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ABSTRACT 

Nitric oxide (NO) signaling regulates numerous physiological processes, including 

vascular tone, memory formation, wound healing, sexual arousal, digestion, and renal filtration. 

Soluble guanylyl/guanylate cyclase (sGC) is the primary NO receptor, and functions by 

synthesizing cyclic guanosine-3',5'-monophosphate (cGMP) in response to sub-nanomolar levels 

of NO.  Impaired sGC function is implicated in nearly all forms of cardiovascular disease, and 

small molecule stimulators of sGC represent a promising opportunity to treat vascular dysfunction.  

Despite recent clinical success, pharmacological development of sGC stimulators is limited by a 

lack of understanding as to where these compounds bind and how they function.  This work 

describes the localization of stimulator binding to a conserved pocket in the heme domain of sGC, 

as well as bacterial homologues, using photoaffinity labeling, mass spectrometry, and NMR.  

Introduction of two tryptophan residues to the proposed binding site (I52W/L67W) mimics the 

effects of stimulator compounds, providing further evidence in support of our model.  

Additionally, drug response was reversibly decreased by covalently linking the coiled-coil 

domains.  In summary, this work uncovers the binding site for sGC stimulatory compounds and 

provides mechanistic insight into drug response.  Taken together, these findings lay the foundation 

for the development of new and improved pharmaceuticals targeted to sGC, as well as provide 

crucial insights into the function and regulation of this key therapeutic target.   
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CHAPTER I 

INTRODUCTION 

 

1.1 NITRIC OXIDE BIOLOGY 

1.1.1 Nitric oxide in mammalian physiology.   

Nitric oxide (NO) is a diatomic, free-radical gas that is produced as one of several oxidants 

of nitrogen.  Atmospheric NO is a toxic pollutant contributing to acid rain, smog, and ozone 

depletion (1).  Astonishingly, NO also serves as a key biological signaling molecule in a diverse 

array of organisms that range from humans to bacteria (2-4).  The physiological impact of NO was 

revealed in the late 20th century, when NO was discovered to function as a potent vasodilator (5-

9).  These findings revolutionized the study of cardiovascular physiology, and its discoverers were 

awarded the Nobel Prize in 1998 (10).  NO has since been implicated in a continually growing list 

of anatomical processes (Fig. 1.1), the most notable are described below.  

NO signaling is primarily studied with respect to the regulation of vascular tone (5).  In 

addition to the global reduction of blood pressure, the vasodilatory properties of NO mediate 

localized processes such as pulmonary respiration, renal filtration, digestion, sexual arousal, and 

cerebral blood flow  (11-14).  Blood clot formation and wound repair are both suppressed by NO, 

which acts as an inhibitor of platelet aggregation and thrombosis (15,16).  Macrophages produce 

cytotoxic concentrations of NO as a defense against pathogens and tumor growth (17-19).  At low 

concentrations, NO acts as an anti-inflammatory agent as well as an immunosuppressant (17,20).  

In the central and peripheral nervous systems, NO serves as a neurotransmitter capable of acting 

on neighboring cells (21,22).  NO is involved in the maintenance of long-term potentiation, 

contributing to learning and memory formation (23-25).  
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Figure 1.1.  NO in mammalian physiology.  The biological importance of NO in mammalian 

physiology was discovered in the late 20th century, when it was found to function as a potent 

vasodilator.  NO has since been implicated in a continually growing list of biological processes, 

including the immune response, sexual arousal, renal filtration, digestion, would repair, 

respiration, and memory formation.   
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1.1.2 Synthesis of endogenous nitric oxide   

While dietary nitrates and nitrites supply NO through the nitrate-nitrite-NO pathway, the 

majority of physiological NO is produced endogenously in a reaction catalyzed by NO synthase 

(NOS) (26,27).  Mammals express three known isoforms of NOS: endothelial NOS (eNOS or 

NOS3), neuronal NOS (nNOS or NOS1), and inducible NOS (iNOS or NOS2) (26,28-30).  All 

three isoforms function as homodimers, with each monomer containing an N-terminal oxygenase 

domain and a C-terminal reductase domain (29).  The reductase domain transfers two electrons 

from NADPH through flavin cofactors, flavin adenine dinucleotide (FAD) and flavin 

mononucleotide (FMN), to a heme in the oxygenase domain (31).  Calmodulin (CAM) is required 

for electron transfer from FMN to heme, thus providing a mechanism for catalytic regulation 

(26,32).  eNOS and nNOS are constitutively expressed and require high calcium concentrations to 

bind CAM (26,32).  iNOS is catalytically active under basal conditions and is regulated at the 

transcriptional level (33,34).  In the presence of cofactor BH4, the reduction of O2 is coupled to the 

oxidation of L-arginine, which produces L-citrulline plus NO via an Nω-hydroxy-L-arginine 

(NOHLA) intermediate (Fig. 1.2) (32,35).   

NO is a small, lipophilic gas that is capable of unrestricted diffusion across membrane 

bilayers (36).  Newly generated NO can act in the cell in which it was synthesized or travel to 

neighboring cells.  NO has a short half-life of less than 4 seconds, providing a mechanism for 

spatial and temporal control (37).  There are three mechanisms by which NO evokes a cellular 

response: (1) Initiating cellular signaling pathways by binding and activating ferroheme proteins 

designed to function as highly sensitive NO receptors (38,39); (2) Altering the redox state of the 

cell by producing reactive nitrogen species (RNS) (40);  (3) Regulating protein activity via 

covalent modifications such as nitration and nitrosylation (41-43).   
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Figure 1.2. Synthesis of endogenous NO by NOS.  Shown above is the reaction mechanism for 

NO synthesis by NOS, which is produced in the conversion of L-arginine to L-citrulline via an 

NOHLA intermediate (32).  Oxidation of L-arginine to L-citrulline is coupled to NADPH 

oxidation and O2 reduction. Newly generated NO can act in the same cell or diffuse into 

neighboring cells.    
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1.1.3 The NO/sGC/cGMP signaling pathway.   

The cyclic guanosine-3’-5’-monophosphate (cGMP) signaling pathway is the primary 

mechanism by which NO evokes a physiological response.  NO initiates the cGMP signaling 

pathway through the binding and activation of its main receptor, soluble guanylyl cyclase (sGC) 

(38,39).  sGC is a heterodimeric ferroheme protein predominately found in smooth muscle tissue 

surrounding the vascular endothelium and neuronal tissue in the central and peripheral nervous 

systems (44).  sGC functions by catalyzing the synthesis of cGMP from guanosine triphosphate 

(GTP) (38,39).  NO binding to sGC increases catalysis by roughly 200-fold, resulting in the 

accumulation of second messenger cGMP (45).  The structure, function, and regulation of sGC is 

the focus of the present dissertation and is discussed in detail below.  

cGMP is a prominent second messenger in mammalian systems that elicits a cellular 

response by initiating a signaling cascade (46).  In smooth muscle cells, cGMP binds to protein 

kinase G (PKG) as well as phosphodiesterases (PDEs) (45).  PDEs act as a negative feedback 

mechanism by converting cGMP to guanosine monophosphate (GMP) (47-49).  PDE inhibitors 

are a highly lucrative family of therapeutics commonly prescribed to treat erectile dysfunction 

(50).  PKG is a serine/threonine kinase that is catalytically activated by cGMP.  PKG decreases 

intracellular calcium levels by phosphorylating and inhibiting inositol 1,4,5-triphosphate (IP3) 

receptor channels (51-53).  Additionally, PKG phosphates K+ and Ca2+ ion channels, resulting in 

hyperpolarization of the cell (54).  The net decrease in intracellular calcium leads to the 

dephosphorylation and inactivation of myosin light chain kinase (MLCK), as well as the activation 

of myosin light chain phosphatase (MLCP) (55).  The resulting dephosphorylation of myosin light 

chain (MLC) leads to smooth muscle relaxation and ultimately, vasodilation (45).  The 

NO/sGC/cGMP signaling pathway in smooth muscle cells is depicted in Fig. 1.3. 
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Figure 1.3. NO/sGC/cGMP signaling in smooth muscle cells.  Shown above is the 

NO/sGC/cGMP signaling pathway in vascular smooth muscle tissue.  Arrows indicating pathways 

that are activated are shown in black, while arrows indicating pathways that are inhibited are shown 

in red.  Endothelial cells are yellow, neurons are brown, smooth muscle cells are red, and the 

smooth endoplasmic reticulum (ER) is pink.  Soluble guanylyl/guanylate cyclase (sGC) is green, 

phosphodiesterase (PDE) is purple, protein kinase G (PKG) is orange, inositol 1,4,5-triphosphate 

(IP3) receptor channel is brown, K+ and Ca2+ ion channels are teal, calmodulin (CAM) is gray, 

myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP) are blue, and 

myosin light chain (MLC) is brown.  
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1.2 SOLUBLE GUANYLYL CYCLASE 

1.2.1 Evolution of soluble guanylyl cyclase.   

sGC is believed to have originated in green algae and later expanded to multicellular 

organisms, including worms, insects, and vertebrates (56).  sGC is primarily studied for its role in 

mammalian physiology, where it regulates numerous biological systems including vascular 

function, neurotransmission, and the immune response (39).  Invertebrates utilize the gas sensing 

capabilities of sGC in a diverse set of functions.  These include oxygen sensation in worms and 

olfactory detection in nematodes as well as certain insects (57).  Although prokaryotes, fungi, and 

higher-order plants lack sGC, these organisms express homologues of individual sGC domains.   

sGC originated as a homodimer and gene duplication led to heterodimeric variants (38).  

Each subunit designated as α and β, and there are two isoforms for each subunit in the mammalian 

genome: α1, α2, β1 and β2 (44).  The predominant isoform, α1/β1 (referred to as GC-1), is 

primarily expressed in smooth muscle tissue where it regulates vascular tone.  A second isoform, 

α2/β1 (referred to as GC-2), is largely found in neurons where it facilitates neural transmission and 

cognitive function (58).  Expression of the β2 subunit in vivo has yet to be reported and its 

functional role is unknown (38,39). 

GC-1 is the most characterized and therapeutically relevant isoform of sGC (38,39).  The 

molecular weight of GC-1 in humans is ~150 kDa, with the mass of the α1 and β1 subunits 

corresponding to 78 kDa (690 residues) and 71 kDa (619 residues), respectively.  The α1 and β1 

subunits share 33% sequence identity and 52% sequence similarity.  The highest degree of 

conservation is found in the C-terminal catalytic region.  Each subunit contains four functional 

domains (Fig. 1.4): an N-terminal H-NOX domain (59-65), a Per-ARNT-Sim (PAS) domain (66), 

a coiled-coil (CC) domain (67), and a C-terminal cyclase domain (68,69). 
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Figure 1.4. Domain arrangement of soluble guanylyl cyclase.   (A) A block diagram of the 

domain architecture for α1/β1 sGC.  The H-NOX domain is red, the PAS domain is yellow, the 

coiled-coil domain is green, and the cyclase domain bound to GTP is purple.  Linker regions are 

indicated by a black line.  Residue numbers indicating the beginning and end of domains are 

shown.  (B) Crystal structures for each of the sGC domains: a bacterial H-NOX homologue from 

Nostoc sp. 7120 (PDB 2O09) (64), a PAS domain from Manduca sexta (PDB 4GJ4) (66), a β1 

coiled-coil homodimer from rat (PDB 3HLS) (67), and the α1/β1 cyclase domains from human 

(PDB 4NI2) (68).   
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1.2.2 Heme-Nitric Oxide/Oxygen binding (H-NOX) domain.   

The Heme-Nitric Oxide/Oxygen binding (H-NOB, also referred to as H-NOX) domain 

originated as a sensor of diatomic gases in bacteria (2,70).  While prokaryotic H-NOX domains 

are a diverse group of standalone and multidomain proteins, eukaryotic H-NOX domains are 

exclusively found within the sGC architecture (39).  H-NOX domains contain a ferrous (FeII) heme 

capable of coordinating NO, CO, and O2.  The binding affinity of diatomic gases to most ferroheme 

proteins follows a molar ratio of 1:103:106 for O2:CO:NO, in what is referred to as the sliding-

scale rule (71,72).  The β1 H-NOX domain of mammalian sGC displays an exaggerated molar 

ratio of 1:103:1011 for O2:CO:NO, which permits the detection of sub-nanomolar levels of NO 

while excluding atmospheric O2 (71,72).  The substantially increased affinity for NO binding to 

sGC is attributed to proximal histidine release, which is discussed in detail below.  Certain sGC 

and bacterial H-NOX homologues overcome the sliding-scale rule to bind atmospheric O2, which 

is accomplished by introducing a H-bonding network in the heme pocket that is designed to 

stabilize the O2-complex (Fig. 1.5) (65,73,74).  Interestingly, this H-bonding network does not 

induce O2 binding to mammalian sGC. 

While an atomic resolution structure has yet to be solved for a truncated H-NOX domain 

from sGC, crystal structures of several bacterial H-NOX homologues have been reported (59-65).  

Bacterial H-NOX homologs exist as stand-alone proteins and domains of larger protein complexes 

(2), and share 15-35% sequence identity with the β1 H-NOX domain of sGC (residues 1-182 of 

the β1 subunit from human sGC).  The general H-NOX fold contains seven α-helices (helices αA-

G) and four β-sheets (β-sheets β1-4) (65).  The β1 H-NOX domain is divided into two subdomains 

connected by a flexible linker.  Helices αA-C make up the N-terminal subdomain while helices 

αD-G and β-sheets β1-4 constitute the C-terminal subdomain (65).  The heme propionate groups 
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form salt bridges with a highly conserved YxSxR motif in the C-terminal subdomain (Fig. 1.5) 

(75).  A proximal histidine residue on helix αF (His105 in human sGC) forms the fifth coordination 

site with the heme iron (Fig. 1.5) (76).   

H-NOX domains act as diatomic gas sensors that undergo a conformational change in 

response to ligand binding, thereby initiating a cellular response through the activation of catalytic 

partner.  NO binding to sGC leads to a transient 6-coordinate NO complex, which rapidly 

dissociates to a 5-coordinate NO complex following the release of the proximal histidine residue 

(77,78).  Proximal histidine release greatly enhances the binding affinity of NO to heme and allows 

sGC to circumvent the sliding-scale rule mentioned above (71).  There appears to be an intimate 

relationship between ligand binding affinity, heme geometry, and the relative orientations of the 

N- and C-terminal subdomains (2,63).  The first crystal structure of an O2 sensing H-NOX domain 

from Thermoanaerobacter tengcongensis, also known as Caldanaerobacter subterraneus, 

displayed a highly distorted heme conformation (65).  Introduction of a mutation designed to relax 

the heme to planarity resulted in a structural rearrangement of the N- and C-terminal subdomains 

as well as enhanced affinity for O2 (Fig. 1.5) (63).  

The α1 H-NOX domain is homologous to the β1 H-NOX domain but has lost the ability to 

bind heme.  Removal of the α1 H-NOX domain increased the affinity for gaseous ligands upwards 

of 40-fold, suggesting this domain functions as an allosteric regulator of gaseous ligand binding 

(79).   The N-terminus of the α1 H-NOX domain is preceded by ~65 residues that are predicted to 

be intrinsically disordered (80).  While these residues have no known function, Ser64 is a target 

of PKG, which suggests a possible regulatory role for this residue (81).  Removing the N-terminal 

region of the α1 subunit from Manduca sexta sGC greatly improved protein stability but had no 

observable changes in protein function (82).   
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Figure 1.5. Structural features of H-NOX domains.  (A) The crystal structure for a bacterial H-

NOX domain from Nostoc sp. PCC 7120 (Ns H-NOX, PDB 20O9, (64)). The H-NOX fold is 

divided into N- and C-terminal subdomains, which are shown in green and cyan, respectively.  The 

heme is shown as black sticks.  (B) Enlarged view of (A) highlighting heme coordination by the 

proximal histidine residue (shown as red sticks).  (C) The crystal structure for an O2 sensing H-

NOX protein from Thermoanaerobacter tengcongensis is shown in mauve (PDB 1U55, (65)).  Residues 

in the hydrogen bond network that stabilize the O2 complex are visualized as sticks that are colored 

by atom; carbon is white, oxygen is red, nitrogen is blue, sulfur is yellow.  The heme is shown as 

black sticks. Hydrogen bonds are shown as a yellow dotted line.  (D) Enlarged view of (A) 

highlighting residues in the heme pocket. Ns H-NOX lacks a hydrogen-bonding network in the 

heme pocket and does not bind O2. 
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Figure 1.6. A link between the β1 H-NOX subdomains, heme geometry, and ligand binding. 

(A) Overlay of crystal structures for a bacterial H-NOX protein from Thermoanaerobacter 

tengcongensis (referred to as Tt H-NOX).  Wild type Tt H-NOX is mauve (PDB 1U55, (65)), 

P115A mutant Tt H-NOX is teal (PDB 3EEE, (63)), heme is shown as black sticks.  (B) Like (A) 

with an in-depth view of the heme.  Wild type Tt H-NOX adopts a heme conformation that is 

highly distorted from planarity.  The P115A mutation promotes heme relaxation and realigns the 

subdomains.  The P115A mutant displayed increased affinity for O2, indicating a relationship 

between the subdomains, heme geometry, and the affinity for diatomic ligands. 
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1.2.3 Per-ARNT-Sim (PAS) domain  

 The N-terminal H-NOX domain is followed by a Per-ARNT-Sim (PAS, also referred to as 

HNOB-associated or HNOBA) domain.  PAS domains are a common fold that are found in all 

kingdoms of life (83).  The role of the PAS domain in sGC is poorly understood.  Proposed 

functions include facilitating dimerization, participating in heme incorporation, binding small 

molecules, and regulating the binding affinity for gaseous ligands (79,84-86).  In prokaryotes, PAS 

domains frequently serve as sensory domains that bind and respond to ligands.  The only crystal 

structure of a truncated PAS domain from sGC revealed a cavity that has the potential to bind 

small molecules (66).  However, there are currently no reports of ligand binding to either PAS 

domain from sGC.   

 

1.2.4 Coiled-coil domain  

The H-NOX/PAS domains are connected to the cyclase domains by a coiled-coil, which is 

a common fold made of two closely packed α-helices.  Coiled-coils are defined by a distinct heptad 

motif (7 residues, a-b-c-d-e-f-g, per 2 helical turns) containing strategically arranged hydrophobic 

and hydrophilic residues (87).  In canonical coiled-coils, bulky hydrophobic residues are placed at 

the interior a and d positions to facilitate hydrophobic packing.  Charged residues at positions e 

and g stabilize dimerization by forming salt bridges.  Hydrophilic residues are typically found at 

solvent-exposed positions b, c, and f.  Coiled-coil helices may associate in parallel and/or 

antiparallel conformations (87).   The only atomic resolution structure of a truncated coiled-coil 

from sGC crystallized as a β1 homodimer in a tetrameric anti-parallel conformation; however, 

electrostatic analysis and chemical cross-linking strongly suggest the coiled-coil in heterodimeric 

sGC is parallel (67,88). 
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Bioinformatic analyses revealed coiled-coil domains are typically found between a sensory 

and catalytic domain, earning this motif the nickname signaling helix (87).  Prokaryotic coiled-

coils often serve as a functional switch that regulate protein activity in response to ligand binding 

(87,89,90).  Two mechanisms for signal transduction through coiled-coils have been reported, 

including helical rotations and changes in cross-over angle (91,92).  The role of the coiled-coil in 

sGC function remains unknown; however, there is a growing body of evidence that suggests signal 

transduction across sGC may occur through the coiled-coil.  There appears to be a relationship 

between the length of the coiled-coil and the rate of proximal histidine release, suggesting protein 

function is intimately connected to the helical domains.   Small angle X-ray scattering (SAXS) 

paired with chemical cross-linking indicate the H-NOX/PAS domains assemble in a compact 

conformation on the coiled-coil (88).  Changes in protection along the length of the coiled-coil 

were observed by hydrogen/deuterium exchange mass spectrometry (HDX-MS) following the 

addition of NO, suggesting NO binding to sGC leads to conformational changes in the helical 

domains (93).  Finally, mutations to the coiled-coil of a photosensitive guanylyl cyclase in the 

retina (RetGC-1) leads to loss of function and blindness (94). 

 

1.2.5 Cyclase domain  

 Cyclase domains catalyze the formation of cyclic nucleotides, which function as biological 

regulators in all kingdoms of life (87).  The cyclase domains of sGC convert GTP to cGMP, 

thereby initiating a cellular signaling cascade (45).  sGC is constitutively active at low levels in 

the absence of ligand and catalysis is increased by upwards of 200-fold in response to NO.  The 

active site is positioned at the subunit interface of the two cyclase domains, thereby requiring 

dimerization for sGC catalysis (68,95).  While some variants of sGC function as homodimers, 
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mammalian sGC is only catalytically active in the heterodimeric state (38).  Although two potential 

active sites are formed at the substrate interface, only one contains the residues necessary for 

catalysis (38,68).  The catalytically inactive site is referred to as a pseudosymmetric site.  

Pseudosymmetric sites are common in cyclase domains and will sometimes bind small molecule 

ligands, an example of which includes forskolin binding to the pseudosymmetric site of adenylyl 

cyclase (AC) (96).  Small molecule stimulators were initially proposed to bind to the 

pseudosymmetric site of sGC (97); however, further analysis revealed compound binding and 

response is retained in sGC truncations lacking the cyclase domains (79,88,98).  

 The proposed reaction mechanism consists of the 3’ hydroxyl from ribose attacking the α-

phosphate of GTP (99).  Two divalent cations, Mg+2 or Mn+2, are required for catalysis (100).  

Mg+2 has greater physiological relevance and is used more frequently in sGC research.  sGC bound 

to Mn+2 displays greater basal activity but fails to respond to NO (101).  Two crystal structures 

have been reported for α1/β1 cyclase domains, both in the absence of substrate (68,69).  The 

cyclase domains adopt an overall fold that is reminiscent of the catalytic domains from AC.  

Interestingly, the active site is slightly misaligned for optimal catalysis (68).  NO is proposed to 

enhance sGC catalysis with a comparable activation mechanism to AC, which is activated by 

rotating the cyclase domains ~10° and aligning active site residues required for catalysis (102,103).  

Data obtained by HDX-MS supports the assertion that sGC undergoes a similar rotation in 

response to NO (104). 
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1.2.6 Domain architecture and mechanism of signal transduction 

Considerable structural information is available for sGC domains.  Nonetheless, the 

arrangement of individual domains in sGC and the magnitude of conformational changes involved 

in catalytic activation remains a topic of debate.  The first homology model for a multi-domain 

truncation of sGC was developed using small angle electron scattering (SAXS), chemical cross-

linking, and mass spectrometry (88).  This model depicts the H-NOX and PAS domains assembled 

in a compact conformation on the coiled-coil (Fig. 1.7).  The cyclase domains were not present in 

sGC constructs used to generate this model and therefore not included.  Addition of NO, CO, or 

stimulatory compound resulted in minimal perturbations to the SAXS molecular envelop, 

indicating sGC predominately exists in a single structure devoid of large conformational 

rearrangements.  Experiments involving fluorescence resonance energy transfer (FRET) were 

consistent with the SAXS model, indicating a compact structure with minimal conformational 

fluctuations in response to NO (105).  Taken together, these data suggest a mechanism for signal 

transduction in which NO binding is propagated via small, localized structural changes along the 

coiled-coil (Fig. 1.8) (88). 

A second homology model generated using negative stain electron microscopy (EM) 

revealed a high degree of conformational dynamics for full-length sGC (106).  sGC adopted a wide 

range of conformations in both the presence and absence of NO. The two conformational extremes 

include a compact conformation consistent with the SAXS model and an elongated structure 

depicting minimal interdomain interactions (106).  These data led to the development of a second 

mechanism for signal transduction, in which inhibitory interactions between the N- and C-termini 

are relieved by large conformational rearrangements initiated in response to NO (Fig. 1.8) (106).   
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Figure 1.7. Homology model for a multidomain sGC truncation.  A homology model for a 

multidomain sGC truncation from Manduca sexta (Ms sGC-NT) was developed using a 

combination of small angle X-ray scattering, chemical cross-linking, mass spectrometry (88).   In 

this model, the H-NOX and PAS domains assemble in a compact conformation on the centrally 

located coiled-coil.  The cyclase domains were not present in Ms sGC-NT constructs used in this 

study and therefore not included.  The H-NOX domains are red, the PAS domains are yellow, the 

coiled-coil domains are green, and the heme is shown as black sticks.      
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Figure 1.8. Proposed mechanisms for sGC activation by NO.  Depiction of sGC activation 

mechanisms 1 and 2.  The α1 subunit is shown in orange, the β1 subunit is shown in blue, and the 

heme is gray.  (A) In mechanism 1, sGC exists in a compact conformation and signal of NO binding 

is propagated along the coiled-coil to the cyclase domains.  (B) In mechanism 2, NO binding leads 

to a conformational change in the β1 H-NOX domain that relieves inhibitory interactions imposed 

on the cyclase domains.   
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1.3 SOLUBLE GUANYLYL CYCLASE IN PATHOLOGY AND PHARMACOLOGY 

1.3.1 The NO/sGC/cGMP signaling pathway in vascular pathology 

 The vascular endothelium constitutes the innermost layer of cells lining the entire 

cardiovascular system (107).  The primary function of the vascular endothelium is to maintain 

cardiovascular homeostasis by regulating a balance between vasodilation/vasoconstriction and 

thrombosis/anticoagulation (108).  A dysfunctional endothelium loses the ability to regulate the 

vasculature and respond to physical stimuli such as shear stress and neurohormonal signals. 

Endothelial dysfunction is characterized by heightened levels of vasoconstriction, platelet 

aggregation, vascular remodeling, inflammation, and oxidative stress (109).  Impaired 

NO/sGC/cGMP signaling is a hallmark of endothelial dysfunction, which is implicated in all forms 

of cardiovascular disease (109,110).  There is a direct link between endothelial dysfunction and 

numerous vascular pathologies, including hypertension, heart failure, stroke, diabetes, 

atherosclerosis, coronary artery disease, impotence, liver cirrhosis, and renal failure (111-118).   

 Poor bioavailability and/or responsiveness to NO is a distinguishing characteristic of 

endothelial dysfunction, which results from the attenuation of eNOS, sequestration of NO by ROS, 

and oxidation/desensitization of sGC (109).  Restoring cGMP production in patients suffering from 

endothelial dysfunction has the potential to protect vascular tissue by inhibiting platelet 

aggregation, vascular remodeling, and inflammation, while simultaneously promoting 

vasodilation (111).  As such, the components of the NO/sGC/cGMP signaling pathway are highly 

sought after therapeutic targets for treating various forms of vascular dysfunction (111). 

Cardiovascular-related diseases represent one of the most prevalent pathologies afflicting the 

developed world, and heart disease is implicated in a quarter of the deaths in the United States 

each year (119). 
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1.3.2 Soluble guanylyl cyclase as a pharmaceutical target 

The therapeutic potential of sGC has been unwittingly utilized for over a century, 

beginning in 1879 with the use of nitroglycerin to treat angina pectoris (Fig. 1.9) (120).  NO-

donating compounds remain a predominant treatment for vascular dysfunction, including acute 

coronary syndromes, congestive heart failure, and arterial hypertension (121-123).  However, these 

drugs are highly prone to tolerance and debilitating side effects can occur (121,124,125).  The 

negative implications of NO-donating compounds are attributed to numerous vascular 

abnormalities, including impaired drug metabolism, production of reactive nitrogen species 

(RNS), heightened sensitivity to vasoconstrictors, activation of phosphodiesterases, and 

desensitization of sGC to NO (121,124-126).  As such, drug development is increasingly focused 

on compounds designed to enhance sGC catalysis without the release of NO.  

YC-1 is a synthetic small molecule that was initially identified in a compound screen for 

its ability to inhibit platelet aggregation (127).  YC-1 was later found to enhance sGC catalysis by 

acting both independently and synergistically with NO (128-134).  Oxidized/heme-depleted sGC 

was unresponsive to YC-1, suggesting ferroheme is required for function (135).  Despite initial 

promise as a therapeutic agent, insufficient potency, unspecific reactions, and poor bioavailability 

rendered YC-1 unsuitable for clinical use (136-138). Further development led to compounds with 

improved efficacy and pharmacological profiles such as compounds BAY 41-2272 (139), BAY 

41-8543 (140), BAY 63-2521 (also referred to as Riociguat, Fig. 1.9) (141), and IWP-051 (142).  

These compounds make up a family of benzylindazole derivatives referred to as sGC stimulators.  

In 2013, Riociguat became the first stimulator to pass phase III clinical trials and received FDA 

approval to treat pulmonary hypertension (143-145).   
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Despite over 20 years of research and clinical approval of stimulator drugs, where these 

compounds bind to sGC and how they function remains unknown.  In 2001, photoaffinity labeling 

experiments suggested stimulators bind to a regulatory site in the α1 H-NOX domain of sGC (139).  

In 2004, stimulators were proposed to bind to a pseudosymmetric site located in the cyclase 

domains of sGC, resembling forskolin binding to adenylyl cyclase (146).  sGC truncations lacking 

the α1 H-NOX domain and both cyclase domains were later found to retain stimulator response, 

suggesting the compound binding site is in the N-terminal two-thirds of the protein (79,82,88).  

Multiple reports involving resonance Raman spectroscopy, ligand binding dynamics, and surface 

plasmon resonance (SPR) suggested stimulators bind to the β1 H-NOX domain (79,88,147-149).  

The location of the stimulator binding site remains a debated topic in the literature, with current 

reports citing stimulator binding to the α1 H-NOX domain, the β1 H-NOX domain, and the α/β1 

cyclase domains. 

 Activators are a second class of small molecules designed to enhance sGC catalysis 

without the release of NO (111,150).  Intriguingly, activators display a distinct molecular structure 

and mechanism of action from stimulator compounds (Fig. 1.9).  Unlike stimulator compounds 

which require the presence of ferroheme, activators are targeted to oxidized/heme-free sGC and 

have been shown to protect against protein degradation (138).  Crystallization of a bacterial H-

NOX protein bound to activator compound BAY 58-2667 (also referred to as Cinaciguat) revealed 

that Cinaciguat occupies the empty heme pocket, thereby promoting the active conformation of 

sGC (151).  Activators represent a promising strategy to treat vascular-related disease states 

involving oxidative stress, which are unresponsive to NO donors and stimulator compounds  (111).   

Cinaciguat recently underwent phase II clinical trials to treat acute decompensated heart failure 

(ADHF); however, these trials were later discontinued due to severe hypotension (152,153). 
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Figure 1.9. Compounds designed to enhance sGC catalysis.  The molecular structures of the 

three classes of small molecules designed to increase sGC catalysis.  NO-releasing compounds, 

also known as NO-donors and nitrovasodilators, are represented by nitroglycerin.  Stimulators are 

represented by Riociguat.  Activators are represented by Cinaciguat.  
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1.4 DISSERTATION OUTLINE 

Research described in this dissertation examines the structure, function, and regulation of 

sGC, with a large emphasis placed on small molecule allosteric regulators of sGC.  While sGC 

stimulator compounds show great promise for treating various forms of cardiovascular disease, 

their binding site and mechanism of action are unknown.  This thesis describes the discovery of a 

conserved binding site for stimulator compounds in the β1 H-NOX domain of sGC, in addition to 

uncovering novel mechanistic insights into compound function and sGC activation.  Uncovering 

the stimulator binding site allows for the development of new and improved stimulators, and 

permits the development of novel therapeutics targeted to sGC using structure-based drug design. 

Additionally, understanding where small molecule allosteric regulators bind to sGC provides 

crucial insights into the function and regulation of this key therapeutic target.  

This dissertation follows the format defined by the University of Arizona Graduate College 

Manual for Electronic Theses and Dissertations and the Department of Chemistry and 

Biochemistry.  There are six chapters and two appendices.  Chapter 1 introduces pertinent 

background for the described work.  Chapter 2 is based on the manuscript Discovery of stimulator 

binding to a conserved site in the heme domain of soluble guanylyl cyclase, which is published in 

the Journal of Biological Chemistry (98).  Supplementary information for this manuscript is 

provided following the main text.  Portions of the text were modified to coincide with the format 

of this dissertation and data obtained by contributing authors are specified.  Chapters 3-5 report 

unpublished graduate research.  Chapter 6 concludes this dissertation by summarizing future 

directions and final remarks.  Appendix A summarizes attempts to crystallize bacterial H-NOX 

proteins.  Appendix B describes preliminary efforts to express, purify, and characterize full length 

sGC.  
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CHAPTER 2  

DISCOVERY OF STIMULATOR BINDING TO A CONSERVED SITE IN THE HEME 

DOMAIN OF SOLUBLE GUANYLYL CYCLASE 

 

OVERVIEW.  Chapter 2 is based on the manuscript Discovery of stimulator binding to a 

conserved site in the heme domain of soluble guanylyl cyclase (Jessica A. Wales, Cheng-Yu Chen, 

Linda Breci, Andrzej Weichsel, Sylvie G. Bernier, James E. Sheppeck II, Robert Solinga, Takashi 

Nakai, Paul A. Renhowe, Joon Jung, and William R. Montfort), which is published in the Journal 

of Biological Chemistry (98).  Portions of the text were modified to coincide with the format of 

this dissertation and data obtained by contributing authors are specified.  Chapters 3-5 report 

unpublished graduate research.  Supplementary information for this manuscript is provided 

following the main text.  Figures displaying experiments performed by contributing authors are 

indicated in italics under the figure legend.  

