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ABSTRACT 

Soluble guanylyl/guanylate cyclase (sGC), the primary receptor for nitric oxide (NO), 

is a heme containing heterodimeric enzyme involved in numerous physiological events in 

animals.  The small molecule YC-1 is known to stimulate sGC, but the mechanism 

behind this and the location of binding are unknown.  I have developed a prokaryotic 

expression system for insect (Manduca sexta) sGC.  The recombinant holoenzyme, like 

its mammalian counterpart, is responsive to NO, CO and YC-1, displaying a 175-fold 

increase in activity on binding.  Truncated constructs of the enzyme that contain the N-

terminal two-thirds of both subunits were designed to facilitate expression.  With the 

highly pure material obtained, referred to as msGC-NT, we investigated NO and CO 

binding, reaction kinetics and regulation.  Binding of NO to msGC-NT heme forms a six-

coordinate intermediate followed by release of the proximal histidine to yield a five-

coordinate nitrosyl complex (k6-5 = 12.8 s-1), as revealed by stopped-flow spectroscopy.  

The conversion rate is insensitive to nucleotides, YC-1 and changes in NO concentration 

up to ~30 micromolar.  In contrast, NO release from msGC-NT is biphasic in the absence 

of YC-1 (koff1 = 0.10 s-1 and koff2 = 0.0015 s-1), while binding of YC-1 eliminates the fast 

phase but has little effect on the slower phase.  CO binding to msGC-NT is also regulated 

by YC-1.  The CO release rate is reduced by YC-1 while the on rate remains unchanged, 

which leads to an ~50-fold increase in binding affinity.  CO photolysis experiments 

indicate YC-1 binding leads to a substantial geminate recombination phase that is absent 

in the YC-1-free protein.  Our data are consistent with a model for allosteric activation in 

which (1) YC-1 binds away from the catalytic site and (2) sGC undergoes a simple 
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conformational switch between two states, one with an open heme pocket and the other 

with a closed heme pocket.  The final catalytic rate results from the integration of the 

influence of numerous allosteric effectors on the equilibrium between these two states. 

S-nitrosoglutathione (GSNO) is a small nitric oxide containing tri-peptide, which 

exists in vivo and might play important roles in NO signaling.  We have developed a 

model cell line, in which inducible NO synthase (iNOS) and human sGC genes were 

included.  GSNO stimulation of sGC has been investigated using recombinant insect and 

human enzymes.  GSNO can activate sGC as efficiently as gaseous NO, but apparently 

with a distinct mechanism.  GSNO or iNOS-derived endogenous NO could S-nitrosylate 

sGC, which might play a regulatory role in the enzyme function. 
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CHAPTER I 

INTRODUCTION 

 
1.1 Biology of nitric oxide: biological function and synthesis 

Otherwise a toxic air pollutant generated by power plants and automobile engines, 

nitric oxide (NO) is a gaseous signaling molecule found in a variety of organisms 

including, but not limited to, animals.  Biological effects of NO vary, depending on the 

tissues or organs in question.  Endothelial cells of blood vessels use NO to signal adjacent 

smooth muscle cells to relax, thus resulting in vasodilation and increased blood flow 

(Ignarro, 1999).  Vertebrate macrophages generate nitric oxide as part of the immune 

response to invading bacteria and other pathogens (Liew et al., 1990).  NO is also a 

neurotransmitter used by neurons to relay, amplify and modulate neuronal signals, which 

is related to memory formation (Jaffrey and Snyder, 1995).  More recently, S-

nitrosylation by NO has been implicated in protein modification and signaling (Stamler et 

al., 2001).  By a yet unknown redox mechanism, an NO moiety can be added to a free 

thiol group of a cysteine residue to form an S-nitrosothiol (RSNO) in a protein, thus 

altering protein function.  The list of biological processes involving NO keeps growing. 

Identified as the endothelium-derived relaxing factor (EDRF) (Furchgott and 

Zawadzki, 1980), NO is synthesized endogenously from L-arginine in the presence of 

NADPH and oxygen by nitric oxide synthase (NOS).  Multiple isoforms of NOS 

(neuronal, inducible and endothelial) have been found in mammals (Bredt et al., 1991; 

Lamas et al., 1992; Lowenstein et al., 1992).  These NOSs have similar structures, and 
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function as homodimers.  They all contain the cofactors flavin adenine dinucleotide 

(FAD), flavin mononucleotide (FMN), heme and tetrahydrobiopterin (BH4).  Neuronal 

NOS (nNOS) and endothelial NOS (eNOS) are constitutively expressed and activated by 

elevated intracellular calcium levels through calmodulin binding (Abu-Soud and Stuehr, 

1993) or by Ca2+-independent shear stress (Fleming et al., 1998).  Inducible NOS (iNOS) 

is activated only under certain circumstances, such as lipopolysaccaride (LPS) 

stimulation as an immune response mechanism (MacMicking et al., 1997). 

 

1.2 NO/sGC/cGMP signaling pathway 

The best characterized NO signaling pathway is through activation of soluble 

guanylate cyclase to augment cyclic guanosine 3',5'-monophosphate production, which 

leads to numerous biological events (Figure 1.1). 
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Figure 1.1. Schematic overview of the NO-based signal transduction pathway.  NO is 

synthesized in a generator cell and diffuses to sGC, in either the same cell or a target cell.  

NO binding activates sGC to convert GTP to cGMP, which targets cGMP-dependent 

protein kinase (PKG) and cGMP gated ion channel (CNGC).  The specific effect of the 

resulting increase in cGMP depends on the cell type.  In blood vessels, cGMP stimulates 

PKG, which phosphorylates the inositol 1,4,5-triphosphate receptor, causing a decrease in 

Ca++ concentration, leading to smooth muscle relaxation and vasodilation.  cGMP can be 

hydrolyzed by phosphodiesterase (PDE), which is allosterically regulated by cGMP.  The 

majority of NO produced in the cell is oxidized to nitrite (NO2
-), nitrate (NO3

-) or 

peroxynitrite ions (ONOO-), which may further lead to S-nitrosothiol, nitrotyrosine and 

other protein or lipid modifications. 
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1.2.1 Soluble guanylate cyclase: the nitric oxide receptor 

The best defined in vivo NO receptor is soluble guanylate/guanylyl cyclase (sGC, EC 

4.6.1.2), which catalyzes chemical conversion of guanosine triphosphate (GTP) to form 

cyclic guanosine 3',5'-monophosphate (cGMP).  sGC belongs to the purine nucleotide 

cyclase protein family, which includes adenylate and guanylate cyclases.  This family of 

enzymes shares homologous catalytic domains, with which the enzymatic reaction is 

carried out at the interface of two subunits. 

A typical sGC is a heme containing heterodimeric protein (α and β subunits), with a 

conserved histidine residue in the β subunit acting as an endogenous heme ligand (Figure 

1.2).  On NO binding to heme, the sGC histidine-iron bond breaks and presumably 

undergoes a conformational change in the catalytic domain, which leads to a dramatic 

increase in enzyme activity.  This results in several hundred-fold increase in cGMP 

production and downstream physiological responses (Schematic description in Figure 

1.1).  More detailed information about sGC will be discussed in Section 1.3. 

 

1.2.2 Cyclic guanosine 3',5'-monophosphate: a second messenger 

cGMP, like cyclic adenosine 3',5'-monophosphate (cAMP), acts as a second 

messenger.  It targets protein kinase G (PKG), cyclic nucleotide-gated ion channels 

(CNGC) and phosphodiesterases (PDE), which subsequently alter cellular responses that 

include vasodilation, platelet aggregation inhibition and neuronal transmission (Figure 

1.1). 
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PKGs are a family of serine/threonine-specific protein kinases that phosphorylate 

many substrate proteins such as cystic fibrosis transmembrane conductance regulator 

(CFTR), inositol 1,4,5-trisphosphate receptor (Komalavilas and Lincoln, 1996), 

vasodilator-stimulated phosphoprotein (VASP) (Aszodi et al., 1999), phosphatase 

inhibitor G substrate (Endo et al., 1999) and thromboxane A2 receptor (Wang et al., 1998).  

Cyclic nucleotide-gated channels (CNGC) are a family of voltage-gated nonselective 

cation channels that enable the influx of Na+ and Ca2+ into cells through a domain with 

six transmembrane helices (Flynn et al., 2001).  CNGC contain a cyclic nucleotide-

binding domain homologous to that of cyclic nucleotide-dependent protein kinases (Biel 

et al., 1999).   

The cyclic nucleotide phosphodiesterases are a group of enzymes that break 

phosphodiester bonds in cAMP and cGMP.  In mammals, there are at least 11 different 

families of PDEs (Bender and Beavo, 2006), classified according to their substrate 

preferences (e.g. cAMP vs. cGMP).  All known PDEs contain heterogeneous regulatory 

domains and function as dimers.  The presence of noncatalytic allosteric sites allow 

substrate cyclic nucleotides to regulate the activity of PDEs.  Degradation of cGMP into 

5’-GMP by PDEs leads to termination of the NO/sGC/cGMP pathway in vivo.  Inhibition 

of PDEs can thus enhance and/or prolong the NO/cGMP signaling, which is of immense 

pharmaceutical interest (Bender and Beavo, 2006). 

 

1.3 History of soluble guanylate cyclase discovery  



 19

The discovery of sGC traces back to the later 1960’s (Hardman and Sutherland, 

1969; Ishikawa et al., 1969; White and Aurbach, 1969), following on the heels of the 

well-studied cAMP signaling pathway.  Early studies indicated that the protein 

responsible for cGMP production was largely found in the aqueous soluble fraction from 

most mammalian tissues (Hardman and Sutherland, 1969), unlike that for particulate 

adenylate cyclase.  The water-soluble enzyme did not respond to hormones, such as 

insulin, glucagon and epinephrine (Goldberg et al., 1969), and the biological role of 

cyclic GMP was not established (Hardman et al., 1971). 

In their pioneering work, Murad and colleagues showed that azide and 

hydroxylamine elevated cGMP levels by guanylate cyclase partially isolated from 

(Kimura et al., 1975a) or in (Kimura et al., 1975b) various tissues.  Exploration of the 

mechanism behind azide activation led to the discovery of the first biological effects of 

nitric oxide, a guanylate cyclase activator (Arnold et al., 1977; Katsuki et al., 1977).  

Shortly thereafter, the Ignarro group showed that NO-induced cyclic GMP formation by 

sGC is correlated to coronary arterial smooth muscle relaxation (Gruetter et al., 1979).  

Extensive study on sGC protein came after NO was identified as the endothelium-derived 

relaxing factor (EDRF) (Furchgott and Zawadzki, 1980).   

It was shown that heme is a cofactor of the enzyme (Craven and DeRubertis, 1978; 

Craven and DeRubertis, 1983; Gerzer et al., 1981; Gerzer et al., 1982).  It was also 

learned that the enzyme exists in animal tissues as a heterodimer (Garbers, 1979; 

Kamisaki et al., 1986).  Site-directed mutagenesis studies revealed that the heme moiety 

is bound to the enzyme through a conserved histidine (His105 for human sGC) in the β 
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subunit (Wedel et al., 1994).  Cloning and characterization of various sGC isoforms from 

different species has greatly enhanced our understanding of the protein.  Important as 

sGC is, an atomic structure of the enzyme is still missing.  Solution of the structure has 

been impeded by the lack of a robust recombinant expression system for large amounts of 

enzyme. 

 

1.4 Isoforms of mammalian sGC 

As a universal signaling protein, multiple isoforms of sGC have been found in a 

variety of organisms, mainly in mammals.  The enzyme originally isolated from bovine 

(Humbert et al., 1991) and rat (Kamisaki et al., 1986) lung consists of a large and a small 

subunit, termed α1 and β1, respectively.  Closely related α and β isoforms of sGC were 

also found in adult human brain (Giuili et al., 1992).  The genes of the α1 and β1 subunits 

are co-localized in human chromosome 4 at q31.3–q33, enabling a coordinated regulation 

of expression (Giuili et al., 1993). 

In addition to the two most abundant forms (α1 and β1), other sGC isoform genes 

have also been identified in animals.  α2 and β2 were initially cloned from human fetal 

brain (Harteneck et al., 1991) and rat kidney (Yuen et al., 1990).  Despite their sequence 

divergence on the amino terminus, the human α2 subunit was able to replace α1 when 

expressed with the β1 subunit in cultured mammalian cells as a functional NO-sensitive 

holoenzyme, although with a relative lower activity than the α1/β1 enzyme (Harteneck et 

al., 1991).  Based on the cDNA sequence, the rat β2 subunit has an extra 86 amino acids 

on the carboxyl-terminal region in comparison to β1 (Yuen et al., 1990).  No functional 
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role of the β2 subunit has been documented at the protein level to date.  Homologous 

gene sequences of these sGC variant isoforms can be found in most sequenced 

mammalian genomes. 

 

1.5 Multiple domains of soluble guanylate cyclase 

In a typical sGC, two subunits (α and β) share some sequence similarity, indicating 

that they might be derived from gene duplication during the course of evolution (Schaap, 

2005).   Based on sequence homology, sGC α and β subunits can be classified into at 

least three distinct domains: an N-terminal heme binding domain, a central domain and a 

C-terminal catalytic domain (Figure 1.2). 
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Figure 1.2. Schematic representation of the sGC α1β1 heterodimer showing 

functional domains.  An α subunit and a β subunit comprise a typical sGC enzyme, with 

a total molecular weight of ~ 150 kDa.  The H-NOX, central or H-NOXA (PAS & CC) 

and cyclase domains are labeled.  Heme, coordinated by a conserved histidine residue in 

the H-NOX domain of the β1 subunit, may also contact the α1 subunit.  NO binding to 

heme leads to rupture of the histidine-iron bond and stimulation of the cyclase activity. 
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The heme binding domain, the least conserved sequence of the three domains 

between the two subunits, is evolutionarily related to a family of bacterial signaling 

proteins that include the methyl-accepting chemotaxis receptors (Iyer et al., 2003; Nioche 

et al., 2004; Pellicena et al., 2004).  Besides their sequence similarity, this family of 

proteins share the property of binding gaseous molecules such as nitric oxide or oxygen, 

by which the name H-NOX (Heme Nitric Oxide and/or oXygen binding) domain is 

designated (Boon and Marletta, 2005).  A conserved histidine residue in the β subunit H-

NOX domain (H105 for human sGC β1) provides an endogenous ligand to the heme iron.  

The H105F mutation in the bovine sGC β1 subunit yielded a heterodimer that retained 

basal cyclase activity, but lost heme and thus did not respond to nitric oxide (Wedel et al., 

1994).  The α subunit, while not providing a direct ligand, apparently also participates in 

heme binding, as the sGC α1 131-residue N-terminal deletion abolished heme binding 

(Foerster et al., 1996).  Shown in the same study, interestingly, a 65-amino acid 

truncation of the β1 subunit led to a mutant still capable of heme binding, but which is 

not NO-responsive.  The well-conserved central domain of sGC is homologous to certain 

bacterial histidine kinase and diguanylate cyclase proteins (Iyer et al., 2003).  A recent 

crystallographic study of a related bacterial histidine kinase indicates that part of the sGC 

central domains probably adopt a Per-ARNT-Sim (PAS) fold (Ma et al., 2008).  A 

potential regulatory role for the central domains was also proposed (Iyer et al., 2003; Ma 

et al., 2008).  A genetic screening study indicated the C-terminal portion of the sGC 

central domain to be critical for dimerization (Zhou et al., 2004), a region also predicted 

to form a conserved coiled-coil (CC) structure (Anantharaman et al., 2006).  The catalytic 
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domains of the enzyme, located on the C-terminus of each subunit, share high sequence 

similarity with the adenylate cyclase (AC) cytosolic domain, whose structure has been 

solved (Tesmer et al., 1997; Zhang et al., 1997).  It is currently accepted that cGMP 

formation occurs at the sGC dimer interface, as is the case for cAMP formation in AC 

(Tesmer et al., 1997; Zhang et al., 1997).  This also explains why sGC needs to exist as a 

dimer in order to be active. 

 

1.6 Bacterial H-NOX structure 

The recent crystal structures of two prokaryotic H-NOX proteins have provided 

critical insight into the sGC structure.  Three crystal structures of H-NOX proteins have 

been reported from two different microorganisms, Thermoanaerobacter tengcongensis 

(Tt H-NOX) (Nioche et al., 2004; Pellicena et al., 2004) and Nostoc punctiforme (Np H-

NOX) (Ma et al., 2007).  These H-NOX structures consist of seven α-helices and one 

four-stranded antiparallel β-sheet, with no similar overall fold documented previously in 

the Protein Data Bank (PDB).  The heme group is tightly packed within a central cavity 

surrounded by hydrophobic residues. 

The Tt H-NOX protein was purified as the oxygen complex with a ferrous heme 

(Karow et al., 2004) and crystallized only as either the FeII-O2 or the FeIII form (Nioche et 

al., 2004; Pellicena et al., 2004).  Np H-NOX is stable in the ferrous state and was 

crystallized in its unliganded (FeII), CO-, and NO-bound forms (Ma et al., 2007).  In the 

Tt H-NOX structure, the O2 molecule was stabilized through hydrogen bonding to a 

nearby tyrosine residue, which is missing in both Np H-NOX and sGC.  The authors 
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argue that this tyrosine provides ligand discrimination between oxygen and NO binding, 

a model supported by mutagenesis studies (Boon et al., 2005).  Np H-NOX favors NO 

binding over O2.  However, unlike a typical 5-coordinate NO-sGC complex, the Np H-

NOX-NO complex predominantly exists in a 6-coordinate state.  This property of Np H-

NOX-NO leads to only a minor conformational change in its structure in comparison to 

that of the CO complex (Ma et al., 2007).  The different properties between bacterial H-

NOX and sGC, although intriguing, limit the application of prokaryotic H-NOX protein 

studies to animal sGCs. 

 

1.7 Discovery of drugs targeting to sGC 

Given the importance of the NO/sGC/cGMP pathway in cardiovascular and other 

diseases, there has been tremendous interest for investigators to develop sGC-targeting 

drugs, ranging from NO-releasing reagents to sGC regulators.  More than a hundred years 

ago, nitroglycerine was used for treating acute angina pectoris.  However, development 

of tolerance to nitroglycerine and other nitrates after long-term administration limited this 

kind of drug for therapeutic use (Gori and Parker, 2002). Development of NO-

independent drugs for sGC is therefore highly desirable.  YC-1 is the first successful 

compound matching this expectation (Figure 1.3).  This chemically synthetic 

benzylindazole compound was shown to inhibit platelet aggregation through activating 

platelet sGC (Ko et al., 1994; Wu et al., 1995).  Later, it was characterized as a heme-

dependent, NO-independent sGC stimulator.  Interestingly, it can also potentiate CO 

activation of sGC to the level of NO.  Other small molecules acting on sGC were 
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developed in several groups based on YC-1 structure.  One of these is BAY 41-2272 

(Figure 1.3), which displays approximately 100-fold greater affinity for sGC than does 

YC-1 (Stasch et al., 2001).  More recently, a group of heme- and NO-independent sGC-

targeting compounds were discovered, represented by BAY 58-2667 (Stasch et al., 2002), 

which can activate heme-deficient or oxidized sGC.  A comprehensive review about 

sGC-targeting drugs and their therapeutic potential has recently appeared (Evgenov et al., 

2006). 
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Figure 1.3 Chemical structures of sGC activators YC-1 and BAY 41-2272. 
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1.8 Current questions about sGC structure and function 

As discussed above, sGC plays a central role in NO signaling through cGMP by 

connecting these two important molecules.  After decades of study, the link between NO 

generation and cGMP production is well established.  However, the molecular details 

involving sGC stimulation and regulation remain obscure and are hampered by the lack 

of a robust source of sGC material.  Among the questions still unsolved are: How does 

NO binding stimulate catalysis?  Where does YC-1 bind?  Are other modifications such 

as S-nitrosylation of functional importance?  These questions are explored below. 

 

1.8.1 How is heme ligand binding related to enzymatic function? 

 On the one hand, we know that NO binds to heme and ruptures the histidine-iron 

bond in the sGC regulatory domain.  On the other, lessons from adenylate cyclase suggest 

that there is likely to be a large conformational change required at the interface between 

two subunits in the sGC catalytic domain to activate the enzyme.  It is totally unknown 

how these two events are correlated.  To address this question, one might first want to 

know how the H-NOX and catalytic domains are positioned with respect to one another.  

Although PAS and coiled-coil domains separate these two domains in the primary 

sequence, they may contact each other directly in the three-demensional structure.  An 

inhibitory effect of an H-NOX construct on the catalytic fragment enzyme activity has 

been reported (Winger and Marletta, 2005).  A structural model of the whole sGC 

enzyme was recently constructed based on this information by combining the structures 

of H-NOX, AC catalytic core and the related bacterial PAS protein (Ma et al., 2008).  
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However, there are no direct data demonstrating contact between H-NOX and cyclase 

domains, nor are there data indicating the overall shape of the enzyme. 

