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ABSTRACT: ANF-RGC is the prototype receptor membrane guanylate cyclase being both the receptor and the
signal transducer of the most hypotensive hormones, ANF and BNP. It is a single transmembrane-spanning
protein. After binding these hormones at the extracellular domain it at its intracellular domain signals
activation of the C-terminal catalytic module and accelerates the production of its second messenger, cyclic
GMP, which controls blood pressure, cardiac vasculature, and fluid secretion. ATP is obligatory for the
posttransmembrane dynamic events leading to ANF-RGC activation. It functions through the ATP-
regulated module, ARM (KHD) domain, of ANF-RGC. In the current over a decade held model
“phosphorylation of the KHD is absolutely required for hormone-dependent activation of NPR-A” [Potter,
L. R., and Hunter, T. (1998)Mol. Cell. Biol. 18, 2164-2172]. The presented study challenges this concept. It
demonstrates that, instead, ATP allosteric modification of ARM is the primary signaling step of ANF-GC
activation. In this two-step new dynamic model, ATP in the first step binds ARM. This triggers in it a chain of
transduction events, which cause its allosteric modification. The modification partially activates (about 50%)
ANF-RGC and, concomitantly, also prepares the ARM for the second successive step. In this second step,
ARM is phosphorylated and ANF-RGC achieves additional (∼50%) full catalytic activation. The study
defines a new paradigm of the ANF-RGC signaling mechanism.

In the first chapter, the discovery of ANF-RGC,1 the first
member of the membrane guanylate cyclase family, demon-
strated that a striking feature of this family is that it is also a
receptor of the natriuretic peptide hormones, ANF-RGC being
the receptor of ANF (1-5). Later studies showed that it is also a
physiological receptor of another peptide hormone, BNP (6).
With the inclusion of two other members, CNP-RGC, the
receptor of C-type natriuretic peptide (CNP) (7, 8), and STa-
RGC, the receptor of heat-stable enterotoxin, guanylin, and
uroguanylin (9-11), the peptide hormone receptor guanylate
cyclase family expanded to three members. These members have
also been respectively termed as GC-A, GC-B, and GC-C
(reviewed in ref 12).

A second chapter in the membrane guanylate cyclase trans-
duction field was unfolded with the discovery of the photore-
ceptor guanylate cyclase, ROS-GC, presently referred to as ROS-
GC1 (13, 14). ROS-GC, present in rod and cone outer segments,
one of the central components of the phototransduction machin-
ery, was not a surface receptor of any peptide hormone but was
solely modulated by the intracellular levels of free Ca2þ. Ca2þ

was captured by the Ca2þ-sensor proteins, GCAPs and CD-
GCAPs, which controlled the activity of ROS-GC (reviewed in

ref 15). Thus, the membrane guanylate cyclase family branched
into two subfamilies, peptide hormone receptor and Ca2þ-
modulated ROS-GC. And the family became the transducer of
both types of signals, generated outside and inside the cells.
Presently, the ROS-GC subfamily consists of three members,
ROS-GC1, ROS-GC2, andONE-GC; they have alternately been
termed as GC-E, GC-F, and GC-D, respectively [reviewed in
refs 12 and (16-19)]. A unique functional theme of this subfamily
is that at its intracellular domain through GCAPs and CD-
GCAPs it is delicatelymodulated by the levels of intracellular free
Ca2þ concentrations.

Recently, a third chapter has unfolded in the field with the
discovery that the Ca2þ-modulated odorant-linked ONE-GC is
also a receptor of an extracellular odorant ligand, uroguany-
lin (20, 21). Thus, this guanylate cyclase is the sole representative
of a new subfamily, which is a hybrid of the peptide hormone
receptor and ROS-GC subfamilies. Remarkably, this subfamily,
unlike its parent ROS-GC subfamily, is positively modulated by
the Ca2þ-sensor GCAP1 (22) and is also the transducer of atmo-
spheric CO2 (23, 24). The mechanism for this signal transduction
does not involve either its extracellular or its intracellular
domain; it directly involves its catalytic domain (23).

A common structural trait of the membrane guanylate cyclase
family is that all of its members are single transmembrane-
spanning proteins, composed of modular blocks (reviewed in
ref 12). Functionally, they are homodimeric. In each monomeric
subunit, the transmembrane module divides the protein into
two roughly equal portions, extracellular and intracellular.
The individual modules within each portion provide functional
uniqueness to each member of the guanylate cyclase family.
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Each modular block within the extracellular region of the re-
ceptor guanylate cyclases uniquely senses its peptide hormone
signal and within the intracellular block of a ROS-GC its Ca2þ

signal. The catalytic domain in eachmembrane guanylate cyclase
resides in its intracellular region. Importantly, with a distinctive
characteristic, the core catalytic domain of ROS-GC1 is also
directly modulated by the Ca2þ sensor neurocalcin δ (25). The
topographical arrangement of this domain also differs in the two
subfamilies. In the peptide hormone receptor, it is at the
C-terminal end, and in theROS-GC it is followed by aC-terminal
extension (reviewed in ref 12). Similar topology holds for the
third subfamily member, ONE-GC.

Like ANF-RGC, its ligand hormone, ANF is a prototype of
the natriuretic peptide family (26) (reviewed in refs 27 and 28).
Gene knockout studies link ANF and ANF-RGC with salt-
sensitive (29) and salt-insensitive hypertension (30), cardiac
hypertrophy, and vascular fibrosis (31). Thus, ANF and ANF-
RGC are critical components of the renal and cardiovascular
physiology.

In the current two-step dynamic ANF-RGC activation model
(Figure 7 in ref 32) the posttransmembrane ANF signaling events
are controlled by ATP through the ARM (ATP-regulated)
domain. ANF-RGC in its basal state exists as a dimer. The sign-
aling process is initiated by the binding of ANF to the extra-
cellular domain of ANF-RGC (12). One molecule of ANF binds
to the extracellular dimer (34, 35). The bindingmodifies and twists
the hinge juxtamembrane region and induces the structural
change in the ARM domain (34, 36-38), allowing it to bind
ATP in the first step. The cyclase activity remains at its basal level.
Upon interaction with its binding pocket, ATP induces a cascade
of temporal and spatial changes in the entireARMdomain(39,40)
(reviewed in refs (41-43)). The cyclase is partially activated (32).
In the second step, through an unknown mechanism, the six
serine/threonine residues within the ARM domain become phos-
phorylated (44, 45), and ANF-RGC becomes fully active (32). It
has been established that the activation of the catalytic module
occurs through the ARM 660WTAPELL675 motif (39).

