1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Sci Signal. Author manuscript; available in PMC 2022 August 26.

-, HHS Public Access
«

Published in final edited form as:
Sci Signal. ; 12(566): . doi:10.1126/scisignal.aau5378.

The pseudokinase domains of guanylyl cyclase—A and —B
allosterically increase the affinity of their catalytic domains for
substrate

Aaron B. Edmund?, Timothy F. Walseth?, Nicholas M. Levinson?, Lincoln R. Potterl:2

1Department of Biochemistry, Molecular Biology, and Biophysics, University of Minnesota, 6-155
Jackson Hall, 321 Church St SE, Minneapolis, MN 55455

2Department of Pharmacology, University of Minnesota, 6-155 Jackson Hall, 321 Church St SE,
Minneapolis, MN 55455

Abstract

Natriuretic peptides regulate multiple physiologic systems by activating transmembrane receptors
containing intracellular guanylyl cyclase domains, such as GC-A and GC-B, also known as

Nprl and Npr2, respectively. Both enzymes contain an intracellular, phosphorylated pseudokinase
domain (PKD) critical for activation of the C-terminal cGMP-synthesizing guanylyl cyclase
domain. Because ATP allosterically activates GC-A and GC-B, we investigated how ATP binding
to the PKD influenced guanylyl cyclase activity. Molecular modeling indicated that all the
residues of the ATP-binding site of the prototypical kinase PKA, except the catalytic aspartate,

are conserved in the PKDs of GC-A and GC-B. Kinase-inactivating alanine substitutions for the
invariant lysine in subdomain 11 or the aspartate in the DY G-loop of GC-A and GC-B failed

to decrease enzyme phosphate content, consistent with the PKDs lacking kinase activity. In
contrast, both mutations reduced enzyme activation by blocking the ability of ATP to decrease

the Michaelis constant without affecting peptide-dependent activation. The analogous lysine-to-
alanine substitution in a glutamate-substituted phosphomimetic mutant form of GC-B also reduced
enzyme activity, consistent with ATP stimulating guanylyl cyclase activity through an allosteric,
phosphorylation-independent mechanism. Mutations designed to rigidify the conserved regulatory
or catalytic spines within the PKDs increased guanylyl cyclase activity, increased sensitivity to
natriuretic peptide, or reduced the Michaelis constant in the absence of ATP, consistent with ATP
binding stabilizing the PKD in a conformation analogous to that of catalytically active kinases. We
conclude that allosteric mechanisms evolutionarily conserved in the PKDs promote the catalytic
activation of transmembrane guanylyl cyclases.
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Introduction

There are three natriuretic peptides (NPs) in mammals. Two homodimeric single membrane-
spanning guanylyl cyclase (GC) receptors mediate the majority of the physiological effects
of these NPs by increasing intracellular cGMP concentrations (1-4). However, cGMP-
independent functions of NPs have also been described that may be mediated by the

NP clearance receptor (5). Atrial NP (ANP) and B-type NP (BNP) activate guanylyl
cyclase-A (GC-A, also known as Npr1), which stimulates natriuresis and inhibits cardiac
hypertrophy. C-type NP (CNP) activates guanylyl cyclase-B (GC-B, also known as Npr2),
which stimulates long bone growth, meiotic arrest in oocytes, and neuronal bifurcation (1,
6). GC-A and GC-B are homologous, with the intracellular portions of the proteins being
78% identical (7). They also share five conserved phosphorylation sites (8).

NP binding causes a 24° counterclockwise rotation in the extracellular domain of one GC-A
monomer with respect to the other monomer (9). As this conformational change propagates
through the receptor to the C-terminal catalytic domain, the binding signal travels through
an intracellular pseudokinase domain (PKD) that is constitutively phosphorylated on at
least six residues (8, 10, 11). The chemically determined phosphorylation sites identified

in rat and human GC-A are Ser#87, Ser497 Thr500, Ser502 Ser506 Ser510 ang Thrd13
according to rat numbering (Fig. 1C) (8, 12). Also using rat numbering, the chemically
identified phosphorylation sites in rat and human GC-B are Ser®13, Thr516 Ser518 ger523,
Ser526 and Thr29 (8). Additionally, a functional screen identified a single serine residue

in the juxtamembrane region conserved in both GC-A (Ser#73) and GC-B (Ser#89) (13).
The identities of the kinases responsible for phosphorylating these sites are unknown.
Phosphorylation of the PKD is absolutely required for propagation of the NP binding
signal to the GC catalytic domain of both receptors (10, 11, 14, 15). Data supporting

the essential role of phosphorylation are extensive and are derived from experiments as
diverse as enzymatic dephosphorylation GC-A and GC-B in membranes to the expression
of phosphomimetic forms of GC-A and GC-B that are resistant to inactivation by
dephosphorylation in mice (13-21).

In addition to NPs, adenosine triphosphate (ATP) is required for the activation of GC-A

and GC-B (22). However, understanding how ATP activates GC-A and GC-B is complicated
by the ability of ATP to serve as a substrate for receptor phosphorylation as well as bind
both an allosteric site in the PKD and an allosteric site in the catalytic domain (23, 24). In
substrate-velocity experiments, ATP serves as an allosteric activator that causes a shift from
positive cooperative Kinetics in the absence of ATP to linear kinetics in the presence of ATP,
which ultimately reduces the Michaelis constant of the guanylyl cyclase catalytic domain,

a measure of affinity for its GTP substrate, an order of magnitude in an NP-dependent
manner (24). This 10-fold decrease in the Michaelis constant is necessary for the enzyme

to function at cellular concentrations of GTP. To identify the ATP binding site mediating
these effects, two separate groups covalently cross-linked ATP analogs to the PKD of GC-A
and suggested that this process is required for the ability of ATP to increase GC-A activity
(25, 26). However, the exact ATP binding site in the PKD was not determined. Because
protein kinase A (PKA) is the most widely studied mammalian protein kinase, here we

used knowledge of allosteric activation of PKA and other kinases and pseudokinases to
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better understand how the intrinsic PKDs of GC-A and GC-B regulate the guanylyl cyclase
activities of these receptors.

In PKA the transition from the inactive to the active state occurs through phosphorylation

of the activation loop. The phosphorylated activation loop then forms a salt-bridge with a
histidine residue in the aC-helix located in the N-terminal lobe of the kinase. The regulatory
(R)-spine, a network of internal hydrophobic amino acids, then assembles into a rigid
structure that properly orients all the components necessary for catalysis in the active site.
Upon ATP binding to the kinase active site, the adenine ring of ATP docks between the
N-terminal lobe and the C-terminal lobe of the kinase, thus fusing another network of
hydrophobic amino acids called the catalytic (C)-spine (27). The triphosphate tail of ATP
and the associated Mg2*cations form interactions with multiple polar and charged amino
acids lining the active site. The most notable of these are the invariant lysine in subdomain

Il and the Mg?*-chelating aspartate in the Asp-Phe-Gly (DFG) loop. Both the lysine and
aspartate residues are conserved in GC-A and GC-B, and alanine substitutions of these
residues provided critical data supporting the conclusions in this study. In PKA, both spines
are docked on the aF-helix in the C-terminal lobe, and the assembly of both spines rigidifies
the entire kinase domain with coordinated motion in the most catalytically competent state
(28). In pseudokinases, phosphotransferase activity is markedly diminished or absent due to
the loss of residues required for catalysis, but ATP-dependent allostery is often maintained
(29-32).