 

1.8.2 Do central (PAS) domains play a regulatory role in sGC? 

The central domain plays an integral structural role in sGC by maintaining the 

enzyme as a dimer.  Critical regions for sGC dimerization have been suggested in the 

central domains by deletion and mutagenesis experiments in several research groups (Ma 

et al., 2008; Rothkegel et al., 2007; Zhou et al., 2004).  If the direct contact between H-

NOX and cyclase domains does not exist, the signal must then be propagated through the 

PAS and coiled-coil domains.  It is worth noting that the sequence of the sGC central 

domain is highly conserved among different species, comparable to that of the cyclase 

domain.  A regulatory role for the PAS domain in sGC was suggested (Iyer et al., 2003), 

in light of observed cross-linking by azido BAY 41-2272 (Stasch et al., 2001) and 

structurally related proteins (Martinez et al., 2002).  However, the exact site and 

mechanism of the regulation are not yet known. 

 

1.8.3 What is the mechanism for sGC regulation other than heme nitrosation? 

To date, heme-nitrosyl complex formation is still known as the most efficient and 

best characterized allosteric regulation in sGC (Roy et al., 2008).  Allosteric regulation, 

other than heme nitrosation, allows for more subtle variation in activation/deactivation of 

the protein, and is likely responsible for the rapid changes in cGMP level that have been 
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observed in vivo (Bellamy and Garthwaite, 2001).  Several possible means for achieving 

the regulation have been proposed. 

Nucleotides, including ATP, substrate GTP and product cGMP, are able to alter sGC 

activity in different fashions.  sGC was shown to be inhibited by intracellular ATP at an 

allosteric site (Ruiz-Stewart et al., 2004).  ATP, GTP and cGMP seem to achieve the 

regulation by influencing NO (Cary et al., 2005) or histidine (Russwurm and Koesling, 

2004) release from heme.  There is only one active site in AC at the interface between 

two subunits, and the pseudosymmetric site is not active but binds forskolin, a plant 

extract commonly used as an AC activator.  In light of the AC structure and its regulation 

by forskolin, it is a reasonable hypothesis that nucleotides regulate sGC by binding to the 

pseudosymmetric site in the cyclase domain (Chang et al., 2005). 

Discovery of YC-1 (Ko et al., 1994; Wu et al., 1995) and related compounds (Stasch 

et al., 2001) as NO-independent sGC activators and their synergistic effect with CO on 

sGC activation (Friebe et al., 1998; Friebe et al., 1996) adds another dimension of 

regulation of the enzyme.  CO activation of sGC in the presence of these compounds 

challenged the canonical theory that full activation of sGC requires breakage of the 

histidine-iron bond.  It also brings CO as a potential player in the sGC/cGMP signaling 

pathway, should there exist an endogenous YC-1 analog. 

 Protein post-translational modification can also regulate sGC function.  The 

enzyme was reported to be phosphorylated by different protein kinases, including protein 

kinase C (PKC) (Louis et al., 1993), cyclic AMP-dependent protein kinase (PKA) (Kostic 

et al., 2004), and non-receptor Src-kinase (Meurer et al., 2005; Murthy, 2008), with 
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different amino acids involved (e.g. serine or tyrosine) and different effects conferred (e.g. 

stimulatory or inhibitory).  S-nitrosylation, another prototype of post-translational 

regulation of protein caused by NO itself, was also observed in sGC recently by others 

(Sayed et al., 2007) and by us (see Chapter IV).  The structural basis and functional 

consequence of these regulatory factors are yet to be defined. 

Protein-protein interaction is another way to influence sGC function in vivo, as 

numerous potential protein partners for sGC have been suggested (Balashova et al., 2005; 

Hanafy et al., 2004; Meurer et al., 2004; Russwurm et al., 2001; Venema et al., 2003).  

Calcium (Ca2+), one of the most widespread second messengers in biology, plays a vital 

role in NO synthesis by mediating calmodulin-NOS binding (Schmidt et al., 1992).  

Surprisingly, down-regulation of sGC activity by direct binding of this divalent cation 

was also observed (Parkinson et al., 1999; Serfass et al., 2001), presumably through 

competitive binding against the enzyme cofactor Mg2+.  The mechanism for sGC 

regulation through interaction with other proteins or Ca2+ remains unclear. 

Expression of sGC can also be regulated at both transcriptional and translational 

levels.  The mRNA levels of sGC subunits can be altered under various conditions and 

differing stimuli, most interestingly in response to nitric oxide (Bloch et al., 1997; 

Filippov et al., 1997).  Different splice variants of sGC have been detected (Behrends et 

al., 1995; Behrends and Vehse, 2000; Ritter et al., 2000; Sharina et al., 2008) and could 

represent potential regulators of the enzyme.  As functional sGCs are compulsory 

heterodimers, the existence of inactive homodimers (Zabel et al., 1999) can be a means of 

enzyme regulation.  Interestingly, novel soluble guanylate cyclase β isoforms from 
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insects (Nighorn et al., 1999) and mammals (Koglin et al., 2001) were found to be 

functional, although with relatively low activity, in the absence of a second subunit. 

 

1.9 Dissertation Outline 

In the following chapters, I explore the structure and function of sGC in the context 

of NO signaling.  I discuss expression and biochemical characterization of recombinant 

sGC, obtained from a prokaryotic expression system, in Chapter 2.  In Chapter 3, I delve 

into ligand-heme interaction using various kinetic measurements.  In Chapter 4, I 

describe recombinant sGC from eukaryotic cells and investigate S-nitrosylation as an 

alternative way to activate sGC.  Chapter 5 summarizes the work in Chapters 2-4 and 

presents possible future directions of study. 



 33

CHAPTER II 

PROKARYOTIC EXPRESSION AND CHARACTERIZATION OF SOLUBLE 
GUANYLATE CYCLASE FROM MANDUCA SEXTA 

Overview: I developed a prokaryotic expression system for sGC from the insect Manduca 

sexta and characterized the recombinant heterodimeric proteins.  This work has been 

partially published (Hu et al., 2008b). 

 

2.1 Introduction 

2.1.1 The sGC protein family beyond mammals 

While most studies have been with the mammalian enzymes, sGC has been found in 

a variety of organisms.  It forms a large protein family in Kingdom Animalia (Schaap, 

2005).  The sGC/cGMP signal pathway also exists in certain low-level invertebrate 

species, such as nematodes (Yu et al., 1997) and insects (Liu et al., 1995; Shah and Hyde, 

1995). 

At The University of Arizona, several research groups use a model insect Manduca 

sexta (the tobacco hornworm) in their studies, particularly with respect to neural 

development during different growth stages.  Alan Nighorn and colleagues discovered 

that sGC was prominent in insect odor detection and went on to isolate the α1 and β1 

subunits by screening a cDNA library made from the insect prepupal abdominal nervous 

system (Nighorn et al., 1998).  Based on sequence similarity, the Manduca sGC α1 

subunit is more closely related to the Drosophila  sGC α subunit (50% identity) than to 

the rat sGC α1 subunit (36% identity).  For individual functional domains, there is 55% 
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identity in the catalytic domain, 63% identity in the dimerization domain, and only 16% 

identity in the heme-binding domain between Manduca sGC α1 and rat sGC α1.  The β 

subunits are in general more conserved than the α subunits.  Manduca sGC β1 is equally 

similar to the Drosophila sGC β subunit (56% identity) and the rat β1 subunit (58% 

identity).  Manduca sGC functions as a classic NO-sensitive enzyme when expressed in 

cultured mammalian cells.  Like their mammalian counterparts, these two subunits must 

be co-expressed to be active (Nighorn et al., 1998).  There is another isoform of sGC 

found in this insect (Nighorn et al., 1999), called β3, which works independently of the 

α1 subunit and is NO insensitive (Morton and Anderson, 2003). 

 

2.1.2 Sources of sGC for biochemical research 

So far, there are mainly two means of obtaining sGC for study: tissue isolation and 

recombinant expression.  sGC can be isolated from mammalian tissues, such as bovine 

lung (Humbert et al., 1990) and human platelets (Koglin and Behrends, 2004).  However, 

tissue isolation is by no means an easy task for obtaining large amounts of functional 

protein.  Small amounts of functional recombinant sGC have also been obtained from cell 

culture.  Useful cell lines are the baculovirus/insect cell system (Hoenicka et al., 1999; 

Lee et al., 2000) and mammalian COS cells (Nighorn et al., 1998; Zhou et al., 2004).  

Although these recombinant sources provided valuable material for functional studies, 

such as enzymatic kinetics and mutagenesis, it is still a formidable and expensive way to 

generate sufficient material for structural studies, such as crystallography. 
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It would be a great help if one could produce sGC in an E. coli expression system, 

where obtaining large quantities of material is often possible.  Several groups, including 

ours, have tried different ways to express mammalian sGC and its functional domains in 

bacteria.  These efforts have failed with only one exception, that of the rat sGC β1 

subunit heme domain (Zhao and Marletta, 1997).  Although this fragment was useful for 

certain functional studies, it lacked many features of sGC, and in our hands, was not 

stable and would not crystallize (unpublished observations).  We therefore turned to 

Manduca sGC for expression. 

 

2.1.3 Difficulty in prokaryotic expression for sGC 

There are several difficulties in prokaryotic expression of sGC.  First, as mentioned 

above, sGC is a heterodimer, and requires both subunits to be co-expressed coordinately 

for correct assembly.  Expression of a single subunit leads to a protein that is vulnerable 

to proteolysis, as successful protein synthesis requires both correct folding and avoidance 

of degradation and aggregation (Hartl and Hayer-Hartl, 2002).  The large size of the sGC 

holoenzyme (~150 kDa) is also problematic for bacterial expression systems.  Secondly, 

incorporation of the prosthetic heme group presents another challenge to bacterial 

expression of sGC.  The heme is essential for sGC to maintain its integral structure, and 

failure to insert heme leads to collapse and degradation or aggregation of sGC in the cell.  

Finally, sGC itself might not be very stable in vivo.  For example, using an online tool 

called ProtParam (Gasteiger et al., 2005), the human sGC sequence (α1 and β1) has a 

predicted half-life of less than 10 hours in E. coli. 
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2.1.4 Properties and functions of sGC 

 A typical sGC is a heterodimeric heme-containing protein.  A conserved histidine 

from the β subunit coordinates heme iron, which functions in the reduced (ferrous) state.  

The heme group in sGC is also a powerful tool for study.  The sGC-heme UV-visible 

spectrum has been well documented for mammalian proteins.  In the native state, sGC 

has a characteristic Soret absorbance around 431 nm and a broad α/β band around 555 

nm, featuring 5-coordinate high-spin ferrous heme (Stone and Marletta, 1994).  Carbon 

monoxide (CO) forms a 6-coordinate complex with sGC and shifts the Soret to 425 nm.  

NO binding cleaves the histidine-iron bond to form a 5-coordinate complex, which 

displays a Soret band at 400 nm.  Detailed spectral characterization of any insect sGC 

was not available prior to this study. 

In addition to spectral shifts conferred by changing heme coordination, diatomic 

ligands also alter sGC activity.  NO binding leads to a 1-200 fold increase in cGMP 

production by sGC, while CO activates the enzyme by 2-5 fold (Stone and Marletta, 

1994).  Synthetic compounds, such as YC-1 and BAY 41-2272 (Figure 1.3), can be NO-

independent sGC activators (Ko et al., 1994) and also synergistically activate the enzyme 

with CO or NO (Friebe et al., 1998; Friebe et al., 1996).  The mechanism of the activation 

and synergism remain unclear. 

Here, I have developed E. coli expression systems for both truncated and full-length 

Manduca sGC heterodimers for the first time.  I demonstrate that Manduca sGC behaves 

much like its mammalian counterparts, both spectrally and enzymatically.  I also 
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discovered that binding of YC-1 occurs within the N-terminal portion of sGC and 

increases CO affinity to the protein. 

 

2.2 Materials and Methods 

2.2.1 Plasmids, strains, sequences and reagents.  Plasmid pCR®2.1-TOPO (Invitrogen, 

Carlsbad, Ca) was used for cloning PCR products into the expression vector pETDuet1 

(Novagen, Milwaukee, WI).  PCR primers were obtained from Midland Certified 

Reagent Company (Midland, TX).  PCR templates pET-28b-Manα1 and pET-17b-

Manβ1, bearing full-length Manduca sexta sGC subunits, were prepared from a cDNA 

library constructed using total mRNA of insect prepupae ventral nerve cords (Nighorn et 

al., 1998) and kindly provided by the Nighorn laboratory.  The human sGC α1 gene was 

amplified from ATCC clone #6792160 (IMAGE ID 4792661).  Plasmid pSTBlue1-Huβ1 

bearing the human sGC β1 subunit was a gift from Dr. Alan Nighorn.  E. coli strain 

DH5α was the cloning host and E. coli strains BL21(DE3) pLysS and Rosetta(DE3) 

pLysS (Novagen) the expression hosts.  2-(N,N-Diethylamino)-diazenodiolate-2-oxide 

(DEA/NO) was the kind gift of Dr. Katrina Miranda.  YC-1 was obtained from Cayman 

Chemical Co. (Ann Arbor, MI).  All other chemicals were obtained from Sigma-Aldrich 

(St. Louis, MO) unless otherwise described. 

 

2.2.2 Bioinformatic tools: sequence alignment and prediction of unstructured regions.  

Multiple sequence alignments were carried out on an EMBL-EBI online server 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html) with program ClustalW2 (Larkin et al., 

http://www.ebi.ac.uk/Tools/clustalw2/index.html
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2007).  The heme-containing and NO-binding (H-NOX) domain and its associated (H-

NOXA) domain in human and insect sGC were identified by sequence alignment of sGC 

and bacterial signaling proteins according to literature reports (Iyer et. al. 2003).  Cyclase 

domains of sGC proteins were identified by sequence alignment with the adenylate 

cyclase intracellular domain (Tesmer et al., 1997; Zhang et al., 1997).  The N-terminal 

unstructured region of sGC α-subunit was predicted using online tools: 

http://globplot.embl.de/ (Linding et al., 2003b); http://dis.embl.de/ (Linding et al., 2003a); 

http://genomics.eu.org/prelink/ (Coeytaux and Poupon, 2005); 

http://bioinf.cs.ucl.ac.uk/psipred/psiform.html (McGuffin et al., 2000). 

 

2.2.3 Molecular Modeling of msGC H-NOX and PAS domains.  Sequences of the α1 and 

β1 subunits of msGC were submitted to the Robetta structure prediction server 

(http://robetta.bakerlab.org/index.html) for domain analysis using Ginzu (Kim et al., 

2005).  After domain analysis, the sequence of the α1 N-terminal domain (minus the 50 

N-terminal residues predicted to be disordered) was submitted to the 3D-Jury Meta 

Server for structure prediction and initial model building (Ginalski et al., 2003).  Full-

atom models were built from these alignments using Modeller (Sali and Blundell, 1993).  

The final model was minimized using NAMD (Phillips et al., 2005).  Dr. Sue Roberts 

performed the molecular modeling of msGC domains. 

 

2.2.4 Establishing prokaryotic expression system for msGC-NT, msGC and hsGC-NT.  

For the truncated msGC constructs, DNA fragments corresponding to msGC α1 residues 

http://globplot.embl.de/
http://dis.embl.de/
http://genomics.eu.org/prelink/
http://bioinf.cs.ucl.ac.uk/psipred/psiform.html
http://robetta.bakerlab.org/index.html
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1–471 (for msGC-NT1) or 49–471 (for msGC-NT2), and msGC β1 residues 1–400 (for 

both msGC-NT1 and -NT2) were cloned into vector pETDuet1, allowing for expression 

of both subunits from a single plasmid.  The appropriate msGC α1 fragments were 

obtained from vector pET-28b-Mana1 by PCR amplification using primers 5′-

ggatccgatgacgtgtccattcc-3′ (for msGC-NT1) or 5′-ggatccgctcactcttaagcatatgagtg-3′ (for 

msGC-NT2) and 5′-tcactcgcctagccaaagcctttt-3′.  For msGC β1, the appropriate fragment 

was amplified from pET-17b-Manb1 with primers 5′-catatgtacgggtttgtg-3′ and 5′-

tcactcgcctagccaaagcctttt-3′.  For the full-length msGC construct, primers 5′-

ggatccgatgacgtgtccattcc-3′ and 5′-actagtcagtcatcatcctgctttg-3′ were used for α1 

amplification, and the β1 gene was cut from pET-17b-Manb1 and ligated into pETDuet-1 

using the NdeI and EcoRV restriction sites.  The final constructs have a His6 tag fused 

onto the N-terminus of the α1 subunit.  All pETDuet-1-derived plasmids were verified by 

sequencing and transformed into BL21(DE3)pLysS or Rosetta(DE3)pLysS competent 

cells for expression. 

For the truncated hsGC constructs, DNA fragments corresponding to hsGC α1 

residues 1–470, and hsGC β1 residues 1–410 were cloned into vector pETDuet1, 

allowing for expression of both subunits from a single plasmid.  The appropriate hsGC 

α1 fragments were amplified from ATCC clone #6792160 using primers 5′-

cagtcaggatccgatgttctgcacgaagc-3′ and 5′-ctgacagaattctattgcccttgccacagc-3′, cloned into 

pETDuet1 at BamHI and EcoRI sites.  For hsGC β1, the appropriate fragment was 

amplified from pSTBlue1-Huβ1 with primers 5′-catatgtacggatttgtgaatcacg-3′ and 5′-
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ctaacgcttgtgccgcagctcatt-3′, cloned into pETDuet1-αT1 at NdeI and XhoI sites.  The 

resultant construct was verified by DNA sequencing and transformed into 

BL21(DE3)pLysS competent cells for expression. 

 

2.2.5 Site-directed mutagenesis.  Mutations in the H-NOX domain in msGC-NT 

constructs were introduced by PCR using the QuikChange site-directed mutagenesis kit 

(Stratagene, La Jolla, CA), with the msGC-NT plasmids as the template.  The primers 

used to generate the α1 L211A mutant were 5′-gaaccagtggcgtacgctttagtaggcagtctgaaag-3′ 

and 5′-ctttcagactgcctactaaagcgtacgccactggttc-3′.  For the α1 Y223A mutant, primers were 

5′-gccatagcgaaacgactggctgatacacagacagac-3′ and 5′-gtctgtctgtgtatcagccagtcgtttcgctatggc-

3′.  For the β1 C78S mutant, primers were 5′-tcatacccggaatcttgggaaaactcgaagaacg-3′ and 

5′-cgttcttcgagttttcccaagattccgggtatga-3′.  To delete amino acids α1 468 – 471 in msGC-

NT2 to make msGC-NT3, primers used to mutate Trp468 into a stop codon were 5′-

cacatcgccaaaaggctttgactaggcgagtgatag-3′ and 5′-ctatcactcgcctagtcaaagccttttggcgatgtg-3′.  

Successful mutations were confirmed by complete sequencing of the genes. 

 

2.2.6 Expression and purification of msGC.  Expression of soluble msGC-NT1 or -NT2 

was carried out in the presence of 25 µM δ-aminolevulinate (ALA), a heme synthesis 

precursor.  Cells were grown at 30 °C, induced with 0.5 mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG) and harvested 6 hours later.   
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All purification steps were performed at 4 °C.  Cell pellets were suspended in lysis 

buffer (50 mM NaH2PO3/Na2HPO3, pH 7.0, 300 mM NaCl, 25 µg/ml DNase I, 2 mM 

MgCl2, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM benzamidine and 

disrupted using a French press (1000 psi).  Cell debris was pelleted by low-speed 

centrifugation (GSA rotor, 12,000 rpm for 30 min) and ultracentrifugation (45Ti rotor, 

40,000 rpm for 30 min).  The clear supernatant was then loaded onto metal affinity resin 

(Clontech Talon cobalt (Mountain View, CA) or Qiagen Ni-NTA (Valencia, CA)) that 

was pre-equilibrated with PBS (50 mM NaH2PO3/Na2HPO3, 300 mM NaCl, pH 7.0).  

The column was washed with 20 bed-volumes of 10 mM imidazole in PBS or 10 mM 

EDTA, and the protein was eluted with 150 mM imidazole in PBS (for cobalt) or 100 

mM EDTA (for Ni-NTA).  Brown-colored fractions were pooled, concentrated and 

loaded onto a Sephacryl S-200 size-exclusion column (GE Healthcare, Piscataway, NJ).  

Both msGC-NT1 and -NT2 proteins eluted as a major peak at ~115 ml, and were 

concentrated and buffer-exchanged into protein buffer (50 mM KH2PO3/K2HPO3, pH 7.4, 

100 mM KCl and 5% glycerol) using a Vivaspin 6 concentrator (Sartorius Corp., 

Edgewood, NY).  Protein concentration was estimated by absorption of the Soret band 

(see below).  The procedure yielded 1–2 mg of highly pure protein per liter of cell culture.  

The proteins were flash frozen in liquid nitrogen and stored at –80 °C. 

 Full-length msGC was expressed at a lower temperature (17 °C) in Rosetta(DE3) 

pLysS cells and purified in a similar manner as msGC-NT1 and -NT2, except that only a 

single metal-affinity column purification step was used due to difficulty with stability.  

