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Abstract

Soluble guanylyl cyclase (GC-1) is the primary receptor of nitric oxide (NO) in smooth muscle
cells and maintains vascular function by inducing vasorelaxation in nearby blood vessels. GC-1
converts guanosine 5’-triphosphate (GTP) into cyclic guanosine 3”,5”-monophosphate (cGMP),
which acts as a second messenger to improve blood flow. While much work has been done to
characterize this pathway, we lack a mechanistic understanding of how NO binding to the heme
domain leads to a large increase in activity at the C-terminal catalytic domain. Recent structural
evidence and activity measurements from multiple groups have revealed a low-activity cyclase
domain that requires additional GC-1 domains to promote a catalytically-competent conformation.
How the catalytic domain structurally transitions into the active conformation requires further
characterization. This review focuses on structure/function studies of the GC-1 catalytic domain
and recent advances various groups have made in understanding how catalytic activity is regulated
including small molecules interactions, Cys-S-NO modifications and potential interactions with
the NO-sensor domain and other proteins.
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1. Introduction

Soluble guanylyl cyclase (GC-1) maintains vascular function through the NO/GC-1/cGMP
pathway [1,2] by catalyzing the conversion of GTP into cGMP (Fig. 1). The GC-1 heme
prosthetic group binds NO with pi-comolar affinity, resulting in a 100- to 200-fold increase
in catalytic activity. cGMP activates protein kinase G, which phosphorylates a myriad of
targets to induce, among other effects, vasodilation and inhibition of platelet aggregation
and adhesion to the arterial wall. Dysfunction in the NO/GC-1/cGMP pathway through
reactive oxygen species (ROS) has been linked to a variety of vascular diseases [3,4]. ROS
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can disrupt this pathway by reacting with free NO, thus reducing NO bioavailability, or
oxidizing the ferrous heme group in GC-1, causing it to lose its sensitivity toward NO. GC-1
has a significantly lower affinity for oxidized heme [5]. Once the heme is lost, apo-GC-1 is
targeted for degradation [6].

Cardiovascular diseases are responsible for the highest mortality rate globally with
approximately 1 in 3 deaths being attributed to a cardio-related iliness. The role of

GC-1 in maintaining vascular health makes it an ideal target to improve cardiovascular
function. Pharmaceuticals that elevate GC-1 activity are classified as either heme-dependent
(stimulators) or heme-independent (activators; reviewed in Ref. [7]). In 2013, riociguat
became the first FDA-approved stimulator to target GC-1 for the treatment of pulmonary
arterial hypertension and chronic thromboembolic pulmonary hypertension (CTEPH).
Clinical trials in CTEPH patients showed treatment with riociguat improved 6-min walking
distances and reduced pulmonary blood pressure over the placebo group [8]. Cinaciguat
and ataciguat are known GC-1 activators. Structural evidence using a bacterial homolog of
the NO-sensor domain with bound cinaciguat suggested the activator rescues GC-1 activity
under oxidative stress by occupying the empty heme pocket and making key interactions
with nearby residues while mimicking the NO-severed His ligand [9]. This hypothesis was
supported by studies showing that cinaciguat improved cGMP production in endothelial
cells after oxidative damage [6]. Further clinical trials with cinaciguat found hypotensive
side-effects when treating patients for acute heart failure [10] and were ceased by the FDA
in 2011. Treatment of rat aortic smooth muscle cells with ataciguat under oxidative stress
improved basal and NO-stimulated GC-1 activity [11]. Ongoing clinical trials are using
ataciguat as a treatment for aortic stenosis due to calcification. More recently, studies using
the biotinylated IWP-854 GC-1 stimulator helped to identify a conserved binding site for
other GC-1 stimulators in the BHNOX NO-sensor domain [12]. Elucidating this binding
region could provide the foundation for a class of novel GC-1 stimulators.

A dysfunctional NO/GC-1/cGMP pathway has been implicated in other vasculature
disorders. Glaucoma is a leading cause of blindness in the United States with approximately
2 million people afflicted and is characterized by increased intraocular pressure (I0P) and
damage to the optic nerve. Primary open-angle glaucoma (POAG) is a subtype of glaucoma
and has no known underlying etiology. Treatment for POAG manages symptoms through
beta-blockers to reduce aqueous humor inflow and eye surgery to relieve 10P [13]. Multiple
groups have identified a dysfunctional NO/GC-1/cGMP pathway as an alternate target for
POAG treatment (reviewed in Ref. [4]). NO-donors and cGMP have been used in POAG
animal studies to lower 10P [14,15]. Older mice lacking the a GC-1 polypeptide had typical
POAG symptoms including reduced aqueous humor outflow, increased 10P, and damage

to the optic nerve [16], directly implicating GC-1 in the disease. More recently, treatment
of mouse eyes with elevated 0P and reduced aqueous humor outflow using a novel GC-1
stimulator improved ocular flow rate over the vehicle-treated group; similar results were
observed using an NO-donor [17]. Targeting the NO/GC-1/cGMP pathway for improved
optic blood flow may prove useful in the treatment of POAG.

Renal disease is characterized by aberrant fibrotic remodeling of renal tissue, elevated
apoptosis in kidney tissue, and eventual organ failure. In addition, patients with renal disease
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are more likely to suffer from systemic hypertension due to oxidative damage (reviewed

in Ref. [18]). Treatment of rats with progressive renal fibrosis using GC-1 stimulator BAY
41-2272 elevated cGMP levels and reduced kidney fibrosis and systemic blood pressure
[19]. Rat models of renal disease induced by a high-salt diet were given cinaciguat. After

21 weeks, increased cGMP levels were measured and renal function was improved over

the placebo group [20]. NO supplementation has also been used to improve renal function.
After 1 week of supplemented dietary arginine, the substrate for NO synthesis, increased
cGMP levels were measured in urine, improved renal function and reduced renal fibrosis and
apoptosis [21].

Because of the systemic role GC-1 has in vasculature-related illnesses and the fact that
there is only one FDA-approved drug that targets GC-1, a complete understanding of

how NO stimulates GC-1 activity is crucial. In this review, we provide a comprehensive
overview of the GC-1 catalytic domain. We also discuss recent implications for Cys-S-NO
modifications in the catalytic domain regulating GC-1 activity and interactions with the
NO-sensor domain.

2. GC-1 domain architecture

GC-1is a 150 kDa heterodimer and its a.131 isoform is found ubiquitously. While

another isoform of the enzyme does exist (GC-2; a,p1) [22], this review will focus on

the predominant a1, isoform. Each a/B polypeptide contains four domains from N- to
C-terminus connected by short linkers: NO-sensor domain, PAS domain, coiled-coil domain,
and catalytic domain (Fig. 2). The N-terminal NO-sensor domain is predicted to adopt a
structure similar to bacterial heme nitric oxide-oxygen binding (HNOX) proteins (Fig. 2).
These proteins are typically standalone proteins and use a heme cofactor to sense gaseous
ligands and activate response proteins to elicit the desired effect, usually through gene
regulation [23]. While aHNOX and BHNOX domains are predicted to share a similar
HNOX-like fold, only the BHNOX domain of GC-1 carries a heme prosthetic group that
binds NO; the role of aHNOX remains to be determined, however recent work suggests it
regulates GC-1 activity by lowering the affinity of BHNOX for CO and NO [24]. BHNOX
uses a His ligand to bind the heme cofactor in its reduced Fe2* redox state. NO binding

to the distal heme side severs the His-iron bond, which is thought to play a crucial role

in NO-induced stimulation of GC-1 [25,26]. In addition, several groups have found that
excess NO is required to fully activate GC-1 [27,28]. The proximal side of the heme [28,29]
or Cys residues [30,31] have been suggested as potential binding sites for the extra NO.
However, recent spectroscopic data in Shewanella oneidensis HNOX shows that the distal
site is preferred, thus questioning the biological significance of proximal heme-NO binding
[32].