Here, we created a homology model that revealed that the PKDs of GC-A and GC-B contain
the conserved hydrophobic regulatory and catalytic spine elements common to known
protein kinases and pseudokinases, which implies that the allosteric activation mechanisms
of protein kinases and pseudokinases may be conserved in receptor GCs as well. In addition,
the PKDs in GC-A and GC-B contain all of the ATP-binding residues that are conserved

in most protein kinases exception for the catalytic aspartate, which suggests that these
domains in GC-A and GC-B lack intrinsic phosphotransferase activity (33). However, low
kinase activity was observed for the putative pseudokinase ErbB3 (also known as HER3)
and for the JH2 pseudokinase domain of JAK2, both of which also lack the conserved
catalytic aspartate, suggesting that the PKDs of GC-A and GC-B may also contain muted,
but regulatory, amounts of phosphotransferase activity (34, 35).

Here, we investigated why the PKD is conserved in receptor GCs, first by addressing

the possibility that the PKD of GC-A may have intrinsic autophosphorylating activity by
making single amino acid inactivating mutations that disrupt the activity of most protein
kinases. However, these mutations failed to reduce the phosphate content of GC-A or GC-B.
In contrast, these same mutations markedly decreased the ability of NPs to decrease the
Michaelis constant of GC-A and GC-B guanylyl cyclase activity in an ATP-dependent
manner. Finally, we developed a dynamic hydrophobic core model of allostery common

to kinases and pseudokinases and used it to evaluate how these PKDs stimulate receptor
guanylyl cyclase activity.
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Canonical ATP-interacting and hydrophobic core residues in GC-A and GC-B are

conserved

We generated a homology model for the PKD of rat GC-A based on the structure of the
kinase domain of human LCK, which has the greatest amino acid identity (32%) to the
PKD of GC-A of all known protein kinases (Fig. 1). We use rat GC-A and rat GC-B
sequence and numbering throughout our paper. We compared the ATP binding pocket of
the GC-A homology model to that of PKA, focusing on the residues required for binding

of ATP and catalysis in PKA (Lys’2, Glu®1, Asp166, Lys168 Asnl7l and Aspl®) (Fig. 1A).
Except for Asp66, the catalytic base in PKA, all residues that directly interact with ATP

in PKA are conserved in the PKDs in GC-A and GC-B (Fig 1A and Table 1). We also
generated space-filling models that demonstrate that residues composing the R-spine and
C-spine in PKA are conserved in GC-A and GC-B (Fig 1B and Table 1). Thus, the structural
framework required for ATP binding and allosteric transmission of the ATP binding signal
in PKA is conserved in NP-stimulated GCs. We also generated nonphosphorylatable

and phosphomimetic versions of GC-A and GC-B by mutating the serine and threonine
phosphorylation sites in the juxtamembrane region immediately upstream of the PKD to
alanine or glutamate, respectively (Fig. 1C), to use as controls for subsequent guanylyl
cyclase activity assays and phosphoprotein analyses. To more thoroughly compare our
homology model of the PKD of GC-A, we performed a structural alignment in PyMol
using our GC-A homology model and the structures of reference kinases (PKA, PDB:
1ATP; BRAF, PDB: 1UWH; LCK, PDB: 3LCK) (Fig. 2). Previously, many researchers had
assumed the Gly-x-Gly-x-x-x-Gly motif in the PKDs of GC-A and GC-B (Gly®%3-Gly°%

in GC-A) fulfilled the role of the glycine-rich (G)-loop of protein kinases found between
the p1 and B2 strands. However, when these glycines were mutated to alanine to prevent
the backbone flexibility necessary for their function in protein kinases there was no effect
on guanylyl cyclase activity (36). In our model of GC-A, we observed that the glycine to
alanine substitutions actually preceded or were within the p1 strand, not in the p1-p2 loop as
previously predicted. In the B1-p2 loop of our model of GC-A, there is a degraded G-loop
motif, which is expected to decrease ATP affinity and may explain why high concentrations
of ATP are necessary to fully activate GC-A and GC-B (24).

Alanine substitutions for the conserved Lys in subdomain Il or Asp in the DYG-loop
inactivate GC-A and GC-B

Because the most commonly used kinase-inactivating mutations (corresponding to Lys’2 and
Aspl84 in PKA) are conserved in GC-A (Lys®3® and Asp846) and GC-B (Lys®>! and Asp®62),
we used alanine substitutions at these sites to investigate the effects of presumed decreased
ATP binding to the PKD on guanylyl cyclase activity. We prepared crude membranes

from HEK?293T cells transfected with plasmids encoding wild-type GC-A (GC-A-WT),
GC-A-7A, a non-phosphorylated mutant containing alanine substitutions at the known
phosphorylation sites S473A, S497A, T500A, S502A, S506A, S510A, and T513A, and

the single alanine substitution mutants GC-A-K535A and GC-A-D646A (Fig. 3A). We then
assayed the membranes for guanylyl cyclase activity under maximal physiologic activation
conditions (5mM MgCl,, ImM ATP, and 1uM ANP) or under synthetic conditions that
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yield near maximal activity independently of enzyme phosphorylation or ANP binding
(5mM MnCl, and 1% Triton X-100) and are used as a measure of properly folded and
active catalytic domain. Activation by manganese and detergent is thought to result from
disruption of hydrophobic autoinhibitory interactions (37). We observed strong reductions in
ANP-dependent guanylyl cyclase activity for the GC-A-K535A and GC-A-D646A mutants
compared to the activity of the wild-type enzyme. However, we also observed substantial
reductions in detergent-dependent activity for each mutant (Fig. 3A). To confirm the
observed effects were due to changes in conserved mechanisms in the receptor GC family,
we performed guanylyl cyclase activity assays on the homologous receptor, GC-B, and

the analogous mutants GC-B-K551A and GC-B-D662A. Again, we observed reductions in
CNP-dependent guanylyl cyclase activity for GC-B-K551A and GC-B-D662A (Fig. 3B).
Unlike the GC-A mutants, we did not detect significant reductions in detergent-dependent
activity of the GC-B mutants, which allowed us to rule out reductions in GC-B protein as

a possible explanation for the reductions in CNP-dependent enzymatic activity for these
mutant enzymes.

Reduced ligand-dependent guanylyl cyclase activity of the GC-A K535A and D646A and
GC-B K551A and D662A mutants does not result from reduced protein processing or
phosphorylation

Theoretically, the alanine substitution mutations could reduce the activity of GC-A and
GC-B by decreasing the amount of fully processed enzyme (38), reducing receptor
phosphorylation (14, 15), or interfering with allosteric activation. To determine why the
K535A and D646A mutations in GC-A and the K551A and D662A mutations in GC-B
reduce guanylyl cyclase activity, we measured the amounts of protein and phosphate

in the same samples. Protein abundance was determined by western blotting of lysates

or by SYPRO Ruby staining of immunopurified proteins (Fig. 3C, D). We determined

the stoichiometry of phosphorylation by first measuring phosphate abundance by ProQ
Diamond staining followed by SYPRO Ruby staining of the same gel to determine protein
concentrations (Fig. 3C, D) (39, 40).

