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Nur Başak Sürmeli‡1, Frederike M. Müskens§2, and Michael A. Marletta‡3

From the ‡Department of Chemistry, The Scripps Research Institute, La Jolla, California 92037 and the §Department of Medicinal
Chemistry and Chemical Biology, Utrecht Institute for Pharmaceutical Sciences, University of Utrecht,
3584 CG Utrecht, The Netherlands

Background: ATP regulates soluble guanylate cyclase (sGC), which mediates NO signaling.
Results: ATP inhibition of sGC is dependent on NO levels; the pseudosymmetric site is involved in ATP regulation.
Conclusion: A new kinetic model for sGC activity in the presence of excess NO is proposed.
Significance: Cooperativity between the pseudosymmetric and catalytic site results in a more specific cyclase in vivo.

Activation of soluble guanylate cyclase (sGC) by the signaling
molecule nitric oxide (NO) leads to formation of the second
messenger cGMP, which mediates numerous physiological pro-
cesses. NO activates sGC by binding to the ferrous heme cofac-
tor; the relative amount of NO with respect to sGC heme affects
the enzyme activity. ATP can also influence the activity by bind-
ing to an allosteric site, most likely the pseudosymmetric site
located in the catalytic domain. Here, the role of the pseudosym-
metric site on nucleotide regulation was investigated by point
mutations at this site. ATP inhibition kinetics of wild type and a
pseudosymmetric site (�1-C594A/�1-D477A) variant of sGC
was determined at various levels of NO. Results obtained show
that in the presence of less than 1 eq of NO, there appears to be
less than complete activation and little change in the nucleotide
binding parameters. The most dramatic effects are observed for
the addition of excess NO, which results in an increase in the
affinity of GTP at the catalytic site and full activation of sGC.
The pseudosymmetric site mutation only affected nucleotide
affinities in the presence of excess NO; there was a decrease in
the affinity for ATP in both the allosteric and catalytic sites.
These observations led to a new kinetic model for sGC activity in
the presence of excess NO. This model revealed that the active
and allosteric sites show cooperativity. This new comprehensive
model gives a more accurate description of sGC regulation by
NO and nucleotides in vivo.

Nitric oxide (NO) signaling mediates numerous physiologi-
cal processes, including blood vessel relaxation, myocardial
function, synaptic plasticity, and platelet aggregation (1– 4).
Soluble guanylate cyclase (sGC)4 is the primary receptor for

NO. NO activation of sGC leads to formation of cyclic GMP
(cGMP) (5). As a second messenger, cGMP interacts with pro-
tein kinases, phosphodiesterases, and ion channels; these inter-
actions lead to the cellular effects of NO (6). Dysregulation of
the NO/sGC/cGMP signaling pathway is linked to various dis-
ease states, including heart disease, hypertension, and neurode-
generation (7–9). Accordingly, sGC is an attractive therapeutic
target for the treatment of these disorders, and the mechanisms
of activation and regulation of sGC are an active area of
research (10 –12).

The most common isoform of sGC is composed of two ho-
mologous subunits, �1 and �1. Both sGC subunits consist of
four separate domains: the N-terminal heme-NO/O2 binding
(H-NOX) domain, the Per/Arnt/Sim (PAS) domain, the helical
domain, and the C-terminal catalytic domain (13, 14). The
H-NOX domain of �1 subunit binds heme, whereas the corre-
sponding region in the �1 subunit does not. Given the homo-
logy, the N terminus of the �1 subunit may have similar domain
structure as the �1 H-NOX domain, but it lacks key residues
involved in heme binding. The �1 H-NOX domain is also called
the sensor domain because NO binding to heme in the �1 sub-
unit is directly involved in the activation mechanism. The PAS
and helical domains are involved in heterodimer formation and
activation of the catalytic domain (15–17).

The catalytic domain is composed of the C termini of both
the �1 and �1 subunits. The active site is located at the subunit
interface and consists of residues from both subunits (14, 18).
Moreover, this domain shares significant homology with the
catalytic domain of mammalian adenylate cyclases (ACs) (19,
20). In both guanylate cyclases (GCs) and ACs, the catalytic site
contains two aspartate residues that coordinate two Mg2� ions,
which are involved in substrate binding and catalysis (21). In
addition to the catalytic site, ACs contain a cavity that is pseu-
dosymmetric to the catalytic site. This pseudosymmetric site
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lacks key catalytic residues but is the binding site of the AC
activator forskolin (22). To date, all reported crystal structures
of the sGC catalytic domain are in a putative inactive (open)
conformation and lack bound nucleotides (Protein Data Bank
entries 3UVJ, 2WZ1, and 4NI2) (23, 24). Modeling the active
(closed) conformation of sGC based on AC structures also
reveals a pseudosymmetric cavity (Fig. 1). Similar to ACs, this
site lacks key residues required for catalysis, most importantly
one of the aspartate residues (�1-Asp-485 in the active site) that
coordinates one of the two Mg2� ions. Nevertheless, the pseu-
dosymmetric site does include several residues involved in
nucleotide binding. One of these residues is �1-Asp-477, the
pseudosymmetric site counterpart of �1-Asp-529. The residue
�1-Asp-529 is located at the active site and is coordinated with
the second Mg2� ion involved in nucleotide binding and catal-
ysis. In addition, the pseudosymmetric site residue �1-Cys-594
is the counterpart of �1-Cys-541, which is involved in GTP
binding to the catalytic site (Fig. 1B) (25). Consequently, it was
proposed that the pseudosymmetric site could be involved in
nucleotide regulation of sGC (26). Binding of nucleotides to the
pseudosymmetric site has not been directly observed, but pre-
vious studies have shown that sGC binds two GTPs (27) and
that nucleotide binding to an allosteric site influences activity
(28 –30).