The procedure yielded 0.5–1 mg of partially pure protein per liter of cell culture. 
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2.2.7 Refolding of msGC inclusion bodies.  The inclusion body portion of full-length 

msGC expressed in Rosetta(DE3) pLysS cells was used for refolding experiments, 

following the procedure developed for the NO-carrier heme proteins nitrophorins 

(Andersen et al., 1998) with some revisions.  The cell lysis pellet was cleaned by 

homogenizing in a buffer containing 50 mM Tris·HCl, pH 8.0, 100 mM NaCl, 0.1% 

Triton X-100 and washing twice with detergent-free buffer.  Cleaned inclusion bodies 

were then solubilized in 6 M guanidine hydrochloride and 10 mM dithiothreitol (DTT).  

Any insoluble debris was removed by ultracentrifugation.  Denatured msGC was refolded 

by dropwise dilution into renaturation buffer containing 50 mM Tris·HCl, pH 8.0, 0.8 M 

NaCl and 5 mM DTT.  High salt was removed by sequential dialysis into 50 mM 

Tris·HCl, pH 8.0, 0.1 M NaCl.  After dialysis, heme in 0.1 M KOH was added dropwise 

to the refolded protein while monitoring the UV–Visible spectrum.  Excess free heme 

was removed by passing through Q sepharose fast flow resin (Pharmacia) and a Talon 

cobalt affinity column was used to further purify the protein. 

 

2.2.8 Electronic spectroscopy characterization of msGC.  Spectra were recorded on a 

Cary Bio50 spectrophotometer at room temperature at a scan rate of up to 600 nm/min.  

In a typical NO binding experiment, a 1-ml sGC sample was deoxygenated in a septum-

capped cuvette with an argon stream (30 min), while stirring with a stir bar, before 

DEA/NO was added using a gas-tight syringe.  A DEA/NO stock solution was prepared 

fresh in 10 mM NaOH and quantified by its absorbance at 250 nm using the extinction 
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coefficient ε250 = 8000 M-1cm-1, a value adjusted to account for incomplete release of NO 

(Maragos et al., 1991).  Complete degradation of DEA/NO was assumed to release two 

molecules of NO after 10 minutes.  For CO binding, the sGC sample was purged with CO 

gas for 15–20 minutes before the spectrum was recorded. 

 

2.2.9 Determination of purified msGC-NT absorbance extinction coefficient. Molar 

extinction coefficients were measured using the pyridine hemochromogen assay as 

previously described (Maes et al., 2005).  The protein solution (700 µl, UV-visible 

spectrum measured) was mixed with 100% pyridine (300 µl), 5 N KOH (20 µl) and 

crystals of dithionite.  The peak absorbance at 556 nm minus that at 700 nm was used to 

determine the hemin concentration, assuming an extinction coefficient of 32 mM-1cm-1.  

NO- and CO-complex Soret and all Q-band extinction coefficients were estimated by 

their ratio to the unliganded Soret band. 

 

2.2.10 Guanylate cyclase enzymatic assay.  The cGMP producing activity of msGC in 

cell lysates and metal-affinity column elution fractions was measured using an enzyme 

immunoassay kit (Cayman Chemical Co., Ann Arbor, MI), following the manufacturers 

instructions.  In a typical assay, 10 µl of reaction buffer (0.5 M HEPES, pH 7.5, 30 mM 

GTP, 60 mM MgCl2, 20 mM DTT) was added to protein sample for a total reaction 

volume of 100 µl.  The mixture was incubated at room temperature for 10 min and then 

quenched with 200 µl of 250 mM zinc acetate and 200 µl of 250 mM sodium carbonate.  
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For experiments measuring NO-activated enzyme activity, protein samples were pre-

mixed with DEA/NO before initiating catalysis by addition of reaction buffer.  

 

2.2.11 Measurement of CO affinity to msGC.  The msGC-NT samples were placed in a 

septum-capped cuvette with minimal head space at room temperature (~22 °C).  Aliquots 

from CO-saturated protein buffer (50 mM KH2PO3/K2HPO3, pH 7.4, 100 mM KCl and 

5% glycerol), assumed to be 1 mM in CO, were added to the cuvette, stirred for 10 min 

and the spectrum measured.  When present, nucleotide (0.5 – 1 mM), YC-1 (50 µM) or 

BAY 41-2272 (1-3 µM) compound was added before addition of CO.  CO binding was 

measured by the shift in Soret band after accounting for dilution due to the addition of 

CO.  This shift was estimated as A424-A437 times the dilution factor, except in the 

presence of YC-1, where A422 was used rather than A424.  Data were fit to a single-site 

saturation ligand binding model using SigmaPlot (SPSS, Inc., Chicago, IL).  For the wild-

type protein in the presence of YC-1, titration was also undertaken using a cuvette with a 

10 cm path length, using an RSM-1000 spectrophotometer (Olis, Inc., Bogart, GA), 

which yielded a value indistinguishable from that measured with the 1 cm cuvette. 

 

2.3 Results 

2.3.1 Identifying functional domains in sGC and strategies for cloning.  The heme NO 

binding (H-NOX) domain, its associated (H-NOXA) domain and cyclase domains in 

Manduca sGC were located by sequence alignment and are schematically presented in 

Figure 2.1.  H-NOX domains were found in the first one-third of both subunits of msGC, 
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with less than 20% sequence identity.  The β subunit contains a conserved histidine 

residue (Wedel et al., 1994; Zhao et al., 1998), presumably the proximal heme ligand.  

The last one third of both subunits make up the enzyme catalytic domain, which share 

high sequence similarity to the evolutionally related adenylate cyclase.  Interestingly, the 

less characterized middle domains of both subunits share no less sequence similarity than 

that of the catalytic domains.  They are evolutionarily related to certain PAS fold-

containing prokaryotic proteins (Iyer et al., 2003) and are thought to be important for 

dimerization (Ma et al., 2008). 

My strategy for obtaining E. coli-expressed sGC was to search for functional 

domains of the heterodimeric protein, and to express both subunits at the same time.  For 

truncation constructs, primers were designed to clone the N-terminus of both subunits, 

including H-NOX and H-NOXA domains, but not the cyclase domains, for the Manduca 

and human proteins (msGC α 1 – 471 and β 1 – 401, msGC-NT1; hsGC α 1 – 470 and β 

1 – 410, hsGC-NT1).  The choice of truncation position was based on a previous genetic 

mapping study of sequences critical for human sGC dimerization (Zhou et al., 2004) and 

on sequence alignment (Figure 2.1).  A His6 tag was fused on the N-teminus of the α1 

subunit in both truncation and full-length constructs for purification convenience.  sGC 

α1 and β1 subunit genes were cloned into a dual vector (pETDuet-1, Novagen) for co-

expression. 
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Figure 2.1 Domain definition and sequence alignment of sGC.  A. Schematic diagram 

of Manduca sGC showing the domain structures of the α1 and β1 subunits.  The 

predicted H-NOX, PAS (also called H-NOXA), coiled-coil and cyclase domains are 

shown, along with the two truncated heterodimeric proteins prepared in the present study. 

B. Multiple sequence alignment of human and Manduca sexta sGC genes.  Human sGC 

α1 (GenBank accession No. NP_000847) and β1 (NP_000848), Manduca Sexta sGC α1 

(AAC61263) and β1 (AAC61264) sequences were aligned using ClustalW.  Numbers on 

the left indicate positions of amino acids.  Arrows represent cloning sites of the truncated 

dimers. 
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According to protein fold recognition and homologous modeling tools, there is an 

unstructured region existing on the N-terminus of the msGC α1 subunit.  Furthermore, no 

functional role for this region has been documented for any sGC.  After identifying the 

unstructured region on the N-terminus of the msGC α subunit, I constructed a second 

truncation clone that excludes an additional N-terminal 48 amino acids in the msGC α1 

subunit (msGC-NT2), to aid in crystallization and overall stability.  The resultant 

construct contains amino acids msGC α1 49 – 471 and β1 1 – 401 in a pETDuet-1 vector 

with a His6 tag fused on the N-teminus of the α subunit.  All strains produced are listed in 

Table 2.1. 
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Table 2.1 E.coli Strains producing sGC. 

Strain Code Protein Host Antibiotic 

WM279 msGC-NT1a BL21(DE3)pLysS AmpR, CamR 

WM289 msGC b BL21(DE3)pLysS AmpR, CamR 

WM308 msGC-NT1 Rosetta(DE3)pLysS AmpR, CamR 

WM309 msGC Rosetta(DE3)pLysS AmpR, CamR 

WM310 msGC-NT1-βC78S Rosetta(DE3)pLysS AmpR, CamR 

WM318 hsGC-NT1 c BL21(DE3) AmpR 

WM319 hsGC-NT1 Rosetta(DE3)pLysS AmpR, CamR 

WM361 msGC-NT2d BL21(DE3)pLysS AmpR, CamR 

WM362 msGC-NT2 Rosetta(DE3)pLysS AmpR, CamR 

WM365 msGC-αNTe BL21(DE3)pLysS AmpR, CamR 

WM366 msGC-αNT Rosetta(DE3)pLysS AmpR, CamR 

WM368 msGC-NT2-αL211A BL21(DE3)pLysS AmpR, CamR 

WM370 msGC-NT2-αY223A BL21(DE3)pLysS AmpR, CamR 

WM384 msGC-NT3f BL21(DE3)pLysS AmpR, CamR 

In all constructs, a His6 tag is fused onto the N-terminus of the α1 subunit. a msGC 

fragment includes α1 subunit residues 1-471 and β1 subunit residues 1-400.  b Full-length 

msGC.  c hsGC fragment includes α1 subunit residues 1-470 and β1 subunit residues 1-

410.  d msGC fragment includes α1 subunit residues 49-471 and β1 subunit residues 1-

400; e msGC includes α1 subunit residues 49-699 and β1 subunit residues 1-600; f msGC 

fragment includes α1 subunit residues 49-467 and β1 subunit residues 1-400. 
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2.3.2 Functional expression of msGC dimers in E. coli.  Insect sGCs, both truncated 

(msGC-NT1 and msGC-NT2) and full-length (msGC), have been expressed in E. coli as 

functional heterodimers.  Although most msGC protein forms inclusion bodies in bacteria, 

a small portion of the protein is soluble (<20%, depending on strain of choice and culture 

conditions).  Importantly, the recombinant msGC was expressed with heme incorporated, 

as the protein had evident brown color. 

Culture conditions and purification procedures were optimized for msGC-NT1 such 

that milligram quantities of protein could be obtained at more than 90% purity.  msGC-

NT1 is judged to heterodimeric by the following observations: 1) The tagless β1 subunit 

must have complexed with the His-taged α1 to be retained on the cobalt/nickel beads; 2) 

The protein eluted from a SEC S-200 column around the 115 ml position, which is 

calibrated to 100-110 kDa (Figure 2.2), and the calculated total mass of truncated msGC 

α1 and β1 is about 100 kDa; 3) Two bands are found in purified msGC-NT1 sample on 

SDS-PAGE, with the larger one (~55 kDa) detected by anti-sGC α or anti-His antibody 

(Figure 2.3).  Although the protein behaved well during experiments such as spectral and 

kinetic measurements, exposure to warmer temperatures and/or oxygen led to 

precipitation. 
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Figure 2.2 Size-exclusion chromatographic elution profiles of msGC-NT.  ~6 mg of 

msGC-NT (after metal affinity chromatography purification) was run on a Sephacryl S-

200 column in 50 mM NaH2PO3/ Na2HPO3, pH 7.0, 100 mM NaCl, 2 mM EDTA buffer.  

The void volume of the Sephacryl S-200 column is ~90 ml.  Elution volumes are 

indicated at the major peaks.   
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To obtain a more stable protein, I remove the N-terminal 48 amino acids of the α1 

subunit, which are predicted to be disordered and play no known function role.  This 

resulted in a new recombinant, msGC-NT2, which was also purified as a heterodimer 

containing heme.  Of the two, msGC-NT2 displays greater stability than msGC-NT1. 

Mass spectrometry analysis (performed by Michelle Kem) suggested that msGC-

NT2 was prone to loss of 4-5 C-terminal amino acids in the α1 subunit (unpublished 

observation).  I thus deleted those 4 amino acids by mutating the codon encoding Trp 468  

into a stop codon.  The resulting recombinant, msGC-NT3, was purified with higher yield 

and had similar spectra, compared to those of msGC-NT2 and msGC-NT1. 

Recombinant full-length msGC was also produced in bacteria, but with relatively 

low yield and limited stability.  Nevertheless, partially purified recombinant protein is 

able to make cGMP from GTP and responds to nitric oxide and other sGC regulators 

(Detailed in section 2.3.6).  This also indicates formation of α/β heterodimer msGC with 

heme incorporated. 

Attempts to refold the full-length msGC from inclusion bodies led to little success.  

Renatured msGC was soluble after denaturant removal, and can be visualized by SDS-

PAGE.  It failed at the step of heme addition, as the protein never had the correct Soret 

band (433 nm).  Neither was the protein able to make measurable amounts of cGMP. 

Recombinant human sGC N-terminal fragment (hsGC-NT1) also expressed as a 

soluble protein in E. coli.  However, proteolysis causes excision of the N-terminal His6 

tag, leading to difficulty in purification.  This, on the other hand, proved that our strategic 

switch to insect sGC for prokaryotic expression was reasonable. 
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2.3.3 Electronic absorbance spectra of msGC fragments.  Absorbance spectra for the 

msGC-NT1 and msGC-NT2 proteins (Figure 2.3) are indistinguishable and similar to 

those reported for the aqua, CO- and NO-complexes of mammalian full-length sGC.  

Both msGC fragments, as purified, display a broad Soret maxima centered at 433 nm, 

consistent with a high-spin ferrous heme center.  Binding of CO, which requires ferrous 

heme, shifts the Soret maxima to 425 nm and sharpens both Soret and Q-bands, 

consistent with a low-spin 6-coordinate heme.  The NO complex displays a diminished 

absorbance and a Soret-peak shift to 400 nm, consistent with a five-coordinate low-spin 

heme-nitrosyl complex. 
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Figure 2.3 SDS-PAGE, Western blotting and UV-visible absorption spectra for 

msGC-NT.  A. Purified msGC-NT1 visualized by SDS polyacrylamide gel 

electrophoresis (12%, stained with Coomassie blue dye) and detected by anti-His6 

antibody in a western blot.  B. Electronic absorption spectra of purified msGC-NT2 

(yellow), and its complexes with CO (blue) and NO (red).  Inset shows the Q-band region 

of the spectra. 
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2.3.4 Determination of heme content and molar extinction coefficients of purified msGC-

NT2.  Heme content in purified msGC-NT2 was determined by the pyridine-

hemochromogen method as described in the Methods section.  The extinction coefficient 

for Soret absorbance (433 nm) of msGC-NT2 was measured as 149 mM-1cm-1, which is 

close to the value reported (148 mM-1cm-1) for the rat protein (Brandish et al., 1998).  

NO- and CO-complex Soret and all Q-band extinction coefficients were estimated by 

their ratio to the unliganded Soret band (Table 2.2).  The resulting values are in good 

agreement with those reported for globins, nitrophorins (Maes et al., 2005) and full-

length and β1 truncated mammalian sGC proteins (Karow et al., 2004). 
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Table 2.2 UV-Visible absorption maxima (nm) and extinction coefficients (mM-1 cm-1) for 

msGC-NT2. 

Ligand Soret β α 

– 433 (149 ± 2)a 557 (20) NDb 

CO 425 (221) 542 (21) 572 (21) 

NO 400 (127) 544 (19) 574 (20) 

aWavelengths in nm, extinction coefficients in parentheses (mM-1cm-1).  The extinction 

coefficient for the Soret band of the protein without added ligand was determined from 

direct measurement of heme content, with error estimated from the standard deviation of 

4 measurements.  All other values were derived from the ratio of the absorption maxima 

to that for the Soret of the protein without added ligand.  bIndistinct. 
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2.3.5 Estimation of heme loading percentage in purified msGC-NT.  The extent of heme 

loading into the purified msGC-NT2, expected to be 1 mol/mol dimer, was estimated 

using a variety of approaches.  A theoretical calculation based upon amino acid 

composition, using the program ProtParam (Gasteiger et al., 2005), yielded an ε280 of 

54.8 mM-1cm-1 for the protein, which would predict an A433/A280 ratio of 2.7, well above 

the observed value of 1.2.  However, heme contribution to absorbance at 280 nm cannot 

be ignored, as seen in other heme proteins.  The purest fraction of msGC-NT2 right after 

the SEC column has an A433/A280 ratio of 1.4, which can be considered as 100% heme 

loaded. Basing on these observations, I estimate that a purified msGC-NT sample with an 

A433/A280 ratio of 1.2:1 has ~80-90% heme loading.  Typical msGC-NT samples used in 

my study have an A433/A280 ratio of 1.1-1.2. 

 

2.3.6 Detecting cyclase activity of msGC obtained from E. coli.  Cyclase activity for 

msGC was detected using an enzyme-linked immunoassay by measuring production of 

cGMP (Figure 2.4).  The partially purified protein displayed a basal activity of 6.3 nmol 

cGMP mg-1 min-1 and a maximal activity of 1058 nmol mg-1 min-1, values that are 6- to 

12-fold smaller overall than those reported for mammalian sGC proteins (Cary et al., 

2005; Russwurm and Koesling, 2004).  The lower value we obtain is most likely due to 

having a mixture of full-length and α1 degraded material in the preparation (Figure 2.4), 

which would lead to over estimation of total intact protein from the Soret band absorption.  

However, the possibility that the intact Manduca protein is inherently less active than its 

mammalian counterparts cannot be ruled out. 
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Figure 2.4 SDS-PAGE analysis and cyclase activity of full-length Manduca sGC 

expressed in E. coli.  Top left panel, partially purified msGC (~3 µg, per heme Soret 

absorbance) was visualized by 10% SDS-PAGE. Top right panel, the production of 
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cGMP from GTP by partially purified msGC was measured using an enzyme 

immunoassay.  The msGC concentration was estimated by Soret band absorbance using 

the extinction coefficient measured for msGC-NT2.  Each point is the average of 3 to 4 

measurements. Bottom panel, cyclase assay showing YC-1, BAY 41-2272, CO and NO 

synergistic effects on msGC (~1 µM). The concentrations of CO, DEA/NO, YC-1 and 

BAY 41-2272 were 100 µM, 20 µM, 50 µM and 5 µM, respectively. 
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 NO stimulation of msGC was similar to that of the mammalian proteins.  

Typically, NO stimulates mammalian sGC by 100- to 200-fold; in our study, NO 

stimulated the recombinant Manduca sGC by 135-fold alone, and by 175-fold in the 

presence of YC-1 (Figure 2.4).  YC-1 or BAY 41-2272 alone was also a potent stimulator 

of catalytic activity (Figure 2.4).  100 µM CO stimulated msGC by 3-fold alone, and to 

the same extent as NO in the presence of YC-1 or BAY 41-2272.  For maximal activity, 

msGC required both NO and YC-1, as has been generally reported for the mammalian 

proteins (Friebe et al., 1998; Hoenicka et al., 1999; Lamothe et al., 2004; Lee et al., 2000), 

although one group has reported that only CO and YC-1, not NO and YC-1, are 

synergistic (Stone and Marletta, 1998). 

 Mammalian sGC is inhibited by ATP, indicating that the nucleotide is a 

competitive inhibitor of the protein (Cary et al., 2005; Chang et al., 2005; Ruiz-Stewart et 

al., 2002).  Existence of multiple binding sites in sGC further suggests that the enzyme is 

allosterically regulated by nucleotides (Yazawa et al., 2006).  When we examined 

inhibition of msGC, we found that 1 mM ATP, a physiologically relevant concentration, 

inhibited the enzyme by ~70% in the presence of stoichiometric NO concentrations 

(Figure 2.4).  Overall, msGC behaves much like its mammalian counterparts, indicating 

our results with msGC-NT1 and msGC-NT2 are generally applicable for the entire sGC 

family. 
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2.3.7 Compounds YC-1 and BAY 44-2272 alter affinity of CO to msGC-NT1 and msGC-

NT2.  Location of the YC-1, BAY 44-2272 and regulatory nucleotide binding site(s) in 

sGC remains unknown; both N-terminal and C-terminal binding sites have been proposed 

(Lamothe et al., 2004; Stasch et al., 2001).  I examined the effect of these compounds on 

NO and CO affinity to msGC-NT1 and -NT2 (Figure 2.5); binding of NO (Kd) is in the 

nanomolar range or lower, and could not be reliably measured by spectral titration.  CO 

affinity was readily measured and found to be 77 µM in the absence of compound (Table 

2.3), a value close to that reported for the full-length human protein (Stone and Marletta, 

1998).  Interestingly, sGC activating compounds YC-1 and BAY 44-2272 increase 

affinity of CO to both msGC-NT1 and -NT2 by ~50 fold, consistent with their ability to 

turn CO into as potent an sGC activator as NO.  This observation indicates the YC-1 

binding site resides away from the C-terminal catalytic site, since it is not present in the 

msGC-NT proteins.  In contrast, nucleotide binding (GTP, ATP) had very little effect on 

CO binding, suggesting their effects occur through binding to the catalytic domain.  