We detected phosphorylated wild-type GC-A and GC-B as dark, diffuse bands when stained
with ProQ Diamond, consistent with migration of multiple phosphorylated species that differ
in molecular weight due to differing amounts of glycosylation and phosphorylation (39).
Very low or no staining of GC-A-7A with alanine substitutions for known phosphorylation
sites demonstrated that ProQ Diamond dye is specific for phosphate. SYPRO Ruby staining
of the same gel used for phosphate detection indicated similar abundances of wild-type

and mutant proteins. Comparable amounts of ProQ Diamond and SYPRO Ruby staining

for each protein indicated that the stoichiometry of phosphorylation was similar between
wild-type receptors and the two alanine mutants. Again, these data are consistent with the
PKDs of GC-A and GC-B lacking intrinsic autophosphorylating activity. To quantify the
relative stoichiometry of phosphorylation of GC-A and GC-B, the ratio of ProQ Diamond
signal divided by SYPRO Ruby signal for the upper band of GC-A and GC-B was calculated
and plotted (Fig. 3E, F). The relative stoichiometry of phosphorylation of the Lys and Asp
substitution mutants was not different from each other or their wild-type counterparts. These
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data indicate that the decrease in guanylyl cyclase activity observed for both ATP binding
site mutations cannot be explained by decreased receptor phosphorylation.

Although we observed reductions in the detergent-dependent guanylyl cyclase activity and
the amount of fully glycosylated and phosphorylated enzyme for the GC-A-K535A and
GC-A-D646A mutants, none of these decreases could account for the reduction in ANP- and
ATP-dependent guanylyl cyclase activity. In contrast, both the detergent-dependent guanylyl
cyclase activity and the species migrating as the upper band were not different between GC-
B-WT, GC-B-K551A, and GC-B-D662A, but CNP and ATP-dependent guanylyl cyclase
activity was markedly reduced by the mutations. Together, these data indicate that both the
K535A and D646A mutations in GC-A and the K551A and D662A mutations in GC-B
inactivate these enzymes by a process that cannot be explained by reductions in the fully
glycosylated, phosphorylated forms of these enzymes.

To further rule out confounding effects of changes in phosphorylated residues, we performed
guanylyl cyclase activity assays on the glutamate-substituted, phosphomimetic mutant of
GC-B called GC-B-7E, which behaves kinetically identical to GC-B-WT (13), with or
without the the K551A mutation (7E-K551A and GC-B-7E, respectively). We observed
similar decreases in CNP-dependent guanylyl cyclase activity as a result of the K551A
mutation in both GC-B-WT and GC-B-7E (K551A and 7E-K551A respectively) with no
change in detergent-dependent GC activity (Fig. 4A) and maintained presence of the species
migrating as the upper band (Fig. 4B). These data are consistent with Lys>>1 participating in
the ATP dependent activation of GC-B in a manner that does not require changes in GC-B
protein concentrations or known phosphorylation sites.

The Lys and Asp substitutions in the PKD specifically reduce activation of GC-A and GC-B
by ATP but not by NPs

We also investigated the ability of mutations in the PKDs of GC-A and GC-B to inhibit
activation by ATP and NPs. Crude membranes from HEK293T cells transfected with
plasmids expressing the indicated receptors were assayed for various amounts of time with
physiologic concentrations of GTP in the absence of both NP and ATP (basal), with only
NP (ANP for GC-A and CNP for GC-B), or with both NP and ATP, conditions that mimic
physiologic activation (Fig. 5). We observed higher activity for wild-type versions of GC-A
(Fig. 5A) and GC-B (Fig. 5B) when assayed in the presence of both NP and ATP at all

time points compared to activities measured for any mutant (Fig. 5C—F). The activities of
GC-A-WT and GC-B-WT were substantially increased by NP in the absence of ATP (insets
in Fig. 5A, B). Fold activation observed with ATP as determined by activity measured in
the presence of ATP and either ANP (for GC-A) or CNP (for GC-B) divided by activity
measured in the presence of only ANP or CNP increased with time for GC-A-WT and
GC-B-WT, respectively, but not for any of the mutants. The maximal fold activation by ATP
was 46-fold for GC-A-WT but was only 3-fold for the GC-A-D646A mutant and less than
2-fold for the GC-A-K535A mutant (Fig. 5G) with similar patterns observed for GC-B-WT
and the analogous GC-B-K551A and GC-B-D662A mutants (Fig. 5H).

We also determined fold-activation by NP alone by measuring activity in the presence of
only NP divided by activity determined in the absence of NP (basal). We hypothesized that
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this ratio would decrease if the single alanine mutations were not specific for ATP binding
and instead globally affected the structural integrity of the PKD (Fig. 5l, J). We observed

no difference in fold activation of wild-type or mutant GC-A by ANP and only small
differences in of in wild-type or mutant GC-B by CNP. Fold activation of GC-B-D662A

by CNP was significantly different from GC-B-WT but was not on the same order as the
differences observed in fold activation by ATP. These data indicate that canonical mutations
in protein kinases or pseudokinases that diminish ATP-mediated activation also diminish the
ability of ATP to activate GC-A and GC-B with little or no effect on the stability of the
PKD.

Loss of cooperativity occurs through ATP binding to an allosteric site in the catalytic

domain

I1l-defined allosteric regulatory sites have been reported for the PKD (25, 26) as well as in
the catalytic (quanylyl cyclase) domain of GC-A (23, 24, 41). To determine which site is
responsible for the effects of ATP on cooperativity in enzyme activity assays, we performed
substrate-velocity assays on membranes prepared from Cos7 cells expressing a form of
GC-A containing all domains except the PKD (Fig. 6A, B) (42). Using this construct, we
observed a Hill slope of 1.4 in the absence of ATP that was reduced to 1.1 when ATP was
added to the reaction mixture (Fig. 6C). However, we failed to observe a substantial decrease
in Km upon the addition of ATP in the presence of 1uM ANP as was observed for the full
length wild-type version of GC-A (Fig. 6C) (24). These data indicate that ATP binding to
the allosteric site in the catalytic domain mediates the positive cooperative effects but is not
sufficient to decrease the Km, which requires NP-binding to the extracellular domain (24)
and may require ATP binding to the canonical ATP binding site in the PKD.

Lys and Asp substitutions in the PKD prevent the ATP-dependent reduction in the
Michaelis constants of GC-A and GC-B

To determine if the conserved ATP binding site in the PKD of GC-A and GC-B is

required for the ATP-dependent reduction in the Km, we assayed crude membranes from
HEK?293T cells transiently transfected with plasmids expressing GC-A-WT, GC-A-K535A,
GC-A-D646A, GC-B-WT, GC-B-K551A, or GC-B-D662A with saturating concentrations
of the appropriate NP and increasing substrate concentrations in the presence or absence of
ATP (Fig. 7A-F). ATP reduced the Michaelis constant of GC-A-WT 10.1-fold and reduced
the Michaelis constant of GC-B-WT 10.6-fold (Fig. 7G), consistent with previous reports
(36). In contrast, ATP failed to reduce the Km of GC-A-K535A and GC-A-D646A (Fig. 7C,
E) or GC-B-K551A and GC-B-D662A (Fig. 7D, F). These data indicate that ATP binding
to the conserved binding site in the PKD of GC-A and GC-B is required for allosteric
activation of these enzymes.

