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Guanylyl cyclases catalyze the formation of cGMP from GTP. This family of enzymes
includes soluble (sGC) and particulate guanylyl cyclases (pGC). The sGC are heterodimers
containing one active catalytic site and one inactive pseudo-site. They are activated by nitric
oxide. The pGC are homodimers whose activity is notably regulated by peptide binding to
the extracellular domain and by ATP binding to the intracellular kinase homology domain
(KHD). The catalytic mechanism of the pGC is still not well understood. Homology modeling
of the structure of the homodimeric guanylyl cyclase domain, based on the crystal structure
of adenylyl cyclase, suggests the existence of two functional sites for the substrate GTP. We
used a purified and fully active recombinant catalytic domain from mammalian pGC, to
document its enzyme kinetics properties in the absence of the KHD. The enzyme presents
positive cooperativity with the substrate Mg-GTP. However, a heterodimeric catalytic
domain mutant (GC-HET) containing only one active catalytic site is non-cooperative
and is more similar to sGC. Structure-activity studies of purine nucleoside analogs indicate
that 2'd3'GMP is the most potent inhibitor of pGC tested. It displays mixed non-competitive
inhibition properties that are potentiated by the second catalytic product inorganic pyr-
ophosphate (PPi). It appears to be equivalent to purinergic site (P-site) inhibitors character-
ized on particulate adenylyl cyclase. Inhibition of pGC by 2'd3'GMP in the presence of PPi is
accompanied by a loss of cooperative enzyme kinetics. These results are best explained by
an allosteric dimer model with positive cooperativity for both the substrate and inhibitors.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction systems, two general topological variants of the enzyme are

found. Soluble guanylyl cyclases (sGCs) are heterodimers
Guanylyl cyclases are a family of enzymes that catalyze the composed of a and B subunits. Each subunit contains an N-
formation of 3',5-cyclic GMP from GTP. In mammalian terminal regulatory heme binding domain, a dimerization
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domain and a C-terminal catalytic domain. Enzyme activity is
greatly enhanced by binding of nitric oxide to the N-terminal
regulatory domain [1]. The subunits are only partly homo-
logous and they contain complementary mutations in key
residues of their catalytic sites, such that only one site is
active, while the other pseudo-site is inactive, but could bind
purine nucleotides and other allosteric molecules [2—4].

In particulate guanylyl cyclases (pGCs), a single transmem-
brane domain divides the molecule into an extracellular ligand
binding domain and an intracellular region containing a
protein kinase homology domain (KHD), an amphipathic
coiled-coil and a guanylyl cyclase catalytic domain, with a
C-terminal extension for several specific isoforms. Seven
genes for pGCs are found in mammals [5]. All mammalian
pGCs are believed to function as homodimers or homo-
oligomers [5]. Invertebrate guanylyl cyclases are numerous.
They are involved in neuronal signalling and display atypical
properties [6,7].

sGCs and pGCs both produce cGMP and have ~50% catalytic
domain sequence identity [8]. But modeling and comparison of
their catalytic domain structures suggests that, contrary to the
sGCs which contain only one functional GTP binding site, pGCs
would contain two potentially functional GTP binding sites [8].
In agreement with this concept, enzyme kinetics for pGC
typically displays positively cooperative behaviour, especially
in the presence of Mn?*. However, in the case of both sGC and
PGC, no crystallographic data has been reported yet and
current models are solely derived by homology modeling with
adenylyl cyclase structure.

Direct inhibition of adenylyl cyclase by purine nucleotides
(P-site inhibitors) has been previously documented. Some
purine nucleotides act as substrate analogs that mainly
compete with the substrate at the catalytically active site in
its free state. Other agents termed P-site inhibitors have been
extensively studied [9-11]. These inhibitors are generally non-
competitive or uncompetitive, suggesting that they mightbind
to the post-transition state of the enzyme. Their potency is
typically increased in the presence of the second catalytic
product inorganic pyrophosphate. Some of the most potent P-
site inhibitors are 2',5'-dideoxyadenosine-3'-mono- and 3'-
polyphosphates [12]. Structural and functional studies have
lead to an elegant model for their action. According to those
studies, P-site inhibitors bind directly to the active catalytic
site in replacement for the main product 3',5'-cyclic-AMP and
prior to the release of the other product inorganic pyropho-
sphate [13,14]. This would result in a product dead end
inhibition mechanism, which could explain the mixed-
competitive behaviour of these inhibitors. Initial results have
documented that the heterodimeric sGC, which is more
analogous to adenylyl cyclase than pGC, can also be inhibited
by the corresponding agent 2'd3’GMP [15]. However, no
structure-activity relationships or enzyme kinetics studies
of P-site inhibitors for the homodimeric pGC have been
reported. Since both sites for pGC are presumably functional
and equivalent, this suggests that more complex inhibitory
mechanisms involving site-site interactions might be
involved for pGC.

In this report, we aimed to characterize the catalytic activity
of the purified guanylyl cyclase homodimeric domain of pGC
from the natriuretic peptide receptor-A (NPR-A or GC-A) in the

absence of the KHD which also binds purine nucleotides, and to
study the properties of P-site inhibitors and substrate analogs
for this enzyme. The results indicate that positive cooperativity
is observed with the natural substrate Mg-GTP. This coopera-
tivity requires both catalytic sites to be functional. In addition,
P-siteinhibitors display mainly competitive inhibition, an effect
that is potentiated by the second catalytic product pyropho-
sphate (PPi). Positive cooperativity is countered by the presence
of P-site inhibitors and PPi. The results are consistent with a
dimeric cooperative model for which the substrate and the
inhibitor could bind to both catalytic sites of homodimeric pGC.

