THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 39, pp. 33841-33844, September 30, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

ATP Potentiates Competitive Inhibition of Guanylyl Cyclase A

and B by the Staurosporine Analog, G66976
RECIPROCAL REGULATION OF ATP AND GTP BINDING"

Received for publication, June 18,2011, and in revised form, July 18,2011 Published, JBC Papers in Press, August 2, 2011, DOI 10.1074/jbcM111.273565

Jerid W. Robinson and Lincoln R. Potter*®'

From the Departments of *Pharmacology and SBiochemistry, Molecular Biology and Biophysics, University of Minnesota,

Minneapolis, Minnesota 55455

Natriuretic peptides and ATP activate and G66976 inhibits
guanylyl cyclase (GC)-A and GC-B. Here, the mechanism of
inhibition was determined. G66976 progressively increased the
Michaelis-Menten constant and decreased the Hill coefficient
without reducing the maximal velocity of GC-A and GC-B. In
the presence of 1 mm ATP, the K; was 1 um for both enzymes.
Inhibition of GC-B was minimal in the absence of ATP, and 1
mM ATP increased the inhibition 4-fold. In a reciprocal manner,
10 uMm G66976 increased the potency of ATP for GC-B 4-fold. In
contrast to arecent study (Duda, T., Yadav, P., and Sharma, R. K.
(2010) FEBS J. 277, 2550-2553), neither staurosporine nor
G066976 activated GC-A or GC-B. This is the first study to show
that G66976 reduces GTP binding and the first demonstration
of a competitive inhibitor of a receptor guanylyl cyclase. We
conclude that G66976 reduces GTP binding to the catalytic site
of GC-A and GC-B and that ATP increases the magnitude of the
inhibition.

Receptor guanylyl cyclases (GCs)? control a myriad of func-
tions in organisms ranging from bacteria to humans by catalyz-
ing the conversion of GTP to cGMP (1). Guanylyl cyclase-A
(GC-A) is the archetypical particulate GC that is activated by
atrial natriuretic peptide (ANP) and B-type natriuretic peptide.
The intracellular domain of guanylyl cyclase-B (GC-B) is 78%
identical to GC-A, but GC-B is activated by C-type natriuretic
peptide (CNP) (2). Both GC-A and GC-B are composed of a
single polypeptide chain that contains a large extracellular
domain, a single membrane span, and intracellular kinase
homology, dimerization, and C-terminal guanylyl cyclase
domains. ANP binds GC-A at a stoichiometry of 1:2 and
induces a rotation of the juxtamembrane region (3, 4). Struc-
tural modeling studies suggest that CNP binds GC-B similarly
(5, 6). Natriuretic peptide binding is hypothesized to activate
the receptors by relieving basal repression exerted by the kinase
homology domains on the guanylyl cyclase domains (7, 8).

GC-A and GC-B are phosphorylated on multiple serines and
threonines located slightly before and expanding into the
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N-terminal portion of the kinase homology domain (9). Phos-
phorylation is required for peptide activation, and prolonged
natriuretic peptide exposure or acute exposure to phorbol
esters or calcium-elevating agents causes receptor dephosphor-
ylation and inactivation (10).

ATP increases the activity of both receptors in broken cell
preparations by serving as a phosphate donor (11-13). ATP is
also an allosteric activator that reduces the Michaelis-Menten
constant without affecting maximal velocities (14). In a recip-
rocal manner, GTP decreases the EC,, for ATP. Thus, ATP
increases GTP binding, and GTP increases ATP binding.

We recently reported that the staurosporine derivative,
G066976, inhibits basal and natriuretic peptide-stimulated gua-
nylyl cyclase activity of GC-A and GC-B but does not inhibit
activity measured in the presence of detergent with Mn>*-GTP
as substrate (15). Because G66976 inhibits ATP binding to
protein kinases, we investigated whether G66976 inhibition
requires changes in GC-B phosphorylation. However, G66976
inhibited a constitutively pseudo-phosphorylated form of
GC-B similarly to the wild type receptor.

Here, we determined the mechanism of the inhibition.
G066976 reduces the binding of GTP to the catalytic sites of
GC-A and GC-B, and ATP increases the magnitude of the inhi-
bition by increasing affinity of the catalytic site for G66976.

