a ratio of 20 μg of plasmid DNA
(1:1 ratio of sGCα:sGCβ) to 25 μL of reagent per 10 cm dish
of cells at 50% confluency. Cells were harvested by
trypsinization 12 h after transfection, and the cell pellet was
quickly frozen in liquid nitrogen.
sGC Immunoprecipitation and Activity Assays. Tran-

siently transfected MCF-7 cells were trypsinized and
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resuspended in Krebs buffer. To manipulate [Ca2þ]i, cells were
incubated with ionomycin (1 μg/mL), thapsigargin
(400 nM), and 0.1 mM CaCl2 or vehicle control (DMSO)
for 15 min. Cell pellets were lysed into homogenization buffer
(50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM
TCEP, 1 mM PMSF, protease inhibitor cocktail (10 μL/mL
cell lysate)) using a homogenizer. Lysate was spun at 13000g,
and supernatant was combined with anti-FLAG agarose beads
(Sigma, St. Louis, MO) for 1 h, 4 °C, on an Adams Nutator
Mixer (BD Biosciences). After incubation, beads were washed
with TBS and evenly divided into 0.6 mL Eppendorf tubes for
the sGC activity assays. Inclusion of equal quantities of immuno-
precipitated sGC in each assay condition was confirmed by
Western blot analysis (Supporting Information Figure S1).
Western blots were analyzed on an Odyssey Imaging System
(LI-COR), and Image J software was used to analyze loading
quantities. Reactions were carried out in a final volume of
100 μL containing reaction buffer (3 mM GTP, 8 mM MgCl2,
50 mM Hepes, pH 7.7, prepared at 10× concentration just prior
to use) and, where indicated, 10 μM YC-1 or BAY 41-2272 or
vehicle control, and 10 μM DEA/NO. YC-1 and BAY 41-2272
were dissolved in DMSO and then diluted to a final stock
concentration of 1.1 mM in ethanol. DEA/NO was prepared as
a 1 mM stock solution in 10 mM NaOH. Upon adding DEA/
NO or vehicle control, the assay was allowed to proceed for
5 min at 37 °C. The reactions were stopped by pelleting the
beads and transferring the supernatant to Cell Lysis Buffer
(Molecular Devices, Sunnyvale, CA, or Cisbio, Bedford, MA).
cGMP concentrations were determined by competitive ELISA
using the CatchPoint cGMP assay (Molecular Devices),
following the manufacturer’s instructions, or the homogeneous
time-resolved fluorescence (HTRF) assay (Cisbio), following the
manufacturer’s instructions and using a BioTek H1F plate reader.
For kinetic measurements, transiently transfected MCF-7

cells were either treated with DMSO (vehicle control) or
ionomycin, thapsigargin, and 2 mM CaCl2 for 5 min. Cell
pellets were lysed as described above and incubated with anti-
FLAG agarose beads for 1.5 h at 4 °C. Following this, the beads
were washed three times and resuspended in an appropriate
volume of Tris-buffered saline (pH 7.5). Aliquots of this slurry
were then used for activity measurements. Reactions were
carried out at 37 °C in a final volume of 150 μL and initiated by
the addition of reaction buffer (5−2000 μM GTP, 8 mM
MgCl2, 50 mM HEPES, pH 7.5, prepared at 10× concentration
just prior to use). Where NO-induced sGC activities were
measured, DEA/NO (50 μM) was added immediately after the
addition of reaction buffer. Reactions were quenched by the
addition of cell lysis buffer from the cGMP kit, generally after
10 min (−NO) or 3 min (+NO). Catalytic rates were linear
over these time periods for all GTP concentrations used.
Inclusion of equal quantities of immunoprecipitated sGC was
confirmed by Western blot analysis (Supporting Information
Figure S1). For each experiment, cGMP accumulation was
measured in duplicate using the cGMP-ELISA kit from
Molecular Devices or the HTRF kit from Cisbio; higher
concentrations of GTP did not interfere with the measure-
ments. Kinetic parameters were obtained by nonlinear fitting of
the Michaelis−Menten equation, using SigmaPlot (SPSS, Inc.,
Chicago, IL). Km and Vmax are presented as the average and
standard deviation of three independent experiments.
sGC Activity and cGMP Accumulation in Intact Cells

and Cell Lysates. Jurkat T cells (1 × 106 per assay condition)

were resuspended in Krebs buffer. Where indicated, cells were
preincubated with treatment agents (E3CaG1, BAPTA-AM,
etc.) or vehicle controls for the indicated time at room temp-
erature, followed by addition of 10 μM DEA/NO. Reactions
were stopped after 2 min by placing the cell suspensions on ice,
pelleted, and quickly frozen. For cGMP measurements, the cell
pellets were thawed and resuspended with 100 μL of Cell Lysis
Buffer. The basal and NO-induced sGC activities of intact cells
were expressed in terms of picomoles of cGMP produced per
minute per milligram of total protein content (pmol cGMP
min−1 mg−1), using the CatchPoint cGMP assay kit. Protein
concentrations were determined by the BCA assay (Thermo
Scientific) using bovine serum albumin as the standard.
To examine E3CaG1 inhibition, cells were incubated with