The first model of NO activation of sGC posited that sGC is
activated upon binding of NO to the ferrous heme cofactor,
followed by the cleavage of the heme iron proximal histidine
bond (31). The proposed steps involved NO binding to the open

heme coordination site (distal pocket), axial to the histidine
ligand, to form a 6-coordinate Fe2�-NO (6c NO) complex, fol-
lowed by rupture of the Fe2�-His bond and conversion to the
fully activated 5-coordinate Fe2�-NO (5c NO) complex. This
complex can be formed using a stoichiometric amount of NO
relative to the sGC heme. These steps would place NO on the
distal pocket face of the heme. However, in the presence of an
excess of NO relative to the heme, NO can also act as a catalyst
and accelerate the rate of iron-histidine bond cleavage (31, 32).
These observations were explained by a second molecule of NO
binding to the open proximal heme site (in the distal 5c NO
sGC) after the rupture of the Fe2�-His bond and formation of a
transient dinitrosyl complex. Dissociation of the distal NO
from the dinitrosyl complex would lead to a proximal 5c NO
complex (33–35). A recent bacterial H-NOX structure has been
reported utilizing excess NO during crystallization (36). This
5-coordinate structure showed NO in the proximal pocket.
Therefore, NO can occupy the distal or proximal site in the 5c
NO sGC.

Formation of the 5c NO complex is essential for activation of
sGC, but it is not sufficient for full activation. Indeed, low activ-
ity and high activity NO-bound sGC species have been
observed (35, 37). The low activity species is formed by either
the addition of stoichiometric amounts of NO (1-NO per heme)
or by removal of excess NO after formation of the ferrous
nitrosyl complex. Although the nature of the 1-NO species is
unclear (proximal or distal 5c NO), it is well established that the
1-NO state of sGC is not fully active. In addition, 1-NO sGC can
be activated upon the addition of excess NO (excess over heme)
irrespective of how it was formed (35). The sGC 5c NO complex
is very stable (t1⁄2 �2 min) (38). The NO dissociation rate in vitro
is inconsistent with the rapid deactivation profile observed in
vivo, making it unlikely that dissociation of NO from the heme
is the mechanism for sGC deactivation. Taken together, these
results can be explained by additional NO binding to low affin-
ity sites, such as cysteine residues in sGC, for full activation of
the enzyme (39 – 41). It is possible that deactivation of sGC in
vivo is characterized by conversion of the excess NO state to the
1-NO state of sGC rather than the basal (unliganded) state of
the enzyme. Furthermore, NO signaling in cells does not follow
a binary mechanism that only includes basal and active states
(42, 43). In smooth muscle cells, tonic levels of NO lead to low
levels of cGMP production in the resting state, whereas stimu-
lation of NO synthase leads to acute levels of NO and relaxation
of the cells (44, 45). Similar effects of NO have been observed in
other tissues (2, 3, 46). Taken together, these observations are
best explained by invoking three states of sGC in vivo: the basal
(unliganded), the 5c NO (1-NO), and the excess NO (xsNO)
state.

sGC activity is also directly influenced by nucleotides (28, 30,
47). The cellular ATP concentration is very high (�3 mM) (48),
and therefore even relatively weak effects are likely to be impor-
tant in vivo. In addition, ATP was suggested to play a role in
moderating the NO response with respect to the energy status
of the cell (47). Although nucleotide regulation of sGC was
previously reported, the relationship between NO activation
states and ATP inhibition of sGC was unknown (28, 30, 47). In
this paper, ATP inhibition of sGC at all three NO states, includ-

FIGURE 1. Model of the catalytic domain of sGC in the active confirmation
based on the crystal structure of mammalian adenylate cyclase (21). A,
Model of the catalytic domain with ATP docked at the pseudosymmetric site,
and GTP docked at the catalytic site into the model using Autodock 4 (58). B,
ATP docked in the pseudosymmetric site cavity. The residues mutated in the
pseudosymmetric site, �1-Cys-549 (magenta) and �1-Asp-477 (yellow), and
the Mg2� ion (green) are highlighted.
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ing the assessment of ATP binding kinetics of the 1-NO state,
was investigated. Moreover, because the pseudosymmetric site
is involved in the nucleotide regulation of sGC (26), we sought
to probe the effects of ATP binding on the three activation
states by designing an sGC variant with compromised pseudo-
symmetric nucleotide binding. Accordingly, ATP inhibition of
the pseudosymmetric site variant �1-C594A/�1-D477A (dou-
ble mutant (DM)) of sGC at various NO states was also inves-
tigated. The results obtained lead to a new model of ATP inhi-
bition of sGC in the excess NO state.

Experimental Procedures

Materials—Wild type and �1-C594A/�1-D477A (DM) vari-
ant of full-length Rattus norvegicus sGC were expressed via the
Bac-to-Bac baculovirus/Sf9 expression system and purified as
described previously (49). Diethylammonium (Z)-1-(N,N-di-
ethylamino)diazen-1-ium-1,2-diolate (DEA NONOate) and
1-(hydroxy-NNO-azoxy)-L-proline (PROLI NONOate) were
obtained from Cayman Chemical Co. All other reagents were
purchased from Fisher, unless otherwise noted.