To directly determine the effect of the ATP binding site mutations on ATP binding, we
removed the catalytic domain from N-terminally FLAG-tagged versions of the wild-type and
mutant versions of GC-B and tested each for the ability to bind 8-azido-2’, 3’-biotinyl-ATP,
as originally described for ATP binding to the PKD of GC-A by De Lean and colleagues
(26). Unfortunately, non-specific binding to each construct was too high to determine any
changes in ATP binding (Fig. S1). We also employed the method used by Jaleel et. a/
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using soluble GC-A intracellular domain constructs bound to ATP-agarose (43). Intracellular
domains were present in the soluble fraction (Fig. S2A) and were retained during spin
filtration to remove endogenous ATP (Fig. S2B). Unfortunately, control wild-type constructs
did not demonstrate substantial binding to the ATP-agarose resin using effective ATP
concentrations of 250uM. Furthermore, the weak binding observed was not reduced by

the addition of ImM ATP (Fig. S2C). The lack of ATP binding in our assay is not surprising
considering that the ECsq for activation of GC-A and GC-B by ATP is approximately
0.1mM (36). If this ECgg is indicative of the dissociation constant, then these results are

not unexpected and suggest that conventional non-equilibrium ATP-binding assays used for
kinases are not likely to work for these enzymes with low affinity for ATP. Also, because
mutations at the invariant lysine (Lys’2 in PKA) have failed to inhibit ATP binding in other
kinases (44, 45), two explanations for the loss of ATP-dependent functions are possible.

The first is that mutations reduce binding to ATP, whereas the second possibility is that

the mutation does not affect ATP binding directly, but rather inhibits the ability of ATP to
transfer the allosteric effects of ATP binding.

Mutations designed to rigidify the R- and C-spines in the PKD increase allosteric activation

Because large protein segments can contribute to enzyme dynamics, loss-of-function
mutations can be misleading if changes in amino acids that do not normally directly
contribute to allostery nevertheless inhibit transfer of the allosteric signal. Therefore,

we used gain-of-function mutations that are predicted to increase the transmission of
hypothesized allosteric signals through the PKD to test our argument that conserved
allosteric mechanisms of the PKD participate in the regulation of these enzymes. In kinases
and pseudokinases, the assembly and disassembly of the R-spine and C-spine are important
for the conformational dynamics that transmit the allosteric signal to the effector module
(27, 46, 47). Therefore, we generated three individual mutants in these motifs, which are
described below.

First, GC-A-A533W contains a tryptophan in place of a C-spine alanine in the N-terminal
lobe of the PKD (green sidechain in Fig. 8A). The increased bulk of the tryptophan side
chain is hypothesized to partially fill the adenine binding pocket of the ATP binding

site, which is envisioned to partially mimic an ATP-bound state and rigidify the C-spine.
Others used a similar Ala-to-aromatic mutation at this site to engineer a kinase that is
catalytically dead but capable of allosterically activating binding partners (48). As predicted,
GC-A-A533W reduced the Km in the absence of ATP compared to the Km for GC-A-WT
(Fig. 8B, C). These data are consistent with activation of GC-A and GC-B by transmission
of the allosteric signal through the C-spine as described for other kinases and pseudokinases.

The second unique mutation, GC-B-M571F, lies at the R-spine 3 (RS3) position (Fig. 9A),
which is the residue in both the a.C-helix and the R-spine that, upon assembly of the R-
spine, stabilizes the aC-helix in an active conformation (49, 50). GC-B-M571F is analogous
to the BRAF L505F activating mutation (Table 1) (49). The R-spine residues in the N-lobe
in GC-A and GC-B are similar to those found in the RAF kinases, which are located close
to GC-A and GC-B in the phylogenetic tree of the human kinome (51). As predicted,

we observed increased guanylyl cyclase activity at sub-saturating CNP concentrations for
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GC-B-M571F (Fig. 9B). The activity of the GC-B-M571F mutant was reduced but this was
explained by reduced abundance of the completely processed form of the receptor (Fig. 9B,
inset). These data suggest that the ECgg for CNP activation of GC-B is modulated by the
conformation of the a.C-helix and that the R-spine is involved in transmitting the NP binding
signal to the catalytic domains of GC-A and GC-B.

The third mutation is GC-B-1583W, which is located immediately C-terminal to the final
R-spine residue (RS4) and is positioned to strengthen interactions between the R and C
spines (Fig. 10A). We hypothesize that this residue rigidifies and increases the transmission
of both the ATP and the NP binding signals to the catalytic domain. Consistent with this
notion, we observed that the guanylyl cyclase activity of GC-B-1583W increased by more
than 300% in the presence of ATP alone compared to GC-B-WT. Saturating concentrations
of CNP in the absence of ATP increased the activity of the GC-B-1583W mutant almost
250% compared to GC-B-WT. However, activity measured for GC-B-1583W in the presence
of saturating concentrations of ATP and CNP only mildly increased to 130% of GC-B-WT
activity (Fig. 10B). Together, these data suggest that R-spines and the C-spines are present
in GC-A and GC-B and function as allosteric regulatory modules as observed for bona fide
kinases and pseudokinases.

Discussion

PKDs are highly conserved from nematodes to humans in the receptor GC family (52, 53),
and phylogenetic data indicate that the PKD and GC domains coevolved (54). Despite being
the first PKDs to be identified (31, 55), the exact function of these domains in GCs has

yet to be determined (54). Initial studies by Chinkers and Garbers reported that removal

of the PKD from GC-A led to maximal activity of the enzyme in the absence ANP or

ATP. Hence, they suggested that the PKD represses the GC domain (56). Subsequently,
groups led by Sharma and DeLean reported that ATP binds to the PKD, but neither group
determined exactly where ATP binds and if it binds to the highly conserved ATP binding
site that the PKDs share with catalytically kinase domains (25, 26). The Van Den Akker
group working on purified hinge-catalytic domain of GC-A (23), and our group working on
full-length GC-A and GC-B (24), reported evidence of an additional allosteric site in the
guanylyl cyclase catalytic domain, which results in positive cooperativity or linear kinetics
in the absence or presence of ATP, respectively. Thus, with multiple ATP-binding sites it
has been particularly challenging to determine which effect of ATP is due to engagement of
which ATP-binding site. Here, we used strategic loss-of-function coupled to gain-of-function
mutations in the PKDs of GC-A and GC-B to demonstrate that these domains are conserved
to allosterically stimulate catalytic activity in a manner consistent with the known ability of
pseudokinase domains to allosterically affect other enzymatic activities (57).

ATP in broken cell preparations stimulates GC-linked receptors by serving as a source of
phosphate for the receptor phosphorylation by an unknown kinase as well as by binding to
an allosteric site that decreases the Michaelis constant (Km) of the receptor (36, 58, 59). The
PKDs of GC-A and GC-B lack the catalytic aspartate that is responsible for deprotonation
of the substrate hydroxyl group, but other kinase domains lacking the same residue retain
small amounts of phosphotransferase activity (34, 35). Thus, we investigated whether the
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PKDs in GC-A and GC-B contain phosphotransferase activity based on conservation of the
canonical protein kinase domain. However, inactivating mutations in functionally critical
residues failed to reduce the stoichiometry of phosphorylation of GC-A. Hence, we were
unable to test the hypothesis suggesting that the PKDs of GC-A and GC-B possess intrinsic
autophosphorylating protein kinase activity. Nonetheless, from these experiments, we can
conclude that if GC-A and GC-B do contain phosphotransferase activity, they do not adhere
to canonical kinase mechanisms because they show no requirement for three conserved
residues (corresponding to Lys’2, Asp66 and Asp84 in PKA) that are critical for phosphate
transfer in most protein kinases.