22 nM E3CaG1 in Krebs buffer for 15 min at room temp-
erature, followed by the addition of 10 μM DEA/NO. To
manipulate [Ca2þ]i, cells were incubated with ionomycin
(1 μg/mL) and thapsigargin (400 nM), 20 mM EGTA or
vehicle control, and 0−10 mM CaCl2 for 15 min, followed
immediately by addition of 10 μM DEA/NO. For experiments
examining intracellular calcium chelation, cells were incubated
with BAPTA-AM (10 μM, added from a 2 mM stock solution
in DMSO) or vehicle control for 15 min prior to the addition
of E3CaG1 (16 nM) or buffer for 15 min, and then DEA/NO
(10 μM for 2 min). BAPTA-AM is a membrane permeable
Ca2þ chelator that is converted to BAPTA in the cytosol, where
it becomes trapped.
To examine the effect of PHA or Ang II on sGC activity,

Jurkat T cells were grown in serum-free media 12 h prior to the
experiment at a density of less than 1 × 106 cells/mL. Where
indicated, cells were incubated with 5 μM BAPTA-AM or
vehicle control (DMSO) for 15 min, followed by the addition
of the indicated concentrations of PHA or 1 μM Ang II for an
additional 2 min, and then DEA/NO (10 μM) for 2 min. To
examine the effect of compounds YC-1 and BAY 41-2272 on
E3CaG1 inhibition of sGC, cells were incubated with 22 nM
E3CaG1 for 15 min prior to the addition of 10 μM YC-1,
10 μM BAY41-2272, or vehicle control, followed immediately
by addition of DEA/NO.
To examine the effect of phosphodiesterases on cGMP

accumulation in intact cells, MCF-7 cells transiently transfected
with sGC were used. 14 h post-transfection, cells were try-
psinized and incubated with vehicle/DMSO, IBMX (0.5 mM),
or 8-methoxymethyl IBMX (0.4 mM) for 30 min, followed by
addition of ionomycin (1 μg/mL), thapsigargin (400 nM), and
calcium chloride (0.1 mM) to appropriate samples, followed
immediately by the addition of DEA/NO (10 μM). After 2 min,
cells were spun down and cell pellets frozen.
Cell-Free Inhibition of sGC. MCF-7 cells were transiently

transfected with sGC; 14 h post-transfection, cells were
trypsinized and pellets were lysed in homogenization buffer.
Immunoprecipitation of sGC was performed as described
above. Jurkat cell lysate was then incubated with the beads for
15 min at 37 °C with or without 250 nM Ca2þ and/or
staurosporine (1 μM). Following this, the beads were washed
five times with TBS and resuspended in an appropriate volume
for activity assay. Where indicated, 10 μM DEA/NO and 10 μM
YC-1 were included in the reactions.
sGC Activity and cGMP Accumulation in Lysed Jurkat

T Cells. 25 × 106 Jurkat T cells were used for each assay
condition and were incubated with buffer or E3CaG1. Cell
pellets were lysed into 600 μL of homogenization buffer (50 mM
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Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM TCEP,
1 mM PMSF, protease inhibitor cocktail (10 μL/mL cell lysate))
using a homogenizer. Lysate was spun at 13000g, and super-
natant was incubated with or without IBMX (0.5 mM) and
8-methoxymethyl IBMX (0.4 mM) for 10 min. This was
followed by the addition of Mg-GTP reaction buffer and DEA/
NO (10 μM). Reactions were stopped after 2 min by the
addition of 250 μL of cell lysis buffer (Molecular Devices,
Sunnyvale, CA). cGMP concentrations were determined by
competitive ELISA using the CatchPoint cGMP assay
(Molecular Devices), following the manufacturer’s instructions.
Calcium Imaging. In order to assay [Ca2þ]i in Jurkat T

cells, which normally grow in suspension, 3T3 L1 fibroblasts
were used to coat glass coverslips with extracellular matrix.
Fibroblasts were hypotonically lysed, and cellular debris was
mechanically removed with a cell scraper. Jurkat T cells were
then allowed to adhere to the matrix-coated coverslips. The
cells were left undisturbed for a minimum of 1 h before use and
remained attached to the coverslips under these conditions for
up to 4 h. Attached cells were loaded with Fura-2AM for
30 min at room temperature in the dark. Fura-2 fluorescence
was observed on an Olympus (Center Valley, PA) IX70
microscope equipped with a 75 W xenon lamp while alternating
between excitation wavelengths of 340 and 380 nm. Images of
emitted fluorescence above 505 nm were captured by an ICCD
camera (Photon Technology International, Birmingham, NJ)
under ImageMaster software control (PTI). Effective [Ca2þ]i
was calculated from equations published in ref 53. Initial
[Ca2þ]i was assessed over 20−60 s to establish a consistent
baseline, and changes in [Ca2þ]i were monitored over time for
each experimental condition. Depending on the experiment,
measurements were taken every 0.6 s (for 3−5 min experi-
ments) up to 5 s (for experiments >5 min). Cell morphology
within the time period of measurement was assessed by
differential interference contrast microscopy and found not to
vary.
Statistical Analysis. Data are presented as mean ± SD of

independent experiments. Differences between groups were
compared for significance using Student’s t test (calculated with
Microsoft Excel software).