The present study focuses on the liaison between the first and
the second step of the model. It dissects the events of ATP
allosteric effect and phosphorylation and challenges the current
dogma that considers phosphorylation of the ARM domain the
primary requirement for hormone-dependent activation ofANF-
RGC (44, 45) (reviewed in ref 46). The study proposes an alter-
native mechanism where ATP allosteric modification of the
ARM domain provides the spatial conditions for the phosphor-
ylation step. These results are explained in a simulated three-
dimensional model.

EXPERIMENTAL PROCEDURES

Materials. ATP, ATPγS, and AMP-PNP were purchased
fromRoche, ANFwas fromBachemAG, 8-azido-ATPwas from
Affinity Photoprobes, Inc., and staurosporine was from Sigma.
Mutagenesis. Point mutations were introduced to ANF-

RGC using the QuickChange mutagenesis kit (Stratagene) and
appropriate mutagenic primers.
Expression in COS Cells. COS-7 cells were transfected with

ANF-RGC or its mutants’ cDNA using a calcium phosphate
coprecipitation technique (47). Sixty hours after transfection, the
cells were harvested and their membranes prepared (32, 39).
Guanylate Cyclase Activity Assay. Membranes of COS

cells expressing ANF-RGC or its mutants were assayed for

guanylate cyclase activity in an assay mixture consisting of 10
mM theophylline (phosphodiesterase inhibitor), 15 mM phos-
phocreatine, 20 μg of creatine kinase, 50 mM Tris-HCI, pH 7.5,
and ANF, ATP, ATPγS, AMP-PNP, or staurosporine. The total
assay volume was 25 μL. The reaction was initiated by the
addition of the substrate solution containing 4 mM MgCl2 and
1mMGTP, continued for 10min at 37 �C, and terminated by the
addition of 225 μL of 50 mM sodium acetate buffer (pH 6.25)
followed by heating in a boiling water bath for 3 min. The
amount of cyclic GMP formed was quantified by radioimmu-
noassay (48). All experiments were done in triplicate.
Expression and Purification of the ANF-RGC ARM

Domain and Its Mutants. The ARM domain, aa 486-692,
was amplified from ANF-RGC cDNA by PCR and directly
cloned into the ligation-independent site of pET-30aXa/LIC
vector (Novagen). ARM-6A and ARM-6D mutant expression
constructs were prepared identically except that the ANF-RGC-
6A and ANF-RGC-6D cDNAs were used for amplification of
the ARM, aa 486-692 fragment by PCR. The proteins were
expressed and purified by FPLC. The majority (80%) of each
protein was monomeric (the collected fraction); only about 15%
was in a form of high molecular mass aggregates eluting in the
void volume; minor degradation products of low molecular
weight were also observed.
UV Cross-Linking. According to the previous proto-

col (32, 39, 49), 1 μg (50 pmol) of the purified protein (ARM
domain or its 6A or 6Dmutants) in 20mMphosphate buffer, pH
7.5, was incubated for 5minwith 100 pmol of 8-azido-ATP, 1 μCi
of [γ32P]-8-azido-ATP (specific activity 10-15 Ci/mmol), 1 mM
MgCl2, andATP in a total volume of 25 μL.The reactionmixture
was UV irradiated (254 nm) and analyzed by SDS-15% PAGE
followed by autoradiography and liquid scintillation counting.
MolecularModeling.The three-dimensional structure of the

ANF-RGCARMdomain in its apo form andATP-bound states
(PDB file 1T53) was used for themutantmodeling.Residues S497,
T500, S502, S506, S510, and T513 were mutated to alanine or aspart-
ate in both apo and ATP-bound structures. In each case the side
chains were scanned to minimize bad contacts and optimize
favorable interactions with the surrounding residues. The final
structures were energy refined using Kollman united charge and
force field and maximin2 minimizer of the SYBYL molecular
modeling package (Tripos Associates) for 100 iterations. Elec-
trostatic potentials at the surface of the ANF-RGC ARM
domain for the apoenzyme and for the mutants were calculated
using Kollman united charge and SYBYL modeling package.

RESULTS

ATPAllostericModification of ARM Is the First Step in
ANF-RGC Activation. Background. Based on sequence
identity with the tyrosine protein kinases the part of the
intracellular domain preceding the, at that time, ill-defined
boundary of the catalytic (Cat) domain was named the kinase
homology domain (KHD) of ANF-RGC (33, 50) (reviewed in
refs 12 and 41). The boundaries of the Cat and KHD have since
been functionally defined; consequently,KHDhas been renamed
functionally as ARMdomain (ATP-regulated domain) [reviewed
in refs 12 and 41; the early studies starting from the discovery of
ATP regulation in 1991 to the defining of the biochemical and
structural principles of the ARM domain have been covered in a
comprehensive review (42)]. Within its structure, ARM domain
contains a glycine-rich cluster (Grc) (51), which is meshed in and
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flanked by six phosphorylation sites, four serines, and two
threonines (45, 52) (Figure 1A). The six phosphorylation sites to-
getherwithGrc constitute the critical signalingmotif ofATP.Very
recently, the seventh phosphorylation site has been identi-
fied (53, 54). This site, however, appears to be rather involved in
the desensitization of ANF-RGC (53). The present consensus is
that “phosphorylation of KHD is absolutely required for hor-
mone-dependent activation of NPR-A” (45, 52) (reviewed in
ref 46). Without KHD phosphorylation, ANF-RGC and CNP-
RGC are totally desensitized (44, 45, 52, 55). In this concept, a
hypothetical protein kinase coexists with ANF-RC in the plasma
membranes (56). It transfers the terminal phosphate group ofATP
to these six ARMphosphorylation sites, causing ANF-RGC (and
CNP-RGC) tobephosphorylatedandactivated (44,45,52,55,56).
Another important constituent believed to coexist with the protein
kinase and ANF-RGC is a hypothetical phosphatase, which
dephosphorylates the six phosphorylated residues (56).

In the present investigation, the above conceptwas tested using
two approaches, biochemical and molecular modeling. In the
biochemical approach, among others, the recently developed
staurosporine probe that mimics ATP in allosteric modification
of the ARMdomain (32) was used; throughmolecular modeling,
the ATP-dependent changes in the stereo orientation of the side
chains of the phosphorylated residues were analyzed.