EXPERIMENTAL PROCEDURES

Reagents—">°1-cGMP radioimmunoassay kits were from
PerkinElmer Life Sciences. G66976, GF-109203X (Go6850),
and staurosporine were from EMD Chemicals (Gibbstown, NJ).

Cells and Culture—293T-GC-A and 293T-GC-B cells were
maintained as described (16).

Guanylyl Cyclase Assays—Crude membranes were prepared
in phosphatase inhibitor buffer from 293T-GC-A or 293T-
GC-B cells as described (17). All assays were performed at 37 °C
in a mixture containing 25 mm Hepes, pH 7.4, 50 mm NaCl,
0.1% BSA, 0.5 mm isobutylmethylxanthine, 1 mm EDTA, 0.5
mM microcystin, and 5 mm MgCl,. Free magnesium (that not
bound to ATP, GTP, or EDTA) was maintained at 1 mm or less.
The time each reaction was incubated at 37 °C is shown in the
legends for Figs. 1-3, 5, and 6. Unless otherwise indicated, 1 mm
ATP and 1 mMm GTP were included in the mixture. Reactions
were initiated by adding 20 ul of crude membranes containing
7-11 pg of protein suspended in phosphatase inhibitor buffer
to 80 wl of prewarmed reaction mixture. Reactions were
stopped with 0.4 ml of ice-cold 50 mm sodium acetate buffer
containing 5 mm EDTA. Cyclic GMP concentrations were
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FIGURE 1. G66976 increases the K,,, of GC-A. Guanylyl cyclase activity was
determined for 9 min in 293T-GC-A cell membranes containing 17 um ANP, 1
mm ATP, and the indicated concentrations of G66976 and GTP where n = 4
from two experiments. The K; for G66976 was 1.0 um.

determined by radioimmunoassay as described (18). Concen-
tration-response assays were with the following Mg>" GTP
concentrations: 3000, 1500, 750, 375, 187.5, 93.8, 46.9, 23.4,
11.7, and 5.8 uM. Because enzymatic activity was not com-
pletely linear with time, we qualify the kinetic parameters
obtained under these conditions as “apparent.”

Statistical Analysis—Statistics and graphs were generated
with the Prism 5 software. p values were obtained using the
Student’s paired ¢ test where p = 0.05 was considered signifi-
cant. The vertical bars within the symbols in Figs. 1-5 and the
vertical bars in Fig. 6 represent the S.E. IC, values were calcu-
lated using following equation, where LogIC,, equals the mid-
dle value of Y based on the nonlinear regression curve fitting:
Y = Bottom + (Top — Bottom)/(1 + 10% ~ k08!C)) EC, val-
ues were calculated based on the nonlinear curve fitting equa-
tion Y= Top X X/(EC5, + X). Substrate-velocity curves were
analyzed using a Michaelis-Menten model on samples lacking
G066976 and using an allosteric sigmoidal model in samples
containing G66976 to generate Hill coefficients.

RESULTS

G066976 Is a Competitive Inhibitor or GC-A and GC-B—Sub-
strate-velocity curves were generated using 293T-GC-A or
293T-GC-B membranes as the enzyme source in a reaction
mixture containing in 1 uM natriuretic peptide, 1 mm ATP, and
increasing concentrations of G66976 and Mg>* GTP to deter-
mine whether the inhibition was competitive, uncompetitive,
or mixed. Increased K, and unchanged V,,, values indicate
competitive inhibition. Reduced K|, and V. values character-
ize uncompetitive inhibition, and reduced V., and increased
K, values are reflective of mixed inhibition. Assays conducted
with multiple concentrations of GTP and G66976 allowed the
determination of the K; of inhibition.

G066976 markedly increased the K, of GC-A but did not sig-
nificantly reduce the V, .. (Fig. 1). Similarly, G66976 increased
the K,,, of GC-B without reducing the V, . (Fig. 2). The K; was
1.0 and 1.3 um for GC-A and GC-B, respectively. Consistent
with these values, when GC-B activity was determined in the
presence of 1 mM ATP and 1 mm GTP and multiple concentra-
tions of G66976, the IC,, was 2 uM (Fig. 3).