Results from our GC assays were consistent with a critical role for ATP binding to the
PKD in the allosteric stimulation of GC activity. It is unknown if the PKD retains its
repressive function on the catalytic domain or if any repressive function can be relieved in
the absence of the extracellular and transmembrane domains, so the intracellular constructs
of GC-A used in our ATP-agarose assays may exist in a form that has even weaker affinity
for ATP than the already weak ECs of approximately 0.1 mM for ATP on the full-length
enzymes. However, with intracellular concentrations of ATP in the 1-10 millimolar range,
weak affinity is sufficient to elicit full allosteric activity of the PKDs of GC-A and GC-B.
Because we observed little or no difference in NP-induced activation of wild-type or mutant
enzymes but observed large decreases in the activation of the mutant enzymes by ATP, we
conclude that the reduced activity of the mutant enzymes was due to reduced interactions
with ATP, not due to destabilization of the domain structure. Regarding the activating
mutations, we observed that GC-A-A533W did not completely mimic the ATP-bound
state. This is not surprising because the full effect of ATP binding to kinases includes
electrostatic interactions involving the triphosphate tail that would not be accounted for by
this tryptophan substitution. Furthermore, these proteins are known to be highly dynamic,
so we would not expect the tryptophan substitution to completely fill the adenine binding
pocket, thus leaving the possibility for ATP binding despite a partially occluded active
site. Because intracellular concentrations of ATP are generally high, we do not believe
ATP concentrations are likely to be regulatory in this process. In contrast, we suggest that
these ATP-dependent allosteric processes are required to reduce the Km of the enzymes to
physiologic GTP concentrations of 0.1mM as a result of NP binding to the extracellular
domain.

ATP also stimulates the heat-stable enterotoxin receptor, GC-C, and the retinal guanylyl
cyclase, GC-E. Both of these receptors contain PKDs that lack the catalytic base but retain
the invariant lysine (Lys®3® in GC-A) and the Mg2*-chelating aspartate (Asp®46 in GC-A)
and are known to be activated by ATP in guanylyl cyclase assays mimicking physiologic
conditions (32, 43, 60, 61). Furthermore, both the entire R-spine and the C-lobe portion of
the C-spine are conserved in GC-C and GC-E. Substrate-velocity assays for GC-C revealed
that the Vmax of the enzyme increased under both basal and peptide-stimulated conditions
with the addition of ATP-y-S with no change in Km as observed with GC-A and GC-B (62).
This subtle difference in allosteric regulation is not surprising because the PKD of GC-C is
not phosphorylated and cannot substitute for the PKD of GC-A in chimeric GC constructs
whereas the PKDs of GC-A and GC-B can substitute for each other (63). Additionally, the
PKDs coevolved with the corresponding GC domains (54); therefore, the PKD of GC-C
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evolved specific interactions to activate its own GC domain and not the GC domain in
GC-A and GC-B. This suggests that the mechanisms by which kinases and pseudokinases
allosterically activate their partner proteins are used to transfer activation signals from the
PKDs to the GC domains in the entire mammalian membrane GC receptor family, not only
for GC-A and GC-B, although the exact mechanisms of allosteric signal transfer may differ
between proteins.

Allostery in protein kinases occurs through changes in the dynamics of the protein that begin
with large-scale motions involving key motifs like the R- and C-spines that are assembled
and ultimately transition to more ordered, small-scale elements within the protein (27, 46,
47). Because many amino acids are involved in stabilizing the overall structure of a given
protein, mutations in far-reaching segments of the protein may have negative effects on
allosteric regulation through their effects on the overall stability and dynamics of the protein.
As such, we emphasized mutations that are unlikely to impair the overall stability of the
PKD and would promote allosteric functions in a manner consistent with what is known
about other kinase domains and PKDs. We designed activating mutations in GC-A and
GC-B that mimic allosteric functions in known kinases and pseudokinases. This led to a
model wherein the PKDs of GC-A and GC-B integrate allosteric inputs from ATP and NPs
and provide a single, unified output to the catalytic domain based on the allosteric dynamics
of the PKD. We hypothesize that in the basal state the PKD is dynamic, nonsynchronous,
and has large-scale motions that preclude the catalytic domain from adopting the most active
conformation. In the presence of both NP and ATP, the PKD transitions to more small-scale
motions, thus increasing the probability that the catalytic domain will adopt the most active
conformation. Future mechanistic studies describing how the R-spine and C-spine interact
with each other and are assembled in GC-A and GC-B may explain how known mutations
activate or inactivate membrane GCs (32, 38, 64—66).

Materials and Methods

Reagents

The cyclic GMP radioimmunoassay kit was from Perkin Elmer, and the cGMP Direct
ELISA kit was from Enzo. NPs were from Sigma Aldrich. Protease inhibitors and
microcystin were from Roche and Cayman Chemical Company, respectfully. 8-azido-ATP
was from Jena Biosciences. Innova Biosciences -y-linked ATP-agarose was purchased from
Novus Biologicals. The pSVL-GC-A-Akin plasmid expressing the PKD deleted version

of rat GC-A and the pSVL-FLAG-GC-A-INT plasmid expressing a soluble rat GC-A
intracellular domain were kind gifts from Dr. Michael Chinkers at the University of South
Alabama (42).

Homology modeling of the PKD of GC-A and alignments of GC-A and GC-B

A BLAST search identified the Src-family kinases as possessing some of the highest
sequence similarity with the PKD sequence among human protein kinases. We therefore
used the X-ray structure of the Src-family kinase LCK (PDB ID: 3LCK) to create a
homology model of the PKD, using the SWISS-MODEL server. The initial homology
model spanned residues Gly516 in the putative G-loop of the PKD, through Phe’?2 in the
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terminal alpha helix of the domain (helix al). The homology model is missing what would
be the first beta strand of the kinase domain (preceding the G-loop), due to poor sequence
homology in this region. This strand is conserved in eukaryotic protein kinases, and we
noted that the absence of this segment in the PKD model leaves a hydrophobic surface
exposed on the top of the N-terminal lobe of the PKD, comprised of residues Phe521,
Val®34, Tyr527 Cys577 and Leu®’®, which are conserved in GC-A homologs. To create

a putative model for this N-terminal segment, which includes the known phosphorylation
sites, we manually docked the corresponding segment from LCK (residues 239-253) into
the homology model of the PKD using PyMOL and mutated the sequence to match that
of the PKD. This speculative model of the N-terminal segment positions the regulatory
phosphorylation sites immediately N-terminal to the PKD, on the back surface in the
vicinity of thea. C-helix, which is an allosteric hotspot in protein kinases. To generate the
alignment (Fig. 2) we aligned the structures of PKA, BRAF, and LCK (PDBs: 1ATP,
1UWH, 3LCK, respectively) with the homology model of GC-A’s PKD using the align
function in PyMol. The sequence for the PKD of GC-B was aligned to GC-A using Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

Cell culture and transfections

HEK?293T cells were maintained and transfected using the calcium and phosphate method
as previously described (67). Cos7 cells were maintained as previously described (56) and
transfected using Lipofectamine 2000 from Invitrogen.