 

AUTHOR CONTRIBUTIONS. J.A.W., C.-Y.C., L.B., S.G.B., J.E.S., J.J., P.A.R. and W.R.M. 

conceived this research and designed experiments; J.E.S. and T.K. developed compound IWP-

854; J.A.W. and S.G.B., undertook labeling experiments; J.A.W., L.B. and R.S. designed mass 

spectrometry experiments and undertook data measurement and analysis; J.A.W., C.-Y.C. and 

A.W. expressed and characterized recombinant proteins; C.-Y.C. undertook NMR measurement 

and analyses; J.A.W., J.J. and W.R.M. undertook molecular modeling; J.A.W., C.-Y.C. and 

W.R.M. wrote the paper; and all authors participated in the revisions of the manuscript. 
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ABSTRACT 

 

Soluble guanylyl cyclase (sGC) is the receptor for nitric oxide and a highly sought-after therapeutic 

target for the management of cardiovascular diseases.  New compounds that stimulate sGC show 

clinical promise, but where these stimulator compounds bind and how they function remains 

unknown.  Here, using a photolyzable diazirine derivative of a novel stimulator compound, IWP-

051, and MS analysis, we localized drug binding to the β1 heme domain of sGC proteins from the 

hawkmoth Manduca sexta and from human.  Covalent attachments to the stimulator were also 

identified in bacterial homologs of the sGC heme domain, referred to as H-NOX domains, 

including those from Nostoc sp. 7120, Shewanella oneidensis, Shewanella woodyi, and 

Clostridium botulinum, indicating the binding site is highly conserved.  The identification of 

photoaffinity-labeled peptides was aided by a signature MS fragmentation pattern of general 

applicability for unequivocal identification of covalently attached compounds.  Using NMR, we 

also examined stimulator binding to sGC from M. sexta and bacterial H-NOX homologs.  These 

data indicated that stimulators bind to a conserved cleft between two subdomains in the sGC heme 

domain.  L12W/T48W substitutions within the binding pocket resulted in a 9-fold decrease in drug 

response, suggesting the bulkier tryptophan residues directly block stimulator binding.  The 

localization of stimulator binding to the sGC heme domain reported here resolves the longstanding 

question of where stimulators bind and provides a path forward for drug discovery.   
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2.1 INTRODUCTION 

Nitric oxide (NO) signaling is compromised in numerous forms of vascular pathology 

(154,155) and the components of NO signaling pathways are highly sought after therapeutic targets 

(132).  Central to NO signaling is soluble guanylyl cyclase (sGC), the NO receptor, which regulates 

vascular tone, platelet activation, wound healing and other factors of importance to cardiovascular 

health (38).  sGC is an ~150 kDa heterodimeric NO sensor composed of  and  subunits, with an 

1/1 isoform predominating in vascular tissue (also referred to as guanylyl cyclase-1, GC-1), and 

an 2/1 isoform predominating in nerve cells (called GC-2), where it is important for memory 

formation.  The sGC 1 subunit contains an N-terminal Heme-Nitric Oxide / Oxygen binding (H-

NOX) domain, a Per-ARNT-Sim (PAS) domain, a coiled-coil domain and a catalytic cyclase 

homology domain (Fig. 2.1A).  The sGC 1 subunit was likely formed through gene duplication 

(38) and retains a similar domain arrangement to the 1 subunit except that the H-NOX domain 

has lost the ability to bind heme and is best referred to as a psuedo H-NOX domain.   

 sGC binds NO on a ferrous heme in the β1 H-NOX domain, leading to allosteric 

stimulation of cyclase activity, production of cyclic guanosine-3',5'-monophosphate (cGMP) from 

guanosine-triphosphate (GTP) and a downstream signaling cascade.  A single active site is formed 

at the interface of the  and  cyclase homology domains, with each subunit contributing amino 

acids necessary for catalysis.  sGC is therefore an obligate heterodimer. 

 sGC is targeted pharmaceutically to treat numerous vascular disorders, including acute 

coronary syndromes, congestive heart failure, and arterial hypertension, through the use of NO 

donors and organic nitrates (156).  While these compounds exhibit potent vasodilatory and anti-

ischemic effects, tolerance readily develops and cellular damage by excess NO can occur (156).  
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More recently, compounds that increase cGMP production without altering cellular levels of NO 

have been sought.   

 sGC stimulators were the first compounds to overcome the limitations of NO donors and 

organic nitrates by enhancing cyclase activity both independently and synergistically with NO 

(128-132).  Optimization of initial stimulator compounds led to the development of BAY 41-2272, 

which is widely used for investigating stimulator mechanism, and BAY 63-2521 (riociguat), which 

is clinically approved to treat pulmonary arterial hypertension (PAH) and chronic thromboembolic 

pulmonary hypertension (CTEPH) (marketed as Adempas) (132).  Additional sGC stimulators 

have been developed, including IWP-051, a novel compound representing a new class of 

stimulators with improved solubility over traditional stimulators and favorable pharmacodynamics 

properties (157).   

 Despite much success and compounds in the clinic, where sGC stimulators bind and how 

they function remains unknown.  Here, we identify binding of stimulator compounds to the sGC 

heme domain and bacterial H-NOX homologs using NMR approaches and a unique photoactive 

labeling stimulator with a signature cleavage pattern that allows for unambiguous LC-MS/MS 

peptide assignment.  
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2.2 MATERIALS AND METHODS 

2.2.1 Materials 

Chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 

indicated.  Uniformly labeled 15N-ammonium chloride, 13C-glucose and deuterium oxide (D2O) 

were purchased from Cambridge Isotope Laboratories.  2-(N,N-Diethylamino)diazenolate-2-oxide 

(DEA/NO) was generously provided by Dr. Katrina Miranda (University of Arizona).  Full-length 

human 11 sGC expressed in Sf9 cells with C-terminal His-tag was purchased from Enzo Life 

Sciences, Inc. (Farmingdale, NY).  HEK293T cells were acquired from the American Type Culture 

Collection (ATCC).  Turbofect was purchased from Fermentas.  DMEM media was purchased 

from Gibco Life Technologies (Waltham, MA).  Fetal bovine serum was obtained from the 

University of Arizona Cancer Center (Tucson, AZ).  Sequencing grade trypsin and chymotrypsin 

were acquired from Promega (Madison, WI), and C18 zip-tips were purchased from Pierce Thermo 

Fisher Scientific (Waltham, MA).  

  

2.2.2 Syntheses 

IWP-051 and IWP-898 (identical to phosphodiesterase 9A inhibitor PF-044447943) were 

produced as previously described (157,158).  Photoactive labeling reagent IWP-854 was 

synthesized and purified in a manner similar to IWP-051.  Detailed synthetic procedures for IWP-

854 are included in the supplemental materials.  

 

2.2.3 Generation of sGC and bacterial H-NOX constructs 

Construction of Ms sGC-NT13 (α1 His6-49-450, β1 1-380) and Ms sGC-NT21 (α1 His6-

272-450, β1 1-380, Fig. 2.1A) were previously described (79,82,88).  Plasmid pETDuet-1-NT25, 
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coding for Ms sGC-NT25 (α1 His6-49-459-Strep, β1 1-389), was generated by amplifying cDNA 

coding for 1 49-459 by PCR using primers F1 and R1 (primer sequences are in supplemental 

Table S2.1).  PCR product was subcloned into vector pGEM-T (Promega Corporation, Madison, 

WI), then cloned into plasmid pETDuet-1-NT2 following the removal of the original 1 subunit 

with restriction enzymes BamHI and NotI.  A stop codon (TAA) was insterted into the Ms sGC 1 

subunit after Leu389 using the QuikChange Lightning Site-Derected Mutagensis Kit (Agilent 

Technologies, Santa Clara, CA) with primers F2 and R2.  Mutations were introduced into 

pETDuet-1-NT25 coding for Ms sGC-NT25 using the Quikchange Lightning Site-Directed 

Mutagenesis Kit and primers F6-F8 and R6-R8. 

 To generate Ms sGC-NT23 (α1 His6-272-459-Strep, β1 1-389), an equimolar mixture of 

oligonucleotides F3 and R3 (supplemental Table S2.1) were incubated at 95 °C for 2 min and 

cooled to room temperature, creating a 37 base double-stranded DNA with 4-base overhangs on 

each end.  The resulting product was ligated into plasmid pETDuet-1-NT25 with T4 ligase 

following removal of the 1 H-NOX domain with BamHI and NheI restriction enzymes.  

 Constructs coding for full length human sGC were generated by amplifying cDNA coding 

for sequences for α1 1-690-Strep-tag II and β1 1-619-His6 using primers F4, R4, F5 and R5.  PCR 

product for Hs sGC α1 was cloned into plasmid pCMV_3TAG9 between the restriction sites 

BamHI and HindIII to create plasmid pCMV_3TAG9_sGCα1.  PCR products for Hs sGC β1 was 

cloned into plasmid pCMV_3TAG3A between the restriction sites SacI and XhoI to create plasmid 

pCMV_3TAG3A_sGCβ1. 

 Genes for H-NOX proteins from Nostoc sp. PCC 7120 (Ns H-NOX; residues 1-182; NCBI 

Ref Seq: WP_010996435.1), Shewanella oneidensis (So H-NOX; residues 1-181; NCBI Ref Seq: 

WP_011072197.1), Shewanella woodyi (Sw H-NOX; residues 1-182; NCBI Ref Seq: 
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WP_012325363.1), and Clostridium botulinum (Cb SONO; residues 1-186; NCBI Ref Seq: 

WP_012048396.1) were synthesized and cloned into plasmid pET21b+ between restriction sites 

NdeI and XhoI (GenScript Biotech Corporation).  All constructs contain a C-terminal TEV 

cleavage sequence and a His6 affinity tag (ENLYFQSLEHHHHHH). 

 

2.2.4. Expression and purification of Ms sGC-NT and bacterial H-NOX 

Ms sGC-NT13, Ms sGC-NT21, Ms sGC-NT23 and Ms sGC-NT25 were expressed and 

purified from Escherichia coli as previously described (79,82,88).  Ms sGC-NT21 β1 (1-380) was 

isolated from Ms sGC-NT21 by washing the column-bound sample with CO-saturated buffer, 

resulting in selective elution of the β1 subunit.  

 Plasmids coding for Ns H-NOX, So H-NOX, or Cb SONO were transformed into Rosetta 

competent cells in Terrific Broth media and grown at 37 °C while shaking at 225 rpm.  Once an 

OD600 of 0.8-1.0 was reached, protein expression was initiated by adding 0.1 mM δ-aminolevulinic 

acid (ALA) and 0.5 mM IPTG.  Expression continued for 18-22 hours at 16 °C and cells were 

harvested by centrifugation at 4500 RPM with a JLA-8.1000 rotor (Beckman Coulter) for 20 

minutes at 4 °C.  Pellets were flash frozen in liquid nitrogen and stored at -80 °C.  

  Ns H-NOX, So H-NOX, and Cb SONO were purified by suspending cells in buffer B (50 

mM sodium phosphate, pH 7.4, 300 mM NaCl) supplemented with 0.75 mM DNase I and 1 mM 

PMSF.  Cells were lysed by French press and debris was removed by ultracentrifugation at 40,000 

rpm in a Ti45 rotor for 35 min at 4 °C.  The supernatant was loaded onto a HisTrap FF Ni-NTA 

affinity column (GE Healthcare) and sample was extensively washed with buffer B.  Protein was 

elulted by supplementing buffer B with 30 mM EDTA, followed by buffer exchange into 50 mM 

sodium phosphate, pH 7.5, 90 mM NaCl, <0.3 mM EDTA using centrifugal filters.  The His6 
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affinity-tag was removed by incubation with a 1:100 (protease:protein) molar ratio of TEV 

protease, prepared as previously described(79), overnight at 4 °C.  Sample was passed over a 

HisTrap FF column and cleaved protein was furhter purified using a Superdex 200 gel filtration 

column equilibrated with buffer D (20 mM Tris-HCl, pH 7.4, 100 mM NaCl).  Protein 

concentrations were assessed based on Soret band absorption and samples were frozen in liquid 

nitrogen for storage at -80 °C. 

 Sw H-NOX was expressed and purified in the same manner as other H-NOX proteins with 

the following exceptions: For unlabelled Sw H-NOX, plasmids were transformed into Escherichia 

coli Tuner (DE3) pLysS competent cells and grown in M9 media.  Expression was induced with 

0.05 mM ALA and 0.1 mM IPTG.  Isotopically labeled Sw H-NOX was grown in M9 media 

isotopically enriched for 15N or 13C/15N and protein expression induced with 0.5 mM ALA and 0.5 

mM IPTG.  All buffers used to purify labeled Sw H-NOX were extensively degassed and 

supplemented with 0.5 mM TCEP.  Once loaded onto the HisTrap FF column, protein was washed 

with buffer C (50 mM sodium phosphate, pH 7.5, 500 mM NaCl, 20 mM EDTA) and eluted by 

supplementing buffer C with 60 mM EDTA.  Sample concentration was measured with a Pierce 

660nm Protein Assay (Thermo Scientific). 

 

2.2.5 Determination of CO dissociation constants 

CO titrations were measured using a Cary350 UV/visible spectrophotometer (Agilent 

Technologies, Santa Clara, CA) and a cuvette with 10 cm pathlength.  Kd
CO measurements were 

determined as previously described (79,88), with the exception that samples were suspended in 

buffer A, and BAY 41-2272 was solubilized with a final concentration of 5% EtOH. 
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2.2.6. Expression of human sGC 

HEK293T cells were grown in Dulbecco's Modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO2.  A transfection mixture 

containing 22.5 μg pCMV_3TAG9_sGCα1, 2.5 μg pCMV_3TAG3A_sGC β1, and 31.25 μL 

Turbofect (Thermo Fischer Scientific) was assembled in 2.5 mL serum-free DMEM.  The 

transfection mixture was incubated for 30 min at room temperature and added drop wise to a 10 

cm dish containing HEK293T cells grown to 65-80% confluency.  Protein expression continued 

for 24 h at 37 °C with 5% CO2.   

 

2.2.7 cGMP measurement 

HEK293T cells transfected with human sGC were washed twice with PBS and suspended 

in buffer A supplemented with 8 mM MgCl2, 0.5 mM IBMX, 1 mM PMSF, and 1:100 dilution of 

protease inhibitor cocktail (Sigma).  Cells were lysed with 30 strokes of a 25-gauge needle and 

debris was removed by centrifugation at 16,000 g for 20 min at 4 °C.  Lysate was combined with 

IWP-854 or BAY 41-2272 (5 μM) and DEA/NO (100 μM) as indicated.  Samples were incubated 

for 10 min at room temperature prior to adding GTP (1 mM).  Reactions proceeded for 5 min at 

37 °C and were quenched with 1.5% glacial acetic acid.  Precipitated protein was removed by 

centrifuging at 16,000 g for 10 min at 4 °C and the supernatant was diluted 1:100 in 50 mM sodium 

phosphate (pH 7.0), 0.2% BSA, 0.2% NaN3.  cGMP was quantified using a commercially available 

homogenous time resolved fluorescence (HTRF) assay according to the manufacturer’s 

instructions (CisBio).  All samples were measured in duplicate using a Synergy H1 fluorescent 

plate reader (BioTek).  HTRF measurements were analyzed according to the manufacturer’s 

instructions using Sigma Plot (Systat Software, Inc.).  
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2.2.8 Photoaffinity labeling sGC and bacterial H-NOX with IWP-854 

The sGC or bacterial H-NOX construct of interest (1 µM for sGC, 10 µM for bacterial H-

NOX) were suspended in buffer A.  DEA/NO (100 µM), CO (50 µM), and varying concentrations 

of BAY 41-2272 (1-100 µM) were added as indicated.  For competition assays, a final 

concentration of 5% ethanol was added to maintain the solubility of BAY 41-2272.  Samples were 

equilibrated for 10 min at room temperature before adding IWP-854 (1 µM for sGC, 10 µM for 

bacterial H-NOX).  Samples were incubated for 10 min at room temperature in the dark, placed in 

a 96-well tissue culture plate on ice, and irradiated for 20 minutes with broad band UV light (366 

nm maximum) using a multiband UVGL-58 mineralight lamp (UVP, Upland, CA).   

 

2.2.9. Detecting photoaffinity labeling by western blot 

Samples were suspended in 1x SDS loading buffer and 1 µg protein was run on a 15% bis-

acrylamide gel for 90 minutes at 96 V.  Protein was transferred to a nitrocellulose membrane at 

100 V for 1 h at 4 °C.  The membrane was blocked for 1 h in 5% BSA in PBS-T (0.1% Tween-

20) and incubated in a 1:1000 dilution of primary antibody (Cell Signal #5597 for biotin, Abcam 

ab76949 for Strep-tag II, QED Biosciences #18814-01 for His6) over night at 4 °C.  The membrane 

was washed three times in PBS-T and incubated in a 1:10000 dilution of secondary antibody (Li-

Cor #925-68071) for 2 h while shaking at room temperature.  Membranes were washed an 

additional three times and imaged using the Odyssey Infrared Imaging System.   

 Western blots involving Hs sGC were performed in a similar manner with the following 

exceptions: A total of 200 ng protein were run on NuPAGE 4-12% Bis-Tris gel (Invitrogen).  The 

biotin-affinity tag was detected with a 1:2000 dilution of IRdye800 streptavidin (Li-Cor cat # 
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C40403-1).  A 1:1000 dilution of primary antibody (Abcam ab154841 for Hs sGC β1 subunit) and 

a 1:15000 dilution of secondary antibody (Li-Cor #926-68071) were used as a loading control.  

  

2.2.10. Preparing samples for mass spectrometry 

Photoaffinity labeled samples were buffer exchanged into 100 mM ammonium bicarbonate 

(pH 8.0) using 10 kDa centrifugal filters (Amicon).  Samples were reduced with 12 mM 

dithiothreitol for 45 min at 56 °C, alkylated with 20 mM iodoacetic acid for 30 min at room 

temperature in the dark, and digested with a 1:30 (protease:protein) ratio of trypsin or 

chymotrypsin overnight at 37 °C or 30 °C, respectively. Samples digested with chymotrypsin 

contained 1 mM CaCl2.  Digested peptides were cleaned using C18 zip tips (Pierce Thermo Fisher 

Scientific), dried by speedvac and stored in -20 °C. 

 

2.2.11. LC-MS/MS analysis of photoaffinity labeled samples 

Digested peptides were analyzed by LC-MS/MS using a LTQ Velos Orbitrap mass 

spectrometer (Thermo Fischer Scientific).  Peptides were eluted from a C18 pre-column (100 μm 

i.d. x 2 cm, Thermo Fisher Scientific) onto an analytical column (75 μm i.d. x 2 cm, Thermo Fisher 

Scientific).  Solvent A was 0.1% FA.  Solvent B (ACN, 0.1% FA) was applied as follows: 5-20% 

B over 75 min, 20-35% B over 25 min, 35% B for 19 min, 3 min ramp to 95% B and held for 18 

min.  Flow rates were 400 nL/min directed to an Advion NanoMate nano-ESI source (Advion, 

Ithaca, NY) held at 1.75 eV applied voltage. 

 Data-dependent scanning was performed with Xcalibur v 2.1.0 software using a survey 

mass scan at 60,000 resolution in the Orbitrap analyzer scanning mass/charge (m/z) range of 350-

1600, followed by collision-induced dissociation (CID) tandem mass spectrometry (MS/MS) of 
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the 6 most intense ions in the Orbitrap analyzer at 7,500 resolution.  Precursor ions were selected 

by the monoisotopic precursor selection (MIPS) setting, with the instrument set to observe 

fragment ions once and then excluded from analysis for 45 seconds, allowing for interrogation of 

lower abundance ions.  Ions were excluded with a ±10 ppm window.  Ionization of IWP-854 

increases the charge state of the peptide, allowing for increased selection of labeled peptides by 

excluding precursor ions with a charge less than +3. 

 Tandem mass spectra were searched against a protein database containing 5200 entries, 

including sequences for all sGC and H-NOX constructs analyzed, the proteome for Escherichia 

coli BL21, and common contaminants.  Searches were performed using Thermo Proteome 

Discoverer 1.3, version 1.3.0.339 (Thermo Fischer Scientific) considering the tryptic peptides with 

up to 2 missed cleavage sites.  Iodacetamide derivatives of cysteines and oxidation of methionines 

were specified as variable modifications.  Modification by IWP-854 (1422.717 Da) was searched 

against all 20 amino acid residues in an iterative fashion.  The presence of IWP-854 was confirmed 

by a peak corresponding to the mass of the precursor ion minus m/z 270.127 Da (Fig. 2.4A).  All 

labeled peptides were initially identified automatically by the Discoverer software.  Following 

initial identification, manual assignment of peptides was performed as necessary based on 

precursor mass, MS/MS spectra, and column retention time. 

  

2.2.12. NMR sample preparation 

The diamagnetic Sw H-NOX Fe(II)-CO complex was used in backbone assignment and 

chemical shift perturbation experiments.  To prepare the sample, the isotopically labeled Sw H-

NOX was treated with 10 mM dithionite in an extensively degassed buffer containing 50 mM Tris-

HCl (pH 8.0), 50 mM NaCl, and then saturated with CO in a sealed tube.  Dithionite was removed 
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by buffer-exchange to an extensively degassed, then CO-saturated buffer containing 50 mM 

sodium/potassium phosphate (pH 7.5), 50 mM NaCl, and 10% D2O for NMR measurement.  NMR 

experiments were performed in a CO-saturated and sealed 5.0 mm NMR tube.  The concentration 

of NMR samples was ~0.8 mM for backbone assignment.  An 15N-HSQC spectrum was collected 

before and after each experiment to evaluate the stability of the protein.  IWP-051 and PDE9A 

inhibitor were prepared by dissolving the compounds into DMSO-d6 (99.9 atom % D, Aldrich) to 

a final concentration of 25 mM.  2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was included as an 

internal reference in the TrNOESY sample and used to calibrate the concentration of IWP-051 

compound.  

 

2.2.13. NMR spectroscopy and data analysis 

NMR experiments for protein backbone resonance assignment were carried out on Agilent 

18.8 T NMR spectrometer equipped with a triple resonance cryogenic probe at National Magnetic 

Resonance Facility at Madison.  NMR experiments for CSP and TrNOESY were carried out on 

Agilent 14.0 T spectrometer equipped with a triple resonance cryogenic probe at University of 

Arizona.  All experiments except for TrNOESY were performed at 20 °C.  TrNOESY experiments 

were performed at 25 °C.  NMR data were processed using NMRPipe (159) and in combination 

with MddNMR (160,161) or SMILE (162) for non-uniformly sampled data.  The NMRFAM-

SPARKY (163), PINE (164) and PINE-SPARKY (165) were used for resonance assignment and 

spectrum analysis. 
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2.2.14. Protein backbone resonance assignment 

All backbone and side-chain resonance experiments were acquired using 40-50% non-

uniformly sampling(160,161),(166).  Sequence-specific backbone resonance assignments were 

determined using the following triple resonance experiments: 3D-HNCA (167), 3D-HN(CO)CA, 

3D-HNCACB (167), 3D-CBCA(CO)NH, 3D-HNCO, and 3D-(HCA)CO(CA)NH.  Side-chain 

resonance experiments including 3D-C(CO)NH (168), 3D-H(CCO)NH (168), 3D-HCCH-TOCSY 

and 3D 15N-NOESY-HSQC (100-ms mixing time) (169) were used to verify the backbone 

resonance assignments.  More than 90% of residues were assigned. 

  

2.2.15. Chemical shift perturbation 

Chemical shift perturbations (CSPs) were measured using 336 M 15N-labeled Sw H-NOX 

with increasing concentration of IWP-051 (100 M to 4000 M) or PDE9A inhibitor (200 M 

to 1600 M).  Residues were identified using the assigned 1H-15N HSQC spectrum.  The 

magnitude of CSP for each residue was calculated using the following equation (170):  

     (1) 

In which H is the change in 1H shifts and N is the change in 15N shifts in ppm.  A scaling 

factor of 0.2 was applied to the 15N shifts.  Control experiments titrating only DMSO-d6 into the 

protein were used to correct the solvent perturbations from DMSO-d6.  For residues with 

significant perturbations, their CSPs were plotted as a function of ligand concentration and fitted 

into the following equation (171):  

  (2) 
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In which  is the adjusted chemical shift change, max is the maximum adjusted chemical shift 

change at saturation, [PT] is total protein concentration, [L] is the ligand concentration, and Kd is 

the equilibrium dissociation constant.  Kd was extracted by fitting the data using xcrvfit.  

  

2.2.16. TrNOESY measurements 

The hydrogen chemical shifts of IWP-051 were assigned as previously described (157) and 

confirmed by 2D-COSY, 2D-TOCSY, and 2D-NOESY experiments for samples dissolved in D2O.  

Transferred nuclear Overhauser effect spectroscopy (TrNOESY) experiments were performed 

with IWP-051 or PDE9A inhibitor dissolved in 99.9% D2O, 50 mM sodium phosphate (pH 7.5), 

100 mM NaCl, 4% DMSO-d6, 2 mM dithionite and 100 M DSS.  Protein/ligand molar ratios of 

1/50 for Ms sGC-NT23, 1/29 for Cb SONO and 1/19 for Sw H-NOX were used with IWP-051 and 

ratios of 1/31 for Ms sGC-NT23 was used with PDE9A inhibitor.  For Cb SONO, a pH of 8.0 was 

used to increase the stability of the protein.  A conventional NOESY sequence was used with 256 

x 2048 data matrices and with presaturation for water suppression.  TrNOESY-derived distances 

were calibrated using the distance between H9 and H10 from the modeled IWP-051 structure.  The 

NOE contribution from H(157) was scaled by a factor of 2 prior to distance calculation to account 

for the two equivalent hydrogens on the methylene group. 

 

2.2.17. Molecular modeling 

A molecular model for Ms sGC-NT13 was previously assembled using small-angle X-ray 

scattering (SAXS) and chemical cross-linking (88).  Models for compounds IWP-051 and IWP-

854 were prepared by first generating a SMILES string in ChemDraw (PerkinElmer Informatics, 

Inc.) and submitting the string to the Grade Web Server (http://grade.globalphasing.org/cgi-

http://grade.globalphasing.org/cgi-bin/grade/server.cgi
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bin/grade/server.cgi).  Modeling of compound binding was done manually in COOT (172) 

followed by energy minimization in REFMAC5 (173) as encoded in CCP4i (174).  Figures were 

prepared using the PyMOL Molecular Graphics System, Version 1.8.6.0 Schrӧdinger, LLC. 

 

  

http://grade.globalphasing.org/cgi-bin/grade/server.cgi
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2.3 RESULTS 

2.3.1. Development of a photolyzable stimulator, IWP-854 

To localize stimulator binding to sGC, we synthesized a photolabile compound called IWP-

854.  The IWP-854 core motif is based on IWP-051, which replaces the 7-azaindazole core of 

BAY 41-2272 with pyrazole-isoxazole 5-membered rings capable of free rotation (Fig. 2.1B) 

(175).  Previous studies indicate altering the benzyl ring abolishes binding while modifications to 

the pyrimidine ring are widely tolerated (175,176).  With this in mind, we modified the pyrimidine 

ring to have a biotin affinity tag coupled to a PEG linker and a photoactive diazirine capable of 

covalently attaching to all 20 amino acid side chains and peptide backbone (177-179) (Fig. 2.1B).   

  

2.3.2. IWP-854 retains stimulator activity 

We examined stimulation of recombinant human (Hs) sGC and found IWP-854 to 

stimulate to a similar extent as BAY 41-2272 (Fig. 2.2A).  Both basal and NO stimulated activities 

were enhanced, as previously described for sGC stimulators (129,180,181).  IWP-854 increased 

activity by 12-fold over basal levels in the absence of added NO, and 84-fold over basal upon 

addition of NO.  We previously developed truncated versions of sGC from Manduca sexta for 

analyses of compound-enhanced CO binding (79,82,88,182), which we refer to as Ms sGC-NT 

(Fig. 2.1A).  Ms sGC-NT constructs are fully heme-loaded and stable in the ferrous (functional) 

state (supplemental Fig. S2.1).  One hallmark of stimulator compounds is their ability to enhance 

CO and NO binding to the heme domain (reviewed in (38)).  CO binding to Ms sGC-NT23 in the 

absence of stimulator compound displays Kd
CO = 710 nM (Fig. 2.2B).  Addition of BAY 41-2272 

enhances CO affinity 14-fold (Kd
CO = 52 nM) while addition of IWP-854 enhances CO affinity 

34-fold (Kd
CO = 21 nM).  Thus, IWP-854 stimulates as well as the best reported compounds.   
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Figure 2.1.  sGC constructs and stimulators.  (A) Diagram highlighting the domain structure of 

sGC constructs included in the present study.  In addition to full-length human sGC, several 

truncated versions of Manduca sGC were examined, including Ms sGC-NT13 (1 49-450, 1 1-

380), Ms sGC-NT25 (1 49-459, 1 1-389), Ms sGC-NT23 (1 272-459, 1 1-389) and Ms sGC-

1 (1 1-380), which may be homodimeric.  Bacterial H-NOX proteins from Nostoc sp. PCC 7120 

(1-182), Shewanella oneidensis (1-181), Shewanella woodyi (1-182), and Clostridium botulinum 

(1-186) were also examined.  (B) Chemical structures for IWP-854, IWP-051 and BAY 41-2272.  

The fragmentation position for IWP-854 during mass spectrometry is indicated (270.127).  
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Figure 2.2.  IWP-854 retains stimulator functionality.  (A) Catalytic activity for human sGC in 

the absence or presence of DEA/NO (100 M) and stimulator compound (5 M).  sGC  and  

genes were transiently transfected into HEK293T cells and activity measured after cell lysis.  Error 

bars represent the average and standard deviation for three independent measurements (panels A 

and B).  (B) Saturation curves for CO binding to Ms sGC-NT23 (30 nM) in the absence or presence 

of stimulator (5 M).   
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2.3.3. IWP-854 and BAY 41-2272 share a common binding site 

Labeling with IWP-854 was visualized by probing the biotin affinity tag through western 

blot (Fig. 2.3A-C).  A time course revealed that labeling to Ms sGC-NT23 is observed after 5 

minutes of UV illumination and continues to increase for 15-20 minutes (supplemental Fig. S2.2).  

Heme was retained after 15 minutes of UV irradiation, as indicated by a minimal decrease in Soret 

band absorption and a slight shift in Soret maxima characteristic of stimulator binding (79) 

(supplemental Fig. S2.3).  Longer exposures to UV light led to substantial heme loss, however, 

and were avoided for this reason.  Using this strategy, we found that IWP-854 exclusively labels 

the 1 subunit of Ms sGC-NT23 (Fig. 2.3A).   

 To assess compound specificity, IWP-854 labeling was monitored in the presence of 

increasing concentrations of BAY 41-2272 (Fig. 2.3A).  Incubation with BAY 41-2272 attenuated 

IWP-854 labeling of Ms sGC-NT23 in a concentration-dependent manner, indicating the two 

compounds were competing for a single binding pocket.  Similar results were observed for Ms 

sGC-NT13 (supplemental Fig. S2.4A), which includes the 1 pseudo H-NOX domain, and full 

length Hs sGC (Fig. 2.3B).  Faint labeling was observed on the 1 subunit of Hs sGC; however, 

this labeling was not competed away with excess stimulator and is likely due to non-specific 

labeling.  IWP-854 also labeled the isolated 1 subunit of Ms sGC-NT21 (1 residues 1-380, 

supplemental Fig. S2.4B).  Curiously, BAY 41-2272 failed to diminish IWP-854 labeling of Ms 

sGC-NT21 β1; however, IWP-854 labeled the same residues in Ms sGC-NT21 β1 as in other Ms 

sGC-NT constructs (described below).   

 Yoo and colleagues previously reported that BAY 41-2272 not only alters the release 

kinetics of CO from sGC, but also from a homologous bacterial H-NOX domain from Clostridium 

botulinum (147), commonly referred to as Cb SONO (183).  We therefore characterized stimulator 
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binding to Cb SONO, as well as three previously described H-NOX proteins from Nostoc sp. 7120 

(Ns H-NOX), Shewanella oneidensis (So H-NOX), and Shewanella woodyi (Sw H-NOX) (2).  

IWP-854 labeled all four bacterial H-NOX proteins (Fig. 2.2C, supplemental Fig. S2.4C), 

suggesting stimulator binding is conserved among β1 H-NOX domains.  Photoaffinity labeling of 

bacterial H-NOX proteins required 10-fold more IWP-854 than sGC constructs, indicating 

decreased affinity for compound binding.  Labeling was reduced but not eliminated by excess 

BAY 41-2272, which is likely explained by the inability to reach sufficiently high BAY 41-2272 

concentrations due to poor compound solubility, and by the increased nonspecific labeling that 

occurs at higher IWP-854 concentrations.  Interestingly, BAY 41-2272 (10 M) did not enhance 

CO binding to any of the four bacterial H-NOX proteins (supplemental Table S2.2).  This may 

be due to the weaker compound binding but is also consistent with previous results with sGC, 

where stimulator enhanced CO binding to the heterodimeric protein, but not to the isolated H-

NOX domain (79).  
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Figure 2.3. IWP-854 labeling is specific to the stimulator binding site.   (A) Representative 

western blot illustrating IWP-854 labeling of Ms sGC-NT23.  Selective linkage of IWP-854 (1 

µM) to the 1 subunit of Ms sGC-NT23 (1 µM) is readily visualized with an anti-biotin antibody 

after 15 minutes of irradiation with 350-365 nm UV light (MW 1 ~45 kDa).  Labeling of 1 

(MW ~20 kDa) is not observed.  Addition of BAY 41-2272 (1-25 µM) competes away IWP-854 

in a concentration-dependent manner.  Loading control: anti-Strep-affinity tag (Ms sGC-NT23 

1).  (B) Like panel (A) using full-length recombinant Hs sGC (1 µM; MW α1 ~70 kDa, MW β1 

~86 kDa), IWP-854 (1 µM), and BAY 41-2272 (1-50 µM).  Loading control: anti-Hs sGC 1.  (C) 

Like panel (A) using Cb SONO (10 µM, MW ~23 kDa), IWP-854 (10 µM), and BAY 41-2272 

(10-50 µM).  Cb SONO was reduced to the ferrous state (Soret 431 nm) with 2 mM dithionite and 

saturated with CO (100 µM).  Dithionite was removed with a desalting spin-column prior to 

stimulator addition.  Loading control: anti-His6-affinity tag.   

The western blot shown in 2.3B was contributed by Dr. Sylvie G. Bernier.  
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2.3.4. Identifying labeled residues in sGC and bacterial H-NOX proteins 

Residues labeled by IWP-854 were identified by liquid chromatography tandem mass 

spectrometry (LC-MS/MS) using an LTQ Velos Orbitrap mass spectrometer (Thermo).  Initial 

examination of IWP-854 alone (molecular mass 1,450.743 Da) revealed a distinct and highly 

reproducible fragmentation pattern (supplemental Fig. S2.5).  Key features include a singly-

charged peak at m/z 270.127 and a peak one charge state less than the precursor representing the 

mass of the parent ion minus 270.127 Da.  MS3 analysis of m/z 270.127 identified the fragment as 

the end of the biotin-containing PEG linker (C12H20O2N3S, Fig. 2.1B and supplemental Fig. S2.5).  

This signature cleavage pattern was consistently observed in labeled peptides (Fig. 2.4A), 

providing a robust strategy for definitively identifying peptides modified by IWP-854.  A possible 

mechanism for the characteristic fragmentation pattern is for the linker amide near the cleavage 

site to yield a localized mobile proton that assists in the cleavage event (184), thus reproducibly 

generating the m/z 270.127 fragment.  More broadly, judicious placement of an amide bond in a 

PEG linker may provide a unique cleavage pattern of general applicability.  The high purity and 

abundance of Ms sGC-NT constructs allowed for numerous experiments under varying conditions.  