■ RESULTS

CD47 Is Necessary but Insufficient for E3CaG1
Binding to Jurkat T Cells and Inhibition of sGC. To
examine the mechanism behind TSP-1 inhibition of sGC, we
used E3CaG1, a C-terminal TSP-1 construct that retains robust
activity and is more stable than full-length TSP-1. E3CaG1
consists of the last EGFβ-like type II repeat, all of the calcium
binding type III repeats, and the C-terminal cell-binding
domain required for CD47-dependent activity (Figure 1A). We
chose Jurkat T cells for these experiments since these cells are
one of the few immortalized cell lines with intact sGC signaling
and since they also respond to TSP-1.54 Initial experiments
with full-length TSP-1 suggested inconsistent inhibition of sGC
activity (data not shown). To uncover the reason for this, we
used E3CaG1 to study CD47 binding over time. We measured
binding of E3CaG1 to Jurkat T cells through its ability to
compete with a FITC-conjugated monoclonal antihuman
CD47 antibody, using fluorescence activated cell sorting
(FACS). We first examined cells that had been kept at low
density (0.5 × 106 cells/mL) or that had been cultured for less
than 2 weeks. These cells exhibited very little autofluorescence

and only a small increase in fluorescence upon treatment with
a FITC-conjugated isotype control antibody, indicating little
nonspecific binding occurs. When cells were incubated with
the FITC-conjugated CD47 antibody, there was an ∼100-fold
increase in fluorescence, indicating the presence of CD47 on
the surface of Jurkat T cells. Plots of scattering vs fluorescence
for these data (“dot plots”, Supporting Information Figure S2)
indicated a homogeneous population of positively stained cells,
consistent with a uniform distribution of CD47 throughout the
Jurkat T cell population. When E3CaG1 (22 nM) was added
to cells prior to the addition of CD47 antibody, the mean
fluorescence decreased significantly, indicating that E3CaG1
competes with the monoclonal antibody and binds to CD47 on
the Jurkat T cell surface (Figure 1B). Older cells (>6 weeks), or
cells that had been grown at higher density (3 × 106 cells/mL),
could still bind antibody, but E3CaG1 was no longer able to
compete with antibody binding (Figure 1D).
Preparations of E3CaG1 had little effect on the basal activity

of sGC in younger cells but profoundly inhibited NO-
stimulated sGC activity (Figure 1C), much as previously
reported in other cell types.9 We observed strong inhibition for
E3CaG1 concentrations as low as 0.22 nM (42%, Supporting
Information Figure S3) and found inhibition to be maximal for
concentrations above ∼20 nM E3CaG1 (∼67%), similarly to
previous reports for E3CaG1 and full-length TSP1.9 Sub-
sequent experiments were performed with 22 nM E3CaG1.
When we examined older Jurkat T cells, no inhibition was

seen (Figure 1E), consistent with the lack of binding as shown
in Figure 1D. We conclude from these experiments that CD47
remains on the cell surface; however, CD47 or a complex that
includes CD47 has changed and can no longer interact with the
TSP-1 fragment. All subsequent experiments were therefore
performed on cells that were within 3 weeks of growth and kept
below 1 × 106 cells/mL.
E3CaG1 Induces an Increase in [Ca2þ]i. TSP-1 and

peptide 4N1K are known to increase [Ca2þ]i in fibroblasts and
mast cells through a mechanism thought to require direct
binding to CD47.23,24 We hypothesized that E3CaG1 inhibition
of sGC in Jurkat T cells also involved changes in [Ca2þ]i and
used digital imaging microscopy to examine this possibility
(Figure 2, Supporting Information movie M1). Jurkat T cells
were transferred to matrix-coated coverslips (see Materials and
Methods) for these experiments and allowed to attach for at
least 1 h, well beyond the time where attachment-associated
Ca2þ spikes have previously been described, which persist for
∼8 min postattachment.55 At rest, Jurkat T cells displayed an
[Ca2þ]i of 10−25 nM. Addition of E3CaG1 (22 nM final
concentration) induced an increase in [Ca2þ]i to 150−300 nM
(Figure 2A,B). Similar increases were not observed after
washing with Hank’s basal salt solution (HBSS, pH 7.4) alone
(Figure 2B). Calcium concentrations could be experimentally
controlled within Jurkat cells using the Ca2þ chelator BAPTA
(Figure 2C) or the Ca2þ ionophore ionomycin and sarco/
endoplasmic reticulum Ca2þ ATPase (SERCA) pump inhibitor
thapsigargin (Figure 2D). None of the treatment conditions
altered cell morphology within the time period of measurement
as assessed by differential interference contrast microscopy.
E3CaG1-Dependent Increases in [Ca2þ]i Requires

CD47. We examined the requirement for CD47 using flow
cytometry and the fluorescent Ca2þ indicator Fluo-3. Binding
of 2.2 or 22 nM E3CaG1 to Jurkat T cells in suspension led to
an ∼100-fold increase in average fluorescence over addition of
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buffer alone (Figure 3A). Thus, Jurkat T cells in suspension
behaved similarly to those attached to coverslips. Addition of
anti-CD47 antibody B6H12 completely blocked E3CaG1-
dependent calcium mobilization. Likewise, cell line JinB8,
which is a modified Jurkat T cell lacking CD47,49 is not
sensitive to E3CaG1 (Figure 3B). Similarly, antibody B6H12
abolishes E3CaG1-dependent inhibition of sGC (Figure 3C).
We conclude that E3CaG1 signaling requires CD47, as
expected from previous studies.9 In contrast, antibodies to
integrin αV, which is known to associate with CD47,15 have no
effect on E3CaG1-dependent increases in [Ca2þ]i (Supporting
Information Figure S4) and subsequent inhibition of sGC
(Figure 3C). E3CaG1 also remains active toward cell line Jurkat
A1, which are integrin β1 null (data not shown).50 Additionally,
pertussis toxin, which inhibits Gi protein, had no effect on
E3CaG1-dependent increases in [Ca2þ]i (Supporting Informa-
tion Figure S4) or on E3CaG1-dependent inhibition of cGMP
production (data not shown).
Calcium Inhibits NO-Inducible sGC Activity in Jurkat T