ATP Inhibition of sGC in the Basal and Excess NO State—
sGC activity was determined in the presence of ATP by per-
forming duplicate end point assays at 25 °C. sGC activity was
determined in Buffer A (50 mM HEPES, pH 7.4, 6 mM MgCl2, 1
mM dithiothreitol (DTT)) with increasing concentrations
(0.02–1 mM) of GTP. All assays were conducted in a final vol-
ume of 50 �l. sGC (0.1 �g) was incubated with varying concen-
trations (0 –1 mM) of ATP for 2 min, before initiation of reac-
tions by the addition of GTP. Reactions were quenched after 3
min by the addition of 200 �l of 125 mM Zn(CH3CO2)2 and 250
�l of 125 mM Na2CO3. To determine activity in the excess NO
state, the assay was performed exactly the same except sGC was
incubated with 0.1 mM DEA NONOate for 1 min before initia-
tion of the reaction with GTP. Final cGMP was quantified by
the cGMP EIA kit from Enzo Life Sciences, Inc. Each experi-
ment was repeated at least twice to ensure reproducibility.
Experiments were first analyzed on their own to obtain individ-
ual Vmax values, after which data were normalized (�/Vmax).
Normalized data from several experiments were combined and
fit to models described below.

2�-Deoxy-ATP Inhibition of sGC—Wild type sGC (0.1 �g)
activity was determined as described above in the absence and
presence of 0.5 mM ATP and 0.5 mM 2�-deoxy-ATP.

ATP Inhibition of sGC in the 1-NO State—Ferrous nitrosyl
sGC is obtained by titration of ferrous sGC (180 –320 nM) in
Buffer B (50 mM HEPES, pH 7.4, 6 mM MgCl2, 1 mM tris(2-
carboxyethyl)phosphine) with 0.1 mM PROLI NONOate in
0.01 M NaOH. Electronic absorbance spectra were monitored
during titration, and the addition of PROLI NONOate stopped
shy of full conversion to 399 nm to ensure that no excess NO
existed in solution. The concentration of ferrous nitrosyl sGC
was determined by deconvolution of final spectra to known
spectra of ferrous (�431 nm � 148 mM�1 cm�1) and ferrous
nitrosyl (�399 nm � 110 mM�1 cm�1) sGC using the Solver func-
tion in Microsoft Excel (38). The stability of ferrous nitrosyl
sGC was monitored by UV-visible spectroscopy. Spectra were
taken every 20 min for 1 h. The activity of ferrous sGC was
determined immediately after titration with PROLI NONOate

and after 1 h incubation to test the stability of the enzyme. All
1-NO activity assays were conducted in a final volume of 10 �l.
Ferrous nitrosyl sGC (180 –320 nM) was incubated with varying
concentrations (0 –1 mM) of ATP for 1 min before initiation of
reactions by the addition of GTP. Reactions were quenched
after 3 min by the addition of 40 �l of 125 mM Zn(CH3CO2)2
and 50 �l of 125 mM Na2CO3. As described above, the final
concentration of cGMP product was determined by the cGMP
EIA kit from Enzo Life Sciences, Inc. Each experiment was
repeated at least twice. The data from each experiment were
first analyzed on their own to obtain individual Vmax values,
after which data were normalized (�/Vmax), combined, and fit to
models described below.

Data Analysis—Data were first fit to a mixed type inhibition
model with two independent binding sites (Scheme 1 and Equa-
tions 1–3) (50). When the cyclization reaction is at steady state,
the binding of nucleotides is expected to be close to equilibrium
(51); therefore, the rate equations were derived using rapid
equilibrium treatment. Accordingly, it was assumed that the
reaction between enzyme, substrate, and inhibitor remained
in equilibrium and that the concentration of free substrate
and inhibitor remained unchanged because the enzyme con-
centration was significantly lower than the concentration of
nucleotides. The equilibrium constants (Ks, Kia, Kic, etc.) were
determined following these assumptions (50). In the initial
analysis, to reduce errors, Ks was obtained separately from the
other variables. The difference in the Ks for WT and DM sGC
was insignificant; therefore, for each NO state, a common Ks
was obtained by combining WT and DM data at 0 mM ATP.
Subsequently, these Ks values were used to solve the other vari-
ables. Other inhibition models used are described under
“Discussion.”

Results

ATP Inhibition of sGC in the Basal State—ATP inhibition of
wild type (WT) sGC (Fig. 2, A and C) and the pseudosymmetric
site variant �1-C594A/�1-D477A (DM) (Fig. 2, B and D) of sGC
was investigated. ATP is a mixed type inhibitor (Fig. 2) under
these conditions for both WT and DM sGC. Previous studies
have shown that ATP inhibits sGC by binding to both the cat-
alytic site and an unidentified allosteric nucleotide binding site
(27, 30). Therefore, ATP inhibition was modeled as mixed type
inhibitor with two independent binding sites (Scheme 1 and
Equations 1–3).