Hs sGC and four bacterial H-NOX proteins were also examined using conditions initially 

developed with Ms sGC-NT.  Results from a total of 43 experiments are reported in Table 2.1 and 

supplemental Table S2.3.  Representative sequence coverage for each protein is depicted in 

supplemental Fig. S2.6.   

 Identification of peptides was to high mass accuracy in all cases; however, certain peptides 

were detected more often than others (Table 2.1).  Most labeled residues identified in Ms sGC-NT 

and Hs sGC are expected to originate from the stimulator-binding pocket, as evidenced by 

diminished labeling in the presence of excess BAY 41-2272 (Fig. 2.3A).  In general, the diversity 
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in labeling of sGC likely results from dynamics in both compound and protein.  For IWP-854, the 

diazirine is at the fourth carbon of a 5-atom flexible linker attached to a pyrimidine ring capable 

of free rotation (Fig. 2.1B).  The pyrimidine ring was previously shown to be tolerant to some 

modification (157), suggesting it may exhibit greater conformational dynamics than the rest of the 

compound, even in the bound state. 

 Labeling of Ms sGC-NT23 remained the same in the presence or absence of NO or CO, 

consistent with a stimulator binding site that does not greatly change upon heme ligation.  

Likewise, labeling did not appreciably differ in the presence (Ms sGC-NT13) or absence (Ms sGC-

NT23) of the 1 pseudo H-NOX domain, indicating this domain does not harbor the stimulator 

binding site.  IWP-854 labeling of Ms sGC-β1 is similar to the other Ms sGC-NT constructs despite 

lacking the 1 chain and displaying poor competition with BAY 41-2272.  Labeled peptides 

identified in the Ms sGC-NT constructs agreed well with those in full-length Hs sGC and were 

found nearly exclusively in the 1 subunit, as expected from the western blot analyses.  Likewise, 

many labeled peptides identified in the bacterial H-NOX proteins overlapped with those from sGC. 

 The most frequently observed labels cluster together in our previous model for Ms sGC-

NT (Fig. 2.4B) (88).  IWP-854 predominately labeled the sGC 1 chain on H-NOX alpha helix 

A (Ms residues β1 6-8), H-NOX helix C (Hs residues β1 48-51), and the coiled-coil domain 

(Ms residues β1 361-362, 365-366; Hs residues β1 370-371, 374-375, 385).  Labeling of helix A 

was also seen for the bacterial H-NOX proteins Cb SONO and Sw H-NOX, while labeling of helix 

C was seen for Ns H-NOX, So H-NOX, and Sw H-NOX.  Helix αD was not labeled in any sGC 

constructs but was detected in bacterial H-NOX proteins Ns H-NOX, Sw H-NOX, and Cb SONO.  

Labeled residues in αA, αC, and αD localize around the interface of two subdomains in the 1 H-

NOX and are predicted to reside near labeled residues in the coiled-coil and the linker connecting 
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the PAS and coiled-coil domains of Ms sGC-NT (Ms residues β1 328-331) (88).   Labeling of 

residues Ms sGC-NT 1 195-198 was seen in 11 of 26 measurements; however, these residues lie 

in the linker between the H-NOX and PAS domains and in a different region of our model.  This 

discrepancy could be due to limitations in our modeling, a slight degree of non-specific binding or 

high dynamics in this loop.   

 Several additional labeled peptides were detected on a less frequent basis, and are listed in 

Table 2.1 and supplemental Table S2.3.  Modifications to the 1 H-NOX/PAS linker were 

observed in all three Ms sGC-NT constructs, but not Hs sGC.  Additionally, a variety of labels 

were detected in individual bacterial H-NOX proteins that do not agree with the most common 

binding arrangement.  These are likely the result of unspecific labeling introduced by increased 

compound concentrations and/or changes in compound affinity, as evidenced by incomplete 

elimination of IWP-854 labeling by competition with BAY 41-2272.  For this reason, only labeled 

residues that were identified in multiple bacterial H-NOX proteins were considered.  

 Stimulators have been proposed to bind to a pseudosymmetric site in the cyclase domains 

like forskolin binding to adenylyl cyclase (146,185).  Ms sGC-NT constructs retain stimulator 

binding and response despite lacking both cyclase domains, suggesting the cyclase domains do not 

contain the primary stimulator binding site (79,82,88).  The possibility of a secondary stimulator 

binding site in the catalytic domains was addressed by photoaffinity labeling full length Hs sGC.  

A single label was found in the 1 cyclase domain (Hs residue 1 629, supplemental Table S2.3), 

which is predicted to lie at the protein surface.  No residues were labeled in the cyclase domain 

active site or pseudosymmetric site, rendering a secondary stimulator binding site unlikely.  One 

additional label to the human 1 chain was observed (Hs peptide 1 45-47, Table S2.3).  The two 

1 chain labels may represent the non-specific 1 labeling observed by western blotting.  
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Table 2.1. Summary of Residues Multiply Modified by IWP-854 

Modified Residuesa Construct Occuranceb Errorc 

H-NOX Domain 

1 6-9e 

 

Ms sGC-NTd (6-8)f 

Sw H-NOX (7-9) f 

Cb SONO (7) f 

18/26 

2/2 

3/3 

3.2 ± 2.0 

0.8 ± 0.8 

1.8 ± 0.1 

1 41-46e 

 

Hs sGC (41-44) f 

So H-NOX (42-46) f 

Ns H-NOX (44-46) f 

1/2 

4/4 

3/3 

1.4 

1.5 ± 2.3 

0.4 ± 0.1  

1 47-52e 

 

Hs sGC (48-51) f 

Ns H-NOX (50-52) f 

Sw H-NOX (47-49) f 

2/2 

3/3 

2/2 

2.1 ± 1.0 

1.1 ± 0.7 

2.1 ± 0.4 

1 76-84e 

 

Ns H-NOX (79-84) f 

Sw H-NOX (76-81) f 

Cb SONO (76-78) f 

2/3 

2/2 

3/3 

1.3 ± 1.0 

3.5 ± 0.1 

1.1 ± 0.1 

Linker (H-NOX Domain – PAS Domain) 

1 195-198 Ms sGC-NTd 11/26 2.4 ± 1.0 

Linker (PAS Domain – CC Domain) 

1 328-331 Ms sGC-NTd 11/26  3.1 ± 1.7 

CC Domain 

1 361-362 Ms sGC-NTd 26/26  2.6 ± 1.7 

1 365-366 Ms sGC-NTd 26/26 2.6 ± 1.7 

1 370-371 Hs sGC 2/2  1.4 ± 0.3 

1 374-375 Hs sGC 2/2  1.4 ± 0.3 

1 385 Hs sGC 2/2  2.2 ± 2.8 
aIncluded are peptides and sequence regions modified in more than one species.  Modified residues 

are listed where known.  A range of residues is listed where the exact modified residue could not 

be determined due to incomplete fragmentation.  All peptides were in either the +3 or +4 charge 

states and had masses between 2200 and 3900 Da.  Complete mass and charge information can be 

found in supplementary Table S2.2. 

bThe number of times a peptide was identified out of the total number of experiments conducted.   

cErrors listed are the average and standard deviation of mass discrepancies for all peptides 

identified.  For n = 2, the range is presented, and for n = 1, the single value for M is listed.   

dFor Ms sGC-NT experiments, results for all constructs and ligation states (± NO, CO, etc.) are 

combined.  In each case, the modified peptide was identified in all Ms sGC-NT constructs analyzed 

(Ms sGC-NT23, Ms sGC-NT13, Ms sGC-β1).  

eRange of residues that were photoaffinity labeled in at least two sGC and/or H-NOX constructs. 

fSpecific residues identified in individual sGC and H-NOX constructs 



66 

 

 

Figure 2.4.  Mass spectrum of an Ms sGC-NT23 peptide modified by IWP-854.  (As) LC-

MS/MS spectrum of peptide 1 1-15 modified by IWP-854, undertaken in high resolution/high 

resolution mode.  Loss of the protonated biotin-containing fragment is clearly indicated (m/z = 

270.127) along with the z = +3 labeled peptide (m/z = 993.181).  Chemical structures for the biotin-

containing fragment (m/z = 270.127) and the target peptide modified by IWP-854 (m/z = 993.181) 

are depicted in the figure.  Nearly all possible b and y ions were observed.  Labeling was to Tyr 7.  

(B) Arrangement of labeled residues in a model for Ms sGC-NT (1 49-469, 1 1-399), generated 

through homology modeling, SAX analysis and chemical cross-linking (88).  The subdomains of 

the β1 H-NOX domain are shown in green (N-terminal subdomain) and light blue (C-terminal 

subdomain).  The remainder of the β1 subunit is depicted in tan and the α1 subunit is shown in 

light gray.  Modified residues are labeled and shown in red. 
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2.3.5. Characterization of compound binding by transferred NOESY NMR 

IWP-051 binding to Ms sGC-NT23, Cb SONO, and Sw H-NOX was further examined by 

transferred nuclear Overhauser effect spectroscopy (TrNOESY). TrNOESY provides information 

on the protein-bound conformation of the compound by measuring proton-proton NOE cross-

relaxation enhancement.  Upon binding the protein, the ligand acquires a large molecular 

correlation time leading to substantial enhancement of NOE cross relaxation between protons.  

Thus, protein-bound compounds exhibit strong negative NOEs and significantly shorter mixing 

times, compared to the small positive NOEs and longer mixing times exhibited by free ligand  

(186).   

 The NOESY spectrum of IWP-051 (Fig. 2.5A) in the absence of protein displayed weak 

positive NOEs at longer mixing times (>1.2 seconds) (Fig. 2.5B left, supplemental Table S2.4).  

Prominent NOEs include those between hydrogens in the benzyl ring (H13, H14, H15 and H16) 

and the isoxazole ring (H9 and H10).  Most NOEs involving the methylene hydrogens (H11) were 

not observed, consistent with high rotational dynamics in the methylene bridge and benzyl ring.  

No NOE peaks were observed at shorter mixing times (<1.0 second).   

 Upon adding Ms sGC-NT23, strong negative NOEs appeared at a short mixing time typical 

for protein molecules (400 ms).  Three new NOEs were observed for protein-bound IWP-051, all 

involving the methylene bridging hydrogens (H2-H11, H9-H11 and H11-H14; Fig. 2.5B right 

panel).  One NOE peak (H10-H20) was lost.  As a control, we examined binding by compound 

PF-04447943, a phosphodiesterase 9A (PDE9A) inhibitor (158) that does not stimulate sGC.  No 

NOEs were observed with this compound (supplemental Fig. S2.7).  Together, these data suggest 

specific binding for IWP-051 to Ms sGC-NT23.  Approximate proton-proton distances for IWP-

051 derived from TrNOESY are reported in supplemental Table S2.4 with comparison to the 
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distances from the model structure, which are in good agreement.  IWP-051 binding to Cb SONO 

and Sw H-NOX were also examined, with both proteins generating negative TrNOESY peaks.  

However, the spectra display weaker intensities than Ms sGC-NT23, likely due to the smaller sizes 

of the bacterial H-NOX proteins (supplemental Fig. S2.7).   

 These data reveal several key factors related to stimulator binding.  First, a strong NOE 

peak between two protons (H2-H10) was observed upon binding (Fig. 2.5B), suggesting the 

isoxazole and pyrazole rings are roughly planar and the protons from each ring lie near one another.  

Since the magnitude of NOE peaks decrease rapidly with distance and are only measurable to ~6 

Å, the two rings must be nearly co-planar for a strong TrNOESY peak to appear in IWP-051.  

Second, there is a weak TrNOESY peak between an isoxazole proton and the methylene protons 

(H10-H11, Fig. 2.5B), consistent with the orientation shown in the figure and the previously 

reported structure-activity relationship (SAR) of IWP-051 (175).  Third, the appearance of several 

TrNOESY peaks for the benzyl ring indicates it occupies a single conformation in the binding 

pocket.  Finally, and most importantly, stimulator binding is conserved from bacterial H-NOX 

proteins to human sGC. 
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Figure 2.5.  Transferred NOESY NMR spectroscopy.  (A) Chemical structure of IWP-051 with 

atoms numbered as in panel B.  (B) TrNOESY spectra for free IWP-051 (upper panel; 292 M, 

mixing time 1,600 ms) and IWP-051 (292 M) bound to Ms sGC-NT23 (lower panel; 5.3 M, 

mixing time 400 ms).  NOE cross peak intensity relative to the negative diagonal peaks (black) 

change from positive (free IWP-051, blue) to negative (protein bound, black), upon binding.  Three 

new peaks appear (11H-9H, 11H-2H, 11H-14H) and one peak is lost (20H-10H) on binding, 

indicating IWP-051 adopts a single primary conformation.  Missing peaks are indicated with red 

circles (left panel) and blue box (right panel).   

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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2.3.6. Chemical shift perturbation in Sw H-NOX HSQC indicates binding pocket 

Sw H-NOX displays well-dispersed HSQC spectra and 75% of the backbone assignments 

have been reported (187).  We therefore completed the backbone assignment and undertook 

chemical shift perturbation analyses to uncover which residues respond to binding IWP-051 (Figs. 

2.6A-C, supplemental Figs. S2.8 and S2.9, supplemental Tables S2.5 and S2.6).  Several 

residues displayed prominent concentration-dependent shifts in resonance upon titration with 

IWP-051 (Fig. 2.6B), but not with PDE9A inhibitor.  The largest shifts cluster together near the 

C-terminal end of helix A (Sw residues 14-18) and the N-terminal end of helix D (Sw residues 

61-76, Fig. 2.6C).  These regions are in contact in our homology model (Fig. 2.6A, described 

below).  Interestingly, they also reside near the predicted binding site of H-NOX-associated cyclic-

di-GMP synthase/phosphodiesterase, the signaling partner for Sw H-NOX (187).  Significant shifts 

were also observed for residues E27 and E57, near the A/D interface.  Though conserved, IWP-

051 binding to Sw H-NOX is weaker than to Ms sGC-NT, with Kd = 1.9 mM estimated for the CO 

complex by chemical shift perturbation NMR titration (Fig. 2.6B, supplemental Table S2.6) 

compared with Kd values of 0.03-3.8 M for various stimulator compounds binding to the CO 

complexes of Ms sGC-NT constructs (79).  
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Figure 2.6.  Chemical shift perturbation NMR spectroscopy.  (A) Surface and cartoon 

representation for the modeled structure of Ms sGC-NT23 bound to IWP-051.  Residues with large 

 in Sw H-NOX are colored blue (helix A), red (helix D) and purple (backside), labeled 

according to the Sw H-NOX sequence.  IWP-051 (atom colors) and heme (yellow) are shown as 

sticks.  (B) Prominent  upon titration of IWP-051 into Sw H-NOX (336 M), fitted to equation 

2 (left).  Superimposed 1H-15N HSQC spectra of increasing concentration of IWP-051 (red to blue) 

are shown for each residue (right).  The shift along the titration indicates fast exchange of ligand 

binding.  (C) Shown are chemical shift perturbations () in Sw H-NOX (336 M) induced by 

IWP-051 (1.6 mM, blue) or PDE9A inhibitor (1.6 mM, red, negative control), after subtraction of 

perturbations from DMSO alone.  Residues with larger changes in  (>3, blue line) are labeled.  

Secondary structure is indicated with cylinders (helices A-G) and arrows (beta sheet strands 1-4). 

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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2.3.7 Molecular modeling of stimulator binding to sGC 

Our labeling and NMR data indicate the functional binding site for stimulator compounds 

resides in the 1 H-NOX domain.  While a high-resolution structure of an sGC H-NOX domain 

has not been reported, crystal structures for several bacterial homologues are known (59-61,63-

65).  These structures display the same overall fold and provide a solid scaffold for understanding 

H-NOX structure in sGC function (reviewed in (2,38,39)).  The overall H-NOX fold is ~180 

residues long and displays an N-terminal sub-domain comprised of residues 1-60, which is 

dominated by a 3-helix bundle, followed by a larger mixed helix/sheet sub-domain containing the 

heme pocket.  Alignment of the larger sub-domains of several H-NOX structures indicate the 

smaller and larger domains can move independently of one another, altering the orientation of the 

two domains, which has been proposed to be key for signal transduction (59,64,187).   

 Most of the residues implicated in compound binding by photoaffinity labeling and NMR 

lie at the interface of the H-NOX sub-domains (Fig. 2.7A), making this interface an intriguing 

possibility for stimulator binding.  While the large domain includes the heme-binding pocket, the 

small domain covers the heme distal pocket and contacts the heme edge.  It is easy to imagine that 

changes in the sub-domain interface would affect heme properties, ligand affinity and signal 

transduction.  Thus, our working hypothesis is that stimulator compounds bind in this region and 

we have modeled IWP-854 binding into a pocket at the sub-domain interface (Fig. 2.7A).   

 Modeling of compound into heterodimeric sGC was more challenging since atomic-level 

models are unavailable.  For this we utilized a previously described model for Ms sGC-NT based 

on small-angle X-ray scattering (SAXS), chemical cross-linking and homology modeling (88).  

The labels found most frequently in the present study were to the coiled-coil.  Encouragingly, these 

residues in the coiled-coil lie near the labeled residues in the 1 H-NOX domain (Fig. 2.7B).   
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Figure 2.7.  Molecular model of modified residues and proposed stimulator binding pocket.  

(A) Model for the 1 H-NOX domain of sGC with bound labeling compound.  IWP-854 binding 

is proposed to be in the pocket formed between subdomains.  The N-terminal subdomain is shown 

in green and the C-terminal subdomain in light blue.  IWP-854 is shown as sticks (carbon light 

gray, nitrogen blue, oxygen red) with biotin and the PEG linker left out for clarity.  Heme is shown 

as black sticks.  Residues prominently labeled by IWP-0-854 in sGC and bacterial H-NOX proteins 

are shown in dark blue.  Residues with prominent chemical shift perturbations in Sw H-NOX are 

shown in red.  (B) Surface representation for Ms sGC-NT highlighting the proposed binding 

pocket.  Colors for the 1 H-NOX are the same as in panel (A).  The remaining protein is shown 

in light gray.  

Molecular modeling was performed by Dr. William R. Montfort and Jessica A. Wales. 
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2.3.8. Mutational analysis of the proposed stimulator binding site 

Mutations designed to block compound access were introduced into the 1 H-NOX 

subdomain interface.  Three residues predicted to occupy different regions of the binding site, 

Leu12, Thr48 and Ile66, were targeted for mutation and changed to tryptophan.  Mutations were 

originally generated in Ms sGC-NT23, which lacks the 1 H-NOX domain (Fig. 1A); however, 

these constructs led to insoluble protein.  We then turned to Ms sGC-NT25, which resembles Ms 

sGC-NT13 but is extended by 9 residues at the C-terminal end of both α1 and β1 subunits.  

Mutations L12W, T48W, L66W and the double mutation L12W/T48W were engineered into Ms 

sGC-NT25, successfully purified and examined for CO binding affinity in the presence or absence 

of BAY 41-2272 (Table 2.2).   

 The T48W single mutation resulted in ~3-fold weaker binding affinity for CO in the 

absence of BAY 41-2272 (Table 2.2).  No appreciable changes in CO binding affinity were 

observed for the L12W and I66W single mutations, while the L12W/T48W double mutant bound 

CO ~2-fold weaker than wild type.  These data indicate the mutations had minimal effect on the 

heme environment.   

 In contrast, stimulation by BAY 41-2272 was reduced in all of the mutated proteins, quite 

dramatically in two cases.  Addition of 10 µM BAY 41-2272 to wild-type protein increased CO 

binding affinity by 65-fold, as expected.  Single mutations T48W and I66W led to proteins with 

moderately less response to BAY 41-2272, while mutation L12W displayed only 13-fold 

enhancement by stimulator, and double mutant L12W/T48W lost nearly all response, displaying 

only 7-fold enhancement in the presence of BAY 41-2272, 9-fold worse than wild type.   
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Construct Kd
CO (M) Kd

CO + Bay (M) Ratio 

Wild Type 26 ± 6 0.4 ± 0.1 65 

L12W 28 ± 10 2.2 ± 0.8 13 

T48W 72 ± 5 1.7 ± 0.9 43 

I66W 38 ± 5 1.1 ± 0.1 34 

L12W/T48W 49 ± 17 6.7 ± 2.3 7 

 

Table 2.2. Mutational analysis of the proposed stimulator binding site in Ms sGC-NT25.  CO 

binding constants were measured spectroscopically by monitoring the change in Soret from 433 

nm (unliganded heme) to 424 nm (CO-bound complex).  In the presence of 10 µM BAY 41-2272, 

CO titrations were measured with 30 nM protein in a cuvette with a 10 cm pathlength.  In the 

absence of stimulator, CO titrations were measured with 1 µM protein in a cuvette with a 1 cm 

pathlength.  Reported Kd
CO values are the average of two independent measurements ± range.   

  



76 

 

2.4 DISCUSSION 

 sGC stimulators were first discovered over 20 years ago and have since been improved 

such that one compound is in clinical use and several more are likely to follow.  Yet understanding 

where these compounds bind and how they function has lagged behind, potentially hampering 

discovery of novel compounds with enhanced pharmacological properties.  Here, we resolve the 

longstanding question of where stimulators bind, narrowing the binding site to the heme domain 

where NO binding stimulates catalytic activity.  The stimulator binding site is apparently 

evolutionarily conserved and found in H-NOX domains since they first appeared in bacteria.   

 

2.4.1 Localization of stimulator binding to the heme domain of sGC 

 In the present study, we used a photoactivatable stimulator compound coupled with LC-

MS/MS, along with TrNOESY and chemical shift perturbation NMR, to narrow the binding site 

to the 1 H-NOX domain.  No binding was observed to the cyclase domain active site or to the 

pseudosymmetric site, nor was there binding to the 1 H-NOX domain, as suggested by a previous 

labeling study (139).  This discrepancy likely results from choice of labeling reagent, with the 

present study utilizing a diazirine versus an aryl azide in the former study.  Diazirines improve 

upon aryl azides with quicker reaction times and a lower frequency of stable intermediates that are 

capable of diffusing away from the binding site (179), which in the case of aryl azides, includes 

ketenimine decay products that react strongly with nucleophiles such as cysteines.  Since both 

residues previously identified were cysteines (139), the reaction may have been with the 

ketenimine.   

 We modeled a possible binding complex in which stimulators bind at the interface of the 

two H-NOX subdomains, where most of the residues with labeling and NMR chemical shift peaks 
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were located (Fig. 6A).  This pocket was previously identified as part of a tunnel suggested to be 

of importance for NO, CO and O2 gas exchange with the heme distal pocket in bacterial H-NOX 

proteins (60,61).  Filling this pocket with compound provides a possible mechanism for stimulation 

and may explain the conservation of binding in H-NOX proteins.  With the most critical portions 

of stimulator compounds filling the gas-exchange tunnel, we modeled the IWP-854 pyrimidine 

ring, which contains the photoactive diazirine, to be near major H-NOX and coiled-coil labeled 

peptides, using our previously modeled domain arrangement (Fig. 6B) (88).  Since the coiled-coil 

was labeled in all experiments in which it was present, these results suggest a compact domain 

arrangement of sGC is likely to occur in high abundance.  

 To test our model, we introduced a series of mutations into the proposed binding pocket 

(Table 2.2).  All three mutations led to proteins with reduced response to stimulator while retaining 

similar CO binding affinity as wild-type protein in the absence of compound.  Double mutant 

L12W/T48W displayed the lowest stimulator response, yielding only a 9-fold reduction in CO 

enhancement compared to wild type.  While it is possible that general allosteric response is altered 

in the mutated proteins, it is more likely that the L12W and T48W mutations physically block 

stimulator binding or distort the pocket such that binding affinity is lost.  

 

2.4.2 Insights into the mechanism of stimulator enhancement 

 How do stimulator compounds stimulate?  The answer to this question is still unknown but 

key factors are becoming apparent (recently reviewed in (38,39)).  One key feature of stimulator 

binding is its ability to enhance affinity for NO and CO to the sGC heme, which may in turn 

enhance catalysis.  Increased NO/CO affinity is due in part to increased geminate recombination, 

a process in which trapping dissociated gas molecules in the protein favors rebinding to heme over 
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escape into bulk solution (182,188).  A variety of mechanisms might contribute to increased 

geminate recombination upon stimulator binding, including induction of a heme conformation 

with enhanced ligand binding on-rates or the blocking of ligand escape paths.  The sGC β1 H-

NOX domain has inherently high affinity for NO and CO in the isolated state.  This affinity is 

dampened as additional domains are included in the protein, with addition of 1 pseudo H-NOX, 

1 PAS and the full-length coiled-coil each serving to lower heme affinity for gaseous ligands 

(79,88).  Binding of stimulator partially overcomes the inhibitory effect of additional sGC 

domains, possibly through release of domain contacts or through direct binding to a high-affinity 

H-NOX domain conformation, or both.  Here, we show that stimulator binding is not only directly 

to the H-NOX domain but may also plug a proposed tunnel implicated in gas molecule release 

from the distal pocket.  Additionally, analysis of bacterial H-NOX proteins suggests movements 

in the N- and C-terminal subdomains are intimately connected to heme geometry and ligand 

binding affinity (2). 

 A second key feature for stimulator activity is its linked equilibria with NO and CO 

binding.  Binding of NO or CO leads to an sGC conformation with higher affinity for stimulator 

compound just as stimulator binding leads to higher affinity for NO and CO.  The simplest model 

for explaining such linked equilibria is through allostery: there is an H-NOX conformation that 

binds both gaseous ligand and stimulator with high affinity, and binding of either stimulator or 

NO/CO induces this conformation. 

 Finally, there is a linked equilibrium between affinity of NO at the heme and GTP at the 

active site.  Binding of NO leads to a cyclase conformation with higher GTP affinity, lowering Km 

for catalysis, and also increasing Vmax.  Binding of stimulator has the same effect.  Binding of 

nucleotide alters NO affinity as one would expect from linked equilibria, although the details of 
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this are complicated and may involve more than one nucleotide binding site.  Presumably, the 

affinity of stimulator for full-length sGC would also increase in the presence nucleotide, but this 

has not yet been examined. 

 In summary, we have shown that stimulators bind to the H-NOX domain of sGC as well 

as to bacterial homologs.  Binding likely occurs at the interface of the H-NOX large and small 

subdomains, and may act through both inducing an active conformation and through directly 

blocking a tunnel for gas release to bulk solvent.  These data provide insight into sGC function 

and stimulator action and provide a roadmap for improved compounds targeting disease.   
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2.5 SUPPLEMENTARY MATERIAL 

Listed below is the supplementary information referred to in the text.  

Table S2.1 Primers used in cloning and site-directed mutagenesis of Ms sGC-NT25, 

Ms sGC-NT23, and Hs sGC α1/β1. 

Table S2.2 Kd
CO of bacterial H-NOX proteins ± 10 μM BAY 41-2272   

Table S2.3 Detailed summary of peptides modified by IWP-854 

Table S2.4 IWP-051 proton distances from TrNOESY and free ligand measurements.   

Table S2.5 Chemical Shift Perturbations 

Table S2.6 Kd
IWP-051 values estimated from NMR Chemical Shift Perturbation 

Figure S2.1 Absorbance spectra of Ms sGC-NT and bacterial H-NOX 

Figure S2.2 Western blot of time-dependent IWP-854 labeling of Ms sGC-NT23   

Figure S2.3 Absorbance spectra of Ms sGC-NT23 before and after photoaffinity 

labeling 

Figure S2.4 Competition between IWP-854 labeling and BAY 41-2272 for Ms sGC-

NT13, Ms sGC β1 (1-380), and Sw H-NOX. 

Figure S2.5 MS2 and MS3 spectra for purified IWP-854 

Figure S2.6 Sequence coverage of protein constructs used in the present study 

Figure S2.7 TrNOESY spectra of ligand binding 

Figure S2.8 1H15N HSQC spectrum of 15N-labeled Sw H-NOX in the Fe(II)-CO 

complex state 

Figure S2.9 Superimposed 1H-15N HSQC spectra of Sw H-NOX titrated with IWP-051 

Supp. Methods Synthetic Scheme 
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Table S2.1.  Primers used in cloning and site-directed mutagenesis of Ms sGC-NT25, Ms 

sGC-NT23, and Hs sGC α1/β1.  F1/R1: Primers used to amplify residues 1 49-459 from plasmid 

pETDuet-1-msGC-NT2 by PCR.  F2/R2: Primers used for inserting a stop codon after residue β1 

389.  F3/R3: Primers used to remove residues 1 49-271 from Ms sGC-NT25 to create Ms sGC-

NT23.  F4/R4: Primers used to clone the 1 subunit of Hs sGC into plasmid pCMV_3TAG.  

F5/R5: Primers used to clone the β1 subunit of Hs sGC into plasmid pCMV_3TAG.  F6/R6: 

Primers used to generate L12W mutant Ms sGC-NT25.  F7/R7: Primers used to generate T48W 

mutant Ms sGC-NT25.  F8/R8: Primers used to generate I66W mutant Ms sGC-NT25. 

F1 5’-TCACTGGGATCCGCTCACTCTTAAGCATAT-3’ 

R1 5’-ATCTTAGCGGCCGCTCATTTTTCAAACTGTGGGTGGCTCCAAGCAGAGAATATT 

AAATGCAGCAGGC-3’ 

F2 5’-CTTCTTTACTCAGTGCTGTAGATAAGCGTGGCCACGGAACTTCGTCACCG-3’ 

R2 5’-CGGTGACGAAGTTCCGTGGCCACGCTTATCTACAGCACTGAGTAAAGAAG-3’ 

F3 5’-GATCCGACCAAAGTGACAGATTTGAAGATCGGCGTGG-3’ 

R3 5’-CTAGCCACGCCGATCTTCAAATCTGTCACTTTGGTCG-3’ 

F4 5’-CCCGGGCGGATCCACCATGTTCTGCACGAAGCTCAAGG-3’ 

R4 5’-CCTTGAGCTTCGTGCAGAACATGGTGGATCCGCCCGGG-3’ 

F5 5’-GGAACAGAGGAAACAAAGCAGGATGATGACCACCACCACCACCACCACTAA 

CTCGAGAGCTGA-3’ 

R5 5’-TCAGCTCTCGAGTTAGTGGTGGTGGTGGTGGTGGTCATCATCCTGCTTTGTTT 

CCTCTGTTCC-3’ 

F6 5'-CTTCGTCAAAAGTTTTCATCACCCAGAGCTCGAGGGCATAGTTCAC-3’ 

R6 5'-GTGAACTATGCCCTCGAGCTCTGGGTGATGAAAACTTTTGACGAAG-3' 

F7 5'-ACGGCAGCGGTGATCAAATTATACCAGATCTCATCCTCATAAATCTGTC-3' 

R7 5'-GACAGATTTATGAGGATGAGATCTGGTATAATTTGATCACCGCTGCCGT-3' 

F8 5'-ACGTTTTTCCAAATAGCTCCAACCAAGCGTCAGCGGGTATTTGCAAG-3' 

R8 5'-CTTGCAAATACCCGCTGACGCTTGGTTGGAGCTATTTGGAAAAACGT-3' 
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Table S2.2.  Kd
CO of bacterial H-NOX proteins ± 10 μM BAY 41-2272.  The CO binding 

affinities of Ms sGC-NT23, Ns H-NOX, So H-NOX, Sw H-NOX, and Cb SONO (25 nM) was 

measured in the presence and absence of BAY 41-2272 (10 μM) in a 10 cm cuvette. Binding buffer 

was saturated with CO to create a 1 mM solution.  Kd
CO was measured based on the difference in 

Soret band absorbance between ferrous unliganded (431 nm) and CO-liganded (423 nm) heme.  

Ferric H-NOX proteins were reduced from ferric to ferrous heme with 2 mM sodium dithionite 

immediately prior to undertaking CO titration.  Unlike sGC, the presence of BAY 41-2272 (10 

µM) does not increase CO binding affinity for any of the bacterial H-NOX proteins tested.  Higher 

compound concentrations, which are likely necessary to saturate the bacterial proteins, could not 

be readily achieved due to the volume of the 10 cm cuvette and the low solubility of BAY 41-

2272. 

Species 
Sequence 

Identitya 

K
d

CO
 

(μM)b 

K
d

CO
+ BAY 

(μM) 

Fold Change 

Ms sGC-NT23 60% 0.71 ± 0.03 0.05 ± 0.01 14 

Ns H-NOX 35% 0.39 ± 0.04 0.32 ± 0.04 1.2 

Sw H-NOX 28% 4.20 ± 0.10 3.02 ± 0.12 1.4 

So H-NOX 23% 0.23 ± 0.01 0.12 ± 0.01 1.9 

Cb SONO 22% 0.29 ± 0.03 0.33 ± 0.04 0.9 

aSequence identity refers to comparison with human sGC β1 1-182.   
bKd

CO measurements were performed in triplicate and reported as the average ± std.   
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Table S2.3.  Detailed summary of peptides modified by IWP-854.  A summary of peptides 

modified by IWP-854 from Ms sGC-NT23, Ms sGC-NT13, Ms sGC β1 (1-380), Hs sGC, Ns H-

NOX, So H-NOX, Sw H-NOX, and Cb SONO.  Samples were photoaffinity labeled with IWP-854 

and digested with trypsin or chymotrypsin as indicted.  Digested samples were then analyzed by 

LC-MS/MS with both rounds of MS measured in high resolution mode.  Peptides labeled by IWP-

854 were identified both manually and using the Discoverer program.   