Cells. On the basis of previous reports showing that calcium
can inhibit sGC activity in HEK 293 cells and also with purified
protein,41,42,46 we examined whether this was also the case for
Jurkat T cells. Jurkat cells were resuspended in Krebs buffer
containing 1 μg/mL ionomycin and 400 nM thapsigargin and
varying concentrations of extracellular calcium ([Ca2þ]e).
Under these conditions, [Ca2þ]i is effectively set by [Ca2þ]e.
NO-inducible cGMP accumulation was inversely proportional
to [Ca2þ]e, and complete inhibition occurred at [Ca2þ]e = 4 mM
(Figure 4A). Chelating of extracellular calcium with EGTA
abolished inhibition. Approximately 99% of cells were viable
under each experimental condition, as indicated by trypan blue
dye exclusion.

Chelating intracellular Ca2þ with compound BAPTA also
overcame inhibition of sGC by E3CaG1, indicating that
E3CaG1 inhibits sGC through a mechanism requiring increased
[Ca2þ]i. In the absence of BAPTA, E3CaG1 reduced NO-
stimulated cGMP production by 50% (Figure 4B). However,
after preloading the cells with BAPTA, E3CaG1 had no effect
on cGMP production.
Angiotensin II and Phytohemoagglutinin Inhibit NO-

Driven cGMP Accumulation. Angiotensin II (Ang II) is a
hormone that induces vasoconstriction through binding to
GPCR AT1 and inducing a sustained increase in [Ca2þ]i in
targeted cells.47,48 Phytohemoagglutinin (PHA) is a natural
agonist of the T-cell receptor that transiently increases
[Ca2þ]i.

56 Since Jurkat T cells have Ang II and T-cell
receptors,56,57 we asked whether Ang II and PHA would
inhibit cGMP production by sGC. Addition of PHA inhibited
NO-stimulated sGC activity in a dose-dependent manner
to 60% at the highest concentration examined (50 μg/mL,
Figure 5A). Addition of 1 μM Ang II to cells increased [Ca2þ]i
to a similar level as did E3CaG1 (Supporting Information
Figure S4) and inhibited NO-stimulated sGC activity by 40%
(Figure 5B). As with E3CaG1, chelating intracellular Ca2þ with
BAPTA reversed this inhibition.
Phosphodiesterases Have Minimal Effect. Previous

studies have indicated that TSP1-dependent inhibition of
cGMP was through inhibition of sGC and not through stimula-
tion of phosphodiesterases (PDEs).21,22 To confirm that this
was also true under the conditions of our experiments, we
examined cGMP accumulation when PDE was inhibited. We
first sought to directly inhibit PDE proteins in live Jurkat T cells
using 3-isobutyl-1-methylxanthine (IBMX), a general PDE
inhibitor, or 8-methoxymethyl IBMX, a specific inhibitor of
calcium/calmodulin-dependent PDE1. Unfortunately, these

Figure 2. E3CaG1 induces increase of [Ca2þ]i in Jurkat T cells. Jurkat T cells were attached to coverslips through an extracellular matrix laid down
by fibroblasts, and [Ca2þ]i was monitored over time using the calcium indicator Fura-2. (A) Snapshot of cells in the imaging field at individual time
points over a 10 min experiment. The coloration indicates [Ca2þ]i after addition of E3CaG1 (22 nM). Six Jurkat T cells of the 40 in the field of view
are circled for emphasis. E3CaG1 induced peak [Ca2þ]i in this and similar experiments range from 75 up to 300 nM. (B) [Ca2þ]i traces over time
for two representative cells (indicated with arrows in (A)). The black trace represents a typical cell response following addition of the vehicle control
(HBSS buffer; from another experiment). (C) [Ca2þ]i over time of a typical Jurkat T Cell following addition of E3CaG1 (22 nM) after
preincubation (30 min) with BAPTA-AM (5 μM) to effectively buffer [Ca2þ]i. (D) [Ca2þ]i over time of a typical Jurkat T Cell following addition of
2 mM extracellular CaCl2 in the presence of ionomycin (1 μg/mL) and thapsigargin (400 nM). [Ca2þ]i rises to 800 nM under these conditions.
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compounds activate T cells, possibly through a cAMP-
dependent mechanism,58 which interferes with the measure-
ment of E3CaG1 activity. We therefore measured NO-
dependent cGMP accumulation in Jurkat T cell lysate obtained
from cells that were previously treated with E3CaG1 or buffer
control; measurements were made in the presence of IBMX or
8-methoxymethyl IBMX (Figure 6A). Under these conditions,
calcium is diluted and PDEs inhibited. Inhibition of NO-
stimulated sGC activity was pronounced in the cell-free lysate,
consistent with only minor PDE effect on cGMP accumulation.
We further examined the role of PDEs using transiently

expressed human sGC in MCF-7 cells, which do not normally
express sGC. Raising [Ca2þ]i in these cells led to pronounced
inhibition of NO-stimulated sGC activity (Figure 6B). Addition
of IBMX or 8-methoxy IBMX led to small increases in basal,