� �
Vmax�app� � [GTP]

KS�app� 	 [GTP]
(Eq. 1)

SCHEME 1. Kinetic scheme of ATP inhibition of sGC (E) by two indepen-
dent sites. Equilibria scheme for an enzyme (E) with one active site and one
regulating allosteric site, binding to substrate (GTP) and inhibitor (ATP). Bind-
ing of GTP to the active site composes an active complex (EGTP) producing
product (cGMP). Ks, Kic, and Kia are the dissociation constants of the EGTP, EATP,
and ATPE complexes.
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Vmax�app� �
Vmax

1 	
[ATP]

Kia

(Eq. 2)

KS�app� �

KS � �1 	
[ATP]

Kic
	

[ATP]

Kia
�

1 	
[ATP]

Kia
(Eq. 3)

Using this model, kinetic parameters were obtained for both
WT and DM sGC inhibition. In the basal state, sGC activity and
ATP inhibition were not significantly altered by the �1-C594A/
�1-D477A mutation (Fig. 2) (Ks � 70 	 14 �M for both WT and
DM sGC). ATP inhibition by binding to the catalytic site (Kic)
was also not significantly altered by mutation; Kic was 80 	 20
�M and 60 	 20 �M for WT and DM sGC, respectively. In
addition, no significant change was observed for ATP inhibi-
tion at the allosteric site (Kia), 460 	 110 and 510 	 170 �M for
WT and DM sGC, respectively. Basal state activity of DM sGC
(kcat � 0.073 	 0.003 s�1) was higher than the activity of WT
(kcat � 0.029 	 0.001 s�1) (Table 1).

ATP Inhibition of sGC in the 1-NO State—The 1-NO state of
sGC was obtained through titration of ferrous sGC with PROLI
NONOate until only a small shoulder at 431 nm (ferrous sGC)
remained, at which point the protein was assayed. The addition
of PROLI NONOate was stopped short of full conversion to
ferrous nitrosyl sGC (399 nm) to ensure that no excess NO was
present (Fig. 3A). The stability of this complex was monitored
by UV-visible spectroscopy, and the activity decrease was fol-
lowed over time. No significant change was observed in ferrous
nitrosyl sGC spectra, and the activity remained unchanged for
at least 1 h, thus confirming the stability of the 1-NO state (Fig.
3B). The concentration of ferrous nitrosyl sGC was estimated
by deconvolution of observed spectra to known spectra of fer-
rous sGC and ferrous nitrosyl sGC (Fig. 3A). Because the addi-
tion of PROLI NONOate was stopped before full conversion to

399 nm, the activity samples contain both ferrous and ferrous
nitrosyl sGC. The contribution of each species can be deter-
mined using the estimated concentration of ferrous sGC and
known kinetic parameters in the basal state (Table 1 and Fig.
3C). Based on this analysis, ATP inhibition of WT (Fig. 3, D and
F) and DM (Fig. 3, E and G) 1-NO sGC was determined to be
similar to that of the basal state of enzyme. ATP inhibition was
again modeled as mixed type inhibition with two binding sites
(Scheme 1 and Equations 1–3), and the kinetic parameters for
sGC activity and inhibition for both WT and DM sGC were
obtained for the 1-NO state. sGC activity and ATP inhibition
were not significantly altered by the pseudosymmetric site
mutation (Fig. 3) (Ks � 80 	 20 �M for both WT and DM sGC).
ATP inhibition by binding to the catalytic site (Kic) was also not
significantly altered by mutation; Kic was 180 	 7 �M and 190 	
7 �M for WT and DM sGC, respectively. In addition, no signif-
icant change was observed for ATP inhibition at the allosteric
site (Kia), 430 	 100 and 440 	 100 �M for WT and DM sGC,
respectively. NO binding to the heme led to an �50-fold acti-
vation; turnover rate (kcat) for WT and DM was 1.9 	 0.1 s�1

and 2.8 	 0.2 s�1, respectively (Table 1).
ATP Inhibition of sGC in the Excess NO State—ATP inhibi-

tion of WT (Fig. 4, A and C) and DM (Fig. 3, B and D) sGC was
investigated in the presence of 0.1 mM DEA NONOate. ATP
was again found to be a mixed type inhibitor (Fig. 4) (30, 47).
ATP inhibition was modeled as mixed type inhibition with two
binding sites (Scheme 1 and Equations 1–3). Mutation at the
pseudosymmetric site did not significantly alter the Ks (30 	 10
�M). Compared with the Ks in the basal and 1-NO states (�80
�M), in the excess NO state, sGC shows a higher affinity for
GTP in the active site. On the other hand, ATP inhibition of
sGC in the excess NO state was significantly altered by the
pseudosymmetric site mutation (Fig. 4). The affinity of ATP for
the catalytic site was weaker for DM sGC; Kic was 300 	 9 �M

for DM compared with 180 	 7 �M for WT. The ATP inhibition
constant for the allosteric site (Kia) also increased from 490 	 8

FIGURE 2. ATP inhibition of sGC in the basal state for WT and DM. Changes in activity with increasing concentrations of ATP for WT (A) and DM (B) sGC. Data
are replotted as double reciprocal plots for WT (C) and DM (D). sGC (0.1 �g) wild type or variant was assayed for cyclase activity in 50 mM HEPES, pH 7.4, 6 mM

MgCl2, and 1 mM DTT. Each curve was fit to mixed type inhibition with two independent binding sites (Equations 1–3). Error bars, S.E.
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�M in WT to 1400 	 270 �M in DM sGC. In accordance with
previous results, sGC was activated around 200-fold in the pres-
ence of excess NO; turnover rates (kcat) for WT and DM sGC
were 15 	 0.6 s�1 and 11 	 0.5 s�1

, respectively (Table 1).
The hydroxyl group at the 2�-position of the ribose ring on

ATP plays a role in regulation of particulate GCs by ATP (GC-A
and GC-B) (53). Therefore, the role of the hydroxyl group at the
2�-position of the ribose ring on ATP in sGC inhibition was
investigated. ATP lacking the 2�-OH group, 2�-deoxy-ATP, was
a more potent inhibitor of sGC compared with ATP (Fig. 4E).