Construct 
Modified 

Peptide 

Modified 

Residuesa nb Xcorr 
Mass 

(Da)c Charge 
Error 

[ppm]d 

H-NOX Domain 

Ms sGC-NTef 
 1 1-15 N6, Y7, A8 18/26 4.19 

3213.67 

3229.65 

3245.64 

+3, +4 3.2 ± 2.0 

Hs sGCf 1 42-53 P45-C47 1/2 0.97 2736.40 +4 1.4 

1 41-47 I41-D44 1/2 0.57 2276.15 +3 1.4 

 1 48-57 T48-L51 2/2 0.97 2461.27 +4 2.1 ± 1.0 

So H-NOXf 41-57 Y42-E46 4/4 4.35 3364.68 +3, +4 1.5 ± 2.3 

Ns H-NOXg 38-43 M40-Y43 2/3 0.51 2092.01 +3 0.9 ± 0.5 

38-49 S44-D46 2/3 2.05 
2772.27 

2788.27 
+3, +4 

0.4 ± 0.1 

0.3 

 44-49 S44-D46 3/3 1.05 2122.00 +3 0.7 ± 0.7 

 44-59 S44-D46 2/3 1.65 3098.54 +4 0.2 ± 0.1 

 50-59 H50-V52 2/3 1.24 2418.27 +3, +4 0.7 ± 0.4 

 50-66 H50-V52 2/3 3.58 3142.65 +3, +4 1.1 ± 0.7 

 71-74 G71-E72 2/3 0.92 1976.94 +3 1.0 ± 0.7 

 78-86 S79-G84 2/3 1.75 2407.14 +3 1.3 ± 1.0 

 78-87 S79-G84 2/3 0.96 2520.21 +3, +4 1.1 ± 0.7 

 168-177 D173-D175 3/3 0.80 2641.25 +3, +4 0.8 ± 0.5 

 182-187 E182-A184 3/3 0.64 2218.07 +3 0.3 ± 0.3 

Cb SONOf 2-10 T7 3/3 0.82 2383.27 +3 1.8 ± 0.1 

76-95 A76-Y81 3/3 1.76 3888.86 +3 1.1 ± 0.1 

 176-181 N176-Y177 1/3 0.49 2237.13 +3 0.78 

Sw H-NOXg 7-16 T7-G9 1/2  1.00 2086.05 +3 0.8 

23-31 S28-L31 1/2 1.97 2445.18 +3 2.27 

 27-37 S28-L31 1/2 0.92 2680.24 +3 3.04 

32-43 I36-Y37 1/2 1.89 2713.30 +3 1.89 

38-48 E47-L49 1/2  0.99 2658.26 +3, +4 2.1 ± 0.4 

38-49 E47-L49 1/2  0.83 2771.35 +3, +4 2.7 ± 0.8 
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 44-49 E47-L49 2/2 0.46 2177.09 +3 1.1 ± 0.1 

 50-66 P62-L66 2/2 2.02 3249.76 +3, +4 1.8 ± 1.7 

 52-66 P62-L66 1/2 1.99 3008.61 +3, +4 2.7 ± 0.7 

 56-66 E57-V58 1/2 2.59 2569.30 +3, +4 2.5 ± 1.2 

 56-70 E57-V58 1/2 2.46 3084.62 +4 2.2 

 75-93 V76-L78 1/2 2.45 3627.76 +4, +5 3.5 ± 0.1 

 97-108 E106-Y108 1/2 2.18 2859.45 +4 2.0 

 147-153 L147 1/2 0.23 2193.04 +3 6.1 

 147-154 E152 1/2 0.30 2340.10 +3 7.3 

 158-175 D168-E170 1/2 0.30 3361.64 +4 1.2 

H-NOX/PAS Linker 

Ms sGC-NTef 1 189-205 A195-E198 11/26 2.45 3248.71 +3, +4 2.4 ± 1.0 

PAS Domain 

Ms sGC-NTef 1 206-213 F211-R213 5/26 0.60 2303.16 +3, +4 3.2 ± 1.9 

Ms sGC-NT23f α1 279-286 F284-K286 2/26 0.52 2247.15 +3 0.1 ± 0.0 

PAS/Coiled-Coil Linker 

Ms sGC-NTef 1 328-341 G328-I331 11/26 2.83 2917.51 +3, +4 3.1 ± 1.7 

Coiled-Coil Domain 

Ms sGC-NTef 
1 356-366 

E361, V362 

D365, K366 
26/26 1.63 2696.43 +3, +4 2.6 ± 1.7 

Ms sGC-1f 
1 342-355 E351-D353 2/26 1.66 

3110.50 

3126.51 
+4 0.9 ± 2.5 

Hs sGCf 
1 365-375 

E370, I371 

D374, R375 
2/2 1.19 2753.44 +3, +4 1.4 ± 0.3 

 1 382-387 D385 2/2 0.39 2127.07 +3 2.2 ± 2.8 

Cyclase Domain 

Hs sGCf α1 628-637 C629 1/2 0.82 2561.25 +4 1.1 
aResidues modified by IWP-854 are listed where known.  Where the exact modified residue cannot 

be determined due to incomplete fragmentation, a range of residues is listed. 
bThe number of times a peptide was identified out of the total number of experiments conducted 

(n).  For Ms sGC-NT experiments, results for all constructs and ligation states (± NO, CO, etc.) 

are combined. 
cAll peptides were in either the +3 or +4 charge states and had masses between 2200 and 3900 Da. 
dErrors listed are the average and standard deviation of mass discrepancies for all peptides 

identified.  For n = 2, the range is presented, and for n = 1, the single M value is listed.   
ePeptides that were modified by IWP-854 in all Ms sGC-NT constructs analyzed (Ms sGC-NT23, 

Ms sGC-NT13, Ms sGC β1).  

fSample was digested with trypsin prior to mass spec analysis. 
gSample was digested with chymptrypsin prior to mass spec analysis. 
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Table S2.4.  IWP-051 proton distances from TrNOESY and free ligand measurements.  

TrNOESY measurements are with Ms sGC-NT23 (5.8 M).   

Proton 

Pair 

Model Distance 

(Å) 

TrNOESY 

(Å) 

Free Ligand 

(Å) 

H2-H9 5.4 –c – 

H2-H10 2.9 2.8 2.8 

H2-H11 5.0 3.9 – 

H2-H20 4.4-5.4a – – 

H9-H10 2.7b 2.8 2.8 

H9-H11 5.6 4.0 – 

H10-H11 5.2 3.5 3.3 

H10-H20 7.1-8.1 – 3.1d 

H11-H13 2.4-3.7 3.2 3.2 

H11-H14 4.7-5.5 3.9 – 

H13-H14 2.4 2.5 2.5 

H14-H15 2.5 2.9 2.7 

H15-H16 2.5 2.7 2.4 

aDistance spread due to multiple possible conformations. 

bProton-proton distance used as standard (D1).  TrNOESY and free ligand distances were 

calculated as Dx = (D1
6 • (I2/I1))

1/6 

cNot observed. 

dReason for strong NOESY peak is unclear. 

 

 

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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Table S2.5.  Chemical Shift Perturbations (in ppm).  Included are Sw H-NOX (336 M) 

titrated with IWP-051 (1600 PDE9A inhibitor (1600 , or DMSO (6.4%). 

Residue 

 (ppm) 

IWP-051   PDE9A I     DMSO 
 

Residue 

 (ppm) 

IWP-051   PDE9A I     DMSO 

G3 0.0051 0.0041 0.0064   Y37 0.0054 0.0007 0.0015 

M4 0.0112 0.0099 0.0094   T38 0.0078 0.0121 0.0075 

V5 0.0064 0.0061 0.0108   V40 0.0140 0.0120 0.0135 

F6 0.0035 0.0113 0.0088   G41 0.0215 0.0222 0.0191 

T7 0.0081 0.0176 0.0136   S42 0.0075 0.0170 0.0148 

G8 0.0213 0.0121 0.0106   Y43 0.0073 0.0047 0.0016 

L9 0.0372 0.0154 0.0007   D44 0.0168 0.0158 0.0122 

M10 0.0310 0.0090 0.0090   H45 0.0079 0.0342 0.0295 

E11 0.0495 0.0248 0.0193   Q46 0.0104 0.0115 0.0115 

L12 0.0363 0.0077 0.0135   E47 0.0215 0.0125 0.0039 

I13 0.0623 0.0046 0.0104   L48 0.0036 0.0053 0.0013 

E14 0.0615 0.0224 0.0194   L49 0.0127 0.0106 0.0118 

D15 0.0118 0.0188 0.0187   Q50 0.0237 0.0049 0.0051 

E16 0.0920 0.0574 0.0482   L51 0.0166 0.0166 0.0129 

F17 0.0506 0.0244 0.0188   V52 0.0100 0.0184 0.0164 

G18 0.0556 0.0228 0.0209   V53 0.0064 0.0029 0.0001 

Y19 0.0268 0.0025 0.0041   K54 0.0302 0.0107 0.0135 

E20 0.0090 0.0249 0.0228   L55 0.0259 0.0214 0.0160 

T21 0.0241 0.0059 0.0066   S56 0.0172 0.0177 0.0216 

L22 0.0088 0.0058 0.0044   E57 0.0441 0.0116 0.0105 

D23 0.0191 0.0097 0.0097   V58 0.0470 0.0442 0.0400 

T24 0.0188 0.0128 0.0109   S59 0.0452 0.0233 0.0175 

L25 0.0150 0.0113 0.0079   S60 0.0276 0.0127 0.0122 

L26 0.0255 0.0000 0.0028   V61 0.0758 0.0437 0.0431 

E27 0.0427 0.0105 0.0099   V63 0.0239 0.0117 0.0104 

S28 0.0144 0.0162 0.0120   T64 0.0175 0.0246 0.0225 

C29 0.0177 0.0171 0.0139   E65 0.0183 0.0023 0.0016 

E30 0.0257 0.0102 0.0101   L66 0.0574 0.0179 0.0125 

L31 0.0119 0.0083 0.0113   V67 0.0367 0.0213 0.0163 

Q32 0.0095 0.0135 0.0127   L69 0.0459 0.0080 0.0086 

S33 0.0145 0.0171 0.0147   F70 0.0206 0.0121 0.0067 

E34 0.0184 0.0151 0.0129   G71 0.0405 0.0043 0.0028 

G35 0.0117 0.0211 0.0149   K72 0.0162 0.0024 0.0040 

I36 0.0293 0.0284 0.0265   K73 0.0481 0.0057 0.0046 
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Residue 

 (ppm) 

IWP-051   PDE9A I     DMSO 
 

Residue 

 (ppm) 

IWP-051   PDE9A I     DMSO 

L74 0.0195 0.0253 0.0207   Y111 0.0247 0.0231 0.0197 

F75 0.0251 0.0027 0.0026   Q113 0.0037 0.0141 0.0165 

V76 0.0400 0.0020 0.0069   A114 0.0040 0.0146 0.0179 

E77 0.0059 0.0095 0.0075   E115 0.0290 0.0301 0.0243 

L78 0.0194 0.0210 0.0116   L116 0.0074 0.0132 0.0096 

I79 0.0081 0.0138 0.0115   K118 0.0181 0.0135 0.0140 

E80 0.0129 0.0191 0.0196   F119 0.0167 0.0071 0.0127 

G81 0.0159 0.0116 0.0087   T120 0.0180 0.0211 0.0166 

H82 0.0198 0.0200 0.0186   D122 0.0101 0.0139 0.0159 

E84 0.0114 0.0103 0.0072   R123 0.0053 0.0080 0.0075 

I85 0.0085 0.0114 0.0075   L124 0.0376 0.0373 0.0334 

A86 0.0065 0.0221 0.0043   N127 0.0223 0.0202 0.0162 

N87 0.0107 0.0135 0.0099   D128 0.0064 0.0128 0.0068 

E88 0.0064 0.0164 0.0138   I129 0.0165 0.0029 0.0056 

M89 0.0227 0.0160 0.0133   R130 0.0133 0.0255 0.0117 

K90 0.0203 0.0201 0.0177   L131 0.0036 0.0097 0.0076 

D91 0.0287 0.0415 0.0318   H132 0.0151 0.0327 0.0259 

S92 0.0184 0.0117 0.0123   Y133 0.0074 0.0107 0.0091 

F93 0.0085 0.0107 0.0097   Q134 0.0085 0.0095 0.0091 

D94 0.0107 0.0054 0.0077   S135 0.0356 0.0412 0.0316 

L95 0.0137 0.0091 0.0101   K136 0.0156 0.0052 0.0044 

L96 0.0137 0.0154 0.0137   R137 0.0290 0.0179 0.0173 

S97 0.0077 0.0030 0.0042   F139 0.0432 0.0257 0.0193 

K98 0.0145 0.0172 0.0101   A140 0.0106 0.0080 0.0053 

I99 0.0035 0.0054 0.0014   S141 0.0076 0.0106 0.0068 

D100 0.0116 0.0097 0.0082   F142 0.0156 0.0111 0.0075 

S101 0.0398 0.0401 0.0335   A143 0.0545 0.0192 0.0276 

F102 0.0230 0.0314 0.0130   E144 0.0328 0.0044 0.0043 

I103 0.0149 0.0129 0.0117   G145 0.0219 0.0017 0.0022 

H104 0.0038 0.0064 0.0032   L146 0.0162 0.0177 0.0152 

V105 0.0366 0.0365 0.0296   L147 0.0140 0.0010 0.0051 

E106 0.0294 0.0444 0.0372   D148 0.0187 0.0062 0.0035 

V107 0.0370 0.0223 0.0211   G149 0.0193 0.0075 0.0095 

Y108 0.0032 0.0054 0.0024   C150 0.0099 0.0013 0.0032 

V107 0.0370 0.0223 0.0211   A151 0.0072 0.0033 0.0039 

Y108 0.0032 0.0054 0.0024   E152 0.0251 0.0064 0.0253 

K109 0.0207 0.0216 0.0185   Y153 0.0171 0.0044 0.0043 

L110 0.0246 0.0234 0.0196  F154 0.0592 0.0607 0.0555 
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Residue 

 (ppm) 

IWP-051   PDE9A I     DMSO 
 

Residue 

 (ppm) 

IWP-051   PDE9A I     DMSO 

K155 0.0082 0.0086 0.0048   T171 0.0029 0.0085 0.0050 

E156 0.0085 0.0132 0.0104   V173 0.0076 0.0024 0.0042 

D157 0.0051 0.0045 0.0050   I174 0.0097 0.0179 0.0104 

F158 0.0217 0.0255 0.0224   F175 0.0012 0.0017 0.0049 

T159 0.0098 0.0077 0.0061   N176 0.0023 0.0051 0.0054 

I160 0.0096 0.0170 0.0108   I177 0.0082 0.0091 0.0094 

S161 0.0148 0.0162 0.0137   T178 0.0132 0.0126 0.0118 

R162 0.0039 0.0072 0.0042   R179 0.0215 0.0073 0.0065 

T163 0.0055 0.0051 0.0049   A180 0.0055 0.0105 0.0103 

E165 0.0129 0.0144 0.0133   R182 0.0189 0.0194 0.0173 

T166 0.0120 0.0130 0.0114   G183 0.0241 0.0250 0.0219 

Q167 0.0104 0.0099 0.0094   A184 0.0175 0.0190 0.0170 

D168 0.0021 0.0078 0.0054   E185 0.0214 0.0211 0.0194 

S169 0.0085 0.0117 0.0101   N186 0.0277 0.0297 0.0243 

E170 0.0253 0.0205 0.0150       

 

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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Table S2.6.  Kd
IWP-051 values estimated from NMR Chemical Shift Perturbation.  10-point 

titrations were carried out with IWP-051 concentrations varying from 100 M to 4000 M. 

Residue 
Kd

IWP-051 

(mM)a 

Max. Shift 

(ppm) 

K73 2.1 ± 0.2 0.114 

G71 0.9 ± 0.2 0.062 

L69 2.8 ± 0.3 0.134 

L66 2.3 ± 0.2 0.140 

E27 1.3 ± 0.1 0.080 

G18 1.7 ± 0.1 0.127 

F17 2.0 ± 0.1 0.120 

E16 2.3 ± 0.2 0.234 

E14 1.5 ± 0.1 0.133 

Ave ± std 1.9 ± 0.6  

aValue and error from individual fit. 

 

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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Figure S2.1 

 

Figure S2.1.  UV-Visible Absorbance Spectra.  Heme oxidation, purity and degree of heme 

incorporation for the Manduca and bacterial proteins used in the present study were assessed based 

on the position of the Soret band and the ratio of its maximal value to that for the protein 

absorbance at 280 nm (82,189).  All of proteins appear to have full heme incorporation except for 

Cb SONO.  Unliganded ferric heme is shown in blue (408-412 nm maximum), unliganded ferrous 

heme is shown in black (431-433 nm maximum), and CO-bound ferrous heme is shown in red 

(423-424 nm maximum).  Shown here is the absorbance spectra from 250-650 nm for Ms sGC-

NT23 (2 M, a), Ms sGC-NT13 (4 M, b), Ms sGC-NT21 β1 (3 M, c), Cb SONO (ferric, 1 M, 

d), Cb SONO (ferric and ferrous, 5 M, e), Sw H-NOX (ferric and ferrous, 7 M, f), So H-NOX 

(2 M, g), and Ns H-NOX (4 M, h).  Cb SONO and Sw H-NOX were purified ferric (blue) and 

reduced to ferrous (black) with 2-10 mM sodium dithionite prior to addition of CO (red).  

Absorbance at 280 nm is not measured for Sw H-NOX due to a lack of tryptophan residues; protein 

concentration was therefore estimated using a BCA assay. 
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Figure S2.2 

 

Figure S2.2.  Western blot of time-dependent IWP-854 labeling of Ms sGC-NT23.  IWP-854 

labeling of Ms sGC-NT23 was visualized by probing for biotin.  IWP-854 (1 µM) and DEA/NO 

(100 µM) were added to Ms sGC-NT23 (1 µM) and samples were irradiated with 350-365 nm UV 

light for the indicated times.  IWP-854 was found to label exclusively to the β1 subunit of Ms sGC-

NT23 (MW ~44 kDa) in a time-dependent manner.  Little-to-no labeling is observed on the α1 

subunit of Ms sGC-NT23 (MW ~24 kDa).  In addition, no IWP-854 labeling is observed prior to 

UV irradiation.  IWP-854 labeling of the β1 subunit of Ms sGC-NT23 becomes visible after 5 

minutes of UV irritation and continues to increase before leveling off at 15-20 minutes.  In the 

lower panel, the Strep-affinity tag at the C-terminus of Ms sGC-NT23 1 is probed as a loading 

control. 
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Figure S2.3 

 

Figure S2.3.  Absorbance spectra of Ms sGC-NT23 before and after photoaffinity labeling.  

The stability of Ms sGC-NT23 (1 M) during IWP-854 labeling was assessed by monitoring 

changes in Soret absorption band.  (a) NO-liganded complex.  (b) CO-liganded complex.  (c) 

Unliganded.  Absorbance spectra were measured before (black) and after (red) a 10 minute 

incubation with IWP-854 (1 µM) in the dark, and following irradiation with 350-365 nm UV light 

for 15 minutes (blue).  IWP-854 binding has little effect on the Soret band with the exception of a 

characteristic ~1 nm shift in absorbance maxima of the CO complex that is indicative of stimulator 

binding, suggesting that protein stability is not compromised in the presence of the compound.  

Irradiation with 350-365 nm UV light results in ~20% reduction in Soret, which is likely the result 

of IWP-854 labeling. 
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Figure S2.4 

 

Figure S2.4.  Competition between IWP-854 labeling and BAY 41-2272 for Ms sGC-NT13, 

Ms sGC β1 (1-380), Sw H-NOX, and So H-NOX.  IWP-854 labeling was monitored by western 

blot, probing for the biotin.  (a) IWP-854 (1 µM), DEA/NO (100 µM), and BAY 41-2272 (0-25 

µM) were added to Ms sGC-NT13 (1 µM) and the sample was irradiated with 350-365 nm UV 

light for 15 minutes on ice.  BAY 41-2272 attenuated IWP-854 labeling of Ms sGC-NT13 in a 

concentration-dependent manner, suggesting labeling is specific for the stimulator binding site.  

Total protein is indicated in lower panel using Ponceau S staining.  (b) Similar to (a) using Ms 

sGC β1 (1 µM), IWP-854 (1 µM), and BAY 41-2272 (0-25 µM).  Curiously, BAY 41-2272 does 

not decrease IWP-854 labeling of Ms sGC β1.  MS2 experiments reveal IWP-854 labels the same 

residues in Ms sGC β1 as Ms sGC-NT23 and Ms sGC-NT13, both of which display strong 

competition between BAY 41-2272 and IWP-854.  The lower panel displays Ponceau S staining 

for total protein.  (c) Similar to (a) using Sw H-NOX (10 µM), IWP-854 (10 µM), and BAY 41-

2272 (0-100 µM).  The lower panel displays anti-His6 affinity-tag as a loading control.  (d) Similar 

to (a) using So H-NOX (10 µM), IWP-854 (10 µM), and BAY 41-2272 (0-50 µM).  The lower 

panel displays Ponceau S staining for total protein.  
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Figure S2.5 

 
Figure S2.5.  MS2 and MS3 spectra for IWP-854.  Mass spectrometry was undertaken on IWP-

854 without exposure to UV light.  (a) MS2 of IWP-854 (MW 1,450.743 Da) revealed three 

prominent peaks: m/z 712.866 (+2), which represents the loss of N2 (MW 28.013 Da); m/z 

1154.603 (+1), which represents the loss of N2 and fragment 270.127; and the fragment with m/z 

270.127 (+1).  (b) MS3 of fragment m/z 270.127 revealed a fragment at m/z 227.085, which allowed 

the m/z 270.127 to be identified as the end of the biotin linker.  (c) IWP-854 with the m/z 270.127 

and m/z 227.085 fragments indicated.    
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Figure S2.6 

a. Ms sGC-NT23 (471/601  78%) 
 

Ms sGC-NT23 α1 (156/212  74%) 

MGSSHHHHHH SQDPTKVTDL KIGVASFCKA FPWHFITDKR LELVQLGAGF MRLFGTHLAT HGSSLGTYFR 

LLRPRGVPLD FREILKRVNT PFMFCLKMPG STALAEGLEI KGQMVFCAES DSLLFVGSPF LDGLEGLTGR 

GLFISDIPLH DATRDVILVG EQARAQDGLR RRMDKLKNSI EEASKAVDKE REKNVSLLHL IFSAWSHPQF 

EK 
 
 

Ms sGC-NT23 β1 (315/389  81%) 

MYGFVNYALE LLVMKTFDEE TWETIKKKAD VAMEGSFLVR QIYEDEITYN LITAAVEVLQ IPADAILELF 

GKTFFEFCQD SGYDKILQVL GATPRDFLQN LDGLHDHLGT LYPGMRSPSF RCTERPEDGA LVLHYYSDRP 

GLEHIVIGIV KTVASKLHNT EVKVEILKTK EECDHVQFLI TETSTTGRVS APEIAEIETL SLEPKVSPAT 

FCRVFPFHLM FDRDLNIVQA GRTVSRLLPR VTRPGCKITD VLDTVRPHLE MTFANVLAHI NTVYVLKTKP 

EEMSVTDPHE EIASLRLKGQ MLYIPETDVV VFQCYPSVTN LDDLTRRGLC IADIPLHDAT RDLVLMSEQF 

EADYKLTQNL EVLTDKLQQT FRELELEKQK TDRLLYSVL 

 
b. Ms sGC-NT13 (478/824  58%) 
 

Ms sGC-NT13 α1 (193/435  44%) 
MGSSHHHHHH SQDPLTLKHM SEALQLLTAP SNECLHAAVT SLTKNQSDHY HKYNCLRRLP DDVKTCRNYA 

YLQEIYDAVR ATDSVNTKDF MAKLGEYLIL TAFSHNCRLE RAFKCLGTNL TEFLTTLDSV HDVLHDQDTP 

LKDETMEYEA NFVCTTSQEG KIQLHLTTES EPVAYLLVGS LKAIAKRLYD TQTDIRLRSY TNDPRRFRYE 

INAVPLHQKS KEDSCELVNE AASVATSTKV TDLKIGVASF CKAFPWHFIT DKRLELVQLG AGFMRLFGTH 

LATHGSSLGT YFRLLRPRGV PLDFREILKR VNTPFMFCLK MPGSTALAEG LEIKGQMVFC AESDSLLFVG 

SPFLDGLEGL TGRGLFISDI PLHDATRDVI LVGEQARAQD GLRRRMDKLK NSIEEASKAV DKEREKNVSL                                                                           

LHLIFSAWSH PQFEK 

                                                  

Ms sGC-NT13 β1 (285/389  73%) 
MYGFVNYALE LLVMKTFDEE TWETIKKKAD VAMEGSFLVR QIYEDEITYN LITAAVEVLQ IPADAILELF 

GKTFFEFCQD SGYDKILQVL GATPRDFLQN LDGLHDHLGT LYPGMRSPSF RCTERPEDGA LVLHYYSDRP 

GLEHIVIGIV KTVASKLHNT EVKVEILKTK EECDHVQFLI TETSTTGRVS APEIAEIETL SLEPKVSPAT 

FCRVFPFHLM FDRDLNIVQA GRTVSRLLPR VTRPGCKITD VLDTVRPHLE MTFANVLAHI NTVYVLKTKP 

EEMSVTDPHE EIASLRLKGQ MLYIPETDVV VFQCYPSVTN LDDLTRRGLC IADIPLHDAT RDLVLMSEQF 

EADYKLTQNL EVLTDKLQQT FRELELEKQK TDRLLYSVL 

 

c. Ms sGC β1 (252/380  66%) 
 

MYGFVNYALE LLVMKTFDEE TWETIKKKAD VAMEGSFLVR QIYEDEITYN LITAAVEVLQ IPADAILELF 

GKTFFEFCQD SGYDKILQVL GATPRDFLQN LDGLHDHLGT LYPGMRSPSF RCTERPEDGA LVLHYYSDRP 

GLEHIVIGIV KTVASKLHNT EVKVEILKTK EECDHVQFLI TETSTTGRVS APEIAEIETL SLEPKVSPAT 

FCRVFPFHLM FDRDLNIVQA GRTVSRLLPR VTRPGCKITD VLDTVRPHLE MTFANVLAHI NTVYVLKTKP 

EEMSVTDPHE EIASLRLKGQ MLYIPETDVV VFQCYPSVTN LDDLTRRGLC IADIPLHDAT RDLVLMSEQF 

EADYKLTQNL EVLTDKLQQT FRELELEKQK 

 

d. Hs sGC (531/1308  41%) 
 

Hs sGC α1 (255/689  37%) 
MFCTKLKDLK ITGECPFSLL APGQVPNESS EEAAGSSESC KATVPICQDI PEKNIQESLP QRKTSRSRVY 

LHTLAESICK LIFPEFERLN VALQRTLAKH KIKESRKSLE REDFEKTIAE QAVAAGVPVE VIKESLGEEV 

FKICYEEDEN ILGVVGGTLK DFLNSFSTLL KQSSHCQEAG KRGRLEDASI LCLDKEDDFL HVYYFFPKRT 

TSLILPGIIK AAAHVLYETE VEVSLMPPCF HNDCSEFVNQ PYLLYSVHMK STKPSLSPSK PQSSLVIPTS 

LFCKTFPFHF MFDKDMTILQ FGNGIRRLMN RRDFQGKPNF EEYFEILTPK INQTFSGIMT MLNMQFVVRV 

RRWDNSVKKS SRVMDLKGQM IYIVESSAIL FLGSPCVDRL EDFTGRGLYL SDIPIHNALR DVVLIGEQAR 

AQDGLKKRLG KLKATLEQAH QALEEEKKKT VDLLCSIFPC EVAQQLWQGQ VVQAKKFSNV TMLFSDIVGF 

TAICSQCSPL QVITMLNALY TRFDQQCGEL DVYKVETIGD AYCVAGGLHK ESDTHAVQIA LMALKMMELS 
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DEVMSPHGEP IKMRIGLHSG SVFAGVVGVK MPRYCLFGNN VTLANKFESC SVPRKINVSP TTYRLLKDCP 

GFVFTPRSRE ELPPNFPSEI PGICHFLDAY QQGTNSKPCF QKKDVEDGNA NFLGKASGI 

 

Hs sGC β1 (276/619  45%) 
MYGFVNHALE LLVIRNYGPE VWEDIKKEAQ LDEEGQFLVR IIYDDSKTYD LVAAASKVLN LNAGEILQMF 

GKMFFVFCQE SGYDTILRVL GSNVREFLQN LDALHDHLAT IYPGMRAPSF RCTDAEKGKG LILHYYSERE 

GLQDIVIGII KTVAQQIHGT EIDMKVIQQR NEECDHTQFL IEEKESKEED FYEDLDRFEE NGTQESRISP 

YTFCKAFPFH IIFDRDLVVT QCGNAIYRVL PQLQPGNCSL LSVFSLVRPH IDISFHGILS HINTVFVLRS 

KEGLLDVEKL ECEDELTGTE ISCLRLKGQM IYLPEADSIL FLCSPSVMNL DDLTRRGLYL SDIPLHDATR 

DLVLLGEQFR EEYKLTQELE ILTDRLQLTL RALEDEKKKT DTLLYSVLPP SVANELRHKR PVPAKRYDNV 

TILFSGIVGF NAFCSKHASG EGAMKIVNLL NDLYTRFDTL TDSRKNPFVY KVETVGDKYM TVSGLPEPCI 

HHARSICHLA LDMMEIAGQV QVDGESVQIT IGIHTGEVVT GVIGQRMPRY CLFGNTVNLT SRTETTGEKG  

KINVSEYTYR CLMSPENSDP QFHLEHRGPV SMKGKKEPMQ VWFLSRKNTG TEETKQDDD 

 

e. Ns H-NOX (140/190  74%) 

MYGLVNKAIQ DMISKHHGED TWEAIKQKAG LEDIDFFVGM EAYSDDVTYH LVGAASEVLG KPAEELLIAF 

GEYWVTYTSE EGYGELLASA GDSLPEFMEN LDNLHARVGL SFPQLRPPAF ECQHTSSKSM ELHYQSTRCG                                                                                                                                                      

LAPMVLGLLH GLGKRFQTKV EVTQTAFRET GEDHDIFSIK YEGAENLYFQ  

f. So H-NOX (117/187  63%) 

MKGIIFNVLE DMVVAQCGMS VWNELLEKHA PKDRVYVSAK SYAESELFSI VQDVAQRLNM PIQDVVKAFG 

QFLFNGLASR HTDVVDKFDD FTSLVMGIHD VIHLEVNKLY HEPSLPHING QLLPNNQIAL RYSSPRRLCF                                                                                                                                                         

CAEGLLFGAA QHFQQKIQIS HDTCMHTGAD HCMLIIELQN DENLYFQ  

 
g. Sw H-NOX (147/190  77%) 

MMGMVFTGLM ELIEDEFGYE TLDTLLESCE LQSEGIYTSV GSYDHQELLQ LVVKLSEVSSV PVTELVRLF 

GKKLFVELIE GHPEIANEMK DSFDLLSKID SFIHVEVYKL YPQAELPKFT CDRLGDNDIRL HYQSKRPFA 

SFAEGLLDGC AEYFKEDFTI SRTPETQDSE TDVIFNITRA PRGAENLYFQ 

 

h. Cb SONO (197/203  97%) 

MKGTVVATWV KTCRKLYGEE AVDKAMNAVG WQGKIFSPME NVEDTKVKNM INEIASNVNK DVKTLWGQIG 

QDNLKAFNND YPAFFEHENL YSFLKSMFDV HIVMTKKFPG AKPPLLTIEP ISEKEAIFSY SSKRGMFDYF 

LGLLKGSAEH FKENIKVDEI ERKDDFLKLK LTFEKNIYYN KTFKFNGAEN LYFQSLEHHH HHH 

 
Figure S2.6.  Sequence coverage of protein constructs used in the present study. The protein 

sequence coverage for (a) Ms sGC-NT23 (78%); (b) Ms sGC-NT13 (58%); (c) Ms sGC β1 (66%); 

(d) Hs sGC (41%); (e) Ns H-NOX (74%); (f) So H-NOX (63%); (g) Sw H-NOX (77%); and (h) 

Cb SONO (97%).  Experiments involving labeled samples were performed using high resolution 

MS and high resolution collision induced dissociation (HCD) for MS/MS in HR/HR mode while 

excluding +1 and +2 ions.  Although this led to decreased sensitivity and lower sequence coverage, 

HR/HR mode afforded improved identification of the 270.127 fragmentation pattern, while 

excluding +1 and +2 ions favored detection of labeled peptides, which typically possess a charge 

of +3 and above.  Protein residues highlighted in yellow were detected in at least one MS/MS 

experiment using the Discoverer program. 
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Figure S2.7 

 

Figure S2.7.  TrNOESY spectra of ligand binding.  (a) IWP-051 (292 M) bound to Sw H-

NOX (15 M, mixing time 400 ms) and Cb H-NOX (10 M, mixing time 400 ms).  Negative 

NOE cross peaks (black) indicate binding of IWP-051 to both proteins.  (b) Tr-NOESY spectrum 

of a PDE9A inhibitor (400 M) mixed with Ms NT23 (12.8 M, mixing time 400 ms).  To 

simplify the spectrum, only the benzene region is shown.  The appearance of positive peaks 

(blue, with box) indicates the compound remains unbound, unlike for IWP-051 (Figure 4). 

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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Figure S2.8 

 

Figure S2.8.  1H15N HSQC spectrum of 15N-labeled Sw H-NOX in the Fe(II)-CO complex 

state.  The backbone resonance assignments are numbered according to the native sequence.  (a) 

Data were collected at 600 MHz, 20 °C.  (b) Expanded region.   

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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Figure S2.9 

 

Figure S2.9.  Superimposed 1H-15N HSQC spectra of Sw H-NOX titrated with IWP-051.  

The following ligand/protein ratios are indicated: 0 (red), 0.3 (magenta), 0.6 (orange), 1.2 

(yellow), 1.78 (pink), 2.38 (cyan), 3.57 (light blue), and 4.76 (blue). 

All NMR experiments were performed by Dr. Cheng-Yu Chen. 
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CHAPTER 3 

IDENTIFICATION OF A DOUBLE MUTATION (I52W/L67W) THAT MIMICS 

STIMULATOR BINDING TO SOLUBLE GUANYLYL CYLCASE 

 

3.1 INTRODUCTION 

Nitric oxide (NO) is a diatomic gas that acts as a key signaling molecule in mammalian 

physiology (3).  Poor NO bioavailability is a hallmark of endothelial dysfunction, which is 

implicated in nearly all forms of vascular pathology (110).  NO elicits a cellular response by 

binding and activating its primary receptor, soluble guanylyl cyclase (sGC) (38,39).  sGC is a 

heterodimeric heme protein composed of an α and β subunit.  The dominant sGC isoform (α1/β1, 

referred to as GC-1) is expressed in the vasculature and acts as a potent vasodilator (3,108,190).  

A second isoform (α2/β1, referred to as GC-2) is found in neurons where it participates in 

neurotransmission and memory formation (21,22,24).  Each subunit is divided into four functional 

domains: a Heme-Nitric Oxide/Oxygen binding (H-NOX) domain (60,64,65), a Per-ARNT-Sim 

(PAS) domain (66), a coiled-coil domain (67), and a cyclase domain (68,69).  The β1 H-NOX 

domain contains a ferrous (FeII) heme that coordinates NO and carbon monoxide (CO).  The α1 

H-NOX domain is predicted to share the general H-NOX fold but is unable to bind heme.  The 

cyclase domains convert guanosine triphosphate (GTP) to α(cGMP), which initiates a cellular 

signaling cascade (45).  Both subunits contain residues required for substrate coordination and 

sGC is only catalytically active in the heterodimeric state.   