2. Materials and methods
2.1. Materials

2'd5'GMP, 2'd3’GMP, 2'd5’'AMP, 2’AMP, 3’AMP, 2'5'dd3'AMP,
2'3'-dideoxyadenosine, 5’ATP, 5AMP, 5GMP, 5'GTP, PPi and
guanosine 3'5'cGMP were from Sigma-Aldrich (Oakville, Ont.,
Canada). Guanosine and guanosine 2’,(3')-monophosphate (a
mixture of the 2’- and 3'-isomers of GMP) were from MP
Biomedicals (Solon, OH, USA) and 2/,3'-dideoxyguanosine was
from Axxora (San Diego, CA, USA).

2.2.  Plasmid constructs and site-directed mutagenesis

Mammalian expression vector containing the rat NPR-Awas the
same as previously reported [16]. The guanylyl cyclase catalytic
domain of NPR-A (GC-A) (amino acids Asn’’® to Gly'®*%) was
amplified using the following strategy: PCR was done with two
sense primers made of an excess (25 pmol) of 5'-AAAAGAATT-
CAACATGAACCATCACCATCACCATCACAAC-3' and a limiting
amount (250 fmol) of 5-CCATCACCATCACCATCACAACAG-
CAGCAACATCCTGGACAAC-3' and one antisense primer (5'-
TTTTGGTACCTCAGCCTCGAGTGCTACATCC-3') to introduce
an EcoRI restriction site followed by six histidine residues at
the N-terminal, and a Kpnl restriction site after the C-terminal
stop codon. The EcoRI/Kpnl co-digested fragment was ligated
into the pFastBacl vector (Invitrogen) to obtain the GC-WT
construct. The D®**A mutated protein was obtained using
the QuickChange method (Stratagene) with two mutant
oligonucleotides (5'-GTTACCATCTACTTCAGTGCTATTGTGG-
GCTTTACAGCTC-3 and 5-GAGCTGTAAAGCCCACAATAG-
CACTGAAGTAGATGGTAAC-3). The N%2S mutation was
obtained using the same method (5'-CTCTTTGGAGACACAGT-
CAGCACAGCTTCAAGAATGGAG-3' and 5'-CTCCATTCTTGAA-
GCTGTGCTGACTGTGTCTCCAAAGAG-3'). The histidine-tag of
the N°°85 mutated protein was then replaced by a Protein C
epitope (EDQVDPRLIDGK) using the following strategy: PCR
was done with two sense primers made of an excess (25 pmol)
of 5'-AAAAGAATTCAACATGGAGGACCAGGTCGATCCGCGTCT-
GATTGATGG-3' and a limiting amount (250 fmol) of 5'-CGA-
TCCGCGTCTGATTGATGGCAAGAACAGCAGCAACATCCTGGA-
CAACC-3' and one antisense primer (5-TTTTGGTACCTCA-
GCCTCGAGTGCTACATCC-3'). The EcoRI/Kpnl co-digested
fragment was ligated into the pFastBacl vector (Invitrogen) to
obtain the GC-N®%8S construct. Sequences were confirmed using
automated nucleic acid sequencing. Constructs with pFastBacl
were transformed in DH10Bac bacteria to obtain recombinant
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bacmid DNA according to the Invitrogen. baculovirus expres-
sion system.

2.3.  Transfection of Sf9 insect cells and titration of
recombinant baculovirus by protein expression

Sf9 cells were grown in SF-900 II SFM medium (Gibco)
containing penicillin and streptomycin on a rotating shaker
at 28 °C. For each transfection, 9 x 10° cells were seeded in a
six-well plate and allowed to attach for at least 1h.
Recombinant bacmid DNA was transfected into Sf9 insect
cells using Cellfectin reagent as described for the pFastBac
baculovirus expression system (Invitrogen). In order to
maximize the expression levels of GC’s in Sf9 cells, we tested
the ratio of recombinant baculovirus over Sf9 cells by
sequential dilution. Briefly, Sf9 cells (2 x 10°) were plated in
35 mm petri dishes and increasing amounts of recombinant
baculovirus were added. After 72 h, medium was removed and
cells were washed once with PBS, resuspended in Laemmli
sample buffer and submitted to electrophoresis as described
below. After the Western blot (see below), bands correspond-
ing to the protein of interest were evaluated by densitometry.
The dilution corresponding to the maximum level of expres-
sion was used to scale up the production of GCs.