Discussion

Here, the ATP inhibition of sGC was investigated at the
basal, 1-NO, and excess NO states. The equilibrium constants

for nucleotide binding were obtained for each state. The equi-
librium constants obtained distinguished the 1-NO state from
the basal and excess NO states as an intermediate state in
enzyme activation. The 1-NO state shows similar affinity for
GTP as in the basal state but a decreased affinity for ATP. In
addition, the role of pseudosymmetric site in nucleotide regu-
lation was determined by making use of the pseudosymmetric
site variant, �1-C594A/�1-D477A (DM). The results showed
that mutation of the pseudosymmetric site resulted in a distinc-
tive change in ATP inhibition mechanism in the excess NO
state but not in the basal and 1-NO states of sGC. These obser-
vations can best be explained by invoking cooperativity
between the catalytic and pseudosymmetric site of sGC. The
analysis of ATP inhibition in the excess NO state with a more

TABLE 1
Kinetic parameters of sGC activity and inhibition by ATP depending on NO state of the enzyme

NO state
kcat

K
s
, WT

Kic Kia

WT DM WT DM WT DM

s�1 �M mM mM

Basal 0.029 	 0.001 0.073 	 0.003 70 	 14 0.08 	 0.02 0.06 	 0.02 0.46 	 0.11 0.51 	 0.17
1-NO 1.9a 	 0.1 2.8a 	 0.2 80 	 20 0.18 	 0.07 0.19 	 0.07 0.43 	 0.1 0.44 	 0.1
xsNO 15.0 	 0.6 11.0 	 0.5 30 	 10 0.18 	 0.07 0.30 	 0.09 0.49 	 0.08 1.40 	 0.27

a In the 1-NO state, kcat values were determined based on the concentration of 5c NO complex estimated by deconvolution of final spectra as shown in Fig. 3A.

FIGURE 3. Characterization of 1-NO state of sGC. The 1-NO state of sGC is achieved by titration of ferrous sGC with PROLI NONOate (A), and the concentration
of ferrous nitrosyl (Fe2�-NO) sGC is estimated by deconvolution of the final spectrum (red; 55% Fe2�-NO) to ferrous (blue) and Fe2�-NO (green) sGC spectra. The
stability of 1-NO sGC was monitored by UV-visible spectroscopy and activity (B). sGC activity was tested immediately after the formation of Fe2�-NO (O) and
after a 1-h incubation (B, inset). C, contribution of Fe2� (basal) and Fe2�-NO (1-NO) sGC to the final activity observed in 1-NO samples. ATP inhibition of sGC in
the 1-NO state for WT (D) and DM (E). Activity data are replotted as double reciprocal plots for WT (F) and DM (G). Ferrous nitrosyl sGC (100 –200 nM) wild type
or variant was assayed in 50 mM HEPES, pH 7.4, 6 mM MgCl2, and 1 mM tris(2-carboxyethyl)phosphine. Each curve was fit to mixed type inhibition with two
binding sites (Equations 1–3). Error bars, S.E.
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comprehensive model showed strong positive cooperativity
between the pseudosymmetric site and the catalytic site, which
is perturbed by mutations in the pseudosymmetric site.

The kinetic parameters of sGC inhibition were obtained by
fitting enzyme activity at various concentrations of ATP and
GTP to a mixed type inhibition model where the inhibitor binds
at two independent sites (Equations 1–3). In previous studies,
two models were used to analyze ATP (or ATP analogue) inhi-
bition of sGC. Ruiz-Stewart et al. (47) fit their data to a model
for mixed non-competitive allosteric inhibition. According to
this model, ATP only binds to an allosteric site. ATP binding to
the allosteric site induces a conformational change in the active
site that completely inhibits cGMP formation and alters the
affinity of the active site for GTP. On the other hand, Yazawa et
al. (27) fit their data to a mixed inhibition model in which the
inhibitor binds to two independent sites, competing with
substrate at the active site and non-competitively inhibiting
the enzyme at the allosteric site (Scheme 1). Later, Der-
byshire et al. (30) showed that sGC can also cyclize ATP to
cAMP, and this activity is inhibited by ATP via substrate
inhibition. This observed substrate inhibition can only be
explained by ATP binding to two sites on sGC. Due to the
increased evidence for two nucleotide binding sites in sGC,
the model from Yazawa et al. was used for kinetic fitting in
this study (27, 28, 30, 52).