Binding of YC-1 and BAY 21-2242 introduced a 2-nm blue shift in CO-msGC-NT 

complex and sharpened the Soret peak, as documented similarly for bovine sGC purified 

from animal lung tissue (Kharitonov et al., 1999), a further indication of binding to the N-

terminal two-thirds of msGC. 
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Figure 2.5 Effect of YC-1 on CO binding to msGC-NT2.  A. Difference spectra for CO 

addition in the presence and absence of YC-1.  Spectra were measured at room 

temperature for 1.5 µM protein in buffer containing 50 mM KH2PO4/K2HPO4, pH 7.4, 

100 mM KCl, 5% glycerol and 50 µM YC-1, and were corrected for dilution due to 

addition of CO-saturated buffer, and for baseline drift (monitored at 700 nm).  B. Fitting 

of difference spectra (± YC-1) to a single-site saturation model to obtain the CO 

dissociation constants Kd = 77 ± 7 µM and 1.7 ± 0.1 µM, respectively. 
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Table 2.3 CO dissociation constants for msGC-NT2 measured by equilibrium titration 

 Kd for CO, µM 

Liganda WT α1 L211A α1 Y223A 

– 77 ± 7 45 ± 3 46 ± 5 

ATP 61 ± 6 NDb ND 

GTP 55 ± 4 ND ND 

YC-1 1.7 ± 0.1c 3.5 ± 0.2 3.1 ± 0.3 

BAY 41-2272 ~1.0 ± 0.1 ND ND 

aLigand concentrations: ATP, 1 mM; GTP, 0.5 mM; YC-1, 50 µM; BAY 41-2272, 5 µM.  

Protein concentration: 1.5 µM.   bNot determined.  cThe wild-type (WT) value in the 

presence of YC-1 was measured in a 10-cm cuvette with a protein concentration of 0.15 

µM at 22 °C.  
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2.3.8 Efforts to locate the YC-1 binding site.  According to our homology modeling, three 

domains were predicted for each msGC subunit (Figure 2.1 A), an N-terminal domain 

predicted to be an H-NOX domain (Ma et al., 2007; Nioche et al., 2004; Pellicena et al., 

2004), a largely helical PAS fold domain, and a C-terminal cyclase domain with 

homology to the catalytic domain of adenylate cyclase (Tesmer et al., 1997; Zhang et al., 

1997).  Additionally, a 25-residue sequence between the second and third domains in 

each subunit was identified as a possible coiled-coil region (Anantharaman et al., 2006).  

The 50 N-terminal residues of the α1 subunit, which have no counterpart in the β1 

subunit, were predicted to be disordered. 

In light of our homology modeling, which indicated that both the α and β subunits 

contain H-NOX domains even though only β provide histidine as a heme ligand, we 

hypothesized that the YC-1 binding site is located on the α subunit at a location 

corresponding to the heme pocket of the β subunit (Figure 2.6).  Three mutants were 

introduced to conserved residues in this cleft region to test the hypothesis.  However, 

mutants α1 F157A, L211A and Y223A showed no effect on YC-1 stimulated CO binding 

to msGC-NT2.  The presence of 50 µM YC-1 dramatically increases CO affinity to 

mutant forms of msGC-NT2 (Table 2.3), which suggests YC-1 binding is unaffected.  

Similar mutations introduced into human sGC and expressed in a human fibrosarcoma 

cell line also failed to display a change in YC-1 activity (B. Fritz, unpublished 

observation).  
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Surprisingly, these mutants, especially the Y223A mutant, were purified with much 

lower heme content than the wild-type msGC-NT2.  This observation indicates that the 

cleft region of the α1 subunit may be involved in heme binding. 

 

 

Figure 2.6 Model for the msGC α1 H-NOX domain.  Shown is a ribbon drawing of the 

model for the α1 msGC H-NOX domain, indicating the predicted positions for the three 

residues mutated in the present study.  The three residues lie near the position occupied 

by the heme in bacterial H-NOX proteins.  Dr. Sue Roberts performed the modeling, 

using bacterial H-NOX structures as templates (detailed in Methods and Results sections). 
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2.3.9 Towards an sGC structure.  Obtaining an atomic structure of sGC was the ultimate 

goal I have for this project.  Although this was not realized during my thesis studies, I 

continue to pursue this goal.  Some progress has been made.  In particular, crystallization 

screening experiments performed on msGC-NT2 and YC-1 mixtures have lead to brown-

colored needle clusters that appear to be crystalline.  More crystallization trials and 

optimizations are underway to obtain diffraction quality crystals.  Dynamic light 

scattering data of purified msGC-NT1 reveals a unimodal particle distribution profile, 

indicating the protein exists as a monodisperse (non-aggregated) form in solution, which 

is considered to be a prerequisite for a protein to be crystallized.  This work will continue 

as part of screening experiments for crystallization conditions. 

 Electron microscopy is a powerful tool for studying large conformational changes 

in macromolecules.  Negative staining techniques can significantly increase specimen 

contrast while still retaining most of the native protein structure in solution (Ohi et al., 

2004).  In initial experiments, I have obtained what appears to be high-contrast msGC-

NT1 images, where the protein is well distributed, which suggests full 3-D reconstitution 

image analysis may be possible.  Additionally, I performed preliminary small angle X-ray 

scattering (SAXS) studies at the Advanced Light Source, which also allows for 

uncovering shape for macromolecules in solution.  The initial studies are promising. 

 

2.4 Discussion 

 We have expressed functional heterodimeric full-length and truncated sGC from 

the tobacco hornworm (Manduca sexta) in E. coli, the first time this has been 
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accomplished for sGC from any species.  Both express as soluble, heterodimeric proteins 

with intact ferrous heme. The partially purified full-length protein behaves quite similarly 

in response to known sGC regulators, including stimulation by NO, CO and YC-1, and 

inhibition by ATP (Fig. 2.5). Truncated msGC, which contains the N-terminal two-thirds 

of both the α1 and β1 subunits but not the catalytic domains (Figure 2.1), retains YC-1 

binding, which increases the binding affinity for CO (Table 2.3).  In contrast, ATP, GTP 

and cGMP have little effect on CO affinity to msGC-NT.  Taken together, these results 

indicate that a specific binding site for YC-1 and related compounds lies away from the 

catalytic domain and is distinct from the proposed allosteric sites for GTP, ATP, cGMP 

and pyrophosphate (PPi).  Below, I discuss the implications of these results. 

 

2.4.1 Functional expression of sGC in E. coli.  Functional sGC is the product of well-

coordinated multiple procedures including polypeptide translation, subunit assembly and 

heme incorporation.  Limitation in any single step will result in low yield of soluble 

protein, which might fall to protein degradation or aggregation. 

Studies of sGC have long been hampered by difficulty in obtaining recombinant 

material.  There are several reasons for the stagnancy.  Generally, E. coli, the best choice 

of an expression host for obtaining large quantities, is not efficient in expressing 

exogenous proteins of large mass (Baneyx and Mujacic, 2004).  Thus, the large size (150 

kDa) and multiple-domain properties of sGC pose a challenge for bacterial expression.  I 

tried to overcome this problem by removing the catalytic domains while retaining the H-

NOX and PAS domains.  As it turned out, soluble expression of msGC was improved by 
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truncation of the protein to a smaller size (100 kDa).  Under similar growth conditions, 

bacteria always make more msGC-NT than msGC, both soluble and insoluble.  In future, 

limited proteolysis might be a useful tool to identify a stable smaller domain of sGC and 

to aid in successful crystallization. 

Secondly, the heterodimeric composition of the enzyme might be another negative 

factor for functional sGC expression, due to the need for both nascent subunits for 

folding.  In my experience, the msGC α1 subunit is relatively unstable and more 

vulnerable to protease attack than the β1 subunit.  Removal of the N-terminal 

unstructured region in α1 appears to increase its stability, therefore improving the overall 

protein stability and yield.  Any further effort to stabilize the α1 subunit, such as GST-tag 

fusion and molecular chaperone co-expression, might greatly improve msGC production 

in bacteria. 

Incorporation of the prosthetic heme group is also a necessary step for completion of 

sGC assembly.  Heme incorporation might be the rate-limiting step for msGC folding in 

E. coli so that a supply of extra heme precursor in the culture medium improves full-

length msGC expression.  Inadequate heme assembly may directly lead to incomplete 

heme loading in batches of purified msGC-NT (Section 2.3.5).  Failure to incorporate 

heme prevented my further effort in refolding msGC from inclusion bodies. 

msGC is prone to form inclusion bodies in bacterial cells.  More than 90% of the 

recombinant protein was expressed as inclusion bodies in Rosetta cells (WM309 and 

WM366).  Protease damage is another serious problem during full-length msGC 

expression and purification.  Of the soluble msGC α1 encoded by the full-length 
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construct, about half is degraded to smaller fragment even before any purification was 

begun, as revealed by western blotting. 

Culture temperature had a remarkable effect on sGC production in bacteria.  All 

recombinant protein expression had to be conducted at lower temperature (30 °C for 

msGC-NT, 16 °C for msGC), presumably to allow folding to occur before inclusion body 

formation and proteolysis. 

Codon usage bias between eukaryotic and prokaryotic organisms is usually an 

obstacle for eukaryotic protein expression in bacteria.  This rule also applies to msGC in 

E. coli.  Compared to Rosetta cells (WM309 and WM366), BL21 strains (WM289 and 

WM365) barely give any soluble intact full-length msGC protein under similar growth 

conditions.  Most likely, msGC peptide synthesis is facilitated in Rosetta cells because 

these cells provide eukaryotic rare codon tRNAs (Baneyx, 1999).  The accumulation of 

msGC (as inclusion bodies) can be visualized on SDS-PAGE gel only in Rosetta cells 

without separation.  However, use of Rosetta cells did not significantly improve the yield 

of the soluble fragment msGC-NT. 

 

2.4.2 Where do YC-1 and related compounds bind to sGC?  We unambiguously show 

that YC-1 and BAY 41-2272 bind to msGC-NT, which is void of the catalytic domains, 

and increase CO affinity to the protein by ~50-fold (Figure 2.5, Table 2.3).  This 

observation is consistent with a previous report, in which the YC-1 binding site was 

shown to include cysteine 238 and cysteine 243 in the α1-subunit of mammalian sGC, 

using a photoaffinity labeling method (Stasch et al., 2001).  Our results also suggest that 
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the catalytic domains are not necessary for YC-1 binding to sGC.  However, our 

observation does not rule out the possibility of a second YC-1 binding site in the sGC 

catalytic domains, as suggested previously (Lamothe et al., 2004). 

We further explored the possibility that the sGC α1 subunit H-NOX domain contains 

the YC-1 binding site by mutating several conserved residues in the α1 subunit 

corresponding to the heme pocket of the β1 subunit (Figure 2.6).  The CO affinity to 

these mutants (msGC-NT2 α L211A and Y223A) is also dramatically increased by YC-1, 

just as for the wild type protein (Table 2.3).  This observation suggests that the α1-

HNOX heme pocket is unlikely to contain the YC-1 binding site, or at least, these 

mutations do not alter YC-1 binding to msGC-NT. 

So, where does YC-1 bind?  Based on the fact that YC-1 does not greatly change the 

electronic spectrum of sGC, one might infer that the compound does not directly contact 

heme, or reside in the heme pocket.  Possibly, binding could occur in the PAS domains.  

PAS domains often have a regulatory function and this possibility has been suggested for 

sGC (Iyer et al., 2003; Ma et al., 2008).  Our purified material and expression strategy 

will be valuable for revealing the YC-1 binding site in sGC. 

 

2.4.3 Does heme bind to the sGC β subunit exclusively?  It is well established that sGC 

ligates heme through a conserved histidine residue in the β subunit.  It has also been 

shown that the rat sGC β1 fragment (1-385) could be expressed in E. coli as a homodimer 

containing 1 heme per monomer (Zhao and Marletta, 1997).  However, the possibility of 

the α1 subunit being involved in heme binding in the sGC heterodimer cannot be ruled 
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out.  It was shown previously that the α1 subunit also participates in heme binding, as a 

bovine sGC α1 N-terminal 131 residue deletion abolished its capacity to bind heme 

(Foerster et al., 1996).  Here, we show that a single mutation of several conserved 

residues (F157, L211, Y223) in the msGC α1 H-NOX domain leads to diminished heme 

binding capacity or loss of NO response in enzyme activity.  These observations indicate 

that the α1 subunit contributes to the heme-binding pocket.  An unambiguous 

determination of the whole heme pocket still awaits an atomic structure of sGC. 
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CHAPTER III 

LIGAND-HEME INTERACTIONS AND THEIR REGULATION IN SOLUBLE 
GUANYLATE CYCLASE: KINETIC STUDIES 

 
Overview: Kinetic studies were performed on msGC-NT to study ligand (NO and CO)-

heme interactions and their regulation.  Portions of this work have been published (Hu et 

al., 2008a; Hu et al., 2008b).  

 

3.1 Introduction 

3.1.1 Mechanism for NO activation of sGC through heme center 

NO-heme interactions are universal themes in NO signaling.  In addition to sGC, 

heme interactions occur in several other major proteins involved in NO signaling 

pathways.  Both nNOS (Abu-Soud et al., 1996) and iNOS (Abu-Soud et al., 2001), the 

NO producers and also heme-containing proteins, have been shown to form ferrous-

nitrosyl complexes with self-generated NO, which may lead to autoinhibition under 

certain conditions.  Nitrophorins, heme proteins found in the saliva of certain 

bloodsucking insects, make use of heme iron to transport NO to the tissues of victims, 

where it induces vasodilatation and facilitates insect blood feeding (Walker et al., 1999).  

After discovery of sGC as the physiological receptor of NO, which works through heme-

binding in the protein (Craven and DeRubertis, 1983), the question of how NO activates 

sGC has been the pivotal topic in the field. 

sGC is activated when NO binds to its ferrous heme.  Heme iron in sGC is believed 

to remain reduced (ferrous, FeII) under most physiological conditions, although some of 

the enzyme might contain oxidized (ferric, FeIII) heme under intensive oxidative stress 
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(Stasch et al., 2006).  As revealed by UV-visible spectroscopy, heme changes its 

coordination state upon NO binding.  It starts with a 5-coordinate (5-C) resting state, 

where an endogenous histidine ligand attaches to iron from the proximal side of the heme 

to provide the fifth coordinate bond.  Spectrally, the native sGC gives a broad Soret peak 

at ~433 nm, which is similar to that of deoxymyglobin at ~435 nm, consistent with a 

high-spin ferrous heme center.  When NO binds to the sGC heme, the Soret peak shifts to 

400 nm, indicating formation of a five-coordinate low-spin heme-nitrosyl complex.  At 

this point, histidine is no longer binding to iron; instead, the nitrogen atom from the NO 

molecule coordinates to the heme iron, presumably from the distal side, and gives rise to 

a 5-coordinate NO complex.  Overall, it appears that NO binding ruptures the Fe-

histidine bond and thus activates sGC (See scheme in Figure 3.1). 

Although the starting state and NO binding product of sGC were well characterized 

by electronic spectroscopy, the mechanism of transition between the two states is still 

controversial in the field.  As generally accepted, the reaction with sGC heme begins with 

a fast NO binding step to form a 6-coordinate intermediate, followed by a slower step 

involving release of histidine from iron to form the 5-coordinate product (Figure 3.1).  

While there is a consensus about the formation of a 6-coordinate intermediate upon NO 

binding, there has been considerable debate in the literature as to whether this second step 

is NO-dependent.  In a stopped-flow kinetic study, the Marletta group found the histidine 

release step to be dependent on NO concentration (Ballou et al., 2002; Zhao et al., 1999).  

A second (unidentified) NO-binding site on the enzyme was thus hypothesized to 

regulate the enzyme function and promote histidine release.  A crystal structure of 
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nitrosyl cytochrome c’ displays NO on the proximal side of the heme, giving support for 

the two-NO binding model (Lawson et al., 2000).  However, the Garthwaite group 

reexamined the kinetic data and argued that binding of NO to a second site is not 

necessary, as NO concentration-dependency of both phases is a direct prediction of the 

single binding model (Bellamy et al., 2002).  Furthermore, the Koesling group has 

suggested that proximal heme binding is an artifact of NO addition in the absence of GTP 

or cGMP and pyrophosphate (Russwurm and Koesling, 2004). 
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Figure 3.1 Proposed two-phase models for NO activation of sGC.  NO approaches 

sGC heme to form a 6-coordinate intermediate, in which histidine-iron is then cleaved 

slowly to generate a 5-coordinate activated NO complex.  It is controversial whether or 

not there is an NO molecule involved in the slow step. (Modified from Ballou et. al. 

(Ballou et al., 2002)).  
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Change in the heme coordination state and subsequent heme-pocket conformation 

change presumably triggers a structural rearrangement in the catalytic domains, leading 

to sGC activation.  The mechanism for communication between heme binding domains 

and catalytic domains is still missing.  As there is no crystal structure for any sGC 

catalytic domain available, a clear description of cGMP formation chemistry and its 

stimulation by NO in sGC at molecular level is not yet available.  However, because the 

sequence of the guanylate cyclase catalytic domain is very similar to class III adenylate 

cyclase (AC), AC structure-based homology modeling and mutagenesis analysis of sGC 

have provided compelling structural insight.  The crystal structures of the catalytic 

domains of AC revealed a dimeric wreath formed between two subunits, with the active 

site residing at the interface and formed by residues from both subunits (Tesmer et al., 

1997; Zhang et al., 1997).  Based on the contact between the substrate adenosine ring and 

surrounding residues in AC and the corresponding residues found through homology to 

sGC, two amino acids, Glu 473 and Cys 541 in the rat sGC β1 subunit were predicted to 

provide specificity for GTP.  Mutation of these two residues in sGC to lysine and 

aspartate, respectively, changed the specificity to adenosine, and exchange of GC activity 

for AC activity (Sunahara et al., 1998; Tucker et al., 1998).  These studies validate 

homology modeling of the sGC cyclase domains based on AC. 

 

3.1.2 Spectroscopic methods to study ligand-heme interaction in sGC 

 The heme group in sGC bestows a convenient spectroscopic probe to study the 

enzyme.  In addition to the static electronic spectroscopy mentioned above, several other 



 76

techniques are valuable for ligand-heme interaction studies in sGC and other heme 

proteins. 

Stopped-flow spectroscopy makes use of a rapid-mixing device to study chemical 

reaction kinetics in solution.  After two solutions containing the reactants are mixed, the 

reaction is studied by monitoring, for example, spectral change of the mixture over a 

suitable period of time.  The dead time is the time it takes to mix the two solutions and 

deliver them to the observation chamber.  It physically limits the highest time resolution 

the method can achieve.  This technique has been valuable for examining sGC ligand-

binding kinetics and regulation (Makino et al., 1999; Stone and Marletta, 1998; Zhao et 

al., 1999). 

 In a flash-photolysis experiment, photon absorption is used to break covalent 

bonds and introduce the consequent reaction of interest.  One advantage of photolysis 

over stopped-flow experiments is that in a photolysis experiment, without the physical 

limitation of mixing, a higher time resolution can be achieved.  A laser of nanosecond, 

picosecond, or femtosecond pulsewidth can provide photons to initiate reactions with 

corresponding time resolution.  Flash-photolysis has been extensively used by researchers 

to study fast processes such as photosynthesis, electron transfer and protein 

conformational changes in biological systems.  It is an extremely powerful tool for 

studying subtle structural changes that are induced in heme proteins by binding of 

diatomic ligands and has been used extensively in studies of hemoglobin and myoglobin.  

Photolysis studies on sGC have been carried out for its NO- (Negrerie et al., 2001) and 

CO- (Kharitonov et al., 1999; Negrerie et al., 2001; Sharma et al., 1999) complexes. 



 77

Electron paramagnetic resonance (EPR) spectroscopy is a technique for studying 

chemical species with an odd number of unpaired electrons.  Heme in sGC without 

exogenous ligand is diamagnetic, as all 6 d-orbital electrons of the iron are paired.  

However, ligation of NO adds an extra electron to the systme, leading to an unpaired 

electron in the iron nitrosyl complex that makes the sGC-NO complex ideal for EPR 

detection.  Microenvironment and coordination state change in sGC-NO has been 

observed using the EPR technique (Derbyshire et al., 2008; Makino et al., 1999; Makino 

et al., 2003; Stone et al., 1995). 

Resonance Raman (RR) spectroscopy is a spectroscopic technique to study a change 

in vibrational energy of a molecule, which give rise to inelastic (Raman) scattering of 

light.  Particularly useful for studying sGC and other heme proteins, resonance Raman 

spectroscopy enables researchers to specifically examine vibrational frequencies of 

ligand-iron bonds, which give unique structural information about heme in the protein, 

such as iron coordination state (Deinum et al., 1996; Martin et al., 2005), ligand-iron 

bond strength (Pal et al., 2004) and conformational change of the heme pocket (Li et al., 

2005; Vogel et al., 1999).  A detailed review on resonance Raman spectroscopy studies 

of sGC with diatomic ligands is available (Pal and Kitagawa, 2005).  