Unexpectedly, G66976 decreased the Hill coefficient for both
enzymes. For GC-A, the Hill coefficient was 0.93,0.91, 0.69, and
0.60 in the presence of 0, 1.7, 5, and 15 mM concentrations of
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FIGURE 2. G66976 increases the K,,, of GC-B. Guanylyl cyclase activity was
determined for 9 min in 293T-GC-B cell membranes containing 1 um CNP, 1

mMm ATP, and the indicated concentrations of G66976 and GTP where n = 4
from two experiments. The K; for G66976 was 1.3 um.
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FIGURE 3. G66976 is a potent inhibitor of GC-B. Guanylyl cyclase activity
was determined in 293T-GC-B membranes incubated with 1 um CNP, T mm
ATP, and 1 mm GTP and the indicated concentrations of G6697 for 6 min
where n = 12 from three experiments.

-
o
o

A O ©®

© o© o

1 1 1
L]

N
<

Guanylyl Cyclase Activity
(percent of untreated)

o

2 3
log [ATP] uM

FIGURE 4. ATP increases the magnitude of G66976-dependent inhibition
of GC-B. Guanylyl cyclase activity determined in 293T-GC-B membranes con-
taining 1 um CNP, T mm GTP, 10 um G66976, and the indicated ATP concen-
trations was divided by activities obtained under identical conditions except
that the samples lacked G66976, and the quotient was multiplied by 100. The
resulting data were plotted as a function of the log of the ATP concentration
where n = 6.
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G066976, respectively. For GC-B, the Hill coefficient was 1.19,
1.25, 1.02, and 0.87 in the presence of 0, 1.7, 5, and 15 mm
concentrations of G66976, respectively. These data suggest that
at the higher concentrations, G66976 may be inhibiting the
allosteric activation of GC-A and GC-B.

ATP Increases the Magnitude of the G06976-dependent
Inhibition—Because G66976 competitively inhibits ATP bind-
ing to protein kinases (19), we hypothesized that G66976 would
compete for ATP binding to GC-B and that ATP would reduce
the inhibitory effect of G66976. However, the opposite result
was observed; ATP increased the magnitude of the inhibition in
a concentration-dependent manner (Fig. 4). In the absence of
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FIGURE 5. G66976 increases the potency of ATP for GC-B. Guanylyl cyclase
activity was determined for 9 min in the presence of 10 um G66976 or
dimethyl sulfoxide (DMSO) in 293T-GC-B membranes containing with 1 um
CNP, 1 mm GTP, and the indicated ATP concentrations and plotted as the
percentage of the maximum response where n = 6.

100

ATP, 10 uM G66976 only reduced CNP-dependent GC-B activ-
ity 16%, but in the presence of 1.5 mm ATP, activity was reduced
68%, a more than 4-fold difference. The half-maximal concen-
tration of ATP required to elicit the maximal inhibitory
response was between 0.5 and 1 mM, which is below the cellular
concentration of ATP.

G06976 Increases the Potency of ATP for GC-B—To deter-
mine whether G66976 reciprocally increased ATP binding to
GC-B, guanylyl cyclase activity was determined in the presence
or absence of G66976 as a function of increasing ATP concen-
trations (Fig. 5). The EC,, for ATP activation of GC-B in the
absence of G66976 was 11.2 uM, whereas the EC, in the pres-
ence of G66976 was 2.7 uM. Thus, 10 um G66976 reduced the
EC,, for ATP more than 4-fold. Hence, like GTP, G66976
increases the potency of ATP for GC-B.

Staurosporine Derivatives Do Not Activate GC-A or GC-B—
Two recent studies suggest that staurosporine effectively sub-
stitutes for ATP in the activation of GC-A (20, 21). Therefore,
we tested the ability of G66976 and the related compound, stau-
rosporine, to activate GC-A and GC-B (Fig. 6). ATP markedly
increased the activity of both enzymes when assayed in the
presence of their respective natriuretic peptide, but neither of
the indolocarbazoles increased activity. In fact, both staurospo-
rine and G66976 inhibited GC-A, and G66976 inhibited GC-B.
The diminished inhibitory effect of G66976 was expected
because ATP was not included in these assays. Thus, staurospo-
rine and G66976 are inhibitors, not activators, of GC-A and
GC-B.