In the first task, the six serine and threonine residues in theARM
domain of ANF-RGC (Figure 1) were converted to alanine. This
resulted in the construction of the ANF-RGC-6A mutant, which
can no longer be phosphorylated; thus, this mutant represented the
dephosphorylated form of ANF-RGC (Figure 1B). In the second
task, the six residues were converted individually to alanine,
resulting in the construction of six mutants, each containing one
of the following mutations: S497A, T500A, S502A, S506A, S510A, or
T513A. These mutants were analyzed to assess the role of each
residue in the ANF/ATP-dependent activation of ANF-RGC.

FIGURE 1: Modular structure of ANF-RGC. The functional domains of ANF-RGC are denoted as follows: ext, extracellular domain; tm,
transmembrane domain; ARM, ATP regulatory domain; dd, dimerization domain; cat, catalytic domain. The boundaries of the ARM domain
are indicated to the right. (A)Activation-related phosphorylation sites and the glycine-rich cluster in theARMdomain. The localization of the six
phosphorylation sites in ANF-RGC involved in the process of its activation (four serine residues, S497, S502, S506, and S510, and two threonine
residues, T500 and T513) and of the glycine-rich cluster (G503, G505 G509) is shown. (B) Representation of the ANF-RGC-6A mutant. The six
phosphorylated amino acid residues were mutated to alanine. The mutant constitutes the permanently dephosphorylated form of ANF-RGC.
(C)Representation of theANF-RGC-6Dmutant. The six phosphorylated amino acid residuesweremutated to aspartic acid. Themutantmimics
the phosphorylated form of ANF-RGC.
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The wt-ANF-RGC and ANF-RGC Mutants Are Prop-
erly Expressed in the Heterologous Expression System of
COS Cells. Before the mutants could be used for the study
designed, it was critical to verify that in the heterologous
expression system of COS cells they are properly and comparably
to the wt-ANF-RGC expressed in the cell membranes and that
they have retained their structural integrity.

The wt-ANF-RGC and the mutants were individually ex-
pressed in COS cells, their membrane fractions were prepared,
and the guanylate cyclase activities were determined. The basal
guanylate cyclase activity of all the mutants and wt-ANF-RGC
was comparable, ranging from 4 to 6 pmol of cyclic GMP formed
min-1 (mg of protein)-1. Membranes of “mock” transfected
COS cells showed very low guanylate cyclase activity, 0.3 pmol of
cyclic GMP formed min-1 (mg of protein)-1. That the guanylate
cyclase activities in the membranes of transfected cells correlated
with the proteins’ expression levels was validated through
Western blot analyses. The immunoreactive bands had compar-
able intensities (Figure 2). It was, thus, concluded that the
individual and combined six Ala mutations did not affect the
expression and guanylate cyclase activity of the mutant proteins.

To ensure that the mutants have retained their structural
integrity, theKm values for the substrate GTP of the ANF-RGC-
6A mutant, the single A mutants, and the wt-ANF-RGC were
compared. They were comparable, ranging from 480 to 510 μM
GTP (Table 1). Hence, the mutations had no effect on the
structural integrity of the guanylate cyclases; their basic struc-
tures remained intact.

To determine if ATP allosterically modulates the dephoshory-
lated form of ANF-RGC, the recently developed staurosporine

probe (32) was used first. Staurosporine mimics ATP in allosteric
modification of ARM; its effect is independent of phosphoryla-
tion and results in partial activation of ANF-RGC (32).

Membranes of COS cells individually expressing wt-ANF-
RGC, the dephosphorylated forms ofANF-RGC, and theANF-
RGC alanine mutants were exposed to 10-7 M ANF in the
presence of increasing (10 nM to 10 μM) concentrations of
staurosporine. In the control experiments, the membranes were
exposed to 10-7 M ANF only. ANF alone stimulated ANF-
RGC activity minimally, up to ∼10 pmol of cyclic GMP min-1

(mg of protein)-1. In the presence ofANF and staurosporine, wt-
ANF-RGC activity was stimulated in a dose-dependent fashion
(Figure 3A). Half-maximal stimulation was observed at 50 nM
staurosporine, and the Vmax of 4.3-fold above basal activity was
observed at 1 μM. In accordancewith the earlier conclusions (32),
these results demonstrate that staurosporine mimics ATP-
dependent allostric effect and that this effect is independent of the
phosphorylation of ANF-GC.

To determine whether staurosporine in addition to increasing
Vmax of ANF-RGC affects also its Km for GTP, membranes of
COS cells expressing wt-ANF-RGC were exposed to varying

FIGURE 2: Expression of ANF-RGC and its alanine mutants in the
membranes of COS cells. COS cells were transfected with wt-ANF-
RGC, its 6A mutant, or its single A mutants’ cDNA. 72 h after
transfection the cells were harvested, and their particulate fractions
were prepared as described in Experimental Procedures. The mem-
branes were analyzed by Western blotting using antibodies against
ANF-RGC. Lane 1, wt-ANF-RGC; lane 2, ANF-RGC-6Amutant;
lane 3,wt-ANF-RGC; lane 4,ANF-RGC-S497A; lane 5,ANF-RGC-
T500A; lane 6, ANF-RGC-S502A; lane 7, ANF-RGC-S506A; lane 8,
ANF-RGC-S510A; lane 9, ANF-RGC-T513A.

Table 1: Basic Enzymatic Characteristics of wt-ANF-RGC and Its Alanine

Mutantsa

cyclase Km (μM)

Vmax [pmol of cG min-1

(mg of protein)-1]

ANF-RGC 500( 28 6.2( 0.6

ANF-RGC-6A 485( 18 6.3( 0.4

ANF-RGC-S497A 480( 25 5.6( 0.5

ANF-RGC-T500A 490( 40 6.1( 0.5

ANF-RGC-S502A 500( 38 5.8( 0.3

ANF-RGC-S506A 490( 20 4.3( 0.4

ANF-RGC-S510A 490( 35 5.1( 0.3

ANF-RGC-T513A 510( 30 5.9( 0.4

awt-ANF-RGC and its alaninemutants were expressed inCOS cells, and
their membranes were assayed for guanylate cyclase activity in the presence
of varying concentrations (0-1 mM) of GTP and 5 mM MgCl2. The
experiment was done in triplicate and repeated two times. The results are
mean ( SD from these experiments.