NO-donating compounds targeted to sGC have been prescribed to treat vascular 

dysfunction for over a century (191).  Today, NO donors remain a primary treatment for acute 
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coronary syndromes, arterial hypertension, angina pectoris, and congestive heart failure (111).  

Despite widespread clinical use, these compounds are prone to tolerance and adverse side effects 

following prolonged treatment (192).  Pharmaceutical development is increasingly focused on 

therapeutics designed to initiate sGC/cGMP signaling without the release of NO.  Stimulator 

compounds enhance sGC activity both independently and in synergy with NO, thereby 

circumventing many of the limitations of NO donors (133).  The first stimulator was identified in 

a compound screen for its ability to inhibit platelet aggregation, and is referred to as YC-1 (134).  

Improvements to the YC-1 core structure led to the development of stimulators with improved 

potency and solubility. Notable compounds include BAY 41-2272, a highly characterized 

stimulator commonly used in sGC research, and Riociguat, the first stimulator to receive clinical 

approval for the treatment of pulmonary hypertension (139,143,145,193,194).   

While stimulator compounds provide a promising opportunity to treat cardiovascular 

disease, pharmaceutical development is hindered by lack of mechanistic insight.  The molecular 

mechanisms underlying stimulator enhancement are poorly understood; however, key features 

have come to light.  Stimulator compounds increase sGC catalysis and the affinity for diatomic 

ligands (79,82).  A geminate phase recombination, which promotes ligand binding by trapping 

diatomic gases in the heme pocket, is observed in truncated sGC constructs upon stimulator 

binding (182,188).  Stimulators bind to sGC in linked-equilibria with diatomic ligands, with the 

binding of one promoting the binding of the other (79).  Finally, stimulators enhancement appears 

to relieve inhibitory interactions between the heme domain and the α1 subunit (79). 

Stimulator binding was recently localized to a conserved pocket at the subdomain interface 

of the sGC heme domain using a combination of photoaffinity labeling, mass spectrometry, and 

NMR (98).  Stimulator binding retained in bacterial H-NOX homologues of the sGC heme domain 
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but was not detected in the α1 H-NOX domain.  Here, the role of the proposed stimulator binding 

site is examined with respect to drug response and overall protein function.  Mutational analysis 

led to the identification of a double mutation (I52W/L67) in the proposed binding pocket that 

mimics the effects of stimulator compounds and removal of the α1 H-NOX domain.  These data 

provide mechanistic insight into stimulator enhancement of soluble guanylyl cyclase and reveal a 

possible mechanism to regulate the binding affinity of diatomic ligands.  
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3.2 MATERIALS AND METHODS 

3.2.1 Materials.   

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 

indicated.   A HisTrap FF Ni sepharose 6 fast flow column was acquired from GE Healthcare 

(Little Chalfont, U.K.) and a Strep-Tactin sepharose column was obtained from IBA Lifesciences 

(Gӧttingen, Germany).  Quikchange Lightning Site Directed Mutagenesis kit was purchased from 

Agilent Technologies (Santa Clara, CA).  Primers were synthesized by Sigma Aldrich (St. Louis, 

MO).  

 

3.2.2. Generation of expression constructs.   

Expression plasmids coding for Ms sGC-NT25 (plasmid pETDuet-1), Ms sGC-NT23 

(plasmid pETDuet-1), Ns H-NOX (plasmid pET-21b), and full length human α1/β sGC α1 

(plasmid pCMV_3TAG9 for α1, pCMV_3TAG3A for β1) were generated as previously described 

(98).  Primers used in mutagenesis reactions were designed using the Quikchange Primer Design 

software (Agilent Technologies) and are listed in Table 1.   

 

3.2.3. Expression and purification of protein constructs   

Ms sGC-NT constructs were expressed and purified as previously described (98).  Briefly, 

plasmids coding for the construct of interest were transformed into Rosetta competent cells and 

grown to OD600 of 0.8-1.0 in Terrific Broth media at 37 °C while shaking 225 rpm.  Expression 

was induced with 0.5 mM IPTG and 0.1 mM ALA and continued for 18-20 hours at 16 °C while 

shaking 150 rpm.  Cells were pelleted and flash frozen in liquid nitrogen prior to storage at -80 °C.  

For purification, pellets were resuspended in 50 mM sodium phosphate, pH 7.5, 300 mM NaCl 

supplemented with 1 mM PMSF and DNase and lysed by French Press.  Lysate was clarified by 
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ultracentrifugation at 40,000 rpm for 35 minutes at 4 °C in a Beckman Ti45 1682 rotor.  Sample 

was purified using a HisTrap FF Ni sepharose 6 fast flow column (GE Healthcare) and a Strep-

Tactin sepharose column (IBA Lifesciences).  Protein was concentrated using 30 kDa centrifugal 

concentrators (Millipore) and flash frozen in liquid nitrogen prior to storage at -80 °C. 

 

3.2.4. Determination of CO dissociation constants.   

CO dissociation constants were measured for Ms sGC-NT constructs using a Cary350 

UV/visible spectrophotometer (Agilent Technologies, Santa Clara, CA) as previously described 

(79,88,98), with the following exceptions:  The buffer used for CO titrations was 50 mM sodium 

phosphate (pH 7.4), 100 mM NaCl.  CO dissociation constants were measured using 30 nM of 

protein in a cuvette with a 10 cm pathlength, unless otherwise indicated.  For wild type Ms sGC-

NT in the absence of drug, CO dissociation constants were measured using 1 µM of protein in a 

cuvette with a 1 cm pathlength.  BAY 41-2272 was added to samples at a concentration of 10 µM 

as indicated. 

 

3.2.5. Molecular modeling.   

A homology model for Ms sGC-NT was previously developed based on small-angle X-ray 

scattering (SAXS), chemical cross-linking, and mass spectrometry (88).  This work included the 

generation of a homology model for the heme domain of Ms sGC based on the crystal structure 

for a bacterial H-NOX homologue from Thermoanaerobacter tengcongensis (65,88). Stimulator 

compound IWP-051 was previously incorporated into the homology model for the heme domain 

Ms sGC (98).  Residues in this model were mutated using using WinCoot (172).  
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Table 3.1. Primers used in generating Ms sGC-NT mutants.  Nucleotide sequences for primers 

used to generate mutant constructs.  Primers were designed using the online Quikchange Primer 

Design software (Agilent Technologies) and synthesized by Sigma Aldrich. 

 

 

  

Construct Primer  Sequence (5’  3’) 

Ms sGC βL12W_F CTTCGTCAAAAGTTTTCATCACCCAGAGCTCGAGGGCATA

GTTCAC 

Ms sGC βL12W _R GTGAACTATGCCCTCGAGCTCTGGGTGATGAAAACTTTTG

ACGAAG 

Ms sGC βT48W_F ACGGCAGCGGTGATCAAATTATACCAGATCTCATCCTCAT

AAATCTGTC 

Ms sGC βT48W_R GACAGATTTATGAGGATGAGATCTGGTATAATTTGATCAC

CGCTGCCGT 

Ms sGC βI52W_F GACCTCAACGGCAGCGGTCCACAAATTATAAGTGATCTCA

TCCTCA 

Ms sGC βI52W_R TGAGGATGAGATCACTTATAATTTGTGGACCGCTGCCGTT

GAGGT 

Ms sGC βI66W_F ACGTTTTTCCAAATAGCTCCAACCAAGCGTCAGCGGGTAT

TTGCAAG 

Ms sGC β I66W_R CTTGCAAATACCCGCTGACGCTTGGTTGGAGCTATTTGGA

AAAACGT 

Ms sGC βL67W_F CCAAATAGCTCCCATATAGCGTCAGCGGGTATTTG 

Ms sGC βL67W_R CAAATACCCGCTGACGCTATATGGGAGCTATTTGG 
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3.3 RESULTS  

3.3.1. The proposed stimulator binding site is highly conserved.   

Bacterial H-NOX homologues were recently discovered to bind stimulatory compounds 

targeted to sGC, suggesting the stimulator binding site is highly conserved (98).  Conservation 

among residues in the proposed stimulator binding pocket was examined in H-NOX domains from 

mammalian (human), insect (Manduca sexta, the hawkmoth), and bacterial (Nostoc sp. 7120) 

sources.  sGC from Manduca sexta (referred to as Ms sGC) shares 51% sequence identity with 

human sGC (referred to as Hs sGC).  Conservation is higher in the heme domains of Hs and Ms 

sGC, are 60% identical.  Removal of the α1/β1 cyclase domains and residues 1-49 from the α1 

subunit considerably improves expression, stability, and heme incorporation for Ms sGC (82).  

These truncated Ms sGC constructs, which are referred to as Ms sGC-NT (Fig. 3.1), exhibit similar 

responses to diatomic ligands and stimulator compounds as their mammalian counterparts.  Thus, 

Ms sGC-NT constructs serve as highly characterized models for structure/function studies 

involving sGC  (82).  Our proposed stimulator binding site overlaps a predicted gas transport tunnel 

that was previously reported in an H-NOX homologue from Nostoc sp. 7120 (referred to as Ns H-

NOX) (61).  Ns H-NOX is 35% identical to the heme domain of sGC, which is the highest sequence 

identity of bacterial homologue that was previously reported.  

Residues predicted to reside in the subdomain interface were identified using a previously 

developed homology model for the heme domain of Ms sGC (88).  Fourteen residues were 

identified at the subdomain interface of the β1 H-NOX domain, including residues β1 Val5, Ala8, 

Leu9, Leu12, Thr16, Thr48, Tyr49, Ile52, Ala54, Ile66, Leu67, Phe70, Phe74, and Phe77 from the 

β1 subunit of Ms sGC (Fig. 3.2B) (88).  Multiple sequence alignment revealed a high degree of 

conservation among Hs sGC, Ms sGC, and Ns H-NOX for residues predicted to lie in the proposed 
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stimulator binding site (Fig. 3.2A).  Residues found at the subdomain interface of the heme domain 

from Hs sGC are 87% identical to Ms sGC and 57% identical to Ns H-NOX.  These findings reveal 

a noticeably high degree of conservation in the subdomain interface of β1 H-NOX domains from 

mammalian, insect, and bacterial sources, consistent with previous reports suggesting the 

stimulator binding site is evolutionarily conserved feature of the H-NOX fold (98).   
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Figure 3.1.  sGC and bacterial H-NOX constructs. Domain architecture of constructs used in 

the present study.  The H-NOX domain is red, a PAS domain is yellow, a coiled-coil domain is 

green, and the cyclase domains are purple.  Heme is represented by a pink rhombus.  Show here 

are (A) Hs sGC, (B) Ms sGC-NT25, (C) Ms sGC-NT23, (D) Ms sGC-NT β1, and (E) Ns H-NOX.  
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Figure 3.2.  The proposed stimulator binding site is highly conserved.  (A) Multiple sequence 

alignment for human sGC (residues β1 1-180, identified as Hs), Manduca sexta sGC (residues β1 

1-180, identified as Ms) sGC, and a bacterial H-NOX homologue from Nostoc sp. 7120 (residues 

β1 1-180, identified as Ns).  Residues 1-180 of Hs sGC are 60% to Ms sGC and 35% identical to 

Ns H-NOX.  Residues that are identical in all three sequences are highlighted in dark teal.  Residues 

that are identical in two of the three sequences are highlighted in light teal.  Fourteen residues were 

predicted to lie in the subdomain interface and are designated by a “●” symbol.  Binding pocket 

residues in Hs sGC are 87% to Ms sGC and 57% identical to Ns H-NOX.  (B)  Residues predicted 

to lie in the subdomain interface are shown in a previously developed homology model for the 

heme domain in Ms sGC (88).  The N-terminal subdomain is green, the C-terminal subdomain is 

cyan, residues at the subdomain interface are red, and the heme is shown as black sticks.  Fourteen 

residues were identified at the subdomain interface, including residues Val5, Ala8, Leu9, Leu12, 

Thr16, Thr48, Tyr49, Ile52, Ala54, Ile66, Leu67, Phe70, Phe74, and Phe77 from the β1 subunit of 

Ms sGC. 
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3.3.2. Mutational analysis of the proposed stimulator binding site   

The binding pocket for stimulator compounds was recently localized to a conserved site at 

the subdomain interface of the β1 H-NOX domain (98); however, the mechanism underlying 

stimulator enhancement of sGC remains poorly understood.  The role of the proposed stimulator 

binding pocket was examined by systematically adding mutations designed to sterically hinder 

drug access to the site. Five residues predicted to occupy different regions of the binding site 

(Leu12, Thr48, Ile58, Ile66, and Leu67 from the β1 subunit of Ms sGC, Fig. 3.3) were targeted for 

mutation and changed to tryptophan.  These residues are located on α- helices αA, αC, and αD of 

the β1 H-NOX domain in regions that displayed considerable labeling by photolyzable stimulator 

compound IWP-854 and chemical shift perturbation following titration by stimulator compound 

IWP-051 (described in Chapter 2) (98).  The effects of introducing steric bulk at these positions 

were assessed both individually and as pairs.   

 Mutations were originally generated in construct Ms sGC-NT23 (Fig. 3.1C), which was 

the primary used in photoaffinity labeling experiments described to localize stimulator binding 

(described in Chapter 2 and reference (98)).  However, mutations to the proposed stimulator 

binding pocket in this construct led to insoluble protein that could not be reconstituted.  Mutations 

were then introduced into construct Ms sGC-NT25 (Fig. 3.1B), which closely resembles Ms sGC-

NT23 but retains the α1 H-NOX domain.  Introducing mutations to the proposed stimulator 

binding site of this construct was largely successful.  All five the single mutant constructs purified 

in large yields with full heme incorporation, as indicated by comparing the ratio in absorbance for 

total protein and Soret (Fig. 3.4).  Double mutant constructs did not show the same degree of 

stability, with one expressing as insoluble protein (L12W/I66W) and the rest purifying in low 

yields with poor heme incorporation (L12W/T48W, L12W/I52W, and I52W/L67W, Fig. 3.4).  



111 

 

These results suggest the structural integrity of sGC is sensitive to steric perturbations at the 

subdomain interface of the heme domain.  Nonetheless, although the L12W/T48W, L12W/I52W, 

and I52W/L67W double mutant constructs displayed impaired heme incorporation, sufficient 

heme-incorporated protein was obtained for spectroscopic studies.  Protein in the absence of heme 

lacked Soret spectra and therefore did not contribute to the measured dissociation constants for 

CO (Table 3.2).  

CO dissociation constants were initially measured for single mutant constructs in the 

absence of stimulator compound (Table 3.2).  The T48W single mutation resulted in ~3-fold 

weaker binding affinity for CO compared to wild type.  No appreciable changes in CO binding 

affinity were observed for the L12W and I66W single mutations.  Interestingly, the binding affinity 

for CO was increased for the I52W and L67W single mutants by ~5- and ~3-fold, respectively 

(Table 3.2).  Addition of stimulator compound BAY 41-2272 enhanced CO binding to all single 

mutant constructs, but to a lesser extent than the 65-fold change observed for wild type.  The largest 

changes in stimulator response were observed for single mutants L12W and I52W, which displayed 

CO enhancement of ~13- and ~7-fold, respectively (Table 3.2).   

To examine stimulator response could be further decreased, three double mutants were 

generated: L12W/T48W, L12W/I52W, and L12W/I66W.  The L12W/I66W double mutant 

produced insoluble protein that could not be reconstituted.  Double mutations L12W/T48W and 

L12W/I52W decreased the binding affinity for CO by ~2 and ~3-fold, respectively (Table 3.2).  

The L12W/I52W double mutant displayed 13-fold stimulator enhancement, compared to the 65-

fold enhancement observed for wild type (Table 3.2).  CO binding was enhanced by 7-fold for the 

L12W/T48W double mutant in the presence of stimulator compound, which is a 9-fold lower 

response than wild type (Table 3.2).   
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Figure 3.3.  Mutational analysis of the proposed stimulator binding site.  Residues targeted 

for mutation to tryptophan (Leu12, Thr48, Ile52, Ile66, and Leu67) are visualized in a homology 

model previously developed for the heme domain from Ms sGC (88).   The N-terminal subdomain 

is green, the C-terminal subdomain is cyan, the heme is black, and residues targeted for mutation 

to tryptophan are red.  Targeted residues occupy different regions of the proposed binding site and 

were analyzed both individually and in pairs.  
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Figure 3.4.  Heme incorporation for Ms sGC-NT25 constructs with binding pocket 

mutations.  Absorbance spectra for Ms sGC-NT25 constructs in the absence (black) and presence 

(red) of 0.1 mM CO.  (A) Absorbance spectra for wild type Ms sGC-NT25.  (B) Absorbance 

spectra for Ms sGC-NT25 with I52W mutation.  (C) Absorbance spectrum for Ms sGC-NT25 with 

L12W/I52W mutation in the absence of CO.  (D) Absorbance spectra for Ms sGC-NT25 with 

L12W/I52W mutation in the presence of CO.  While all the single mutant proteins purified with 

full heme incorporation, heme incorporation was incomplete for double mutant constructs.   
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Table 3.2.  Allosteric regulation of ligand binding affinity to the heme domain.  Summary of 

dissociation constants for CO binding to wild type and mutant Ms sGC-NT25.  All Kd
CO 

measurements are expressed in micromolar, µM.  Dissociation constants were measured in 

duplicate with errors represented as a range.  Ratio 1 represents the change in CO binding affinity 

between wild type Ms sGC-NT25 and the construct of interest.  Ratio 2 refers to the change in CO 

binding affinity in response to stimulator compound, and is determined by dividing the Kd
CO in the 

absence of stimulator by the Kd
CO in the presence of 10 µM BAY 41-2272. 

 

aRatio was determined by dividing the Kd
CO for wild type (26 ± 6 µM) by the Kd

CO for the construct 

of interest.  
bRatio was determined by dividing the Kd

CO for the construct of interest by the Kd
CO for the 

construct of interest in the presence of stimulator compound.  
cKd

CO value was measured by Dr. Rahul Purohit with of 50 µM YC-1 (79).   
dRatio is not applicable because dissociation constants are compared to this value.  
eRatio is not applicable because the construct of interest was not related to Ms sGC-NT25. 

 

 

  

Construct 
α1 

Residues 

β1 

Residues 
Kd

CO 
Kd

CO + 

BAY 

WT vs. 

Mutanta 

Stimulator 

Responseb 

Wild type 49-459 1-389 26 ± 6 0.42 ± 0.08 N/Ad 65 

L12W 49-459 1-389 28 ± 10 2.2 ± 0.8 1 13 

T48W 49-459 1-389 72 ± 5 1.7 ± 0.9  0.4 43 

I52W 49-459 1-389 6 ± 1 0.86 ± 0.06 5 7 

I66W 49-459 1-389 38 ± 5 1.1 ± 0.1 1 34 

L67W 49-459 1-389 10 ± 1 0.23 ± 0.07 2 50 

L12W/T48W 49-459 1-389 49 ± 17 6.7 ± 2.3 0.5 7 

L12W/I52W 49-459 1-389 65 ± 13 5.2 ± 2.6 0.4 13 

I52W/L67W 49-459 1-389 0.65 ± 0.05 0.07 ± 0.04 40 9 

No α1 H-NOX 272-450 1-389 0.71 ± 0.04 0.05 ± 0.02 37 14 

No α1 subunit Absent 1-380 0.20 ± 0.03c 0.18 ± 0.05c N/Ae 1 

Ns H-NOX Absent 1-182 0.39 ± 0.04 0.32 ± 0.04 N/Ae 1.2 
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3.3.3. The I52W/L67W double mutant mimics stimulators and removal of the α1 H-NOX domain  

 Most of the tryptophan mutations introduced into the subdomain interface of the heme 

domain decreased the affinity for CO or had no appreciable effect in the absence of stimulator 

compound; however, single mutations I52W and L67W enhanced CO binding by ~5- and ~3-fold, 

respectively.  To examine if CO binding could be increased further, double mutant I52W/L67W 

was generated in construct Ms sGC-NT25.  Remarkably, the I52W/L67W double mutant displayed 

a dramatic 40-fold increase in CO binding compared to wild type, mimicking the 65-fold 

enhancement observed in response to stimulator compounds (Table 3.2).  Addition of BAY 41-

2272 enhanced CO binding to the I52W/L67W double mutant by an additional 10-fold, which is 

6-fold tighter than the wild type protein (Table 3.2).    

 The affinity for CO binding to the I52W/L67W double mutant was nearly indifferentiable 

from the CO binding affinity for construct Ms sGC-NT23, which is Ms sGC-NT25 with the α1 H-

NOX removed (Fig. 3.5).  CO binding was 37-fold tighter in the absence of the α1 H-NOX domain 

compared to the wild type protein (Table 3.2).  Addition of stimulator compound enhanced CO 

binding to Ms sGC-NT23 to a similar extent as the I52W/L67W double mutant (Table 3.2).  These 

results are consistent with previous reports which state the binding affinity of gaseous ligands to 

Ms sGC-NT constructs increases as domains in the α1 subunit are removed (79).  Purohit et al. 

found that complete removal of the α1 subunit further increases CO binding to Ms sGC-NT 

constructs and a loss of stimulator response (79).  Similar values were measured for Ns H-NOX, 

which displayed tight CO binding in the absence of CO and lacked stimulator response (Table 

3.2).  
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Figure 3.5.  The I52W/L67W mutant mimics the effects of stimulator compounds and 

removal of the α1 H-NOX domain.  Titration curves for wild type Ms sGC-NT25 ( ), wild type 

Ms sGC-NT25 bound to 10 µM stimulator compound BAY 41-2272 ( ), Ms sGC-NT25 with the 

I52W/L67W double mutation ( ), and a derivative of Ms sGC-NT25 lacks the α1 H-NOX domain 

( ), which is referred to as Ms sGC-NT23.  Bmax for all titration curves was normalized to 1.0.  

Apart from wild type Ms sGC-NT25 in the absence of stimulator compound, CO titrations were 

measured using 30 ng of protein in a cuvette with a 10 cm pathlength.  CO titrations for wild type 

Ms sGC-NT25 measured using 1 µM of protein in a cuvette with a 1 cm pathlength. 
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3.4 DISCUSSION 

3.4.1 Decreased stimulator response in L12W/T48W and L12W/I52W double mutants 

Stimulatory compounds targeted to sGC represent a promising step forward in the 

treatment of cardiovascular disease; however, the molecular mechanisms underlying stimulator 

enhancement remain unclear.  Stimulator binding was recently localized to the subdomain 

interface of the heme domain using a combination of photoaffinity labeling, mass spectrometry, 

and NMR (described in detail in Chapter 2 and reference (98)), thereby resolving a longstanding 

question in the field.  Multiple sequence alignment revealed a high degree of conservation among 

residues found at the subdomain interface from mammalian, insect, and bacterial H-NOX domains 

(Fig. 3.2), consistent with previous reports that stimulator binding site is evolutionarily conserved 

(98).  To test our model, a series of mutations were introduced into the proposed binding pocket 

(Fig. 3.3).  All five mutations led to proteins with reduced response to stimulator while retaining 

similar CO binding affinity as wild-type protein in the absence of drug.  Double mutants 

L12W/T48W and L12W/I52W displayed ~15-fold lower affinity for CO than wild type in the 

presence of stimulatory compound (Table 3.2).  Although it is possible that general allosteric 

response is altered in the double mutants, it is more likely that the introduction of steric bulk at 

resides Leu12, Thr48, and/or Ile52 physically block stimulator binding or distort the pocket such 

that binding affinity is reduced. 

 

3.4.2 The I52W/L67W double mutation mimics stimulator binding  

The I52W/L67W double mutation led to a profound 40-fold increase in affinity for CO, 

resembling the 65-fold stimulator enhancement observed for the wild type protein (Table 3.2).  



118 

 

Residues Ile52 and Leu67 are positioned on α-helices αC and αD, both of which were repeatedly 

identified by photoaffinity labeling and NMR experiments designed to localize stimulator binding  

(98).  Our current model places the pyrazole-isoxazole 5-membered ring of stimulator compound 

IWP-051 in the same location as mutated residue Trp52 (Fig. 3.6), indicating mutated residues 

Trp52 and Trp67 likely occupy the same space as the bound stimulator compound.  Since the 

I52W/L67W double mutation increases the affinity for CO to a similar extent as stimulatory 

compounds, and both are found at the subdomain interface of the β1 H-NOX domain, it is tempting 

to propose that CO enhancement occurs through a common mechanism for both the I52W/L67W 

double mutation and stimulator compounds.   

Removal of the α1 H-NOX domain also leads to a drastic 37-fold increase in CO binding 

compared to wild type, consistent with previous reports involving Ms sGC-NT constructs (79).  

Purohit et al. proposed a possible mechanism for the regulation of ligand binding to sGC, which 

states the β1 H-NOX domains naturally exists in a high affinity state for binding gaseous ligands.  

The α1 H-NOX domain is proposed to hold the β1 H-NOX domain in a low affinity conformation.   

Stimulator compounds are proposed to function, at least in part, by overcoming allosteric inhibition 

imposed by the α1 H-NOX domain (79).  Curiously, a low-resolution homology model previously 

developed for Ms sGC-NT places the α1 H-NOX domain in close proximity to the β1 H-NOX 

domain (Fig. 3.7), indicating the potential for interdomain interactions (88).  Additionally, both 

the α1 H-NOX domain and β1 H-NOX domain are arranged on the coiled-coil (Fig. 3.7).  

Restricting the coiled-coil to a single conformation reversibly decreases the binding affinity for 

diatomic ligands and stimulator response (described in Chapter 4), suggesting the α1 H-NOX 

domain may impose its allosteric effects through direct interactions with the β1 H-NOX domain 

and/or the coiled-coil. 
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Figure 3.6.  Mutant residues Trp52 and Trp67 are predicted to reside in the proposed 

stimulator binding site.   A homology model of stimulator compound IWP-051 bound to Ms sGC 

was developed based on photoaffinity labeling and chemical shift perturbation NMR (98).  (A) 

Homology model for stimulator compound IWP-051 bound to I52W/L67W double mutant Ms 

sGC. The N-terminal subdomain is green, the C-terminal subdomain is cyan, the heme is black, 

residues identified by chemical shift perturbation NMR are dark blue, and residues identified by 

photoaffinity labeling are orange. Residues Ile52 and Leu67 are shown as red sticks.  (B) Same as 

A in the presence of stimulator compound IWP-051. IWP-051 is colored based on atom. Carbon 

is white, nitrogen is dark blue, fluorine is light blue, and oxygen is red.  In our current model, 

mutant residue Trp52 collides with the pyrazole-isoxazole 5-membered ring of stimulator 

compound IWP-051. 
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Figure 3.7.  The α1 H-NOX domain of sGC is predicted to lie near the heme domain.  A 

homology model was previously developed for Ms sGC-NT using small angle X-ray scattering 

(SAXS), chemical cross-linking, and mass spectrometry (88).  The β1 H-NOX N-terminal 

subdomain is green, the β1 H-NOX C-terminal subdomain is cyan, the heme is shown as black 

sticks, the α1 H-NOX domain is orange, and the coiled-coil is gray.  The PAS domains were left 

out for clarity.  This model places the α1 H-NOX domain (orange) in direct contact with the β1 H-

NOX domain and the coiled-coil.   
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3.4.3 Proposed mechanisms of stimulator enhancement  

 Our proposed stimulator binding site overlaps a predicted gas transport tunnel previously 

identified in Ns H-NOX (61), raising the possibility that CO enhancement by stimulator 

compounds and the I52W/L67W double mutant may result from interfering with gas migration.  

Trapping CO in the heme pocket is consistent with the geminate phase recombination observed in 

Ms sGC-NT constructs in the presence of stimulator compounds (182).  If stimulator compounds, 

the I52W/L67W double mutation, and removal of the α1 H-NOX domain share a common 

mechanism, then presumably, all three conditions would be expected to induce a germinant phase 

recombination.  Nonetheless, although gas transport tunnels are a common feature in the regulation 

of diatomic ligand binding to heme proteins (195,196), the presence of such a tunnel has yet to be 

reported in a heme domain from sGC.  Structural changes to the heme domain may induce 

geminate phase recombination independently of a gas-transport tunnel.  

Structural analysis of bacterial H-NOX homologues revealed an intimate relationship 

between heme geometry, ligand binding affinity, and the relative orientations of the N- and C-

terminal subdomains (2,63).  The crystal structure of a O2-sensitive bacterial H-NOX homologue 

from Thermoanaerobacter tengcongensis (referred to as Tt H-NOX) displays a heme conformation 

that is highly distorted from planarity (65).  Introduction of a mutation (P115A) in Tt H-NOX 

designed to induce heme planarization resulted in an ~11° rotation of N- and C-terminal 

subdomains (63).  The P115A mutation led to tighter O2 binding compared to the wild type protein, 

indicating the existence of a relationship among the relative orientation of the N- and C-terminal 

subdomains, heme geometry, and the affinity for diatomic ligands.  Since the I52W/L67W double 

mutation and the predicted stimulator binding site are both found at the subdomain interface of the 

β1 H-NOX domain, it is easy to imagine that introducing steric strain in the form of a hydrophobic 
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compound or two bulky tryptophan residues may induce reorientation of N- and C-terminal 

subdomains.  This structural change may lead to a heme conformation that increases the affinity 

for diatomic ligands (Fig. 3.8). 

Evidence in support of alterations to heme geometry following stimulator binding to sGC 

has been previously observed by Resonance Raman spectroscopy, which suggest stimulator 

compound YC-1 induces heme planarization upon binding to full length sGC (148,149,197).  

Similar results were previously obtained in unpublished experiments analyzing Ms sGC-NT 

constructs by Resonance Raman spectroscopy.  The effects of the I52W/L67W double mutation 

and removing the α1 H-NOX domain on heme conformation are unknown.  If stimulator binding, 

the I52W/L67W double mutation, and removal of the α1 H-NOX domain all share a common 

mechanism for tighter CO binding, one would expect to observe a similar heme conformation 

under all three conditions.  

In summary, we report the discovery of a double mutation (I52W/L67W) in the proposed 

stimulator binding site that mimics the effects of stimulator compounds and removal of the α1 H-

NOX domain.  These results provide further evidence in support of stimulator binding to the 

subdomain interface of the β1 H-NOX domain and reveal mechanist insight into the regulation of 

ligand binding affinity to sGC.  In summary, these findings contribute to our understanding of the 

mechanism behind sGC stimulatory compounds and aid in the development of novel therapeutics 

designed to treat cardiovascular disease.  
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Figure 3.8.  Proposed model for stimulator enhancement of CO binding.  Proposed model for 

stimulator enhancement of CO binding to sGC.  The N-terminal subdomain is green, the C-

terminal subdomain is cyan, the heme is black, the reduced heme iron (FeII) is purple.  Stimulator 

binding or introduction of the I52W/L67W double mutant may lead to a structural rearrangement 

of the N- and C-terminal subdomains, which alters heme geometry and increases ligand binding 

affinity.   
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CHAPTER 4 

CONFORMATIONAL DYNAMICS IN THE COILED-COIL REGULATES LIGAND 

BINDING AFFINITY AND STIMULATOR RESPONSE 

 

4.1 INTRODUCTION 

Since its initial discovery as a key regulator of cardiovascular function, nitric oxide (NO) 

has been implicated in a continually growing list of physiological processes (38,39).  NO is a 

diatomic radical that functions as a biological signaling molecule by binding and activating its 

primary receptor, soluble guanylyl cyclase (sGC).   sGC is a heterodimeric heme protein comprised 

of an α1 and β1 subunit, each consisting of a Heme-Nitric Oxide/Oxygen binding (H-NOX) 

domain (59-65), a Per-ARNT-Sim (PAS) domain (66), a coiled-coil domain (67), and a cyclase 

domain (68).   The H-NOX domain in the α1 subunit lost the ability to bind heme.  Substrate 

guanosine triphosphate (GTP) binds to an active site formed at the interface of the α1/β1 cyclase 

domains and is converted into second messenger cyclic guanosine-3',5'-monophosphate (cGMP) 

(38,39).  NO binding to sGC enhances catalysis by up to 200-fold over basal activity, and the 

resulting accumulation of cGMP initiates a cellular signaling cascade (45).   

While the mechanism of sGC stimulation by NO is unknown, key features of catalytic 

activation mechanism have become apparent.  NO binds to a ferrous (FeII) heme in the β1 H-NOX 

domain and forms a transient 6-coordinate NO-complex, which rapidly dissociates to a 5-

coordinate NO-complex upon release of a histidine residue coordinating the proximal side of the 

heme iron (His 105 in human sGC) (39).  Crystal structures for the heterodimeric cyclase domains 

from human sGC revealed an active site that is slightly misaligned for optimal catalysis (68).  

Catalytic activation of sGC is believed to resemble adenylyl cyclase, which is activated by aligning 



125 

 

residues required for substrate coordination by rotating the cyclase domains (102,103).  

Experiments involving hydrogen/deuterium exchange mass spectrometry (HDX-MS) suggest the 

catalytic domains of sGC undergo a similar rotation in response to NO (104).  However, the 

magnitude of structural changes required for sGC activation remain unclear. 

Insights into the activation mechanism of sGC are limited by the lack of atomic resolution 

structure.  While crystal structures of truncated domains have been reported (59-69), how these 

domains assemble to form a functional protein is poorly understood.  Our laboratory developed 

the first homology model for a multidomain sGC construct using a combination of small angle X-

ray scattering (SAXS), chemical cross-linking, and high-resolution mass spectrometry (88).  This 

model depicts the H-NOX and PAS domains assembled in a tightly packed conformation on the 

centrally located coiled-coil (Fig. 1.5).  The cyclase domains were not present in the truncated 

sGC constructs used in this study and are therefore not included in the model.  No significant 

changes in protein structure were observed following the addition of diatomic ligands or 

stimulatory drug, suggesting sGC predominately exists in a compact conformation devoid of large 

structural changes (88).  Subsequent experiments involving Trp/nucleotide fluorescence resonance 

energy transfer (FRET) are consistent with the single, tightly packed conformation proposed in the 

SAXS model (105).  Campbell et al. examined the structural dynamics of full length sGC using 

negative stain electron microscopy (EM), which revealed sGC to be a highly flexible protein 

capable of adapting a wide range of conformations (106).  Homology models generated for two 

conformational extremes depict a compact structure consistent with the SAXS model and an 

elongated structure that displays minimal interdomain interactions (106).   