 

3.1.3 Multiple nucleotide binding sites in sGC 

In their pioneering work, Ruiz-Stewart et al. found ATP can inhibit both basal and 

NO-induced sGC activity in a noncompetitive fashion and concluded that there must be a 

second nucleotides binding site (Ruiz-Stewart et al., 2002; Ruiz-Stewart et al., 2004).  
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Because similar inhibition also occurs in particulate guanylate cyclase, the authors 

suggested that the binding site is likely located in the sGC catalytic domain.  Russwurm 

and Koesling recently showed that NO activates sGC only if GTP or cGMP/PPi, the 

reaction products of the enzyme, are present (Russwurm and Koesling, 2004).  Marletta 

and co-workers demonstrated that presence of either ATP or GTP can dramatically 

decelerate denitrosylation of sGC and they proposed that nucleotides prevent the enzyme 

from fully activating with only tonic levels of NO until extra NO is provided (Cary et al., 

2005).  Although there are discrepancies among the reports, these studies support a model 

in which sGC activity is allosterically regulated by nucleotides.  A two-site nucleotide 

binding model was recently proposed, with a strong substrate binding site and a weak 

pseudosymmetric binding site both located in the catalytic domain (Yazawa et al., 2006), 

in light of the adenylate cyclase catalytic domain structure.  However, where exactly and 

how such allostery occurs in sGC remains to be answered. 

 

3.1.4 Mechanism of sGC stimulators 

The discovery of YC-1 and related compounds as sGC stimulators has been a great 

boost to efforts for the development of sGC-specific drugs (Evgenov et al., 2006).  

However, the mechanism of their stimulation and synergistic effect with NO and CO 

remains unclear, as does the location of their binding site in the sGC protein.  Using the 

truncated msGC recombinant proteins as tools, I have explored the mechanism for YC-1 

stimulation of sGC. 
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3.2 Materials and Methods 

3.2.1 Stopped-flow spectroscopy for NO-sGC kinetics.  The rates for release of β1 His 

105 upon NO binding to msGC-NT were measured at 10 °C by mixing msGC-NT and 

NO in a RSM-1000 stopped-flow spectrophotometer (OLIS, Inc.).  Samples of msGC-NT 

(0.7 - 2 µM) were prepared by first deoxygenating buffer through bubbling of argon gas 

for 10 min, followed by addition of protein and additional deoxygenation with an argon 

stream placed above the solution for ~30 min.  The protein solution was then transferred 

to the instrument in a gas-tight syringe.  NO solutions were prepared by addition of 

DEA/NO from a stock solution to argon-purged buffer in a gas-tight syringe and then 

connected to the stopped-flow device.  Decomposition was allowed to proceed for 20 min 

at room temperature before transfer to the instrument, where the solution was allowed to 

equilibrate to the desired temperature (5 min).  Absorbance changes (A420) were fitted to 

single- or double- exponential equations using SigmaPlot; values reported are the average 

and standard deviation of 5 to 7 consecutive measurements.  For experiments with 

nucleotides or YC-1, the compounds were pre-mixed with the protein sample. 

 

3.2.2 Kinetics of NO release.  Rates for denitrosylation of msGC-NT-NO were estimated 

using a dithionite/CO trap, as described (Cary et al., 2005; Kharitonov et al., 1997).  A 

slight excess of NO (from DEA/NO) was added to an anaerobic msGC-NT sample 

prepared as described above, and a spectrum measured to ensure saturation.  Nucleotide 

or YC-1 was pre-mixed with the protein sample before NO addition.  The trapping 

solution was prepared by bubbling CO gas (10 min) into a freshly prepared dithionite 
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solution (Na2S2O4, 60 mM in buffer).  Denitrosylation was initiated by mixing the 

trapping and protein solutions either in a stopped-flow device at 20 ºC, or in a cuvette at 

room temperature (22 °C), and monitoring the change in absorbance (A424-A413 or A424-

A412).  Rate constants were obtained by fitting the relevant time interval to a single or 

double exponential equation, as appropriate.  For the cuvette data, the first 100 seconds 

were discarded in order to remove the fast phase, which was better estimated in the 

stopped flow experiment. 

 

3.2.3 Kinetics of CO binding and release.  CO binding rates were measured for a series of 

CO concentrations (0.05 - 0.5 mM) in a stopped-flow spectrophotometer by monitoring 

absorbance change (A424-A412) and fitting kobs vs. [CO], which displayed the expected 

linear dependence for a monophasic process.  Protein- and CO-containing solutions were 

prepared as described above.  The second order rate constants reported are for the slope 

and error from the linear fit. 

 CO release rates from msGC-NT-CO were measured by replacing released CO 

with excess NO upon rapid mixing in the stopped-flow device.  One syringe contained 

msGC-NT-CO while the second contained protein buffer saturated with NO from 

DEA/NO (~2 mM NO).  All reactions were performed at 20 °C, and YC-1, where 

included, was pre-mixed with the protein sample.   

 

3.2.4 Flash photolysis of msGC-CO complex.  To make the msGC-NT-CO complex, 

msGC-NT samples were placed in a septum-capped photolysis cuvette and purged with a 
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stream of CO gas over the top of the sample for 20 minutes.  Formation of the CO 

complex was confirmed by UV-visible spectroscopy, with the msGC-NT-CO complex 

displaying a characteristic Soret absorbance at 425 nm in the absence of activator or 423 

nm in the presence of YC-1 or BAY 41-2272.  For experiments using non-saturating CO, 

the CO complex was prepared by one of two procedures: 1) The protein sample was 

purged extensively with a CO/argon mixture regulated through individual gas-flow 

meters to give the desired CO concentration; or 2) the protein sample was mixed with a 

known volume of CO saturated protein buffer to yield the desired CO concentration.  To 

make the msGC-NT-NO complex, protein buffer in a septum-covered cuvette was 

bubbled with argon for 10 min followed by addition of protein and 20-30 min additional 

purging with an argon stream above the solution.  A 5-fold excess of DEA/NO stock 

solution was added to the protein solution followed by a 10 min period to allow for NO 

release.  

Millisecond flash photolysis experiments were carried out with a nitrogen dye laser 

(Photochemical Research Associate) with a pulse width of 0.5 µs, using 2.5 mM BBQ 

(λemission = 386 nm, Photochemical Research Associates, Inc.) in toluene / ethanol (50/50) 

as the dye.  Samples were excited at 386 nm and kinetic transients were recorded, 

digitalized, and averaged on a Tektronix TDS 410A oscilloscope.  Nanosecond flash 

photolysis experiments were conducted using an Edinburgh LP920 laser flash photolysis 

spectrometer, in combination with a Q-switched Continuum Surelite I-10 Nd:YAG laser 

and Continuum Surelite OPO.  Briefly, a 532 nm laser pulse was focused onto the sample 
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cell, and used to trigger the reactions.  The pump energy per pulse was ~1.2 mJ.  The 

samples were kept at 25 °C during the measurements. 

Kinetic data were plotted using SigmaPlot and fitted to single or double exponential 

models with background, as appropriate.  First order rate constants (kobs) are reported as 

the mean and standard deviation of 3 or more measurements, while the second order rate 

constants are from the slope and least squares fitting error of kobs vs. [CO], where kobs is 

the average of 3 or more measurements.  For comparison of spectra from different 

experiments, the data were normalized to the maximum signal after the laser pulse. 

 

3.3 Results 

3.3.1 Histidine-release kinetics revealed by stopped-flow spectroscopy.  The hallmark of 

sGC activation by NO is the release of β1 His 105 from the heme, which leads to 

allosteric stimulation of cyclase activity.  When NO approaches the heme center, it forms 

a 6-coordinate intermediate, followed by histidine release, and eventually a 5-coordinate 

NO complex.  To address the controversial question of whether a second NO molecule is 

involved in histidine release, I examined β1 His 105 release using stopped-flow 

spectroscopy (Figure 3.2, Table 3.1).  The fragment msGC reaction with NO appears to 

follow the same 6-coordinate intermediate mechanism.  The first step of the reaction is so 

fast that barely any unligated protein is seen in the initial spectrum recorded on our 

stopped-flow device.  Instead, the 6-coordinate intermediate, featuring a peak absorbance 

around 420 nm (Figure 3.2 A), dominates after fast mixing of nitric oxide and msGC-NT.  

Decay of the 420 nm peak on the millisecond time scale gives rise to a new peak around 
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400 nm, which is characteristic for the NO-sGC 5-coordinate complex.  Due to the rapid 

formation of the 6-coordinate intermediate, only its decay to the 5-coordinate species was 

considered, modeled as a simple exponential decay.  The change in A420 was fit to a 

single exponential decay with background model by first trimming the data to 10 

millisecond in order to minimize the effect of first step (Figure 3.2.B).  By changing the 

concentration of NO, one would expect to determine if the decay is NO dependent or not.  

When 1 µM msGC-NT1 reacts with NO, a A420 decay rate of ~12 s-1 was observed at a 

variety of NO concentrations.  This value remains unchanged at low NO concentrations 

(2-30 µM), but increases slightly when the NO concentration is raised to 80 µM (Figure 

3.2.C, Table 3.1). 
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Figure 3.2 Kinetics for proximal histidine release examined by stopped-flow 

spectroscopy.  A. Transient spectra after NO-msGC-NT1 mixing.  B. Typical fitting of 

the change in absorbance (420 nm) vs. time (10–1000 ms) using a single exponential 

decay model.  Residuals of the fit are also shown.  C. Plot of the six-coordinate to five-

coordinate conversion rate (k6-5) vs. ln [NO].  A single msGC-NT1 sample (1 µM) was 

used for all measurements. The NO concentration was varied between 2.6 and 80 µM.  

Each value is the average of 3 to 5 measurements. 
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3.3.2 sGC regulators have little effect on histidine release.  sGC regulators YC-1 and 

nucleotides (ATP and GTP) were examined for their effect on histidine release by 

stopped-flow spectroscopy.  None of these compounds alter the intermediate decay rate, 

as the A420 decay rates remain unchanged (~12 sec-1) at moderate NO concentrations in 

presence of regulators (Table 3.1).  Thus, the histidine release kinetics of msGC-NT 

exhibit neither the large NO concentration dependence described for the full-length rat 

protein (k = 2.4 × 105 M-1s-1 (Ballou et al., 2002; Zhao et al., 1999)), nor the sensitivity to 

nucleotide binding described for the full-length bovine protein (Russwurm and Koesling, 

2004).  
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Table 3.1 β1 His 105 release rates for msGC-NT1 upon binding NOa 

Ligandb k6-5, s-1 

– 12.8 ± 0.4 

ATP 11.7 ± 0.8 

GTP 12.3 ± 1.2 

YC-1 14.1 ± 1.8 

aStopped-flow measurement with 0.7 µM msGC-NT1 and 4 µM NO at 10 °C.  Values for 

a single exponential fit of absorbance change (420 nm) between 10–1000 ms.  bLigand 

concentrations: 1 mM ATP, 0.5 mM GTP or 50 µM YC-1. 
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 Interestingly, the amount of initially formed 6-coordinate intermediate varies, 

indicated by differences in the amplitude parameters of the kinetic trace and exponential 

fit, when stoichiometric amounts of NO react with msGC-NT1 (Figure 3.3 A).  Both YC-

1 and GTP slightly facilitate intermediate formation while ATP reduces this process.  As 

a result, the final products of these reactions also differ (Figure 3.3 B).  In presence of 0.5 

mM GTP or 50 µM YC-1, sGC is fully converted to the NO-liganded 5-coordinate 

complex.  In absence of any compound, the reaction yields 50% NO-ligated and 50% 

ligand-free sGC, as a mixture spectrum of the NO-complex and free sGC is observed.  

With 1 mM ATP, eventually there is more unliganded sGC than liganded.  These 

observations suggest that there may be a regulatory function for nucleotides that alters the 

initial binding step.  However, none of the equilibrium binding affinity or other kinetic 

measurements was affected by nucleotides, placing this interpretation into question. 
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Figure 3.3 Nucleotides and YC-1 effect on NO_msGC-NT kinetics.  A. Amplitude 

parameter of A420 single exponential fit against NO concentration.  msGC-NT1 (0.7 µM) 

was mixed with NO of indicated concentration at 4 ºC in a stopped-flow 

spectrophotometer.  B. Transient spectra.  Spectra were recorded at time indicated after 

stoichiometric amount of NO was mixed with msGC-NT1 in the absence or presence of 1 

mM ATP, 0.5 mM GTP or 50 µM YC-1. 
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3.3.3 YC-1 decreases the rate of NO release from msGC-NT.  Denitrosylation of sGC 

(loss of NO) provides regulation of the enzyme and happens rapidly in vivo, but is an 

extremely slow process in vitro.  We examined NO release from msGC-NT1 to further 

investigate the role of small-molecule effectors of the protein and to uncover which 

step(s) in binding and release are altered by YC-1 binding.  YC-1, ATP and GTP have all 

been reported to alter the NO release rates from sGC (Cary et al., 2005; Kharitonov et al., 

1997).  To measure NO release, we mixed excess CO and dithionite with msGC-NT1-NO, 

allowing CO to replace NO while preventing NO rebinding through reaction with 

dithionite.  In similar experiments with full-length rat (Winger et al., 2007) and bovine 

(Kharitonov et al., 1997) sGC, binding of YC-1 or GTP led to an increase in NO release 

rates.  In the experiments with rat sGC, two release phases were detected.  Using msGC-

NT1, we also found multiphasic release rates, but we were unable to capture the fastest of 

these through simple mixing in a cuvette, in contrast to the previously reported studies.  

Therefore we employed both stopped-flow and cuvette-based spectrophotometric 

measures of release.   

 The resulting NO release behavior and associated rate constants are shown in 

Figure 3.4 and Table 3.2.  By itself, msGC-NT1 displayed two prominent phases in 

stopped-flow analysis, a very fast phase with rate constant 0.1 s-1 (56% of the total 

amplitude) and a slower phase with rate constant 0.0066 s-1 (44%).  Analysis in a cuvette, 

after allowing for decay of the fast phase, was best fit with a single exponential, yielding 

a more robust value for the second phase of 0.0015 s-1.  This value is ~5-fold smaller than 

that reported for the first phase of the rat protein (Winger et al., 2007) and ~3-fold larger 
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than that of the single phase reported for the bovine protein (Kharitonov et al., 1997).  

Addition of GTP or ATP had very little effect on msGC-NT1 rate measurements, whereas 

GTP or YC-1 greatly accelerated NO release for the full-length mammalian proteins 

(Cary et al., 2005; Kharitonov et al., 1997).  To our surprise, addition of YC-1 to msGC-

NT1 had a profound effect on NO release: the fast phase was completely eliminated 

leaving only the second phase in place.  This result is clearly shown in plots of the 

absorbance change associated with CO formation; in the stopped-flow experiment, 

msGC-NT1-CO formation was markedly delayed when YC-1 was present (Figure 3.4 A), 

whereas in the cuvette experiment, the amplitude for the absorbance change due to 

msGC-NT1-CO formation was much greater in the presence of YC-1 (Figure 3.4 B), 

since the loss of NO was not diminished by the fast phase, which was not observable in 

the cuvette experiment. 
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Figure 3.4 YC-1 effect on denitrosylation of msGC-NT1-NO.  A. To obtain the faster 

of the two release rates, msGC-NT1-NO (1 µM) was mixed with a CO/dithionite trap in a 

stopped-flow spectrophotometer (20 °C).  Ligand concentrations (final): ATP, 1 mM; 

GTP, 0.5 mM; YC-1, 50 µM.  B. The same reaction was carried out in a cuvette at room 

temperature to obtain the slower release rates. 
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Table 3.2 Rates for NO release from msGC-NT1 

 Stopped-flowb Cuvettec 

 

Liganda 

k1, sec-1 

x 10-3 

a1 

x 10-2 

k2, sec-1 

x 10-3 

a2 

x 10-2 

k2, sec-1 

x 10-3 

a2 

x 10-2 

– 101 ± 8 23 ± 3 6.6 ± 0.8 18 ± 1 1.5 ± 0.03 6.4 ± 0.04

ATP 86 ± 9 22 ± 1 6.8 ± 0.6 20 ± 1 1.3 ± 0.03 7.0 ± 0.04

GTP 33 ± 5 19 ± 3 5.0 ± 1.1 31 ± 1 1.3 ± 0.03 6.3 ± 0.04

YC-1 – – 3.1 ± 0.3 27 ± 6 1.9 ± 0.01 17.9 ± 0.04

aLigand concentrations: ATP, 1 mM; GTP, 0.5 mM; YC-1, 50 µM.  bMeasured by CO 

replacement / NO reduction with dithionite in a stopped-flow spectrophotometer.  The 

data were fitted to a double exponential, k1 and k2 with amplitudes a1 and a2.  Errors are 

from the fitting algorithm.  For experiments including YC-1, only the slower phase was 

observed.  cMeasured by CO replacement / NO reduction with dithionite in a cuvette.  

The data were fit to a single exponential after 100 sec to remove the faster phase.   
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3.3.4 YC-1 decreases rates for CO release from msGC-NT.  We also examined CO 

binding and release to further characterize changes in the protein.  CO release from 

msGC-NT1-CO was measured in a stopped-flow device by replacement with NO, which 

binds more quickly and more tightly to the protein.  CO release was faster than NO 

release; nonetheless, the release rate was decreased dramatically (by ~10-fold) by the 

addition of YC-1 (Table 3.3 and Figure 3.5), much like with NO release (Figure 3.3).  In 

contrast to NO, however, CO had only one detectable release phase (Figure 3.6). 

 CO binding, unlike NO binding, was sufficiently slow for measurement in the 

stopped-flow device.  The rate constants for CO binding were similar in the presence and 

absence of YC-1 (Table 3.3).  The koff/kon ratios were similar to the measured values for 

Kd (Table 2.3, 71 vs. 77 µM in the absence of YC-1, and 8 vs. 2 µM in the presence of 

YC-1), indicating that our analysis strategy was valid.  It should be noted that, for full-

length sGC from bovine lung, Stone and Marletta have reported that YC-1 binding has no 

effect on CO affinity or release rates (Stone and Marletta, 1998), while Kharitinov et al. 

have reported that YC-1 binding causes CO to bind 10-fold more tightly (Kharitonov et 

al., 1999). 
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Table 3.3 Rates for CO binding and release from msGC-NT1 

Ligand koff, s-1 kon, M-1s-1 

– 2.01 ± 0.05a 28,400 ± 700b 

YC-1 0.18 ± 0.01 21,300 ± 400 

a1.5 µM sGC-NT1 in saturated CO ± 50 µM YC-1 and mixed with 1.5 mM NO at 20 °C.  

Values are the mean and standard deviation of 3 to 7 measurements, each obtained from 

fitting a single exponential to ∆A424-412 (4-sec interval).  Similar values were obtained 

with 150 and 15 µM NO.  bFast mixing of CO and sGC in a stopped-flow 

spectrophotometer.  CO concentrations varied from 0.05 mM to 0.5 mM.  Rates are the 

slopes of the linear fit for kobs vs. [CO]. 
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Figure 3.5 YC-1 effect on CO release from msGC-NT1.  In a stopped-flow syringe, 

msGC-NT1 (1.5 µM) was prepared with saturating CO gas, either in the presence or 

absence of 50 µM YC-1.  In a second syringe, a solution containing 15, 150 (shown) or 

1500 µM NO (from DEA/NO) was prepared. Mixing in the stopped-flow 

spectrophotometer (20 °C) allowed for monitoring of CO release by replacement with 

NO.  
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Figure 3.6 kobs versus [CO] for binding to msGC-NT1.  msGC-NT1 (1.5 µM) was 

mixed with CO solution in a stopped-flow spectrophotometer,either in the presence or 

absence 50 µM YC-1.  CO concentrations varied from 0.05 mM to 0.5 mM (after mixing).  

Rates are the slopes of the linear fit for kobs versus [CO].  
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3.3.5 YC-1 promotes CO recombination to heme after laser photolysis.  To obtain 

information at higher time-resolution, we performed flash photolysis experiments on 

msGC-NT in complex with NO or CO.  NO recombination to heme after photolysis 

happens in the picosecond to nanosecond time regime, while CO rebinding is a much 

slower process and readily detected in the devices operating in the nano- to micro-second 

time range.  We examined the transient kinetics of CO rebinding to msGC-NT after 

photolysis in the presence or absence of YC-1 to further study the mechanism behind 

YC-1 induced tighter binding.   

Binding of CO to msGC-NT shifted the Soret UV-visible absorption band maximum 

from 433 nm to 424 nm. Photolysis of CO resulted in initial loss of the A424 band, initial 

appearance of the A435 band, and complete recovery on the milliseconds time scale 

(Figure 3.7). The rate of slow recovery was dependent on the CO concentration (Figure 

3.8), indicating rebinding of escaped CO (from the protein matrix) to the protein. The 

bimolecular rate constant of 42 mM-1 s-1 was obtained for this slow process, a value in 

good agreement with that determined from rapid mixing in a stopped-flow 

spectrophotometer (28 mM-1 s-1) (Table 3.3).  

Addition of YC-1 to the protein led to a 2 nm blue shift in the A424 Soret maximum 

(Figure 3.9) and a loss of photolysis amplitude in the milliseconds time scale (Figure 3.7).  