NO-stimulated, and calcium-inhibited cGMP levels; however,
the 60% reduction in NO-stimulated cGMP accumulation due
to increased [Ca2þ]i was unchanged in the presence of these
compounds, indicating PDEs have at most a minor role in the
observed loss of cGMP under the conditions of our
experiments.
Compounds YC-1 and BAY 41-2272 Overcome Ca2þ

Inhibition of sGC in Live Cells. Compounds YC-1 and BAY
41-2272 are small molecule activators of sGC that act
synergistically with NO and CO;59 the related compound
BAY 63-2521 (Riociguat) is in clinical trial for pulmonary
hypertension.60 When included at 10 μM, E3CaG1 inhibition
of NO-stimulated sGC was completely overcome by either
YC-1 or BAY 41-2272 (Figure 7A,B), suggesting that Ca2þ

inhibition of sGC is through an allosteric mechanism that can
be overcome by allosteric stimulators. YC-1 also inhibits
phosphodiesterases,61,62 which may slightly contribute to the

Figure 4. Increased [Ca2þ]i leads to sGC inhibition in Jurkat T cells.
(A) Manipulation of [Ca2þ]i with ionomycin inhibits sGC. Jurkat T
cells (1 × 106) were incubated with the Ca2þ ionophore ionomycin
(1 μg/mL) and the SERCA-inhibitor thapsigargin (400 nM) for
15 min at room temperature, followed by addition of EGTA (20 mM)
or vehicle control, 0−10 mM CaCl2 as indicated, and 10 μM DEA/
NO. The reaction was stopped after 5 min. Error bars represent the
standard deviation from the mean of independent experiments (n = 5).
* denotes p < 0.001, and # denotes p < 0.5. (B) Chelating free
cytosolic Ca2þ with cell permeable chelator BAPTA-AM reverses sGC
inhibition by E3CaG1. Jurkat T cells (0.5 × 106) were incubated with
10 μM BAPTA-AM or vehicle control (DMSO) 15 min prior to the
addition of E3CaG1 (16 nM) or buffer and an additional 15 min
incubation. This was followed by addition of DEA/NO (10 μM); the
reaction was stopped after 2 min cGMP accumulation was measured
and expressed in terms of percentage control (10 μM DEA/NO).
Error bars represent the standard deviation from the mean of
independent experiments (n = 4), and * denotes p < 0.001.

Figure 3. E3CaG1-induced increases in [Ca2þ]i are cell adhesion
independent but require CD47. (A) Flow cytometry histograms of
green fluorescence emission by calcium binding dye Fluo-3. Addition
of E3CaG1 (2.2 or 22 nM) to Jurkat T cells results in a 90−100-fold
increase in Fluo-3 fluorescence over addition of buffer. Prior
incubation with anti-CD47 antibody B6H12 eliminates E3CaG1-
dependent increases in [Ca2þ]i. (B) JinB8 cells that lack CD47 do not
exhibit increases in intracellular calcium upon addition of E3CaG1.
(C) Addition of anti-CD47 antibody B6H12 prevents E3CaG1-
induced inhibition of sGC, whereas addition of anti-integrin αV
antibodies P2W7 or 272-17E6 prior to the addition of E3CaG1 does
not. Jurkat T cells were incubated with respective antibodies for
30 min at 4 °C prior to the addition of E3CaG1 (22 nM). After
15 min, 10 mM NaOH (buffer control) or DEA/NO (10 μM) was
added as appropriate, followed by incubation for 2 min. Error bars
represent the standard deviation from mean of independent
experiments (n = 5), and * denotes p < 0.001.
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cGMP accumulation shown in Figure 7A. Although BAY
41-2272 can also inhibit phosphodiesterases,63 inhibition is less
pronounced64,65 and unlikely to be a factor in Figure 7B.
Immunoprecipitated sGC Remains Inhibited, but

Activity Is Recovered upon Binding Compounds YC-1
and BAY 41-2272. That sGC in diluted cell extracts remains
inhibited (Figure 6A) suggests inhibition may be through
covalent modification. To further examine this possibility, we
transiently expressed human sGC in MCF-7 cells and isolated
the protein through immunoprecipitation using a FLAG
purification tag. The immunoprecipitated protein displays
strong NO-stimulated activity (Figure 7C). However, when
cells were first treated with Ca2þ/ionomycin, the isolated
protein was substantially inhibited. As with cellular sGC,
addition of YC-1 or BAY 41-2272 reversed the inhibition. Thus,
higher [Ca2þ]i leads to a modified sGC with reduced activity,
and this activity can be overcome by allosteric stimulators.
Two reports indicate that Ca2þ can directly inhibit sGC

isolated from bovine lung, with Ki values varying between 0.15
and 98.5 μM depending on conditions and laboratory.42,46 We
examined direct inhibition of immunoprecipitated human sGC
and found that addition of 100 μM Ca2þ led to 50 ± 2%
inhibition of the NO-stimulated protein (Supporting Informa-
tion Figure S5) while 1 mM Ca2þ brought the sGC activity

completely back to basal levels; nanomolar levels of Ca2þ, as
found in vivo, displayed little inhibition in our hands (data not
shown). Neither YC-1 nor BAY 41-2272 was able to overcome
direct inhibition by 100 μM Ca2þ (Supporting Information
Figure S5), in contrast to the inhibition of sGC by E3CaG1 in
whole cells. The fact that a high concentration of Ca2þ is
needed to achieve substantial direct inhibition in vitro
(micromolar vs nanomolar in the cell) and that YC-1 or BAY
41-2272 does not overcome this inhibition indicates that direct
binding of Ca2þ to sGC does not contribute to the observed
intracellular sGC inhibition.