The subsequent domain belongs to the Per-Arnt-Sim (PAS) family of proteins, typically
used to transduce signals to effector domains through subtle conformational shifts. While
some PAS domains use cofactors for signal transduction, the PAS domain in GC-1 has none.
Crystal structures of a bacterial homolog [33] and of the GC-1 a.PAS domain [34] have been
solved and show the predicted fold consisting of six B-sheets surrounded by several short

a helices (Fig. 2). The GC-1 PAS domain has been suggested to play a key role in GC-1
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dimerization [33]. More recently, the PAS domain was shown to interact with heat-shock
protein 90 and mediate heme insertion in the BHNOX domain [35].

Crystallographic studies showed that the coiled-coil (CC) domain folds as long a-helices
(Fig. 2) in an antiparallel orientation [36]. However cross-linking studies later demonstrated
that the heterodimeric CC assembles in a parallel orientation [37]. The CC domain has been
shown to play a key role in GC-1 heterodimerization [38], and to act as a scaffold for other
GC-1 domains [37,39].

The C-terminal catalytic domain (apGCCa) contains the substrate-binding pocket located
at the interface of the a and p subunits, which both contribute key residues for GTP
binding (Fig. 2). Several structures of apo inactive cyclase domains from bacteria, algae,
fungus, and human have been solved, but a structure of the holo active form remains
elusive [40-44]. Several groups have reported a high propensity for BBGCa homodimers
to form both in solution and during crystallization attempts [42,43]. Despite these structural
characterizations, several key questions remain about the aGC® domain: what is the
mechanism by which aBGC transitions from the inactive apo conformation to the
catalytically-active conformation upon NO binding? What are the residues involved in the
transition from inactive to active apGC? How is the NO-activating signal transduced
from the N-terminal NO-sensor domain to the C-terminal catalytic domain? Answering
these questions will aid in the design of novel therapeutics that target GC-1 and promote
NO-sensitization and cGMP generation.

3. Structural studies of the cyclase catalytic domains

3.1. The homologous adenylyl cyclase enzyme

Much of what we know about the aGCC@ domain structure comes from studies of the
homologous adenylyl cyclase (AC) catalytic domain. AC converts ATP into cAMP and is
composed of two membrane-bound helical domains and two cytosolic catalytic domains,
termed C1 and C2. Sequence alignment identifies C1 as the aGCCa counterpart and C2

as the BGC® counterpart with ~30% sequence identity for both alignments. Much like

the aBGC®@ domain, C1 and C2 must come together to form the ATP-binding cleft. AC
maintains a low CAMP turnover rate, but two known stimulators increase its activity. G,
a subunit of the G-protein coupled receptor, increases AC activity 5-fold and forskolin,

a small diterpene molecule isolated from the plant C. forskohlii, increases AC activity
9-fold [45]. The x-ray structure of an inactive C2/C2 homodimer was solved (Fig. 3a) and
showed forskolin bound to each monomer in a well-characterized hydrophobic pocket at
the dimer interface [46]. Based on these results, it was hypothesized that forskolin activates
AC via favorable burying of hydrophobic regions to stabilize the C1/C2 heterodimer. The
structure of the C1/ C2 heterodimer was solved in the closed conformation (Fig. 3b) with
bound activators G4, and forskolin, and a non-cyclizable ATP substrate [47]. This structure
confirmed the identity of the residues important for catalysis and nucleobase specificity
(Table 1). Binding of G, via insertion of its switch Il helix into a groove of the C2
subunit is thought to reorient catalytic residues in the C1/C2 heterodimer into a competent
conformation and bury additional exposed hydrophobic regions near the membrane. C1/C2
conformational changes also include a 7° rigid-body rotation of C1 around C2 and closure
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of the ATP-binding pocket. While there is no known allosteric activator for GC-1 that binds
in the aGCC domain, similar conformational transitions are predicted for its catalytic
domain (see sections 3.3-3.5).

There exist nine isoforms of the membrane-bound AC and each have discrete physiological
functions [48]. Because each isoform utilizes a conserved C1/C2 catalytic domain to cyclize
ATP [49], there is a need for isoform-specific activators and inhibitors. Derivatives of
forskolin have been screened using computational docking to find stimulators of isoform
AC-VI [50], which is thought to play a beneficial role in cardiac function. These forskolin-
analogs are predicted to bind in the forskolin-binding pocket and make extended interactions
outside of the conserved binding site for isoform-specificity [51]. Others have shown that
adenine-based small molecules can promiscuously bind to and inhibit multiple AC isoforms
[52]. Inhibitors utilizing a hydrophobic moiety bound to the 2”,3"-positions of the NTP
ribose have recently been shown to bind with nanomolar affinity at the substrate-binding
groove, albeit non-isoform specifically (see section 4.4).

3.2. Bacterial guanylyl cyclase

Rauch et al. solved the first structure of a prokaryotic guanylyl cyclase domain from

the cyanobacterium Synechocystis PCC 6803 [40]. This protein contains an N-terminal
extracellular sensory CHASE?2 domain linked to a C-terminal cyclase Cya2 catalytic domain
(GCqyap) via transmembrane segments [53]. The cyclase domain shares 27.7% and 23.9%
sequence identity with human BGCCa and a GCC, respectively (Fig. 4). The protein
homodimerizes and contains a Glu-Gly residue pair for nucleobase specificity that sets

its apart from its mammalian guanylyl cyclase (Glu-Cys/Ser pair) and adenylyl cyclase
(Lys-Asp/Thr pair) counterparts (Table 1). The authors showed that Cya2 has a strong
preference and specificity for GTP over ATP, allowing for its classification as the first
bacterial guanylyl cyclase. Homodimer formation of Cya2 is strongly dependent on ionic
strength, with a Kp of 8 uM for dimer formation. The structure of the Cya2 homodimer
confirms a conserved overall fold with class 111 adenylyl cyclase, despite limited sequence
identity (Fig. 3c). Residues from both subunits contribute to formation of the active site(s) at
the dimer interface. While two active sites are present in the symmetrical dimer, mutagenesis
and activity assays show that a single active site is sufficient. In addition, these studies
suggest that the unusual Glu-Gly pair exquisitely modulates the increased GTP specificity
of Cya2 over ATP. While the Glu residue plays a major role in selectivity of the base via
hydrogen bonding assisted by a supporting Lys residue, the role of the Gly residue may be to
provide steric selectivity in concert with a Tyr residue, instead of a role in hydrogen bonding
as is observed in AC and possibly other GCs.