Possible explanations for the loss of signal amplitude at 424 nm include a change in 

photolytic quantum yield or the appearance of a geminate phase such that the photolyzed 

CO molecule was unable to escape from the heme pocket.  To investigate these 

possibilities, we undertook nanosecond laser photolysis, a time scale typical for CO 
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geminate recombination in heme proteins.  In the absence of an allosteric activator, a 

single phase is observed for recovery of the photolyzed species.  In the presence of YC-1 

(50 µM) or BAY 41-2272 (5 µM), a new, faster phase appears with a characteristic 

lifetime of ~20 ns that behaves as a single phase (Figure 3.10).  The extent of photolysis 

in the presence or absence of YC-1 is similar (i.e. the yield of free FeII upon photolysis is 

similar); however, the faster phase (+YC-1) comprises ~50% of the total amplitude. Both 

YC-1 and BAY 41-2272 gave rise to a fast phase with similar rate constants (Table 3.4).  

Moreover, for both compounds, the measured rate constants are independent of CO 

concentration (Table 3.4), indicating that this fast decay is due to geminate recombination.  

Taken together, these data strongly indicate that YC-1 or BAY 41-2272 induce a change 

in sGC conformation that blocks escape of CO from the distal heme pocket. 
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Figure 3.7 Effect of YC-1 on photolysis of CO from msGC-NT1. Top panel: 

Photolysis by a 386 nm nitrogen dye laser pulse leads to bleaching of the A424 band, 

appearance of the A435 band, and a complete recovery exhibiting a single phase. Bottom 

panel: Addition of YC-1 leads to the loss of signal amplitude (A424) on the milliseconds 

time scale. 
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Figure 3.8 Dependence of kobs on CO concentration for the slower photolysis phase.  

kobs values are from the single-exponential fitting of ∆A424 (average of three or more 

measurements).  Differing CO concentrations were achieved by purging the protein 

solution with a calibrated CO/argon mixture. 
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Figure 3.9 UV-visible spectra of the msGC-NT-CO Soret band in the presence or 

absence of YC-1.  Note the 2 nm shift in the sharpened band in the presence of YC-1.  

BAY 41-2272 (not shown) induces a similar change in the spectrum. 
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Figure 3.10 Nanosecond laser photolysis of CO from msGC-NT. Top panel: 

Photolysis by a 532 nm Nd:YAG laser pulse in the presence of YC-1 or BAY 41-2272 

yields fast and slow phases (red and green lines, monitored at 422 nm); in the absence of 

activator, only a single slow phase is evident (black line, monitored at 424 nm). Bottom 

panel: Single exponential fitting of the faster phase for the YC-1 bound sample. 
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Table 3.4 Rate constants for CO geminate rebinding to msGC-NT 

Compound COa kobs, ns-1×107 

Saturated 5.8 ± 0.8 
YC-1 

10% 6.7 ± 1.2 

Saturated 5.9 ± 0.9 
BAY 41-2272 

10% 7.0 ± 1.0 

a Saturated CO is of ~1 mM; 10% CO is of ~0.1 mM. 
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3.3.6 Recombinant msGC activity is consistent with msGC-NT kinetic data.  Recombinant 

msGC responds to NO, CO, YC-1 and ATP in similar fashions as reported by others for 

mammalian enzymes (Chapter II, section 2.3.6).  Importantly, these effects on full-length 

enzyme are consistent with the fragment protein kinetic data.  For example, synergistic 

affect of YC-1 and CO on enzyme activation could be explained by the fact that YC-1 

prevents CO escaping from the sGC heme pocket and thus maintains the activated 

conformation.  These correlations validate that our results with msGC-NT1 and msGC-

NT2 are applicable to the entire sGC family. 

 

3.4 Discussion 

We performed a series of kinetic measurements using msGC-NT, highly purified 

recombinant fragments obtained from bacterial expression.  Binding of NO leads to a 

transient six-coordinate intermediate, followed by release of the proximal histidine to 

yield a five-coordinate nitrosyl complex with a conversion rate of 12.8 s-1.  The rate is 

insensitive to nucleotides, YC-1, and changes in NO concentration up to ~30 µM.  NO 

release from msGC-NT is biphasic in the absence of YC-1; binding of YC-1 eliminates 

the fast phase but has little effect on the slower phase.  YC-1 has little effect on the CO 

binding rate, but restrains CO from escaping from heme.  YC-1 and BAY 41-2272 both 

apparently promote CO recombination to msGC-NT by inducing a geminate phase.  

Below, we explore the implications of these results. 
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3.4.1 Is binding of a second NO molecule necessary for histidine to release from heme?  

Whether or not there is a second NO molecule involved in sGC activation has been a 

controversial issue in the field.  The Marletta group originally proposed that a second NO 

molecule is involved in the sGC-NO reaction, based on the observation that the sGC 

histidine releases faster at high NO concentration (Zhao et. al., 1999).  In that study, 

stopped-flow experiments were conducted on recombinant rat sGC (from insect cells) at 

4 °C.  The authors monitored changes in A431 to fit three consecutive exponential 

processes.  They concluded that the conversion rate of the 6-coordinate intermediate to 

the 5-coordinate nitrosyl complex is first order in NO concentration and suggested that a 

second binding site for NO resides on sGC.  However, the Garthwaite group reexamined 

the same data and proposed that the second binding of NO is not necessary (Bellamy et 

al., 2002), an argument later refuted by the Marletta group (Ballou et al., 2002). 

Here, we studied msGC-NT1 and NO binding kinetics using the stopped-flow 

technique to test this mechanism.  We made use of A420, the most dominant species 

observed within seconds time frame, and simplified the data processing by trimming the 

first 10 millisecond data to reduce the first phase effect.  We found no significant change 

in histidine release rate at more physiologically relevant and moderate ranges of NO 

concentration (2-30 µM) (Figure 3.2 and Table 3.1).  Thus, we show unambiguously that 

the histidine-bond cleavage rate is independent of NO concentration for msGC-NT. 

However we cannot rule out the existence of a second NO binding site, which leads 

to some change spectrally indistinguishable in sGC and of importance in enzyme 

activation.  Nor can we rule out that the presence of the cyclase domain can influence the 
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cleavage rate.  Recently, the Marletta group (Cary et al., 2005) and others (Russwurm and 

Koesling, 2004) demonstrated the existence of a NO-bound (and histidine released) but 

inactive form of sGC.  The appearance of this inactive form depended on GTP or 

cGMP/PPi being absent.  Furthermore, the canonical view that sGC activation is 

attributed exclusively to histidine-iron bond breakage has been challenged since the 

discovery of CO and YC-1 synergistic effect on sGC, which does not lead to bond 

cleavage (Friebe et al., 1996). 

 

3.4.2 YC-1 binding alters the heme pocket. YC-1 has been discovered as an sGC activator 

since 1994 (Ko et al., 1994; Wu et al., 1995).  However, the mechanism of its activation 

remains unclear.  Our kinetic studies on msGC-NT and its ligand interactions shed some 

light on this important issue.  In the absence of YC-1, NO release from msGC-NT is 

biphasic, whereas in the presence of YC-1, release is monophasic due to loss of the fast 

phase (Table 3.2).  Similarly, CO release from msGC-NT is 10-fold faster in the absence 

of YC-1 than in its presence, but only a single phase is observed (Table 3.3).  YC-1 and 

BAY 41-2272 binding also leads to an ~2-nm blue-shift in the msGC-NT-CO heme Soret 

band (Figure 3.9), as previously reported for the full-length bovine protein (Kharitonov et 

al., 1999), indicating a change in the heme pocket takes place.  Resonance Raman 

spectroscopic studies indicate that YC-1 and related compounds might introduce partial 

formation of a 5-coordinate CO complex in sGC, despite the expected strengthening of 

the bond trend to CO (Makino et al., 2003; Martin et al., 2005).  A Soret band shift on 

binding YC-1 is not observed in the absence of CO or in the presence of NO.  
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Additionally, photolysis of CO from msGC-NT-CO in the presence of YC-1 and BAY 

41-2272, but not in their absence, displays a large geminate recombination phase (Figure 

3.10, Table 3.4), where substantial portion of the photolyzed CO becomes trapped in the 

protein matrix and rapidly recombines with heme rather than escaping into bulk solvent.  

Taken together, these data suggest that YC-1 binding closes the msGC-NT heme pocket 

such that access to solvent is reduced. 

 One of two mechanisms is likely to give rise to a blocked heme pocket.  First, 

direct blockage of the distal pocket by YC-1 would be consistent with the kinetic data 

and has previously been suggested (Sharma et al., 1999), but is inconsistent with the 

limited effects on the heme absorption spectra.  Alternatively, and more likely in our 

view, is an allosteric model wherein YC-1 binding leads to a change in protein 

conformation that closes the distal pocket.  That such a mechanism is possible despite the 

propensity for NO and CO to diffuse away is illustrated by the nitrophorins from the 

kissing bug (Rhodnius prolixus), which are used for NO transport to aid in blood feeding 

(Ribeiro et al., 1993).  Binding of NO to the Rhodinius nitrophorin heme leads to 

desolvation of the distal pocket, in part due to the hydrophobic nature of the NO molecule, 

and to a large change in loop conformation (Weichsel et al., 2000), which hinders escape 

of NO from the heme (Maes et al., 2004).  Blockage of NO escape is accomplished 

through a balance between the rates for Fe-NO bond breakage, distal pocket opening and 

geminate recombination with the heme iron (Kondrashov and Montfort, 2007). 
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3.4.3 Relation to full-length mammalian sGC.  It has been demonstrated that NO 

stimulation of mammalian sGC is increased in the presence of GTP (Cary et al., 2005) or 

Mg2+/cGMP/PPi (Russwurm and Koesling, 2004), presumably through conformational 

linkage of the cyclase and H-NOX domains.  Additionally, the Marletta group (Cary et al., 

2005) and Sharma and co-workers (Kharitonov et al., 1997) have reported that the off 

rates for NO increase in the presence of GTP.  In msGC-NT, however, we saw no such 

effect with GTP (Table 3.2) or cGMP (not shown), indicating functional binding for these 

ligands most likely occurs in the cyclase domain. 

 Curiously, the opposite effect of YC-1 binding on NO release was recently 

reported by the Marletta group for the full-length rat protein (Winger et al., 2007).  In that 

study, two phases were also described for NO release, but YC-1, like GTP, increased the 

proportion of the faster phase and, to a lesser extent, increased the rate constants 

themselves.  The authors proposed a model quite similar to the one we propose above, 

but opposite in direction: they suggested that GTP and YC-1 bind to the equivalent site in 

the catalytic domain, leading to an open conformation with faster release kinetics.  In our 

hands, YC-1 binding to msGC-NT at concentrations similar to those needed for 

activation of the full-length protein drastically lowered release rates for both NO and CO, 

and increased CO affinity for the protein.  The Koesling group, by monitoring cGMP 

production in the presence of an NO scavenger, has also inferred decreased NO off rates 

for full-length bovine-lung sGC when bound to YC-1 (Friebe and Koesling, 1998; 

Russwurm et al., 2002), and Kharitinov et al. have reported that CO binds 10-fold more 

tightly to YC-1-ligated bovine lung sGC (Kharitonov et al., 1999), much as we found for 
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msGC-NT.  In contrast, an earlier report by Stone and Marletta indicated that YC-1 had 

no effect on CO affinity or release rates for full-length bovine lung sGC (Stone and 

Marletta, 1998).   

 The reasons for these discrepancies are not yet clear but may have to do with 

differences in conformational change between the full-length and truncated proteins, 

complications due to a five-coordinate, low-output nitrosyl sGC (Cary et al., 2005; 

Russwurm and Koesling, 2004), difficulties in working with the notoriously unstable 

sGC protein, and/or species-specific differences.  Alternatively, perhaps a faster, as-yet-

undetected phase occurs in the full-length protein that would account for the differences, 

or perhaps there is an additional YC-1 binding site in the cyclase domain.  That a cyclase-

domain YC-1 binding site exists is suggested by mutations to the catalytic domain that 

alter the response to the ligand (Lamothe et al., 2004; Russwurm et al., 2002).  Studies to 

address this issue are underway in our laboratory. 

 

3.4.4 How does CO stimulate sGC in the presence of YC-1?  The standard view of sGC 

stimulation holds that NO binding to heme induces release of β1 His 105, initiating a 

conformational change that propagates through the protein to the cyclase domain, and 

thus stimulating cyclase activity.  The fact that CO in the presence of YC-1 can stimulate 

sGC nearly as well as NO (Denninger et al., 2000; Friebe et al., 1996) indicates that His 

105 release is not necessarily required for stimulation.  How, then, does CO stimulate the 

protein?  One possibility is that CO or NO binding leads to a rearrangement in the distal 
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pocket that permits a larger conformational change to take place, possibly through a 

change in the distal pocket electrostatic properties on binding the apolar ligands.  A 

similar mechanism is employed by the Rhodnius nitrophorins (Maes et al., 2005; 

Weichsel et al., 2000).  There could be an equilibrium between inactive/opened and 

active/closed states, which is conferred by diatomic ligand binding.  Presence of YC-1 

and other related compounds shift the equilibrium toward the closed conformation, 

revealed by ligand release rates (Figure 3.4 and 3.5, Table 3.2 and 3.3) and CO phytolysis 

studies (Figure 3.7 and 3.10), thus activating the enzyme (Chapter II, section 2.3.6). 
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CHAPTER IV 

DOES S-NITROSYLATION ACTIVATE SGC? ––– STUDIES ON RECOMBINANT 
SGC FROM EUKARYOTIC CELLS AND BACTERIA 

 
Overview: We developed a cultured human fibrosarcoma cell line, which contains 

transfected human sGC genes with controlled iNOS expression, to study sGC function 

and regulation.  Using recombinant hsGC isolated from mammalian cell and msGC from 

bacteria, I investigated enzyme activation by GSNO and explored the potential role of S-

nitrosylation in sGC function. 

 

4.1 Introduction 

4.1.1 Small molecule S-nitrosothiols as sGC activators 

As NO plays versatile roles in a variety of biological process, it has many potential 

uses as a therapeutic agent.  Inhalation of NO is beneficial to patients with respiratory 

(Matsumoto et al., 1999) and cardiovascular (Carrier et al., 1999) dysfunction.  In clinical 

practice, high dosage or prolonged exposure of NO lead to accumulation of nitrite, which 

can be toxic at high concentrations and limits its application (Hayward et al., 1999).  For 

more than a century, people have used glycerol trinitrate and other organic nitrates, which 

can generate NO in vivo through the aldehyde dehydrogenase pathway in mitochondria 

(Chen et al., 2005), to treat coronary artery disease and congestive heart failure.  

However, use of organic nitrates is limited by the development of tolerance to these 

compounds in patients during sustained therapy, the mechanism for which is also not 

well-understood (Gori and Parker, 2002), but is probably through down-regulation of 

aldehyde dehyrogenase.  Sodium nitroprusside, another NO releasing compound used as 
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an arterial and venous vasodilator, also releases inherently toxic cyanide ions.  Thus, 

there is considerable interest in the development of new NO donating compounds.  The 

diazeniumdiolates (NONOates) are potentially useful synthesized compounds that 

generate NO spontaneously in a pH-dependent manner (Keefer et al., 1996).  Although 

diazeniumdiolates have been used extensively in studies in vitro, their properties and 

effect in vivo are still awaiting in-depth investigation. 

The S-nitrosothiol (RSNO) is a class of NO donors that contain a single chemical 

bond between a thiol group (R-SH) and the NO moiety.  The endogenous nature of S-

nitrosothiols, found in some tissues at a concentration as high as 250 nM (Bryan et al., 

2004), suggests that they are unlikely to cause significant cytotoxicity at 

pharmacologically relevant concentrations.  It has been demonstrated that S-nitrosothiol 

does not induce tolerance in animals when treated with therapeutic doses and remain 

effective in glyceryltrinitrate-tolerant organs (Miller et al., 2000).  Thus, S-nitrosothiols 

may be potential alternatives to organic nitrates as NO donors. 

One of the main obstacles encountered in the use of RSNOs is their unpredictable 

rate of decomposition, which can occur due to multiple factors, such as in the presence of 

light (Sexton et al., 1994), transition metal ions (Singh et al., 1996a), thiols (Arnelle and 

Stamler, 1995) and other redox agents.  Circulating levels of ascorbic acid (vitamin C) 

and glutathione (GSH) could be a major factor in the bioactivity of RSNOs in vivo (Xu et 

al., 2000).  It has been shown that S-nitrosothiols can be decomposed to give NO in vitro 

by protein enzymes such as glutathione peroxidase (Freedman et al., 1995), gamma-

glutamyl transpeptidase (Hogg et al., 1997), xanthine oxidase (Trujillo et al., 1998) and 
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superoxide dismutase (Jourd'heuil et al., 1999).  A clear understanding of how NO is 

released from S-nitrosothiols in vivo, together with another basic question about how 

RSNO is formed, is still missing.  A one electron oxidation is needed to make S-

nitrosothiol from NO and thiols: 

RSH + NO  RSNO + H+ + 1e- 

Glutathione (GSH) is a cytosolic tripeptide (γ-glu-cys-gly) found in most cells at 

high concentrations (mM level) and plays a critical role in maintaining a reducing 

cytosolic environment and protecting the cell from oxidative damage.  As the most 

abundant cysteine containing peptide, it is reasonable to assume that much of the RSNO 

in the cell exists in the form of glutathione S-NO (GSNO).  A conserved glutathione-

dependent formaldehyde dehydrogenase, also called GSNO reductatse (GSNOR), 

catalyzes the NADH-dependent reduction of GSNO (Liu et al., 2001).  This GSNO 

metabolic pathway might represent a controlled RSNO signal governed by GSNOR to 

regulate function in specific organs, such as the respiratory airway (Que et al., 2005).  

RSNOs can participate in transnitrosation reactions, in which exchange of the NO 

group takes place between different thiol groups: 

RSNO + R′SH  RSH + R′SNO 

This reaction can be of biological importance when a protein thiol (cysteine) is involved.  

It has been shown to affect the function of thiol-containing proteins involved in variety of 

biological events (see also Section 4.1.2).  

 

4.1.2 Regulation of protein function by S-nitrosylation 
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While soluble guanylate cyclase is the most-well defined receptor of nitric oxide, S-

nitrosylation is increasingly appreciated as an sGC-independent means for NO signaling 

in biology (Stamler et al., 2001).  S-nitrosylation has been shown to influence the 

function of numerous proteins and thus lead to various subsequent cellular events.  For 

example, S-nitrosylation of cysteine 69 has been implicated in thioredoxin redox and 

anti-apoptotic functions in endothelial cells (Haendeler et al., 2002).  Cys118 is a critical 

site of redox regulation of p21ras, and S-nitrosylation of the residue triggers guanine 

nucleotide exchange and downstream signaling (Lander et al., 1997).  Decreased caspase-

3 S-nitrosylation was associated with an increase in intracellular caspase activity 

(Mannick et al., 1999).  S-nitrosylation of cysteine 121 in methionine adenosyltransferase 

inactivates the enzyme and its function can be restored by denitrosylation (Perez-Mato et 

al., 1999).  Glyceraldehyde-3-phosphate dehydrogenase S-nitrosylation triggers its 

binding to a ubiquitin ligase and leads to cell apoptosis (Hara et al., 2005). 

Advances in the detection methodology of protein S-nitrosylation, especially a 

combination of the immunological biotin-switch assay (Jaffrey and Snyder, 2001) and 

proteomic identification (Hao et al., 2006), are leading to the identification of many 

additional S-nitrosylation targets in the cell.  However, the functional consequences of 

most of these remain to be elucidated.  Furthermore, a study of S-nitrosylated human 

thioredoxin revealed buried Cys 62 to be the most stably modified, which was not 

detected by current analytic methods but rather only through X-ray crystallography 

(Weichsel et al., 2007). 
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There are numerous free cysteines existing in sGC, most of them without explicit 

functional roles.  Previous studies have shown that several conserved cysteine residues 

(Cys 78 and Cys 214 of the bovine sGC β1 subunit) are critical for enzyme function 

(Ignarro et al., 1980) and maintaining protein integrity (Friebe et al., 1997).  Recent 

evidence suggested that α1 Cys 243 and β1 Cys 122 of human sGC can be S-nitrosylated 

and this modification is related to decreased responsiveness to NO in the enzyme (Sayed 

et al., 2007).  The mechanism of this regulation is not clear.  Here, I present data 

suggesting the opposite may be true, that S-nitrosylation can stimulate sGC. 

 

4.2 Material and Methods 

4.2.1 Plasmid, strain, cell line and reagent.  PCR primers were order from Midland 

Certified Reagent Company (Midland, Texas).  The human sGC α1 gene was amplified 

from ATCC clone #6792160 (IMAGE ID 4792661).  Plasmid pSTBlue1-Huβ1 bearing 

human sGC β1 subunits was a gift from Dr. Alan Nighorn.  E. coli strain DH5α was used 

as the cloning host.  Anti-Flag and anti-biotin antibodies were from Sigma.  Anti-Myc 

antibody was from Santa Cruz Biotech.  Human sGC was also detected by anti-sGC α1, 

anti-sGC β1 antibodies (Cayman Chemical).  The HT-iNOS cell line was derived from 

HT-1080 cell after stably-transfecting in the iNOS gene under rigid control of Tet 

repressor (Kunz S., Miesfeld R. and Montfort W.R., unpublished).  Mammalian 

expression pCMV serial vectors were purchased from Stratagene.  Transfecting reagent 

LipoFect was from Invitrogen.  Antibiotics hygromycin was purchased from Calbiochem, 

and neomycin from Sigma.  DEA/NO and DETA-NO were obtained from Dr. Katrina 



 116

Miranda.  GSNO and S-nitrosylated human thioredoxin (hTrx-SNO) was synthesized and 

purified as previously reported (Weichsel et al., 2007).  All other chemicals were 

obtained from Sigma unless otherwise described. 