Figure 5. Stimulation of Ca2þ release by Ang II and PHA results in
sGC inhibition. Jurkat T cells (0.5 × 106) were incubated with 5 μM
BAPTA-AM or vehicle control (DMSO) 15 min prior to the addition
of indicated concentrations of PHA, Ang II (1 μM), or buffer and an
additional 2 min incubation, followed by addition of DEA/NO
(10 μM). The reaction was stopped after 2 min. Both PHA and Ang II
inhibited sGC in the absence of BAPTA, but not in its presence. (A)
PHA and (B) Ang II. Error bars represent the standard deviation from
the mean of independent experiments (n = 5), and * denotes p < 0.01.

Figure 6. Phosphodiesterases are minimally involved in Ca2þ-
dependent lowering of cGMP. (A) Jurkat T cells (25 × 106) were
incubated with 22 nM E3CaG1 or vehicle control (buffer) for 15 min
prior to lysis. Lysates were incubated with IBMX (0.5 mM) and
8-methoxymethyl IBMX (0.4 mM) or vehicle control (DMSO) for
10 min. Following this, Mg-GTP reaction buffer and DEA/NO
(10 μM) were added, and the reaction was stopped after 2 min. Error
bars represent the standard deviation from the mean of independent
experiments (n = 3), and * denotes p < 0.001. (B) Transiently
transfected MCF-7 cells were incubated with IBMX (0.5 mM),
8-methoxymethyl IBMX (0.4 mM), or DMSO (vehicle control) for
30 min followed by addition of ionomycin (1 μg/mL), thapsigargin
(400 nM), and calcium chloride (0.1 mM) to appropriate samples,
followed immediately by the addition of DEA/NO (10 μM). After
2 min, cells were spun down and cell pellets frozen. cGMP was
measured and expressed in terms of percentage control (10 μM DEA/
NO). Error bars represent the standard deviation from the mean of
independent experiments (n = 3); * denotes p < 0.001, and # denotes
p < 0.01.

Biochemistry Article

dx.doi.org/10.1021/bi201060c |Biochemistry 2011, 50, 7787−77997794



Inhibited sGC Exhibits an Increase in Km. To further
characterize the inhibited sGC, we measured steady-state
kinetic parameters for the protein after immunoprecipitation
(Figure 8A and Table 1). The uninhibited protein displayed
typical values for Km and Vmax

42,46,66,67 and the expected
decrease in Km and increase in Vmax upon stimulation by NO.
In contrast, Km values for sGC isolated from calcium-treated
cells were dramatically increased and unaltered by NO
stimulation (Table 1). The inhibited value (Km ∼ 870 μM)
is about twice the value for cellular GTP concentrations, which
are estimated to be ∼470 μM in mammalian tissues.68 At this
GTP concentration, the inhibited protein would operate in the
cell at well below Vmax, while the uninhibited protein, with
Km = 67 μM when bound to NO, would be nearly saturated
with GTP and operating at near maximal velocity.

Inhibition of sGC Requires a Calcium-Dependent
Kinase. We developed a cell-free assay for evaluating
calcium-dependent inhibition of sGC. Jurkat T cell lysate led
to inhibited sGC upon addition of 250 nM Ca2þ but had no
effect in its absence (Figure 8B). Boiling of lysate prior to
addition (data not shown), or addition of pan-kinase inhibitor

Figure 7. Compounds YC-1 and BAY 41-2272 overcome Ca2þ-
dependent inhibition of sGC. (A, B) Jurkat T cells (0.5 × 106) were
incubated with 22 nM E3CaG1 or buffer for 15 min prior to the
addition of 10 μM YC-1, 10 μM BAY 41-2272, or vehicle control
(DMSO). This was followed immediately by the addition of 10 μM
DEA/NO. Reactions were stopped after 2 min. Both compounds YC-1
and BAY 41-2272 were able to overcome E3CaG1 inhibition of sGC.
(C) Transiently transfected MCF-7 cells treated with DMSO or
0.1 mM CaCl2 in the presence of ionomycin/thapsigargin.
Immunoprecipitated sGC was treated with 10 μM YC-1 or 10 μM
BAY 41-2272, followed immediately by the addition of 10 μM DEA/
NO. Reactions were carried out at 37 °C for 5 min, and cGMP
accumulation was measured. Error bars represent the standard
deviation from the mean of independent experiments (n = 5), and *
denotes p < 0.001.