FIGURE 3: (A) Effect of staurosporine onANF-dependent activity of
wt-ANF-RGC. Membranes of COS cells transiently expressing
ANF-RGC were analyzed for guanylate cyclase activity in the
absence or presence of 10-7 M ANF and indicated concentrations
of staurosporine. Membranes of “mock” transfected cells (control)
were analyzed in parallel. The experiment was done in triplicate and
repeated six times with separate preparations of transfected COS cell
membranes. (B) Effect of staurosporine and AMP-PNP on Km of
ANF-RGC. Membranes of COS cells transiently expressing ANF-
RGC were analyzed for guanylate cyclase activity with or without
1 mM staurosporine or 1 mMAMP-PNP in the presence of 10-7 M
ANF and indicated concentrations of GTP. The experiment was
done in triplicate and repeated two times with separate COS mem-
brane preparations. The results shown are mean ( SD from these
experiments.
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concentrations of GTP (Mg2þ cofactor) and constant 10-7 M
ANF with or without 1 μM staursporine. In a parallel control
experiment, 1 mMAMP-PNP instead of staurosporine was used.

AMP-PNP was used as control because previous results have
shown that the staurosporine effect on ANF-dependent activity
of ANF-RGC is virtually identical to that of AMP-PNP (32). As

FIGURE 4: Effect of staurosporine on ANF-dependent activity of ANF-RGC-6A mutant (A) and six ANF-RGC mutants with single A
mutations (B-G).Membranes of COS cells transiently expressing theANF-RGC-6Amutant orANF-RGC single Amutants were analyzed
for guanylate cyclase activity in the absence or presence of 10-7 M ANF and indicated concentrations of staurosporine. Experiment was
repeated six times with separate preparations of transfected COS cell membranes. The results presented are mean ( SD from these
experiments.
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evident from Figure 3B, both staurosporine and AMP-PNP
lower the Km of ANF-RGC for GTP. This decrease is from
0.5mM(theKm in the absence of staurosporine orAMP-PNP) to
0.07 mM GTP in the presence of staurosporine and to 0.06 mM
GTP in the presence of AMP-PNP as determined from fitting the
dose-response curves to theHill’s equation. Thus, staurosporine
andAMP-PNP affect both the kinetic parameters ofANF-RGC,
Vmax and Km.

Virtually identical results were obtained with ANF-RGC-6A
and the six individual A mutants: S497A, T500A, S502A, S506A,
S510A, and T513A. In all cases, staurosporine signaled ANF
stimulation of ANF-RGC (Figure 4). The stimulation was
staurosporine dose-dependent, and the maximal stimulation of
4-5-fold over the basal activity was achieved at ∼1 μM
staurosporine. The staurosporine EC50 values estimated from
the dose-dependence graphs were at approximately 50 nM
(Figure 4). The calculated Hill coefficient for all of the dose-
response curves was 1( 0.15, indicating noncooperative binding
of staurosporine to ANF-RGC and its mutants. The EC50 values
derived from Hill’s plots for the wt-ANF-RGC and the mutants
were between 20 and 30 nM. Thus, the graphically estimated and
the calculated EC50 values are comparable.

These results indicate that the ATP-dependent allosteric
modification and stimulation of ANF-RGC activity are inde-
pendent of the phosphorylation state of ANF-RGC.

Studies with Adenine Nucleotides Further Validated
These Conclusions. There was a riddle in the original studies,
which linked ATP with the ANF/ANF-RGC signaling (57, 58).
This was that AMP-PNP, a nonhydrolyzable analogue of ATP,

was only about half as effective as ATP in stimulating ANF-
RGC. ATPγS was the most effective, causing about 30%
additional saturation of enzymatic activity over ATP. The
proposed explanation for the excessive ATPγS effect was that
it exhibited two ATP activities: one, being a substrate for a
hypothetical protein kinase bound to ANF-RGC, and two,
acting as an allosteric modifier of ANF-RGC. In addition, the
thiophosphate group was not a substrate for a hypothetical
phosphatase, copresent with a hypothetical protein kinase in
membranes with ANF-RGC (56). These studies were, and
remain, the foundation of the role of ATP in ANF-RGC
phosphorylation and consequently in ANF-RGC activation.
The ordered sequence of these steps remained speculative, one
group supporting the phosphorylation as the first and the critical
step (44, 56), and the other supporting the opposite: allosteric
followed by phosphorylation (32, 40). One study even proposed
that ATP had no direct effect on ANF-RGC activation; it was an
indirect effect going through the hypothetical protein kinase (59),
and it was the soleANF signalingmechanismofANF-RGC (59).

With the introduction of the staurosporine probe, the riddle
was partially solved (32). It was established that ATP is an
allosteric modifier of ANF-RGC, that this step is independent of
the phosphorylation step, and that it causes the partial stimula-
tion of ANF-RGC, about 50%. This study also demonstrated
that it is the 50% component of the AMP-PNP-activated ANF-
RGC that is mimicked by staurosporine in the stimulation of
ANF-RGC.

In accordance with the last conclusion, AMP-PNP should
duplicate the staurosporine activation profile of ANF/ANF-RGC

FIGURE 5: Effect of adenine nucleotides on ANF-dependent activation of ANF-RGC (A) and its 6A mutant (B-D). Membranes of COS cells
transiently expressing ANF-RGC or its 6A mutant were analyzed for guanylate cyclase activity in the absence or presence of 10-7 M ANF and
indicated concentrations of adenine nucleotides, AMP-PNP, ATP, or ATPγS.Membranes of “mock” transfected cells were analyzed in parallel
(control). Experimentwas repeated six timeswith separate preparations of transfectedCOS cell membranes. The results presented aremean( SD
from these experiments.
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signaling; i.e., it should stimulate ANF-RGC-6A, the dephos-
phorylated form of ANF-RGC, to the same level as stauros-
porine does; and, also importantly, ATP and ATPγS should do
the same, because the ANF-RGC-6A mutant can neither be
phosphorylated nor be thiophosphorylated. Thus, ANF-RGC-
6A mutant should respond identically to AMP-PNP, ATP, and
ATPγS.

This reasoning was experimentally validated. The wt-ANF-
RGC in the presence of 10-7 M ANF was stimulated 5-fold
above basal level by AMP-PNP, 8-fold by ATP, and 11-fold by
ATPγS (Figure 5A). TheEC50 valueswere 0.25, 0.20, and 0.15mM
for AMP-PNP, ATP, and ATPγS, respectively (Figure 5A).
Similar EC50 values were obtained from Hill’s plots calculated
for each of the nucleotides: 0.22 mM for AMP-PNP, 0.2 mM for
ATP, and 0.16 mM for ATPγS (Hill’s coefficient is 1( 0.0.2 for
the wt-ANF-RGC dose-dependent stimulation by AMP-PNP,
ATP, and ATPγS). These results demonstrated that the targeted
site of ATP and its analogues’ action in the ARM domain of
ANF-RGC is the same; the only difference resides in their
effectiveness to saturate the ANF-RGC activity.