Finally, a sequence alignment with other bacterial cyclases suggests that Cya2 may be
representative of a bacterial guanylyl cyclase subgroup, raising the interesting question about
the exact role played by cGMP in these organisms.

3.3. Eukaryotic guanylyl cyclase

Winger et al. solved the crystal structure of the catalytic domain of the soluble guanylyl
cyclase (CYG12) from the eukaryotic green algae Chlamydomonas reinhardtii[41]. CYG12
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functions as a homodimer andthe guanylyl cyclase domain (termed GCc,) adopts a Chinese
yin-yang fold similar to C1/C2 in AC, as expected (Fig. 3d). The homodimer contains

two symmetric active sites at the dimer interface. Contrary to the Cya2 guanylyl cyclase
[40], CYG12-GCc, showed positive cooperativity, implying communication between the
two sites.

Based on sequence alignments (Fig. 4), superposition with the structure of AC catalytic
domain as well as structure modeling [54], the residues involved in GTP binding and
catalysis were inferred. While the GC¢; structure was solved in the absence of metal or
substrate, key conserved residues include Asp residues binding the metal ions, Asn binding
the ribose moiety of GTP, Lys and Arg stabilizing the phosphate moieties, and a canonical
Glu-Cys pair for nucleobase specificity (Table 1). Most of these residues were found in
locations close to their AC counterparts, highlighting the likely conservation of catalytic
mechanisms in both enzymes. Dimethyl-arsenic modification of Cys residues promoted
local distortions in structural elements forming the active site, and was cited as a possible
cause for failing to observe metal and substrate in the crystal structure. Comparison of

this inactive open structure with that of the closed AC structure with metals and substrate
analogs (PDB code 1CJU) suggested a possible activation mechanism for CYG12. Tesmer
et al. proposed that movements of helices a1l and a4 were key hallmarks of activation

in adenylyl cyclases [47]. In the GC¢; structure, both helices adopt conformations also
observed in the AC inactive structure, reinforcing the idea that the structure corresponds to
the inactive state. Finally, the authors speculated that a groove found at the surface of the
monomer B (equivalent to C2 subunit in AC) could provide a docking site for regulators
like the HNOX domain, similarly to the Gsa binding pocket in AC. GC¢, shares 44.2%
and 40.3% sequence identity with human BGC@ and a GC®! subunits, respectively (Fig. 4).
Thus, this structure represented the best model for the human catalytic domain at the time.

3.4. Human mutant guanylyl cyclase

It took almost 5 years for the first structure of human aBGCC@ to become available [42]
and confirm most predictions based on homologous structures and sequence alignments.
While crystallizing the BBGCC homodimer was straightforward (Fig. 3e), obtaining the
heterodimer structure required engineering of an interfacial disulfide bridge, while mutating
out one of the natural Cys in BGC® to avoid favoring BBGCC2 homodimers. Unfortunately,
this mutation is inactivating [55,56], and catalytic activity could not be detected for the
mutant heterodimer in the presence of Mg2* (Table 2). The human catalytic domains adopt
the head-to-tail wreath fold observed in other class 111 cyclases. The active site is located

at the dimer interface and each subunit contributes key residues. While the structure is in
the inactive open state, comparison with the C1/C2 AC heterodimer bound to substrate
analog ddATP and Mg2* confirms residues important for catalysis: aAsp530 and a Asp486
for Mg2* coordination, aArg574, BArg552, and BLys593 for phosphate tail stabilization,
BAsn548 for ribose binding, and the pair pGlu473-pCys541 for nucleobase specificity
(Table 1). The Glu-Cys pair has been heralded as the hallmark for GTP specificity. However,
GC-1 has been shown to be quite promiscuous compared to other cyclases, and can also
generate CAMP, cIMP, and cXMP [57]. A superimposition of the open apo afGCca
structure on the closed ligand-bound C1/C2 AC structure (PDB code 1CJU) suggested
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that a much larger conformational change (26° rotation) of the a GC® subunit would be
necessary for activation, as suggested earlier [41]. Finally, a pseudo-symmetric active site is
created, but its size is much smaller than in AC, and it remains to be seen whether it can
accommodate small molecule activators (Fig. 5).

3.5. Human wild-type guanylyl cyclase

Our lab was the first to solve the structure of the human wild-type aBGC@ domain (Fig.
3g and h) in its apo inactive state [43]. Comparison with the mutant heterodimer structure
[42] reveals how subtle conformational changes at the dimer interface can affect catalytic
activity. In agreement with biochemical and biophysical data, we identified three main
regions with the highest degree of sequence conservation: (i) the substrate channel; (ii) the
C-terminal subdomain of the a GC@ subunit, which could serve as a docking site to the
regulatory HNOX domain, and in agreement with HDXMS studies [58]; and (iii) the dorsal
face of the heterodimer containing both N-termini that could serve as the docking site for
the coiled-coil domain, again in agreement with HDXMS studies [58]. We identified two
structural motifs that likely modulate the orientation of the two subunits with each other and
catalytic activity (Fig. 3g and h). The first one is a conserved B-hairpin in the BGCCa! subunit
(flap-wrap) that wraps onto the aGCC! subunit. In particular, the BMet537Asn mutation

in this flap was shown to increase constitutive GC-1 activity and enhance the response to
NO/YC-1 [59]. A similar mutation in AC increased both activity and affinity of the C1

and C2 subunits without activators [60]. We proposed that the mutation would promote
interactions between the two subunits that may help promote realignment of the catalytic
residues for optimal activity. The second structural motif is an interfacial hydrogen-bond
network between aGlu526, aCys595, and BThr474, similarly to what was observed in AC.
Mutations in this triad that abrogate hydrogen bonds lead to severely impaired catalytic
activity in GC-1 [59,61] and AC [60,62], while a conservative mutation (aCys595Ser) lead
to increased basal activity in GC-1 [56].

We were the first to show unambiguously that co-purified a GC® and BGC®! subunits
assemble in solution as a complex mixture of monomers, homodimers, and heterodimers
[43]. Using size exclusion coupled to multi-angle x-ray scattering, nano-ESI/MS and nano-
ESI/ MS/MS, we were able to quantitatively determine for the first time dimerization

K for BBGCcat homodimers (< 2 uM), aBGCcat heterodimers (~6.9 uM), and a.aGC
homodimers (30 uM). These results are in contrast with previous studies that suggested that
the Kp of homodimers was much higher than that of heterodimers [63], most likely because
of the difference in the methods used in each study. In addition, salt concentrations may play
a role in the rate of dimerization, as discussed in section 3.2. Because mass spectrometry

is sensitive to salt, our experiments were performed using non-physiological volatile salt
buffers. Regardless, our results are in agreement with our analyses of the dimer interfaces
that show that the buried area and number of hydrogen bonds, salt bridges, and hydrophobic
interactions are greater in the BBGC®@ homodimers compared to the aGCCat heterodimers.
Finally, our results had important implications: when measuring activity of the catalytic
domains, choosing a concentration that enables heterodimer formation is critical (i.e. > 10
uM). While doing so will not reduce the amount of BBGCCa homodimers, higher protein
concentrations will increase the amount of apGCa heterodimers.
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Taking this into account, our activity measurements adjusted to the amount of heterodimer
revealed that the apGCC only possess ~0.01% of basal full-length GC-1 activity using
Mg?2*. The activity of apGC® increased 779-fold when using Mn2* as a cofactor while
full-length GC-1 activity increased by ~2-fold, but a GC® still showed less than 6%

of GC-1 activity (Table 2). Few studies directly compare specific activity of full-length
GC-1 and truncated constructs. The published values of specific activity for full-length
GC-1 and truncated constructs show great variation (Table 2), even after adjusting for
heterodimer amounts and calculating specific activity in fmol/min/pmol of protein (instead
of pmol/min/mg of protein). Possible reasons for discrepancy include protein concentrations,
temperature, sample purity, heme content of the full-length constructs, and amount of
heterodimers for the catalytic constructs. Our results showed that the isolated apGCC
domains are not catalytically competent despite their ability to dimerize. We thus proposed
that other GC-1 domains (including the coiled-coil domain) modulate the relative orientation
of the catalytic domains and are necessary to promote an optimal conformation of the
catalytic domains via structural changes.