Figure 8. Representative kinetic plots for immunoprecipitated sGC
obtained from MCF-7 cells. Cells were lysed after treatment for 5 min
with ionomycin, thapsigargin, and 2 mM CaCl2, or vehicle control.
Reactions were carried out at 37 °C for 10 min (−NO) or 3 min
(+NO). Where included, DEA/NO (50 μM) was added just prior to
measurement. Shown are the averages of duplicate measurements ±
the range in measured values. The solid curves represent the nonlinear
fit to the Michaelis−Menten equation. (B) Immunoprecipitated sGC
treated with Jurkat cell lysate and 250 nM Ca2þ is inhibited; inhibition
is reversed by broad-range protein kinase inhibitor staurosporine. sGC
was immunoprecipitated from transiently transfected MCF-7 cells and
incubated with Jurkat T cell lysate with or without 250 nM Ca2þ and/
or 1 μM staurosporine. Calcium and staurosporine were washed away
and cGMP activity was measured. Where indicated, DEA/NO and
YC-1 were added to a final concentration of 10 μM. Error bars
represent the standard deviation from the mean of independent
experiments (n = 3).

Table 1. Cellular Calcium-Induced Changes in Kinetic
Parameters of sGCa

KmGTP (μM)
Vmax (pmol cGMP

min−1)b

fold increase
(+Ca2þ/−
Ca2þ)c

−Ca2þ +Ca2þ −Ca2þ +Ca2þ Km Vmax

sGC 234 ± 16 857 ± 31d 6.3 ± 1.4 5.1 ± 0.3d 3.7 0.8
+NO 69 ± 6 887 ± 71 41 ± 9 51 ± 16 12.9 1.2

aValues obtained for immunoprecipitated sGC from MCF-7 cells.
Ionomycin, thapsigargin, and 2 mM CaCl2, or vehicle control, was
added to the cells 5 min prior to lysis. bPresented as pmol min−1 since
the quantity of sGC protein attached to the anti-FLAG agarose beads
is unknown. Total lysate protein was ∼65 μg per sample. cPresented as
the ratio of +Ca2þ/−Ca2þ values. dThis value is the average ± range
of two independent experiments performed in duplicate. All other
values are the average ± standard deviation of three independent
experiments performed in duplicate.
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staurosporine (Figure 8B), prevented inhibition, indicating a
calcium-dependent protein kinase was required for inhibition.
Obvious candidates for this role are the multifunctional Ca2þ/
calmodulin-dependent protein kinases I, II, and IV. However,
addition of compounds KN-62 or KN-93, which inhibit these
proteins, had no effect on E3CaG1 inhibition of sGC (data not
shown).

■ DISCUSSION

The balance between vasoconstriction and vasodilation in
mammals, as well as wound healing, angiogenesis, and other
related activities, relies on the give-and-take of numerous
signaling pathways. Here, we reveal a new level of cross-
regulation: TSP-1 and Ang II, two factors of central importance
for cell proliferation and vasoconstriction, can inhibit sGC
activity by increasing [Ca2þ]i. The present experiments were
performed in Jurkat T cells, a convenient cell line for these
studies since the cells perform well in tissue culture, retain
endogenous sGC and also respond to TSP-1 and Ang II. This
combination is rare in immortalized cells, which in general do
not express sGC. Binding of the TSP-1-derived fragment
E3CaG1 to CD47 in Jurkat T cells causes free [Ca2þ]i to
increase from resting levels of 5−10 nM to peak levels of
300 nM, leading to strong inhibition of sGC (Figures 1−3).
Blocking this increase with chelator BAPTA reverses the sGC
inhibition (Figure 4B). Inducing an increase in [Ca2þ]i with
Ang II or PHA (Figure 5), or with the calcium ionophore
ionomycin and SERCA inhibitor thapsigargin (Figure 4A), also
leads to sGC inhibition. These data make clear that Ca2þ

regulates sGC activity in Jurkat T cells.
The link between Ang II and sGC is particularly interesting

to discover. Ang II is part of the renin−angiotensin−
aldosterone system for controlling blood pressure through the
sensing of blood volume and the linking of kidney function to
blood flow.69 The Ang II receptors are G-protein coupled
receptors, the most common of which is angiotensin receptor
type 1 (AT1). Binding leads to an increase in [Ca2þ]i through
production of inositol triphosphate (IP3) and subsequent
binding to the IP3-sensitive calcium channel of the
sarcoplasmic/endoplasmic reticulum. In vascular smooth
muscle, Ca2þ stimulates myosin light chain kinase, which
phosphorylates myosin, leading to vasoconstriction. Angioten-
sin converting enzyme (ACE) inhibitors, and AT1 inhibitors,
are commonly used to block this pathway and vasoconstriction
in the treatment of hypertension.70 NO-stimulated sGC
produces cGMP, which lowers [Ca2þ]i through multiple
mechanisms, but in particular via phosphorylation of regulatory
protein phospholamban by cGMP-dependent protein kinase G
(PKG), which leads to stimulation of SERCA and the pumping
of Ca2þ from the cytosol into cellular stores.71 Interestingly,
TSP-1 can also inhibit PKG, further attenuating NO signal-
ing.72 Additionally, fluctuations in [Ca2þ]i may affect the
availability of nitric oxide: NADPH oxidase 5 (NOX5), which is
found in both vascular smooth muscle and endothelial cells,
is stimulated by Ca2þ to produce superoxide, a free radical
molecule that reacts at the diffusion limit with NO to yield
peroxynitrite.73,74 Thus, our data suggest a feedback mechanism
that serves to balance vasodilation through NO and vaso-
constriction through Ang II by directly raising and lowering
[Ca2þ]i levels (Figure 9). That this may be the case in vivo is
supported by a recent study on Ang II-induced hypertension in