 

4.2.2 Establishing human fibrosarcoma cell lines for hsGC expression.  Human sGC α1 

was amplified using primers 5'-ctcagtctcgagatctattcctgatgc-3' and 5'-

cagtcaggatccgatgttctgcacgaagc-3' and cloned into pCMV-3Tag-9 at BamHI and XhoI 

sites.  A 3×c-Myc tag was fused to the C-terminal of the sGC α1 subunit.  Human sGC 

β1 was amplified using primers 5'-gcactcgaggtcatcatcctgctttg-3' and 5'-

cactgtgagctcatgtacggatttgtg-3' and cloned into pCMV-3Tag-3 at SacI and XhoI sites.  A 

3×FLAG tag was fused to the C-terminal of the sGC β1 subunit.  Constructs were 

verified by DNA sequencing, then purified using the EndoFree Plasmid Maxi Kit 

(QIAGEN).  Both constructs were transferred into HT-iNOS cell (undertaken by Susan 

Kunz, Miesfeld lab).  For transient transfection, the total amount of DNA (for 10 cm 

plate) was 1.0 µg each of human sGC-α1 or sGC-β1 with pCMV vector alone as the 

control.  For stably transfected clones, cells were continuously culture under antibiotic 

selection for 2 months with 6 passages.  Presence of sGC subunits was confirmed by 

western blotting detection and a cGMP activity assay (see Section 4.2.4). 

 

4.2.3 Immunoprecipitation of hsGC from HT-1080 cell lysate.  In a typical experiment, 

sGC α1 and β1 transfected HT-iNOS cell grown on a 10-cm plate were harvested 48 

hours after splitting.  Cells were detached from the plate by trypsin-EDTA treatment and 
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centrifuged at 4 ºC (1,000×g) for 5 min to pellet.  Residual medium was removed by an 

extra wash of the pellet with 10 ml cold PBS buffer.  Cell was flash-frozen at –80 ºC for 

long-term storage or intermediately lysated for analysis. 

Cell pellets were re-suspended in 1 ml lysis buffer (50 mM Tris·HCl, pH 8.0, 150 

mM NaCl, 2 mM EDTA, 1 mM PMSF, 10 µl protease inhibitor cocktail).  Cells were 

then disrupted by sonication at 4 ºC, using 6×5 s pulses, each followed by 60 s pause.  

Cell debris was removed by centrifuge at 16,000×g for 20 min.  Clear supernatant was 

then mixed with 40 µl Ezview red ANTI-FLAG-M2 affinity gel (Sigma) and kept 

rotating at 4 ºC for 3-4 hours.  sGC bound beads were spun down by centrifugation for 1 

min 8,200×g at 4 ºC and followed by 4 washes with 1 ml TBS buffer (50 mM Tris·HCl, 

pH 8.0, 150 mM NaCl).  The beads were finally resuspended in 1 ml TBS buffer.  Assays 

for sGC activity were carried out directly on the beads.  The presence of sGC was 

conformed by western blotting. 

 

4.2.4 Activity assays of hsGC and msGC.  To measure the cyclase activity of recombinant 

msGC, either cell lysate or elution fractions from the first cobalt affinity column were 

directly used.  In a typical assay, 10 µl reaction buffer (0.5 M Hepes, pH 7.5, 30 mM GTP, 

60 mM MgCl2, 20 mM DTT) was added to 90 µl protein sample.  Mixture was incubated 

at room temperature for 10 minutes before the reaction was quenched by addition of cold 

200 µl of 250 mM zinc acetate and 200 µl of 250 mM sodium carbonate.  The resulting 

cGMP concentration was determined using cGMP Enzyme Immunoassay (EIA) kits 

(Cayman Chemicals).  To determine NO-activated enzyme activity, protein samples were 
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pre-mixed with DEA/NO at 4 °C for 10 min prior to initiating catalysis through addition 

of reaction buffer.  For GSNO and gaseous NO activation, aliquots of GSNO or NO 

solution were added just before reaction buffer addition.  GSNO stock solution was 

prepared by dissolving GSNO powder in water with 50 µM neocuproine and stored away 

from direct light.  Concentration of GSNO was determined with Griess/Saville assay 

(Saville, 1958; Weichsel et al., 2007).  NO solutions were made from DEA/NO in 

anaerobic water (bubbling with argon for 10 min).  DEA/NO stock solutions were 

prepared fresh in 10 mM NaOH and quantified by its UV absorbance using extinction 

coefficient ε250 of 8000 M-1cm-1, which is adjusted to account for incomplete NO release 

(Maragos et al., 1991).  Complete degradation of one DEA/NO molecule was therefore 

assumed to release two molecules of NO.  Total protein concentration of the samples was 

determined by the BCA assay (Pierce, Rockford, IL). 

cGMP production in hsGC-transfected HT-1080 cells was measured using a EIA 

assay kit (Cayman Chemical) per manufacture’s instruction.  To measure 

immunoprecipitated (IP) human sGC activity, aliquots of beads from same IP sample 

were assayed to insure equal amounts of protein.  Where included, myoglobin was first 

mixed with the protein sample on ice.  Enzymatic reactions were carried out at 37 °C.  

Myoglobin samples are quantified using UV-vis absorbance (metMb, ε408nm = 188 mM-1).  

Oxymyoglobin was made from commercial heart metmyoglobin by first reducing with 10 

folds excessive sodium dithionite, followed by removal of extra dithionite by passing the 

sample through a G-25 gel filtration column.   
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4.2.5 Quantifying S-nitrosylation of sGC with the Griess/Saville assay.  To form S-

nitrosylated sGC, msGC-NT1 was incubated with 5-10 fold excess GSNO or hTrx-SNO 

for 30 min in the dark at 4 °C.  Excess free SNOs were then removed through buffer 

exchange by concentrating the sample using centrifugation in a Centricon YM-100 

device (Millipore).  Permeate and retentate of each step were saved for Griess/Saville 

measurement (Saville, 1958; Weichsel et al., 2007).  The difference in SNO content 

between the last permeate and retentate was considered as SNO formed on sGC.  

Retentate, which contained sGC, was also the material for biotin-switch detection (see 

next section). 

 

4.2.6 Biotin-switch to detect S-nitrosylation of purified msGC or hsGC from crude cell 

lysate.  The biotin-switch assay was performed as described (Jaffrey and Snyder, 2001) 

with modifications as follows.  After addition of SDS (1%), purified msGC-NT1 protein 

were incubated at 37 °C for 45 min. To remove NEM, proteins were precipitated with 2 

volumes (of protein mixture) of pre-chilled acetone, incubated at −20 °C for no less than 

30 min, and centrifuged at 14000×g for 20 min (4 °C).  Protein pellets were washed twice 

with acetone to remove traces of NEM, resuspended in 175 µl HENS buffer (250 mM 

Hepes, pH 7.7, 1 mM DTPA, 100 µM neocuproine, 1% SDS), 25 µl sodium ascorbate (1 

M) and incubated in a 37 °C water bath for 10 min.  50 µl of 4 mM biotin-HPDP (Pierce) 

was then added to the protein solution and kept in the 37 °C water bath for another 10 

min.  After incubation, proteins were precipitated and washed with pre-chilled acetone.  

Protein pellets were re-suspended in HEN buffer with non-reducing protein loading 
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buffer.  Biotin labeled protein was resolved on SDS-PAGE gel and visualized with an 

anti-biotin monoclonal antibody. 

To detect human sGC nitrosation in vivo, HT-1080 cells stably transfected with 

iNOS was transiently transfected with hsGC α1 and β1 subunits.  iNOS expression, 

under tight control of a Tet repressor, was induced by doxycycline (20 nM).  Cells were 

harvested 24 hours after treatment.  The methylation reaction was carried out during cell 

lysis, followed by immunoprecipitation as described above but in the presence of 20 mM 

NEM, to ensure all free thiol groups were blocked.  The immuno-precipitated sGC 

complex was eluted with 0.1 M glycine-HCl, pH 3.5 and immediately neutralized with 1 

M Tris·HCl (pH 8.0).  Samples were then precipitated by acetone and the reduction and 

biotin labeling steps were performed as described above. 

 

4.2.7 Kinetics of sGC heme nitrosylation by GSNO.  msGC-NT was used for 

spectroscopic studies of sGC heme nitrosylation resulting from GSNO.  Kinetic reactions 

were performed on a Cary Bio50 spectrophotometer at room temperature to investigate 

the mechanism of NO release from GSNO. GSNO was made fresh in water with 50 µM 

neocuproine and kept on ice, foiled.  Concentration of GSNO was determined by 

Griess/Saville assay just before each experiment.  In a typical reaction, a known amount 

of msGC-NT was diluted directly into a cuvette containing protein buffer (50 mM 

KH2PO3/K2HPO3, pH 7.4, 100 mM KCl, 5% glycerol containing 50 µM neocuproine), 

either aerobically or made anaerobic through bubbling with argongas for 10 min in the 

septum-covvered cuvette.  Difference spectra were measured each minute after GSNO 
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was injected into the protein buffer (generally 5 µl into 1 ml).  Spectral change was 

monitored between 350-600 nm for minutes to hours, depending on the reaction 

conditions.  The reaction progress was monitored through A397 - A435. 

 

4.2.8 Establishing insect/baculovirus expression for msGC.  (This work was finished with 

the help from Jacquie Brailey and Dr. Scott Massey) Primers (forward primer, 5'-

tctagaatgagcgcttggagccacccgcagttcgaaaaaatgacgtgtccattccg-3'; reverse primer, 5'-

aagcttctaagttggttcttctgtgtccacatcag-'3) were designed for cloning the msGC α1 subunit 

into baculovirus/insect expression vector pBlueBac4.5 (Invitrogen) using the XbaI and 

HindIII restriction sites.  A Strep II tag (SAWSHPQFEK) encoding sequence was fused 

to the 5’-terminus of the gene.  The β1 subunit of msGC was cut out of pET-17b-Manb1 

and cloned into the pBlueBac4.5 vector using the PstI and HindIII sites.  Both plasmids 

were verified by DNA sequencing before transfection. 

The recombinant plasmid and a linearized pBlueBac4.5 vector were co-transfected 

into insect Spodoptera frugiperda (Sf9) cells line.  A plaque-assay was performed to 

isolate clones containing only the desired msGC genes whose presence and purity were 

visualized by PCR using a vector primer and an internal gene primer.  Isolated viruses 

with desired genes were then used to infect additional insect cells, amplifying the 

quantity and titer of viral stocks.  

For expression, Sf9 cells were cultured in minimal essential media supplemented 

with 10% (vol/vol) fetal calf serum, 1% (vol/vol) Pluronic 68, and 50 µM ampicillin at 

28 °C.  Cultures with a density of 2 million cell/ml were co-transfected with virus at a 
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multiplicity of infection (MOI) of 2-5.  To generate recombinant sGC enzymes, Sf9 cells 

were co-transfected with msGC α1- and β1-expressing viruses.  Cells were cultured for 

48-72 hour to allow for protein expression before harvesting. 

 

4.3 Results 

4.3.1 Establishing an HT-1080 cell line for hsGC expression.  A system for human sGC 

overexpression was established in human fibrosarcoma cell line HT-1080, through stable 

or transient transfection of both hsGC α1 and β1 genes.  The expression vectors were 

constructed to contain c-Myc and FLAG purification tags on the C-terminus of α1 and β1 

subunits, respectively. 

In the resultant cell lines, expression of both subunits was detected using anti-FLAG, 

c-Myc and sGC antibodies (Figure 4.1).  The presence of functional sGC protein was 

further confirmed using an enzyme immunoassay (EIA) on crude cell lysates, which 

displayed hundred-fold stimulation in response to both doxycycline induction and 

DEA/NO treatment (Figure 4.2).  There is no detectable cGMP production in the HT-

iNOS mother cell (Figure 4.2) even in the presence of doxycycline or DEA/NO, 

indicating complete lack of endogenous guanylate cyclase activity and successful 

transfection of the exogenous genes.  However, NO-induced cGMP production is 

detected when the cell is transfected with hsGC α1 subunit, but not β1 subunit, which 

suggests that there is functional hsGC β1 subunit in HT-1080 cells.  Unexpectedly, there 

is a prominent band of appropriate size probed by sGC α1 antibody (Figure 4.1), 
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indicating there might be a high level of non-functional sGC α1 expressed in the HT-

1080 cell.   
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Figure 4.1 Detection of hsGC expression in HT-1080 cells. Western blots showing the 

expression of FLAG-hsGCβ1, MYC-hsGCα1 and endogenous sGCα1-like protein in 

transfected and mother HT-1080 cell lines. (Susan Kunz and Dr. Roger Miesfeld 

prepared the figure) 

 



 125

 

Figure 4.2 HT-iNOS cells are functionally deficient in sGC activity. cGMP assays 

were performed on crude cell lysate of sGC transiently transfected cells.  (Jacquie Brailey 

and Dr. Roger Miesfeld prepared the figure) 
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4.3.2 Stimulation of sGC by NO and GSNO.   In order to characterize recombinant hsGC 

expressed in HT-1080 cells, I isolated the enzyme using a 3×FLAG tag fused to the β1-

subunit C-terminus.  Both hsGC α1 and β1 subunit are retained on the beads bearing 

anti-FLAG antibody, as shown by western blot (Figure 4.3).  However, only the β1 

subunit can be efficiently eluted off the beads by FLAG peptide or glycine-HCl, pH 3.5.  

Therefore, the activity assay of the enzyme was performed with the protein still attached 

to the beads.  Interestingly, there are two distinct bands detected by both c-Myc and sGC 

α1 antibody (Figure 4.3).  Both bands recognized by the c-Myc antibody bind to beads, 

while only one of bands recognized by the α1 antibody binds, suggesting that variant 

versions of the hsGC α subunit may exist. 
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Figure 4.3 Isolation of hsGC from transfected HT-1080 by immunoprecipitation.  

Samples were resolved on 10% SDS-PAGE and visualized with antibodies as labeled.  

Note that only β1 subunit was eluted off beads by FLAG peptides. 



 128

 Immunoprecipitated hsGC, while still bound to the beads, is responsive to both 

NO and GSNO, exhibiting a 10-20 fold increase in cGMP production, according to the 

EIA assay (Figure 4.4).  Stimulation by GSNO is partially resistant to NO scavenging by 

myoglobin or carboxyl-PTIO (not shown).  In the presence of metmyoglobin and DTT (2 

mM, from reaction buffer), NO activation drops by more than 80%, while GSNO 

activation drops by less than 20%.  The CuI specific chelator neocuproine has no 

inhibitory effect on sGC activation by GSNO or hTrx-SNO (Figure 4.5), suggesting a 

mechanism for NO release or NO-independent activation by RSNO that is not through 

trace-metal involved reduction. 
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Figure 4.4 GSNO activation of hsGC resists myoglobin scavenging of NO.  Activity 

assay was performed on immunoprecipitated human sGC in the presence of DEA/NO, 

GSNO and/or myoglobin.  An aliquot of protein-bound beads was used in each 

experiment.  Reactions were carried out under aerobic conditions for 10 minutes at 37 °C.  

The EIA assay was performed in triplicate and the error bars indicated the range of values. 
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Figure 4.5 Neocuproine effect on hsGC activation by DEA/NO, GSNO and hTrx-

SNO.  Activity assay was performed on immunoprecipitated human sGC in the presence 

of 25 µM DEA/NO, 50 µM GSNO or 50 µM hTrx-SNO, ± 100 µM neocuproine.  

Aliquot of protein-bound bead was used in each experiment.  Reactions were carried out 

under aerobic conditions for 10 minutes at 37 °C.  The EIA assay was performed in 

triplicate and the error bars indicated the range of values. 
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Interestingly, HT-sGC cell lysate has higher guanylate cyclase basal activity than the 

immunoprecipitated enzyme (data not shown).  This suggests that there might be protein 

partners or small molecule activators involved in sGC function in vivo. 

GSNO can stimulate partially purified recombinant msGC (from E. coli) as 

efficiently as gaseous NO, according to the EIA assay (Figure 4.6).  Their activations are 

inhibited or augmented by ATP or YC-1 in similar fashions.  When msGC is partially 

activated by a low concentration of NO, addition of extra NO increases the activity, as 

expected.  However, addition of extra GSNO does not increase the ezyme activity, 

indicating that distinct mechanisms might be involved.  To explore this, I recorded 

absorbance spectra simultaneously with cGMP production in msGC-GTP mixture in the 

presence of NO or GSNO (Figure 4.7).  Over a time period of 30 minutes, as expected, 

similar cGMP accumulation profiles were seen in reactions with NO or GSNO.  However, 

they are spectrally distinct.  Formation of 400 nm Soret peak, indicating 5-coordinate 

nitrosyl heme, is seen intermediately upon addition of NO, but not with GSNO, where a 

diminished broader peak appears at ~425 nm.  These observations suggest that formation 

of a 5-coordinate heme-nitrosyl complex is not necessary for GSNO (or other RSNO) to 

activate sGC.  Exactly what this species is, however, is not yet clear. 
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Figure 4.6 Activation of Manduca sGC by GSNO, DEA/NO, YC-1 or ATP.  Activity 

assay was performed on partially purified msGC (~1 µM per heme Soret) in presence of 

chemicals at concentrations as those indicated in the chart.  An aliquot of protein sample 

was used in each experiment.  ATP and YC-1 concentrations were 1 mM and 50 µM 

repectively.  Reactions were carried out under aerobic conditions for 10 minutes at room 

temperature.  Each assay was performed in duplicate and the error bars indicated the 

range of values. 
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Figure 4.7 Correlation of Manduca sGC activation to its spectral change caused by 

NO and GSNO. Partially purified msGC (~1 µM) was activated by 3 µM NO or 3 µM 

GSNO.  A. Accumulation of cGMP.  Each data point was measured in duplicate.   B. 

Simultaneous record of temporal change in sGC spectra. 
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4.3.3 msGC-NT1 heme nitrosation by GSNO.  GSNO can act as an NO donor, leading to 

nitrosation of the sGC heme iron and enzyme activation.  However, spontaneous release, 

which requires one electron reduction, is slow.  A kinetic study of heme nitrosation by 

GSNO is therefore of fundamental interest for undersatnding the mechanism for sGC 

activation by GSNO.  Availability of large amounts of purified msGC-NT with high 

sensitivity to NO makes it a powerful tool for monitoring trace amounts of NO release 

from GSNO.  I measured NO complex formation on msGC-NT1 in the presence of 

GSNO under a variety of conditions to investigate this topic. 

GSNO can nitrosate msGC-NT1 heme under anaerobic conditions, indicated by a 

Soret band shift from 432 nm to 400 nm (Figure 4.8).  In a parallel control experiment 

(not shown), GSNO failed to nitrosate nitrophorin-4, a well characterized NO carrier in 

our laboratory.  There observations indicate that heme nitrosation is not likely caused by 

slow spontaneous release of NO from GSNO.  The reaction was then carried out in the 

presence of NO-scavenger C-PTIO.  As expected, C-PTIO, whose reaction with NO is 

slower (Goldstein et al., 2003) than that of sGC, did not change the reaction rate (Figure 

4.10).  I also studied the heme nitrosation process in the presence of YC-1 or nucleotides.  

Interestingly, both YC-1 and GTP seem to accelerate the process while ATP has little 

effect on it (Figure 4.11), suggesting an intramolecular mechanism might be involved.  

On the other hand, the CuI-specific chelator neocuproine, which is included in the buffer, 

failed to stop GSNO-induced sGC heme nitrosation, indicating that the release is unlikely 

to be caused by trace amounts of transition metals.  When carried out in the presence of 

oxygen, which can assist in GSNO reduction, the reaction appears to speed up (Figure 
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4.9).  GSH can also accelerate the reaction.  Taken together, these observations suggest 

that GSNO likely reacts with sulfhydryl group(s) in sGC to generate NO for heme, with 

superoxide (dereived from oxygen) or some other reducing agent participating in one 

electron reduction.  Further experiments are needed to confirm these preliminary results. 
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Figure 4.8 Spectral demonstration of heme-nitrosation of msGC-NT1 by GSNO.   

msGC-NT1 (~2 µM) was mixed with 10 µM GSNO under anaerobic condition while 

recording the spectrum over an 1-hour period at room temperature.  The protein buffer 

contained 50 mM potassium phosphate, pH 7.4, 100 mM KCl, 5% glycerol and 50 mM 

neocuproine.  Note the Soret peak shift from 432 nm to 400 nm. 
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Figure 4.9 Oxygen effects on heme-nitrosation of msGC-NT1 by GSNO.  msGC-NT1 

(~2 µM) was mixed with 20 µM GSNO under anaerobic or aerobic conditions at room 

temperature.  The protein buffer contained 50 mM potassium phosphate, pH 7.4, 100 mM 

KCl, 5% glycerol and 50 mM neocuproine.  Spectral difference (A397-A435) was plotted 

against time, using the starting spectrum as reference (zero). 
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Figure 4.10 C-PTIO effect on heme-nitrosation of msGC-NT1 by GSNO.  msGC-

NT1 (2 µM) was mixed with 20 µM GSNO under aerobic conditions in the presence of 

various amount of C-PTIO at room temperature.  The protein buffer contained 50 mM 

potassium phosphate, pH 7.4, 100 mM KCl, 5% glycerol and 50 mM neocuproine.  