3.6. The guanylyl cyclase of the fusion protein RhoGC

Very recently, the structure of the catalytic guanylyl cyclase domain of the fusion

protein RhoGC from the aquatic fungus Blastocladiella emersonii was solved [44]. The
homodimeric transmembrane protein senses light through a rhodopsin domain (residues
176-388) and transduces the signal via a coiled-coil domain to the cytosolic catalytic GCrpo
domain (residues 443-626) where GTP can be cyclized for phototaxis [64,65]. Kumar

et al. expressed and purified two constructs containing the catalytic domain: GCrpo and
GCWCCRgp (with coiled-coil domain), which are monomeric in solution and surprisingly
both catalytically active. Substituting Mg2* for Mn2* significantly increased activity for
GCRrho (330 fold), but not GCWCCRgrp (1.4 fold). In addition, the presence of the coiled-coil
domain decreased overall activity (21 fold) in the presence of Mn2*, but increased overall
activity (11 fold) in the presence of Mg2*. This is in agreement with earlier studies [65]
suggesting that other domains of RhoGC modulate the activity of the cyclase domain, and
has also been proposed for human GC-1 [42,43,63]. The structure of monomeric GCrpq
(Fig. 3f) is very similar to that of other guanylyl cyclase domains [40-43], as expected
based on sequence identity (36—-37% with human apGC®, Fig. 4). Crystallization trials in
the presence of substrate analog ddGTP and Mn2* yielded a homodimeric structure. Yet,
ddGTP was not observed in the electron density and a disulfide bridge between the two
subunits forced a non-canonical head-to-head conformation of the homodimer that is likely
not biologically relevant. Interestingly, the GCwCCRgy,q protein did not show significant
disulfide formation, suggesting that the presence of the coiled coil may promote a different
conformation. This result is in agreement with previous studies [33] that showed that

the coiled-coil domain plays a preponderant role in GC-1 dimer formation. Analytical
ultracentrifugation and size exclusion chromatography showed the presence of monomeric
and dimeric GCgrp, in solution when ddGTP and Mn2* were added. However, in the absence
of substrate analog and metal, both GCgp, and GCWCCRgrpo Were exclusively monomeric.
The cyclase activity of GCrpo Was shown to be dependent on enzyme concentration,

as observed previously [40], providing indirect evidence for transient catalytically active
homodimers. However, contrary to what was reported for Cya2 [40], the activity of GCrpo
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does not reach a maximum, even at an enzyme concentration of 60 uM. We noted that

the activity assays were performed in low salt, while the size exclusion chromatography,
AUC, and crystallization experiments were performed at higher salt concentration. While
this may seem a trivial difference, Rauch et al. had showed that Cya2 was monomeric

at higher salt concentration, and dimeric at lower salt concentrations [40]. Therefore,

we propose that the activity and oligomerization of GCrp are likely dependent on salt
concentration. Experiments to verify this hypothesis are necessary. Regardless, from the data
presented, the authors propose that GCgrp,o has a much weaker dimerization affinity (60-80
uM) than other cyclases, including human aGCCt, While Winger et al. had suggested a
dimerization Kp of ~0.45 uM for apGCcat [63], we found that human catalytic domains are
purified as a mixture of monomers, homodimers, and heterodimers [43]. Our extensive mass
spectrometry studies, unfortunately not taken into account in Kumar et al., showed that the
catalytic domain heterodimerization Kp is much higher than previously thought (see section
3.5), and likely causes the difficulties in obtaining apGCa crystals.

4. Structural determinants for catalytic activity

The structure of the active apGC®! structure has remained elusive. However, several studies
have suggested how specific structural elements are involved in apGCC! transitioning from
the open inactive conformation to the closed active state (Fig. 5).

4.1. Activating mutations

Only two mutations have been reported to significantly increase basal GC-1 activity and
both are located at or near the apGCC@ dimer interface [55,56,59]. First, the aCys595Ser
mutation showed a 3.8-fold increased basal activity over wild-type [55], mainly due to
increased GTP affinity (10-fold lower K};;) [56]. The authors suggested that the mutation
allowed GC-1 to increase catalytic activity through a conformational rearrangement similar
to that induced by MnZ* substitution. Based on our structure of wild-type aGCCat and
activity measurements with MgZ* and Mn2* [43], we postulated that the thiol-to-hydroxy!
substitution in the aCys595Ser mutant enhances hydrogen bonding with nearby residues
aGlu526 and BThr474, promoting a reorientation of the residues at the dimer interface
leading to an increase in basal cGMP output (Fig. 3g). This hypothesis is supported by
earlier studies showing that aCys595Asp, aCys595Tyr, and aGlu526Ala mutations all
resulted into significantly reduced basal and NO-stimulated activity [59,61] (see section
4.2), suggesting these residues may be involved in crucial inter-subunit contact. However, in
the case of the aCys595 residue, we cannot rule out the role of Cys oxidation or potential
Cys-S-NO madifications (see section 4.3). Finally, other studies have also proposed that the
aCys595 residue could participate in YC-1 stimulator [59] or ATP binding in the pseudo-
symmetry site of the catalytic domain [66,67]. However, recent studies have unambiguously
showed that stimulators bind to the BHNOX domain of GC-1 [12].

Second, the Met537Asn mutation was designed based on the homologous mutation in AC
(C2-Lys1014Asn). While the K, value was unchanged, basal V. increased 6.8-fold in
the mutant enzyme [60]. In addition, stimulation by NO and Y C-1 increased activity of the
mutant enzyme 48.4 fold and 4.5 fold, respectively. Consequently, for the mutant enzyme,

Nitric Oxide. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Childers and Garcin

Page 10

both basal and NO-stimulated activity are significantly greater than those in wild-type GC-1
(5.9 fold and 3.7 fold, respectively). Similar to the aforementioned a Cys595Ser mutation,
Lamothe et al. postulated that the BMet537Asn mutation enhances interfacial interactions
at the catalytic domain for improved basal activity (Fig. 4). Based on our structure of the
human wild-type aBGCCa (Fig. 3h), we speculated that the BMet537Asn mutated residue
could potentially interact with alLys524 and aThr527 [43]. Other studies showed that the
aLys524Ala mutation (see section 4.3) reduced heterodimerization (3 fold), as well as basal
GC-1 activity (38 fold) [61], thus supporting our hypothesis regarding potential intersubunit
contacts involving alLys524.