These models led to the development of two mechanisms to explain NO-induced catalytic 

activation of sGC.  In mechanism 1, NO binding to the heme domain is propagated through small, 



126 

 

localized movements in the coiled-coil.  This mechanism favors the compact conformation for 

sGC consistent with the SAXS model and suggests large structural changes are not required for 

catalytic activation (88).  Mechanism 2 proposes catalysis is initiated following the relief of 

inhibitory contacts between the H-NOX and cyclase domains.  The existence of direct interactions 

between the H-NOX and cyclase domains are supported by FRET (105) and HDX-MS mapping 

(93).  Additionally, the catalytic activity of truncated cyclase domains was decreased in the 

presence of the β1 H-NOX domain (198).  This mechanism is consistent with the EM model and 

states that sGC displays a high degree of conformational dynamics.   

Although these mechanisms disagree in the magnitude of structural changes triggered by 

NO binding to sGC, a shared underlying feature includes conformational dynamics in the coiled-

coil (104).  Coiled-coils act as a functional switch to regulate catalysis in response to stimuli in a 

wide variety of lifeforms (87,89,90).  They are a common feature in bacterial signaling systems, 

which evolved a diverse array of signaling partners, domain arrangements, and signal transduction 

mechanisms (90).  The activation mechanisms of two bacterial enzymes containing coiled-coil 

domains have been elucidated by structural analysis.  Both activation mechanisms include 

conformational changes in the coiled-coil, such as helical rotations and changes in cross-over 

angle, that result in the realignment of the catalytic domains (91,92).  Thus, it is likely that 

conformational changes in the coiled-coil participate in the signal transduction mechanism of sGC. 

Here, we explore the structural dynamics of the coiled-coil during sGC activation by 

introducing a disulfide linkage between the α1 and β1 helical domains. Disulfide bond formation 

reversibly restricted the coiled-coil to a single conformation, and protein function was examined 

with respect to ligand binding and stimulator response.  
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4.2 MATERIALS AND METHODS 

4.2.1 Materials.   

All chemicals were purchased from Sigma Aldrich unless otherwise indicated.  A HisTrap 

FF Ni sepharose 6 fast flow column was purchased from GE Healthcare.  A Strep-Tactin sepharose 

column was obtained from IBA Lifesciences.  2-(N,NDiethylamino) diazenolate-2-oxide 

(DEA/NO) was generously provided by Dr. Katrina Miranda (University of Arizona).   

 

4.2.2 Generation of mutant Ms sGC-NT25 constructs.   

Mutations were introduced into plasmid pETDuet-1 coding for Ms sGC-NT25, the 

construct for which was cloned as previously described (98).  Mutations were introduced using a 

commercially available Quikchange Lightning Site-Directed Mutagenesis kit (Agilent 

Technologies).  Primers used for mutagenesis were designed with the online Quikchange Primer 

Design software (Table 4.1).  Plasmids were sequenced by EtonBiosciences.  

 

4.2.3 Expression and purification of Ms sGC-NT25 constructs.   

Ms sGC-NT25 constructs were purified as previously described (98).  Briefly, plasmids 

coding for the construct of interest were transformed into Rosetta competent cells and grown to an 

OD600 of 0.8-1.0 in Terrific Broth media at 37 °C while shaking 225 rpm.  Protein expression was 

initiated by adding 0.5 mM IPTG and 0.1 mM ALA and continued for 18-20 hours at 16 °C while 

shaking 150 rpm.  Cells were harvested by centrifugation at 4500 RPM with a JLA-8.1000 rotor 

(Beckman Coulter) for 20 minutes at 4 °C.  Pellets were flash frozen in liquid nitrogen and stored 
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at -80 °C.  For purification, cells were resuspended in buffer A (50 mM sodium phosphate, pH 7.5, 

300 mM NaCl) supplemented with 1 mM PMSF and DNase.  Cells were lysed by French Press 

and lysate was clarified by ultracentrifugation at 40,000 rpm in a Beckman Ti45 1682 rotor for 35 

minutes at 4°C.  The supernatant was loaded onto a HisTrap FF Ni sepharose 6 fast flow column 

(GE Healthcare) and sample was eluted with 30 mM EDTA.  Protein was further purified with a 

Strep-Tactin sepharose column (IBA Lifesciences).  Sample was concentrated using 30 kDa 

centrifugal concentrators (Millipore), then flash frozen in liquid nitrogen and stored in -80 °C. 

 

4.2.4 Optimization of disulfide bond formation.   

The Ms sGC-NT25 construct of interest was suspended in buffer B (50 mM sodium 

phosphate, pH 7.5, 100 mM NaCl) at a concentration of 1 µM and incubated with TCEP (1-5 mM) 

or diamide (1-100 µM) for 15 minutes at room temperature.  Sample was combined with 

nonreducing sample buffer and boiled at 95 °C for 5 minutes. A total of 1 µg protein was run on 

an 15% bis-acrylamide SDS-PAGE gel for 1 h at 95 V.  Protein bands were visualized with 

coomassie. 

 

4.2.5 Determination of CO dissociation constants.   

Dissociation constants for CO were determined as previously described (79,98).   Briefly, 

the construct of interest was suspended in buffer B supplemented with10 mM DTT and/or 10 µM 

BAY 41-2272, as indicated.  In the absence of drug, CO titrations were performed with 1 µM 

protein in a cuvette with a 1 cm pathlength.  In the presence of 10 µM BAY 41-2272, CO titrations 

were performed with 30 nM protein in a cuvette with a 10 cm pathlength.  CO was titrated into the 
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sample from a saturated solution and absorbance from 400-450 nm was measured on a Cary350 

UV/visible spectrophotometer (Agilent Technologies, Santa Clara, CA).  The Kd
CO was extracted 

from the CO titration curve in SigmaPlot (Systat Software).  

 

4.2.6 Measuring histidine release rates for Ms sGC-NT25 constructs   

All buffers were saturated with argon gas for 20 minutes at room temperature prior to 

experimentation.  Protein in gas solutions were suspended in a gastight syringe.  The construct of 

interest (5 µM) was suspended buffer B supplemented with 10 mM DTT, as indicated.  DEA/NO 

(20 µM) was suspended in buffer B and incubated in a gastight syringe for 20 minutes at 20 °C to 

facilitate NO release.  The rate of histidine release was measured by mixing equal volumes of the 

protein and gas solution at 20 °C using an RMS-1000 stopped-flow spectrophotometer (OLIS, 

Inc.) as previously described (82,88).  Histidine release rates were calculated by fitting the single 

exponential decay of absorbance at 420 nm (A420) using SigmaPlot (Systat Software).   
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Construct Primer Sequence (5’  3’) 

Ms sGC αL454C_F CAAGCAGAGAATATTAAATGCAGACAGCTGACGTTCTTCT

CTCGTTCCT 

Ms sGC αL454C _R AGGAACGAGAGAAGAACGTCAGCTGTCTGCATTTAATATT

CTCTGCTTG 

Ms sGC αL455C_F CTCCAAGCAGAGAATATTAAATGACACAGGCTGACGTTCTT

CTCTCGTT 

Ms sGC αL455C _R AACGAGAGAAGAACGTCAGCCTGTGTCATTTAATATTCTCT

GCTTGGAG 

Ms sGC βL454C_F TATTTACAGCACTGAGTAAAGACACCTGTCCGTCTTCTGTT

TTTCC 

Ms sGC βL454C_R GGAAAAACAGAAGACGGACAGGTGTCTTTACTCAGTGCTGT

AAATA 

Ms sGC βL455C_F GCTTATTTACAGCACTGAGTAACAAAGCCTGTCCGTCTTCTG

TTTT 

Ms sGC βL455C_R AAAACAGAAGACGGACAGGCTTTGTTACTCAGTGCTGTAAA

TAAGC 

 

Table 4.1. Primers used to generate Ms sGC-NT25 mutant constructs.  Nucleotide sequences 

used in site-directed mutagenesis and plasmid sequencing. Primers used in site-directed 

mutagenesis reactions were generated using the online Quikchange Primer Design software 

(Agilent Technologies). 
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4.3 RESULTS  

4.3.1. Engineering a disulfide bond into the coiled-coil of soluble guanylyl cyclase.    

While the coiled-coil is proposed to play a key role in the signal transduction mechanism 

of sGC, the molecular dynamics of the coiled-coil in sGC function are poorly understood.  

Examples of signal transduction through coiled-coil domains have been reported, including helical 

rotations and changes in crossover angle (91,92).  The role of coiled-coil in sGC function was 

examined by introducing a reversible disulfide bond designed to interfere with the conformational 

dynamics of the helical domains.  This permitted the examination of restricting structural 

rearrangements in the coiled-coil with respect to ligand binding affinity, stimulator response, and 

the rate of proximal histidine release.  

A disulfide bond was engineered into the coiled-coil by changing neighboring residues on 

the α1 and β1 sidechains to cysteine (Fig. 4.2).  The crystal structure of a β1 coiled-coil truncation 

revealed a tetrameric, anti-parallel conformation (67); however, the coiled-coil domains in 

heterodimeric sGC likely associate in a parallel orientation (67,88).  Residues targeted for mutation 

were identified using a homology model for the α1/β1 coiled-coil domains from Manduca sexta 

sGC (referred to as Ms sGC) in a parallel conformation (Fig. 4.2).  Ms sGC is homologous to its 

mammalian counterparts and responds similarly to NO, CO, and stimulator compounds 

(79,82,88,98).  Ms sGC truncations lacking both cyclase domains and residues α1 1-48 display 

markedly improved expression, stability, and heme incorporation over the full-length protein, 

allowing these constructs to serve as models for structure/function studies (referred to as Ms sGC-

NT, Figure 4.1) (82).  The probability of forming a disulfide bond was maximized by pairing α1 

residues Leu454 and Leu455 with β1 residues Leu384 and Leu385 to make four combinations: 

αL454C/βL384C, αL454C/βL385C, αL455C/βL384C, and αL455C/βL385C (Figure 4.2). 
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Figure 4.1. sGC constructs used in the present study.   (A) Depicted above is the domain 

architecture for full length sGC.   The H-NOX domains are shown in red, the PAS in yellow, the 

coiled-coil (CC) in green, and the cyclase domains in purple. (B) Domain architecture for an N-

terminal sGC truncation from Manduca sexta referred to as Ms sGC-NT25.  Ms sGC truncations 

lack the cyclase domains and are more stable than full-length sGC, making them optimal for 

structure/function studies.  
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Figure 4.2. Engineering a disulfide bond into the coiled-coil of soluble guanyly cyclase.   (A) 

Leucine residues selected for mutation to cysteine are visualized in a homology model for the 

parallel α1/β1 coiled-coil from Ms sGC (residues α1 405-469, β1 337-399).  Residues α1 Leu454, 

α1 Leu455, β1 384, and β1 385 were differentially paired to create four mutations: 

αL454C/βL384C, αL454C/βL385C, αL455C/βL384C, and αL455C/βL385C.  The α1 subunit is 

green, the β1 subunit is cyan, and leucine residues selected for mutation to cysteine are red.  (B) 

Zoomed-in depiction of leucine residues selected for mutation to cysteine.  The color scheme is 

the same as A.  Leucine residues are shown as red sticks.  
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4.3.2 Restricting the coiled-coil reversibly alters ligand binding affinity.    

Mutations αL454C/βL384C, αL454C/βL385C, αL455C/βL384C, and αL455C/βL385C 

were introduced into construct Ms sGC-NT25 (residues α1 49-459, β1 1-389, Figure 4.1).  All 

four Cys-mutants were successfully generated, expressed, and purified as fully heme-loaded 

proteins (Figure 4.3).  Disulfide bond formation between subunits was visualized by nonreducing, 

denaturing SDS page, which disrupts noncovalent interactions while retaining disulfide bonds.  

The α1/β1 subunits of Ms sGC-NT25 associate as a heterodimer when properly folded (MW 93 

kDa) and dissociate into monomers upon denaturation (MW 49 kDa for the α1 subunit, 44 kDa for 

the β1 subunit).  Introduction of a covalent linkage between the α1/β1 subunits preserves 

dimerization under denaturing conditions.  Interestingly, disulfide bond formation was present in 

a large population of all four Cys-mutants immediately following purification (Fig. 4.4).   

Since disulfide bonds were present in all four Cys-mutants, αL454C/βL384C was selected 

for further characterization.  Disulfide bond formation was fully abolished following the addition 

of reducing agent (Fig. 4.5), indicating the covalent linkage of the α1/β1 subunits is reversible.  

Addition of an oxidant targeted to thiols led to the formation of higher-order oligomers in a 

concentration-dependent manner (Fig. 4.5).  Optimization of oxidation conditions was 

complicated by the multitude of cysteine residues scattered throughout both subunits and the 

limitations of selecting an oxidant that would react with thiols but not heme iron. Attempts to 

generate a homogenous population of disulfide linked heterodimeric sGC was unsuccessful, 

regardless of variations in sample concentration, oxidant concentration, and boiling time. 

Nonetheless, covalent linkage between subunits was observed in a large population of Cys-mutants 

upon purification, thereby allowing the effects of disulfide bond formation to be examined with 

respect to ligand binding, stimulator response, and the rate of proximal histidine release.   



135 

 

 

Figure 4.3. Absorbance spectra for wild type and Cys-mutant Ms sGC-NT25.  (A) Absorbance 

spectra measured from 250-650 nm for wild type Ms sGC-NT25 in the absence (black) and 

presence (red) of 100 µM CO.  (B) Like A for Cys-mutant (αL454C/βL384C) Ms sGC-NT25.  

Heme incorporation is indicated by the absorbance ratio at 424 nm to 280 nm, which corresponds 

to the ratio in Soret for the CO-complex to total protein concentration.  
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Figure 4.4. Covalent linkage of the coiled-coil domain is present in all mutant constructs.   A 

nonreducing, denaturing SDS-PAGE gel of Ms sGC-NT25 Cys-mutants following purification.  

Under denaturing conditions, the α1/β1 subunits of wild type Ms sGC-NT25 disassociate into 

monomers (49 kDa for α1, 44 kDa for β1).  All four Cys-mutants purify as a mixed population of 

covalently cross-linked and uncross-linked proteins, as indicated by bands at 44-49 kDa 

(monomeric α1/β1 subunits) and 94 kDa (covalently linked α1/β1 heterodimer).   
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Figure 4.5.  Covalent linkage of the α1/β1 coiled-coil domains is reversible.   Since disulfide 

bond formation was present in all four Ms sGC-NT25 constructs upon purification, Cys-mutant 

αL454C/βL454C was selected for further characterization.  Shown above is a nonreducing, 

denaturing SDS-PAGE gel of Cys-mutant Ms sGC-NT25 (1 µM) incubated with the indicated 

concentrations of diamide (1-100 µM) or TCEP (1-5 mM).  Disulfide bond formation was 

completely reversed by 5 mM TCEP.  Addition of 1-100 µM diamide led the formation of higher-

ordered oligomers rather than heterodimers.   
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4.3.3 Disulfide bond formation reversibly alters ligand binding affinity and stimulator response  

To understand the role of the coiled-coil domains in sGC function, Cys-mutant Ms sGC-

NT25 (αL454C/βL384C) was examined with respect to ligand binding affinity and stimulator 

response.  Dissociation constants for CO were measured for wild type and Cys-mutant Ms sGC-

NT25 in the presence and absence of reductant and/or stimulator compound BAY 41-2272.  The 

binding affinity for CO was 2-fold lower for Cys-mutant compared to wild type (Table 4.2, Figure 

4.6).  Addition of stimulator compound enhanced CO binding to the Cys-mutant by 18-fold, as 

opposed to 65-fold for wild type (Table 4.2, Figure 4.7).  The affinity for CO in the presence and 

absence of stimulator compound was indistinguishable between wild type and Cys-mutant Ms 

sGC-NT25 following incubation with reductant (10 mM DTT), suggesting the observed changes 

in CO binding affinity can be attributed to the formation of a disulfide bond.  It is important to 

note that the Cys-mutant consists of a mixed population of unbonded and disulfide-bonded protein.  

Alterations to ligand binding are likely to be greater for homogenous population of disulfide 

bonded protein. 

Previous experiments revealed modifications to the length of the coiled-coil alters the rate 

of histidine release in Ms sGC-NT constructs.  The rate of proximal histidine release was measured 

for wild type and Cys-mutant Ms sGC-NT25 by monitoring the change in absorbance from 420 

nm (6-coordinate, NO-bound species) to 400 nm (5-coordinate, NO-bound species) using stopped-

flow spectroscopy.  Histidine release rates were fitted using a single exponential decay of A420 

nm (Figure 4.8).  There were no appreciable changes in the histidine release rates for wild type 

and Cys-mutant Ms sGC-NT25 in both the presence and absence of reductant, suggesting 

activation kinetics are not altered by restricting movements in the coiled-coil (Table 4.2).   
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Condition Wild Type Cys-Mutant Fold 

CO Dissociation Constants (µM) 

No addition 26 ± 6 56 ± 4 2 

DTT 30 ± 2 26 ± 2 1 

BAY 41-2272 0.4 ± 0.1 3.2 ± 1.7 8 

DTT/BAY 41-2272 0.3 ± 0.1 0.3 ± 0.1 1 

Proximal Histidine Release Rates (s-1) 

No addition 231 ± 28 260 ± 53 1 

10 mM DTT 300 ± 12 224 ± 59 1 

 

Table 4.2. Summary of CO dissociation constants and rates of proximal histidine release for 

Ms sGC-NT25 constructs.  CO dissociation constants for were measured for wild type and Cys-

mutant Ms sGC-NT25 in the presence or absence of 10 mM DTT and/or 10 µM BAY 41-2272.  

CO dissociation constants are the average of two independent measurements with the standard 

deviation represented as a range.  All dissociation constants are reported in micromolar (µM).  

Histidine release rates were fitted using a single exponential decay of A420 nm, and are represented 

as the average and standard deviation of five consecutive measurements.  All histidine release rates are 

reported as s-1.  Fold refers to measured values for the Cys-mutant divided by wild type.  
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Figure 4.6. Disulfide bond formation reversibly alters ligand binding affinity.   CO titration 

curves for wild type and Cys-mutant (αL454C/βL384C) Ms sGC-NT25 in the presence and 

absence of 10 mM DTT.  CO dissociation constants were measured for wild type Ms sGC-NT25  

( ), wild type Ms sGC-NT25 in the presence of 10 mM DTT ( ), Cys-mutant Ms sGC-NT25 ( ), 

and Cys-mutant Ms sGC-NT25 in the presence of 10 mM DTT ( ).  Cys-mutant Ms sGC-NT25 

displayed a 2-fold decrease in CO affinity that was restored to wild type upon addition of reductant. 

It is important to note that the Cys-mutant is a mixed population and contains the disulfide bond. 
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Figure 4.7. Disulfide bond formation reversibly alters stimulator response.   CO titration 

curves for wild type and Cys-mutant (αL454C/βL384C) Ms sGC-NT25 in the presence 10 µM 

BAY 41-2272.  CO dissociation constants were measured for wild type Ms sGC-NT25 plus 10 µM 

BAY 41-2272 ( ), wild type Ms sGC-NT25 plus 10 mM DTT and 10 µM BAY 41-2272 ( ), Cys-

mutant Ms sGC-NT25 plus 10 µM BAY 41-2272 ( ), and Cys-mutant Ms sGC-NT25 plus 10 mM 

DTT and 10 µM BAY 41-2272 ( ).  CO binding was enhanced by 18-fold for Cys-mutant Ms 

sGC-NT25 in the presence of 10 µM BAY 41-2272, compared to 65-fold stimulator enhancement 

for wild type.  It is important to note that the Cys-mutant is a mixed population and contains the 

disulfide bond. 
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Figure 4.8. Single exponential decay curve used to fit the rate of histidine release.   Example 

single exponential decay curve of A420 nm which was used to fit the rate of histidine release.  The 

single exponential decay curve shown above was measured for 5 µM Ms sGC-NT25 (wild type) 

mixed with 20 µM DEA/NO.  Histidine release rates were extracted by fitting A420 measurements 

to a single exponential decay equation with 3 parameters (f = y0 + a*exp(-b*x) and the rate of 

histidine release corresponds to b.  Reported histidine release rates are the average of 5 consecutive 

measurements.  
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4.4 DISCUSSION 

 sGC plays a central role in the regulation of the human vasculature by functioning as a 

potent vasodilator in response to NO.  Additionally, sGC is implicated in other physiological 

processes pertaining to neural transmission and the immune response.  Yet, despite its role as a 

key regulator in human physiology, the underlying mechanisms governing sGC activation remain 

unknown.  Conformational dynamics in the coiled-coil are proposed to mediate sGC function; 

however, the role of the coiled-coil in sGC activation and stimulator response remains unknown.  

To understand the role of structural dynamics in the coiled-coil in sGC function, we reversibly 

restricted the coiled-coil to a single conformation by engineering a disulfide bond between the α1 

and β1 subunits. 

 

4.4.1. Evidence in support of a parallel coiled-coil in heterodimeric sGC 

The only atomic resolution structure for a coiled-coil domain from sGC is a β1 truncation 

that crystallized as a tetramer in an anti-parallel conformation (67); however, the coiled-coil 

domains of heterodimeric sGC are believed to associate in a parallel orientation (67,88).  A 

disulfide bond was introduced between the α1 and β1 coiled-coil domains in a parallel orientation.  

Disulfide bond formation was present in all the Cys-mutants examined, providing additional 

evidence in support of a parallel coiled-coil in heterodimeric sGC.  

 

4.4.2. An apparent relationship between the coiled-coil and the binding of diatomic ligands 

To understand if structural changes in the coiled-coil are involved in sGC function, a 

disulfide bond designed to reversibly restrict the coiled-coil to a single conformation was 

introduced between the α1 and β1 subunits.  Since disulfide bond formation was present in all four 
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Cys-mutants, the αL454C/βL384C double mutation was selected for further characterization.  Cys-

mutant Ms sGC-NT25 displayed 8- and 2-fold weaker CO binding in the presence and absence of 

stimulator compound.  Addition of reductant restored CO binding affinity and stimulator response 

to similar levels as wild type, suggesting the observed changes in ligand binding are the direct 

result of the disulfide bond.  Disulfide bond formation was only present in a fraction of the Cys-

mutant protein population, and alterations in CO binding affinity are likely greater in a fully cross-

linked sample. Taken together, these results indicate a potential relationship among structural 

changes in the coiled-coil and the binding of diatomic ligands.  

Interestingly, the presence of a disulfide bond in Ms sGC-NT25 did not alter the rate of 

proximal histidine release.  These results were unexpected, as previous experiments with Ms sGC-

NT constructs indicate modifications to the length of the coiled-coil leads to drastic changes in 

proximal histidine release rates.  The reasons for this discrepancy are unknown; however, it 

appears that restricting the structural dynamics of the coiled-coil and varying the length of the 

domains alter sGC function through distinct mechanisms.    

 

4.4.3. Structural changes in the coiled-coil may mediate stimulator response 

Restricting the coiled-coil to a single conformation led to a 4-fold decrease in drug 

response, suggesting structural changes in the coiled-coil are implicated in the mechanism of 

stimulator enhancement.  We recently localized stimulator binding to a conserved site at the 

subdomain interface of the β1 H-NOX domain using photoaffinity labeling and mass spectrometry 

(described in Chapter 2 and reference (98)).  Residues 361, 362, 365, and 366 of the β1 coiled-

coil were modified by photolyzable stimulator compound IWP-854 in all labeling experiments 
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involving sGC constructs (98).  These results suggest the stimulator binding site is in close spatial 

proximity to the β1 coiled-coil domain.   

Previous reports identified three interdomain cross-links between the α1 coiled-coil and 

the β1 H-NOX domain in Ms sGC-NT constructs (residues αE418/βK85, αK432/βK15, and 

αK446/βE20), indicating direct contacts between the two domains (88).  A homology model for 

Ms sGC-NT was previously developed by fitting interdomain cross-links into a molecular 

envelope generated by small angle X-ray scattering (SAXS) (88).  In this model, the β1 H-NOX 

domain lies directly on the coiled-coil domains (Fig. 4.9).  It is therefore conceivable that structural 

rearrangements in the coiled-coil, such as helical rotations or changes in cross-over angle, may 

alter the conformation of the β1 H-NOX domain.   

The mechanism of stimulator enhancement is unknown; however, mutational analysis of 

the proposed stimulator binding site suggests stimulator compounds increase the affinity for 

diatomic ligands by rearranging the N- and C-terminal subdomains of the β1 H-NOX domain 

(described in Chapter 3).  The β1 H-NOX domain is predicted to lie directly on the coiled-coil, 

and photoaffinity labeling experiments indicate the coiled-coil is in close spatial proximity to the 

stimulator binding site. Thus, conformation of the coiled-coil may be linked to the relative 

orientation of the N- and C-terminal subdomains of the sGC heme domain. 
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Figure 4.9. The coiled-coil and β1 H-NOX domains are proposed to interact. (A) Homology 

model previously developed for construct Ms sGC-NT (88).  The N-terminal subdomain of the β1 

H-NOX domain is green, C-terminal subdomain of the β1 H-NOX domain is blue, the heme is 

shown as black sticks, the β1 coiled-coil domain is purple, the α1 coiled-coil domain is orange, 

residues selected for mutation to cysteine are red, and the remaining domains are gray.  The β1 H-

NOX domain is proposed to lie on the coiled-coil domains.  (B) Like A, but the α1 H-NOX domain 

and α1/β1 PAS domains are removed for clarity.  
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4.4.4. Signal transduction through the coiled-coil domains 

Coiled-coil domains function as a signaling switch in a diverse set of lifeforms ranging 

from bacteria to humans (90).  There is a growing body of evidence in support of signal 

transduction through the coiled-coil of sGC.  Mutations to the coiled-coil of a photosensitive retinal 

guanylyl cyclase (RetGC-1) leads to loss of function and blindness (94).  Small modifications to 

the length of the coiled-coil changes the rate of proximal histidine release in Ms sGC-NT constructs 

(79).  HDX-MS experiments suggest addition of NO alters protection along the length of the 

coiled-coil (93).  Finally, restriction of the coiled-coil to a single conformation reversibly decreases 

the binding affinity for diatomic ligands and stimulator response.  Thus, we propose signal of NO 

binding is propagated to the cyclase domains through the coiled-coil, possibly through the 

following mechanism: (1) NO and/or stimulator compounds bind to the sGC heme domain, leading 

to a rearrangement of the N- and C-terminal subdomains in the β1 H-NOX domain.  (2)  Structural 

rearrangements in the β1 H-NOX domain alters the conformation of the coiled-coil. (3) The coiled-

coil adopts a conformation that rotates the cyclase domains to aligns residues required for catalysis.   

In summary, we report an apparent link between structural changes in the coiled-coil and 

the binding affinity for diatomic ligands.  The coiled-coil appears to be implicated in stimulator 

response, consistent with photoaffinity labeling experiments suggesting the coiled-coil is in close 

spatial proximity to the stimulator binding site (98).  These results suggest a possible model for 

the signal transduction mechanism of sGC, in which signal of NO binding is propagated through 

the coiled-coil domains.  Efforts to examine this model are underway and includes the examination 

of structural changes in the coiled-coil with respect to sGC catalysis.   
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Figure 4.10. Proposed mechanism of signal transduction through the coiled-coil domains.  

Depicted above is a homology model previously developed for Ms sGC-NT using small angle X-

ray scattering, chemical cross-linking, and mass spectrometry (88). The N-terminal subdomain of 

the β1 H-NOX domain is green, the C-terminal subdomain of the β1 H-NOX domain is blue, the 

heme is shown as black sticks, the β1 coiled-coil domain is purple, and the α1 coiled-coil domain 

is orange.  The α1 H-NOX domain and the α1/β1 PAS domains were left out of Fig. 4.12 for 

clarity.  The cyclase domains were not present in Ms sGC-NT constructs used to generate this 

model and therefore not included (88).  The cyclase domains are shown as dotted lines in their 

probable location beneath the coiled domain.  A potential signal transduction mechanism for sGC 

is as follows: (1) NO and/or stimulator binding to the β1 H-NOX domain alters the relative 

orientation of the N- and C-terminal subdomains.  (2) Conformational changes in the β1 H-NOX 

domain leads to a structural rearrangement in the coiled-coil domains.  (3) The structural 

rearrangement in the coiled-coil domains rotates the cyclase domains to facilitate catalysis.  
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CHAPTER 5  

STIMULATOR BINDING TO A NOVEL BACTERIAL H-NOX PROTEIN FROM 

FISCHERELLA SP. PCC 9605 

 

5.1 INTRODUCTION 

The ability to detect and respond to diatomic gases such as NO, CO, and O2 is present in 

nearly all life forms, ranging from bacteria to humans (199).  Detection of intracellular and 

environmental NO is crucial to the maintenance of bacterial homoeostasis.  Many bacterial species 

are routinely exposed to cytotoxic concentrations of NO through the host immune response and 

denitrification (19,200-202), leading to the generation reactive nitrogen species (RNS) that disrupt 

critical cellular processes (203).  At non-cytotoxic concentrations, NO serves as a signaling 

molecule capable of eliciting a cellular response (2,70,204).  Thus, the genomes of many bacterial 

species encode for heme-based NO sensors that participate in cellular regulation and survival 

(70,199).  

Heme-Nitric Oxide/Oxygen binding (H-NOX) proteins originally evolved in bacteria as a 

mechanism for sensing non-cytotoxic levels of NO (2,70).  H-NOX proteins have been identified 

in the genomes of over 250 prokaryotic species (2).  Roughly 74% of bacterial H-NOX domains 

exist as stand-alone proteins predicted to bind a catalytic partner in two-component signaling 

systems, while the remaining 25% are encoded as sensory domains fused to metallochemotaxis 

proteins (2).  Bacterial H-NOX domains are believed to participate in biofilm formation, quorum 

sensing, motility, and symbiosis (205-209).  The ability to disrupt biofilm formation has recently 

rendered bacterial H-NOX proteins as promising therapeutic targets for treating microbial 
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infections (210).   Biofilms significantly enhance the tolerance of bacteria to antibiotics by up to 

1000-fold (211,212), and compounds designed to disrupt biofilm formation by releasing NO 

binding have the potential combat antibiotic resistance (210).   

Eukaryotic H-NOX domains have been exclusively identified as part of soluble guanylyl 

cyclase (sGC) (39).  sGC is a heterodimeric NO sensor made of two subunits that are designated 

as α1 and β1.  Each subunit contains an N-terminal H-NOX domain (59-65), a Per-ARNT-Sim 

(PAS) domain (66), a coiled-coil (CC) domain (67), and a C-terminal catalytic domain (68,69).  

The β1 H-NOX domain of sGC contains a ferrous heme responsible for binding NO, while the α1 

H-NOX domain lost the ability to bind heme.  The β1 H-NOX domain of sGC shares 15-43% 

sequence homology with bacterial H-NOX proteins (2).  Human sGC functions as the primary 

receptor for NO and has been implicated in the regulation of a continually growing list of 

physiological processes (38,39).  sGC is most studied for its role in the vasculature, where it acts 

as a potent vasodilator in response to sub-nanomolar levels of NO (38,39).  Impaired sGC function 

has been implicated in nearly all forms of cardiovascular disease, making the enzyme a highly 

sought after pharmaceutical target (38,39,111).  Stimulatory compounds targeted to sGC represent 

a promising opportunity to treat cardiovascular disease, with the most advanced drug clinically 

prescribed to treat pulmonary hypertension (143,145,193). 

While an atomic resolution structure for an sGC heme domain has yet to be reported, crystal 

structures have been determined for H-NOX domains from Thermoanaerobacter tengcongensis 

(65), from Nostoc sp. PCC 7120 (61,64), and Shewanella oneidensis (60).  These structures 

revealed a novel fold that is unique among heme proteins (65).   The protein is divided into two 

subdomains; the N-terminal subdomain contains helices αA-C, while the C-terminal subdomain 

contains helices αD-G, β-sheets β1-4, and the heme pocket.  These subdomains are connected by 
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a flexible linker and are proposed to move with respect to each other.  We recently discovered 

stimulator compounds bind to a conserved pocket between the N- and C-terminal subdomains of 

H-NOX domains from sGC and bacteria (98).  

Ferroheme proteins bind multiple diatomic gases including molecular oxygen (O2), carbon 

monoxide (CO), and NO (213,214).  Discrimination of diatomic gases is a crucial feature of NO 

sensors in aerobic environments which contain ~1000-fold excess O2.  Ligand discrimination in 

H-NOX domains is explained by the sliding-scale rule, which states that the binding affinity of 

diatomic gases to most heme proteins follows a molar ratio of 1:103:106 for O2:CO:NO (71,72).  

sGC and certain bacterial H-NOX homologues follow an exaggerated molar ratio of 1:103:1011 for 

O2:CO:NO, allowing these proteins to bind sub-nanomolar levels of NO while excluding 

atmospheric O2 (71,72).  Exceptionally tight affinity for NO is achieved by releasing the histidine 

residue that coordinates the proximal side of the heme.  While the 6-coordinate NO-complex 

follows the sliding-scale rule, the 5-coordinate NO-complex formed upon the release of the 

proximal histidine residue displays markedly increased affinity for NO (71,72).  Conversely, 

certain bacterial H-NOX proteins circumvent the sliding scale rule by promoting O2 binding 

(2,65,215).  These proteins contain a hydrogen-bonding network in the heme pocket that stabilizes 

the ligand complex and permits the binding of atmospheric O2 (Fig. 5.1) (65,73).   

Bacterial H-NOX proteins share 15-43% sequence identity with the heme domain of sGC, 

allowing these proteins to serve as models to study sGC function.  Here, we report the 

characterization of a novel H-NOX domain from the cyanobacterial species Fischerella sp. PCC 

9605, which shares the highest sequence homology to the heme domain of sGC of any previously 

reported bacterial homologue.  Yet, despite its markedly high sequence identity to sGC, this 

construct displays a unique response to diatomic ligands and stimulator compounds.  
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Figure 5.1. Stabilization of O2 binding by a hydrogen-bond network. (A) Depiction of the 

hydrogen-bond network present in certain bacterial H-NOX proteins which stabilizes the O2 

complex.  The crystal structure for an O2 binding H-NOX protein from Thermoanaerobacter 

tengcongensis is shown in mauve (PDB 1U55, (65)).  Residues in the hydrogen bond network are 

visualized as sticks that are colored by atom; carbon is white, oxygen is red, nitrogen is blue, sulfur 

is yellow.  The heme is shown as black sticks. Hydrogen bonds are shown as a yellow dotted line.  