The effect of NO on the kinetic parameters of WT sGC are
shown in Fig. 5, A and B. Consistent with previous observations,
the addition of 1 eq of NO resulted in activation of the enzyme
from the basal state, but the 1-NO state was still 10-fold less
active than fully activated enzyme (xsNO state). The changes in
kinetic parameters show that the 1-NO state of sGC is an inter-
mediate step in full activation of the enzyme. Because the 1-NO
and basal states exhibit the same Ks, GTP affinity of the active
site is not altered by binding of NO at the ferrous heme. How-
ever, in the presence of excess NO, there is a significant
decrease in Ks along with the large increase in kcat, resulting in a
significant increase in the catalytic efficiency of the enzyme in

the fully activated state (Table 1). Although the nature of the
low activity ferrous nitrosyl sGC remains unclear, because NO
can be bound at the proximal or distal site of heme, its kinetic
parameters can be determined using limiting concentrations of
NO. Examination of ATP inhibition at different NO levels dem-
onstrates that the Kic of 1-NO and xsNO states are identical and
larger than the Kic in the basal state. These results reveal a
change in the binding of ATP at the catalytic site due to binding

FIGURE 4. ATP inhibition of sGC in the xsNO state for WT and DM. Changes in activity with increasing concentrations of ATP for WT (A) and DM (B) sGC. Data
are replotted as double reciprocal plots for WT (C) and DM (D). sGC (0.1 �g) wild type or variant was assayed in 50 mM HEPES, pH 7.4, 6 mM MgCl2, and 1 mM DTT
in the presence of 0.1 mM DEA NONOate. Each curve was fit to mixed type inhibition with two binding sites (Equations 1–3). sGC inhibition of 2�-deoxy-ATP
compared with ATP (E). sGC (0.1 �g) was assayed in 50 mM HEPES, pH 7.4, 6 mM MgCl2, and 1 mM DTT with 0.1 mM DEA NONOate in the absence and presence
of 0.5 mM ATP and 0.5 mM 2�-deoxy-ATP (d-ATP). Error bars, S.E.

FIGURE 5. Changes in the kinetic parameters of WT (A and B) and DM (C
and D) sGC with respect to NO levels. Values were obtained from data in
Figs. 2– 4 based on mixed type inhibition with two binding sites (Equations
1–3). Error bars, S.E.
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of NO to the ferrous heme. In contrast, ATP binding to the
allosteric site seems to be independent of NO interaction,
because Kia does not change significantly at any NO state.
Taken together, these results show that NO binding to the fer-
rous heme and additional NO interacting with sGC have
unique effects on the catalytic site of the enzyme; NO binding to
the heme increases kcat but does not alter the affinity for GTP,
whereas additional NO is necessary to tighten substrate bind-
ing to the enzyme.

Crystal structures of the sGC catalytic domain (Protein Data
Bank entries 3UVJ, 2WZ1, and 4NI2) suggest two binding sites
for nucleotides located in the interface between the two
domains (23, 24). One of these sites is the active site, and the
other is the pseudosymmetric site. Previous studies have
implied that the pseudosymmetric site is involved in allosteric
ATP regulation of sGC activity (26). Two residues in the pseu-
dosymmetric site (�1-C594A and �1-D477A) were mutated
(DM) to investigate the role of this site in ATP regulation. The
change in kinetic parameters of ATP inhibition at various NO
states of DM sGC is shown in Fig. 5, C and D. We expected these
mutations to decrease the affinity of ATP in the allosteric site in
all NO states. However, we observed that ATP affinity signifi-
cantly changed only in the excess NO state, which showed a
large increase in both Kia and Kic. The fact that mutations in the
pseudosymmetric site affected binding of ATP to the catalytic
site (Kic) shows that the catalytic site and pseudosymmetric site
interact with each other in the excess NO state. These results
are in contrast to the hypothesis by Yazawa et al. (27), who
reported that nucleotide binding to the allosteric and catalytic
site are independent. Indeed, in the excess NO state, ATP bind-
ing to the allosteric site changes the affinity of nucleotides in the
catalytic site.

A complete kinetic scheme of sGC activity in the excess NO
state must now incorporate cooperativity between the allo-
steric and catalytic site as well as possible product (cGMP) for-
mation in the presence of inhibitor. In addition, due to the
pseudosymmetry between the catalytic and allosteric site, GTP
might also bind to the allosteric site on sGC. Incorporating
these requirements into the kinetic scheme of sGC leads to a
new model depicted in Scheme 2. It is not possible to determine
both cooperativity between the two sites and the nucleotide
affinity of each site by analyzing the activity of sGC in the pres-

ence of ATP alone. Therefore, GTP and ATP affinity of each
site were independently determined, as described below.

Saturation plots of GTP analog GMP-CPP with ferrous sGC
revealed two nucleotide binding sites, one with high and one
with low affinity (27). Based on this result, the possibility of a
second binding site for GTP was investigated. Fitting sGC activ-
ity at various concentrations of GTP to the Hill equation, in the
presence of excess NO, yielded a Hill coefficient of 1.0 	 0.2
(Fig. 6A); therefore, if there is an allosteric binding site for GTP,
the two sites are not cooperative. Indeed, a double reciprocal
plot of the same experimental data is linear, consistent with no
cooperativity (Fig. 6B). Furthermore, sGC activity decreased at
higher concentrations of GTP (Fig. 6C). Because there is no
cooperativity between the two GTP binding sites, this can be
described as non-competitive substrate inhibition,

� �
Vmax

1 	
Ksc

[S]
	

[S]

Ksa

(Eq. 4)

where [S] represents substrate concentration. The data from
sGC activity were fit to Equation 4 (Fig. 6C) (30). This yielded a
GTP affinity of 34 	 7 �M for the active site (Ksc) and of 4.6 	
1.3 mM for the allosteric site (Ksa). Non-competitive substrate
inhibition assumes that GTP bound at the allosteric site
(GTPEGTP) is inactive; hence, 
 in Scheme 2 is zero. Fitting the
data to a model that incorporated possible activity for GTP-
bound sGC gave much larger errors; Ksc was 36 	 9 �M, and Ksa
was 3.5 	 2.9 mM. In addition, the activity of sGC bound to GTP
at the allosteric site was only around 9% of the activity of the
free enzyme. Because the activity of GTP-bound sGC was so
low and changing Ksa (between 1 and 1000 mM) had very little
effect on the calculations and fits below, we continued with the
initial assumption that sGC with GTP bound to the allosteric
site has no activity, and affinity of GTP for the allosteric site
(Ksa) is 4.6 	 1.3 mM.