In contrast, the level and the profile of ATP and ATPγS
stimulation of the ANF-RGC-6A mutant became almost indis-
tinguishable from that of AMP-PNP (Figure 5B-D). Now, all
three nucleotides, AMP-PNP, ATP, and ATPγS, saturated
ANF-RGC-6A to the comparable levels, and their EC50 values
were identical. The maximal stimulation of the ANF-RGC-6A
mutant with AMP-PNP was 4.6-fold (Figure 5B), with ATP 4.5-
fold (Figure 5C), and with ATPγS 4.6-fold (Figure 5D); the EC50

values for all three nucleotides were 0.3 mM (0.27, 0.25, and
0.26 mM when calculated from Hill’s plot for AMP-PNP, ATP,
and ATPγS dose-response curves, respectively).

To define the role of the individual six phosphorylated residues
of the ARM, the ANF-RGC mutants, S497A, T500A, S502A,
S506A, S510A, and T513A, were exposed to 10-7 M ANF and
increasing concentrations of ATP (Figure 6). All of them were
stimulated in anATP dose-dependent fashion; however, theVmax

reached by eachmutant was different: the S497Amutant achieved
only ∼43% of the wt-ANF-RGC stimulated activity; T500A,
∼62%; S502A, ∼70%; S506A and S510A, ∼50%; and T513A,

∼75% (Figure 6). Thus, the response varied from ∼40% to
∼75% of the wt-ANF-RGC response depending on the amino
acid mutated. None of them, however, lost the ability to be
stimulated by ANF/ATP. Even the most significantly lowered
stimulated activity, observed for the S497A mutant, was within
the range of activity reached by thewt-ANF-RGC in the presence
of ANF and nonphosphorylating allosteric modulators, staur-
osporine and AMP-PNP. Together, these results validate the
earlier conclusion that the allosterically modulated ANF stimu-
lation does not require phosphorylation of the six residues.

These results dissect the two, allosteric and phosphorylation,
modes of ATP effect, providing compelling evidence that allos-
teric mode does not require phosphorylation. Alone, however, it
is not sufficient to bring ANF-RGC to the fully activated state.

To further verify this conclusion, ANF signaling of ANF-
RGC was assessed in the simultaneous presence of both AMP-
PNP andATP in the reactionmixture. TwoAMP-PNP andATP
concentrations were tested, 0.25 mM each (concentrations caus-
ing approximately half-maximal stimulation ofANF-RGC in the
presence of 10-7 M ANF) and 1 mM each (the nucleotide
concentrations at which the maximal stimulation of ANF-
RGC occurs). The results are shown in Figure 7. In the presence
of 10-7 M ANF and 0.25 mM AMP-PNP or ATP the ANF-
RGC activity was stimulated respectively 2.7- and 4.5-fold above
the basal value; when AMP-PNP and ATP at the same concen-
trations were copresent in the reaction mixture, their stimulatory
effect was almost additive, 6.3 ( 0.4-fold above the basal value.
However, when the two nucleotides were copresent at concentra-
tions causing maximal stimulation of ANF-RGC (1 mM each),
the stimulated activity was comparable to that caused by 1 mM
ATP alone. These results confirm that the allosteric modification
and phosphorylation are two independent signaling steps in
ANF-RGC activation.

Together with the abundant prior evidence thatG505 in theGrc
motif of ARM (Figure 1A) is a pivotal transduction component
in the ATP signaling of ANF-RGC (51), the present study
supports the observation that aided in construction of the
ARM domain model (40). In this model, the ATP signaling,
through allosteric modification, pivots G505 and exposes S506

from its buried state (43). The present study suggests that ATP

FIGURE 6: ATP effect on ANF-dependent activation of wt-ANF-
RGC and its six single A mutants. Membranes of COS cells tran-
siently expressing ANF-RGC or its single A mutants, S497A, T500A,
S502A, S506A, S510A, and T513A, were analyzed for guanylate cyclase
activity in the absence or presence of 10-7 M ANF and indicated
concentrations of ATP. The results obtained with membranes of
“mock” transfected cells were identical to those in Figure 5C. Experi-
mentwas repeated six timeswith separate preparations of transfected
COS cell membranes. The results presented are mean from these
experiments.

FIGURE 7: Combined effect of AMP-PNP and ATP on ANF-
dependent activation of wt-ANF-RGC. Membranes of COS cells
transiently expressing ANF-RGC were analyzed for guanylate cy-
clase activity in the presence of 10-7 M ANF and indicated concen-
trations of AMP-PNP, ATP, or AMP-PNP and ATP. Experiment
was repeated two times with separate preparations of transfected
COS cell membranes. The results presented are mean ( SD from
these experiments.
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binding would also result in exposure of the other phosphory-
lated residues, S497, T500, S502, S510, and T513. Only then would it
be possible for ANF-RGC to be phosphorylated and for ATP to
exhibit its phosphorylation activity through a hypothetical
protein kinase. In summary, the ATP activation of the ARM is
a dynamic and ordered event, the allosteric step governing the
phosphorylation step, and these two together causing full satura-
tion of the ANF-RGC activity.
Negative Charges Substituting Phosphorylated Residues

Mimic Phosphorylation without Fully Restoring ANF-
RGC Activation. With the acquired information that ATP
allosteric modification of the ARMdomain is independent of the
ATP phosphorylation step, the staurosporine probe was used to
answer the next two critical questions: Does the phoshorylated
state of ANF-RGC affect ATP-dependent (1) signaling of ANF-
RGC activation and (2) allosteric modification?

To answer these questions advantage was taken of a previous
observation. Working on elucidation of the role of isocitrate
dehydrogenase in the bacterial growth, the authors demonstrated
that a negatively charged residue (aspartic acid) substituting
serine of isocitrate dehydrogenase mimics its phosphorylated
state (60). It inactivates the isocitrate dehydrogenase activity.
This idea that the negative charge of the residue mimics the
phophorylated state of the enzyme and its physiological activity
has originally been instrumental to conclude that phoshorylation
of ANF-RGC is the primary and the critical event in its ATP-
dependent ANF signaling (44, 45). These authors arrived at this
conclusion through the studies where one residue, S497, or all six,

S497, T500, S502, S506, S510,and T513, were replaced with glutamic
acid, resulting in the respective S497E and ANF-RGC-6E mu-
tant (44, 45). They concluded that negative charges were able to
facilitate ANF signaling of ANF-RGC; thus, phosphorylation of
ANF-RGCwas the primary and critical signaling event of ANF-
RGC activation (45).