2.4.  Expression of guanylyl cyclase in Sf9 cells

Sf9 cells (5 x 107) were incubated in 100 mL of SF-900 II SFM
medium in a 250 mL Erlenmeyer flask on a rotating shaker for
48h at 28 °C. Typically, 1 mL of recombinant baculovirus was
added and the incubation was prolonged for another 72 h.
Then, Sf9 cells (2 x 108) expressing GC-WT, GC-N%%S and the
heterodimer GC-D®*°A-N°%8S were centrifuged at 500 x g for
5min and washed twice with PBS. Cells were homogenized
using a polytron in 40 mL of 50 mM NaPO,, pH 7.4, 300 mM
NaCl, 0.1 mM EDTA, 1uM aprotinin, 1 uM leupeptin, 1 nM
pepstatin and 10 uM Pefabloc. After centrifugation at
40,000 x g for 30 min, cytosolic fraction was passed through
a 0.22 pm filter and kept at 4°C until use. For Sf9 cells
expressing GC-D®°A, homogenization was performed in
40 mL of 20 mM Tris-HCl, pH 7.5, 100 mM NaCl containing
protease inhibitors and processed as described above.

2.5.  Purification of guanylyl cyclase catalytic domain

GC-WT, GC-N°%8S and the heterodimer GC-D®*°A-N°%8S, which
all contain a histidine-tag, were purified on Ni-NTA agarose as
follows: after addition of 15% glycerol and 20 mM imidazole,
each cytosolic fraction was loaded on a 1 mL Ni-NTA column.
The gel was washed with 10 mL of 50 mM NaPO,, pH 7.4,
300 mM NacCl, 0.1 mM EDTA, 20 mM imidazole and the GC was
eluted with 10 mL of 50 mM NaPO,, pH 7.4, 300 mM Nacl,
0.1 mM EDTA, 200 mM imidazole and collected in fractions of
1mL. Typically the guanylyl cyclase eluted from Ni-NTA
column in fractions 2 and 3 as determined by immunoblot
analysis.

GC-D®*°A and the heterodimer GC-D3*°A-N%%8s (previously
purified on Ni-NTA and dialyzed against 20 mM Tris-HCI, pH
7.5, 100 mM NacCl) both containing the Protein C epitope were
purified on anti-Protein C agarose as follows: after addition of

10% glycerol and 1 mM CacCl,, each preparation was loaded on
a 1 mL anti-Protein C column. The gel was washed with 10 mL
of 20 mM Tris-HCl, pH 7.5, 100 mM NacCl, 1 mM CaCl, and
eluted at 22 °C with 6 mL of 20 mM Tris-HCI, pH 7.5, 100 mM
NaCl and 10 mM EDTA and collected in fractions of 1 mL. In
these conditions, guanylyl cyclase eluted from the anti-
Protein C column in fraction 2.

2.6. Steric exclusion HPLC

GC-WT, GC-D®*A and GC-N°8S were further purified by steric
exclusion chromatography on Superose-12, while the hetero-
dimer GC-D®°A-N®%83 (purified by the two sequential affinity
chromatography steps) was tested for its purity and monitored
for its exclusion volume on the same column. Chromato-
graphy on the Superose-12 was performed at 4 °C in 50 mM
NaPOy, pH 7.4, 300 mM NacCl and 0.1 mM EDTA with a flow rate
of 0.5 mL/min. Optical densitometry was monitored at 280 nm
using a Lambda-Max spectrophotometer (Waters). Protein
concentrations for each purification step were determined
using the BCA protein assay kit (Pierce) and confirmed using
Dot Blot analysis. Coomassie staining of proteins in analytical
SDS-polyacrylamide gel electrophoresis confirmed the high
degree of purity of the GC’s. Proteins migrated at approxi-
mately 29 kDa on a 12% polyacrylamide gel (Fig. 1).

2.7.  Immunoblot analysis

For the Western blot, protein samples were solubilized in
Laemmli sample buffer (62mM Tris-HCl, 2% SDS, 5% B-
mercaptoethanol, 10% glycerol, 0.001% bromophenol blue, pH
6.8) and heated at 100°C for 3 min. Electrophoresis was
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Fig. 1 - SDS-PAGE analysis of purified pGC constructs.
Purified pGC enzymes (GC-WT and GC-HET) were
subjected to SDS-PAGE on a 12% polyacrylamide gel and
stained with Coomassie Blue, as described in Section 2.
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performed in 10% polyacrylamide gel and proteins were
transferred to a nitrocellulose membrane (Bio-Rad) using the
liquid Mini Trans-Blot (Bio-Rad). Detection of GC’s was
achieved using an affinity-purified antibody from a rabbit
polyclonal antiserum raised against the C-terminal sequence
of the particulate guanylyl cyclase NPRA. Specific signal was
probed with a horseradish peroxidase-coupled secondary
antibody, according to the ECL Western blotting analysis
system (Amersham Biosciences). For the Dot Blot, proteins
were boiled for 3 min in 6 M urea and blotted on nitrocellulose
using the Bio-Dot Apparatus (Bio-Rad). Detection of GC’s was
performed as described above.

2.8.  Guanylyl cyclase activity

Assays were performed in a final volume of 100 pL buffer
containing 25 mM HEPES, pH 7.4, 50 mM NacCl, 0.1% BSA and an
excess of 4 mM MgCl, or MnCl,. Purified guanylyl cyclases,
GTP, nucleotides or analogs were added as indicated in the
results section. No GTP regenerating system or phosphodies-
terase inhibitor was added since they were not needed with
pure enzyme preparation. After 10 min incubation at 37 °C,
reactions were stopped by the addition of 500 pL of 110 mM
zinc acetate followed by 500 pL of 110 mM sodium carbonate
[17]. Tubes were then centrifuged at 12,000 x g for 2 min and
50 pL of supernatant was radio-immunoassayed for cyclic
GMP content [18]. Concentrations of cGMP were corrected for
the recovery, using an external standard of cGMP processed in
the same manner throughout the steps. The recovery of cGMP
varied from 60 to 70%.