Guanylyl cyclase assays

Cos7 cells were used when pSVL expression plasmids were used because proteins encoded
by pSVL plasmids express better in Cos7 cells than in HEK293T cells. HEK293T cells were
used for all other experiments. Ten-cm plates of cells were washed twice with cold PBS and
scraped into 600ul of phosphatase inhibitor buffer (25mM HEPES pH 7.4, 20% glycerol,
50mM NaCl, 50mM NaF, 2mM EDTA, 0.5uM microcystin, 1X Roche cOmplete EDTA-free
Protease Inhibitors). Cells were lysed by sonication at 40% power (Misonix Sonicator XL)
for 5 seconds, then the insoluble membrane fraction was pelleted by centrifugation at 25,000
x g for 15 minutes. The supernatant was aspirated and membranes washed with 400pl
phosphatase inhibitor buffer before being resuspended in phosphatase inhibitor buffer for
the GC assay. Activity assays were performed as described previously (38) using 20ul of
prepared crude membranes, 20ul of a 5X activation mix containing the divalent metal (5mM
MgCl, or MnCl, at reaction volume) as well as any other activators used (ImM ATP, 1uM
ANP, 1uM CNP, or 1% v/v Triton X-100 at reaction volume) and adding 60ul of prewarmed
reaction cocktail to final reaction conditions of 25mM HEPES pH 7.4, 50mM NaCl, 500mM
isobutyl-methyl-xanthine, 0.5uM microcystin, ImM EDTA, 0.1% BSA, and 5mM creatine
phosphate and 0.1ug/ml creatine kinase as a nucleotide triphosphate regeneration system. If
not otherwise indicated, GTP concentrations were 0.1 mM. Substrate velocity assays used
GTP concentrations ranging from 0 — 3mM. Time course assays used timepoints at 10
seconds, 2 minutes, and 10 minutes. Cyclic GMP content in single-substrate concentration
assays was determined by radioimmunoassay (56) or by ELISA by diluting NaOAc-buffered
guanylyl cyclase assay samples in 0.1N HCI and following the manufacturer’s instructions.
Cyclic GMP content in substrate-velocity assays was determined by radiocimmunoassay
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as previously described (24) or by purification followed by ELISA estimation of cGMP
concentrations. Substrate Velocity assays tested by ELISA were terminated in 110mM
ZnOAc and 110 mM Na,COg3 and purified on acidified alumina as previously described
(68) with the exception of eluting in 3ml 200mM ammonium formate to separate ATP
and GTP from cGMP. Eluent was used undiluted in ELISA measurements according to
manufacturer’s instructions with the exception of being performed in 200mM ammonium
formate rather than 0.1N HCI. Data were normalized to a control value [Vmax for WT
GC-A (+ATP)] in Fig 8 due to variations in transfection efficiency. To remove this
confounding error associated with transfection efficiency and preserve all differences due
to the treatments or mutations we expressed all activity data in Fig 8B as a percentage of the
Vmax for GC-A-WT (+ATP).

Immunoprecipitations, SDS-PAGE, and gel staining

Transfected cells from the indicated number of 10-cm plates were lysed in 1ml per 10-cm
plate of immunoprecipitation buffer (58) containing protease and phosphatase inhibitors
(50mM HEPES pH 7.4, 100mM NaCl, 50mM NaF, 10mM NaH2PO4, 2mM EDTA, 1%
NP-40, 0.5% deoxycholic acid, 0.1% SDS, 0.5uM microcystin, 1X Roche cOmplete EDTA-
free Protease Inhibitors), aliquots of pre-cleared lysates were taken for loading controls, and
the indicated proteins were immunoprecipitated with 2ul of rabbit 6325 antiserum (10) per
10-cm plate for GC-A proteins or 2pl of rabbit 6327 antiserum (11) per 10-cm plate for
GC-B proteins and 25pl of a 50% slurry of Protein-A-agarose beads (Repligen) per 10-cm
plate overnight. The beads were washed three times with immunoprecipitation buffer lacking
NaCl. After boiling for 5 minutes in 2X reducing sample buffer, samples were fractionated
on 8% resolving gels. The gel was first stained with ProQ-Diamond (Molecular Probes) and
then stained with SYPRO Ruby protein stain (Molecular Probes) as previously described
(38). Lysates used for full length GC-A or GC-B western blots were fractionated on 8%
resolving gels, and lysates used for -actin or soluble GC-A intracellular domains were
fractionated on 10% resolving gels.

Western blotting

Resolving gels were blotted to an Immobilon-FL PVDF membrane (Millipore). Membranes
were blocked with Odyssey Blocking Buffer (LiCor Biosciences) diluted 1:1 with PBS and
probed with either a 1:5000 dilution of rabbit 6325 antiserum for GC-A western blots or
rabbit 6327 antiserum for GC-B western blots followed by 1:15,000 goat anti-rabbit IRDye
680-conjugated secondary antibody (LiCor Biosciences). FLAG western blots were probed
using a 1:5000 dilution of FLAG-M2 monoclonal antibody (Sigma-Aldrich) followed by
1:15000 goat anti-mouse IRDye 800-conjugated secondary antibody (LiCor Biosciences).
Actin western blots were probed using a 1:2000 dilution of a monoclonal mouse p-actin
antibody (Sigma-Aldrich) followed by 1:15000 goat anti-mouse IRDye 800-conjugated
secondary antibody. All western blots were visualized on a LiCor instrument as described
previously (69).
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Densitometry and ratio calculations

Images from gel staining and western blotting were quantified in LiCor ImageStudio. Ratios
of arbitrary units were calculated by dividing the ProQ-Diamond signal by the SYPRO Ruby
signal from the same band on the same gel.

8-Azido-2'/3’-Biotinyl-ATP synthesis and binding

Biotin was esterified to the ribose ring of 8-azido-ATP similar to the method used by
Schafer and de Lean with the following modifications (26, 70): A 2.5-fold molar excess

of carbonyldiimidazole over biotin was used to activate the biotin carboxyl group, and
8-azido-ATP was added as a 10mM stock in buffer as supplied by Jena Biosciences with

a 22.5-fold molar excess of biotin over 8-azido-ATP. The reaction was allowed to incubate
until precipitates were clarified into solution. No further reaction was observed after this
point. The completed reaction was purified by HPLC using a 1.5x15cm column of AGMP-1
(anion exchange resin, Bio-Rad) and a concave-upward gradient of trifluoroacetic acid from
3-300mM at 3ml/minute over 60 minutes. The eluted nucleotides were detected using a
Beckman 166 UV detector set at 280nm. The biotinylated product eluted at 56.1 minutes
and was collected and dialyzed against ultrapure water in 500 MWCO dialysis tubing at 4°C
to remove trifluoroacetic acid. After dialysis, samples were lyophilized and stored at —20°C
until use. Unreacted 8-azido ATP was collected (elution time 48.1 minutes), dialyzed as
above, and used for further rounds of synthesis and purification of the biotinylated product.
By analysis of HPLC peak intensities, the reactions yielded 40% product. Membranes were
prepared from transfected HEK293T cells as above and resuspended in a binding buffer
consisting of 50mM HEPES pH 7.4, 100mM NaCl, 50mM NaF, 0.5uM CNP, 20% glycerol,
2mM MgCl,, 1uM Microcystin-LR, 1x Roche Complete Protease Inhibitors, and with or
without ImM ATP. Samples were incubated at room temperature 1 hour to allow hormone
binding and competitive ATP binding, then 100uM 8-azido-2’/3’-biotinyl-ATP was added.
Samples were vortexed briefly and incubated on ice for 10 minutes before crosslinking in a
Stratalinker 2400 for 3 minutes. The samples were centrifuged at 25K x g for 15 minutes