4.2. Inactivating mutations

Mutations in the catalytic domain that reduce basal and/or NO-stimulated activity have also
aided in identifying regions in apGCC crucial for cGMP turnover. These mutations are
located in three main regions: (i) the active site, (ii) the inter-subunit interface near the
B-flap, and (iii) the inter-subunit interface near the active site.

4.2.1. Mutations in the active site—The aAsp530Ala mutant had no detectable basal
or NO-stimulated activity [61]. This is not surprising since aAsp530 is located on the
B2-B3 substrate binding loop and is predicted to coordinate the Mg2* ion based on
sequence alignment with adenylyl cyclase (Table 1) and structural modeling based on
metal-containing AC [42]. Another mutation in the active site showed decreased basal
activity. Residue BCys541 has been implicated in substrate specificity [54]. Substitution
with Ser decreased activity in the presence of Mg2* [55,56]; however, in the presence of
MnZ*, BCys541Ser retained low catalytic activity and was responsive to NO similarly to
wild-type GC-1 [55]. To test the putative role of this residue in substrate specificity, the
BGlu473/BCys541 pair was mutated into the AC homologous Lys/Asp pair, resulting in
conversion of GC-1 into an NO-responsive adenylyl cyclase with abolished GTP cyclase
activity [54]. Finally, the double mutant BGly476Cys/pCysb41Ser catalytic domain also
showed little to no activity in the presence of Mg2* [42], likely due to the BCys541Ser
mutation.

4.2.2. The dimer interface near the p-flap—Two mutations near the p-flap showed
impaired activity. The aAsp514Ala mutant had no detectable basal or NO-stimulated
activity and showed significantly decreased heterodimerization [61]. The aLys524Ala
mutation resulted in significantly decreased basal cyclase activity and NO-stimulated
activity compared to wild type (38 fold and 13.3 fold lower, respectively). However, this
mutant was still responsive to NO; while wild-type GC-1 was stimulated by NO 118-fold,
the aLys524Ala mutant activity was increased 338-fold. These two residues are located

on the dorsal side of apGCC2, near BMet537 (see section 4.1) and were predicted to
interact with the BGC flap-wrap [43]. A third mutation was recently identified in one
individual diagnosed with achalasia, hypertension and Moyamoya disease [68]. The purified
aCys517Tyr mutant showed decreased basal and NO-stimulated activities (see section 4.3
for details). The bulky Tyr could lead to structural disruption in the a GC® subunit near
the interfacial BGC flap-wrap. Collectively, these studies suggest a crucial role for the BGC
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flap-wrap not just for heterodimerization and proper orientation of the catalytic subunits
crucial for basal activity, but also for NO signal transduction.

4.2.3. Mutations in the interfacial region near the active site—Several mutations
located near the active site have also been shown to decrease GC-1 activity. First, the
aGlu526Ala mutation resulted in significantly decreased basal and NO-stimulated cyclase
activity (16 fold and 7 fold, respectively) compared to wild type [61]. The aGlu526
residue is located at the intersubunit interface near the putative pseudo-symmetric pocket.
It has been implicated in binding of inhibitors in the pseudo-symmetric site of GC-1 [66].
We had proposed that this residue is part of a triad of residues important for orienting

the two subunits to promote optimal activity [43]. Residues aGlu526, aCys595, and
BThr474 could form a network of hydrogen bonds at the dimer interface, similar to

the Cla-Lys436/Cla-Asp505/C2a-Thr939 triad in adenylyl cyclase [69]. This hypothesis
is supported by previous mutagenesis studies that abrogate potential hydrogen bonds,
including aCys595Asp, aCys595Tyr, and aCys595Asp/aGlu526Ala [59]. More recently,
Agullo et al. recently proposed that aGlu526 interacts with aArg593 and p-flap residue
BMet537 [70].

Second, the pAsp477Ala mutation showed lower NO- and Y C-1-stimulated activity
compared to wild-type GC-1, but a higher level of synergy between the two stimulators
[59]. This residue is located near the putative pseudo-symmetric pocket that lacks key
catalytic residues [42,71]. This site was proposed to bind nucleotides that would regulate
the activity of the catalytic site [66]. A subsequent study suggested that this residue may

be important for binding metal ions in the pseudo-symmetric site of GC-1 [66]. In contrast,
the double mutant a Cy-s595Ala/BAsp477Ala showed similar or slightly higher activity
compared to wild-type GC-1 [72]. It was proposed that these residues play a key role in the
communication between the two sites, specifically in the presence of excess NO, suggesting
a link between NO and nucleotide regulation of GC-1 activity.

Third, mutation of aCys595 into Tyr significantly decreased basal and stimulated activity
(2.8 fold and 2.1 fold, respectively). However, the aCys595Tyr mutant protein was
synergistically activated by NO and YC-1 to a greater extent than wild type (1.8 fold more).
Decreased activity stems from both an increase in K;and a decrease in V4, [59]. The
remarkable opposite effects of the aCys595Ser (see section 4.1) and aCys595Tyr mutations
on basal activity suggested that this residue is important for catalysis, despite not being part
of the catalytic site. It was originally proposed that this residue is involved in YC-1 binding,
but recent studies have shown that stimulators bind to the BHNOX sensor domain instead
[12]. Instead, we proposed that aCys595 is part of a network of interfacial hydrogen bonds
that promote an optimal orientation of both subunits for high catalytic activity [43].

4.3. Cys-NO modification in GC-1 desensitizes the enzyme to NO

S-nitrosation (S-NO) is a well-recognized post-translational modification of Cys residues
that regulates a myriad of pathways [73]. Approximately 3% of GC-1 amino acids are
Cys, almost twice the average amount found in globular proteins [74]. Multiple roles for
S-NO modified GC-1 have been speculated, including enhanced NO-stimulation [27,28]
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or reduced cGMP output, possibly representing a state of oxidative stress [75]. However,
the stability of nitrosothiols has also been questioned given the millimolar concentrations
of cellular reductants such as glutathione [76-78], calling into question the significance of
S-NO modified GC-1. While the precise role of this posttranslational modification remains
under debate, there are several functions that S-NO may have in tuning GC-1 activity and
how aBGCC may be affected.

NO desensitization of GC-1 is characterized by a loss of sensitivity for NO and was

shown to occur via S-NO modification of GC-1 Cys residues in primary artery smooth
muscle cells treated with S-nitrosocysteine [75]. Pre-treatment of smooth muscle cells with
a glutathione precursor reduced levels of S-NO modified GC-1 and restored NO-sensitivity.
Two Cys residues were found to be posttranslationally S-NO modified, aCys243 and
BCys122 [75]. Fernhoff et al. reported S-NO to be involved in reductive nitrosylation of
ferric heme and identified two Cys residues, BCys78 or fCys122, acting as nucleophiles in
the reaction. Reductive nitrosylation reduces oxidized heme iron using one NO molecule
and a nucleophilic base to regenerate the NO-sensitive ferrous heme. Finally, thiol alkylation
prevented recovery of NO-sensitivity while DTT treatment rescued ferrous heme, suggesting
that reduced Cys residues are crucial for maintaining NO-sensitive GC-1 [31,79]. However,
it has been reported that the NO-modified GC-1 Cys residues are not canonical S-NO
modifications [31]. Instead, the authors suggested a radicalized S-NO with the loss of a
single electron.