2.9.  Statistical analysis

Statistics were performed by ANOVA, followed by multiple
comparisons using the Student-Newman-Keuls test, with
p < 0.05 as the significance level. Values presented in figures
correspond to the average and standard error of the mean
from duplicates. Parameter estimates presented in tables are
averages of values obtained in replicate experiments involving
two separate batches of purified GC catalytic domain. Curve
fitting of enzyme kinetics data for substrate and inhibitors was
performed by non-linear least squares regression using the
program AllFit [19]. For substrate enzyme kinetics, the curves
for the time course of product formation (v) as a function of
substrate concentration (S) were therefore analyzed according
to Hill’s equation:

_ VimaxS™
~QH | cng
So's +S™

where Sp s is the equivalent of the Michaelis—-Menten coeffi-
cient for cooperative kinetics, Vimax the maximum enzyme
production rate and ny is the Hill’s coefficient. For inhibition
curves, data where then analyzed according to the equation:

v = 71)0
1 + (I/ICso)n

where vy is the initial rate of product formation in the absence
of inhibitor, I the concentration of inhibitor, ICso the inhibitor
concentration at the midpoint of the curve and n is the slope

factor for the inhibition curve. Estimation of apparent inhibi-
tion constants for inhibitors was obtained according to Segel
[20]. K; estimates were calculated using:

I

K = (Vi) Vi) (S55/S05)) — 1

where S s and Vj,,, are the estimates for the Sy s and the Vpa

in the presence of the inhibitor at concentration I.

3. Results

3.1.  Purified guanylyl cyclase domain of pGC (GC-A) is fully
active

The structure of pGC or sGC catalytic domain has not yet been
experimentally determined. But the crystal structure of the rat
type Il adenylyl cyclase C2 catalytic domain was used to obtain a
molecular model. pGC was proposed to form an active dimer
with two active sites by complementation of the two identical
GCmoieties [8]. Ahinge region preceding the catalytic domainis
providing a coiled-coil which favours dimerization and which
was shown to be required for catalytic activity [21]. In addition,
the kinase homology domain located upstream of the hinge
helical region is an ATP binding site which allosterically
modulates catalytic activity [5,22] and which could potentially
bind other purine nucleotides. In order to specifically study the
regulation of purine nucleotides on GC catalysis, we generated a
truncated mutant containing only the hinge helical region and
the guanylyl cyclase catalytic domain of GC-A. The mutant GC-
WT was expressed in Sf9 insect cells and purified to homo-
geneity (Fig. 1). GC-WT was expected to be fully active because it
has been shown that when the kinase-like domain of NPR-A is
deleted by mutagenesis, the resulting receptor protein displays
high constitutive guanylyl cyclase activity [23]. However, this
activity is independent of the agonist ANP and its stimulation by
ATP is abolished [23]. Thus, this truncated mutant should
represent the full catalytically active form of pGC. Consistent
with this model, we found that this GC-WT construct was
constitutively active and stable. When cGMP production was
assessed as a function of GTP concentration, we obtained a V.«
of 28 + 2 pmol/mg/min and a Sos of 0.37 + 0.07 mM (Table 1).
GC-WT remained fully active when stored at —80 °C for 1 year.
The specific activity observed was therefore favourably com-
parable to thatreported for ANP + ATP-activated full-length GC-
A expressed and purified from Sf9 insect cells (4.3 pmol cGMP
formed/mg/min) [17]. Most experiments were performed using
Mg?* as the divalent cation as it is the natural cellular divalent
cation and also because enzyme kinetics profiles of sGC or
adenylyl cyclase can be very different in the presence of other
divalent cations [13,24]. In fact, when we measured cGMP
production using Mn?*-GTP as substrate, kinetic parameters
were drastically different. The Sy s was reduced 22-fold and the
Vmax Was reduced 1.5-fold (Table 1).

3.2.  Positive cooperativity in GC-WT domain

Kinetic analysis of cGMP production for the GC-WT construct
also yielded a Hill slope of 1.4 + 0.01 and an upward concave
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Table 1 - Kinetic parameters of GC-WT compared to mutated proteins D®*°A, N°%8s and GC-HET

So.5 (mM) Vinax (wmol/mg/min) Reat/Sos (M~ s7Y)
GC-WT 0.37 £ 0.07 (3) 1.4 +0.01 (3) 28 +2 (3) 8.5+ 2.2 x 10* (3)
GC-WT (Mn**-GTP) 0.017 (0.016-0.018) 1.8 (1.7-1.9) 19 (18-20) 1.2 x 10° (1.1-1.3)
GC-D#°A ND ND ND ND
GC-N*%8g 0.068 (0.055-0.082) ND 0.32 (0.25-0.39) 4.8 x 10 (4.7-4.9)
GC-HET 0.068 + 0.004 (5) 1.0 £ 0.06 (5) 4.1+ 0.6 (5) 6.4 + 0.8 x 10* (5)