at 4°C to pellet the membranes, supernatants were aspirated, and pellets were solubilized

in Iml immunoprecipitation buffer. Solubilized samples were immunoprecipitated overnight
using 20l of FLAG-M2-agarose beads, fractionated by SDS-PAGE, and samples were split
to run on two identical 8% resolving gels. Both gels were transferred to Immobilon-FL
PVDF membrane and blocked with Odyssey Blocking Buffer diluted 1:1 with PBS. One
blot detected total protein abundance by blotting against the N-terminal FLAG epitope as
described above, and one-blot detected biotin using a 1:2000 LiCor IRDye-800 Streptavidin
in blocking buffer plus 0.15% Tween-20 and 0.08% SDS.

ATP-agarose binding assay

Soluble FLAG-tagged intracellular domain samples of wild-type GC-A were prepared by
detaching transiently transfected Cos7 cells from four 10-cm plates per construct using PBS
supplemented with 5mM EDTA for 10 minutes at 37°C. Total lysate controls were prepared
by solubilizing one 10-cm plate in RIPA buffer as with the immunoprecipitations. Intact
cells in PBS + EDTA were pelleted by centrifugation at 300xg for 3 minutes. Supernatants
were aspirated and the cell pellet resuspended in ATP-agarose interaction buffer (50mM
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HEPES pH 7.4, 150mM NaCl, 10mM MgCl,). Cells were lysed by sonication for 10
seconds at 40% power. The insoluble fraction was pelleted by centrifugation at 25K x g,

and the soluble fraction used for further analysis. Endogenous ATP from cells was removed
using Pall Nanosep 10K MWCO spin filters to retain our protein of interest but elute

ATP in the flow through. Successive rounds of concentration and dilution in the same
ATP-agarose interaction buffer were used until 99% of the endogenous ATP had been
removed. Buffer exchanged soluble fraction was incubated with ATP-agarose resin (effective
ATP concentration = 250uM) with or without the addition of ImM ATP for 90 minutes at
4°C with rotation. Agarose beads were briefly washed with ATP-agarose interaction buffer
prior to boiling in 2x reducing sample buffer for fractionation by SDS page. The appropriate
band was verified by western blotting against the GC-A C-terminus in whole cell lysates
and soluble fraction of GC-A transfected cells where it is expected to be present, and in

the insoluble fraction of GC-A transfected cells or lysates from GFP-transfected cells where
it is not expected to be present. Buffer exchange controls to demonstrate the retention

of the GC-A intracellular constructs were further verified by western blotting against the
N-terminal FLAG epitope. The band was detected at 60 kDa in agreement with its published
molecular weight (42).

Statistical analysis

All statistical analyses were performed in Graphpad Prism. Differences among measured
values in groups of two were analyzed by unpaired t-test. Differences among measured
values in groups of three or more were analyzed first by ANOVA or two-way ANOVA (if
multiple variables were present in the experiment) to determine if any significant differences
are present in the data. We then computed specific p-values of any significant differences
using Tukey’s test to correct for multiple comparisons. o < 0.05 were considered significant.
*,** and *** indicate statistical significance at p<0.05, p<0.01, and p<0.005 respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The R- and C-spines and residues that directly bind and transmit the allosteric ATP-
binding signal in PKA are conserved in the PKD of GC-A.

(A) Structure of the active site of the kinase domain of PKA and the LCK-based homology
model of the corresponding site in the PKD of GC-A showing conservation of the residues
(red) that interact with ATP (blue) in the active site. The catalytic base (Asp6) in PKA

is not present in GC-A, where this residue is replaced with Asn®28 (yellow). (B) Structures
showing the R- (red) and C- (green) spines, and the F-helix (yellow) in the kinase domain of
PKA and the homology model of the PKD of GC-A. (C) Serine and threonine residues
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mutated in non-phosphorylated or phosphomimetic constructs are indicated with their
position numbers. Residues in red are phosphorylation sites that were chemically determined
(8), and those in blue were identified by a functional screen (13).
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Fig. 2. Structural alignment of the PKD of GC-A with crystal structures from other kinases.
The homology model of the PKD of GC-A and the structures of PKA, BRAF, and LCK

were aligned in PyMol. A linear representation of this structural alignment is shown with
secondary structure features annotated above the alignment. a,, alpha helix; B, beta sheet;
Act Loop, activation loop. Residues comprising the R-spine (red) and C-spine (cyan) and
those that interact with ATP (gray) are highlighted. See also Table 1.
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Fig. 3. Decreased NP-dependent guanylyl cyclase activity in Lys and Asp mutants is not
explained by changes in protein abundance or phosphorylation.

(A) Guanylyl cyclase activity of membranes from HEK293T cells expressing the indicated
WT and mutant forms of GC-A in the presence of GTP, ANP, ATP, and MgCl, (ANP+ATP)
or Triton X-100 and MnCl, (Mn2*+Triton). 7= 8 independent experiments. (B) Guanylyl
cyclase activity of membranes from HEK293T cells expressing the indicated WT and
mutant forms of GC-B in the presence of GTP, CNP, ATP, and MgCl, (CNP+ATP) or

Triton X-100 and MnCl, (Mn2*+Triton). /7= 3 independent experiments. (C) ProQ Diamond
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Phosphopreotein Gel Stain and SYPRO Ruby Protein Gel Stain of immunoprecipitated (IP)
WT and mutant GC-A and immunoblot (IB) of the same samples used for guanylyl cyclase
activity assays in (A). The arrowhead indicates the fully processed form of GC-A. Data are
representative of /7= 7 independent experiments. (D) ProQ Diamond Phosphopreotein Gel
Stain and SYPRO Ruby Protein Gel Stain of immunoprecipitated WT and mutant GC-B

and immunoblot of the same samples used for guanylyl cyclase activity assays in (B).

The arrowhead indicates the fully processed form of GC-B. Data are representative of n

= 3 independent experiments. (E) Quantification of experiments in (C). n=7 independent
experiments. (F) Quantification of experiments in (D). 7= 3 independent experiments. Error
bars represent the SEM.
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Fig. 4. The GC-B-K551A mutant has reduced CNP-dependent enzymatic activity that is not
explained by changes in phosphorylation.