Additional Cys residues modified by S-nitrosation have recently been identified [80]. Using
a combination of the biotin switch assay (BST) and Orbitrap tandem mass spectrometry,
Beuve et al. enhanced the detection limit of S-NO modifications and identified ten conserved
Cys residues as S-NO targets, including six Cys localized to the apGC® catalytic domains:
aCys517, aCys595, aCys610, aCys629, BCys541, and BCys571. These results suggest a
potential role for S-NO post-translational modifications in regulating catalytic activity. The
aCys595 and BCys541 residues have been shown to play major roles in catalytic activity
(see sections 4.1 and 4.2). Residues aCys629 and BCys571 are located away from the
active site and subunit interface, and their role is not clear. Residue aCys609, was reported
to be involved in a direct interaction between GC-1 and thioredoxin (Trx; see section

5.2) [30]. Finally, the aCys517 residue has been reported by two separate groups to be
involved in GC-1 activity and NO-sensitivity. Crassous et al. first reported that aCys517
mediates GC-1 desensitization to NO in angiotensin Il-induced hypertension [81]. Another
study revealed the presence of an aCys517 mutant in a subject presenting Moyamoya
disease (MMD). MMD is characterized by aberrant arterial remodeling in the brain leading
to thrombosis and hemorrhage and has been associated with a dysfunctional GC-1 [82].
Wallace et al. identified the aCys517Tyr variant in a subject with diagnosed MMD [68].

In vitro NO response curves of the GC-1 aCys517Tyr mutant indicated a 60% loss of
NO-sensitivity, in good agreement with results from Crassous et al. Collectively, these
results suggest that S-NO modifications of Cys residues could lead to dramatic reduction

in GC-1 activity and activation. While the stability and relevance of S-NO modifications

is controversial due to the reducing environment in cells, it has been shown that these
modifications are specific and controlled mainly by cysteine reactivity and their surrounding
microenvironment [76,78]. These results suggest that S-NO modifications of GC-1 Cys
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residues are biologically relevant, but that the exact function of these Cys modifications
remain to be determined (reviewed in Ref. [74]).

4.4, Small molecules targeting the catalytic domain

Identification of small molecules that bind to and activate aGCC2 could lead to a novel
class of heme-independent GC-1 activators. Cobinamide, a precursor to the biosynthesis

of vitamin B1,, was found to activate GC-1 independent of heme oxidation [83]. With
known GC-1 stimulator BAY 41-2272, cobinamide synergistically enhanced cGMP output
and approached maximum NO-stimulated activity. Deletion of the apHNOX domains had
no effect on cobinamide sensitivity, supporting the hypothesis that binding could occur

in the catalytic domain. Further structural studies and activity measurements using the
isolated catalytic domain are necessary to define the binding site for cobinamide and how

it could promote activity. Derivatives of YC-1 have been synthesized and screened using
surface plasmon resonance (SPR) to determine binding to immobilized a pGCCa! [84]. SPR
measurements identified several small molecules with YC-1 modifications that could bind to
the catalytic domain and increase activity. However, because purified aBGC@ consists of a
mixture of monomers, heterodimers, and homodimers [43], it is unclear whether the reported
small molecules do indeed target the catalytically-competent heterodimer.

Inhibition of GC-1 may seem counterintuitive, but several groups have targeted GC-1 in
cases of migraines [85], septic shock [86], cancer [87,88], and neurological disorders such as
Parkinson’s Disease [89]. Structural characterization of the inhibited C1/C2 adenylyl cyclase
domain has alluded to key structural elements involved in domain activation, which could be
applied to aBGCa, Nucleotide-based small molecules with 2”,3"-0-(2,4,6-trinitrophenyl)
(TNP)- or 27,3"-0-(N-me-thylanthraniloyl) (MANT)-substitutions at the NTP ribosyl ring
display nanomolar affinity for GC-1 [90-93] and are predicted to bind in the GTP-binding
cleft in aPGCCa, Crystal structures of C1/C2 bound to either TNP-ATP, MANT-ATP or
MANT-GTP were subsequently solved and used to identify key interactions between the
inhibitor and cyclase subunits [94]. These results confirmed that MANT/TNP binding
occurred in the hydrophobic pocket and showed several ionic interactions between the NO»
groups of TNP and Asn1022 and Asn1025 from the C2 subunit. Structural comparison
between the three inhibitors also highlighted a highly plastic dimer interface that can
accommodate different nucleobases. These studies suggested that inhibitor binding traps

the catalytic domain in a competent, but inhibited, conformation.

Dove et al. expanded on how this class of competitive inhibitors could be used to target

the active aGCCat domain [93]. TNP-ATP, TNP-GTP, and 2’-MANT-3"-dATP were shown
to potently inhibit GC-1 with Kjof 7.3 nM, 8.6 nM, and 16.7 nM respectively. Molecular
modeling using the mutant aBGCCa crystal structure (PDB code 3UVJ) and docking with
2’ -MANT-3’-dATP supported the theory that inhibitor binding could induce partial domain
closure including a 27° rotation of aGC around BGC as previously proposed [41-43].
While complete domain closure is not possible due to the bulky MANT/TNP moiety, these
inhibitors could be ideal for targeting the activated aGCC@ domain due to their high
affinity and increased fluorescence upon binding.
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Recently, several groups have synthesized non nucleotide-based small molecules that
reportedly bind to apGCC with uM affinity. Mota et al. identified quinoxaline-based

small molecules with a Kp of 11 uM [95]. Activity assays using GC-1, GTP and activator
cinaciguat suggested these molecules inhibit active GC-1, but do not compete with substrate
binding. Molecular modeling suggested binding to the supposed pseudo-symmetric site.
However, earlier studies by the same group proposed binding of YC-1 to the catalytic
domain [84], in contrast to the recent studies showing that these stimulators bind to the
BHNOX domain [12]. Therefore, the exact binding site of these inhibitors remains elusive.

In silico screening was performed using the aBGCC@ crystal structure (PDB code 3UVJ)

to discover inhibitors that bind in the pseudo-symmetric pocket [96]. Two molecules were
shown to inhibit basal and NO- stimulated GC-1 with Kjof ~20-30 uM. Only one of the
two compounds was capable of inhibiting the isolated catalytic domains, albeit with severely
diminished potency; 100 uM was used to inhibit 99% GC-1 activity while 400 uM inhibited
> 50% of activity using apGCCa, Regardless, the determination of the exact binding site of
these molecules awaits structural characterization.