The Sos and Vmax values were determined by kinetic analysis using Hill’s equation. Production of cGMP was assessed with increasing
concentration of the substrate GTP in the presence of excess Mg®" unless otherwise stated, as described under Section 2. Values are
mean =+ S.E. of three to five separate experiments (indicated in parenthesis), with each measurement done in duplicate. When only two
separate experiments are presented, both individual values are indicated in parenthesis. ny is the cooperativity index and GC-HET is the

double mutant D#*°A/N°%%S; ND, cannot be determined.

double reciprocal, which suggests positive cooperativity
(Fig. 2). This is consistent with the enzyme having two
active sites for GTP. We then wondered what would happen
to this apparent cooperativity if pGC only had one active site.
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Fig. 2 — Kinetic analysis of GC-WT and GC-HET. Purified GC-
WT (0.03 ng, open circle) and GC-HET (0.2 ng, closed circle)
enzyme kinetics were measured as a function of GTP
concentration. Mg?* was present at 4 mM excess relative
to GTP. Estimates of the kinetic parameters Sy 5, Vimax and
ny were obtained by non-linear least squares using Hill’s
equation. The curves are portrayed as log-linear plot
(upper panel) or Lineweaver-Burk double reciprocal (lower
panel). cGMP production is expressed as 100% of
maximum (Vp,y) for each curve. Vy,,x for GCG-WT and GC-
HET was 28 and 4.1 pmol/mg/min, respectively. Assays
were conducted as described in Section 2. The results are
representative of at least three separate replicate
experiments.

Two mutually complementary mutations were used to
selectively inactivate one catalytic site in a heterodimeric
pGC. In the model described for adenylyl cyclase, the residue
Asp>°®, present only in Cla domain, stabilizes an Mg®* or
Mn?* ion required for binding the phosphate chain of ATP
and PPi. It also stabilizes the transition state [25]. Mutation of
this residue results in an approximately 1800-fold drop in
enzyme catalytic efficacy. So s is 8-fold higher while Vyay is
210-fold lower [25]. Also, the residue Asn'°* present only in
C2 domain stabilizes the transition state [11,25,26]. Mutation
of this residue results in a 40-fold reduction of V,.x, Wwith no
change in Sps [26]. Those two residues are located on
separate domains C1 and C2. Once combined as a hetero-
complex, they contribute to the single catalytic site of
adenylyl cyclase, while the other pseudo-site is catalytically
inactive, but is the site for forskolin binding. This pseudo-
site could potentially be occupied by nucleotides in the
absence of forskolin. A similar conformation is observed in
sGC [3,15]. Indeed, it was recently documented that sGC
displays both a high affinity and a low affinity binding site for
nucleotides [4].

In GC-WT, the corresponding residues Asp®® and Asn®%®
are conserved in both GC subunits. Two active sites could
then be formed when the GC subunits assemble in a head-to-
tail conformation. Thus, to yield only one active site, we co-
expressed the mutants GC-D®*°A and GC-N°%%S, including a
Protein C tag or a histidine tag, respectively, to allow
selective purification of the heterodimer (GC-HET) by
sequential purification on Ni-NTA agarose and anti-Protein
C agarose (Fig. 1). GC-D®*A and GC-N®%8S homodimers were
also expressed and purified to homogeneity (data not
shown). The D#*°A mutation completely abolished guanylyl
cyclase activity (Table 1). The N°*8S mutation yielded a
protein almost 180-fold less catalytically active than the GC-
WT, with a Sy 5 increased almost 2-fold and a V.4 reduced
88-fold. The heterodimer (GC-D®*°A-N°®%S or GC-HET)
showed catalytic activity similar to GC-WT, i.e. keat/Sos
values were not significantly different (Table 1). The Sy s was
improved 5.5-fold but the Vy,,x was reduced 7-fold. When
cGMP production of GC-HET was plotted against Mg-GTP
concentration, we found a Hill slope of 1.0 + 0.06 and a linear
double reciprocal plot, suggesting that the GC-HET has lost
the cooperative catalytic behaviour observed for GC-WT
(Fig. 2 and Table 1). These results show that two functional
GTP binding sites are required for the cooperative catalytic
process.
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3.3. Structure-activity profile of P-site inhibition of GC-WT
by nucleosides

Adenylyl cyclase is strongly inhibited by P-site inhibitors.
Characteristic of potent P-site inhibitors is their higher potency
observed in the presence of inorganic pyrophosphate [11]. It has
been proposed that pyrophosphate, which is produced along
with cAMP during catalysis, stabilizes a dead-end complex of
adenylyl cyclase with the inhibitor [11]. It has been shown that
soluble guanylyl cyclase is inhibited by 2'd3'GMP [15,27], and by
physiological concentrations of ATP (1-2 mM) [28]. However, no
detailed structure-activity relationships of inhibition by purine
derivatives have been reported for pGC. Since pGC is homo-
dimeric with two active sites, inhibition patterns of pGC purine
derivatives might depart from those for sGC and adenylyl
cyclase, which provide only a single active site. We therefore
explored inhibition of GC-WT catalytic activity by commercially
available adenosine and guanosine analogs. Each nucleoside
was examined in experiments where guanylyl cyclase activity
was measured with varying concentrations of the nucleoside,
with or without adding a cellular concentration of inorganic
pyrophosphate (0.3 mM) [29]. ICso measured for each inhibitoris
shown in Table 2. Inhibition curves in the presence of
pyrophosphate are shown in Fig. 3. Pyrophosphate alone was
characterized by an ICso of 1.4 mM. ATP showed a weak ICso of
3.3 mM, and addition of pyrophosphate did not improve its ICsp.
Pyrophosphate did not improve inhibition by 2'd5’AMP or