rats, which demonstrated that Ang II treatment led to blunted
sGC activity.75

A major finding in the present study is that increased [Ca2þ]i
leads to inhibition of sGC through covalent modification, most
likely by phosphorylation. sGC inhibited in Jurkat T or MCF-7
cells (Figures 6 and 7), or in Jurkat lysate supplemented with
250 nM Ca2þ (Figure 8), remains inhibited after the excess
calcium is diluted or washed away, displaying a 13-fold increase
in KmGTP in the presence of NO (Figure 8 and Table 1).
Inhibition of kinases with staurosporine relieves the calcium-
dependent inhibition of sGC (Figure 8), suggesting inhibition
is through direct phosphorylation of sGC. Interestingly, TSP-1-
dependent inhibition of PKG also appears to be through
covalent modification since inhibition is retained in cell-free
extracts,72 indicating a common mechanism may be at work.
Although Ca2þ can also stimulate Ca2þ/calmodulin-dependent
phosphodiesterases, particularly in neuronal cell extracts,43

phosphodiesterase activity is at most a minor contributor to the
inhibition observed in the present experiments.
sGC allosteric activators YC-1 and BAY 41-2272, which are

synergistic with CO and NO for stimulating sGC activity,
completely restore NO-stimulated sGC activity. The com-
pounds overcome E3CaG1 inhibition of sGC in Jurkat T cells
(Figure 7A,B) and overcome calcium-induced inhibition of
sGC in MCF-7 cells (Figure 7C) or in cell lysate (Figure 8B).
These results suggest the sGC modification leads to a protein
that is stabilized in a low activity conformation but still fully
capable of catalysis. Allosteric stimulation by NO alone is
insufficient to drive the modified protein into a fully active
state, but in combination with YC-1 or BAY 41-2272, full
activity is achieved. Similarly, recent data from Miller and co-
workers indicate that stimulation of sGC by YC-1 and BAY 41-
2272 in TSP-1-treated platelets and vascular smooth muscle
cells is reduced, as was stimulation by NO alone;76 however,
stimulation with both YC-1 and NO was not examined in that

Figure 9. Proposed model for influence of Ca2þ on NO signaling
through sGC. Binding of TSP-1 to CD47, or Ang II to AT1, leads to
an increase in [Ca2þ]i, which inhibits sGC and stimulates NOX5. The
proteins associated with CD47 in the signaling complex are not yet
identified, shown here as proteins X and Y. NO-stimulation of sGC
leads to a decrease in [Ca2þ]i. Changes in [Ca2þ]i may affect T-cell
activation, platelet aggregation, endothelial cell (EC) proliferation,
vasodilation, and other cell and tissue specific physiological responses.
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study. Taken together, these data indicate that both allosteric
activator and NO are required to completely overcome TSP-1-
dependent inhibition. The data also suggest that the YC-1 class
of compounds may offer broad relief to hypertensive
individuals, even where Ang II and TSP-1 levels are high, as
occurs, for example, in older individuals or those suffering from
type II diabetes.70,77

The mechanism by which TSP-1/E3CaG1 causes increases in
[Ca2þ]i remains unknown. CD47 is clearly required for signal
transduction (Figure 3). However, E3CaG1 binding is lost as
Jurkat T cells age despite the continued presence of CD47 on
the cell surface (Figure 1), suggesting that CD47 alone may not
be sufficient for binding and signaling. CD47 was originally
identified as integrin associated protein and is likely to function
through a signaling complex. Interestingly, CD47 is required for
integrin-mediated Ca2þ influx in endothelial cells,78 which may
be related to the Ca2þ signal described herein. Several integrin
complexes are known to induce Ca2þ influx,79−81 although
others reduce [Ca2þ]i.

81 CD47 may also associate with Gi
protein and thereby function as a noncanonical GPCR.15 In such
a mechanism, binding of TSP-1/E3CaG1 would induce Ca2þ

mobilization through IP3, much as happens with Ang II binding
to AT1. However, pertussis toxin had no effect on Ca2þ

mobilization (Figure S4) or inhibition of sGC in Jurkat T cells,
suggesting Gi is not involved, and initial experiments designed to
interfere with specific integrins did not alter E3CaG1-dependent
Ca2þ mobilization (Figure 3C and Figure S4). Furthermore,
TSP-1 transiently decreases IP3 in A2058 melanoma cells.82

Finally, it should be noted that autocrine NO signaling,
which occurs in endothelial and neuronal cells, is complicated
with respect to Ca2þ. Increased [Ca2þ]i stimulates eNOS and
nNOS, leading to NO production, yet also inhibits sGC. Recent
experiments by Isenberg and co-workers using endothelial cells
demonstrated that TSP-1 binding through CD47 led to a
decrease in the ability of ionomycin to increase [Ca2þ]i and a
subsequent decrease in NO production by eNOS.83

In summary, we have shown that sGC is inhibited by a
cellular increase in calcium, which can be induced by extra-
cellular TSP-1 fragment E3CaG1 binding to transmembrane
protein CD47 and associated proteins, or by Ang II binding to
AT1. This inhibition of NO-stimulated sGC involves a post-
translational modification and can be overcome through the
binding of allosteric compounds YC-1 and BAY 41-2272.
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