SCHEME 2. Kinetic scheme of nucleotide regulation of sGC. Equilibria
scheme for sGC (E) with one active site and one regulating allosteric site,
binding to substrate (GTP) and inhibitor (ATP). Binding of GTP to the active
site composes an active complex (EGTP) producing product (cGMP). Binding of
ATP to the allosteric site (ATPE) affects the affinity of the active site for GTP by
a factor of �. ATPEGTP and GTPEGTP have a different rate of product formation
(�kp and 
kp, respectively) than EGTP (kp). Ksc, Ksa, Kic, and Kia are the dissocia-
tion constants of the EGTP, GTPE, EATP, and ATPE complexes.

FIGURE 6. sGC activity with GTP (A–C) and ATP (D) as substrate in the
presence of excess NO. A, guanylate cyclase activity at various concentra-
tions of GTP (0.001–1 mM) were fit to the Hill equation. B, data were replotted
as a double reciprocal plot. C, GTP (0.001–10 mM) cyclization activity fit to
non-competitive substrate inhibition (Equation 4). D, adenylate cyclase activ-
ity of sGC at various concentrations of ATP (0.01–10 mM) in the presence of
excess NO (from Derbyshire et al. (30)); data fit to Equation 4. Error bars, S.E.
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Previous studies have shown that sGC exhibits low level
adenylate cyclase activity with substrate inhibition at higher
ATP concentrations (30, 52). It is assumed that cAMP is formed
at the active site, and this process is inhibited by binding of ATP
to the allosteric site (30). This property was used to study the
behavior of sGC in the presence of ATP and the absence of
GTP. The adenylate cyclase activity of sGC can also be
described as non-competitive substrate inhibition. Therefore,
the data from sGC adenylate cyclase activity from Derbyshire et
al. (30) were fit to Equation 4 (Fig. 6D). This analysis yielded an
ATP affinity of 0.2 	 0.08 mM for the active site (Kic) and 1.0 	
0.3 mM for the allosteric site (Kia).

Having derived affinities of the nucleotides to the active site
(Ksc and Kic) and allosteric site (Ksa and Kia), the cooperativity
coefficient (�) and the activity of sGC bound to ATP (�kp) can
be determined by fitting sGC activity in the presence of GTP
and ATP to the complete model (Equations 5–7).

� �
Vmax�app� � [GTP]

Ks�app� 	 [GTP]
(Eq. 5)
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(Eq. 7)

Using this model, all kinetic parameters of sGC inhibition by
nucleotides were determined (Table 2). Integration of these val-
ues into Equations 5–7 was used to construct Lineweaver-Burk,
Dixon, and Cornish-Bowden plots (Fig. 7). The three plots are
based on the same data and equations, yet each plot has a dif-
ferent emphasis. For example, the Lineweaver-Burk plot high-
lights the data at low levels of GTP and high levels of ATP,
whereas the Cornish-Bowden plot accentuates activity at high
levels of both GTP and ATP. The high degree of consistency of
the data with each of the curves validates the model and results
obtained. In addition, if the previously proposed ATP inhibi-

tion model, shown in Scheme 1, was correct, then the plot of
Vmax/� (or Vmax[GTP]/�) versus [ATP] (Dixon and Cornish-
Bowden plots) would be linear according to Equation 8 (derived
from Equations 1–3). Indeed, Dixon plots are linear for mixed
inhibition systems as long as the enzyme bound to inhibitor is
inactive (50).

Vmax

�
� � Ks

Kia[GTP]
	

Ks

Kic[GTP]
	

1

Kia
�[ATP] 	 1 	

Ks

[GTP]

(Eq. 8)

However, as seen in Fig. 7, C and D, the Dixon and Cornish-
Bowden plots of ATP inhibition of sGC are nonlinear. This is
expected for an enzyme described by the complete model
(Scheme 2). Equation 9 (derived from Equations 5–7) describes
the relationship between Vmax/� and nucleotide concentrations
for the complete model.
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(Eq. 9)

In the excess NO state, sGC shows strong positive coopera-
tivity between the catalytic and allosteric site, and � is much
lower than 1 (Table 2). Upon binding of GTP to the catalytic
site, there is a 5-fold increase in affinity of ATP for the allosteric
site. This positive cooperative inhibitory effect of ATP is
thought to be insignificant in the basal state (26). The lack of
cooperativity in basal and 1-NO states can be explained by the
fact that sGC must exhibit two states: an inactive, “open” state
that, upon activation of the enzyme, changes into an active,
“closed” state (Fig. 8) (49). A similar conclusion regarding
“open” and “closed” states has been advanced with the ACs. The

TABLE 2
Kinetic parameters of ATP inhibition of sGC determined by fitting
Equations 5–7 to ATP inhibition data
The parameter � is the cooperativity coefficient. It describes the changes in affinity
at the active site due to binding of ATP at the allosteric site. The parameters � and

 denote the relative activity of sGC bound to ATP and GTP at the allosteric site,
respectively (see Scheme 2).