Table 2 - Inhibition of particulate guanylyl cyclase

domain by nucleosides and inorganic pyrophosphate

ICso (mM)

Control +0.3 mM PPi
PPi 1.4 (1.3-1.4) -
2'AMP >5 (2) ND
3'AMP >5(2) ND
5'AMP >5(2) ND
Adenosine >5 (2) ND
2'3'-Dideoxyadenosine >5(2) ND
2'd3'AMP >5 (2) >5 (2)
ATP 3.3 (3.1-3.5) 5.3 (5.2-5.4)"
2'd5' AMP 2.3 (1.5-3.0) 1.9 (1.5-2.3)
5'GMP >5 (2) ND
2'd5'GMP 1.8 (1.3-2.3) 2.2 (1.5-2.8)
2'3’-Dideoxyguanosine 2.2 +0.53 (3) 1.0 +£0.094 (3)°
Guanosine 2.9 (2.4-3.3) 0.38 (0.34-0.41)°
Guanosine-2'(3)'- 1.1 (0.94-1.3) 0.30 (0.21-0.38)"

monophosphate

2'd3'GMP 0.43 +0.07 (3) 0.083 £ 0.014 (3)"

Inhibition of purified GC-WT was determined as described under
Section 2 by including 1 mM GTP and varying concentrations of
indicated nucleotides in the presence of excess Mg?*. Activity was
also determined in the presence of a physiological concentration
of pyrophosphate (300 uM). Values are mean +S.E. of three
separate experiments (indicated in parenthesis), with each mea-
surement done in duplicate. When only two separate replicate
experiments are presented, both mean values are indicated in
parenthesis.

" p<0.05.

" p<001.

m 2'd3'GMP
¢ Guanosine2'(3')monophophate
A Guanosine

0 2'3'dideoxyguanosine

= 2'd5'GMP
o 2'd5"
X
A

Vnucleoside / Vcontrol

6 -5 -4 3 2 -1
Log nucleoside concentration (M)

Fig. 3 - Structure-activity relationships for the inhibition of
PGC. Purified GC-WT was incubated as indicated in
Section 2 with 1 mM GTP, 0.3 mM inorganic
pyrophosphate and increasing concentrations of indicated
nucleosides. Values represent averages from at least two
normalized experiments for each compound, each
assayed in duplicate. ICso values from these and other
compounds are shown in Table 2.

2'd5'GMP (Table 2), and no inhibition was observed with
2'd3’AMP, with or without pyrophosphate. However, four
guanosine containing compounds tested were potentiated
when pyrophosphate was present. 2'3'-Dideoxyguanosine,
guanosine, the isomer mixture guanosine-2/(3')-monopho-
sphate, and 2'd3GMP were all potentiated when 0.3 mM
pyrophosphate was present, improving their ICs, 2-8-fold
(Table 2). The best inhibition for the available compounds
was obtained with 2'd3'GMP in the presence of pyrophosphate
(0.083 mM; Table 2). These experiments indicate that guanosine
analogs of P-site agents inhibit pGC with micromolar potency.
Favourable characteristics include a guanine moiety, a 2'-
deoxy, the absence of 5-phosphate and the presence of 3'-
phosphate. The results are in agreement with P-site inhibition
of adenylyl cyclase by adenosine analogs [10].

Further analysis reveals that 2'd3'GMP behaves as a mixed
non-competitive inhibitor (Fig. 4). 2'd3’GMP dose-dependently
increases the Sy s for GTP (p < 0.01). Pyrophosphate at 0.3 mM
also increases the Sq s for GTP (p < 0.05). In addition, pyropho-
sphate potentiates the effect of 2’d3'GMP on Sy s from 2.3 t0 8.7-
fold (p <0.01). On the other hand, both 2'd3’GMP and
pyrophosphate decrease the Vy,,x for GTP (p < 0.01 for both
agents). However, pyrophosphate does not potentiate the
inhibitory effect of 2'd3’GMP on Vi, (26% versus 17%
decrease, NS). From this data the estimated K; for 2/d3’GMP
alone is 0.49 + 0.01 mM (Fig. 4A) and 0.068 + 0.015 mM in the
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Fig. 4 - Kinetic analysis of inhibition by 2'd3'GMP. (A) GC-WT (0.03 ng) kinetic profile was measured in the absence (closed
circles) or in the presence of 0.1 mM (open circle) or 1 mM (closed squares) 2'd3'GMP, using Mg-GTP as substrate. (B) GC-WT
(0.03 ng) kinetic profile was measured under the same conditions as in panel (A), but with the addition of 0.3 mM
pyrophosphate. The results are representative of at least three separate replicate experiments. Both experiments (A and B)
are portrayed as linear (left) or double reciprocal plots (right). Enzyme kinetic analysis for each experiment was used to

obtain estimated K; values.

presence of PPi (Fig. 4B). In the presence of 2'd3’GMP alone, the
kinetic curves remain positively cooperative (ng=1.5 + 0.01)
with curvilinear double reciprocal plots (Fig. 4A). The presence
of pyrophosphate attenuates or abrogates (p < 0.05) the
positive cooperativity (nyg = 1.1 & 0.06) of the enzyme kinetics,
as documented by the linear double reciprocal plots (Fig. 4B).