With the availability of the staurosporine probe, the above
concept was retested using the ANF-RGC-6D mutant. In this
mutant all six phoshorylated sites of ANF-RGC, S497, T500, S502,
S506, S510, and T513, were replaced, according to ref 60 with
aspartic acid (Figure 1C). This mutant was then analyzed for its
ATP-dependent ANF signaling activities: phosphorylation and
allosteric modification.

The mutant was first analyzed for its active expression in the
heterologous system of COS cells. It exhibited the basal activity
of 4.1 pmol of cyclic GMP formed min-1 (mg of protein)-1 with
theKm of 476 μMforGTP. Thus, the mutant’s expression and its
basal biochemical characteristics were very similar to those of the
wt-ANF-RGC.

Aspartate Residues Only Partially Facilitate ANF/ATP
Signaling of ANF-RGC. The ANF-RGC-6D mutant ex-
pressed in COS cells was exposed to 10-7 M ANF and the
increasing concentrations of ATP, ATPγS, AMP-PNP, or staur-
osporine. All of these nucleotides and staurosporine stimulated
the guanylate cyclase activity of themutantANF-RGC in a dose-
dependent fashion. There were, however, two significant kinetic
differences between theANF-RGC-6Dmutant and thewt-ANF-
RGC. First, and the most dramatic, was that all nucleotides,

FIGURE 8: Effect of adenine nucleotides or staurosporine on ANF-dependent activation of ANF-RGC-6Dmutant (A-D).Membranes of COS
cells transiently expressing theANF-RGC-6Dmutantwere analyzed for guanylate cyclase activity in the absence or presence of 10-7MANFand
indicated concentrationsof adeninenucleotides,AMP-PNP,ATP, andATPγSor staurosporine.The results obtainedwithmembranes of “mock”
transfected cellswere identical to those shown inFigures 4 and5.Experimentwas repeated six timeswith separate preparationsof transfectedCOS
cell membranes. The results presented are mean( SD from these experiments normalized to ANF-RGC activity shown in Figures 3A and 5A.
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ATP, ATPγS, and AMP-PNP, stimulated ANF-RGC-6D to
the same extent, 3.6-fold over the basal level, while each of
them stimulated wt-ANF-RGC to a different extent (compare
Figure 8A-C with Figure 5A). This meant that the 6D mutation
caused the Vmax drop in their respective values of 56% (8.1-3.6-
fold for ATP), 64% (10.1-3.6-fold for ATPγS), and 28%
(5.0-3.6-fold for AMP-PNP) in ANF-RGC signaling activity.
The drop in staurosporine activation was 22% (4.5-3.5-fold), as
expected, almost identical to that observed with AMP-PNP.

Because the mutant was equivalent in its responses to ATP
and, most significantly, to AMP-PNP and staurosporine, it
meant that the negative charges of the aspartic acid residues
do, indeed, mimic the functional characteristics of their corre-
sponding phosphorylated residues, S497, T500, S502, S506, S510, and
T513. Three important conclusions are drawn from these results:
(1) the ATP-dependent phosphorylation step contributes in
ANF-RGC signaling, yet (2) this signaling is only partial; (3)
since modulators without phosphorylation activity, staurospor-
ine and AMP-PNP, can activate ANF-RGC, allosteric modifica-
tion and not phosphorylation is the primary event in ANF-RGC
signaling.

Second, phosphorylation of the ARM domain affects allos-
teric modification of ANF-RGC as evident from the observed
sigmoidal profiles of the dose-response curves. Curve fitting
using Hill’s equation yielded a Hill coefficient of 1.5 for AMP-
PNP, 1.8 for ATP, 1.7 for ATPγS, and 1.3 for staurosporine.
Thus, interaction of adenine nucleotides and staurosporine with
ANF-RGC-6Dmutant is cooperative, while it is noncooperative
with wt-ANF-RGC and its alanine mutants. Due to the coop-
erativity, the EC50 values were determined not directly from the
dose-response curves but from the respective Hill plots. They
were 0.4( 0.05 mM for the adenine nucleotides and 0.15 μM for
staurosporine. It is, thus, concluded that, compared to the
dephosphorylated, the phosphorylated form of ANF-RGC is
less amenable to the ATP allosteric modification and activation,
meaning phosphorylation converts ANF-RGC from high to low
ATP affinity form.

Direct Analysis of the ARM Domain for ATP Binding
Validates This Conclusion.Having ascertained that phosphor-
ylation of ANF-RGC lowers its susceptibility to the ATP
allosteric modification, this conclusion was tested by the direct
ATP binding studies with its target ARM domain.

Three ARM constructs (aa 486-692), wt-ARM, ARM-6A,
and ARM-6D, were individually expressed and purified. In
solution they existed as monomers as determined by FPLC
(Experimental Procedures). It is in agreement with the existing
biochemical, crystalographic, and molecular modeling data
showing that dimeric contact points between two ANF-RGC
monomers arewithin the extracellular domain (34, 35, 61, 62) and
the catalytic domain (25).

The purified ARM domain proteins were cross-linked with
[R-32P]-8-azido-ATP in the absence or presence of increasing
concentrations of cold ATP. Reaction mixtures were resolved on
SDS-PAGE, an X-ray film was exposed to the gel, and the
radioactive bands corresponding to the cross-linked ARM
domains were identified. After the exposure, the gel was aligned
with the autoradiogram, and the radioactive bands were cut out
from the gel and counted for radioactivity. The results are shown
in Figure 9.