5. Protein-protein interactions regulating GC-1 activity

5.1. BHNOX-apGCca interactions

Despite the determination of low-resolution electron-microscopy structures of GC-1 [39],
the mechanism by which NO regulates its activity remains unknown. One hypothesis is that
direct interaction between apGC® and BHNOX transduces the signal of NO-stimulation.
Several groups aimed to test this mechanism. This hypothesis was first suggested by Winger
et al. [63], who showed that increasing molar equivalents of BHNOX or BHNOX-PAS and
most of the CC domain (B385) added to apGC@ yielded stepwise decreases in catalytic
activity [63]. However, two observations raised questions about a possible interaction
between the two domains: a large molar excess of BHNOX-PAS compared to apGCCt
(15:1) was necessary to elicit a ~55% decrease in activity, and adding NO had no effect

on inhibition. Regardless, the authors suggested that BHNOX could act as an autoinhibitory
element on GC-1 activity. Another study further supported a possible interaction between
the N-terminal domains and the C-terminal catalytic domains. Forster resonance energy
transfer (FRET) analysis of fluorescent fusion proteins showed the proximity of the HNOX
domains and the catalytic domain [97]. Importantly, fusion of the large fluorescent proteins
(YFP and CFP) to GC-1 did not affect its basal or stimulated activity. However, NO binding
had no effect on FRET efficiency, as observed previously, suggesting that this potential
interaction between BHNOX and aBGC*@ is independent of NO binding. A recent study
using C-terminally tagged CFP-tagged a GC-1 and YFP-tagged BGC-1 polypeptides showed
a modest increase in FRET efficiency (~10%) upon NO-donor addition, which would
support domain closure and tighter interactions between a GC and BGC@, Adding GTP
slightly reduced FRET efficiency by ~7%, which could indicate opening of the substrate
binding pocket. However, none of the in vitro or in vivo fluorescence measurements
recorded by Pan et al. were correlated to GC-1 activity [98]. Adding NO had no effect

on FRET efficiency when using CFP-aGC-1 (N-terminally tagged) and BGC-1-YFP (C-
terminally tagged), in agreement with previous studies [97].
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Busker et al. were the first to report NO-induced alterations in interactions between BHNOX
and aBGCC, Endogenous Trp residues located in BHNOX (Trp22), BGC®! (Trp602),
aPAS (Trp352), a.CC (Trp466), and a GC (Trp669) were used as FRET donors, and
MANT-dGTP bound to the catalytic domain was used as a FRET acceptor [99]. While the
low quantum yield of Trp residues make them suboptimal FRET partners [100], changes in
FRET efficiency were observed in this study. In wild-type GC-1, FRET efficiency increased
155% upon NO stimulation, while the a CC Trp466Phe mutation reduced FRET efficiency
compared to wild-type GC-1. This suggests that Trp466 may be involved in NO-induced
signal transduction. By retaining Trp22 in BHNOX and Trp466 as the only FRET donors,
FRET efficiency increased to 200% upon addition of NO, suggesting that these two Trp
moved closer to the MANT-GTP molecule. Busker et al. concluded that domains docking
onto aBGC®! lead to low activity. NO binding induces a conformational rearrangement

in the heme pocket that is carried directly to apGC®! via Trp22 in BHNOX as well as
indirectly through the PAS and CC domains via Trp466 in aCC to promote an active
conformation of the catalytic domain.

Hydrogen-Deuterium Exchange Mass Spectrometry (HDXMS) studies have further
supported a model where BHNOX interacts directly with the aGCCa domain. The first
study mapped interactions between the BHNOX-PAS construct and the aGCa domain
[58]. The apGCCa domain exhibit decreased deuterium incorporation mostly in the C-
terminal lobe (residues 601-655) of aGC® in the presence of BHNOX-PAS compared to
the catalytic domain alone. The decreased deuterium incorporation in that region of apGC
was also observed in the context of full-length GC-1, suggesting that this region could

be involved in interactions with BHNOX-PAS. The C-terminal region of BGC (residues
568-604) also showed decreased deuterium incorporation in the presence of BHNOX-PAS,
but this was not observed in the context of full-length GC-1. These results suggest that the
C-terminal region of aGCC could be involved in direct interactions with the N-terminal
sensor domain of GC-1 (Fig. 4). This model is supported by the fact that this region presents
high sequence conservation [43], and studies showing that the a Arg624Ala mutation in that
region drastically reduced GC-1 activity [61]. Another study by the same group showed

that NO addition to full-length GC-1 resulted in changes in H/D exchange rates in all
domains of GC-1 [101]. In the catalytic domains, the substrate-binding loop of a GC
(region 522-532) and the B-flap wrap (region 586-593) showed decreased exchange, while
the substrate-binding loop of BGCCa (residues 469-482) showed increased exchange. The
a-helices that “cap” the active site in both subunits (a599-610 and p545-556) showed
decreased deuterium incorporation, suggesting an overall “closing” of the active site. In
addition, subtle decreased exchange in the C-terminal lobe of aGC® and BGC! was

also observed. Ultimately, these studies show that subtle rather than large conformational
changes distributed along the GC-1 polypeptide seem to be part of the activation mechanism
by NO (Fig. 5). This mechanism was further supported by electron microscopy studies that
showed that GC-1 shows a high degree of flexibility [39]. This study confirmed previous
results suggesting that the coiled-coil domains act as a scaffold and provide two pivot

points for other GC-1 domains to move [37]. GC-1 assembles in a continuous range of
conformations, with the two extremes corresponding to an extended conformation and a
collapsed conformation. In the extended conformation, the a BGC®? and the apHNOX-PAS
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domains are located on either end of the extended coiled-coil domain. In the collapsed
conformation, the aBHNOX-PAS is folded on the coiled-coil domain with the BHNOX in
close proximity to the catalytic domain. Interestingly, adding NO, a non-cyclizable GTP
analog, or both did not significantly alter the range of conformations adopted by GC-1.

Taken together, results from these complementary studies suggest that NO-stimulation of
GC-1 is not a simple on-off switch where, in the absence of NO, BHNOX maintains
afGCin an inactive conformation through a direct interaction and, upon NO binding to
heme, BHNOX is released and optimal catalytic activity can occur. Instead, NO-stimulation
may trigger subtle changes in conformations and interactions across each domain that orient
afGCin an optimal conformation for catalysis (Fig. 5).

5.2. Interactions with thioredoxin (Trx)

Trx is typically known to mediate disulfide bonds but can also denitrosylate S-NO
residues, suggesting Trx may act as a switch in sensitizing and desensitizing GC-1 to

NO. Co-expression of GC-1 and Trx improved NO-stimulated GC-1 activity (~2-fold)
while inhibition of activated Trx led to an increased amount of S-NO modified GC-1

and significantly decreased NO-sensitivity [30]. Using a proximity ligation assay and
immunoprecipitation, Trx was found to associate primarily with aGC-1 via a disulfide
linkage with aCys609. Molecular docking using structures of Trx and apGC (PDB
code 4NI2) suggested Trx docks onto the C-terminal lobe of aGCC@, very close to the
substrate-binding groove, to mediate S-NO modifications on GC-1. The authors proposed
that Trx binding could compete with HNOX binding to the catalytic domain or de-nitrosate
other GC-1 residues. The mechanism of Trx-induced protection of GC-1 activity remains to
be determined.