3.4.  2'd3'GMP P-site mixed inhibition requires only one
active site

To further investigate the mechanism of 2'd3’GMP P-site
inhibition on pGC, we compared its inhibitory effect on GC-WT
(two active sites) and GC-HET (one active site). Inhibition
curves with and without added pyrophosphate were obtained
for GC-WT and GC-HET (Fig. 5). The ICs, values found for GC-
HET (0.38 +£0.06 mM without added pyrophosphate and
0.072 + 0.002 mM with pyrophosphate; Fig. 5B) were similar
to the values found for GC-WT (0.43 £+ 0.07 mM in the absence
of pyrophosphate and 0.083 + 0.014 mM with pyrophosphate
(Table 2 and Fig. 5A). Dixon plots shown to the right in Fig. 5
indicate that in each case the slope is increased when
pyrophosphate is added, documenting that pyrophosphate
greatly improves the effect of 2/d3’GMP and reduces to a great

extent the estimated K;. These results indicate that 2'd3'GMP
inhibition requires only one active site on pGC and that
2'd3GMP binds directly to the active site which it inhibits.
Binding of GTP or 2'd3'GMP to the inactive site is however not
excluded.

4, Discussion

Positively cooperative GC enzyme kinetics in the presence of
excess Mn?* is a well-known property of crude or solubilized
preparations of particulate guanylyl cyclase from various
tissues [30-33]. A Hill slope of about 2.0 is commonly obtained
[30]. Mn?* was initially used in studies of sGC or pGC because
guanylyl cyclase activity in enzyme preparations was often
undetectable in the presence of Mg®* [31]. Positively coopera-
tive enzyme kinetics is also observed, although less pro-
nounced, when the natural substrate Mg?*-GTP is used [30,34].
Here, we demonstrate positively cooperative enzyme kinetics
using Mg?*-GTP with a Hill slope of 1.4, only requiring the
guanylyl cyclase catalytic domain. Cooperativity was more
obvious in Mn?*-GTP with a Hill slope of 1.8 (Table 1). Our
results also indicate that the helical hinge region and the
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catalytic guanylyl cyclase domain are sufficient to obtain a
functional dimer with full cooperative properties. In the
present study with pGC, Mn?**-GTP behaved as a more potent
substrate than Mg”?*-GTP. As described in the crystal structure
of adenylyl cyclase, Mg?* and Mn?* ions generate distinct
conformations of the active site. The AC-BLddATP-Mn crystal
generated by Tesmer et al. shows increased electron density at
the described B metal site, which contains the phosphate side
chain of the nucleotide and the Mn?* ion [25]. However, sGC
has been shown to catalyze the formation of cAMP from ATP
when Mn?* is present but not with Mg?* [35]. Mn?* thus seems
to reduce the nucleotide specificity of nucleotide cyclases by
pulling the nucleotide away from the hydrophobic purine-
binding pocket more towards the residues, which together
with Mn?*, coordinate the nucleotide phosphate chain. It is
possible that reduction of both Ky, and V., with Mn**-GTP as
substrate might be due to tighter binding of both the substrate
GTP and the inhibitory by-product pyrophosphate.

Sunahara et al. previously documented that heterodimeric
sGC is inhibited by 2'd3’GMP but not by 2'd3’AMP [15].
Substrate specificity between sGC and adenylyl cyclase can
be exchanged by modification of two or three amino acid
residues of the catalytic domain that interact with the purine
moiety [27]. Interestingly, we were unsuccessful in converting
the pGC (GC-A) into an adenylyl cyclase using these mutations
(unpublished observations). When sGC was converted to an
efficient adenylyl cyclase, specificity of P-site inhibitors was

also altered, indicating that these agents target the substrate
binding site of nucleotide cyclases [15]. In agreement with
those reports based on heterodimeric sGC, our results indicate
that P-site inhibition of homodimeric pGC is conserved in
purified GC domain, and thus does not involve the nucleotide
binding site of the KHD. The GC-HET construct was designed
to contain mutations that inactivate one of the two potential
active sites of pGC. One of these mutations (D3*°A) presumably
also reduced binding of inorganic pyrophosphate and of the
triphosphate chain of GTP to the inactive site. This is based on
the crystal structure of adenylyl cyclase in the presence of ATP
analogs, which indicates that the corresponding Asp®®® would
effectively stabilize pyrophosphate binding [11,25]. The fact
that P-site inhibition was equally effective on GC-HET suggests
that inhibition occurs directly on the remaining active site.
Although catalysis is precluded at the second active site on
GC-HET, we presume that nucleotide binding might still occur
with a lower affinity, because the determinants of purine
binding are still present. In this respect, GC-HET closely
mimics sGC conformation and could also be allosterically
inhibited by nucleotide binding to the inactive pseudo-site, but
with lower potency. Consistent with this idea, a recent report
by Chang et al. elegantly described occupation of the non-
catalytic pseudo-symmetric site of sGC by nucleotides [2]. The
inhibition of sGC by ATPyS was removed by a single mutation
targeting the other aspartate residue that coordinates Mg**.
The mutation of two residues that are known to dictate
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nucleotide selectivity also lead to a loss of allosteric inhibition
[2]. Interestingly, when the enzyme kinetics parameters
obtained for the GC-WT and GC-HET are compared with
those for the SNAP-activated sGC [2], the Vo5 and Sg s values
obtained for the SNAP-activated sGC more closely resemble
the values obtained for GC-HET. When Sps and V. are
compared, the GC-WT shows an 18-fold and 20-fold differ-
ence, respectively, whereas GC-HET shows only a 3-fold
difference for both parameters. The reasons for these changes
in Ky, and Viax for GC-HET are not clear, although a reduction
in keae would be expected to lead to a lower Ky, since ke, is part
of the numerator of the expression for K,,. This might also
suggest that pGC is a V-type cooperative dimer for which a
single substrate-bound site is much less catalytic than when
both sites are occupied [20]. A second binding site with lower
affinity for nucleotides was recently documented for sGC [4].
This second binding is proposed to correspond to the non-
catalytic pseudo-site. It is selectively competed by sGC
activators like the YC-1 molecule, confirming the conclusions
of Chang et al. [2].