In the absence of cold ATP the wt-ARM and the ARM-6A
mutant bound approximately the same amount of [R-32P]-8-
azido-ATP (∼800 cpm) whereas the ARM-6D mutant bound

only about half of that amount (∼400 cpm). Increasing concen-
trations of cold ATP dose-dependently lowered the amount of
[R-32P]-8-azido-ATP cross-linked with each of the ARM protein
but with different efficiency. Cold ATP (0.5 mM) lowered by
50% the [R-32P]-8-azido-ATP cross-linkedwith the wt-ARMand
theARM-6Amutant, but 1mMATPwas necessary to obtain the
same lowering with the ARM-6D mutant. These results demon-
strate that, compared to its nonphosphorylated form, the phos-
phorylated formofARMdomain has two times lower affinity for
ATP binding. They, thus, support the results obtained with full-
length guanylate cyclases and explain the difference in the
potency of ATP and its other analogues, ATPγS and AMP-
PNP, and staurosporine in stimulation of ANF-RGC-6A and -
6D mutants (vide supra).
Molecular Modeling. To explain the biochemical results in

three-dimensional terms, the ARM domain model ([PDB file
1T53 and ref 40) was analyzed in its apo and ATP-bound states.
The model represents one ATP binding site within the ARM
domain monomer what is consistent with the existing biochem-
ical data (39, 49). The analysis of the ARM domain model was
focused on the six serine and threonine residues, the Grc motif,
and their surroundings. These residues are located in the smaller,
N-terminal lobe of the ARM domain and are a part of the
S497-T513 amino acid stretch forming the β1 and β2 strands and
the connecting loop (40, 42, 43). G505 of theGrcmotif is pivotally
positioned at a junction of these two β strands (40, 42, 43). Except
for L511 and T513, which belong to the ATP binding pocket and
are within the interacting distance with the adenine moiety of
ATP, other residues of the S497-T513 stretch do not interact
directly with ATP (40, 42, 43), but they form the floor of the
pocket that helps to stabilize the ATP binding. The model of the
ARM domain is shown in Figure 10 (the N-terminal lobe is in
magenta, the β1 and β2 strands are in blue, the positions of the
serine and threonine residues are indicated, and their side chains
are shown; G505 is labeled in gray, the C-terminal lobe is in cyan,
and the solvent-accessible surface of ATP is in green).

ATP Binding to the ARM Domain Enables the Phos-
phorylation Step To Occur. The three-dimensional structure

FIGURE 9: ATPbinding to theARMdomainofANF-RGCor its 6A
or 6D mutants. The ARM domain fragment aa 486-692 of ANF-
RGCor its 6Aor6Dmutantswas expressed andpurified asdescribed
in Experimental Procedures. The purified proteins were individually
cross-linked with [R32P]-8-azido-ATP in the absence or presence of
indicated concentrations of ATP. The reaction mixtures were re-
solved on SDS-PAGE, and the radioactive bands were excised from
the gel and counted for radioactivity. The experiment was repeated
eight timeswithdifferent preparationsofARMdomainproteins. The
results (mean ( SD) shown are from six of these experiments; the
patterns from the remaining two were the same.
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of the ARMdomainwas analyzed to determine the effect of ATP
binding on the steric arrangement of the six phosphorylation
sites. The results are presented in Figure 11 (for clarity only the
analyzed residues are shown). In the basal state (before ATP
binding) the OH group of side chains of T500, S502, S506, and T513

is stabilized in a position away from the protein surface
(Figure 11; conformation of the residues before ATP binding is
shown in cyan). Although the OH groups of S497 and S510 in the
basal state are directed toward the surface, they too are not
accessible. A detailed analysis of themodel indicates that they are
shielded by the side chains of surrounding amino acids: the OH
group of S497 is shielded by the side chains of L499 andQ517, while
that of S510 is shielded by the side chain of R536.

After ATP binds to the ARM domain, the β1 and β2 strands
and the loop between them shift by ∼3-4 Å and rotate by
∼15� (40, 42, 43). G505 is a critical pivot for both the shift and the
rotation (40, 42, 43). This movement causes reorientation of the
serine and threonine residues (Figure 11; red-colored residues).
As a consequence, the side chains and the OH groups of T500,
S502, S506, and T513 are now directed toward the protein surface
(Figure 11; compare the positions of the cyan- and red-colored

OHgroups). The change in the positions of the side chains ismost
drastic for the S502 and S506 residues. Although upon ATP
binding there is no toward the surface reorientation of the S497

and S510 OH groups, the entire residues are shifted toward the
surface (Figure 11). These results show that it is only after ATP
binds to the ARM domain that the hypothetical protein kinase
can access the side chains of the six residues. Thus, the structural
arrangement of the putative phosphorylable residues S497, T500,
S502, S506, S510, and T513 before and after ATP binding explains
the biochemical results in three-dimensional terms. This explana-
tion ismost vivid in the case of S506. Analysis of theARMdomain
model shows that ATP binding affects most drastically the
position and conformation of S506 [Figure 11; compare S506 in
cyan (before ATP binding) and in red (after ATP binding)], and
biochemical results show that its phosphorylation appears to be
highly significant for the ANF/ATP-dependent activation of
ANF-RGC. Therefore, the conclusion that phosphorylation
follows the ATP-dependent step of allosteric modification is
sterically validated.

Surface Characteristics of the Dephosphorylated Form
of the ARM Domain Favor ATP Binding. To explain the
observation that the wt-ARM domain and ARM-6A mutant
bind ATP with similar affinity whereas the ARM-6D mutant’s
affinity for ATP is lower, the S497, T500, S502, S506, S510, and T513

residues were substituted with A or D residues in both apo and
ATP-bound structures of the ARM domain, and the ARM-6A
and ARM-6D models were constructed. In each case the side
chains were scanned to minimize bad contacts and optimize
favorable interactions with the surrounding residues.

Because surface characteristics of a protein are the deciding
factor in its interactionwith other molecules, it was reasoned that
the same would apply for the ARM domain interaction with the
ATP molecule. Therefore, solvent-accessible surface (Connoly
surface) was generated for the wt-ARM and its 6A and 6D
mutants, and the electrostatic potential for each protein surface
was mapped. The results are presented in Figure 12. For the

FIGURE 10: Model of the wt-ANF-RGC ARM domain. The ANF-
RGC ARM domain consists of two lobes. The smaller, N-terminal
lobe is shown in magenta. The six putative activation-linked phos-
phorylation sites of ANF-RGC are located within the β1 and β2
strands of this lobe. The strands are shown inblue, the positions of six
phosphorylation sites (S497, T500, S502, S506, S510, and T513) are
indicated, and their side chains are shown. The position of G505 of
Grc is also indicated.The larger,C-terminal lobeof theARMdomain
is shown in cyan. ATP (green) binds to its pocket located in the cleft
between the two lobes.

FIGURE 11: ATP binding to the ARMdomain affects the conforma-
tion of the phosphorylable residues. The conformation of the six
phosphorylated residues is shown before (cyan) and after (red) ATP
binding. The ATP molecule is shown in green. The positions of the
OH groups are indicated by cyan and red balls.