DISCUSSION

As a result of these studies, the mechanism of G66976-me-
diated inhibition of GC-A and GC-B was determined. Sub-
strate-velocity experiments indicated that G66976 is a compet-
itive inhibitor of GTP binding to the catalytic site of both
receptors. To our knowledge, this is the first study to show that
a staurosporine derivative reduces GTP binding and the first
study to describe a competitive inhibitor of a transmembrane
guanylyl cyclase.

Surprisingly, although G66976 blocks ATP binding to pro-
tein kinases, it did not block ATP-dependent activation of
GC-A and GC-B. Instead, ATP potentiated the inhibitory effect
by increasing the affinity of the catalytic domain for G66976,
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FIGURE 6. Staurosporine and related derivatives do not activate GC-A or
GC-B. Guanylyl cyclase activity was measured in membranes from 293T-GC-A
(top) or 293T-GC-B (bottom) cells for 10 min with T mm GTP in the absence or
presence of 100 nm ANP or 100 nm CNP, 0.5 mm AMP-PNP or 10 um staurospo-
rine, or 10 uMm GO6976. *, **, and *** indicate significance at p values of <0.05,
p < 0.01,and p < 0.005, respectively, where n = 8 from four experiments.
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which ultimately increased the magnitude of the inhibition.
G066976 also reduced the Hill coefficient of the receptors and
increased the potency of ATP activation of GC-B, which is con-
sistent with G66976 interacting with a second noncatalytic
binding site. The ability of ATP to increase the potency of
G066976 is also consistent with reduced IC,, values in whole cell
experiments where intracellular ATP concentrations are
higher and GTP concentrations are lower than those used in
our assays (15). The reciprocal regulation between the ATP and
GTP sites in GC-A and GC-B is consistent with previous data
showing that ATP decreases the K, for GTP and that GTP
decreases the EC,, for ATP (14).

We do not know why our results are the opposite of those
recently published by Duda et al. (20, 21). However, one major
difference is that GTP concentrations were 1 mM in our assay
but 0.1 mM in their assay. Other differences are that we studied
rat receptors stably expressed in human 293T cells, whereas
they studied rat GC-A transiently expressed in monkey COS
cells and that they used theophylline as a phosphodiesterase
inhibitor, whereas we used isobutylmethylxanthine.

Based on the data reported here, we propose two possible
inhibition models. In the direct competition model (Fig. 7, top),
G066976 directly competes with GTP for binding to the catalytic
site. If we make the assumption that the K, (100 200 um) and
K; (1-2 um) values for GTP and G66976, respectively, are
reflective of the binding constants, then G66976 binds to the
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FIGURE 7. Two Models of G66976-dependent inhibition of GC-A and
GC-B. Upper panel, direct competition. In this model, G66976 (G6) directly
competes with GTP for binding to the catalytic site. Lower panel, allosteric
competition. In this model, G66976 binds to a separate site that allosterically
reduces the affinity of the catalytic site for GTP. NP, natriuretic peptide.

catalytic site about 100-fold tighter than GTP. Because the
inhibitory effect of G66976 is increased in the presence of ATP,
we conclude that ATP increases the affinity of the catalytic site
for G66976 more than it increases the affinity for GTP. Because
of the increased affinity for G66976 when compared with GTP,
the major effect of ATP binding is to accentuate the inhibitory

33844 JOURNAL OF BIOLOGICAL CHEMISTRY

effect of G66976 on the catalytic site. However, at higher con-
centrations, G66976 may bind a second site, which reduces the
allosteric activation of the receptors as suggested by the
decreased Hill coefficient.

In the allosteric competition model (Fig. 7, bottom), G66976
binds a separate, noncatalytic, site that allosterically reduces
the affinity of the catalytic site for GTP. High concentrations of
G066976 in this model may ultimately lead to a conformational
change that not only inhibits GTP binding but completely abol-
ishes it, which would be congruent with the negative Hill slope
observed at high G66976 concentrations. Future experiments
will investigate the exact location of the G66976 binding site in
these important signaling enzymes.
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