Spectral difference (A397-A435) was plotted against time, using the starting spectrum as 

reference (zero).  
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Figure 4.11 YC-1 and nucleotide effects on heme-nitrosation of msGC-NT1 by 

GSNO.  msGC-NT1 (~2 µM) was mixed with 20 µM GSNO under aerobic conditions in 

the presence of 1 mM ATP, 0.5 mM GTP or 50 µM YC-1 at room temperature.  The 

protein buffer contained 50 mM potassium phosphate, pH 7.4, 100 mM KCl, 5% glycerol 

and 50 mM neocuproine.  Spectral difference (A397-A435) was plotted against time, using 

the starting spectrum as reference (zero). 
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4.3.4 Detection of S-nitrosylation of sGC.  As there are numerous free cysteines in sGC 

that could be involved in GSNO reactions, I asked if sGC can be S-nitrosylated.  After 

msGC-NT1 is incubated with 5-10 fold excess of GSNO or hTrx-SNO, quanitities of 

high molecular weight RSNO are detected by the Griess/Saville assay on material 

retained in a centrifugal filtration device with a 100 KDa molecular weight cutoff.  There 

is approximately 1 molecule of SNO detected with every msGC-NT1 molecule (Table 

4.1).  SNO is formed mainly on the α1 subunit, visualized by the biotin-switch technique 

(Figure 4.12).  These results indicate that msGC-NT1 can be readily S-nitrosylated by 

GSNO or other S-nitrosothiols in vitro.  However, the rate at which this reaction occurs 

and whether SNO formation correlates to the rate of stimulation of catalysis are not yet 

known. 

I further investigated whether hsGC can be S-nitrosated by NO derived from 

endogenous iNOS.  Both hsGC subunits were transfected into HT-iNOS cell, in which 

iNOS expression was initiated by doxycycline addition.  Immunoprecipitation of sGC 

from the cells, followed by Biotin-switch analysis, shows S-nitrosylation of the β1 

subunit (Figure 4.12).  This observation indicates that sGC can be S-nitrosylated by 

endogenous NO derived from iNOS in vivo. 
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Table 4.1 S-nitrosylation of msGC-NT1 induced by GSNO or human thioredoxin-

SNO (Griess/Saville assay). 

msGC-NT1 [SNO]filtrate 
a [SNO]retentate [sGC-SNO] [sGC-SNO]/[sGC] 

+GSNO 7.4 10.1 2.7 1.2 
+hTrx-SNO 0.42 6.5 6.1 1 

msGC-NT1 were separated using ultra-centrifugation after incubation for 30 min with 

10-fold molar excess of GSNO or hTrx-SNO.  Amount of sGC-SNO was calculated from 

the difference between retentate and filtrate SNO.  aAll concentrations are µM. 
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A         B 

   
Figure 4.12 Detection of sGC S-nitrosylation by the biotin-switch assay.  A. Detecting 

S-nitrosylation of msGC-NT1 by GSNO or thioredoxin-SNO in vitro.  Protein sample 

was prepared by incubating msGC-NT1 with 5-fold excess of SNO for 30 min, followed 

by centrifugal separation of the SNO donor and the biotin-switch procedure.  B. 

Detecting S-nitrosylation of hsGC in HT-iNOS cells.  hsGC was isolated (IP) from 

cultured cells in the presence or absence of doxycycline, which initiates iNOS expression.
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4.3.5 Insect cell/baculovirus system for msGC expression. We have also established an 

insect/baculovirus expression system for msGC.  The protein is active in terms of cGMP 

production, but is apparently missing the N-terminal Strep tag on the α1 subunit, which 

prevents further purification. 

 

4.4 Discussion 

We have developed a human fibrosarcoma cell line HT-1080 as a tool for NO-sGC 

studies in live cells.  Human sGC genes were transfected into cultured cells, that contain 

a tightly-regulated iNOS expression system.  Over-expressed hsGC in the cell is 

responsive to endogenous NO derived from iNOS or DEA/NO, yielding 50-100 fold 

more cGMP production.  Interestingly, stimulation by iNOS is substantially greater than 

by 50 µM DEA/NO.  IP-isolated hsGC can be activated by GSNO to a similar extent as 

that by NO.  GSNO activation of the enzyme is facilitated by thiols and partially resistant 

to myoglobin scavenging.  Human sGC is S-nitrosylated in HT-1080 cells when iNOS 

expression was turned on by doxycycline.  Consistent with this, msGC-NT S-

nitrosylation is also detected in vitro upon incubation with GSNO or hTrx-SNO.  Heme-

nitrosation by GSNO, slowly occurring in msGC-NT, is affected by the presence of 

oxygen and possibly also by sGC regulators.  Although these results are still preliminary 

and not yet conclusive, they suggest that S-nitrosylation of sGC might be a distinct 

mechanism employed by GSNO and other S-nitrosothiols to regulate the enzyme’s 

function.  I discuss the implications of this below. 
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4.4.1 How does GSNO activate sGC?  As is generally accepted, GSNO can activate sGC 

as an NO donor by releasing NO either spontaneously or through protein thiol reactions.  

We measured Manduca sGC activity and monitored spectral changes simultaneously, 

when the recombinant enzyme was activated by authentic NO or GSNO at the same 

concentration.  GSNO can activate sGC as efficiently as NO, but their activations are not 

additive.  Furthermore, release of NO from GSNO is a slow process as shown by others 

(Mathews and Kerr, 1993) and by us (Section 4.3.3).  Surprisingly, heme-iron is not 

readily nitrosated by GSNO, as there is no prominent 400 nm Soret band seen in the 

GSNO activated full-length protein, unlike that in the NO activated one.  Nevertheless, 

cGMP accumulation is similar for both reactions.  These data indicate that there might be 

a mechanism for GSNO activation that differs from that of heme-nitrosyl complex 

formation. 

With human sGC from mammalian cells, which is more efficient in producing cGMP, 

we can differentiate NO-dependent and NO-independent sGC activation by using an NO 

scavenger, myoglobin.  When a 1:1 molar ratio of metmyoglobin and NO donors are used 

in the sGC activity assay, DEA/NO stimulated sGC only retains 18% full activity, while 

81% of activity is retained for GSNO stimulation.  NO release from GSNO is a slow 

process (half time of days) while NO delivered by DEA/NO in assay buffer (pH 8.0) is 

much faster (half time of minutes).  It is unlikely that 80% of sGC activity is caused only 

by free NO released from GSNO. 

In the presence of five-fold excess of oxymyoglobin, DEA/NO-induced sGC activity 

is brought to basal level.  When stimulated by GSNO or hTrx-SNO in the presence of 
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five-fold excess of oxymyoglobin, sGC can still retain 5-10 fold activation compared to 

the basal level activity.  Together with the insect sGC data, these results suggest that 

there is a free-NO independent sGC activation pathway caused by GSNO, hTrx-SNO, or 

even other S-nitrosothiols.  Interestingly, DTT, which is routinely used as a reducing 

reagent in in vitro enzymatic reactions, including those for sGC-cGMP assays, can 

increase GSNO or hTrx-SNO activation efficiency of sGC almost 2-fold.  This 

observation suggests that sGC activation might involve redox chemistry of protein thiols, 

a fact that was initially noted for sGC function many years ago (Brandwein et al., 1981; 

Wu et al., 1992).  There are numerous free cysteine residues in both insect and human 

sGC without known functional roles.  Although still preliminary, we speculate that sGC 

S-nitrosylation by GSNO or hTrx-SNO leads to activation of enzyme. 

 

4.4.2 What is the functional role of S-nitrosylation in sGC?  S-nitrosylation is difficult to 

confirm using biochemical methods, because of the labile property of the S-nitrosylated 

species.  By mixing purified insect sGC fragment with 5-10 fold excess GSNO or hTrx-

SNO at low temperature in the dark, we allow transnitrosation reactions to equilibrate for 

30 minutes.  Using a centrifugal filtering device, we separated free GSNO or hTrx-SNO 

from sGC based on their mass differences.  We then detect S-nitrosylated sGC by the 

Griess/Saville assay, which yields a value of one SNO per protein molecule.  Independent 

biotin-switch experiments confirm S-nitrosylation of those sGC samples and locate it on 

the α1 fragment of Manduca sGC.  However, the β1 subunit is also biotin-labeled under 

some circumstances.  Because the experiment was performed with truncated protein, one 
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has to be aware that additional S-nitrosylation sites may occur on the full-length protein.  

We also showed that human sGC can be S-nitrosylated in vivo, using a combination of 

immunoprecipitation and biotin-switch approaches. 

What is the functional role of S-nitrosylation of sGC?  We observed S-nitrosylation 

of sGC and putative different sGC activation mechanisms, both conferred by GNSO.  

However, we are still missing direct proof of the correlation between these two 

observations.  In a recent study (Sayed et al., 2007), sGC in cultured cells or tissue was 

shown to be S-nitrosylated by adding exogenous S-nitrosocysteine or endogenous iNOS 

induction.  Interestingly, the authors also found sGC isolated from these cells lost most of 

their response to NO (derived from SNAP, S-nitro-N-acetyl-penicillamine).  Their results 

might be useful to partially explain the fast in vivo desensitization of sGC to NO 

(Bellamy et al., 2000; Garthwaite, 2005), although use of S-nitrosothiol SNAP can be 

problematic.  Based on those observations, it is tempting to look at how the enzyme will 

behave if pre-treated with authentic NO.  Nevertheless, a functional role for sGC S-

nitrosylation may be appearing, which would be an important extension of NO-sGC-

cGMP signaling pathway and its mechanism deserves further study. 

 

4.4.3 Mechanism for heme-nitrosation by GSNO.  Although used frequently as an NO 

donor, the mechanism of NO release from GSNO or other S-nitrosothiols is far from 

being clear.  We observed that GSNO can slowly nitrosate msGC-NT1 but not NP4 heme.  

There are 14 cysteines (presumably all free) in msGC-NT1 but none in NP4.  However, 

the presence of DTT or GSH can initiate heme nitrosation in NP4.  GSH can also 



 147

accelerate heme nitrosation in msGC-NT1.  These observations suggest that thiols, from 

either small molecule or protein, are involved in the reaction of NO release from GSNO.  

A mechanism for GSH involved NO release from GSNO was proposed previously (Singh 

et al., 1996b), which might also be applicable to msGC-NT or other heme proteins with 

free cysteine.  The NO scavenger C-PTIO has little effect on the rate of msGC-NT1 heme 

nitrosation, suggesting it is unlikely that NO (generated from GSNO) is released into bulk 

solution before binding to heme.  However, the interpretation is complicated by the 

relatively slow reaction between NO and C-PTIO.  Nevertheless, there may be an intra-

molecule NO transfer process, which is resistant to NO scavenging.  Differential effects 

of YC-1 and nucleotides on the heme-nitrosation rate by GSNO are also consistent with 

this hypothesis, in which the rate limiting NO releasing step is altered by protein 

conformational change induced by sGC regulators. 

With all results taken together, it is tempting to propose a mechanism of sGC 

stimulation by GSNO and other S-nitrosothiols.  In addition to the heme-nitrosation by 

NO derived from these molecules, sGC may also be activated by the S-nitrosylation 

modification caused by these molecules.  However, additional studies are required to 

reveal whether S-nitrosylation acts independently of heme-nitrosation in sGC allosteric 

activity. 

 

 

 
 



 148

CHAPTER V 

SUMMARY AND OPEN QUESTIONS 
 

This dissertation explored how nitric oxide signals through soluble guanylate cyclase.  

We developed both prokaryotic and eukaryotic expression systems for insect (Manduca 

sexta) and human sGC, as the full-length proteins and as functional domains.  It is the 

first successful expression of heterodimeric sGC in E. coli that retains biological function.  

Using the material from these expression systems, I examined the enzyme’s ligand 

binding properties, kinetics, and activation by NO donors, as well as their regulation by 

nucleotides, YC-1 and other compounds.  I found that, upon NO binding, release of the 

histidine ligand from heme iron in msGC-NT is independent of NO concentration, or the 

presence of nucleotides or YC-1.  I confirmed that the YC-1 binding site lies on the N-

terminal two thirds of sGC and found that YC-1 and the related compound BAY 41-2272 

introduced a conformational change around the heme pocket that traps diatomic ligands.  

I showed that GSNO might activate sGC using a mechanism distinct from releasing free 

NO.  S-nitrosylation of sGC was also detected both in vitro and in vivo.  Below, I discuss 

some open questions for future sGC studies. 

 

5.1 Is heme in sGC prone to release in vivo? 

Overcoming loss of heme has been a big challenge for sGC studies.  In our hands, 

truncated msGC is much more stable than full-length protein, but is still prone to heme 

loss.  The protein sample turns turbid after a few days’ storage at 4 °C.  It is not clear 

whether heme-loss is the cause or the result of protein denaturation.  It is a logical 
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assumption that the heme plays a vital role in maintaining the integral structure of sGC.  

However, there is no solid experimental evidence for this.  Questions that can be easily 

raised are: how tight is heme binding to sGC?  How does the sGC affinity for heme 

compared with other well-known heme proteins such as hemoglobin and myoglobin? 

Protoporphorin IX activation of sGC was noticed even before the NO-heme 

mechanism was well understood (Ignarro et al., 1982).  In that study, the authors showed 

that protoporphorin IX is a potent sGC activator even at low nM concentrations.  Possibly, 

protoporphorin IX replaces heme in the pocket, or binds to heme free protein, leading a 

sGC protein with heme pocket occupied but missing an iron-histidine bond, to activate 

the enzyme.  It was recently shown that increasing protoporphorin IX synthesis (by 

providing δ-aminolevulinic acid) and reducing heme synthesis (by limiting iron supply) 

leads to increased cGMP levels and pulmonary artery relaxation (Mingone et al., 2006).  

Based on this, an even more challenging question is:  Is heme in sGC prone to release in 

the cell?  If yes, could this be a mechanism for the enzyme to modulate its function in 

vivo? 

 

5.2 Is there an endogenous sGC activator like YC-1? 

We know that YC-1 has a synergistic effect on sGC stimulation with CO and NO, 

and is able to turn CO into a potent sGC activator, just like NO.  Carbon monoxide, a 

natural product of the heme degradation pathway catalyzed by heme oxygenase (HO) 

(Kikuchi et al., 2005), may also play an important role in the NO/cGMP signaling 
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pathway (Hartsfield, 2002).  It will be of great interest if there is an endogenous sGC 

activator like YC-1. 

Structural similarity between nucleoside and YC-1 structures suggests that these two 

types of molecules may function to stimulate sGC in a similar fashion on sGC.  There are 

data suggesting that YC-1 and nucleotides might share a binding site in the sGC catalytic 

domain (Chang et al., 2005; Yazawa et al., 2006).  However, we showed unambiguously 

that the synthetic compound YC-1 binds to the N-terminus two-thirds of sGC, away from 

the catalytic domains.  In contrast to nucleotides, YC-1 prevents diatomic ligand escape 

from msGC-NT, most likely by introducing a conformational change in the heme pocket.  

In light of the hydrophobic properties of YC-1 and BAY 41-2272, I would consider 

nucleosides as better analogs to YC-1 than nucleotides.  Looking into nucleoside 

derivatives might be a good direction to search for endogenous sGC modulators. 

 

5.3 Pursuing an atomic sGC structure 

 A clear understanding of how sGC is regulated by NO, YC-1 and other allosteric 

effectors are awaiting a structure of the enzyme.  When I began this project, an atomic 

structure of sGC using crystallography was my ultimate goal.  To be able to obtain a 

crystal, it is best to keep the target protein in a single conformation.  However, all the 

information about this particular protein seems to indicate it is a dynamic one.  And 

dynamic properties or intrinsic disorder might be required for enzyme function, as occurs 

in many signaling proteins (Iakoucheva et al., 2002).  To minimizing flexibility in sGC, 

we may have to either look for a smaller domain or re-engineer the protein.  I started this 
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work by truncating away the catalytic domains in both subunits and by trimming a 

potentially unstructured region on the N-terminus of the α1 subunit.  These changes 

helped and led to tiny crystals, but these are not of diffraction quality.  Further efforts 

toward a crystal of msGC fragments are underway, including production of H-NOX 

domains, and mutagenesis based on reducing surface entropy (Derewenda, 2004). 

 

5.4 What is the inhibitory mechanism for TSP-1 in the NO/sGC/cGMP pathway? 

Isenberg and co-workers have recently shown that matricelluar protein 

thrombospondin-1 (TSP1) or a TSP1-derived peptide can down regulate NO-stimulated 

sGC activity rapidly in vascular smooth muscle cells (Isenberg et al., 2006b) and in 

human platelets (Isenberg et al., 2008). They observed a similar response in our HT-1080 

cell stably transfected with hsGC (unpublished observation).  TSP-1 has multiple cell 

surface receptors, including CD36, CD47 and integrins (Chen et al., 2000).  Antagonistic 

effects of TSP1 on the NO/sGC signaling is mainly involved in TSP-1/CD47 interactions 

(Isenberg et al., 2006a).  The mechanism for TSP-1 inhibitory effects on sGC is unknown.  

Is there a direct interaction between TSP-1 receptors and sGC or are there indirect 

signaling pathways such as protein phosphorylation involved?  Answers to these 

questions will be important additions to the body of sGC knowledge. 
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ABBREVIATIONS 

Amp   ampicillin resistance 
ATP   adenosine-5'-triphosphate 
AC   adenylate cyclase 
BH4   tetrahydrobiopterin 
CamR   chloramphenicol resistance 
cAMP   adenosine 3',5'-cyclic monophosphate 
CC   coiled-coil region 
cGMP   guanosine 3',5'-cyclic monophosphate 
CNGC   cyclic nucleotide-gated ion channel 
CO   carbon monoxide 
COS A cell line derived from kidney cells of the African green monkey 

with a copy of the SV40 genome that can produce large T antigen 
but has a defect in genomic replication, often used to transfect cells 
to produce recombinant proteins. 

C-PTIO  2-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide 
DEA/NO  2-(N,N-Diethylamino)-diazenodiolate-2-oxide  
DETA/NO  2-[2-aminoethyl-(nitroso-oxidoamino)amino]ethylazanium 
DLS   dynamic light scattering 
DTPA   diethylenetriamine pentaacetic acid 
DTT   dithiothreitol 
E. coli   Escherichia coli 
EIA   enzyme immunoassay 
EM   electron microscopy 
eNOS   endothelial nitric oxide synthase 
EPR   electron paramagnetic resonance spectroscopy 
FAD   flavin adenine dinucleotide 
FMN   flavin mononucleotide 
FPLC   fast protein liquid chromatography 
GC   guanylate cyclase 
GSH   glutathione 
GSNO   S-nitrosoglutathione 
GSNOR  GSNO reductase 
GTP   guanosine-5'-triphosphate 
H-NOX  heme-nitric oxide and/or oxygen binding domain 
H-NOXA  heme-nitric oxide and/or oxygen binding associated domain 
HO   heme oxygenase 
hsGC   human soluble guanylate/guanylyl cyclase 
hTrx   human thioredoxin 
hTrx-SNO  S-nitrosylated human thioredoxin 
IBMX   3-isobutyl-1-methylxanthine, a phosphodiesterase inhibitor 
iNOS   Inducible nitric oxide synthase 
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IP   immunoprecipitation 
IPTG   isopropyl-β-d-thiogalactopyranoside 
ITC   Isothermal Titration Calorimetry 
LPS   lipopolysaccaride 
MAC   metal affinity chromatography 
Mb   myoglobin 
β-ME   beta-mercaptoethanol 
MOI multiplicity of infection, the ratio of infectious agents (e.g. phage 

or virus) to infection targets (e.g. cell) 
msGC   Manduca sexta soluble guanylate/guanylyl cycles 
msGC-NT  truncated msGC with N-terminus retention 
NEM   N-ethylmaleimide 
Ni-NTA  nickel-nitrilotriacetic acid 
nNOS   neuronal nitric oxide synthase 
NO   nitric oxide 
NOS   nitric oxide synthase 
ODQ   1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one, an sGC inhibitor 
PAS helix–loop–helix Per-ARNT-Sim motif, a conserved protein 

domain found in numerous signaling proteins.  
PCR   polymerase chain reaction 
RSNO   S-nitrosothiol 
PDB   Protein Database Bank 
PDE   phosphodiesterase 
PKG   cGMP-dependent protein kinase 
PPi   pyrophosphate 
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEC   size exclusion chromatography 
sGC   soluble guanylate/guanylyl cycles 
sf9 cell insect Spodoptera frugiperda cell used in baculovirus expression 

system 
SNAP   S-nitro-N-acetyl-penicillamine 
YC-1   3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole, an sGC activator 
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