FIGURE 12: Electrostatic potentials at the surface of the wt-ARM
domain and its 6A and 6D mutants. The phosphorylable residues
(S497, T500, S502, S506, S510, and T513) of the ARM domain were
mutated to alanine or aspartate, resulting in the construction of
ARM-6A and ARM-6D models. The models were analyzed for the
distribution of the electrostatic potentials at the surface of the ARM
domain using the SYBYL program as described in Experimental
Procedures. The most significant changes of the potential were
observed in the region of the cleft between the two lobes where ATP
binds. This region is indicated by a dashed ellipse, and the location of
theATPbindingpocket is indicated by an arrow.Thepanel on the left
provides a color ramp to indicate the range from the most negative
(blue) to the most positive (brown) surface potential.
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wt-ARM and ARM-6A the surface potentials are virtually
indistinguishable. The electrostatic potential pattern is, however,
strikingly different for the ARM-6D mutant. Here, a large patch
of negative surface potential is observed within a region close to
the ATP binding pocket (Figure 12; ARM-6D region within the
dashed ellipse; the cleft between two ARM domain lobes where
the ATP binding site is located is indicated by an arrow). This
negative surface potential impedes ATP access to the protein
surface and, consequently, its interaction with the binding
pocket. These results provide explanation for the lowered affinity
ofATP to theARM-6Dmutant in comparisonwith thewt-ARM
and its 6A mutant, and they support the conclusion that
phosphorylation changes the state of the ARM domain from
high to low affinity for ATP.

DISCUSSION

The existing dogma is “that phosphorylation of the KHD is
absolutely required for hormone-dependent activation of NPR-
A” (44, 45). Because at that time no probe to dissect out the two
ATP effects, phosphorylation and allosteric modification, in
ANF-RGC activation was available, it was not possible to scru-
tinize the biochemical principles on which the dogma was based.

In view of the recent findings that phosphorylation of the
ARM domain (KHD) and its allosteric modification are two
individual steps in the process of ANF-RGC (NPR-A) activa-
tion (32), the primary objective of the present study was to
analyze the relationship between these two steps. This objective
was achieved through the judicial use of the available tools in
analyzing the properties of the dephosphorylated and the phos-
phorylated forms of ANF-RGC and applying them to the 3D-
simulated ARM domain models.

The phoshorylation sites reside on seven residues of ANF-
RGCARMdomain (45, 53, 54), but only six of them are involved
in the process of activation. They are S497, T500, S502, S506, S510,
and T513 (Figure 1A). Conversion of these residues to alanine
results in the ANF-RGC-6A mutant, which can no longer be
phosphorylated. Yet, this mutant undergoes ATP-dependent
allosteric modification and gets activated (Figures 4A and
5B-D). The activation is about 50% of the wt-ANF-RGC.
Importantly, the extent of activation is equivalent forATPγS and
its nonphosphorylating structural analogues, AMP-PNP and
staurosporine. Also, EC50 values for all of these effector agents
are equal. Unequal effects observed between these agents for wt-
ANF-RGC activation are eliminated and are replaced by their
equality.

These findings settle that (1) the ATP-dependent phosphor-
ylation is not the primary event of ANF-RGC activation; (2) the
primary event is ATP allostericmodification; (3) the contribution
of the allosteric step to the enzyme activation is about 50% of the
maximal activation; and (4) the allosteric step occurs indepen-
dently of the phosphorylation step, which apparently contributes
the remaining 50% of the enzyme activity.

The latter deduction was confirmed by transforming the wt-
ANF-RGC to its phosphorylated-mimicking form. Six aspartic
acid residues replaced the corresponding six phoshorylated sites
of ANF-RGC, resulting in the ANF-RGC-6D mutant. The
mutant’s basal activity and its substrate affinity for GTP remain
unchanged. The modified enzyme responds almost identically to
its effectors. The differential activation by ATP or ATPγS from
AMP-PNP or staurosporine observed for the wt-ANF-RGC
vanishes. The mutant, however, does not achieve fully saturated

activity comparable to that of wt-ANF-RGC. Thus, contrary to
what happens to the isocitrate dehydrogenase enzyme (60), prior
phosphorylation does not impart the full functional phenotype in
ANF-RGC.

Identical conclusions were arrived at, independently, through
modeling studies involving the wt-ARM domain and its 6A and
6D mutants.

Analysis of the wt-ARM domain model in its apo and
ATP-bound states shows that the residues constituting the
phosphorylation sites of ANF-RGC are distal to the ATP and
its binding pocket. Their conformations, however, are governed
byATP. In thheATP-free (basal) state the conformation of these
residues is such that their OH groups are not freely accessible
from the surface. It is only after ATP binding that the hydroxy
groups are accessible from the surface thus susceptible to
phosphorylation.

Until now, the unanswered question of the ATP-dependent
allosteric modification of the ARM domain was, what causes
ATP dissociation from that domain after its function as an
allosteric modifier is done? The presented study provides an
answer to this question at both the functional and molecular
levels. It is that ATP allosteric modification leads to phosphor-
ylation of serine and threonine residues and upon their phoshor-
ylations the affinity of the ARM domain for ATP diminishes.
This indicates that the phosphorylation step turns “off” the ATP
signal by changing the ARM domain ATP binding affinity from
high to low.

With the incorporation of the above information the recently
proposed “two-step activation of ANF-RGC”model (32) is now
refined.
ATP-Dependent Two-Step Activation Model (Figure 7

in ref 32). The ANF signal originates by the binding of one
molecule of ANF to the extracellular dimer domain of ANF-
RGC (34, 35). The bindingmodifies the juxtamembrane region
where the disulfide 423Cys-Cys432 structural motif is a key
element in this modification (34-36). The signal twists the
transmembrane domain (38), induces a structural change in
the ARM domain, and prepares it for the ATP activation (42).
Step 1: ARM domain binds ATP to its pocket what leads to a
cascade of temporal and spatial changes (32, 39, 41-43). They
involve (1) shift in ATP binding pocket position by 3-4 Å and
rotation of its floor by 15� (G505 acts as a critical PIVOT for
both the shift and the rotation); (2) movement by 2-7 Å but
not the rotation of its β4 and β5 strands and its loop; and (3)
movement of its REF helix by 2-5 Å. This movement exposes
its hydrophobic motif, 669WTAPELL675 motif, which facil-
itates its direct (or indirect) interaction with the catalytic
module resulting in its partial, about 50%, activation (39).
Step 2: The six phosphorylation sites are brought from their
buried to the exposed state. Through ATP and a hypothetical
protein kinase they get phosphorylated, and the full activation
(additional 50%) of ANF-RGC is achieved. Concomitantly,
phosphorylation converts the ATP binding site from high to
low affinity, ATP dissociates, and ANF-RGC returns to its
ground state.
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