(A) Guanylyl cyclase activity of membranes from HEK293T cells expressing the indicated
WT and mutant forms of GC-B in the presence of GTP, CNP, ATP, and MgCl, (CNP+ATP)
or Triton X-100 and MnCl, (Mn2*+Triton). 77 =5 independent experiments. (B) Immunoblot
(I1B) showing GC-B in samples from (A). The arrowhead indicates the fully processed form
of GC-B with guanylyl cyclase activity (38). Data are representative of 7= 3 experiments.
Error bars represent the SEM.
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Fig. 5. Conserved Lys and Asp residues in PKDs are required for activation of GC-A and GC-B
by ATP but not by NP.

(A) Guanylyl cyclase activity of membranes from HEK293T cells expressing GC-A-WT at
the indicated time points after adding GTP in the presence of MgCl, (Basal), ANP plus
MgCl, (ANP), or ANP, ATP, and MgCl, (ANP+ATP). Basal and ANP activity are shown

in the inset. 7= 3 independent experiments. (B) Guanylyl cyclase activity of membranes
from HEK293T cells expressing GC-B-WT at the indicated time points after adding GTP

in the presence of MgCl, (Basal), CNP and MgCl, (CNP), or CNP, ATP, and MgCl,
(CNP+ATP). Basal and ANP activity are shown in the inset. 7= 3 independent experiments.
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(C-F) Guanylyl cyclase activity measurements as in (A) and (B) for membranes from cells
expressing GC-A-K535A (C), GC-B-K551A (D), GC-A-D646A (E), or GC-B-D662A (F).
n= 3 independent experiments. (G) Fold stimulation of WT and mutant GC-A guanylyl
cyclase activity by ATP calculated from (A), (C), and (E) and plotted as a function of time.
n= 3 independent experiments. (H) Fold stimulation of WT and mutant GC-B guanylyl
cyclase activity by ATP calculated from (B), (D), and (F) and plotted as a function of time. 7
= 3 independent experiments. (1) Fold stimulation of WT and mutant GC-A guanylyl cyclase
activity by ANP calculated from (A), (C), and (E) and plotted as a function of time. 7=

3 independent experiments. (J) Fold stimulation of WT and mutant GC-B guanylyl cyclase
activity by CNP calculated from (B), (D), and (F) and plotted as a function of time. n=3
independent experiments. Error bars represent the SEM.
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Fig. 6. A GC-A mutant lacking the pseudokinase domain contains a cooperative, ATP-binding,

allosteric site.

(A-B) Guanylyl cyclase activity in membranes from Cos7 cells expressing a form of GC-A
in which the PKD domain was deleted and in the presence of ANP, MgCls,, and increasing
concentrations of GTP with or without the addition of ATP. 7= 4 independent experiments.

The dashed area in (A) is enlarged in (B). 7= 4 independent experiments. (C) A table

showing the measured Hill slope (h) and Ky Of the plots in (A) and (B) in the absence and
presence of ATP and their respective p-values. Error bars represent the SEM.
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Fig. 7. Lys and Asp mutations increase the Michaelis constants for GC-A and GC-B.
(A) Guanylyl cyclase activity of membranes from HEK293T cells expressing GC-A-WT in

the presence of MgCl,, ANP, and increasing concentrations of GTP with or without ATP. 1
= 4 independent experiments. (B) Guanylyl cyclase activity of membranes from HEK293T
cells expressing GC-B-WT in the presence of MgCl,, CNP, and increasing concentrations of
GTP with or without ATP. n= 3 independent experiments. (C—F) Guanylyl cyclase activity
asin (A) and (B) for membranes from cells expressing GC-A-K535A (C), GC-B-K551A
(D), GC-A-D646A (E), or GC-B-D662A (F). n= 3 or 4 independent experiments. (G) A

Sci Signal. Author manuscript; available in PMC 2022 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Edmund et al.

Page 30

table showing the measured Michaelis constants of the indicated WT and mutant forms of
GC-A and GC-B in the absence and presence of ATP and their associated p-values. Error
bars represent the SEM.
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Fig. 8. The GC-A-A533W mutation partially mimics the ATP-bound state of GC-A.
(A) A model demonstrating how ATP (orange) rigidifies the C-spine (green) in PKA

and how the Trp in the GC-A-A533W mutant (yellow) docks into the same pocket. The
R-spine is shown in red. (B) Substrate-velocity guanylyl cyclase assays in membranes from
HEK?293T cells expressing WT GC-A or GC-A-A533W in the presence of MgCl,, ANP, and
increasing concentrations of GTP with or without ATP. 7= 4 independent experiments. (C)
A table showing the measured Michaelis constants and their associated p-values. Error bars
represent the SEM.
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Fig. 9. The GC-B-M571F mutation increases guanylyl cyclase activity at sub-saturating

concentrations of CNP.
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(A) A homology model showing the location of M571F in the C-helix. Met®’1 is located
in the C-helix (grey) and contributes to the R-spine in position 3 (RS3). The R-spine
residues RS2, RS3, and RS4 are shown in red. The M571F mutant is shown in yellow. (B)
Guanylyl cyclase activity in membranes from HEK293T cells expressing GC-B-WT and
GC-B-M571F in the presence of GTP, MgCl,, and ATP with the indicated concentations of
CNP. Basal, no CNP. 7= 3 independent experiments. Inset: Immunoblot for GC-B in the
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samples used for guanylyl cyclase assays. The arrowhead indicates the fully processed form
of GC-B indicative of guanylyl cyclase activity (38). 7= 3 independent experiments. Error
bars represent the SEM.
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Fig. 10. The GC-B-1583W mutation increases stimulation by either ATP or ANP alone.
(A) A homology model of GC-A shows the location of the GC-A-V567W substitution that

is analogous to the GC-B-1583W substitution. Yellow spheres represent the substituted Trp.
This model shows how the Trp bridges the R-spine (red) and C-spine (green) to increases
the activity of GC-B in the absence of either CNP or ATP. (B) Guanylyl cyclase activity of
membranes from HEK293T cells expressing GC-B-WT or GC-B-1583W in the presence of
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GTP and MgCl,, under the indicated conditions. For Mn2*+Triton conditions, MnCl, was
substituted for MgCl,. 7= 3 independent experiments. Error bars represent the SEM.
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Amino acids that are important for ATP binding and allosteric transmission of the ATP binding signal are

conserved between PKA and GC-A and GC-B.PKA is a representative example of serine-threonine kinases.
BRAF is a representative example of Tyr-like serine-threonine kinases, and LCK is a representative example
of Tyr kinases and was the source of the homology model.

PKA

| BRAF | LCK | GC-A | GC-B

ATP-Interacting Amino Acids

K72 K483 K273 | K535 K551
E91 E501 E288 E551 E567
D166 D576 D364 | N628 S644
K168 K578 R366 | K630 K646
N171 N581 N369 | N633 N649
D184 D594 D382 | D646 D662
Regulatory (R)-Spine

L106 (RS4) | F516 L303 F566 F582
L95 (RS3) L505 M292 | M555 | M571
F185 (RS2) | F595 F383 Y647 Y663
Y164 (RS1) | H574 H362 | H626 H642
D220 (RS0) | D638 D422 | D689 D706
Catalytic (C)-Spine

V57 V471 V259 L511 L527
AT70 A481 A271 | A533 A549
M128 L537 L324 L588 L604
L172 1582 1370 C634 C650
L173 F583 L371 | V635 V651
1174 L584 V372 | V636 V652
L227 V601 L429 1696 1713
M231 L605 1433 1700 1717
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