Parameter WT DM

Ksc (�M) 34.0 	 7 34.0 	 7
Ksa (mM) 4.6 	 1.3 4.6 	 1.3
Kic (mM) 0.20 	 0.08 0.20 	 0.08
Kia (mM) 1.0 	 0.3 1.0 	 0.3
� 0.21 	 0.04 0.35 	 0.09
� 0.15 	 0.03 0.45 	 0.04

 0 0

FIGURE 7. ATP inhibition of WT sGC activity in the excess NO state. The
reaction rate of sGC as a fraction of the maximal reaction rate was plotted
versus the concentration of substrate (GTP) in the presence of various ATP
concentrations. Curves belonging to Equations 5–7 are depicted with data (A).
B, Lineweaver-Burk plot of the data and curves; C, Dixon plot of the data and
curves; D, Cornish-Bowden plot of the data and curves. Error bars, S.E.
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two crystal structures reported most likely represent the open
state present in the basal and 1-NO states of sGC. Upon the
addition of excess NO, the two subunits move toward one
another to contract the active site and form the “closed” state
(17). The changes in the relative positions of the two subunits in
the “closed” state affect the active and pseudosymmetric site
because they are located at the subunit interface. This may lead
to the increase in cooperativity between the catalytic and pseu-
dosymmetric site observed in the excess NO state.

For DM sGC, there was no noticeable change in ATP inhibi-
tion kinetics compared with WT in the basal and 1-NO states
(Figs. 2 and 3), meaning that the affinity of ATP binding to
either of these sites was not affected by this mutation. There-
fore, the significant difference observed in ATP inhibition of
the pseudosymmetric site variant in the excess NO state must
be due to changes in the cooperativity constant (�) and activity
of the inhibitor-bound complex (�kp). Indeed, when the same
constants (Ksc, Ksa, Kic, and Kia) were used and the activity of the
pseudosymmetric site variant was fit to Equations 5–7, � and �
were determined to be 0.35 	 0.09 and 0.45 	 0.04 (Fig. 9).
Taken together, these results indicate that the mutations in the
pseudosymmetric site did not alter the affinity for ATP suffi-
ciently to inhibit binding; instead, they altered the cooperativity
between the two sites and the activity of the ATP-bound
enzyme. Therefore, in the closed state (Fig. 8), the allosteric
communication between the catalytic site and pseudosymmet-
ric site seems to be disrupted by the pseudosymmetric site
mutations, revealing a new role for these residues in ATP reg-
ulation. A crystal structure of sGC catalytic domain in the active
conformation is necessary to clearly identify the source of this
effect.

In the excess NO state, sGC that is bound to the inhibitor
ATP at the allosteric site is still active (Scheme 2, � 
 0), albeit
with 6-fold lower activity than in the absence of ATP. Taking
into account the ATP (�3 mM) and GTP (�0.45 mM) concen-
trations in vivo and the strong positive cooperativity between
the catalytic and allosteric site, this leads to the conclusion that
most of the enzyme will exist in this low activity state (48).
Because ATP levels in cells are much higher than GTP levels,
and sGC can also accept ATP as a substrate, the decrease in Ksc
for GTP in the presence of ATP results in much higher sub-
strate selectivity for the enzyme, which is essential for its role in
cellular signaling. The decrease in Ksc, combined with the
increase in kcat, results in a much higher efficiency in catalysis at

cellular levels of ATP and GTP in the presence of excess NO
compared with basal and 1-NO states.

GCs are structurally similar to ACs, and together they are
classified as class III nucleotide cyclases (21, 53). Indeed, muta-
tion of substrate-specifying residues in sGC to corresponding
residues in AC converts the enzyme to an AC and results in
elimination of GTP as a substrate (54). However, similar muta-
tions in AC resulted in an enzyme that could synthesize both
cAMP and cGMP (54). Therefore, GCs are more specialized
enzymes that evolved from refinement of the AC core (55, 56).
The pseudosymmetric site is most likely a vestige from the early
evolution of these enzymes from a symmetric to an asymmetric
core. ATP regulation of sGC shows striking similarity to ATP
regulation of particulate GCs.

Similar to sGC, ATP binding to a pseudosymmetric site in
the catalytic domain of GC-A and GC-B leads to an increase in
the affinity for GTP in the active site in the presence of natri-
uretic peptides, which activate GC-A and GC-B. (57) In addi-
tion, this positive cooperative effect of ATP is also not observed
in the basal state for GC-A and GC-B. On the other hand,
whereas ATP activates GC-A and GC-B, it inhibits sGC. The
reason for the inhibition of sGC by ATP may lie in lowering the
activity of the 1-NO enzyme to fine tune sGC activation by NO.
In conclusion, for all GCs, the cooperativity between ATP bind-
ing at the pseudosymmetric site and GTP binding to the cata-
lytic site conferred selectivity to sGC for cyclization of GTP (in
an environment with high ATP concentrations) in vivo, which
may have driven an increased affinity for ATP in the evolution
of a pseudosymmetric site.
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