5.3. Interactions with protein-disulfide isomerase (PDI)

Protein-disulfide isomerase (PDI) assists in protein folding by catalyzing disulfide bond
formation and breakage using a Cys-X-X-Cys motif in its active site. An interaction
between PDI and GC-1 was reported using a GC-1 affinity matrix [102]. Non-reducing

gel electrophoresis and immunoprecipitation indicated this interaction is redox-controlled
[103]. Comparing basal and NO-stimulated GC-1 activities in the presence of PDI found
that PDI primarily targets NO-stimulated GC-1, reducing NO-stimulated activity by 41%.
Using amine linkage and tandem mass spectrometry previously employed to cross-link Lys
residues in GC-1 and identify domain-domain interactions [37], Heckler et al. found cross-
links between PDI and GC-1 residue aLys672 and pLys615, both located on disordered
C-terminal regions not visible in the crystal structures of aGCC [104]. Truncations of
GC-1 indicated PDI preferentially interacts with the a GC®! subunit. Molecular dynamics
studies suggested that PDI could interact with aGC® to prevent NO-activation in a fashion
similar to BHNOX. Together, these results hint at a redox-dependent interaction between the
catalytic domain of GC-1 and PDI through a disulfide linkage.

Nitric Oxide. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Childers and Garcin

Page 17

6. Conclusions

Much progress has been made toward characterizing NO-stimulated GC-1, but we still
lack a mechanistic understanding of how aBGC® transitions between inactive and active
forms in the full-length enzyme. Structural studies of GC catalytic domains from different
organisms and the C1/C2 domain from AC have aided in identifying catalytic residues,
potential allosteric sites for small molecules, and regions in the catalytic domain possibly
involved in protein-protein interactions either with other GC-1 domains or other protein
partners. Determination of the activated apGC® conformation will expand on small
molecules that can target a BGCCa, These small molecules will aid, not only in structural
studies aimed at characterizing the catalytic domain, but in creating a novel class of
pharmaceuticals to target GC-1 independent of the NO-sensor domain. Further studies
are required to determine what role BHNOX plays in regulating apGCC and to identify
additional protein-protein interaction partners that assist GC-1. While we still lack a high-
resolution structure of GC-1, this should not impede progress in the field, but rather drive
researchers to utilize alternative methods toward understanding and targeting dysfunctional
GC-1 in a variety of diseases.
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Fig. 1. Overview of the NO/GC-1/cGMP pathway
The NO/GC-1/cGMP pathway mediates vasodilation and vasoconstriction and is

regulated by a variety of inhibitors and activators. Green arrows indicate pathway
activation/ stimulation and red arrows indicate pathway inhibition. Abbreviations-

CaM: calmodulin. NOSI/1I/I1I: nitric oxide synthase-isoforms 1, 2, and 3. GC-1:

soluble guanylyl cyclase. GTP: guanosine 5’-triphosphate. cGMP: cyclic guanosine 3',5-
monophosphate. PKG: protein kinase G. PDE: phosphodiesterase. ROS: reactive oxygen
species. ODQ: 1H-(1,2,4)oxadiazolo(4,3-d)quinoxaline-1-one. MANT-NTP: 2”,3"-O-(N-
methylanthraniloyl) nucleotide 5’-triphosphate. TNP-NTP: 2”,3"-0-(2,4,6-trinitrophenyl)
nucleotide 5’-triphosphate.
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Fig. 2. GC-1isamulti-domain enzyme
General domain architecture of GC-1 (top) and crystal structures of homologous or wild-

type GC-1 domains (below). HNOX: Heme Nitric oxide-OXygen binding (PDB code 2009,
red, Nostoc PCC 7120 HNOX). PAS: Per-Arnt-Sim (PDB code 4GJ4, cyan, Manduca sexta
GC-1). CC: Coiled-Coil (PDB code 3HLS, green, Rattus norvegicus GC-1). GC: Guanylyl
Cyclase (PDB code 4NI2, gold, Homo sapiens a pGC-1). Numbering for the a and B chains
is from Homo sapiens GC-1.
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% pocket?

Fig. 3. Structural overview of adenylyl and guanylyl cyclases
(a) C2/C2 homodimer (C2a, dark/C2b, light yellow) with two forskolin molecules (FOK,

cyan) at the dimer interface (PDB code 1AB8). (6) C1/C2 heterodimer (light red/light
yellow, respectively) with bound activators Gg, (light blue) and forskolin (FOK, cyan);
substrate 2”,3’-dideoxyadenosine 5’-triphosphate (2”,3"-ddATP, dark blue) and two Mg?*
ions (green, PDB code 1CJV). (¢) Synechocystis PCC 6803 Cya2 GC (GCcyap) homodimer
(green, PDB code 2WO01). (d) Chlamydomonas reinhardtii CY G12 GC (GCc¢r) homodimer
(purple, PDB code 3ET6). (&) Human BpGCcat homodimer (dark/ light yellow, PDB code
2WZ1). (# Blastocladiella emersonii RhoGC cyclase (GCgrpo) monomer (PDB code 6A09).
(g, H) Wild-type Homo sapiens aBGCcat heterodimer (aGC magenta, BGC2 yellow) and
putative regions for domain activation (PDB code 4N12) viewed on the ventral (g) and dorsal
(h) side.
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Fig. 4. Alignment of amino acid sequences of cyclase domains
The multi sequence alignment of guanylyl cyclase domains with available x-ray structures

was performed with CLUSTAL Omega and displayed using ESpript [113,114]. The
sequences used are Homo sapiens wild-type GC-1 aGC® and BGCCat (4N12-A and 4NI2-
B, respectively), C. reinhardtii CYG12 GCc, cyclase (3ET6), Blastocladiella emersonii
GCRrno cyclase (6A09), and Synechotistis PCC6803 GCcysap Cyclase (2WO01). The secondary
structure elements (a helices: al-a5, p strands: B1-p10, TT: p-turns) represented above the

sequence belong to BGCa, Numbering is indicated for all sequences. Residues important

.IWDVAGVGEPYNLSLAVEEQ 635

S
B

.[gvpGEls
iPHGEP

Vf
b
€1

S|S LIGE|P
IT|I TIGE|S
G LG|LQIP

as

RC[LMSP
RLLKDC
CCILRSK
HF|I[KSK
EARIGDR

for catalysis are highlighted 1-8 above the sequence alignment as in Table 1. Invariant
residues are highlighted in red boxes while similar residues across all sequences are
highlighted in yellow boxes. The consensus sequence (identity > 70%) is shown below the
alignment. Upper case represents identity; lower case represents consensus level > 0.5; ! is
anyone of 1V residues, # is anyone of NDQEBZ (from BloSUM32 table), dots are residues
that are not conserved. Stars above the sequence represents residues with alternate positions.
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W] g T

Augment 3D

Fig. 5. Model of activated apGC:
Theoretical model of activated apGCC bound to Mg?* and 2,3”-ddATP. The model was

obtained by superimposition of inactive aGC (PDB code 4NI12) on “active” adenylyl
cyclase structure (PDB code 1CJU). Superposition of the inactive and active GCat subunits
independently shows that the 26° rigid body rotation of the a GC® subunit around pGC®at
allows structural elements of both subunits to close the active site. In addition, the

substrate binding loop become more structured in the active model. Inset depicts structural
rearrangement at the substrate binding pocket containing two Mg2* ions (green) and 2”,3"-
dideoxyadenosine 5’-tri-phosphate (2,3,-ddATP). a GC® (magenta-inactive, violet-active)
and BGC® (yellow-inactive, orange-active).
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