(B) The crystal structure for an H-NOX protein that excludes O2 from Nostoc sp. PCC 7120 shown 

in teal (PDB 20OC).  This construct is shown bound to NO.  The color scheme for atoms are the 

same as (A).   
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5.2 MATERIALS AND METHODS 

5.2.1 Materials 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 

indicated. 2-(N,N-Diethylamino)diazenolate-2-oxide (DEA/NO) was generously provided by Dr. 

Katrina Miranda (University of Arizona).  Plasmids coding for H-NOX proteins from from Nostoc 

sp. PCC 7120 (Ns H-NOX; residues 1-182; NCBI Ref Seq: WP_010996435.1), Shewanella 

oneidensis (So H-NOX; residues 1-181; NCBI Ref Seq: WP_011072197.1), Shewanella woodyi 

(Sw H-NOX; residues 1-182; NCBI Ref Seq: WP_012325363.1), Clostridium botulinum (Cb 

SONO; residues 1-186; NCBI Ref Seq: WP_012048396.1), and Fischerella sp. PCC 9605 (Fs H-

NOX; residues 1-181; NCBI Ref Seq: WP_026731010.1) were obtained from GenScript Biotech 

Corporation as previously described (98).  An Index HT 96 well crystallization screen was 

purchased from Hampton Research.  

 

5.2.2 Expression and purification of bacterial H-NOX constructs 

Bacterial H-NOX constructs were expressed and purified as previously described (98).  

Briefly, plasmids were transformed into Rosetta competent cells and grown in Terrific Broth media 

at 37 °C while shaking at 225 rpm until reaching an OD600 of 0.8-1.0.  Protein expression was 

initiated with 0.1 mM δ-aminolevulinic acid (ALA) and 0.5 mM IPTG, and  continued for 18-22 

hr at 16 °C while shaking 150 rpm.  Cells were harvested and pellets were flash frozen in liquid 

nitrogen prior to storage at -80 °C.   For purification, pellets were suspended in 50 mM sodium 

phosphate, pH 7.4, 300 mM NaCl supplemented with 0.75 mM DNase I and 1 mM PMSF.  Cells 

were lysed by French press and debris was removed by ultracentrifugation at 40,000 rpm in a Ti45 

rotor for 35 min at 4 °C.  The supernatant was run over a HisTrap FF Ni-NTA affinity column (GE 
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Healthcare) and elulted with 30 mM EDTA.  The His6 affinity-tag was removed by incubation 

with a 1:100 molar ratio of TEV protease to protein overnight at 4 °C.  Sample was passed over a 

HisTrap FF column and cleaved protein was furhter purified by gel filtration.  Samples were frozen 

in liquid nitrogen for storage at -80 °C. 

 

5.2.3 UV-visible spectroscopy and determination of CO binding constants 

The H-NOX protein of interest (5 µM) was suspended in 50 mM sodium phosphate, pH 

7.4, 100 mM NaCl supplemented with 0.1 mM BAY 41-2272, 0.1 mM DEA/NO, or 0.1 mM CO 

as indicated.  Absorbance spectra was measured from 250-650 nm using a Cary350 UV/visible 

spectrophotometer (Agilent Technologies, Santa Clara, CA).  Anaerobic conditions were obtained 

by saturating all buffers with argon gas.  CO dissociation constants were measured as previously 

described (79,88). 

 

5.2.4 Crystallization of an H-NOX protein from Nostoc sp. PCC 7120 

Initial crystallization conditions for Ns H-NOX were identified using a PHOENIX protein 

crystallization robot (Art Robbins Instruments) and a commercially available Index HT 

crystallization screen (Hampton Research). Crystals grew in a 96-well Intelli-Plate by sitting drop 

vapor diffusion at 16 °C and small crystals were observed in multiple conditions after 24 hr.  

Diffraction quality crystals were grown by hanging drop vapor diffusion at 16 °C in a 4 µL drop 

containing 1:1 volumetric ratio of precipitant (0.055 M sodium phosphate monobasic, 1.317 M 

potassium phosphate dibasic, pH 8.2) and protein solution (15 mg/mL Ns H-NOX in 20 mM Tris, 

pH 7.4, 100 mM NaCl, 1 mM TCEP). Hexagonal rod-shaped crystals appeared after 48 hr.  

Crystals were cryoprotected with 3.5 M sodium phosphate and flash frozen in liquid nitrogen.  
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5.2.5 Data collection, phasing, and refinement 

X-ray diffraction data for Ns H-NOX crystals were collected remotely on SSRL beamline 

9-2 (Stanford) using a PILATUS 6M detector at 300 nm distance. Data were collected with a 

wavelength of λ = 0.97946 Å with a 1 second exposure time, 10.0% attenuation, an oscillation 

angle of 0.15° and an oscillation range of 1.0000 – 147.0563. Data was processed in space group 

P3221 to 2.1 Å resolution using Web-Ice data processing software (216).  The unit cell parameters 

were a = b = 65.22 Å, c = 103.52 Å and α = β = 90.00°, γ = 120.00°. There were two molecules in 

the asymmetric unit.  Phasing was performed using molecular replacement using CCP4i with PDB 

2O09 as the model (64,217).  Model building and refinement were performed using COOT and 

REFMAC5 (172,217,218).  
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5.3 RESULTS 

5.3.1. Characterization of a novel cyanobacterial H-NOX protein from Fischerella sp. PCC 9605 

Bacterial H-NOX homologs serve as models to understand the structural and functional 

dynamics of the sGC heme domain.  Extensive characterization of H-NOX proteins from several 

bacterial species are discussed in the literature, and are reviewed in references (2,70,219).  Here, 

we report the characterization of a novel bacterial H-NOX protein from Fischerella sp. PCC 9605 

(referred to as Fs H-NOX).  Fs H-NOX is 42% identical to the heme domain of human sGC, which 

is the highest homology of any previously reported bacterial homologue.  The functional 

characteristics of Fs H-NOX were examined with respect to a truncated sGC construct from 

Manduca sexta (Ms sGC-NT25) and four previously reported bacterial H-NOX proteins from 

Nostoc sp. PCC 7120 (Ns H-NOX), Shewanella oneidensis (So H-NOX), Shewanella woodyi (Sw 

H-NOX), and Clostridium botulinum (Cb SONO).  

A distinguishing characteristic among sGC and certain bacterial homologues is the ability 

to exclude O2 while maintaining reduced (ferrous, FeII) heme.  Fs H-NOX displayed a Soret 

absorbance maximum of 431 nm that is indicative of ferrous heme, resembling Ms sGC-NT25, Ns 

H-NOX, and So H-NOX (Fig. 5.2A).  Heme was oxidized in Sw H-NOX and Cb SONO, as 

evidenced by a Soret absorbance maxima of 416 nm and 412 nm, respectively (Fig. 5.2EF).  All 

ferrous constructs displayed a characteristic shift in Soret absorbance maximum to 424 nm in 

response to CO, indicating the formation of 6-coordinate heme complex (Fig. 5.2A-D).  Oxidized 

constructs lack the ability to bind CO and exhibit no changes in Soret absorbance (Fig. 5.2EF).  

Further characterization focused on ferrous constructs, as they are representative of the heme 

environment in Fs H-NOX.  



157 

 

Release of the proximal histidine residue coordinating the heme-iron is a hallmark of sGC 

activation.  NO binding to sGC forms a transient 6-coordinate NO complex with a Soret maximum 

of 420 nm, which is rapidly followed by release of the proximal histidine residue to form a 5-

coordinate NO complex with a Soret maximum of 400 nm.  Proximal histidine release is believed 

to aid in sGC activation, at least in part, by drastically increasing the binding affinity for NO.  

While proximal histidine release is observed in Ms sGC-NT25 and So H-NOX, release of the 

proximal histidine residue was incomplete or entirely absence in both cyanobacterial H-NOX 

proteins (Fig. 5.3).  Ns H-NOX responds to NO as a mixed population, displaying a dominant 6-

coordinate NO complex (Soret maximum 416 nm) and a secondary 5-coordinate NO complex that 

has undergone proximal histidine release (Soret maximum 400 nm, Fig. 5.3).  These results are 

consistent with previous reports regarding NO binding to Ns H-NOX (72,220).  Fs H-NOX formed 

a stable 6-coordinate complex (Soret maximum 420 nm) in response to NO, indicating proximal 

histidine release does not occur in this construct (Fig. 5.3).  
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Figure 5.2. Bacterial H-NOX homologues purify with different heme redox states.  UV-visible 

absorbance spectra were measured from 250-650 nm in the presence (red) and absence (black) of 

100 µM CO for (A) Fs H-NOX, (B) Ms sGC-NT25, (C) Ns H-NOX, (D) So H-NOX, (E) Sw H-

NOX, and (F) Cb SONO.  Fs H-NOX, Ms sGC-NT25, Ns H-NOX, and So H-NOX purified with 

reduced (ferrous) heme, as evidenced by a Soret absorbance maxima at 431-433 nm for unliganded 

heme and 424 nm for the CO-bound complex.  Sw H-NOX and Cb SONO purified with oxidized 

(ferric) heme, as evidenced by a Soret absorbance maxima at 412-416 nm for unliganded heme 

and no response to CO addition.  
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Figure 5.3. Fs H-NOX does not undergo proximal histidine release in response to NO. UV-

visible absorbance spectra were measured from 350-650 nm in the presence (red) and absence 

(black) of 30 µM DEA/NO for (A) Fs H-NOX, (B) Ms sGC-NT25, (C) Ns H-NOX and (D) So H-

NOX.  Ms sGC-NT25 and So H-NOX undergo full proximal histidine release in response to NO, 

as evidenced by a Soret absorbance maximum at 400 nm.  Ns H-NOX displays a mixed population 

of 5-coordinate (Soret 400 nm) and 6-coordinate (Soret 416 nm) NO-complexes. Fs H-NOX does 

not undergo proximal histidine release and forms a homogenous 6-coordinate NO-complex (Soret 

420 nm).  
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5.3.2. Simulator compounds alter heme properties in Fs H-NOX 

 Stimulator binding was recently localized to the subdomain interface of the sGC heme 

domain and H-NOX homologs from four bacterial species, suggesting the ability to bind stimulator 

compounds is a conserved feature of the H-NOX fold (described in Chapter 2 and reference (98)).    

Drug binding to Fs H-NOX was initially examined using the photoaffinity labeling strategy 

described in Chapter 2 and reference (98).  Briefly, a photolabile stimulator compound (referred 

to as IWP-854) was used to covalently modify nearby residues upon exposure to UV irradiation.  

Photoaffinity labeling by IWP-854 is visualizing by probing for the biotin affinity-tag that is 

attached to the compound (Fig. 5.4A).  IWP-854 successfully labeled Fs H-NOX, suggesting 

stimulator binding is retained in this construct (Fig. 5.4B).   

Diatomic ligand coordination of Fs H-NOX bound to stimulator compounds were 

examined using UV-visible spectroscopy. Surprisingly, stimulator compound BAY 41-2272 

shifted the Soret absorbance maximum for Fs H-NOX to 414 nm over the course of 20 minutes 

(Fig. 5.5A).  No changes in Soret were observed for Fs H-NOX in the absence of stimulator 

compound, indicating alterations in heme properties can be attributed to BAY 41-2272 (Fig. 5.5B).  

BAY 41-2272 also shifted the Soret absorbance maximum from 420 nm to 414 nm for NO-bound 

Fs H-NOX, suggesting a second 6-coordinate NO-complex is formed in the presence of stimulator 

compound (Fig. 5.5B).  These effects were not observed in Ms sGC-NT25 and Ns H-NOX bound 

BAY 41-2272 (Fig. 5.5D-F).  Thus, stimulator compounds appear to exert a unique effect on the 

heme properties of Fs H-NOX that is not observed in closely related constructs.  
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Figure 5.4.  Stimulator binding is retained in an H-NOX proteins from Fischerella sp. PCC 

9605. (A) Chemical structure of stimulator compound IWP-854.  IWP-854 is comprised of the 

stimulator scaffold attached to a PEG linker, biotin-affinity tag, and photolabile diazirine 

functional group.  (B) Western blot of IWP-854 (10 µM) photoaffinity labeling Fs H-NOX (10 

µM).  The presence of IWP-854 is detected by probing for the biotin-affinity tag. IWP-854 cross-

links to Fs H-NOX in a similar manner as sGC and other bacterial homologs, suggesting stimulator 

binding is retained. 
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Figure 5.5. Stimulator compound BAY 41-2272 alters heme properties in Fs H-NOX.  UV-

visible absorbance spectra for Fs H-NOX, Ns H-NOX, and Ms sGC-NT25 immediately following 

sample addition (black), after incubation for 20 minutes (red), and with 10 µM DEA/NO (blue 

with stimulator compound, gray dashed line without stimulator compound).  (A) Absorbance 

spectra for Fs H-NOX in the presence of 0.1 mM BAY 41-2272. (B)  Absorbance spectra for Fs 

H-NOX in the absence of stimulator compound.  (C) Like (A) in the presence of 10 µM DEA/NO.  

(D) Absorbance spectra for Ms sGC-NT25 in the presence of 0.1 mM BAY 41-2272.  (E) 

Absorbance spectra for Ns H-NOX in the presence of 0.1 mM BAY 41-2272.  (F) Like (E) in the 

presence of 10 µM DEA/NO.  BAY 41-2272 appears to alter heme properties for Fs H-NOX, but 

not Ms sGC-NT25 or Ns H-NOX.   
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5.3.3. Simulator compounds may induce O2 binding to Fs H-NOX  

Our initial hypothesis to explain the observed shift in Soret for Fs H-NOX by BAY 41-

2272 was that stimulator compounds promote heme oxidation.  BAY 41-2272 shifted the Soret 

absorbance maximum for Fs H-NOX to 414 nm, which resembles the Soret absorbance maximum 

observed for ferric constructs Sw H-NOX (416 nm) and Cb SONO (412 nm).  However, Fs H-

NOX bound BAY 41-2272 retained the ability to form a 6-coordinate complex with CO, indicating 

the heme is not oxidized in the presence of stimulator compounds (Fig. 5.6).  We then examined 

whether BAY 41-2272 altered the binding affinity of diatomic ligands to Fs H-NOX.  There were 

no appreciable changes in CO binding affinity for Fs H-NOX upon adding BAY 41-2272, 

consistent H-NOX constructs examined in Chapter 2 and reference (98) (Table 5.1).   

To examine the possibility of stimulator compounds inducing O2 binding to Fs H-NOX, 

the effects of BAY 41-2272 were monitored under anaerobic conditions.  Intriguingly, BAY 41-

2272 did not shift the Soret absorbance maximum for Fs H-NOX in the absence of O2 (Fig. 5.7).  

The concentration of atmospheric O2 dissolved in water is ~250 µM.  Addition of 288 µM O2 to 

anaerobic Fs H-NOX bound to stimulator compound shifted the Soret absorbance maximum to 

414 nm, albeit to a much lesser degree than the same sample exposed to atmospheric O2 (Fig. 5.7).  

Thus, our working hypothesis is that stimulator compounds induce O2 binding to Fs H-NOX. 
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Figure 5.6. Stimulator compound BAY 41-2272 does not oxidize Fs H-NOX.  (A) UV-visible 

absorbance spectra measured from 350 nm to 650 nm for Fs H-NOX immediately following 

sample addition (black), after incubation for 20 minutes (red), following the addition of 100 µM 

CO (gray, dashed), and after adding 30 µM NO (blue).  (B) Enlarged absorbance spectra from 550 

to 650 nm for Fs H-NOX immediately following sample addition (black) and after incubation for 

20 minutes (red).  (C) Enlarged absorbance spectra from 550 to 650 nm for Fs H-NOX following 

the addition of 100 µM CO (gray, dashed).  (D) Enlarged absorbance spectra from 550 to 650 nm 

for Fs H-NOX following 30 µM NO (blue).  CO binding is retained in Fs H-NOX bound to BAY 

41-2272, suggesting the observed shift in Soret is not the result of heme oxidation.  

 

  



165 

 

Table 5.1. Stimulator compound does not alter CO binding to Fs H-NOX.  Summary of CO 

dissociation constants (expressed in micromolar, µM) for sGC-NT and bacterial H-NOX 

constructs in the presence and absence of 10 µM BAY 41-2272. CO titrations were measured as 

previously described (98).  There is no appreciable change in CO binding affinity to Fs H-NOX 

following the addition of stimulator compound, consistent with previous reports involving 

stimulator binding to bacterial H-NOX proteins (98).   

 

  

Construct K
d

CO 
(µM) K

d

CO
+BAY (µM)

 
Ratio Reference 

Ms sGC-NT25 26 ± 6 0.42 ± 0.08 65 (98) 

Fs H-NOX 1.06 ± 0.04 1.56 ± 0.04 1 This work 

Ns H-NOX 0.39 ± 0.04 0.32 ± 0.04 1 (98) 

So H-NOX 0.23 ± 0.01 0.12 ± 0.01 2 (98) 
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Figure 5.7. Stimulator compound BAY 41-2272 may induce O2 binding to Fs H-NOX.  UV-

visible absorbance spectra were measured from 250-650 nm for Fs H-NOX in the presence of 0.1 

mM BAY 41-2272 immediately following sample addition (black) and after incubation for 20 

minutes (red).  (A) Sample was exposed to air during absorbance measurements.  (B) Dissolved 

O2 was removed from the buffer by argon saturation prior to sample addition, and experiments 

were performed using an air-tight cuvette.  UV-visible absorbance spectra were measured from 

400-450 nm for Fs H-NOX in argon-saturated buffer following the addition of 0-288 µM O2.  (C) 

Absorbance spectra for Fs H-NOX in the presence of 0.1 mM BAY 41-2272 following the addition 

of 0-288 µM O2.  (D) Absorbance spectra shown in (C) but with only 0 µM (black) and 288 µM 

(red) O2 shown for clarity.  (E) Like (D) but for Fs H-NOX in the absence of stimulator compound. 



167 

 

5.3.4 Structural analysis of cyanobacterial H-NOX proteins 

Since the concentration of O2 greatly outweighs the concentration of NO in the cell, the 

ability to discriminate diatomic ligands discrimination is an essential property of NO sensors.  H-

NOX proteins are proposed to discriminate diatomic ligands via the sliding-scale rule, which states 

most heme proteins bind diatomic gases in a molar ratio of 1:103:106 for O2:CO:NO (71,72).  

Certain bacterial H-NOX proteins possess a hydrogen-bonding network in the heme pocket that 

stabilizes the O2 complex, thereby circumventing the sliding-scale rule and increasing the affinity 

for O2 (65,73).  Stimulator compound BAY 41-2272 appears to induce O2 binding to Fs H-NOX.  

The addition of stimulator compound to Fs H-NOX did not alter the binding affinity for CO (Table 

5.1), suggesting BAY 41-2272 did not shift the affinity for diatomic ligands towards tighter 

binding by the sliding-scale rule.  The possibility of BAY 41-2272 inducing a conformational 

change that introduces a hydrogen-bond network in the heme pocket of Fs H-NOX was examined 

by structural analysis.  

While an atomic-resolution structure of a heme domain from sGC has yet to be reported, 

crystal structures for several bacterial H-NOX domains have been solved, including those from 

Thermoanaerobacter tengcongensis (65,183), also known as Caldanaerobacter subterraneus (59), 

Nostoc sp. PCC 7120 (Ns H-NOX) (61,64) and Shewanella oneidensis (So H-NOX) (60).  Fs H-

NOX purified with > 98% purity and with a polydispersity of 22%, making the construct a good 

candidate for crystallization.  Crystallization screens were extensively performed with wild type 

Fs H-NOX, as well as constructs engineered to contain surface mutations designed to facilitate 

crystal packing.  Despite considerable attempts at optimization, diffraction-quality crystals were 

not obtained for wild type or mutant Fs H-NOX (summarized in Appendix A).   
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Small crystals displaying a needle morphology were initially obtained for Ns H-NOX under 

multiple conditions (Fig. 5.8).  Further optimization yielded larger crystals with a hexagonal rod-

shaped morphology that diffracted to ~2.3Å resolution (Fig. 5.8, Table 5.2).  These crystals 

displayed a trigonal space group (P3
2
2

1
), which differed from the cubic space group (P2

1
3) 

previously reported for Ns H-NOX (61,64).  The new crystal form is likely the result of a C-

terminal modification designed to aid in protein purification.  Previous crystal structures of Ns H-

NOX were determined for the unmodified protein (residues 1-189) lacking a purification-tag.  Ns 

H-NOX used in the present study was purified with a His6 affinity-tag that was cleaved by TEV 

protease prior to crystallization.  Six residues of the TEV cleavage sequence remained on the C-

terminus of Ns H-NOX following protease digestion.  To prevent these additional residues from 

interfering with crystal packing, residues 183-189 of Ns H-NOX were replaced with the TEV 

cleavage sequence.  The final construct used for crystallization contained residues 1-182 of Ns H-

NOX fused to GAENLYFQ.  

Phasing was performed by molecular replacement using a previously solved crystal 

structure for Ns H-NOX (PDB 2009) (64).  The final model closely resembled previously reported 

structures for Ns H-NOX (61,64), with the exception that the TEV cleavage sequence formed a C-

terminal α-helix (Fig. 5.9).  Ns H-NOX displayed the characteristic H-NOX fold, which contains 

an N-terminal 3-helix bundle connected to a C-terminal helix/sheet subdomain that coordinates 

heme.  Trp74 of Ns H-NOX lies directly over the heme (Fig. 5.9).  This residue is present Fs H-

NOX, but not sGC or the other bacterial H-NOX proteins discussed in this thesis.  Attempts to 

crystallize Ns H-NOX in complex with NO or CO were unsuccessful.  Crystals of Ns H-NOX 

soaked with NO or CO displayed a characteristic change in color that signifies heme coordination; 

however, no electron density was observed for the diatomic ligands.  A possible explanation for 
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the lack of electron density corresponding to NO or CO includes the dissociation of the protein-

ligand complex during data collection.  The presence of a tryptophan residue directly above the 

heme may also influence ligand coordination.  Previous reports suggest the inability of Ns H-NOX 

to undergo full proximal histidine release in response to NO is attributed, at least in part, to the 

presence of a tryptophan residue directly above the heme pocket (63,64).  

Ns H-NOX shares 63% sequence identity with Fs H-NOX (Fig. 5.11A), thereby permitting 

the development of a homology model of Fs H-NOX based on the solved crystal structure of Ns 

H-NOX.  A potential hydrogen-bonding network induced by stimulator binding was not readily 

apparent in the homology model for Fs H-NOX (Fig. 5.10).  Residues predicted to lie in the heme 

pocket of Fs H-NOX and Ns H-NOX were highly conserved, despite the differences in response 

between the two proteins to the binding of BAY 41-2272.  
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Figure 5.8. Nostoc sp. PCC 7120 H-NOX crystals and diffraction data. (A) Small crystals with 

needle morphology grew under multiple conditions for Ns H-NOX.  (B) Diffraction-quality 

crystals of Ns H-NOX were grown by sitting drop vapor diffusion for 48 hr at 16 °C. Crystallization 

conditions included a 1:1 volumetric ratio of precipitant (0.055 M sodium phosphate monobasic, 

1.317 M potassium phosphate dibasic, pH 8.2) and protein solution (15 mg/mL Ns H-NOX in 20 

mM Tris (pH 7.4), 100 mM NaCl, 1 mM TCEP). (B) Diffraction pattern obtained from crystals of 

Ns H-NOX and data was processed to 2.3 Å. 

 

  



171 

 

Data Collection 

Space group P 3
2
2

1
 

Unit cell parameters a = b = 65.22 Å, c = 103.52 Å 

α = β = 90.00°, γ = 120.00 ° 

Resolution (Å) 2.30 Å 

Total reflections 114274 (15970) 

Unique reflections 11798 (1680) 

Completeness (%) 99.9 (99.5) 

Mean I/σ
I
 21.4 (2.5) 

Multiplicity 9.7 (9.5) 

R
merge

 (%) 6.7 (92.1) 

Refinement 

Rfactor (%) 19.6 

R
free

 (%) 28.8 

RMS deviation 

Bond lengths (Å) 0.013 

Bond angles (°) 1.671 

Multiplicity 9.8 (9.8) 

R
merge

 (%) 8.8 (22.3) 

Ramachandran plot 

Most favored (%) 98.9% 

Allowed (%) 1.1% 

 

Table 5.2. Crystallographic data for Ns H-NOX. A summary of the crystallographic data for Ns 

H-NOX. Data was processed for 2.1 Å using Web-Ice data processing software (216).  Phasing 

was performed using molecular replacement using CCP4i with PDB 2O09 as the model (64,217).  

Model building and refinement were performed using COOT and REFMAC5 (172,218).  
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Figure 5.9 Crystal structure of Ns H-NOX.  (A) Superimposed crystal structures of Ns H-NOX 

solved in the present study (cyan) and previously reported (orange, PDB 20O9).  (B) Crystal 

structure of Ns H-NOX solved in the present study (cyan).  The added TEV sequence forms an α-

helix at the C-terminus of the protein and likely altered crystal packing.  (C) The superimposed 

structure shown in (A) zoomed-in on Trp74, which lies directly above the heme.  The ribbon 

structure is shown in gray to highlight Trp74 and the heme.  
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Figure 5.10. Homology model for an H-NOX homologue from Fischerella sp. PCC 9605. (A) 

Sequence alignment for Fs H-NOX (residues 1-181) and Ns H-NOX (1-182).  Fs H-NOX and Ns 

H-NOX share 63% sequence identity (identical residues are shown in teal).  (B) Homology model 

for Fs H-NOX was created based on the crystal structure of Ns H-NOX. Residues in Fs H-NOX 

that are identical to Ns H-NOX are teal.  All other residues are tan.  The heme is shown as black 

sticks.  (C) Zoomed-in view of the heme pocket for Fs H-NOX.  The heme pockets of Fs H-NOX 

and Ns H-NOX appear to be highly conserved.  Residues that may partake in a hydrogen-bond 

network which stabilizes the O2 complex following stimulator binding to Fs H-NOX, but not Ns 

H-NOX, were not readily apparent from this model.  
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5.4 DISCUSSION 

5.4.1. Characterization of a novel H-NOX protein from Fischerella sp. PCC 9605 

H-NOX proteins expressed in bacteria serve as models to probe the structure, function, and 

regulation of the heme domain in sGC.  Here, we report the characterization of a novel H-NOX 

protein from the cyanobacterial species Fischerella sp. PCC 9605.  Fs H-NOX shares 42% 

sequence identity with the heme domain of sGC, which is the highest homology of any previously 

reported bacterial H-NOX protein.  Fs H-NOX purifies with reduced ferrous (FeII) heme and 

appears to exclude O2 binding, resembling sGC and related bacterial homologues.  CO binding to 

Fs H-NOX shifts the Soret absorbance maximum to 424 nm, which is indicative of the 

characteristic 6-coordinate CO-complex shared by ferrous H-NOX proteins.  Surprisingly, Fs H-

NOX does not undergo proximal histidine release in response to NO and forms a stable 6-

coordinate NO-complex with a Soret absorbance maximum of 420 nm.  Ns H-NOX, a closely 

related cyanobacterial H-NOX protein, also varies from sGC in response to NO by forming a 

mixed population of 5-coordinate and 6-coordinate complexes, consistent with previous reports 

(220).   

 

5.4.2. Stimulator compounds alter heme properties in Fs H-NOX 

 Stimulator compounds were recently discovered to bind the β1 H-NOX domain of sGC, as 

well as H-NOX homologs from four bacterial species (98).  The ability of stimulator compounds 

to bind Fs H-NOX was examined using the photoaffinity labeling strategy described in Chapter 

2 and reference (98).  Photolyzable stimulator compound IWP-854 labeled Fs H-NOX in a similar 

manner to other bacterial H-NOX constructs, suggesting stimulator binding is retained in Fs H-
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NOX.  Addition of stimulator compound did not alter the binding affinity for CO to Fs H-NOX, 

consistent with previous reports with bacterial H-NOX constructs (98).   

 The effects of stimulator compounds on ligand binding to Fs H-NOX were examined using 

UV-visible spectroscopy.  Interestingly, stimulator binding to Fs H-NOX shifted the Soret 

absorbance maximum for from 431 nm to 414 nm over the course of 20 minutes.  This shift in 

Soret was not observed for a truncated sGC construct or Ns H-NOX, which is a closely related 

heme protein from cyanobacteria.  Fs H-NOX was able to bind CO in the presence of stimulator 

compound, suggesting the shift in Soret was not the result of heme oxidation.  The effects of BAY 

41-2272 were lost under anaerobic conditions and titration of O2 shifted Soret towards 414 nm in 

the presence of stimulator compound.  Thus, our working hypothesis is that stimulator compound 

BAY 41-2272 promotes O2 binding to Fs H-NOX.  

 Bacterial H-NOX proteins discriminate diatomic ligands via the sliding-scale rule, which 

states most heme proteins bind diatomic gases in a molar ratio of 1:103:106 for O2:CO:NO (71,72).  

Certain bacterial H-NOX proteins circumvent the sliding-scale rule with a hydrogen-bonding 

network in the heme pocket that stabilizes the O2 complex (65,73).  Stimulator compounds alter 

heme properties in Fs H-NOX, possibly through the promotion of O2 binding.  No appreciable 

changes were observed in CO binding to Fs H-NOX in the presence of stimulator compound, 

suggesting the affinity for diatomic ligands was not shifted towards tighter binding via the sliding-

scale rule.  Fs H-NOX could not be crystallized despite extensive attempts at optimization; 

however, the crystal structure of Ns H-NOX was solved to 2.3 Å.  A homology model was 

developed for Fs H-NOX based on the crystal structure of Fs H-NOX, which revealed a high 

degree in conservation between heme pocket residues in Fs H-NOX and Ns H-NOX. 
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 In summary, we report the characterization of a novel H-NOX domain from the 

cyanobacterial species Fischerella sp. PCC 9605, which displays the highest sequence homology 

to the sGC heme domain of any previously reported bacterial homologue.  Yet, despite 

exceptionally high sequence identity, Fs H-NOX deviates from sGC and related bacterial 

homologues in the coordination of diatomic ligands and response to stimulator compounds. 

Stimulator compound BAY 41-2272 alters heme properties in Fs H-NOX, possibly by inducing 

O2 binding.  Stimulator induced O2 binding has never been reported for a bacterial H-NOX 

homologue, and further work is required to uncover the mechanism underlying changes in heme 

properties.  In addition to providing further evidence in support of stimulator binding to bacterial 

H-NOX homologs, this work may provide insight into diatomic ligand discrimination by H-NOX 

family proteins.  
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CHAPTER 6  

FUTURE DIRECTIONS AND FINAL REMARKS 

 

6.1 SUMMARY  

 Stimulator compounds overcome many of the adverse side effects suffered by traditional 

pharmaceuticals targeted to sGC, and represent a promising step forward for the treatment of 

cardiovascular disease (111,138).  Despite their therapeutic potential and widespread clinical use, 

our knowledge regarding the binding of stimulator compounds and their mechanism of action are 

severely limited.  Where stimulator compounds bind to sGC has been debated since their initial 

discovery over 20 years ago, with the α1 H-NOX domain, the β1 H-NOX domain, and the 

pseudosymmetric site in the cyclase domains all proposed to bind stimulator compounds 

(79,139,146,147,149,197).  Stimulator binding was localized to the heme domain of sGC using a 

photolyzable derivative of compound IWP-051, which we refer to as IWP-854, and mass 

spectrometry (98).  IWP-854 specifically labeled multiple sGC constructs from human and 

Manduca sexta, as well as bacterial H-NOX homologues from Nostoc sp. 7120, Shewanella 

oneidensis, Shewanella woodyi and Clostridium botulinum.  Labeled residues were predominately 

located at the subdomain interface of the sGC heme domain, consistent with NMR experiments 

performed by Dr. Cheng-Yu Chen.  These data led to the development of a model for stimulator 

binding between the N- and C-terminal subdomains of the β1 H-NOX domain (Fig. 6.1A). 

Mutational analysis of the proposed stimulator binding site led to the identification of a 

double mutation (I52W/L67W) that increases the affinity for CO by 40-fold, mimicking the 65-

fold CO enhancement by stimulator compounds.  Mutant residues Trp52 and Trp67 overlap the 
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proposed stimulator binding site (Fig. 6.1B), leading to the hypothesis that stimulator compounds 

and the I52W/L67W double mutation enhance CO binding through a common mechanism.  

Structural analysis of bacterial H-NOX homologues revealed a relationship between the relative 

orientation of the N- and C-terminal subdomains, heme geometry, and the affinity for diatomic 

ligands (63,65).  We propose stimulator compounds and the I52W/L67W double mutation enhance 

CO binding by introducing steric strain within the subdomain interface of the β1 H-NOX domain, 

resulting in a realignment of the N- and C-terminal subdomains, heme planarization, and increased 

affinity for diatomic ligands (Fig. 6.1C). 

Removal of the α1 H-NOX domain enhances CO binding by 37-fold, consistent with 

previous reports that suggest stimulator compounds increase the affinity for diatomic ligands by 

overcoming allosteric inhibition imposed by the α1 H-NOX domain (79).  A low resolution 

homology model developed for truncated sGC constructs places the α1 H-NOX domain in close 

proximity to the β1 H-NOX domain, with both domains arranged on a centrally-located coiled-

coil (88).  There appears to be a relationship between the structural dynamics in the heme domain 

and the coiled-coil, as evidenced by reversible changes in ligand binding affinity and stimulator 

response following the introduction of a disulfide linkage between the coiled-coil helices.  Thus, 

the α1 H-NOX domain may allosterically regulate the binding affinity for diatomic ligands through 

direct interactions with the β1 H-NOX domain and/or the coiled-coil (Fig. 6.1D). 

In summary, this work describes the discovery of stimulator binding to the subdomain 

interface of the sGC heme domain, expands stimulator binding to bacterial H-NOX homologues, 

and provides key insights into the mechanism underlying stimulator function (98).  Taken together, 

these data lay a foundation for the development of new and improved therapeutics aimed at treating 

various forms of cardiovascular disease.  
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6.1 Summary of the described work.  (A) Model of stimulator compound IWP-054 bound to a 

homology model for the β1 H-NOX domain from Ms sGC.  The N-terminal subdomain is green, 

the C-terminal subdomain is cyan, residues identified by chemical shift perturbation NMR are 

blue, residues identified by photoaffinity labeling are yellow, the heme is shown as black stick, 

and compound IWP-051 is colored by atom: carbon is white, oxygen is red, nitrogen is dark blue, 

fluorine is light blue.  (B) Like (A) depicting residues W52 and W67.  The I52W/L67W double 

mutation was found to increase CO binding by 40-fold, resembling the 65-fold enhancement by 

stimulator compounds.  (C) Proposed mechanism for stimulator enhancement of ligand binding.  