We also document that the purified pGC catalytic domain is
directly sensitive to P-site inhibition, which was initially
documented for adenylyl cyclase. Since the GC domain used
does not include the KHD, the potential indirect influence of
nucleotides which can bind to the KHD can be excluded from
these studies. Structure-function relationships for P-site
inhibitors of pGC seem to be analogous to those documented
for adenylyl cyclase, except for the requirement for a
guanosine moiety. Inhibition of pGC by ATP is not potent in
the presence of Mg?*, is not increased by inorganic pyropho-
sphate, and is probably more typical of substrate analogs
acting competitively. In contrast, 2'd3’GMP inhibition is
sensitive to the addition of pyrophosphate, and behaves as
an analog of the product 3'5'cGMP. P-site inhibition of adenylyl
cyclase is typically considered as uncompetitive in the
presence of Mg®* and non-competitive when Mn?* is present
[11]. Thus, with the natural divalent cation Mg?*, the inhibitor
would presumably bind only to the enzyme-substrate or
enzyme-product complex but not to the free enzyme.
However, more potent P-site inhibitors with 3'-triphosphates
or tetraphosphates also bind to the free enzyme and then yield
a mixed non-competitive pattern [11]. Pure competitive
inhibition by 2’-deoxy-3'-AMP on adenylyl cyclase has also
been reported [36]. P-site inhibitors therefore seem to display
variability in their apparent mechanism of inhibition [11]. For
pGC, the presence of two active and cooperative sites allows
for multiple interactions of 2’d3'GMP, leading to mainly a
mixed non-competitive inhibition pattern. Adding inorganic
pyrophosphate drastically increased inhibition by 2'd3'GMP,
suggesting that 2’d3’GMP has higher affinity for the post-
transition state of the enzyme bound to pyrophosphate
following dissociation of cGMP. In addition, the presence of
pyrophosphate reduced the cooperativity index ny, while
2'd3’GMP only marginally altered ny. According to the
positively cooperative models B2a and B2b of Segel [20], a
cooperative inhibitor is expected to reduce substrate coopera-
tivity, while a non-cooperative inhibitor would not alter the
cooperative kinetics. Thus, our results suggest that 2'd3’GMP
alone does not bind cooperatively to pGC. However, inorganic
pyrophosphate might contribute to retain the enzyme in a

non-cooperative post-transition state, thus leading to a
reduction in ny.

P-site inhibitors of adenylyl cyclase have greatly improved
over the years. Adenosine analogs with ICso of about 1 pM on
adenylyl cyclase were recently synthesized. The most potent
compound, B-2',5-dideoxy-2-fluoroadenosine, showed an ICsq
of 0.9 pM when tested on a detergent-dispersed preparation of
adenylyl cyclase from rat brain [37]. Also, the pro-nucleotide
inhibitor 2/,5'-dd-3'-AMP-bis(t-Bu-SATE) was engineered as a
cell permeable agent and was shown to block cAMP formation
in intact preadipocytes with an ICsg of ~30 nM [38]. Phosphor-
ylation of the 3’-end by nucleoside phosphokinases was
proposed to be an important step for potent inhibition by this
molecule, although no demonstration of intracellular 3'-
polyphosphate formation was documented [38]. Such mem-
brane-permeable agents, modified to contain a guanosine
moiety, could be potent guanylyl cyclase inhibitors and be
useful in studies on the role of this important family of
enzymes. However, P-site inhibitors so far reported appear to
be either substrate or product analogs with affinity for the pre-
transition or the post-transition state, respectively. Develop-
ment of new analogs mimicking the transition state inter-
mediate containing a pentacovalent phosphate [39] might also
lead to a series of inhibitors with improved potency and
specificity. The putative discovery of pGC-specific or sGC-
specific inhibitors would be even more useful to investigate
the exact role, in physiological processes, of enzymes that
produce the same second messenger, cGMP. These agents
could also become important in the treatment of acute
pathologies where reduction of cGMP production could be
beneficial, e.g. septic shock [40] or enterotoxin-induced
secretory diarrhoea [41]. Moreover, these potent inhibitors
could prove valuable to determine the crystal structure of
guanylyl cyclases.
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