The N-terminal subdomain is green, the C-terminal subdomain is cyan, the heme is black, and the 

reduced heme iron(FeII) is purple.  Stimulator compounds and the I52W/L67W double mutation 

introduce steric strain at the subdomain interface of the β1 H-NOX domain, resulting in a 

rearrangement of the N- and C-terminal subdomains, changes in heme geometry, and increased 

ligand binding affinity.  (D) Homology model for a truncated sGC construct from Manduca sexta.  

The N-terminal subdomain of the β1 H-NOX domain is green, the C-terminal subdomain of the 

β1 H-NOX domain is cyan, the α1 H-NOX domain is orange, the coiled-coil is gray, and the PAS 

domains are left out for clarity.   The α1 H-NOX domain is proposed to decrease ligand binding 

affinity through direct interactions with the β1 H-NOX domain and/or the coiled-coil.   
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6.2 FUTURE DIRECTIONS 

6.2.1. Structural analysis of stimulator binding to the sGC heme domain 

 A low resolution homology model was recently developed for stimulator compounds 

binding to the subdomain interface of the sGC heme domain (work described in Chapter 2) (98).  

Although this work resolves a longstanding question in the field, the fundamental mechanisms 

underlying stimulator binding remain unclear.  An atomic resolution structure of a stimulator 

compound bound to an sGC or bacterial H-NOX construct would reveal key insights into the 

molecular contacts required for stimulator binding.  Currently, there are no crystal structures 

available for full length or multidomain sGC.  Dr. Rahul Purohit and Dr. Andrzej Weichsel 

obtained crystals for truncated sGC constructs from Manduca sexta (referred to as Ms sGC-NT21) 

bound to stimulator compound YC-1.  Although these crystals diffracted to ~3.5 Å, data analysis 

was complicated by crystal twinning.  Further work is required to improve the quality of diffraction 

and generate crystals of the selenomethionine labeled protein for phasing by single wavelength 

and multiwavelength wavelength anomalous diffraction.  

While there are no atomic resolution structures for sGC, crystal structures were previously 

reported for bacterial H-NOX homologues from Thermoanaerobacter tengcongensis (65,183), 

also known as Caldanaerobacter subterraneus (59), Nostoc sp. 7120 (61,64) and Shewanella 

oneidensis (60). The crystal structure of an H-NOX protein from Nostoc sp. 7120 (referred to as 

Ns H-NOX) was successfully solved to 2.3 Å in the present study.  Extensive attempts to crystallize 

Ns H-NOX bound to a stimulator compound are summarized in Appendix A.  Diffraction-quality 

crystals of Ns H-NOX grown in the absence of drug were soaked with various stimulator 

compounds prior to freezing.  While these crystals diffracted well, they lacked electron density 

corresponding to the compound.  Crystals for Ns H-NOX were grown by co-crystallization with 
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varying concentrations of stimulator compound; however, these crystals displayed poor diffraction 

that could not be integrated.  Further work is needed to optimize crystallization conditions for a 

bacterial H-NOX protein bound to a stimulator compound.   

Crystallization of the protein/ligand complex is limited by decreased affinity for stimulator 

compounds binding to bacterial H-NOX proteins.  The estimated Kd for compound IWP-051 

binding to an H-NOX protein from Shewanella woodyi (referred to as Sw H-NOX) is ~2 mM, 

compared to low micromolar (µM) binding affinity for truncated sGC.  Poor solubility of 

stimulator compounds limits the molar ratios of ligand:protein that could be achieved during 

crystallization.  This, in combination with low binding affinity for stimulator compounds, prevents 

the use of saturating ligand concentrations during crystal growth.  Stimulator compounds with 

improved solubility and binding affinity for bacterial H-NOX proteins would greatly facilitate 

crystallization trials.  Additionally, the identification of bacterial H-NOX mutants with increased 

affinity for stimulator compounds would provide new candidates for crystallization.   

 Alternatively, the crystal structure of the protein/ligand complex could be solved by NMR.  

Truncated sGC constructs from Manduca sexta are too large for NMR analysis, with the smallest 

construct (Ms sGC-NT21) displaying a molecular weight of ~67 kDa.  The molecular weight of 

bacterial H-NOX homologues range from ~20-25 kDa, rendering these proteins suitable 

candidates for structure determination by NMR.  The backbone of Sw H-NOX was recently 

assigned for by Dr. Cheng-Yu Chen (98).  Intriguingly, NOEs were observed between C13-labeled 

IWP-051 and residues in Sw H-NOX, which is predicted to lie in the proposed stimulator binding 

site.  Structure determination of Sw H-NOX C13-labeled IWP-051 bound to is currently underway 

by Dr. Chen-Yu Chen. 
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6.2.2. Mechanism of action for sGC stimulator compounds   

 Stimulator compounds, the I52W/L67W double mutation, and removal of the α1 H-NOX 

domain are proposed to function through a common mechanism.  CO enhancement is hypothesized 

to occur through a reorientation of the N- and C-terminal subdomains, leading to heme 

planarization and increased affinity for diatomic ligands.  Further work is required to establish if 

there is an underlying mechanism linking stimulator compounds, the I52W/L67W double 

mutation, and removal of the α1 H-NOX domain.  Stimulator compounds were previously reported 

to induce a germinant phase recombination in truncated sGC constructs from Manduca sexta (182).  

If all three conditions share a single mechanism, one would expect to observe a germinant phase 

recombination by flash photolysis for sGC constructs in the presence of the I52W/L67W double 

mutation or in the absence of the α1 H-NOX domain.  The three conditions would also be expected 

to display similar dynamics for diatomic ligand binding, which could be measured by stopped-

flow and nanosecond to second time-resolved flash-photolysis absorption spectroscopy.  

 Increased affinity for diatomic ligands is proposed to occur through changes in heme 

geometry, which could be measured by Resonance Raman spectroscopy.  Previous experiments 

report the addition of stimulator compounds YC-1 and BAY 41-2272 shift the Resonance Raman 

spectra for multiple sGC constructs, indicating changes in heme geometry (149,197,221).  If 

stimulator compounds, the I52W/L67W double mutation, and removal of the α1 H-NOX domain 

induce a similar heme conformation, one would expect similar spectra for all three conditions by 

Resonance Raman spectroscopy.  Changes in heme geometry imposed by the I52W/L67W double 

mutation could be directly observed by X-ray crystallography.  The structure of Ns H-NOX 

containing the I52W/L67W double mutation (V52W/L67W in Ns H-NOX) could be solved by X-

ray crystallography and/or NMR, and changes in heme conformation could be observed with 
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respect to the wild type protein.  The crystal structure has been previously solved for wild type and 

L67W mutant Ns H-NOX, and generation of V52W/L67W double mutant Ns H-NOX are 

underway. 

 

6.2.3. Expression, purification, and characterization of full length sGC 

 A major bottleneck of sGC research is the inability to obtain sufficient protein levels for 

structure/function studies.  Truncated sGC constructs from Manduca sexta display markedly 

improved expression, stability, and heme incorporation compared the full length protein.  While 

these constructs are optimal for monitoring the binding of stimulator compounds and diatomic 

ligands, they lack the cyclase domains and are unable to provide information regarding catalysis.  

Previous reports describe purification of full length sGC from bovine lung and SF9 insect cells 

(222,223); however, purification from bovine lung is limited by the lack of an affinity-tag, the 

inability to introduce mutations, and large overall inconveniences, while purification from SF9 

cells is limited by poor heme incorporation.  Efforts to develop a system for expressing full length 

human sGC from mammalian tissue culture are underway, and are summarized in Appendix B.  

 Expression and purification of the full length sGC could be used to analyze the effects of 

mutations on catalysis, such as the I52W/L67W double mutation (V52W/L67W in human sGC) 

and mutations designed to introduce a disulfide bond to the coiled-coil.  If the I52W/L67W double 

mutation mimics the effects of stimulator compounds, a comparable increase in catalysis would 

be expected following the introduction of the V52W/L67W double mutation to the full length 

protein.  The signal transduction mechanism of sGC is proposed to occur through the coiled-coil 

(88).  If structural changes in the coiled-coil are required for activation of the cyclase domains in 



184 

 

response to NO, introduction of a disulfide linkage between the coiled-coil helices would likely 

inhibit NO-induced catalytic activation.  Additionally, purified full length sGC could be used for 

structure/function studies.  A low resolution homology model was developed for truncated sGC 

constructs from Manduca sexta using a combination of small angle X-ray scattering (SAXS), 

chemical cross-linking, and mass spectrometry (88).  While model yielded valuable insights into 

the domain arrangement of sGC, no information was provided regarding the structural orientation 

of the cyclase domains.  The cyclase domains could be added to the current homology model by 

repeating the described experiments with the full length protein.  Structural information could also 

be obtained for full length sGC cryo-electron microscopy, as well as X-ray crystallography. 

 

6.2.4. Development of small molecules targeted to sGC by structure-based drug design  

 Uncovering the binding site for sGC stimulators facilitates the development of new and 

improved compounds through structure-based drug design (224).  Virtual screening programs 

aimed at docking stimulator compounds into the subdomain interface of the β1 H-NOX domain 

could be used to identify potential drug candidates.  Conversely, structure-based drug design could 

be applied towards developing inhibitory compounds targeted to sGC.  There are no small 

molecules known to specifically inhibit sGC catalytic activity, thereby hindering sGC research.  

sGC inhibition is primarily achieved through the use of compound 1H-[1,2,4]oxadiazolo-[4, 3-

a]quinoxalin-1-one (ODQ), which is an unspecific oxidant designed to inhibit sGC through heme 

oxidation (225).  By understanding the mechanism underlying stimulator enhancement, one could 

develop a strategy to inhibit sGC through the use of small molecules targeted to the stimulator 

binding site.  A second strategy for developing a specific sGC inhibitor could be through structure-

based drug design of compounds targeted to the catalytic active site.  Similar nucleotide-based 
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inhibitors targeted to the catalytic active site are reported to a homologous cyclase protein, 

adenylyl cyclase (226).   

 

6.2.5. Biological function of stimulator binding to bacterial H-NOX proteins 

 Stimulator binding is retained in H-NOX domains ranging from humans to bacteria, 

indicating the stimulator binding site is a fundamental feature of the H-NOX fold (98).  Thus, it is 

logical to wonder if there is a natural ligand targeted to H-NOX domains.  sGC stimulators are a 

group of synthetic small molecules originally discovered in a large compound screen for their 

ability to inhibit platelet aggregation (134).  There are no known natural ligands targeted to the H-

NOX fold.  Additionally, the biological role of stimulator compounds in bacteria remains 

unknown.  The binding of stimulatory compounds to bacterial H-NOX proteins is a relatively new 

observation, with only one previous report describing compound BAY 41-2272 altering CO 

binding dynamics in an H-NOX protein from Clostridium botulinum (147).  Stimulator compounds 

had no effect on the affinity for CO binding to bacterial H-NOX proteins; however, the effect of 

stimulator compounds on interactions between H-NOX proteins and their corresponding binding 

partners remains unknown.  It is possible that stimulator compounds induce a conformational 

change in bacterial H-NOX proteins that promotes or disrupts associations with catalytic binding 

partners.        
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APPENDIX A 

ATTEMPTS TO CRYSTALLIZE BACTERIAL H-NOX PROTEINS 

 

A.1. OVERVIEW 

Crystallization screens were performed on all bacterial H-NOX constructs described in the 

present study, including those from Nostoc sp. PCC 7120 (referred to as Ns H-NOX), Fischerella sp. 

PCC 9605 (referred to as Fs H-NOX), Shewanella oneidensis (referred to as So H-NOX), Shewanella 

woodyi (referred to as Sw H-NOX), and Clostridium botulinum (referred to as Cb SONO).  The crystal 

structure for Ns H-NOX was solved to 2.3 Å and is described in Chapter 5.  Appendix A 

summarizes attempts to crystallize Fs H-NOX, So H-NOX, Sw H-NOX, and Cb SONO.   

 

A.2. MATERIALS AND METHODS 

A.2.1. Materials 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 

indicated. Plasmids coding for H-NOX proteins from from Nostoc sp. PCC 7120 (Ns H-NOX; 

residues 1-182; NCBI Ref Seq: WP_010996435.1), Shewanella oneidensis (So H-NOX; residues 

1-181; NCBI Ref Seq: WP_011072197.1), Shewanella woodyi (Sw H-NOX; residues 1-182; NCBI 

Ref Seq: WP_012325363.1), Clostridium botulinum (Cb SONO; residues 1-186; NCBI Ref Seq: 

WP_012048396.1), and Fischerella sp. PCC 9605 (Fs H-NOX; residues 1-181; NCBI Ref Seq: 

WP_026731010.1) were obtained from GenScript Biotech Corporation as previously described 

(98).  An Index HT 96 well crystallization screen was purchased from Hampton Research.  
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A.2.2. Generation of mutations   

Mutant constructs were generated using the QuikChange Lightning Site-Derected 

Mutagensis Kit (Agilent Technologies, Santa Clara, CA).  Primers used for mutagenesis are shown 

below.  

 

A.2.3. Expression, purification, and crystallization   

Protein constructs were expressed and purified as described in Chapter 2 and reference 

(98).  Absorbance spectra were measured in the same manner as described in Chapter 5.  

Crystallization screens were performed in the same manner as described in Chapter 5.   
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Table A.1. Primers used to generate Fs H-NOX mutant constructs.  Nucleotide sequences used 

in site-directed mutagenesis and plasmid sequencing. Primers used in site-directed mutagenesis 

reactions were generated using the online Quikchange Primer Design software (Agilent 

Technologies). 

 

 

 

  

Construct Primer Sequence (5’  3’) 

Fs H-NOX 
K28A/E30A 

/E32A _F 

AATAAACACATCGACTGCCAGTGCCGCTGCTTGTTTGAT

TTCCTGCCACGTATTTTTACC 

Fs H-NOX 
K28A/E30A 

/E32A _R 

GGTAAAAATACGTGGCAGGAAATCAAACAAGCAGCGG

CACTGGCAGTCGATGTGTTTATT 

Fs H-NOX 
E125A/E126

A/E127A _F 

AGTGCAGATTCAGGCTTGCTGCTGCCGTGTCGGTGCATT

CG 

Fs H-NOX 
E125A/E126

A/E127A _R 

CGAATGCACCGACACGGCAGCAGCAAGCCTGAATCTGC

ACT 
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A.3. RESULTS 

A.3.1 Crystallization screens for bacterial H-NOX constructs 

 Small crystals were initially obtained for So H-NOX under multiple conditions, all of 

which contained 0.1 mM imidazole (Fig. A.1).  Further optimization revealed 0.1 mM imidazole 

was required for crystal growth.  Addition of 0.1 mM imidazole shifted the Soret maximum from 

431 nm to 424 nm (Fig. A,2), likely due to heme oxidation or displacement of the proximal 

histidine residue.  This prompted the removal of imidazole from purification procedures for all 

bacterial H-NOX constructs.  However, crystals of So H-NOX grew exclusively in the presence of 

0.1 mM imidazole regardless of purification procedure.  Crystal morphology was not improved 

beyond the initial crystals obtained for So H-NOX, despite extensive attempts at optimization.  

Since these crystals were too small for diffraction, focus was shifted away from So H-NOX. 

Extensive optimization of crystallization conditions for Fs H-NOX were unsuccessful, 

despite having >98% protein purity and a polydispersity of 22% (Fig. A.2).  Two triple mutants, 

K28A/E30A /E32A and E125A/E126A/E127A, were identified by the Surface Entropy Reduction 

prediction (SERp) server, which is a publicly available program designed to predict surface 

mutants aimed at facilitating crystal packing (227).  Both mutants were successfully generated and 

purified with full heme incorporation (Fig. A.3); however, neither construct yielded crystals.  Both 

Sw H-NOX and Cb SONO failed to grow crystals, despite considerable attempts at optimization 

(Fig. A.4).   
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Figure A.1. Small crystals of So H-NOX.  Purified So H-NOX grew small crystals under multiple 

conditions that varied in the type of precipitant, pH, and sample concentrations.  All conditions 

leading to crystals contained 0.1 mM imidazole, which was later found to be necessary for crystal 

growth.  Crystal morphology was not improved beyond the initial crystals pictured above, despite 

extensive attempts at optimization.   
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Figure A.2. Imidazole leads to heme oxidation.  (A) UV-visible absorbance spectra from 250-

650 nm for So H-NOX eluted with 30 mM EDTA.  UV-visible absorbance spectra for unliganded 

heme is black and the CO-complex is red.  (B) Dynamic light scattering for So H-NOX eluted with 

EDTA.  (C) Like (A) for So H-NOX eluted with 100 Mm imidazole. (C) Like (A) for So H-NOX 

eluted with 30 mM EDTA (black) and following the addition of 100 mM imidazole (red).  
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Figure A.3. Attempts to crystallize Fs H-NOX.  (A) UV-visible absorbance spectra from 250-

650 nm for wild type Fs H-NOX.  UV-visible absorbance spectra for unliganded heme is black 

and the CO-complex is red.  (B) Dynamic light scattering for wild type Fs H-NOX.  (C) Like (A) 

for K28A/E30A/E32A triple mutant Fs H-NOX.  (D) Like (A) for E125A/E126A/E127A triple 

mutant Fs H-NOX.   

 

 

 



193 

 

 

 

Figure A.4. Attempts to crystallize Sw H-NOX and Cb SONO.  (A) UV-visible absorbance 

spectra from 250-650 nm for Sw H-NOX.  UV-visible absorbance spectra for unliganded heme is 

black and the CO-complex is red.  (B) Dynamic light scattering for Sw H-NOX.  (C) Like (A) for 

Cb SONO.  (D) Like (B) for Cb SONO.   
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APPENDIX B 

EXPRESSION AND PURIFICATION OF FULL LENGTH SOLUBLE GUANYLYL 

CYCLASE FROM MAMMALIAN TISSUE CULTURE 

 

B.1. OVERVIEW 

 sGC research is limited by the inability to generate enough protein for structure/function 

studies.  Our laboratory developed a system for purifying truncated sGC from Manduca sexta 

(referred to as Ms sGC-NT).  Ms sGC-NT constructs display improved stability and heme 

incorporation compared to the full length protein, and are purified in milligram quantities using a 

bacterial expression system (82).  Ms sGC-NT constructs permit the structural and functional 

analysis of sGC, particularly with respect to stimulator enhancement and the binding of diatomic 

ligands (79,82,88,98,182).  However, Ms sGC-NT constructs lack the cyclase domains and cannot 

be used to examine catalysis.  Additionally, lacking the cyclase domains may alter protein structure 

and/or function.  Thus, a large emphasis was placed on obtaining purified full length sGC.  

Purification of full length sGC from SF9 cells and bovine lung were previously reported 

(222,223).  While these methods yield large quantities of protein, endogenous sGC from bovine 

tissue does not allow for mutational analysis and sGC purified from SF9 cells exhibits poor heme 

incorporation.  Appendix B describes efforts to develop a system for generating full length human 

sGC (referred to as Hs sGC) from mammalian tissue culture.  Progress made with respect to protein 

expression, affinity-tags, catalytic stimulation, cGMP measurement, and protein purification are 

discussed below.  Purification of full length sGC is an ongoing effort and additional optimization 

is required to obtain sufficient protein concentrations for structure/function studies.    
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B.2. MATERIALS AND METHODS 

B.2.1. Materials 

Chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 

indicated.  2-(N,N-Diethylamino)diazenolate-2-oxide (DEA/NO) was generously provided by Dr. 

Katrina Miranda (University of Arizona).  HEK293T cells were acquired from the American Type 

Culture Collection (ATCC).  Turbofect was purchased from Fermentas.  DMEM media was 

purchased from Gibco Life Technologies (Waltham, MA).  Fetal bovine serum was obtained from 

the University of Arizona Cancer Center (Tucson, AZ).  A competitive ELISA kit for measuring 

cGMP levels (62GM2PEC) was purchased from CisBio (Bedford, MA).  An ANTI-Strep-tag II 

rabbit monoclonal antibody (ab76949) was acquired from Abcam.  AN ANTI-His6 rabbit 

monoclonal antibody (18814-01) was obtained from QED Biosciences (San Diego, CA).  An 

ANTI-c-MYC rabbit monoclonal antibody (2272S) was purchased from Cell Signaling 

Technology (Danvers, MA).  An ANTI-FLAG mouse monoclonal antibody (F1804) was acquired 

from Sigma Aldrich (St. Louis, MO).  An ANTI-GAPDH rabbit monoclonal antibody (14C10) 

was acquired from Cell Signaling Technology (Danvers, MA).  Secondary antibody targeted to 

rabbit and mouse were purchased from Li-Cor.  EZview red ANTI-FLAG M2 affinity beads were 

purchased from Sigma (F2426).  Ni sepharose resin was obtained from GE Healthcare (United 

Kingdom).  Protease inhibitor cocktail for mammalian cells was acquired from Sigma Aldrich (St. 

Louis, MO).   
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B.2.2. Generation of expression constructs  

Expression constructs coding for the α1 subunit of sGC containing a C-terminal Myc 

affinity-tag in plasmid pCMV_3TAG9 between restriction sites BamHI and HindIII, and the β1 

subunit of sGC containing a C-terminal FLAG in plasmid pCMV_3TAG3A between restriction 

sites SacI and XhoI were generated as previously described (181).  The C-terminal Myc affinity-

tag of the α1 subunit was replaced with a Strep-tag II affinity-tag, and the C-terminal FLAG 

affinity-tag of the β1 subunit was replaced with a His6 affinity-tag previously described (98). 

 

B.2.3. Expression of full length human sGC in HEK293T cells 

HEK293T cells were grown in Dulbecco's Modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) at 37 °C with 5% CO2.  A transfection mixture 

containing 22.5 μg pCMV_3TAG9_sGCα1, 2.5 μg pCMV_3TAG3A_sGC β1, and 31.25 μL 

Turbofect (Thermo Fischer Scientific) was assembled in 2.5 mL serum-free DMEM.  The 

transfection mixture was incubated for 30 min at room temperature and added drop wise to a 10 

cm dish containing HEK293T cells grown to 65-80% confluency.  Protein expression continued 

for 24 h at 37 °C with 5% CO2.   

 

B.2.4. Stimulation of sGC catalysis in whole cells  

 Transfected HEK293T cells were washed twice with buffer A (50 mM Tris, pH 7.5, 100 

mM NaCl).  Cells were suspended in 1 mL buffer A supplemented with 0.5 mM IMBX at a volume 

of per 10 cm plate.  The sample was incubated with 2-100 µM of DEA/NO for 5 minutes at room 

temperature.  Cells were pelleted by centrifuging the sample at 5000 g for 5 minutes at 4 °C, and 
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the reaction was stopped by flash freezing cell pellets in liquid nitrogen.  Samples were stored in 

-80 °C until needed.  For cGMP measurements, pellets were suspended in conjugate lysis buffer 

(50 mM Phosphate buffer, pH 7.0, 0.8 M KF, 1 % Triton X100, 0.2% BSA), which is provided 

with the commercially available competitive ELISA kit used to measure cGMP (CisBio).   

 

B.2.5. Stimulation of immunoprecipitation of full length human sGC 

Transfected HEK293T cells were washed twice with buffer A.  Cells were suspended in 1 

mL buffer A supplemented with a 1:100 dilution of protease inhibitor cocktail for mammalian 

cells. Cells were lysed with 30 strokes of a 25-gauge needle and debris was removed by 

centrifugation at 16,000 g for 20 min at 4 °C.  Lysate was combined with the indicated 

immunoprecipitation resin and recombinant sGC was isolated according the manufacturer’s 

instructions.  For catalytic stimulation, samples were suspended in buffer A supplemented with 

0.5 mM IMBX, 8 mM MgCl2, and 2-100 µM DEA/NO as indicated.  Catalysis was initiated by 

adding 1 mM GTP and proceeded for 5 min at 37 °C.  The reaction was quenched with 1.5% 

glacial acetic acid and precipitated protein was removed by centrifugation at 16,000 g for 10 min 

at 4 °C.  Samples were frozen in liquid nitrogen and stored in -80 °C.  Samples must be diluted a 

minimum of 1:100 with diluent buffer (provided with the kit) prior to cGMP measurements.  

 

B.2.6. cGMP measurements 

cGMP was quantified using a commercially available homogenous time resolved 

fluorescence (HTRF) assay according to the manufacturer’s instructions (CisBio), as previously 
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described (98).  Samples were normalized based on reaction time and the total protein 

concentration of cell lysate, which was measured using a commercially available BCA assay. 

 

B.2.7. Monitoring expression by western blot 

Lysate suspended in 1x SDS loading buffer and 10 µL of sample was run on a 10% bis-

acrylamide gel for 90 minutes at 96 V.  Protein was transferred to a nitrocellulose membrane at 

100 V for 1 h at 4 °C.  The membrane was blocked for 1 h in 3% milk in PBS-T (0.1% Tween-20) 

and incubated in a 1:1000 dilution of primary antibody over night at 4 °C.  The membrane was 

washed three times in PBS-T and incubated in a 1:15000 dilution of secondary for 2 h while 

shaking at room temperature.  Membranes were washed an additional three times and imaged using 

the Odyssey Infrared Imaging System.   
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B.3. RESULTS 

B.3.1. Optimization of full length sGC expression in mammalian tissue culture 

Full length human sGC (Hs sGC, Fig. B.3.1) was transiently transfected in HEK 293T 

cells, which are an immortal cell line commonly used for recombinant protein expression (228).  

Examination of transfection conditions revealed DNA coding for the α1 subunit must be in 10-

fold excess of DNA coding for the β1 subunit for optimal expression of heterodimeric Hs sGC.  

Only the β1 subunit is detected in HEK 293T cells if DNA coding for the α1 subunit is not added 

in 10-fold excess.  Possible explanations include different efficiencies for plasmids 

pCMV_3TAG9 and pCMV_3TAG3A, increased degradation of the α1 subunit, and/or the 

formation of β1 homodimers.  An affinity-tag was added to the C-terminus of each subunit to 

monitor protein expression by western blot and facilitate purification.  The effects of different C-

terminal affinity-tags on sGC catalysis were examined, including and Myc on the α1 subunit and 

His6 and FLAG on the β1 subunit.  Recombinant sGC containing C-terminal affinity-tags Strep-

tag II on the α1 subunit and His6 on the β1 subunit (referred to as Hs sGC-Strep/His) displayed 

significantly higher catalytic activity than any other construct (Fig. B.3.2).  Thus, a large focus 

was placed on the expression and purification of Hs sGC-Strep/His.  Initial experiments were 

performed with 100 µM DEA/NO; however, further optimization revealed lower concentrations 

of DEA/NO such as 2 µM are preferable for sGC stimulation.   

 Two prominent systems for introducing plasmid DNA into mammalian tissue culture 

includes transient transfection and viral infection.  Both systems were examined by comparing the 

catalytic activity of recombinant Hs sGC-Strep/His introduced into HEK 293T cells by transient 

transfection and lentiviral expression (Fig. B.3.3).  Transient transfection displayed markedly 

higher catalytic activity than lentiviral expression; however, optimization of the lentiviral 
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expression system has the potential to reach a comparable efficiency to transient transfection.  It 

should be noted that optimal catalysis in intact cells is achieved prior to freezing, and all in-cell 

catalytic activity assays should be performed with fresh sample.  

 A system for performing mutational analysis on full length sGC in intact cells was 

developed by introducing the L98F/A154F double mutation in Hs sGC-Strep/His.  The 

L98F/A154F double mutation was previously identified to alter the binding affinity of diatomic 

ligands and stimulator compounds.  Wild type and L98F/A154F double mutant Hs sGC-Strep/His 

were expressed in HEK 293T cells and expression levels for both proteins were monitored by 

western blot.  The L98F/A154F double mutant displayed lower catalytic activity than the wild type 

protein but retained stimulator response (B.2.4).  A similar strategy could be used to examine the 

effects of mutations in whole cells.   
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Figure B.1. Domain architecture of recombinant sGC constructs.  Recombinant sGC is 

expressed in HEK 293T cells.  The Heme-Nitric Oxide/Oxygen binding (H-NOX) domain is red, 

the PER-Arnt-Sim (PAS) domain is yellow, the coiled-coil (CC) is green, and the cyclase domains 

are purple.  GTP is shown between the cyclase domains.  Each subunit contains a C-terminal 

affinity tag.  A Strep-tag II or Myc affinity-tag is on the α1 subunit and a His6 or FLAG affinity-

tag is on the β1 subunit.   
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Figure B.2. Comparison of C-terminal affinity-tags for recombinant sGC.  (A) sGC with 

varying affinity tags was stimulated in HEK 293T cells for 5 minutes with 100 µM DEA/NO.  

cGMP concentrations were normalized by dividing by the reaction time and the total protein 

concentration in cell lysate.  Basal sGC activity is red and NO-stimulated activity is black.  cGMP 

levels are expressed as pmol/min/mg for endogenous sGC (5 basal, 59 NO), sGC with α1 Strep/β1 

FLAG affinity-tags (3 basal, 132 NO), sGC with α1 Myc/β1 FLAG affinity-tags (73 basal, 431 

NO), and sGC with α1 Strep/β1 His6 affinity-tags (122 basal, 11824 NO).  (B) Expression of 

recombinant sGC constructs was monitored by western blot.   
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Figure B.3. Catalytic activity of recombinant sGC from lentiviral and transient transfection 

expression systems.  (A) sGC containing a C-terminal Strep-tacin II affinity-tag on the α1 subunit 

and C-terminal His6 affinity-tag on the β1 subunit was stimulated in HEK 293T cells for 5 minutes 

with 100 µM DEA/NO.  Each condition represents half of a 10 cm plate containing treated cells.  

Basal sGC activity is red and NO-stimulated activity is black.  cGMP levels are expressed as nM 

for endogenous sGC (0.01 basal, 0.12 NO), lentiviral sGC (0.09 basal, 0.32 NO), and transiently 

transfected sGC (2 basal, 92 NO).  (B) The same graph as (A) scaled to visualize catalytic activity 

for endogenous and lentiviral sGC.  

Lentiviral samples were provided by Dr. Andrzej Weichel.   
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Figure B.4. Catalytic activity of wild type and L98F/A154F double mutant sGC.  (A) Wild 

type and L98F/A154F double mutant sGC was stimulated in HEK 293T cells (± 10 µM BAY 41-

2272) for 5 minutes with 2 µM DEA/NO.  cGMP concentrations were normalized by dividing by 

the reaction time and the total protein concentration in cell lysate.  Measurements were performed 

in duplicate and error bars represent a range. Basal sGC activity is gray and NO-stimulated activity 

is black.  cGMP levels are expressed as pmol/min/mg for wild type sGC (10 ± 2 basal, 770 ± 71 

NO, 161 ± 17 BAY 41-2272, 1617 ± 18 NO/BAY 41-2272) and L98F/A154F double mutant sGC 

(3 ± 4 basal, 167 ± 38 NO, 83 ± 32 BAY 41-2272, 408 ± 79 NO/BAY 41-2272).  (B) Expression 

of wild type and L98F/A154F double mutant sGC was examined by quantifying the levels of sGC 

vs. GAPDH by western blot.  Measurements were performed in duplicate and error bars represent 

a range. 
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B.3.3. Preliminary attempts to purify full length sGC from HEK293T cells 

 While the effects of mutations on sGC catalysis can be qualitatively examined in intact 

cells, purified sGC is required for quantitative analysis.  Preliminary attempts were made to isolate 

Hs sGC-Strep/His from HEK 293T cells.  The first challenge was achieving sufficient cell lysis 

while maintaining protein stability.  Traditional cell lysis buffers cannot be used for purification 

of sGC as they contain detergents that remove heme.  The small volumes used for mammalian 

tissue culture limit the methods of cell disruption that could be used.  Cells were lysed by passing 

the sample through a 25-gauge needle.  While this method coincided with the sample sizes used, 

it was common to see a large decrease in sGC activity following cell lysis.  Decreased catalytic 

activity following cell lysis was observed in most, but not all, attempts to isolate sGC.  The reason 

for this is unknown.  Catalytic activity for Hs sGC-Strep/His was significantly decreased following 

cell lysis and immunoprecipitation (Fig. B.3.5).  Attempts were made to measure the binding 

affinity of GTP to Hs sGC-Strep/His; however, the protein became unresponsive to NO before 

GTP titration curves could be measured.  Further work is required to optimize cell lysis and the 

stability of the Hs sGC-Strep/His construct.  

 Recombinant sGC containing C-terminal affinity-tags Myc on the α1 subunit and FLAG 

on the β1 subunit (referred to as Hs sGC-Myc/FLAG) was successfully immunoprecipitated using 

FLAG M2 affinity beads.  The Km
GTP for this construct was determined to be 114 µM in the 

presence of NO and 450 µM in the absence of NO, consistent with previous reports (181).  

Although Hs sGC-Myc/FLAG displays significantly lower activity than Hs sGC-Strep/His, this 

construct may provide a path forward for quantitative analysis of mutations.  
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Figure B.5.  Preliminary purification of full length sGC (α1 Strep-tag II, β1 His6) using Ni 

sepharose resin.  (A) Catalytic activity was assessed in HEK 293T cells prior to lysis and at each 

of the purification steps.  Buffer volume was consistent throughout the purification procedure to 

prevent differences in cGMP levels due to sample dilution.  Basal sGC activity is red and NO-

stimulated activity with 100 µM DEA/NO is black.  cGMP levels are expressed as pmol/min for 

endogenous sGC prior to lysis (0.17 basal, 0.64 NO) and following elution (0.51 basal, 0.46 NO), 

as well as recombinant sGC prior to lysis (0.23 basal, 53 NO), in the flow through (0.44 basal, 5 

NO), in the eluent (0.12 basal, 5 NO), and on the resin (0.85 basal, 18 NO).  (B) SDS-PAGE gel 

of the eluent, flow through, and resin.  
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Figure B.6.  Preliminary purification of full length sGC (α1 Myc, β1 FLAG) using FLAG M2 

affinity agarose beads.  (A) Titration curve for recombinant sGC (α1 Myc-tag, β1 FLAG) 

immunoprecipitated with FLAG M2 affinity agarose beads.  Basal sGC activity is red and NO-

stimulated activity with 100 µM DEA/NO is black.  The Km
GTP was 114 µM in the presence of 

NO and 450 µM in the absence of NO, consistent with previous reports (181).  (B) 

Immunoprecipitation of sGC (α1 Myc-tag, β1 FLAG) was monitored by western blot.  
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